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ABSTRACT

In a Tokamak the configuration of the magnetic fields remains the key ingredient to improve
performance. A method to choose the weights, to be given to internal measurements of the magnetic
fields for improved equilibrium reconstructions, is presented. The approach is based on various
statistical indicators applied to the residuals, the difference between the actual measurements and
their estimates from the reconstructed equilibrium. In addition to the traditional analysis of the
global distributions of the residuals, more sophisticated correlation tests have been performed. The
potential of the method is exemplified using the measurements of the Faraday rotation derived from
JET polarimeter. The magnetic reconstructions have been obtained with the code EFIT. The results
indicate quite clearly that the weights have to be chosen carefully to strike the right balance between
the quality of the reconstructions at the edge and in the core. The values of the weights have been
shown to depend on the number of available measurements and their error bars. An inappropriate
choice of the weights can have significant repercussions on the quality of the magnetic reconstruction

both in the edge and in the core.

1. INTRODUCTION

Magnetic Confinement Nuclear Fusion (MCNF) relies exclusively on the configuration of the
magnetic fields for the confinement and therefore for the maximisation of the plasma performance.
In the last decades, more advanced configurations have been developed, such as hybrid modes,
optimised shear etc, which require a carefully controlled shaping of the current profile. The accurate
determination of the magnetic topology has therefore become even more crucial for both the running
of the experiments and the scientific exploitation of the results [1].

In modern day Tokamaks, the magnetic topology is typically obtained, under the assumption of
equilibrium between the magnetic and the kinetic pressure, solving the Grad-Shafranov equation
[2]. The Grad-Shafranov equation is a two dimensional, nonlinear, elliptic partial differential
equation, which has to be solved with some precautions. In any case, the reconstruction of the
magnetic topology is an ill defined problem. The available measurements are typically compatible
with different current profiles. In the case of advanced scenarios this problem is particularly severe
and it has been recently demonstrated that magnetic internal measurements are indispensable to
identify the more appropriate solutions among many at first sight reasonable candidates [3].

The only two measurement techniques, available to obtain indications about the internal topology
of the magnetic fields in high temperature plasmas, are the Faraday rotation and the Motional
Stark Effect (MSE). To introduce the methodology, the analysis has been focused on the Faraday
measurements obtained with JET polarimeter. The diagnostic has been recently upgraded and
calibrated with a new technique [4,5]. The quality of the measurements has therefore improved
and this new data has been used as an input to the equilibrium code. It is worth noticing that, in
any case, polarimetry is the most generally applicable technique to measure the internal fields.

The diagnostic does not depend on the neutral beams and can be therefore used in any phase of



the discharge. Moreover it is expected to be more robust in terms of results and can be used in
real time, as already demonstrated on JET [6]. It is also relevant that JET is the only present day
device having an ITER-like configuration of the polarimeter, with 4 lines of sight seeing the plasma
diagonally from the low field side (see figure 4).

On the other hand, notwithstanding the importance of the internal measurements to determine
the magnetic topology, no principled technique is available to select the most appropriate weights to
be given to the various measurements used as inputs. Traditionally, when EFIT is run with internal
measurements, all the various inputs are given the same weights, independently from the nature
of the measurements and their number. The least square minimisation takes into account only the
error bars on the various measurements.

The indicators proposed in this paper are based on the analysis of the residuals, the difference
between the actual measurements and the values recalculated on the basis of the reconstructed
equilibrium. The most obvious indicator is of course the sum of the residuals. On the other hand,
it can be easily demonstrated that, in the case of nonlinear systems, this simple quantity is not
necessarily an adequate estimator. More advanced indicators, based on higher order correlations of
the residuals have therefore also been applied [7-10]. The main idea behind the approach developed
in this paper is the consideration that, if the reconstruction of the magnetic fields was perfect and
the noise additive, the residuals should simply consist of noise. Therefore, in the case of additive
white noise, the residuals should present the statistical distribution typical of this noise. Therefore
the weights of the internal measurements can be determined by minimising not only the sum of the
residuals but also statistical indicators, which have a minimum for the expected distribution of the
residuals. The aforementioned main ideas can be formulated in rigorous mathematical terms, as
described in detail in section 2.

To investigate the potential of the developed validation techniques, they have been applied to
the main code used at JET for the magnetic reconstruction: EFIT [11]. This code solves the Grad-
Shafranov equation and is briefly described in section 3, together with a short overview of the
diagnostics providing the inputs and the ones used to validate the approach.

As expected, modifying the relative weights of the internal measurements, compared to the pick-
up coils, reveals a tension between the reconstruction in the core and at the edge. The developed
statistical indicators show that a reasonable trade-off can be found. The relative importance of the
Faraday measurements can be increased up to the point where the reconstruction of the boundary
is not significantly affected and the reconstruction of the core is significantly improved (see section
4). To increase the confidence in the conclusions, the quality of the calibrations has been checked
using non magnetic measurements. Basically this has been done analysing IR measurements for the
strike point position and the SXR emission for the core (sawteeth inversion radii). These aspects
are discussed in section 5.

Summary and directions of future investigations are the subjects of the last section 6 of the paper.

The statistical tools for the assessment of the optimal weights



2. THE STATISTICAL TOOLS FOR THE ASSESSMENT OF THE OPTIMAL
WEIGHTS

By varying the relative weights of the internal measurements, compared to the pick-up coils, the

resulting equilibria can be significantly modified. The quality of the results can be assessed first of

all by calculating the sum of the residuals, the difference between the actual measurements and the

values recalculated on the basis of the reconstructed equilibria. To take into account the quality of

the measurements, it is normal practice to normalise the residuals of each type of measurement to

the appropriate error bars. Therefore a general indicator of this type is of the form:
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Where X, is the sum over the physical quantities O, both measured (Q,,.,,) and reconstructed

meas.
(O,neas); n_s stands for the number of measurements (probes or chords). Finally N; is the number
of time points used for each discharge and the statistical error of the quantity analysed is o,,.

Indicators, of the form of equation (1), will be used in the following to assess the quality of the
equilibria because they are familiar and easy to calculate. On the other hand, it is well known that,
for nonlinear systems, a simple parameter such as X is not guaranteed to provide the right answer.
A correlation analysis of the time evolution of the residuals is on the contrary a much more reliable
quantifier as shown in [7-10]. The main idea is to apply whiteness tests, statistical tests, which
assess how close the distribution of the residuals is to white noise. The combination of weights,
which provides the residual distribution closer to white noise, is to be preferred. The approach of the
residual autocorrelations to model validation, just described in intuitive terms, can be formulated as
a statistical hypothesis testing problem [12]. In our case, the application of these criteria is simpler.
The more appropriate choice of the weights is the one corresponding to the minimum of the two
autocorrelation functions described in the following.

In mathematical terms, consider a general Multi-Input and Multi-Output (MIMO) discrete time

model representation:
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where 7 (r=1,2,...) is a time index and )7 (1), x () and € (¢) denote, respectively, the dependent variable,

independent variable and residual vectors. f (+) is a vector non-linear function:
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where ¢ is the number of dependent variables and r is the number of independent variables.



An adequate set of tests for a nonlinear, MIMO system is provided by the higher order correlations

between the residuals and input vectors given by the following two relations:
05 (O =E[E0n(t +1)] 4)
Oy (V= E[0(1) 7 (t+7)] ©)
where & (7) is the residuals vector, 1 (7) the vector of the outputs time their residuals and 9 (7)

the inputs vector. In the previous relations E is the operator indicating the expectation (average)

operation. So these vectors can be calculated as:
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If the non linear model is an adequate representation of the system, in the ideal case, equations (4)

and (5) applied to the residuals should give:
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where k is a constant, equal to:
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If the correlations in (4) and (5) remain within the 95% confidence interval of the values given by
the equations (9) and (10), then it is reasonable to consider the model adequate. On the contrary, if
the correlations exceed this value, the model is to be considered somehow defective.

The previous equations have to be particularised for our case of equilibrium reconstruction.
As shown in [12], an appropriate definition of inputs and outputs in the case of EFIT is the one
illustrated graphically in figure 1. So the inputs to EFIT are the various measurements available
and the outputs are the estimates of the same measurements, calculated on the basis of the fields
reconstructed by EFIT. The minimum of these correlations, expressed by relations (4) and (5), are

expected to indicate the optimal set of weights to be given to the available measurements.



3. OVERVIEW OF THE RECONSTRUCTION CODES AND THE DIAGNOSTICS

3.1 CODES

The reconstruction of the plasma equilibrium in a Tokamak is a free boundary problem. The
plasma boundary is defined as the last closed magnetic flux surface; inside the plasma, the equation
expressing the equilibrium between the magnetic and the kinetic pressures in an axisymmetric
configuration is the Grad-Shafranov equation. This equation is derived from the combination of the
magnetostatic Maxwell’s equations, which are satisfied in the whole space in presence of a magnetic
field, and the equilibrium of the plasma itself, which is assumed to occur when the kinetic pressure
is equal to the Lorentz force of the magnetic pressure.

The Grad-Shafranov equation can be expressed in the following form:

“A*y =’ () + ﬂl W w) (12)

in which , is the magnetic permeability of the vacuum, 1 (r,z) is the poloidal flux, p () is the
plasma pressure, f (1) the diamagnetic function and prime indicates derivative with respect to the
poloidal flux . A’ is the linear elliptic operator defined as:
o (1 © o(1 0

S Arx Ay (13)
The main equilibrium code use on JET is EFIT, which is the one used to obtain the reconstructions
of the magnetic fields discussed in this paper. More information about this code is provided in the
next subsection. The reference code for the determination of the last closed magnetic surface at
JET is XLOC; the main characteristics of this code are presented later in this section. It can be
considered a reference for the quality of the boundary reconstructions in JET.
EFIT (Equilibrium Fitting) is a computer code that was developed to obtain the topology of the
plasma internal magnetic fields and the boundary on the basis of the measurements available. The
magnetic measurements used as inputs by EFIT are obtained from two different types of diagnostics:
a) external-passive: such as magnetic probes and poloidal flux loops; b) internal-active: the Faraday
rotation and the Motional Stark Effect (MSE).

The Grad-Shafranov equilibrium equation is solved using the available measurements as
constraints on the toroidal current density. Since the current also depends on the solution of the Grad-
Shafranov equation, the poloidal flux function, equation (12) represents a nonlinear optimization
problem. The code determines the source term in the non linear Grad-Shafranov equation by a least-
square minimization of the difference between the measurements and their estimates derived from
the reconstructed fields. From a conceptual point of view therefore, the problem is thus reduced to

finding a solution that minimizes a cost function of the type:



with:
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where g;, 1, and £ are respectively the measurements of the magnetic poloidal field, the Faraday
rotation and the line integrated density along the chords C;. In (15) mse; indicates the reconstructed
measurement of the motional Stark effect at point i. The weighting parameters K, to K, enable to
give more or less importance to the corresponding experimental measurements.

The results presented in this paper have been obtained with the well known EFITJ code described
in detail in [13]. This version of EFIT contains an iron core model validated with a series of tests
also reported in [13]. It has been chosen to run EFIT using a cubic spline having nine knots for
the p’ and ff’ profiles. The border conditions for those profiles are zero. The detailed, optimised
weights used for the various pick-up coils are also given in [13]. Two details of the implementation
are important for the scope of this paper. First of all relations (14) and (15) are not implemented
exactly in the way reported. All the various measurements are multiplied by individual coefficients
to allow maximum flexibility. Secondly, these coefficients can assume a value only in the interval
[0,1]. Therefore, in order to increase the weights of the polarimetric measurements compared to the
magnetic coils, the only option is to decrease the coefficients multiplying the coils. Since in JET the
relative weights of the various coils have already been subject of a very long optimisation process,
in the analyses reported in this paper, all the coils are multiplied by exactly the same coefficient
K, varying in the interval [0,1]. The value K, =1 is the case in which the measurements are all
attributed the same weights with a correction only for their different error bars.

The second code, whose results are utilised in this paper, is called XLOC [11]. XLOC was originally
introduced on JET in order to provide a fast and accurate determination of the plasma boundary
in the neighbourhood of the X-point. This method has been extended to cover the whole plasma
boundary and XLOC now routinely provides the boundary for arbitrary plasma configurations. It is
also used for plasma shape real-time control on a daily basis. From this code, the main parameters
of JET boundary, like the strike point position and the distance from the wall, are determined with
a time resolution better than 1ms. Nowadays, after an extensive use and benchmarking with other
diagnostics, XLOC provides the most reliable and precise determination of the plasma boundary
on JET and is therefore considered the reference code in this respect. On the other hand, with this

algorithm it is not possible to compute the internal magnetic flux configuration.



3.2 DIAGNOSTICS
The main diagnostics used for the tomographic reconstructions reported in this paper are pickup
coils measuring the local magnetic field. A pickup coil consists of a single-turn or multiple-turn
coil of wire, used to measure the component of the local magnetic field perpendicular to the plane
of the coil. The output voltage is proportional to the time derivative of the average magnetic flux
linked with the windings. There are several measuring coils subsystems at JET, located in differ-
ent poloidal and toroidal positions. On JET the main types of coils are flux loops, saddle coils and
small pickup coils. The reconstructions of the equilibrium reported in this paper have been obtained
with a set of 4 flux loops and a set of 27 saddle coils. Several systems of pickup coils are installed
on JET. Each system is typically classified according to its position around the plasma as shown in
figure 2. The 135 coils placed inside the in vacuum vessel wall are located in 18 different poloidal
positions at 8 toroidal angles. Two different sets of divertor coils, for a total amount of 72, are lo-
cated in the divertor region. Finally, there are 3 inner coils placed in the inner region outboard the
plasma, 56 outer poloidal limiter coils in the region on the vessel outboard the plasma and 27 upper
coils fitted in the upper part of the vessel. The results reported in this paper have been obtained by
EFIT and XLOC, using a part of all pickup coils available, located in the same poloidal cross sec-
tion. The positions and names of the coils used in this work are listed in [12]. All the coils on JET
have been tested systematically and are considered to be affected by errors of the order of a few
percent of the measured value.
To assess the impact of the coil weights on the quality of the boundary reconstruction, the estimates
of EFIT have been compared to XLOC outputs. The code XLOC expresses the distance between
the last closed magnetic surface and the wall in terms of discrete distances at specific poloidal po-
sitions called gaps. Some of these gaps have been analysed and are listed in table 1. The location
of the coils and gaps used in this work is reported in figures 3.a and 3.b. The magnetic topology
determined by EFIT can be used to calculate the same gaps and the two estimates can be compared.
The other main diagnostic, whose data have been used to obtain the results reported in this paper,
is JET polarimeter. If a linearly polarized electromagnetic wave is sent into a magnetized plasma
the following effects occur:
1. Faraday rotation of the polarization plane, proportional to the density times the magnetic field
component parallel to the direction of the laser beam propagation.
2. Cotton—Mouton phase shift, proportional to the density times the square of the magnetic field

component perpendicular to the propagation direction.
These effects can be described by the following equations:
AY o< 1'[n, B~ dz (16)

® o< 2’ |n, Bl dz (17)



In equations (16) and (17), 4 is the laser wavelength, n, is the plasma electron density and B and
B, the parallel and perpendicular components of the magnetic field respectively. To summarise,
traversing a magnetised plasma, a polarised beam suffers a rotation of the polarisation plane due
to Faraday Rotation and acquires ellipticity due to the Cotton-Mouton effect.

On JET, the FIR diagnostic operates as a dual interferometer/polarimeter [4,5]. The system probes
the plasma with 4 vertical and 4 lateral laser beams. The diagnostic provides the line-integrated
plasma density measurements, by means of interferometry and Faraday rotation angle, and Cotton-
Mouton phase shift measurements by polarimetry. These measurements are preceded by an on-line
calibration procedure performed before each shot (using half-wave plates). The calibration of the
polarimetric measurements has been significantly improved in the last couple of years [4,5]. The
quality of the measurements is therefore higher than in the past and now an accuracy of about 10%
can certainly be achieved. The layout of the instrument lines of sight is shown in figure 4. Due
to instrumental issues, the polarimetric chords of good quality available to perform the analysis
described in this paper are number 3,5 and 7.

The previous diagnostics measure basically the magnetic fields. To confirm the conclusions of
the magnetic analysis, other diagnostic data has been used. The two most useful have proved to be
infrared thermography and the diodes for the measurements of the Soft X-ray emission (SXR).

In the last years, the emphasis of the studies of plasma wall interactions on JET has motivated the
installation of a series of IR cameras. One of the most advanced is a camera located on top of the
machine to perform thermography studies in the JET divertor. The layout of the diagnostic and
the view of the divertor are provided in figure 5. The system can measure the emission from the
outer strike point and therefore determine its position. The camera has a very high frame rate and is
coupled to infrared optics which provide a spatial resolution of the order of a few mm. Given some
additional uncertainties, mainly linked to the vibrations of the machine during ELMs, the accuracy
in the determination of the strike point position is certainly not worse than 10 mm.

JET is also equipped with a number of cameras hosting tens of Si diodes for measurements of the
SXR emission and tomographic reconstruction. These diodes are unfortunately quite vulnerable to
radiation damage. Therefore, even if they have been shielded, they are damaged quite frequently,
particularly during high power sessions. In the last years many three cameras have remained
operational and they are shown in figure 6. They are located in different toroidal cross sections and
therefore do not really allow tomographic reconstruction. On the other hand they can provide quite
reliably useful information such as the position of the inversion radii of the sawteeth, as discussed
in more detail in section 5.

The analysis of the results has been performed using a validated database of about 10 JET
discharges. The choice has been mainly driven by the availability of the diagnostics so these
discharges are not expected to be biased and cover a quite representative fraction of JET operational

space. This analysis is therefore considered more than adequate to show the potential of the



methodology proposed in the paper. For more specific physical studies the approach could be of
course particularised for the required configurations (of both the plasma and the available diagnostics;
see also section 6).

Finally, the time interval analysed for each pulse is the steady state phase of the discharges.
Transient phases in principle do not present any conceptual problem. The same approach and in
particular exactly the same indicators can be used also to investigate transients. On the other hand
the measurements on JET are typically of better quality during the steady state part of the discharge
and therefore this is the phase which has been studied in this paper to introduce the potential of
the method.

4. STATISTICAL ANALYSIS USING THE MAGNETIC MEASUREMENTS
First of all, the statistical indicators briefly described in section 2 have been applied to the all the

residuals of the measurements used as inputs to EFIT. In this case, equation (1) becomes

X = XMagnetic + XFaraday (18)

In the previous equation the has been computed using the Pick-up coils, the Saddle ones and the
magnetic fluxes; while the includes the Faraday rotations only.

In more detail equations (1) and (2) can be particularised as:
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The different physical quantities (Q) used, both measured (Q,,,,,, ) and reconstructed (Q,,. ) by EFIT,

have a statistical error indicated by 0y,. In the previous equation () stands for the number of samples
(probes or chords) used for each quantity; while the number of points used for each shot is N.
The statistical errors used are the 3% of the measured magnetic field for the Saddle and for
the Pick-up coils, g, = 20mWb for the flux loops and o,y = 0.20deg for the Faraday rotation
measurements. These values are the best estimates provided by the diagnostic experts for the
considered discharges.
The X indicator has been calculated for different values of the weights given to the magnetic

coils, decreasing their importance compared to the Faraday rotation measurements. As mentioned



in section 3, in order not to introduce any spurious effects, the weights of the magnetic coils have
been multiplied all by exactly the same factor K. The trend of the normalised X indicator with
this K, multiplicative factor is shown in 7, for subset of the investigated discharges for clarity sake.
The most appropriate value for the 7 indicator is typically in the range of K, between 0.2 and 0.3
(where X reaches a minimum).

The same analysis has been performed for the non linear global correlations of the residuals to
cross check the results obtained using the X indicator.

As mentioned in section 2, for each physical quantity studied, the characteristic MIMO analysis
has been performed. The absolute values of the Non Linear Autocorrelation Global Functions
(NACGF) have been added together and then subtracted to the maximum value acceptable for the

95% of confidence level, as follows:

N
Res&n:(zlq)fn(ti)‘) -1.96 /N (21)

N
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These quantities have been computed for each K, . The value of K, giving the smallest Res, and
Res g, is considered the most appropriate.

In table 2 the results of the analysis performed using X and NACGF have been reported for the
pulses analysed.

The results of table 2 indicate quite clearly that the quality of the reconstructions improves if the
weights of the Faraday rotation measurements are increased compared to the coil measurements,
in other words, if the magnetic’ weights are reduced without modifying the Faraday’ ones. This
is not surprising since the number of chords available, only 3, is very limited and therefore it is
advantageous to increase their importance. The analysis also seems to give quite consistent results
and indicates that the optimal weights are in the interval 0.2 - 0.3. Given the fact that the two types
of indicators are independent, this is a quite reassuring outcome of the analysis.

For the interpretation of these results, it is useful to particularize the analysis for the magnetic
measurements and the Faraday rotations. In the figures 8 the individual terms in equations (18) are
shown again for some representative discharges.

Analysing separately the residuals of the magnetic measurements and the Faraday rotations
reveals a tension between the reconstruction of the core and the edge. Increasing the weights of
the polarimetric measurements improves the reconstruction in the core. The quality of the edge, on
the contrary, is not affected initially but when the weights of the magnetic are reduced below about
0.2-0.3, the boundary is too affected and the quality of the whole equilibria is of lower quality. It
is worth motioning that for K, = 0.1 EFIT very often does not manage to converge. Therefore the
fact that the statistical estimators indicate a lower quality of JET equilibria for such a low value of

K, is confirmed by this difficulty of the code to converge. Also a visual inspection of the equilibria

10



confirms that values of K, below 0.2 are not acceptable.
The previous indications can be confirmed by comparing EFIT reconstruction of the boundary
with the one obtained with XLOC. As can be seen in figure 10, using K, =0.3 the reconstruction of

the plasma boundary is not heavily affected.

5. CONFIRMATION OF THE RESULTS WITH DIFFERENT SETS OF

MEASUREMENTS AND NON MAGNETIC MEASUREMENTS
A first test to confirm the results reported in the previous section consists of analysing how the
optimum coefficient K, varies with the number of coils available. To this end, EFIT has been run
with a different number of coils to assess whether the variations in the optimal value of K, are
coherent with expectations, i.e. the value of K, should increase if the number of coils is reduced.
An example, obtained eliminating about 30% of the coils, is shown in figure 11. Decreasing further
the number of coils is not an option because with even fewer coils EFIT tends not to converge any
more. Figure 11 proves very clearly that if the number of coils changes, compared to the number
of polarimetric chords, the indicators identify a different optimal coefficient K,,. The behavior of
the X indicator shows clearly that reducing the number of probes, the best value becomes K,=0.3
instead of 0.2. A similar behavior can be seen in Figures12 for Pulse No: 73344. In this second case
the reduction in the number of coils is such that ¢ presents a comparable value at both K,=0.3 and
K,=0.4 instead of presenting a clear minimum at K,=0.3.

Another series of tests have been aimed at verifying the results with non magnetic measurements.
This is not an easy task since there are only very few non magnetic measurements on JET, with the
available space resolution to constitute a good benchmark of the magnetic reconstructions. To support
the conclusions about the quality of the boundary, and in particular the fact that it is not significantly
degraded if a value of K, =0.3 or K,=0.2 is chosen, the best results have been obtained comparing
the outer strike position identified by EFIT with the one obtained by IR thermography. From the
footprint of the plasma, as seen by the camera described in section 3.2, it is possible to determine
the position of the outer strike point. This is a geometrical parameter which can be compared with
the estimate of EFIT for the various weights.

In Figures 13 and 14 the strike point positions identified by EFIT, using K;=0.1, K;=4{0.2 or
0.3} and K,=1 and by the IR termography are shown. Since EFIT tends to overestimate the radius
of the strike point, for clarity sake in the figure the lowest limits of the EFIT estimates have been
compared with the IR estimate. The error bars used to plot the results in the figures are 4 cm for
the EFIT reconstructions and 1 cm for the IR determination of the strike point position.

The results, shown graphically in Figures 13 and 14, confirm the previous conclusions. Lowering
the K, parameter down to about 0.3 or 0.2 does not affect significantly the quality of the EFIT
determination of the outer strike point position. Decreasing further the weights of the magnetic
measurements, the discrepancy between the EFIT and the IR estimate decreases significantly and

reaches unacceptable values.
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To confirm the improvement in the quality of the core plasma reconstruction, once the weights
of the Faraday rotation measurements are increased, the most reliable results have been obtained
using the Soft X-rays (SXR) measurements. The arrays of SXR detectors in JET allow determining
the inversion radius of sawtooth instabilities. The inversion radii are to be compared with the EFIT
positions of the surface in the equatorial plane. The agreement between the SXR based estimates

and the ones derived from EFIT can be quantified with the following indicator:

x 2%/ 3 5 - KT (REFE)- REET))) (23)
i=1
In the previous equation the subscript “HF” stands for High Field side, while “LF” for Low field
side; moreover, “SXR” stands for Soft X-Rays and EFIT for the position computed interpolating
with a cubic spline, the ¢ (R, 1) profile in order to find the position of the [¢ (R, ) |] 1—sfived = 1.

As already explained using the HF and LF side radii of the surface g (R) = 1and those provided
by the SXR emission for the same rational surface, it has been possible to obtain the behavior
shown for the Pulse No: 75724. Again the results of the previous section, based on the magnetic
measurements only, are also confirmed. The improvements in the reconstruction of the magnetic
topology in the core increases constantly as the weights of the polarimetric measurements are
increased (as usual down to a value of K, of 0.2). This is shown in Figure 15.

To summarize, double-checking the quality of the magnetic topology, using non magnetic
measurements, confirms that, for the discharges of the database, a reasonable tradeoff is the use of
a weight K, between 0.3 and 0.2.

DISCUSSION, CONCLUSIONS AND FURTHER DEVELOPMENTS

Two different classes of indicators have been used to quantify the quality of the magnetic topology
when the weights of the internal measurements of the field are varied. The first class of indicators
is of the  type, in the sense that it quantifies the sum of the residuals weighted by the uncertainties
in the measurements. The second class of estimators consists of high order correlation function,
to quantify the statistical correlations of the residuals. They are basically whiteness tests adequate
to non linear systems. Both types of indicators agree that the polarimetric measurements should
have approximately weights, which are about three times the ones of the magnetic pickup coils.
The described investigations have shown that there is a tension between the quality of the
reconstructions at the edge and in the core. Increasing the weights of the polarimetric measurements
improves the reconstruction in the core but attention is to be paid not to degrade the quality of the
boundary. Fortunately it seems possible to find an acceptable trade-off, which for, the discharges
considered, consists of choosing a value of K, between 0.3 and 0.2.

It is worth pointing out that the estimators used in the paper are quite general. The approach is
therefore of wide applicability and can be used to study other aspects of the equilibrium. A similar

methodology could for example be adopted to determine the most appropriate weight to be given
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to the constraint of the pressure. The effect of additional polarimetric measurements, in particular
of chord 4, would also be interesting. In the future it is also planned to apply the same approach to
discharges in which also the measurements of the MSE are available. Another interesting line of
research would consist of investigating to what extent the optimal weights to be given to the internal

measurements change with the plasma configuration.
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Geometrical parameters used

XLOC name EFIT name
TOG 3 GAP 1
GAP2 GAP2
GAP 3 GAP 3
GAP 4 GAP 4
LOG GAP 5
GAP 6 GAP 6
GAP 7 GAP 7
ROG ROG
RIG RIG
ZUP ZUP

Shot number X NACGF
73340 0.2 0.2
73344 0.3 0.3
73660 0.3 0.3
73920 0.2 0.2
74366 0.3 0.3
75724 0.3 0.2
79755 0.3 0.3
79756 0.2 0.2

Table 1: Names of the different geometrical parameters

used for comparison.

Input:
Measurements of the
magnetic field

Table 2: Results for the shot analysed showing the best
K, using the X indicator and the non linear (NACGF)
autocorrelation functions.

u —

EFIT

1

€

Residuals:
Difference

JG11.244-1¢c

between measurements & EFIT
estimates of the measurements

Output:

EFIT - calculated
magnetic field
measurements

Figure 1: application of the correlation analysis of the residuals to the equilibrium code EFIT.
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Figure 2: Equilibrium Magnetics: Pick-up coils and Flux Loops.
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Figure 8: Normalized X, ¢, computed using the magnetic
measurements: pick-up coils, saddle coils and poloidal
fluxes.

Figure 9: Normalized X, qq,, computed using the Faraday
measurements.

Pulse No: 73344  XEFit and XLOC

w
JG11.324-10c

x (1075

5 Pulse No: 73340 Xmagnetic + XFaraday

/

1.24 /

//d
1.22r O - -0100% of Coils  |¢
=—1 70% of Coils left |3
1200 0 114,18
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

ko

Figure 10: X computed using the reconstruction of the
EDGE done by EFIT and XLOC.

Figure 11: Pulse No: 73340. Eliminating 30% of the
magnetic probes, the best parameter to be used become
K,y = 0.3 instead of 0.2.
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Figure 12: Pulse No: 73344. Eliminating 30% of the
magnetic probes, X has a minimum for both K,= 0.3 and
K, =04 instead of a clear minimum at K,=0.3.

Figure 13: Pulse No: 79755. Position of the outer strike
point identified by the IR camera. Both the upper and
lower limits are shown. The lower limits of the strike
point position indicated by EFIT for K, = {0.1, 0.3, 1}
are also plotted.
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Figure 14: Pulse No: 79756. Position of the outer strike
point identified by the IR camera. Both the upper and
lower limits are shown. The lower limits of the strike
point position indicated by EFIT for K, = {0.1, 0.2, 1}
are also plotted.
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Figure 15: y computed as the difference between the radial
position of the rational surface using the EFIT profile
and the SXR emission.
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