EXECUTIVE SUMMARY

The most investigated magnetic fusion configurations (tokamaks) are not simply connected: a central post, containing the inner part of the toroidal magnet and the ohmic transformer, links the plasma torus. The feasibility of simply connected, fusion relevant, magnetic configuration would strongly simplify the design of a fusion reactor. The PROTO-SPHERA experiment (Spherical Plasma for HElicity Relaxation Assessment), proposed at CR-ENEA Frascati, will be devoted to demonstrate the feasibility of a spherical torus (ST) where a Hydrogen plasma arc, in the form of a screw pinch (SP) fed by electrodes, replaces the central conductor. The SP and the ST have a common magnetic separatrix: magnetic reconnections will occur at the X-points, injecting magnetic helicity, poloidal flux and plasma current into the ST.

The screw pinch plasma will be magnetically shaped as a disk near each electrode, which will be built as an annulus composed by ~100 pressed radial modules. In presence of a hot cathode, heated by AC current to 2600 °C, the voltage required at the anode in order to form the screw pinch will be Ve~100 V, with Hydrogen filling pressures pH~1•10-3÷1•10-2 mbar. The screw pinch will be formed at an electrode current Ie=8.5 kA, which guarantees MHD stability, as its winding number (safety factor) will be qPinch>2. Raising the electrode current up to Ie=60 kA, the screw pinch will become unstable, as qPinch will become much less than unity. During the instability the poloidal field compression coils will be pulsed and the spherical torus will be generated around the screw pinch, driven in part by the inductive flux and in part by the helicity injection. The formation of PROTO-SPHERA will parallel the scheme successfully demonstrated by the TS-3 experiment at the University of Tokyo, which in 1993 produced a small spherical torus around a screw pinch, and maintained it stable for at least 80 s~100 A (100 Alfvén times).

Magnetic helicity, which, for a simply connected volume, bounded by a magnetic surface (where 
[image: image1.wmf]=0), is defined as 
[image: image2.wmf] (where 
[image: image3.wmf] is the vector magnetic potential), measures how much the lines of force are interlined, kinked or twisted and is a slowly decaying ideal invariant. The Taylor assumption states that energy decays to the minimum value it can have, subject to the conservation of magnetic helicity. Any initial configuration will self organize in a relaxed state 
[image: image4.wmf]
[image: image5.wmf]=
[image: image6.wmf], with =constant all over the plasma, after sufficient time. A more realistic physical situation of a domain containing magnetized plasma, with open field lines passing through the boundary, offers the opportunity of refurbishing the helicity content of the magnetized plasma. This happens if the magnetic helicity can be injected through the boundary (by driving current along the lines of force) more quickly than it is dissipated inside the domain by resistive processes. The origin of magnetic helicity injection is connected with the electric current forced to flow along a DC magnetic field, generating perpendicular magnetic flux and causing the magnetic field lines to kink up, with a helical pattern. Magnetic flux, plasma current and magnetic energy will be injected along with the helicity and reconnection processes will convert part of the magnetic energy into kinetic energy of the magnetized plasma. If the helicity source (the screw pinch discharge in the case of PROTO-SPHERA) is physically separated from the helicity sink (the spherical torus of PROTO-SPHERA), a gradient in the relaxation parameter (
[image: image7.wmf]≠0) will appear: resistive MHD instabilities will produce a helicity flow from regions of larger  to regions of smaller . A helicity diffusion coefficient will rule the helicity flux from source to sink.

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~1000 s). The second goal will be to show that efficient helicity injection, through the X-points of the magnetic separatrix, can sustain the spherical torus around the screw pinch for at least one resistive time (R~70 ms). The magnetic configuration designed for PROTO-SPHERA will provide an elongated (=b/a~2.2÷2.3) spherical plasma (aspect ratio A=R/a~1.2÷1.3) with a diameter 2•Rsph=70 cm. A longitudinal current Ie=60 kA will flow inside the screw pinch and a toroidal current      Ip=120÷240 kA inside the spherical torus, which will have an edge safety factor q95~2.5÷3.

A cylindrical vacuum vessel (2.5 m high and 2.0 m in diameter) will contain the   load-assembly of PROTO-SPHERA. The anode will be at positive voltage ~100 V, the poloidal field coils will be floating and the cathode will be at ground, together with the vessel and the remaining load-assembly. There will be two sets of poloidal field (PF) coils inside the vacuum vessel of PROTO-SPHERA, each composed by coils connected in series: (i) a first set of coils which shape the screw pinch and whose currents do not vary during the plasma evolution; (ii) a second set of coils which compress the ST and whose currents vary during the plasma evolution. As the formation time of the configuration will be 1 ms, the coils whose variable currents compress the ST will be shielded inside thin metal cases (time constant ~200 s). On the other hand the coils with constant currents will have to be enclosed inside thick metal cases (time constant ≥2 ms), in order to stabilize the plasma disks near the electrodes during the formation of the spherical torus. It will be possible to connect each individual PF coil case either to the anode or to the cathode potential or to keep it floating.

The screw pinch power supply must deliver Ie=60 kA at Ve≤300 V, with a rise time of 500 s and a response time of 5 ms. The constant current PF coils must deliver      IB=2 kA at VB=500 V, with a rise time of 0.1 s. The power supply feeding the variable current PF coils must be able to deliver IA=0.5 kA, with a rise time of 1 ms at a voltage VA=15 kV; thereafter to increase the current to IA=1.2 kA, at VA≤1 kV; finally to maintain IA=1.2 kA, with a response time of 10 ms at a voltage VA≤100 V.  

The computation of the ideal MHD stability of PROTO-SPHERA raises new problems: (i) the combined configuration composed by the spherical torus (ST), with closed field lines, and by the screw pinch (SP), with open field lines ending upon electrodes, must be correctly modeled; (ii) a magnetic separatrix defines the interface between the ST and the SP. An ideal MHD upper limit to the ratio between the toroidal ST current Ip and the longitudinal SP current Ie has been found. Such a limit depends upon the volume averaged beta value of the spherical torus, ST=20<p>ST/<B2>ST. With ST~30% the ideal stability of the configuration is limited to Ip=Ie, with ST~20% Ip can reach a value of 2÷3•Ie and with ST~10% Ip can reach a value of 4•Ie (the design limit of PROTO-SPHERA). The position of the conducting shells near the plasma does not seem to be critical for the ideal MHD stability results, which do not change even removing all the conductors to infinite distances from the plasma.

During the design of PROTO-SPHERA the electrodes' benchmark experiment PROTO-PINCH has been built and operated, with the goal of testing modular units of the cathode and of the anode. PROTO-PINCH has produced, within a Pyrex vacuum vessel, Hydrogen and Helium arcs in the form of screw pinch discharges, stabilized by two poloidal field coils located outside the vacuum. PROTO-PINCH, with an anode-cathode distance of 0.75 m and a stabilizing magnetic field up to B=0.1 T, has a current capability of Ie=0.67 kA, (with a pinch winding number qPinch>2).

The technical solution for the 5 cm diameter electrodes are: (i) a W-Cu(5%) hollow anode, with H2 puffed through it (a feedback system stabilizes the filling pressure pH in the vessel); (ii) a directly AC heated W cathode. The cathode filaments are heated up to 2600 °C, by a total current Icath=590 A (rms). Pinch discharges have been obtained with B=0.1 T, Ie=600÷700 A and Ve=70÷120 V. The arc discharges have been sustained for 2÷5 s, limited by the heating of PF coils and Pyrex vessel. The arc current has been obtained in the filling pressure range pH=1•10-3÷1•10-2 mbar. Spectroscopic measurements, in the visible light, have shown that the Hydrogen and Helium plasmas display only barely perceptible signs of impurities, at a count level of about 10-2 of the largest H and He line counts. An exhaustive series of full performance discharges (hundreds of shots) has shown the endurance of the electrodes to current and power densities equal to those required in                 PROTO-SPHERA.

The extrapolation to the 100 cathode modules required for PROTO-SPHERA, indicates that the cathode will be heated by a total AC current IK=60 kA (rms) at VK<20 V, with a total heating power rising up to PK=850 kW in 15 s. The power injected into the electrode plasma sheaths of PROTO-SPHERA will be         PelPinch≤4.6 MW, the ohmic input to the screw pinch of PROTO-SPHERA will be a further PPinch≤5.4 MW and finally the power required for the helicity injection will be PHIPinch~0.6 MW, summing up to a total Pe≤10.6 MW.

The accurate study of a laboratory plasma like the one of PROTO-SPHERA could provide useful information also on some astrophysical phenomena: mainly solar and protostellar flares. As a matter of fact in a number of astrophysical (gravity-confined) systems, unstable twisted magnetic flux tubes are able to produce, through magnetic reconnection, helical twisted toroidal plasmoids. The fate of these toroids is to expand and to be expelled from the generating gravity-confined parent systems. In this process the system is able to eject helicity and to shed a relevant magnetic flux, with a negligible loss of mass. These phenomena bear a strong resemblance to the formation and sustainment of the (magnetically confined) plasma of PROTO-SPHERA, although they occur at magnetic Lundquist numbers which are much larger (S=R/A~108÷1013) than the magnetic Lundquist number of PROTO-SPHERA (S~105). Also the range of  at which these phenomena occur, «in the solar corona, ≤1in collapsing magnetized clumps inside giant molecular clouds and »1 in protostar magnetized accretion disks, span a larger range of values than the ≤0.3 of PROTO-SPHERA.

From the point of view of Magnetic Fusion Energy research, the PROTO-SPHERA project is in the framework of the research on Compact Tori (ST, spheromaks, field reversed configurations-FRC) and has the capability of exploring the connections between the three concepts. In particular it has the goal of forming and sustaining a flux-core-spheromak with a new technique. The magnetic configuration of the experiment has been designed aiming at a safety factor profile that is similar to the ones obtained in spherical tori with metal centerpost. The compression of the screw pinch, while decreasing the longitudinal pinch current Ie, could even lead to the formation of an FRC with a new technique. 

Finally, with slight modifications in the load assembly, the PROTO-SPHERA experiment could host an unrelaxed Chandrasekhar-Kendall-Furth (CKF) configuration, which contains a magnetic separatrix and is composed by a "main spherical torus", two "secondary tori" on top and bottom and a "spheromak" discharge surrounding the three tori. If driving current on its closed flux surfaces can sustain the surrounding spheromak discharge, magnetic reconnections will occur at the X-points of the configuration, injecting magnetic helicity, poloidal flux and plasma current into the main spherical torus. Also the secondary tori will be a by-product of the same magnetic reconnections. An unrelaxed CKF can be viewed as a spherical torus (with winding numbers 
[image: image8.wmf]~1 on axis and 
[image: image9.wmf]~2 at the separatrix) surrounded by a spheromak endowed with high elongation and therefore with high winding number (
[image: image10.wmf]~3 on the symmetry axis and 
[image: image11.wmf]~5 at the separatrix). Unrelaxed CKF configurations can be stable to all low-n ideal MHD modes, up to unity beta values =20<p>Vol/<B2>Vol=1. This high  value opens the possibility that plasma motions (i.e. radial electric field) can sustain the magnetic field of CKF configurations. Whereas the breakdown and the inductive formation of an unrelaxed CKF in the modified PROTO-SPHERA seem feasible, a method for sustaining it, through current or torque injection, remains to be developed.

Looking at the world program on compact tori, results from PROTO-SPHERA, if obtained as early as in 2004, should be relevant and timely for this research line.

Moreover PROTO-SPHERA contains elements of general interest in plasma physics:

•
To form and sustain a magnetic confinement configuration through the non-linear saturation of an instability (self-organization).

•
To investigate the coexistence between the dynamo effect (reconnections and axisymmetry breaking) and magnetic confinement.

•
To simulate in laboratory plasma the solar and the protostellar flares.

•
To assess the fusion relevant performances of simply connected magnetic confinement configurations.

The success of PROTO-SPHERA could lead to a larger size and more fusion oriented experiment based upon an unrelaxed Chandrasekhar-Kendall-Furth configuration. Unrelaxed CKF fusion reactors with the right helicity injection,  limit and energy confinement, will allow for an unimpeded outflow of the high energy charged fusion products, easing direct energy conversion and the use of the burner as a space thruster.

The three major points that have to be demonstrated on PROTO-SPHERA are: that the formation scheme is effective and reliable, furthermore that the combined configuration can be sustained in 'steady-state' by DC helicity injection and finally that the energy confinement is not worse than the one measured on spherical tori.

Parameters of proto-spherA
Parameters of the spherical torus (ST):

Equatorial radius of the ST


Rsph 
= 
0.36 m

Major, minor radius of the ST


R 
= 
0.20 m, a = 0.16 m

Aspect ratio of the ST (R/a)


A 
= 
1.25

Elongation of the ST




= 
2.17

Toroidal ST plasma current


Ip 
= 
180 kA

Safety factor of the ST at the edge

q95
=
2.6

Greenwald density limit of the ST

<ne>G 
= 
3•1020 m-3

ST volume averaged electron density

<ne> 
= 
0.5•1020 m-3
ST volume averaged electron temperature
<Te> 
= 
140 eV
Energy confinement time of the ST

E
=
1.6 ms

Resistive time of the ST


R
=
70 ms
Alfvén time of the ST



A
=
0.5 s
Magnetic Lundquist number of the ST
S
= 
1.2•105
Total toroidal beta of the ST


T 
= 
10÷30%

Poloidal beta of the ST


pol 
≤ 
0.15

Parameters of the screw pinch (SP):

Equatorial radius of the SP


Pinch(0) = 
0.04 m

Longitudinal current in the SP 

Ie 
= 
60 kA

...corresponding to a toroidal field

BT0 
= 
0.05 T at R = 0.23 m

... ... including paramagnetism

BT   
= 
0.14 T at R = 0.23 m

SP electron density



nePinch
= 
0.15•1020 m-3
SP electron temperature


TePinch 
= 
36 eV
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