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Recent evidence points toward the microtearing mode (MTM) as an important fluctuation in the H-mode
pedestal for anomalous electron heat transport. A study of the instabilities in the pedestal region carried
out using gyrokinetic simulations to model an ELMy H-mode DIII-D discharge (USN configuration, 1.4
MA plasma current, and 3 MW heating power) is presented. The simulations produce MTMs, identified by
predominantly electromagnetic heat flux, small particle flux, and a substantial degree of tearing parity. The
magnetic spectrogram from Mirnov coils exhibits three distinct frequency bands—two narrow bands at lower
frequency (~35-55 kHz and ~70-105 kHz) and a broader band at higher frequency (~300-500 kHz). Global
linear GENE simulations produce MTMs that are centered at the peak of the w, profile and correspond closely
with the bands in the spectrogram. The three distinctive frequency bands can be understood from the basic
physical mechanisms underlying the instabilities. For example (i) instability of certain toroidal mode numbers
(n) is controlled by the alignment of their rational surfaces with the peak in the @* profile, and (i) MTM
instabilities in the lower n bands are the conventional collisional slab MTM, whereas the higher n band depends
on curvature drive. While many features of the modes can be captured with the local approximation, a global
treatment is necessary to quantitatively reproduce the detailed band gaps of the low-n fluctuations. Notably, the
transport signatures of the MTM are consistent with careful edge modeling by SOLPS.
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I. INTRODUCTION

fluctuations are characterized by their large magnetic compo-

This paper reports on a gyrokinetic study of microtearing
modes (MTMs) in the DIII-D pedestal. We describe care-
ful comparisons with magnetic fluctuation data and elucidate
the physics underlying the distinctive features of experimental
frequency spectrum.

The MTM is an electromagnetic microinstability domi-
nated by electron dynamics at ion length scales. The resulting
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nent, distinctive frequency (@ ~ @), and large heat transport
in the electron channel via magnetic flutter. While the con-
ventional tearing modes are driven by current gradients, the
essential drive of the MTM is the electron temperature gradi-
ent. The earliest work showed that a finite collision frequency
comparable to m, was necessary to stimulate the MTM in both
the slab (Ref. 1) and cylindrical (Ref. 2) geometries.

The crossover of electrons near the trapped-passing bound-
ary is required to enhance the collision rates in the low col-
lisionality regimes and destabilize the MTMs (Ref. 3). Thus,
it was posited that MTMs are stable in collisionless regimes



and, perhaps, less relevant for tokamaks with large aspect ra-
tio operating at the high temperatures (v < ®,) relevant for
a reactor. Consequently, many earlier studies of MTM have
focused on spherical tokamaks (Ref. 4-8).

Interest in MTM has been vigorously revived for standard
aspect ratio tokamaks such as discussed in 9 and 10. In par-
ticular, a series of recent papers has demonstrated that MTM
is a prominent fluctuation in the steep gradient region of the
pedestal (Ref. 11-13). Hatch et al. 11 identified MTM as
the salient ion-scale instability in a JET ITER-like wall (JET-
ILW) discharge, noted its unusual mode structure (peaking
at the top and bottom of the tokamak), and demonstrated
that nonlinear simulations can reproduce experimental trans-
port levels. Kotschenreuther et al. 12 outlined fundamental
physical arguments for the likelihood of MTMs as an impor-
tant pedestal fluctuation and made direct connections between
GK simulations and magnetic spectrograms for two DIII-D
discharges. Recently, Hatch et al. 13 demonstrated quanti-
tative agreement between gyrokinetic simulations and mag-
netic spectrograms from JET and explained the distinctive
frequency bands by the alignment of certain rational surfaces
with the peak in the profile of the diamagnetic frequency @.
More generally, the recent DOE-FES theory performance tar-
get (of which this work was a part), surveyed a broad range of
discharges spanning several devices and modes of operation
and identified MTM in nearly all ELMy H-modes examined
as shown in 14 and 15. In addition to the pedestal observa-
tions, Jian et al. 16 identifies MTM in an internal transport
barrier on DIII-D, suggesting that MTM are not limited solely
to edge transport barriers, but, rather, may be a common fea-
ture of transport barriers in general.

Recently, innovative experimental diagnostics of internal
magnetic fluctuations (Ref. 17) have further established MTM
as a common pedestal fluctuation in DIII-D as discussed in 18
and 19. Related gyrokinetic modeling will be reported in 20.
Collectively, these results suggest that MTMs are likely re-
sponsible for many of the most prominent magnetic fluctua-
tions observed in the pedestal of tokamaks (see Ref. 18, 21—
26).

The experimental findings from the DIII-D discharge
162940 are detailed in section II, and the use of the plasma
profiles and equilibrium of that discharge to examine the pos-
sibility for finding signatures for the MTMs is reported in sec-
tion III. Afterward, the results of the local and global linear
gyrokinetic simulations are presented and discussed in section
IV. Section V shows the MTM structures with elaboration on
different physics mechanisms that are responsible for desta-
bilizing the MTM. Local nonlinear simulations are described
in section VI. Finally, conclusions and acknowledgements are
listed in sections VII and VIII.

II. DIII-D DISCHARGE 162940

DIII-D discharge 162940 was part of an experiment that
measures the effect of divertor closure on the pedestal den-
sity profile, detachment onset, and heat flux control (Ref. 27).
This discharge is in an upper-single-null (USN) configuration

with the ion B X VB drift towards the X-point and is en-
tirely beam-heated with ~ 3 MW of modulated beam power
throughout. Importantly, the discharge has a low (~ 15Hz)
and consistent ELM frequency around the chosen time slice.
The slow ELM frequency allows for the detailed gyrokinetic
studies presented in this paper by increasing data resolution
between ELMs, where 80-99% of the phase of the ELM cycle
was used to construct this equilibrium. The end of the ELM
cycle represents the period with steepest temperature gradi-
ents and saturated temperature profiles. Consequently, it is
expected that the instabilities are most robustly unstable—and
most easily identified—during this period.

The measured thermal pressure profile, the computed beam
pressure profile and the edge neoclassical bootstrap current
model, as well as the temperature and density profiles, were
used to construct the "kinetic" equilibrium for the DIII-D dis-
charge 162940, and they show clear signatures of an H-mode
operation for this discharge. The workflow that followed uses
an extra iteration after the initial kinetic equilibrium is made
to re-map all of the experimental data onto the new EFIT of
higher resolution, i.e. 513x513, and then to recompute the
equilibrium with the re-mapped temperature and density pro-
files. This improves the self-consistency between the profiles
and the equilibrium. This plasma is strongly shaped with an
elongation of 1.78 and upper and lower triangularities of 0.71
and 0.28, respectively.

The magnetic spectrogram for DIII-D discharge 162940 is
shown in Fig. (1). For the present study, three lab frame
frequency bands are of interest: f ~ 35 —55kHz, f ~ 70 —
105kHz, and f ~ 300 — 500kHz. These quasi-coherent fluc-
tuations are denoted with magenta lines in Fig. (1). From
Fourier analysis of fast magnetic measurements, the toroidal
mode number n was determined to be n = 3 for the lowest
frequency (f = 35 — 55kHz) mode (28). As shown below, gy-
rokinetic simulations agree with this measurement. Resolu-
tion on the magnetic diagnostics is not high enough to exper-
imentally determine the n number for the two high-frequency
bands. These bands are correlated with the inter-ELM cycle
and such bands have been shown elsewhere to be localized in
or near the pedestal (see Refs. 23 and 24). Most other fre-
quency signatures are only weakly correlated with the ELM
cycle and are likely core fluctuations. Here we seek to an-
swer the questions: (i) what is the instability underlying these
quasi-coherent pedestal fluctuations, and (ii) what is the phys-
ical mechanism underlying the distinctive band structure?

III. PRELIMINARY CONSIDERATIONS: INITIAL
PROFILE PREDICTIONS

Useful insights can be gained from a simple examination of
the MTM frequency in the pedestal. The MTM frequency is
closely tied to @* = kypscs(1/L,, +1/Lz.), where ky is the
wavenumber, P is the gyroradius, c; is the ion acoustic speed,
L,, is the electron density gradient scale-length, and L7, is the
electron temperature gradient scale-length. Due to the rapidly
changing (in the radial direction) profiles in the pedestal, how-
ever, this knowledge is only useful if we know the relevant ra-
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FIG. 1. A spectrogram of magnetic fluctuations observed in signals
from Mirnov coils for the DIII-D discharge #162940 from 2.85s to
3.15s. The vertical lines correspond to ELMS. The fluctuations of
interest are those that correlate with the ELM-cycle—i.e. fluctuation
bands that are weak (or vanishing) immediately after the ELM and
then have upward-sweeping frequencies as the pedestal gradients re-
cover. These quasi-coherent fluctuation bands are highlighted in ma-
genta. Note that, at lower frequencies, core modes that are weakly
(or un-) correlated with the ELM cycle are also manifest.

dial localization of the fluctuation. Ref. 13 shows that pedestal
MTMs localize at the peak of the @* profile and can only re-
sult in instability if this peak aligns with the relevant rational
surface for a given toroidal mode number n. This information
allows a preliminary survey of the fluctuations even before re-
sorting to gyrokinetic simulations.

Fig. (2) illustrates these considerations. In this figure, the
curves show the diamagnetic frequencies in the lab frame,
®* + wp, where wp is the Doppler Shift, for a range of
toroidal mode numbers n = 2 — 6. The frequency bands from
the spectrogram are shown in orange and the vertical lines de-
note rational surfaces ¢ = m/n for various combinations of n
and poloidal mode number m. The particular values of m in
fig. 2 are chosen such that the rational surface m/n lies closest
to the peak of the * profile.

Several toroidal mode numbers (n = 3,5,6) correspond to
rational surface near the peak of ®* and have diamagnetic fre-
quencies (shown in green) that fall within (or near) the ob-
served frequency range. This suggests that the correspond-
ing toroidal mode numbers may have unstable MTMs and are
good candidates to explain the observed fluctuations. Note
here that one of the rational surfaces in alignment with the
lowest frequency band agrees with the experimental measure-
ment of n = 3. On the other hand and although the red curves
(diamagnetic frequencies for n = 2,4) fall near the observed
bands, their corresponding rational surfaces are located far
from the peak of the diamagnetic frequency (®*) profile for
each mode and we would thus expect these modes to be sta-
ble. In contrast the rational surfaces of the modes atn = 3,5,6
lie at or close to the peak of the w* profile. As we will show
below in Sec. IV, these predictions are borne out in gyroki-
netic simulations. We note that the frequencies for the un-
stable toroidal mode numbers n = 3,5,6 lie at the higher end
of the observed frequency bands. This was also observed in
Refs. 12 and 13, where it was explained by localized flattening
of background profiles in the nonlinear state.
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FIG. 2. The lab-frame diamagnetic frequency profile over the

pedestal region for a selected toroidal mode number (2 — 6) in green
or red. The orange frequency band are corresponding to the fre-
quency of the magnetic fluctuations measured experimentally by the
Mirnov coils. The vertical lines are the rational surfaces correspond-
ing to each mode number, and the blue line represents the safety
factor.

For the purposes of this paper, we note two considerations
regarding the localization of the modes near the peak in @*
and the consequent sensitive selection of unstable n numbers.

1. The first consideration is very simple. A mode is most
likely to be unstable at the location where its drive is
maximized, in this case, the peak of the w* profile.

2. A more comprehensive answer requires a detailed study
of the global eigenmode problem. More specifically, a
global MTM eigenmode depends on the cooperation of
the standard “potential well” created by magnetic shear
as well as the variation of @*. The proximity of the
rational surface near the @* peak seems to reinforce the
potential well. This is currently under investigation and
will be published elsewhere.

These considerations have been studied in detail and reported
in a separate publication, which concludes that the latter
mechanism is in effect (Ref. 29).

Having made these preliminary investigations, we move
now to gyrokinetic simulations.

IV. GYROKINETIC SIMULATIONS

The main questions of interest are: (i) what instabilities are
responsible for the magnetic fluctuations, and (ii) what is the
underlying physical mechanism responsible for the distinctive
band structure? As will become clear below, we are able to an-
swer these questions rather conclusively using linear gyroki-
netic simulations.

A series of global and local linear simulations have been
carried out using the GENE gyrokinetic code (Refs. 30 and
31) to examine the presence and role of MTMs in the DIII-D
discharge 162940.



We consider both local and global treatments. The two ap-
proaches are qualitatively similar, although a global treatment
is necessary to recover the banded structure at lower frequen-
cies. While the global simulations span the pedestal, the local
simulations examine three locations near the peak of the @,
profiles, i.e. py = 0.965, 0.970, and 0.975.

A. Local Linear Simulations

A series of local linear simulations is carried out over a
range of toroidal mode numbers (n = 1 — 30) at three ra-
dial locations py = 0.965, 0.970, and 0.975. Here we in-
clude three-species (deuterium, electrons and carbon) and
employ the Landau collision operator. Convergence tests
show that the following resolution is sufficient to resolve the
instabilities: n,=16, n,=160, n,=48, and n,=24 in the ra-
dial wavenumber (k,), parallel (z), parallel velocity V| and
magnetic moment U coordinates, respectively. The elec-
tron density and temperature, along with their inverse gra-
dient scale lengths, in addition to the collision frequency

(vei:n0e47rlnA/ meTSO/Z), magnetic shear (§ = rLy),

safety factor (g), and beta (B = (nckgT,)/ (B*/2u0)) values
at the selected locations are shown in table(I):

TABLE 1. Profile parameters for local linear simulations

Parameter Py=0.965 py=0.970 py=0.975
n.(101) 4.93 443 3.84

T, (keV) 0.468 0.403 0.331
a/Ly, 17.93 247061 32.02133
a/Lz, 25.73 34.46 44.05

Vv 574%x1073 [6.91x10~> [8.80x1073
B 226x1073 [1.75x1073 [1.25x103
§ 325 3.05 3.65

q 4.46 453 4.61

The mode frequencies in Fig. 3 are clearly in the electron
diamagnetic direction and close to @* as expected for MTM.
The frequency of the unstable modes is monotonically in-
creasing with the radial locations (py) and the mode numbers
(1) in both the lower and upper bands. The growth rates, on
the other hand, show different profiles in the lower and upper
bands.

Further characteristics of the modes are shown in Fig. 4,
where we plot the ratio between (i) the electromagnetic and
electrostatic components of the heat flux (Qum/Qes), (i)
the ion and electron heat diffusivities (¥;/.), and (iii) the
electron particle diffusivity to the electron heat diffusivity
(D./xe). Heat () and particle (D;) transport diffusivity for
each species (s) are defined as the particle (I'y) and/or heat
(Qys) fluxes multiplied by the gradient scale-length (L, or Lr,),
where:

Dg = Lnsl"s/ns
Xs = LTS [Qs - (3/2)Tvrs} /nsTs

where the particle and heat fluxes are calculated inside GENE
code and provided as an output. The formulas for these fluxes
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FIG. 3. The angular frequency (top) and growth rates from a set of
local linear simulations scan over a range of toroidal mode numbers
(ng =3 —29) at three different locations (py = 0.965 (red), 0.970
(green), and 0.975 (blue)).
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FIG. 4. The ratio of the electromagnetic-to-electrostatic heat flux
(top), the ion-to-electrons heat transport (middle), and the heat-to-
particle transport of the electrons (bottom) for a local linear simu-
lation scan over a range of toroidal mode numbers (ny = 3 —29) at
three different locations (py = 0.965 (red), 0.970 (green), and 0.975
(blue)).

are standard and reported in, e.g., Ref. 32.

The dominance of the electromagnetic component of the
heat flux (Q,,) is a clear signature of MTM. The other ratios
are also consistent with ETG.

The diffusivity ratios shown in Fig. 4 (and below in Fig. 5)
are of particular interest. The DIII-D discharge studied here
was the also the focus of a successful SOLPS-UEDGE bench-
marking exercise as well as extensive sensitivity tests carried
out with SOLPS Ref. 14. The results from these studies show
that the conclusion that D,/), < 1 is not only in force for
this discharge, but typical of the pedestals in general, indicat-
ing that a substantial heat transport mechanism is required in
addition to any MHD instabilities (like KBM) that may be ac-
tive (Ref. 12). The MTM is an eminently suitable candidate



as indicated by the diffusivity ratios reported here.

The transport ratios shown in Fig. 4 exhibit two distinct re-
gions of unstable modes (instead of the three distinct bands
shown in the spectrogram in Fig. 1), with the lower region ex-
tending from n = 2 — 9 and the upper region extending from
n = 15— 209 for the three selected locations. This already cap-
tures some features of the spectrogram, namely the cluster
of fluctuations at low frequencies and a separate broad band
at high frequencies. However, these local linear results are
not consistent with the distinct low frequency bands (f < 100
kHz) since the modes are unstable at each consecutive n num-
ber. As will be shown below, a global treatment is required to
reproduce this phenomenon.

Although the transport ratios are consistent with MTM in
all cases, the relative magnitudes of the ratios are quite differ-
ent between the two bands. This suggests there may be two
different branches of MTM, as will be further explored below.

B. Global Linear Simulations

While the local linear simulations were able to identify the
unstable MTM modes in two distinct bands, they failed to
reproduce the structure of the low frequency bands (below
105kH?z). As it turns out, global effects are necessary to re-
produce the low-n behavior, as described in this section.

Global linear simulations are centered at the middle of
the pedestal py=0.970 and span the steep gradient region of
the pedestal (radial domain py = 0.9425 —0.9975). Buffer
zones (~0.1) are employed at each end of the box to ease
the transition to the Dirichlet boundary condition at each end
with upper/lower Krook coefficient of ~1. To identify the
required resolution, a convergence test was carried out at two
mode numbers, one in the lower band (n=5) and another one
in the upper band (n=20). This convergence test shows that
the unstable MTMs are resolved with the following set of
grid resolution: n,=120, n,=90, n,=48, and n,,=24, where
ny is the number of radial grid points, and n_, n,, and n,, are
defined in subsection IV A. The global linear simulations
benefited from using block structured grids, which adapt the
velocity space box to the local, where /, and /,, are set to 3.13
and 11.86, respectively (see Refs. 33 and 34). This allows the
grid resolutions in the velocity space (v and w) to match the
local requirements.

The transport ratios of the globally unstable modes are
shown in Fig. 5. The ratio of the electron to ion heat transport
ratios, X/, (red crosses) and the heat to particle transport
ratios, X./De, (green pluses) for the electrons are found to be
much greater than 10. This suggests classification as ETG or
MTM. However, the dominance of the electromagnetic heat
flux, Q., (blue diamonds) over the electrostatic heat flux, Q.
clearly indicates MTM. Once again, while there is consider-
able variation between the regions (e.g. the electromagnetic
nature is clearly stronger for the low n region), all signatures
are consistent with MTM. Although the global results are
qualitatively similar to the local results, the ratios J;/x. and
D,./x. are much smaller in the global linear simulations.
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FIG. 5. The ratio of the electromagnetic-to-electrostatic heat flux
(blue), the electron-to-ion heat transport (red), and the heat-to-
particle transport (green) of the electrons for a global linear simu-
lation scan over a range of toroidal mode numbers (ny = 3 —29).

Similar to the results from the local linear simulations, the
ratio of the heat transport of electrons to ions is equivalent
to the lower and upper bands, however the electron particle
transport is much smaller than the electron heat transport
in the lower band compared to the upper band. The linear
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FIG. 6. The comparison between the unstable modes frequencies (in
SI units) in (red crosses) and the frequency of the magnetic fluctu-
ations measured experimentally (green bands) shows that the global
simulation perfectly reproduced the three distinct bands in the spec-
trogram. Also, the growth rates of the unstable MTM modes are
shown in blue pluses.

frequencies, f in kHz, and growth-rates, ¥ (c;/ps), of the
global linear modes are shown in Fig. (6). The orange bands
correspond to the frequencies of the magnetic fluctuations
in the spectrogram (Fig. 1). Notably, the frequencies of the
unstable MTM find a near-quantitative correspondence with
the bands in the spectrogram. The low modes (n = 3,5,6)
all have frequencies that are at the high range (or perhaps
slightly above) the observed frequency bands. In this context,
we make two comments. First, the most relevant range for
this comparison is indeed the highest end of the frequency



ranges, since the simulations are based on the profiles at the
end of the ELM cycle. Second, Refs. 12 and 13 also note
that the linear modes produce frequencies slightly above the
fluctuation bands but demonstrate a nonlinear reduction of
the frequency due to local flattening (i.e. reduction of local
,) of the background electron temperature profile.

Perhaps most strikingly, the simulation results agree closely
with the distinctive low frequency band structure, with unsta-
ble modes at n = 3,5,6 and a gap corresponding to the stable
mode at n = 4. Recall from Sec. II that the lowest frequency
band is identified as n = 3 in the fluctuation data, in agreement
with these simulations. The physical mechanism underlying
this band gap has been alluded to above in Sec. III, namely the
requirement for rational surfaces to align with the peak in the
o* profile.

Fig. 7 shows several important physical components for un-
derstanding this behavior. Two dimensional wavefunctions of
the MTMs for selected toroidal mode numbers (n = 3,4,5)
are plotted in the upper panel. The lower panel shows
the same wavefunctions decomposed into their constituent
poloidal mode numbers, m, along with the radial profile of
.. The relevant rational surfaces are plotted as vertical lines.
The modes peak at the rational surfaces that lie closest to the
peak value of w*.

If the rational surface for a given n number aligns with
the peak of the diamagnetic frequency, then a MTM at that
toroidal mode number is found to be unstable. Recall from
Fig. 6 that the n = 3 and n = 5 MTMs are unstable, while the
n = 4 eigenmode is stable and note the relative alignment of
these modes with the peak in w, shown in Fig. 7. This same
behavior is described for a JET discharge in Ref. 13 demon-
strated by extensive variations in the q profile and explored in
depth using a simplified model in Ref. [29].

We note also the difference between the local and global
approaches for the bands below 120 kHz, where the MTMs
from local simulations produce unstable modes at each con-
secutive toroidal mode number and don’t exhibit the band gap.
The reason is simple: the local approximation knows nothing
about the , profile, which is, rather, characterized by a single
value representing the local gradients.

The eigenmodes in the upper band ny = 16 —29 (not shown
here) also align with the peak in the w, profile. However, since
the higher n rational surfaces are more dense, the considera-
tions of profile alignment do not pertain. Consequently, the
modes are unstable at each consecutive toroidal mode number
in the upper band. The question remains, however, of the dis-
tinction between the lower MTM range and the higher range,
which will be addressed in the next section.

V. SLAB AND TOROIDAL MTM

Having elucidated the origin of the distinctive low-n band
structure, we turn our attention now to the physical mecha-
nism underlying the higher n band of MTM. Already in Figs. 4
and 5, we have noted distinctions in the transport signatures of
the two bands. Further insights can be gained by considering

the collisionality dependence, the variation with ballooning
angle, and the contributions of various terms to the instability
drive.

A. Scanning Collision Frequency

Collision dependence of growth rates from global linear
simulations is shown in Fig. 8 for three representative toroidal
mode numbers, n=3,5, and 19. All unstable modes shown in
Fig. (8) are identified as MTMs based on the transport and
flux ratios discussed in section(IV A and IV A). At n=3 and
5, the MTMs are stable at both low and high collision fre-
quencies with the ratio of the nominal collision frequencies
(in red circles) to the corresponding MTM frequencies of or-
der unity, consistent with the conventional picture of the slab
MTM (Refs. 1 and 12). In contrast, the MTMs in the upper
band (n = 19 shown in Fig. 8) exhibit a second branch in the
low-collisionality limit, where the experiment lies, suggesting
additional physics contributing to the instability. At the ex-
perimental point, the ratio of the nominal collision frequency
to the corresponding MTM frequency is much smaller than
unity.

B. Scanning Ballooning Angle

For further understanding of the nature of the MTM insta-
bilities at the low and high bands a ballooning angle scan
is done at n=3 and 22 for the local linear simulations. The
growth rates and frequencies in Fig. 9 are found to be inde-
pendent of the ballooning angle at n = 3, however, they peak
at a finite value of the ballooning angle for n = 22. Thus,
the MTMs in the upper band depend sensitively on the de-
tails of the toroidal geometry. Further investigation identifies
substantial contributions of both the curvature term as well as
trapped particles to the instability drive. Additional details of
this MTM branch will be described in a future publication.

C. Scanning Electron Temperature Gradient

Thus far we have demonstrated a close connection between
the MTM frequencies and the observed fluctuation bands. The
question remains whether the MTM limits the pedestal tem-
perature in a meaningful way. To address this, we show a
scan of the electron temperature gradient (a/Lr,) around the
nominal values in Fig. 10. The scan is done at £10% and
+20% of the nominal value of L7, (without reconstructing
a self-consistent equilibrium) at py = 0.975 at three selected
mode numbers in the three bands found in the magnetic spec-
trogram, ny = 3, 5, and 22, and the growth rates and frequen-
cies are shown in Fig. 10.

As expected, the growth rates increase with temperature
gradient. The n =5 mode retains a substantial growth rate
even at the lowest gradient. Notably, the n=3 and 22 modes
are quite near their respective instability thresholds at the ex-
perimental point. The dependence of the n = 22 mode is par-
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ticularly strong as the gradient increases. These results are
consistent with the notion that the MTM constrains the elec-
tron temperature gradient in the pedestal. This is also rein-
forced by the nonlinear simulations described below.

VI. LOCAL NONLINEAR SIMULATIONS

The main results of the paper are described above: (1) the
close agreement between the linear MTM frequencies and the
observed frequency bands, and (2) a clear physical explana-
tion for the distinctive band structure. As a consequence of
the instrinsically global nature of the MTMs, described above,
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FIG. 9. A ballooning angle scan at selected mode numbers in the
low (n = 3) and high (n = 22) bands. The growth rates do not vary
with 6) in the low band but they peak at a finite 6 in the high band.
This is a clear signature of the distinction between slab and curvature
driven MT modes.

global nonlinear simulations would be desirable. Recent de-
velopments in GENE code have enabled more robust non-
linear global simulations of strongly electromagnetic modes.
Such simulations for this pedestal scenario are currently un-
der investigation and will be reported elsewhere. Here we
describe local nonlinear simulations at p;,, = 0.975 with a
somewhat idealized setup and probe the sensitivity of the sim-
ulations to E x B shear.

We investigate simulations employing an adiabatic ion ap-
proximation. This simplifies the system by eliminating most
instabilities except MTM and ETG. For these modes, the mod-
ifications are quantitative but not qualitative. The simulations
employ grid resolution n, = 128 (spanning negative and posi-
tive wavenumbers), n;, = 40 (spanning ky > 0 wavenumbers),
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n, = 128, n, = 36, and n,, = 16. The simulation box ex-
tends in the x-axis for [,p; = 91.1646 and has a minimum
wavenumber of kyp; = 0.018 in the y-direction. We carry out
two simulations: one with zero E x B shear rate and another
with Ygp = —0.671.

The time trace of the heat flux for the simulations of the
no-shear and full-shear flows are shown in the lower panels of
Figs. 11 and 12, respectively. In Fig. 11, two distinct satura-
tion phases are observed: an initial phase #(c;/a) = 50 — 90
followed by a gradual transition to a much higher saturation
level after #(c;/a) = 150. Several features of the early satu-
ration phase compare favorably with the experiment. In this
phase, the transport level is 1.2 MW compared with expected
~ 1.5 MW of electron thermal transport reported in Ref. 35.
However, including the full shear flow in the nonlinear sim-
ulation dramatically reduced the heat transport in the satura-
tion phase - compared to that of the no-shear flow case - to
be around 0.75 MW (Fig.12). Nonlinear simulations of ETG
turbulence predict between 0 and 1 MW of transport (Ref. 35
and 36), so both the early and final saturation phases of the
MTM simulation in the no-shear and full-shear cases, respec-
tively, are in a reasonable range in comparison with experi-
mental expectations. It is likely that MTM and ETG interact
to account for the electron heat transport in this discharge (see
Ref. 5, 13, and 37 for a discussion of such interaction).

In addition to the transport level, the time-average spectrum
of the electromagnetic (Q.m/Qcg) heat flux reflects the lin-
ear eigenvalue spectrum, which, in turn corresponds to the
magnetic fluctuations as described above. The upper panel
of Fig. 11 shows two distinct bands similar to the lower (slab
MTM) and upper (curvature-driven MTM) bands of MTM in-
stabilities in the local linear simulations. In the upper panel of
Fig. 12, however, the upper band weakened in the transition
phase #(cs/a) = 410 — 510 before acquiring part of its energy
back over the saturation phase 7(cg/a) = 510 — 710, and we
can observe the presence the three peaks that are found exper-
imentally. The peak of spectrum at the lower and upper bands
should reflect the relative magnitude of the growth rates in

the linear spectrum. In the spectrogram, however, the upper
band appears weaker than the lower band. This is likely due
to the more rapid falloff of high m fluctuations as they propa-
gate outside the plasma to the location of the magnetic pickup
coils.

The early-time saturation phase of the no-shear flow simu-
lation (¢(cs/a) = 50 —90) does not persist. The later saturation
phase is characterized by a condensation of fluctuations to the
low k, wavenumber range as shown in Fig. 11. This does
not agree with the multiple bands observed in the fluctuation
data. Moreover, the heat flux is ~ 4 MW, which is substan-
tially beyond the experimental expectation. The fluctuations
during this later time period are characterized by large radial
structures at low k.

Inclusion of shear flow limits the growth of the low-k un-
stable modes and makes them saturate at a lower level. This
emphasizes the role that the shear flow plays limiting the heat
flux of the unstable MT modes beside suppressing ITG/TEM
modes. The heat flux for this simulation saturates nearer to the
experimental expectation (~ 00.75 MW). Moreover, the spec-
trum retains substantial transport in both the range of low-k,
slab MTM and the higher k, curvature driven range.
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FIG. 11. Time-averaged spectrum of electromagnetic heat flux

(Q/QcB) (Upper-Panel) and time-trace of electrons heat fluxes
(Lower-Panel) from a local nonlinear simulation of adiabatic ions
without ExB shear flow.

VII. CONCLUSIONS

This paper reports on analysis via gyrokinetic simula-
tions of the magnetic fluctuations in the pedestal of DIII-D
discharge #162940. Gyrokinetic simulations find unstable
MTMs with frequencies in quantitative agreement with the
magnetic spectrogram. Subsequent analysis provides a clear
physical explanation for the distinctive band structure.

Three fluctuation bands are observed in the spectrogram:
two narrow bands at lower frequency (f = 35 — 55kHz and
f =70—105kHz) and a broad band at higher frequency (f =
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of electrons heat fluxes (Lower-Panel) from a local nonlinear simu-
lation of adiabatic ions with ExB shear flow.

300 — 500kH?z). The two bands at lower frequency and lower
n correspond to slab MTMs with @ ~ @, ~ v. The mode
structures are centered at the peak of the @* profile and the
modes are only unstable when this peak aligns with a rational
surface. This property explains the band gap observed in the
lower frequency fluctuations, since the n = 4 mode does not
have a rational surface that aligns with the peak in ®*. While
local simulations qualitatively capture the MTM instability in
this range, a global treatment was necessary to describe the
sensitive n number selection and consequent band gaps in the
spectrum.

At higher wave numbers and higher frequencies, the MTMs
are sensitive to the details of the toroidal geometry and de-
pend on curvature drive. The frequency range of these MTMs
agrees quantitatively with a high frequency band in the spec-
trogram. Due to the closely packed rational surfaces at high
n, the modes are unstable for all mode numbers in this range.
Collisionality scans demonstrate that the instability persists in
a collisionality range below that of the slab branch.

Although the major impact of this work is the clear expla-
nation of the distinctive frequency spectrum, we also report on
local nonlinear simulations. We note the sensitivity of MTM
saturation level to E x B shear. Without shear, the simulation
evolves from an early saturation phase with a reasonable level
of heat transport to a later saturation phase where the transport
condenses to low wavenumbers and high transport levels. The
full-shear simulation exhibits a saturation period with realis-
tic transport levels and multiple peaks corresponding to the
slab and curvature branches. Ongoing nonlinear global simu-
lations will be presented elsewhere, including kinetic ions and
impurity effects.

Altogether, this work clearly demonstrates that (i) gyroki-

netic simulations are capable of quantitatively capturing many
aspects of an important pedestal fluctuation, (ii) basic theoret-
ical considerations can explain the distinctive features of ex-
perimentally observed frequency spectra, and (iii) MTMs are
unambiguously active and likely responsible for a substantial
amount of the anomalous electron transport in the pedestal of
this discharge. In combination with other work 11-13, and 18,
this further establishes the MTM as a prominent fluctuation in
the H-mode pedestal.
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