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New evidence indicates that there is significant 3D variation in density fluctuations near the
boundary of weakly 3D tokamak plasmas when resonant magnetic perturbations are applied to
suppress transient edge instabilities. The increase in fluctuations is concomitant with an increase in
the measured density gradient, suggesting that this toroidally localized gradient increase could be a
mechanism for turbulence destabilization in localized flux tubes. Two-fluid magnetohydrodynamic
simulations find that, although changes to the magnetic field topology are small, there is a significant
3D variation of the density gradient within the flux surfaces that is extended along field lines.
This modeling agrees qualitatively with the measurements. The observed gradient and fluctuation
asymmetries are proposed as a mechanism by which global profile gradients in the pedestal could
be relaxed due to a local change in the 3D equilibrium. These processes may play an important
role in pedestal and scrape-off layer transport in ITER and other future tokamak devices with small

applied 3D fields.

The application of non-axisymmetric magnetic fields
has been demonstrated as a mechanism for suppressing
edge localized modes (ELMs) in high performance toka-
mak plasmas [1, 2]. While complete ELM suppression
only occurs in certain ranges of edge safety factor q [3],
density pumpout is a more consistent feature of DIII-
D H-mode plasmas with applied 3D fields [4]. Recent
experiments have linked both ELM suppression and den-
sity pumpout to resonant excitation of modes on mag-
netic surfaces with rational q values [5-7]. Understand-
ing the physics of density pumpout has the potential to
significantly improve the performance of fusion reactors
if this confinement loss can be minimized while using 3D
fields as an actuator for ELM and rotation control. The
details of transport into the scrape-off layer with non-
axisymmetric applied fields also have important implica-
tions for localized heat fluxes to the divertor, which has
become a critical issue for ITER [8].

When 3D fields are applied and density pumpout oc-
curs in DIII-D, the primary change to the plasma pro-
files is an increase in the electron density transport in the
pedestal, where the density gradient is relaxed [2]. The
electron temperature profiles are mostly unaffected, and
the density gradient remains small everywhere inside the
top of the pedestal.

Measured turbulence has previously been shown to re-
spond rapidly to changes in applied 3D fields in DIII-D
[9]. The increase in turbulence measured using beam
emission spectroscopy (BES) following an increase in ap-
plied 3D field amplitude was shown to lead the change in
density. This observation that the turbulence changes on
a faster timescale than the particle transport suggests

that the turbulence stability is responding directly to
plasma equilibrium changes, rather than to changes in
the global n=0 background gradients. The results pre-
sented here expand on this finding by correlating the
measured fluctuations to the local stability of the un-
derlying microturbulent modes.

In the DIII-D experiment examined here, the plasma
had a toroidal field By = 1.91 T, normalized plasma beta
By = 2.0, internal inductance I; = 0.9 — 1.0, plasma cur-
rent Ip = 1.60 MA, and 6 MW of injected neutral beam
heating power. DIII-D has two rows of six in-vessel coils
(I-coils) located above and below the outboard midplane
of the device which apply small non-axisymmetric fields
to the plasma. For this experiment, these coils were ener-
gized in an n=3 configuration, where the applied pertur-
bation was predominantly pitch-resonant (even parity).
The polarity of the current in the coils was flipped ev-
ery 100 ms, effectively rotating the toroidal phase of the
applied field by 60 degrees.

Fig. 1 presents the evolution of electron density and
locally measured density fluctuations in a discharge with
n=3 I-coil phase flips. An n=3 offset ramp was superim-
posed on periodic I-coil current polarity flips, as shown in
Fig. 1(a). The asymmetric global density response with
I-coil current is most likely due to intrinsic n=3 error
fields. The D-« emission is then plotted in red using the
right axis in Fig. 1 (a). Although ELMs are often trig-
gered following the I-coil phase flips, most I-coil phases
in the middle of the offset scan are ELM-free within ~20
ms following the phase flip.

The line-averaged density from interferometry, nie, and

pedestal density from Thomson scattering, n, peds are
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FIG. 1. Time traces from shot 157306 of (a) current from
a sample I-coil (left axis, black), D-alpha emission (right
axis, red), (b) line-averaged and pedestal density with dashed
lines to indicate 200 ms moving averages, (c) pedestal den-
sity changes in time from Thomson scattering relative to the
baseline over one period of I-coil phase flips, (d) line-averaged
density changes from interferometer relative to the baseline
and (e) spectral intensity of density fluctuations from BES.

given as a function of time in Fig. 1(b), with the 200
ms moving average of each shown as a dashed line, to
give the running average over one period of I-coil phase
flips. The time-varying component of pedestal and line-
averaged density are then given in Fig. 1(c) and (d),
respectively, each relative to their moving 200 ms average
from the dashed lines in panel (b). These individual data
points in time are then smoothed as well to give the line
in each plot, which represents a 20 ms moving average.
During the beginning of the offset scan, as highlighted
between 3000-3100 ms in Fig. 1, the density is decreasing
when the given I-coil current is negative, indicating more
pumpout than the average over an I-coil flip period. Fur-
ther along in the offset scan, as highlighted at times 4800-
4900 ms, the density increases (pumpout decreases) with
similar phasing of the I-coils. Heating power and known
particle sources were kept constant throughout the dis-

charge time, so that any changes in the density here will
be assumed to be due to particle transport changes. For
I-coil phase flips in the middle of the scan, the global
plasma response is similar between the two phases, sug-
gesting that the effect of the n=3 error field on pumpout
has been compensated at this point in the offset scan,
and the effective amplitude of the total n=3 perturba-
tion (applied plus intrinsic) is the same between the two
phases. These time windows with similar global confine-
ment between I-coil phases will be used to examine the
difference between measurements in each phase as if the
only difference between phases was the toroidal angle of
each diagnostic measurement relative to the I-coils. Each
diagnostic would then effectively be measuring different
phases of the same plasma at a position rotated by 60 de-
grees toroidally, since the difference in the residual n=3
error field between the two toroidal phases is minimized
and is not important to the n=0 transport. Error fields
with other toroidal mode numbers are assumed to be
small relative to the applied n=3 field. For the remain-
der of this paper, the I-coil phase when the given coil
current is positive centered around t = 3750 ms will be
referred to as ¢ (highlighted in red in Fig. 1), and the
phase when the I-coil current is negative centered around
t = 3850 ms will be referred to as ¢go (blue in Fig. 1).

For the same discharge, the cross power spectrum of
density fluctuations measured from two vertically dis-
placed channels using beam emission spectroscopy (BES)
[10] is plotted in Fig. 1(e) as a function of frequency and
time for a channel with a collection area centered around
¥y = 0.92, located poloidally at the outboard midplane
and toroidally near the I-coil midpoint. BES is sensitive
to density fluctuations for wavenumbers less than ~ 2 —3
cm~!. The pedestal turbulence wavenumber spectrum
for the fluctuations here peaks near kgps =~ 0.15. In-
termittent coherent features are harmonics of lower fre-
quency low-n core tearing modes not shown here.

BES measures fluctuations with consistently larger am-
plitudes in the ¢g( toroidal phasing than in the ¢ phase
in and around the pedestal. Importantly, this relation-
ship between the I-coil phase and fluctuation amplitude is
consistent over the course of the n=3 offset scan, regard-
less of the globally-observed pumpout changes between
phases. Changes to the pedestal Ey profiles correlate with
the density pumpout characteristic, and therefore also
appear to be unrelated to the fluctuation changes. This
decoupling of the pedestal particle confinement (the den-
sity pumpout response) from the locally measured tur-
bulence indicates that the turbulence may be localized
toroidally relative to the applied perturbations.

Measurements of the pedestal density are made us-
ing the profile reflectometer system [11], which is lo-
cated at the outboard midplane approximately 110 de-
grees toroidally from measurements made using the BES
system. For an n=3 perturbation, the density profiles are
therefore expected to be qualitatively similar to those at



Reflectometer

(a) ng (x10" m3)

[ (b) a/Lpe
050
(t=3850)

50r

25

0 " " L
7 0.94 0.96 0.98 1

FIG. 2. (a) Electron density and (b) normalized inverse den-
sity gradient scale length a/Lne as measured by the reflec-
tometer, in the high-BES-turbulence ¢go phase (blue, solid)
and low-BES-turbulence ¢¢ phase (red, dashed).

the location of the BES measurements in Fig. 1(e). The
experimentally observed electron density and normalized
density gradient scale length, a/Ln, = aVIn(ne) where
a is the minor radius, are plotted in Fig. 2 for the two
I-coil phases ¢y and ¢gp, as measured by the reflectome-
ter. The inverse density gradient scale length is measured
to be larger for ¢gg, which is the phase where BES ob-
serves larger fluctuation amplitudes. If it is assumed that
the applied n=3 field is the dominant non-axisymmetric
structure, then the BES and reflectometer measurements
are nearly effectively co-located, suggesting that the den-
sity gradient increase in this toroidal phase may be a
mechanism for the destabilization of a microturbulent
mode in the flux tubes where the gradient is larger. The
errorbars given here are determined based on the stan-
dard deviation of the density and its gradient in each of
the frequency sweeps of the reflectometer source.

Mechanisms have been proposed in which the turbu-
lence stability is modified by small deviations from ax-
isymmetry through the local geometric shaping quanti-
ties of the magnetic surfaces, such as curvature, flux ex-
pansion and local magnetic shear [12, 13]. In the case pre-
sented here, these quantities are calculated using VMEC
[14] to be modified only slightly, less than 1% each. Mak-
ing any standard assumption of the relationship between
geometric shaping quantities and the resulting fluctua-
tions [15], the local 3D geometric shaping would there-
fore be expected to play a subdominant role in directly
affecting the linear microstability.

The M3D-C1 code is used to calculate the time-
independent perturbed equilibrium with a linear resistive
two-fluid model [16]. The modeled radial profiles of total
pressure, electron temperature and ion temperature are
plotted in Fig. 3(a), (b), and (c) respectively at the BES
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FIG. 3. M3D-C1 modeled profiles of (a) total pressure, b)
electron temperature, (c) ion temperature, (d) ion tempera-
ture gradient scale length, (e) n=3 electron density pertur-
bations as a function of toroidal angle, along with the BES
measurement locations and an example diagnostic sampling
range, (f) electron density and (g) electron density gradient
scale length, all at the outboard midplane for the I-coil phases
¢o (red) and ¢eo (blue). (h) Integrated BES fluctuations mea-
sured for the two phases.

measurement location for the two I-coil phases where the
n=3 error field is corrected. Contours in red correspond
to ¢g, and contours in blue correspond to ¢gg. The mod-
eled 3D distortions to the radial density profiles are then
shown in Fig. 3(e). These density perturbations are plot-
ted as a function of normalized flux and toroidal angle,
poloidally located at the outboard midplane. The mea-
surement locations of the BES diagnostic are shown as
black dots, with the diagnostic response function of a sin-
gle BES channel given by a dashed line to indicate the ra-
dial sampling range. The BES measurement is toroidally
located near a peak of the modeled density perturbation.

The normalized density gradient scale length a/Lng
calculated from the M3D-C1 equilibrium is then given in
Fig. 3(g), and shows significant variation between the
two toroidal phases. The modeled normalized ion tem-
perature gradient scale length a/Lp; = aVIn(T}), plotted
in Fig. 3(d), exhibits much less toroidal variation than
a/ Lne- This indicates that the change in a/Lne is due
to density changes within the flux surface, as opposed to
toroidally varying flux surface deformation, which would
affect all profile gradients similarly. Although the mag-



nitude of density changes measured by the reflectometer
from Fig. 2 are not as large as those modeled by the
linearized M3D-C1 simulations, the qualitative gradient
changes between the phases are similar.

Finally, the integrated high frequency density fluctu-
ations from BES (> 85 kHz) are plotted in Fig. 3(h)
for several spatial channels across the pedestal region.
The errorbars represent the half-width of the diagnos-
tic response functions. The toroidal phase in which the
modeled density gradient scale length is increased corre-
sponds to the I-coil phase where the BES measures larger
density fluctuations, which is again consistent with the
proposed mechanism for turbulence destabilization.

Single-fluid M3D-C1 calculations did not reproduce
the spatial variation of the density gradient within the
flux surfaces, and further testing indicated that perpen-
dicular ion rotation was important to establishing this
pressure gradient within a flux surface. A perturbed
electrostatic potential enables the formation of the paral-
lel density and pressure gradient within the flux surface.
The density iso-surfaces are shifted by the fluid velocity,
but the magnetic surfaces shift with the ExB velocity.
Since the difference of these terms is the ion diamagnetic
velocity, the density gradient can develop spatial varia-
tion within a flux surface in the pedestal region, where
this term is large. These perturbed density structures are
elongated helically along the magnetic field lines. Other
devices have measured helically perturbed potential pro-
files with applied 3D fields [17], and these perturbations
may be measurable in the cases presented here as well, al-
though the effect is expected to be second order compared
to the large radial potential gradients in the pedestal.

M3D-C1 has been previously shown to agree quantita-
tively with edge displacements in DIII-D [18]. The mod-
eled electron temperature and density profiles from the
M3D-C1 simulations are compared with measurements at
the Thomson scattering location for this discharge in Fig.
4. Although the linearized model may be overpredict-
ing the 3D deformations to the temperature iso-surfaces
at the top of the pedestal, the displacement of the sur-
faces agrees well with the measurement across most of
the steep gradient region, where the turbulence obser-
vations here are focused. The modeled density in the
pedestal matches the Thomson scattering measurement
within errorbars. However, the phase of the modeled
density is such that the perturbations within a flux sur-
face are much smaller at the Thomson scattering location
than at the outboard midplane, where the reflectometer
measurements are made. Based on the Thomson scat-
tering data and M3D-C1 simulations, flow screening of
resonant fields is strong and there are no signs of islands
in the steep gradient region.

The mode structure of the underlying instability need
not be localized to the outboard midplane, but this
location is simply where the relevant diagnostics are.
Wherever the unstable mode is localized poloidally and
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FIG. 4. (a) Electron density and (b) temperature in and
around the pedestal at the Thomson scattering measurement
location, as measured by Thomson scattering (crosses) and
modeled by M3D-C1 (solid lines) in the two I-coil phases ¢q
(t=3750 in red) and ¢so (t=3850 in blue). Dashed lines indi-
cate the profile fit to the Thomson scattering data.

toroidally on a flux surface, the non-axisymmetric density
structures and the fluctuations will both extend along the
flux tubes to the outboard midplane where they are ob-
served. Therefore, both the field-aligned density pertur-
bations and fluctuations should be consistent along the
same flux bundles, regardless of where the microinstabil-
ity is sourced. Gyrokinetic simulations for an axisymmet-
ric DITI-D equilibrium have shown that both a trapped
electron mode (TEM) and kinetic ballooning mode are
unstable in the pedestal, and the TEM can exhibit a
mode structure that is localized at the top and bottom
of the torus [19].

There are also two Doppler backscattering (DBS) sys-
tems in DIII-D measuring density fluctuations in the
pedestal with approximate poloidal wavenumber ky ~ 3
cm ™! which are located at the outboard midplane, sep-
arated toroidally 180 degrees from each other [20]. Each
of these is modeled to be near a null in the n=3 equilib-
rium density perturbation phase, so that neither would
be expected to show large differences in fluctuation mag-
nitudes in either phase. One of these systems measures
similar fluctuation amplitudes in both I-coil phases, as
expected, while the second observes a dependence with
I-coil phase that matches the BES system. It is specu-
lated that n#3 error fields play a role in the observations
by the second system, which would be expected to mea-
sure nearly zero difference in fluctuations between phases
for the modeled n=3 perturbations that are dominant
elsewhere. Uncorrected n=2 error fields are estimated to
contribute the equivalent of < 1 kA of I-coil current [6],
while uncorrected n=1 error fields are smaller due to the
standard application of n=1 error field correction.

The application of 3D fields might also increase the

saturated, non-linear turbulence by reducing the zonal
flow response [21]. This is beyond the scope of this work,



but zonal flow changes and the linear stability changes
presented here are not mutually exclusive. However, any
changes to the zonal flows would lead to n=0 changes
to the turbulence, where the measurements shown here
demonstrate a toroidal dependence to the fluctuations.

This paper has presented the first evidence of toroidal
variation of turbulence with relatively small applied 3D
fields in a tokamak. M3D-C1 simulations as well as mea-
surements using the reflectometer indicate an increase in
the density gradient scale length in the flux tubes where
turbulence is increased, as measured by BES. This oc-
curs in the same region where the global density gradient
is relaxed when 3D fields are applied. Because particle
and energy transport is generally dominated by turbulent
fluxes in tokamaks, this suggests a possible link between
these fluctuations and density pumpout, which is an im-
portant unexplained phenomenon in high performance
tokamak plasmas. Further measurements or simulations
would be required to relate the density fluctuations ob-
served here to their associated transport fluxes. Local-
ization of the heat and particle fluxes to the divertor in
ITER could also be impacted by these fluxes. This work
underscores the importance of including 3D effects in this
and other gyrokinetic transport modeling, even in plas-
mas with only small deviations from axisymmetry.
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