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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 (ETG)-driven transport, but at levels insufficient
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 exhibits a low frequency band of fluctuations. By modifying the equilibrium
profiles and plasma β, simulations produce MHD modes, which may be responsible for these observed
low frequency fluctuations.
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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 dele-
terious combination of ion temperature gradient (ITG)
and trapped electron mode (TEM) instabilities. The for-
mation of a pedestal with sufficiently high temperature
will be a requirement for the success of ITER.

Several modes have emerged as viable candidates for
the mechanism behind observed anomalous density and
energy transport in pedestals. These instabilities in-
clude: electron temperature gradient (ETG) modes,
kinetic ballooning modes (KBMs), and microtearing
modes (MTMs), along with the possibility of residual
ITG/TEM fluctuations. Gyrokinetic simulations predict
that the transport from these micro-instabilities along
with neoclassical transport can often be combined to ac-
count for observed transport levels within experimental
uncertainties.2–7

Several studies have examined magnetic fluctuations
in the pedestal region via external Mirnov coils8,9. Re-
cently, studies have indicated that the MTM is the source
of prominent magnetic fluctuations observed in magnetic
spectrograms5,10–13 and a major source of inter-ELM
electron heat transport in the steep gradient region of
the pedestal2,13–20. Figure 1 is a magnetic spectrogram
of DIII-D shot 174082, with strong fluctuations at the

≈ 100kHz and ≈ 400kHz regions (circled in green) and
low-frequency (≈ 50kHz) magnetic “chatter” (circled in
black).

Recent advances in experimental diagnostics on DIII-
D have provided internal magnetic fluctuation data via
a radial interferometer-polarimeter10,11. This technique
provides line-integrated calculations of magnetic fluctu-
ations across a chord of the plasma, instead of the tra-
ditional technique via external pickup coils. This tool
allows for a more direct comparison to gyrokinetic sim-
ulations. An initial comparison along these lines will be
reported in Ref.[15]

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 transport mecha-
nism limiting the pedestal pressure profile21. In this pa-
per we consider both MTM and MHD-like modes (such
as KBM) as contributors 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 pro-
duce data that can be clearly identified as MTMs. Specif-
ically, the measured signals between ∼120 kHz and ∼420
kHz in shot 174082 are well within predicted values for
MTMs with the equilibrium profiles under consideration,
estimating the electron diamagnetic frequency using the
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FIG. 1. Fast magnetics of shot 174082. Fluctuations at 0.1
MHz and 0.4 MHz (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).

formula ωe∗ = kyρscs(1/LTe
+ 1/Ln), where the electron

temperature and density gradient scale lengths are LTe,ne

respectively, ρs is the ion gyroradius, cs the plasma sound
speed, and ky is the binormal wavenumber. We demon-
strate this correspondence directly with simulations using
the gyrokinetic code GENE22,23 The experimentally ob-
served frequencies match closely the values identified in
our gyrokinetic simulations of MTMs, with global simu-
lations indicating that the MTM is the fastest growing
mode.

Given this evidence in favor of MTM, we are also in-
terested in the potential role of MHD-like modes, such
as KBMs, which are proposed as a pedestal constraint in
the EPED model21. Consequently, we carry out several
numerical and thought experiments to probe the possi-
ble role of MHD modes. By modifying the equilibrium
beta, simulations show that the an MHD instability can
become the fastest growing global linear mode. These
simulations exhibit significantly higher quasilinear (i.e.,
normalized to other quantities derived from the linear
eigenmode) particle fluxes than MTM’s and have ion-
diamagnetic directed frequencies. They also have fre-
quencies in the range of the low-frequency activity ob-
served in magnetic spectrograms for this discharge.

The paper is outlined as follows: First, the details of
the experimental configuration under investigation will
be discussed in Sec. II, with emphasis on the method-
ology of reconstructing profile data. Second, the gy-
rokinetic simulations performed using these experimental
profiles will be laid out in detail III, including the results
of: local linear scans in collisionality and perpendicular
length scale, global linear scans of length scale, and local
nonlinear simulations at the peak in ω∗e . Third, simula-
tion results will be compared to experimental transport
and fluctuation measurements in Sec. IV.

II. EXPERIMENTAL PROFILES AND
EQUILIBRIUM

The simulation of anomalous transport in pedestals re-
quires profiles of temperature and density for all relevant
particle species, the radial electric field, and a kinetic re-
construction of the magnetic equilibrium. To ensure that
all of these effects are accurately obtained from the ex-
perimental discharge, extensive work has been performed
using experimental diagnostics and modules found in the
software suite OMFIT 24. Kinetic equilibria were cal-
culated manually from inter-ELM averaged profiles and
compared to results from the CAKE code, which provides
self-consistent kinetic equilibria from automatic profile
fitting and the EFIT Grad-Shafranov solver24,25. All pro-
files used in this study were then mapped onto the result-
ing 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 25. This shot is
heated entirely by neutral beams at a rate of 4.67 MW,
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 GENE
to simulate the inter-ELM onset of 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 tol-
erance of these reconstructions. Overall, these equilib-
ria are accurate representations of the inter-ELM steady
state for a given shot due to systematic reconstruction
via OMFIT, and thus the resulting gyrokinetic simula-
tions are performed with experimental inputs that are as
accurate and comprehensive as possible.
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FIG. 2. Density and temperature profiles of the pedestal in
baseline shot 174082. Global simulations extend from ρtor of
0.945 to 0.995.

Figure 2 depicts the density and temperature profiles
across the pedestal region. Ion temperature is calculated
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using charge exchange recombination (CER), and car-
bon is treated as an impurity species in simulations. We
are also provided E × B velocity profiles for this shot,
allowing for the implementation of shear suppression of
other instabilities in these simulations. This E×B veloc-
ity profile is found in Figure 3. The magnetic geometry,
pressure profile, q-profile, and P’ and FF’ source profiles
of this shot are shown in Figure 4.
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FIG. 3. Plot of the E × B rotational velocity across the
pedestal.

III. NUMERICAL INVESTIGATIONS

Advances in the gyrokinetic codes have enabled accu-
rate simulations of turbulence in fusion plasmas, match-
ing experimental fluxes to an unprecedented degree. This
is particularly true in the core plasma, where gyrokinetic
orderings are more strictly satisfied and conditions are
less extreme26–35. Recently, simulations in the pedestal
are also demonstrating increasing correspondence with
experimental observations.2,3,5,6,20,36,37

The focus of this study is in the region of strongest
electron temperature gradient near the plasma edge (ρ =
0.93−0.99) in order to identify the mechanisms that me-
diate 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 ob-
served turbulent fluctuations, a series of simulations us-
ing the gyrokinetic code GENE22,23 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 simu-
lations are performed at ρtor = 0.96 where ω∗ peaks.
For typical local simulations, a resolution of (kx, z, v‖, µ)
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FIG. 4. EFIT profiles of DIII-D shot 174082. Note the local
minimum of the q-profile in the pedestal region, previous stud-
ies have found a link between low values of magnetic shear,
s = r

q
dq
dr

, and a drive to the microtearing mode14,38.

= (12,96,48,24) is used, while global calculations require
(ρtor, z, v‖, µ) = (128,96,32,16). Global simulations made

use of the block structured grids feature in GENE39,40,
allowing for lower resolutions in velocity space by resiz-
ing the velocity space domain to match the background
temperature.

Global simulations of the pedestal capture the the ra-
dial variation of the background profile, which has been
shown to be crucial to understanding the stability of
low-n MTM5,41,42. In those references, the alignment of
mode-rational surfaces with the peak of the ω∗e profile
was shown to be crucial for low-n MTM instability. In
the present scenario, this phenomenon does not appear
to be decisive. The critical n number for this sensitive
mode-number selection is defined in Ref. [42],

ncrit =
ρtor

2ŝqµcrit
, (1)

where ncrit is the critical toroidal mode number, ρtor
is the normalized radial flux surface coordinate, q is
the safety factor dφ/dψ, ŝ is the local magnetic shear
(1/q)(dq/dr), and µcrit is the distance in ρ between the
nearest rational surface and peak in ω∗e. For toroidal
mode numbers that exceed ncrit, multiple rational sur-
faces are found within the δρ = 2µcrit range, and the
modes are not subject to an offset stabilization effect42.
The value of ncrit for this discharge is ≈ 4. Therefore
at toroidal mode number above n = 4, instabilities are
not suppressed by misalignment between rational sur-
faces and the ω∗ 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 demon-
strate that the modes are MTMs and subsequently probe
the distinction between the branches.
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FIG. 5. Growth rates (a) are normalized to ion sound speed
over characteristic length scale (cs/a) as a function of toroidal
wavenumber (kyρi) for local (blue) and global (gold) simula-
tions. Local simulations are performed at the ρ = 0.96 radial
flux surface, with profile input taken directly from experi-
mental equilibrium reconstructions. Real frequencies (b) for
local (blue), global (green), and the maximum value of the
ω∗e profile (gold) in kHz. Discrepancies between local and
global frequencies occur as a result of the radial extent of
global simulations.

To establish these modes as MTM, we first note that
the experimental frequencies (≈ 100− 400kHz) roughly
match the MTM expectation for the given profiles: ω =

ω∗e = kyρscs

(
1
LTe

+ 1
Ln

)
, which results in frequencies

in the range of ω∗e = 120 − 500kHz for toroidal mode
numbers between n = 3 − 14 (we will describe detailed
comparisons between GENE simulations and the spec-
trogram below).

Figure 6 depicts for the global linear simulations the
ratio QEM/QES , 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 A|| eigenfuction shown in Fig. 7.
Both the real and imaginary parts are roughly symmetric
about z = 0, indicating even parity for the electromag-
netic potential.

Finally, the transport ratios shown in Figure 8 indi-
cate that the electron channel dominates the observed
heat flux (χi/χe << 1), and the particle flux for each
species is small in comparison to the electron heat diffu-
sivity (Ds/χe << 1). Although this is also a signature

Q
EM
/Q

ES

FIG. 6. Plot of the ratio of electromagnetic to electrostatic
electron heat flux for a series of global GENE simulations of
shot 174082. For MTM’s, this ratio is expected to be > 1.

FIG. 7. Example contour of electromagnetic potential for
a global linear GENE simulation (n=10). Amplitudes are
arbitrary as the simulation is linear. Mode structure displays
tearing parity as A‖ is an even function.

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

Ref. [13] demonstrates that two branches of MTM co-
exist in the DIII-D pedestal: a slab-like MTM at low n
and a curvature-driven mode at higher n. As we show
here, we identify the same phenomenon in this discharge,
suggesting that it may be quite common in the pedestal.
In contrast with Ref. [13], the curvature driven branch in
this discharge is unstable at lower toroidal mode numbers
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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 instabilities14.
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FIG. 9. Scan of ballooning angle for the n = 2 and n = 10
local linear instabilities. Change in growth rates for higher-n
modes are expected, while the low-n slab-like modes remain
unaffected.

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 lin-
ear simulations). The low-n mode exhibits very weak
θ0 dependence in contrast with the strong dependence of
the higher-n mode consistent with the characterization of
each as slab or curvature-driven, respectively. The lower
frequency electromagnetic fluctuation is associated with
a lower toroidal mode number, due to the linear depen-
dence of ω∗e on kyρi.

We also investigate the collisionality dependence of the
modes. As shown in Fig. 10, the higher-n branch asymp-
totes to a constant, non-negligible, growth rate in the low
collisionality limit while the lower-n branch transitions
to an ion diamagnetic-directed instability as collisional-
ity approaches zero, indicating that this low-n MTM is
completely stabilized in this limit. Once again, this colli-
sionality dependence is consistent with the modes’ char-
acterization as slab-like and curvature driven.

Several recent papers have investigated (analytically
and numerically) collisionless microtearing instabili-
ties13,43,44.
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FIG. 10. Dependence of local microtearing growth rates as a
function of electron-ion collisionality. For this scan: ρtor =
0.96,kyρi = 0.15 for the n = 8 simulation and kyρi = 0.02
for the n = 1 simulation. Non-monotonic dependence on
collisionality is a key characteristic of MTM’s45, and is shown
quite clearly for both kyρi’s.

C. NEO Results

While the anomalous transport in the edge region is of
considerable interest, a significant portion of ion heat flux
can be attributed to neoclassical transport. Using the
code NEO46,47, the neoclassical transport levels for ions,
electrons, and impurities are calculated. Figure11 shows
the total neoclassical heat loss from all three species, in-
dicating that neoclassical transport is significant, partic-
ularly towards the pedestal top. Pedestal top (ρ ≈ 0.94)
neoclassical heat losses are significant and decrease in
the steep gradient region. For reference, we expect a to-
tal of 4.67MW of power losses in the pedestal, so these
transport levels are significant. Figure12 shows the to-
tal 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 modeling12: ∼ 1021 particles/s. In
summary, these results suggest that neoclassical trans-
port is important in the ion heat channel and in the par-
ticle channel.
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FIG. 11. Heat lost to neoclassical transport across the
pedestal. Pedestal top losses are significant, but drop by mid-
pedestal.
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FIG. 12. Neoclassical particle losses across the pedestal. Val-
ues are consistent with the results of SOLPS calculations of
particle flux.

D. Local Nonlinear Simulations

To obtain estimates of anomalous power losses, fluc-
tuation amplitudes, and transport coefficients, nonlin-
ear simulations are required. Simulations of local non-
linear ETGs are performed at multiple radial locations
in the pedestal pedestals by setting ky,minρi = 5 and
ky,max = 240, with sensitivity tests in the gradient drive
to ensure that variations in the equilibrium profiles do
not result in major changes to transport coefficients at
that location, increasing ∇Te/Te by 20% and decreasing
∇ne/ne by 20% to keep ∇Pe fixed. The nominal profiles
resulted in insignificant electron heat flux (PETG = 0.015
MW at its highest) and the modified profiles gave much
higher losses (PETG = 1.26 at its highest), but the result-
ing increase in energy loss is still not enough to account
for the experimentally observed losses as shown in Fig-
ure 13.

Nonlinear simulations (ky,minρi = 0.02 − 0.24) of mi-
crotearing modes were carried out at the location of high-
est ∇Te. The simulations extend from kyρi = 0.02−0.94
and employ kinetic electrons and adiabatic ions. The
result is a high level of magnetic flutter (Qem = 1.14
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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 den-
sity gradients (b). Note that the radial extent of the MTM
transport may be broader than shown here since this is a local
simulation.

MW). An additional simulation with the same increase
of ∇Te/Te by 20% and decrease of ∇ne/ne by 20% re-
sulting in Qem = 1.32MW . The snapshot of magnetic
potential depicted in Figure 14 shows a contour plot of
the fluctuations caused by the microtearing modes. The
corresponding heat flux spectrum is shown in Figure 15.

Sensitivity studies of nonlinear microtearing saturation
are currently underway, with variation of multiple driving
mechanisms including β, ∇Te, and νei with the target of
formulating reduced models for pedestal MTM transport.

E. Microtearing Diffusivity Model

In this section, we compare predicted electromagnetic
transport levels with a simple model relating heat diffu-
sivity as directly proportional to the fluctuation ampli-
tude through a Rechester-Rosenbluth-like relation48,

χeme = χe‖〈(B̃x/Bref )2〉, (2)

where the parallel diffusivity is given by

χe‖ ≈
1

k‖

(
Te
me

)1/2

(3)
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FIG. 14. Snapshot of A‖ from a local nonlinear microtear-
ing simulation. Strong electromagnetic heat flux is found at
an experimentally relevant level, Qem = 1.14 MW. Density
fluctuations register at levels far below the predicted KBM
threshold, δn/n0 = 0.01 for this case. Electrostatic heat
flux is far below the electromagnetic component, Qes = 0.05
MW, offering further evidence that the observed turbulence
is driven by microtearing modes.

To test the validity of this model, we compare this es-
timate to the results found in GENE. In the nonlinear
GENE simulation of this discharge, the electromagnetic
electron heat diffusivity is found to be χeme = 0.16m2/s,

the B̃r/B0 = 0.055. The calculation using the k‖ from
the eigenmode at the peak linear growth rate and the
magnetic fluctuation amplitude from the nonlinear sim-
ulation, gives χeme = 0.68m2/s, which is reasonably close
to the nonlinear simulation (i.e., a factor of ∼ 4 is re-
quired to match). Using the Rechester-Rosenbluth for-

mula to predict χeme using kz and B̃r/B0 both from the
nonlinear simulation fares quite well, χeme = 0.355365 (a
factor of ∼ 2 discrepancy). Estimating the diffusivity us-
ing the standard approximation 1/k‖ = q0R fares much

more poorly: χeme = 2.61m2/s. Fig. 16 compares these
diffusivities and the method of k‖ or χe,‖ used in their
calculation.

The parallel wavenumbers from GENE simulations are

FIG. 15. Flux spectrum for a local nonlinear microtearing
mode, in GyroBohm units cpρ∗2. The electromagnetic compo-
nent, Qem (blue) is significantly higher than the electrostatic
flux, Qes (green).
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FIG. 16. Plot of electromagnetic electron heat diffusivity as
a function of inverse parallel wavenumber. The bottom green
diamond represents the kz and heat diffusivity both calcu-
lated directly from a nonlinear GENE simulation, while the
top green diamond shows the approximation made using the
Rechester-Rosenbluth formula of Eq.2. Note that the non-
linear values are the same order of magnitude as the linear
GENE result (blue circle), but differ by an order of magni-
tude from the q0R approximation (gold triangle).

found to be much larger than the simplified 1/(q0R) pre-
diction, consistent with the slab-like nature of the low-
ky MTM. For each calculation, the magnetic fluctuation
amplitude used is from the nonlinear GENE simulation.



8

■

■
■ ■

■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■
■

■ ■ ■

■ Global (β=0.0075)

■ Local MHD (β=0.00188)

■ Local MTM (β=0.00188)

0.04 0.06 0.08 0.10
kyρi

0.1

0.2

0.3

0.4

0.5

γ(cs /a)

◆ ◆ ◆ ◆◆ ◆ ◆ ◆ ◆ ◆ ◆ ◆ ◆ ◆ ◆

◆ ◆ ◆ ◆

◆ Global (β=0.0075)

◆ Local MHD (β=0.00188)

◆ Local MTM (β=0.00188)

0.04 0.06 0.08 0.10
kyρi

-200

-100

100

ω(kHz)

(a)

(b)

FIG. 17. Growth rates (a) and real frequencies (b) of global
MHD modes (black, light blue), local MHD instabilities (red,
gold), and local microtearing instabilities (dark blue, green)
for modified β simulations. Local simulations find MHD
modes as the fastest-growing mode at lower β than their
global counterpart, but transition to unstable MTM’s at a
critical krρi

F. Global and local scan of MHD-like modes

To probe the nature of possible subdominant, low-
frequency MHD instabilities, we study 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 β
to levels surpassing the nominal experimental value. By
increasing the value of the pedestal beta by a factor of 2.4
for global and 1.8 for flux-tube simulations, keeping the
profile gradients fixed, we identify unstable MHD modes.
These values of β are clearly beyond experimental uncer-
tainties. However, two considerations suggest that MHD
modes may be unstable at more realistic values of β: (1)
the mode is likely unstable at much lower values of β
but it is subdominant to MTM, and (2) for global, the
mode is likely more unstable with a more-realistic outer
radial boundary condition, which is a Dirichlet bound-
ary just inside the separatrix in our GENE simulations
(MHD stability is well-known to depend sensitively on
the vacuum region). Moreover, there are additional un-
certainties in density and temperature gradients that we
could probe.

For the lowest toroidal mode numbers, 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 Figure 17. Fig-
ure 18 shows transport ratios for a set of high-β simula-
tions, which are consistent with the expectations from
Ref.[14]. Note that the global simulations include the
Doppler shift, but the local simulations do not, which
should be considered in the context of the mode frequen-
cies shown in Fig. 17.

De/χe

Dz/χe

χi/χe

0.06 0.07 0.08 0.09 0.10 0.11
kyρi

0.2

0.4

0.6

0.8

1.0

1.2

FIG. 18. Global simulations with β = 0.0075 at the simu-
lation center have vastly different transport ratios than the
baseline cases, with values that are consistent with the ”fin-
gerprints” of MHD-like modes.

The characteristics of these modes are consistent with
expectations of MHD-like modes, namely significant par-
ticle diffusivity relative to heat diffusivity, real frequen-
cies in the ion diamagnetic direction, similar heat trans-
port in the ion and electron channels (χi/χe ≈ 1), and
heat transport dominated by electrostatic fluctuations
(Qem/Qes < 1). The global instability appears to be
an Alfvénic mode, as it satisfies the relation ω ≈ k‖vA.
The parity appears to be ballooning, rather than tear-
ing, as shown in Figure19. Further investigation into the
nature of this instability is left for future work.

Another ”fingerprint” that distinguishes microtearing
instabilities from MHD-like modes comes in the form
of parallel electric field cancellation. In kinetic MHD
modes, E‖ 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 21
shows the normalized electric field cancellation factor as
calculated by,

Ê‖ =

´
dz| − ∂zφ+ iωA‖|´
dz|∂zφ|+

´
dz|iωA‖|

, (4)

differs significantly between MTM and MHD instabil-
ities.

We note that this E|| criterion for MHD modes is
stronger the closer the mode is to ideal MHD. Extended
MHD codes such as NIMROD have the capacity to
model considerable non-ideal behavior. Consequently,
such MHD codes are clearly not constrained to model
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FIG. 19. Contour plot of A‖ for the MHD-like instability.
The mode has odd parity, and is radially extended, with peak
amplitude away from the midplane.

E|| ∼ 0 modes and the MHD-like transport ratios that

stem from this constraint14.

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 simulations described
above: (1) global and local linear MTMs, (2) local nonlin-
ear MTMs, and (3) global and local linear MHD modes.
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 fluctu-
ation levels. The local nonlinear MTM simulations ne-
glect background profile variation and kinetic ions but do
predict a nonlinear saturation amplitude and heat flux.
Nonlinear MHD simulations using gyrokinetics are ex-
tremely challenging and so we limit the investigation to
linear. The global linear MHD simulations include back-
ground profile variation and information regarding the
width of the drive region49, but extremely high β is re-
quired to produce an MHD mode. In contrast, the lo-
cal linear MHD neglects the radially-nonlocal effects but
does not require such extreme values of β to destabilize.

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

• Magnetic spectrograms.

• The ratio of density fluctuation amplitude to heat

∫(δBr/B0)dR
∫(δne/n0)dR

Z

FIG. 20. Ratio of normalized line-integrated magnetic fluctu-
ation to normalized density fluctuation calculated using from
a representative GENE MTM simulation.

flux.

• The ratio of magnetic fluctuation amplitude to den-
sity fluctuation 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 out-
board midplane. For instabilities such as the ITG (in
the core) or KBM, this coincides with the peak fluctua-
tion amplitude. However microtearing instabilities in the
pedestal peak off-axis, leading to a minimum in fluctu-
ations at the outboard midplane. Figure 20 depicts the
ratio of line-averaged magnetic to density fluctuations as
a function of height (above or below the outboard mid-
plane). Consequently, although measures of outboard
midplane fluctuations are highly useful, they are not able
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FIG. 21. Measure of Ê‖ for simulations with baseline (blue)
and modified (gold) profiles. The MHD-like instabilities re-
sulting from increased β have significant parallel electric field
cancellation while the nominal microtearing cases have a fi-
nite parallel electric field, consistent with the predictions of
theory14.

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 (∼ 400kHz)
as the experimentally observed signal in Figure 1. The
lower band in the spectrogram f ∼ 100 − 200kHz also
is quite close to the frequency of the low ky MTM peak
(slightly over 100kHz). The experimentally observed fre-
quency range is the broadest at the time from which the
equilibrium data was acquired (t = 3000ms), which is
perhaps consistent with the unstable MTMs spanning the
whole frequency range.

There is also a low frequency band in the spectro-
gram (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 35−55kHz (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 instabil-
ities would mediate the electron heat flux and temper-
ature profiles, while the MHD modes would be limited
primarily to particle transport14. We further explore the
plausibility of this picture in the following sections.

MTM
MHDmode
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FIG. 22. Plot of growth rates (Top) and real frequencies (Bot-
tom) for a spectrum of microtearing and MHD modes in shot
174082. The real frequencies obtained from GENE (blue cir-
cles) are compared to the analytic predictions (yellow squares)
and experimentally observed (blue shaded region) values.

B. Ratio of Magnetic Fluctuation Amplitude to
Density Fluctuation Amplitude

The ratio of magnetic fluctuations to density fluctua-
tions is also a quantity that could differ between modes,
and can be measured by the recently developed Fara-
day Effect Radial Interferometer Polarimeter diagnostic
(RIP)10,11 (although such fluctuation measurements are
not available for this discharge).

MHD-like modes are expected to exhibit higher rela-
tive density fluctuation amplitudes in comparison with
MTM modes. However, simulations of the increased β

equilibria show that the MHD-like modes exhibit a δB̄/B
δn̄/n

ratio that is similar to (and, in fact, generally larger
than) the microtearing counterpart, as shown in Figure
23. Consequently, this metric can not cleanly discrimi-
nate between the two modes at least for this study.
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FIG. 23. The ratio of δB̄/B
δn̄/n

is calculated for simulations of

both the baseline equilibrium profiles and profiles with modi-
fied βe with the integration taking place across the midplane.

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 (δn/n0)/Q. In this discharge, Beam Emission
Spectroscopy (BES) is used to place an upper bound
on the possible density fluctuation level. Shot 174082
is distinctive because the density fluctuation amplitude
falls below the noise level of BES measurements. This
places an upper bound on the possible fluctuation levels
(δn/n ≈ 0.1%), which we will use in comparison with
simulated fluctuation amplitudes.

Fig. 24 shows this ratio for the MTM and MHD sim-
ulations, as well as for the threshold experimental fluc-
tuation level δn/n ≈ 0.1 described above. As shown in
Fig. 24, the nonlinear MTM simulation 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
(δn/n0)/Q for the MHD modes is not too much larger
than the experimental upper bound, and (2) even at a
low fluctuation level, the MHD modes could still strongly
impact the particle transport channel.

In summary, this analysis is consistent with the nonlin-
ear MTM simulations described above, but cannot rule
out the possibility of MHD fluctuations as well. The com-
bined 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 fea-
ture of MHD modes is that they produce roughly equal

MTM

MHD

Exp. Ratio

Local NL Ratio

0.03 0.04 0.05 0.06 0.07 0.08 0.09
kyρi

10-13

10-10

10-7

10-4

(δn/n)

Q

FIG. 24. Ratio of (δn/n0)/Q for both microtearing and MHD-
like global simulations. The solid grey line is the experimental
estimate calculated using the noise floor of the BES diagnostic
(δn/n0 = 0.001) and an estimate of anomalous power lost
in this discharge (Q = 2.1MW ). The dashed yellow line is
the ratio from a local nonlinear simulation of shot 174082,
(δn/n0 = 0.0000732478, Q = 1.14MW ).

diffusivity in the particle and heat channels: D ∼ χ (this
criterion is increasingly stringent with proximity to the
ideal MHD limit). In contrast, MTMs produce much
higher heat transport: D/χ� 1. The particle diffusivity
is difficult to diagnose experimentally, but edge modeling
can provide an estimate. SOLPS was used to this end for
this discharge as described in12.

Figure 25 depicts the values of Γtot/Qtot for the lin-
ear simulations of MTMs (global) and MHD-like modes
(global and local) along with the SOLPS prediction (re-
call that the nonlinear MTM simulations 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 are higher than the
SOLPS prediction. Local values of Γtot/Qtot in kinetic
MHD modes are comparable to their global counterparts.
This implies that if the MHD modes are active, their im-
pact would be largely limited to the particle channel. Our
conclusion from this analysis is similar to that of the last
subsection: 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 magnetic fluctuations, is a mi-
crotearing 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 loss in the pedestal is found to be the mi-
crotearing mode, as evidenced by a combination of non-
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FIG. 25. Ratio of total surface-averaged particle flux, Γ, to
total heat flux, Q, in gyroBohm units for each respective
quantity. Particle fluxes are predicted to be higher for MHD-
like instabilities than MTM’s. This is confirmed for global
GENE simulations of these instabilities, as the MHD ratio
of Γtot/Qtot is an order of magnitude higher than the MTM
ratio.

linear local, linear local, and linear global simulations of
the pedestal region. The MTM is the fastest-growing lin-
ear instability, with gyrokinetic ”fingerprints” that cor-
respond well with the expectations of analytic theory,
the observations of experimental diagnostics, and the re-
sults gyrokinetic simulations of carefully reconstructed
equilibria. Notably, the MTM frequencies are in good
agreement with bands in the magnetic spectrogram.

Modifying the equilibrium past the kinetic MHD β
limit shows that an unidentified MHD mode, possibly
a toroidal Alfvén eigenmode, becomes unstable, with
fluctuation frequencies consistent with a band of fluc-
tuations observed in the experimental magnetic spectro-
gram. This low-frequency mode may be responsible for
inter-ELM particle transport. Further characterization
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 DIIID discharge 174082.
The main findings are as follows. Simulated MTM fre-
quencies are in good agreement with corresponding fre-
quency bands in the magnetic spectrogram and nonlinear
MTM produce experimentally-relevant transport levels.
We conclude that it is very likely that MTMs are re-
sponsible for the observed magnetic 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
spectrogram. Although GENE does not identify unstable

MHD modes for the nominal equilibrium reconstruction,
high beta simulations produce MHD modes with frequen-
cies in the right range.

We investigate several metrics that may inform or con-
strain the possible roles of MHD and MTMs. Two met-
rics are, perhaps surprisingly, ineffective at discriminat-
ing between the two classes of fluctuations. 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 activ-
ity in this discharge. One metric, however, clearly distin-
guishes between MHD and MTM: the ratio of particle 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 prospec-
tive transport mechanisms. Neoclassical transport (as
calculated with NEO) produces substantial ion heat flux
and particle flux roughly in agreement with SOLPS pre-
dictions. ETG transport is negligible for the nominal
gradients. For simulations with moderately higher eta
(within experimental uncertainties), ETG transport be-
comes relevant although still somewhat below experimen-
tal expectations.

Two possible transport pictures emerge, (1) one with-
out MHD fluctuations and (2) one including MHD fluc-
tuations. 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 (neo-
classical, ETG, MTM) transport mechanisms are consis-
tent with this picture. In scenario (2), MHD combines
with neoclassical to account for the particle transport and
other channels are the same as in scenario one. Although
we are unable to probe this possibility with nonlinear
MHD simulations, there is a low frequency fluctuation
band in the spectrogram that may signal such MHD ac-
tivity.
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