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Abstract

A local flux expansion method has been proposed for estimating the
strike point position for the advanced divertor configuration on MAST
Upgrade tokamak. The paper discusses the application and assesses the
performance of the technique on a long-legged divertor plasma configu-
ration on an operating device - the DIII-D tokamak. A comparison of
the spatial location of the outer strike point estimated with the flux ex-
pansion method against the plasma boundary reconstruction and divertor
diagnostics on DIII-D tokamak is reported. A good agreement with the
equilibrium reconstruction and diagnostic data is achieved with respect to
estimation of the spatial location of the outer strike point for the long-
legged divertor plasma discharge.

Keywords— plasma control, flux expansion, strike point, divertor, re-
construction, real-time

1 Introduction

MAST Upgrade (MAST-U) tokamak [I] will explore extended- and expanded-
leg divertor geometries, including the Super-X plasma configuration [2] (shown
in figure (1)), while allowing higher-performance core-plasma operations without
excessive erosion and/or damage of the divertor target. Accurate real-time (RT)
determination of the novel divertor magnetic field configuration, including spatial
location of the divertor leg extension, will be required as an input to some pro-
posed control systems. For example, a detachment control system using Lang-
muir probes|3] would need to know which probe(s) to read depending on the
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strike point position at any given time. Several approaches have been considered
already for real-time equilibrium reconstruction [4, 5, [6]. They consists in iden-
tifying, from experimental measurements, a distribution of the plasma current
density that satisfies the pressure balance constraint and provide an accurate
determination of the plasma shape and the divertor parameters. However, their
application to exotic divertor configuration, especially long-legged divertors, for
strike point estimation in MAST-U may be inaccurate. The inaccuracy can be
hypothesized due to the fact that the equilibrium solvers are accurate in the
plasma vicinity and are prone to errors far from the plasma. In addition, the
MAST-U hosts passive stabilization plates [7] for vertical stability between the
confined plasma and the super-X strike point, which may result in additional
error in the spatial location of the divertor leg as estimated from established
equilibrium reconstruction methods. A local higher order expansion of poloidal
flux calculations constrained by the vacccum field equation, fitted to the local
field and flux measurements is found to provide an accurate RT estimation of
the plasma parameters in the vicinity of the measurements for JET and EAST
tokamak [8, 9]. Thus, the local poloidal expansion method is a strong candidate
for providing fast and reliable estimation of outer strike point for the advanced
divertor configuration on the MAST-U tokamak.

This paper describes the implementation and benchmarking of the local
poloidal flux expansion method developed for MAST-U on an operating device —
the DIII-D tokamak. Section [2 introduces the fundamental concepts of the local
poloidal flux expansion method. The implementation of the method on a long-
legged DIII-D divertor plasma discharge type and the comparison with the offline
and RT plasma boundary reconstruction and divertor diagnostics is discussed in
Section [3] A brief overview of the method, implementation and results, as well
as an outlook for the physics applications of the local poloidal flux expansion
method to advanced divertor plasma configurations is provided in Section [4]

To avoid confusion with the term “flux expansion”, commonly used to mean
the change in spacing between flux surfaces at the divertor relative to the spac-
ing at the plasma’s midplane, we will refer to the local poloidal flux expansion
method as “flux projection” for the rest of the paper.

2 The local poloidal flux expansion method

The local poloidal flux expansion method, or “flux projection” to avoid confusion,
utilizes 6" order expansions of the poloidal flux function, constrained by the
vacuum field equations. The local field and flux measurements are then fitted to
provide an accurate determination of the plasma shape and divertor parameters
in the vicinity of the measurements. The formulation of the expansion is given
as follows [8]:
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Figure 1: An example super-X divertor configuration in MAST-U. The mag-
netic probes are shown as blue crosses and flux loops are the circles. Coils are
as labelled, vessel structure is grey. A hypothetical best estimate for the true
separatrix position is given by the red curve, compared to a hypothetical result
from flux projection in blue, with some error between them.
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where, p = R? — R2, 2 = Z* — Z3 and (Ry, Zp) is the center point of expan-
sion. The coefficients of expansion, a;; are determined by imposing the vacuum
magentic field equation and by fitting to the local flux and magnetic field

measurements.

1
A" = 0; A" = 8RR + 8ZZ - EGR (2)

The 6th-order expansion leads to 13 independent coefficients to be deter-
mined. The poloidal flux and magnetic field can be written in terms of these
coefficients as follows:

(3)

where, 1. and B, are the estimated values of the flux and field at R;, Z;. The
coefficients, C; are obtained by minimizing equation:

=t Y W) -Gy Y (BB @)

Flux Loops Magnetic probes

where, v, and B,, are the measured values of the flux and field at R;, Z;.
The Equation can further be simplified in the following form:

1 TTL
2 _
X 5 Z Z d]zcz (5)
=1
where, m; = ¢, B,,, are the measurements, d;; = ¥;(p;, z;), Bi(p;, 2;) and
N,,, is the number of measurements. The minimization can be summarized as:

DC =M (6)
where, Dy, = Z;V:ml dj;djr and M;, = Zj\f:ml djxm;, respectively. In the pres-
ence of active coils inside the vacuum region, the flux projection method requires
measurements from which the contribution of the coils have been removed. These
contributions are then added back to the flux reconstruction later. Complete de-
tails about the method can be found in [8] [9].
For the work presented in the paper, the flux projection method is applied
for the determination of the poloidal fluxes on the DIII-D divertor contour using
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the nearby magnetic sensors. The spatial location of the strike point is then
estimated by selecting the location on the divertor contour corresponding to the
poloidal flux closest to the X-point poloidal flux. However, at first an accurate
estimation of outer strike point is performed using the offline equilibrium recon-
struction and Langmuir Probe (LP) diagnostic data. The estimation from the
flux projection method and real-time equilibrium reconstruction is then com-
pared against the accurate estimation of the strike point derived from the offline
equilibrium reconstruction and LP data analysis.

3 Implementation and comparison with equilib-
rium reconstruction code on DIII-D

The main operational parameters of the DIII-D tokamak are the following: typ-
ical major radius 1.69 m, typical minor radius 0.60 m, vacuum toroidal field up
to 2.2 T, plasma current up to 2 MA, elongation up to 2.0 [I0]. DIII-D also
hosts a flexible poloidal-field coil system that allows tests with long-legged diver-
tors. The magnetic diagnostic system of the DIII-D tokamak includes approxi-
mately 250 inductive sensors of various types: axisymmetric poloidal flux loops,
diamagnetic-flux loops, magnetic probes and saddle loops for the measurement
of local magnetic field, and Rogowski loops [I1]. The extensive set of magnetic
sensors, extreme shaping versatility and the presence of the Grad-Shafranov equi-
librium reconstruction code, EFIT [12] and its RT version, EFITRT [4] sets a
strong foundation for benchmarking the local poloidal flux expansion algorithm
for strike point location estimation developed for MAST-U on DIII-D tokamak.

The performance of the flux projection method is checked on a DIII-D long-
legged divertor plasma discharge, # 147740 (Figure [[(a)), involving a variation
in radial placement of the outer divertor strike point, Rosp, ranging from 1.20 m
to 1.61 m (Figure[2[(b)). The location of the flux loops and magnetic probes used
by the flux projection method are shown in Figure [2(a). The evolution of the
Rosp and ¢y from EFIT01 and EFITRT1 is shown in Figure [2(b,c). EFIT01
and EFITRT1 refers to the standard version with default parameter settings
of EFIT and EFITRT, respectively. Differences in various plasma parameters
between EFIT0O1 and EFITRT1 are expected and the reasons are discussed in
[4].

The position of the strike point can be verified using profiles from Langmuir
probe measurements (locations are shown in Figure [(d)). These profiles are
easiest to form during strike point sweeps, where the motion of the strike point
(Figure [2(b)) fills in the profile. Referring to the floor and shelf regions marked
in Figure [2, Langmuir probe arrays cover the ranges 1.207 < R < 1.352 m on
the floor and 1.500 < R < 1.696 m on the shelf. Assuming that the standard,
automatically generated EFITO1 results gives the strike point position to within
a few cm and allowing for some padding, shot 147740 takes the strike point past
both arrays and the relevant time ranges for obtaining good probe measurements



during sweeping are 2.5 < t < 3.1 and 4.2 <t < 5 s. These time-ranges can be
subdivided into smaller intervals, each long enough for the strike point to move
from one probe to the next, to test for different systematic errors in EFITO01’s
strike point position at different positions (when the strike point is near different
magnetic probes).

Figure |3| shows a sample profile of probe data plotted against R — Rosp priror;
the strike point should be at 0 if EFITO01 is performing perfectly. We can estimate
the actual position of the strike point position from landmarks in the floating
potential ¢; profile and from Eich fits [I3] to heat flux and J,; profiles. The eich
fit is designed for heat flux, but the shape is empirically similar to the J,,; profile
and the arguments behind its terms seem sensible, so it serves as a basis for strike
point position estimation. The ¢ profile should have an inflection point at the
separatrix |?]. This is typically located very close to a zero-crossing, and zero-
crossings are easier to locate in noisy data. The locations of both landmarks for
each ¢ profile has been estimated by manual inspection, with uncertainty in
position based on scatter in the data (approximately the width of the band of
scattered data for zero-crossings).

Figure [4] shows the corrections from several profiles. The direct uncertainty
(red) from the estimates is increased (blue) to account for the 4 mm width
of the probe tips [14]. With this in mind, the ¢y zero-crossing and inflection
point methods provide essentially no correction, and neither does the Eich fit to
Jsat- The fits to g suggest a correction of up to 3.84:2.2 mm, but the average
correction from the slices considered is 2.54+2.0 mm. The average corrections
indicated by the ¢; zero-crossing, ¢, inflection point, and Jg, Eich fit methods
are 0.34+2.2, 0.5£0.7, and 0£0.2 mm. The ¢; methods suggest an increasing
correction with time, but the uncertainty also increases. Taken together, these
results do not confidently suggest a meaningful correction to EFITO1 for this shot
and its reported strike point position should be taken as the best estimate for
the true strike point position. This is consistent with past experience: EFIT01
typically agrees well with the Langmuir probes in the lower half of the machine
[15]. It is also typical for EFITRT1 (the primary set of standard results from
RTEFIT) and EFITO1 to disagree by ~ 1 cm [15].

The flux projection method was applied to the DIII-D plasma discharge shown
in Figure [2(a) for the determination of poloidal flux on the divertor contour,
Ygiv- Using the DIII-D geometrical description of the divertor contour, flux
loops and magnetic probes, the coefficient matrix, D is determined with the help
of Equation @ The full analytic form of the coefficient matrix can be found in
[9]. Furthermore, ¢x from EFITRT1 is used for the estimation of Rpgp in the
flux projection method. In general, Rpsp from equilibrium reconstruction and
flux projection method is obtained by selecting the spatial location where )4, is
closest to the ¢x.

Taking EFIT01 as nominal, the difference in the performance of EFITRT1
and the projection method is found by comparing the estimation of 4, and
Rosp relative to EFITO01 values is shown in Figure . Figure (a) shows a small



variation in the root mean square deviation (RMSD) of 4, between EFITRT1
vs. flux projection (both relative to EFITO01), thereby demonstrating a similar
performance with respect to the estimation of 14;,. As would be expected based
on the agreement in 14, values, EFITRT1 and flux projection agree well on

Rosp as well (Figure [f|(b,c)).

4 Summary and outlook

Tests using a DIII-D shot with a very long divertor leg indicate that flux projec-
tion can work as well as real-time equilibrium reconstruction, but no advantage
in accuracy was found in DIII-D. DIII-D lacks passive stabilizing plates between
the confined plasma and the strike point and so it cannot test the hypothesis that
these plates may degrade accuracy of the equilibrium reconstruction in the diver-
tor box in MAST-U. These plates should either give flux projection an accuracy
advantage over real-time equilibrium reconstruction or have no effect. FEither
way, flux projection is fast to calculate and already implemented (as LEMUR
[16]) in MAST-U, giving it advantages over EFITRT so far. Since flux projection
is likely to provide good the strike point position with good accuracy in real-time,
detachment control systems for MAST-U can be designed with this in mind.
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Figure 2: (a) Plasma magnetic equilibria from EFITO1 for #147740 at various
time instants. The blue squares and stars give the position of the flux loops
and magnetic probes and the solid dark green line denotes the part of the di-
vertor contour used by local poloidal flux expansion method. Time evolution
of: (b) radial position of the outer strike point, Rosp and (c) poloidal flux at
the separatrix, ¢¥x from EFITOl and EFITRT1. (d) Zoomed view of the di-
vertor region with the Langmuir probe arrays shown as red filled circles. The
empty region between the time interval 3.1 s - 3.5 s denotes the transition of the
plasma equilibrium from the floor to the divertor shelf and is not accounted in
the analysis.
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Figure 3: Profiles of LP measurements, plotted relative to EFIT01’s strike point
position, used to estimate a correction to EFITO01’s strike point position. Colors
correspond to different physical probes. The ¢ profile (a) has an X marking the
estimated zero-crossing point, and an ellipse marking the estimated inflection
point location. The J; (b) and g (c) plots are overlaid with a dash-dotted
black line and gray band representing the strike point position given by Eich’s
function [I13], with the function itself shown with gray curves. T, (d) and n. (e)
are provided for reference.
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Figure 4: Corrections to EFIT01 vs. time, using various methods: the manually
estimated zero-crossing of Langmuir probe ¢y profiles to define the true strike
point position (a), manually estimated inflection point of the ¢ profile (b), Eich
[13] fits to Jsa: (), and Eich fits to heat flux (d). The LPs have 4 mm wide tips
[14], so 2 mm error has been added in quadrature with other errors.
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Figure 5: (a) Evolution of the RMSD of 4, between EFIT01 and EFITRT1 Vs.
EFITO01 and the flux projection method. (b) Evolution of Rosp from EFITO1,
EFITRT1 and flux projection. (c) Evolution of the absolute error between
EFIT01 and EFITRT1 Vs. EFITO1 and flux projection. The empty region
between the time interval 3.1 s - 3.5 s denotes the transition of the plasma equi-
librium from the floor to the divertor shelf and is not accounted in the analysis.
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