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Abstract. The presence of toroidal variation in diagnostic measurements
indicates that the two dimensional symmetry of Tokamak equilibria is violated
when resonant magnetic perturbations (RMPs) are applied to suppress edge
localized modes (ELMs). While Tokamak control is still possible with a 2D model,
questions arise regarding the applicability of 2D equilibria when performing
detailed analysis. In particular, questions regarding edge physics would benefit
from equilibrium calculations which are consistent with measurements indicating
toroidal variations. The ability to fit three dimensional equilibria to diagnostic
measurements has long been a challenge for non-axisymmetric devices with an
inherently 3D field structure. The STELLOPT code provides a solution to such
a challenge by fitting 3D VMEC equilibria to magnetic, Thomson, motional
Stark effect (MSE), and charge exchange diagnostics. The plasma of the DIII-
D tokamak with applied n = 3 RMP is reconstructed with STELLOPT, where
ELM were present throughout the shot. The reconstruction is constrained by
magnetic diagnostics, Thomson scattering, charge-exchange spectroscopy, and
MSE polarimetry. The reconstructed equilibria posses flat spots at low order
rationals associated with the applied RMP spectrum, indicating mode penetration
for this shot. Boundary displacements on the order of 0.5 cm peak-to-peak were
present. This suggests that while the 3D effect was small relative to the plasma
minor radius, resonant mode penetration occurred, indicating the ability of 3D
reconstructions to resolve key small features in the plasma.
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1. Introduction

The application of 3D fields [1, 2] and measurement of helical axis states in
Tokamaks [3] suggests that 2D models of the plasma response are not always
adequate for interpretation of experimental measurements. This is highlighted by
the process known as experimental equilibrium reconstruction, where theoretical
equilibrium models are fit to experimental measurements in an attempt to better
understand unmeasurable or difficult to measure quantities. For decades the Tokamak
community has relied upon EFIT which utilizes a 2D axisymmetric plasma model for
reconstruction purposes [4]. It has been shown that this model, at times, may not
be correct when multiple toroidal locations of experimental data are input [5, 6].
Furthermore, direct interpretations of the experimental data show a toroidal variation
in magnetic signals [7]. The application of resonant magnetic perturbations (RMPs)
to suppress edge localized modes (ELMs) highlights the need to fit 3D equilibria
to diagnostic measures. Here 3D fields are applied, breaking the axisymmetry of
the device. Accurate and detailed modeling of the 3D equilibrium physics is key
to interpreting the role these non-axisymmetric field play in suppressing ELMs.
Furthermore, correction of error fields in Tokamaks centers around compensating the
resonant fields as opposed canceling the total error fields. It is then possible that the
non-resonant field may still deform the plasma, breaking axisymmetry. There is a
clear need for 3D reconstruction tools among the Tokamak community.

For decades the stellarator community has been conducting experimental
reconstruction with 3D magnetic geometries [8, 9]. The static nature of low-beta
stellarators initially motivated reconstructions based upon look-up tables of pre-
calculated equilibria [10, 11, 12]. As higher beta was achieved and more detailed
diagnostics were added to stellarator experiments, experimental reconstruction
required a more sophisticated approach. To this end the V3FIT [9] code was developed,
and the STELLOPT code [13], originally developed for experimental design, was
modified. These codes fit 3D equilibrium models of the plasma to diagnostic
measurements in experiments. In this paper, a three dimensional equilibrium
reconstruction of the DIII-D tokamak plasma using the STELLOPT code is presented.
This device was chosen as it is highly diagnosed and has extensively documented the
use of RMPs to suppress ELMs. Section 2 outlines the code, equilibrium model, and
synthetic diagnostics utilized for reconstruction. Section 3 presents shot 142603 and
the reconstructed 3D equilibrium by STELLOPT. Section 4 discusses the results and
future work.

2. Method

The STELLOPT code was developed to fit the VMEC 3D ideal MHD equilibrium
model [14] to target parameters using either a modified Levenberg-Marquardt,
genetic, or differential evolution algorithm [15, 16]. Experimental reconstruction is
made possible through the implementation of experimental diagnostic measurements
as target functionals in the optimization routines. The target parameters
for reconstruction of DIII-D shot 142603 have been the full set of magnetic
probes, flux loops, measured plasma current, Thomson scattering electron density
and temperature measurements, charge-exchange recombination ion temperature
measurements, motional stark effect polarimetry measurements, and interferometric
measurements of the line integrated electron density. The VMEC MHD equilibrium is
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fit to these measurements through variation of the equilibrium total enclosed toroidal
flux, net toroidal current, electon density profile, electron temperature profile, ion
temperature profile, pressure scaling factor, vacuum field coil currents, and plasma
current profile. These measurements provide 311 constraints to which 63 independent
parameters are fit using the Levenberg-Marquardt algorithm.

2.1. Modified Levenberg-Marquardt Algorithm

The goal of experimental reconstruction is to fit an equilibrium model to a set of
target parameters yi in a least squared sense. Here the equilibrium is defined by a set
of input parameters xj . One seeks a set of optimization parameters xj such that

F (x1...xj) =

m∑
i=1

[
yi − fi (x1...xj)

σi

]2
(1)

is a minimum, where m is the number of target data points, fi are associated
evaluations of the fit function, and σi are associated weighting values for each target
data point. For reconstruction the values of σ are based on a tradeoff between
experimental error bars associated with each measure and equal preferential weighting
toward more unique measures (e.g. smaller σ for Thomson than magnetics). The
iterative scheme assumes a solution of the form

f (xj + δ) ∼ f (xj) + Jδ (2)

where J is the gradient of the function f with respect to xj . Optimization is the
process by which δ is determined. While many methods exist for achieving such
a goal, a modified Levenberg-Marquardt algorithm has been employed here. The
Levenberg-Marquardt algorithm as found in the NETLIB libraries (LMDIF) has been
modified for execution on parallel computers. Each processor evaluates the match to
targets for a given forward difference of an input parameter. As a result, the evaluation
time for the Jacobian scales as the number of varied input parameters divided by the
number of available processors. In principle, it is possible that this step can take less
time than a full equilibrium evaluation, assuming enough processors and the ability
to start from a previously evaluated equilibria. The evaluation direction is reversed in
future evaluations if, for a given variable, the function shows an increase in F . This
is done in an attempt to force the forward difference to always search along directions
of decreasing F .

At the minimum of our functional, the gradient of F with respect to δ will be
zero. To first order the minimum in F can be written

Fmin (xj + δ) ∼ ||y − f (xj)− Jδ||2 (3)

where we’ve switched to vector notation and J is the Jacobian matrix. Taking this
equation to be zero and including a dampening factor λ we obtain the Levenberg-
Marquardt equation for δ[

JTJ + λ diag
(
JTJ

)]
δ = JT [y − f (xj)] . (4)

The proper choice of λ may vary depending on the problem begin examined. Here the
parallelization of the code allows a search to be performed. Each processor calculates
the function for a different value of λ allowing a search to be performed along the
‘Levenberg trajectory’. For small values of λ the algorithm mimics a Gauss-Newton
algorithm. For large values of λ the algorithm mimics the gradient descent algorithm.
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It is possible that during the forward differencing step lower values of F will be
found than those obtained by a step along the Levenberg trajectory. This is attributed
to a high non-linearity between input parameters. To address this possibility, an
orthogonal search is performed in parameter space. This often allows the optimizer
to access new minima it may have otherwise missed.

Once the algorithm has determined the optimal fit of the input parameters to
the experimental measurements, metrics for those parameters may be computed. The
asymptotic standard parameter errors provide a measure of the effect of variability in
the dataset to variability in the solution and is given by

σβ =

√
diag

(
(JTWJ)

−1
)
. (5)

This provides a measure of how well constrained the model is by the given set of
experimental measures. Here W are the weight values calculated from

w2
i =

(yi − fi (xj))
T

(yi − fi (xj))

m− n+ 1
, (6)

where there are m experimental targets and n variable parameters xi. The standard
error of the fit provides insight into the effect of parameter variation on the fit itself
and is given by

σf =

√
diag

(
J (JTWJ)

−1
JT
)
. (7)

This provides error bars on the reconstructed parameters. The asymptotic standard
prediction error provides an estimate of the total fit to experimental data

σf(β) =

√
w2
i + diag

(
J (JTWJ)

−1
JT
)
. (8)

This can be utilized as a gauge of the equilibrium model (in this case VMEC) used to
fit the data.

In general, we have discussed three types of error: measurement, variance, and
model errors. Each experimental measurement has a unique error which is associated
with the ability of a given diagnostic to resolve a measurement. Since we wish to
average over some period of time we also introduce an error associated with the
variance of the data during a time window. These two errors must be combine in
some meaningful way to construct a weight for each measurement one wishes to match.
In general, the standard deviation in a signal over a given sampling window can be
calculated. Then the error associated with measurement or the standard deviation,
whichever is greater, is utilized in the construction of the weight matrix. A note
should be made that certain measurements do not provide unique constraints on the
equilibrium. To avoid pathological local minima during the optimization these signals
utilize a larger error bar. The pertinent example is that while the aforementioned
method for electron temperature measurements is utilized, flux loop measurements
are assumed to have a 20% error bar associated with them. This is justified as an
analysis of the parameter space Jacobian indicates that magnetic measurements do
not uniquely constrain the equilibrium and its associated pressure and current profiles
in 3D. This should not be taken to mean that magnetics are not well fit during the
reconstruction process.
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2.2. The VMEC equilibrium model

The VMEC code solves for 3D MHD ideal equilibrium under the assumption that a
continuous set of nested flux surfaces exists in the plasma. An equilibrium is calculated
through a minimization of an energy functional of the form

WMHD =

∫ (
| ~B|2

2µ0
+

p

γ − 1

)
dV (9)

where ~B is the magnetic field, µ0 is the permeability of free space, p is the plasma
pressure, and γ is the adiabatic index. Minimization of this energy functional is
achieved by a preconditioned steepest descent method in which variational forces are
analytically calculated. The code works in inverse coordinates in which quantities
are Fourier decomposed in the poloidal and toroidal direction. A multi-grid finite
difference scheme is utilized in calculation of the radial derivatives.

Figure 1. The DIII-D non-axisymmetric coil set and plasma. The RMP coils
(thick green) and error field correction coils (thin red) are plotted against an
axisymmetric DIII-D equilibrium. A cross section of the first-wall surface has
been plotted at the DIII-D 0 degree reference datum (thick black).

The free boundary calculation in VMEC is achieved through construction of | ~B|
on the equilibrium surface and minimizing the MHD energy functional (Eq. 9) subject
to ideal variations of the boundary. The magnetic field on the equilibrium surface is
constructed from the driven toroidal current inside the equilibrium boundary, vacuum
field on the plasma boundary (cylindrical mesh), and a single valued potential on the
surface which acts to shield out the residual normal field on the plasma boundary.
In order to constrain the energy minimization the total enclosed toroidal flux of
the equilibrium is prescribed. As the code minimizes the MHD energy functional,
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the boundary variations are such that the resulting shape will minimize the normal
component of the field (within the limits of a truncated Fourier spectrum). If a value
of toroidal flux is chosen which places the boundary in a stochastic region, it is clear
that the code cannot zero such a potential and must find a solution which shields
out some finite normal field at its boundary. It should be noted that for a tokamak
the separatrix is defined in a large part by the equilibrium itself. Thus one must
consider the separatrix to lie infinitesimally outside the VMEC equilibrium (in terms
of magnetic flux). The edge of the VMEC equilibrium then becomes the relevant
quantity of interest. Thus the equilibrium edge is taken to be the place where plasma
pressure has fallen to zero. Of course in practice there must exist a transition region
where finite plasma pressure becomes comparable to neutral pressure. However, such
analysis falls outside the scope of any equilibrium model. It is in this way that the
effects of RMP’s can be included in reconstruction.

Figure 1 depicts the 3D coils and toroidal field coils of DIII-D. The toroidal field
coils, poloidal field coils, and I-coils for this shot produce a nominally ’stellarator
symmetric’ field for shot 142603. This symmetry implies that the equilibrium is
nominally up-down symmetric in a poloidal sense and that the φ = 0 plane (as defined
by the coil set) is symmetry plane. The C-coils are slightly offset from the φ = 0
plane requiring non-stellarator symmetric terms to model their effects (even if the
equilibrium is nominally up-down symmetric). In the analysis presented here, the
C-coil contribution has been neglected as have the intrinsic field errors of the device.
As these two sources of non-axisymmetric field are designed to have a canceling effect
on each other the neglect of both in this analysis may be justified. In general is should
be noted that STELLOPT can handle non-stellarator symmetric equilibria.

The VMEC equilibrium model (and MHD equilibrium in general) requires the
specification of the plasma pressure and current profiles. In experiment is it possible
to measure species densities and temperatures but not the total plasma pressure. To
this end a model for the plasma pressure based on the ideal gas law is utilized

p (s) = nekB (Tion + Telectron) + pfast. (10)

The electron density profile ne, thermal ion temperature Tion, electron temperature
Telectron, and fast ion pressure pfast are taken to be functions of normalized toroidal
flux s (kB is the Boltzman constant). If a scaling factor is included in this formulation,
then any mix of profiles may be utilized to constrain the profile while still matching
measurements of stored energy. The DIII-D device has both Thomson and Charge
Exchange allowing constraints to be placed on the electron density profile, the electron
temperature profile, and the ion temperature profile. The fast ion contribution to the
total pressure cannot be constrained due to difficulties in measuring the fast ions. The
model equation for the total plasma pressure becomes

p (s) = Pfactne (s) kB [Tion (s) + Telectron (s)] (11)

where Pfact is our pressure scaling factor. In this way, variations in the species profiles
translate to variations in the total pressure profile as the STELLOPT code searches
for minimums in parameter space. The ability to vary Pfact in the optimizer allows
constraints on stored energy to be satisfied. This scaling factor should then contain
information about the fraction of pressure accounted for by fast-ions. The assumption
that the electron temperature is a function of toroidal flux can be considered accurate
over most of the plasma volume. In general the ion temperature and electron density
are not functions of toroidal flux. This is attributed to flow effects and the larger
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ion gyro radii effects. However, the VMEC code parameterizes the plasma pressure
as a flux surface function, necessitating this restriction. The result being that an
equilibrium will be a flux surface averaged fit to measurements.

Figure 2. The STELLOPT net current profile model as a function of normalized
toroidal flux. The core profile is modeled by a single parameter which changes
the peaking of the profile. The bootstrap profile is parameterized by the height
of the peak and it’s location.

The net current profile in VMEC is parametrized in terms of toroidal flux as well.
A variety of profile functions (in terms of the radial derivative of the flux) are provided
by the code. In the reconstruction we seek to model the core current drive (containing
inductive and non-inductive sources) and the edge bootstrap current. To achieve this
two current profile models are summed to produce a single current profile which may
be used to solve for an equilibrium (Figure 2). The core current profile is modeled as
a simple power law for the current density I ′(s) = (1− sα). The edge current density
is then modeled as a peaked current profile where the height and location of the peak
are free parameters. The resultant profile is a linear combination of these two profile.
It should be noted that internally VMEC renormalizes the profiles to the CURTOR
parameter (total enclosed toroidal current). In this way the current profile itself is
reduced to three free parameters: core peaking coefficient, bootstrap location, and
bootstrap height. The bootstrap current is modeled as a parabola of given height and
center location where it is assumed that this profile goes to zero at the edge. In this
way the choice of the bootstrap location also determines the bootstrap width.

The ability to match the magnetic diagnostic response is provided by the
DIAGNO code. This code was designed to calculate the magnetic diagnostic response
of magnetic probes, Rogowski coils, and flux loops outside the VMEC equilibrium. It
has recently been upgraded to handle various MHD equilibria [17]. This was achieved
by implementation of the virtual casing principle for calculation of the magnetic field
and vector potential outside the simulation domain [18]. Here the plasma currents
are represented by a surface current and dipole moment density on the boundary of
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the equilibrium. The DIAGNO code then performed the integrals over the diagnostics
using a Simpsons rule methodology. It is then the role of STELLOPT to match
the magnetic diagnostic measurements through optimization of the equilibrium input
parameters.

2.3. The DIII-D experimental setup

The DIII-D tokamak is a highly diagnosed Tokamak capable of accessing a wide
set of plasma parameters. Magnetic diagnostics at various poloidal and toroidal
locations constrain many of the plasma bulk parameters in 3D [19]. The core,
edge and tangential Thomson scattering system provide a detailed set of diagnostics
which constrain electron density and temperature [20]. Interferometry provides line-
integrated measurements of electron density along three chords in the device for this
shot [21]. The neutral beam system provides diagnostics signals for charge-exchange
[22] and motional Stark effect polarimetry [23]. This constrains ion temperatures
along with the toroidal current profile.

Figure 3. The DIII-D diagnostic set for shot 142603 mapped to the R-Z plane
(left) and viewed from top down (right). The axisymmetric coils (squares), plasma
limiting surface (solid line), magnetic field probes (+), Thomson data points (o),
MSE data points (*), and charge exchange data points (triangles) are depicted in
the plots. Solid vertical and horizontal lines in the R-Z projection indicates the
line integrated density chords. Dashed line depicts a reconstructed axisymmetric
boundary. Flux loops have been omitted from these plots.

Magnetic diagnostics constrain the plasma shape and bulk measurements such as
stored energy and net toroidal current. For 3D systems there is no equivalent to the
Grad-Shafranov equation making MHD equilibria difficult to constrain with magnetic
measurements alone. Still, the interpretation of the Rogowski coil signal as net toroidal
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Figure 4. The DIII-D diagnostic flux loops with VMEC axisymmetric equilibria.
The axisymmetric (thin) and saddle-loops (thick) are depicted against a VMEC
axisymmetric equilibria.

current is still possible in 3D as the identity
∫
~B · d~l = µ0I is still valid. Thus we

may attempt to constrain the equilibrium in terms of the total toroidal current, as
opposed to modeling the Rogowski coil signal directly. The flux loops and magnetic
probes contain a convolution of the plasma shape, stored energy, and toroidal current
(Figures 3 and 4). The utility of reconstruction, both 2D and in 3D, is the ability to de-
convolve these signals and constrain the equilibrium model. Error bars for magnetic
measurements are taken to be 50% the measured signal to avoid pathological local
minima. This does not imply that magnetic measurements are not fit or of quality
but rather that they do not uniquely constrain the 3D equilibrium.

The Thomson scattering system on DIII-D is composed of a core, lower divertor,
and tangential system. Figure 3 depicts the three systems with 32 data points for
the core, 8 for the divertor, and 5 for the tangent system. These measurements
constrain the electron density and temperature at a set of discrete points in real
space. An electron temperature cutoff of 60 eV is chosen for the data, values below
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this are considered to be zero signals. They are not ignored, instead they prevent
STELLOPT from placing the equilibrium in regions where plasma response is most
likely not important. In this way Thomson scattering can constrain the plasma edge to
some extent. This is achieved by requiring the equilibrium electron temperature (and
pressure) become identically zero at the boundary. It is then the goal of reconstruction
to find the total enclosed toroidal flux which matches the equilibrium boundary to this
location in real space. The VMEC equilibria provide a mapping from flux space to
cylindrical coordinates, allowing the flux space profiles (Te, Ti, and Ne) to be compared
to measured quantities in the experiment.

The CO2 interferometer system on DIII-D provides 4 chords of line-integrated
electron density which help constrain the reconstruction (3 were available for this
shot). This provides a convolution of profile and equilibrium shape information. To
incorporate this data with the electron density measurement information from the
Thomson system care must be taken to avoid inconsistencies and pathological minima.
The Thomson electron density is compared in a normalized fashion. Thus amplitude
information is removed from the Thomson data, thus providing feedback on profile
variations alone. In this way the amplitude of the electron density profile is constrained
by the line integrated measurements.

Neutral beam based diagnostics, MSE and CXRS depicted in Figure 3, provide
magnetic field and ion temperature measurements at various radial and toroidal
locations near the mid-plane of the device. The CXRS diagnostic provides ion
temperature measurements from the core to the edge of the plasma. As the equilibrium
model does not include rotation effects, the rotation as measured by CXRS is not
utilized. The MSE system constrains the pitch angle of the field at various locations
around the torus. A two camera system, viewing one beam from both sides, allows
for the possibility of constraining the radial electric field. While radial electric fields
provide no direct feedback on the equilibrium calculation, it can improve the fit to
the pitch-angle data. Additionally, such data can be utilized in transport and beam
deposition calculations. The electric scalar potential is parameterized as a function of
normalized toroidal flux allowing the calculation of the radial electric field in the
synthetic diagnostic MSE diagnostic. Radial electric field calculations have been
implemented in the code but are not included in this analysis. The reconstruction is
performed with the inclusion of the MSE signal but the radial electric field explicitly
assumed to be zero.

3. Analysis

The STELLOPT code was utilized to reconstruct DIII-D shot 142603. This was a
nominally up-down symmetric double null shot on DIII-D which achieved H-mode
and attempted ELM suppression using an applied n = 3 RMP field. The application
of such a field did not result in ELM suppression or mitigation. A window from
3250 to 3750 ms was chosen over which to average all data and perform a 3D
reconstruction with STELLOPT, this allows comparison with a similar kinetic EFIT
for this shot. Both 3D and 2D reconstructions were performed using STELLOPT to
discern difference due to 3D effects from difference due to using a spectral code.

The 2D STELLOPT reconstruction of the equilibrium indicated a good agreement
between STELLOPT and EFIT (Fig. 5). The VMEC boundary closely matched the
EFIT separatrix on the mid plane and off the mid plane at the point where the
Thomson chords intersected the equilibrium. Discrepancies near the X-points were
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Figure 5. Comparison of 2D EFIT and STELLOPT reconstructions. Dotted
lines indicate STELLOPT quantities while color contours indicate EFIT poloidal
flux. Profiles are a function of normalized toroidal flux.

present but were attributed to the inverse nature of the VMEC equilibrium code.
Similarly, discrepancies in the q profile toward the plasma edge are attributed to
similar effects. Bulk parameters such as stored energy, toroidal current, and plasma
beta were also in good agreement. Values for q95 and q0 were also in agreement.
Such agreement suggested that the choice of equilibrium resolutions were appropriate
for modeling the the DIII-D plasma (poloidal modes 0 − 23 and 99 radial surfaces).
Discrepancies in the pressure profile were attributed to a more detailed representation
of the profiles than present in the EFIT analysis. It is likely that allowed the same
representation EFIT would have recovered similar profiles to that of STELLOPT.
Correlation of these flat spots with low order rationals would indicate resonant mode
penetration and the possibility of small islands or shielding currents.

The reconstructed 3D STELLOPT equilibrium is depicted in Figure 6 showing
in general a good agreement with the EFIT reconstruction. The edge displacement
shows a general n = 3 feature which is attributed to the I-coils. The equilibrium
toroidal mode spectrum was limited to n = [−3, 3] where 48 toroidal samples of
the vacuum field were utilized. The pressure profiles show similar pedestal regions
while the STELLOPT reconstruction indicates a higher core pressure. Flat spots in
the pressure profile also appear which were not present in the EFIT reconstruction.
The safety factors seem similar with the STELLOPT q being slightly lower. At the
edge q does not rise to the EFIT value but this can be associated with EFIT being
able to model the equilibrium across the edge. In general the two equilibria agree
well with volumes (19.38 EFIT, 18.79 m3 STELLOPT), currents (1.40 EFIT, 1.40
MA STELLOPT), beta (1.61 EFIT, 1.80 % STELLOPT), and q95 (3.77 EFIT, 3.95
STELLOPT). This agreement is to be expected since we expect the 3D effects to be
small everywhere except perhaps near rational surfaces and that we expect the VMEC
equilibrium to be located inside the separatrix as found by EFIT. It should be noted
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Figure 6. The reconstructed 3D equilibrium edge displacement (left) and
reconstructed profiles (right) from STELLOPT (solid) and EFIT (dashed). A
clear n=3 feature is present in the equilibrium with peak amplitudes of ±3 [mm].
The resulting pressure profile shows a slightly higher core pressure and similar
pedestal feature. The profile also shows flattening in regions where EFIT had
a continuous pressure gradient. The q profile shows slight differences with the
largest discrepancy at the edge.

that for the q95 comparison while both values are measured at 95% toroidal flux the
actual values of toroidal flux were most likely different.

The full set of magnetic probes and flux loops were utilized to constrain the
plasma and the fit to data (Figure 7). The B-probes show good overall agreement
with greatest discrepancy located in the diverter regions. This can be attributed to
possible intrinsic error fields in the device and possibly the inverse representation of
the equilibrium. Additionally these diagnostics may be sensitive to the inclusion of the
C-coil fields which were not included in this calculation. Still errors were within error
bars suggesting an acceptable fit to the data in nearly all probes. The axisymmetric
flux loops (loops 1-44) indicate a good fit to data with the largest discrepancies located
near top and bottom of the device. The non-axisymmetric flux loops (loops 45-104)
also indicated a good fit to the equilibrium. Loops located near the top of the device
and the two poloidal arrays indicate to good match to experiment. The larger window
pane arrays located toward the outboard edge of the plasma indicate a fit in amplitude
but seem to be miss some of the toroidal variation which was measured. It is thought
that such residual discrepancies can be attributed to the C-coil, error-field, and the
associated plasma response (which were not treated in this reconstruction).

The pressure profile was reconstructed from density and temperature
measurements (Fig. 8). The electron and ion temperature profiles indicate a good fit
to diagnostic measures. The VMEC edge was found to be located just outside the last
non-zero values in both profiles. The electron density profile was normalized to an
average of the data points within 0.05 in normalized toroidal flux. This allowed the
amplitude optimization to feed back on the CO2 interferometer measurements. The
radial and inner vertical chords both indicated a reconstructed line-integrated density
within 1% the target value with the outer vertical chord indicating a fit within 3.8%
the measured density. A pressure scaling factor of 1.16 was calculated by STELLOPT
as a best match to the various diagnostic measures. The resulting beta value of 1.8%
is higher than that calculated by EFIT. This could be attributed to the lack of a
model for toroidal flow in VMEC. It should be noted that the resulting flat spots in
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Figure 7. The reconstructed magnetic signals for DIII-D shot 142603. Locations
of the various loops are plotted in the upper panels with the signals plotted against
the measured values with STELLOPT error bars (o) below. Colors indicate
quality of fit: within half an error bar (green), within error bars (magenta),
greater than error bars (red), while black markers (and large error bars) indicate
a signal was not utilized in the fit. The vessel cross section is plotted at the DIII-
D datum. An isosurface of | ~B| is plotted at the VMEC boundary for reference.
Non-axisymmetric flux loop signals (45-104) have been exaggerated by a factor of
20.

the pressure profile are attributed to the electron temperature profile. The flat spots
were statistically significant in time and not artifacts of data averaging or noise in the
dataset.

The reconstructed current profile agrees well with the motional stark effect
diagnostic measure. All MSE channels agree within error bars for the reconstructed
plasma parameters. Additionally the MSE signal provides a constraint on the magnetic
axis location as the MSE signal covers both sides of the magnetic axis and crosses zero.
The resulting reconstructed current and q-profile appear to have similar features to
this of the EFIT reconstruction. The q profile approaches 1 on axis and q95 = 3.95.
This is slightly higher than the q95 value as determined by EFIT, owing to difference
in the edge current density. As the Lithium Beam probe was not available for this
shot, the edge bootstrap current could not be constrained by local measures. The
MSE signals ended at s = 0.93 in normalized toroidal flux, thus magnetic signals
dictated the edge bootstrap current to a large extent. This is corroborated by the
STELLOPT parameter space Jacobian which showed that the variation in bootstrap
parameters significantly affected the magnetic probes above all other diagnostics. The
MSE showed the next highest sensitivity.

Figure 10 depicts the reconstructed pressure profile plotted against the
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Figure 8. Reconstructed kinetic profiles constrained by Thomson and Charge
Exchange diagnostics. Diagnostic positions are mapped to the phi=0 plane (left).
Electron temperature (x, red), ion temperature (square, blue), and electron
density (o, red) profiles indicate a good fit to measured values. The resulting
pressure profile contains a scaling factor required to match the various diagnostics.
A clear H-mode pedestal is present.

Figure 9. Reconstructed current profiles constrained by the motional stark effect
diagnostics. Diagnostic positions are depicted with first wall outline at phi=0
(left). Measured (error bars) and reconstructed (o, red) MSE polarization are
in good agreement. Current profile includes a bootstrap like bump toward the
plasma edge. Reconstructed q-profile with the rational surfaces (q=2,3,4; dashed
lines).
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reconstructed q profile. In this plot the largest flat spot appears to be bounded
by the 8/3 and 9/3 surface (centered on the 17/6) surface. As the I-coil spectrum
contains both n=3 and n=6 modes, the flat spot indicates that the applied RMP has
penetrated the plasma. The VMEC equilibrium lacks the ability to open islands and
is only weakly sensitive to shielding effects. A more sophisticated 3D equilibrium code
capable of treating islands and stochastic regions would be necessary to properly treat
this region.

Figure 10. Reconstructed pressure profile plotted against the reconstructed q
profile indicating flattening near low order rational surfaces. A clear flat spot
appears to exist between the 8/3 and 9/3 surface which corresponds to the 17/6
surface.

A forward modeling of the bootstrap current was performed with the BOOTSJ
code [24]. Here the reconstructed VMEC equilibrium and species profiles were utilized
to calculate the bootstrap current. The resulting current profile agreed well with the
equilibrium profile suggesting that the reconstructed bootstrap current was consistent
with modeling.

4. Discussion

The first 3D MHD equilibrium reconstruction on DIII-D with the STELLOPT code
was performed for shot 142603. This shot had applied n=3 RMPs on during the
shot with no sign of ELM suppression or mitigation. The reconstructed equilibria
indicated similar global features (beta, q-profile, plasma volume, toroidal current)
to 2D equilibria while indicating small ±3 [mm] fluctuations in the boundary as
the result of RMP application. The 3D reconstructed equilibrium profiles indicated
pressure profile flattening near low-order rational surfaces and otherwise agreed well
with EFIT 2D reconstructions. Current profiles allowed close matching of the MSE
diagnostic although constraints on bootstrap current were limited. Modeling of the
bootstrap current suggested the reconstructed bootstrap profile was adequate. A
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3D reconstruction capability for the DIII-D device has now been demonstrated on a
nominally up-down symmetric double null plasma.

The equilibrium model which was fit to measurements in this code allowed a
three dimensional edge to be resolved. While the reconstructed equilibria indicated
flattening of the pressure profile at rational surfaces, the VMEC code did not
posses the ability to open islands. This can be alleviated through implementation
of more advanced 3D equilibrium codes in the STELLOPT optimizer. Although
the reconstruction presented here was up-down symmetric (with the shot being
nominally up-down symmetric), this was only done for illustration purposes. All
codes used in this work (STELLOPT, VMEC, DIAGNO) can be utilized for non-
up/down symmetric equilibrium calculations. The exception being the bootstrap code
(BOOTSJ). Examples of this capability are left to future works.

The set of diagnostics utilized in this work does not encompass all available
diagnostics on DIII-D or more generally available to the toroidally confined magnetic
fusion community. The DIAGNO code was utilized to simulate magnetic field probes
and flux loops in this work, but is also capable of simulating full and segmented
Rogowski coils as well. Moreover, additional synthetic diagnostics for STELLOPT
are under development including Faraday rotation and X-ray imaging diagnostics.
Future work will attempt to address specific situations in which 2D equilibria cannot
fit edge measurements made at multiple toroidal locations.

The STELLOPT code provides researchers with the ability to fit 3D ideal MHD
equilibria to diagnostic measurements in the experiment. This capability allows
accurate equilibrium modeling and reduces the uncertainty associated with fitting
axisymmetric equilibrium models in experiments where applied 3D field could be
breaking such assumptions. Ideal perturbed modeling has already shown indications of
it’s breakdown near the edge when 3D fields are applied [25]. Here accurate treatment
of the equilibrium edge displacement clearly requires a non-linear equilibrium model.
Furthermore, the experimental interpretation of ELM suppression through applied
RMPs should be evaluated with tools capable of treating the 3D plasma response in
a self-consistent manner. The STELLOPT code provides such a tool.
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