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Observation of edge instability limiting the pedestal growth in tokamak plasmas

A. Diallo,! J.W. Hughes,?> M. Greenwald,2 B. LaBombard,? E. Davis,2 S-G. Baek,? C. Theiler,?
P. Snyder,? J. Canik,* J. Walk,? T. Golfinopoulos,? J. Terry,> M. Churchill,> A. Hubbard,?
M. Porkolab,? L. Delgado-Aparicio,! M.L. Reinke,> A. White,? and the Alcator C-Mod team

! Princeton Plasma Physics Laboratory, Princeton, NJ
2 Plasma Science and Fusion Center, Massachusetts Institute of Technology, Cambridge, MA
3General Atomics, San Diego, CA
40Oak Ridge National Laboratory, Oak Ridge, TN
(Dated: January 27, 2014)

With fusion device performance hinging on the edge pedestal pressure, it is imperative to exper-
imentally understand the physical mechanism dictating the pedestal characteristics and to validate
and improve pedestal predictive models. This letter reports direct evidence of density and magnetic
fluctuations showing the stiff onset of an edge instability leading to the saturation of the pedestal on
the Alcator C-Mod tokamak. Linear stability and gyrokinetic analyses point to the edge pedestal
being kinetic ballooning unstable with wavenumber consistent with observations.

PACS numbers:

High performance operational regimes in fusion devices
are characterized by the spontaneous formation [1] of
steep gradients and stair-step like profiles in density and
temperature at the plasma edge (often termed as “H-
mode pedestal”). These gradients are the result of an
edge transport barrier, believed to be caused by shear-
flow suppression of turbulence [2, 3], leading to an overall
performance enhancement of fusion devices such as toka-
maks. As in most physical systems with significant gradi-
ents, however, instabilities can arise due to the available
source of free energy. In tokamaks, repetitive instabili-
ties termed edge-localized modes (ELM) occur when the
pedestal pressure and/or current exceed critical values
for a given profile characteristic width scale.

It is well-known that the H-mode pedestal pres-
sure/current builds between ELMs and collapses during
ELMs; this collapse reduces the overall fusion perfor-
mance. To optimize fusion performance, it is impera-
tive to simultaneously avoid ELMs while maximizing the
pedestal. Indeed the projected fusion performance is cor-
related with the pressure at the pedestal top [4]. There-
fore, an understanding of the pedestal gradients and dy-
namics is required for validating and improving existing
predictive models for projecting future performance on
fusion devices such as ITER.

At present the EPED model (not an acronym) is
the leading candidate for predicting the pedestal [5]
in multiple fusion devices including Alcator C-Mod [6].
The underlying hypotheses of this model rely on several
classes of edge instabilities. The first class encompasses
macro-instabilities destabilized by excessive pressure gra-
dients (“ideal ballooning modes”), excessive edge current
(“kink or peeling modes”), or a combination (“peeling-
ballooning modes”). This class of instabilities contrains
the pedestal height. The second class is an ion scale,
ballooning-type of micro-instability that is kinetically
destabilized (“kinetic ballooning mode-KBM”) [7] and
is hypothesized to restrict the local pressure gradient.
This latter class of instability is also operative in mag-

netospheric physical systems where the onset of KBM is
thought to play a vital role in global substorm dynam-
ics of the near-Earth magnetotail ([8-10]and references
therein). The combination of these two class of insta-
bilities within EPED lead to a unique prediction of the
pedestal pressure in tokamaks; to date, however, there
has been no strong evidence of the existence of KBM,
much less their role in the pedestal dynamics during ELM
cycles in tokamaks.

In this letter, we show direct evidence of an instabil-
ity limiting the pedestal between ELMs. Using multiple
poloidally and toroidally separated fluctuation diagnos-
tics, we present detailed measurements in both density
and magnetic fluctuations and link the onset of the insta-
bility associated with a clamping of the pedestal temper-
ature. Theoretical stability calculations show that the
edge pedestal is KBM and ballooning unstable during
the pedestal evolution. Multiple experiments have suc-
cessfully demonstrated that the pedestal height increases
and, in some cases, tends to saturate before the onset
of ELM [6, 11-14]. The pedestal gradient has been ob-
served to clamp early during an ELM cycle. Previous
attempts have been made to identify an instability in
the pedestal region during an ELM-free period on the
DIII-D tokamak [15] correlated with the pedestal evolu-
tion. However, a direct link between saturation of the
pedestal with an onset of microinstabilities responsible
for heat and/or particle transport leading to this satura-
tion has never been demonstrated.

Experiments were performed on Alcator C-Mod toka-
mak heated with 2 MW of ion cyclotron range of fre-
quency (ICRF) minority heating[16]. Electron density
and temperature were measured using the Thomson
scattering system [17]. The charge-exchange(CXRS) sys-
tem [18] provides the edge ion temperature and radial
electric field profiles. To enhance the temporal resolu-
tion of the electron temperature evolution, electron cy-
clotron emission(ECE) measurements [19] are obtained
at the pedestal.
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FIG. 1: (color online) (a) Wavenumber-frequency spectrum
of observed PCI fluctuations displaying a mode coherent in
both frequency and radial wavenumber. From this spectrum,
we determine a phase velocity of +12 km/s as labelled with
the oblique dotted lines.

To better understand the role of fluctuations in the
pedestal dynamics, we investigate both local and global
fluctuations during the ELM cycle. The main diag-
nostics used to probe the inter-ELM fluctuations are
the phase contrast imaging (PCI) (sampling the global
fluctuations), and the ordinary-mode reflectometer (O-
mode), the gas puff-imaging (GPI), and the magnetic
probes systems (sampling the local, edge fluctuations).
We show below that these measurements (from different
diagnostics) are consistent with each other and provide
the necessary ingredient for comparison with theoretical
predictions of the KBM scalings between ELMs.

C-Mod’s PCI diagnostic measures the line-integrated
absolutely calibrated electron density fluctuations along
32 radially spaced, vertically viewing chords [20]. With
these radially spaced chords, a spatial Fourier transform
is obtained. Figure 1(a) displays the spectrum S(kg, f)
as a function of frequency and major radius wavenumber.
Beside the broadband fluctuations in this figure, two co-
herent peaks at 300 kHz and at kr = (1.5 +0.5) cm™!
are observed from which a phase velocity (w/k) of £12
km/s is determined. The phase velocity and the sym-
metry of the coherent features circled in figure 1 suggest
a mode localized in the edge having a predominant kg,
with the opposing signs corresponding to the bottom and
top of the PCI beam path.

To improve on the radial localization, we used the O-
mode multi-channel fixed-frequency reflectometer system
to probe the edge electron density fluctuations [21]. Fig-
ure 2(a) indicates the fixed frequencies associated with
density cutoff layers. Although the absolute density fluc-
tuation levels are difficult to assess, the complex signals
from each channel sampling the edge density provide
measurements of the fluctuation characteristics at corre-
sponding radii. Figure 2(b)-(c) displays the spectrogram
of the complex signals between ELMs. It is observed that
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FIG. 2: (color online) Radial localization of the coherent
fluctuations. (a) Density profile and overlayed are the verti-
cal lines indicating the density cutoff corresponding to each
probing frequency. (b) Spectrogram of the reflectometer sig-
nals for the 112 GHz channel probing the pedestal top. (c)
This panel shows inter-ELM coherent fluctuations. Note the
white vertical lines at the bottom of this panel represent the
ELMs.

the channel probing the density pedestal region (steep
gradient region) exhibits coherent fluctuations that on-
set during the pedestal evolution. The channel probing
the pedestal top, on the other hand, does not display any
spectral features, indicating that the mode is localized in
the steep gradient region.

The 2D measurements of the edge fluctuations are per-
formed using the Hel gas-puff imaging (GPI) system (de-
tails of this system can be found in Ref [22] and references
therein.) The GPI views the low-field side spanning a 2D
cross-section area of 3.5 cm (radial) by 3.9 cm (poloidal).
The collected Hel emission (A = 587.6 nm) is detected
by an array of avalanche photodiodes.Figure 3 shows the
density fluctuation measurements represented as the con-
ditional spectrum [S(kg|f)] for radii spanning the edge
region. These spectra exhibit a coherent fluctuation at
300 kHz peaking at kg = 0.7 cm™!, propagating in the
electron diamagnetic direction in the laboratory frame.
Figure 3(a)-(c) indicates that the mode is undetected in
the far scrape-off-layer but appears to be dominant near
the separatrix.

The characterization of this instability relies on the
magnetic component associated with the edge density
fluctuations presented above. Such characterization is
performed using a double-head magnetic probe held at a
fixed position 2 cm away from the separatrix. Note this
proximity to the separatrix is a first and was found to be
key in the identification of the instability. The two mag-
netic heads are separated poloidally by 5 mm enabling
the resolution of the poloidal wavenumber spectrum. Fig-
ure 4 displays the inter-ELM magnetic By fluctuations
clearly showing in panel (a) the onset of the coherent fluc-
tuations. This is further highlighted in panel (b) where
the integrated power over the frequency band (200 and
500 kHz) shows an increase followed by a saturation of
the integrated power. In panel (c), the electron cyclotron
emission (ECE) diagnostic shows a prompt drop in the
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FIG. 3: (color online) Frequency-wavenumber spectra of the
2D GPI fluctuations at three different radial locations (a) at
p = 0.2 cm, which is thought to be outside the separatrix;
(b) p = -0.10 cm corresponds to the steep gradient region;
and (c) p = -0.49 cm is located near the pedestal top. Note
that with 1 - 2 cm uncertainties in the pixel registrations and
location of the separatrix, the three locations span the edge.
(d) Spectral power of the mode as a function of radii.

electron temperature (7P°?) at each ELM, measured at
a location just inside the pedestal top. Each ELM event
is followed by a period of T?°? increase, then saturation.
The mode turn on is correlated with the pedestal tem-
perature saturation. This saturation persists until the
next ELM. This behavior is consistent with a pedestal
(of roughly fixed width) having a gradient that is relaxed
by ELMs and limited between ELMs by the onset of the
observed mode. Combining density and temperature at
the pedestal to compute the pressure pedestal (PP¢d),
the inter-ELM fluctuations are presented in terms of the
electron 3 = 2o PP*?/B? at the pedestal in panel (e),
confirming the [ sensitivity of the onset of instability,
consistent with both the KBM and microtearing insta-
bilities.

From the double-head probe, we display in figure 5 the
poloidal wavenumber By fluctuation spectra during the
inter-ELM phase. Early in the inter-ELM phase, a broad-
band wavenumber structure, as indicated in the left panel
of figure 5, is observed which later through the ELM cy-
cle becomes coherent in frequency and wavenumber (see
right panel of figure 5). The poloidal wavenumber kg
ranges between 0.6 and 0.7 cm ™!, yielding kgps ~ 0.04
propagating with phase velocity of 30 km/s in the elec-
tron diamagnetic direction. Here ps = v/m;T./(eB) de-
fines the Larmor radius with the ion mass m;, elementary
charge e, electron temperature T, and magnetic field B.

To reconcile the wavenumber measurements from the
diagnostics covering the poloidal direction, figure 6 sum-
marizes the expected ky as a function of vertical posi-
tion. In this figure, the poloidal wavenumbers obtained
from PCI, GPI, and magnetic probes are plotted as a
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FIG. 4: (color online)(a) Magnetic fluctuations spectrogram
displaying the inter-ELM fluctuations sustained for 10 - 20
ms. (b) Integrated spectral amplitude obtained from inte-
grating the above spectrogram between 200 and 500 kHz.
(c) Edge temperature evolution measured using the ECE. (d)
Line-averaged density evolution. (e) Estimate of the pedestal
electron 3 evolution.
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FIG. 5: (color online) Frequency-wavenumber spectra of the
magnetic fluctuations for two distinct time slices; [Left]: be-
fore the onset of instability and [right]: saturated regime. In
both panels, an oblique lines is displayed to show the corre-
sponding phase velocity of 30 km/s.

function of vertical position (equivalent to the poloidal
angle). The solid line represents the expected result for
a field-aligned perturbation. Figure 6 indicates agree-
ment (within errors) between the various wavenumber
measurements, which yields a n=10 field-aligned mode
consistent with ballooning characteristics.

The theory of stability of the edge pedestal, embodied
in the ELITE code [23], allows us to determine the stabil-
ity characteristics before the onset of ELMs. In addition,
using the infinite-n ballooning stability criteria, a proxy
for KBM stability, we can determine the pedestal stabil-
ity to KBMs. We have performed peeling-ballooning sta-
bility calculations for the ELMy discharge using the same
technique employed previously in [24]. Note that these
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FIG. 6: (color online) Predictions of the poloidal wavenumber
as a function of the vertical position assuming that the insta-
bility is field-aligned. Overlayed are the vertical positions of
the different diagnostics used in this work to show agreement
in wave numbers.

stability calculations depend on the full radial structure
of the current and pressure profiles. The results are
shown figure 7. Within the error bars, the operating
point for the discharge is on the ballooning boundary;
this is characteristic of C-Mod ELMy discharges. In ad-
dition, the stability boundaries for the KBM proxy are
shown, indicating that the operating point is infinite-
n unstable which is equivalent to being KBM-unstable.
The edge stability analysis predicts that pedestal is both
KBM and ballooning unstable consistent with the exper-
imental observations.
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FIG. 7: (color online) Stability contours. The colored contour
represents the peeling-ballooning growth rate () normalized
to 1/2 the diamagnetic frequency (ws). The discharge oper-
ating point is represented by the box with error bars. This
point is ballooning unstable. The white line represents the
infintie-n ballooning (proxy for the KBM stability) boundary
indicating that the operating point is also KBM unstable.

In summary, this paper reports edge fluctuation mea-

surements during the pedestal evolution, and compari-
son with model predictions. We observed, using multi-
ple poloidally separated edge diagnostics, coherent edge
density fluctuations with associated magnetic signature.
Furthermore, the coherent fluctuations onset during an
increase of the pedestal temperature, which in turn sat-
urates until the next ELM. This observation is consis-
tent with the fluctuations enhancing the edge transport
limiting the growth of the pedestal temperature. Char-
acterization of these coherent fluctuations in frequency
and wavenumber shows that the mode propagates in the
electron diamagnetic direction in the laboratory frame
with ion spatial kgps ~ 0.04. In addition, the mode is ra-
dially localized at the edge pedestal and is field-aligned
(as it is observed by multiple diagnostics, all of which
provide wavenumbers consistent with k-B = 0.) Finally,
the mode’s stiff onset is shown to be sensitive to the elec-
tron (. which is a key magnetic signature of the KBM
or microtearing mode. An important additional charac-
teristic distinguishing the two instabilities is the propa-
gation direction. Assuming that the observed mode is
located in the minimum of the radial electric field well
and accounting for instrumental effects of the CXRS di-
agnostic and the “barberpole” effect [25], we determine
the plasma frame phase velocity of the mode to be (7 +
6) km/s, which is in the ion diamagnetic drift direction.
Thus, this would be compatible with KBM and inconsis-
tent with an electron mode such as microtearing. This
compatibility was corroborated using linear gyrokinetic
calculations GS2 (not shown here) over a limited radial
range within the pedestal, where KBM is dominant at a
similar kgps = 0.03 to that of the mode measured.

For its predictive capability of future machine pedestal

height and width, EPED hypothesized that the pedestal
gradient is limited by the onset of the KBM. We have
shown for the first time the onset of a coherent fluctu-
ation (exhibiting the same characteristics as KBM) as-
sociated with an increase of the pedestal temperature.
Once the mode is turned on the pedestal temperature
remains clamped until the next ELM. Further investiga-
tions should focus on comparisons with gyrokinetic and
gyrofluid simulations estimates of the transport provided
by this coherent mode.
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