Plasma Physics and Controlled Fusion

PAPER

Kinetic equilibrium reconstructions of plasmas in
the MAST database and preparation for
reconstruction of the first plasmas in MAST
upgrade

To cite this article: J W Berkery et al 2021 Plasma Phys. Control. Fusion 63 055014

View the article online for updates and enhancements.

You may also like

- Overview of new MAST physics in
anticipation of first results from MAST

Upgrade
J.R. Harrison, R.J. Akers, S.Y. Allan et al.

- SOLPS analysis of the MAST-U divertor
with the effect of heating power and
umping on the access to detachment in

the Super-x configuration
E Havlikov4, J Harrison, B Lipschultz et al.

- Projected global stability of high beta
MAST-U spherical tokamak plasmas
J W Berkery, G Xia, S A Sabbagh et al.

This content was downloaded from IP address 194.81.223.66 on 20/10/2021 at 15:32


https://doi.org/10.1088/1361-6587/abf230
/article/10.1088/1741-4326/ab121c
/article/10.1088/1741-4326/ab121c
/article/10.1088/1741-4326/ab121c
/article/10.1088/0741-3335/57/11/115001
/article/10.1088/0741-3335/57/11/115001
/article/10.1088/0741-3335/57/11/115001
/article/10.1088/0741-3335/57/11/115001
/article/10.1088/1361-6587/ab98e1
/article/10.1088/1361-6587/ab98e1
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsvISV8x9jptN2cU8h_6X5dsuRgwb53FzOetVf_CshneZ6sFXiEFunsArhFTbzWt0vuktbglzmRct76q7q9QNkaB5vQo7eKSzBKI_t20kT0ETlOGXVujRsToreiQdf1OsYJ1aiUA5b2yQWp1pbQvg9g19KRToW6pMSzEtMoqw8wqi2jYie136YsRfWT-Wi7FR9DHmfOQqjiHhvp_f8RF05HV-E9RwzFXl4aMjuwtU2KXsOoI0r_0-HJguSblv8yGI1m-y1uTY8E60WJ4rhYqJKiS80lsvBoAuf0&sig=Cg0ArKJSzHTk3rBkgTJ9&fbs_aeid=[gw_fbsaeid]&adurl=http://iopscience.org/books

10OP Publishing Plasma Physics and Controlled Fusion

Plasma Phys. Control. Fusion 63 (2021) 055014 (14pp) https://doi.org/10.1088/1361-6587/abf230

Kinetic equilibrium reconstructions of
plasmas in the MAST database and
preparation for reconstruction of the
first plasmas in MAST upgrade

J W Berkery!*(@, S A Sabbagh', L Kogan?, D Ryan’®, J M Bialek', Y Jiang'®,
D J Battaglia’©, S Gibson* and C Ham?

! Department of Applied Physics and Applied Mathematics, Columbia University, New York, NY 10027,
United States of America

2 Culham Centre for Fusion Energy, UKAEA, Abingdon OX14 3DB, United Kingdom

3 Princeton Plasma Physics Laboratory, Princeton, NJ 08543, United States of America

4 Centre for Advanced Instrumentation, Durham University, Durham DH1 3LE, United Kingdom

E-mail: jberkery @pppl.gov

Received 24 December 2020, revised 10 March 2021
Accepted for publication 25 March 2021
Published 13 April 2021

CrossMark

Abstract

Reconstructions of plasma equilibria using magnetic sensors were routine during operation of
the Mega Ampere Spherical Tokamak (MAST) device, but reconstructions using kinetic profiles
were not. These are necessary for stability and disruption analysis of the MAST database, as
well as for operation in the upgrade to the device, MAST-U. The three-dimensional (3D) code
VALEN is used to determine eddy currents in the 3D vessel structures for vacuum coil test
shots, which are then mapped to effective resistances in the two-dimensional vessel groupings in
the EFIT equilibrium reconstruction code to be used in conjunction with nearby loop voltage
measurements for estimated currents in the structures during reconstruction. Kinetic equilibrium
reconstructions with EFIT, using all available magnetic sensors as well as Thomson scattering
measurements of electron temperature and density, charge exchange recombination
spectroscopy measurements of ion temperature, and internal magnetic field pitch angle
measurements from a motional Stark effect (MSE) diagnostic are performed for a large database
of MAST discharges. Excellent convergence errors are obtained for the portions of the
discharges where the stored energy was not too low, and it is found that reconstructions
performed with temperature and density measurements but without MSE data usually already
match the pitch angle measurements well. A database of 275 kinetic equilibria is used to test the
ideal MHD stability calculation capability for MAST. Finally, the necessary changes to
conducting structure in VALEN, and diagnostic setup in EFIT have been completed for the
upgrade from MAST to MAST-U, enabling kinetic reconstructions to commence from the first
plasma discharges of the upgraded device.
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1. Introduction

The Mega Ampere Spherical Tokamak (MAST) experiment
was a low aspect ratio fusion plasma device that was used to
study plasmas with high stability performance at low toroidal
magnetic field [1]. Currently an upgrade to the device, called
MAST-U [2], has begun operation. Accurate reconstruction of
the plasma equilibrium state from various diagnostic meas-
urements is crucial for the operation of MAST-U, as well as
for the majority of plasma physics analyses including the sta-
bility analyses and disruption event characterization and fore-
casting (DECAF) [3, 4]. These last applications require kin-
etic equilibrium reconstructions, that is to say reconstructions
using available measurements of the plasma pressure, for high
accuracy.

Magnetic, kinetic, and rotating equilibrium reconstruc-
tion for low aspect ratio (A) ST plasmas has long been
demonstrated [5]. MAST had, and MAST-U continues to
have, world-class high resolution Thomson scattering meas-
urements of electron temperature and density as well as charge
exchange recombination spectroscopy measurements of ion
temperature required for kinetic reconstructions. Additionally,
in the present work, a pressure profile component due to ener-
getic particles is allowed when reconstructing the total pres-
sure profile. Internal magnetic field pitch angle measurements
from motional Stark effect (MSE) diagnosis are also included
for accurate determination of the safety factor, g, profile. The
equilibrium reconstructions also include fitting of field shap-
ing coil currents, and wall vessel currents (a critical component
of reconstructions in low A plasmas due to the close presence
of conducting elements in the device and the lower resistance
of components in the centre of the device).

Reconstructions using a partial set of the magnetic meas-
urements available during MAST operation, as well as a con-
straint on the last closed flux surface of the plasma through an
optical measurement of D« radiation [6], were previously per-
formed for each MAST discharge. These could then be used
for database studies (as one example, see [7]). Reconstructions
beyond magnetics—only were later performed individually for
specialized studies, but were not uniformly available for the
MAST database. For example, a limited number of kinetic
equilibrium reconstructions with partial electron and ion pres-
sure constraints and modelled fast ion pressures have been
previously performed for MAST [8], but MSE measurements
were not available at that time. Later, MSE was used to con-
strain the g profile for reconstructions otherwise using the
inboard magnetics, but not the outboard magnetics or kin-
etic profiles [9]. A Bayesian inference technique, in which
initial hypotheses of plasma parameters were made and the
probability of those parameter values given the measured data
were computed, was also pursued to compute MAST equilib-
ria [10]. Finally, all diagnostics were brought together through
a code suite called MC3, which included magnetics, MSE,
and finally total pressure, using the TRANSP particle trans-
port analysis code [11] to determine the fast ion pressure com-
ponent [12—-14]. This level of equilibrium reconstruction was
not routine, however, for MAST, and the present work presents
an approach including internal plasma and field measurements

to be used routinely for re-examination of the MAST data-
base of discharges, as well as for operation of MAST-U. Addi-
tionally, the magnetics only level of reconstruction is recom-
puted here by using all available magnetics for comparison
to reconstructions with internal plasma measurements. We
find that that single D, light constraint that was previously
used as a boundary constraint is not needed in the present
approach.

In section 2 the general concept of tokamak plasma equilib-
rium reconstruction is briefly reviewed, along with the specific
equations solved here with various levels of diagnostic inclu-
sion. Modelling of the conducting structure surrounding the
plasma in the MAST device is discussed in section 3, with con-
sideration of how this modelling leads to estimated induced
currents in portions of the vessel which are then used in the
reconstructions. The resulting reconstructions using magnet-
ics only, kinetic, or kinetic plus MSE for MAST are compared
in section 4 and used as a database for stability calculations in
section 5. Finally, preparations for reconstruction of the first
plasmas from MAST-U are outlined in section 6 and conclu-
sions of the study are drawn.

2. Equilibrium reconstruction

A fusion plasma in a tokamak is said to be in equilibrium
when a steady—state force balance in the radial and vertical
directions is in effect. The state of this equilibrium for a given
discharge at a given time can be reconstructed from various
measurements and this provides integrated plasma character-
istics such as stored energy, or profile information such as
safety factor. The EFIT code is an equilibrium reconstruc-
tion code for tokamak plasmas [15—17]. While one particular
implementation of the EFIT code with a C++ data flow layer
which also incorporates a model of the induced currents [ 18] as
a pre-processing step, called EFIT+4+ [19, 20], has been used
for MAST reconstructions in the past, another implementa-
tion, previously used for the NSTX [5] and KSTAR devices,
is now being used for MAST reconstructions in the present
work. Both of these codes will be used for MAST-U opera-
tion, as will be discussed in section 6.

The equilibrium of a tokamak plasma satisfies a balance of
current and pressure forces, Vp = j x B. In 2D axisymmetry,
this results in the Grad—Shafranov equation,

\Y
e () -

where the toroidal plasma current is defined by,
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with p the total plasma pressure and f = RB,. Reconstruc-
tion of the plasma equilibrium requires the specification of two
functions and a boundary specification, which experimentally
is self-consistently determined by the combination of current
in the plasma and a set of external magnetic coils. Normally

one selects Op /0 and fOf/ 0.
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The function f9f/0v is a function of ¥y only, where 1y
is the poloidal flux normalized so that it spans 0:1 from axis

to edge. We use a polynomial basis set of order n¢ to specify
ne

f(% =" .Yy, and at this point constraints are placed on the
0

equation to avoid large degeneracies in the solution due to the
profiles having too much freedom given a certain set of input
measurements. Previous work [5] has shown that a constraint
needs to be set for the f9f/0v function at the plasma edge.
Setting a Dirichlet boundary condition fOf/ 9 = 0 is possible,
but it is too restrictive in that it suggests no current at the edge
from this function. A constraint that has been shown in past
work [5] to be superior is the Neumann boundary condition,

o (.9 _
{aw (fawﬂw,,l‘o'

This works well in that it is a free-end boundary condition
allowing the poloidal currents to be finite at the edge, yet
it constrains the profile sufficiently to largely avoid solu-

tion degeneracy. This can be achieved by stipulating that the
ny

~ parameters should abide by the constraint Cp > ny, =0,
1

where Cj is an arbitrary constant. This same constraint on
fOf/ 0 is used in all levels of reconstruction.

Data constraints are applied in the EFIT code by adding
additional equations along with diagnostic measurements in
the form, D(t) = R x U(t). Here D represents the diagnostic
measurements, R the response matrix including currents in the
plasma and vessel, and the Green’s function for the poloidal
field coil currents, and U contains the free parameters. This
system is solved by least squares regression, minimizing the
X2 between the measured quantities, M, and those calculated
by R x U, C. Specifically, x2 = 3 (M; — C;)* /o2, where o;
is the uncertainty of each data measurement. The constraints
then, despite their name, are therefore not strictly enforced.
A weighting between the importance of the diagnostic ele-
ments is determined by the error associated with each element.
The constraints related to the profile forms mentioned here
are given relatively low weighting so that the influence of the
measurements dominate the x> minimization.

The second function, the pressure gradient Op /91, is also

p
treated as a polynomial of order ny: % =" oYy, and simil-
0

arly, a constraint is placed on this equation. We set the pressure
gradient at the axis equal to zero, so that o = 0.

The two functions are treated with varying polynomial
orders n; and np, as well as one additional constraint at the
kinetic reconstruction level, leaving different numbers of free
parameters, depending on the measurements used as inputs.
Selection of the polynomial orders is a trade-off between a lar-
ger value allowing more detail in the profiles but also introdu-
cing more unknowns to the reconstruction and unacceptable
levels of solution degeneracy. Increased degeneracy leads to
more difficulty in the solution algorithm convergence, yield-
ing increased convergence error. Each level of analysis will
now be described in greater detail.

2.1 Magnetics only reconstruction

Magnetic diagnostics [21] are used in all levels of equilib-
rium reconstruction. At its most basic level, an equilibrium
reconstruction can be successful using magnetics data only,
without any internal plasma profile measurements. The MAST
device was fully equipped with magnetic diagnostics, includ-
ing Rogowski coils, pickup coils, and flux loops used for this
purpose [22].

In the magnetics only case, because no pressure measure-
ments are available, we treat the total plasma pressure gradient
as a polynomial flux function with the relatively low order of
n, = 2. Additionally, because we have specified a pressure
gradient of zero at the axis, we can reduce the expression to
Op/OY =~ ayn + aptpd, and for the magnetics only recon-
struction we will also specify a pressure gradient of zero at the
edge. Note that to allow finite toroidal current at the plasma
edge, which is found to be required to reconstruct plasmas dur-
ing periods of strong edge currents [5], the f0f/9v function is
allowed to be finite at the plasma edge. Finally, a weak con-
straint is set to guide the reconstruction to have zero plasma
pressure at the plasma boundary, but again this condition is
not strictly set. We then fit 9p/9% to,

and the resulting pressure profile conforms to

P = po (1 - 3wnz + 2¢n3> ,

where py is the pressure on axis, providing a cubic shape which
arguably allows reasonable inflection in the pressure profile
without forcing solutions to large edge pressure gradients, if
not warranted by the measurements.

To have the greatest reconstruction fidelity to the equilib-
rium profiles expected, it is desirable to allow the greatest
amount of profile freedom for a given measured data set. The
present model allows the pressure profile to be third order in
1), allowing profiles that can have small gradients on axis and
at the boundary. The constraints on pressure listed above then
yield a pressure profile shape with one free parameter, py. For
the poloidal current function the order for f0f/0v of ny = 4
is used, without additional constraints, besides the derivative
of fOf/01 equal to zero at the edge listed above. This yields
a total of four free parameters for the equilibrium functions.
While standard aspect ratio plasmas allow two free paramet-
ers, and plasma shaping breaks solution degeneracy to allow
three free parameters [15], in external magnetics only recon-
structions, it has been found that four free parameters can be
allowed in the equilibrium profile models for low aspect ratio
plasmas [5].

The higher order polynomials used for STs have the advant-
age of flexibility in reconstructing greater profile detail, but the
potential weakness is to allow too much freedom to the pro-
files, which could make it difficult to get a converged solu-
tion. The constraints help to reduce that freedom by guid-
ing the reconstruction to physically reasonable, converged
solutions that do not stray into exotic or unphysical profile
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shapes. The constraints that were used in this work (and for
NSTX), with their relatively low weights, were found to be
effective for ST reconstructions. It should be noted that due to
the relatively low weight given to these extra constraints, they
are not strictly met in the reconstruction, as that is not their

purpose.

2.2. Partial kinetic reconstruction

In addition to magnetics data, the next level of reconstruction
uses the Thomson scattering profiles of electron density and
temperature [23, 24], and the charge exchange recombination
spectroscopy profile of ion temperature [25] to constrain the
pressure profile [16]. This reconstruction is called ‘partial kin-
etic’ because the ion density and the fast particle pressure are
not directly measured. In this case, the ion density is assumed
to be equal to the electron density times a constant less than
one—here we found 0.7 to give good results—to account for
the presence of impurity ions. The ion pressure is given an
associated error bar in the fitting procedure because of the
uncertainty due to this assumption. A trustworthy measure-
ment of the plasma effective charge state, Z.¢ [26], would be
useful to give a better estimate of ion density. The fast particle
pressure, which can also constitute a significant portion of
the total pressure, is here taken to be equal to the electron
pressure, and assigned a very large error (~100%) to allow
sufficient freedom in the total pressure profile fitting to the
data. Reconstruction with this partial level of kinetic meas-
urement input, however, is commonly referred to simply as
kinetic reconstruction. One reason is because the fast particle
pressure is never directly measured, so when included, it is at
best modelled.

As mentioned, assumed ‘measured’ profiles of ion and fast
particle pressures are used, with large error bars to allow flex-
ibility in the total pressure profile. It would also be possible
to couple the reconstruction to a transport code [27], or to
use the original equilibrium as an input to a transport calcu-
lation which provides a calculated py profile. Then this profile
could be used as a ‘measured’ input (again with large error bars
because it is not a truly measured quantity) in the equilibrium
reconstruction, and the process could be iterated until reason-
able convergence is obtained. Alternatively, a neural network
emulation of the results of TRANSP calculations could also be
used to approximate the fast ion pressure again based on mod-
elling [28]. These steps have not yet been taken in the present
analysis.

Because the pressure profile is being constrained by more
measurements in kinetic reconstructions, it is possible to give
more freedom to the fit for 9p /0. For all kinetic reconstruc-
tions, we have used a polynomial order of five and the zero
gradient constraint at the axis (but not at the edge, like in the
magnetics only case). Finally, we also used ny = 5 for fOf/ 01,
but in addition to the previously described Neumann con-
straint, we now also specify that the value of fOf/ 01 is zero on
axis as well, which is achieved by setting o =~ 0. These are the
same settings used for kinetic reconstructions in NSTX [29].
The weights on these constraints are relatively weak compared
to the weighting of the match to the data (set by the data error

bars alone), and in the cases shown here the solution does not
strictly obey them, allowing a finite toroidal current at the axis,
as will be shown.

2.3. Partial kinetic reconstruction with MSE

Besides the density and temperature measurement inputs, at
this stage of reconstruction, magnetic field pitch angle data,
measured by the MSE diagnostic, can also be used. The MSE
diagnostic for MAST [30, 31] is used to find the polariza-
tion angle of light emitted from neutral beam particles in the
local magnetic field of the plasma. The polarization angle is
self-consistently converted to the magnetic pitch angle using
the magnetic field components during the iterative steps of
our equilibrium reconstruction. Naturally, the magnetic pitch
angle measurement, the only magnetic measurement internal
to the plasma, serves as a strong constraint on the g profile in
the plasma, g being a measure of the ratio of magnetic field
components. Adding MSE provides a better constraint to the
equilibrium reconstruction, but no changes to the order or con-
straints for dp/9y or fOf/ O are made at this step.

MSE-constrained equilibria are important especially for
magnetohydrodynamic (MHD) stability studies, in which case
knowledge of the g profile, and especially its value at the
magnetic axis, qo, is critical. An example from MAST is the
study of the so-called long-lived mode, which evolves as gg
approaches, but stays above, one [9].

Finally, reconstructions including plasma rotation are also
possible [17, 29, 32-34], but have not been performed for
MAST or MAST-U plasmas in this work. The effect can espe-
cially significant in the spherical torus due to the low aspect
ratio of the plasma as shown in NSTX reconstructions that
include toroidal rotation [29]. For MAST, it has been spec-
ulated that disagreement between the inboard and outboard
temperature and density profiles could be indicating a rota-
tional shift of the flux surfaces [8]. Indeed, the importance of
flow in radial force balance was previously demonstrated for
a single MAST discharge/time point [32]. The measurement
capabilities do make this level of analysis possible, and the
generally high levels of toroidal rotation in STs with neutral
beam injection (NBI) providing torque [35] justifies such ana-
lysis for future work.

3. Modelling of the MAST conducting structure
supporting equilibrium analysis

For equilibrium analyses of spherical tori it is important to
include currents in the conducting structure of the tokamak
modelled, as their influence will dominate the toroidal current
during plasma current ramp-up, and will comprise a significant
component of the plasma current well into the /,, flat-top period
of the discharge [5]. To obtain the best set of effective res-
istances of the wall segments for equilibrium reconstruction,
we have created a three-dimensional (3D) non-axisymmetric
model of the wall, including the centre column, the coil cases,
and the vacuum vessel with ports, using the VALEN code
[36]. The VALEN code approximates the conducting structure
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Figure 1. (a) Total induced toroidal current and (b) poloidal current in the MAST conducting structure with (blue) and without (red) plasma
current for discharge 23822, as calculated by VALEN. Note the different time and current scales for each plot.

surrounding the plasma by splitting a thin-shell into finite ele-
ments which are each mutually coupled to all other elements
in the model. Then, when some currents in the system are spe-
cified, currents that are induced in the conducting structure can
be identified.

As a first test of this capability for MAST, time-domain cal-
culations were performed using experimental currents in coils
with and without plasma current for MAST discharge 23822.
As an approximation, the plasma current was uniformly dis-
tributed in a circular cross section at the experimental major
and minor radius. Figure 1 shows the resulting net toroidal
and poloidal currents in the conducting structure of MAST.
As expected, the toroidal current in the conducting structure is
reduced when plasma current is present. For comparison, the
flat-top plasma current in this discharge was ~750 kA, so the
induced current is significant. The toroidal current is induced
by the changing poloidal field coil currents, especially the 422
to —17 kA swing in the P1 Ohmic solenoid in the centre case.
The much smaller (note the scale in figure 1(b)) poloidal con-
ducting structure current, which is essentially zero during the
plasma discharge time of ~0-0.4 s, is induced by the slower
toroidal field coil current ramp to and from —86 kA. Figure 2
shows the eddy current pattern in the MAST conducting struc-
ture when the plasma is present and the toroidal current domin-
ates. The size of the arrows indicates the strength of the current
in each segment of the structure. One can see the pattern of the
current is mostly toroidal, with some current flowing around
vacuum ports.

Measurements of the currents in some plasma facing wall
components, namely the coil cases, were available during
MAST operation. These were measured by the difference
between Rogowski coil measurements of the current through
the coils plus cases, and the coils alone, measured at the leads.
There is considerable noise in the measured signal due to it
actually being the difference between two large signals. An
example of a comparison between these measured currents and
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Figure 2. View of the eddy current pattern in the MAST conducting
structure during plasma discharge 23822.

the current isolated to that particular coil case in the VALEN
model is shown in figure 3.

The close match of the coil case current comparison gives
confidence in the VALEN model. That model is now used to
approximate the current in other, unmeasured, vessel segments
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Figure 3. Comparison between measured (black) and VALEN
modelled (red) induced currents in the lower P4 coil case during
MAST poloidal field coil test discharge 23588.

for the equilibrium reconstruction. A similar, though strictly
2D, procedure was previously used for MAST reconstruc-
tions [18]. First, we have divided the MAST conducting struc-
ture into 14 axisymmetric toroidal segment groupings, plus
an upper and lower divertor plate near poloidal field coils P2.
Additionally, the P6 coil cases are treated as vessel segments
with unknown current levels, as their currents were not meas-
ured. This total of 18 vessel segments without experimentally
measured current is shown in figure 4(a) (the flux surfaces
from an equilibrium reconstruction are also included—these
will be discussed in section 4, and the MAST-U diagram
in figure 4(b) will be discussed in section 5). Only stain-
less steel and Inconel components are shown, carbon tiles
are not. There is a trade-off between having too few or too
many modelled vessel segments. Too few will mean that the
reconstruction cannot sufficiently capture the poloidal distri-
bution of current in the vessel to accurately match the magnet-
ics, while too many gives the equilibrium reconstruction too
much freedom to distribute the current, resulting in degenerate
solutions.

By grouping the VALEN elements into the same seg-
ments, the total induced current flowing in each of those seg-
ments can be determined. While, theoretically, one could run
VALEN iteratively as a part of the reconstruction of each dis-
charge, using the modelled currents in the vessel segments
from VALEN directly, it is much more practical to use VALEN
modelling to calibrate a measured signal to use as an estimated
current. Each of the segments, then, is paired with a nearby
measurement of loop voltage which, when coupled with an
effective resistance of the segment grouping as a whole, will
provide an estimate of the total current in that segment [5].
The current in each segment is distributed evenly throughout
its cross-sectional area in the reconstruction. The resistances

of the vessel segments can also be modelled by considering
the cross sectional area, circumferential length, and material
resistivity of the segments and considering each piece of the
segment to be in a parallel circuit. For a simple geometry seg-
ment, such as VS1U (the red centre stack casing section in
figure 4), with a loop voltage measurement at the same location
(right on the centre stack), this method compares well to the
VALEN effective resistance determination: 1.90 x 10~ vs.
1.86 x 10~* Ohms. However, for a more complex geometry,
such as the three distinct parts of VS3U (green in the upper
left of figure 4), and when the nearest available loop voltage
measurement is farther away (at the bottom left corner of
the P2 coil case in this case), there can be a sizable differ-
ence between the geometric modelled and VALEN determined
effective resistances: 2.30 x 1073 vs. 4.17 x 10~° Ohms, in
this case, proving the necessity of the further calibration step
using VALEN.

VALEN is used to compare predicted currents in the ves-
sel segments for a few discharges to those derived from
the loop voltage measurements, thereby verifying/calibrat-
ing the effective resistances to use for further equilibrium
reconstructions. An example comparison is shown in figure 5
for poloidal field coil test discharge 23588 (no plasma) of
the current in vessel segment 7U, above the outboard mid-
plane (the upper half of the orange segment in figure 4(a)).
Plotted are the VALEN modelled current and the signal
from loop voltage monitor PSU4 divided by the determ-
ined effective resistance of the segment, determined through
this process to be 1.875 x 1073 Ohms. Good agreement is
found.

4. Comparison of various levels of equilibrium
reconstruction for MAST

Once the sources of current are included as described in the
previous section, from both applied current in coils and estim-
ated induced current in vessel structures, various levels of dia-
gnostic data can be input, as described in section 2. A solution
to fit the diagnostic data is iterated until a low convergence
error is obtained. In this section, we show some examples of
various quantities for MAST plasmas with the different levels
of equilibrium reconstruction. For the magnetics-only level,
the available diagnostics were up to 16 raw loop voltage sig-
nals, 10 hardware-integrated flux loops on the centre column
and 36 spaced around the vessel poloidally, 40 centre column
pickup coils measuring vertical field, and 19 pickup coils on
the outboard side measuring vertical field and 19 measuring
radial field. In practice, by the later stages of MAST oper-
ation, a number of those probes were not operational, but a
large number remained to provide a good magnetic reconstruc-
tion. In the kinetic reconstruction, 130 channels of Thomson
scattering measurements of the electron temperature and dens-
ity, as well as 64 channels of charge exchange recombination
spectroscopy are added, as described in section 2.2. Finally, at
the kinetic plus MSE level up to 35 channels of polarization
angle from the MSE diagnostic are included, as described in
section 2.3.
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Figure 4. Diagrams of (a) MAST, and (b) MAST-U poloidal field coils (grey), their cases (black), and all toroidally continuous conducting
vessel structures (colours), as well as the flux surfaces of an example plasma equilibrium reconstruction for MAST in (a). There are a total
of 18 vessel segments in the MAST model, including the P6 cases and the divertor plates near P2. There are 20 for MAST-U including the
colosseum structure outside of D1-3, the gas baffle outside of DP6-7, and the passive stabilization plates between DP and P6. Colours are
reused for upper and lower segments to show symmetry, but these segments are considered separately, including two inner wall segments in
red and two outer wall segments in orange, each split at the midplane into upper and lower parts.

Figure 6 shows a comparison of the reconstructed pressure
and magnetic pitch angle profiles at the midplane from the
three levels of reconstruction for an example case of MAST
discharge 23890 at 0.269 s. This is the same discharge and time
for which the flux surfaces were shown in figure 4(a) (from the
kinetic plus MSE level). One can see differences in the profiles
between the three levels of analysis. The change in pressure
profile shape allowed by the higher level of polynomial order
for the kinetic fits is clear. Note that in this particular case the
kinetic (blue) and kinetic plus MSE (red) are so similar they
nearly identically overlay in the figure.

Note that the ‘measured’ pressure profile in figure 6 is
only partially measured, and partially modelled, as described
in section 2.2. It is also worth noting that while the Thom-
son scattering measurement of electron pressure spans the full
midplane cross section of the plasma (in great detail, with
130 points), the charge exchange recombination spectroscopy
measurement of the ion temperature spans from 0.78 m out-
ward. The modelled data points for total pressure, shown in
figure 6 with large error bars, therefore have two sections,
one where n; and pr need to be assumed and another where
additionally, T; is assumed (equal to T.). These regions are

not distinctly noticeable in figure 6, however, partly due to the
large error bars.

We also note that the measured pressure profile (grey) was
not available to the magnetics only reconstruction in green
on the top panel of figure 6. Similarly, the MSE measured
magnetic pitch angle data (grey) was not available to either
the magnetic (green) or kinetic (blue) reconstructions in the
bottom panel. In spite of that, those levels of reconstruction
actually do quite well compared to the MSE data already,
before it is even included. The kinetic with MSE level of
reconstruction actually does not greatly refine the kinetic pro-
file in this case, because the kinetic reconstruction of pitch
angle already fell within the error bars of the MSE measure-
ment. This can be seen as well in the g profile for each level
of reconstruction, shown in figure 7, vs. normalized ¥. The
q profiles are all similar, but the kinetic cases differ slightly
in the core where they have available measurements to con-
strain the fit but the magnetics-only case does not. The two
kinetic levels of reconstruction are almost identical through-
out the discharge, as can be seen in figure 8, which shows the
stored energy vs. time. It should be noted that the g profile is
monotonic in this case. It will also be useful to perform this
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Figure 5. Comparison between measured loop voltage divided by
effective resistance (black) and VALEN modelled (red) induced
currents in the vessel segment 7U (above the outer midplane) during
MAST poloidal field coil test discharge 23588.

analysis on equilibria with reversed shear g profiles, where
including the MSE data is expected to have an increased
impact upon the reconstructed ¢ profile (for example in
figure 3 of [30]).

Noticeable differences between the magnetic and kinetic
reconstructions, as seen by the difference in stored energy,
occur both during the early phase of the plasma (~0.1 s) and
the current flattop. In the early phase the kinetic profiles have
relatively small values and the kinetic reconstruction does not
perform as well. During the current flattop, inclusion of kinetic
profiles helps refine the reconstruction, showing a somewhat
lower value of stored energy than the magnetics-only case.

One method of determining how good the reconstruction
is, is to examine the convergence error of solving the Grad-

m

Shafranov equation for the poloidal flux, Max wn””“l — ",

where m is the iteration step. The convergence error metric
shows how well the equilibrium solution is converging to one
solution, as opposed to alternating between multiple solutions
possible within the given constraints, for example. These are
shown for MAST discharge 23890 vs. time in figure 8, includ-
ing markers at time 0.269 s, when the profiles from figures 6
to 7 were taken from. Based on needs for subsequent MHD
stability analysis, the required convergence error should be at
least 1 x 10~*, which we see is well satisfied for most of the
equilibria computed outside of the plasma current ramp-up and
discharge formation in the vessel. The levels below 1076 dur-
ing the high stored energy part of the discharge are excellent.
Additionally, the kinetic reconstructions are seen to perform
better than the magnetics only during this portion of the dis-
charge. As expected at certain times, adding MSE will increase
the convergence error in cases where the full complement of
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Figure 6. (Top) Pressure and (bottom) magnetic pitch angle (in
radians) profiles vs. radius at z = 0 for MAST discharge 23890 at
0.269 s. Three levels of equilibrium reconstruction are compared to
the measured profiles (the pressure profile being partially measured
and partially modelled).
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Figure 7. Q profile vs. normalized ¥ for MAST discharge 23890 at
0.269 s.

external magnetics, pressure and pitch angle constraints may
have certain small inconsistencies (for example the spike in the
bottom plot of figure 8 at ~0.26 s). This usually occurs due to
underestimates of the error bars for the individual diagnostic
channels. Further analysis over greater ensembles of plasmas
will reveal repeated small inconsistencies, and is a robust pro-
cedure for finding that somewhat larger error bars are required
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Figure 8. (Top) Stored energy, and (bottom) convergence error vs.
time for three levels of equilibrium reconstruction for MAST
discharge 23890.

for certain channels (e.g. due to drifts in magnetic signals, stray
light in MSE channels, etc...).

Secondly, the ¥ function is the key figure of merit show-
ing the goodness of fit for an equilibrium reconstruction.
Based on the definition of X2 , we should expect that if all of
the errors considered for each data point represented accur-
ate Gaussian statistics for each measurement, the reconstruc-
tion should have an expected value of XZ/NM = 1, where
Ny is the number of measurements used in the reconstruc-
tion. For the MAST discharge 23890 shown in figure 8, after
about 0.15 s we find that the magnetics only reconstruction
has a steady value of about x>/Ny =~ 3 when using all 136
magnetic signals. However it was noticed that five of these
magnetic probe signals disagree with the reconstructed val-
ues somewhat outside of the error bars, and they account for a
significant component of the x? value, indicating a discrep-
ancy between the magnetics, or an inconsistency with the
model. This is a standard result that often leads to corrected
probe compensation by the diagnostician, or alteration of the
model. If this small percentage of probes is excluded from
the reconstruction process, then XZ/NM ~ 1.5. The kinetic
reconstructions, which add 130 pressure profile measurements
with large error bars, has a x?/Ny =~ 1.5 with all magnetics
included.

It is useful now to examine the solution for the toroidal
current density, J,, and its two components, R (Op/0v) and
(fOf/0v)/ (1oR). For this we again turn to the example
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Figure 9. The total, and components of —J,, for the kinetic
reconstruction of MAST 23890 at 0.269 s (the current is negative in
MAST by convention).

discharge 23890 at 0.269 s, shown for the kinetic reconstruc-
tion in figure 9. One can see the detail in the profiles allowed
by the fifth order polynomials. The equilibrium chosen for
this illustration does not have a pronounced Shafranov shift
as would be produced in a higher beta, or higher poloidal beta
plasma. Therefore, the peak in the current profile is not shifted
to a large value of R. Instead, the profile is more ordinary with
a relatively broad shape expected in a ST (lower A) [10, 29].
In this case the internal inductance /; = 0.848 and typically for
these MAST plasmas it can be even lower, down to 0.6, as will
be shown.

Finally, because the Thomson scattering measurements
span the full cross section of the plasma, they can be used to
examine if, as expected, the T, profile is a flux function due
to the high electron mobility in the plasmas. Figure 10 shows
the Thomson measurements of electron temperature mapped
onto the normalized psi of the kinetic plus MSE reconstruc-
tion. In blue are the measurements on the inboard side and in
red those on the outboard side. If the electron temperature is a
flux function, and the equilibrium is free of non-axisymmetric
effects, these two sides should align. In this case they are quite
close. It is possible to use a flux isotherm constraint in EFIT
to enforce this condition [29], and in fact this will be required
for reconstructions with rotation, but we have not as yet used
that constraint here.

5. Initial analysis of the MAST database

In addition to the single equilibrium examples for MAST
shown in the previous subsections, we have performed the
same kinetic reconstruction analysis (with MSE) on many
other discharges from the M7 (June 2008—March 2010) and
M8 (May 2011-January 2012) experimental campaigns on
MAST. Compiling an extensive database of kinetic equilib-
rium reconstructions from the MAST database is valuable
for many reasons. For example, they can be used as partial
input for a neural network to predict density and pressure
profile shapes [37], or in the DECAF code [38] database of



Plasma Phys. Control. Fusion 63 (2021) 055014

J W Berkery et al

1.5

0.2

"0.0

Figure 10. Thomson scattering T profile vs. normalized ¥ for
MAST discharge 23890 at 0.269 s, showing measurements on the
inboard side (R < 0.97 m) in blue, and the outboard side
(R>0.97 m) in red.

multiple machine plasma disruptions. Additionally, a database
of MAST equilibria will be useful to perform stability calcula-
tions of various types, including supplying input to a machine
learning analysis of ideal MHD stability [3].

The ideal stability of MAST plasmas has been studied for
individual or handfuls of discharges before [3, 8, 39, 40]; the
utility here is in compiling a large database. The no-wall beta
limit has been explored for projected plasmas in MAST-U
through artificial scans of pressure and g profiles [4]. Here, the
MAST database provides a natural scan of parameter space,
rather than relying on theoretical scans that create combin-
ations of profiles that may never be physically accessed in
experiments. Even though it does not provide the full picture
of global plasma stability [41], ideal stability calculations, for
example knowledge of the no-wall beta limit, are important for
tokamak operations, as they can be indicative of other plasma
stability issues as well [42].

In the present work we will utilize the newly construc-
ted database of MAST kinetic equilibrium reconstructions
to test the capability of the DCON code [43] to determine
the ideal stability of MAST plasmas. Ten different MAST
discharges were used (23822, 23843, 23890, 24040, 24065,
24175, 24204, 24306, 24408, 24455). The kinetic equilibria
with MSE generated in EFIT for these discharges were first
fed through the CHEASE flux-coordinate code [44] which is
implemented to further increase the numerical accuracy of the
solution of the Grad—Shafranov equation. The CHEASE out-
put was then read in DCON, which determines the change
in potential energy, W, a negative value of which indic-
ates the plasma is above the no-wall ideal toroidal mode
number n = 1 MHD stability limit. Within each discharge
the O tended to increase with time and the pressure pro-
file peaking decreased, but unfortunately gy also tended to
decrease with time often going below 1 for the higher Sy por-
tions of the discharge. Since gy < 1 leads to DCON show-
ing internal, rather than global mode instability, these times
were discarded, leaving 275 time points between the ten
discharges.

| EO E S R RN R TR [ M E T T e

Figure 11. The calculated S vs. /; stability space of plasmas in
MAST. The blue colours indicate that nearly all equilibria have
positive W, below the no-wall limit. The dashed red line is the
neural-net determined no-wall limit for NSTX.

Figure 11 shows the resulting calculations of the 275 equi-
libria plotted on a Sy vs. [; plot (the values of Sy and /; are
taken from DCON after the CHEASE processing, but they
are nearly identical to the underlying EFIT-determined val-
ues). The colour of the points indicates their value of éW,
with darker blue circles being more positive (more stable),
lighter blue less stable, and red x’s would indicate instabil-
ity (see, for example, figure 1 from [41] for NSTX). In this
case, however, practically all the points are stable, except
for a couple of very light x’s indicating a few calculations
barely over the limit. This is not actually unexpected for
MAST; in MAST the wall stabilization was quite weak, so
the ideal with-wall limit was thought to be barely above the
no-wall limit [4], and the practical implication of that was
that plasmas in the MAST database should have very sparsely
sampled the wall stabilized region of stability space. The
dashed red line in figure 10 is the no-wall limit determined
by a neural network for NSTX which showed possible indic-
ations of being useful for MAST as well [3]. All the equi-
libria calculated so far are below this limit. Specific effort
will be required in future work to find MAST discharges in
the database that can be used to refine the stability limit for
MAST (higher On with go > 1), but this initial study indic-
ates that the kinetic equilibrium reconstructions produced so
far are of sufficient quality for trustworthy stability calcula-
tions and are shown to be ideal MHD stable for n = 1 global
MHD modes.

6. Preparation for equilibrium reconstruction of the
first plasmas in MAST-U

The upgrade to MAST [2] was motivated by a desire to
increase the plasma pulse length, heating power, current, and
magnetic field, as well as to introduce a new advanced divertor
configuration [45]. Naturally, these changes required changes
to the machine, which means that the conducting structure in
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Figure 12. Views of the eddy current pattern in the MAST-U conducting structure during vacuum test discharge 41223 at (a) 0.1 s,
and (b) 0.4 s. Panel (c) shows the currents in the Ohmic (red), P4 (blue), and PS5 (green) coils.

MAST-U is substantially different from that of MAST in sev-
eral ways. Already it has been shown that the new conduct-
ing structure, in particular the stainless steel passive stabilisa-
tion plates (PSP), can impact the stability of the plasmas [4],
as well as the start-up scenarios for plasma breakdown [46].
Of course, they will also impact reconstruction of the equi-
librium. Like the VALEN model of the conducting structure
used for MAST, the model for MAST-U is fully 3D, includ-
ing all the ports in the vacuum vessel [4]. In the actual equi-
librium reconstructions, also as in the MAST case, the vessel
structures with estimated current are a reduced axisymmet-
ric set of the structure. In figure 4(b), the MAST-U conduct-
ing structure was shown in the same way as discussed for
MAST in section 3. Note that the poloidal field coils [47] and
magnetic diagnostics [48] have changed as well. Also, like
in the MAST case, VALEN is used to determine eddy cur-
rents in the 3D vessel structures for vacuum coil test shots.
A diagram of the MAST-U conducting structure in VALEN

1

[4], similar to figure 2 for MAST, is shown in figure 12. For
MAST-U vacuum test discharge 41223, the Ohmic, P4, and
P5 coils were tested, using the currents shown in figure 12(c).
At 0.1 s, during the P4 and P5 ramps, and before the Ohmic
coil has current, the induced currents are mainly in the outer
vacuum vessel and also the P4 and P5 coil cases (figure 12(a)).
The total toroidal current in the vacuum vessel reaches about
90 kA. Later, at 0.4 s, during the P4 and PS5 flattops and
during the Ohmic current swing, currents totalling almost
90 kA are induced almost exclusively in the centre stack casing
(figure 12(b)). In the plots, the arrows in each element are pro-
portional to the current in that element, but they are rescaled
between the time points so the largest arrow fits inside its ele-
ment. There is almost twice as much current in the centre stack
casing in the second plot as there is in the whole vessel in the
first plot.

Like in the MAST case, the VALEN currents are mapped
to effective resistances in the two-dimensional (2D) vessel
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Figure 13. Comparison between measured (black) and VALEN
(red) and EFIT++ (blue) modelled induced currents in the lower P4
coil case during MAST-U poloidal field coil test discharge 40315.

groupings in EFIT to be used in conjunction with nearby
loop voltage measurements for estimated currents in the struc-
tures during reconstruction. In addition to the 3D VALEN
model used in conjunction with the EFIT implementation of
the present work, the EFIT++ code, which will also be used
for MAST-U reconstructions, contains its own 2D conducting
structure model.

First, analogously to figure 3 for MAST, the VALEN and
EFIT++ models are tested by comparing between the mod-
elled current in the coil cases and the measured current from
Rogowski coils. Figure 13 shows this comparison, again for
the P4 lower case, for MAST-U vacuum test discharge 40315,
in which only the P4 coil was energized. As in figure 3, the
noise in the measured signal is due to it being the difference
between two large signals, the Rogowski measurements of
the coil plus case currents minus the coil feed current. The
comparison shows adequate, if not perfect, agreement, which
should improve with further test discharges. This gives enough
confidence in the models to again proceed to compare the con-
ducting vessel segments shown in figure 4 with loop voltage
measurements in order to determine effective resistances to
use for equilibrium reconstructions.

Here, the PSP are again of particular interest because they
are a new non-axisymmetric 3D structure that is quite close to
the plasma surface. The connections between the individual
plates span only half the plates height (see figure 14), and
the resistivity of those connections is modelled, but not pre-
cisely known. If there is notable extra resistance due to the
mechanical joint from plate to plate, eddy currents will be
more likely to circulate within each plate. In other words,
there will be a large current without a net toroidal compon-
ent within each plate. On the other hand, if there is negligible

Figure 14. Diagram of the passive stabilization plates (PSP) in
MAST-U, showing the gaps and connections between individual

plates.
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Figure 15. Comparison between measured loop voltage divided
by effective resistance (black) and VALEN (red) and EFIT+-+
(blue) modelled induced currents in the upper passive stabilization
plate structure during MAST-U poloidal field coil test discharge
40315.

extra resistance due to the mechanical joint (plate to plate)
the sum total of all plates will act as a complete toroidal con-
ductive path. This effect will be most important for periods
of transient coil currents, less so at steady state. The effect-
ive resistance of the 2D EFIT vessel structure group that con-
tains these actually 3D structures must be calibrated to accur-
ately capture the effective 2D axisymmetric current resulting
from the modelled 3D behaviour. The eddy current paths that
show a reversal of the current toroidally can be reconstructed
by EFIT if the PSP model is set up to allow this. Such a res-
ult has been shown for the copper passive conducting plates
in NSTX.
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Figure 15 shows the comparison between the modelled
induced currents in the upper passive stabilization plate struc-
ture during MAST-U poloidal field coil test discharge 40315,
and a nearby loop voltage measurement divided by an effect-
ive resistance which is chosen so that current matches the
VALEN model. This demonstrates that the VALEN model,
as implemented, is able to capture the response of the PSP
structures.

7. Conclusions

The necessary preparations for kinetic plasma equilibrium
reconstructions are now established for the first operation of
the MAST-U device. The 3D conducting structure has been
implemented in the VALEN code and tested, demonstrating
readiness for vessel current inclusion in MAST-U reconstruc-
tions. The technique of using VALEN to determine eddy cur-
rents in the vessel structures during vacuum coil test shots and
then using these to estimate currents in grouped vessel struc-
tures during the reconstruction of plasma discharges has been
successfully established for a large database of discharges
from MAST operation. Kinetic equilibrium reconstructions
have been performed for this database in three levels: with
magnetic measurements only, with magnetics and Thomson
scattering measurements of electron temperature and density,
charge exchange recombination spectroscopy measurements
of ion temperature, and finally with those plus MSE diagnosis
of internal magnetic field pitch angle. The pitch angle data cor-
roborates, but does not substantially change, the kinetic recon-
structions analysed to date. Very low convergence errors were
obtained for all discharges typically by the point in the cur-
rent ramp-up when 50% of the full target plasma current was
reached or certainly once the NBI power was applied and the
plasma stored energy began to increase above the order of a
few kJ (the NBI turn on came at various times, from during
the ramp-up to well into the flat-top, in MAST discharges).
Finally, the database of 275 MAST Kkinetic equilibrium recon-
structions was used in DCON to calculate the ideal MHD sta-
bility in MAST. All discharges tested so far were below the
n = 1 no-wall limit; further analysis is underway to examine
the database further.
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