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This paper describes the first observations in the National Spherical Torus Experiment (NSTX)
[S. M. Kaye et al., Phys. Plasmas 8, 1977 (2001)] of “quiet periods” in the edge turbulence
preceding the low-to-high (L-H) mode transition, as diagnosed by the gas puff imaging (GPI)
diagnostic near the outer midplane separatrix. During these quiet periods the GPI D, light emission
pattern was transiently similar to that seen during H-mode, i.e., with a relatively small fraction of the
GPI light emission located outside the separatrix. These quiet periods had a frequency of ~3 kHz
for at least 30 ms before the L-H transition, and were correlated with changes in the direction of the
local poloidal velocity. The GPI turbulence images were also analyzed to obtain an estimate for the
dimensionless poloidal shearing S=(dV,/dr)(L,/L,)7. The values of S were strongly modulated by
the quiet periods but did not significantly vary during the ~30 ms preceding the L-H transition.
Since neither the quiet periods nor the shear flow increased immediately preceding the L-H
transition, neither of these appears to be the trigger for this transition, at least for these cases in

NSTX. © 2010 American Institute of Physics. [doi:10.1063/1.3476276]

I. INTRODUCTION

This paper describes experimental observations of
H-mode-like “quiet periods” in edge turbulence which pre-
cede the main low-to-high (L-H) mode transition in the
National Spherical Torus Experiment (NSTX), a low aspect
ratio tokamak.' These quiet periods occur with a frequency
of ~3 kHz for at least 30 ms before transition, and are well
correlated with local reversals in the poloidal flow speed of
the edge turbulence. These observations are similar to previ-
ous results on edge zonal flows in tokamaks and similar de-
vices, but do not yet identify a “trigger” mechanism for the
main L-H transition.

The subject of L-H transitions in tokamaks has been an
area of intense research for over 25 years, as discussed in
detail in review articles about both experiments2 and theory.3
There is clear experimental evidence for a fast reduction in
the level of edge turbulence at the L-H transition, e.g., Refs.
4-6, and for an increase in the edge radial electric field and
poloidal flow across transition in space and time, e.g., Refs. 6
and 7. However, since the transition occurs rapidly and
nearly simultaneously with the changes in edge turbulence
and radial electric fields, it has been difficult to identify the
causal relationship between these phenomena or to find a
trigger mechanism for the L H transition, as discussed in
several previous reviews.>"" For example, there was some
evidence for a change in the poloidal rotation and radial elec-
tric field of ~1 ms before the transition in DIII—D,5 but no
evidence of a poloidal spin-up prior to the L-H transition has
been observed in JET (with a time resolution of 50 ms).'?

There have been many theoretical models for the L-H
transition, as reviewed in Ref. 3. The earliest analytic
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theories attributed the transition to changes in the radial elec-
tric field and its associated poloidal ExB drift, either due to
nonambipolar ion orbit loss, " neoclassical viscosity,14 spon-
taneous poloidal spin-up,15 or edge turbulence suppression.16
The most recent analytic theories of the L-H transition em-
phasize the complexity of bifurcation physics17 and consider
the influence of geodesic acoustic modes (GAMs).18 The
complexities can in principle be resolved through numerical
simulations of edge turbulence and transport, which have in
some cases seemed to reproduce the L-H transition.”” ' Yet
in practical terms, neither analytic theory nor simulation is
presently being used to predict the power needed to produce
an L-H transition in ITER, so there is clearly a need for
improved understanding in this area.

A recent and important development in the field of toka-
mak edge turbulence and transport has been the theory22 and
experimental observations> of zonal flows, which are local-
ized poloidal flows with a low but finite real frequency. Clear
experimental evidence for GAMs, which are coherent zonal
flows, has been obtained in the edge region of several fusion
devices using several different diagnostics.mﬁ33 These GAMs
are observed just inside the separatrix and have a frequency
which scales with the sound speed and major radius, i.e.,
w~c,/R. There is also experimental evidence for lower-
frequency incoherent zonal flows in the edge region, e.g., in
DII-D* and ASDEX-Upgrade.31 An energy exchange be-
tween GAMs, lower frequency zonal flows, mean ExB flows,
and the level of turbulence has been measured in JFT—2M,6
the H-1 Heliac,”” and HL-2A tokamaks.* These and many
other results concerning the interactions between zonal flows

© 2010 American Institute of Physics
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and turbulence are discussed in two comprehensive review
papers.****

Given this background on L-H transitions and zonal
flows, we now review some previous measurements specifi-
cally concerning changes in the edge turbulence and poloidal
flows preceding the L-H transition, which is the subject of
the present paper. The first detailed study of edge fluctuations
at the L-H transition was made using Langmuir probes in
PBX-M.** In that experiment the fluctuation levels and tur-
bulent transport were significantly reduced at the transition,
but there was only a modest increase in the velocity shear,
and the changes in turbulent transport were not confined to
the region of large velocity shear. Subsequent edge probe
measurements in HT-6M provided evidence for a link be-
tween turbulent flows driven by Reynolds stress and the on-
set of improved Ohmic confinement.” Edge measurements
made using a heavy ion beam probe on JFT-2M showed that
the edge fluctuations and edge potential changed at the same
time at the L-H transition to within 128 ,us.6 Edge measure-
ments made using correlation reflectometry at the L-H tran-
sition in W7-AS® showed a large and often correlated oscil-
lation in poloidal flow and density fluctuations before the
transition, with a single step in density fluctuations without
any change in poloidal flow at the main transition. A similar
reflectometry measurement in the TJ-II stellarator showed
that the edge turbulence reduction at the transition was coin-
cident with an increase in the low frequency oscillating
sheared flow, but preceded the increase in the mean shear
flow.”” Measurements of poloidal edge flows made using
beam emission spectroscopy (BES) in DIII-D showed that
GAMs disappeared well before the L-H transition, but the
relatively larger and lower-frequency “zero mean frequency
zonal flow” appeared ~70 ms preceding the L-H transition,
along with an increase in mean flow and flow shear.”® These
measurements were averaged over 50 ms so their exact rela-
tionship to the rapid (<100 us) drop in fluctuation level at
the transition was not determined.

Previous measurements made using gas puff imaging
(GPI) in NSTX showed a clear reduction in turbulence at the
L-H transition,38 with little or no change in correlation
lengths or poloidal flow speeds before and after the L-H
transition. However, those measurements only had 300
frames/shot (1.2 ms) so they could only capture a few tran-
sitions and were of limited use for studying changes preced-
ing the transition. Additional fast photomultiplier tube detec-
tor radial arrays were also used to examine the bicoherence
just prior to the transition,” but those were limited to 13
spatial channels.

In summary, many good measurements have been made
concerning the interaction between edge turbulence, edge
flows, and L-H transitions, and interesting connections have
been made between those measurements and the theory of
edge turbulence and zonal flows. Yet the exact mechanism
for the trigger of the transition has not yet been identified.>"”
Therefore the goal of the present paper is to evaluate the
two-dimensional (2-D) edge turbulence characteristics and
poloidal flow shear preceding the L-H transition in NSTX.
The data were acquired using an upgraded version of the GPI
diagnostic on NSTX, as discussed in Sec. II. Section III de-
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scribes the observations of quiet periods preceding the L-H
transition, Sec. IV discusses the turbulence shear flows,
Sec. V describes the larger database, and Sec. VI contains the
discussion.

Il. UPGRADED GPI DIAGNOSTIC IN NSTX

The present paper describes recent L-H transition mea-
surements made in NSTX using an improved fast camera
system which can record 2-D turbulence images at
=285 000 frames/s at a resolution of 64 X 64 pixels for up
to 50 ms. This upgraded hardware allowed 2-D images of the
L-H transition to be captured for many shots, which was not
possible previously.

The basic GPI diagnostic on NSTX (R,=85 cm,
a=65 cm) has been described in detail elsewhere.***! For
the present paper the turbulent fluctuations are measured by
the excitation of the visible D, (656 nm) line emission from
a deuterium gas puff. Since the turbulence is highly elon-
gated along the magnetic field B, the visible light from the
GPI gas puff cloud was viewed along the local B field (to
within a few degrees) to resolve the radial versus poloidal
structure of the turbulence. The GPI gas cloud increases the
brightness of the D, by ~ X 20 above the background, and
thus localizes the emission for improved spatial resolution.

Figure 1(a) shows a schematic view of the GPI diagnos-
tic geometry in NSTX, including a turbulence filament
aligned along B and its intersection with the GPI gas cloud
(“blob”). Figure 1(b) shows the location of the GPI field of
view, which is centered ~20 cm above the outer midplane
near the separatrix, and extends ~25 cm radially and
~25 cm poloidally. The spatial resolution of the optics is
~0.3 cm and the spatial resolution set by the curvature of
the field lines within the GPI gas cloud is =1 cm. This is
small enough to resolve the edge turbulence structures in
NSTX, which have a typical correlation length of
~3-5 cm.

To get the highest possible framing rate for this experi-
ment, two Phantom 7.3 cameras viewed the same GPI image
using a beam splitter, and their recording times were inter-
laced. This allowed a framing rate of up to 285 000 frames/s
(3.5 us/frame) with an exposure time of 3 us/frame at
64 X 64 pixel resolution. This is only slightly higher than the
250 000 frames/s rate of the Princeton Scientific Instruments
PSI-5 camera used previously,40 but these Phantom cameras
allow the capture of typically 17 000 frames/shot, whereas
the PSI-5 camera allowed only 300 frames/shot. Therefore at
the highest framing rate the present cameras recorded
~50 ms/shot, which made it relatively easy to capture L-H
transitions.

Typical single images from the camera are shown in Fig.
2 for L-mode (top) and H-mode (bottom), both taken with an
exposure time of 3 us. These images are oriented with the
local minor radial direction approximately horizontal (out-
ward to the right) and the local poloidal direction (within a
magnetic flux surface) approximately vertical, with the ion
diamagnetic and grad-B drift direction downward. The GPI
light intensity is shown in a linear false color scale, the lo-
cation of the separatrix (according to the NSTX equilibrium
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FIG. 1. (Color online) Geometry of the GPI diagnostic in NSTX. In (a) is a
sketch of the vessel outer wall (as seen from the plasma) showing the reen-
trant GPI viewport, the manifold from which the gas puff emerges, and the
approximate angle of the local magnetic field. The 3-D structure of the
turbulence is shown as a “filament,” and the 2-D projection of a filament
with the GPI radial vs poloidal plane is shown as a “blob.” In (b) is an
equilibrium at the L-H transition time for #135042, along with the GPI area
projected into the (R, z) plane, the location of the GPI manifold (the line just
outside the GPI area), and the projection of the rf antenna/limiter in this
plane (covering far right around the midplane).

code) is shown by the dashed line, and the location of the
shadow of the nearest limiter (rf antenna) is shown by the
dotted line to the right. The GPI gas manifold is located just
outside the limiter shadow. The GPI light (D, emission) in
L-mode shows a complex turbulent pattern which extends up
to ~5 cm into the scrape-off layer (SOL) outside the sepa-
ratrix, while in H-mode the GPI light shows a quiescent po-
loidal band just inside the separatrix. The box in the center of
Fig. 2 shows the radial and poloidal range used for GPI data
analysis (=4 cm around the separatrix), although much of
the analysis is done in the middle of this box near the sepa-
ratrix.

The interpretation of the GPI images has also been de-
scribed previously.‘lo_42 The D, light emission is located in
the region where the neutrals are excited but not yet ionized,
which corresponds roughly to T,~5-100 eV. Within this
temperature range the line emission at a given neutral density
is a nonlinear (but monotonically increasing) function of the
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FIG. 2. (Color) Typical GPI images of the D, light emission in this experi-
ment. At the top is an L-mode image and at the bottom is an H-mode image
later in the same shot, both images taken with 3 us exposure times and the
same (false) color intensity scale. Also shown is the best estimate for the
separatrix location (dashed line) and the shadow of the rf antenna/limiter
location (dotted line). These images cover a region of ~25 cm in the radial
(horizontal) direction and ~25 cm in the poloidal (vertical) direction, and
have a pixel size of ~0.4 cm. The range of GPI turbulence analysis is
shown by the rectangle in the middle.

local electron density n, and electron temperature T, while
the neutral deuterium density is monotonically decreasing
toward the plasma center. The radial profiles of D, light are
consistent with DEGAS 2 calculations based on the mea-
sured profiles and neutral gas transport from the gas
manifold.*

Although the GPI light emission is a nonlinear function
of the local density and temperature, the structure and mo-
tion of the GPI light fluctuations, as determined by the space-
time cross-correlation functions, are nearly independent of
the details of this nonlinearity, as discussed previously.40
This effect is similar to a television image in which the struc-
ture and motion of an object are independent of the nonlin-
earity controlled by the contrast setting. Thus the turbulence
correlation lengths, times, and speeds can be calculated di-
rectly from the GPI data. However, the GPI diagnostic is not
able to measure either the absolute or relative density fluc-
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TABLE I. L-H transition database of fast GPI data.

Phys. Plasmas 17, 102502 (2010)

I B L-H time GPI data NBI Time/frame

Shot (MA) (kG) (s) (s) (MW) (us)
132682 0.8 44 0.2544 0.170-0.252 1.9-3.0 8.25
132712 0.8 4.5 0.3375 0.200-0.282 0.9-24 8.25
132716 0.8 4.5 0.200-0.250 0 8.25
132719 0.8 43 0.200-0.250 1.7-2.3 8.25
132959 0.92 44 0.2525 0.220-0.260 1.2 6.75
132967 0.92 44 0.2555 0.220-0.260 2.8 6.75
135020 0.8 4.5 0.1750 0.205-0.260 0.8-2.7 7.0
135021 0.9 4.5 0.2391 0.205-0.260 0.8-2.7 35
135022 0.92 4.5 0.2507 0.215-0.260 0.8-2.6 35
135023 0.92 4.5 0.2518 0.215-0.260 0.8-4.5 35
135041 0.92 4.5 0.2495 0.215-0.275 0.7-2.6 3.5
135042 0.92 4.5 0.2455 0.215-0.275 0.7-2.6 35
135043 0.92 4.5 0.2500 0.215-0.275 0.7-2.6 35
135044 0.92 4.5 0.2451 0.215-0.275 0.7-2.6 35
135045 0.92 4.5 0.2435 0.215-0.275 0.7-2.6 35
135046 0.92 4.5 0.2539 0.225-0.275 0.7-2.6 35

tuation level, since the observed D, emission is a function of
both density and temperature, and neither of these is inde-
pendently measured on the relevant fast timescale.

lll. QUIET PERIODS

GPI data were acquired and analyzed for the NSTX
discharges and plasma conditions listed in Table I. These
discharges were standard neutral beam injection (NBI)-
heated plasmas with B~4.5 kG, 1~0.8—-0.9 MA in a lower
single null configuration with the ion grad-B drift toward the
X-point. The H-mode transitions typically occurred just after
an increase in the NBI power from 0.7 to 2.5 MW. This data
set includes nine shots with an L-H transition captured at the
highest available frame rate of (3.5 ws/frame), four shots
with L-H transitions captured at a slower frame rate, two
shots in L-mode only, and one shot in H-mode only. Most of
the analysis in Secs. III and IV is done for three typical shots
in this list (#135042-135044), which had identical external
parameters. The larger database is discussed in Sec. V.

Figure 3 shows the time dependence of D, light emis-
sion from the GPI diagnostic within an ~1.5 cm wide re-
gion radially centered at p=0.4 cm (with respect to the sepa-
ratrix) and ~20 cm high in the poloidal direction (see box in
Fig. 2). The GPI signal from this region dropped rapidly at
the H-mode transition at ~0.2454 s, at about the same time
as the (slower) D, light emission far away from the GPI
(below). At the right of Fig. 3 are the Thomson scattering
profiles just before and just after the H-mode transition in
this shot (#135042), showing the formation of a strong den-
sity “transport barrier” in the edge density near the separatrix
(labeled “sep.”). The times of this Thomson scattering data
are shown at the bottom left; thus this barrier was formed
=3 ms after the transition. The radial range of the GPI di-

agnostic with respect to the outer midplane flux surfaces is
indicated by the arrows at the right in Fig. 3; the GPI view-
ing region extends radially from ~10 cm inside to ~15 cm
outside the separatrix. The edge barrier in these cases is
formed in the electron density and not the electron tempera-
ture, and the top of the barrier pedestal in H-mode is just
inside the peak of the GPI light emission in Fig. 2.

Figure 4 shows the time dependence of the GPI signals
during an ~10 ms period near the L-H transition (vertical
line) for three shots for the same spatial region as Fig. 3,
i.e., within an ~1.5 cm wide region radially centered at
p=0.4 cm. In each of these shots there appears to be a series
of transient “quiet” periods of low GPI signal level preceding
the transition, several of which are circled. These quiet peri-
ods have a GPI signal level in this region nearly as low as
that during the quietest time of the H-mode period of =2 ms
after the transition. These quiet periods also appear earlier in
the L-mode phase, as discussed in Sec. V. Later in the
H-mode phase the GPI signals show stronger intermittent
bursts, which will not be discussed in this paper.

Figure 5 shows the sequence of GPI images for a typical
~250 wus period near one of the quiet times circled in Fig. 4
(#135044 at 0.237 225-0.237 435 s). Each frame has an ex-
posure time of 3 us, the time between frames is 3.5 us, and
the approximate location of the separatrix is shown by the
vertical line in each frame. The quiet period labeled “Q” in
Fig. 5 lasts for 16 frames (60 us). During this period the
GPI images look more similar to those during H-mode than
to L-mode (see Fig. 2), i.e., with a narrow radial profile of
D, emission just inside the separatrix, along with a lower
radial correlation length of the turbulence, as discussed be-
low and in Sec. IV.

Therefore an empirical way to characterize the “H-
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FIG. 3. (Color online) Time dependence of D, light emission from the GPI diagnostic within a 1.5 cm wide region just outside the separatrix at
p=0.4 cm. This GPI signal drops rapidly at the H-mode transition at ~0.2454 s, at about the same time as the standard D, light emission far from the GPI
puff (the latter has a slower response time). At the right are Thomson scattering profiles just before and just after the H-mode transition showing the formation
of an edge density transport barrier after the transition. The times of these Thomson scattering data are shown at the bottom left. The radial range of the GPI
diagnostic with respect to the outer midplane flux surfaces is also shown at the right, along with the separatrix location (labeled sep.).
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FIG. 4. (Color online) Time dependence of the GPI signal during an
~10 ms time period around the L-H transition for the same spatial region,
i.e., just outside the separatrix for the same spatial region as Fig. 3. Three
successive shots are shown which were taken under identical machine con-
ditions. In each of these shots there are many transient quiet periods preced-
ing the transition, which have a GPI signal level similar to the period
=2 ms after the L-H transition.

mode-ness” of the GPI data is to calculate the fraction of the
GPI light emission located radially outside the separatrix
“F¢o”- This parameter is an indirect measure of fast changes
in the radial density and temperature profiles near the sepa-
ratrix which cause these changes in the profile of D, (such
fast ~10—100 us changes in edge profiles are not measured
by any other NSTX diagnostic). This F, fraction is shown
in Fig. 6 over a longer period of time around the L-H tran-
sition for the same three shots as for Fig. 5. The lines versus
time are this fraction smoothed over 0.7 ms (200 frames),
and the dashed line at 0.15 is just shown as a reference. In all
cases the F; drops rapidly at the transition (vertical lines),
corresponding to the change in the emission profiles illus-
trated in Fig. 2. The quiet periods with F,;<<0.20 can be
seen to occur for at least 20 ms before the transition.

To further clarify the nature of the quiet periods, Fig.
7(a) plots the radial profiles of the images during the L-mode
period in Fig. 4 for #135042, sorted according to their SOL
fraction F,,. The curve labeled “mean L-mode” includes all
the images in the L-mode time period (0.238 455-0.245 105
s), and the curve labeled “mean H-mode” includes all images
in the H-mode period just after the transition when F is
lowest (0.245 445-0.248 340 s). The other curves include
only images in L-mode with signal levels below F ;=0.15,
0.2, or 0.4. The quietest periods in L-mode have radial D,
profiles which look like those seen just after the L-H transi-
tion. Figure 7(b) shows the radial profile of the relative GPI
rms fluctuation level (normalized to its mean) versus F, for
the same data. The relative GPI fluctuation level profiles of
the quiet periods in L-mode are also similar to those in
H-mode, i.e., with a lower relative fluctuation level in the
SOL. Similar results are obtained for shots 135043 and
135044.

Figure 8 shows the time dynamics of the radial and po-
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FIG. 5. (Color) Sequence of GPI images for an ~250 us (70 frames) period showing a typical quiet time (#135044 at 0.237 225-0.237 435 s). Each frame
has an exposure time of 3 us, and the approximate location of the separatrix is shown by the vertical line in each frame. This quiet period (labeled “Q”) lasts
for ~16 frames, i.e., 60 ws. During this time the GPI images look like those seen in H-mode rather than those usually seen in L-mode (see Fig. 2). (enhanced
online). [URL: http://dx.doi.org/10.1063/1.3476276.1] [URL: http://dx.doi.org/10.1063/1.3476276.2] [URL: http://dx.doi.org/10.1063/1.3476276.3]

loidal profiles of the GPI data for a time between ~2 ms
before to ~0.5 ms after the L-H transition for shot 135044.
Part (a) shows the time dependence of the GPI light versus
radius within a row of pixels at the vertical center of the
images, part (b) shows the time dependence of the GPI light
versus poloidal distance in a column of pixels near the sepa-
ratrix at p~ 0, and part (c) shows the time dependence of the
GPI light versus poloidal distance in a column of pixels well
inside the separatrix at p~—3 cm near where the GPI light
peaks during H-mode. The corresponding F, levels are
shown by the bands at the right, where white is F,;;=1 and
black is F,;=0. The quiet periods are labeled with Q, the
H-mode period is labeled as H, the transition is shown as a
horizontal dashed line, and the separatrix is shown as a ver-
tical dashed line in (a).

In Fig. 8 there are five H-mode-like quiet periods during
the 2 ms preceding the L-H transition, not quite evenly
spaced in time. Between each of the quiet periods there are
many faster bursts or “blobs” of GPI light extending well
into the SOL with a radially outward direction of motion,
i.e., tilted downward and to the right in the radial plot in Fig.
8(a). In the poloidal direction the quiet periods near the sepa-
ratrix in Fig. 8(b) begin at the right-hand side, which corre-
sponds to the top of the images in Fig. 2, and the fast bursts
between quiet periods mainly propagate in the ion diamag-
netic direction, i.e., downward to the left. But inside the
separatrix, as shown in Fig. 8(c), the fast bursts of turbulence
during the quiet periods propagate mainly in the electron

diamagnetic direction, i.e., downward to the right. However,
transient reversals in the direction of poloidal propagation
can also be seen in both Figs. 8(b) and 8(c). Thus the behav-
ior of the edge turbulence is strongly modified during the
quiet periods, but these changes vary with radius and time in
a complex way, as discussed further in Sec. IV.

The timing of the main H-mode transition itself can be
clearly seen in Figs. 8(a) and 8(b), and also in the three cases
of Fig. 6, as the beginning of the sudden and sustained drop
in the GPI light outside the separatrix. This timing can be
estimated from the GPI data to within about 0.2 ms (the
GPI data are presently the best available timing signal for the
L-H transition in NSTX). There does not appear to be any
conspicuous trigger event for the main transition in the raw
data such as Fig. 8, and it is not obvious from these data
where the transition begins in radius (or poloidal angle).

To examine the time variation of the quiet periods, Fig-
ure 9(a) shows the autocorrelation function of F, versus
delay time for the same three shots as in Fig. 6, averaged
over a 10 ms period preceding the L-H transition in each
case. The autocorrelation functions all have a quasiperiodic
structure with a period of ~300-400 wus, which is also vis-
ible in the raw data of Figs. 5 and 8. Figure 9(b) shows the
power spectra of F, for the same data, which has relatively
broad peaks at a frequency of ~3 kHz, corresponding to the
main oscillations in Fig. 9(a), as expected.

Thus Figs. 5-9 show evidence for quasiperiodic
H-mode-like quiet periods in the D, light emission near the
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FIG. 6. (Color online) Fraction of the GPI light emission located outside
separatrix Fy,; vs time for the same three shots as for Fig. 4. The lines are
this fraction smoothed over 0.7 ms (200 frames), and the dashed line at 0.15
is just shown for reference. In all cases F,, rapidly drops below 0.15 at the
L-H transition (vertical line), but occasionally goes below 0.20 before the
L-H transition (quiet periods). Well after the main transition, F; shows
intermittent bursts above F ;=0.15 for the remainder of the H-mode period.

separatrix at least 10-20 ms preceding the main L-H transi-
tion. Section IV describes the connection between these quiet
periods and other time-dependent statistical analyses of the
GPI data, including the local poloidal flow shear.
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IV. TURBULENCE CORRELATIONS AND SHEAR
FLOWS

Figure 10(a) shows the time dependence of the fraction
of GPI light outside the separatrix F,, during an ~3.5 ms
period just before and across the L-H transition, along with
several other turbulence properties computed from the same
GPI image data for shot 135042. Figure 10(b) shows these
same quantities over a longer 17.5 ms period for the same
shot. All of these turbulence quantities were evaluated near
the separatrix at p=0.4 cm. They were averaged over the
vertical (i.e., poloidal) range shown in the analysis box in
Fig. 2, and also averaged over a time interval of ~40 us
around each time point. The calculation methods for the tur-
bulence quantities are described in the Appendix. The verti-
cal shaded regions in Fig. 10(a) approximately mark the
quiet periods near the minima of F,,. The L-H transition
occurs just after the last quiet period at ~0.2455 s in this
shot, as shown by the vertical line.

At the top left of both Figs. 10(a) and 10(b) is the time
dependence of F,, (same as the top panel of Fig. 6), and just
below that is the estimated poloidal turbulence velocity
Voo Within this same region, as calculated from time-
dependent cross-correlation functions in the poloidal direc-
tion (see Appendix). The poloidal velocity oscillates from
Voo ~—2 km/s between quiet periods to V,,~+4 km/s
during the quiet periods, where positive V,,,; corresponds to
the electron diamagnetic direction. Note that a velocity in the
electron diamagnetic direction corresponds to a potential
which is increasingly negative farther into the plasma, which
is the direction seen in the shear layer inside the separatrix of
many previous fusion devices.”™"!

Below V,, in Figs. 10(a) and 10(b) is the autocorrela-
tion time 7, which is also modulated at the frequency of the
quiet periods, with the largest 7 near or just before the be-
ginning of the quiet periods. At the top right of Fig. 10 are
the poloidal and radial correlation lengths L and L,,4, again
evaluated at p=0.4 cm. Both the poloidal and radial corre-
lation lengths tend to increase just before the quiet periods;
for example, the poloidal correlation lengths can increase

14 - . r . .
-+ m= = rma/mean Fsol <0.15 #135042
==a==rmamean Fsol < 0.20 »~_
1.2 H = &= =rms/mean Fsol < 0.4 -
—s -rms/mean L-mode - —
1 —w—rms/mean H-mode z__._. gy ¥ ]

GPI rms/mean (rel.)

-4 -2 0 2 4
minor radius p (cm)

FIG. 7. (Color online) Radial profiles and relative fluctuation levels of the GPI data for #135042 during an ~10 ms period preceding the L-H transition,
sorted according to Fy; (fraction of GPI light located outside the separatrix). Part (a) shows that the average radial profile in L-mode (“mean L-mode”) is
significantly broader than during H-mode (“mean H-mode™), but the quiet periods in L-mode with Fy;;<0.2 look similar to the H-mode profiles. Part (b)
shows that the relative GPI fluctuation levels for F,;;<<0.2 are also similar to H-mode fluctuation levels, i.e., smaller than L-mode in the SOL. The shaded
region shows the location of the steep density gradient region in the H-mode phase of the discharge.
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FIG. 8. (Color) Fast time dependence of the radial and poloidal profiles of the GPI data between ~2 ms before to ~0.5 ms after the L-H transition for shot
135044. Part (a) shows the time dependence of the GPI light vs radius across a row of pixels at the vertical center of the images, part (b) shows same time
dependence of the GPI light vs poloidal distance down a column of pixels near the separatrix at p~0 cm, and part (c) shows time dependence of the GPI light
vs poloidal distance down a column of pixels well inside the separatrix at p~—-3 cm. The corresponding F, levels are shown in the bars at the right, where
white is F,;=1 and black is F,,;=0. The quiet periods are labeled with a Q, the H-mode period is labeled as H, the L-H transition is the horizontal dashed line,

and the separatrix is the vertical dashed line.

from ~4 to ~10 cm. Thus all of these turbulence quantities
are partially modulated with the quiet periods in Fy, and the
reversals in the direction of V, at this radius. The cross-
correlations of various turbulence quantities with Fg, as a
function of radius are described in more detail below.

At the bottom right of Figs. 10(a) and 10(b) are the
“normalized shear,” defined here as S=(dV,/dr)(L,/L,)7,
which is a measure of the dimensionless poloidal flow shear
determined from the turbulence itself (i.e., not from the
plasma ExB flow speed). The quantity S measures the degree
to which the average poloidal flow shear tends to distort a
turbulent structure within an autocorrelation time at a fixed

; —H—corre:alion 1%2825
8 : —=—correlation 1
08 8 SOl - correlation 135044

0.6
0.4

0.2

correlation coefficient

-0.2

-0.4

0 200 400
delay (usec)

600 800 100

point, and is closely related to the shear-flow stabilization
criterion of the theoretical references.'*'® Note that the time-
scale used in evaluating S is the autocorrelation time mea-
sured at a fixed point in the GPI image, as discussed in Sec.
VID. The local radial velocity gradient in S was evaluated
by a linear fit to the poloidally averaged poloidal velocities
over a radial range of dp~ 1.5 cm centered at p=0.4 cm.
The velocity gradients found using wider radial ranges of
op~3 cm and dp~5 cm were well correlated with these
found using dp~1.5 cm, but systematically up to X2
smaller, as discussed in the Appendix.

Typical values for the pre-transition quantities entering S

1000 [

10

power (rel.)

0.1 | _5-Fsol 135042

—~—Fsol 135043
I <~ Fsol 135044 ,
0.001 " " s
100 1000 10* 10°

Frequency (Hz)

FIG. 9. (Color online) In (a) are the autocorrelation functions of Fy, vs delay time for the three shots of Fig. 6, averaged over 10 ms preceding the L-H
transition, and in (b) are the power vs frequency spectra of F,, for the same data. The autocorrelation functions all have a quasiperiodic structure with a period
corresponding to a frequency of ~3 kHz. This periodicity of the quiet times in the SOL is also visible in the raw data of Figs. 5 and 8.
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FIG. 10. (Color online) Part (a) shows the time dependence F, during an ~3.5 ms period across the L-H transition for shot 135042 for p=0.4 cm (just
outside the separatrix), along with several other turbulence properties computed from the same GPI image data. The approximate time of the quiet periods is
marked with shaded vertical bars in part (a), and the L-H transition with a thin vertical bar. Part (b) shows these same quantities over a longer 17.5 ms period
for the same shot. These turbulence quantities averaged over a time interval of ~40 us around each time point. Positive V ,, corresponds to the electron
diamagnetic direction.
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FIG. 11. (Color) Time-delayed cross-correlation functions between F and other turbulence quantities during a 3.5 ms period just preceding the L-H transition
in #135042 (0.239 505-0.243 005 s): (a) Fyo vs Vg1, (b) Fyp vs 7, (¢) Fyop vs Ly, and (d) Fyop vs S. For this figure the cross-correlations are shown for five
adjacent radial regions within the box in Fig. 2, including the case for p=0.4 cm used for Fig. 10 (green). The cross-correlations of Fy, and V  all show a
peak near zero delay, but the time of this peak correlation changes systematically with radius. Cross-correlations of Fy; and S are strongest near the separatrix.

in the data of Fig. 10 are L,~4 cm, L,~3 cm, 7~8 us,
and dV,/dr~-1X 10° s7!, leading to a typical value of
S~ —1. The range of S for the L-mode phase is mainly be-
tween S~ -2 and 1. Inspection of Fig. 10(a) indicates that S
reverses sign near the time of the quiet periods, similar to the
poloidal velocity. From Fig. 10(b) it can be seen that the
average behavior of S does not vary significantly over
~15 ms preceding the L-H transition, again with no sign of
a trigger mechanism for the transition. Although the poloidal
velocity and S appear to change sign after the L-H transition,
the turbulence analyses for 7, L,, and S are not reliable dur-
ing H-mode since the turbulence is too small to analyze at
this radius; thus the changes from L-mode to H-mode in this
case should be considered only qualitative.

Figure 11 shows the time-delayed cross-correlation func-
tions between F, and several other turbulence quantities
during the 3.5 ms period just before the L-H transition in
#135042 (0.239 505-0.243 005 s). In this figure the
cross-correlations are shown for five different radial loca-
tions within the box in Fig. 2, including the region at
p=+0.4 cm used for Fig. 10 (in green). The cross-
correlations of Fy, and V,, in (a) all show a negative peak
near zero time delay, indicating at least a 50% correlation
between the quietest periods (minimum F,,) and the most
positive V, (i.e., electron diamagnetic flow), which also can
be seen in the raw data in Fig. 8. It is interesting that the
peak correlation coefficient changes systematically with ra-
dius, with the largest correlation occurring at radii well in-

side the separatrix (p=—1.2 to —2.8 cm). At these radii the
maximum cross-correlation between F, versus V, occurs
at a positive time delay, which implies that the positive peak
of V,, lags behind the negative peak of Fy,. However, at
radii in the SOL, e.g., p~+2.0 and +3.6 cm, the maximum
correlation occurs at a negative time delay, implying that the
positive peak in V; leads the minima of Fy,. Thus a unique
causal relationship between V,, and F,, can not be deter-
mined from these cross-correlation maxima, since the sign of
their relative time delay changes with radius.

The maximum cross-correlation coefficients between
Fyo and 7, and between Fy, and L, are weaker than those
between F, and V), but also have a complex variation with
radius, as shown in Figs. 11(b) and 11(c). For comparison of
these results with the shear-flow stabilization model the
cross-correlations of Fg, and S are of the most interest, as
shown in Fig. 11(d). This correlation is strongest near or just
outside the separatrix; for example, at p=+0.4 cm this is
about 0.5, when S lags F; by 14 us, and there is little or no
significant correlation between F , and S inside the separa-
trix for this shot. Thus at the location where the correlation
between Fy, and V, is large (p=—1.2 to —2.8 cm), the
correlation between F, and S is small.

Figure 12 shows the time evolution of several of the
quantities of Fig. 11 with respect to the L-H transition time
for the three shots of Fig. 9 for p~+0.4 cm. Each point in
Fig. 12 averages over 3.5 ms (1000 frames), which includes
~10 cycles of the ~3 kHz oscillation. Figure 12(a) shows
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FIG. 12. (Color online) The time evolution of several of the quantities of Fig. 11 for the radius p=0.4 cm during the ~30 ms preceding the L-H transition
for the same three shots as in Fig. 9. In part (a) is the magnitude of the first negative peak of the autocorrelation function of F,, which is a rough measure
of the size of the oscillating feature at ~3 kHz, and below that is the corresponding frequency of this feature. In part (b) is the magnitude of the peak of the
cross-correlation functions between Fy, and V,,; near zero delay time, and below that is the delay time to this peak. In part (c) is the magnitude of the peak
of the cross-correlation functions between Fy, and S (near zero delay), and below that the delay time to this peak.

the magnitude of the first negative peak of the autocorrela-
tion function of Fg, [e.g., at 165 us for #135042 in Fig.
9(a)], which is a rough measure of the size of the quasiperi-
odic feature at ~3 kHz; below that is the corresponding
frequency of this feature. Neither of these quantities change
systematically over ~30 ms preceding the L-H transition. In
Fig. 12(b) is the magnitude of the peak of the cross-
correlation functions between F,, and V,, (nearest zero de-
lay time), and below that is the delay time to this peak. The
size of the correlation between F, and V,,; does not change
systematically during the 20 ms before the transition, but
does seem to increase during the 30-20 ms before the tran-
sition. Finally, in Fig. 12(c) is the magnitude of the peak of
the cross-correlation functions between Fy, and S (nearest
zero delay time), and below that the delay time to this peak.
Neither of these quantities change systematically over
~30 ms preceding the L-H transition. Thus there is no clear
and consistent change in these correlations over during the
20 ms preceding these L-H transitions. Since the transitions
happen so rapidly (=1 ms), this strongly suggests that the
quiet periods do not cause or trigger the transition (as dis-
cussed in Sec. VI A).

Finally, Fig. 13 shows scatter plots of the correlation
between Fy, and V, (top) and Fy, and S (middle) for the
same p=0.4 cm case used for Fig. 11. Here both plots show
all 1000 time points within a 3.5 ms period ending ~2 ms
before the transition, with a small correction to align the time
at the peak of their cross-correlations of Fig. 11. There is
clearly only a partial correlation between V ,, and F in this

(and all other) data, but with a trend for low values of F, to
occur at positive V,, as can also be seen in Fig. 10(a). There
is a rather wide scatter of Fy; versus S (right), independent
of the radial averaging width dp used for dV,,/dr (middle
versus bottom). Thus there is only a partial correlation be-
tween S and F in these data.

In summary, the ~3 kHz quiet periods preceding the
L-H transition as measured by the parameter F are at least
partially correlated with local changes in the turbulence pa-
rameters such as V,, 7, and L, as illustrated in Fig. 10.
The cross-correlations between these parameters and F
varied systematically with radius near the separatrix, as
shown in Fig. 11, and there was no single consistent causal
(i.e., temporal) relationship between the peaks in F,, and
those in V,,, or S. For the three shots examined in detail in
Fig. 12, there was little or no systematic variation of the
correlations between Fg, and V,; or S during the ~20 ms
period preceding the main L-H transition, and Fig. 13
showed that there was only a modest correlation between the
magnitudes of Fy, and those of V,, and S during a 3.5 ms
preceding the transition. Thus there is good evidence for a
correlation between the quiet periods and the local edge tur-
bulence, but no clear evidence for a trigger mechanism for
the main L-H transition in these data. A larger data set is
examined in Sec. V, and a more detailed study of the space/
time correlations between the quiet periods and the turbu-
lence will be described in a future paper based on a 2-D
velocimetry analysis.43

Downloaded 03 Jan 2011 to 198.35.3.144. Redistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_permissions



102502-12  Zweben et al.

0.6

05
04 L

B
W o3
0.2

(iR |

dp = 5 om

3 2 4 0 1 a
shear S

FIG. 13. (Color online) Typical scatter plots of the correlation between F
and V,q (top), F and S with dp=1.5 cm (middle), and Fy,; and S with
Sp=5 cm (bottom). All cases are for p=0.4 cm (as in Fig. 11), and all have
1000 time points within a 3.5 ms period ending ~2 ms before the transi-
tion. All points are at the time of the peak of the cross-correlation functions.
There appears to be a significant statistical correlation between quiet periods
with low values of F, and a positive V ;, as can also be seen in Fig. 10(a),
as shown by the linear fit to these data. There is a rather wide scatter of F
vs S for both values of the radial averaging width &p used for dV,/dr
(middle and bottom).
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V. LARGER DATABASE

Table I lists the 16 shots in this database, i.e., nine shots
with L-H transition captured at the highest available frame
rate of (3.5 us/frame), four shots with L-H transitions cap-
tured at a slower frame rate, two shots in L-mode only, and
one shot in H-mode only. These data were analyzed in the
same way as #135042-135044 for Figs. 10-12 to check
whether the trends described in Sec. IV were typical.

Figure 14 shows the analysis of the size and frequency
of the ~3 kHz quiet feature with respect to the L-H transi-
tion time for all of these shots, including the data previously
shown in Fig. 12(a). At the left is the magnitude of the first
negative peak of the autocorrelation function of F, which is
a rough measure of the size of the quasiperiodic feature at
~3 kHz, and at the right is the frequency of this feature as
determined from the delay time of this peak. The two
L-mode shots are arbitrarily set at —150 ms and the one
H-mode shot is arbitrarily set at +50 ms in order to put them
on the same plot as the other data. There appears to be no
systematic change in the size or frequency of the ~3 kHz
feature during the ~40 ms preceding the L-H transition,
consistent with Fig. 12. However, there is a significant scat-
ter in the size and frequency over this time period, which
may be due to a modulation in the amplitude of the quiet
feature, analogous to that seen for the GAM.5*? Also, a
qualitatively similar ~3 kHz feature appears in the few
L-mode and H-mode shots examined, implying that the quiet
periods occur independently of the L-H transition. Note that
the relatively few data points in Fig. 14 between —50 and
—150 ms before the transition are due to lack of GPI data at
these times, and not the absence of an ~3 kHz feature in the
GPI data.

Figure 15 shows the time dependences of F.,; and S
before the L-H transition for two other high speed shots be-
sides #135042 [already shown in Fig. 10(b)]. Although there
is a strong modulation of S with F,; at ~3 kHz, as in Fig.
10, there appears to be no systematic change in S within
~15 ms of the transition for these cases, or for any of the
nine shots with the fastest framing rate, consistent with Fig.
10. Note that the two shots in Fig. 15 do not show any
systematic decrease in Fy, during the few milliseconds be-
fore the transition, as seems to be the case for the three shots
in Fig. 6.

Figure 16 shows the estimated S versus time for three
different radial locations for the time period from 1.5 ms
before the transition to 0.5 ms after the transition, namely,
p=-2.8 cm (well inside the separatrix), p=0.4 cm (near the
separatrix), and p=+3.6 c¢cm (well outside the separatrix).
For each of these radii the result for shot 135042 is at the
left, and a superposition of all nine shots with the fastest
framing rate is at the right. Although there are some transient
increases in the negative shear for a few of these shots at
p=0.4 cm during the 1.5 ms preceding the transition, there
appears to be no consistent and reproducible change in S
before the transition which could be identified as a trigger
mechanism for these L-H transitions. This conclusion is un-
changed by the *£0.2 ms uncertainty in the identification of
the exact time of the L-H transition, as discussed in Sec. III.
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FIG. 14. (Color online) Analysis of the size and frequency of the ~3 kHz quiet feature vs time for a larger database of shots, including the data previously
shown in Fig. 12(a). The L-mode shots are put at —150 ms and the H-mode shot is put at +50 ms to bring them into the same plot. There is no clear change
in the size or frequency of the ~3 kHz feature during the ~40 ms preceding the L-H transition, consistent with the trend seen in Figs. 10 and 12. The
~3 kHz feature also appears in L-mode and H-mode shots, so it does not appear to be a feature specific to the L-H transition.
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FIG. 15. (Color online) Time dependences of the SOL fraction F, and the
normalized shear S for a period of ~15 ms before the L-H transition (ver-
tical lines) for two additional shots besides #135042 [already shown in Fig.
10(b)]. Although there is a strong modulation of S with F, at ~3 kHz for
at least 15 ms before the transition, there are no clear variations in the
average value of F; or S on this timescale, consistent with Figs. 10 and 12.
A radial averaging of dp~ 1.5 cm was used for the velocity gradient in this
analysis.

VI. DISCUSSION
A. Summary of results

This paper described the first NSTX observations of
quiet periods of reduced edge turbulence preceding the L-H
transition, as diagnosed by the GPI diagnostic near the outer
midplane separatrix. These quiet periods were quantified by
a parameter F;, which measured the fraction of the GPI D,
light emission occurring outside the separatrix. During quiet
periods the GPI light emission pattern was transiently similar
to that seen during H-mode, i.e., with a small fraction of the
GPI light emission located outside the separatrix, as shown
in Figs. 4-7. These quiet periods had a frequency of
~3 kHz and were observed for at least 30 ms before the
L-H transitions, as shown in Figs. 8—12. There was evidence
that similar quasiperiodic oscillations occurred during
L-mode shots without any L-H transition, as shown in Fig.
14. Thus these quiet periods appear to occur independently
of the L-H transition, and so do not seem to be an obvious
trigger or cause of the L-H transition in NSTX.

The quiet periods were least partially correlated with lo-
cal changes in the turbulence parameters such as the poloi-
dally averaged V,, 7, and L, as shown in Figs. 10-13.
The cross-correlation coefficient and phase between F, and
Vyo changed systematically with radius over the range of
radii p=-2.8 to 3.6 cm, as shown in Fig. 11(a), which indi-
cates a variation across the separatrix of the phase of the
poloidal flow associated with the quiet periods. There were
also lower cross-correlations between Fg, and the other tur-
bulence quantities such as L, and 7, as shown in Figs. 11(b)
and 11(c). Thus the quiet periods were associated with a
complex set of changes in the turbulence structure and mo-
tions, which will be examined in detail elsewhere using a
higher resolution velocimetry code.”

The paper also analyzed the turbulence in the GPI im-
ages to obtain an estimate for the dimensionless poloidal
shearing S=(dV,/dr)(L,/L,)7, which is an approximate
measure of the extent to which the average poloidal flow
shear distorts a turbulence structure within a local turbulence
autocorrelation time. The strongest time variation in S was
correlated with the quiet periods, during which time the po-
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FIG. 16. (Color online) The normalized shear S for the time period up to =<1.5 ms before the transition for three radial locations for #135042 (left) and for
the superposition of all nine shots at the highest frame rate at the same radii (right). There is again no clear variation in S before the transition which could
be considered as a trigger for the L-H transition. A radial averaging of dp~ 1.5 cm was used for the velocity gradient in this analysis.

loidal velocity and S reversed sign, corresponding to a flow
in the electron diamagnetic direction near the separatrix dur-
ing the quiet times. Apart from this ~3 kHz modulation,
there was no systematic time variation of S within a
~20-30 ms preceding the L-H transition, at least within the
region of *3 cm around the separatrix, as shown in
Figs. 14-16.

Thus these measurements provide the first evidence for a
“zonal flow” located near the separatrix of NSTX, in which
reversals in the direction of poloidal flow are correlated with
changes in the local turbulence. This behavior is qualitatively
consistent with the general ‘“drift-wave-zonal-flow para-
digm” described in several recent review papers.g’lo’zz’23

On the other hand, these measurements do not provide a
clear identification of a trigger mechanism or local cause for
the main L-H transition in NSTX. There was little or no
systematic variation of the quiet periods or the dimensionless
poloidal flow shear during the ~20-30 ms immediately pre-
ceding the transition. This suggests that the L-H transition is
either caused by a very slow and/or very small variation in
the local turbulence, or by some phenomenon outside the
range of the GPI diagnostic view. An assessment of the rela-

tionship between the present results and previous experi-
ments and theory in this area is presented in Secs. VI B and
VIC, respectively, and a discussion of the uncertainties
and limitations of these measurements and analysis is in
Sec. VID.

B. Relation to previous experimental results

There have been many previous measurements of low
frequency zonal flows and their correlations with higher fre-
quency turbulence in tokamaks and other plasma devices, as
discussed in Sec. I and extensively reviewed in Refs. 9, 10,
22, and 23. The results described in Secs. III-V show that
these NSTX quiet periods and poloidal flows behave simi-
larly to the zonal-flow-drift-wave interaction discussed in the
references cited above. In NSTX the quiet periods corre-
spond to a reduced level of SOL turbulence and its associ-
ated radial transport in the SOL, and the local poloidal flow
corresponds to the global zonal flows found in the previous
experiments.%*

However, in NSTX the global nature of the zonal flows
seen in previous experiments has not yet been clearly iden-
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tified since the GPI diagnostic has only a limited range in
poloidal angle over which the flow was observed. Also, the
frequency spectra of the quiet periods/poloidal flows ob-
served in NSTX (e.g., Fig. 14) are broader than those seen
for GAMs in other tokamaks,zé‘f32 so it is not yet clear
whether the oscillations in NSTX are GAMs broadened by
the low aspect ratio of NSTX, or the broadband lower fre-
quency, zonal flows such as seen, for example, using BES in
DIII-D,* reflectometry in ASDEX Upgrade,31 and probes on
HL-2A.* This is discussed further in Sec. VI C.

The literature on edge turbulence in tokamaks also in-
cludes analyses of quiet-time statistics between successive
bursts of turbulent flux in JET and other devices.** However,
that analysis found a continuous distribution of quiet times
and not a quasiperiodic oscillation in quiet times, as found
here (e.g., Fig. 9). Also, that analysis was focused on com-
parisons with self-organized criticality or rescale adjusted
range (R/S) models, and not with poloidal flows or local
shear, as described here.

There have been many previous experimental results
concerning changes in edge turbulence associated with the
L-H transition, as reviewed extensively in Refs. 2 and 8-10.
The sudden reduction in the level of edge turbulence at the
transition seen previously (e.g., Refs. 4-7) is also seen in the
present NSTX results (e.g., Fig. 8). Changes in the poloidal
shear flow before versus after the transition were also ob-
served previously,34*37 but a fast time-resolved analysis of
the local dimensionless shear preceding the transition includ-
ing the radial correlation length (e.g., Figs. 15 and 16) has
not been done previously. The absence of a systematic
change in this shear parameter preceding the L-H transition
appears to provide a counterexample to the usual model of
shear-flow stabilization as the cause of the L-H transition.
However, note that the turbulence shear estimates here were
not reliable after the L-H transition (see Sec. IV), and that no
direct measurements were made of the plasma flow speed or
the radial electric field, which in other experiments were
used to evaluate the shear flow and shear layer development
during the transition (e.g., Refs. 4, 5, 7, and 10).

A strong correlation between externally imposed
changes in the radial electric field caused by electrode bias-
ing and H-mode-like transitions has been seen in several pre-
vious experiments.45 However, the relationship between the
electrode biasing transition and the spontaneous L-H transi-
tions seen here in NSTX is not quite clear, since no similar
biasing experiments have been done on NSTX.

Previous GPI measurements of turbulence on NSTX
(Ref. 38) used high speed cameras with only 300 frames at
250 000 frames/s (1.2 ms), so did not identify the slowly
oscillating quiet periods described here. However, the poloi-
dal array of PM tubes did detect some transient reversals in
Vo preceding the L-H transition (Fig. 6 of Ref. 38), which
are similar to those shown in more detail in Fig. 10 here. A
previous evaluation of the turbulence bicoherence done using
GPI in NSTX showed no systematic changes preceding the
L-H transition,” consistent with the absence of systematic
changes in the shear flow presented here.

Phys. Plasmas 17, 102502 (2010)

C. Relationships to theory and simulation

The principal theoretical question about these results
concerns the physics of the ~3 kHz quiet periods and po-
loidal flow reversals seen in the GPI data preceding the L-H
transition. Given the recent large body of experimental and
theoretical work in the area of zonal flows, as reviewed in
Refs. 22 and 23, it is plausible that this is a zonal flow or a
GAM.

A preliminary calculation of the GAM frequency for
NSTX was done by solving the eigenvalue problem given by
the two-fluid equations as used in the NLET code for zero
radial wave number, with the result

f(Hz) = GeJ/(wR), (1)

where R is the major radius at the outboard midplane of
the considered flux surface, c, is the thermal speed
[YT;+T.)/m;]"2, v is the adiabatic exponent of the system
(ranging between 1 and 5/3 for isothermal and adiabatic sys-
tems, respectively), and G is the geometry dependent factor
determining the GAM frequency.

The GAM originates from the coupling between sound
waves and poloidal rotation induced by the toroidal curva-
ture. While in a large aspect ratio tokamak with circular flux
surfaces, the poloidal rotation couples in principle only to the
sinusoidal (n=0, m=1) pressure perturbation resulting in
one high frequency mode—the GAM—in more complicated
setups as in NSTX, the poloidal rotation can couple to sev-
eral sound modes resulting in several modes which to some
extent show GAM behavior. The “GAM-ness” of those
modes can be classified by the ratio of the energy of the
poloidal flow to the parallel kinetic energy of the mode,
E orn/ Eper- Modes with E ... > ~E_,. can be called GAMs

perp/ Zpar- perp par
whereas modes with E,.., <E_, are practically sound waves.

The frequency spgc?rum for NSTX near the separatrix
calculated this way contains three modes that can be consid-
ered GAMs, namely, G~0.49, 0.31, and 0.65 with
Eperp/ Epar ~ 1.48, 1.03, and 0.67, respectively. Due to the
similar ratios E.,/E, in principle all three modes can be
present in a turbulent system. Eventually, the properties of
the turbulence decide whether one mode is excited preferen-
tially. The T, measured by Thomson scattering at the sepa-
ratrix in L-mode was ~50 eV (Fig. 3). Thus, assuming
T;~T. and R=1.5 m, the expected GAM frequency is in the
range of ~4.6—12.3 kHz for the three GAM candidates (us-
ing G=0.31 with y=1 and G=0.65 with y=5/3). Numerical
three-dimensional (3-D)-turbulence studies using NSTX ge-
ometry performed with NLET show that the “low frequency”
GAM candidate is excited by the turbulent modes. The ob-
served GAM frequency of f~6.3 kHz at T.=50 eV is
slightly higher than the upper limit of the mode with
G~ 0.31 predicted from the linear calculation above. Hence,
the GAM frequency predicted by NLET is of the same order
as the frequency of the quiet periods, which is quite good
agreement, considering the large temperature variation of
T.~10-100 eV within =2 cm around the separatrix.

In a separate calculation of edge turbulence in NSTX
made using the 2-D electrostatic edge “scrape-off layer tur-
bulence” code SOLT," low frequency zonal flows correlated
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with modulations of the turbulence level were observed in
some cases at a frequency of ~4 kHz, which is very similar
to the frequency of the quiet periods and poloidal flows de-
scribed in the present paper. The relationship between these
SOLT results and the present GPI results will be described in
a subsequent publication.

D. Uncertainties and limitations

The main uncertainty in the present measurements con-
cerns the absence of a direct measurement of the changes in
edge plasma parameters during the quiet periods. Although
the measured D, light is a well known function of the atomic
physics f(ne,Te),42 there is no way at present to determine
whether GPI profile changes during quiet periods are due to
density or temperature changes (or both). Thus the evalua-
tion of fluctuating plasma-dependent quantities such as the
collisionality or 8 can not be done. However, turbulence
properties such as the correlation lengths, times, velocities,
and hence the normalized shear are independent of the non-
linearities in the f(n.,T.) (Ref. 40) and can be evaluated
directly from the GPI data.

The location of the separatrix, which has been evaluated
here using the NSTX equilibrium model (i.e., magnetic mea-
surements supplemented by Thomson scattering profiles), is
uncertain by roughly =1-2 cm. However, even though the
numerical value of the “H-mode-ness” parameter Fg, used
here (e.g., in Fig. 6) depends on the separatrix location, the
relative time dependence and spectrum of Fy do not, at least
within this range of uncertainty; therefore all of the results
derived from F are to a good approximation independent of
the separatrix uncertainty.

The estimate the local poloidal flow shear S=(dV,/dr)
X(L,/L,)7 used in this paper, which was motivated by theo-
ries of the H-mode transition such as the Biglari—-Diamond—
Terry model,'® is clearly uncertain in several ways. The au-
tocorrelation time at a fixed point in space 7 used here can be
affected by both the intrinsic lifetime of the structure 7;;, and
also by the time for the structure to propagate past a fixed
point 7,. Following the analysis of Ref. 48, these times can
be related as =7 7/ (1 +7,0)"% In the NSTX
case, 7, ~ Lyoi/ Vo= (4 cm)/(2-4 X 103 cm/s)~10-20 us,
which is somewhat larger than the measured 7. Thus, if the
theory requires the use of 7y, rather than 7, the S values here
are slightly underestimated (as they have been in all previous
estimates of local turbulence shearing).

Typical statistical uncertainties in the estimation of GPI
correlation lengths and times and poloidal velocity can be
seen in Fig. 10(a) in between the quiet periods, and are
roughly =10%-20% for the chosen averaging interval of
~40 ws. The estimation of the gradient in poloidal velocity
requires an additional averaging over some radial range,
which was normally chosen to be the smallest plausible
value of ~1.5 cm (4 pixels). The variation in S was reduced
by about a factor of 2 when this radial averaging range was
increased to ~5 cm, as shown in Fig. 13. Thus the estimate
of S is uncertain by at least a factor of 2 due to the uncer-
tainties in Ly, Lyyg, 7, and dV,/dr. This uncertainty con-
tributes to the wide scatter in the Fy, versus S plots in Fig.
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13, and the less-than-perfect correlations of Fig. 11. How-
ever, the plots of Fig. 11 clearly show statistically significant
time-averaged cross-correlations between the various turbu-
lence quantities, as described in Sec. I'V.

Additional limitations of the present results come from
the relatively small fraction of the edge which is diagnosed
by GPI in NSTX (Fig. 1). Although the poloidal flow mea-
surements are averaged over an ~20 cm poloidal range
within the GPI view (Fig. 2), and so represent an average
flow over a region which covers ~4-5 poloidal correlation
lengths of the turbulence, the global nature of the zonal flows
has not yet been verified directly using widely separated flow
measurements. Although the radial range of the GPI view
covers the whole region of the H-mode pedestal (Fig. 3), the
GPI signal itself was analyzed only within £4 cm of the
nominal separatrix location (Fig. 7). Thus the full profile of
the edge turbulence from the wall to the core could not be
measured in this experiment.

Finally, there is presently no other diagnostic on NSTX
which has been able to measure the quiet periods/poloidal
flow reversals discussed in this paper. Neither the standard
D, signals (as in Fig. 3) nor the spectroscopic edge poloidal
rotation diagnostics have a fast enough response to observe
either the edge turbulence or the quiet periods, and no cor-
relation of the quiet periods has yet been observed with mag-
netic fluctuations at the wall, with edge soft x-ray emission,
or with oscillations in the separatrix location.

E. Conclusions and future work

The most interesting result from this paper was the dis-
covery of transient quiet periods in the edge turbulence in
NSTX which correlated with local reversals in the direction
of the poloidal turbulence flow and flow shear, as described
in Secs. III and IV. Although new to NSTX, this result is
generally consistent with recent experiments and theory con-
cerning the zonal-flow-drift-wave interaction, as discussed in
the reviews.”'%**** An evaluation of the GAM frequency for
NSTX was roughly consistent with the observed quiet period
frequency of ~3 kHz, but also with a calculation of the
zonal flow frequency in NSTX, as discussed in Sec. VI C.

The other main result of this paper was that the esti-
mated shear-flow parameter S did not appear to have consis-
tent variation preceding the L-H transition which could be
identified as a trigger for the transition, as described in Sec.
V. This result contrasts with the usual theoretical model in
which the transition is caused by changes in the local shear
flow. 23710 However, the present result is consistent with the
conclusions of two recent reviews, i.e., that the role of tur-
bulence in triggering the L-H transition must be considered
an open issue.'”

Thus the first general area for future experimental work
is to examine in detail the frequency spectrum and radial
structure of the turbulence flows in these GPI data using a
sophisticated hybrid optical flow/pattern (HOP-V) matching
code,” which has a higher space-time resolution than the
cross-correlation analysis used in the present paper. An initial
comparison of the poloidal velocities inferred from that code
with the present cross-correlation velocity analysis shows
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good agreement, as described in the Appendix. Results from
this analysis should be compared with theoretical models for
GAMs and zonal flows such as those discussed in Sec. VI C.
This analysis can also be used to calculate the Reynolds
stress as a function of time preceding the L-H transition, as
done in Ref. 35.

The second general area for future work involves con-
tinued search for a trigger mechanism for the L-H transition.
One possibility is that the L-H transition does not actually
have a clear trigger, but rather is caused by very slow or
slight changes which cross some threshold to produce a sud-
den “phase transition.” Another possibility is that the trigger
is nonlocal, i.e., the changes seen in the GPI diagnostic were
caused by events outside the field of view, e.g., far inside the
separatrix or in the divertor region. A third possibility is that
the trigger involves subtle changes in the edge turbulence
which have not been identified by the analysis done so far.
This last possibility should be considered seriously given the
various uncertainties and limitations of the GPI diagnostic
and analysis techniques, as described in Sec. VI D.

There are many other specific areas for future work in
this area. The poloidal rotation of the turbulence seen with
GPI should also be compared with spectroscopic rotation
measurements and probe measurements of the radial poten-
tial profile, so that the GPI results can be compared with the
evolution of the internal shear layer and with neoclassical
predictions. The lifetime of the turbulent structures within
the moving flow could be used to evaluate the local flow
shear, rather than the local autocorrelation time. Measure-
ments of edge turbulence at another poloidal angle could
confirm the zonal nature of the quiet periods and zonal flows,
and comparisons of the timing and spatial location of the
quiet periods should be made between various diagnostics.
Bicoherence analysis of the GPI turbulence in NSTX done
previously39 should be extended to wave number space to
assess this interplay between large and intermediate scales,
and the turbulent Reynolds stress should be evaluated and
compared with the local poloidal flow. The scaling of the
frequency and amplitude of the quiet periods should be
evaluated with respect to NBI power, magnetic field q(a),
beta, collisionality, and other global plasma parameters. It
would also be interesting to examine the possible relation-
ship of these quiet periods with the much slower “dithering”
process often seen in L-H transitions.’
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APPENDIX: CALCULATION OF TURBULENCE
QUANTITIES

The turbulence quantities analyzed in this experiment
were calculated directly from the GPI light intensity images
versus time (e.g., Fig. 5). The autocorrelation times 7 were
calculated for each pixel as the time for the autocorrelation
function to first go down to 0.5; this 7 measures the short
turbulence autocorrelation time of ~10 wus, and does not
measure the much longer ~3 kHz oscillation. These results
were then the averaged over the ~20 cm high poloidal
range of the box shown in Fig. 2, and over ~40 us in time
(11 frames) to get the 7 in Fig. 10. The correlation lengths
were calculated as L=1.66(5x)/sqrt(—In C;,), where &x is
the radial or poloidal separation between two nearby points
and C,, is the zero-time cross-correlation coefficient between
them (this assumes a Gaussian correlation function). The dis-
tances used were ox~ 1.6 cm in the poloidal direction
(4 pixels) and 6x ~0.8 cm in the radial direction (2 pixels),
i.e., both were well within a correlation length. These local
correlation lengths were then averaged over the ~20 cm
high poloidal range of the box shown in Fig. 2, and over
~40 ws in time (11 frames) to get the L4 and L,y of
Fig. 10.

The poloidal velocity V,, was calculated for each pixel
for each frame by first calculating the one-frame-delayed
cross-correlation coefficient between that pixel and nearby
pixels (=5 pixels each direction), averaging over *11
frames in time (=38.5 us). The poloidal speed for that pixel
and frame is then calculated as the poloidal displacement of
the peak correlation location divided by the time between
frames (typically 1-3 pixels/frame or ~1-3 km/s). These
local poloidal velocities are then averaged over the ~20 cm
high poloidal range of the box shown in Fig. 2 to get the V
shown in Fig. 10, which is for a single radial location. The
velocity gradient at that radial location is found by making a
linear fit to the V,,, values in adjacent radial locations over a
radial width of 8p, where Sp~ 1.5 cm (%2 pixels) for Figs.
10-12. The results for different radial widths of Sp~3
and dp~5 cm are highly correlated with the results for
Sp~1.5 cm (i.e., R=0.9-0.95), but the relative magnitudes
of these slopes decrease from 1 to 0.67 to 0.45 over this
range, most likely due to averaging over fine scale structure
for higher dp. A comparison of results for p~ 1.5 cm and
op~5 cm is shown in Fig. 13.

The V,, determined in this way from cross-correlations
functions was compared with the V, determined from the
hybrid optical flow-pattern matching code HOP-V.* There
was a good cross-correlation coefficient of 0.77 between
these two velocity time series for a typical shot, when aver-
aged over the same time interval and poloidal pixel range
(%40 ws and 20 cm). The average velocity using the cross-
correlation method was ~0.87 times that using HOP-V.*
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