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Abstract. The ITER three dimensional diagnostic response to an n=3 resonant
magnetic perturbation is modeled using the STELLOPT code. The in-vessel coils
apply a resonant magnetic perturbation (RMP) field which generates a 4 e¢m edge
displacement from axisymmetry as modeled by the VMEC 3D equilibrium code.
Forward modeling of flux loop and magnetic probe response with the DIAGNO
code indicates up to 20 % changes in measured plasma signals. Simulated LIDAR
measurements of electron temperature indicate 2 c¢m shifts on the low field side of
the plasma. This suggests that the ITER diagnostic will be able to diagnose the 3D
structure of the equilibria.
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1. Introduction

The heat flux associated with edge localized modes (ELMs) in H-Mode plasmas requires
ITER be able to suppress these phenomena. This must be done to protect the divertor
components and prevent impurity influxes from this region. [1] The application of
resonant magnetic perturbations (RMPs) through in-vessel coils is one such method
suggested for ITER. This is a likely candidate for ELM control in ITER as various
Tokamaks throughout the world have shown mitigation and suppression of ELMs
through RMP application [2, 3]. However, the extent to which these 3D fields perturb
the plasma boundary has varied between devices. Such variations in boundary shape can
have profound implications on diagnostic interpretation and the ability to reconstruct
plasma equilibria. These variations also limit the minimum plasma-wall gap at which
an experiment may be run. In the MAST device, evidence of up to 5 ¢m variations
in the plasma boundary toroidally have been documented [4]. In such cases, proper
calculation of plasma stability and transport requires 3D equilibrium reconstruction.

The ability to reconstruct 3D equilibria has been developed for stellarators and
has been extended to Tokamaks with applied 3D fields. The STELLOPT code [5] has
been designed to fit (in a non-linear, least-squared sense) VMEC three dimensional ideal
MHD equilibria [6] to various experimental diagnostic measurements around a device (in
both the poloidal and toroidal directions). Originally developed to optimize stellarator
equilibria for desired stability and transport properties, STELLOPT was modified to
match equilibria to diagnostic measurements in the W7-AS device [7]. This work was
later extended to the Large Helical Device [8], and finally to the DIII-D device [9]. The
effect of discrete toroidal field coils and test blanket modules on the 3D equilibrium of
ITER have been previously evaluated with VMEC [10, 11, 12]. Edge displacements were
found to be less than 0.5 e¢m suggesting little effect on diagnostic measurements. The
effect of applied RMPs on ITER equilibria have also been examined with other codes
[13]. The results indicate that ‘vacuum’ RMP calculations, where the vacuum RMP
field is added to an axisymmetric equilibrium model, are incorrect. This motivates an
analysis in which the effect of such 3D fields on diagnostics measurements using a 3D
equilibrium code is performed. In this paper a forward modeling of the 3D diagnostic
responses of ITER is performed using the STELLOPT code. The axisymmetric and
3D equilibrium diagnostics responses of ITER are calculated in axisymmetry and for
an applied RMP field. Here, the in-vessel coil system applies an n = 3 RMP to the
plasma. Comparisons between the axisymmetric and 3D plasma diagnostic response are
presented alongside a sensitivity analysis of the diagnostics measurements to equilibrium
input parameters.

2. Method

The diagnostic responses of an ITER axisymmetric equilibrium and one in which the in-
vessel coils apply a resonant n = 3 perturbation are examined through forward modeling
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of diagnostics using the STELLOPT code. The STELLOPT code also evaluates a set
of nearby 3D equilibria which are used to construct a Jacobian matrix of the parameter
space. This provides a means to determine the sensitivity of the diagnostic responses
to variations in both equilibrium profiles and the 3D geometry of applied fields.

The STELLOPT code optimizes VMEC equilibria to a given set of constraints
utilizing various non-linear techniques. A general analogy can be made to non-linear
curve fitting where a set of input coefficients are sought which minimize the fit to a set of
data points in a least squared sense. For equilibrium reconstruction the input coefficients
are the input parameters to the VMEC equilibrium. This can include the pressure
profile, current profile, total enclosed toroidal flux, toroidal current, and vacuum field coil
currents. The measured diagnostic signals in the experiment then become the non-linear
curve to which a fit is sought. The quantitative measure of how well a given equilibrium
matches experimental data is known as chi-squared x? = ¥ (Tgata — xsim)2 /o?, where
o can be taken to be the error bar in a measured quantity and the sum is over all
experimental measurements. In practice, each experimentally measured datapoint (eg.
Te, flux, Ti) has a unique error bar (0) in STELLOPT, however in some cases larger
o values are utilized to avoid pathalogical equilibria which satisfy the properties of a
local-minima. Various methods of achieving this optimization have been implemented
in STELLOPT, but for the work presented here the Levenberg-Mardquardt method
is utilized [14]. This is advantageous, as this method calculates a parameter space
Jacobian which provides information about the sensitivity of diagnostic measurements to
variations in plasma parameters. As the ITER experiment has not yet begun operation,
we can only provide a forward modeling of the diagnostic response. KEquilibria are
calculated and then the diagnostic response of those equilibria are compared. In a full
reconstruction, an approximate parameter space Hessian is calculated which is used to
provide confidence intervals for the reconstructed parameters. Such confidence intervals

Figure 1. ITER coil set utilized for free boundary VMEC equilibria. The in vessel
coils and one toroidal field coil have been highlighted for clarity. The axisymmetric
VMEC equilibrium is also plotted for reference.
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indicate which diagnostics provide unique constraints on the reconstruction. For
example, a point measurement of the electron temperature provides a tight constraint
on the magnitude of the profile and the location of a flux surface. In contrast, the
flux loop signals contains a convolution of plasma pressure profile, current profile and
shape information for the general 3D problem. The goal of reconstruction is to de-
convolve signals and provide an accurate representation of the equilibrium subject to
the constraints of the equilibrium model.

The VMEC code is utilized to calculate ideal 3D MHD equilibria for this work. In
this code, an ideal MHD energy functional of the form

W= /(2%+_1>dv (1)

is minimized subject to the constraint of a global magnetic topology, namely that a
continuous set of nested flux surfaces exists everywhere in the domain of the equilibria
(equivalent to B- Vi = 0). Here B is the magnetic field intensity, jg is the permeability
of free space, p is the total plasma pressure, v is the adiabatic index, and the volume
integral is over the domain of the plasma. The domain of the code is defined by a plasma
edge, in our case where the electron temperature approaches zero, and an inverse Fourier
representation is utilized in the poloidal and toroidal directions (m = [0, 12],n = [=9, 9]).
Equilibria are considered converged for 99 radial surfaces at a force balance criterion of
FTOL = 1.0 x 1072, The free boundary approach to the code requires the fields of the
ITER coilset to be mapped to a cylindrical grid and the normal component of the field
on the equilibrium boundary minimized. The full coil-set utilized in these calculations
can be seen in Figure 1. The coil field is passed to VMEC on a cylindrical grid (the
‘mgrid’ file generated by the MAKEGRID code). The grid is defined by R = [3.5,9.5] m
Z = [-5.5,5.5] m, and ¢ = |0, 27| rad, with nr = 121, nz = 221, and nphi = 72 grid
points.

The VMEC equilibrium is defined by a set of input parameters: the enclosed
toroidal flux (PHIEDGE), net toroidal current (CURTOR), vacuum field currents
(EXTCUR), pressure profile (AM), current profile (AC), and pressure scaling factor
(PRES_SCALE). The profile functions are parameterized as functions of the normalized
toroidal flux. Experimentally the total plasma pressure profile is not measured, but
rather various species densities and temperatures are measured. To this end the
STELLOPT code parameterizes the electron temperature (7,), electron density (n.),
and ion temperature (7;), then constructs the pressure profile from these quantities. The
inclusion of the pressure scaling factor (Pfae) in the optimization allows measurements
of stored energy to be matched (flux loops and diamagnetic loops), independent of profile
variations.

P(8) = Pracene(s)[Te(s) + Ti(s)] (2)
Here, s is normalized toroidal flux. It is the goal of the reconstruction to find the values

of these input equilibrium parameters which best fit diagnostic measurements in an
experiment.
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VMEC ITER Optimization
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Figure 2. ITER boundary optimization and profiles utilized for forward modeling.
The ITER coil currents were optmized in axisymmetry to provide a best fit between
the VMEC equilibria and the ITER target separatrix (solid line). Initial (1) and
final (2) VMEC boundaries (dashed line) and magnetic axes (+) are plotted. Profiles
determined by CORSICA are utilized in the VMEC equilibrium calculations. The
extrapolated plasma pressure profile is obtained from the various species profiles.

In order to forward model diagnostic responses, profiles are first obtained from
the CORSICA code [15]. This is done as experimental data from ITER does not yet
exist. Figure 2 depicts the kinetic profiles, current density, and the VMEC optimized
equilibrium boundary. The STELLOPT code was the utilized to optimize the free
boundary axisymmetric solution to the ITER target separatrix through variation of the
axisymmetric coil currents. Here the chi-squared for the fit to the target separatrix was
decreased from 3.0926 x 107 to 2.3008 x 10°. In this configuration RBtor is 32.86 T —m,
the total enclosed toroidal flux is found to be 120.6 Wb, with ¢0 = 0.58, ¢95 = 3.1,
and I;,, = 15 M A. This value of g0 is low, as the expected value should be q0 > 0.9,
but should pose no issue on the boundary calculation. The initial and final VMEC
axis and boundary plotted against the target ITER separatrix showing good agreement
between both. Only axisymmetric coil currents were optimized and no non-axisymmetric
coils were energized. This provides a baseline axisymmetric equilibrium configuration
to which non-axisymmetric RMP fields may be applied. The non-axisymmetric field
considered here has an n = 3 feature and utilizes the in-vessel coil currents to excite
such a field (in upper coils in [A]: 23220. -86940. 63630. 23310. -86940. 63630. 23310.
-86940. 63630; in mid-plane coils: 0. 77940. -77940. 0. 77940. -77940. 0. 77940.
-77940; in lower coils: -27810. -60210. 88020. -27810. -60210. 88020. -27810. -60210.
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88020)[13]. These coil current approach the maximum rated coil current (90000 [A]),
placing an upper limit on the diagnostic response and edge displacement. It should be
noted that ELM suppression may be possible at lower coil currents [16].
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Figure 3. Locations of forward modeled diagnostics. Axisymmetric ITER parallel
current density is depticted with the ITER first wall and poloidal locations of the
89 simulated flux loops (left). Profile diagnostics for LIDAR (solid line) and charge
exchange recombination (circles) are depicted against the axisymmetric flux surfaces
in the z = 0 plane (left).

The STELLOPT code has modules which calculate synthetic diagnostics for
magnetics, electron temperature, electron density, line integrated electron density, ion
temperature, and motional Stark effect (MSE) diagnostics allowing these measurements
to be fited during reconstruction. As the details of these systems on ITER (at the
time of this work) were still under development, a set of trial diagnostic geometries
were assumed (Figure 3). A set of 89 toroidally symmetric flux loops equidistant in
poloidal angle were placed along the first wall. A grid of 89 points poloidaly and 89
points toroidally (equally spaced) was placed on the first wall and the components of
the magnetic field measured (not shown). In both cases, only the field due to the plasma
was calculated utilizing a virtual casing principle [17] and integration along magnetic
diagnostics was preformed using the DIAGNO code [18, 19]. It should be noted that
in a fully superconducting steady-state machine, magnetic diagnostics only sense the
plasma response and any changes in the coil currents. They do not measure the vacuum
field since diagnostic integration usually begins after the toroidal and poloidal fields are
ramped. It should also be noted that in the real device the closest the diagnostics may
be placed is on the inner side of the vessel wall, ~ 0.5 m away from the plasma. Thus
these simulations are an attempt to place an upper bound on the magnetic diagnostic
response. The LIDAR system was assumed to be located at z = 0.0 measuring radially
inward from the phi = 0 plane from R = 4.1 to R = 8.4 m with a resolution of 1.7 c¢m.
Ion temperatures were measured along two beam lines with 36 points along each line.
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These diagnostic serve only to help better understand the role 3D equilibria may play in
the fit to experimental data in I[ITER. Simulation of an MSE diagnostic is neglected in
this work due to the complex dependence of beam and viewing geometry on diagnostic
signal. Line integrated electron densities were neglected as well.

While a meaningful reconstruction is not possible before operation of the device,
STELLOPT can calculate the parameters space Jacobian around a given equilibria,
providing a measure of the sensitivity of each diagnostic measure to each parameter
variation. This is achieved by perturbing each equilibria input parameter by 1%,
recalculating the equilibria, and the resultant diagnostic response. The parallelization
of this step in STELLOPT and capability of VMEC to use the previous equilibria as
an initial guess for the new equilibrium make this step particularly efficient. Assuming
that there are at least as many processors as variables to vary the total calculation time
for such a Jacobian evaluation is typically less than the time it would take to evaluate
two successive equilibrium.

3. Results

Calculations of the ITER equilibrium were performed for axisymmetric and non-
axisymmetric configurations (n=3 in-vessel coil configuration) using the VMEC code.
The maximum DC coil current utilized was ~ 88 kA —t, which is nearing the maximum
coil current of 90 kA — t. Comparison between the configurations indicated up to
+4 cm deviations from axisymmetry (Figure 4). These deviations peaked toward the
top and bottom of the equilibrium. The high-field side indicated a displacement but
local deviations in this region were small. The low-field side of the plasma indicated
greater local deviations in displacement. Such displacements are consistent with similar
calculations done for DIII-D using the VMEC code. This is within the predicted limits
of the ITER control system ability to confine the plasma. It is important to note that all
profiles were assumed fixed with respect to toroidal flux. As a result, they do not account
for the ‘density pumpout’ associated with RMP application in DIII-D for ITER-similar
plasmas.

The diagnostic response of the flux loops and magnetic field probes suggest that
outboard side of the plasma has the greatest sensitivity to 3D variations. Figure 5
indicates deviations from axisymmetric values of up to 20% on the low field side of the
plasma. These variations are greatest approximately half way up the inner wall. It
should be noted that a large current density is present near the top of the equilibrium in
Figure 3. This current density has a helical feature in the non-axisymmetric equilibria,
which accounts for the change in flux loop signals. Variations on the lower half of
the device were also large at around 10%. The high-field side of the device indicated
only small changes in the plasma response. The magnetic probes indicate a torodial
and poloidal sensitivity to the various field components. The radial and vertical field
saw up to 20 G deviations in field strength when compared to axisymmetry. These
signals are small compared to the axisymmetric field ~ 1%. The toroidal field saw
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Figure 4. Radial displacement in ITER due to applied n = 3 resonant field. The
regions around the low-field side (§ = 0 and 6 = 27) indicate the largest displacement
(~ 8 cm peak-to-peak) relative to axisymmetry while the high-field side (6 = )
indicates a small rigid shift with minimal poloidal or toroidal variation in this region.

a similar plasma response but when compared to the axisymmetric signal showed a
greater overall sensitivity (~ 50% variations in field strength). An array of B-Field
probes on the outboard mid-plane should be able to distinguish modes through toroidal
field measurements.

Forward modeling of the LIDAR diagnostic signals suggests that various non-
axisymmetric boundary effects could be distinguished. The LIDAR scattering system
detects ~ 2 ¢m of motion in the plasma edge due to 3D effects. This is greater than
the resolution of the desired parameters for the ITER LIDAR system suggesting that
in the real device such an effect can be measured. The high field side also experiences
small deviations but those may well be below the experimental noise in the signal.
This suggests that during RMP experiments in ITER, 2D equilibrium fitting should
neglect the outboard LIDAR data points in order to provide a more consistent fit.
Additionally, diagnosis of the 3D structure of the plasma could benefit from enhanced
spatial resolution on the low-field side. It should be noted that full 3D equilibrium
reconstruction is a relatively slow process compared to the real time 2D equilibrium
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Figure 5. Poloidal flux loop response to applied resonant mangetic perturbation
(n = 3). ITER first wall and simulated flux loops are depicted (left). Index number for
select loops are shown. Flux loop response (top right) and difference from axisymmetry
are plotted (bottom right). The loops on the upper outboard midplane show the
greatest sensitivity this boundary perturbation. Shaded regions indicate the divertor
region where it may be difficult to place probes.
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Figure 6. Simulated ITER LIDAR scattering diagnostic response. Comparrison
between the axisymmetric (n = 0) and non-axisymmetric (n = 3) equilibria indicate
that the sensitivity to variations in the plasma edge is greatest on the low field side of
the plasma.
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control available in modern Tokamaks.

The modeled response of the charge exchange system suggests little sensitivity
to deviations from axisymmetry. This is attributed to poor resolution at the edge
for the modeled system. In general, beam-line measurements result in an increased
radial resolution toward the magnetic axis and decreased resolution toward the plasma
edge. Enhanced edge resolution should produce a similar sensitivity as was indicated
by forward modeling of the LIDAR system.

The parameter space Jacobian calculated by STELLOPT provides information
regarding the variation of diagnostic signals with respect to various parameters. In
general, there is a strong sensitivity in nearly all signals to variations in the pressure
profile. This is attributed to strong pressure driven currents at finite beta (~ 2%) in an
H-mode plasma. Variations in the current profile were on the order of those attributed
to variations in the plasma boundary (external currents). It is likely that only a few
moments of a generalized current profile will be discernible in the real experiment. This
highlights the need of reconstruction to de-convolve the various magnetic signals at
various toroidal locations.

4. Discussion

The ability to reconstruct 3D equilibria from diagnostic measurements can now regularly
be done for both fully 3D systems (stellarators) and those with a high degree of
axisymmetry (Tokamaks). Forward modeling of the 3D diagnostic response in ITER has
been preformed with the STELLOPT code for the first time. The diagnostic response of
simulated flux loops, magnetic field probes, LIDAR, and charge exchange recombination
spectroscopy have been investiaged both in axisymmetry and for an applied RMP
(n = 3) in ITER. The applications of RMP’s result in an 8 cm peak-to-peak variation in
the plasma boundary. Flux loops suggest the greatest sensitivity to non-axisymmetric
fields will be found on the low field side of the plasma above the midplane. This is
attributed to a large edge parallel current in this region becoming distorted in the
VMEC equilibrium. Magnetic probe data suggests a similar behavior for identification
of toroidal equilibrium mode structure. Simulation of LIDAR data suggests a sensitivity
to boundary perturbations on the low-field side of the plasma as well. The simulated
charge-exchange data did not possess enough radial resolution toward the plasma edge to
discriminate the effect of applying an RMP. This could be easily alleviated by dedicating
a second camera system to look in higher resolution toward the plasma edge. The MSE
system was neglected in these calculations as difficulties separating viewing geometry
issues from 3D effects complicate such an analysis. Such work is left to the future when
diagnostic geometries have been more accurately defined.

One interesting feature to note is the low sensitivity to RMP application on the
high field side suggested by the VMEC equilibria. The motion of the high-field plasma
boundary could be considered a small rigid shift in the plasma. It is possible that
as RMP fields are rotated in ITER the plasma control system (PCS) could interpret
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such shifts as a growing n=0 mode. This would suggest that when fitting axisymmetric
equilibria to diagnostic measurements, emphasis should be placed on fitting the high-
field plasma measurements. The average of two loops, one on high field side and one
on the low field side, at different toroidal sectors may also help stabilize the 2D plasma
control system to 3D perturbations. Whenever possible, the full 3D plasma response
should be calculated when fitting equilibria to experimental measurements for data
analysis. This will guarantee model consistency with respect to geometry even if a
given equilibrium model lacks other effects (flow, shielding, etc).
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