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A detailed experiment-theory comparison reveals that linear ideal MHD theory is in quantitative
agreement with external magnetic and internal soft x-ray measurements of the plasma response to
externally applied non-axisymmetric fields over a broad range of beta and rotation. This result
represents a significant step toward the goal of advancing the understanding of three-dimensional
tokamak equilibria. Both the magnetic and soft x-ray measurements show the driven plasma
perturbation increases linearly with the applied perturbation, suggesting the relevance of linear
plasma response models. The magnetic and soft x-ray measurements are made at multiple toroidal
and poloidal locations, allowing well resolved measurements of the global structure. The
comparison also highlights the need to include kinetic effects in the MHD model once beta exceeds
80% of the kink mode limit without a conducting wall. Two distinct types of response fields are
identified by the linear ideal MHD model: one that consists of localized currents at the rational
surfaces that cancel the applied resonant field and another that is excited by the components of the
external field that couple to the kink mode. Numerical simulations show these two fields have
similar amplitudes in ITER-shaped DIII-D discharges where n =3 fields are used to suppress edge

localized modes. © 2011 American Institute of Physics. [doi:10.1063/1.3593009]

. INTRODUCTION

Non-axisymmetric (3D) magnetic fields are used in
the DIII-D tokamak' to extend the operational space and
improve plasma performance. For example, currents in
external non-axisymmetric coils, such as the internal coil
(I-coil),? are used to modify the non-axisymmetric magnetic
field (or error field) that exists due to unavoidable departures
from axisymmetric geometry.> Determining the optimal
currents is crucial especially at high normalized plasma beta,
By = B,(aB/I,).° and low density.” Here f, = 2u,(p)/B?,
(p) is the volume averaged plasma pressure, B, is the total
on-axis toroidal magnetic field, a is the plasma minor radius,
and 7, is the total plasma current. Non-axisymmetric mag-
netic fields have also been used to suppress edge localized
modes (ELMs),*? instabilities in the edge transport barrier
of high-confinement (H-mode) tokamak plasmas that result
in potentially damaging bursts of heat and particle flux into
the scrape-off region and onto the divertor. ELM suppression

YPaper BI3 2, Bull. Am. Phys. Soc. 55, 23 (2010).

Ylnvited speaker.

9Electronic mail: lanctot@1Inl.gov.

Dpresent address: Lawrence Livermore National Laboratory, 7000 East
Ave., Livermore, California 94550, USA.

®Present address: CRPP-EPFL, CH-1015 Lausanne, Switzerland.

1070-664X/2011/18(5)/056121/9/$30.00

18, 056121-1

techniques are urgently needed in future machines that will
require the good energy confinement of H-mode. Non-
axisymmetric fields with dominantly non-resonant compo-
nents can also drive or slow the plasma rotation, which is
known to affect the plasma stability and resilience to error
fields.'” In order to develop robust control methods using 3D
fields, an improved theoretical and empirical understanding
of the 3D magnetic topology in tokamaks is needed.

In 3D toroidal devices, non-axisymmetric shaping is the
fundamental design parameter used to provide robust passive
plasma control and minimize neoclassical transport."' To cal-
culate the magnetic topology in these configurations, the ideal
MHD force balance equation must be solved since no general
simplification exists.'? The lack of axisymmetry means that
closed equilibrium flux surfaces are not guaranteed to occur.
In a helical equilibrium, the lowest energy state may include
magnetic islands, which if large enough can overlap to form
ergodic regions. While 3D fields exist also in tokamaks, the
total 3D magnetic field OB™ is small compared to the axi-
symmetric magnetic field By. In this work, 6B /By < 1072,
This suggests linear perturbation theory may be used to find
the non-axisymmetric equilibrium consistent with force bal-
ance.'*'* This approach uses the axisymmetry of the tokamak
to reduce the force balance equation to the Grad-Shafranov
equation, which can be solved using codes such as EFIT

© 2011 American Institute of Physics
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(Ref. 15) to obtain the poloidal flux function describing
closed, nested flux surfaces. Then, codes such as MARS-F'°
or IPEC (Ref. 17) can be used to find the non-axisymmetric
equilibrium, which includes externally applied non-axisym-
metric magnetic fields (0B®") and the plasma response
(6BPes), which is the component of the magnetic field gener-
ated by currents inside the plasma.

This paper describes efforts to validate models of non-
axisymmetric equilibria using measurement of the plasma
response in DIII-D and plasma response calculations with
the MARS-F code. MARS-F solves the linearized single-
fluid MHD equations including plasma resistivity and
rotation. The model includes the geometry of the external
non-axisymmetric coils and an axisymmetric resistive wall.
First, we demonstrate that linear ideal MHD theory describes
the measured magnetic plasma response field in rotating dis-
charges below the ideal MHD no-wall limit (ﬁ,‘:,“‘wa"), which
is the predicted ideal MHD pressure limit without a conduct-
ing wall near the plasma surface. A measure of the internal
structure of the n=1 plasma response derived from toroi-
dally distributed soft x-ray measurements shows an ideal
MHD structure, with an amplitude that increases linearly
with the applied perturbation strength. Quantitative agree-
ment between the measurements and a model of the per-
turbed soft x-ray signals is demonstrated. Next, modeling of
the n=3 structure of 6B7'“ underscores there are two types
of ideal MHD response fields: one that consists of localized
currents at the rational surfaces that cancel the applied reso-
nant field and another that is excited by the components of
the external field that couple to the kink mode. MARS-F cal-
culations predict these two response fields have similar
amplitudes in ITER-shaped DIII-D discharges where n=3
fields are used to suppress edge localized modes.

Il. PLASMA RESPONSE MEASUREMENT
TECHNIQUES

Non-axisymmetric plasma equilibria are created in the
DII-D tokamak using the I-coil, a set of 12 picture-frame coils
located above and below the midplane. The I-coil can apply
an external field with a range of toroidal and poloidal mode
numbers n and m. External fields with n=1 and n=3 have
been used to probe rotating H-mode discharges heated by neu-
tral beam injection (NBI). For n = 1 studies, the poloidal mode
spectrum of the external field is determined by the I-coil phase
difference (A¢), which is the toroidal phase shift between the
currents in the upper and lower I-coil arrays. When applying
n=73 magnetic perturbations, the poloidal mode spectrum is
controlled by the “parity”. The even parity field is up-down
symmetric, while the odd parity field is up-down anti-symmet-
ric. Step I-coil current waveforms were used to measure the
n=3 plasma response,'® while slowly rotating fields were
used to probe discharges with n =1 fields."”

It is important to appreciate the relevant time scales in
these experiments. Following a change in either the axisym-
metric and non-axisymmetric coil currents, ideal MHD force
balance is restored on the Alfvén time scale, which is less
than 10”7 s. Throughout the discharge, the plasma current
profile continues to evolve since the duration of the current

Phys. Plasmas 18, 056121 (2011)

flattop is on the order of the resistive diffusion time, which is
a few seconds. There is no conflict between this evolution and
force balance since the plasma passes through neighboring
equilibria.’® In experiments using n=1 and n=73 fields, the
perturbations are essentially static since the time scale for
changes in the coil currents, 1072 to 10" s, is long compared
to the inverse plasma rotation frequency of 107> to 10~ s.
Eddy currents in the wall do act to reduce the amplitude of a
rotating n=1 field particularly when the field rotation fre-
quency, f.., exceeds a few hundred hertz. This is because the
time for flux diffusion through the resistive vacuum vessel
wall is on the order of 10> s. However, for fore=10 Hz, there
is little attenuation of the field. Nevertheless, the effect of the
eddy currents is accounted for in MARS-F, which models
both static and time-varying external fields.

The non-axisymmetric magnetic field is detected using
toroidal arrays of poloidal field probes and saddle loops.
Typically, the midplane poloidal field probes (0B, ,iq) and
the midplane radial field probes (6B, ,iq) are closest to the
plasma surface; hence, they are most sensitive to the plasma
response, which is obtained by subtracting the known coil-
sensor coupling from the total perturbed field. The internal
perturbation structure is measured using a soft x-ray imaging
system, which consists of three 12-channel systems viewing
poloidal cross-sections of the plasma at three separate toroi-
dal locations.>' The hardware was recently refurbished and
calibrated to enhance the sensitivity to n = 1 perturbations.

Fourier analysis and spatial fitting of the I-coil currents,
the magnetic sensor signals, and the soft x-ray signals are
used to determine the n =1 response amplitudes, Fig. 1. Here,
a complex notation 0B’ is used for the mode components of a
toroidal array s, with 0B(¢) = Re[0B"e~"?] recovering the

135758

2 f(a) I-coil (kA)

. Fourier Analysis
2200 2400 2600 2800
Time (s)

FIG. 1. (Color online) Time trace of (a) the current in the I-coil, and the
n = odd amplitude of (b) 5@;{%{,, and (c) a soft x-ray channel near the plasma
edge for discharge 135758. Fourier analysis (solid black trace) is used to
extract the plasma response amplitude.
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FIG. 2. (Color online) Time trace of the n =3 amplitude of (a) the current
in the I-coil and (b) (331’,"1’:,; in discharge 131321. The solid and dashed black
lines show the linear fit used to determine the plasma response amplitude.

signal at a toroidal angle ¢. To analyze the n=3 magnetic
measurements, the complex n =3 amplitude is extracted from
the midplane poloidal field array and linear regression is used
to fit the real and imaginary parts with the n =3 I-coil current
amplitude as the independent variable, Fig. 2.

lll. TESTS OF THE LINEAR IDEAL MHD PERTURBED
EQUILIBRIUM MODEL

Previous measurements in DIII-D have shown that the
magnetic plasma response is linear in the external field ampli-
tude.?* Recent experiments also confirmed the linearity of the
internal response. In 135762, the amplitude of a rotating
(10 Hz) n=1 I-coil field was ramped between 1.0 and 2.0 kA
at fy = 1.4. A linear response is observed in the magnetic
measurements, shown here for the poloidal and radial plasma

response measurements at the midplane, 5B las and OB"' .
Fig. 3. The plasma response measured by the soft x-ray diag-
nostic (ds/sg) also exhibits a linear dependence, which is
shown for a channel with a tangency radius near iy ~ 0.82.
Here, os is the n =1 soft x-ray amplitude, sq is the equilibrium
or n=0 amplitude, and y is the normalized poloidal flux. It is
useful to normalize the n=1 soft x-ray amplitude by the
n=0 amplitude since the dc signal level can change signifi-
cantly during a discharge. The observed linear dependence is
expected to breakdown when the non-axisymmetric field
becomes sufficiently large; however, in DIII-D, this state is
typically preceded by a collapse of the plasma rotation and the
formation of a locked magnetic island.*

In rotating discharges below the no-wall beta limit, the
measured plasma response amplitude is in good agreement
with the linear ideal MHD model in MARS-F in which the

Measurements and modeling of three-dimensional equilibria in DIlI-D
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Plasma Response (n=1, 10 Hz)

1
I-coil Current (n=1, 10 Hz, kA)

FIG. 3. (Color online) Dependence of the n=1 plasma response on the
applied I-coil current as measured by 6B, yia, 0B, mia, and an edge channel
of the soft x-ray array (ds/so). The solid lines represent linear fits con-
strained to pass through the origin.

plasma rotation and resistivity were set to zero. This was
demonstrated in experiments where at t =2 s, the n =1 I-coil
current amplitude was ramped up to 4.7 kA at t =3 s. Figure
4(a) shows the evolution of the plasma rotation near the
q=72 surface, which decreases and finally collapses at
t ~ 2.9 s. Prior to the collapse, the plasma response ampli-
tude was linear in the I-coil current, independent of rotation,
Fig. 4(b), and is in good agreement with MARS-F calcula-
tions. One objection to this type of MARS-F calculation is
that it excludes the plasma rotation, which, experimentally,
is required to prevent the formation of a magnetic island in
the presence of a pitch resonant external field. As this com-
parison shows, it is not necessary to explicitly model the
rotation since the initial closed flux surface topology is main-
tained in code not by the rotation but by the ideal MHD con-
straint. The implication is that in the experiment the rotation

Magnetic braking experiment: I-coil (n=1, fe,;=10 Hz)

?30 127737
E 20 Plasma rotation 3
=
210- :
%9
5
= Plasma response
3 -
33 Ideal MHD (MARS-F)
S’; 2*—?— - - :':'..
s 1F
m
«© 0E

2000 2500 3000 3500

Time (ms)

FIG. 4. (Color online) (Top) Time evolution of the plasma rotation near at
the ¢ =2 during an experiment where the n =1 I-coil current amplitude is
ramped starting at 2 s. (Bottom) Comparison of the measured n =1 ampli-
tude of 9B”“" with the value predicted by MARS-F.

p,mi
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was large enough to completely screen out the resonant field.
Following the rotation collapse, the plasma response deviates
from the linear ideal MHD model and the formation of a
magnetic island is observed (Fig. 2 in Ref. 23). In order to
model the plasma response in this case where there is incom-
plete screening of external fields, the plasma rotation and re-
sistivity must be included self-consistently.

All the plasma response measurements reported below
were made in discharges where the plasma rotation was
maintained by co-NBI. It is important to keep in mind that in
these experiments, the external fields are applied for times
between 10" and 1 s, which is much longer than a reconnec-
tion time, 7,... An estimate for 7,,. of 1073 to 1072 s at the
resonant magnetic surfaces was calculated using the theory
of Fitzpatrick.>* We conclude that the resulting state satisfies
the requirements for a three-dimensional plasma equilibrium,
which is free of islands driven by the externally applied field,
i.e., there is no driven magnetic reconnection. As shown
above, this state persists provided the plasma rotation fre-
quency exceeds T,,!.

Plasma response measurements were used to test the lin-
ear ideal MHD perturbed equilibrium model over a range of
Py- As described in Ref. 25, reconstructions of the 2D
plasma equilibrium and plasma response calculations were
done for 5 discharges where 1.1 < iy < 2.0. For each dis-
charge, magnetic field pitch angle measurements from multi-
ple motional Stark effect (MSE) polarimeters,?® kinetic
profile measurements from Thomson scattering?’ and charge
exchange recombination spectroscopy (CER),*® and
ONETWO (Ref. 29) transport calculations of the total pres-
sure, including the contribution from non-thermal beam ions,
were used to constrain reconstructions of the axisymmetric
magnetic field using the EFIT code. The equilibria were used
as input to the MARS-F code to calculate the plasma
response and predict the sensor signals. Figure 5 shows good
agreement between the measured plasma response amplitude
and phase and the predicted sensor signals for a discharge at
fy = 1.4. The phase is quoted with respect to the applied ra-
dial field at the midplane. The measurements reveal that the

BN=1.40 (135761.01805) Magnetic sensor locations

g 3 % \
38 i
58 2 3By yp (a)
23 5
=5 1 Upper
E . I-coil
0( ; 2 5 ‘ 2 OBy, mig (m)
MARS-F Amplitude (G/kA) 3Bp,mid ()
= 90 D Lower OBy, mid (m)
BE I-coil
2a 0
33
=z -90 6Br,k:rw(')
(s
-90 0 90
MARS-F Phase (deg.)

FIG. 5. (Color online) (Left) Comparison of the measured n =1 amplitude
and phase of 687" at multiple poloidal locations with the signals predicted
signals by MARS-F. (Right) Locations of the upper and lower I-coil arrays,
poloidal field probes, and saddle loop coils.
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B[ I
§20- |
S 15}
[}
E |
£ 10[ Ideal MHD
E 5_(MARS-F) >
0 Experiment
1.0 14 1.8

BN

FIG. 6. (Color online) Comparison of the measured n=1 amplitude of
55’;1_’23”.(, (black diamonds) with the signals predicted by MARS-F (red
squares) as a function of f. The vertical grey bar marks the computed no-
wall limit.

B’plas

perturbation is in phase with 6B, and the phase of & o mid

is shifted +90 in the co-I, direction from 6B” .

The ideal MHD model is adequate to describe the
plasma response for iy < 1.8 where the amplitude of SBPlas
exhibits a linear dependence on fy (region I in Fig. 6). At
pressures approaching the ideal MHD no-wall limit (region
II), the linear ideal MHD model gradually overestimates the
response amplitude, and the calculated amplitude becomes
increasingly sensitive to the details of the equilibrium pro-
files, particularly, the amount of edge boostrap current,
which has an effect on the internal inductance and the no-
wall beta limit. The sensitivity of the predicted plasma
response amplitude to the resistivity of the vacuum vessel
wall was also checked. By increasing the wall time (or
decreasing the wall resistivity) a factor of 10 over the experi-
mental value (7,4 = 3 ms for a n =1 eigenmode in DIII-D),

the amplitude of 53311;2 4 can be reduced by 4 G/kA. The am-
plitude is reduced below the 1 G/KA in the presence of an
ideal conducting wall due to wall eddy currents that affect
the stability beta limits and the externally applied field.
Above the no-wall limit (region III), the ideal MHD model
predicts instability, while the experiment remains stable. In
this regime, 3D equilibrium measurements have been shown
to be consistent with Kinetic resistive wall mode (RWM) sta-
bility models.’”® We speculate that kinetic effects are also
modifying the plasma stability below the no-wall beta limit.
The measured internal structure of the driven perturba-
tion derived from toroidally distributed soft x-ray measure-
ments’! has been compared for the first time with the linear
ideal MHD model. A model for the equilibrium and n=1
soft x-ray measurements was developed for this purpose. It
assumes that the equilibrium emissivity (S) is dominated by
thermal bremsstrahlung and is constant on a poloidal flux
surface. Accordingly, an emissivity function of the form

~E/T.(¥)
G(E, V) :pOne(l//)ni(‘//)ZizeTW (1)

was employed. Here, E = hv, h is Planck’s constant, v is the
radiation frequency, Z; is the ion charge, and p, is an empiri-
cally determined calibration coefficient, which can be found by
cross-calibrating the soft x-ray measurements against the ther-
mal electron density (n.), electron temperature (7,), and ion
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n=1 soft x-ray amplitude. (b), (d) Com-
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\é ‘l’ ) b ° \) inset in (b) shows the sightline

90F ~—_—— 7 90F < §_°4_Q Q2 _eo—0 @ 1 geometry.

12345678 90101112
Channel

density (n;) measurements. Only the thermal deuterium ion and
carbon VI impurity ion densities were considered; fast ions and
other impurities were neglected. The spectral filter-detector
responsivity (17) is modeled using 5 = e Fsele x (1 — g Hdla),
The known thicknesses (/p,, [;) of the beryllium filters and the
silicone photodiode arrays are used. The photoabsorption coef-
ficients (up,, 1t;) are taken from a NIST database.> When
computing the equilibrium emission, the expression

&w»:jcwwmwwE @

E

is numerically integrated on each / contour for a given equi-
librium. The result is interpolated onto an EFIT grid. For
each chord, the spatial calibration is used to construct a
mask, which when multiplied with So(R, Z) gives the inte-
grand of the volume integral. A Gaussian weighting scheme
is used for points inside the observation region to account for
the finite size of the slit aperture and detector, and the meas-
ured instrument response. The i, soft x-ray measurement, s;,
is obtained by summing the integrand together with the dif-
ferential volume element

J So(R,Z)
UV R=1) +(@ =)

_ wyAgcos 0
4nd

s; dRAZ ,  (3)

where w, is the width of the aperture, A, is the area of the de-
tector, 6 is the angle between the normal vector to the detector
surface and the line of sight, d is the detector-aperture dis-
tance, and (r;, z;) is the center of the ith detector element. The
perturbed equilibrium signals are calculated in a similar way
using a perturbed emissivity, dS(i), based on the assumption
that the emissivity is convected with the mode displacement,
oS() = —&-VS =—&-VydS/0y. The model uses the
normal component of the displacement (with units of meters
per kA) calculated using MARS-F.

The model is in quantitative agreement with the meas-
ured n=1 soft x-ray signal over the range of [, where

-123456789101112
Channel

MARS-F agrees with the measured n=1 magnetic fields.
Figures 7(a) and 7(b) show a comparison of the n =0 and the
n=1 soft x-ray measurements with the simulated signals at
py = 1.69 (135758 at 2505 ms). The modeled n=0 soft
x-ray profile agrees with the measured profile, indicating that
bremsstrahlung is the dominant source of radiation in this
case. In the model, the parameter p, was adjusted to best
match the n=0 signal amplitude. The measured n=1 Js/sq
is also reproduced by the model, which shows the perturbed
amplitude is largest near the plasma edge (channel 12). It is
important to note that the value of py does not affect ds/so.
The shaded region represents an estimate of the error in the
predicted amplitude due to variations in the gradient of the
simulated soft x-ray emissivity. The error is less than 20%
for variations in the electron density, electron temperature,
and carbon impurity density profiles within the experimental
uncertainties.

The simulated and measured phases are in very good
agreement near the plasma edge, where Js/s is the largest,
Fig. 7(b). However, for channels 5-9, the measured phase is
shifted in the direction of the plasma current and rotation by
as much as 100°. This shift is not the signature of a magnetic
island at the frequency of the applied magnetic field. If such
an island was present, there would be a 180° shift localized
near the mode rational surface. In this discharge, small am-
plitude tearing modes were observed on the magnetic diag-
nostics, but at frequencies >35 kHz. Since this is well above
the frequency of the driven perturbation (10 Hz), the tearing
modes are not expected to interact with the plasma response.
Rather, the discrepancy in the phase results because the sig-
nal-to-noise level of ds is small so that the phase is not well
defined. This is supported by the observed increase in the
error bars for those channels.

Comparisons between the measured and simulated soft
x-ray measurements made in discharges at lower values of
py show similar or better agreement. However, as [y
increases toward the n=1 no-wall limit, the ideal plasma
model overestimates the internal perturbation amplitude as
expected from the analysis of the magnetic measurements.
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Figures 7(c) and 7(d) show a comparison at f, = 1.98
(135773 at 2505 ms) where the model overestimates the
edge amplitude by a factor of 3.5. The singular dependence
of the plasma response amplitude near the no-wall limit
occurs because the ideal plasma model is missing the correct
damping terms, which, if included, would stabilize the
RWM. Interestly, the measured and modeled phase of the
plasma response are in excellent agreement. This confirms
the absence of any large scale driven magnetic reconnection
and indicates that the mechanisms responsible for modifying
the amplitude of the plasma response do not change the
phase in this range of f3.

IV. TWO TYPES OF RESPONSE FIELDS

In the linear ideal MHD model, two types of non-axisym-
metric fields are associated with the plasma response: the
pitch resonant field and the field associated with the global
kink mode. These fields can be characterized using a straight
field line coordinate system. Of interest is 0B,y ,), the radial
component of 6B associated with the Fourier harmonics (m, n)
(Appendix A of Ref. 33). The pitch resonant fields are the har-
monics satisfying m = nqg at the rational surfaces. In an ideal
conducting plasma, the application of an external resonant
field leads to the induction of localized currents that exactly
cancel the resonant component of the external field. External
fields can also couple to the global kink mode, which is an
ideal MHD instability with extensive poloidal mode coupling.

(c) Odd Parity (n

Phys. Plasmas 18, 056121 (2011)

Above the no-wall limit, the growth rate of the kink mode can
be slowed by the presence of a conducting wall located near
the plasma boundary, but the mode cannot be stabilized if the
wall has finite conductivity.** The slowly growing instability
is referred to as the RWM, which has a structure similar to the
the kink mode [Fig. 7(a) of Ref. 23]. The poloidal harmonics
of the kink mode are largest in the spectral region of
|m| > |ng|. (The sign of m and ¢ depends on the direction of
the toroidal magnetic field and the plasma current.) The
eigenmodes associated with the screening of the resonant field
and the kink mode form a set of plasma modes each described
by a plasma fluid displacement, perturbed plasma current, per-
turbed magnetic field, and complex frequency representing
the mode growth rate and rotation frequency.”> When the
growth rate is negative, the mode is damped but can be
excited by external fields that couple to the eigenmode.

Linear ideal MHD calculations with MARS-F suggest
that the n =3 odd parity I-coil field primarily drives a plasma
response field that couples to the kink mode in lower single-
null equilibria with an upper triangularity J, of 0.1, on-axis
safety factor go > 1.0, and go95 =5.0 [qos is the safety factor
at the 95% normalized poloidal flux surface]. Figure 8(a)
shows the poloidal spectrum of the odd parity n=3 6B, »)
in vacuum. There is a spectral valley near the locus of points
satisfying m = ng and a peak in the kink mode region of the
spectrum. These components excite the kink mode in the
presence of a plasma, shown in Fig. 8(b) for a case where
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FIG. 9. (Color online) Comparison of the meaSLllred amplitude (top) and

phase (bottom) of the n =3 plasma response (53_7’[)_’”;[(,) with the signals pre-
dicted by MARS-F as a function of f§; for I-coil fields with (a), (b) odd and
(c), (d) even parity.

py = 1.4. The kink type response increases with f3y, Fig.
8(c). In discharges with a poloidal shape similar to the ITER
baseline scenario (lower single null and J, = 0.32) and
qos =4.0, the even parity I-coil field has strong pitch reso-
nant components, Fig. 8(d). However, these components are
screened in the presence of a plasma, Fig. 8(e). The screen-
ing field is constant as f§; increases while the kink mode
components contribute an increasing fraction of the total ra-
dial field, Fig. 8(f).

The measured n = 3 plasma response to odd and even par-
ity I-coil fields is consistent with the linear ideal MHD model.
When odd parity I-coil fields are applied to rotating H-mode
discharges, the measured 551’,’7[”,”‘;(1 increases monotonically over
the explored range of 8 in good agreement with MARS-F
calculations, Figs. 9(a) and 9(b). In contrast, the measured
55; /m“‘;d decreases with fy, when even parity fields are applied,
which is also captured by the model, Figs. 9(c) and 9(d). The
calculations use an input scaled pressure equilibria based on a
single kinetic equilibrium reconstruction calculated from each
of the two target discharges: 131321 (odd parity) and 138344
(even parity).

Compared to the n =1 experimental results, there is an
increase in the deviations between the measured n=3
plasma response and the linear ideal MHD model. This
increase with higher toroidal mode number is not unex-
pected since the plasma stability and the plasma response
amplitude increasingly depends on the state of the pressure
profile within the ELM cycle. This dependence on the
details of the pressure profile evolution was not captured in
the present plasma response modeling, which used equilib-
rium reconstructions constrained by pressure profile meas-
urements that were averaged over many ELM cycles, and
was taken at random times during an ELM cycle. Analysis
of the pressure profile evolution during an ELM is needed
to quantify the sensitivity of the plasma response to these
changes.

The unexpected f§y dependence of the n=3 plasma
response to the even parity field prompted a numerical study
in ITER-shaped DIII-D equilibria using modified equilibria

35 40 45
Qo5

FIG. 10. (Color) Amplitude of the n =3 3B"".  calculated by MARS-F for

p.mid
the even parity I-coil configuration as a function of fy/¢; and gos. The

dashed white line guides the eye to where the amplitude attains a minimum
value.

based on 138344. The Grad-Shafranov solver in the CORSICA
code®® was used to construct equilibria with plasma parame-
ters: 1.0 < By /€; < 3.0,2.5 < go5 < 4.5, and go ~ 1.05. It is
important to hold fy/¢; fixed while varying g5 since the no-
wall beta limit is known to scale with ¢;, the plasma internal
inductance.”” MARS-F was used to calculate the linear ideal
MHD plasma response for over 1000 equilibria in this range of
plasma pressure and plasma current, which includes the
parameter space where n =3 even parity fields have been used
to suppress ELMs in DII-D: 1.5 < fiy/¢; <2.5 and
gos = 3.6+0.2.7%

The predicted amplitude of the n =3 5137; a3 is found to
depend not only on S but also on the safety factor, Fig. 10.
At go5=4.5, the plasma response decreases with fy/¢;,
while the opposite trend is observed at g95 =2.5. For inter-
mediate values of gos, the amplitude decreases with 3y /¢;,
attains a minimum value (marked by the dashed white
line), and then increases. The phase of the plasma response
(not shown) shifts most rapidly (by ~ 90°) across the
region where the amplitude reaches a minimum, as in Fig.
9(d). In the region of Fig. 10 marked “S” (for screening),
the poloidal spectrum of the total 6B,(,,) has a structure
like Fig. 8(e) while in the region marked “K” (for kink), the
structure is similar to Fig. 8(f). These trends are observed
only at the midplane. At off-midplane locations, the plasma
response increases monotonically as the plasma pressure
and plasma current increase. The implications of this result
for ELM suppression by external fields are presently being
explored.

V. SUMMARY

In summary, we have shown that the linear ideal MHD
plasma response model in the MARS-F code is in quantita-
tive agreement with the measured n =1 and n =3 magnetic
plasma response in rotating H-mode plasmas provided the
plasma is below 80% of the no-wall beta limit. The internal
n=1 plasma response was measured for the first time using
soft x-ray cameras viewing poloidal cross-sections of the
plasma at three separate toroidal locations. A model of the
soft x-ray measurements was developed using the plasma
response displacement calculated by MARS-F. The model,
which includes no free parameters, successfully reproduces
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the soft x-ray measurements over the range of fy
where MARS-F agrees with the magnetic measurements.
The experiment-theory comparison of the n=1 plasma
response revealed that although the linear ideal MHD
plasma response model accurately describes the phase of the
plasma response in ideal MHD stable discharges, it overesti-
mates the amplitude as the plasma beta approaches the ideal
MHD no-wall beta limit. This suggests the importance of
physics absent from the linear ideal MHD model even in
ideal MHD stable discharges.

Results from n=3 plasma response experiments and
modeling underscore that there are two types of response
fields: one that consists of localized currents at the rational
surfaces that cancel the applied pitch resonant field and
another that is excited by the components of the external field
that couple to the kink mode. Both types of plasma response
fields are present when external fields with strong pitch reso-
nant components are applied to plasmas at high values of f3.
A numerical study of the n=3 plasma response was con-
ducted in the parameter space relevant for ELM suppression
in DIII-D. The results show the plasma response depends on
both the plasma pressure and safety factor. The pressure de-
pendence acts by changing the stability of stable kink modes
and is in good agreement with the experiment. The safety fac-
tor affects the degree to which the external field couples to the
kink mode and resonant field components. The resulting
changes in the total non-axisymmetric field may have impor-
tant consequences for understanding how ELMs are sup-
pressed by non-axisymmetric magnetic fields.

In closing, we have discussed the wide applicability and
the limitations of the linear ideal MHD plasma response
model. Despite the good agreement between experiment and
theory, additional internal plasma response measurements
are needed to characterize the structure of non-axisymmetric
plasma equilibria over a wider range of plasma conditions
(particularly at low plasma rotation), to compare the effects
of resonant and non-resonant magnetic fields, and to validate
more complete plasma response models including plasma
rotation, resistivity, and kinetic effects. These efforts would
benefit greatly from local measurements of the perturbed
magnetic field in the plasma. Local measurements (instead
of line integrated ones) are needed to accurately measure the
evolution of localized shielding currents near the rational
surfaces while measurements of the magnetic field would
allow the most straightforward comparison with theory.
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