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Abstract

Reconstructions of plasma equilibria using magnetic sensors and a Do, constraint were routine during operation of the MAST
spherical tokamak, but reconstructions using Kinetic profiles was not. These are necessary for stability and disruption analysis
of the MAST database, as well as going forward for operation in the upgrade to the device, MAST-U. The three dimensional
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 2D 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; adding MSE data corroborates, but generally
does not substantially change, the reconstructions. 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.

Keywords: equilibrium reconstruction, stability, spherical tokamak

(Some figures may appear in colour only in the online journal)

reconstruction of the plasma equilibrium state from various
1. Introduction diagnostic measurements is crucial for the operation of
MAST-U, as well as for the majority of plasma physics
analyses including the stability analyses and disruption event
characterization and forecasting [3,4]. These last applications

The MAST spherical tokamak experiment was a low aspect
ratio fusion plasma device [1]. Currently an upgrade to the
device, called MAST-U [2], has begun operation. Accurate
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require Kkinetic equilibrium reconstructions, that is to say
reconstructions using available measurements of the plasma
pressure, for high accuracy.

Magnetic, kinetic, and rotating equilibrium reconstruction for
low aspect ratio ST plasmas has long been demonstrated [5].
MAST had, and MAST-U continues to have, world-class high
resolution Thomson scattering measurements of electron
temperature and density as well as charge exchange
recombination spectroscopy measurements of ion temperature
required for Kinetic reconstructions. In the present work, ion
density and energetic particle pressure profiles are modelled
to obtain the total pressure. Internal magnetic field pitch angle
measurements from motional Stark effect (MSE) diagnosis are
also included for accurate determination of the safety factor,
q, profile. The equilibrium reconstructions also include fitting
of field shaping 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).

Reconstructions using a partial set of the magnetic
measurements available during MAST operation, as well as a
constraint on the last closed flux surface of the plasma through
an optical measurement of Da radiation [6], were previously
performed for each MAST discharge. These could then be
used for database studies (as one example, see Ref. [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 pressure 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 constrain the q profile for reconstructions
otherwise using the inboard magnetics, but not the outboard
magnetics or Kinetic profiles [9]. A Bayseian inference
technique was also pursued to compute MAST equilibria [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 transport analysis
code [11] to determine the fast ion pressure component
[12,13,14]. This level of equilibrium reconstruction was not
routine, however, for MAST, and the present work aims to
make it routine for re-examination of the MAST database of
discharges, as well as going forward for operation of MAST-
U. Additionally, the magnetics only level of reconstruction is
recomputed here by using all available magnetics and no
boundary constraint.

In section 2 the general concept of tokamak plasma
equilibrium reconstruction is briefly reviewed, along with the
specific equations solved here with various levels of
diagnostic inclusion. Modelling of the conducting structure
surrounding the plasmas in the MAST device is discussed in
section 3, with consideration of how this modelling leads to

estimated induced currents in vessel segments which are then
used in the reconstructions. The resulting reconstructions
using magnetics 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 conclusions of the study are drawn.

2. Equilibrium reconstruction

A fusion plasma is in equilibrium when a steady-state force
balance 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 profiles of various plasma
parameters, such as pressure. The EFIT code is an equilibrium
reconstruction code for tokamak plasmas [15,16,17]. While
one particular implementation of the EFIT code, called
EFIT++, has been used for MAST reconstructions in the past
[18], another implementation, previously used for the NSTX
[5] and KSTAR [19] devices, is now being used for MAST
reconstructions in the present work. Both of these codes will
be used for MAST-U operation, as will be discussed in section
6.

The equilibrium of a tokamak plasma satisfies a balance of
current and pressure forces, ¥p =j x B. In two dimensional
axisymmetry, this results in the Grad-Shafranov equation,

vy
RV (57) = —HoRJ,,
where the toroidal plasma current is defined by,

ap fof
Holp = HoRﬁ‘l‘ Roy
with p the total plasma pressure and f = RB,. Reconstruction
of the plasma equilibrium requires the specification of two
functions. Normally one selects dp/dy and faf /oy.

The function faf /dy is assumed to be a function of i, only,
where 1 is the flux normalized so that it spans 0:1 from axis
to edge. We use a polynomial basis set of order ns to specify
f% = ng y,Wh , and at this point a constraint is placed on
the equation. We use the constraint that the derivative of
fof /oy is zero at the edge,

%(fg_;)]wnzl =0.

This can be achieved by stipulating that the y parameters
should abide by the constraint C, Zzlf ny, = 0, where Co is
an arbitrary constant. This same constraint on faf /0y is used
in all levels of reconstruction. When a constraint is applied in
the EFIT code, it is by adding an additional equation to the
system that is solved by least squares regression, and that
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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.

equation is given a weight. The constraint, despite its name, is
therefore not strictly enforced, although it can be effectively
made to be by giving a sufficient weight.

The second function, the pressure gradient dp/dy, is also
treated as a polynomial of order np: 22 = Zzp a,yy, and

&=
similarly, a constraint is placed on this equation. We set the
pressure gradient at the axis equal to zero, so that ao ~ 0.

The two functions are treated with varying polynomial orders
nt 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 tradeoff between a
larger value allowing more detail in the profiles but also
introducing more unknowns to the reconstruction, potentially
increasing the convergence error. Each level of analysis will
now be described in detail.

2.1 Magnetics only reconstruction

Magnetic diagnostics [20] are used in all levels of equilibrium
reconstruction. At its most basic level, the EFIT code can use
magnetics data only, without any direct measurement of the
pressure profile. The MAST device was fully equipped with
magnetic diagnostics, including Rogowski coils, pickup coils,
and flux loops [21].

In the magnetics only case, because no pressure measurements
are available, we treat the total plasma pressure gradient as a
polynomial flux function with the relatively simple 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 = apy + ap?, and for the magnetics only
reconstruction we will also specify a pressure gradient of zero
at the edge. We then fit dp /0y to,

dp

o

and the resulting pressure profile conforms to
p= Po(1 - 31/)712 + 21/)113)'

where p, is the pressure on axis.

~ allpn(l - l/)n)'

In the magnetics only reconstruction, the order for fof /dy of
ne =4 is used, without additional constraints, besides the
derivative of fof /0y equal to zero at the edge listed above.

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 [22,23], and the charge exchange recombination
spectroscopy profile of ion temperature [24] to partially
constrain the pressure profile [16]. This reconstruction is
called “partial kinetic” because the ion density and the fast
particle pressure are not 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 a substantial error bar in the fitting procedure because
of the uncertainty due to this assumption. A trustworthy
measurement of the plasma effective charge state, Zew [25],
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Figure 2. View of the eddy current pattern in the MAST conducting
structure during plasma discharge 23822.

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 modelled to be equal to
the electron pressure, also with a large error bar.
Reconstruction with this partial level of kinetic measurement
input, however, is commonly referred to simply as kinetic
reconstruction.

As mentioned, assumed “measured” profiles of ion and fast
particle pressures are used, with large error bars to allow
flexibility in the total pressure profile. It would also be
possible to couple the reconstruction to a transport code [26],
or to use the original equilibrium as an input to a transport
calculation which provides a calculated ps 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 reasonable convergence is obtained. Alternatively, a
neural network emulation of the results of TRANSP
calculations could also be used to model the fast ion pressure
[27]. These steps have not yet been taken in the present
analysis.

Because the pressure profile is being constrained by more
measurements, it is possible to give more freedom to the fit for
dp/dy. For all Kkinetic reconstructions, 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). The
weight on this pressure gradient constraint is not large, and in

P4L CASE CURRENT (kA)

0.0 0.1 0.2 0.3 0.4 0.5 0.6
Time (sec)

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.

the cases shown here the solution often does not obey it,
resulting in a gradient at the axis.

Finally, we also used ns =5 for fdf /o, but in addition to the
previously described constraint, we now also specify that the
value of faf /dy is zero on axis,

of —
[fﬁ PYn=0 =0 '
which is achieved by setting yo = 0.

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 motional Stark effect (MSE) diagnostic, can
also be used. The motional Stark effect diagnostic for MAST
[28,29] is used to find the polarization 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 q profile in the
plasma, g being a measure of the ratio of different magnetic
field components. Adding MSE provides a better constraint to
the equilibrium reconstruction, but no changes to the order or
constraints for dp/dy or faf /9y are made at this step.

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

Finally, reconstructions including plasma rotation are also
possible [17,30,31,32,33], but have not been performed for
MAST or MAST-U plasmas in this work. For MAST, it has
been speculated that disagreement between inboard and
outboard temperature and density profiles could be indicating
a rotational 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 [31].
The measurement capabilities do make this level of analysis
possible, and the generally high levels of toroidal rotation in
spherical tokamaks with neutral beam injection providing
torque [34] makes it worthy of consideration 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 I,
flat-top period of the discharge. To obtain the best set of
effective resistances of the wall segments for equilibrium
reconstruction, we have created a 3D non-axisymmetric
model of the wall, including the center column, the coil cases,
and the vacuum vessel with ports, using the VALEN code
[35]. The VALEN code approximates the conducting structure
surrounding the plasma by splitting a thin-shell into finite
elements which are each mutually coupled to all other
elements in the model. Then, when some currents in the
system are specified, currents that are induced in the
conducting structure can be identified.

As a first test of this capability for MAST, time-domain
calculations were performed using experimental currents in
coils with and without plasma current for MAST discharge
23822. As an approximation, the plasma current was
uniformly distributed 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 +22 to -17 kA swing in the P1
Ohmic solenoid in the centre case. The much smaller (note the
scale in Fig. 1b) poloidal conducting structure current, which
is essentially zero during the plasma discharge time of ~0 to
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
of current in the MAST conducting structure when the plasma
is present and the toroidal current dominates. 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.
An example of a comparison between these measured currents
and the current isolated to that particular coil case in the
VALEN model is shown in Fig. 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 for the equilibrium reconstruction. A similar, though
strictly two-dimensional, procedure was previously used for
MAST reconstructions [36]. First, we have divided the MAST
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Figure 4. Diagrams of (left) MAST, and (right) 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. 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.

conducting structure 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, as their currents were not measured. This
total of 18 vessel segments without experimentally measured
current is shown in Fig. 4a (the flux surfaces from an
equilibrium reconstruction are also included — these will be
discussed in section 4, and the MAST-U diagram in Fig. 4b
will be discussed in section 5). Only stainless steel and Inconel
components are shown, carbon tiles are not. There is a tradeoff
between having too few or too many modelled vessel
segments. Too few will mean that the reconstruction cannot
sufficiently capture the distribution of current in the vessel to
accurately match the magnetics, 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 segments,
the total induced current flowing in each of those segments

can be determined. While, theoretically, one could run
VALEN iteratively as a part of the reconstruction of each
discharge, 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 as a whole, will
provide an estimate of the total current in that segment. The
current in each segment is distributed evenly throughout its
cross-sectional area in the reconstruction. VALEN is used to
compare predicted currents in the vessel segments for a few
discharges to the loop voltage measurements, to calibrate the
effective resistances to use for further equilibrium
reconstructions. An example comparison is shown in Fig. 5
for poloidal field coil test discharge 23588 (no plasma) of the
current in vessel segment 7U, above the outboard midplane
(the upper half of the orange segment in Fig. 4a). Plotted are
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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.

the VALEN modelled current and the signal from loop voltage
monitor P5U4 divided by the determined effective resistance
of the segment, determined through this process to be
1.875%10° 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
estimated induced current in vessel structures, various levels
of diagnostic data can be input, as described in section 2. As
outlined in Ref. [19], 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 loop voltage signals, 10 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 operation, a number of those probes
were broken, but plenty remained to provide a good magnetic
reconstruction. In the Kinetic reconstruction, 130 channels of
Thomson scattering measurements of the electron temperature
and density, 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 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).

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 Fig. 4a (from
the kinetic plus MSE level). One can see differences in the
profiles between the three levels of analysis. Note that the
“measured” pressure profile is only partially measured, and
partially modelled, as described in section 2.2. It is worth
noting that while the Thomson 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 outward. The modelled data
points for total pressure, shown in Fig. 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 Te). These regions are not distinctly noticeable in Fig. 6,
however, partly due to the large error bars.

We also note that the pressure profile was not available to the
magnetics only reconstruction in green on the top panel of Fig.
6. Similarly, the MSE measured magnetic pitch angle data was
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Figure 7. g profile vs. normalized ¥ for MAST discharge 23890 at
0.269 s.

not available to either the magnetic or kinetic 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 further refine the
kinetic profile in this case, because the kinetic reconstruction
of pitch angle already fell within the error bars of the MSE
measurement. Adding MSE data corroborates, but does not
substantially change, the kinetic reconstructions. This can be
seen as well in the g profile for each level of reconstruction,
shown in Fig. 7, vs. normalized W. The q profiles are all
similar, but the kinetic cases differ slightly in the core where
they have available measurements to constrain the fit but the
magnetics only case does not. The two Kinetic levels of
reconstruction are almost identical throughout the discharge,
as can be seen in Fig. 8, which shows the stored energy vs.
time. At higher stored energy, the Kinetic reconstructions
show a somewhat lower value than the magnetics only case. It
should be noted that the g profile is monotonic in this case. It
will also be useful to extend this analysis to equilibria with
reversed shear g profiles, where including the MSE data can
have an increased impact upon the reconstructed g profile (for
example in Fig. 3 of Ref. [28]).

One method of determining how good the reconstruction is, is
to examine the convergence error, Max|y,™"" —y,™|,
where m is the iteration step [19]. The convergence error
metric shows how well the equilibrium solution is converging
to one solution, as opposed to bouncing between multiple
solutions possible within the given constraints, for example.
These are shown for MAST discharge 23890 vs. time in Fig.
8, including markers at time 0.269 s, when the profiles from
Figs. 6 and 7 were taken from. The levels below 10 during
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

120
Magnetic

Kinetic
Kinetic with MSE

1001

Weot (KJ)

Magnetic
Kinetic
Kinetic with MSE

Convergence error

0.2 0.3

Time (s)

0.1 0.4

Figure 8. (top) Stored energy, and (bottom) convergence error vs.
time for three levels of equilibrium reconstruction for MAST
discharge 23890.

discharge. Adding MSE sometimes increases the convergence
error in cases where the pressure and pitch angle constraints
are not in perfect agreement.

Finally, an underlying assumption of the equilibrium
reconstructions performed here is that the quantities are flux
functions. Because the Thomson scattering measurements
span the full cross section of the plasma, they can be used to
check this assumption. Figure 9 shows the Thomson
measurements of electron temperature mapped onto the
normalized psi of the kinetic plus MSE reconstruction. 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, these two sides should perfectly align. In this case
they are quite close. It is possible to use a flux isotherm
constraint in EFIT to enforce this condition [30], 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 and M8 experimental campaigns
on MAST. Compiling a large database of kinetic equilibrium
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1.5

Te (keV)

Figure 9. Thomson scattering Te profile vs. normalized W for MAST
discharge 23890 at 0.269 s, showing measurements on the inboard
side (R<0.97m) in blue, and the outboard side (R>0.97m) in red.

reconstructions from the MAST database is valuable for many
reasons. For example, they can be used as input for a neural
network to predict density and pressure profile shapes [37], or
in the disruption event characterization and forecasting
(DECAF) code [38] database of multiple machine plasma
disruptions. Additionally, a database of MAST equilibria will
be useful to perform stability calculations of various types (as
in Ref. [19] for KSTAR), including supplying input to a
machine learning analysis of ideal magnetohydrodynamic
(MHD) stability [3].

The ideal stability of MAST plasmas has been studied for
individual or handfuls of discharges before [39,40,41,3]; 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
combinations of profiles that may never be physically
accessed in experiments. Even though it does not provide the
full picture of global plasma stability [42], 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 problems as well [43].

In the present work we will utilize the newly constructed
database of MAST kinetic equilibrium reconstructions to test
the capability of the DCON code [44] 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 code [45] which, because it uses a
prescribed plasma boundary, should reduce variability from
time point to time point in the series of equilibria. The
CHEASE output was then read in DCON, which determines

1.0

Figure 10. The calculated fn vs. | stability space of plasmas in
MAST. The blue colours indicate that nearly all equilibria have
positive 6, below the no-wall limit. The dashed red line is the
neural-net determined no-wall limit for NSTX.

the change in potential energy, W, a negative value of which
indicates the plasma is above the no-wall ideal MHD stability
limit. Within each discharge the fn tended to increase with
time and the pressure peaking decreased, but unfortunately qo
also tended to decrease with time often going below 1 for the
higher gy portions of the discharge. Since go < 1 leads to
untrustworthy calculations in DCON these times were
discarded, leaving 275 time points between the 10 discharges.

Figure 10 shows the resulting calculations of the 275
equilibria plotted on a fn vs. i plot. The colour of the points
indicates their value of 6, with darker blue circles being
more positive (more stable), lighter blue less stable, and red
x’s would indicate instability (see, for example, Fig. 1 from
Ref. [42] 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 Fig. 10 is the
no-wall limit determined by a neural network for NSTX which
showed possible indications of being useful for MAST as well
[3]. All the equilibria 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 Sy with go > 1), but the
present study indicates that the Kkinetic equilibrium
reconstructions produced so far are of sufficient quality for
trustworthy stability calculations.
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6. Preparation for equilibrium reconstruction of the
first plasmas in MAST-U

=== i ll

i —

i T
T

Figure 11. 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
P5 (green) coils.

MAST, the model for MAST-U is fully three dimensional,
including all the ports in the vacuum vessel [4]. In the actual

equilibrium reconstructions, also as in the MAST case, the

The upgrade to MAST [2] was motivated by a desire to vessel

structures with estimated current are a reduced

increase the plasma pulse length, heating power, current, and  axisymmetric set of the structure. In Fig. 4b, the MAST-U
magnetic field, as well as to introduce a new advanced divertor  conducting structure was shown in the same way as discussed
configuration [46]. Naturally, these changes required changes for MAST in section 3. Also, like in the MAST case, VALEN

in the machine, which means that the conducting structure in

is used to determine eddy currents in the 3D vessel structures

MAST-U is substantially different from that in MAST. for vacuum coil test shots. A diagram of the MAST-U

Already it has been shown that the new conducting structure,

conducting structure in VALEN [4], similar to Fig. 2 for

in particular the stainless steel passive stabilisation plates MAST, is shown in Fig. 11. For MAST-U vacuum test
(PSP), can impact the stability of the plasmas [4], as well as  discharge 41223, the Ohmic, P4, and P5 coils were tested,
the start-up scenarios for plasma breakdown [47]. Of course, using the currents shown in Fig. 11c. At 0.1 s, during the P4
they will also impact reconstruction of the equilibrium. Like and P5 ramps, and before the Ohmic coil has current, the
the VALEN model of the conducting structure used for induced currents are mainly in the outer vacuum vessel and

10
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Figure 12. 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.

also the P4 and P5 coil cases (Fig. 11a). The total toroidal
current in the vacuum vessel reaches about 90kA. Later, at 0.4
s, during the P4 and P5 flattops and during the Ohmic current
swing, currents totalling almost 90kA are induced almost
exclusively in the centre stack casing (Fig. 11b). In the plots,
the arrows in each element are proportional to the current in
that element, but they are rescaled between the time points so
the largest arrow fits inside its element. 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 2D vessel groupings in EFIT to be
used in conjunction with nearby loop voltage measurements
for estimated currents in the structures 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 Fig. 3 for MAST, the VALEN and
EFIT++ models are tested by comparing between the
modelled current in the coil cases and the measured current
from Rogowski coils. Figure 12 shows this comparison, again
for the P4 lower case, for MAST-U vacuum test discharge
40315, in which only the P4 coil was energized. There is
considerable noise in the measured signal due to it actually
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,

11

agreement, which should improve with further test discharges.
This gives enough confidence in the models to again proceed
to compare the conducting vessel segments shown in Fig. 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 three dimensional structure that is
quite close to the plasma surface. The connections between the
individual plates span only half the plates height (see Fig. 13),
and the resistivity of those connections is modelled, but not
precisely 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 component within
each plate. On the other hand, if there is negligible extra
resistance due to the mechanical joint (plate to plate) the sum
total of all plates will act as a complete toroidal conductive
path. This effect will be most important for periods of transient
coil currents, less so at steady state. The effective resistance of
the two dimensional EFIT vessel structure group that contains
these actually three dimensional structures must be calibrated
to accurately capture the effective 2D axisymmetric current
resulting from the modelled 3D behaviour.

Figure 14 shows the comparison between the modelled
induced currents in the upper passive stabilization plate
structure during MAST-U poloidal field coil test discharge
40315, and a nearby loop voltage measurement divided by an
effective 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.

Figure 13. Diagram of the passive stabilization plates (PSP) in
MAST-U, showing the gaps and connections between individual
plates.
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7. Conclusions

The necessary preparations for kinetic plasma equilibrium
reconstructions are now established for the first operation of
the MAST-U device. The three dimensional conducting
structure has been implemented in the VALEN code and
tested, demonstrating readiness for MAST-U reconstructions.
The technique of using VALEN to determine eddy currents in
the vessel structures during vacuum coil test shots and then
using these to estimate currents in grouped vessel structures
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 motional Stark
effect (MSE) diagnosis of internal magnetic field pitch angle.
The pitch angle data corroborates, but does not substantially
change, the kinetic reconstructions; they matched the pitch
angle measurements very well already before even including
them in the reconstruction. Very low convergence errors were
obtained for all discharges when the plasma stored energy was
adequately high. Finally, the database of 275 MAST Kinetic
equilibrium reconstructions was used in DCON to calculate
the ideal MHD stability in MAST. All discharges tested so far
were below the no-wall limit; further analysis will be required.
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