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Abstract
Linear, two-fluid, resistive modelling of the plasma response to applied non-axisymmetric fields shows significant
displacement of edge temperature and density profiles. The calculated displacements, often of 2 cm or more in
H-mode pedestals with parameters appropriate to DIII-D, are due to the helical distortions resulting from stable
edge modes being driven to finite amplitude by the applied fields. In many cases, these displacements are greater in
magnitude, and different in phase, than the distortions of the separatrix manifolds predicted from vacuum modelling.
Comparison of these results with experimental measurements from Thomson scattering and soft x-ray imaging finds
good quantitative agreement. In these experiments, the phase of the applied non-axisymmetric magnetic field was
flipped or rotated in order to probe the non-axisymmetric features of the response. The poloidal structures measured
by x-ray imaging show clear indications of a helical response, as opposed to simply a change in the axisymmetric
transport. Inclusion of two-fluid effects and rotation are found to be important in obtaining quantitative agreement
with Thomson scattering data. Modelling shows screening of islands in the H-mode pedestal, but island penetration
near the top of the pedestal where the electron rotation vanishes in plasmas with co-current rotation. Enhanced
transport due to these islands may provide a mechanism for maintaining the pedestal width below the stability
threshold of edge-localized modes. For typical DIII-D parameters, it is shown that the linear approximation is
often near or beyond the limit of validity in the H-mode edge; however, the general agreement with experimental
measurements indicates that these linear results nevertheless maintain good predictive value for profile displacements.

(Some figures may appear in colour only in the online journal)

1. Introduction

The application of non-axisymmetric magnetic fields in
tokamaks is observed to affect the performance of the
plasmas significantly, even when the non-axisymmetric fields
are a small fraction (∼10−4–10−3) of the axisymmetric
fields present in the device. Judicious application of non-
axisymmetric fields may improve plasma performance by
supporting toroidal rotation of the plasma [1], which is
generally stabilizing, or by mitigating or suppressing edge-
localized modes (ELMs) [2]. Potentially deleterious effects
are also often observed, such as a strong reduction in plasma
density [3, 4] (‘pump-out’), a reduction in mode-locking
thresholds [5], and substantial distortions of the plasma

edge [6–10]. In DIII-D, the peak-to-peak magnitude of these
distortions, as measured by displacements of the temperature
and density profiles, is often of order 1 cm on the low-field
side of the plasma for typical ELM-suppression parameters
with toroidal mode number n = 3, and may exceed 3 cm for
n = 1 fields. For high performance ITER scenarios, which
are now designed to have an outer gap of ∼10 cm [11, 12],
scaling the edge displacement with the linear dimensions of
the device implies the possibility of direct or near contact of
the scrape-off layer (SOL) with the first wall

Here, we calculate the plasma response to applied non-
axisymmetric fields from a linear, two-fluid, resistive model
using the M3D-C1 code [13–15]. Essentially, these are
linear perturbed equilibrium calculations similar to those
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computed in several previous studies which considered
ideal [16] and resistive [17] magnetohydrodynamic (MHD)
response to non-axisymmetric fields using the IPEC [16] and
MARS [18] codes. M3D-C1 is well-suited to the study of
the edge response because its relatively comprehensive two-
fluid model, discussed in section 2, includes diamagnetic
effects which are important in the H-mode edge, and
includes the separatrix and open field-line region even in
diverted geometries. The linear response includes both
the non-axisymmetric magnetic and thermal perturbations
self-consistently, but not the associated changes to the
axisymmetric equilibrium.

We find that the calculated thermal perturbations, which
are essentially due to the displacement of magnetic surfaces,
are in good agreement with experimental measurements of
the plasma edge. In these experiments, a non-axisymmetric
magnetic field is applied from the DIII-D I-coils, which
are composed of two rows of six coils each, inside the
vacuum vessel [19]. The toroidal phase of the applied non-
axisymmetric fields is rotated (in the case of n = 1) or
flipped (in the case of n = 3). Given an axisymmetric
equilibrium in the absence of the non-axisymmetric fields, the
difference between the measurements in the two phases must
be indicative of the non-axisymmetric response, even if an
n = 0 response is also present. In practice, the presence of
error fields complicates this view. This possibility is discussed
in section 4.

These perturbations are also found to be significantly
enhanced by the plasma response to the non-axisymmetric
fields in some cases. Although the lobe structure caused by the
non-axisymmetric fields is qualitatively well described without
taking into account the effect of the plasma response [8, 9],
the measured displacements within the last closed flux surface
(LCFS) may exceed the predictions of vacuum modelling by
a factor of two or more [10, 20]. Indeed, it is found here
that obtaining quantitative agreement with both the phase and
magnitude of the measured displacement requires taking both
equilibrium rotation and two-fluid effects into account in the
calculation of the plasma response. Finally, it is shown that
two-fluid response calculations predict screening of islands in
the H-mode pedestal, where the electron rotation is large due
to the diamagnetic drift, but the islands are typically amplified
by the plasma near the top of the pedestal, where the electron
rotation is relatively small. This sensitivity of the tearing
response of the plasma to the electron rotation is consistent with
previous two-fluid theory [21, 22] and modelling [15, 23, 24].
The enhancement of islands near the top of the pedestal
provides a potential mechanism for constraining the pedestal
width to a level that is stable to ELMs [25, 26].

2. Model

The model implemented in M3D-C1 includes the full plasma,
separatrix, and SOL within its computational domain. The
region outside the separatrix is treated as a low temperature,
low density plasma. Density, temperature, and current density
vary smoothly across the separatrix. The fluid velocity and
pressure perturbations are zero at the simulation domain
boundary. The simulation domain boundary, illustrated in
figure 1, is well outside of the separatrix. The model under
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Figure 1. The modelled pressure perturbation due to the linear
plasma response to 2 kA I-coil currents in an n = 1 configuration,
using a reconstructed equilibrium from DIII-D discharge 117327 at
toroidal angle ϕ = 30◦ (in DIII-D machine coordinates). The thick
green line indicates the simulation domain boundary. The magenta
lines indicate the mode-rational surfaces with q = 2–6 and the
separatrix.

consideration here is a set of time-independent two-fluid
equations:

0 = ∇ · (ni�v), (1)

0 = mini�v · ∇�v − �J × �B + ∇p + ∇ · �, (2)

0 = 1

� − 1
∇ · (p�v) + p∇ · �v + ∇ · �q − ηJ 2

+� : ∇�v − 1

nee
�J ·

(
ne∇Te

� − 1
− Te∇ne

)
, (3)

0 = ∇ × �E, (4)

where

�J = ∇ × �B, (5)

�E = η �J − �v × �B +
1

nee

(
�J × �B − ∇pe

)
, (6)

� = −µ
[∇�v + (∇�v)t

]
, (7)

�q = −κ∇(Te + Ti) − κ‖ �B( �B · ∇Te)/B
2. (8)

In order to make quantitative comparisons with experimental
density profiles, we assign the ion species a fractional
charge equal to the ‘effective’ ionization state, Z, determined
experimentally in the plasma edge, so that ne = Zni. The
ion mass is taken to be that of deuterium. Unless otherwise
specified, we take κ‖/κ = 106, and both κ and µ are taken to
be constant and uniform such that κ/ni = µ/ni ≈ 5 m2 s−1

at the magnetic axis. The perturbed electron pressure is taken
here to be half of the perturbed total pressure.

The input to M3D-C1 includes the reconstructed Grad–
Shafranov equilibria of the discharges to be analysed, including
axisymmetric electron temperature, electron density, and
toroidal rotation profiles. In cases where equilibrium rotation
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is included, the equilibrium is self-consistently modified to
take this rotation into account by including poloidal variations
in the equilibrium pressure and density profiles. In the
calculations presented here, we have made the approximation
that the equilibrium main ion rotation is entirely toroidal. The
toroidal rotation profiles used here are inferred from charge
exchange recombintation (CER) spectroscopy measurements
of the discharges being analysed [27]. While the ion rotation
is taken to be purely toroidal, the electron velocity, determined
in this model by

�ve = �v −
�J

nee
, (9)

has both toroidal and poloidal components. This relation
naturally includes the diamagnetic components of the velocity.
Since �J × �B ≈ ∇p in the axisymmetric equilibrium (this
relation is not exactly satisfied due to small contribution of
the centrifugal force), the components of �v perpendicular to
�B differ from �ve by approximately the diamagnetic velocity
�B × ∇p/neeB

2.
The currents in non-axisymmetric coils are also given

as input. In the results presented here, the DIII-D I-coils
are approximated as curved rectangles extending exactly 60◦

toroidally (whereas there are small toroidal gaps between coils
in reality). The non-axisymmetric fields produced by these
idealized I-coils are calculated using the Biot–Savart law. The
component of these fields normal to the simulation domain
boundary is held fixed as a boundary condition for the plasma
response calculation. Thus, the domain boundary is treated
as a perfect conductor which excludes the magnetic fields
generated by the plasma. The boundary conditions used here
are dictated by present limitations of the M3D-C1 code. Some
potential consequences of this choice of boundary condition
are discussed in section 4.

The linear plasma response is calculated by linearizing
equations (1) through (3) and solving subject to the boundary
conditions, as described in [15]. The outputs of the calculation
are the perturbed density, pressure, velocity, and magnetic field
of the solution. The linear calculations presented here include
only the response having the same toroidal mode number as
the applied field. The axisymmetric (n = 0) response is not
considered.

3. Results

3.1. Edge displacements: n = 1

In DIII-D, one may smoothly vary the phase of an applied
n = 1 field from the I-coils, which have six coils toroidally.
This admits the possibility to resolve the toroidal structure of
the resulting non-axisymmetric equilibrium by rotating it past
the diagnostics. This method was applied in DIII-D discharge
117327, a diverted H-mode plasma which had the following
parameters (with the usual definitions): BT0 = −2.0 T, Ip =
1.1 MA, βN = 1.66, q0 = 1.05 and q95 = 5.16. In this
case, n = 1 fields were applied with a 2 kA amplitude current
waveform in the I-coils, and the waveform of the lower I-coil
row was offset by 300◦ from the upper row. The toroidal phase
of this field (both upper and lower I-coil rows together) was
rotated at 5 Hz.
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Figure 2. (a) The measured (black line) and modelled (red line)
position of the top of the pedestal in DIII-D discharge 117327 along
the core Thomson chord as an n = 1 perturbation from the I-coils is
rotated at 5 Hz. The spikes at t ≈ 2400 ms and t ≈ 3150 ms are
associated with ELMs. (b) The temperature of the pedestal top, Tped,
determined by tanh fits to the experimental data at each Thomson
pulse.

Electron temperature and density data was collected along
a vertically oriented chord using the DIII-D core Thomson
scattering diagnostic, which is positioned at R = 1.94 m and
120◦ in toroidal machine angle [28]. This system is designed
to give optimal resolution near where this chord intersects
the pedestal, which is approximately Z = 0.64 m above the
horizontal midplane in this case. In this discharge, which was
carried out before the recent DIII-D Thomson upgrade [29], the
spatial resolution along the chord was approximately 12 mm,
and data was collected every 12.5 ms (80 Hz). For Thomson
measurement, the electron temperature data is fit by a modified
hyperbolic tangent function as described in [30]. Specifically,
the fitting function is

Tfit(Z) = (1 + αζ)eζ − e−ζ

eζ + e−ζ
, (10)

where ζ = (Zsym − Z)/W , and where α, Zsym, and W are
the fitting parameters. The position of the top of the pedestal,
Zped, is defined as Zped = Zsym −W . The electron temperature
at the top of the pedestal is defined as Tped = Tfit(Zped).

As the phase of the applied field was rotated, Zped, shown
as the black line in figure 2(a), was observed to oscillate at the
same frequency, as would be expected if a non-axisymmetric
displacement were being rotated toroidally past the core
Thomson diagnostic. The value of the measured electron
temperature at the pedestal top, Tped, is shown in figure 2(b).
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Figure 3. Neither a two-fluid M3D-C1 calculation that excludes the
equilibrium toroidal rotation (blue line), nor a single-fluid M3D-C1
calculation (green line) reproduce the observed displacement as
accurately as the two-fluid model with rotation (see figure 4(a)).

Tped is roughly 700 eV, but there is significant noise due to
fluctuations in the Thomson signal. Tped apparently does not
oscillate significantly with the frequency of the applied field.

To provide the equilibrium used to model this shot,
the equilibrium was reconstructed using the experimentally
determined pressure profile together with motional Stark effect
measurements of the magnetic pitch. The response was
calculated by doing a single linear M3D-C1 calculation to
obtain the phase and magnitude of the plasma response for
a given I-coil phase. The predicted Zped at any time t was then
obtained simply by multiplying this result by the appropriate
phase factor, and determining where the resulting Te profile
along the core Thomson chord equals the experimentally
obtained Tped(t). This result is plotted versus time as the red
line in figure 2(a), and is found to be in good agreement with
the experimental results. In particular, both the phase and
magnitude of the oscillation, which are not free parameters of
the model, are found to be in good agreement.

These calculations were repeated using different assump-
tions in order to assess the sensitivity of these results to various
parameters. First, a case excluding the equilibrium toroidal ion
rotation was considered. In this case, shown as the blue line
in figure 3, it is found that the magnitude of the displacement
remains roughly consistent with the experimentally observed
magnitude, but the phase of the response is no longer in agree-
ment. In contrast, increasing the toroidal rotation by a factor
of two over the experimental profile is found to have very lit-
tle impact on the phase and magnitude of the displacement.
Second, a case in which the two-fluid terms in the model were
omitted was considered. In this single-fluid model, the magni-
tude of the displacement (green line in figure 3 is found to be
significantly smaller than the observed displacement. Third, a
case was run with purely isotropic thermal conductivity. The
phase and magnitude of the displacements in this case do not
differ significantly from the baseline two-fluid case, for which
χ‖/χ⊥ = 106. Finally, increasing the perpendicular diffusion
coefficients (thermal diffusion and viscosity) together by a fac-
tor of ten is found to reduce the magnitude of the calculated
displacement by roughly a factor of three; however, reducing
these parameters by a factor of ten does not significantly change
the magnitude or phase relative to the baseline case. Since the

perpendicular viscosity and thermal conductivity inferred from
the measure profiles are generally somewhat smaller than those
used in the baseline case (∼5–10 m2 s−1 throughout most of
the plasma), we believe the displacements are well converged
with respect to these parameters (although other features of
the plasma response, such as magnetic island width and linear
layer width, may depend on the specific values chosen).

3.2. Edge displacements: n = 3

Unlike n = 1 and n = 2 perturbations, the phase of n = 3
perturbations cannot be rotated smoothly using the DIII-D
I-coils, which have 6 toroidal segments. Instead, the n = 3
response may be probed by reversing the I-coil currents, which
would have the effect of reversing the sign of the n = 3
plasma response in the absence of error fields. This procedure
was carried out in DIII-D discharge 148712, by reversing the
4 kA currents in the I-coils at 10 Hz. This discharge was
a diverted H-mode plasma with the following parameters:
BT0 = −2.0 T, Ip = 1.6 MA, βN = 1.73, q0 = 0.97,
and q95 = 3.55. Thomson scattering measurements reveal
a displacement of the edge Te profile along the core Thomson
chord of 1–1.5 cm through much of the H-mode pedestal.
(This discharge followed the recent DIII-D Thomson upgrade,
and had a spatial resolution of 6 mm [29].) These results
are well reproduced by the M3D-C1 calculations, shown in
figure 4. The equilibrium used here was based on data from
the −4 kA phase, so there is a systematic shift of the modelling
results to higher Z, but both the phase and magnitude of
the modelled displacements are in good agreement with the
experimental results through most of the pedestal. There
is some discrepancy near the pedestal top, where the M3D-
C1 result overestimates the size of the displacement. The
calculated response is large here due to the vanishing of the
electron rotation frequency ωe in this region [15, 21, 24]. The
linear approximation used here is likely no longer valid in
the vicinity of this large response, as evidenced by the non-
monotonic calculated temperature profile in the +4 kA case
(this is discussed in section section 3.4).

The poloidal structure of the plasma response near the
active x-point of DIII-D discharge 148712 is shown in figure 5.
In this figure, the simulated x-ray signal given the perturbed
density and temperature fields from M3D-C1 is compared
with data from a soft x-ray diagnostic that has recently been
upgraded on DIII-D [9, 31]. The plotted image is the difference
between the x-ray signal averaged over a ∼75 ms period with
the I-coils in one phase and over a similar period with the
I-coil current reversed. The x-ray emissivity of the plasma
edge has not yet been fully characterized, but it is known to
be a strong function of the electron density. A 3 µm beryllium
filter on the detector excludes low-energy x-rays, with roughly
8% transmission at 500 eV and 72% transmission at 1 keV.
Although this discharge is ELMing, the contribution to the
averaged signal from x-rays emitted during ELMs is negligible
due to the infrequence and short duration (approximately tens
of ms) of the ELMs relative to the integration time.

In both the M3D-C1 and soft x-ray results the edge
response is seen to have a coherent and oscillatory poloidal
structure. The poloidal structure in both results is consistent
with a field-aligned mode structure in the edge. Both results
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Figure 4. The data points show the measurement of Te from
Thomson scattering, in the presence of a +4 kA (red) and −4 kA
(blue) n = 3 current in the I-coils in DIII-D discharge 148712. The
Te profiles calculated by M3D-C1 in the presence of these applied
fields are shown by the coloured dashed lines. The black dotted line
is the axisymmetric equilibrium input to M3D-C1.

also show strong radial localization, although it is not presently
known to what extent the localization of the x-ray signal is due
to the emissivity profile or the x-ray energy filtering, as opposed
to the underlying mode structure.

3.3. Island formation and screening in the plasma edge

Due to the large anisotropic thermal conductivity in these
calculations (χ‖/χ⊥ ∼ 106), the displacements of the
temperature profile are largely indicative of the displacements
of the magnetic surfaces. However, due to the presence of
resistivity, there is no guarantee that magnetic surfaces are
preserved in the perturbed solution. Indeed, it is found that
both magnetic islands and stochasticity exist in these solutions.
Because the rotating plasma tends to screen the magnetic
islands [32], the islands are generally smaller than would
be present if the perturbed fields were simply the applied
fields (the ‘vacuum’ fields). Analytic theory [21, 22] and
modelling [15, 23, 24] results have found that the degree of
this reduction is sensitive to the rotation frequency of the
plasma, and the perpendicular electron rotation in general.
The perpendicular electron rotation frequency ωe is defined by
the standard non-orthogonal decomposition of the equilibrium
electron velocity �ve = R2ωe(ψ)∇ϕ + [K(ψ)/ne] �B. In
these calculations, the �E × �B drift frequency, ωE×B =
�E × �B/RneeB

2, is taken to be the profile inferred from
CER spectroscopy [27]. The perpendicular ion and electron
rotations are related to ωE×B through radial force balance:
ωe,i = ωE×B + ω∗e,i, where ω∗e = −(dpe/dψ)/nee and
ω∗i = (dpi/dψ)/nee. The rotation profiles used in the
simulation of DIII-D discharge 148712 are shown in figure 6.

Consistent with previous modelling results [15, 23, 24],
the islands are found to be reduced in size in regions where
|ωe| is large, but enhanced in regions where |ωe| is small
(�10 krad s−1). The resonant component of the normal
magnetic field perturbations at each mode-rational surface,
defined by

Bmn(ψ) = (2π)2

A

∫ 2π

0
dϕ

∫ 2π

0
dθ

δ �B · ∇ψ

�B0 · ∇θ
ei(mθ+nϕ), (11)

-2 0

(a)

(b)

Frame 60-Frame0 (x102 cts)
2

-1 0
Modelled Frame60-Frame0 (au)

1

-0.02 0.00

0.00

0.02

-0.02

0.02

Figure 5. (a) The difference in the measured soft x-ray signal in
response between opposite phases of applied n = 3 fields from the
I-coils in DIII-D discharge 148712. (b) The simulated signal using
temperature and density data from an M3D-C1 simulation of the
same DIII-D discharge, using a model for x-ray emission. The
dashed line represents the location of � = 0.98.

where m = nq(ψ), is proportional to the square of the island
width [33]. The effect on the resonant components of the field
due to the plasma response is illustrated in figure 7. Because of
the reduction in the island width in the pedestal region, where
the diamagnetic drift results in a large electron rotation, the
magnetic stochasticity in that region is significantly reduced
below what it would be in the absence of plasma response.
In this simulation of 148712, the fraction of magnetic field
lines that reach the simulation domain boundary within 200
toroidal transits, when followed from initial positions evenly
distributed on the equilibrium � = 0.94 surface (where � is
the normalized poloidal flux, with � = 0 at the magnetic axis
and � = 1 at the separatrix), is reduced from more than 20%
in the absence of plasma response to less than 5% when plasma
response is included. Thus, while the linear plasma response
is not sufficient to preserve closed magnetic surfaces in the
pedestal in this case, it does significantly reduce the radial
transport due to parallel thermal diffusion in the pedestal [34].

In contrast, the islands (and associated stochasticity)
are found to be enhanced where ωe is small; in this case,
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except at the q = 7/3–10/3 surfaces, where |ωe| � 10 krad s−1.

at the q = 7/3, 8/3 and 9/3 resonant surfaces. This
enhancement presumably increases the radial thermal transport
due to parallel diffusion, although this has not yet been
quantified. This result suggests a potential mechanism for
ELM suppression by applied non-axisymmetric fields, in
which the enhanced transport due to these islands halts he
expansion of the pedestal before the plasma becomes ELM-
unstable.

3.4. Validity of linear model

The centimetre-scale displacements observed in the experi-
mental results and in the calculations presented here are on
the same scale as the equilibrium gradient scale lengths in the
H-mode edge. This raises the concern that the assumption of
linearity used here may be violated.

In the ideal-MHD response, magnetic surfaces remain
intact, and the local linear displacement �ξ = ∫ �v dt provides

a local measure of the physical displacement of these surfaces
due to the response. As �ξ becomes large, the local linear
displacement may deviate from the actual geometry of the
perturbed surfaces (as determined by field-line integration,
for example). Additionally, sharp radial variations in �ξ may
imply that the local linear approximations of adjacent magnetic
surfaces overlap. These sharp variations are in fact typical
of the ideal-MHD response near mode-rational surfaces; for
example, ξ is generally discontinuous at these surfaces for ideal
kink modes (when plasma inertia is excluded). This implies
the breakdown of the linear ideal model in these regions, which
must be resolved either by nonlinear or non-ideal physics. It
can easily be shown that the condition for this local ‘overlap’
not to occur is

dξr

dr
> −1, (12)

where ξr is the component of �ξ normal to the equilibrium
magnetic field, and r is the coordinate in this direction. For a
linear calculation that includes a single toroidal mode number,
so that ξn ∼ einφ , the violation of the condition

∣∣∣∣dξr

dr

∣∣∣∣ < 1, (13)

implies the that the local overlap condition (equation (12)) is
violated at some toroidal angle for a given poloidal location.

Because the physical model in M3D-C1 is not ideal-
MHD, the local linear displacement of magnetic surfaces
is not generally well-defined. However, in the limit that
�B · ∇Te = 0, the linear displacement may be related to the
local displacement of the electron isotherms:

ξn = −δTe/|∇Te0|. (14)

This definition is unambiguous and well-defined in non-ideal
calculations (at least in regions where ∇Te0 	= 0), and is
therefore the definition we use here. In a non-ideal simulation,
equation (13) no longer strictly implies that magnetic surfaces
overlap. Instead, given the definition in equation (14), the
criterion equation (13) can be interpreted as the condition
under which the local linear approximation to the electron
isotherms are implied to overlap. Since the actual isotherms
in the calculation results by definition do not overlap, the
violation of equation (13) implies a breakdown in the local
linear approximation.

The value of |dξr/dr| is plotted for the modelled response
of discharges 117327 (n = 1) and 148712 (n = 3) in figure 8.
Note that the criterion (equation (13)) is never strictly violated
for 117327, though |dξr/dr| gets as large as ≈0.75 near the
magnetic x-points and the outer midplane. In contrast, the
response in much of the region outside q = 3 in 148712 is
found to violate this condition, indicating that nonlinear or non-
ideal effects are important there. Indeed, field-line integration
shows significant stochasticity in this region, indicating that
the response is far from ideal.

It can also be seen in figure 8 that equation (13) is also
violated in an annulus in the core of 148712 at the q = 1
surface. This is due to the large internal response at this surface.
A result of this type is expected for an ideal (or near-ideal) kink
response, since ξr is discontinuous (or nearly so) at the mode-
rational surface for such a mode. In the calculations, this mode
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Figure 8. The value of |dξr/dr| is plotted for the modelled response
of DIII-D discharges 117327 (left) and 148712 (right). The q = 2,
3, 4, and 5 surfaces and the LCFS are represented by the magenta
curves. When |dξr/dr| � 1, nonlinear and/or non-ideal physics may
play an important role in the response.

may be eliminated by raising q so that it never drops below one
(by increasing the magnitude of the toroidal field, for example);
doing this is found not to affect the edge response significantly
in this case.

4. Discussion

Linear, two-fluid calculations of plasma response to applied
non-axisymmetric fields have been carried out using M3D-C1.
The calculated displacements of edge temperature profiles
are found to be in good agreement with experimental
measurements from Thomson scattering and soft x-ray
diagnostics, in both phase and magnitude. The 3–4 cm
peak-to-peak displacement found in the n = 1 case contrasts
significantly with the calculated displacement of the separatrix
manifolds due to the vacuum fields, which is approximately
0.72 cm at the Thomson chord in this case. These results
underscore the importance of the plasma response in the
determining edge displacements. Indeed, for the n = 1
case considered here it is found that the inclusion of
both equilibrium rotation and two-fluid physics is crucial
in obtaining quantitative agreement with the experimental
measurements in both phase and magnitude. This is in
contrast to some n = 3 cases in DIII-D, where the measured
displacement is fairly well described by the vacuum separatrix
manifold displacement [35].

An a posteriori investigation into the validity of the
linearity of the response shows that this assumption is
generally good throughout most of the plasma volume, but
is often violated, or nearly violated, in the H-mode edge
for equilibria and applied perturbations typical of DIII-D
experiments. Seemingly unphysical features of some of
the linear response hint at this breakdown; for example,
the temperature becomes non-monotonic near the top of the
pedestal at some toroidal angles in the n = 3 case, 148712
(see figure 4). It is likely that the predicted perturbations to the
magnetic field are well-described by the linear model (with
the possible exception of the resonant Fourier components
of the field) even when the linearity of the density and

temperature response breaks down in the edge, since the
magnetic field perturbations remain a small fraction of the
total field everywhere. Nonlinear calculations using the same
physical model must be carried out to quantify the error
of these linear calculations. Nonlinear fluid calculations
using physically realistic transport parameters are extremely
challenging, though considerable progress towards this end has
been made in recent years. Such calculations are underway,
and will be compared directly to linear calculations in a future
publication. Even if they are at the edge of their range of
validity, the good agreement with experimental results shows
that these linear calculations may still have good predictive
capability in the plasma edge.

Aside from the issue of the breakdown of linearity, this
numerical model, while relatively complete, relies on certain
assumptions that could plausibly affect the results presented
here. In particular, the boundary conditions used here are
a perfectly conducting wall just within the position of the
internal coils, which excludes the plasma response in the region
exterior to the boundary. Since the frequency of the applied
field is significantly lower than the current diffusion time of
the vacuum vessel, the wall would probably be better modelled
by a free boundary condition. We expect that the difference
between the conducting wall and free boundary conditions
will be relatively small when the plasma is far from the no-
wall stability limit, but will become important as this limit is
approached. Free boundary conditions are not yet possible in
M3D-C1, but this issue will be addressed in the future when
more flexible boundary conditions are implemented.

The two-fluid results presented here find that the plasma
response typically acts to screen islands in the pedestal. The
result of this is a considerable reduction in stochasticity, and
the associated radial transport due to parallel diffusion, in
that region. This resolves the apparent contradiction between
vacuum modelling, which predicts significant radial diffusion
of heat in the edge by parallel transport along stochastic
field lines, and experiments, which do not consistently see
a reduction of the temperature gradient upon application
of magnetic perturbations. An exception to the screening
effect occurs in regions where ωe is small. In co-rotating
plasmas, this region typically exists near the top of the
H-mode pedestal, whereas in counter-rotating plasmas this
condition is usually never met. This stochastization at the
top of the pedestal is consistent with emerging experimental
results [26], and may provide a mechanism for limiting the
width of the pedestal to levels that are not unstable to ELMs in
co-rotating plasmas [25]. In accordance with this hypothesis,
ELM suppression by non-axisymmetric fields has not been
definitively observed in counter-rotating plasmas.

It is worth noting that there remains uncertainty in the
interpretation of the experimental results due to the lack
of toroidally resolved measurements. Specifically, it is
unknown whether and to what extent the phase-dependent
temperature perturbations measured by Thomson scattering,
for example, are due to a helical distortion of the plasma,
or to an axisymmetric change in the underlying equilibrium.
The method of rotating the toroidal phase of the applied
fields to explore the non-axisymmetric structure of the plasma
assumes that the underlying axisymmetric equilibrium is
largely independent of the phase. However, axisymmetric
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measures of the plasma equilibrium (such as line-averaged
density and toroidal rotation) are found to be sensitive to
the phase of the applied fields in practice. This indicates
either the presence of significant error fields or the action
of plasma control systems responding to toroidally localized
measurements, neither of which are included in the M3D-C1
calculations. Two results presented here show that the phase
dependence of the edge displacements are largely due to helical
structures: first, the displacements calculated by M3D-C1,
which are purely helical, are in good agreement with the
observed displacements; and second, the poloidal structure of
the x-ray emission is strongly indicative of field-aligned helical
structures. Additional analysis of experimental measurements
will be required to determine to what extent, and under
what conditions, the helical response is greater than the
axisymmetric response.

While these results indicate that the displacement is
largely helical in character, the axisymmetric changes
to the equilibrium induced by the application of non-
axisymmetric fields—in particular, density pump-out and
the braking of toroidal rotation—are often substantial, and
may have important consequences for fusion energy output.
Models of neoclassical toroidal viscosity that take into
account the response of the plasma are now being used
to estimate the torque expected from non-axisymmetric
perturbations [36, 37]. Models of transport in non-
axisymmetric fields are also under development [38–40].
Several of these models are presently being adapted to take the
non-axisymmetric fields calculated with M3D-C1 as input, and
are the subject of ongoing research. Ultimately, a quantitative
understanding of the effect of non-axisymmetric perturbations
on transport will likely be necessary to obtain a predictive
model of ELM suppression by non-axisymmetric fields.
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