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ABSTRACT

The low-to-high mode or L-H transition in tokamaks involves a sudden reduction in the edge turbulence level and a decrease in the edge
plasma transport. The mechanism for the L-H transition is widely believed to be associated with changes in the poloidally averaged poloidal
turbulence velocity. Using a gas puff imaging (GPI) diagnostic, the poloidally averaged poloidal turbulence velocity hVpolipol was measured
for a set of 16 shots with L-H transitions in NSTX. These measurements were focused –2 cm inside the separatrix where the relative fluctua-
tion level as seen in GPI decreases significantly and consistently at the transition. The magnitude of this poloidal velocity preceding the tran-
sition varied widely, ranging from jVpolj � 1–4 km/s during the last 1ms before the transition, and the magnitude of the radial gradient also
had a wide shot-to-shot range of jgrad Vpolj � 0.34 to 1.9 km/s cm during this same time. The frequency spectrum of hVpolipol during the
30ms before the transition had a near-coherent peak at �2–5 kHz, but only in about half of these shots. In general, there were no clear and
consistent changes in the poloidal velocity of the turbulence preceding the L-H transition in this database.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0039153

I. INTRODUCTION

A sudden transition from low-to-high confinement plasmas or
“L-H transition” has been observed in tokamaks for many years,1 but
is not yet completely understood. The H-mode confinement state is
important since it appears to be necessary to obtain ignition in ITER
and future tokamaks. The goal of this paper is to better understand
the triggering mechanism for this L-H transition by analyzing
measurements of the turbulence velocity and turbulence velocity shear
preceding the transition in the spherical tokamak NSTX.

Over the past 35þ years, extensive theoretical research
has produced a diverse group of models for the L-H transition,
involving mechanisms such as stability thresholds, neoclassical
effects, and the influence of the scrape-off layer or divertor
region.1,2 The most popular models focus on the effects of the
characteristic edge electric field well, especially on the possible role
of electric field shear in suppressing plasma turbulence.3 If the
zonal (poloidally averaged) electric field or its shear (radial deriva-
tive) are causal for the L-H transition, it seems likely that the L-H
transition should be preceded by some reproducible pattern of
zonal electric field evolution. Since the perpendicular velocity of
the edge plasma is usually dominated by the E � B drift, this repro-
ducible pattern should also be detectible in the cross-field velocities

of the edge plasma, closely related to the velocity inferred from
velocimetry applied to imaging of edge turbulence.

In this paper, we examine gas puff imaging (GPI) movies of edge
turbulence in search of consistent changes in the turbulence velocity
or turbulence velocity shear preceding the L-H transition in NSTX.
Although the GPI diagnostic does not directly measure the radial elec-
tric field or plasma flow velocity, it does give information concerning
the motion of the turbulence itself, which ought to be relevant for
understanding the basic mechanism of turbulence suppression and
improved confinement at the L-H transition.

There is an extensive literature on turbulence measurements
across the L-H transition, including several recent review papers.4–8

The key background issue for this paper is whether there are consistent
changes in the turbulence velocity just before the L-H transition. If so,
then these changes can then be understood as the cause of the transi-
tion, at least within the context of a specific model.

This paper is an extension of two previous papers about the L-H
transition as measured by the GPI diagnostic on NSTX. The first of
these9 used GPI data from 2009 with a 64� 64 pixel resolution and a
framing rate of 121 000–285 000 frames/s. That paper focused on a
correlation between quiet periods of low GPI fluctuation level and the
oscillating poloidal velocity of the edge turbulence preceding the L-H
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transition. The poloidally averaged poloidal velocity was evaluated
using a cross correlation method similar to that in this paper, which
showed no systematic velocity or velocity shear variations before the
transition. The second paper10 used improved GPI data from 2010
with a new camera having 64� 80 pixel resolution at a higher framing
rate of 400 000 frames/s and examined the local energy exchange
dynamics during the L-H transition. This paper uses the same GPI
data as the second paper but focuses on a more systematic and detailed
analysis of the poloidal turbulence velocity and its time and frequency
variations preceding the L-H transition.

In general, plasma turbulence velocity measurements are difficult
because the local velocity can vary significantly in magnitude and
direction on the space and timescales of the turbulence, i.e., a few cm
and a few microseconds. Thus the plasma turbulence in a given region
does not have a single precise velocity like a rigid body, but moves
more like a turbulent cloud in the sky. The turbulence velocity in this
paper is defined by a time-delayed cross correlation algorithm
described in Sec. II C and in the Appendix. This paper focuses on the
poloidally averaged poloidal velocity within the GPI field of view,
which is closely related to the edge radial electric field and zonal
flow.11

There have been many previous measurements of the edge turbu-
lence velocity preceding the L-H transition in toroidal magnetic fusion
devices. The following three paragraphs review some of these results,
focusing on relatively recent tokamak experiments (other references
can be found in the review articles cited above). Note that optical diag-
nostics such as GPI and microwave reflectometry measure the velocity
of turbulent perturbations in the poloidal direction (including the
poloidal component of the toroidal velocity), while Langmuir probes
measure the radial electric field Er, which determines the poloidal
Er�B fluid velocity.

Poloidal velocity measurements of the turbulence before the L-H
transition in DIII-D have been made using BES (beam emission spec-
troscopy), a 2-D imaging diagnostic similar to GPI. A slow increase in
poloidal velocity was observed within �10ms before the transi-
tion,12,13 with an added increase 0.1ms before the transition in one
case. On the other hand, a quasi-periodic 1–2 kHz oscillation in the
poloidal turbulence velocity was seen using GPI during the �15ms
preceding an L-H transition in EAST,14 while only a single sudden
increase in the poloidal turbulence velocity was observed with GPI
within�1ms of the transition in Alcator C-Mod.15

Large oscillations in the edge poloidal velocity have been
observed using Doppler reflectometry in the intermediate phase
between the L- and H-modes, for example, at �2–3 kHz in ASDEX
Upgrade16 and DIII-D.17 More recently, these oscillations were some-
times seen on ASDEX Upgrade to transition smoothly into intermit-
tent bursts similar to type-III edge localized modes (ELMs).18

Stationary zonal flows (i.e., at zero frequency) have also been measured
using reflectometry in JET,19 and oscillatory flows were seen to change
into mean flows just prior to the L-H transition in the HL-2A
tokamak.20

Langmuir probe measurements on the EAST tokamak also
showed quasi-periodic Er oscillations and poloidal flows preceding the
L-H transition, but sometimes showed more broadband and intermit-
tent features.21,22 In a recent paper by the same group,23 small-
amplitude oscillations were seen before the L-H transition which
increased the turbulence level and amplitude of the zonal flow. In

HL-2A, an increasing Er during the intermediate phase was accompa-
nied by an increase in inward turbulent particle transport.24

Qualitatively similar results on the L-H transition have been
obtained on stellarators.1,7 For example, the spatiotemporal structure
of turbulence and oscillating poloidal flows at the transition have been
measured using reflectometry in TJ-II,25 and the dependence of the
low-frequency zonal flows on the plasma heating scenario have been
measured using floating potential probes on the same device.26 This
similarity between stellarators and tokamaks suggests that the L-H
transition is a general feature of toroidal magnetic devices.

This paper on NSTX contains a study of the turbulence velocity
preceding the L-H transition using a relatively large database com-
pared with these previous results, which generally had only a few shots
per paper. These present results were centered at –2 cm inside the sep-
aratrix near the outer midplane where the relative turbulence level
decreases significantly and consistently at the transition, which is also
near to where most of the measurements cited above were made. The
time period examined here is up to 15ms before the transition, which
is the same time range over which velocity changes were seen in the
previous papers. A special focus is given here to the 1ms period before
the transition.

The overall conclusion of this study is that that was no consistent
time variation of the poloidal turbulence velocity preceding the L-H
transition in this NSTX database. The most striking result was the
large shot-to-shot variability, which is reminiscent of the large variabil-
ity seen in the other devices cited above. For example, during the last
1ms before the transition the poloidal velocity ranged from jVpolj
�1–4 km/s and its radial gradient ranged fromjgrad Vpol j �0.34 to
1.9 km/s cm, with oscillating poloidal flows in only about half of the
shots. Thus there was no clear and consistent cause for the L-H transi-
tion identified from this poloidal turbulence velocity analysis.

This paper is organized as follows: Sec. II describes the diagnos-
tics, database, and analysis method. Sec. III describes the experimental
results. Sec. IV contains a Discussion.

II. DIAGNOSTICS, DATABASE, AND ANALYSIS METHOD

This paper describes an analysis of the edge turbulence velocity
based on GPI data from the 2010 run of NSTX. The database of shots
is the same as in a previous paper,10 but the focus here is on the poloi-
dally averaged turbulence velocity rather than the local energy
exchange dynamics. Here we also focus on the time period preceding
the L-H transition, and do not attempt to compare the turbulence
velocities before the transition with those found in H-mode after the
transition. This is partly due to GPI diagnostic limitations, since the
radial extent of the GPI signal is significantly reduced in H-mode, and
the velocity calculations are more uncertain in the near-quiescent H-
mode period. Unfortunately, there were no other fast (kHz) diagnos-
tics of edge plasma velocity, density, or temperature in NSTX during
this run period.

A. GPI diagnostic

The NSTX GPI diagnostic has been described previously [e.g.,
27], so only a brief summary is presented here. In GPI, a fast camera
(Vision Research Phantom 710) views an injected deuterium neutral
gas puff in order to make 2D images of its neutral deuterium line emis-
sion. The camera views the plasma through a Da filter (6566 4.5 nm
FWHM), and its view is as near as possible aligned along the local
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magnetic field just above the outer midplane separatrix. This creates
images of the local Da light emission from the gas cloud which covers
about 24 cm radially (i.e., perpendicular to the local separatrix) vs
30 cm poloidally (i.e., along the local separatrix) with 64� 80 pixels
taken at 400 000 frames/s (2.5ls/frame). For calculating the relative
fluctuation level (but not the turbulence velocity), the original image is
smoothed over 61 pixel or 60.38 cm, which is smaller than the opti-
cal resolution of�1 cm.

Most of this GPI light emission in NSTX occurs within
65–10 cm of the separatrix in the region where the electron tempera-
ture is high enough to excite the Da line, but low enough so that the
neutrals are not completely ionized, typically within Te �
10–200 eV.28 The Da light emission seen in GPI fluctuates due to the
local electron density and temperature perturbations. Various issues
and assumptions in the interpretation of these GPI images were dis-
cussed in a recent diagnostic review paper.29 The present analysis is
done using Da light emission images with no attempt to unfold the
underlying electron density fluctuations.

The GPI puff introduces deuterium gas into the edge plasma, and
this can cause a small increase in the edge density and decrease in the
edge electron temperature in Ohmic plasmas, as described previ-
ously.30 However, as far as we know the GPI gas puff had no signifi-
cant effect on the turbulence or the L-H transitions in these shots.
Since the GPI gas puff timing was preprogramed before the shot and
the exact L-H transition time was not predictable, the transition in
these shots occurred from 2 to 42ms after the peak of the GPI signal
level. The GPI signal level at the transition varied by a factor of 5 from
shot-to-shot, but its value changed by an average of only�25% during
the 15 ms preceding these L-H transitions.

B. Database

The 16 shots used in this paper are listed in Table I. These are the
same shots used in a previous paper on the energy exchange dynamics

in the L-H transition,10 but one of those shots (#141745) was removed
because the separatrix location was too close to the edge of the GPI
image for the present analysis. All shots had a moderate toroidal field
for NSTX of Bt¼ 3.6–4.4 kG, a moderate plasma current
Ip¼ 800–910 kA, and a lower single null divertor geometry with the
magnetic axis at R¼ 986 3 cm. These 16 shots are representative of
the range of L-H transitions seen in NSTX. All shots were made with
deuterium fueling and the NBI heating and fueling was deuterium.

Most shots had an outer midplane separatrix radius at
Rsep¼ 148–149 cm at the transition time (as determined by EFIT02),
but some had Rsep¼ 152–154 cm for better RF coupling. All the L-H
transitions in these shots occurred at least 5ms after the current flat-
top, which began at �0.2 s (the typical timescale for current diffusion
in the NSTX L-mode edge is a few millisecond). Nine of the 16 shots
had low power (P� 1.4MW) auxiliary heating at the L-H transition
time, and seven shots had the L-H transitions in Ohmic plasmas.
Three shots had the transitions occurring �20 ms after the start of
NBI heating (#138113, 138114, 138119), two shots had the transitions
occurring �100 ms after the start of NBI (#139955, 142229), and the
four RF shots had the transitions occurring �20–40ms after the start
of RF heating. All shots showed the usual sharp drop in the Da emis-
sion at the L-H transition, along with a sharp drop in the relative edge
fluctuation level as seen by GPI.

In this paper the time before the L-H transition will be called
“L-mode” even though the plasmas were Ohmic with no auxiliary
power. Movies of the GPI image data can be found in the supplemen-
tary material for this paper or in Ref. 31.

C. Data analysis

The analysis of turbulence velocity in this paper is done with the
GPIFLOW code, which is described in detail in the Appendix. This is
essentially the same code used for a small part of a previous paper on
energy exchange dynamics at the L-H transition in NSTX,10 and also

TABLE I. Shot list.

Shot # Bt (kG) Ip (kA) Rsep (cm) Peak GPI time (ms) L-H time (ms) P (MW) at L-H jVpolj (km/s)a jgrad Vpolj (km/s cm)a

138113 4.4 910 149 226 254.9 1.4 NBI 3.66 1.26
138114 4.4 910 149 226 252.5 1.4 NBI 1.79 0.62
138115 4.4 910 149 226 243.0 0 2.59 1.38
138116 4.4 910 149 226 251.6 0 2.56 1.36
138117 4.4 910 148 226 245.8 0 3.40 1.13
138118 4.4 910 148 226 249.5 0 2.84 0.78
138119 4.4 910 149 226 268.4 1.2 NBI 4.00 1.16
139955 4.4 900 148 362 364.3 1.0 NBI 3.82 0.34
141746 3.6 800 149 212 244.9 0 3.42 1.68
141747 3.6 800 148 212 226.5 0 2.53 1.65
141751 3.6 800 149 212 235.0 0 2.77 1.89
141919 4.4 910 154 205 231.1 0.6 RF 1.29 1.05
141920 4.4 910 154 213 241.5 0.6 RF 0.99 1.58
141922 4.4 910 154 213 237.5 0.7 RF 1.95 1.59
142006 4.4 910 154 220 223.0 0.5 RF 2.33 1.01
142229 4.4 800 152 382 401.8 1.0 NBI 3.34 0.51

aAveraged over –1.1 to –0.1ms before the L-H transition.

Physics of Plasmas ARTICLE scitation.org/journal/php

Phys. Plasmas 28, 032304 (2021); doi: 10.1063/5.0039153 28, 032304-3

Published under license by AIP Publishing

https://www.scitation.org/doi/suppl/10.1063/5.0039153
https://www.scitation.org/doi/suppl/10.1063/5.0039153
https://scitation.org/journal/php


for earlier papers on analysis of zonal flows in GPI data from NSTX9

and Alcator C-Mod.32

The GPIFLOW algorithm is based on the intuitive idea that the
turbulence flow velocity can be estimated by cross-correlating a short
time series from a given pixel in the 2D image with time-delayed time
series at all neighboring pixels. The location of the maximum of this
time-delayed cross correlation is used to determine the movement of
the turbulence in the GPI image plane, i.e., the 2D velocity is evaluated
from the displacement of the maximum of this time-delayed correla-
tion over a single time frame. Note that this analysis does not attempt
to identify any individual “blob” structures in the image data, but uses
normalized cross correlation functions of the unfiltered time series of
GPI image pixels. This is a simple and intuitive method of velocimetry
which makes no assumptions about the nature of the flow. This code
does not use the same algorithm as previous codes used for velocime-
try of GPI14,33–35 or BES.36–38 A comparison of this algorithm and a
Fourier velocimetry method was given in Ref. 39.

The focus of analysis in this paper is on the low frequency poloi-
dally averaged poloidal flow velocities, which we write “hVpolipol.” This
is as close as this diagnostic allows to a measurement of the zonal flow
velocity, since the averaging extend over several poloidal wavelengths.
Such zonal flows have previously been seen in NSTX9,32 and in many
other magnetic fusion experiments.11 The poloidal averaging is limited
to 21 cm due to the GPI geometry, and the analysis radius is focused
on –26 1 cm inside the local separatrix. The flow velocity analysis is
also limited to the low-frequency range below 20 kHz by the cross cor-
relation process, and to velocities below 15 km/s by the search algo-
rithm. Further description of the GPIFLOW algorithm is presented in
Sec. IVB and the Appendix.

III. EXPERIMENTAL RESULTS

The experimental results for turbulence velocities are presented
in this section. Since there is a significant shot-to-shot variation in
these results, we first describe a few specific examples in detail, and
then discuss the wider database of all 16 shots (Table I). For the sake
of clarity, an overview of these experimental results is presented in the
following three paragraphs.

The first example as described in Sec. IIIA was chosen to be a
shot in which the L-H transition occurred shortly after the start of
NBI (#138113). Figures 1–3 present a description of the GPI signals vs
time across the transition, and then Figs. 4 and 5 describe the poloidal
velocity analysis. This shot had a near-coherent oscillation in the
poloidally averaged poloidal velocity preceding the transition (i.e., a
zonal flow), which was seen in about half the shots in this database.
The second example as described in Sec. III B and Figs. 6–10 was a
shot in which the L-H transition occurred shortly after the start of RF
heating (#141922). However, this shot did not have a clear coherent
oscillation in the poloidal velocity preceding the transition, and so
demonstrates that this feature is not necessary for an L-H transition in
NSTX.

Three other individual shots are then described more briefly in
Sec. III C; namely, one shot with a transition in a purely Ohmic plasma
(#141751), one shot with a transition during RF heating (#142006),
and one shot in which the transition occurred at �100ms after the
start of NBI (#142229). These poloidally averaged poloidal velocities vs
time and their frequency spectra are shown in Fig. 11. Section IIID
discusses the estimation of poloidal velocity shear calculated from the

radial gradient of the poloidally averaged poloidal velocity, as shown
in Fig. 12. This velocity shear is important in some theories of the L-H
transition.

The wider database results are presented in Secs. III E and III F,
with Sec. III E focusing on the poloidal velocity and Sec. III F on the
frequency spectrum of the poloidal velocity. The aim of these sections
is to search for consistent changes in the poloidal turbulence velocity
preceding the L-H transition. First, Fig. 13 shows the shot-averaged
values vs time of the relative GPI fluctuation level, the magnitude the
poloidal velocity, and the magnitude of the radial gradient of the poloi-
dal velocity. Then, Fig. 14 shows poloidal velocity results for each of
the 16 individual shots, and finally Fig. 15 shows frequency spectrum
results for these shots.

A. First example: #138113

This first example had an L-H transition which occurred in shot
#138113 at �10ms after the start of 1.4MW of NBI in a plasma with
I¼ 0.9 MA and B¼ 4.4 kG (see Table I). After the transition a large
density pedestal and edge density gradient forms just inside the outer
midplane separatrix, as usual for H-modes in NSTX.40,41

Figure 1 shows a series of frames of raw GPI data from shot
#138113. Each frame has 64� 80 pixels and covers 24 cm radially (i.e.,
horizontal) by 30 cm poloidal (vertical), with the separatrix shown as a
dashed line and the limiter (RF antenna) shadow to the right shown as
a dotted line. In this paper, the local poloidal direction is assumed to
be vertical in each image (here poloidal means binormal, i.e., in the
flux surface but perpendicular to B), and the local radial direction is

FIG. 1. A series of frames of raw GPI data from shot #138113. Each part (a)–(c)
has six successive frames separated by 2.5ls. The frames in (a) show an upward
poloidal turbulence motion (electron diamagnetic direction), the frames in (b) show
a downward poloidal turbulence motion about 100 ls after (a), both in L-mode. The
motion of sample turbulent structures is indicated by the yellow dashed line. The
frames in (c) were about 1 ms after the L-H transition and show a quiescent H-
mode state with little turbulence structure or motion.
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assumed to be horizontal. More about the geometry of GPI in NSTX
can be found in Ref. 27.

Each part of Figs. 1(a)–1(c) has six successive frames separated
by 2.5ls. The frames in (a) were chosen to illustrate an upward poloi-
dal turbulence motion (electron diamagnetic direction) which
occurred �1ms before the L-H transition, the frames in (b) were
chosen to illustrate a downward poloidal turbulence motion (ion dia-
magnetic direction) which occurred about 100ls after (a) and 0.9ms
before the L-H transition. The motion of sample turbulent structures
is indicated by the yellow dashed line. Comparing (a) and (b), the tur-
bulence changed its poloidal direction in about 100ls, and in both
cases had a poloidal velocity �1/6 (30 cm)/12.5ls �4 km/s. Note
that the structures visible in (a) and (b) are all inside the separatrix,
indicating that they are part of the turbulence spectrum and not
“blobs,” which exist only outside the separatrix.

The frames in Fig. 1(c) were taken about 1ms after the L-H tran-
sition and show a narrow radial profile with little turbulence structure
or motion indicating a relatively quiescent H-mode state, as seen pre-
viously in NSTX GPI data.28 A similar narrow profile during H-mode
was previously shown to be consistent with the expected Da emission
profile in the steep density gradient region.42

FIG. 2. Examples of GPI signals for shot #138113. In (a) is the radial profile of the signal amplitude before the L-H transition showing the signal level peaking at –2 cm inside
the separatrix. In (b) is the time dependence of the GPI signal at a single pixel, and in (c) is the same signal on a faster timescale near the transition (red line). The relative fluc-
tuation level decreases significantly at the transition.

FIG. 3. Poloidally averaged poloidal velocity hVpolipol vs time at a radius of –2 cm
for shot #138113. Part (a) shows near-coherent oscillations with a maximum ampli-
tude of 65 km/s during the 15 ms before the L-H transition. The same signal is
shown in black in (b) over 5 ms near the L-H transition, and overlaid with similar sig-
nals from radii of –3 cm and –1 cm. The times of the images in Fig. 1 are shown as
the vertical dashed lines (a)–(c). A positive hVpolipol is in the electron diamagnetic
direction.

FIG. 4. In (a) is the power spectrum of hVpolipol fluctuations at a radius of –2 cm as a function of frequency and time. There is a nearly coherent 3–4 kHz zonal flow oscillation
over �20 ms preceding the L-H transition, with maximum spectral power at 8 ms before the L-H transition. In (b) is the radial profile of the hVpolipol power spectrum at the time
of the maximum spectral power in (a). The frequency of the zonal flow spectrum at this time is �3 kHz over the radial range of –4 cm to 0 cm inside the separatrix.
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Before describing the turbulence velocity results, we show some
GPI signals for this shot. In Fig. 2(a) is the average radial profile of the
GPI signal amplitude before the L-H transition (225–254ms), where
the horizontal coordinate is the distance from the local separatrix as
measured at row #40/80, and the vertical scale is the average GPI sig-
nal over rows #10–69. The GPI signal peaks about –2 cm inside the
separatrix, which is where the poloidal velocity will be evaluated.
Figure 2(b) shows the time dependence of the GPI signal at a radius of
–2 cm and poloidally at the vertical center of the image (column #16,
row #40), after smoothing over 61 pixel, and beginning just before

the GPI gas puff starts at 215ms. The relative fluctuation level
decreases significantly at the L-H transition time of 254.9ms, as shown
by the red line, and then goes back up about 10ms later at an H-L
transition. Figure 2(c) shows the L-H transition with higher time reso-
lution. The time of the L-H transition shown by the red line, at which
the relative fluctuation level decreases over a period of about 6100ls.
This decrease in the relative edge fluctuation level is a universal charac-
teristic of the L-H transition, as seen previously in NSTX10 and other
tokamaks.

The turbulence velocity results below were obtained from the
GPIFLOW code, which is described in detail in the Appendix. The
goal of this code was to estimate the poloidally averaged poloidal tur-
bulence velocity, which is as close as this diagnostic can provide to an
estimate of the zonal flow. The code assumes that the image rows vs
columns are aligned in the poloidal vs radial direction (see Fig. 1). The
first step was to calculate the 2-D turbulence velocity at a single pixel
using a time-delayed cross correlation function averaged over 611
frames or 627.5ls around each time frame. The time delay was cho-
sen to be 1 frame for this analysis. The poloidal turbulence velocity
was then averaged over 15 different pixels in each image column
spaced 4 rows (1.5 cm) apart, i.e., over 21.5 cm. The result was the
poloidally averaged turbulence velocity at each radius. The poloidal
velocity at these 15 poloidal locations was highly correlated, as illus-
trated in Fig. 4 of Ref. 10. This poloidally averaged poloidal turbulence
velocity was then calculated for every time frame from 30ms before to
20ms after the L-H transition. This local poloidal (i.e., binormal) aver-
age velocity is called “hVpolipol” in the discussion below.

Figure 3(a) shows the poloidally averaged poloidal velocity
hVpolipol vs time for the GPI column nearest the radius –2 cm for shot
#138113 (column #16). During the 15ms period before the L-H transi-
tion, this velocity has some near-coherent oscillations at a frequency of
�3 kHz and a maximum amplitude of about 65 km/s, with less coher-
ent and smaller amplitude fluctuations during the 5ms after the L-H
transition. A positive hVpolipol is in the electron diamagnetic direction,
which corresponds to a negative Er.

This same hVpolipol signal is shown in black in Fig. 3(b) over a
period of 5ms near the L-H transition, and overlaid with hVpolipol sig-
nals at radii of –3 and –1 cm (i.e., columns #13 and 19). The hVpolipol
signals at all three radii have approximately (but not exactly) the
same time dependence. The times of the images of Fig. 1 are shown in
Fig. 3(b) as vertical dashed lines labeled (a), (b), and (c), where (a) has
an upward (positive) velocity, (b) has a downward (negative) velocity
100ls later, both during the L-mode period, and (c) is in H-mode
about 1ms after the L-H transition.

Figure 4(a) shows the power spectrum of hVpolipol as a function
of time, i.e., the square of the hVpolipol amplitude vs frequency for the
column nearest r¼ –2 cm (#16). These spectra were calculated using a
moving time interval of6 1ms (6400 frames) with a frequency reso-
lution of 0.5 kHz up to 20 kHz (only 0–10 kHz is shown). The color
scale at the right shows the relative magnitude of these fluctuations
from 0 (black) to 0.5 (white). There is a nearly coherent zonal flow-
like oscillation at 3–4 kHz during the 20ms before the L-H transition.
This is not a continuous mode, but has a bursting character, as seen
previously (using a different type of velocimetry) during an L-mode
shot from the 2009 NSTX run.34 This is unlike a quasi-coherent mode
moving at constant poloidal velocity, such as seen at �40 kHz in
Ohmic NSTX GPI data,43 and these zonal flow oscillations have not

FIG. 5. The fluctuation level (standard deviation) of the hVpolipol velocity vs time at
three radii just inside the separatrix for shot #138113. The time-average is taken
over 1 ms preceding each time point. There is no significant increase in the fluctua-
tion level during the last 1 ms before the transition, compared with the 10ms period
before the L-H transition.

FIG. 6. A series of frames of raw GPI data from shot #141922. Part (a) has 12 suc-
cessive frames separated by 2.5ls at 0.4 ms before the L-H transition. These
images show the complex turbulence structure and motion in this shot, with no clear
poloidal velocity oscillations as in Fig. 1. The frames in Fig. 6(b) were taken about
0.4 ms after the L-H transition and show a narrow radial profile with relatively little
turbulence structure or motion, indicating a quiescent H-mode state as in Fig. 1(c).
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been detected by Mirnov coils in NSTX. The maximum spectral power
of these poloidal velocity oscillations in the L-mode occurs �8ms
before the L-H transition, as indicated by the vertical white line labeled
“max.” During the 10ms after the transition the oscillating zonal flow
is absent, but it reappears after the H-L transition at 265ms.

Figure 4(b) shows the radial profile of the hVpolipol power spec-
trum at the time of its maximum in Fig. 4(a), i.e., at 246ms, which is
�8ms before the transition. The frequency of the zonal flow spectrum
at this time is �3 kHz over the radial range of –4 to 0 cm inside the
separatrix. The radial profiles of the spectrum at other times are also
nearly flat, which is consistent with the similarity of these hVpolipol at
different radii in Fig. 3(b). The magnitude of the 3 kHz oscillation
diminishes rapidly outside the separatrix at r¼ 0 cm, even though the
GPI signal level is still fairly high there, as seen in Fig. 2(a). These
results show that the zonal flows before the L-H transition are

correlated over a radial width of �4 cm just inside the separatrix.
Typical radial profiles of hVpolipol for this shot are shown in Fig. 12(a).

An important issue for this paper is whether changes in the tur-
bulence poloidal velocity trigger the L-H transition. To help answer
this question, Fig. 5 shows the fluctuation level in hVpolipol vs time at
three radii just inside the separatrix. This is calculated as the standard
deviation of the hVpolipol shown in Fig. 3, where a 1ms time average
was taken before each time point. The estimated uncertainty in
hVpolipol due to small-scale turbulence motion is 60.5 km/s, as dis-
cussed in the Appendix. There is no clear and consistent increase in
the hVpolipol fluctuation level during the last few milliseconds before
the transition.

Another important issue is the relationship between hVpolipol and
the local density fluctuations, which may determine the effects of
hVpolipol on edge plasma transport. Previous results on NSTX9 showed
that the GPI fluctuation levels could be strongly correlated with
3–4 kHz oscillations in hVpolipol similar to those shown in Fig. 4(a).
Although very interesting, a detailed analysis of this relationship is
beyond the scope of this paper (as defined by its title).

B. Second example: #141922

We now discuss a second example of the GPI signals and poloi-
dally averaged poloidal velocities near the L-H transition. This is for a
shot #141922 in which the L-H transition occurs about 30ms after the
start of a 0.7MWRF heating pulse (see Table I).

The top two rows of Fig. 6(a) show 12 successive frames covering
30ls of GPI image data taken at about 0.4ms before the L-H transi-
tion shot #141922. These frames were chosen to illustrate the complex
turbulence structure and motion in this shot, which does not show
clear poloidal velocity oscillations as did Fig. 1. The turbulence in this
second shot changes shape and velocity significantly within this 30ls,
and has significant outward blob propagation as well. This complex
structure and motion can best be appreciated by viewing the videos in
the supplementary material or in.31

The third row of frames in Fig. 6(b) was taken about 0.4ms after
the L-H transition and shows a narrow radial GPI profile with rela-
tively little turbulence structure or motion, indicating a quiescent H-
mode state, similar to Fig. 1(c). However, in this shot some fluctua-
tions are still visible after the transition, such as the upward propaga-
tion of the brightest region in Fig. 6(b).

FIG. 7. Examples of GPI signals for shot #141922. In (a) is the radial profile of the signal amplitude before the L-H transition showing the signal level peaking at –2 cm inside
the separatrix. In (b) is the time dependence of the GPI signal at a single pixel, and in (c) is the same signal on a faster timescale near the transition (red line). The relative fluc-
tuation level decreases significantly at the transition, at least before the ELMs start.

FIG. 8. Poloidally averaged poloidal velocity analysis for shot #141922. Part (a)
shows hVpolipol at a radius of –2 cm inside the separatrix from 15ms before to 5 ms
after the L-H transition (red line). These hVpolipol do not show near-periodic oscilla-
tions as they did in Fig. 3. The same hVpolipol signal is shown in black in part (b)
over 5 ms near the L-H transition, and overlaid with hVpolipol results from radii of
–3 cm and –1 cm. The times of the images in Fig. 1 are shown in as the vertical
dashed lines (a) and (b). A positive hVpolipol is in the electron diamagnetic direction.

Physics of Plasmas ARTICLE scitation.org/journal/php

Phys. Plasmas 28, 032304 (2021); doi: 10.1063/5.0039153 28, 032304-7

Published under license by AIP Publishing

https://www.scitation.org/doi/suppl/10.1063/5.0039153
https://scitation.org/journal/php


Figure 7(a) shows the radial profile of the GPI signal averaged
over 30ms during the L-mode time period before the transition, where
the horizontal coordinate is the distance from the local separatrix at
row #40, and the vertical scale is the average GPI signal over rows
10–69. As in the first example in Fig. 2, the GPI signal peaks about
–2 cm inside the separatrix, but here the separatrix was located nearer
to the outer limiter for better RF coupling. Figure 7(b) shows the time
dependence of the raw GPI signal at a single pixel radially nearest to
–2 cm (column #33) and poloidally at the vertical center of the image
(row #40), after smoothing over 61 pixel. The relative GPI signal fluc-
tuation level decreases significantly at the L-H transition time of
237.5ms (red line), but then goes back up starting about 5ms later,
mainly due to ELMs with a period of 2–3ms. Figure 7(c) shows the
transition time in more detail. This relative fluctuation level decreases

significantly during the first 1ms after the transition (before the ELMs
start), when the radial profile of the GPI signal narrows due to profile
changes, as shown in Fig. 6(c).

Figure 8 shows the poloidal velocity analysis for shot #141922, as
done in Fig. 3 for shot #138113. Figure 8(a) shows the poloidally aver-
aged turbulence velocity hVpolipol at a radius of –2 cm inside the sepa-
ratrix for a time period from 15ms before to 5ms after the L-H
transition at 237.5ms (red line). The calculated hVpolipol do not have a
single near-periodic oscillation as they did in Fig. 3, and the calculated
hVpolipol is not significantly changing in the few milliseconds just
before the transition. The poloidal velocity after the transition becomes
significantly more positive (i.e., in the electron diamagnetic direction),
and has a higher fluctuation level.

The same hVpolipol is shown in black in Fig. 8(b) from 4ms
before to 1ms after the L-H transition, and overlaid with hVpolipol sig-
nals from radii of –3 and –1 cm (i.e., columns #28 and 36), as shown
in red and blue. These hVpolipol signals are similar to each other, but
not as similar to those in the first example of Fig. 3(b), and none show
any significant hVpolipol changes in the few milliseconds before the
L-H transition. The times of the GPI images of Fig. 6 are shown in
Fig. 8(b) as vertical dashed lines labeled (a) and (b).

Figure 9(a) shows the power spectrum of the hVpolipol flows at
–2 cm for shot #141922, as done in Fig. 4(a) for #138113. For #141922
there is no single coherent zonal flow oscillation preceding the L-H
transition, and the magnitude of the power spectral fluctuations is sig-
nificantly lower than #138113 (with the same color scale). The power
spectral fluctuations of hVpolipol at this radius increase after the transi-
tion, partly due to residual turbulence and partly to ELMs. Figure 9(b)
shows the radial profile of the power spectra of hVpolipol at 1ms before
the L-H transition, which includes the time of the images in Fig. 6(b).
There are several frequency components visible, showing a more com-
plex velocity fluctuation spectrum than shot #138113.

Typical radial profiles of hVpolipol for this shot are shown in
Fig. 12(b).

Figure 10 shows fluctuation levels (standard deviations) in
hVpolipol for shot #141922 at three radii inside the separatrix. As for
Fig. 5, the time average for this calculation is taken over the 1ms

FIG. 9. Power spectra of the hVpolipol fluctuations at –2 cm for shot #141922, plotted similarly to those in Fig. 3(a) for #138113. For #141922 there is no single coherent zonal
flow oscillation before the L-H transition as there was for #138113, and the magnitude of the power spectral fluctuations preceding the transition is much lower. Part (b) shows
the radial profile of the power spectra of hVpolipol at 1–2 ms before the L-H transition in this shot. There are several frequency components, showing a more complex velocity
fluctuation spectrum than for shot # (138113).

FIG. 10. The fluctuation level (standard deviation) of the hVpolipol velocity vs time at
three radii just inside the separatrix for shot #141911. The time-average is taken
over 1 ms preceeding each time point. The hVpolipol fluctuation level is not consis-
tently large during the last 1 ms, before the transition, compared with the 10 ms
period before the L-H transition.
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FIG. 11. Three other examples of poloidal flow analysis from Table I; namely for #141751 (Ohmic), #142006 (RF) and #142229 (NBI). Poloidally averaged poloidal velocities
vs time for these shots at –2 cm inside the separatrix are shown on a 5ms timescale in (a)–(c), similarly to Figs. 3(b) and 8(b). Power spectra of hVpolipol vs time and frequency
at this radius are shown over longer timescales in (d)–(f), using the same color scale as in Figs. 4(a) and 9(a).

FIG. 12. Parts (a) and (b) show typical radial profiles of hVpolipol for shots #138113 and #141922, respectively. Parts (c) and (d) parts show the radial turbulence velocity gradi-
ent of hVpolipol vs the time with respect to the L-H transition (red lines) evaluated at a radius of –2 cm inside the separatrix for shots #138113 and #141922, respectively. The
top parts of (c) and (d) shows the results from –15ms before to 5 ms after the L-H transition, and the bottom parts show the results for a shorter timescale from –4ms before
to 1 ms after the transition.
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preceding each time point. In the 10ms before the transition the
average fluctuation levels are roughly half those of shot #138113.
Although the fluctuation level at –2 cm inside the separatrix is slightly
higher in the last 1ms before transition, it is not higher for the other
two radii. The estimated uncertainty in hVpolipol due to small-scale tur-
bulence motion is 60.5 km/s, so the hVpolipol fluctuation level is not
changing significantly before the transition.

C. Other examples

Figure 11 shows three other examples of poloidal velocity analysis
of shots from Table I; namely #141751 (Ohmic), #142006 (RF), and
#142229 (NBI). Poloidally averaged poloidal velocities vs time for
these shots at radii of –2 cm inside the separatrix are shown on a 5ms
timescale in Figs. 11(a)–11(c), similarly to Figs. 3(b) and 8(b). Power
spectra of hVpolipol vs time and frequency at this radius are shown
over longer timescales in Figs. 11(d)–11(f), using the same color scale
as in Figs. 4(a) and 9(a).

The hVpolipol signals and spectra for the Ohmic shot #141751 in
Figs. 11(a) and 11(d) look qualitatively similar to the first example.
The velocity fluctuation level does not change significantly in the 4ms
before the transition, and the power spectrum has a near-coherent but
intermittent peak near 3–4 kHz during the 30ms before the L-H tran-
sition. The hVpolipol signals for the RF shot #142006 in Fig. 11(b) are
more irregular vs time, but the spectra in Fig. 11(e) have a few small
peaks near 5 kHz during the 10ms before the transition. The hVpolipol
signals for the NBI shot #142229 in Fig. 11(c) are even more irregular

vs time in the 4ms before the transition, and the power spectra of
#142229 in Fig. 11(f) show mainly 0.5 kHz bursts for about 30ms
before the L-H transition. Therefore, the hVpolipol signals and spectra
show considerable shot-to-shot variability, as did the first two
examples.

Power spectra were made of the hVpolipol at –2 cm inside the sep-
aratrix for all 16 shots of Table I during the�30ms preceding the L-H
transition. Seven shots had a nearly coherent spectral feature in the
range �2–5 kHz (138113, 138116, 138118, 138119, 141746, 141747,
141751), similar to that in Fig. 4(a). For all seven shots the frequency
of this zonal flow feature was nearly constant over�0–4 cm inside the
separatrix, as shown in Fig. 4(b), including both Ohmic and NBI
heated shots. This appears to contrast with TJ-II results [26] in which
the radial width of the zonal flow was different in NBI and electron
cyclotron heated plasmas. None of these seven shots had a significant
increase in the magnitude of the coherent velocity oscillation magni-
tude just before the transition. Four other shots
(138114,138115,138117,142006) had a slightly coherent zonal flow
feature similar to Fig. 11(e). Three shots #141919–141922 had no clear
velocity spectrum peak, as in Fig. 9(a), and two shots #139955
and 142229 with NBI showed a bursting feature at �0.5 kHz, as in
Fig. 11(f), but without any significant velocity changes just before the
transition.

Although the goal of this paper is to analyze the turbulence veloc-
ities preceding the L-H transition, we add here some comments on the
hVpolipol in H-mode after the transition at –2 cm inside the separatrix.
For the first example of Fig. 3 (#138113), the time-averaged value of

FIG. 13. Shot-averaged quantities vs time at a radius of –2 cm for the entire 16 shot database. The time range from 15ms before to 5ms after the L-H transition at the left,
and the timescale from 4ms before to 1 ms after the transition is at the right. Parts (a) and (b) show the relative GPI fluctuation level, which decreases significantly at the L-H
transition. Parts (c) and (d) show the shot-averaged magnitude of jVpolj, and parts (e) and (f) show the shot-averaged magnitude of the radial gradient jgrad Vpolj.
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hVpolipol decreased from þ2.5 km/s for the period between –1.1 to
–0.1ms before the transition to þ0.6 km/s for the period between
þ2.0 and 3.0ms after the transition. However, for the second example
of Fig. 8 (#141922), the time-averaged value of hVpolipol increased sig-
nificantly from –0.3 km/s for the period between –1.1 and –0.1ms
before the transition to þ4.5 km/s for the period between þ2.0
and 3.0ms after the transition. For the three other examples used in
Fig. 11, the corresponding velocity changes at these same times were:
(a) for 141751, from þ1.8 km/s before to þ4.1 km/s after the transi-
tion, (b) for 142006, from –1.0 km/s before to –3.4 km/s after the tran-
sition, and (c) for 142229, from –3.1 km/s before to –2.0 km/s after
the transition (note that the times from þ2 to 3ms are not shown in
Fig. 11). In the 16 shot database, the values of hVpolipol at these same
times increased from before to after the transition by more than
þ2 km/s in 5 shots, decreased by more than –2 km/s in 4 shots, and
changed by less than 2 km/s in 7 shots. The largest increase in velocity
between these times wasþ4.8 km/s (#141922), and the largest decrease

was –5.6 km/s (#141746), but the shot-averaged change was nearly
zero to within 61 km/s. This widely varying behavior is discussed fur-
ther in Sec. IVC.

D. Turbulence velocity shear

The radial gradient of the poloidal turbulence velocity, or turbu-
lence velocity shear, is relevant for the L-H transition, since an increase
in this gradient can change the structure and transport effects of the
turbulence.2 The local poloidal velocity shear of the turbulence itself
can be estimated from the poloidally averaged poloidal velocities
hVpolipol obtained from the GPIFLOW code for this GPI data (see the
Appendix). Note that this velocimetry analysis does not attempt to
identify any individual blob-like structures in the image data, but
instead uses the normalized time-delayed cross correlation functions
of the unfiltered time series of GPI image pixels. Thus, the gradients
discussed in this section involve only these turbulence velocity

FIG. 14. Part (a) shows the average values of hVpolipol over the last 1 ms before the L-H transition vs its average values over the last 15ms for all 16 shots in the database.
Part (b) shows the maximum value of jVpolj and jgrad Vpolj vs their timing with respect to the L-H transition. Parts (c) and (d) compare time averages of these two quantities
over the last 0.3 ms before the transition (vertical) to averages over the last 1.0 ms before the transition (horizontal). The standard deviations of hVpolipol and jVpolj are shown
as error bars in (a) and (c), and the uncertainties in the velocity gradient fits are shown as error bars in (d).
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gradients measurable by the GPI diagnostic, which are not necessarily
the same as the shear in the radial electric field or shear in the poloidal
fluid flow, as discussed further in Sec. IVC.

Figures 12(a) and 12(b) show typical radial profiles of hVpolipol
for shots #138113 and #141922, respectively. These sample profiles are
shown for four successive frames separated by 15ls during the time
periods just before the L-H transition used in Figs. 1(a), 1(b), and 6(a).
Each radial point corresponds to one column in the GPI image. These
and other hVpolipol radial profiles are fairly smooth and vary slowly
from frame-to-frame, which allows the radial turbulence velocity gra-
dient to be evaluated on a 2.5ls timescale before the transition.

Figures 12(c) and 12(d) show the radial gradient of hVpolipol vs
time as evaluated at a radius of –2 cm inside the separatrix by making
a linear fit of the hVpolipol over a radial distance of 61.1 cm, i.e., over
63 columns (i.e., 7 radial points) around the column nearest –2 cm.
This was done at each time point in the GPI data, i.e., with a time reso-
lution of 2.5ls. The results for the first example #138113 are shown in
Fig. 12(c), and for the second example #141922 in Fig. 12(d). The top
figure in both parts shows the results from –15ms before to 5ms after
the L-H transition, and the bottom figure shows the results for a
shorter timescale from –4ms before to 1ms after the transition.

The radial gradient of hVpolipol vs time for shot #138113 in
Fig. 12(c) fluctuates over a range from –4 to þ2 km/s cm, where the
negative sign implies the velocity is increasingly negative with increas-
ing radius. The time-averaged radial gradient for #138113 during the
15ms before the L-H transition is –0.86 0.9 km/s cm, with no signifi-
cant trend vs time and no unusual variation within 4ms before
the transition. The time-averaged radial gradient for shot #141922
in Fig. 12(d) during the 15ms before the L-H transition is
–1.36 0.7 km/s cm, with a slight trend toward increasingly negative
gradient with time, but again with no unusual variation during the
4ms before the transition. The uncertainty (standard deviation) in the
linear fits at each frame used to find these radial gradients were 60.34
and 60.29 km/s cm, averaged over the 15ms preceding the transition
for #138113 and #141922, respectively.

The radial gradients of hVpolipol vs time at a radius of –2 cm for the
other three shots of Fig. 11, averaged over the 15ms preceding the L-H
transitions, were –1.56 1.0 km/s cm for #141751, –1.06 0.7km/s cm for

#142006, and –0.036 0.4 km/s cm for #142229 (i.e., near zero). The
uncertainty (standard deviation) in the 63 column linear fits at
each frame used to find these gradients were 60.28, 60.26, and
60.13 km/s cm, respectively, averaged over the 15ms preceding the
transition. There were no clear increases in these radial turbulence
velocity gradients during the 4ms preceding the L-H transition.

Although the focus of this paper is on the turbulence velocity pre-
ceding the L-H transition, it is interesting to note that there does not
appear to be a significant change in the radial velocity gradients vs
time from L-mode to H-mode in the two shots of Figs. 12(c) and
12(d). This is discussed further in Sec. IVC.

E. Velocity database

This section describes the poloidal velocity variations over the 16
shot database of Table I, including both the shot-averaged velocities
and their shot-to-shot variations. Since the poloidal turbulence veloci-
ties hVpolipol can be much larger than their time averages, as shown in
Figs. 3 and 8 and previously,10 we mainly use the absolute values
hVpolipol at each time frame to characterize the magnitude of the poloi-
dally averaged poloidal velocities, which we abbreviate as jVpolj. The
radial gradients of poloidal turbulence velocity were calculated using
linear fits to hVpolipol, as described in Sec. IIID, and the absolute mag-
nitude of these radial gradients jgrad Vpolj was used in the velocity
database, since the radial gradients can be of either sign (as shown in
Fig. 12).

Even though these 16 shots have different heating power and
edge parameters, we first check whether there are any consistent
trends in the shot-averaged time dependences preceding the L-H tran-
sition. Figure 13 shows shot-averaged results at a radius of –2 cm
inside the separatrix, where the plots on the left show the time period
from 15ms before to 5ms after the L-H transition, and the plots on
the right side show the period from 4ms before to 1ms after the tran-
sition. The values for each shot were averaged over 0.1ms (40 frames),
and the transition times are shown by the red vertical lines. In
Figs. 13(a) and 13(b) is the relative GPI signal fluctuation level evalu-
ated at a single pixel (smoothed over 61 pixel) at the image column
nearest to –2 cm, and poloidally at the vertical center of the image
(as in Figs. 2 and 7). In Figs. 13(c) and 13(d) is the magnitude of the

FIG. 15. Part (a) shows the magnitude of the peak hVpolipol spectral power (in arbitrary units) as a function of the timing of this peak with respect to the L-H transition. Part (b)
shows the time average of the peak spectral power of hVpolipol at 1–2ms before the transition (horizontal) vs the time-average of the peak spectral power over the last 15 ms
before the transition (vertical). Part (c) shows the frequency at the peak hVpolipol spectral power as a function of its time with respect to the transition.
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poloidal velocity jVpolj, and in Figs. 13(e) and 13(f) is the magnitude of
the radial gradient of the poloidal velocity jgrad Vpolj.

The shot-averaged GPI fluctuation level in Figs. 13(a) and 13(b)
falls rapidly and significantly across the transition; namely, from
25%6 3% during the 1ms period from –1.1 to –0.1ms before the
transition to 136 1% during the 1ms period from 0.2 to 1.2ms after
the transition. Note that since the timing of the L-H transition is
uncertain by about 60.1ms, this period around the transition time
was not used for these averages. The rapid decrease in fluctuation level
at the transition is similar to that shown previously at –1 cm inside the
separatrix.10

The velocity and velocity gradients in Fig. 13 are varying due to
the time evolution of the auxiliary heating and plasma conditions in
these relatively short discharges. The shot-averaged magnitude of the
poloidal velocity jVpolj in Figs. 13(c) shows a slow increase over this
time from 2.26 0.2 km/s during 15–14ms before the transition to
2.76 0.4 km/s from –1.1 to 0.1ms before the transition. The shot-
averaged magnitude of the gradient of the poloidal velocity also
increases from 0.946 0.08 km/s to 1.36 0.2 km/s cm over this time. It
is potentially interesting that the shot-averaged velocity and velocity
gradient in Fig. 13 are both largest within the last 1ms before the tran-
sition. However, the shot-to-shot variations are considerably larger
than these relatively small variations over time, as described next.
Also, the turbulence velocity and velocity gradients in Fig. 13 do not
appear to change from just before to just after the L-H transition, as
discussed further in Sec. IVC.

Figure 14 shows poloidal velocity results from the 16 individual
shots in the database. To start, Fig. 14(a) shows the time-averaged
poloidal velocity hVpolipol (such as shown in Figs. 3 and 8) from –1.1
to –0.1ms before the L-H transition (vertical axis) vs its average value
during the last 15ms before the transition (horizontal), where the
error bars show the standard deviations in these signals over these
times. The time period within 0.1ms of the transition was not included
since the transition time is uncertain to within 60.1ms. These two
time averages in Fig. 14(a) are nearly the same for all shots (within a
standard deviation), showing that the average poloidal velocities are
not changing significantly in the last 1ms before the transition. More
interesting is the wide range in these poloidal velocities, e.g., from
about –4 km/s in the ion diamagnetic direction for the shots #139955
and #142229 (with long duration NBI) to þ4 km/s for in the electron
diamagnetic direction for shot #138119 (with short duration NBI). It
is possible that the large negative velocities are due in part to beam-
induced toroidal rotation, but direct toroidal rotation measurements
are not available for these shots.

Figure 14(b) shows the times of the maximum value of the mag-
nitude of jVpolj and the magnitude of its radial gradient jgrad Vpolj at a
radius of –2 cm during the 15ms preceding the L-H transition. The
maximum values of jVpolj occurred within the final 1ms before the
transition in 7/16 shots, and the maximum values of jgrad Vpolj
occurred within the final 1ms before the transition in only 4/16 shots.
The maxima in jVpolj occurred up to 8.3ms before the transition, and
the maxima in jgrad Vpolj occurred up to 13.1ms before the transition.
This broad distribution in timing implies that these maxima did not
consistently trigger the L-H transition in these shots.

To further clarify the poloidal velocities changes just before the
transition, Figs. 14(c) and 14(d) show the time-averaged values of
jVpolj and jgrad Vpolj in the last 0.3ms before the transition (i.e., –0.4

to –0.1ms) vs their time-averaged values over the last 1.0ms (i.e., –1.1
to –0.1ms). The standard deviations of the jVpolj are shown as error
bars in Fig. 14(c), and the time-averaged uncertainty in the linear gra-
dient fits for each shot are shown by the error bars in Fig. 14(d). For
almost all shots, the differences between these two times were not sig-
nificant, i.e., less than the error bars. Although the shot-averaged
velocity gradient in Fig. 14(d) was 0.17 km/s cm larger for the last
0.3ms than for the last 1.0ms (i.e., most points were above the dashed
line), this difference is less than the shot-averaged uncertainty in the
velocity gradient in the last 0.3ms of 0.25 km/s cm. Note that the shots
with the lowest velocity gradient were #139955 and #142229, which
were the shots with the largest negative velocity in the ion diamagnetic
drift direction of Fig. 14(a).

The dominant result from Figs. 14(c)–14(d) is the significant var-
iability in the values of jVpolj and jgrad Vpolj among these 16 individ-
ual shots. For example, in the last 1ms before the transition jVpolj
ranged from 1.0 to 4.0 km/s, and jgrad Vpolj ranged from 0.34 to
1.9 km/s cm. These shot-to-shot variations are considerably larger
than the time variations in the shot-averaged values shown in Fig. 13,
in which jVpolj increased by 0.5 km/s and jgrad Vpolj increased by
0.35 km/s cm during the period from 15 to 1ms before the transition.
The values of jVpolj and jgrad Vpolj during –1.1 to –0.1ms at a radius
of –2 cm for each shot are listed in Table I. There is only a small cross
correlation coefficient of –0.2 between jVpolj and jgrad Vpolj for these
16 shots, suggesting that there is no simple relationship between these
two quantities.

Among groups of shots with different types of heating in Table I,
the NBI shots have the highest velocities with jVpolj ¼ 3.36 0.9 km/s,
the RF shots have the lowest velocities at jVpolj ¼ 1.66 0.6 km/s,
and the Ohmic are in between atjVpol j ¼ 2.96 0.4 km/s. As noted
in Sec. II B, the time of the auxiliary heating with respect to the
L-H transition also varied; namely, three shots had the L-H transi-
tions occurring �20ms of the start of NBI heating (#138113,
138114, 138119), two shots had the transitions occurring �100ms
after the start of NBI (#139955, 142229), and the four shots had
the transitions occurring �20–40ms after the start of RF heating.
Therefore, among the shots with auxiliary heating there is likely to
be a varying edge toroidal velocity at the transition which may be
affecting these jVpolj, which is a hidden variable since it was not
directly measured in these experiments. Note that the shots with
Ohmic heating have fairly self-consistent jVpolj, for example, the 4
shots #138115–138118 had jVpolj ¼ 2.96 0.4 km/s.

The seven shots with the clearest zonal flow oscillations such as
Fig. 4(a) (as listed in Sec. IIIC) have averages of jVpolj ¼ 3.16 0.6 km/s
and jgrad Vpolj ¼ 1.46 0.4 km/cm s, while the other nine shots
have averages of jVpolj ¼ 2.46 1.0 km/s and jgrad Vpolj
¼ 1.06 0.5 km/cm s, both of which are marginally lower. The three
shots with smallest zonal flow oscillations such as Fig. 9(a) have
jVpolj ¼ 1.46 0.5 km/s and jgrad Vpolj ¼ 1.46 0.3 km/cm s, sugges-
ting a trend for jVpolj to decrease with lower zonal flow oscillations,
as also shown in Fig. 14(b).

It is not yet clear what causes these shot-to-shot variations of
jVpolj and jgrad Vpolj. This is not too surprising since previously mea-
sured variations in edge turbulence scale lengths and fluctuation levels
in NSTX are not yet well understood either,28 mainly because nonlin-
ear edge turbulence simulations are still under development. The pre-
sent database of 16 L-H transitions is a representative sampling from
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NSTX, but is not a large enough data set to infer statistically meaning-
ful empirical scalings of the poloidal velocity.

F. Velocity spectrum database

The power spectra vs frequency of the poloidally averaged
hVpolipol at –2 cm inside the separatrix were previously shown for two
sample shots in Figs. 4(a) and 9(a). The first of these shots (#138113)
showed a near-periodic oscillation in the spectrum for about 20ms
before the L-H transition, but the second shot (#141922) did not. This
section presents a database characterizing the peak levels of these
power spectra, which provides a measure of how well these velocity
oscillations are correlated with the L-H transition in all 16 shots. These
hVpolipol power spectra were calculated at –2 cm inside the separatrix
for up to 30ms before the L-H transition using a moving time interval
of6 1ms (6400 frames), with a frequency resolution of 0.5 kHz up to
20 kHz. The peak level of the spectral power vs time was found with a
timing accuracy of 0.625ms (with a 61ms width of the Fourier
analysis).

Figure 15(a) shows the magnitude of the peak levels of the
hVpolipol spectral power (in arbitrary units) as a function of its timing
with respect to the L-H transition (only peaks at times more than 1ms
before the transition were used to avoid overlapping the H-mode
phase). These peaks occurred more than 4ms before the transition in
12 shots, and between 4 and 1ms before the transition for only 4 shots.
Thus for most shots the peak in the hVpolipol spectrum occurred well
before the L-H transition.

Figure 15(b) shows the time average of the peak spectral power
from 2 to 1ms before the transition (vertical) vs the time-average of
the peak spectral power from 15 to 1ms before the transition (hori-
zontal). The spectral power in the last 1ms of L-mode was not consis-
tently larger than the spectral power over the 15ms before the L-H
transition, again showing that the spectral power of hVpolipol was not
unusually large just before the transition.

Figure 15(c) shows the frequency of the peak hVpolipol spectral
power as a function of its timing with respect to the transition.
Most shots had peak frequencies in the range 2–5 kHz, but two
shots with NBI had peaks at 0.5 kHz (139955,142229), such as
shown in Fig. 11(c). Those shots with peaks within 10ms before
the L-H transition did not have a unique velocity spectral feature
in this range.

As noted at the end of Sec. IIIC, only 7 of the 16 shots in this
database had near-coherent zonal flow oscillations during the 15ms
preceding the L-H transition, such as shown in Fig. 4(a). Four of these
seven shots had no auxiliary heating, and three of them had NBI
during only part of the period of the zonal flow oscillation. Thus there
is no correlation between auxiliary heating and the zonal flow
oscillation, and the zonal flow oscillation is not required for an L-H
transition in NSTX. The latter observation is qualitatively similar to
results on other devices, as described in the Introduction.

IV. DISCUSSION

Section IVA contains a summary of the turbulence velocity
results of this paper, and Sec. IVB reviews the limitations and uncer-
tainties in these results. Section IVC discusses some interpretations of
these results, and Sec. IVD gives the main conclusions.

A. Summary of turbulence velocity results

The poloidally averaged poloidal turbulence velocities hVpolipol
were evaluated using GPI data at –2 cm inside the separatrix where the
relative fluctuation level decreased consistently at the L-H transition in
NSTX. These turbulence velocities were calculated for a database of 16
shots using the analysis method described in Sec. II C and the
Appendix.

Sample hVpolipol results vs time were shown for five examples in
Figs. 3, 8, and 11, and the magnitude of this poloidal velocity and its
radial gradient was evaluated vs time for the full database in Figs. 13
and 14. In the five examples, there were no significant changes in
hVpolipol during 15ms preceding the L-H transition, although the 16
shot-average poloidal velocity magnitude jVpolj in Fig. 13 showed a
slow increase during the 15ms before the transition. There was also
no significant increase in the fluctuation level of hVpolipol just before
the transition, as shown in Figs. 5 and 10. The maximum values of
jVpolj for individual shots occurred in a broad distribution up to 8ms
before the transition, as shown in Fig. 14(b), and there was a large
shot-to-shot variation in the average value of hVpolipol and in the mag-
nitude of jVpolj during the last 1ms before the transition, as shown in
Figs. 14(a) and 14(c), respectively.

The radial gradient of hVpolipol vs time was shown for two exam-
ples in Fig. 12, and the magnitude of the radial gradient jgrad Vpolj
was used for the database plots in Figs. 13 and 14. There was no clear
increase in this gradient just before the transition in the two examples,
although the 16 shot-averaged jgrad Vpolj in Fig. 13 showed a slow
increase during the 15ms before the transition. The maximum values
of the radial gradient for individual shots occurred in a wide distribu-
tion up to 13ms before the transition, as shown in Fig. 14(b), and there
was a large shot-to-shot variation in the magnitude of this gradient
during the last 1ms and also during the last 0.3ms before the transi-
tion, as shown in Fig. 14(d).

The power spectrum of hVpolipol was shown for five examples in
Figs. 4, 9, and 11. Only two of these shots had a near-coherent zonal
flow-like oscillation in the frequency range 2–5 kHz during the 15ms
preceding the L-H transition, i.e., Figs. 4(a) and 11(a). In the full data-
base such clear poloidal velocity oscillations occurred in only 7/16
shots, while the maximum in these power spectra often occurred well
before the transition, as shown in Fig. 15(a).

B. Limitations and uncertainties

A basic limitation in these results comes from the radial and
poloidal range of the GPI diagnostic, which focused the radial analysis
range to –26 1 cm inside the separatrix and restricted the poloidal
averaging range to 21 cm. Although this is several poloidal correlation
lengths, the resulting hVpolipol is not a true “zonal flow” averaged over
the flux surface. More generally, since the turbulence velocity as mea-
sured by GPI mainly follows the apparent motion of the density per-
turbations (as do other optical and microwave turbulence diagnostics),
this turbulence velocity cannot be used to directly measure the fluid
velocity, or to separate poloidal from toroidal flows.

Another basic limitation comes from the cross correlation tech-
nique for calculating turbulence velocities, which averages over
627.5ls at each time point. Thus this algorithm finds only the aver-
age turbulence velocities below �20 kHz. The GPIFLOW code cannot
accurately find the turbulence velocity when the flow reverses direction
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during this averaging time (as shown in the Appendix), or during
times of counter-propagating flows. The cross correlation search algo-
rithm was limited to velocities below 15 km/s, but the resulting veloci-
ties never exceeded 10 km/s.

Another limitation was that the timing of the L-H transition as
seen in the GPI fluctuation level was not defined to better than
60.1ms, as illustrated in Fig. 13(b). This limitation was not due to the
GPI framing rate, but to shot-to-shot variations in the fluctuation
level vs time over this transition period, such as shown for example, in
Figs. 2(c) and 7(c).

There is uncertainty in the hVpolipol due to the randommotion of
small-scale turbulence in the GPI images. This was estimated in the
Appendix to be 60.5 km/s based on the measured size and lifetime of
the turbulence in Ohmic plasmas inside the separatrix. This approxi-
mate level of uncertainty is consistent with the coherent velocity
oscillation of �5 km/s observed in the first example in Fig. 3, and the
low-velocity fluctuation level of –0.256 1.7 km/s in the second exam-
ple of Fig. 8. However, there is no direct estimate of this uncertainty,
since the local turbulent velocities were not directly measured and can-
not be assumed consistent over time or shots.

There is also a fundamental limitation in any 2D velocimetry;
namely, when the signal is exactly constant in the direction of motion,
the velocity cannot be determined at all.44 However, the motion of
very small fluctuations can be detected by the cross correlation tech-
nique, since the average values in the time series are subtracted before
the correlation is done. A test was made by adding to a sample of
time-dependent GPI image data a constant signal 1000� larger than
it, and the resulting velocity from the GPIFLOW code was exactly the
same. Thus this limitation does not appear to be significant in the
analysis of the hVpolipol for the L-mode data in this paper, although it
may be significant for quiescent periods during H-mode conditions.

C. Interpretations

This section discusses the results of this paper with respect to our
evolving understanding of L-H transitions in tokamaks. In the past
year alone there have been several interesting experimental results on
this topic. For example, in ASDEX Upgrade, a threshold in the mini-
mum of the poloidal ExB velocity (a proxy for the shear flow) was
found to be 6.76 1 km/s at the L-H transition,45 in HL-2A, a critical
value of the velocity shear at the L-H transition was found to be
�100 kHz,46 and in EAST the sawtooth-induced L-H transition was
attributed to an increase in the edge poloidal flow shear.47

As mentioned in the Introduction, the GPI diagnostic does not
directly measure the radial electric field or the fluid flow speed, but it
does give direct information about the poloidal edge turbulence veloc-
ity. The poloidal turbulence velocity has previously been used as a
proxy for the poloidal Er�B fluid flow speed, for example, in BES12,13

and reflectometry measurements.16,17 However, the poloidal turbu-
lence velocity can differ from the poloidal fluid flow due to diamag-
netic flows, toroidal flows, and/or the poloidal phase velocity of waves
in the rest frame of the fluid. The Er�B velocity is perpendicular to B
and hence not in the image plane of the GPI measurements, so the
flow velocity along B can act as a “hidden parameter.” Unfortunately,
for the shots in this paper there were no measurements of the total
pressure gradient or the poloidal or toroidal fluid flow profiles in the
edge of NSTX, so these effects cannot be directly evaluated.

In order to fully understand the L-H transition, both the
poloidal shear flow and the edge turbulence should be measured
and compared with theoretical models for the shear flow stabiliza-
tion. Then the effects of poloidal shear flow on the turbulence
structure could be directly evaluated, and eventually the decrease
in the turbulent transport at the transition can be understood.
However, with the present GPI diagnostic only part of this infor-
mation can be obtained, and the transport effects of the observed
turbulence cannot be determined.

As mentioned in Sec. III A, the turbulence analyzed in this
paper was located inside the separatrix and so cannot be identified
with “blobs,” which are localized in the scrape-off layer and can
have additional radial motion due to the connection with the
wall.48 The large structures shown in Figs. 1(a) and 1(b) may
appear to be blob-like, but are actually part of the spectrum of
strong turbulence which is normally seen just inside the separatrix
in NSTX and all other tokamaks. For example, the two clearest
structures in both Figs. 1(a) and 1(b) move upward and downward
together, as blobs do not, and the near-coherent poloidally aver-
aged poloidal velocity oscillations seen in Fig. 3 are not a feature of
blob physics. Thus the poloidal velocities determined from the tur-
bulence analysis in this paper are not influenced by blob physics,
to the best of our knowledge.

An attempt can be made to interpret the measurements in
this paper with respect to the idea that the L-H transition is caused
by changes in the turbulence velocity gradient. Although this theory
is normally formulated in terms of the shear in the radial electric
field or poloidal fluid velocity, those quantities are not measured
by GPI, as described above. Instead, a dimensionless form of a turbu-
lence decorrelation parameter can be estimated from GPI data as:9

S¼ (d Vpol/dr) (Lrad/Lpol) sauto, where d Vpol /dr is the radial turbu-
lence velocity gradient jgrad Vpolj, Lrad and Lpol are the turbulence cor-
relation lengths (FWHM) and sauto is the turbulence correlation time.
Thus S¼ 1 occurs when the poloidal turbulence velocity gradient
moves the turbulence structure over one radial correlation length by
one poloidal correlation length in one autocorrelation time. The shot-
averaged value of S can be estimated using the average radial gradient
from Fig. 14(d) of jgrad Vpolj � 1.26 0.5 km/s cm, along with turbu-
lence results from a previous analysis of Ohmic plasmas at –2 cm
inside the separatrix28 of Lpol � 56 2 cm, Lrad � 4.56 1.5 and sauto
� 146 3ls, giving roughly S¼ 1.56 1.0. Interestingly, this average
value of S is near S�1. However, the large shot-to-shot variations in
the magnitude of jgrad Vpolj from 0.34 to 1.9 km/s cm during 1ms
preceding the transition suggest that there is no single threshold in the
turbulence decorrelation parameter S for the L-H transitions in this
database.

Although the focus of this paper was on the edge turbulence
velocity preceding the L-H transition and its correlation with the tran-
sition trigger mechanism, some results were also shown in Figs. 3, 8,
11, 12, and 13 for the time period up to 5ms after the transition. As
noted at the end of Sec. IIIC, there was a wide shot-to-shot variation
in the time-averaged hVpolipol from just before to just after the transi-
tion, with this velocity change ranging from –5 km/s to þ5 km/s, and
with a 16-shot average change of nearly zero. For example, in the first
shot #138113 of Sec. IIIA, neither the hVpolipol in Fig. 3 nor the
standard deviations of hVpolipol in Fig. 5 show any significant change
from L-mode to H-mode at –2 cm, while in the second shot #141922
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of Sec. III B both of these quantities show a significant increase from
L-mode to H-mode at –2 cm, as shown in Figs. 8 and 10.

We interpret this wide variation as due at least partially to the
varying radial location of the narrow pedestal gradient region with
respect to the fixed GPI analysis location at –2 cm inside the separatrix.
For example, the electron density pedestal width in NSTX for these
shots just after the transition varies from �2–7 cm, and the middle of
this electron density gradient region varies from �2–5 cm inside the
separatrix. Thus a variable location of the narrow Er well structure as
seen in H-mode4–8 will very likely affect the measured turbulence
velocity and its gradient at the constant GPI analysis location, whereas
the Er profile in L-mode is much broader. A second issue is that the
radial width of the GPI emission region narrows during H-mode, as
shown in Figs. 1 and 6, making it difficult to evaluate the radial profile
of hVpolipol in H-mode. Finally, since the fluctuation level decreases
significantly in H-mode, the cross correlation analysis of hVpolipol is
more uncertain (see the Appendix). Thus the observed changes in
hVpolipol from before to after the L-H transition are not well under-
stood at present. A detailed analysis of these changes would certainly
be interesting, but unfortunately is beyond the scope of this paper.

D. Conclusions

The goal of this paper was to look for clear and consistent
changes in the poloidally turbulence velocity preceding the L-H transi-
tion in NSTX GPI data. Within the limitations and uncertainties
described in Sec. IVB, this paper concludes that no such clear and
consistent changes in the turbulence velocity were observed in a region
where the relative fluctuation decreased significantly at the L-H transi-
tion, i.e., at –2 cm inside the separatrix.

Among the 16 shots in this database, there was a wide variation of
the average poloidal velocity hVpolipol, the magnitude of the poloidal
velocity jVpolj, and the magnitude of the radial velocity gradient
jgrad Vpolj preceding the L-H transition, implying that there was no sin-
gle threshold in these quantities required for the transition. For example,
during the 1ms preceding the transition the average magnitude of the
poloidal velocity ranged from 1 to 4km/s and its radial-gradient magni-
tude ranged from 0.34 to 1.9 km/s cm, as shown in Fig. 14. As
mentioned at the end of Sec. III E, it is not yet clear what causes these
shot-to-shot variations of jVpolj and jgrad Vpolj in the present dataset.

The limited-time resolution of these measurements leaves open
the possibility that a sudden velocity change faster than 50ls might
cause the transition. However, such velocity changes at the transition
are not visible by eye in the GPI movies,31 in which the turbulence just
seems to turn off over about 100ls (see the supplementary material).

The spectral analysis of the hVpolipol as shown in Figs. 4, 9, and
11 and summarized in Fig. 15 showed that only about half of the shots
in the database had low frequency (�3–5 kHz) zonal flow oscillations
in the 30ms before the L-H transition. The time of the maximum
poloidal velocity spectral amplitude in most shots was more than 4ms
before the transition, as shown in Fig. 15(a). Thus zonal flow oscilla-
tions were not necessary for the L-H transition in NSTX.

But what did trigger the L-H transitions in these NSTX shots?
One possibility is that there were very rapid (�50ls) and/or very
small (�0.5 km/s) changes in the turbulence velocity or its radial gra-
dient at the transition which were not detected by the present analysis.
These changes might be identified using some alternative frame-by-
frame analysis of the structure and motion of the turbulence during

the 6100ls period around the transition. A second possibility is that
the instability causing the edge turbulence in L-mode is stabilized
without any consistent changes in the local turbulence velocity. This
could be explored using computational simulations to better under-
stand the L-mode turbulence and its dependence on the edge plasma
parameters.

SUPPLEMENTARY MATERIAL

See the supplementary material for videos of 3ms of GPI data
across the L-H transition for shots #138113, 141922, 141751, 142006,
and 142229. Each shot plays for 1min.
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APPENDIX: GPIFLOW CODE

The GPIFLOW code calculates the poloidally averaged poloi-
dal turbulence velocity in the GPI image data, which consists of 2D
images with 64� 80 pixels taken at 400,000 frames/s (see Sec. II A).
This code is similar code those used previously for calculating
poloidal flows in GPI data from NSTX9 and Alcator C-Mod.32 A
comparison of this method with a Fourier velocity algorithm was
given in Ref. 39.

The GPIFLOW algorithm is based on the intuitive idea that
the turbulence flow speed can be estimated by cross-correlating a
short time series from a given pixel in the 2D image with time-
delayed time series at all neighboring pixels. The location of the
maximum of the time-delayed cross correlation is used to deter-
mine the movement of the turbulence in the GPI image plane over
the delay time. The 2-D velocity is evaluated from the displacement
of the maximum of this time-delayed correlation divided by the
delay time. The code assumes that the image rows vs columns are
aligned in the poloidal vs radial direction (see Fig. 1). The normal-
ized time delayed cross correlation function was evaluated using the
“c_correlate” function in IDL. The image data were not smoothed
in space or time before starting the analysis.

Several parameters in this cross correlation analysis were
chosen to be appropriate for this NSTX data. The length of the
cross-correlating time series was 611 frames or 627.5ls long
around each time point. This was long enough to produce a statisti-
cally significant correlation coefficient at a single pixel in a single
frame, but short enough to allow the velocity to be estimated below
�20 kHz, which included the �3 kHz velocity oscillation seen pre-
viously in NSTX GPI data.9 The time delay over which the cross
correlation was evaluated was 1 frame, which allowed the turbu-
lence velocity at each pixel at each frame to be evaluated in units of
1 pixel/frame or 1.5 km/s. The search for the maximum of the time-
delayed cross correlation was done over 610 pixels in both direc-
tions, which allowed a maximum velocity of 15 km/s. The resulting
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poloidal turbulence velocity was then averaged over 15 different
pixels in each image column, where these pixels were spaced 4 rows
(1.5 cm) apart between rows 10 and 66, allowing 10 rows at either
end for the correlation search. The resulting poloidally turbulence
velocity was averaged 21.5 cm in the poloidal direction in each col-
umn (i.e., at each radius). The resulting velocity at each pixel was
averaged over 66 frames (615ls) to reduce discreteness of the
velocity derived at each individual frame.

The poloidally averaged poloidal velocities hVpolipol in the
15ms preceding the L-H transition in a column �2 cm inside the
separatrix typically ranged up to 66 km/s, as illustrated in Fig. 3(a).
This corresponds to a poloidal displacement of up to 64 pixels over
the 1 frame delay time. The maximum value of this cross correla-
tion coefficient found over a 1 frame delay for the 16 shots in
L-mode ranged from 0.836 0.06 to 0.956 0.02. This correlation coef-
ficient was high since the turbulence poloidal correlation lengths were
�4 cm (10 pixels FWHM) and the autocorrelation times were �15ms
(6 frames HWHM).26 Similar velocities were found using a 2 frame
delay, but the larger search over 620 pixels limited the poloidal
averaging. The maximum cross correlation during the 1ms period in
H-mode just after the L-H transition varied from 0.676 0.07 to
0.896 0.07, which was lower due to the smaller turbulence level and
lower signal/noise. This makes the velocity estimations in H-mode
more uncertain.

A test of this code using a known turbulence velocity is shown
in Fig. 16. Here a single frame from shot #138113 at 1ms before the
L-H transition is used as an initial condition, and this frame is
forced to oscillate poloidally at a velocity of 1 pixel/frame (1.5 km/s)
with a frequency of 2.5 kHz, as shown by the red line. The pixels
which leave at the top (bottom) of the frame are put back at the
bottom (top). The code result for a single column at a radius of
�2 cm (black line) is exactly correct when the velocity is constant,
but near the times of the sudden velocity reversal the code responds
slowly over 627.5ls, which is the duration over which the cross
correlation is evaluated at each time step. Thus when the velocity
changes direction within the time over which the cross correlation
is done, this code produces incorrect velocities.

It is important to note that the deviations from the correct
velocity during these velocity reversal times are considerably larger
and different from each other at each of the 15 individual pixels

which were averaged to get the poloidally averaged result in Fig. 16.
These individual pixel velocities varied over a range from þ3 to
–5 km/s within 627.5ls of the velocity reversal times due to the
small-scale randomness of the image. By averaging 15 poloidal pix-
els (i.e., 21 cm poloidally) these incorrect velocities are considerably
mitigated, as shown in Fig. 16.

The poloidally averaged results for initial conditions from
other shots looked qualitatively similar to Fig. 16, with exactly cor-
rect results during the times of constant velocity but incorrect veloc-
ities during the velocity reversals. Similar results were obtained for a
variety of random blob sizes and even for an image of 64� 80 ran-
dom numbers. The conclusion from these test cases was that the
poloidally averaged GPIFLOW code could accurately detect large-
scale poloidal flows which were frozen in space and varied slower
than 20 kHz. However, the code gives inaccurate results for single
pixels when the velocity changes more rapidly than the code’s cross
correlation time. Thus this code cannot be used to calculate
Reynold’s stresses, which require local velocities on a turbulence
timescale.

It is useful to estimate the uncertainty in the poloidally aver-
aged poloidal velocity results due to the small-scale turbulent
motions which are always superimposed on the large-scale poloidal
flows. The local turbulence characteristics were measured previ-
ously for Ohmic plasmas in NSTX at �2 cm inside the separatrix;28

namely, the poloidal correlation length was �5 cm (FWHM), the
autocorrelation time was �15 ls, and the time-averaged turbulence
velocity was �2 km/s. Within the GPIFLOW correlation time of
627.5 ls there are about 4 turbulence autocorrelation times, and
within the poloidal averaging length of 21 cm there are about 4 tur-
bulence correlation lengths. Assuming that these turbulent motions
are random in the poloidal direction, the resulting net velocity
within these averaging intervals can be estimated by a random walk
in velocity to be (1=

ffiffiffiffiffiffiffiffiffiffiffi

4� 4
p

) � 2 km/s �0.5 km/s. We take this to
be the rough uncertainty in a single measurement of the poloidally
averaged poloidal velocity. It is difficult to be more precise since the
local time-dependent turbulence velocities are not known.

DATA AVAILABILITY

The data that support the findings of this study are openly avail-
able in the PPPL Dataspace Archive at http://arks.princeton.edu/ark:/
88435/dsp018p58pg29j, Ref. 49.
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