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Abstract

Electron-scale turbulence (for 3 < k; p; < 12) was measured during the L-H transition in the
National Spherical Torus Experiment (NSTX) (Ono et al 2000 Nucl. Fusion 40 557) using a
coherent microwave scattering system. The measurements were carried out at a radial region
adjacent to the edge transport barrier (ETB) (at smaller radius than ETB). The observed L-H
transition occurred during current flattop, which facilitated the measurement of electron-
scale turbulence. The measured electron-scale turbulence is observed to be quasi-stationary
before the L—H transition, and an intermittent phase for electron-scale turbulence is observed
after the start of the L—H transition with a gradual decrease in overall turbulence density
fluctuation spectral power with intermittent large relative variations (on ~0.5—1 ms time
scale) in the total spectral power. A turbulence-quiescent phase is observed following the
intermittent phase, and a significant reduction in the electron-scale turbulence spectral power
is only observed at lower wavenumbers, namely k, p; < 9-10, which is also seen in different
operational NSTX scenarios due to different stabilization mechanisms. A recovery phase is
seen after the quiescent phase, where the electron-scale density fluctuation power starts to
gradually increase. Simultaneous ion-scale turbulence measurements at larger radius than the
electron-scale turbulence measurement location show similar temporal behavior in ion-scale
turbulence as in the measured electron-scale turbulence. These observations demonstrate that
the suppression of turbulence during the L—H transition is not just limited to the ETB region.
None of the measured electron-scale turbulence and ion-scale turbulence from edge into
core is found to be obviously leading in the response to the L—H transition, and the overall
turbulence suppression after the start of the L—H transition at different radii seems to start

at the same time and is a gradual process happening on a tens-of-ms time scale. The trend

of decrease in electron-scale turbulence during the L—H transition is found to be consistent
with a decrease in the maximum electron-temperature-gradient linear growth rate from
linear gyrokinetic stability analysis. However, the observed intermittency in electron-scale
turbulence during the intermittent phase cannot be explained by the linear analysis.
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1. Introduction

Since H-mode was discovered on ASDEX [1], the L-H
transition has been subjected to extensive theoretical and
experimental studies in the past decades [2]. However, a
comprehensive theory allowing predictions of the L-H trans-
ition, e.g. its power threshold and timing, for future fusion
machines is still beyond reach. On the other hand, it is now
well accepted that the L—H transition is due to the suppression
of edge turbulence by the ExB shear from zonal and equilib-
rium flows in a narrow region inside the separatrix or the last
closed flux surface (LCFS) to form an edge transport barrier
(ETB), resulting in improved particle and energy confinement
in contrast to L-mode [3-7]. Such a stabilization of edge turbu-
lence during the L—H transition has been observed in different
experiments (both tokamaks and stellarators) using a variety
of diagnostic techniques, including reflectometry [8], forward
and back coherent scattering [7, 9-11], neutral lithium beam
probe [12], beam emission spectroscopy (BES) [13] and gas
puff imaging (GPI) [14, 15]. In general, these early findings
have shown that the suppression in the narrow region of ETB
is very fast, i.e. on the time scale of about 100 ps (the same as
the time scale for the ETB formation), which demonstrates the
correlation between the turbulence suppression and the for-
mation of ETB. However, what happens to plasma turbulence
away from ETB in the plasma core is less clear. On one hand,
it was found that density fluctuations remain unchanged right
after the start of the L-H transition in some discharges and
devices [8, 10, 12] and can either increase [9] or decrease [10]
further into H-mode on a longer time scale (tens of ms). On
the other hand, there are also measurements showing that even
core density fluctuations are reduced on a fast time scale at the
L-H transition on DIII-D and the National Spherical Torus
Experiment (NSTX) [13, 16].

In addition, most of the aforementioned turbulence meas-
urements across the L-H transition were focusing on low-
frequency and ion-scale turbulence which is thought to be
important for driving anomalous transport in fusion devices.
While the importance of ion-scale turbulence in driving plasma
transport is widely accepted, there is an increasing amount of
evidence that electron-scale turbulence, e.g. that driven by
electron-temperature-gradient (ETG) modes [17], is impor-
tant in spherical tokamaks [18-21] and even in conventional
tokamaks [22, 23]. Thus, it is important to experimentally
study the evolution of electron-scale turbulence across the
L—H transition. The measurement of electron-scale turbulence,
due to the small spatial scale of the turbulence (sub-mm with
typical tokamak parameters), has been a difficult problem.
Although imaging turbulence diagnostics, e.g. BES [13] and
phase contrast imaging (PCI) [24], have been proven suc-
cessful in measuring ion-scale turbulence, it is quite difficult for

imaging turbulence diagnostics to achieve the required spatial
resolution and detecting sensitivity to measure electron-scale
turbulence. Coherent scattering diagnostics, on the other hand,
have not only been able to successfully measure ion-scale tur-
bulence [25], but also were able to measure electron-scale tur-
bulence [26, 27] due to its inherent nature of directly revolving
wavenumber spectrum. An early study of electron-scale tur-
bulence across the L-H transition was performed on W 7-AS
with a CO2 laser scattering system [26] in dithering plasmas
which repeatedly switched between L and H-mode [11]. Their
measurements clearly show a fast suppression of electron-scale
turbulence (<1ms) at L-H transitions, although only spectral
power at one frequency for one wavenumber was presented
and how the total wavenumber spectrum evolves across the
L—H transition is not clear. We also emphasize that all afore-
mentioned scattering measurements were not localized, i.e.
the length of scattering volume comparable to plasma minor
radius, and, to determine the spatial location of the measured
turbulence, indirect methods were used. However, even with
these methods, it is difficult to achieve a radial localization
of ~10 percent of plasma minor radius. On NSTX, excellent
localized scattering measurements of electron-scale turbulence
was achieved with a radial resolution £2cm (about 10 percent
of minor radius) using a 280 GHz coherent microwave scat-
tering system (the high-k scattering system) with an innovative
scattering scheme [27, 28].

In this paper, we present the first detailed local measure-
ments of electron-scale turbulence evolution across the L-H
transition in NSTX [29] using the high-k scattering system.
The measurements were made across the L-H transition
during current flattop in two NSTX neutral beam injection
(NBI) heated discharges, shots 139442 and 141698, with
Br=0.55T and I, = 0.9/1.1 MA. We note that having
the L-H transition occurring at the current flattop leads to
a favorable Doppler frequency shift of scattering signals,
which made reliable electron-scale turbulence measurements
possible across the L-H transition. The local electron-scale
turbulence measurements were carried out at r/a ~ 0.71
—0.88 with the ETB located at r/a 2 0.89-0.9 for the two dis-
charges, where r/a is the normalized minor radius with a as
the half width of the LCFS at mid-plane. It was found that the
measured electron-scale turbulence is quasi-stationary before
the L-H transition, followed by an intermittent phase where
electron-scale turbulence, from the start of the L—H transition,
gradually decreases in the overall turbulence spectral power
with intermittent large relative variations (on ~0.5—1 ms time
scale) in the total spectral power. A turbulence-quiescent phase
is found after the intermittent phase. We show that a reduction
of electron-scale turbulence spectral power is only observed
at lower wavenumbers, namely &k, p; < 9-10, which is also
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seen in different NSTX operational scenarios due to different
stabilization mechanisms. A recovery phase is seen after the
quiescent phase as plasma evolves further into H-mode, where
high-k fluctuation power gradually increases. In addition,
ion-scale turbulence was measured with BES [30] and GPI
[31] diagnostics at the plasma edge (i.e. at larger radius com-
pared to the electron-scale turbulence measurements) for shot
139442, and their temporal evolution is found to be similar to
that of the measured electron-scale turbulence. We note that
the response of the measured electron-scale turbulence out-
side of ETB to the L-H transition is fast (at most several ms),
and we do not see an apparent delay compared to the response
of the measured ion-scale turbulence to the L-H transition.

This paper is organized as follows. The experimental appa-
ratus is presented in section 2. Experimental observations are
shown in section 3, followed by comparisons with gyrokinetic
linear stability analysis in section 4. Lastly, we summarize and
discuss the results in section 5.

2. Experimental apparatus

The scattering configuration of the high-k scattering system
[27] used for shot 139442 is shown in figure 1 as an example
(configuration is similar for shot 141698), including the probe
beam and scattered beam trajectories calculated using a ray
tracing code. The high-k scattering system has five receiving
channels covering a wavenumber range of 5 cm™!' <k; <
30cm~! with a resolution of about 1cm™!, and five hetero-
dyne receivers are used detect scattered microwave, allowing
the determination of the wave propagation direction of each
wavenumber. We calibrated the power response of each
receiving channel with a known-power solid-state micro-
wave source. As a result, all receiving channels are relatively
calibrated, although they are not absolutely calibrated for
obtaining the actual density fluctuation amplitude. Since the
scattered microwave power is known to be proportional to
density fluctuations, it is possible for us to compare relatively
the density fluctuation wavenumber spectral power across
different scattering channels and at different experimental
time points. The scattering system has a frequency response
of about 5 MHz, which is large enough for measuring ETG
turbulence (usually having a lab-frame frequency less than 5
MHz) in NSTX. The unique feature of this scattering system
is the excellent radial resolution of AR ~ 4+ 2cm, deter-
mined by the 1/e half width of the microwave beam power. A
innovative tangential launching scheme along with the large
toroidal curvature of NSTX due to its low aspect ratio leads
to a scattering volume much smaller than that from a simple
overlapping of the probe and scattering beams (see [28] for
more details on this scattering scheme). This fine radial reso-
lution allowed us to study the parametric dependence of the
measured turbulence on local equilibrium quantities, e.g. Ly,
[18] (electron temperature scale length), L, [19, 20] (electron
density scale length), collisionality [20], g (safety factor), and
§ (magnetic shear) [32].

The high-k scattering system had been improved through
the years, including improvements in scattering scheme to
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Figure 1. Schematic of a scattering configuration of the high-k
scattering system on NSTX. The probe beam and scattered beam
trajectories are calculated using a ray-tracing code for shot 139442
with measured equilibrium profiles at # = 348 ms. Scattered light
is reflected and focused by a spherical mirror onto five collection
windows.

significantly reduced stray radiation, adding remote control
capability to allow between-shot adjustment of launching
and receiving optics and the utilization of a 280 GHz solid-
state microwave source to replace a back wave oscillator.
The improvements in the scattering scheme made it possible
to obtain scattering signals from all five channels simultane-
ously, compared to at most three channels previously only
under limited circumstances [33]. The remote control capa-
bility allowed between-shot adjustments of launching and
receiving optics, which made it possible to optimize scattering
configuration according to realized plasma equilibria. Using a
solid-state microwave source significantly improved system
stability and reduced maintenance requirement. We note
that due to the tangential launching scheme employed (see
figure 1), the scattering system measures mostly radial wave-
number, k,, and a finite but smaller binormal wavenumber, kg,
e.g. arange of k,p; ~ 5-13 and a range of kgp, ~ 2—4 for the
experiments presented in this paper, where p; is the ion gyro-
radius with sound speed (radial and binormal directions are
defined with respect to the local flux surface at the scattering
location and the p; is calculated with locally measured 7, and
local magnetic field strength from equilibrium reconstruc-
tion). In figure 1, the scattered beam to channel 5 are partially
blocked by the vacuum vessel and its scattering volume does
not overlap with the other four channels determined by ray
tracing. Thus, channel 5 is not used in the analysis presented
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Figure 2. The time traces of (a) plasma current /,, (b) line
integrated density, (c¢) injected NBI heating power, (d) divertor

D, emission, (e) stored energy, (f) H factor and (g) low frequency
MHD mode amplitude for shots 139442 (blue) and 141698 (red).
Two dashed vertical dashed lines with the same color coding
extends through all panels denote the time points of the start of the
L—H transition for the two discharges.

in the paper. Furthermore, we would like to point out that
although the scattering system does not capture the dominant
ko spectral power predicted for ETG turbulence, e.g. see [34],
the measured & spectral power is used to assess the overall
variation in the electron-scale turbulence intensity, assuming
that the whole 2D wavenumber spectral power would go up or
down together.

3. Experimental results

3.1. Overview

An overview of the discharges where the observation were
made is shown in figure 2. The measured time traces of
plasma current and line integrated density are plotted in fig-
ures 2(a) and () respectively. It can be seen that the current
flattop starts around ¢ = 270 ms with a higher current at flattop
for 139442 at about 1.1 MA and a lower current at flattop for
141698 at about 900 kA. The line integrated density evolution
of the two discharges is very similar until about # = 360 ms,
after which shot 141698 had a drop in the line-integrated den-
sity because of an H-L transition, while the density for shot
139442 continued to increase. The injected NBI power wave-
forms are shown in figure 2(c), where it can be seen that shot

139442 had heating power step-ups to a maximum of 6 MW
and shot 141698 had a constant NBI heating power of 2 MW.
The timing of the start of the L-H transition can be identified
in figure 2(d), where the divertor D, emission time trace is
shown for both discharges, from sudden drops in D, emis-
sion. Two vertical dashed lines across all panels are used to
denote the time of the start of the L—H transition for the dis-
charges with the L—H transition occurring at about = 350 ms
and r =288 ms for shots 139442 and 141698, respectively.
From figure 2(c), it is clear that the L—H transition in shot
139442 was triggered by a NBI power step-up and the L-H
transition in shot 141698 occurred more spontaneously. The
stored energy (calculated using a time dependent tokamak
transport and data analysis code (TRANSP) [35]) is found to
continuously increase for both discharges (figure 2(e)), and
both discharges eventually reached a H factor of 1 after the
start of the L—H transition (figure 2(f)). Low frequency MHD
activity is quite benign at the time of the L-H transition for
both discharges (figure 2(g)), which helps us to rule out MHD
activities as a source of the observed electron-scale turbulence.

To have a closer view of how equilibrium profiles vary
across the L—H transition (particularly to show the formation
of the ETB), time traces of D, emission and electron den-
sity profiles (measured by a multi-point Thomson scattering
(MPTS) system [36]) are shown in figure 3 for both discharges.
A zoomed-in view of D, emission is shown in figures 3(a)
and (c¢) for shots 139442 (from = 330ms to 390ms) and
141698 (from t = 280ms to 320ms), respectively. The start
of the L-H transition can be identified from large drops in
D, emission seen in figures 3(a) and (c) (denoted by dashed
vertical lines). It is interesting to see that after an initial fast
drop (on a 1-2ms time scale) in D, after the start of the L-H
transition, the D, emission in both discharges does not remain
low but rather has a phase of large and fast temporal varia-
tions which we name as the D, dithering phase. The dith-
ering phase of shot 139442 is obviously longer (about 12 ms)
than that of shot 141698 (about 4 ms) seen in figures 3(a) and
(c), which might be due to the NBI power step-up in shot
139442. From the temporal evolution of D, after the start of
the L-H transition in both discharges, we can see that two
time scales are involved in the L—H transition: a fast time scale
(~1-2ms) for the initial strong drop of D, and a slow time
scale (~4—12ms) for the dithering phase. Of course, a better
determination of time scales in the L-H transition would be
from the evolution of equilibrium profiles around the L-H
transition. However, we did not have fast profile diagnostics in
the experiments presented in the paper (the profile diagnostics
used in the paper have time resolutions 2> 10 ms). Furthermore,
we note that although the dithering in D,, after the start of the
L—H transition is similar to that reported in [37], we could not
determine whether the profile evolution during the dithering
phase is also similar without fast profile diagnostics. These
will be addressed in future experiments on NSTX-U [38].
To demonstrate the establishment of ETB, electron density
profiles at two adjacent MPTS time points (one before and
one after the start of the L-H transition), are shown in fig-
ures 3(b) and (d) for shots 139442 and 141698, respectively,
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Figure 3. Time traces of divertor D,, emission for shots 139442 (a) and 141698 (c); Two electron density profiles, one before and one

after the start of the L-H transition, for shots 139442 (b) and 141698 (d). The dashed vertical line in both (@) and (c) denotes the time

point of the start of the L-H transition. Two colored solid vertical lines in both (a) and (c¢) denote the time points of two adjacent MPTS
measurements around the L-H transition. The shaded rectangles in (b) and (d) denote the high-k measurement region with r/a ~ 0.71-0.84

for shot 139442 and r/a ~ 0.75-0.88 for shot 141698.

with the measurement time points denoted by solid vertical
lines in figures 3(a) and (c¢) with same color coding. It can be
clearly seen in figures 3(b) and (d) that an electron density
ear developed after the start of the L—H transition and the for-
mation of the H-mode pedestal is very evident in the density
profiles. The formation of the density ear is due to the accu-
mulation of carbon impurity at plasma edge resulting from
the formation of ETB after the start of the L-H transition.
We note that electron temperature also increased across the
whole plasma minor radius after the start of the L—H transition
(not shown). The measurement region of the high-k scattering
system is denoted by a shaded rectangle in both figures 3(b)
and (d), i.e. r/a =~ 0.71-0.84 for shot 139442 (R =~ 135.5cm
to 141 cm) and r/a = 0.75-0.88 for shot 141698 (R =~ 138cm
to 144cm). The high-k measurement region for shot 141698
covers the H-mode pedestal top, while the high-k measure-
ment region for shot 139442 is more toward the core of the
plasma and is adjacent to the pedestal top.

3.2. Electron-scale turbulence evolution

The temporal evolution of electron-scale turbulence across
the L-H transition is shown in figure 4, where spectrogram
of two scattering channels (channels 2 and 3 of the high-k
scattering system), the total scattering power and the divertor
D,, signals are plotted in sync to elucidate the electron-scale

turbulence evolution (figures 4(a) for shot 139442 and (b) for
shot 141698) with a vertical solid line denoting the time of the
start of the L—H transition in both figures 4(a) and (b). We note
that channels 2 and 3 were configured to measure normalized
wavenumbers of k; p; ~ 89 and k, p; ~ 6-7, respectively,
across the L-H transition. In figure 4(a), the spectrograms of
the scattering signal from channels 2 and 3 of the high-k scat-
tering systems are shown in the two top panels. The scattering
signal is identified as spectral peaks at f > 0 in the spectro-
grams (f is frequency), while the central peak at f = 0 is due
to the stray radiation (unscattered microwave from the probe
beam). It can be seen that during the whole time range shown
in the spectrograms, the scattering signal can be easily distin-
guished from the stray radiation, benefiting from the favorable
Doppler frequency shift during the current flattop which shifts
the scattering signal spectral peak away from the stray radia-
tion spectral peak at f =0, e.g. the frequency spectral peak
around 500kHz just before the L—H transition and the spectral
peak around 1 MHz at r = 382 ms seen in figure 4(a). We note
that this clear separation cannot be obtained when the L-H
transition occurs earlier in a NSTX discharge during current
ramp-up phase due to the insufficient Doppler shift from a
slower toroidal flow in the early phase of a discharge.

The total scattering power, S, as shown in the middle
panels, is obtained as follows. Since f < 0 part of the fre-
quency spectrum, p(f), is almost all due to the stray radiation
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Figure 4. (a) Shot 139442: spectrogram of scattering channels 2 and 3 (upper panels); the total scattering power, S, of channels 2 and 3
(middle panels); divertor D, emission time trace as reference(bottom panels). (») The same as (a) but for shot 141698. Solid vertical lines
are drawn to denote the time of the start of the L—H transition. Black arrows are used in the middle panels to denote the overall reduction
in the total turbulence spectral power during the intermittent phase. A shaded rectangle in each of the middle panels is used to highlight
one of the spectral power spikes in the intermittent phase of the turbulence. A shaded rectangle in each of the bottom panels highlights the
dithering phase in the D, emission after the start of the L—H transition.

whose frequency spectrum should be symmetric with respect
to f = 0, we subtract p(—f) from p(f) to remove the contrib-
ution from the stray radiation to obtain the frequency spec-
trum of the scattering signal, p(f), using ps(f) = p(f) — p(—)).
Since the whole frequency spectrum of the scattering signal is
Doppler-shifted to the positive frequency, only the f > 0 part
of p(f) needs to be included in the integration to obtain total
scattering power, i.e. § = ffof' ps(f) where f; > 0 is a cutoff
frequency and f; (>0) is the Nyquist frequency. We chose
Jfo=180kHz in the calculation of S, and found that as long
as fp is small compared to peak frequency of the scattering
frequency spectrum and is large enough to avoid the residual
contribution from the stray radiation near f = 0, S is not sensi-
tive to the value of f,. We note that S is proportional to the elec-
tron-scale density fluctuaton spectral powr of the wavenumber
measured by the particular scattering channel (channels 2 and
3in figure 4). It is clear from the top panels of figure 4(a) that
before the L-H transition (¢ < 350ms), the measured turbu-
lence is quasi-stationary. More clearly the middle panels show
that although the total scattering power has spikes over time at
t < 350ms, the spectral power on average is quite stationary.
On the other hand, from r = 350 ms, the time of the start of the
L-H transition, to t = 365 ms, the scattering signal spectro-
grams shown in the upper panels become patchy and intermit-
tent, and this can be more clearly seen in the middle panels,
where there are strong decreases and increases in S (i.e. signal
spikes in S) during the same time period (see the shaded rec-
tangle which highlights one of the spectral power spikes), and
overall § clearly decreases during this time period (see the
black arrows as guide). We want to point out that in the dith-
ering phase of the divertor D, emission signal, (highlighted by
shaded rectangles in the bottom panels, also shows the same
kind of intermittency as the scattering signals shown in the
upper and middle panels. More detailed comparisons between

the two signals will be presented later in the paper. We also
found from the upper and middle panels that there is a turbu-
lence-quiescent time period from ¢ ~ 365 ms to about 380 ms
when the turbulence is significantly suppressed following the
intermittent phase, i.e. from ¢ ~ 350 to about 365 ms. Beyond
t ~ 380 ms, both the upper and middle panels show that the
measured turbulence spectral power starts to increase from the
significantly suppressed level seen in the turbulence-quiescent
phase from 7 =~ 365 ms to about 380 ms. We note that the tem-
poral characteristics of channels 2 and 3 shown in figure 4(a)
are similar to each other, supporting that the two wavenum-
bers are measured at the same radial location.

Figure 4(b) present the same measured quantities as
figure 4(a) but for shot 141698. We note that for shot 141698,
channels 2 and 3 were configured to measure normalized
wavenumbers of k; p; ~ 7-8 and k p; ~ 5-6, respectively,
across the L-H transition. Comparing figures 4(b) with (a)
for shot 139442, we can also identify a quasi-stationary
period before the L-H transition (from # ~ 280 ms to about
288 ms with the L-H transition occurring at about 288 ms),
an intermittent phase after the start of the L-H transition
(from t ~ 288 ms to about 305 ms) where electron-scale tur-
bulence show gradual decrease in S with intermittent large
relative variations in the total spectral power (see the shaded
rectangle which highlights one of the spectral power spikes)
and a phase of minimum electron-scale turbulence is found
after the intermittent phase (from about = 305ms to about
310ms). Note that the time duration of the intermittent phase
of shot 141698 (about 17ms) is comparable to that of shot
139442 (about 15ms). A recovery phase in the measured
turbulence is found after r ~ 310 ms. We note that the large
spikes in S right after the start of the L—H transition are coin-
cident with the dithering in the divertor D,, signal shown in
the bottom panels, the same as seen in figure 4(a). Despite
all the similarities between the turbulence evolutions of the
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Figure 5. (a) and (c) Spectrogram of scattering channel 3; (b) and (d): the total scattering power, S, of channel 3 (blue solid line) and
divertor D, emission time trace (green dashed line). (a) and (b) Are for shot 139442, and (c¢) and (d) are for shot 141698. In (b) and (d),
shaded rectangles are used to denote the rising time of selected signal spikes in D, (yellow-shaded) and S (red-shaded) with the width of

each rectangle.

two discharges, there are also differences. Right after the start
of the L—-H transition, S shown in figure 4(b), despite having
large variations in amplitude, maintains a quite large finite
amplitude even at its minimum (valleys between the spikes).
On the other hand, S shown in figure 4(a) is more severely
suppressed at signal valleys during the intermittent phase,
even getting close to the turbulence level seen in the turbu-
lence-quiescent phase. Furthermore, while the whole intermit-
tent phase in shot 139442 corresponds to the dithering phase
in divertor D, (figure 4(a)), the intermittent phase of shot
141698 seems to have more complicated variations: the begin-
ning part of the intermittent phase corresponds to the dithering
in D, (see t ~ 288 ms to about 292ms in figure 4(b)), but
a period of large intermittency (where turbulence is severely
suppressed at signal valleys) from ¢ =~ 300 ms to about 305 ms
has no corresponding D,, dithering. Figure 4(b) also shows
that shot 141698 has a shorter phase of minimum electron-
scale turbulence than shot 139442, which is due to an ELM
event happening at t ~ 311 ms in shot 141698. Lastly, we
note that the turbulence recovery phase has different origins in
the two discharges. While the recovery phase in shot 139442
(figure 4(a)) should be related to equilibrium changes as the
plasma evolves further into H-mode, the recovery phase in
shot 141698 (figure 4(b)) is due to the ELM event happening
att~ 311 ms.

It is clear from figure 4 that all the turbulence suppression
happens during the intermittent phase (see the black arrows as
guide). Thus, it is important to take a closer view of this phase.
Figure 5 shows zoomed-in views of spectrogram of the scat-
tering signal from channel 3 of the high-k scattering system
and the total scattering power, S, together with the divertor D,,
for the two discharges. Comparing figures 5(a) and (c¢), we can
see that the scattering signal frequency spectrum during the
intermittent phase of shot 139442 is more patchy than that of
shot 141698, and the intermittency manifests as spectral power
valleys and spikes particularly seen in a period from ¢ ~ 350

ms to about 362 ms in figure 5(b) and in periods from ¢ ~ 287
ms to about 292ms and from ¢~ 300 ms to about 305 ms
in figure 5(d). These spectral power valleys, i.e turbulence-
suppressed periods, typically last for about 1-2ms (meas-
ured between peaks of two adjacent spectral power spikes).
In order to quantify the characteristics of signal spikes, we
define the rising time of a spike as the time duration from a
signal valley to the next adjacent signal peak (vice versa for
the falling time) and the width of a spike as the time dura-
tion from one signal valley to the next. Seen in figures 5(b)
and (d), the rising time and falling time of the spectral power
spikes are similar, typically 0.5-1ms (as examples, some
rising times are denoted by the widths of shaded rectangles
in figures 5(b) and (d)). Comparing figures 5(b) and (d) also
reveals the widths of the spectral power spikes in figure 5(b)
have a wider range of 1-3ms than those in figure 5(d), i.e.
1-2ms. The D, signal is also plotted in figures 5(b) and (d) to
illustrate more clearly similarities between the D,, dithering
and the intermittency S. It is seen that the D,, dithering phase
has a clear correspondence within the intermittency phase in
S (see t ~ 352 ms to 363 ms in figure 5(b) and ¢ ~ 288 ms
to 292ms in 5(d)). Widths of the D,, spikes (~1.5-2.5ms in
figures 5(b) and ~1.5-2ms in (d)) are found to be comparable
to those of the nearby spectral power spikes (~1-3ms in fig-
ures 5(b) and ~1-2ms in (d)). Furthermore, similar rising and
falling times (~0.5—1ms) are found for the D, and S spikes
in both figures 5(b) and (d). Finally we note that despite the
similarities mentioned above, we are yet able to determine if
there is a fixed phase correlation between the spikes in S and
those in D,,.

Beyond the detailed temporal evolution of the electron-
scale turbulence shown in figure 4 and 5, the high-k scattering
system, having five individual scattering channels and rela-
tive calibration among them, is able to provide measurements
of wavenumber spectrum. The wavenumber spectra of the
electron-scale density fluctuations at r = 332, 348, 365 and
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Figure 6. Wavenumber spectra measured by the high-k scattering
system at # = 332 ms (cyan open triangles), 348 ms (red open
squares), 365 ms (black asterisks) and 382 ms (green open cicles).
Note that both + = 332 ms and 348 ms are before the L-H transition,
and r = 365 ms and 382 ms are after the start of the L—H transition.

382 ms reconstructed using scattering signals from different
scattering channels for shot 139442 are shown in figure 6.
We chose these four exact MPTS time points to facilitate ray-
tracing calculations (which depends on measured electron
density profiles) required for calculating measured wavenum-
bers and their scattering volumes. Given the spectral spikes
in the turbulence density fluctuation spectral power seen in
figures 4 and 5, these spectra are averaged over about 4 ms
to be more time-smoothed. We note that the wavenumber
spectral power is not absolutely calibrated but is relatively
calibrated, and thus, relative change in wavenumber spectral
power and spectral shape can be identified. It can be seen
that the wavenumber spectra at r = 332 and 348 ms (before
the L—H transition) are very similar to each other, consistent
with the observation that the observed turbulence is quasi-
stationary before the L—H transition. At t = 365 ms (after the
intermittent phase), the peak spectral power shows a signifi-
cant drop, i.e. a factor of about 7, compared to those at f = 332
and 348 ms before the L-H transition. Further into H-mode
at + =382 (at the end of turbulence-quiescent period), the
turbulence spectral power is further reduced, i.e. an order of
magnitude drop in spectral power seen at k| p; ~ 7 compared
with that at = 365ms. Note that at r = 382ms, only three
channels are used since the scattering signal from channel 4
is below noise level. Figure 6 also demonstrates clearly that
a significant reduction in turbulence spectral power is only
observed at smaller wavenumbers, i.e. k; p; < 9-10, across
the L-H transition, beyond which the spectral power remains
relatively unchanged. We would like to point out that a signifi-
cant reduction in the turbulence spectral power at k; p; <9
—10 due to a change in plasma condition was also observed in
NBI-heated L-mode plasmas where the reduction in the peak
wavenumber spectral power was found to be correlated with
an increase in the E x B shear [39], in an NBI-heated H-mode
plasma where the suppression of electron-scale turbulence
was found to be due to large density gradient [19] and also in
NSTX RF-heated L-mode plasmas where electron-scale tur-
bulence showed an immediate drop at smaller wavenumber
after RF-heating cessation [40]. These observations implies

that smaller wavenumbers (still in the electron-scale range)
are more responsible for electron thermal transport, which
is consistent with theoretical expectations. We also note that
despite this consistency, it is not yet understood the reason
why a significant reduction in the turbulence spectral power
is only observed for k p; < 9-10, which is subject to further
investigation. We point out that although not shown here, the
change in wavenumber spectrum across the L-H transition
in shot 141698 is qualitatively similar to that of shot 139442
shown in figure 6.

Finally, we note that the comparison of shots 139442 and
141698 above is to emphasize similarities in the electron-scale
turbulence evolution across the L—H transition in both shots,
despite the difference in plasma parameters and in the trigger
of the L-H transition (the L—-H transition in shot 139442 was
triggered by a NBI power step-up and the L—H transition in
shot 141698 is spontaneous). In particular, the evolution of
electron-scale turbulence for both shots is shown to have four
similar phases, and both shots show that the suppression of
electron-scale turbulence after the start of the L-H transition
is a gradual process happening on a tens-of-ms time scale.
The comparison demonstrates that the observed electron-
scale turbulence evolution report in this paper is a reproduc-
ible phenomenon. In the rest of the paper, we choose to focus
on shot 139442 for further detailed analysis (including com-
parisons with ion-scale turbulence measurements and linear
gyrokinetic stability analysis), due to the similar evolution
of the electron-scale turbulence in the two shots and the fact
that only shot 139442 has comprehensive ion-scale turbulence
measurements, i.e. both BES and GPI measurements, in the
edge of the plasma.

3.3. Comparison with ion-scale turbulence measurements

Ion-scale turbulence measurements at the plasma edge were
also available from both BES [30] and GPI diagnostics [31] in
shot 139442. Having presented the evolution of electron-scale
turbulence across the L-H transition, it is interesting to com-
pare electron-scale turbulence measurements with ion-scale
turbulence measurements. We note that the high-k measure-
ment region in shot 139442 is r/a ~ 0.71-0.84, while BES and
GPI measurements were taken at r/a 2 0.81. Although there
is no exact overlap between the high-k measurement region
and BES/GPI measurement region, comparing turbulence evo-
lution at different locations at the plasma edge should still pro-
vide insight on the correlation between electron and ion-scale
turbulence, e.g. the temporal sequence of turbulence suppres-
sion at different locations after the start of the L-H transition.
In order to make the comparison, we chose one BES channel
located at R = 142cm (on the top of the pedestal) and GPI
measurement at R = 144 cm (in the pedestal region). Figure 7
shows the spectrogram of the scattering signal from scattering
channel 3 (measuring k| p; ~ 5-7) (figure 7(a)), the spectro-
gram of the ion-scale density fluctuation measured by the BES
channel (figure 7(b)) and the total scattering power, S, together
with the ion-scale density fluctuation power measured by the
BES channel (figure 7(c)). The ion-scale density fluctuation
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Figure 7. (a) Spectrogram of scattering channel 3; (b) spectrogram
of a BES channel at R = 142 cm; (c) total scattering power (Shigh—k)
together with ion-scale density fluctuation power measured by a
BES channel at R = 142cm, Sggsr=142 cm-

power in figure 7(c) is obtained by integrating the frequency
spectrum in figure 7(b) from 8 kHz to 45 kHz, where the upper
frequency limit is chosen to exclude some MHD modes at
some higher frequencies. Comparing the two spectrograms in
figures 7(a) and (b), we can see that although the BES spectro-
gram is more patchy than the electron-scale turbulence signal,
a quasi-stationary phase can also be identified before the L-H
transition at about 350 ms. This quasi-steady-state phase can
be more clearly seen in the ion-scale density fluctuation power
shown in figure 7(c). After the start of the L-H transition, an
overall decrease in ion-scale turbulence can be seen in both
figures 7(b) and (c) with large intermittency, corresponding to
the aforementioned intermittent phase in electron-scale turbu-
lence. Furthermore, a turbulence-quiescent phase (from about
368 ms to about 376 ms) and recovery phase (¢ > 376 ms) can
also be identified in figures 7(b) and (c), although the turbu-
lence-quiescent phase is shorter than that of electron-scale
turbulence. Since the BES signal is proportional to density
fluctuation, we found that the normalized density fluctuation,
Tie /Re, is about 2.9% before the L-H transition and is about
0.94% into H-mode (averaged between t = 365 and 390 ms).
The normalized GPI fluctuation level, I/I, is plotted
together with S of the scattering channel 3 in figure 8, where
1 is the RMS value of the GPI signal in a small area around
R = 144cm over a time period of 130 us and 7 is the mean
value of the GPI signal in the same area and same time period
(additional average of I/I over 0.5ms was used to smooth
the signal). Comparison of /T and S immediately shows that
a quasi-steady-state phase in I/I can also be seen before the
L—H transition as seen in S. After the start of the L—H transition,
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Figure 8. Normalized GPI fluctuations, i /7, atR=144cmas a
function of time (green) together with S from the scattering channel
3 (blue). The vertical solid line denotes the time point of the L-H
transition.

1/1 seems to have a brief increase in amplitude before starting
to decrease in overall amplitude, and in this declining phase,
large intermittency can also be seen (from ¢ ~ 350 ms to about
365ms), corresponding to the intermittent phase seen in S.
Similar to the BES measurement, the phase of minimum /7
is quite short (from about 365 ms to about 373 ms), after which
1/1 starts to increase as plasma evolves further into H-mode.
In contrast, S stays low for longer time period until ¢ ~ 380
ms. We would like to point out that although 1 /I shown here
is measured at R = 144 cm in the ETB region, we do not see a
sharp suppression of turbulence on the 100 s time scale and
staying low thereafter (evenin I /I without the additional 0.5 ms
smoothing) as observed in previous experiments [8—10, 12].
Comparing the measured ion-scale turbulence and electron
scale turbulence from edge into core, we found that none of
them is obviously leading in the response to the L—H transition
and that the overall turbulence suppression after the start of the
L—H transition at different radial locations seems to start at the
same time, i.e. the time of the L—H transition, and is a gradual
process happening on a tens-of-ms time scale. Since electron
and ion-scale turbulence would drive anomalous transports,
we would also expect that particle and thermal confinement
respond to the L-H transition immediately (just like the
observed turbulence) and increase on the same time scale as
the turbulence evolves after the start of the L—H transition. We
note that fast profile diagnostics (like those used in [§-10, 12])
are required to experimentally determine the time scale of
plasma confinement evolution after the start of the L—H trans-
ition but were not available in the experiments reported in this
paper. Future experiments with fast profile diagnostics will be
conducted on NSTX-U to further investigate this issue.

4. Linear gyrokinetic stability analysis

In this section, we present linear gyrokinetic stability anal-
ysis with experimental profiles at r = 348 ms (before the L-H
transition), 365ms (right after the intermittent phase) and
382ms (around the end of the phase of minimum turbulence)
which are three exact MPTS time points. The GS2 gyrokinetic
code [41] was used to carry out the linear stability analysis.
We note that the GS2 code is an initial value gyrokinetic code
which, with linear mode, finds the fastest growing mode for
a given pair of poloidal and radial wavenumbers (note that
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Figure 9. Eight equilibrium quantities averaged in the high-k measuring region at three exact MPTS time points (# = 348, 365 and
382ms) for shot 139442: (a) a/Ly,, (b) a/L,,, (¢) a/Lr, (d) §, (€) Ti, (f) Te, (g) ne, (h) q. The errorbars denote the spatial variation of these
equilibrium quantities in the high-k measurement region. The error in a/r, from MPTS measurement is about 15%. The red vertical solid
lines denote the time of the start of the L—H transition. Note that all gradients are normalized to a. Also note the ion temperature and its
gradients at the MPTS times point are calculated from the nearest CHERS measurement time points.

radial wavenumber was set to zero to find the most unstable
modes). We use local Miller equilibrium [42] in these GS2
linear simulations, and electromagnetic effects, electron and
ion collisions and carbon impurity are included. Numerical
convergence has been verified. In the rest of this section, we
focus on shot 139442 for which we have carried out extensive
linear stability analysis.

Since local linear stability is determined by local equilib-
rium quantities only, how equilibrium quantities (particularly
instability-driving gradients) in the high-k measurement
region vary across the L—H transition would be informative for
understanding linear stability analysis result. Thus, temporal
evolutions of eigtht equilibrium quantities across the L-H
transition are plotted at the three exact MPTS time points in
figure 9. The errorbars in the figure represent profile variations
in the high-k measurement region. Electron temperature, T,
(figure 9(f)), electron density, n. (figure 9(g)), the normalized
electron density gradient, a/L,, (figure 9(b)), and normalized
electron temperature gradient, a/Lr, (figure 9(a)), are obtained
from the MPTS profiles. Ion temperature, T; (figure 9(e)), and
the normalized ion temperature gradient, a/Lr, (figure 9(c)),
are obtained using the CHERS measurements (both active and
passive) [43]. a, ¢ (figure 9(h)) and § (figure 9(d)) are obtained
from LRDFIT (LR circuit model with data FITting capabili-
ties) equilibrium reconstructions constrained by magnetic
pitch angle measurements from a motional Stark effect (MSE)
diagnostic [44, 45]. It can be immediately seen that the largest
change is in a/L,, which decreased from about 2 to about 0.

Note this decrease in a/L,, is due to the formation of den-
sity ear seen in figure 3. Significant changes in T, 7; and n,
are also observed each with an increase ranging from 45%
to 60%. a/Ly,, which is the driving gradient for ETG modes,
decreased after the start of the L-H transition by 30%, and the
change of a/Lr, is not monotonic across the L-H transition
with a variation up to 30%. § and q show the smallest variation
(less than 20%) across the L-H transition. Furthermore, with
T./T; increased after the start of the L-H transition judging
from figures 9(e) and (f) and a/Lr, decreased, we would
expect that ETG mode linear growth rate to decrease after the
start of the L—H transition if ETG modes are unstable.

The linear analysis was carried out for a wide range of
poloidal wavenumbers, from the ion scale (kgpy as low as
0.3) to the electron scale (kg p, up to 60) using the equilibrium
quantities at R = 138 cm which is about the center of the high-k
measurement region. Figure 10(a) shows that a wide range of
ko modes is linearly unstable. In the ion scale, i.e. kgp; < 1,
the peak of the linear growth rate, -y, is about 0.3-0.5 Ci/a
for the three time points and is smallest at the last time point,
i.e. t = 382 ms, with the peak linear growth rate decreased by
about 50% from the earlier time points. In contrast, the peak
linear growth rate in the electron scale, i.e. kgp; > 1, has much
larger reduction across the L—H transition with a reduction in
the peak linear growth rate by more than an order of magni-
tude from 7 = 348 ms to 382 ms. Furthermore, the reduction
in the linear growth is broad across the whole electron-scale
wavenumbers. In figure 10(b), the wave propagation direction,
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Figure 10. (a) Linear growth rate, -y, and (b) mode frequency, w, spectra at t = 348 ms (red open square), t = 365 ms (black asterisk) and
t = 382 ms (green open circle) at R = 138 cm (about the center of the high-k measurement region). Note that modes with w < 0 propagate
in the electron diamagnetic drift direction and w > 0 denotes the ion diamagnetic drift direction. The insert in (b) shows a zoomed-

in portion of the real frequency spectra in the ion scale (from kyp; = 0.1to 1). The horizontal dashed lines denote the line of zero for

reference.

judged from the sign of the real frequency, provides the infor-
mation on the nature of the modes. It can be seen that the ion-
scale modes propagate in the ion diamagnetic direction (more
clearly seen in the insert in figure 10(b)), showing that the
ion-scale modes are most likely to be ion temperature gradient
(ITG) driven mode. On the other hand, electron-scale modes
propagate in the electron direction and are identified as ETG
modes. Thus, from figure 10 we can conclude that linear ETG
mode is significantly stabilized after the start of the L—H trans-
ition and further into H-mode, which is consistent with the
experimentally observed reduction of the electron-scale wave-
number spectral power at k; p; < 9-10 into H-mode seen in
figure 6 and confirms our expectation from equilibrium evo-
lutions across the L—H transition shown in figure 9. However,
we note that the much smaller variation in the spectral power
at k; p; > 9-10 after the start of the L-H transition (com-
pared to the spectral power at k) p; < 9-10) shown in figure 6
cannot be explained by the change in the ETG linear growth
rates shown in figure 10(a), which is subject to future studies.
We also note that although the observed overall decrease in
S after the start of the L-H transition (see the middle panels
of figures 4(a), (b) and 5(b), (d)) is consistent with the linear
ETG stabilization, the large intermittency in the electron-scale
turbulence after the start of the L—H transition can only come
from nonlinear effects. Furthermore, although not shown here,
the maximum ETG linear growth rate in shot 141698 is also
found to be significantly reduced after the start of the L-H
transition, qualitatively similar to shot 139442 and consistent
with the observed overall decrease in the electron-scale turbu-
lence spectral power after the start of the L—H transition.
Another way to assess the ETG stability across the L-H
transition is to study the change in the normalized linear crit-
ical electron temperature gradient, a/Lr, ... We have also used
the GS2 code to determine a/Ly, . at each time points used in
figure 10, following the procedure used in [46]: growth rates of
arange of unstable poloidal wavenumbers are calculated with
several different temperature gradients, and linear extrapola-
tion of the growth rate of the most unstable mode determines
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Figure 11. Normalized experimental electron temperature gradient,
a/Lys,,, (open squares) and the normalized linear critical electron
temperature gradient, a/Ly, . (asterisks) at three exact MPTS

time points: 348 ms, 365 ms and 382 ms. The red vertical solid line
denotes the time of the start of the L-H transition.

0.4

the critical temperature gradient. In figure 11, a/Ly, . cal-
culated for the center of the high-k measurement region, i.e.
R = 138, is shown for the three MPTS time points across the
L-H transition together with the normalized experimental 7,
gradient, a/ Ly, at the same location at each time. The differ-
ence between a/Lr,,, and a/Lr,_,, determines stability of the
ETG modes: the smaller the difference, the smaller the linear
growth rate (more suppression in ETG turbulence would be
expected in the nonlinear phase). Figure 11 clearly shows that
the difference between a/Ly, . and a/Lr,  becomes smaller
after the start of the L-H transition and, at t = 382ms, ETG
modes are close to marginal stability. With the comparison of
absolute values of a/Lr, . and a/Ly,,_, figure 11 also dem-
onstrates that both the decrease in a/Lr,,,, and the increase in
a/Lr,.. lead to the stabilization of ETG into H-mode.

As shown in figure 10, the maximum linear growth rate of
ITG modes in the center of the high-k measurement region
does not vary much across the L-H transition. However,
this does not mean ITG turbulence is unchanged across the
L—H transition, since ITG turbulence is more prone to E x B
shear than ETG turbulence. We can evaluate the effect of
E x B shear on ITG turbulence across the L-H transition

exp?
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Figure 12. The radial profiles of the ratio between the Waltz-Miller
E x B shearing rate, wgxgwwm, and the maximum linear growth rate
of ITG mode, Yax, using the for three MPTS measurement time
points.

using gyrokinetic simulations. To rigourously model E x B
shear effect, nonlinear gyrokinetic simulations are required.
However, linear stability analysis can actually provide some
initial assessment of the E x B shear effect in the experi-
ment, motivated by studies on wgxp and linear growth rate
reported in [47, 48]. Figure 12 plots the radial profiles of the
ratio between the Waltz-Miller E x B shearing rate, wgx g.wwms,
and the maximum linear growth rate of ITG modes, Yy ax, for
three MPTS measurement time points. We note that the larger
WExB.WM/ Ymax, the stronger the E x B shearing effect. It can
be seen in figure 12 that the shearing effect doe not change
much around the center of the high-k measurement region from
R = 137cm to 138 cm across the L-H transition, while having
the largest change toward the plasma edge (up to a factor
of about 8 increase at R = 140cm) and a moderate increase
toward plasma core (up to a factor of about 2 at R = 135cm).
This observation on the enhanced E X B shearing effect on
ITG turbulence shows that the E x B shearing stabilization
effect not only occurs in the ETB as well known, but also at
smaller radii than the ETB (note that ETB locates at R = 143
cm). However, there are also radial locations (i.e. around center
of the high-k measurement region) where E X B shearing
effects on ITG mode do not change much across the L-H
transition, indicating that ITG turbulence is not suppressed
by the E x B shear around the center of the high-k measure-
ment region after the start of the L-H transition. Since ITG
turbulence is not likely being suppressed around the center
of the high-k measurement region after the start of the L-H
transition, it is also unlikely that the observed stabilization of
electron-scale turbulence after the start of the L-H transition
is due to the E x B shear stabilization of ion-scale turbulence
through the possible cross-scale nonlinear interaction between
ion-scale and electrons-scale turbulence as suggested in [39,
49]. We note that to fully investigate E X B shear effects on
ITG turbulence and the possible cross-scale nonlinear interac-
tion between ion-scale and electrons-scale turbulence in the
high-k measurement region, nonlinear multi-scale gyrokinetic
simulations are needed and will be subjected to future studies.

5. Summary and discussion

In this paper, we have presented the first detailed observa-
tion of the evolution of electron-scale turbulence across the
L—H transition in NSTX NBI-heated plasmas with a 280 GHz
coherent microwave scattering system (the high-k scattering
system [30]). The L-H transition, across which the observa-
tions were made, occurred during the current flattop of the
discharges, and the late L-H transition is featured with a
much larger toroidal flow, compared to cases with the L-H
transition occurring during the earlier current ramp-up phase,
and facilitates the electron-scale turbulence measurement
by introducing a large Doppler frequency shift. Successful
measurement of electron-scale turbulence relies on this large
Doppler frequency shift to differentiate scattering signals from
stray radiation. The high-k scattering system has the unique
capability of making radially localized turbulence measure-
ments due to its innovative tangential scattering scheme [28].
Although the measurement location of electron-scale turbu-
lence in these plasmas was located around r/a = 0.71-0.88
which is outside of the ETB, located at r/a > 0.89-0.9, we
still observed distinct effects on electron-scale turbulence due
to the L—H transition. It was observed that the evolution of the
electron-scale turbulence can be classified into four phases.
One quasi-stationary phase is observed before the L—H trans-
ition, followed by a intermittent phase after the start of the
L—H transition. The measured electron-scale density fluctua-
tion spectral power (o< S) decreases on a 10—15 ms time scale
in the intermittent phase with a large intermittency charac-
terized by large rise and fall in turbulence density fluctua-
tion spectral power on a much faster time scale (0.5-1ms)
than the overall decrease of turbulence density fluctuation
spectral power. Between the large rise and fall of electron-
scale turbulence, there exist brief periods (on 1-2ms time
scale) of minimum turbulence (shown as spectral power
valleys). After the intermittent phase, electron-scale turbu-
lence becomes significantly suppressed for about 5-15ms
(turbulence-quiescent phase), and after this, turbulence spec-
tral power starts to recover again but never reached the same
magnitude in the L-mode. Analyzing the temporal evolution
of the measured electron-scale wavenumber spectra across
the L-H transition shows that a significant reduction in the
electron-scale turbulence spectral power is only observed at
lower wavenumbers, namely k p; < 9-10, which is also seen
in different operational NSTX scenarios due to different stabi-
lization mechanisms. However, the much smaller variation in
the spectral power at k; p; > 9-10 after the start of the L-H
transition (compared to k p, < 9-10) is not yet understood,
which is subject to future studies. Comparing ion-scale tur-
bulence measurements from BES and GPI with the measured
electron-scale turbulence shows that although these measure-
ments were taken at different radial locations of the plasma
(i.e. the high-k measurement region at R ~ 135.5-141cm,
BES measurement at H-mode pedestal top, R ~ 142 cm, and
GPI measurement in the ETB, R ~ 144 cm), the evolution of
ion-scale turbulence is similar to that of electron-scale turbu-
lence with the same four phases. On the other hand, ion-scale
turbulence measured by both BES and GPI seem to have a
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much shorter turbulence-quiescent phase than electron-scale
turbulence, which means that ion-scale turbulence starts to
recover from the suppression before the measured electron-
scale turbulence.

Linear gyrokinetic simulations were carried out with the
GS2 code [41] with experimental equilibrium profiles at the
location of the electron-scale turbulence measurement. We
show that there is a wide range of modes that are linearly
unstable from ion scale to electron scale with ITG modes in
the ion scale and ETG modes in the electron scale. While the
maximum ion-scale linear growth rate shows a slight decrease
into H-mode, the maximum electron-scale linear growth rate
is reduced by more than an order of magnitude into H-mode,
and particularly at + = 382ms, ETG modes are close to mar-
ginal stability. This dramatic reduction in the maximum elec-
tron-scale linear growth rate in the high-k measurement region
after the start of the L—H transition can be attributed to both a
decrease in the experimental /Ly, and an increase in a/Ly, ;.
and is consistent with the overall reduction in S in the inter-
mittent phase seen in figure 4. Compared with the variation in
the wavenumber spectra after the start of the L-H transition
(see figure 6), this reduction of the maximum electron-scale
linear growth rate is also consistent with the large reduction in
the peak spectral power at k) p; < 9-10 after the start of the
L-H transition but cannot explain the much smaller variation
in the spectral power observed at k| p; > 9-10. These obser-
vations imply that ETG modes could be important for driving
plasma transport in NSTX plasmas and, thus, its suppression
is required for reaching higher H factor after the start of the
L—H transition. While ion-scale turbulence can be suppressed
by the E x B shear, ETG turbulence is not sensitive to E x B
shear due to its much higher linear growth rate, and our linear
analysis show that other equilibrium profile variations seem to
be enough to explain the observed electron-scale turbulence
stabilization. Nonlinear gyrokinetic simulations are planned to
assess the role of ETG turbulence in driving thermal transport in
these plasmas. The nonlinear effect of the £ x B shear on ITG
modes in the high-k measurement region is studied by exam-
ining the ratio of between the Waltz-Miller E x B shearing rate,
wExB.wM, and the maximum linear growth rate of ITG mode,
Ymax [47, 48]. We found that the ratio is relatively unchanged
in the center of the high-k measurement region, meaning that
ITG modes are less affected there, and the stabilizing effect of
the E x B shear on ITG modes are much stronger away from
the high-k measurement region, both towards the plasma core
and the edge. This implies that stabilizing ion-scale turbulence
may not be the source of electron-scale turbulence stabiliza-
tion if there exist nonlinear interaction between ion-scale and
electrons-scale turbulence as suggested in [39, 49].

Finally, we would like to emphasize that since the time reso-
lution in the spectrogram is about 270 ps (thus for S as well) for
electron-scale turbulence in figure 4, 5, 7 and 8, the observed
fast change (on a 0.5-1ms time scale) in the turbulence spec-
trum is well-resolved (we found that a higher time resolution in
the spectrogram did not make a difference), and thus, we do not
observe the fast turbulence suppression on 100 s time scale as
observed in the previous observations [8—10, 12]. One the other
hand, our observation of turbulence suppression after the start

of the L-H transition is more similar to the slow stage of tur-
bulence suppression observed in [9], which happens on a tens-
of-ms times scale. However, the large intermittency observed
during the turbulence suppression in these NSTX observation
is a distinctly different feature from previous observations. In
addition, with regard to the response to the L-H transition, none
of the measured ion-scale turbulence and electron scale turbu-
lence from edge into core is obviously leading, meaning that the
suppression seems to start at the same time.
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