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	I. Rotational stabilization of the RWM

Considering the standard large-aspect ratio, low β, circular cross-section tokamak plasma, we have developed an analytical model with a resonant resistive-visco-inertial layer inside of the plasma. This internal layer could correspond to a tearing or internal kink mode where we can provide sufficient expertise to treat the singularity of the perturbed flux function at the resonance surface [C.V. Atanasiu, et al., PoP, 11, 2004]. To provide the physics within the resonant layer, we have used the known layer theory of Porcelli [Phys. Fluids, 30, 1987] to analyze the non-ideal effects inside the resonant layer and have included resistivity and viscosity on the growth rate of the resonant layer. Thus, the cylindrical plasma, with a single resonant surface (q(rs)=m/n), is considered ideal outside the resonant layer but with resistivity and viscosity at the rational surface rs.  The perturbed quantities have to be in the frame of the standard assumptions in single-mode neoclassical theory where the magnetic field is expressed in second order approximation of the aspect ratio. The well known Wesson current density profile has been used. Even if really, the ideal external kink modes are driven by plasma pressure gradients, in this model, for sake of simplicity, these modes will be considered driven by current gradients. The solution of the tearing equation is matched at the resonant surface and at the resistive wall r=rw. 

In function of different plasma parameters, the response of the layer can be of the following types: 

1) Tearing or reconnection: when the resistivity is much greater than inertia and viscosity;

2) Ideal: when inertia is much greater than viscosity and resistivity;

3) Visco-resistive: when viscosity and resistivity are much greater than inertia;

4) Visco-ideal: when inertia and viscosity are much greater than resistivity.

From the matching of the outer and inner solution the dispersion relation is obtained. The rotation of the plasma has been introduced by considering stationary plasma with a rotating wall.

II. Evaluation of flow stabilization effects on equilibrium

We have started with the generic linear analytic solution to the Grad-Shafranov equation [C.V. Atanasiu et al, PoP, 11, 2004] applied to realistic ASDEX Upgrade equilibria, where we have considered a current density parametrisation with four degrees of freedom. Thus, an independent choice of the plasma current Ipl , the poloidal beta βp , the internal inductance li , and the safety factor q, at the boundary or at the magnetic axis can be made. We have extended this equilibrium to stationary equilibrium with incompressible flow parallel to the magnetic field, with Alfvén Mach numbers on the order of 0.01. As in the static case, the solution is expressed in terms of confluent hypergeometric functions because the pertinent generalized Grad-Shafranov equation [H. Tasso et al., PoP, 5, 1998] can be transformed to a form identical to the usual Grad-Shafranov equation and therefore static analytic solutions can be smoothly extended to the parallel flow regime. We then examined the particular physically interesting set of equilibria with current density vanishing on the boundary for which the solution is put in a simpler form in terms of Whittaker functions. To make a first evaluation of the possible effects of flow on stability we applied a sufficient condition for linear stability to toroidal configurations of this kind with a rectangular cross-section and ITER-like aspect ratio and elongation. It turns out that unlike to nonlinear equilibria in plane geometry, the flow does not have a stabilizing effect in the sense that the aforementioned stability condition is not satisfied. This result confirms a previous conjecture that equilibrium nonlinearity may activate flow stabilization. 
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Objectives
I. Rotational stabilization of the RWM

Up to now, we have used the Fitzpatrick seminal model [PoP, 9, 2002] to describe different dissipation mechanisms, like anomalous plasma viscosity, charge-exchange with cold neutrals, neoclassical flow-damping, sound-wave damping, etc. Unfortunately the results obtained with this model do not correspond to experimentally realistic timescales and plasma rotation values (O(1%) ΩA) even it offers some useful information on plasma rotation influence on mode growth rate. Therefore, we have tried to develop an analytical model with a resonant resistive-visco-inertial layer inside of the plasma.

II. Evaluation of flow stabilization effects on equilibrium 

Extension of our generic linear static equilibrium solutions applied to realistic diverted equilibria, to an equilibria (ITER shaping, poloidal beta, poloidal current, safety factor on axis, internal inductance) with sheared flow parallel to the magnetic field with Alfvén Mach numbers on the order of 0.01 and to investigate a potential stabilizing effect of the parallel flow.

Achievements

I Rotational stabilization of the RWM

We have developed an analytical model with a resonant resistive-visco-inertial layer inside of the plasma, corresponding to a tearing or internal kink. To provide the physics within the resonant layer, we have considered non-ideal effects inside the resonant layer by including resistivity and viscosity on the growth rate of the resonant layer.

II. Evaluation of flow stabilization effects on equilibrium

We have deduced the generalized Grad-Shafranov equation describing MHD equilibrium states of an axisymmetric magnetized plasma with incompressible flows parallel to the magnetic field. 

The sufficient condition for linear stability has been fixed. 

Shortcomings 

I Rotational stabilization of the RWM
For the moment, the obtained results are not very conclusive on determining which of the above mentioned dissipation mechanisms is absolutely necessary for RWM stabilization and even if this could be done effectively. We have to continue our investigation by refining the inner solutions of the equation. At the same time, alternative approaches, like MHD spectral analysis, have to be considered.

II. Evaluation of flow stabilization effects on equilibrium
On the basis of the derived analytic solution, the construction of configurations with a lower X-point and complementary ITER confinement figures of merit is under way (in a similar way with the solution of static equilibrium in diverted tokamak configurations) in accordance with the planned objectives. The conjecture that equilibrium nonlinearity may activate flow stabilization will be further examined in connection with possible stabilizing effects of flow for ITER-like equilibria.

Conclusions and General perspectives 

I Rotational stabilization of the RWM
I.1) we believe that the following problems are open:

- what physics determines the critical rotation rate needed to stabilize the mode,

- whether some form of plasma dissipation (e.g., absorption of sound waves, viscosity) is always required for stabilization, 

- what the optimum properties of the conducting shell are for achieving stabilization at low plasma rotation rates,

- the stabilization of RWM in ITER, where it is probably not possible to maintain a very fast plasma rotation is still an open problem.

I.2) the stabilization effect that has been demonstrated experimentally has not been found to be robust. This is mainly because near the beta limit, the tokamak can also develop other instabilities. These instabilities can excite the RWM. To turn the stabilization effects found up to now into robust, reproducible tools for the everyday operation of the tokamak should be the next area of research on the RWM for the tokamak.

I.3) although analytical results (ours included) indicate that RWMs stabilization is possible; little can be done more analytically, and we believe that the main part has to be numerical;


I.4) we intend to follow an alternative approach: MHD spectral analysis of the resistive wall mode in rotating plasma.

II. Evaluation of flow stabilization effects on equilibrium
Even if analytical solutions can be found for linear Grad-Shafranov equations only (i.e., for parabolic plasma current density distributions), such type of results are useful for both, finding new aspects and benchmark for numerical codes and have to be continued.
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	As a first objective, we have obtained an axisymmetric two-dimensional (2-D) compact analytic multimode RWM dispersion relation able to provide in a simple manner (root solving) the growth rate of the RWM which indicates the RWM stability. The optimal conditions for the RWM stabilization can be found as functions of all the above plasma and feedback parameters. Mode coupling has been taken into account. An axisymmetric two-dimensional approach of the magnetic surfaces structure has been considered. A realistic shape and disposal of the passive and active feedback systems have been used. A simple Matlab code has been built to solve the RWM dispersion relation.

As a second objective, an axisymmetric two-dimensional dynamic theoretical model that proves the phenomena of global tokamak plasma deceleration and neoclassical toroidal viscosity braking of the plasma toroidal rotation has been built. 

The following steps have been fulfilled: (a) Finding a 2-D explicit expression for the perturbed  electromagnetic torque, (b) Obtaining the 2-D dynamic perturbed MHD equations, (c) Obtaining the 2-D dynamic perturbed feedback equations, (d) Obtaining the 2-D dynamic perturbed "jump" equations across any inertial layer (IL), (e) Finding the perturbed magnetic flux functions as solutions of the algebraic inhomogeneous 2-D complete system of the dynamic perturbed equations, (f) Solving the 2-D dynamic equation of the IL.

We have derived a quasi-analytic solution of the two-dimensional dynamic equation of any non-ideal inertial layer inside the plasma. It has been proved that the non-resonant error field spectrum is mainly responsible for the increase of the NTV torque influence that finally brakes the plasma global rotation, due to the mode coupling effects. We have showed the influence of the toroidicity, ellipticity and triangularity parameters in finding the optimal less destabilizing non-resonant error field spectrum.
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Objectives

The first objective was to obtain an axisymmetric 2-D model for the RWM behavior description. The second objective was to derive  

a 2-D theoretical model that describes the global plasma deceleration due to the NTV braking effects as a result of the non-resonant error field penetration phenomenon.
Achievements

- A 2-D analytical dispersion relation for the RWM instabilities has been derived. The instability growth rate can be easily calculated.

- 2-D quasi-analytic solutions for any IL toroidal angular velocity have been obtained. An explicit time dependence has been derived. 

The dynamic behavior of the global plasma toroidal rotation can now be showed.
Shortcomings 

There are no shortcomings concerning the present work.

Conclusions and General perspectives 

An analytic axisymmetric 2-D model for the RWM stabilization has been built within the large aspect ratio approximation, the thin resistive shell condition and the assumption that the resistive shell and the active feedback coils are disposed on magnetic surfaces. A compact dispersion relation of the RWM, has been obtained. No complicated numerical codes are needed. A simple Matlab code to solve a polynomial equation is sufficient.

An axisymmetric 2-D theoretical model has been built to prove the global plasma deceleration and NTV braking of the plasma rotation. A quasi-analytic expression for any inertial layer toroidal angular rotation has been provided. A multimode treatment has been considered. Within the large aspect ratio assumption, it has been demonstrated that the error field modes coupling effect prevails and the single mode theory is unable to provide realistic results. 

The present work should be continued. Whereas the fluid (MHD) model provides an expected theoretical description of the phenomena, the particle model provides a more reliable, quantitative description. Therefore, not only the electromagnetic torque term is responsible for the perturbed magnetic flux nonlinear effects, but also the NTV torque term, in the frame of the kinetic model. The next milestones to be achieved should consider the particle, kinetic model for the NTV term and the toroidal moment equation and the solving of the IL toroidal equation of motion for different collisionality regimes.
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