PROTO-SPHERA
Chandrasekhar-Kendall-Furth (CKF) fields are simply connected plasma equilibria containing a magnetic separatrix, which divides a "main spherical torus", two "secondary tori" on top and bottom of the main torus and a "pinch" discharge surrounding the three tori. Whereas CKF force-free fields have no pressure gradient (
[image: image1.wmf]=0) and a relaxation parameter =0
[image: image2.wmf] constant all over the plasma, unrelaxed (
[image: image3.wmf]≠0, 
[image: image4.wmf]≠0) CKF equilibria can be calculated with the boundary condition that =0
[image: image5.wmf] is constant only at the edge of the plasma. Unrelaxed CKF equilibria can be stable to all low-n ideal MHD modes, up to beta values =20<p>Vol/<B2>Vol=1. This high  value opens the possibility that the magnetic field of CKF configurations can be sustained by plasma motions. 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. However there is not yet a clear idea about the methods for injecting current (or torque) into a CKF configuration. In order to begin an experimental study of unrelaxed CKF configurations, a preliminary experiment is being proposed. The PROTO-SPHERA experiment will study the properties of a CKF configuration where a Hydrogen force-free screw pinch, fed by electrodes, replaces in part the surrounding discharge. PROTO-SPHERA, with a longitudinal pinch current Ie=60 kA, will produce a spherical torus of diameter 2Rsph=75 cm, aspect ratio A=1.2-1.3, carrying a toroidal current Ip=120-240 kA.

1.
CHANDRASEKAR-KENDALL-FURTH CONFIGURATIONS

FOR MAGNETIC CONFINEMENT

A simply connected magnetic confinement scheme can be obtained superposing two axisymmetric homogeneous force-free fields, each with 
[image: image6.wmf]=
[image: image7.wmf], both having the same value of the relaxation parameter =0
[image: image8.wmf]. The first is the Chandrasekhar-Kendall force-free field of order-1: 
[image: image9.wmf] [1]. The second is the Furth square-toroid force-free field: 
[image: image10.wmf][2]. The flux functions obtained superposing the two force-free fields are written as: 
[image: image11.wmf]. For values of the superposition constant ≥0.402, they contain, in a simply connected region near the origin, a toroidal current density j of the same sign and are called Chandrasekhar-Kendall-Furth force-free fields (CKF). CKF fields contain a magnetic separatrix and are composed by a "main spherical torus", two "secondary tori" on top and bottom and a "pinch" discharge surrounding the three tori (see Fig. 1). If the pinch discharge can be sustained by driving current on its closed flux surfaces, 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.

 The ideal MHD stability of the Chandrasekhar-Kendall-Furth (CKF) force-free fields has been studied by solving the eigenvalue problem: 
[image: image12.wmf], where 
[image: image13.wmf] is the plasma perturbed potential energy and 
[image: image14.wmf] the plasma perturbed kinetic energy, associated with the perturbed plasma displacement 
[image: image15.wmf] [3]. The expressions for the perturbed energies become simpler if the equilibrium is analyzed in nonorthogonal periodical Boozer coordinates (T-radial,-poloidal,-toroidal), with Jacobian 
[image: image16.wmf]1/B2 [4]. The continuity of the rotational transform 
[image: image17.wmf](T) and of the toroidal and poloidal plasma currents I(T) and f(T) smoothly joins the Boozer coordinates of these equilibria at the ST-SP interface, T=
[image: image18.wmf]. The energy principle for a compressible plasma is used, Fourier analyzing the normal =
[image: image19.wmf]•
[image: image20.wmf], binormal =
[image: image21.wmf]•(
[image: image22.wmf]) and parallel =-
[image: image23.wmf]

 EMBED Equation.3  [image: image24.wmf]•
[image: image25.wmf] components of the displacement away from the (up/down symmetric) equilibrium as: 
[image: image26.wmf], 
[image: image27.wmf], 
[image: image28.wmf], in terms of a toroidal number n and of a range of poloidal numbers ml. Only the normal displacement  must be continuous at the separatrix between the three tori and the surrounding pinch, where the binormal and the tangential  components can make jumps [5]. The STABLE code uses a one dimensional Finite Hybrid Element method (in terms of , , ) and solves the ideal MHD eigenvalue problem. The results of the STABLE code calculations for low toroidal mode numbers (n=1,2,3), assuming fixed boundary conditions at the edge of the plasma: (
[image: image29.wmf])=0, are that the Chandrasekhar-Kendall-Furth force-free fields are stable in ideal MHD when the value of the superposition parameter is greater than =0.5.
Although force-free fields cannot sustain any pressure gradient (
[image: image30.wmf]=0) and are so unable to confine plasmas of fusion interest, a variety of unrelaxed (
[image: image31.wmf]≠0, 
[image: image32.wmf]≠0) MHD fixed boundary equilibria, similar in shape and topology to the Chandrasekhar-Kendall-Furth force-free fields, can be calculated (see Fig. 2). They have =0
[image: image33.wmf]=constant only at the edge of the plasma (T=
[image: image34.wmf]), as a boundary condition for the MHD equilibrium. The flux-surface averaged relaxation parameter <>(T)=0<j/B> will decrease from the edge of the plasma to the axis of the main spherical torus: if the pinch discharge can be sustained by driving current on its closed flux surfaces, magnetic helicity (flowing down the <> gradient) will be injected into the main spherical torus, through magnetic reconnections at the X-points. The gradient of the pressure profile will presumably be concentrated in the same region where the gradient of <> has the largest variation. Unrelaxed CKF equilibria, with this kind of <>(T) and p(T) profiles, can be stable, with fixed boundary conditions at the edge of the plasma: (
[image: image35.wmf])=0, to all low-n ideal MHD modes, up to unity value of the beta of the main spherical torus:  ST=20<p>ST/<B2>ST=1.
In a reactor extrapolation the unrelaxed CKF configurations are contained in an almost cylindrical solenoid external magnetic field and their high  opens the possibility that their internal magnetic field can be sustained by plasma motions. 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. However at present there is not yet a clear idea about the methods for injecting currents or torque into the surrounding plasma, so in a preliminary experiment the surrounding plasma will be partially replaced by a force-free Screw Pinch, fed by electrodes. 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 (or ST, with toroidal current Ip) where a Hydrogen force-free Screw Pinch (SP, with longitudinal current Ie fed by electrodes) replaces in part the surrounding discharge (see Fig. 3). The goal of the experiment will be to compress the ST to the lowest possible aspect ratio ratio in a time of about 1600 Alfvén times (1600A=1600  0.5 s=800 s) and to show that efficient helicity injection can maintain a stable configuration for at least one resistive time (R=50 ms). PROTO-SPHERA, with a Pinch current Ie=60 kA, will produce an ST of diameter 2Rsph=75 cm, aspect ratio A=1.2-1.3 and Ip=120-240 kA, corresponding to an edge safety factor q95≈2.5-3.
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    Fig. 1. CKF relaxed state.    Fig.2. Unrelaxed CKF.
   Fig. 3. PROTO-SPHERA configuration.

2.
Electrodes for the PROTO-SPHERA Experiment

In the PROTO-SPHERA experiment the plasma will be magnetically shaped as a disk near each modular annular electrode (see Fig. 4).
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Fig. 4. Electrodes for PROTO-SPHERA.

When the design of the PROTO-SPHERA experiment began, the electrodes were considered the most unconventional item and one among the major concerns. It was not clear that a feasible solution did exist, allowing for almost steady-state (≈1 second) emission from a cathode, at a plasma current density level of 1 MA/m2 at the plasma-cathode interface. Neither was it clear that a working solution did exist for an anode able to withstand 50 MW/m2 for the same discharge duration. Other concerns were about the endurance to many hundred discharges, about the contamination of the plasma and about the magnetic field perturbation due to the directly heated cathode. A final concern was the breakdown voltage, which could cause insulation problems in the PROTO SPHERA load assembly.

In order to investigate these points the PROTO-PINCH benchmark of one anode and one cathode module has been built. It is similar to PROTO-SPHERA in physical dimensions and in the strength of the magnetic fields near the electrodes (see Fig. 5). 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. Following a trial and error procedure about 3 anode and 10 cathode prototypes have been tested on PROTO-PINCH from October 1998 to March 2001.
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Fig. 5. a) Scheme; b) picture of PROTO-PINCH superposed with picture of an Ie=600 A plasma arc.

The technical solutions (see Fig. 4) are a Tungsten-Copper hollow anode and an AC directly heated cathode, composed by conical helical 2 mm filaments double wound (zero field) in pure Tungsten. Pure Tungsten as been used instead of W-Th, because as soon as the arc breaks-down, the temperature raises to about  2700 °C, exceeding  by far the Thoria melting point. The cathode module is AC heated by a total current Icath=590 A (rms). Arc discharges have been obtained with B=0.1 Tesla, Ie=660 A and Ve=80-100 V and sustained for 2-5 s, limited by the heating of PF coils, Pyrex vessel and rubber vacuum seals. The Cu-W water cooled hollow anode, with H2 puffed through it, has withstood thousands of discharges.

The final result is that a cathode and an anode module, able to withstand the required current and power densities, have been built and have survived to many hundred plasma shots. A further remarkable result is that the produced Hydrogen plasma has turned out to be almost free of impurities. The final relevant result is that the breakdown is obtained at low voltage (100 V) in the same filling pressure range of a standard tokamak discharge (10-2-10-3 mbar).

3.
Ideal MHD stability of PROTO-SPHERA

The TS-3 experiment at the Tokyo University [6] has produced and sustained a flux-core spheromak similar to PROTO-SPHERA for tens of Alfvén times, albeit its plasma was fed by simple axial cylindrical electrodes. This result has shown that the combined ST+SP (spherical torus+screw pinch) configuration can be stable in ideal MHD.

The computation of the ideal MHD stability of PROTO-SPHERA raises new problems: (i) the combined configuration composed by the ST, with closed field lines, and by the 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 (see Fig. 6).

The continuity of the rotational transform 
[image: image39.wmf](T) and of the toroidal and poloidal plasma currents I(T) and f(T) smoothly joins the Boozer coordinates (T,,) [4] of these equilibria at the ST-SP interface, T=
[image: image40.wmf]. Inside the force-free SP (
[image: image41.wmf]<T≤
[image: image42.wmf]) the poloidal angle  is determined by the flux surface averaged equilibrium equation:
[image: image43.wmf]. The energy principle for a compressible plasma is used.
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Fig. 6.
 PROTO-SPHERA cross section.

The STABLE code uses a one dimensional Finite Hybrid Element method (in terms of the normal , binormal  and tangential components of the displacement) and solves the ideal MHD eigenvalue problem, including the magnetic energy in the vacuum region between the plasma and the conducting walls. It has been validated on the analytic Solovev equilibria and reproduces satisfactorily the experimental stability results of TS-3 [6].

However, for PROTO-SPHERA, the usual representation of the displacement 
[image: image45.wmf] is inadequate: the plasma extends up to the symmetry axis R=0, where (
[image: image46.wmf]) should be forced to 0, in order to avoid divergences (as 
[image: image47.wmf]=0). However, at variance with TS-3, PROTO-SPHERA will include two degenerate X-points (B=0) on top and bottom of the configuration. On the plasma disks, after the degenerate X-points, the flux surface T=
[image: image48.wmf] branches from the symmetry axis R=0, making (as 
[image: image49.wmf]≠0) incorrect the forcing (
[image: image50.wmf])=0. The proper way of treating the flux surface T=
[image: image51.wmf] is to make a change of variables:
[image: image52.wmf],
[image: image53.wmf]. Then no boundary condition on 
[image: image54.wmf] is required, unless upper and lower stabilizing conducting plates (see Fig. 6) are close-fitting the pinch plasma, forcing 
[image: image55.wmf](
[image: image56.wmf])=0.

The validated STABLEC code calculates (in terms of 
[image: image57.wmf], 
[image: image58.wmf], ) an ideal MHD stability limit to the ratio between the toroidal ST current Ip and the longitudinal SP current Ie. The upper Ip/Ie limit depends upon the ST beta ST=20<p>ST/<B2>ST (see Fig. 7) and can be increased if the stabilizing plates are present. At ST ≈30%  the ideal MHD stability calculated by STABLEC sets the limit to Ip=Ie, at an ST aspect ratio A=1.3. At ST ≈20% Ip can reach a value of 2•Ie, at A=1.3 or, with stabilizing plates, 3•Ie, at A=1.25. At ST ≈10% Ip can reach a value of 2•Ie, with A=1.3 or, with stabilizing plates, 4•Ie (the design limit of PROTO-SPHERA), with A=1.2.
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Fig. 7.
Arrow plot results of the PROTO-SPHERA ideal MHD stability  calculation: Ie=60, Ip=120 kA.

a) Oscillatory stable motion localized on resonant surfaces at =20%.

b) Unstable growing global mode at =30%.
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