The PROTO-SPHERA [1] system, proposed at the ENEA Frascati research centre, is a simply connected magnetoplasma configuration, composed by a spherical torus (ST, with closed flux surfaces and toroidal plasma current IST) and by a Hydrogen plasma arc, in the form of a screw pinch fed by electrodes (SP, with open flux surfaces and plasma electrode current Ie), see figure 1a. Such a combined plasma configuration has been devised theoretically under the name "flux-core-spheromak" (FCS) [2]. In PROTO-SPHERA the screw pinch will replace the central conductor of a spherical tokamak. The SP and the ST will have a common embedded magnetic separatrix: resistive instabilities will drive magnetic reconnections, injecting magnetic helicity, poloidal flux and plasma current from the electrode-driven SP into the ST and converting into plasma kinetic energy a fraction of the injected magnetic energy. The SP will be magnetically given a disk-shape near each electrode (see figure 1b), with singular magnetic X-points on the symmetry axis.
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Figure 1. a) Sketch of the PROTO-SPHERA system; b) Cut-out sketch of plasma and electrodes.

In order to compare the plasma performances of PROTO-SPHERA with those of a spherical tokamak, the geometrical size and the plasma currents of PROTO-SPHERA have been chosen so that they are very similar to the ones that characterized the pioneering spherical tokamak experiment START [3], which was built and operated in Culham from 1991 to 1998. PROTO-SPHERA with an electrode plasma current Ie=60 kA, will produce an elongated (=b/a≈2.2÷2.3) spherical torus of midplane diameter 2•Rsph≈70 cm, aspect ratio A≈1.2÷1.3, carrying a toroidal current IST=120÷240 kA, while the screw pinch plasma will have a midplane diameter 2•Pinch(0) ≈7 cm.

The anode (top) will be at positive voltage, the poloidal field (PF) coils can be floating and the cathode (bottom) will be at ground potential, together with the vessel and the remaining load-assembly. In presence of a hot cathode the screw pinch (guided by the PF shaping coils, see figure 2a) will be formed at an electrode plasma current Ie=8.5 kA, which guarantees MHD stability. In the PROTO-SPHERA experiment, raising the electrode plasma current up to Ie=60 kA, the screw pinch will become unstable, as qSP will become much less than one. During the instability the PF compression coils (see figure 2b) will be switched on and the spherical torus will be generated around the screw pinch, driven in part by the inductive flux of the PF compression coils and in part by helicity injection from the SP. The formation sequence of PROTO-SPHERA will parallel the scheme successfully demonstrated by the TS-3 experiment at the University of Tokyo [4], which in the early ‘90s produced a small spherical torus with IST=50 kA around a screw pinch with Ie=40 kA, for at least 80 s≈100 A (100 Alfvén times).
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Figure 2. a) PF shaping coils and SP plasma; b) PF compression coils and ST+SP plasma.

The first goal of the PROTO-SPHERA experiment will be to compress the ST to the lowest possible aspect ratio (A=1.21.3), in a time of about 1800 Alfvén times (1800•A≈1 ms). The second goal will be to show that efficient helicity injection can sustain the ST around the SP for at least one resistive time (R≈70 ms).

The low voltage (≈200 eV) electrodes will be the most unconventional items of PROTO-SPHERA. They have been designed as modular and will be composed by a large number of elementary tubes (≈600) and wound filaments (≈400). The electrodes will be made out of refractory metals (hollow gas puffed anodes and directly heated cathodes) and pressed radially into rings: the preliminary PROTO-PINCH electrodes testbench [5] has demonstrated their feasibility.

The MULTI-PINCH experiment is being built is an initial partial setup of PROTO-SPHERA (see figure 3a) devoted to assess and clarify the most critical points of the PROTO-SPHERA experiment from the SP point of view: to explore the breakdown conditions and the pinch stability in the starting phase of the PROTO-SPHERA discharge, in presence of the PF shaping coils alone (see Fig. 2a) and therefore in absence of the spherical torus. In the Phase I operations of MULTI-PINCH a provisional linear hollow anode will be used (see figure 3b), with hydrogen gas fluxed through its holes: therefore the pinch will be “disk shaped” only in proximity of the annular cathode. The aim of this phase is to test the breakdown, without adding the complication of an annular anode. In Phase II the final PROTO-SPHERA annular anode will also be inserted in MULTI-PINCH (see figure 3c), in order to obtain the pinch breakdown in the exact PROTO-SPHERA geometry and in order to test the stability of the “double disk shaped” SP. The major concern is the possibility that the pinch discharge sticks on the anode surface in some specific toroidal position (arc-anchoring).

[image: image3.jpg]



Figure 3. a) MULTI-PINCH. Screw pinch plasma and electrodes for: b) Phase I and c) Phase II.

As a sign of international support for this project, a collaboration in the field of spherical tokamaks has been established with the UKAEA-Culham British Association. ENEA Frascati has been contributing with personnel to the MAST experiment in Culham in the two years 2004 and 2005. UKAEA Culham has donated in 2004 to Frascati the available START equipment (in particular the vacuum vessel) (see Fig. 4). Further contributions from UKAEA-Culham can be expected during the final construction phases, commissioning and operation of multi-pinch, with respect to diagnostics and manpower.
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Fig. 4.
May 2004: the transfer of the START experiment from Culham (a) to Frascati (b) and during the dismantling for recovering the vacuum vessel for Multi-Pinch (c).

In particular, in order to avoid the need of water-cooling, MULTI-PINCH will produce a screw pinch with reduced current (Ie≤8.5 kA) but with the same geometry and linear dimensions as the one of PROTO-SPHERA. Nevertheless the four pairs PF shaping coils (see figure 2a) will be fully recovered for PROTO-SPHERA, since they are being built ready for water-cooling. In the year 2005 the constructive design of the PF shaping coils has been completed with Ansaldo Superconduttori and at the beginning of 2006 the construction has started. A similar order for the constructive design and the successive construction for the remaining parts of the MULTI-PINCH load assembly should be placed in the summer of 2006. The power supplies have been defined and their procurement should be such as to have the machine ready for operation in 2008.

multi-pinch and PROTO-SPHERA will be also relevant for the main tokamak line (in particular for exploring biased divertors and new sources for NBI injectors) and more generally for trying high current vacuum arcs in presence of guiding magnetic fields (in particular for plasma torches). 
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