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Abstract

This paper describes the range of variations in edge and SOL turbulence observed
using a gas puff imaging (GPI) diagnostic in NSTX discharges. The database consists of
140 shots including Ohmic, L-mode, and H-mode plasmas measured during steady-state
conditions (e.g. without ELMs). Turbulence quantities were evaluated using both cross-
correlation analysis and blob tracking. Relative fluctuation levels varied from ~15-100%,
correlation times were ~15-40 psec, correlation lengths were Lpyo~ Lig~5-10 cm, and
turbulence velocities were V,o~2+1 km/sec and V,¢~0.5+0.5 km/sec outward. These
variations were evaluated as a function of both the global and local edge plasma
parameters, and compared with simplified theoretical models.



1. Introduction

Edge and scrape-oft-layer (SOL) turbulence is important in tokamaks because it
affects the edge plasma profiles and the location of the plasma loss to the wall. The edge
plasma profiles in turn affect the core plasma and fusion performance, and the location of
heat and particle flux strongly influences the design of the divertor and first wall. Thus it
would be useful to understand the existing variations in edge and SOL turbulence well
enough to predict the edge transport in future devices.

The goal of this paper is to provide a detailed description of the variations in the
edge and SOL turbulence in NSTX, a mid-sized spherical tokamak at PPPL [1]. The
present analysis covers a wide database of turbulence measurements made during the
steady-state periods of Ohmic, L-mode, and H-mode discharges. The specific motivation
for this paper is to determine how the edge turbulence varies with the global and local
plasma parameters, how the turbulence characteristics are related to each other, and how
well these turbulence variations can be described by simplified theoretical models.

To provide an introduction for the present paper, this section briefly summarizes
prior review papers on this topic, and then summarizes the previous work in this area on
NSTX. Further relationships between the present results and previous results are
discussed in Sec. 6.5

Two early reviews [2,3] noted that the relative fluctuation level for various
tokamaks increased with minor radius from fi/n <1% in the core to fi/n~30% at the edge,
roughly consistent with the wave breaking (mixing length) limit fi/n~1/kperpLn, Where kperp
is the radial wavenumber of the turbulence and L, is the local density scale length. They
also noted that the turbulence size scale was in the range kperpps < 1, where ps is the drift-
wave gyroradius parameter, and the frequencies were in the range w~KperpVarif,, Where Vit
is the diamagnetic drift velocity. These results were both roughly consistent with drift-
wave turbulence theory, and these same theoretical characterizations of turbulence are
still used in the discussion of the present data (Secs. 5.2-5.3).

A subsequent review highlighted edge turbulence results from Ohmic discharges
in TEXT [4] The estimated turbulent convection in the SOL as measured by probes
accounted for a significant fraction of the electron heat flux in the SOL, and a reversal of
the poloidal velocity of the edge turbulence vs. minor radius was found across the
separatrix. However, no satisfactory model was found which predicted all the measured
features of edge turbulence. A more recent review of edge turbulence in toroidal fusion
devices [5] found the poloidal size scale range was kyqps~0.02-0.1, and noted some
exceptions to the wave breaking fluctuation limit, e.g. the high fluctuation level in the flat
density region in the far-SOL. No clear plasma current or q(a) scaling was found across
machines, consistent with the similarity of edge turbulence in tokamaks, stellarators, and
RFPs. Another recent review highlighting DIII-D results [6] reiterated that a definitive
scaling of edge turbulence with plasma or machine parameters has not yet been obtained.



Experimental results and theory of the discrete “blob-filament” structures as seen
in the edge of tokamaks and other devices were summarized in another recent review [7].
Tokamak blob sizes were ~0.5-4 cm (half-width), and radial blob velocities were ~0.2-3
km/sec, bounded by the inertial and sheath-limited blob models (see Sec. 6.4). More
recently, variations of edge turbulence from five stellarators and two tokamaks in L-mode
showed systematic variations with the drift-wave parameters for both the edge and SOL,
and outward blobs transport in the SOL in all devices [8].

Previous NSTX papers have described the edge turbulence in steady-state
conditions as measured by GPI. Initial comparisons were made of Ohmic, L-mode and
H-mode plasmas, along with some analysis of blobs [9]. Correlation lengths and
turbulence velocities across the L-H transition were described for one plasma condition
[10]. The intermittency in the SOL during H-modes was studied at power levels from
Pxgr= 0-6 MW [11], with the lowest blob activity in Ohmic H-modes. A scan of lithium
coating resulted in a relatively small increase in edge turbulence velocity [12]. Most
recently, the effect of the GPI gas puff itself was studied and little or no effect was seen
on the edge plasma or edge turbulence at the peak of the GPI puff [13].

Several theoretical analyses of the GPI results on NSTX have been published by
Lodestar group. The first paper [14] focused on a small set of blobs in L-mode and H-
mode shots, and compared their radial motion with analytic blob models for convection.
Subsequently, a reduced 2D edge turbulence simulation model was made using the SOLT
code [15] and initial results were compared with fluctuation levels, blob structure, and
heat flux SOL width measurements. A synthetic GPI diagnostic was added to SOLT [16]
and further comparisons with GPI were made, including a sensitivity study with respect
to various theoretical assumptions. Finally, SOLT simulations and GPI data were
compared with respect to the effect of edge sheared flows on blobs [17], and detailed GPI
blob tracking for one NSTX shot was interpreted in terms of edge shear flows.

The present paper describes the variations of edge turbulence in NSTX over a
much larger database than previous papers. The outline is as follows: Section 2
describes the database and data analysis methods, Sec. 3 describes the results from
turbulence cross-correlation analysis, Sec. 4 describes the results from blob analysis, and
Sec. 5 contains discussion of these results and their transport implications. Section 6
describes comparisons with theory and with previous experimental results, and Sec. 7
contains the conclusions and suggested directions for further research.

2. Database and data analysis
2.1 Database selection

The database used in this paper contains 140 NSTX discharges from the 2010 run,
each of which had a single deuterium GPI gas puff during the constant-current period of

the shot. The range of global plasma parameters is given in Table I. All discharges were
made in deuterium with a major radius R~85 c¢m, minor radius a~65 cm, carbon plasma-



facing surfaces with lithium conditioning, with a toroidal magnetic field on axis from
B=3.5-5.5 kG and a plasma current of 1,=0.65-1.15 kA. This database includes shots
from about 17 separate experiments covering most of the range of NSTX operation. Of
these 140 shots, 93 were in H-mode (all with NBI), 33 were Ohmic, and 14 in L-mode (9
with NBI only and 5 with RF). All shots had an elongated magnetic equilibrium with
K~1.9-2.5 and q9s=5.8-12.8. Nearly all shots (93%) had a lower single-null divertor
shape (the rest having double-null or upper-single-null).

The turbulence was analyzed during a 10 msec period at the peak of the GPI gas
puff in these discharges. The shots used in the database were selected by the following
criteria, which were applied from 10 msec before to 5 msec after the peak of the GPI
signal: constant plasma current, magnetic field, and applied heating power; absence of
large MHD activity such as ELMs or large coherent MHD modes; absence of L-H or H-L
transitions; good GPI signal levels (GPI gas puff ~3-6 Torr-liters); appropriate B field-
line angle for GPI viewing along B (i.e. I,/B; = 0.2+0.05 MA/kG); constant outer
separatrix position (to within £1 cm), with at least 3 cm inside the separatrix visible
within the GPI field of view; and GPI data taken at the fastest available camera rate
(397,660 frames/sec). About half of the shots taken at this GPI framing rate satisfied the
other conditions. This database included some shots which were previously used for GPI
analysis of the turbulence velocity vs. lithium [12], comparisons of GPI with DEGAS 2
[18], comparisons of GPI with SOLT [17], and the gas puff effects of GPI [13].

A table of the parameters in this database can be found at [NF supplementary
material]. A web site [PPPL web site] shows the time dependences of various plasma
parameters, the GPI signal levels, and sample GPI movies for each shot.

2.2 Gas puff imaging diagnostic

The present NSTX GPI diagnostic is the same as described previously [13]. A
fast Phantom 710 camera viewed a 30 cm poloidal by 24 c¢m radial region in the plane
perpendicular to the local B field just above the outer midplane near the separatrix. A gas
manifold attached to the nearby wall puffs deuterium gas into this region, and the Da
light from the neutral deuterium from this puff is 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 is 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.

Sample images of the normalized GPI Da light emission vs. time are shown in
Fig. 1 for a typical H-mode shot with 4 MW of NBI (#140395). The time between these
images is ~10 psec (4 frames), they are oriented so that the poloidal direction is vertical
(ion diamagnetic direction down), and the radial direction is horizontal (outward to the
right). The relative amplitude of the local fluctuations is normalized to the time-averaged
of all image averaged over 1 msec, with the normalized amplitude shown by the color
scale. The location of discrete blobs in each frame (defined in Sec. 2.4) is shown by the



black ellipses. The magnetic separatrix is the dashed line and the shadow of the limiter
(RF antenna) is the black line in each frame.

Although the GPI data is digitized for ~80 msec per shot, the data analyzed in this
paper focuses on time periods within 10 msec of the peak GPI gas puff rate, which
includes 4000 frames (i.e. 40 MB of data per shot). This is the time of the maximum GPI
signal level (typically 20 times the pre-puff Da level), and also a time when the
perturbation of the gas puff on the edge plasma was found to be negligible [13]. Typical
signals levels are within 500-1500 counts per pixel in the region of maximum brightness
in these 12 bit camera images.

2.3 Sample edge profiles

Sample profiles of edge electron temperature and density derived from Thomson
scattering data are shown in Fig. 2(a) and 2(b). These plots show the results from 7
similar Ohmic shots (with no NBI) and 7 similar H-mode shots (with 4 MW of NBI).
This data was taken near the time of peak GPI signal, and is plotted with respect to the
outer midplane separatrix determined from the EFIT equilibrium reconstruction code.
The shot-to-shot variations in the midplane separatrix position were within 0.5 cm for
both H-mode and Ohmic groups. The maximum variation of the separatrix position for
reconstructions of nearby equilibria were 0.73 cm for the H-mode cases and 0.21 cm for
the Ohmic cases. In these cases and in general, the accuracy of the EFIT separatrix
position is estimated to be about +1 cm.

Overlaid in both Fig. 2(a) and 2(b) are the radial profiles of the GPI Da light
emission signals (in arbitrary units) for typical shots in these series (#140389 and
141746). The GPI signal levels peaked within about +2 cm of the separatrix in these
cases, and the normally extend at least +4 cm around the separatrix. The GPI data in this
paper was analyzed over the radial range from 2 cm inside to 4 cm outside the separatrix.
Note that similar GPI Da profiles and their absolute magnitude were previously well fit
by DEGAS 2 modeling based on the Thomson data in H-mode plasmas [18].

A summary of the plasma and edge parameters for these shots is in Table 2, along
with the estimated ps, Tei, and e at 2 cm inside the separatrix (i.e. p=-2 cm), using the
magnetic field on axis to evaluate ps and 3. The average electron temperatures 2 cm
inside the separatrix were Te~134 eV for H-mode and T.~23 eV for Ohmic plasmas, and
near the separatrix they were T. ~29 eV for H-mode and T.~13 eV for Ohmic. Thus there
was a significant variation in temperature (and density) between these sample plasmas,
which were somewhat less than the range of edge parameter variations in this database.

2.4 Turbulence analysis methods

Edge turbulence cross-correlation and blob-tracking analysis was done for each of
the 140 shots in the GPI database of Table 1. These analyses were averaged over £5



msec around the peak GPI signal, during which time the turbulence quantities were
nearly constant. The methods used in these analyses are described in this section, the
results are described in Sections 3 and 4, and compared with each other in Sec. 4.4.

The cross-correlation analysis methods used time series of the GPI signal from
small regions of the image to calculate the local fluctuation levels, correlation lengths,
and turbulence velocities. These analyses average over the entire spectrum of turbulence
size scales and timescales, i.e. this method does not track individual ‘blob’ structures.
These time series were derived from averaging over 4x4 pixels (1.5 cm x 1.5 cm) near the
vertical middle of the GPI images, i.e. over regions much smaller than the correlation
lengths of the turbulence. This local correlation analysis was centered at four different
radii with respect to the separatrix, namely at p = -2 cm, 0 cm +2 c¢cm and +4 cm. The
point at p = -4 cm was not used since it was sometimes far inside the peak of the GPI
signal level, as for the H-mode cases in Fig. 2.

Sample frequency spectra of these GPI signals at p = -2 cm and +2 cm are shown
in Fig. 2(c) and 2(d), averaged over the Ohmic and H-mode shots used for the profiles in
Figs. 2(a) and 2(b). As usual, these frequency spectra are broadband over the range ~1-
100 kHz, indicating the dominance of turbulence in these signals. The details of the
spectral shapes are interesting, but only the autocorrelation times will be discussed in this
paper. The autocorrelation times for these spectra are in the range ~10-40 pusec,
corresponding roughly to the inverse of the mean frequencies.

The relative GPI fluctuation levels 81/1 (rms/mean) were calculated from standard
statistics, and the autocorrelation times (FWHM) were calculated from time-delayed
cross-correlation functions. The correlation lengths L,, and L.g (FWHM) were
calculated using the zero-time-delay cross-correlation coefficient C;, between two 4x4
pixel time series separated by 8x;,=2.4 cm in either the poloidal or radial direction from
the center of the locations used to calculate 8I/I. The correlation lengths were estimated
assuming a Gaussian spatial cross-correlation function to be L;>=1.66 0x;2/(—In Clz)m.
Theses correlation lengths were nearly constant over the analysis time, and averaged over
this time for the database. Note that the radial correlation lengths are local estimates at
each of the chosen radii, and when these radial correlation lengths are large compared
with the radial variations in plasma parameters (as they generally are), this does not
imply that the turbulence structure is constant over the radial correlation length.

The turbulence velocities were estimated from the time-delayed cross-correlation
functions between time series from individual pixels separated radially or poloidally.
Starting from a single pixel at a given radius at the vertical middle of the GPI image, a
search was made within the 2D region +20 pixels poloidally and £10 pixels radially for
the pixel which had the highest cross-correlation coefficient with the starting pixel, given
a 1 frame time delay between the two time series. The same process was repeated for
2,3, and 4 frame time delays, i.e. up to a 10 usec time delay, at which time the maximum
cross-correlation coefficients were typically 0.8+0.1. The poloidal and radial locations of
these correlation peaks vs. their time delay were fit by a straight line to derive the
poloidal and radial turbulence velocities.



The blob tracking analysis was done using a completely different method [17,19].
Figure 1 showed examples of the blob tracking done for this data. All frames are first
normalized by the time-average frame in order to identify blobs, i.e. the spatially local
maxima in each frame. For the present analysis, a blob is identified when the maximum
of the normalized signal is larger than an assumed value of 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 motion of the central maximum and the shape and tilt of the elliptical fits are
then tracked from frame-to-frame. The maximum allowed displacement of a given blob
between frames limited to 10 pixels (3.8 cm) to help distinguish different blobs. These
blob structures and motions are saved in the database only if they meet these criteria and
can be continuously tracked for a lifetime of more than 15 ps. Note that by this
(arbitrary) definition a blob can be either inside or outside the separatrix, but this method
does not search for negative perturbations (“holes”™).

Blobs are tracked this way over the entire image, and the results were binned
within 2 cm wide regions centered at p = -2 cm, 0 cm +2 cm and +4 cm. The blob
quantities calculated for each shot were the average number of blobs per frame Nyjob, the
normalized blob amplitudes Ao, the poloidal and radial sizes scales of the blobs L. and
L:.4, and the poloidal and radial blob velocities Vo and V4. These database quantities
were averaged over typically several hundred blobs detected within the 10 msec period of
interest for each shot.

2.5 Interpretation of GPI turbulence analysis

As discussed previously [20], the measured GPI signal is due to the excitation of
the deuterium Da line, and depends on at least three factors: the local deuterium neutral
density, the local electron density, and the local electron temperature. The time-averaged
2-D spatial distribution of the GPI Da light emission has been calculated using the 3-D
Monte Carlo simulation DEGAS, and the resulting 2-D distribution and magnitude of Da
agree well with the time-averaged Da light in quiescent H-mode discharges [18].

However, the measured GPI fluctuations can not be directly interpreted in terms
of the local electron density or temperature fluctuations without some additional
assumptions. Thus the turbulence analyses in Sections 3 and 4 use only the GPI Da
signal itself, and do not try to interpret those results in terms of the plasma density or
temperature fluctuations. The best way to interpret the measured Da results with respect
to theory or simulation is to convert the predicted turbulence parameters into expected
GPI signals using the well-known dependences of Da on the neutral density and electron
density and temperature. This has been done previously when such theoretical turbulence
predictions were available [17,21,22], but they were not available for this database.

Nevertheless, some approximate interpretations of the GPI signals can be made.
We can assume that where and when the GPI signal level was increased by over a factor-
of-10 due to the GPI gas puff (as it was for all the data in this paper), the local neutral
density is dominated by the GPI gas puff. Since the neutral gas influx rate from the GPI



puff is constant over turbulence times scales, we will assume that the fluctuations in the
GPI signal are dominated by the local electron density and temperature fluctuations. This
neglects possible ‘shadowing’ or modulation of the local neutral density by the local
electron density and temperature fluctuations [20], which would tend to be most
important radially inside the peak of the Do emission.

Thus we will assume that the observed fluctuations in the GPI Do signal are
dominated by the local electron density and temperature fluctuations. If these n. and T.
fluctuations are highly correlated with each other, as predicted from edge turbulence
theory [17,21,22], then the local Da fluctuations should have a simple relationship to the
local electron density fluctuations. For example, if the Da light emission intensity is

parameterized as I=n, neaTeﬁ, where n, is the neutral deuterium density, then for small
fluctuations OI/ = a(dne/ne) + P(0T/Te). If dn. and OT. are in phase, then the relative
intensity fluctuations OI/I are linearly proportional to One/n., with a proportionality
constant which depends on a, 3, and on./8T.. If dn. and dT. are not in phase, then the
resulting 91 is a mixture of these two fluctuations and more difficult to interpret.

If I~n.“, then there is a direct relationship between the correlation properties of I
and n.. For example, it was shown numerically that the cross-correlation length of a
random variable to some power -2 < a <4 is very nearly the same as the cross-correlation
of that variable itself [9]. In this case the correlation times, lengths and velocities
calculated using cross-correlation functions of GPI light intensity should be the same as
those of the density fluctuations, independent of a. This is intuitively clear from our
experience with the nonlinear contrast knob on TV monitors; the basic structure and
motion of objects does not change when the contrast exponent (“gamma”) is changed.

Table 3 shows the exponents a and f for the average electron temperatures and
densities at p =-2 cm for various types of shots in this database. The density exponent
ranges over o~0.65-0.8 and the temperature exponent over  ~ 0.1-0.6 at this radius. In
general, over T, ~5-200 eV, 0~0.9-1.0 for n, <10" ¢cm? and 0~0.6-0.9 for Ne ~ 102 ¢cm™
-2x10" ecm™. Also, B is nearly independent of density over ne~10"2 cm™ - 10" cm™, but
monotonically increases with temperature from ~0.0-0.1 at Te~ 100 eV to p ~ 1 at Tc~
10 eV. It should be kept in mind that the practical usefulness of these a and f3 for
interpreting the GPI results is limited due to the large fluctuation levels in edge n. and T,
especially in the SOL, and due to the unknown ratio of dn¢/n. to 6T¢/T.. Some attempt to
interpret the 8I/I of Secs. 3 and 4 in terms of dn/n is discussed in Sec. 5.1.

3. Turbulence cross-correlation results

This section describes the GPI cross-correlation analysis for this database.
Section 3.1 shows the radial profiles, Section 3.2 describes the variations with global
parameters, Section 3.3 shows some relationships between turbulence quantities, Sec. 3.4
describes the variations with local edge parameters, and Sec. 3.5 describes a multiple



linear regression analysis using all parameters. Where possible, the results were also
sorted according to whether the shots were H-mode, Ohmic, or L-mode (see Table 3).

3.1 Radial profiles

The radial profiles of various statistical quantities derived from the turbulence
correlation analysis are shown in Fig. 3, with the error bars giving the shot-to-shot
standard deviations over the database for each shot type. The radial profiles of the
relative GPI Da fluctuation levels as shown in Fig. 3(a) increase from 81/1~0.15-0.3 at 2
cm inside the separatrix to 0I/ ~0.6-1.0 at 4 cm outside the separatrix, with about a
factor-of-two lower fluctuation levels in H-mode compared to Ohmic or L-mode. The
autocorrelation times as shown in Fig. 3(b) increase with radius from T,,,~20 psec at 2
cm inside the separatrix to Tauo~35 usec at 4 cm outside the separatrix, with slightly
higher autocorrelation times in H-mode compared to Ohmic or L-mode. The poloidal
and radial correlation lengths as shown in the Figs. 3(c) and (d) were Ly ~ Lag ~ 6 cm in
both Ohmic and L-mode, increasing to Ly, ~9 ¢cm in H-mode, and to L;q~10 cm in H-
mode at 2 cm inside the separatrix.

Typical turbulence poloidal velocities as shown in Fig. 3(e) were Vo ~ -2+1
km/sec in the ion diamagnetic and grad-B drift poloidal drift direction (i.e. downward at
the machine), except for a clear reversal to the electron diamagnetic velocity in Ohmic
plasma at 2 cm inside the separatrix to Vo ~ +3.5+2 km/sec. In the SOL, these poloidal
velocities tend to get closer to zero at larger radii. This velocity as measured in the lab
frame may depend on the plasma rotation and the local diamagnetic drift; the variations
of Vo with NBI and local pressure gradient are discussed in Secs. 3.2 and 3.4, and a
comparison with the diamagnetic velocities is discussed in Sec. 6.3. Radial velocities as
shown in Fig. 3(f) were typically V;,4~0.5+0.5 km/sec in the outward direction in Ohmic
and L-mode, but significantly smaller in H-mode near or outside the separatrix.
Variation of V,,q with global and local parameters are discussed in Secs. 3.2 and 3.4, and
a comparison with theoretical speeds is discussed in Sec. 6.4.

3.2 Variations with global parameters

This section describes how the measured turbulence varies with the global
discharge parameters. The approach here is to plot the results from all shots with respect
to selected parameters such as line-averaged density to look for rough experimental
trends, and then to further separate the data into Ohmic, L-mode and H-mode plasmas
where possible. However, since there are 6 turbulence quantities and at least 8 global
parameters (see Table 1), only a small fraction the possible cross-plots can be shown
explicitly. There are also strong co-variances among some global parameters, such as
between the line-averaged density and NBI power, so even if a clear variation is
observed, the causal connection between the global variable and the turbulence quantity
is not necessarily clear. Note also that the database comes from a broad range of



experiments and not from controlled scans of these global variables, so many parameters
may be changing within a single plot.

Some of the basic global parameter variations are shown in Fig. 4. For clarity,
here and elsewhere only the data at p= -2 cm inside the separatrix and p= +2 cm outside
the separatrix are plotted. For example, Fig. 4(a) shows that the relative fluctuation level
generally decreases with the line-averaged plasma density as n™ for both radii, and is
significantly smaller inside the separatrix than outside. However, similar trends are seen
with neutral beam power and stored energy, which are co-variant (i.e. correlated) with
density in this database, due in part to variation from Ohmic plasmas at low density to H-
mode plasmas at high density. Figure 4(b) shows that the fluctuation levels also decreases
slightly with the amount of lithium applied before the shot, in part because more lithium
was used in H-mode plasmas. Figure 4(c) shows that the poloidal velocity V,, inside the
separatrix changes direction at the Ohmic-to-H mode boundary at about W=100 kW, and
Fig. 4(d) shows that this V. reversal occurred at ~2 MW of NBI power. Figure 4(e)
shows only small variations in the L,,q with plasma current, and Fig. 4(f) shows an
increase in L;,q inside the separatrix at the Ohmic-to-H mode boundary in stored energy.

Table 4 shows linear (pair-wise) cross-correlation coefficients between the six
turbulence quantities and 7 global parameters for p =42 cm, with correlations above 0.5
highlighted in red and italics. Fairly strong correlations occur between several turbulence
quantities and P,,, W, and n., but these are also correlated with each other, e.g. n and W
have a 79% correlation and P,, and W have a 92% cross-correlation, mainly associated
with the variation from Ohmic to H-mode. There is a modest correlation between the
applied lithium and turbulence, but there are also correlations between lithium and stored
energy (54%) and lithium and density (45%), so the causal connection between the
lithium level and the turbulence is not clear. There were moderate-to-low correlations
between the turbulence and the plasma current and/or toroidal magnetic field, and a
significant correlation between L, and the plasma elongation k.

Table 5 shows the power-law exponents obtained from single-parameter fits of
the turbulence quantities with the global parameters in Table 4, with entries only for
cases with a linear cross-correlation >0.5. The relative fluctuation levels decreased with
the line-averaged density as n. ">, as in Fig. 4(a), and the correlation time and lengths
inside the separatrix increase as n.’~ "%, with similar but slightly weaker trends vs.
stored energy. The dependences on the lithium per shot was quite weak, but there was a
surprisingly strong dependence of L;, with k (although the range of k¥ was only ~1.9-
2.5). The V,, dependence at p = -2 cm could not be fit with a power law due to the
change in direction with P, as shown in Fig. 4(d), and for H-modes shots alone the
linear cross-correlation of Vi, and Py, was not above 0.5.

3.3 Relationships between turbulence quantities

There are also many possible relationships among the six turbulence quantities,
some of which are illustrated in Fig. 5. As in Fig. 4, these plots show all shots in the
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database, but for clarity only data points at p=-2 cm and p=+2 cm are plotted. However,
it was not possible to cleanly separate Ohmic, L-mode, and H-mode plasmas for Fig. 5.

Figure 5(a) shows that the radial and poloidal correlation lengths are almost
always within a factor-of-two of each other (i.e. between the two lines), but with a slight
poloidal elongation for points outside the separatrix. Figure 5(b) shows that the radial
velocity is roughly independent of the poloidal velocity for both radii, and Figures 5(c)
and 5(d) show that the radial velocity is also roughly independent of the radial correlation
length and relative fluctuation level for both radii. Figure 5(e) shows that the poloidal
correlation length increases almost linearly with the autocorrelation time for both radii,
which suggests they are related by the poloidal velocity. Figure 5(f) shows the measured
autocorrelation time Tauto VS. Tpol=Lpol/ Vo, Which is the characteristic time for turbulence
to move past a fixed point when V,,>>V..4, and where the positive values in Fig. 5(f)
come from the positive Vo 1n Fig. 4(b). About half of the data points are near Tyl ~ Tauto
(lines shown) indicating “frozen flow” in the poloidal direction, but about half have T,
> Tauto, Indicating that the turbulence changes before being convected by the poloidal flow
over a poloidal correlation length.

3.4 Variations with edge parameters

Local edge parameters were obtained using the Thomson scattering and edge
rotation diagnostic (ERD) near the time of these turbulence measurements. Thomson
scattering measured the outer midplane electron density and temperature with ~2 cm
spatial resolution, and the resulting profiles were smoothed to derive the local edge n. and
T, and their gradients at 2 cm inside the separatrix for each shot (points at or outside the
separatrix had a large uncertainty). The ERD measured the velocity and ion temperature
of passively-viewed carbon ions near the peak of the CIII triplet (~465 nm), using
separate views in the toroidal and poloidal directions. The CIII line peak was located at
an average distance of 2.4+1.9 cm inside the separatrix for the shots in this database
(charge exchange ion measurements were not available for this database).

Some of this edge data and its relationship to the edge turbulence are plotted in
Fig. 6. Figure 6(a) and 6(b) show that the T, and n. at p=-2 cm were linearly related, and
both increased with NBI beam power. Figure 6(c) shows the relative GPI fluctuation
levels decreased with increased local T, mainly due to the Ohmic to H-mode variation.
Figure 6(d) shows that the relative fluctuation levels also tended to decrease with
increasing local gradient VP, = n.VT+T.Vn,, similar to the dependence on T.. Figure
6(e) shows that the poloidal velocity at p= -2 cm did not vary significantly with the local
T., except for the positive V, inside the separatrix seen in Figs. 4(c) and (d). Figure 6(f)
shows that the poloidal velocity at p= -2 cm has a similar dependence on VP, as it does
on T, alone. There was little or no dependence of the poloidal velocity at p= +2 cm on
either the T, or VP.at at p=-2 cm.

Data from the ERD is shown in Fig. 7 for 130/140 shots for which the ERD signal
peaked between 0 and -5 cm inside the separatrix. Figure 7(a) shows the toroidal and
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poloidal carbon edge velocities evaluated at this peak location vs. the NBI injected
power. Surprisingly, the average CIII toroidal velocity is -11.5 km/sec in the direction
opposite to the NBI direction, while its average poloidal velocity is +0.5 km/sec in the
downward (ion diamagnetic drift) direction. Apparently the edge CIII edge rotation is
not strongly coupled to the core rotation, which is always in the direction of the NBI.
The relationship between the turbulence velocity at p= -2 cm and these CIII velocities is
shown in Fig. 7(b). There is modest 0.42 linear correlation between the poloidal
turbulence velocity at this radius and the toroidal CIII, and a small 0.28 correlation
between the poloidal turbulence velocity at p=-2 cm and the poloidal CIII velocity.

The cross-correlation coefficients and power law exponents between the
turbulence quantities and the edge n. were shown in Tables 4 and 5 (similar results were
obtained for edge T. since the edge n. and T, had a 0.88 correlation). The highest cross-
correlations with edge n. were found for the relative fluctuation levels, which decreased
as oI/l ~ ne'0'3, and the turbulence correlation lengths at p= -2 cm increased as ~n.30‘3 .
These exponents are similar to but lower than those for the line-averaged densities. The
cross-correlations of the turbulence quantities with the CIII edge rotation velocities were
generally <0.5, as shown for the toroidal rotation in Table 4, except for a surprising
correlation of L, at p= -2 cm with the poloidal CIII velocity (71% correlation).

3.5 Multiple linear regression analysis

Standard multiple linear regression analysis (MLR) was applied to the entire
database to fit the turbulence and blob quantities with simultaneous products of power
laws of the global and local plasma parameters. In principle, this process could find
improved fits with respect to the single-parameter correlations shown in Tables 4 and 5.
The turbulence variables used for the fitting were 01/I, Tauto, Lpol, and Lraq from the cross-
correlation analysis, and the blob number Nyjob, the blob amplitude Apiob, and the blob
Lyot and L,q from the blob analysis (see Sec. 4). The plasma variables were chosen to be
I, By, line-averaged n., lithium/shot, stored energy, kappa, edge n., edge dn./dR, qcp, and
the edge Vo from the CIII measurements. Some variables were not used in these power-
law fits since they had negative (i.e. bipolar) values, such as Vo, Vi, and Vo from
CIIIL.

Table 6 shows the statistically significant dependences found from this MLR
analysis for the turbulence correlations (top 4 rows) and blob analysis (bottom four rows)
at p==+2 cm. The numbers in red and italics had the highest statistical significance, those
in black had lower significance, and entries with dashes were not statistically significant.
In each box are the power law exponents; for example, the most significant dependences
for the relative fluctuation level at p=-2 cm are 8I/I ~ (B "** (dne/dR) ™.

Many of the most significant dependences (red entries) in Table 6 were those
associated with the plasma elongation K, as also seen in for single-variable correlations in
Table 5; for example, the poloidal correlation length varied as Lo ~ k'°. However, since
the range of K was only k~1.9-2.5, an exponent of 1.5 implies a variation of only x1.5
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over the database. Another significant dependence was Ty ~ neo'4, similar to the result
of Table 5 for p=-2 cm, and there was a strong negative exponent for the B; dependence
of O/l at p=-2 cm, as in Table 5. There were also several statistically significant
dependences on the lithium/shot, but the exponents were typically only ~0.1, so changes
of x2 in lithium/shot imply a variation of only ~20% in the turbulence quantities. The
strong dependences of Tauo and Lo on I, were surprising, since there were no significant
single-parameter correlation of I, with the these turbulence quantities in Table 4.

The most interesting result from this regression analysis was the consistent
dependence of L, on K, which seems to suggest a strong flux-surface shaping effect on
the edge turbulence structure. The other dependences found in this regression analysis
did not provide any clear way to explain the main variations of the turbulence. Note that
this MLR analysis does not disentangle the co-variances of W, line-averaged n., edge n.
(and other plasma parameters) when they are partially correlated with each other, for
example, from Ohmic to H-mode plasmas, so the causal variables in these dependences
can not be easily isolated.

4. Blob analysis results

The analysis methods for discrete “blobs” in the edge turbulence are significantly
different from the analysis using cross-correlation functions (see Sec. 2.4). Blob analysis
is designed to look for structures which are above a threshold in the normalized signal
level, arbitrarily chosen to be 1.5 for this paper, and to track these large structures as they
move across the GPI image. The physics of discrete blobs in the SOL of a tokamak can
also be different from that of the broadband turbulence [7]. Note that the blob tracking
algorithm used in this paper does not distinguish between blobs inside or outside the
separatrix, and it tracks only positive blobs (and not negative “holes”).

Figure 8 shows two examples of blob tracking, one for an Ohmic shot in (a) and
the other for an H-mode shot in (b). Each colored line represents one blob track, and the
small ellipses show the blob shape and location when it was first identified. Most blobs
start inside or near the separatrix (dashed black lines) and move radially outward (to the
right), although often its poloidal speed is often larger than its radial speed. There were
more blobs found within 1 msec in the Ohmic shot than in 2 msec for the H-mode shot,
and almost no blobs detected inside the separatrix for the H-mode shot. The details of
the blob motion are highly variable even within even these short time periods.

4.1 Blob radial profiles

Figure 9 shows radial profiles of blob statistics found using all shots in the
database, sorted similarly to Fig. 3 in terms of H-mode, Ohmic, and L-mode plasmas.
Each point includes all the blobs found within +1 cm of that radial position (e.g. from -3
cm to -1 cm for the p= -2 cm zone). The time period is the same as for Fig. 3 (&5 msec
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around the peak of the GPI signal), with error bars showing standard deviations over
these shots.

The number of blobs detected per frame vs. radius is shown in Fig. 9(a), averaged
over the ~4000 frames used for blob analysis for each shot. Very few blobs were
identified inside or near the separatrix for H-mode plasmas; in fact, for 13/93 of these H-
mode shots there were no blobs at all at p = -2 cm inside the separatrix. However, at 2
cm and 4 cm outside the separatrix the number of blobs per zone was similar for all types
of shots. The normalized blob amplitude as shown in Fig. 9(b) generally increased from
inside to outside the separatrix for all types of discharges, with the average amplitude just
above the blob detection threshold of 1.5 inside the separatrix. The average blob
amplitude in the far-SOL was ~2.5-3 for all types of shots.

The blob poloidal lengths (i.e. the size scale of the blobs in the poloidal direction)
as shown in Fig. 9(c) did not vary significantly with radius, but these lengths were
somewhat higher for H-mode than for Ohmic or L-mode, similar to the poloidal
correlation lengths in Fig. 3(c). The radial blob lengths as shown in Fig. 9(d) were
somewhat larger inside the separatrix for H-modes than for Ohmic or L-modes, also
similar to the radial correlation lengths in Fig. 3(d). The blob poloidal speeds as shown
in Fig. 9(e) were generally in the ion diamagnetic direction, except for an electron
diamagnetic speed inside the separatrix for Ohmic plasmas, similar to Fig. 3(e). In the
SOL, the blob poloidal velocities get closer to zero at larger radii, similar to the poloidal
correlation velocity. The blob radial speeds are outward and generally lower than the
poloidal speeds, and in the SOL the blob radial speeds increase at larger radii, both of
which are similar to the radial cross-correlation speeds of Fig. 3(f).

4.2 Blob variations with global and local parameters

The blob database contains the six blob parameters of Fig. 9 for each of the 140
shots as a function of radius, along with the same global and local parameters used in
Sec. 3. Note that each point in this database represents the average over hundreds of
blobs for each shot, and not a single blob. Rather than repeat the entire statistical analysis
of Sec. 3 for the blob database, we present just a few typical examples and then show in
Sec. 4.4 that the blob results were similar to the correlation results.

Several examples of blob variations with the global and local parameters are
shown in Fig. 10. The normalized blob amplitude shown in Fig. 10(a) decreases slightly
with stored energy both inside and outside the separatrix, and is larger outside the
separatrix than inside. The blob poloidal velocity in Fig. 10(b) shows a reversal with
stored energy above ~100 kJ inside the separatrix, and a general trend for higher negative
poloidal velocities for H-mode plasmas above 100 kJ. Similar trends are found with
beam power and density since these are correlated with the stored energy.

Figures 10(c) and (d) show the variations of the blob poloidal length and radial
blob velocity vs. the plasma current. There was little systematic variation of these blob
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parameters with plasma current (or toroidal field) in this database, either inside or outside
the separatrix. The blob radial velocity in the SOL tended to decrease with the line-
averaged density (not shown). Figures 10(e) and (f) show the normalized blob amplitude
and radial velocity as a function of the local electron temperature measured 2 cm inside
the separatrix. There is a slight trend for decreased blob amplitude outside the separatrix
with increasing temperature, and a slight trend of more negative blob radial velocity
inside the separatrix at higher electron temperature. In general, variations in other blob
properties were less clear than those shown in Figs. 10, i.e. there were few strong
correlations between local blob properties and global or local parameters in this database,
except for the blob L, with k (see Table 6).

A separate attempt (not shown) was made to find clearer variations in blob scaling
by evaluating the blob lifetime and the number of blobs over the whole GPI field of view,
instead of using discrete radial zones. Over the entire database the average number of
blobs/frame varied from ~0.15-1.5, and the average blob lifetime varied from ~15-50
usec. However, there were no systematic variations in the number of blobs per frame or
the average blob lifetime as a function of neutral beam power, plasma density, stored
energy, plasma current, magnetic field, lithium coating, or any other global parameters in
the database. Thus the blob formation and motion as defined here seems to be a generic
or universal property of NSTX plasmas, at least in the SOL.

4.3 Relationships between blob properties

For the sake of completeness, we present some of the relationships among blob
properties in Fig. 11. For this figure only the radial zones centered at p=0 cm and +2 cm
are shown, since there are few blobs inside the separatrix for H-mode plasmas, and the
main focus of blob physics is the SOL. Note again that each point represents the average
of hundreds of blobs for each shot in each radial zone, and so the dynamics of individual
blobs is not directly addressed in this database.

Figures 11(a) and (b) show that the radial blob velocity has little systematic
variation with the normalized blob amplitude or poloidal blob length. Such variations
might have been expected from analytic blob theory, as discussed in Sec. 6.4. Figure
11(c) shows the average blob V,.q vs. V,,o has a slight trend for increasing outward radial
velocity with decreasing (negative) poloidal velocity (note that the positive Vi, blobs
which appear at p= -2 cm in Fig. 10(b) do not appear at p=0 cm). Figure 11(d) shows the
blob tilt angle with respect to the blob ellipticity, where a tilt angle of ~90° is vertical (i.e.
poloidal), and ellipticity is defined as the ratio of the larger to smaller FWHM of the
fitted blob ellipse. There seems to be a dominant clockwise tilt of ~10-30° from vertical
for the measured ellipticities of 1-3. Figures 11(e) and 11(f) shows the ellipticity and tilt
with respect to the difference in the average blob V. between the radial zones at +2 cm
and 0 cm. There is no clear variation of ellipticity, but there is some correlation of the
tilt in the 0 cm zone with this velocity difference (0.53 cross-correlation coefficient).
This correlation might be related to the blob tilting with shear flow discussed in [17].
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4.4 Comparison of blob properties with correlation properties

Some direct comparisons between blob properties and turbulence correlation
properties are shown in Fig. 12. These properties are not expected to be identical due to
the different analysis procedures, but it is interesting to know if the characterization of
the turbulence is similar for the two methods.

Figure 12(a) shows that the normalized blob amplitude is quite well correlated
with the 6I/I (rms/mean) fluctuation level at both p =-2 cm and +2 c¢m, with linear cross-
correlation coefficients of 0.84 and 0.70, respectively. Both the blob amplitude and the
rms/mean are significantly smaller inside the separatrix, as also shown in Figs. 3 and 9.
Figure 12(b) shows that the number of blobs generally increases with the rms/mean level,
but with more scatter than for blob amplitude. Figure 12(c) shows the blob poloidal
lengths (i.e. the blob size scales in the poloidal direction) are somewhat higher than the
poloidal correlation lengths, but with a fairly high correlation between them at both p= -2
cm and +2 cm (0.60 and 0.72, respectively). Figure 12(d) shows that the blob radial
lengths are close to the radial correlation lengths at p= +2 cm, but that the radial blob
lengths are somewhat larger than the radial correlation lengths at p=-2 cm. Figure 12(e)
shows that the blob poloidal velocity and the poloidal cross-correlation velocity are
similar to each other at both radii, and that both properties show a change in direction at
about W~100 kJ corresponding to the change from Ohmic to H-mode. Finally, Fig. 12(f)
shows that the radial blob velocities are similar to the radial correlation velocities, with a
predominantly outward radial velocity at both radii, but with a wide scatter (including
some inward velocities) at p = -2 cm.

The results of the MLR analyses of the blob properties summarized at the bottom
of Table 6 had only a partial similarity to the MLR analyses of the correlation properties
at the top of Fig. 6, e.g. there were similar k and lithium dependence of the correlation
lengths, but dissimilar sensitivities to stored energy. Thus we can not assume that the
blob properties and correlation properties have equivalent variations in this database.

5. Summary and discussion of results

Sections 5.1-5.4 summarize and discuss the variations which were observed for
each type of fluctuation analyzed in Secs. 3 and 4. Section 5.5 provides a rough estimate
of the transport implications of these fluctuations.
5.1 Fluctuation level variations

The radial variations of the relative GPI light fluctuation levels 81/ (rms/mean) in
Fig. 3(a) and the blob amplitudes in Fig. 9(b) both show larger relative fluctuations in the

SOL than just inside the separatrix. The relative fluctuation levels within £2 cm of the
separatrix are also significantly lower in H-mode compared to L-mode and Ohmic
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plasmas. The most striking radial variation is the near-absence of blobs inside the
separatrix in H-mode cases compared to Ohmic or L-mode, as shown in Fig. 9(a).

The parameter variations in fluctuation levels with global and edge plasma
parameters were largely those associated with the changes occurring from Ohmic to H-
mode plasmas. For example, the decrease in 01/I with increasing line-averaged density in
Fig. 4(a), and the decrease in 8I/I and blob amplitude with increasing edge temperature in
Figs. 6(b) and 10(e), were mainly associated with the higher NBI power in H-mode. The
decrease in edge fluctuations at the L-H transition is well known, but the present database
does not contain the physics parameters which presumably control this transition (e.g. the
edge flow shear).

The 81/1 also tended to decrease with increasing Li coating both inside and outside
the separatrix, as shown in Fig. 4(b). Although this might be related to the reduced
recycling due to lithium, there is also a fairly high (45%) correlation between increased
lithium and higher density due to the frequent use of lithium in high-power H-mode
discharges. In general, it was not possible to isolate a clear dependence of the fluctuation
levels on a specific global parameter due to the co-dependency of the NBI power, stored
energy, line-averaged density, and Li content with the H-mode in NSTX. The physics of
these fluctuation levels is discussed further in Sec. 6.2.

It is worthwhile to note here the relationship between the GPI light fluctuations
and the underlying density and/or temperature fluctuations. As discussed in Sec. 2.5, the
relative light fluctuation levels will be dependent on the exponents relating the Da
emission to the local electron density or temperature. The expected density exponent is
0~0.65-0.80 for p= -2 cm and 0~0.7-1.0 for the SOL. Therefore if the edge and SOL
fluctuations were dominated by density fluctuations, the measured profiles of 8I/I of Fig.
3(a) and blob amplitudes in Fig. 9(b) should have a similar shape to the actual profiles of
on/n. However, some of the decrease in 81/ from Ohmic to H-mode plasmas may be due
to the decreased sensitivity of dI/I to fi/n at higher density (e.g. from a=0.80 to 0.65), and
the smaller response of O0I/I to On/n at higher densities may also reduce the number of
blobs detected in H-mode cases in Fig. 9(a). These corrections could be made for
specific cases in which the profiles are well known, such as Fig. 2, but can not be made
when the fluctuation levels are large, since the instantaneous densities and temperatures
are not measured. The effects of possible electron temperature fluctuations on the d1/1
profiles are less clear, since the magnitude of these fluctuations is not well known, but the
sensitivity of 0I/I to 8T./T. is generally less than that for 6n/n, except below T.~10 eV. A
similar difficulty with 8T, occurs in the interpretation of Langmuir probe fluctuations.

5.2 Length scale variations
The poloidal and radial correlation lengths were fairly constant vs. plasma radius,
as estimated from both the turbulence in Figs. 3(c) and 3(d) and from the blob size in Fig.

9(c) and 9(d). There was up to a x2 increase in these size scales inside the separatrix, and
in H-mode compared to Ohmic plasmas. Over the whole database, the poloidal size scale
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of the turbulence was ~20-30% larger than the poloidal size scale of the blobs, as shown
in Fig. 12(c), and the radial size scale of the turbulence was very similar to the radial blob
size in the SOL, as shown in Fig. 12(d). However, inside the separatrix the radial size
scale of the turbulence is up to ~2-3x larger than the radial size scale of the blobs, which
suggests that the local cross-correlations overestimate the radial extent of the structures
there. Note that the nonlinearity of 81 with dn should not affect the size scales, as
discussed in Sec. 2.5.

There was a slight decrease in L;,q with plasma current as illustrated in Figs. 4(e).
However, there was a significantly higher L., with increased stored energy above the
Ohmic-to-H-mode transition energy of W~100 kJ, as shown in Fig. 4(f). Table 3 also
showed a moderately high correlation of both Ly, and L;,¢ with higher W, Pygi and
higher density, which all go along with the increase in stored energy during H-mode.

The radial and poloidal turbulence scales are within a factor of two of each other
over nearly the whole database both inside and outside the separatrix, and a similar result
was obtained for the blob scale lengths (not shown). The average ratio over the whole
database was L,o1/Lrag=1.2+0.5 at p=-2 cm and Lpo1/L¢=1.5+0.4 at p=+2 cm, and for the
blobs scales Lpoi/La¢=1.3£0.5 at p=-2 cm and 1.8+0.4 at p=+2 cm, which shows a very
consistent pattern of structures slightly elongated in the poloidal direction. Some
discussion of the physics of these scale lengths is in Sec. 6.1.

5.3 Velocity variations

Methods for evaluating the turbulence and blob velocities were described in Sec.
2.4. Note that these velocities are not the same as the local fluid velocities, since
turbulence can propagate in the rest frame of the fluid. However, for large amplitude
blobs in the SOL it is plausible (but not proven) that the turbulence and blob velocities
measured in these experiments are close to the local fluid velocities, since the structures
there are relatively isolated filaments of plasma.

The radial profiles of the turbulence V.4 and V,, for the entire database were
shown in Figs. 3(e) and 3(f), and were nearly the same as the blob velocities in Figs. 9(e)
and 9(f). The poloidal velocities were in the ion diamagnetic drift direction at V,,0~0.5-3
km/sec, except for the Ohmic shots inside the separatrix in the electron diamagnetic drift
direction. The ion diamagnetic velocity in the SOL is consistent with the expected sign
of the radial electric field associated with the connection to the divertor sheath, and the
reversal of direction for Ohmic plasmas may be due to ExB flow or drift wave
propagation inside the separatrix (see Sec. 6.5). The radial velocities were all in the
outward at V,4~0.1-1 km/sec, as expected for plasma radial flow across the separatrix
into the SOL. There was a slight trend for lower radial velocities in H-mode plasmas, but
not much outside the error bars.

There was little systematic variation in the poloidal velocity of the turbulence or
blobs with the plasma stored energy in NBI-heated H-mode plasmas (W>100 kJ), either
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inside or outside the separatrix, as shown in Figs. 4(c) and 10(b). This is surprising since
the stored energy depends on the NBI power, which is co-directed in NSTX, and any
strong toroidal edge rotation should (or could) cause a significant edge fluid flow velocity
in the ion diamagnetic direction, since Bpoi/Bior ~ 1 at the edge of NSTX. Although the
main ion fluid velocity was not measured, the edge CIII velocity did not have a NBI-
dependent velocity in either the toroidal or poloidal direction, as shown in Fig. 7(a), and
the toroidal CIII velocity was directed opposite the NBI direction. There was little or no
change in the turbulence V. with the edge T. or grad P., as shown in Figs. 6(e) and 6(f),
which is surprising since the poloidal ExB velocity and wave phase speed should depend
on these parameters. The physics of Vi 1s discussed further in Sec. 6.3.

The radial velocity of the turbulence and blobs on the SOL is of special interest
since it determines (at least in part) the width of the heat flux deposition on the divertor
plates, and the heat load and impurity generation from midplane vessel structures. There
was little or no variation of the turbulence or blob V.4 in the SOL with plasma current in
this database, as shown in Figs. 4(e) and 10(d). There was also relatively little correlation
of the turbulent V,,q with any global quantity in Table 3, or of the blob V,,q with the blob
amplitude or blob L, in Figs. 10(a) and 10(b). Thus the physics of V¢ has not been
clarified by this database, although some comparisons will be made with analytical blob
model predictions in Sec. 6.4.

Finally, it is interesting to note that there is no clear relationship between V,,q4 and
Vo either for turbulence or blobs in the SOL, as shown in Figs. 4(b) and 11(c).
Apparently the poloidal velocity of the turbulence and blobs in the SOL is independent of
the radial velocity, with the Vo > V44 for most cases.

5.4 Autocorrelation time variations

The radial profiles of T, Increased with radius from ~15 to ~40 psec for Ohmic,
L-mode, and H-mode plasmas, as shown in Fig. 3(b). Over the entire database, the
autocorrelation time was fairly highly correlated with NBI power, stored energy, and
line-average density, as shown in Table 3, but not correlated with I, (or B;). There was
also a fairly high correlation between the autocorrelation time and the poloidal correlation
length, as shown in Fig. 5(e), i.e. 73% at p= - 2 cm and 58% at p= +2 cm. The
autocorrelation time is also highly correlated with the parameter Lyoi/Vyo1, as discussed in
Sec. 3.3. Thus for example, the increase in Ty, at p= +4 cm is mostly due to the decrease
in Vo there, as shown in Fig. 3(e).

The average blob lifetime was also evaluated from blob tracking over the entire
imaging field of view, as illustrated by the sample blob tracks in Fig. 8. This average
lifetime was 29+7 usec over the whole database, which included hundreds of blobs for
each shot. This is not much more than the average autocorrelation times of T,y,=22+9
psec at p= -2 cm and Tau,=28+8 psec at p= +2 cm, averaged over the whole database, in
part since many blobs do not move far over the GPI field of view, as illustrated in Fig. 8.
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5.5 Estimates of turbulent heat transport

The local electrostatic (conductive plus convective) heat transport due to edge
turbulence is: P = 5/2<0p dV,>, where P is the power loss, dp are the local pressure
fluctuations, 8V, = O0E,,xB; are the local radial velocity fluctuations, and brackets indicate
the time-averaged cross-correlation [3]. Thus direct quantitative inferences about heat
transport can not be made from GPI measurements, which do not provide any of the
needed quantities; namely, the local density, temperature, or radial fluid velocity
fluctuations (the turbulence velocity is not necessarily the same as the fluid velocity).

However, it possible to use the measured quantities to estimate a rough upper
bound on the edge heat transport due to turbulence or blobs, and to see how this varies
with the total power input. For this we assume that T;=T. locally, i.e. dp ~ 28(nT.), and
that 8(nT.)/nT, ~ OI/I from GPI, i.c. the Da light fluctuations exponents a+p~1 (see Sec.
2.5). Furthermore, we assume that the turbulent fluctuations in V4 are equal to the time-
averaged V., measured by GPI (a very rough assumption), and that these fluctuations are
in phase with the density/temperature fluctuations given by 8I/I. Finally, we assume that
this local heat flux occurs over an area within about +45° of the outer midplane, i.e. an
area A~10° cm2, to estimate the total turbulence heat flux as Py, ~ 5 nTe (01/1) Viag A.

Figure 13(a) shows this highly simplified estimate for Py, evaluated at p=-2 cm
for the whole database plotted as a function of the total power input Pyt = Poy + Pre +
Pxgi, with the power ranges of Ohmic, L-mode, and H-mode plasmas shown at the
bottom. Most of the increase in this estimated Py, with Py 1S due to the increases in nT.
with Py, since 8I/I and V.4 do not increase with power. A linear fit to the data points is
shown by the red line, and the blue line shows Py, = Pior. The linear fit suggests that (on
average) Py increases with Py, and that about half the input power might be due to
turbulent transport across the edge. However, this estimate of Py, is clearly accurate to
no better an order-of-magnitude due to the assumptions in the previous paragraph; for
example, there are points above the blue line and below zero which are unphysical. The
Ohmic shots with Py =0.5-1.5 MW almost all have a Py, <0.5 MW, which is consistent
with power balance. An appropriate inference from Fig. 13(a) might be that the power
loss due to edge turbulence could explain a significant part of the total power loss for
many of the shots in this database.

It is also possible to estimate the power loss due to blob transport across the
separatrix under similarly rough assumptions. We assume that blobs are born near p= -2
cm and move radially outward with a constant energy across the separatrix into the SOL.
The energy in an individual blob is taken to be Epjop~2nT*Amp*Volp, where n and T.
are the average density and electron temperature at p= -2 cm, Ti=T., Amp is the
normalized amplitude of the blob above the background at p= -2 cm, and the blob volume
i1 Volpiop ~(2nR)Lrag*Lpol, Where Lyg and Lo are the radial and poloidal correlation
lengths of the blob at p=-2 cm. The mean blob energy over the database as defined this
way is Epjop ~100 Joule. The frequency of blobs crossing the separatrix can be estimated
as fpiob ~Npiob*(130 cm/30 cm)*(V1ag/2 cm), assuming the blob number density within
+45° of the outer midplane is given by the observable Nyjo, number found within the 30
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cm high poloidal GPI region in the p= 0 cm radial zone of Fig 9(a), and that the transit
time across this 2 cm wide zone is (2 cm/V;aq), Where Vi,q is the blob radial velocity near
p= 0 cm. The mean blob frequency crossing the separatrix is thus ~10* /sec. The total
blob power loss is then estimated as Pyjob ~ Eblobfbiob-

Figure 13(b) shows this highly simplified estimate for Py, for the whole database
plotted as a function of the total power input Py = Pog + Prr +Png1, with the power
ranges of Ohmic, L-mode, and H-mode plasmas shown at the bottom. A linear fit to the
data points are shown by the red line, and the blue line shows Pyjop = Pior. Most of the
increase in this estimated Py With Py is again due to the increases in nT, with Py, since
the amplitude does not increase with power and V44 1s actually reduced in H-mode (Fig.
9). The linear fit suggests that (on average) Pyjop increases with Py, and that about 1/6 of
the input power might be accounted for as blob transport across the edge. However, this
estimate of Pyjop is clearly accurate to no better an order-of-magnitude due to the various
simplified assumptions in the previous paragraph.

6. Relationships to theory and previous experiments

This section describes the relationship of the present results to relatively simple
theoretical models for the turbulence scale lengths in Sec. 6.1, fluctuation levels in Sec.
6.2, poloidal velocity in Sec. 6.3, and radial blob velocity in Sec. 6.4. Section 6.5
contains a discussion of relationships with previous experimental results.

6.1 Turbulence scale length vs. theory

The theory of edge turbulence in tokamaks focuses on drift-waves and/or
interchange modes driven by temperature and/or density gradients. Numerical evaluation
of the nonlinear saturation of these instabilities has been done for several specific cases
with large codes, for example in [17,21,22]. However, for a large database like this it not
possible to compare the results with detailed turbulence simulations, but only with the
general trends expected from simplified models for these instabilities.

Figure 14(a) shows a comparison of the poloidal turbulence scale lengths derived
from the correlation analysis of Sec. 3 with the generic drift-wave model gyroradius
parameter ps= IOZ(MiTe)” 2/ZiBt, where Bq is taken as the field at the magnetic axis. The
Lyoi scale lengths are the FWHM as measured 2 c¢m inside the separatrix. For the
gyroradius scale we assume M;=2 and Z=1 for the main deuterium ions and T, measured
by the Thomson scattering 2 cm inside the separatrix. Dashed lines are shown for two
values of kpoips, where we assume kpo = 2/Lyo.  The data in Fig. 14(a) are best fit by
Kpo1ps ~ 0.06 (or kpoips ~ 0.12 using the outer edge B), which corresponds to a poloidal
scale length a few times larger than expected from usual linear drift-wave instabilities at
kpoips~ 0.3. The larger size scales measured in H-mode shots are at least qualitatively
consistent with the larger drift-wave gyroradius scale in those shots, although there is a
factor-of-two scatter in kyops. Note that there can also be a significant component of
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carbon ions in the region 2 cm inside the separatrix with Mj=6 and Z;~2, which is not
taken into account in this comparison.

The theory of interchange modes predicts a broad spectrum of instability up to the
size scale of the pressure gradient scale length [23,24]. Figure 14(b) shows a comparison
of the radial turbulence length L,,q derived from the correlation analysis of Sec. 3 with
the pressure scale length L, measured by Thomson scattering, both evaluated at 2 cm
inside the separatrix. For Ohmic shots this relationship is L;aq ~(2-4)L,, but for H-mode
shots Lag~(5-15)L,. Thus the radial scale length of the turbulence in Ohmic plasmas at 2
cm inside the separatrix is similar to that expected from the interchange scale length, but
for H-mode plasmas it is significantly larger than expected. This relationship could not
be tested at larger radii since the local pressure gradient scale lengths were not well
known there.

6.2 Turbulence fluctuation level vs. theory

The nonlinear saturation level expected for turbulent fluctuations due to the
generic “wave-breaking” mechanism is dn/n~1/k,4L,, independent of the type of linear
instability. Figure 15(a) shows a test of this relationship at 2 cm inside the separatrix
assuming 01/I=0n/n (see below) and k;,q=2/L;.q, Where L4 is the radial scale length from
correlation analysis. Most of the Ohmic and L-mode shots are near this wave-breaking
limit with 81/1~(0.5-1)L..¢/2L,. However, the measured fluctuation levels for the H-mode
shots are 81/1~(0.06-0.3)L,4/2L,, i.e. much smaller than expected from the wave-breaking
limit, and also apparently independent of L;,¢/L,. In other words, the expected radial
scale lengths in H-mode plasmas are ~3-15 times those expected from the wave-breaking
limit. This relationship could not be tested at larger radii since the local density gradient
scale lengths were not well known.

A nonlinear saturation level for interchange turbulence is expected due to the
radial convection of fluid motion, i.e. dn/n = dV ,¢/wL,, where w is a typical frequency of
the turbulence and 0V, is the radial velocity fluctuation. Assuming that 0I/I=8n/n,
OV1ad =Viag (i.€. the fluctuating dV.,q is near its time-averaged value), and w~ 2/tay0, the
database results for p= -2 cm are plotted in Fig. 15(b). The observed fluctuation levels
mostly close to this limit in Ohmic plasmas, but smaller by a factor of ~2-8 in H-mode
plasmas, at least qualitatively similar to the results of Fig. 15(a). However, in general
Laq 1s not well correlated with Viag Tauto SO these two plots in Fig. 15 are not identical, and
in some shots the measured V,,q 1S zero or negative, which is not at all consistent with
this scaling.

Note that the relative fluctuation levels 8I/I used for Fig. 15 could be converted to
On/n using the expected variation of the Da light emission I/ = a 6n/n, where a~0.65-
0.80 for the range of n. and T. used for these plots (see Table 3). However, this would
not significantly change the qualitative results, and would still leave unresolved the
possible Da dependence on 08T, since the ratio dT./0n is not known. Thus the results of
Fig. 15 should be considered only an approximate or qualitative comparison of
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experiment and theory. However, the large difference between the measured H-mode
fluctuation levels and the x10 higher predictions from these models seems to be
significant. This may in part be due to an overestimation of L4 for H-mode cases, or
perhaps the turbulence level in H-mode plasmas is determined by other physics such as
the shear flow, which were not characterized in this database.

6.3 Turbulence poloidal velocity vs. theory

One interesting feature of these results is the change of the poloidal direction of
the turbulence inside the separatrix from the electron diamagnetic (positive) direction for
Ohmic plasmas to the ion diamagnetic (negative) for H-mode plasmas. In theory, the
poloidal velocity of the turbulence is the sum of the turbulence velocity in the plasma rest
frame plus the poloidal velocity of the plasma (e.g. due to toroidal rotation of field-
aligned structures), both of which can be in either direction for various edge rotation and
edge instabilities.

Figure 16 shows the poloidal velocity of the turbulence measured using the cross-
correlation method vs. the calculated diamagnetic drift speed, both evaluated at 2 cm
inside the separatrix. The diamagnetic drift speed is taken to be Vain = £ csps/Ln, where
L, 1s the density gradient scale length and psis evaluated using the magnetic field on axis.
The Ohmic plasma have a velocity Vpo~(1-3)Vpe, roughly consistent with an electron
drift wave. However, the H-mode plasmas have V,,~(0.2-1)Vp;, which isin the opposite
direction and smaller than the ion diamagnetic velocity.

It seems plausible that the poloidal turbulence velocity in H-mode plasmas could
be affected by edge poloidal plasma rotation. A toroidal plasma rotation in the direction
of NBI should cause an apparent poloidal motion of field-aligned edge filaments in the
negative (ion diamagnetic) direction with Vpo(NBI) ~ (Bpo/Bior)Vior ~ Vior, Which is
consistent with the direction of the observed turbulence Vo in H-mode. However, the
poloidal velocity of CIII near p = -2 cm was largely in the opposite direction, as shown in
Fig. 7(b), the Vi from the CIII data shows rotation in the opposite toroidal direction
expected from NBI-induced rotation. On the other hand, edge poloidal velocities
previously measured by charge exchange recombination spectroscopy in NSTX were
positive in the sense of Fig. 16 [25], but these measurements were not available for the
present database. Thus it not clear whether the CIII rotation data is representative of the
plasma edge rotation in these experiments.

6.4 Blob radial velocity vs. theory

The formation rate of blobs near the separatrix and their radial velocity in the
SOL may be important factors in determining the SOL width in present and future
tokamaks. There are no simplified analytical models for the blob formation process, but
there are simple models for the blob radial velocity which can be compared with this
database.
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Figure 17 shows a comparison of the measured radial blob velocity at 2 cm
outside the separatrix with calculated blob velocities based on two different models [7]:
with the sheath-limited velocity: Vg = ¢ (LH/R)(pS/éb)2 (dn/n) in Fig. 17(a), and with the
inertial range velocity: Vi, = ¢, (8/R)"* (dn/n)"? in Fig. 17(b). For these plots ¢, and Ps
are the sound speed and drift-wave gyroradius evaluated within £1 cm of the separatrix
using T, from Thomson scattering (using B on axis), Ly is the parallel connection length
to the divertor, taken to be 4.5 meters with R=150 cm, 0y is the blob radius, taken to be
half the blob L, (FWHM) from the analysis of Sec. 4, and fi/n is taken to the normalized
amplitude of the blobs at 2 cm outside the separatrix. Note that each point represent the
average of hundreds of blobs identified for that radial region for that shot.

The measured radial blob velocities of V;,g~0.3+£0.2 km/sec are generally higher
than the calculated Vg (which average ~0.1 km/sec), and lower than the calculated Vi,
(which average ~10 km/sec). This is consistent with the previous result that the SOL
blobs in NSTX lie between these two regimes [14]. However, there does not appear to be
any consistent variation of the measured velocities with these calculated velocities within
this database.

6.5 Comparison with previous edge turbulence results

The first part of this section compares these GPI results with those of other edge
turbulence diagnostics in NSTX. The later part of this section compares them with edge
turbulence results from other machines.

In general, the results described in this paper are very similar to previous NSTX
GPI results, including those done using Hel emission instead of Da [9]. For example,
fluctuation levels ~4 cm outside the separatrix in H-mode plasmas were near unity and
independent of NBI power from ~2-6 MW, as shown in [11]. Somewhat higher poloidal
velocities up to V,0~8 km/sec were previously seen up to 5 cm inside the separatrix [10],
a region not analyzed here. Note that the present database did not include cases where
very small edge and SOL fluctuation levels were observed in Ohmic H-mode plasmas
[11], or during the transient “quiet periods” seen just before the L-H transition [26].

Beam emission spectroscopy measurements of edge turbulence in the steep-
gradient region of MHD-quiescent H-mode plasmas [27,28] showed poloidal correlation
lengths of Ly, ~10-20 cm and correlation times of Tauo~10-20 psec, which are similar to
the Lpo ~10 cm and Tauo~25 psec measured at p=-2 cm in H-modes in Fig. 3. The
poloidal velocity of the turbulence seen in BES was Vo ~ -5 km/sec, which is similar to
the V,o ~ -3 km/sec in Fig. 3. However, the relative fluctuation levels in BES were
dn/n~1-5%, which is significantly smaller than the 8I/I~15% in Fig. 3, and even farther
from the dn/n~0.2-0.25 inferred for GPI results using the o exponent from Table 3. A
detailed comparison of the BES and GPI measurements within the same discharges on
NSTX will presented elsewhere [29]. Parameter scalings seen in this BES data included
an increase in L, with dn/dr, and an increase in fi/n with dn/dr and 1/L,, whereas GPI
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data for H-modes at p=-2 cm do not show significant trends in these directions, within
the scatter in the data. However, the BES and GPI databases did not use the same
discharges, and the global parameters and measurement locations are also different
between these databases.

Measurements by microwave reflectometry ~1 cm inside the separatrix in NSTX
[30] showed a decrease in edge density fluctuations from On/n~20% to <1% with
increased lithium coating, whereas the GPI fluctuation at p=-2 cm decreased from ~20%
to ~10% (on average) with increased lithium coating, as shown in Fig. 4(b).
Reflectometer measurements in the steep density gradient region between ELMs [31]
were consistent with a radial correlation length of L;,g~2 cm (FWHM) and dn/n~1%, both
of which are lower than the GPI measurements at p=-2 cm in ELM-free H-mode periods
in Fig. 3. These differences between reflectometry and GPI are not yet understood.
Langmuir probe measurements in L-modes and H-modes in NSTX [32] showed relative
density fluctuation levels increasing from ~0.1 just inside the separatrix to ~0.5-1.0 in the
SOL, similar to Fig. 3(a), and poloidal and radial correlation lengths of Ly,~4-9 ¢cm and
L;aa~2-6 cm, similar to Figs. 3(c) and 3(d). Radial blob speeds from the probe were ~ 1-4
km/sec in the SOL, somewhat higher than the results from Fig. 11(a)-11(c).

The results in the present paper are quite similar to edge turbulence measurement
with a fast camera and probes on MAST, which is the machine most nearly like NSTX.
For example, imaging of the edge blobs (a.k.a. filaments) in MAST showed lifetimes
~40-120 psec, poloidal and radial widths Ly, ~7-12 cm and L;,q~3-10 cm, and radial
velocities Vg~0.5-2 km/sec [33], all similar to the blobs characterized here in Figs. 9-12.
Blobs in MAST were also seen to rotate toroidally in the co-current direction Vio~5-12
km/sec, a measurement which was not available with the GPI diagnostic on NSTX. The
relative fluctuation level in the ion saturation currents in Langmuir probes in MAST
increased from ~0.4 at 1 cm inside the separatrix to ~0.8 at 4 cm outside the separatrix
[34], similar to the GPI fluctuation levels in Fig. 3(a). These probe result also agreed at
least qualitatively with numerical simulations of interchange instability done with the
ESEL code, although possible effects of electron temperature fluctuations were noted.

The GPI diagnostic on Alcator C-Mod shows similar edge fluctuation levels,
autocorrelation times, and turbulence velocities as NSTX [35], but has correlation lengths
Lpor~Liag~1 cm, which are about ten times smaller than NSTX, presumably due to the x10
higher toroidal field. The dual GPI diagnostic on EAST [36] was used study time-
dependent velocities during dithering bursts prior to H-mode, and showed a reversal in
the average V. direction across the separatrix, similar to that the Ohmic shots here in
Fig. 3(e).

As noted in the Introduction, there have been several review papers covering edge
turbulence in tokamaks, so many results in the present paper have been seen previously.
For example, the increase in relative fluctuation level with minor radius across the
separatrix is nearly universal [2,3], as is the poloidal size scaling kp,ps~0.02-0.1[4,5].
The reversal of the poloidal velocity vs. radius in Ohmic plasmas was first seen in TEXT
[37]. Tokamak blob sizes ranged from ~0.5-4 cm (half-width) and radial velocities were
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~0.2-3 km/sec [7] which are within or near the range shown in Fig. 9, and the radial blob
velocities were bounded by the inertial and sheath-limited models, as they were in Fig. 17
here.

There have been several previous studies of edge turbulence scaling within a
single tokamak. For example, the edge density fluctuation levels fi/n did not vary with
ps/Ly or the local density at a fixed radius in Ohmic TEXT plasmas [38], similar to results
here at p = -2 cm (not shown in the figures). In ASDEX Ohmic discharges [39], the
poloidal correlation length increased and the poloidal velocity decreased with increased
density, whereas here the Lo at p=+2 cm and +4 cm decreased, and the V| increased,
with density, opposite to ASDEX. In DIII-D [40] the relative density in blobs (a.k.a.
“IPO’s”) normalized to the local plasma density in the SOL in L-mode plasmas was fairly
constant vs. line-averaged density; here also the average blob amplitude at p=+2 cm and
+4 cm was constant vs. plasma density over all regimes, to within the scatter. In Alcator
C-Mod [41,42] the size of blobs measured by GPI in the SOL varied little with discharge
parameters, similar to the present results, but the radial velocities increased with density,
which is different from the present results.

The most recent study of blobs was done in the SOL of L-mode plasmas in
ASDEX Upgrade using a 1-D (radial) lithum-BES diagnostic [43]. These blobs, as
defined by a conditional sampling criterion, had radial size ~3-8 cm (FWMH), a mean
outward radial velocity ~0-1 km/sec, and a relative fluctuation level 0I/1 ~0.1-0.6, all of
which are similar to the NSTX blob results of Sec. 5. The ASDEX Upgrade blob size
and average radial velocity were almost constant with radius and their relative intensity
(i.e. normalized blob amplitude) increased with radius, all similar to blobs in the NSTX
SOL (Fig. 9). The ASDEX Upgrade blob properties did not vary significantly with the
toroidal magnetic field, similar to the NSTX results.

A cross-machine database of seven tokamaks and stellarators was recently used to
compare edge turbulence near the separatrix in L-mode plasmas [8]. The autocorrelation
times and poloidal correlation lengths both inside and outside the separatrix were fit with
power laws as Ty ~ (Ln/cs)o‘5 06 and Lyot ~ pso‘5 3, However, the present database showed
little or no variation of T, With Ly/cs at p = -2 cm, but rather had Tayto/(Ly/cs) ~38 for L-
mode plasmas, and the variation of Ly, with ps as shown in Fig. 15(b) was fairly well fit
by Lpo ~ 33ps. Radial blob speeds from conditional averaging in [8] were outward and
mainly within V,,4~0-3 km/sec, similar to the V,,4~0-1 km/sec of Fig. 9(f).

7. Conclusions

This paper described edge and SOL turbulence in NSTX using a large database
which covered most of the operational range of the machine. The specific goals were to
determine how the turbulence varied with the global and local plasma parameters, how
the turbulence characteristics were related to each other, and how well these turbulence
variations could be described by simplified theoretical models.
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There were clear systematic variations in the turbulence with minor radius across
the database; for example, with increased distance into the SOL the fluctuation levels and
autocorrelation times increased, the poloidal velocities decreased and the radial velocities
increased. The clearest parametric variations in the edge turbulence were correlated with
the changes which occurred from Ohmic to H-mode plasmas; for example, a decrease in
fluctuation levels, an increase in poloidal correlation lengths, and a change in the
direction of V,, inside separatrix. However, it was not possible to isolate a unique global
or local variable which caused these variations, since several parameters varied together
with these changes, e.g. neutral beam power, plasma stored energy, line-averaged
density, lithium coating, and the density and temperature just inside the separatrix.

Some interesting relationships were found between turbulence quantities across
the whole database. For example, the poloidal and radial correlation lengths were usually
within a factor-of-two of each other, and the autocorrelation time was usually near the
poloidal correlation length divided by the poloidal velocity. On the other hand, there was
no clear relationship between the radial turbulence velocity and the poloidal turbulence
velocity, or the radial turbulence velocity and the radial or poloidal correlation lengths. It
was interesting that the fluctuation levels, correlation lengths, and turbulence velocities
found from correlation analysis were generally similar to those found from blob analysis.

With respect to the simplified theoretical models, the poloidal scale lengths were
fairly well described by kpops ~0.06 (using the B on axis), which at least qualitatively
explains the larger scale lengths in H-mode (i.e. hotter) plasmas. The relative fluctuation
levels in Ohmic and L-mode plasmas were close to the wave breaking limit
on/n~1/K;aqLn~0.2-0.4, but considerably lower than this limit in H-mode plasmas. The
poloidal velocities were close to the electron diamagnetic drift speed in Ohmic plasmas,
but considerable less than the ion diamagnetic speed in H-mode plasmas. The blob speeds
at 2 cm outside the separatrix were were found to lie between the ‘sheath limited” and
‘inertial’ range speeds, as previously found in NSTX and elsewhere.

There were several new and/or surprising results with respect to previous studies
of edge turbulence. For example, there was no significant increase in the poloidal
turbulence velocity with increased NBI power over Py,~2-6 MW in H-mode plasmas,
despite increases in edge pressure and core toroidal rotation with NBI. The local radial
correlation lengths just inside the separatrix in H-mode plasmas were ~2-5 times larger
than the local density gradient scale, which seems inconsistent with drift wave theory.
There was relatively little variation of the turbulence or blob properties with respect to
plasma current or toroidal field, although the MLR analysis did indicate a significant
increase in L, with x, and a decrease in Ly, with I, inside the separatrix. Although not
new, there was a surprisingly clear reversal in poloidal turbulence velocity with radius in
Ohmic plasmas, and the almost complete absence of blobs inside the separatrix for H-
mode plasma.

We close by pointing out some uncertainties and limitations in the present results

which could motivate further work. A major limitation is the lack of density and
temperature data in the SOL, which makes make connections with turbulence theory
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difficult. Ideally, the 2-D profiles of n. and T, should be measured on the timescale of
the turbulence, so that the relationship between 6n and 0T, determined. It would be
interesting to correlate the edge turbulence variations with the edge impurity content,
SOL flows, and heat flux width at the divertor plate. Turbulence measurements at other
poloidal locations and better cross-diagnostic comparisons of the edge turbulence are also
needed.

The present NSTX database was based on many separate experiments done
during 2010, rather than on a small set of systematic parameter scans. This introduced
uncontrolled variations in the edge neutral density, impurity levels, and magnetic
geometry, so it was difficult to isolate clear parametric dependences in these results.
With more systematic scans it might be possible to clarify the effects of parameters such
as the plasma current, X-point location, lithium coating, or local gradients on the edge
and SOL turbulence.

Finally, the data analysis procedures were kept simple for this large database, and
there is still more to learn about the turbulence structure and motion than found in these
scale lengths, fluctuation levels, and turbulence velocities. For example, further analysis
could study the (w,k) spectra, search for zonal flows and counter-propagating waves,
identify blob formation, and study the nonlinear couplings in this turbulence.
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Table 1: Overall database parameters

Number of shots 140

Plasma current: [,=0.65-1.15 MA
Toroidal field: B=3.5-5.5kG
safety factor: Jos = 5.8-12.8
Elongation k=1.9-2.5

Stored energy: Wimhi=26-306 kJ
Average density: n=1.3-7.0x10" cm™
NBI heating: P, = 0-6 MW
RF heating: Pr=0-1.4 MW
Outer gap: 2.8-15.7 cm
Lithium: 0-370 mg/shot

Table 2: Sample plasma parameters

H-mode Ohmic
shot range 140389-395 | 141746-756
time (sec) 0.532 0.215
I, (kA) 830 830
B (kG) 4.9 3.6
Winha (kJ) 220 32
n. (10" cm™) 5.2 1.6
P, (MW) 4.0 0
T<(0) (eV) 920 530
n.(0) (10" cm™) 5.6 23
T.(a) (eV) 29+17 13+6
ne(a) (10" cm™) 0.92+0.54 | 0.37+0.23
T. @ -2 cm (eV) 134+53 23+4
ne @ -2 cm (10" cm™) | 2.1+0.47 0.47+0.17
ps (cm) @ -2 cm 0.3 0.2
Tei (Usec) @ -2 cm 1.5 0.5
Be @ -2 cm 0.005 0.0003

Table 3: Average edge parameters at p=-2 cm vs. shot type and Da exponents

shot shots | NBI+RF | Tc@-2cm | n.@-2cm | o exponent |  exponent
type (MW) eV) | (10°em™) | (for no) (for T.)
Ohmic |33 0 25+8 0.57+0.18 | 0.80+0.05 | 0.6+0.2
L-mode | 14 0.8 34+17 0.87+0.42 | 0.75+£0.05 | 0.4+0.2
H-mode | 93 3.5 122472 2.5+1.4 0.65+0.10 | 0.1+0.2
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Table 4: Linear cross-correlation coefficients (red and italics for > 0.5).

radius | I, B: Py Wmhda | ne-ave | Li/sh edgen. |k Vior(C)
SI/T | -2cm | 0.01 |0.53 |0.57 |0.63 |0.69 0.44 0.62 0.36 |0.28
+2cm | 0.07 | 040 | 0.66 | 0.63 | 0.63 0.54 0.64 0.31 | 0.20
Tato | -2 Cm | 0.01 | 0.26 | 0.6 | 0.60 | 0.65 0.35 0.47 0.44 |0.31
+2cm | 0.23 | 0.16 | 0.35 | 043 |0.36 0.31 0.27 0.39 |0.21
Loot |-2cm | 0.09 | 0.31 | 0.65 | 0.65 |0.6] 0.52 0.55 0.53 1040
+2cm | 0.02 | 0.21 | 045 | 0.54 |0.46 0.51 0.28 0.55 |0.40
Liag |-2cm [ 027 020 [ 042 | 042 |0.54 0.45 0.61 0.09 |0.32
+2cm | 0.24 | 0.14 | 0.06 | 0.02 |0.16 0.38 0.14 0.31 |0.16
Vot | -2cm | 0.01 [ 0.46 | 0.63 | 0.69 | 0.68 0.59 0.53 0.50 |0.36
+2cm | 0.18 | 0.05 | 0.04 | 0.08 |[0.11 0.19 0.29 0.10 | 0.24
Vid |-2cm | 023 0.17 {0.02 | 0.02 |0.02 0.07 0.04 0.01 |0.03
+2cm | 0.20 | 0.31 | 040 | 0.44 |0.36 0.34 0.33 041 |0.03

Table 5: Power law exponents for linear cross-correlations > 0.5

radius | B: ne(ave) | edgen. | Wimng | Li/shot | kappa
SI/I |-2cm | -1.7 |-0.52 -0.30 -0.32 - -
+2cm | - -0.61 -0.37 -0.39 -0.11 -
Tauto | -2 CM - 0.62 0.39 - -
+2cm | - - - - - -
Lyot |-2cm - 0.55 0.29 0.37 0.09 2.9
+2cm | - - - 0.23 - 2.4
Liag |-2cm - 0.64 0.36 - - -
+2cm | - - - - -
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Table 6: Multiple linear regression exponents for correlations (top) and blobs (bottom)

radius | [, B: ne(ave) | Li/shot | W kappa | edge ne | dne/dR | Qsep Vior(C)
SI/T | -2 cm - -0.88 | -0.19 -0.02 - - - -0.15 - -
+2cm | 0.56 - -0.22 -0.05 - - - - - 0.12
Tauto | -2 CM - - 0.45 - - 0.87 - 0.12 0.17 -
+2cm | 0.97 | 0.68 0.41 |-0.03 - - -0.13 - 0.23 -
Loot |-2cm | -0.62 | -0.54 - - 0.17 | 1.43 0.08 0.14 - 0.07
+2 cm - -0.80 - - - 1.52 - - 0.20 -
Liag | -2cm | -0.81 - - 0.08 1030 |-1.60 - -0.22 - 0.15
+2cm | -0.41 | -0.52 - 0.04 1025 | 1.73 | -0.08 0.17 - -
N -2 cm 1.35 - - - - -3.70 - -0.58 0.13 -
blob | +2 cm - 1.35 - - - 2.37 - 0.03 - -
A -2 cm - -0.15 - -0.01 0.03 | -0.17 -0.03 -0.03 | -0.03 -
blob | +2 cm - - -0.04 - - -0.15 - - 0.11
Loot |-2cm | -0.54 - - - - 1.63 - 0.12 0.21 -
blob | +2 cm - - - 0.01 - 0.66 - - 0.09 -
Lig | -2cm - - - 0.05 - 1.07 - - - -
blob | +2 cm - -0.30 - 0.16 - - -0.04 -0.06 - -
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Figure Captions

1. Sample images of the normalized GPI Da light emission vs. time for a typical H-mode
shot during 4 MW of NBI (#140395). The time between these images is 10 psec (4
frames) and their size is ~30 cm poloidally (vertical) x 24 cm radial (horizontal). Each
image is normalized to the time-averaged image, and the relative fluctuation levels are
shown by the color scale on the right. The location of blobs (defined in the text) is shown
by the elliptical regions. The magnetic separatrix is the dashed line and the shadow of
the limiter (RF antenna) is the dotted line.

2. Measured Thomson scattering data for the (a) electron temperature and (b) density for
two sub-sets of this dataset: one Ohmic group and one H-mode group with 4 MW of NBI.
Each plot contains data from 7 similar shots with the parameters defined in Table 2.
Overlaid with the Thomson data is the radial profile of the GPI Da light emission for
these cases (same in both panels). All curves are plotted with respect to the separatrix as
determined from the EFIT equilibrium reconstruction code. In (c) and (d) are typical GPI
frequency spectra for these cases at radii p == 2 cm with respect to the separatrix.

3. Radial profiles of the turbulence correlation analysis for the entire database, grouped
according to whether the shots were H-mode (93 shots), Ohmic (33 shots), or L-mode (14
shots). In (a) are the radial profiles of the relative GPI fluctuation levels dI/I (rms/mean),
in (b) are the autocorrelation times Tayo (FWHM), in (¢) and (d) are the poloidal and
radial correlation lengths Lo and L;ag (FWHM) in c¢m, and in (e) and (f) are the poloidal
and radial turbulence velocities Vo and Vg in km/sec. The error bars show the standard
deviations over the shots in each group.

4. Several relationships between turbulence cross-correlation analysis and global plasma
quantities over the entire database, plotted only at radii p= -2 cm and +2 cm for clarity.
In (a) and (b) are the relative fluctuation level vs. the line averaged density and applied
lithium per shot; in (c) and (d) are the turbulence poloidal velocity vs. the total stored
energy and NBI power; in (e) and (f) are the radial correlation length vs. the plasma
current and stored energy. The approximate divisions between Ohmic, L-mode and H-
mode plasmas are shown where possible.

5. Relationships between various turbulence quantities over the entire database for radii
p=-2 cm and +2 cm. In (a) are the radial vs. poloidal correlation lengths, in (b) are the
radial vs. poloidal turbulence velocities, and in (¢) and (d) are the radial turbulence
velocity vs. the radial correlation length and relative fluctuation level, respectively. Part
(e) shows the poloidal correlation lengths vs. the autocorrelation times, and part (f) shows
the timescale for poloidal motion of turbulent structures vs. the autocorrelation time.

6. Relationships between edge plasma parameters and turbulence correlation quantities
over the entire database. Part (a) shows the electron temperature vs. electron density at
p= -2 cm, (b) shows these n.and T, vs. NBI power, (c) and (d) are the relative fluctuation
levels vs. the edge T and VT, and (e) and (f) are the poloidal velocities vs. the local T,
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and VP, respectively. The approximate divisions between Ohmic, L-mode and H-mode
plasmas are shown where possible.

7. Relationship between the edge rotation diagnostic data and the turbulence poloidal
velocity over the entire database. In (a) are the toroidal and poloidal CIII velocities vs.
the applied NBI power. In (b) are the the toroidal and poloidal CIII velocities vs. the
turbulence poloidal velocity at p=-2 cm. The red dashed line in (b) shows where the CIII
velocity would equal the measured poloidal turbulence velocity.

8. Typical blob tracking results for an (a) Ohmic shot and (b) H-mode shot (141746 and
140395, respectively). The colored lines show all blob tracks for a 1 msec time period
for the Ohmic shot and a 2 msec time period for the H-mode shot. The small ellipses
show the blob shape and location at its starting time. The dashed line is the separatrix
and the dotted line is the limiter shadow, and the image size is the same as in Fig. 1. The
blob motion is highly variable in this radial vs. poloidal plane.

9. Radial profiles of blob statistics for all shots in the database, sorted according to shot
type. In (a) is the average number of blobs per frame, which is significantly lower for H-
modes inside or near the separatrix. In (b) is the normalized blob amplitude, where the
minimum amplitude for tracking a blob is 1.5 in these units. In (c) and (d) are the
poloidal and radial blob scale lengths, and in (e) and (f) are the poloidal and radial blob
velocities.

10. Variation of blob properties with some of the global and local parameters in the
database. The normalized blob amplitude in (a) decreases slightly with stored energy,
and the blob poloidal velocity in (b) shows a reversal inside the separatrix at W~100 kJ.
Parts (c) and (d) show the variations of the blob poloidal length and radial blob velocity
vs. the plasma current, and (e) and (f) show the normalized blob amplitude and radial
velocity as a function of the local electron temperature measured 2 cm inside the
separatrix. The approximate divisions between Ohmic, L-mode and H-mode plasmas are
shown where possible.

11. Some relationships between two blob properties at p=0 cm and +2 cm. Parts (a) and
(b) show that the radial blob velocity has little variation with the normalized blob
amplitude or poloidal blob length. Part (¢) shows the average blob Vg vs. Vo, which
shows a slight trend for increasing radial velocity with decreasing poloidal velocity. Part
(d) shows the blob tilt angle with respect to the blob ellipticity, and parts (e) and (f) show
the ellipticity and tilt variations with respect to the difference in average blob Vi
between the radial zones at +2 cm and 0 cm.

12. Comparisons between blob properties and cross-correlation properties at p=-2 cm
and +2 cm. Parts (a) and (b) show that the normalized blob amplitude and the number of
blobs are fairly well correlated with the cross-correlation 8I/I (rms/mean) fluctuation
level. Parts (¢) and (d) show a fairly high correlation between blob lengths and
correlation lengths in both the poloidal and radial directions. Part (e) shows that the blob
poloidal velocity and the poloidal cross-correlation velocity are similar to each other at
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both radii, and (f) shows that the radial blob velocities are similar to the radial correlation
velocities, with a predominantly outward radial velocity at p = +2 cm for both, and a
wide scatter in both for p =-2 cm.

13. In (a) is the estimated edge power loss due to the measured turbulence Py, and in
(b) is the estimated edge power loss due to the measured blobs Py, both plotted as a
function of the total input power to the plasma Py;. Each point corresponds to one shot in
the database. Linear fits to the data are shown by the red lines, and the blue lines show
Purv=Ptot Or Ppiob=Pior. These results suggests that (on average) Py, and Py, increase
with Py, and that a non-negligible fraction of the input power can be accounted for as
turbulent or blob transport across the edge. The shaded bars at the bottom show the
ranges of Ohmic, L-mode and H-mode plasmas.

14.  Comparison of the measured length scales of the turbulence at p= -2 cm with
simplified theoretical models. In (a) the poloidal correlation lengths L, are compared
with the drift-wave gryoradius parameter p,, showing a best fit to ko1 ps ~0.06 (using the
magnetic field on axis for B). In (b) the measured radial correlation lengths L, at p=-2
cm are compared with the radial pressure gradient scale length L,, which is a scale
expected from interchange turbulence. The best fits are L;aq ~ 3 L, for Ohmic and L-
mode plasmas and L,q ~ 10 L, for H-mode plasmas, which is significantly larger than
expected for interchange modes.

15. Comparison of the measured fluctuation levels 0I/1 at p= -2 cm with simplified
theoretical models. Part (a) shows that Ohmic and L-mode shots are near the expected
wave-breaking limit of OI/I ~ L,,a/2L, but H-mode shots are well below this limit. Part
(b) shows that the Ohmic and L-mode fluctuation levels are generally near the expected
interchange limit 0I/I ~ Vi aq Tauto/2Ln, but H-mode shots are well below this limit.

16. Comparison of the poloidal velocity of the turbulence measured using the cross-
correlation method vs. the calculated diamagnetic drift speed, both evaluated at p=-2 cm.
The diamagnetic drift speed is Vain = + csps/Ln, Where L, is the density gradient scale
length and psis evaluated using B on axis. The Ohmic plasma have a velocity V,o~(1-
3)Vpe, which is roughly consistent with an electron drift wave. However, the H-mode
plasmas have Vo1~ (0.2-1)Vp;, which is smaller than the ion diamagnetic velocity.

17. Comparison of the measured radial blob velocity at 2 cm outside the separatrix with
calculated blob velocities based on two different models: (a) the sheath-limited velocity:
Vg = ¢ (Li/R)(ps/Sp)* (d1/n), and (b) the inertial range velocity: Vi, = ¢, (8y/R)"* (dn/n)""?,
using B on axis for ps. Each point represent the average of hundreds of blobs identified
for this radial region for a that particular shot. Almost all blob velocities lie between
these two model velocities.
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