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1. Introduction

Tokamaks are fusion devices which are ideally axisymmetric. However, due to
the necessity of accessing the interior of the torus, several deviations from axial sym-
metry are unavoidable in the conductors surrounding the plasma (ports, segmentation of
TF coils etc.). As long as these effects can be considered as relatively small perturba-
tions, the design of future devices like ITER can be carried out supported by 2D (ax-
isymmetric) models and numerical codes.

This is for instance the case of magnetic feedback control, for which usually 2D
codes are used [1]. In particular, for what concerns the plasma shape control, the defini-
tion of the plasma boundary is usually made by identification codes, which use the
available magnetic measurements. In particular, the EFIT code [2] solves the Grad-
Shafranov equations, choosing the degrees of freedom of the MHD equilibrium so as to
best fit the magnetic measurements at given positions (where the pick-up coils and sad-
dle loops are located) and other non-magnetic diagnostics (e.g. MSE).

In order to take into account three-dimensional effects using the same approach,
in principle one should resort to complicated 3D plasma equilibrium models able to ac-
count for 3D conductors. This paper proposes instead a simplified approximate ap-
proach, which computes the effect on magnetic measurements of eddy currents induced
in 3D structures by fast transients (e.g. H-to-L transition, VDEs, etc.) of an axisymmet-
ric plasma, described in terms of equivalent toroidal filaments. For this purpose, the
CARIDDI [3] eddy current code is used. Such 3D perturbations on magnetic measure-
ments are then fed into EFIT, in order to evaluate the effect on the shape identification.

The paper is organized as follows. Section 2 describes the procedure proposed to
evaluate the plasma shape deformations due to 3D eddy currents flowing in the non axi-
al-symmetric structures, and the gap estimation errors obtained using the EFIT++ equi-
librium reconstruction code. Section 3 describes the application of the proposed proce-
dure to several cases. Finally, Section 4 presents the conclusions of the analyses in
terms of plasma-wall gap estimation error deterioration.

2. The proposed simplified procedure

The procedure used for the analysis is based on the assumption that the 3D asymmetries of
the structure give rise to small deformations of the plasma shape in the various poloidal
sections, so that the plasma contribution to the flux map remains practically unchanged.

The procedure consists of the following steps.

1. STEP 1. For a specified plasma disturbance (e.g. VDE, minor disruption, ...) or
scenario segment (e.g. L-H transition, plasma current ramp, ...) determine the
plasma time evolution using the CREATE_NL axial-symmetric simulation code
[4].

2. STEP 2. Approximate the plasma movements and the plasma current distribution
time evolution by means of a dense distribution of time-varying filamentary
currents located so as to fill up the whole poloidal plasma region.

3. STEP 3. Calculate the eddy currents time evolution in the non axial symmetric
structures by using the CARIDDI code [3], and using as inputs the currents in the
active coils and in the filaments which approximate the plasma.
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4. STEP 4. For a number of poloidal sections in the considered sector, at each time
instant of the considered time evolution, determine the flux and field maps as
superposition of the following contributions:

- the active coil currents
- the axisymmetric plasma filaments
- the non axial symmetric eddy currents

5. STEP 5. For each of the above considered poloidal sections, using the flux and
field maps, calculate the time evolution of the simulated magnetic measurements
and of the plasma shape (defined as the last closed flux line).

6. STEP 6. For each of the above considered poloidal sections, using the EFIT++
code [2], determine the time evolution of the gap estimation errors, without using
any information about the eddy currents.

It should be remarked that the calculation of the plasma shape is approximate: in the
presence of 3D plasma deformations, the plasma shape can no longer be calculated as the last
closed flux line (which is, in any case, axisymmetric), but it should be calculated as the last
closed magnetic surface.

We also stress that the contribution of the plasma to the magnetic sensor measurements is
kept unchanged after the shape deformations. Hence the simulated sensor measurements used in
next sections for gap estimation take into account the contribution due to 3D eddy currents, but
they do not take into account the correct information on the plasma deformation.

3. Results

The procedure proposed in the previous section has been applied to ITER. In particular,
three plasma events have ben considered: L-H transition, plasma current ramp-down, Vertical
Displacement Event (VDE). Indeed, such events are expected to induce significant eddy
currents in the structures and hence can potentially highlight significant 3D deviations. Fig. 1
shows the reference plasma shape and the gaps used by CREATE_NL to define the plasma
shape. Fig. 2 shows instead the 3D meshes used by the CARIDDI code in the computation of
the eddy currents: the first one mimics an axisymmetric situation and is used mainly for
benchmarking; the second one instead includes several details about the conducting structures
(ports, blankets, divertor etc.). The meshes span 40° in the toroidal direction; rotational
symmetry is adopted to recover the full torus.

The plasma has been simulated in CARIDDI with around 10000 toroidally axisymmetric
filaments, located in the plasma region depicted in Fig. 1, with a time varying current, so as to
reproduce the actual behaviour predicted by CREATE_NL evolution. The outputs provided by
CARIDDI consist of the simulated magnetic measurements (magnetic fields and fluxes) at the
positions where ITER sensors are located. A sensitivity analysis on the toroidal location of these
sensors has been carried out, showing no significant differences. These simulated measurements
are then fed into EFIT so as to identify the plasma boundary and estimate the gaps. Comparing
these estimated gaps with the nominal ones provided by CREATE_NL, the gap estimation error
can be evaluated.
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Figure 3 shows the gaps estimated by EFIT for the L-H transition, with the two 3D meshes
reported in Fig. 1; the differences are around some mm. Figure 4 reports two sample simulated
magnetic measurements for the plasma current ramp-down case, highlighting that the main 3D
effects are expected on the fields and fluxes in the outboard region. Figure 5 shows the gap
reconstruction error for the VDE event, which shows that the expected error is of the order of 1
cm and is similar when using the 3D axisymmetric mesh and when using the 3D not
axisymmetric mesh.
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Fig. 2. 3D meshes used in the analysis.
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Fig. 5. Gap estimation errors (VDE).
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4. Conclusions

The proposed simplified procedure allowed us to estimate the expected effect on magnetic
sensors and shape identification in ITER of 3d non-axisymmetric eddy currents induced by
specific plasma events (L-H transition, plasma current ramp-down, VDE), which are among the
most critical disturbances in terms of eddy currents induced in the passive structures. The main
conclusions are that the non axial symmetry of the eddy currents flowing in the non-axial
symmetric structures does not significantly modify the plasma shape (a few mm on the outboard
gaps) and does not significantly modify the sensor measurements, except for the outboard pick-
up coils (about 3 mT) and saddle coils (about 0.15 Vs).

The work reported in this paper was funded partially Italian MIUR under PRIN grant
2010SPS9B3 and partially by Fusion for Energy under Grant FAE-GRT-047. This publication
reflects the views of the authors only. Fusion for Energy cannot be held responsible for any use
which may be made of the information contained herein.
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