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Abstract
The role of neoclassical physics in the particle and energy transport during the application of
resonant magnetic perturbations (RMPs) to suppress the edge localised modes in a tokamak is
analysed. The neoclassical fluxes in non-axisymmetric DIII-D equilibria with applied RMPs
are calculated using the NEO code. The magnetic field provided to NEO as an input is
calculated using M3D-C1 and includes the nonlinear one-fluid plasma response. Neoclassical
fluxes obtained in this study are found to dramatically increase in the presence of applied
RMPs, and are in same range as the total radial particle fluxes calculated in comparable RMP
discharges in DIII-D [1]. This suggests that neoclassical transport plays a significant role in
edge transport when RMPs are present. An increase in neoclassical fluxes during the
edge-localized mode suppressed phase in DIII-D plasmas is calculated and is strongly
correlated with the observation of density pump-out in the experiment.
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1. Introduction

The high confinement regime (H-mode) [2, 3] in a tokamak is
characterized by a steep pressure gradient at the edge. These
gradients often cause instabilities in the plasma known as edge-
localized modes (ELMs), which result in periodic bursts of
particles and energy onto the plasma facing components (PFC)
[4–6]. This could cause an accelerated degradation of PFC and
hence, should be avoided. One of the methods to eliminate or
control the ELMs is by applying RMPs [7–9]. This technique
perturbs the local magnetic field in the pedestal region and
generates a plasma response that is frequently marked by a
reduction in the pedestal density, also known as density pump-
out [10–12]. In some cases, this process can also significantly
reduce central plasma density [13] which is detrimental to
fusion performance. It is therefore crucial to understand the
transport mechanisms that governs density pump-out for better
plasma performance in RMP-ELM suppression experiments.

Much progress has been made on understanding the plasma
response to resonant magnetic perturbations (RMPs) and on

∗ Author to whom any correspondence should be addressed.

the conditions for peeling-ballooning stability. However, the
transport properties of perturbed tokamak equilibria and the
associated relaxation of kinetic profiles (density, temperature,
and rotation) remains poorly understood. Without such an
understanding, extrapolating the effects of RMPs on plasma
performance and on ELM suppression to reactor-scale toka-
maks cannot be done with confidence, especially due to the
complexity of the observed phenomenology. Recent progress
in this area has been encouraging; indeed, there are a variety of
calculations that have been carried out with distinctly different
physics models, each finding enhanced particle transport in the
presence of 3D fields. Density pump-out has been observed
in nonlinear calculations using the TM1 code [12], which
implements a reduced two-fluid model in simplified geometry,
due to increased radial transport caused by the formation of
magnetic islands. This effect may be related to flutter transport
[14], which has also been examined using analytic models
applied to field perturbations calculated by M3D-C1. Quasi-
linear modelling with MARS-Q [15] using a linear, resistive
plasma response model has found that the nonambipolar trans-
port associated with neoclassical toroidal viscosity (NTV) can
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also lead to density pump-out. At higher fidelity, calculations
of neoclassical and turbulent transport have been carried out
with XGC [16] using perturbed fields calculated by M3D-C1.
These calculations also find transport levels comparable to
empirical observations of pump-out; however, these calcula-
tions are computationally expensive and have not yet been
carried to ion transport timescales. Experimentally [17–19], it
has been observed that density fluctuations increase in the pres-
ence of RMPs, a possible enhancement of turbulent transport.
However, turbulence modelling does not show clear support
for the hypothesis that pump-out can be explained by changes
to microstability due to RMPs [20].

In this paper, we demonstrate an efficient method for cal-
culating the steady-state neoclassical fluxes using a realistic,
nonlinear plasma response model. The nonaxisymmetric mag-
netic geometry is found using the extended magnetohydro-
dynamic (MHD) code M3D-C1 [21, 22] by calculating the
plasma response to applied 3D fields, using physically realistic
diverted geometry, dissipation, and sources. The neoclassical
transport is then calculated in this 3D geometry using NEO
[23]. We show here that the calculated neoclassical fluxes are
enhanced significantly by the presence of nonaxisymmetric
fields and correlate strongly with the observations of pump-out
in DIII-D experiments. We also find that even at modest RMP
levels, the linear plasma response can differ sufficiently from
that of nonlinear response calculations and that the calculated
neoclassical fluxes can differ significantly.

2. Numerical tools

2.1. NEO

RMPs give rise to a non-axisymmetric equilibrium. The non-
axisymmetric perturbations will result in changes to the neo-
classical transport, and will break the intrinsic ambipolarity of
transport in axisymmetry. The NEO code with an improved
capability to handle non-axisymmetric geometry has been
used in this work to calculate the neoclassical transport arising
in non-axisymmetric equilibria [24].

NEO calculates the neoclassical fluxes solving the standard
drift kinetic equation (DKE) supplemented with a Poisson
equation [23, 24]. The DKE is expanded in powers of ρ∗i
defined as the ratio of the ion gyroradius to system size.
The code does not account for higher-order drift terms or
the tangential magnetic drift. NEO uses the full linearized
Fokker–Planck multi-species collisional operator to calculate
the inter-species coupling and the neoclassical transport over
a range collisionality [25]. The second order neoclassical
particle and energy fluxes are computed in NEO using:

Γa =

〈∫
d3vg1avD · ∇r

〉
(1)

Qa =

〈∫
d3vmaεg1avD · ∇r

〉
, (2)

where a is the species index, g1a is the non-adiabatic dis-
tribution, ε = v2

‖/2 + μB = v2/2 is the kinetic energy per

unit mass, μ = v2
⊥/2B is the magnetic moment, vD · ∇r =

v‖+μB

ΩcaB b ×∇B · ∇r, where Ωca is the cyclotron frequency, and
〈a〉 is the standard flux-surface average of a. For more details
see references [23, 24].

The surface geometry and pressure gradient at various radii
is provided by M3D-C1 (this is discussed in more detail in
the following section), and then local nonaxisymmetric MHD
equilibria are constructed using the Le3 code [26]. The routine
maps the contours of R(ψ, θ,φ) and Z(ψ, θ,φ) from M3D-C1
as a sum of Fourier coefficients,

R(r, θ̄,φ) =
Nθ∑

m=0

Nφ∑
n=0

sin(mθ)
[
ar

mn cos(nφ) + br
mn sin(nφ)

]

+ cos(mθ)
[
cr

mn cos(nφ) + dr
mn sin(nφ)

]
(3)

Z(r, θ̄,φ) =
Nθ∑

m=0

Nφ∑
n=0

sin(mθ)
[
az

mn cos(nφ) + bz
mn sin(nφ)

]

+ cos(mθ)
[
cz

mn cos(nφ) + dz
mn sin(nφ)

]
. (4)

Here θ̄(r, θ,φ) is a parametric angle which can be related to
the straight field line angles (in axisymmetric geometry, it is
equivalent to the Miller poloidal arc length). In this case, good
convergence with the M3D-C1 equilibria was obtained with
Nθ = 15 in the core and between 25<Nθ < 30 in the edge, and
Nφ = 3 in DIII-D discharge #160921 and Nφ = 2 in DIII-D
discharge #158115. Le3 then takes as input the numerical
(R, Z) Fourier coefficients and their radial derivatives for a
specified surface and constructs the local, ideal equilibria,
subject to the constraints of zero radial current and radial
force balance. These local equilibria are then used by NEO to
calculate the neoclassical transport. The numerical resolution
for the NEO simulations performed here uses Nξ = 16, number
of polynomials to describe the distribution function and the
resolution in the θ direction (Nθ) is same as that used in Le3
code.

When the magnetic field is non-axisymmetric, the intrinsic
ambipolarity of the neoclassical fluxes is lost, typically with
ion fluxes exceeding electron fluxes. Nonambipolar fluxes
cannot persist in steady-state, as they necessarily imply a
time-dependent electric field. In strongly non-axisymmetric
systems such as stellarators, these nonaxisymmetric fluxes
cannot be compensated by other physical mechanisms such
as turbulence, and therefore ambipolarity can only be restored
through the evolution of Er to the neoclassical offset value (i.e.
the value at which the neoclassical fluxes are ambipolar). How-
ever, Calvo et al in reference [27] showed that when nonax-
isymmetric perturbations are sufficiently small, nonambipolar
fluxes from turbulence are competitive with the neoclassical
fluxes, and Er is not constrained to be the neoclassical offset
value. The criterion for being in this regime of small pertur-
bations is that δB/B0 <

√
ρi/L where L is the equilibrium

gradient length scale. Tokamak RMPs fall comfortably in this
regime, and it is indeed observed that Er is generally very
different from the neoclassical offset value. A full accounting
of the evolution of the radial electric field and the restoration of
ambipolarity would therefore require turbulence a calculations

2



Nucl. Fusion 62 (2022) 126028 P. Sinha et al

carried out at least to second order in the gyrokinetic ordering
[28]. However, the estimate of nonambipolar turbulent flux
in Calvo et al is significantly smaller than the nonambipolar
neoclassical fluxes that we calculate. Perhaps more impor-
tantly, the input momentum from neutral beam injection is
large (on the order of a few N m), and this momentum source
can itself balance nonambipolar neoclassical flux [29]. This
suggests that the radial electric field here is best calculated
as a balance between the input momentum density and the
NTV. To resolve these issues are very challenging and well
beyond the scope of this paper. In the absence of such a
calculation, the only justifiable choice for Er in our analysis
is that which is determined empirically, which is what we use
in our calculations. The resulting nonambipolar neoclassical
fluxes are not facially unphysical, but rather just an incomplete
piece of the total transport which must be ambipolar only in
aggregate.

2.2. M3D-C1

M3D-C1 [21] is a finite-element fluid code for solving
extended-MHD models. It uses a non-uniform, unstructured
grid that ensures the continuity of scalar fields and their first-
derivatives across element boundaries [30]. The computational
domain for the code extends beyond the last closed flux surface
and includes the open field line region [22].

For this work, we have considered the single-fluid
extended-MHD model (for more details see references [21, 31,
32]) i.e. we assume all charged species (electrons and ions) to
have the same fluid velocity v. This assumption is made here
for convenience due to the numerical challenges introduced
by two-fluid effects. We leave the exploration of the two-fluid
effects as future work.

For the single fluid MHD calculations performed here,
density, momentum, and energy are introduced into the system
using an idealized axisymmetric neutral beam source. The par-
ticle, momentum, and heat sources are Gaussians with centre
(1.7, 0) and variance 0.2, and the total rates of particle, torque,
and heat injection are 1.0 × 1022 ions s−1, 430 N m, and
1.1 GW respectively.

The diffusion coefficient (D) and, the heat flux coefficient
(κ) profiles are chosen to balance these sources for the initial
axisymmetric density, momentum, and temperature profile. In
these single fluid M3D-C1 calculations, the adiabatic index (Γ)
is taken as 1.67, a Spitzer resistivity model is used, and the
coefficient of viscosity (μ) is taken as 3.65 × 10−4 N s m−2.
The values of the above mentioned coefficients used in M3D-
C1 for the present study are close to their inferred anomalous
values in the experiment.

The calculated plasma response self-consistently includes
the non-axisymmetric changes in response to the magnetic
field, current density, density, pressure and rotation to the
externally applied perturbed field. When considering the
impact of the non-axisymmetric field on transport, it is imper-
ative to include this self-consistent non-axisymmetric plasma
response because the currents associated with the response can
dramatically alter the spectrum of the magnetic field.

Figure 1. Poincaré plot for the linear M3D-C1 run for DIII-D shot
#160921 for IRMP = 6 kA at t = 5110 ms.

2.3. Workflow

The RMP field applied perturbs the magnetic flux surfaces
and displaces them from their initial location. Because resis-
tivity is included in this response model, the perturbed field
also includes magnetic islands and regions of stochasticity,
although these regions are typically small because the plasma
response generally strongly opposes island formation. Figure 1
shows the magnetic surfaces for DIII-D shot #160921 at
5110 ms and IRMP = 6 kA. It is visible that towards the
edge of the plasma the magnetic field becomes stochastic. As
previously mentioned, NEO requires the existence of closed
surfaces to calculate neoclassical transport. We therefore use
the Te isotherms in M3D-C1 to represent the surface geometry.
In regions of magnetic islands or stochasticity, these isotherms
capture the kink-like (nonresonant) distortions of the surface,
but do not capture the tearing-like (resonant) perturbations.
These isotherms are guaranteed to be closed surfaces and are
essentially identical to the magnetic surfaces where magnetic
surfaces exist. Figure 2 shows the isotherms calculated for
DIII-D shot #160921 with IRMP = 6 kA in the I-coils, with the
normal displacements of the isotherms scaled by an additional
factor of four for visibility.

This technique of course limits the physical accuracy of
the neoclassical calculation in magnetic islands or stochastic
regions, but it is at this time the best we are able to do without
resorting to global drift-kinetic formulations, which are sig-
nificantly more computationally expensive and not generally
available in practice. A discussion about possible physics that
we are excluding in our flux calculations by making such an
approximation is presented in section 4. It should be noted
that the geometry of the perturbed isotherms is a nonlinear
function of the perturbed temperature, and therefore will scale
nonlinearly with the RMP amplitude. In section 3.1 it is shown
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Figure 2. Isotherm surfaces at different ψnorm values for the linear
M3D-C1 run for DIII-D shot #160921 for IRMP = 6 kA at
t = 5110 ms. The thicker blue curve represents ψ = 1 surface.

that this nonlinear behaviour is observed at (or above) modest
values of RMP amplitude. Since a linear plasma response
model does not capture this nonlinear physics, it is likely give
us incorrect results.

The isotherms are used as input into Le3, which then
constructs a series of local force-balance equilibria that can
be used as input to NEO code. NEO then calculates the
neoclassical transport fluxes.

3. Neoclassical fluxes in DIII-D discharges with
RMP

DIII-D [33] uses a set of 12 in-vessel perturbation coils called
I-coils (six upper and six lower) to control ELMs. The domi-
nant toroidal mode number in RMP ELM suppression exper-
iments on DIII-D is typically n = 2 or n = 3. For n = 2, the
phase between I-coils rows can be varied continuously which
gives rise to a broad range of poloidal spectra [11, 34]. The two
DIII-D discharges analysed in this work #160921 and #158115
are discussed in detail in reference [35] and references [11, 36],
respectively. These two discharges are informative because
they are well-diagnosed cases covering both n = 2 response
for a range of poloidal RMP spectrum (#158115) and n = 3
response including sustained periods of ELM suppression in
DIII-D’s ITER Baseline Scenario (IBS) (#160921). The sim-
ulations performed in this work assume a pure plasma with an
equal electron and ion density.

Figure 3. Comparison of electron density profile (top) and electron
temperature profile (bottom) used in linear and nonlinear M3D-C1
runs (in blue) with the experimental profiles (in red) for DIII-D shot
#160921 at t = 5100 ms.

3.1. DIII-D discharge #160921

The motivation behind the experiment was to assess the level
of ELM control that could be achieved in the IBS. Only the
upper I-coil current was operated with n = 3 and IRMP =
6 kA. The input torque was stepped up from 3.5 N m to
5 N m between t = 4400 ms and t = 4700 ms, leading to
suppression of ELMs [35]. For our analysis, we have selected
a RMP ELM-suppressed time slot 5100 ms with the toroidal
magnetic field BT = 1.6 T, line averaged density 〈ne〉 = 2.4 ×
1019 m−3, plasma current Ip = 1.2 MA, q95 = 3.2, and βN =
1.9. Model density and temperature profiles consistent with the
density and heat sources (see figure 3) were used for the linear
and nonlinear M3D-C1 runs performed to obtain the perturbed
equilibrium for the time slot 5100 ms, which is then analysed
using NEO to study the neoclassical properties. Both linear and
nonlinear calculations were done in order to better understand
how the linear response deviated from the nonlinear response
as the RMP amplitude was increased. These model profiles
differ from the empirical fits because we have imposed the
constraints ne = ni and Te = Ti in our model (which is not true
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Figure 4. Neoclassical particle flux of ions at different time slices
(where τA is Alfvén time) at ψnorm = 0.6 (in blue) and ψnorm = 0.89
(in red) calculated by NEO for DIII-D shot #160921 using nonlinear
M3D-C1 equilibrium at time slot 5100 ms for IRMP = 6 kA.

Figure 5. Neoclassical particle flux of electrons (in red) and ions (in
blue) calculated by NEO for DIII-D shot #160921 using the
equilibrium calculated by nonlinear M3D-C1 at time slot 5100 ms
for IRMP = 6 kA. The axisymmetric particle flux limit (IRMP = 0 kA)
for ions (in magenta triangle markers) and electrons (in green
dashed line) calculated by NEO for the same shot at 5100 ms.

in the empirical fits), and because fast beam ions constitute
a significant fraction of the core pressure in the experiment.
In the model, there is no separate beam ion species, so this
additional pressure is represented as a higher core temperature
so that the total pressure in the model remains identical to the
total pressure in the empirical reconstruction. The choice to
match pressure rather than matching temperature was made
because the plasma response depends directly on pressure
but only indirectly on temperature (through resistivity) in this
single-fluid model.

To ensure that the nonlinear MHD calculations for DIII-D
shot #160921 at IRMP = 6 kA reached a steady state, the
neoclassical fluxes were calculated at different times in the
simulation as shown in figure 4. It can be seen that towards

Figure 6. Neoclassical energy flux of electrons (in red) and ions (in
blue) calculated by NEO for DIII-D shot #160921 using the
equilibrium calculated by nonlinear M3D-C1 at time slot 5100 ms
for IRMP = 6 kA. The axisymmetric particle flux limit (IRMP = 0 kA)
for ions (in magenta) and electrons (in green) calculated by NEO for
the same shot at 5100 ms.

Figure 7. Neoclassical particle flux for ions calculated by NEO for
DIII-D shot #160921 for time slot 5100 ms for IRMP = 0.001 kA
using equilibrium calculated by linear (in red) and nonlinear
M3D-C1 simulations (in blue).

the end of the simulation the fluxes do not change much,
which indicates that the MHD calculations have reached a
steady-state.

Figure 5 shows the neoclassical particle flux for ions (in
blue) and electrons (in red) calculated with NEO for the dis-
charge #160921 after ELM suppression at t = 5100 ms for
IRMP = 6 kA using the equilibrium computed by nonlinear
M3D-C1 run. It can be seen that the neoclassical particle flux
for ions ranges from 1019 to 1021 m−2 s−1 and is two orders
higher than the electron flux for all ψnorm values. When the
RMP current is reduced to 0 kA (i.e. in the axisymmetric
limit), the electron and ion fluxes are equal as expected from
intrinsic ambipolarity and indicated with the dashed green
curve and triangles magenta markers, respectively in figure 5).
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Figure 8. Neoclassical particle flux for ions calculated by NEO for
DIII-D shot #160921 for time slot 5100 ms for IRMP = 6 kA using
equilibrium calculated by linear (in red) and nonlinear M3D-C1
simulations (in blue).

Note that the modest non-axisymmetry introduced by the RMP
fields leads to roughly a 100x increase in the calculated ion
neoclassical particle flux.

The energy flux for this shot (see figure 6) also follows
the same trend as the neoclassical particle flux i.e. on the
application of RMPs, the energy flux for both ions (in blue) and
electrons (in red) rises significantly from their axisymmetric
values. Inferring the particle flux from experiments can be
challenging, especially in the edge, due to uncertainties in the
particle sources. However, previous estimates of the particle
fluxes in comparable RMP DIII-D discharges (see reference
[1]) have found total radial ion particle fluxes comparable to
the ion neoclassical fluxes that we obtain here. While a quan-
titative comparison would require detailed particle balance
analysis of the shots considered here, comparison with this
previous analysis shows that the neoclassical fluxes that we
calculate here are on the order of the radial ion fluxes when
RMPs are applied and therefore cannot be neglected.

Analysis of the plasma response in the linear calculations
shows that the displacement of the magnetic surfaces are suffi-
ciently large that the assumption of linearity is likely breaking
down at the edge in these discharges [37]. Therefore, both
linear and nonlinear modelling were done for comparison.
Nonlinear simulations are computationally more expensive
than linear calculations, and therefore understanding when
linear results are expected to be accurate will be useful. In
both the linear and nonlinear calculations, the initial profiles,
equilibrium, and transport parameters were the same.

Figure 7 shows the NEO results for #160921 assuming
IRMP = 0.001 kA which is sufficiently small that we would
expect linear and nonlinear calculations to yield nearly iden-
tical results. As can be seen in the figure, at low IRMP values,
the equilibrium obtained using linear and nonlinear M3D-C1
runs yield similar neoclassical ion particle flux results (<22%)
for all radial locations. As the RMP current is increased to the
experimental value of 6 kA, the difference in neoclassical par-
ticle fluxes obtained becomes more pronounced. For example

Figure 9. Comparison of isotherms for DIII-D shot #160921 at time
slot 5100 ms for IRMP = 6 kA (scaled by an additional factor of 10
for better visibility) at ψnorm = 0.6 (top) and ψnorm = 0.89 (bottom)
for linear (in red) and nonlinear (in blue) M3D-C1 simulations.
Reprinted (figure) with permission from [36], Copyright (2015) by
the American Physical Society.

at ψnorm = 0.89, the difference in the fluxes increases to 160%
(see figure 8)

In the 6 kA case, an examination of the transport coeffi-
cients calculated by NEO shows that the difference between
the fluxes in the linear and nonlinear cases is dominantly
due to the differences in the magnetic geometry (explained
in the next paragraph). It should be noted that two differ-
ent nonlinear M3D-C1 calculations were performed one with
IRMP = 0.001 kA (figure 7) and IRMP = 6 kA (figure 8)
with the same physics model. The above results indicate that
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Figure 10. Neoclassical particle flux vs collisionality for ions
calculated by NEO for DIII-D shot #160921 for time slot 5100 ms
for IRMP = 6 kA at using equilibrium calculated by nonlinear
M3D-C1 simulations at ψnorm = 0.5 (in red), ψnorm = 0.8 (in blue)
and ψnorm = 0.92 (in green).

at experimentally relevant RMP current values, perturbation
theory is evidently breaking down, and that, it is necessary to
do nonlinear MHD simulation to capture this behaviour and
get reliable values of neoclassical transport properties.

Figure 9 shows the isotherms for DIII-D shot #160921 at
5110 ms for IRMP = 6 kA at ψnorm = 0.6 and ψnorm = 0.89
for linear and nonlinear M3D-C1 runs. At ψnorm = 0.6, per-
turbations in the isotherms for linear and nonlinear M3D-C1
are similar, thus the fluxes obtained are also close to each
other (see figure 8). At ψnorm = 0.89, the perturbation of
isotherm for the nonlinear case is larger than linear case, which
intuitively would imply higher nonlinear fluxes, this trend is
well observed in the neoclassical fluxes calculated at this radial
position.

Figure 10 shows the effect of collisionality on 3D neo-
classical particle fluxes at different ψnorm values for DIII-D
discharge #160921 at IRMP = 6 kA. The different transport
regimes can be well identified from this plot and it can be seen
that, in the experiment 1/ν regime is observed. It can be also
inferred from the figure that in 1/ν regime as the collisionality
is increased the particle flux should decrease, which is infact
also seen during the experiments in DIII-D [38].

3.2. DIII-D discharge #158115

This is an H-mode discharge in which both sets of I-coils were
used and operated at n = 2 with IRMP = 4 kA. The relative
phase of upper and lower I coil are modulated sinusoidally at
a frequency of 1 Hz. Previous work [11, 12, 36, 39] performed
on this shot included studies on understanding the dynamics of
ELM suppression. It was found that the plasma response and
the observation of ELM suppression were strongly correlated
with the relative phasing of the coil rows, with the maximum
observed magnetic plasma response, maximum particle trans-
port, and observation of ELM suppression all occurring near 0◦

of relative phase (even parity). For this study, we consider how
the neoclassical fluxes are expected to change as a function

Figure 11. Comparison of electron density profile (top) and electron
temperature profile (bottom) used in linear and nonlinear M3D-C1
runs (in blue) with the experimental profiles (in red) for DIII-D shot
#158115 at t = 4781 ms.

of the applied RMP spectrum. To do this, we hold the initial
axisymmetric equilibrium fixed (here using the profiles from
t = 4781 ms, during an ELM-suppressed period) and calculate
the perturbed equilibrium and resulting neoclassical fluxes as
the RMP phasing is changed. For time slot t = 4781 ms, the
toroidal magnetic field BT = 1.95 T, line averaged density
〈ne〉 = 3.3 × 1019 m−3, plasma current Ip = 1.35 MA, q95 =
4.2, and βN = 1.9. Model density and temperature profiles
consistent with the density and heat sources used for the
nonlinear M3D-C1 runs along with the experimental profiles
for this discharge are shown in figure 11).

To ensure that the nonlinear MHD calculations for DIII-D
shot #158115 at IRMP = 4 kA reached a steady-state, we have
repeated the analysis done in figure 4 for this discharge as well.

The focus of the phase study performed here is to analyse
the correlation between the RMP phasing and the calculated
neoclassical particle flux. The equilibria are calculated with
nonlinear MHD using M3D-C1 at different phasings (Δφ) for
IRMP = 4 kA. Δφ in our study ranges from 0◦ to 120◦. As
the temperature and density profiles were constant for each of
the equilibrium, any difference in between them owe to the
difference in the amplitude of helical harmonics of RMP field.
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Figure 12. Neoclassical particle flux for ions calculated by NEO
using equilibrium calculated by nonlinear M3D-C1 (top) and total
resonant field (bottom) for DIII-D shot #158115 for time slot
4781 ms at IRMP = 4 kA for different phasing (Δφ). Δφ = 0 (in
blue), Δφ = 30 (in green), Δφ= 60 (in red), Δφ = 90 (in
magenta), and Δφ = 120 (in cyan).

Figure 12 (top) shows the neoclassical particle flux calcu-
lated by NEO for #158115 at different values of Δφ. It is
found that as Δφ increases, the neoclassical particle flux value
decreases in most of the edge region (except 0.91 � ψnorm �
0.93). For example, at ψnorm = 0.94, neoclassical particle
flux at Δφ = 0◦ is 3.87 × ·1020 m−2 s−1, which reduces
to 3.07 × 1019 m−2 s−1 at Δφ = 60◦ and further declines
to 2.23 × 1019 m−2 s−1 at Δφ = 120◦. Figure 12 (bottom)
shows the plot for total resonant field and we see a similar
trend as neoclassical particle flux i.e. the amplitude of resonant
helical harmonics is largest forΔφ= 0◦ which reduces as Δφ

increases.
A clear correlation between phasing and particle flux was

also experimentally observed (see figure 13) by Nazikan et al
in reference [36]. As can be seen in figure 13, the pedestal
density in the experiment rises and falls significantly as Δφ is
changed in time, with the largest reduction in density occurring
near Δφ = 0 (corresponding to t0 and t3 in the plot). This is
in agreement with the finding that the neoclassical fluxes are

Figure 13. Pedestal bifurcations with slowly varying resonant fields.
(a) Upper and lower row I-coil relative phase. (b) Dα light near the
outer strike point (red) and pedestal density ne,ped (black). (c)
Pedestal electron temperature Te,ped. (d) Edge impurity velocity in
the co-IP direction. (Copyright: Reprinted, with permission, from
reference [36]).

maximum at Δφ = 0 in our calculations. We note that there
is also a brief window of ELM suppression around Δφ = 0,
as can be seen from the pause in Dα emission there; however,
this brief ELM suppression window does not itself appear to
have an appreciable effect on the pedestal density.

4. Conclusions and discussions

An efficient method has been developed in this work for cal-
culating the steady-state neoclassical transport in realistic per-
turbed tokamak geometry. The analysis of DIII-D discharges
#160921 and #158115 shows that modest RMP fields with
δB/B ∼ 10−3 can increase neoclassical fluxes in the edge by
more than an order of magnitude, putting these fluxes into the
range of the radial fluxes inferred in similar discharges. We find
that these neoclassical calculations reproduce the dominant
features of the observed particle transport including the depen-
dence on the applied RMP spectrum and the reduction of the
fluxes at higher collisionality. This strongly suggests that neo-
classical transport is an important transport mechanism in the
H-mode edge in the presence of RMPs, which has implications
for understanding the evolution of the pedestal structure under
these conditions. Our findings do not exclude the possibility of
enhanced turbulent transport with RMPs, but rather emphasize
that the enhancement of neoclassical transport is important and
cannot be neglected.

Flux calculations in DIII-D #160921 showed that nonlinear
MHD simulations are essential at high RMPs to satisfactorily
model the perturbed magnetic geometry in the pedestal region.
The neoclassical fluxes calculated here cannot depend directly
on the resonant harmonics of the perturbed field, because the
surface geometry provided as input to NEO excludes magnetic
islands and stochasticity by construction. However, a clear

8
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correlation between the resonant harmonics of the perturbed
field and the calculated neoclassical fluxes is observed in the
phase study for the shot #158115. The occurrence of density
pump-out which is marked by higher particle flux during RMP
ELM-suppressed phase, was also confirmed for shot #158115
using the same temperature and density profile for different
phases in the NEO calculations.

As mentioned earlier in the paper, surface-averaged formu-
lation of the DKE employed by NEO and other neoclassical
codes cannot treat islands and stochasticity. This limitation
requires us to use isotherms of Te to give the set of closed
surfaces that best approximate the M3D-C1 magnetic field,
which may have magnetic islands and stochasticity in some
regions. In doing so, we exclude transport effects resulting
from nonintegrable magnetic geometry, and capture only the
effects due to the ‘kinking’ of surfaces. (The M3D-C1 cal-
culation itself does self-consistently include parallel thermal
transport across islands and stochastic regions, but these are
not added to the neoclassical fluxes presented here.) In many
cases this may be adequate, since strong Te gradients observed
experimentally suggest that magnetic geometry in the pedestal
remains nearly integrable over much of the volume in reality
(possibly excluding the outer 2% or so of the magnetic flux,
or islands near the top of the pedestal or on interior rational
surfaces). However, the extension of drift kinetics to non-
integrable field geometries is an area of active research and
should be considered in the future.
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