
Gyrokinetic analysis of inter-edge localized mode
transport mechanisms in a DIII-D pedestal

Cite as: Phys. Plasmas 29, 112505 (2022); doi: 10.1063/5.0102152
Submitted: 7 June 2022 . Accepted: 15 October 2022 .
Published Online: 8 November 2022

M. R. Halfmoon,1,a) D. R. Hatch,1 M. T. Kotschenreuther,1 S. M. Mahajan,1 A. O. Nelson,2 E. Kolemen,3

M. Curie,4 A. Diallo,3 R. J. Groebner,4 E. Hassan,5,6 E. A. Belli,4 and J. Candy4

AFFILIATIONS
1Institute for Fusion Studies, University of Texas at Austin, Austin, Texas 78712, USA
2Columbia University, New York, New York 10027, USA
3Princeton Plasma Physics Lab, Princeton University, Princeton, New Jersey 08536, USA
4General Atomics, San Diego, California 92121, USA
5Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830, USA
6Physics, Faculty of Science, Ain Shams University, Cairo 11566, Egypt

Note: This paper is part of the Special Topic: Papers from the 2022 Sherwood Fusion Theory Conference.
a)Author to whom correspondence should be addressed: michael.halfmoon@science.doe.gov

ABSTRACT

In this study, gyrokinetic simulations are used to study pedestal fluctuations for DIII-D discharge 174082 using the GENE code. Nonlinear
local simulations indicate that electron heat flux has contributions from electron temperature gradient-driven transport but at levels insuffi-
cient to satisfy power balance. We show that microtearing modes (MTM) and neoclassical transport are likely to account for the remaining
observed energy losses in the electron and ion channels, respectively. The MTM instabilities found in the simulations are consistent with the
high-frequency fluctuations identified in the magnetic fluctuation data from Mirnov coils. The fluctuation data in this discharge also exhibit
a low-frequency band of fluctuations. By modifying the equilibrium profiles and plasma b, simulations produce MHD modes, which may be
responsible for these observed low-frequency fluctuations. We compare several metrics involving ratios of fluctuation amplitudes and trans-
port quantities for both MTMs and MHD modes. This analysis suggests that the available data are consistent with the simultaneous activity
of both MHD modes and MTMs provided that the former is limited largely to the particle transport channel.

VC 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0102152

I. INTRODUCTION

The edge transport barrier (ETB), or pedestal, is a thin region in
an H-mode plasma that is characterized by inhibited transport1 due
to the suppression of the deleterious combination of ion temperature
gradient (ITG) and trapped electron mode (TEM) instabilities. The
formation of a pedestal with sufficiently high temperature will be a
requirement for the success of ITER.

Several instabilities have emerged as viable candidates for the
mechanisms behind observed anomalous density and energy transport
in pedestals.2 These instabilities include electron temperature gradient
(ETG) modes,3–7 kinetic ballooning modes (KBMs),8–11 and micro-
tearing modes (MTMs),5,10,12–17 along with the possibility of residual
ITG6,7,18/TEM19 fluctuations. Gyrokinetic simulations predict that the
transport from these micro-instabilities along with neoclassical

transport can often be combined to account for observed transport
levels within experimental uncertainties.5,7,18–25

Several studies have examined magnetic fluctuations in the ped-
estal region via external Mirnov coils.26,27 Recently, studies have indi-
cated that the MTM is the cause of prominent magnetic fluctuations
observed in magnetic spectrograms2,22,28–31 and a major source of
inter-edge localized mode (ELM) electron heat transport in the steep
gradient region of the pedestal.2,5,6,31–36 Figure 1 is a magnetic spectro-
gram of DIII-D shot 174082, with strong fluctuations at the �100 and
�400 kHz regions (circled in green) and low-frequency (�50 kHz)
magnetic “chatter” (circled in black).

Recent advances in experimental diagnostics on DIII-D have pro-
vided internal magnetic fluctuation data via a radial interferometer–
polarimeter.28,29 This technique provides line-integrated calculations
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of magnetic fluctuations across a chord of the plasma, instead of the
traditional technique via external pickup coils.37 This tool allows for a
more direct comparison with gyrokinetic simulations. An initial com-
parison along these lines will be reported in Ref. 32.

Given this evidence in favor of MTM as a major pedestal transport
mechanism, an outstanding question is the role played by the KBM,
which is proposed by the EPED model as the salient inter-ELM trans-
port mechanism limiting the pedestal pressure profile.38 In this paper,
we consider both MTM and MHD-like modes (such as KBM) as con-
tributors to pedestal transport and the observed magnetic fluctuations.

To this end, we analyze DIII-D shot 174082. In DIII-D discharge
174082, magnetic fluctuation diagnostics produce data that can be
clearly identified as MTMs. Specifically, the measured signals between
�120 and �420 kHz in shot 174082 align well with predicted values
for MTMs with the equilibrium profiles under consideration, estimat-
ing the electron diamagnetic frequency using the formula xe�
¼ kyqscsð1=LTe þ 1=LnÞ, where the electron temperature and density
gradient scale lengths are LTe;ne , respectively, qs is the ion gyroradius, cs is
the plasma sound speed, and ky is the binormal wavenumber. We dem-
onstrate this correspondence directly with simulations using the gyroki-
netic code GENE.3,39 The experimentally observed frequencies match
closely the values identified in our gyrokinetic simulations of MTMs, with
global simulations indicating that theMTM is the fastest growing mode.

We also carry out several numerical and thought experiments to
probe the possible role of MHD modes. By modifying the equilibrium
beta, simulations show that an MHD instability can become the fastest
growing global linear mode. These simulations exhibit significantly
higher transport ratios for normalized particle flux than MTMs and
have ion-diamagnetic-directed frequencies. They also have frequencies
in the range of the low-frequency activity observed in magnetic spec-
trograms for this discharge.

We compare several metrics involving ratios of fluctuation
amplitudes and transport quantities for both MTMs andMHDmodes.
This analysis suggests that the available data are consistent with the
simultaneous activity of both MHD modes and MTMs provided that

the former is limited largely to the particle transport channel. This is
the first time gyrokinetic analysis has been carried out for MTMs and
MHD modes finding experimental signatures (notably, frequencies in
the magnetic spectrogram) of both in the same discharge.

This paper is outlined as follows: First, the details of the experi-
mental configuration under investigation will be discussed in Sec. II,
with emphasis on the methodology of reconstructing profile data.
Second, the gyrokinetic simulations performed using these experimen-
tal profiles will be laid out in detail in Sec. III, including the results of
local linear scans in collisionality and wavenumber, global linear wave-
number scans, and local nonlinear simulations at the peak in x�e .
Third, simulation results will be compared with experimental trans-
port and fluctuation measurements in Sec. IV.

II. EXPERIMENTAL PROFILES AND EQUILIBRIUM

The simulation of anomalous transport in pedestals requires pro-
files of temperature and density for all relevant particle species, the radial
electric field, and a kinetic reconstruction of the magnetic equilibrium.
To ensure that all of these effects are accurately obtained from the exper-
imental discharge, extensive work has been performed using experimen-
tal diagnostics and modules found in the software suite OMFIT.40

Kinetic equilibria were calculated manually from inter-ELM-averaged
profiles and compared with the results from the CAKE code,41 which
provides self-consistent kinetic equilibria from automatic profile fitting
and the EFIT Grad–Shafranov solver.42 All profiles used in this study
were then mapped onto the resulting kinetic equilibria. This study
focuses on the baseline (174082) equilibrium from a study on the effects
of pellet fueling on a neutral beam-heated plasma.42 This shot is heated
entirely by neutral beams at a rate of 4.67MW, with no pellet injection
involved. The resulting magnetic geometry and plasma profiles give
snapshots of the DIII-D experiment.

This work utilizes the resulting magnetic geometry and profile
data as input for the gyrokinetic solver GENE39 to simulate the inter-
ELM pedestal micro-instabilities. To account for the stiffness of the
transport mechanisms, sensitivity tests are performed with changes to
local equilibrium gradients that fall within the tolerance of these recon-
structions. Overall, these equilibria are accurate representations of the
inter-ELM steady state for a given shot due to systematic reconstruc-
tion via CAKE/EFIT, and thus, the resulting gyrokinetic simulations
are performed with experimental inputs that are as accurate and com-
prehensive as possible.

Figure 2 depicts the density and temperature profiles across the
pedestal region. Ion temperature is calculated using charge exchange
recombination (CER) to find carbon temperature, carbon is treated as
the dominant impurity species in simulations, and Ti ¼ TC. The radial
electric field, Er=RBh, is shown in Fig. 3. The magnetic geometry, pres-
sure profile, and q-profile are shown in Fig. 4.

III. NUMERICAL INVESTIGATIONS

Advances in gyrokinetic codes have enabled accurate simulations
of turbulence in fusion plasmas, matching experimental fluxes to an
unprecedented degree. This is particularly true in the core plasma,
where gyrokinetic orderings are more strictly satisfied and profile
gradients are less extreme than in the pedestal.40,44–53 Recently, simu-
lations in the pedestal also demonstrate increasing correspondence
with experimental trends and observations of transport and
fluctuations.5–7,18–20,22,24,54

FIG. 1. Fast magnetics of shot 174082. Fluctuations at 0:1 and 0:4MHz (circled in
green) are found across each inter-ELM period. There is also a very low-frequency
region of activity <0:05MHz (circled in black).
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The focus of this study is in the region of strongest electron temper-
ature and density gradients near the plasma edge (q ¼ 0:945–0:99) in
order to identify the mechanisms that mediate pedestal development
during the inter-ELM cycle and, thus, contribute to the ultimate pre-
ELM pedestal structure.

A. Linear simulations

To gain insight into the driving mechanisms of observed turbu-
lent fluctuations, a series of simulations using the gyrokinetic code
GENE3,39 was run based on the experimental scenario described
above, scanning across a wide range of toroidal mode numbers. We
consider both local and global simulations. Local linear simulations
are performed at qtor ¼ 0:965 where x� peaks, as this corresponds

most closely to the frequency observed in global simulations and has
been shown elsewhere to be the location at which MTMs peak.22,31,56

For typical local simulations, a resolution of (kx; z; vk;l) ¼ (12, 96,
45, 24) is used (where kx is the radial wavenumber, z is the real coordi-
nate along the field line, and vk and v? are the velocities relative to the
field line), while global calculations require (qtor ; z; vk;l) ¼ (128, 96,
32, 16). Global simulations made use of the block structured grids
feature in GENE,57,58 allowing for lower resolutions in velocity space
by resizing the velocity space domain to match the background
temperature.

In Refs. 22, 31, 59, and 62, the alignment of mode-rational surfa-
ces with the peak of the x�e profile was shown to be crucial for low-n
MTM instability. This is an intrinsically global effect. However, in the
present scenario, this phenomenon does not appear to be decisive,
since many rational surfaces find close proximity to the peak of x�
even at low toroidal mode numbers. Stated differently, the critical
toroidal mode number for which rational surface alignment is impor-
tant (see Ref. 62 for details) is very low for this discharge. The critical
mode number is

ncrit ¼
qtor

2̂sqlcrit
; (1)

where ncrit is the critical toroidal mode number, qtor is the normalized
radial flux surface coordinate, q is the safety factor d/=dw; ŝ is the
magnetic shear ð1=qÞðdq=drÞ, and lcrit is the distance in q between
the nearest rational surface and peak in x�e. For toroidal mode num-
bers that exceed ncrit, multiple rational surfaces are found within the
range of dq ¼ 2lcrit , and the modes are not subject to an offset stabili-
zation effect.59 The value of ncrit for this discharge is �4. Therefore, at
toroidal mode numbers above n¼ 4, instabilities are not suppressed
by misalignment between the rational surfaces and the x� profiles.

Growth rates and frequencies are shown in Fig. 5 for both local
and global linear simulations. As can be seen, there are multiple
branches (peaks). We first demonstrate that the modes are MTMs and
subsequently probe the distinction between the branches.

FIG. 2. Density and temperature profiles of the pedestal in baseline shot 174082.
Global simulations extend from qtor of 0.945 to 0.995, highlighted by the black
dashed lines.

FIG. 3. Er=RBh
43 velocity profile for shot 174082. This profile is utilized in all global

GENE simulations.

FIG. 4. EFIT profiles of DIII-D shot 174082. Noting the local minimum of the q-pro-
file in the pedestal region, previous studies have found a link between low values of
magnetic shear, s ¼ r

q
dq
dr , and a drive to the microtearing mode.

2,55
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To establish these modes as MTM, we first note that the experi-
mental frequencies (�100–400 kHz) closely match the MTM expecta-

tion for the given profiles: x ¼ x�e ¼ kyqscs
1
LTe
þ 1

Ln

� �
, which results

in frequencies in the range of x�e ¼ 120–500 kHz for toroidal mode
numbers n ¼ 3–14 (we will describe detailed comparisons between
GENE simulations and the spectrogram below).

GENE calculates heat flux using Q ¼
Ð
d3v 1

2mv2f1vD, where
vE is the generalized E� B velocity, which can be separated into
electrostatic (vE;ES / d/) and electromagnetic (vE;EM / dvkAk)
components. Figure 6 depicts the ratio QEM=QES for the global
linear simulations, for which a high value is a hallmark of the
MTM. An additional point in favor of the MTM is the tearing
parity of the Ajj eigenfunction shown in Fig. 7. Both the real and
imaginary parts are roughly symmetric about z¼ 0, indicating
even parity for the parallel component of the magnetic vector
potential.

Finally, the transport ratios shown in Fig. 8 indicate that the elec-
tron channel dominates the observed heat flux (vi=ve � 1), and the
particle flux for each species is small in comparison with the electron
heat diffusivity (Ds=ve � 1). Although this is also a signature of ETG
modes, they can be excluded on the basis of the strong electromagnetic

component of the flux and the large scales at which these modes are
unstable.

B. Two MTM branches

Reference 31 demonstrates that two branches of MTM coexist in
the DIII-D pedestal: a slab-like MTM at low n and a toroidal mode at
higher n. These branches have distinct physical characteristics: the slab
branch is insensitive to changes in ballooning angle and cannot exist
in collisionless plasmas. By contrast, the toroidal mode is dependent
on both collisionality and ballooning angle and can exist in collision-
less systems. The coexistence of these two branches may offer insight
into the virulence of microtearing modes across discharges.

As we show here, we identify the same phenomenon in this dis-
charge, suggesting that it may be quite common in the pedestal. In
contrast with Ref. 31, the toroidal branch in this discharge is unstable
at lower toroidal mode numbers and in closer proximity (in n) to the
slab branch.

We first examine the ballooning-angle dependence of two modes
representative of the two branches, which is shown in Fig. 9 (this can
only be examined for local linear simulations). The low-nmode exhib-
its very weak h0 dependence in contrast with the strong dependence of
the high-nmode consistent with the characterization of each as slab or
toroidal, respectively. The lower frequency electromagnetic fluctuation
is associated with a lower toroidal mode number, due to the linear
dependence of x�e on kyqi. Sharp changes in the frequency of the
n¼ 10 simulations are likely due to transitions between similar MTM
mode branches.

We also investigate the collisionality dependence of the modes.
As shown in Fig. 10, the high-n branch asymptotes to a constant, non-
negligible, growth rate corresponding to a mode that retains MTM
characteristics in the low collisionality limit. In contrast, the low-n
branch transitions to an ion diamagnetic-directed instability with very
low growth rate as collisionality approaches zero, indicating that this
low-n MTM is strongly stabilized and becomes subdominant to
another mode in this limit. Once again, this collisionality dependence
is consistent with the modes’ characterization as slab like and

FIG. 5. Growth rates (top) are normalized to sound speed over characteristic length
scale ðcs=aÞ as a function of binormal wavenumber ðkyqiÞ for local (blue) and
global (gold) simulations. Local simulations are performed at the q ¼ 0:96 radial
flux surface, with profile input taken directly from experimental equilibrium recon-
structions. Real frequencies (bottom) for local (blue) and global (green) simulations
and the maximum value of the x�e profile (gold) in kHz.

FIG. 6. Plot of the ratio of electromagnetic to electrostatic electron heat flux for a
series of global GENE simulations of shot 174082. For MTMs, this ratio is expected
to be> 1.
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curvature driven. Several recent papers have investigated (analytically
and numerically) collisionless microtearing instabilities.31,60,61

C. Neoclassical transport

While the anomalous transport in the edge region is of consider-
able interest, a significant portion of ion heat flux can be attributed to

neoclassical transport. Using the code NEO,63,64 the neoclassical trans-
port levels for ions, electrons, and impurities are calculated. Figure 11
shows the total neoclassical heat loss from all three species, primarily
in the main ion channel, indicating that neoclassical transport is signif-
icant, particularly toward the pedestal top. Pedestal top (q � 0:94)
neoclassical heat losses are significant and decrease in the steep gradi-
ent region. For reference, we expect a total of 4:67MW of power losses
in the pedestal, so these transport levels are significant. Figure 12
shows the total particle loss due to neoclassical transport. Although
neoclassical transport is generally weak in the particle channel, these
particle transport levels are close to those predicted by SOLPS model-
ing:30 �1021 particles/s. The code SOLPS predicts D and v by iterating
their value until modeled profiles (ne;Te; ni;Ti; Ptot) match experi-
mental predictions.11 In summary, these results suggest that neoclassi-
cal transport is important in the ion heat channel and in the particle
channel.

D. Local nonlinear simulations

To obtain estimates of anomalous power losses, fluctuation
amplitudes, and transport coefficients, nonlinear simulations are
required. Simulations of local nonlinear ETGs are performed at multi-
ple radial locations in the pedestal by setting ky;minqi ¼ 5 and
ky;max ¼ 240, with sensitivity tests in the gradient drive to ensure that

FIG. 7. Example contour of parallel com-
ponent of the magnetic vector potential for
a global linear GENE simulation (n¼ 10).
Amplitudes are arbitrary as the simulation
is linear. The mode structure displays
tearing parity as Ak is (predominantly) an
even function.

FIG. 8. Transport ratios of global linear simulations of the 174082 pedestal. These
ratios are expected to be very small for both ETG and MTM instabilities.2
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variations in the equilibrium profiles do not result in major changes to
transport coefficients at that location, increasing rTe=Te by 20% and
decreasingrne=ne by 20% to keeprPe fixed. Simulations of neoclas-
sical heat losses are performed at the same radial locations as the ETG,

with their value indicated by the blue-shaded region. The nominal
profiles resulted in insignificant electron heat flux (PETG ¼ 0.015MW
at its highest), and the modified profiles gave much higher losses
(PETG ¼ 1.26MW at its highest), but the resulting increase in energy
loss is still not enough to account for the experimentally observed
losses as shown by the purple region in Fig. 13.

Nonlinear simulations (ky;minqi ¼ 0:02–0:24) of microtearing
modes were carried out at the location of highest rTe. The simula-
tions extend from kyqi ¼ 0:02–0:94 and employ kinetic electrons
and adiabatic ions. The result is a high level of magnetic flutter (Qem

¼ 1.14MW). An additional simulation with the same increase in
rTe=Te by 20% and decrease in rne=ne by 20% results in
Qem ¼ 1:32MW. Even with the modified gradients, there is still some
heat flux deficit (1.5 out of 4.7MW), particularly at the outermost
point. This may be an indication of some deficiency in modeling tools,
neglect of additional relevant transport mechanisms, and/or a conse-
quence of the intrinsically uncertain input data. Clearly, however, the
transport mechanisms considered are at experimentally relevant levels.

The snapshot of magnetic vector potential depicted in Fig. 14
shows a contour plot of the fluctuations caused by the microtearing
modes. The corresponding heat flux spectrum is shown in Fig. 15.

FIG. 9. Scan of ballooning angle for the n¼ 2 and n¼ 10 local linear instabilities.
The change in growth rates with respect to ballooning angle for high-n modes is
expected (due to toroidal effects), while the low-n modes are insensitive to balloon-
ing angle (due to their slab-like nature).

FIG. 10. Dependence of local microtearing growth rates as a function of electron–ion
collisionality. For this scan: qtor ¼ 0:96; kyqi ¼ 0:15 for the n¼ 8 simulation and
kyqi ¼ 0:02 for the n¼ 1 simulation. Non-monotonic dependence on collisionality is
a key characteristic of MTMs62 and is shown quite clearly for both kyqi s. Note the
persistence of MTM instability in the collisionless limit for the n¼ 8 mode.

FIG. 11. Neoclassical heat transport across the pedestal as calculated with NEO.
Pedestal top losses are significant but drop by mid-pedestal.

FIG. 12. Neoclassical particle fluxes across the pedestal calculated with NEO.
Values are consistent with the results of SOLPS calculations of particle flux.
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Sensitivity studies of nonlinear microtearing saturation are under
way, with variation of multiple driving mechanisms including b, rTe,
and �ei with the target of formulating reduced models for pedestal
MTM transport. The effect of E � B shear was tested and found to be
negligible for this parameter point.

E. Microtearing diffusivity model

In this section, we compare predicted electromagnetic transport
levels with a simple model relating heat diffusivity as directly propor-
tional to the fluctuation amplitude through a Rechester–Rosenbluth-
like relation:65

veme ¼ vekhð ~Bx=Bref Þ2i; (2)

where the parallel diffusivity is given by

vek �
1
kk

Te

me

� �1=2

: (3)

The motivation is to characterize the extent to which the transport can
be connected to the magnetic fluctuation level. This will inform, for
example, interpretation of interior magnetic fluctuation diagnostics.28

To test the validity of this model, we compare this estimate with
the results found in GENE. In the nonlinear GENE simulation of this
discharge, the electromagnetic electron heat diffusivity is found to be
veme ¼ 0:16m2=s and the ~Bx=B0 ¼ 0:055; this magnetic fluctuation
amplitude is then used in a series of analytic predictions for electro-
magnetic heat flux. The calculation using the kk, calculated as an

eigenfunction average of the parallel derivative at the peak linear
growth rate (justified by the common observation that linear modes
persist in the nonlinear turbulence) and the magnetic fluctuation
amplitude from the nonlinear simulation, gives veme ¼ 0:68m2=s,
which is reasonably close to the nonlinear simulation (i.e., same order
of magnitude,�4 times larger).

The use of the Rechester–Rosenbluth formula tomodel veme by using
the kz extracted from the nonlinear structure and ~Bx=B0 from the nonlin-
ear simulation fares quite well, veme ¼ 0:355 (a factor of�2 discrepancy).
Estimating the diffusivity using the standard approximation 1=kk ¼ q0R
fares much more poorly: veme ¼ 2:61m2=s. Figure 16 compares these dif-
fusivities and the method of kk or ve;k used in their calculation.

Ultimately, this exercise shows that heat flux from magnetic flut-
ter may be estimated (to within an order of magnitude) from experi-
mental data, provided accurate observations of magnetic fluctuation
amplitudes and parallel wavenumbers.

F. Global and local scans of MHD-like modes

Motivated by the low-frequency activity in the magnetic spectro-
gram, we investigate low-frequency MHD instabilities by studying

FIG. 13. Power losses at different radial locations across the pedestal, with no
modification to the profile data (a). Power losses across the pedestal with modified
temperature and density gradients (b).

FIG. 14. Snapshot of Ak from a local nonlinear microtearing simulation. The depen-
dence of the saturation amplitude on ballooning angle is observed. Strong electro-
magnetic heat flux is found at an experimentally relevant level, Qem ¼ 1.14MW.
Electrostatic heat flux is far below the electromagnetic component, Qes ¼ 0.05 MW.
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modified scenarios that produce such modes. Unstable local MHD
modes are quite easy to produce. However, global MHD modes are
much more challenging to produce for this scenario.

These results are obtained by increasing the pedestal b to levels
surpassing the nominal experimental value (b ¼ 0:003 125 at the cen-
ter of global MTM simulations) without modifying the equilibrium
profiles. By increasing the value of the pedestal beta by a factor of 2.4
for global (b ¼ 0:0075) and 1.8 (bnom ¼ 0:001 and bmod ¼ 0:001 88)
for flux-tube simulations, keeping the profile gradients fixed, we

identify unstable MHD modes. These values of b are clearly beyond
experimental uncertainties. However, two considerations suggest that
MHD modes may be unstable at more realistic values of b: (1) the
mode is likely unstable at much lower values of b, but it is subdomi-
nant to MTM, and (2) for global simulations, the mode is likely more
unstable with a more realistic radial boundary condition. The radial
boundary condition for GENE simulations is a Dirichlet boundary
conditions just inside the separatrix (MHD stability is well known to
depend sensitively on the vacuum region). Moreover, there are addi-
tional uncertainties in density and temperature gradients as well as
magnetic geometry (notably magnetic shear) that could be probed.

For the lowest toroidal mode numbers with unrealistically large b
values, the resulting MHD-like instability becomes the most unstable
mode. The real frequencies and growth rates for both local and global
MHD-like simulations are shown in Fig. 17. Figure 18 shows transport
ratios for a set of high-b simulations, which are consistent with the
expectations from Ref. 2 for MHD-like modes. Note that the global
simulations include the Doppler shift from flow shear, but the local
simulations do not, which should be considered in the context of the
mode frequencies shown in Fig. 17.

The characteristics of these modes are consistent with expecta-
tions of MHD-like modes, namely, significant particle diffusivity rela-
tive to heat diffusivity, real frequencies in the ion diamagnetic
direction, similar heat transport in the ion and electron channels

FIG. 15. Flux spectrum for a local nonlinear microtearing mode, in GyroBohm units
csn0T0q2

�, where cs is the sound speed
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðTe0=miÞ

p
; ne0 is the electron density,

Te0 is the equilibrium electron temperature, and q� is the ratio of gyroradius to
machine length scale q=a. The electromagnetic component, Qem (blue), is signifi-
cantly higher than the electrostatic flux, Qes (green).

FIG. 16. Plot of electromagnetic electron heat diffusivity as modeled by the
Rochester–Rosenbluth model defined in Eq. (2). The bottom green diamond repre-
sents the diffusivity calculated directly from nonlinear GENE simulations. The
remaining symbols denote the model prediction using various estimates of the par-
allel wavenumber. There is reasonable agreement between the model and the non-
linear simulation using the parallel wavenumber calculated directly from the
nonlinear simulation (top green symbol).

FIG. 17. Growth rates (top) and real frequencies (bottom) of global MHD modes
(blue), local MHD instabilities (orange), and local microtearing instabilities (green)
for modified b simulations.
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(vi=ve � 1), and heat transport dominated by electrostatic fluctuations
(Qem=Qes < 1). The global instability appears to be an Alfv�enic mode,
as it satisfies the relation x � kkvA rather than the KBM dispersion
expectation of x � x�i =2. The parity appears to be ballooning, rather
than tearing, as shown in Fig. 19. Further investigation into the nature
of this instability is left for future work.

Another “fingerprint” that distinguishes microtearing instabil-
ities from MHD-like modes comes in the form of parallel electric

field cancelation. In kinetic MHD modes, Ek is near zero while
microtearing modes have a finite electric field linked to Ohm’s law
and the current that is driven around the rational surfaces. Figure
20 shows the normalized electric field cancelation factor as calcu-
lated by

Êk ¼

ð
dzj � @z/þ ixAkjð
dzj@z/j þ

ð
dzjixAkj

; (4)

differs significantly between MTM and MHD instabilities.
We note that this Ejj criterion for MHD modes is more robust

the closer the mode is to ideal MHD, i.e., Ek � 0 for ideal MHD
modes, while a residual Ek exists for their kinetic analogue. Extended
MHD codes such as NIMROD66 have the capacity to model consider-
able non-ideal behavior. Consequently, such MHD codes are clearly
not constrained to model Ejj � 0 modes and the MHD-like transport
ratios that stem from this constraint.2 For highly electrostatic modes,
i.e., ETGs, this ratio nears unity. MTMs are found to have significant
Ak and/, leading to Ek � 0:5.

IV. COMPARISON OF TRANSPORT
AND FLUCTUATIONS FROM MTM AND MHD

In this section, we will compare MTMs with MHD modes with
the goal of drawing conclusions about their respective roles in pedestal
transport. To that end, we will examine the sets of gyrokinetic

FIG. 18. Transport ratios for global simulations with b ¼ 0:0075. Values are con-
sistent with the “fingerprints” of MHD-like modes.

FIG. 19. Contour plot of Ak for the MHD-
like instability. The mode has odd (bal-
looning) parity and is radially extended.
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simulations described above: (1) global and local linear MTMs, (2)
local nonlinear MTMs, and (3) global and local linear MHD modes
with modified b. Each set of simulations has its inherent strengths and
weaknesses. The global linear MTM simulations capture background
profile variation, which has been shown to be important in the past,
and include kinetic ions (allowing for particle flux information) but do
not predict fluctuation levels. The local nonlinear MTM simulations
neglect background profile variation and kinetic ions but do predict a
nonlinear saturation amplitude and heat flux. Nonlinear MHD simu-
lations using gyrokinetics are extremely challenging, and so we limit
the investigation to linear. The global linear MHD simulations with
2:4bnomg lobal include background profile variation and information
regarding the width of the drive region,67 but extremely high b is
required to produce an MHD mode.68,69 In contrast, the local linear
MHD simulations with 1:8bnom;local neglect the radially nonlocal
effects but do not require such extreme values of b to destabilize as
their global counterpart.

These simulations will be examined in the context of the follow-
ing experimental (or edge modeling) data:

• Magnetic spectrograms.
• The ratio of density fluctuation amplitude to heat flux.
• The ratio of magnetic fluctuation amplitude to density fluctua-
tion amplitude.

• The ratio of particle flux to heat flux (calculated from SOLPS
simulations).

For some of these analyses, it is important to keep in mind that
experimental diagnostics often target the outboard midplane. For
instabilities such as the ITG (in the core) or KBM, this coincides with
the peak fluctuation amplitude. However, microtearing instabilities in
the pedestal peak off-axis, leading to a minimum in fluctuations at the
outboard midplane. Figure 21 depicts the ratio of line-averaged mag-
netic to density fluctuations as a function of height (above or below
the outboard midplane). Consequently, although measures of out-
board midplane fluctuations are highly useful, they are not able to
diagnose important aspects of our MTM predictions.

A. Magnetic spectrograms

Figure 22 shows that the fastest-growing linear MTM is
approximately at the same real frequency (�400 kHz) as the experi-
mentally observed signal in Fig. 1. The lower band in the spectrogram
f � 100–200 kHz is also quite close to the frequency of the low ky
MTM peak (slightly over 100 kHz). The experimentally observed fre-
quency range is the broadest at the time from which the equilibrium
data were acquired (t ¼ 3000ms), which is perhaps consistent with
the unstable MTMs in the simulations spanning the whole frequency
range.

There is also a low-frequency band in the spectrogram (circled in
black in Fig. 1), which we will compare with the MHD frequencies.
The mode frequencies of the (global, which accounts for the Doppler
shift) simulated MHD instabilities range from 35 to 55 kHz (recall Fig.
17), consistent with this band.

In summary, the higher frequency bands correspond quite well
with the peaks in the global MTM growth rate spectrum, while the
lower band corresponds quite well with the simulated MHD modes.
We find it plausible that both are active simultaneously in the pedestal
and affect different transport channels. The MTM instabilities would

FIG. 20. Measure of Êk for simulations with baseline (blue) and modified (gold) pro-
files. The MHD-like instabilities resulting from increased b have significant parallel
electric field cancelation, while the nominal microtearing cases have a finite parallel
electric field.2

FIG. 21. Ratio of normalized line-integrated magnetic fluctuation to normalized den-
sity fluctuation calculated using a representative GENE MTM simulation.
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mediate the electron heat flux and temperature profiles, while the
MHD modes would be limited primarily to particle transport.2 We
further explore the plausibility of this picture in Secs. IVB–IVD.

B. Ratio of magnetic fluctuation amplitude to density
fluctuation amplitude

The ratio of magnetic fluctuations to density fluctuations is also a
quantity that could differ between modes and can be measured by the
recently developed Faraday effect radial interferometer–polarimeter
(RIP) diagnostic28,29 (although such fluctuation measurements are not
available for this discharge).

MHD-like modes are expected to exhibit higher dn=n

dB=B
in compari-

son with MTMmodes at the outboard midplane. However, simulations
of the increased b equilibria show that the MHD-like modes exhibit a
dB=B

dn=n
ratio that is similar to (and, in fact, generally larger than) their

microtearing counterpart, as shown in Fig. 23. Experimental expecta-
tions for KBMs predict that this ratio would be an order of magnitude

FIG. 22. Plot of growth rates (top) and
real frequencies (bottom) for a spectrum
of microtearing and MHD modes in shot
174082. The real frequencies obtained
from GENE (blue circles) are compared
with the electron diamagnetic frequency
(yellow squares) and the experimentally
observed magnetic fluctuation ranges
(blue-shaded regions).

FIG. 23. The ratio of d�B=B
d�n=n is calculated for simulations of both the baseline equilib-

rium profiles and profiles with modified be with the integration taking place across
the midplane.
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lower than the value from MTMs. These MHD modes producing a
higher value than their MTM counterpart is further evidence that this
instability is unlikely to be a KBM. Consequently, this metric alone can-
not cleanly discriminate between MTMs and all MHD-like modes, and
thus, the following other quantities must also be compared.

C. Ratio of density fluctuation amplitude to heat flux

Here, we examine another prospective experimentally accessible
metric, the ratio of density fluctuations to heat flux ðdn=n0Þ=Q. In this
discharge, beam emission spectroscopy (BES) is used to place an upper
bound on the possible density fluctuation level. Shot 174082 is distinc-
tive because the density fluctuation amplitude falls below the noise
level of BES measurements. This places an upper bound on the possi-
ble fluctuation levels (dn=n � 0:1%), which we will use in comparison
with simulated fluctuation amplitudes.

Figure 24 shows this ratio for the series of global MTM (blue
solid line) and MHD (gold solid line) simulations, as well as for the
threshold experimental fluctuation level dn=n � 0:1% described
above (gray solid line) and the local nonlinear microtearing simulation
(gold dashed line). As shown in Fig. 24, the nonlinear MTM simula-
tion produces a ratio quite close to this experimental estimate.
However, the estimate from linear MHD is somewhat larger. Since
this density fluctuation level is an upper bound, this would imply that
the MHD mode is unlikely to account for the bulk of the heat flux.
This does not eliminate the possibility of MHD fluctuations since (1)
the value of ðdn=n0Þ=Q for the MHD modes is not too much larger
than the experimental upper bound, and (2) even at a low fluctuation
level, the MHDmodes could still strongly impact the particle transport
channel.

No conclusions can be drawn from the diagnostic signals regard-
ing the significance of the density fluctuations. However, this informa-
tion can be used to constrain our numerical experiments. The
diagnostics show that the density fluctuations cannot exceed a certain
value. That information gives insight from the set of linear simulations.
The linear simulations do not provide transport levels (i.e., fluxes) or
fluctuation levels, but they do provide ratios between these quantities.

The lack of a density fluctuation signal places an upper bound on the
density fluctuations for a given mode, which then, in turn, constrains
the possible contribution of that mode to the various transport chan-
nels. In summary, this analysis is consistent with the nonlinear MTM
simulations described above but cannot rule out the possibility of
MHD fluctuations as well. The combined MTM and MHD scenario
proposed above remains a possibility.

D. Ratio of particle flux to heat flux

As a final comparison between MHD and MTM, we compare
the ratio of particle to heat flux. A robust feature of MHD modes is
that they produce roughly equal diffusivity in the particle and heat
channels: D � v (this criterion is increasingly stringent with proximity
to the ideal MHD limit). In contrast, MTMs produce much higher
heat transport: D=v� 1. The particle diffusivity is difficult to diag-
nose experimentally, but edge modeling can provide an estimate.
SOLPS was used to this end for this discharge as described in Ref. 30.

Figure 25 depicts the values of Ctot=Qtot for the linear simulations
of MTMs (global) and MHD-like modes (global and local) along with
the SOLPS11 iterative model (recall that these nonlinear MTM simula-
tions cannot be used here because of the adiabatic ion approximation).
The unstable microtearing modes agree with the value found in
SOLPS, whereas the MHD modes exceed the SOLPS prediction. Local
values of Ctot=Qtot in kinetic MHD modes are comparable with their
global counterparts. If the MHD modes are active, their impact would
be largely limited to the particle channel as shown by the significant
particle to heat flux ratios in both local and global simulations. Our
conclusion from this analysis is similar to that of Sec. IVC: MHD
modes may be active but only at a level that can impact the particle
transport rather than the heat transport.

V. SUMMARY OF RESULTS

Global GENE simulations of DIII-D shot 174082 have shown
that the most unstable mode for a series of toroidal wavenumbers,
with real frequencies corresponding to a broad band of observed mag-
netic fluctuations, is a microtearing mode. Simulations also indicate
that ETG turbulence and neoclassical effects cannot account for the
total heat transport observed in this shot. A significant cause of energy

FIG. 24. Ratio of ðdn=n0Þ=Q for both microtearing and MHD-like global simula-
tions. The gray solid line is calculated using the experimental noise floor of the BES
diagnostic (dn=n0 ¼ 0:001) and an estimate of anomalous power lost in this dis-
charge (Q ¼ 2:1MW). The yellow dashed line is the ratio from a local nonlinear
simulation of shot 174082 (dn=n0 ¼ 0:000 073 247 8; Q ¼ 1:14 MW).

FIG. 25. Ratio of total surface-averaged particle flux, C, to total heat flux, Q, in SI
units for each respective quantity. The ratio of particle fluxes to heat fluxes is pre-
dicted to be higher for MHD-like instabilities than MTMs.2 This is confirmed for
global GENE simulations of these instabilities.
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loss in the pedestal is found to be the microtearing mode, as evidenced
by a combination of nonlinear local, linear local, and linear global sim-
ulations of the pedestal region. The MTM is the fastest-growing linear
instability, with gyrokinetic fingerprints that correspond well with the
expectations of analytic theory, the observations of experimental diag-
nostics, and the resulting gyrokinetic simulations of carefully recon-
structed equilibria. Notably, the MTM frequencies are in good
agreement with bands in the magnetic spectrogram.

Modifying the equilibrium b to 2:4� the nominal experimental
value shows that an unidentified MHD mode, possibly a toroidal
Alfv�en eigenmode or ballooning mode, becomes unstable, with fluctu-
ation frequencies consistent with a band of fluctuations observed in
the experimental magnetic spectrogram. This low-frequency mode
may be responsible for inter-ELM particle transport. Further charac-
terization of this instability is left for a future project.

VI. CONCLUSIONS

This paper has investigated transport and magnetic fluctuations
in the pedestal using gyrokinetic (using the GENE code) simulations
for DIII-D discharge 174082. The main findings are as follows:
Simulated MTM frequencies are in good agreement with correspond-
ing frequency bands in the magnetic spectrogram, and nonlinear
MTMs produce experimentally relevant transport levels. We conclude
that it is very likely that MTMs are responsible for the observed mag-
netic fluctuations and that it is likely that they also limit the electron
temperature pedestal. We also speculate that MHD modes are respon-
sible for low-frequency fluctuations found in the magnetic spectro-
gram. Although GENE does not identify unstable MHD modes as the
most unstable mode for the nominal equilibrium reconstruction, high
beta (b ¼ 2:4bnom) simulations produce MHD modes with frequen-
cies in the right range. Although this b value is clearly beyond experi-
mental levels, other factors may suggest that MHD modes may be
unstable at more realistic values of b, notably limitations of the GENE
radial boundary condition and the possibility of subdominant
instability.

We investigate several metrics that may inform or constrain the
possible roles of MHD and MTMs. Two metrics are, perhaps surpris-
ingly, ineffective at discriminating between the two classes of fluctua-
tions. The ratio of density fluctuation amplitudes to magnetic
fluctuation amplitudes is comparable for MHD and MTM based on
linear GENE simulations. Likewise, the ratio of density fluctuation
amplitudes to heat flux is somewhat larger for MHD modes, but not
so large as to preclude their activity in this discharge. One metric, how-
ever, clearly distinguishes between MHD and MTM: the ratio of parti-
cle to heat diffusivity is much smaller for MTMs in agreement with
SOLPS predictions. While this does not preclude the possible activity
of MHD modes, it does limit their role to the particle transport
channel.

We also investigate neoclassical and ETG as prospective trans-
port mechanisms. Neoclassical transport (as calculated with NEO)
produces substantial ion heat flux and particle flux roughly in agree-
ment with SOLPS interpretive modeling. ETG transport is negligible
for the nominal gradients. For simulations with moderately higher g
(within experimental uncertainties), ETG transport becomes relevant
although still somewhat below experimental expectations.

Two possible transport pictures emerge, (1) one without MHD
fluctuations and (2) one including MHD fluctuations. In scenario (1)

(negligible MHD fluctuations), neoclassical transport accounts for the
particle channel and ion heat channel, while ETG and MTM supply
the electron heat transport. Simulated values for these (neoclassical,
ETG, MTM) transport mechanisms are consistent with this picture. In
scenario (2), MHD combines with neoclassical to account for the par-
ticle transport, and other channels are the same as in scenario (1).
Although we are unable to probe this possibility with nonlinear MHD
simulations, there is a low-frequency fluctuation band in the spectro-
gram that may signal such MHD activity.
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