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Direct measurements of the pedestal recovery during an edge-localized mode cycle provide evi-
dence that quasi-coherent fluctuations (QCFs) play a role in the inter-ELM pedestal dynamics.
Using fast Thomson scattering measurements, the pedestal density and temperature evolutions are
probed on sub-millisecond time scales to show a fast recovery of the density gradient compared to
the temperature gradient. The temperature gradient appears to provide a drive for the onset of
quasi-coherent fluctuations (as measured with the magnetic probe and the density diagnostics)
localized in the pedestal. The amplitude evolution of these QCFs tracks the temperature gradient
evolution including its saturation. Such correlation suggests that these QCFs play a key role in lim-
iting the pedestal temperature gradient. The saturation of the QCFs coincides with the pressure gra-
dient reaching the kinetic-ballooning mode (KBM) critical gradient as predicted by EPEDI.
Furthermore, linear microinstability analysis using GS2 indicates that the steep gradient is near the
KBM threshold. Thus, the modeling and the observations together suggest that QCFs are consistent
with dominant KBMs, although microtearing cannot be excluded as subdominant. © 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4921148]

I. INTRODUCTION

With the discovery of the H-Mode,' significant research
has been undertaken to understand the formation of the edge
pressure pedestal. The pedestal is a narrow zone just inside
the last closed flux surface that exhibits reduced energy and
particle transport.” The pedestal pressure can be considered
as a boundary condition for the core and theoretical model-
ing predicts that the pedestal height has a strong influence on
core fusion power.” Hence, an understanding of the pressure
pedestal height and width formation is important for the pre-
dictive capability of future fusion devices.

The maximum achievable pedestal parameters have
been commonly observed to be limited by edge instabilities
known as edge localized modes (ELMs) (see Ref. 4 and
references therein). While the high heat and particle fluxes
of ELMs pose a threat for the plasma-facing components’
lifetime on future devices such as ITER, the pedestal height
leading up to an ELM is much desired for optimum core per-
formance. In present day tokamaks, ELMs provide a means
to flush impurities and to prevent them from accumulating in
the core. An understanding of the dynamic of the pedestal
parameters leading up to an ELM is far from complete. As a
result, research efforts have been intensified with the objec-
tive to probe the pedestal recovery for a better formulation
of the physical mechanism in the pedestal formation.
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The EPEDI pedestal model™® has been developed to
predict the pedestal height and width in high performance
(Type I ELMing or QH Mode) H-Mode plasmas. The model
hypothesizes that the pedestal is constrained by: (a) onset of
non-local Peeling-Ballooning (P-B) modes at low to interme-
diate mode number and (b) onset of nearly local Kinetic
Ballooning Modes (KBM) at high mode number. The EPED
model calculates both constraints directly, based on a set of
scalar inputs which are used to construct series of model
equilibria for the stability calculations. EPED has been com-
pared to observations in more than 500 cases on 5 tokamaks,
typically finding agreement between predicted and observed
pedestal pressure to a standard deviation of 20%-30%.7"3
EPED is a static model, designed to predict the pedestal in
its fully developed state, and it is typically compared to
observations in the later stages of the ELM cycle (or in
quiescent H-Mode). However, EPED can also be used as an
efficient platform for separately calculating P-B and KBM
constraints, which can be compared to time dependent obser-
vations, for example, to assess the dynamical approach to
each of these constraints (e.g., in Refs. 9 and 12). While the
approach to P-B instability during the ELM cycle has been
widely investigated, the approach to the KBM limit is less
well studied. Multiple machines observe that edge pressure
gradient establishes fairly rapidly in the recovery phase after
an ELM.""'*'% In addition, AUG determined that the density
gradient recovers faster than the temperature gradient for
various fueling rates.'® Once the gradient recovers, the ped-
estal pressure has been observed to expand at nearly constant
gradient until the next ELM.'"*!" Previous experiments on

© 2015 AIP Publishing LLC
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DIII-D have also shown that the pedestal pressure gradient
tracks approximately the predicted KBM critical gradient
prior to the ELM crash.”'? To study the hypothesis of KBM
regulating transport, experiments have been executed with
the objective to resolve the pedestal gradient recovery on a
very fast time scale while simultaneously characterizing
edge fluctuations associated with the pedestal dynamics.

Here, we focus on both the pedestal electron density
and temperature recovery after an ELM crash for various
plasma currents and the associated edge fluctuations. This
work represents the first detailed profile response analysis
after an ELM crash as a function of plasma current (0.7
MA-1.6 MA) with the associated fluctuations correlated
with the pedestal parameter dynamics. The results clearly
show that the pedestal density gradient recovers on a
3-5 ms time scale for various plasma currents. The pedestal
temperature gradient recovery, on the other hand, takes
between 5 and 15 ms for the range of plasma currents inves-
tigated. Using the edge density fluctuation diagnostics, we
observed onset of the quasi-coherent fluctuations (QCFs)
when the temperature gradient reaches a threshold.
Subsequently, the QCF correlates and tracks the tempera-
ture gradient evolution including its saturation until the
next ELM.

These QCFs are found to be localized in the pedestal
region and have magnetic signatures. These observations are
consistent with the edge dynamic picture suggesting that
the edge temperature gradient provides the necessary free
energy to drive these quasi-coherent fluctuations, which in
turn limit the pedestal parameters. These quasi-coherent fluc-
tuations are reminiscent of those observed in other H-mode
regimeslgfzo (e.g., edge-harmonics oscillations in quiescent
H-modes (QH), quasi-coherent modes in enhanced D,
H-mode (EDA), and the weakly-coherent mode in I-mode).
The quasi-coherent mode (QCM) in C-Mod was recently
observed to be localized in the lower part of the steep
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gradient region and to regulate both particle and density
transport.>! During the inter-ELM phase, however, the quasi-
coherent fluctuations appear to be localized in the pedestal
region and most importantly to track the pedestal tempera-
ture gradient dynamics. Applications of EPEDI to the pedes-
tal dynamics show that the pressure gradient reaches the
KBM critical gradient at approximately the time that the
QCEF fluctuations turn on. Saturation of the EPED predicted
pressure gradient occurs when the observed temperature gra-
dient saturates. In addition, a linear local microinstability
analysis using GS2 indicates that the steep gradient is near
the KBM threshold.

This paper presents the detailed profile evolutions made
possible using the DIII-D bunch Thomson scattering system
which is described in Sec. II. Section III describes the meas-
urements of the inter-ELM fluctuations and provides charac-
terization of the quasi-coherent fluctuations. Section IV
correlates QCFs with the pedestal parameters dynamics.
Comparisons of the edge parameter dynamics using the
EPED1 framework are provided in Sec. V followed by an
initial microinstability analysis using GS2. Finally, a sum-
mary and discussions are provided.

Il. PEDESTAL PARAMETERS DYNAMICS

The experiments were carried out on the DIII-D toka-
mak at fixed B;=1.9T for three plasma currents (0.7 MA, 1
MA, and 1.6 MA). These type I ELM discharges were run in
a lower single null configuration with the ion B x VB drift
direction toward the X-point. Time histories of low and high
plasma current cases are displayed in Fig. 1. These experi-
ments were targeted at capturing the pedestal recovery after
an ELM crash using the recently upgraded Thomson scatter-
ing system.?* To accurately resolve the inter-ELM dynamics,
the lasers were fired in a bunch mode, which enabled tempo-
ral resolution of up to 100 us. This increase in temporal reso-
lution is achieved by using multiple lasers in the same path
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FIG. 2. Examples of density and tem-
perature profile evolutions during the
inter-ELM phase for the high current
case ([,=1.6 MA).
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with pulses interleaved closely in time. Normally, the lasers
are phased to produce pulses at fairly regular intervals (exact
regularity is not possible with the specific combination of
20 Hz and 50 Hz lasers being used). In bunch mode, the phase
shifts are adjusted so that all lasers fire in rapid succession, fol-
lowed by a cool down. This bunch mode encompasses between
3 and 7 laser pulses depending on the time in the discharges.
To benefit from the high temporal resolution given by bunch-
ing the lasers, each profile is fitted using the modified-tanh. In
addition, to minimize the errors resulting from mapping the
data to the midplane, the fits are performed as a function of
vertical physical position along the vertical laser chord. Given
the enhanced spatial resolution recently implemented in the
Thomson Scattering system,?” this approach enables the fits
without relying on composite profiles. An example of the qual-
ity of the data is shown in Fig. 2, where the profile dynamics
for the electron density and temperature are displayed.
Pedestal parameters, such as width and height, are
obtained by fitting analytic functions to each time slice.
These functions incorporate a tanh function to model the
steep gradient region in the pedestal. The tanh function is
smoothly joined to polynomial or spline functions to pro-
vide accurate fits to the profiles as they extend into the core

090 095 1.00 1.05

¥, (=)

and into the scrape-off layer (SOL).?* Figures 3 and 4 show
the pedestal parameters (e.g., height and width) relative to
the time after an ELM crash for the low and high current
cases. For optimum statistics, we perform the analysis dur-
ing the current flattop. For instance, for the low current
case, the range is between 2048.6 ms and 5048.6 ms and for
the high current case, the range is from 1380.2 ms through
5124 ms. It is evident from these figures that each ELM
causes a prompt drop of the pedestal heights during which
the widths expand. These width expansions vary from low
to high current [Figs. 3(b) and 3(d) and Figs. 4(b) and 4(d)].
Finally, for completeness, the evolution of the radial elec-
tric field is obtained and displayed in Fig. 5. Note that such
Er evolution has been observed in Ref. 24. The dynamics of
the radial electric field are key players for generating the
transport barrier and consequently the pedestal observed in
high confinement regimes. From Fig. 5, it is clearly seen
that the radial electric field recovery time increases from
~6ms to ~10ms as I, increases, which is consistent with
the pressure gradient recovery (shown in Fig. 8). Below, we
refer to pedestal recovery time as the time it takes for the
pedestal parameters to reach their saturated values prior to
the ELM onset.
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FIG. 4. Pedestal parameter evolution
relative to an ELM crash for the high
current case (I, = 1.6 MA). (a) Density
pedestal height; (b) density width; (c)
temperature pedestal height; and (d)
temperature pedestal width.
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FIG. 5. The radial electric field dy-
namics during inter-ELM for (a) the
low current case and (b) the high cur-
rent case.
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The variation of pedestal recovery time is clearly evi-
denced when the pedestal gradients are computed as shown
in Figs. 6 and 7. In these figures, the evolution of both den-
sity and temperature gradients are displayed. In the low
plasma current case (Fig. 6), the recovery time is highlighted
for both the temperature and density gradients. Note that the
density gradient recovers a little faster than that of the tem-
perature. This difference in gradient recovery time is ampli-
fied when the plasma current is increased. For instance, at

Time Rel. to ELMs (ms)

high currents as shown in Fig. 7, the temperature gradient
has a longer recovery time. It is worth noting that the ELM
period decreases from low to high current. Based on the
ELM period decrease, one would expect a longer than
observed recovery time for the low current case. While this
discrepancy in recovery time is not fully understood, we note
that both the collisionality and the heating power have
changed from low to high current which might affect the
ELM period.

FIG. 6. Pedestal gradient evolution for
the low current case. Here, the gradient
is computed as the ratio of height to
width. Inter-ELM dynamics of (a) the
density gradient and (b) the tempera-
ture gradient.
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FIG. 7. Pedestal gradient evolution for
the high current case. The horizontal
shaded line represents the saturation
level for the low current case. The ver-
tical lines indicate the recovery of
these gradients.
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FIG. 8. Scaling of the pedestal recovery time with plasma current for both
intrinsic and triggered ELMs. Note that triggered ELMs exhibit the same
pedestal characteristics as intrinsic ELMs.

The recovery time is documented for three plasma cur-
rent cases in Fig. 8. Note that the density recovery times
appear to be independent of the plasma current. The temper-
ature and the pressure gradients recovery times, on the other
hand, increase with plasma current. In addition to the recov-
ery time during intrinsic ELMs, we also probed the recovery
time during non-resonant-magnetic-perturbation (RMP)-
induced ELMs to improve the odds of capturing the inter-
ELM dynamics using the Thomson scattering system in
bunch mode. This was achieved by synchronizing the laser
bursts with the imposed RMP currents. This RMP-induced
ELM pacing approach was demonstrated in Ref. 25 in a
wide range of plasma conditions. Here, ELM pacing was uti-
lized to compare intrinsic and RMP-paced ELMs. In both
cases the pedestal recovery time scale was similar. We then
focused on intrinsic ELMs for the remainder of this paper.

10 15 20 25
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With the detailed study of the edge parameters right after an
ELM crash until the next ELM, the question arises: What
transport mechanism limits the pedestal gradients?

lll. INTER-ELM EDGE FLUCTUATIONS

Dedicated measurements of the edge fluctuations during
the pedestal recovery have been performed to further investi-
gate the limiting mechanism of the pedestal parameters.
More specifically, the magnetic and density fluctuations are
examined. Note that due to the high densities in these dis-
charges, we were unable to obtain electron cyclotron emis-
sion (ECE) data at the edge.

Figure 9 shows the magnetic fluctuations using a
Mirnov probe located 1cm behind the boron nitride cover
plate surface, which is located at r=98 cm, 8 =50° up from
the midplane axis in a vacuum vessel coordinate system cen-
tered at R=167cm and Z=0. The inter-ELM magnetic
fluctuations preceding ELMs are shown in Figs. 9(a) and
9(b) for both plasma currents. In these plots, it can be clearly
observed that after an ELM crash, there is a gap in the mag-
netic spectrograms followed by the onset of quasi-coherent
fluctuations as indicated by the arrows. In Fig. 9(a), which
represents the low current case, the quasi-coherent fluctua-
tions appear on top of broadband fluctuations. In the high
current case, on the other hand, two frequency bands are
observed near 90 kHz and 120kHz. Note that in Fig. 9(b),
the low frequency (~50kHz) has been determined to be due
to a tearing mode or ELM unrelated events (more likely core
fluctuations). Overall, there is clear evidence of quasi-
coherent fluctuations preceding an ELM. Magnetic mode
analysis for the low current case is shown in Fig. 10.
Preceding the ELMs, the most dominant mode activities in
Fig. 10 are n=—2 and n= —3. Here the negative direction

bl
S
@

z”_(.laMOdOII‘IV) Jo 9jeas boj

FIG. 9. Inter-ELM magnetic fluctua-
tions spectrograms as measured using
the Mirnov coils showing the QCFs in
low (a) and high (b) current cases. The
shaded areas on the spectrograms rep-
resent the core modes and broadband
fluctuations which are not ELM related
events.
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FIG. 10. For the low current case, the toroidal mode n-number analysis has
been performed. Inter-ELM magnetic fluctuations n-numbers preceding the
ELMs. Between ELMs, magnetic fluctuations with n=—2,—3,—4 occur in
the frequency range of the QCF.

indicates propagation in the ion diamagnetic direction in the
laboratory frame. Since the magnetic probes were sampled at
250kHz, the high current case mode analysis could not be
performed.

Similarly, on Alcator C-Mod, a QCF with electromag-
netic signatures has been detected using a double-head probe
located 2cm from the separatrix.26 On JET, similar quasi-
coherent modes were observed as ELM-related events and
were called washboard modes.”’*® There the modes showed
multiple frequency spectra, hence their name ‘“washboard
modes.” On DIII-D, high frequency coherent (HFC) modes
were observed in QH-mode plasmas with some features
qualitatively similar to those expected for KBMs.?® In addi-
tion, characteristics of a long poloidal wavelength and low
frequency band of fluctuations were observed during ELM
recovery. This saturation of these fluctuations is correlated
with the electron pressure gradient, qualitatively consistent
with the expectations for KBMs. Finally, previous experi-
ments on DIII-D indicated the onset of coherent modes on
the beam emission spectroscopy (BES) diagnostics shortly
after L-H transition,” which appear to slow down the evolu-
tion of the pressure gradient leading up to the first ELM.
Moreover, the pressure gradient is shown to be close to the
KBM critical gradient when the modes are present.

The natural followup in characterization of this quasi-
coherent mode is to provide its radial localization. For the
low current case in Fig. 11(a), the BES inter-ELM fluctua-
tion amplitude averaged between 20 and 120kHz (encom-
passing the quasi-coherent mode) is displayed indicating
radial localization of the fluctuation intensity in the pedestal
region and more specifically near the pedestal top instead
of the steep gradient. Definite localization, however, in ei-
ther the pedestal top or the steep gradient region remains
uncertain. In fact, these radial positions include the effects
of the finite beam lifetime and viewing volume spot size.
The EFIT mappings uncertainties are shown as horizontal
bars in Fig. 11(b) with the points indicating the location of
BES points. Note that the EFIT mapping uncertainty (of
order 1-2 cm) mostly stems from the fact that the pedestal
profiles are maps from data on the Thomson vertical chords
to the mid plane radius to enable localization against other
diagnostics.
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FIG. 11. BES signals 0//I averaged over 20kHz through 120kHz for the
low current case. (a) Radial profile of the amplitude evolution between
ELMs. Here the symbols capture the time evolution. (b) Density and temper-
ature profiles to indicate the BES measurements radial positions with mea-
surement uncertainties as discussed in the text.

Similarly, in the high current case, as shown in Fig. 12,
the QCF is localized in the pedestal region near the pedestal
top as shown in Figs. 12(a)-12(c). For guidance, the bottom
right panel of Fig. 12 shows the magnetic signatures. Note
that here, the QCF appears to be localized in a rather narrow
layer in the pedestal region. Overall, this QCF has strong
magnetic signatures with weak associated density perturba-
tion, which is localized in the pedestal region within
uncertainties.

IV. CORRELATIONS BETWEEN INTER-ELM QUASI-
COHERENT MODES AND THE PEDESTAL EVOLUTION

These observations of the QCF on the magnetic and
density diagnostics provide the opportunity to test the cor-
relation with the pedestal parameters’ evolution. To test
any correlation between these QCF and the pedestal param-
eters, the amplitude of these fluctuations is extracted from
the magnetic spectrogram and conditionally averaged with
ELMs being the condition. These are then replotted as a
function of time relative to an ELM. Figure 13(a) displays
the magnetic spectrogram with the double arrow indicating
the region of interest plotted on Fig. 13(b). This figure
shows the conditionally-averaged amplitudes’ evolutions of
the frequency band between 23 kHz and 60kHz as a func-
tion of time relative to an ELM. Correlation of these ampli-
tudes’ evolutions with the gradient of the pedestal
temperature can readily be assessed. It is clearly seen that
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radial points are indicated on the density and temperature profiles (bottom left panel). The bottom right panel shows the magnetic spectrograms during the

same time for guidance.

the amplitude of the QCF onsets for a given temperature
gradient and then monotically increases until saturation is
reached. Such saturation coincides with the temperature
gradient saturation.

Figure 14(a) displays the temporal evolutions of the ped-
estal gradient and the scaled amplitude of the QCF between
120 and 170kHz at the high current case. Note that this fre-
quency band is the only one that correlated with gradient
evolution. As can been seen in Fig. 14(a), there is clear onset
of the QCF and a temporal evolution including its saturation
which again coincides with the saturation of the gradient
similar to the low current case. In Fig. 14(b), the amplitude
of the QCF is plotted against the gradient to further empha-
size the threshold gradient at which the QCF onsets. Overall,
the QCF appears to be driven by temperature gradient in
both the low current and high current case.
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This correlation/coincidence with temperature gradient
has also been observed on Alcator C-Mod,*® pointing to a
similar physical mechanism at play in both machines during
the inter-ELM phase. It is worth noting that similar correla-
tions of the BES broadband fluctuations with the gradients of
pressure, density, and temperature have been observed previ-
ously on DIII-D in Fig. 10 of Ref. 30. A simple picture for
halting the pedestal evolution is proposed. After an ELM
crash, because there is very little local electron heating in the
pedestal, electron heat mostly flows radially from the core
through the pedestal. This heat contributes to building up the
pedestal until a threshold gradient is reached. At that gradi-
ent, the onset of quasi-coherent fluctuations localized in the
pedestal region provides the necessary transport to limit and
saturate the pedestal gradient but allows the pedestal height
and width to possibly increase until the peeling-ballooning

FIG. 13. Fluctuations amplitude corre-
lations with pedestal gradients’ evolu-
tions for the low current case. (a)
Magnetic fluctuation spectrogram with
the vertical arrows indicating the QCF
frequency bands to be considered for
the amplitude analysis. (b) The QCF
amplitude’s evolution relative to ELM
for the frequency bands 23-60 kHz.
Overlaid in this plot is the temperature
gradient evolution indicating the onset
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of the QCF amplitude evolution as rep-
resented using the back arrow.

Onset of QCF
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boundary is reached and an ELM is triggered. Note that a
time-dependent calculation between ELMs is needed to test
this hypothesis and will be the subject of further work.

Doppler backscattering (DBS)*'* is a diagnostic where a
microwave beam is launched at a frequency that approaches a
cutoff in the plasma and at an angle that is oblique to that cut-
off. This diagnostic enables measurement of the density fluctua-
tions at intermediate scale (kgp, ~ 1). For the low current case
as shown in Fig. 15, the root-mean-square (rms) density fluctua-
tions as measured using DBS show a drop of the rms level after
an ELM crash followed by a quiet period lasting ~ 7 ms. Note
that this time corresponds to the QCF amplitude evolution as
shown in Fig. 13(b). After this period, the density fluctuations
increase due to either pedestal density or temperature gradient
recovery since for this low current case these gradient recovery
times are similar. The probing scale corresponds to kgp; ~ 0.9
in the steep gradient region (,, = 0.95 — 0.96). For the high
current case (not displayed here), the rms density fluctuations
are observed to recover quickly within the same 5-7 ms. The
DBS rms fluctuations at kgp; ~ 0.03-0.1 are correlated with
the density gradient in the steep gradient region.

Using BES poloidally separated views, one can also deter-
mine the poloidal correlation length of density fluctuations,
which for the low current case yields an e-folding length of
Ap ~ 5-6cm, as shown in Fig. 16. In this figure, the poloidal
correlation is computed starting from 5.1ms after an ELM
crash when the density gradient is recovered and when there is
magnetic quasi-coherent fluctuations activity. The poloidal
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FIG. 15. Inter-ELM DBS rms fluctuations for the low current case. Note that
these fluctuations are measured for kyp, ~ 0.9. In addition, these fluctua-
tions are measured in the steep density gradient.

old gradient.
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scale is therefore indicative of the quasi-coherent fluctuation
scale. This scale corresponds to kgp, ~ 0.1. The difference
between DBS and BES in the estimates of kyp, stems from the
different radial regions probed by each diagnostic and the dif-
ferent wave numbers sensitivities. More specifically, the corre-
lation length measured by BES was obtained for poloidally
separated points shown in Fig. 11(a) corresponding to the ped-
estal top. The DBS channels, probing the pedestal recovery,
measured fluctuations in the steep gradient i, = 0.95 — 0.96.
In addition, BES correlation analysis yields the dominant turbu-
lent wavenumber. DBS, on the hand, was tuned to only accept
wavenumber kgp, ~ 0.9 in the steep gradient, which is higher
than the dominant wavenumber observed by BES.

For completeness, BES data analysis in the high current
case was performed to determine the poloidal wavenumber
for the QCF frequency band (120-170 kHz) showing the
best correlation with temperature gradient evolution (shown
in Fig. 14). Figure 17 displays high coherency for the fre-
quency band 120-170 kHz, which enables the determination
of a poloidal/vertical wavenumber of k,~ 0.18-0.2rad/cm
propagating in the electron diamagnetic direction in the labo-
ratory frame. This propagation direction is still in the elec-
tron direction once the ExB velocity (~14km/s) is taken
into account. Note that if one accounts for potential mis-
alignments due to mapping uncertainties (~2cm) between
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FIG. 16. Pair-wise BES channel correlations as a function of the vertical
separations of the BES views between ELMs. A correlation length of
5-6cm was determined, which correspond to kgp, ~ 0.1. The symbols cap-
ture the time evolution of the pair-wise cross-correlation coefficients as a
function of vertical/poloidal separations.
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FIG. 17. Coherency and phase shift between poloidally separated BES views
for the high current case. The top panel shows the coherency between two
poloidally separated BES views (A z=5.4cm). The bottom panel displays
the phase shifts for three poloidal separations which yield poloidal wave-
number of the QCF of ky = 0.18-0.2 rad/cm with propagation in the electron
diamagnetic direction.

BES, CER, Thomson scattering, this propagation direction
could be in the ion diamagnetic direction.

In summary, for the high current case where the density
and temperature gradient recovery times are more clearly
distinct, we observe that the QCF onsets at a given tempera-
ture gradient threshold. The amplitude of the QCF tracks
well the temperature gradient evolution including when the
temperature gradient saturates. These fluctuations are pedes-
tal localized and are of ion scale with ky~ 0.18-0.2 rad/cm
with unresolved (due to potential mapping uncertainties)
propagation direction in the plasma frame. Assessing the
level of transport produced by these low-k fluctuations will
require nonlinear gyrokinetic calculations in the edge which
will be the subject of future work.

V. EPED1 PREDICTIONS AND MICROINSTABILITY
ANALYSIS

This section utilizes the EPED1 framework to calculate
P-B and KBM constraints, enabling comparisons to the
observed pressure gradient evolution for both the low and
high current case. Previous plasma current scans experi-
ments on DIII-D provided tests of the EPED1 predictions
and have shown reasonable agreement with measurements
during the later part of the ELM cycle (Fig. 2 of Ref. 12).
In addition, for plasma current of 0.5 MA, it was shown
that the total pressure pedestal evolved along the KBM crit-
ical gradient (Fig. 5 of Ref. 12). Below, a similar approach
is used to interpret the dynamic ELM cycle for both high
and low current using EPED1. Note that EPED1 is a static
model, designed to predict the structure of a fully devel-
oped pedestal. We use it here to provide a comparison of
the observed gradient evolution to the calculated KBM
constraint.

Figure 18 displays the gradient evolution against the
time relative to an ELM. In each plot, the red squares indi-
cate the binned averages of experimental data. From each of
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FIG. 18. EPEDI predictions for the low (a) and high current (b). The red
squares represent the bin averages of DIII-D data for the pedestal pressure
gradient evolution. The open blue symbols show the usual EPED1 predic-
tions for the “final” pedestal height/width. The closed symbols give the
EPED! KBM constraint accounting for this time variation (see text for
description). The vertical lines represent the time when the QCF onsets and
when the temperature gradient saturates.

the data points, the EPED1 model requires eight input pa-
rameters, (B, 1,,, R, a, x, 6, global 8, and nked) from which it
outputs the pedestal pressure height and width (see Ref. 6 for
further details). Here, given that experimental observations
give fast measurements of 72°? and T7°?, the pressure pedes-
tal is approximated by 2n¢/TP¢¢ to track the dynamics. In
Fig. 18, open blue symbols indicate the usual EPED1 predic-
tions for the “final” (just prior to an ELM onset) pedestal
height/width. These do change slightly with relative time
because the EPEDI inputs (notably density) change a bit
with relative time. This is a prediction of where the pedestal
gradient should end up (and it agrees well with the later time
data in both current cases). Again the error bars show stand-
ard deviations of bin averages (and the predictions vary
because the inputs vary—these plots are the result of ~600
EPEDI calculations each with different inputs, put into time
bins). While EPED1 is normally predicting the final state,
we use it to investigate the time evolution. EPED1’s pre-

dicted KBM constraint scales like (pl,ed)l/ Zata given poloi-
dal field. Because (p,,()d)l/ % is varying during the ELM cycle
here, we can account for this variation by multiplying the
EPEDI gradient by /(phoy/ p;‘:f[), where ppo¥ is the pedes-

tal pressure in the current time bin, and ;e'z,“l is the pedestal
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pressure near the end of the ELM cycle. The closed blue
symbols give the EPED1 KBM constraint accounting for this
time variation. This represents a reasonable approximation
of the KBM critical gradient at each given time bin.

Overall, EPEDI is predicting the final state well in both
current cases, including a factor ~3 increase in gradient
going from low to high current case. Figure 18(a) shows that
the KBM critical gradient is quickly reached in the low cur-
rent case consistent with the onset of QCF indicated using a
vertical line. This onset time has been determined in Fig.
13(b). In addition, the saturation of the temperature gradient
coincides approximately with EPED1 predictions of pressure
gradient reaching the KBM critical gradient. Similarly, in
the high current case, the onset of QCF and saturation of the
temperature gradient are indicated using vertical lines in Fig.
18(b). In both cases, the onset of the QCF corresponds
approximately (within expected uncertainties in the observa-
tions and the calculation) with the approach to the calculated
KBM constraint. However, we note that the QCF appears
slightly earlier than the best estimate of the EPED1 KBM
constraint. We note that EPEDI is calculating a condition
for KBM criticality, on average, across the pedestal, and
hence we might expect that the KBM constraint would be
reached locally somewhat before this time, though this is dif-
ficult to quantify precisely given the uncertainties. Overall,
the observations in Fig. 18 are consistent with a physics pic-
ture in which the QCF onsets when KBM criticality is first
approached locally, and then the temperature gradient fully
saturates when the pressure gradient reaches KBM criticality
across the pedestal, such that further increases in gradient
within the barrier are constrained by the KBM (though the
barrier may continue to broaden inward until the ELM
occurs).

Initial linear microstability properties of these edge
plasmas have been analyzed for the high current case using
the initial value gyrokinetic code GS2.* To get an idea
what kind of microinstabilities are likely to be responsible
for driving the turbulence for our nominal parameters in
various f§ regimes, we perform linear gyrokinetics calcula-
tion in the pedestal region. Note that extensive pedestal
gyrokinetic calculations have been performed for NSTX**

Phys. Plasmas 22, 056111 (2015)

and MAST?’ using GS2 where the basic scaling analysis is
laid out for an identification of the microinstabilities in the
edge. We refer the reader to Ref. 34 for details about the
GS2 analysis. Given that experiment localizes the QCF in
the pedestal region, which encompassed the steep gradient
region and the pedestal top, GS2 calculations are performed
at the pedestal top and in the top 1/2 of the steep gradient
region.

Figure 19(a) indicates the pedestal top where the GS2
calculations are performed. The growth rates and frequencies
are displayed in Figs. 19(b) and 19(c). Electron /3 scans have
been performed around the nominal operating point at
B, =0.34%. During the scan a mode pops out when f,
reaches 0.8%, which is far from the nominal experimental
fe. The sensitivity in f3, is used to determined KBM instabil-
ity, which in this case suggests that the nominal point is
KBM stable.

Similarly, in Fig. 20, GS2 calculations including a scan
in f, are displayed in the top 1/2 of the steep gradient region.
In this radius (r/a=0.985) at the top 1/2 of the steep gradi-
ent, the nominal experimental point is near the KBM thresh-
old. Note that GS2 only determines the most unstable mode,
which is found to be KBM here. Thus, the code cannot pro-
vide information about the possible existence of subdomi-
nant modes such as micro tearing modes, which are
predicted to also reside in the pedestal region as shown in
Ref. 35. KBM instability in the steep gradient region has
been reported in NSTX***° and MAST.?® The real frequency
indicates a propagation in the electron diamagnetic direction,
which has been determined using extensive parameter scans
to be a hybrid TEM/KBM in Ref. 34. This propagation direc-
tion agrees with BES estimates of the QCF propagation.
Note that these local GS2 calculations are initial and that
nonlocal effects are expected to play a role in the pedestal
region. Using GEM, a global linear df gyrokinetic code, and
GYRO (another gyrokinetic code), similar simulations have
been performed on the DIII-D H-mode discharges.>’** Both
of these simulations find evidence that the edge pedestal is
KBM unstable. Future work should employ nonlinear global
calculations for a true comparison with the observed satu-
rated QCF.
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VI. SUMMARY AND DISCUSSION

Detailed studies of the pedestal recovery after a type I
ELM and associated edge fluctuations called quasi-coherent
fluctuations are presented. The DIII-D Thomson scattering
system was operated in bunch mode in order to obtain high
time resolution measurements of pedestal recovery times af-
ter ELM events. The measurements were performed for a
range of plasma currents (0.7, 1.0, and 1.6 MA) to show that
the density gradient recovers on a shorter time scale than the
temperature gradient at high current. In addition, the density
gradient recovery time is shown to be independent of plasma
current. One interpretation of these results is that edge recy-
cling is responsible for the pedestal density gradient recov-
ery. In fact, recent work by Ref. 39 using UEDGE-MB-W
proposed that an intense particle deposition into the wall by
the ELM followed by continuous gas release between ELMs
at constant rate could provide a mechanism to fuel the pedes-
tal in line with our observations. On the other hand, the tem-
perature gradient recovery time increases with the plasma
current. Note that both collisionality and heating power have
also changed with current. These changes may have contrib-
uted to the longer recovery time. Modeling efforts to repro-
duce the recovery times will be the subject of future work.

The pedestal temperature gradient recovery is found to
correlate with the onset of QCF observed in density and mag-
netic fluctuations between ELMs. The amplitude of the QCF
is observed to onset when a threshold temperature gradient is
reached both in low and high current, although it is more
clearly seen for the high current case since the recovery times
of the density and temperature gradients are distinct. Once the
QCEF onsets, its amplitude tracks well the temperature gradient
evolution including saturation of both amplitude and gradient
prior to the next ELM. While causality in the saturated state
between amplitude and gradient is difficult to show at this
point, the evolution of the fluctuations correlates well with the
gradient pointing to QCF playing a key role in regulating the
edge transport to “halt” the temperature gradient’s evolution
(and linked to this evolution is the pedestal pressure gradient).
Such edge regulation is speculated to occur through continu-
ous release of energy across the plasma boundary. The quasi-
coherent fluctuations are determined to be n=—2 and n—3

-2 et
00 01 02 03 04 05 0.6

keps

toroidal modes in the low plasma current case. Unfortunately,
no mode number analysis could be determined in the high cur-
rent case due to the lack of magnetic diagnostic spectral reso-
lution (low sampling rate of the Mirnov coils).

Furthermore, the quasi-coherent fluctuations are meas-
ured to be localized at the pedestal top of temperature using
the BES but could also be localized in the pedestal within
measurement uncertainties. Correlation measurements indi-
cate that the dominant edge fluctuations, including the quasi-
coherent fluctuations, are low kygp; = 0.03 — 0.1 for the low
and high plasma current cases. Similar density fluctuations
measurements using the DBS system detected rms density
fluctuations with intermediate kpp, = 0.9. Note DBS was
mostly probing the steep gradient region. The QCFs are
low-k, localized in the pedestal region with unresolved prop-
agation direction, onset for a given temperature gradient, and
track the evolution of the temperature gradient.

The EPED1 model, which has successfully predicted the
pedestal height and width in several machines, invokes
KBM physics as the limiting mechanism for the pressure
pedestal gradient. Using the EPED1 model, we show good
agreement of the predicted critical gradient with the onset
and saturation of the QCF. The observed modes appear to
onset once a gradient threshold is reached similar to where
KBMs are hypothesized to occur in the EPED1 model. Note
that the KBM is predicted to onset with pressure gradient.
Here, we observed the QCF to onset with the temperature
gradient and subsequently the QCF amplitude tracks and sat-
urates with the temperature gradient evolution.

Several open questions remain. The most obvious one
pertains to the exact nature of these fluctuations. The rather
narrow radial (~1cm) layer in the high current case cannot
exclude magnetic islands at the pedestal top. This mode
layer in low current is slightly larger (~2cm) and could
still be associated with magnetic islands. Possible mode
candidates can be reduced by examining the driving factors.
While the temperature gradient appears to correlate with
the amplitude evolution of the quasi-coherent fluctuations,
it is worth pointing out that the mode onsets when the tem-
perature pedestal gradient reaches a threshold. Such tem-
perature gradient dependence points to either KBM or
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micro tearing modes (see Table I of Ref. 40 for characteris-
tics of potential instabilities).

Turning back to ELM and pedestal physics, it is worth
noting that quasi-coherent like modes have been previously
observed between ELMs on JET.?® Similarly, Alcator,
C-Mod observed such QCF between ELMs.*® On DIII-D,
BES data show that shortly after an L-H transition, coherent
modes turn on.’ At the time of turn on, the rise of VP, dra-
matically slows. The experimental VP, was shown to track
the KBM VP, very shortly after the transition. In JET,
C-Mod, and DIII-D, the quasi-coherent fluctuations correlate
with the pedestal temperature (strictly speaking with its gra-
dient in DIII-D) increase and the density gradient has no
apparent effect on the fluctuations’ amplitude evolution.
C-Mod shows that these low-k fluctuations are localized in
the upper part of the steep gradient region (note the pedestal
is narrow so a definite localization in the steep gradient
region is not certain). On DIII-D, the QCF is also low-k and
is observed to be localized at the pedestal region, which
within measurement uncertainties could be the pedestal top
or the steep gradient region. Initial linear microinstability
analysis in the pedestal region using GS2 indicates that the
top 1/2 of the steep gradient region is near the KBM thresh-
old with propagation in the electron direction in agreement
with QCF propagation as determined using BES. This raises
the following questions: Are QCFs a manifestation of KBM
or microtearing? It is worth nothing that microtearing modes
are also sensitive to f3, (see Table I of Ref. 40 for characteris-
tics of potential modes). Thus far, based on the GS2 model-
ing and observations which clearly show a f, threshold and a
parity consistent with KBM, the results suggest that QCFs
are consistent with KBM, but we cannot rule out micro tear-
ing modes as being subdominant. However, addressing this
question more systematically will require global nonlinear
gyrokinetic calculations in the pedestal region (which have
been challenging to perform) and perhaps comparison of the
fluctuation spectra with these measurements. Why do QCFs
precede ELMs in this case? What make QCFs different from
other quasi coherent fluctuations? Indeed, the quasi-coherent
nature of these fluctuations is reminiscent of EHO in the QH,
QCM in EDA, and WCM on I-mode, with the main excep-
tion that all are associated with ELM-free regimes. One of
these modes (QCM) has been shown to be localized in the
bottom of the pedestal steep gradient using the mirror
Langmuir probes on C-Mod.*' The EHO is thought to be a
saturated kink-peeling mode of low-n,*! localized in the
edge pedestal region. Quasi-coherent fluctuations are
observed in the region of the pedestal in the ELMy dis-
charges discussed here and in a number of ELM-free
regimes. Future work will investigate the nature of these
fluctuations using nonlinear global gyrokinetic calculations
(computer intensive) in the pedestal region.
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