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 development of simply connected magnetic configuration would strongly simplify the design of a fusion reactor. The engineering advantages include the simplification of the confining magnetic field (solenoid), the absence of damage and maintenance of the critical central post and the ease of access to a cylindrical reactor chamber. The physics advantages are mainly connected with the "open" structure of the magnetic field: the presence of a minimum of the field (magnetic well) inside the confinement region allows for plasma beta values approaching unity; a confinement system with two "ends" eases the refueling/exhausting of the plasma; the emerging field lines ease the control of the electric potential within the plasma.

A simply connected configuration would be particularly suitable for magnetic fusion space propulsion: the channeling of the charged fusion products into particle jets could transform the fusion power into propulsive power, with a high efficiency available for thrust. Furthermore D-3He fusion reactions are much more attractive than D-T for space thrusters, as they would yield mainly charged fusion products (maximum thrust) and reduce the shield mass (minimum weight). However the requirements upon the plasma temperature T and upon the product of confinement time and plasma density nE, for maintaining ignition, are both 5 times larger for D-3He than for D-T. As the fusion power density scales as Pfusion~2B4 and the Lawson parameter as nTE~/ {L2B2}, the achievement of a high plasma beta, ≈O(1), becomes mandatory, in order to minimize the magnetic field B, at given plasma thermal diffusivity  and system size L. Obvious considerations about weight of coils and cyclotron radiation forbid the maximization of B for space thrusters. Compact tori such as Spheromaks and Field Reversed Configurations (FRC) are attractive candidates for magnetic fusion propulsion. However Spheromaks are limited by ideal MHD stability to ≈0.15, whereas FRC have ≈1, but the theoretical understanding of their macroscopic stability remains elusive.

A new ≈1 magnetic confinement scheme, which would be worthwhile of experimental study, is introduced. Simply connected Chandrasekhar-Kendall-Furth (CKF) axisymmetric plasma equilibria contain a magnetic separatrix with ordinary X-points (B≠0), dividing a spherical torus (ST), two secondary tori and a surrounding discharge. Degenerate X-points (B=0) are present on the symmetry axis (see Fig. 1).
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Figure 1 Flux surfaces of a =1 unrelaxed CKF equilibrium and its |B| contour plot.
Their MHD equilibria are calculated imposing that the relaxation parameter =0j•B/B2 is constant only at the edge of the plasma and that the surface averaged relaxation parameter  decreases from the edge toward the axis of the ST. If the surrounding discharge is sustained by driving a total poloidal current Ie, magnetic helicity, flowing down the gradient of , is injected into the ST. Magnetic reconnections at the X-points, produce a total toroidal current IST flowing inside the main spherical torus, while converting part of the magnetic energy into kinetic plasma energy: in the equilibrium calculations the pressure profile is assumed such that the region of maximum p coincides with that of maximum .

A parametric scan of unrelaxed CKF equilibria, at fixed shape of the plasma edge, has been calculated in terms of the ratio IST/Ie and of the safety factor at the ST magnetic axis q0ST. The vanishing of the toroidal current density j on the ST axis, a too large j at the edge and the gradient of the relaxation parameter ≠0 extending up to the ST axis set, respectively: the low IST/Ie, the low and the high q0ST equilibrium limits in the plot of Fig. 2. At =1/3 all the equilibria with a current ratio 1.5< IST/Ie<5 are stable, irrespective of the internal profiles (q0ST). At =1 the stable range is limited to 1.5< IST/Ie<3.5, but is remarkably present even without any conducting shell around the plasma.
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Figure 2.  Ideal MHD stability plots at =1/3 and =1 for unrelaxed CKF equilibria.

Fig. 3a shows the arrow plot of an n=1 global mode at =1, IST/Ie=5 and low q0ST, due to a too large p inside the surrounding discharge. 
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Figure 3.  Arrow plots for unstable CKF equilibria: a) and b) global modes; c) mode limited to the surrounding discharge.

Fig. 3b shows the arrow plot of an n=3 global mode, again at =1, IST/Ie=5, but at larger q0ST, due to a too large p inside the ST. At higher values of IST/Ie the stable window shrinks or disappears, due to global modes with n=2 and n=3, confirming that a classical Spheromak, which is obtained in the limit IST/Ie with q0ST≈0.9, becomes unstable at a rather low  value. At a current ratio IST/Ie≈1, an n=1 mode, limited to the surrounding discharge, kinks the central column (Fig. 3c), due to a too large longitudinal (poloidal) current flowing inside the central column. The kink mode at IST/Ie≈1 shows up even at =0.

In a CKF fusion space thruster, the large Larmor radii of the charged fusion products induce remarkable prompt losses (~15%), enhanced by the large variation of the magnetic field strength (and possibly by the helicity-injecting nonaxisymmetric magnetic reconnections). Different orbits of co/counter-circulating fusion products on the inboard/outboard of the surrounding discharge (see Fig. 4) drive, through the generalized Ohm's law, a net current density. Order of magnitude evaluations indicate that such current could be sufficient to sustain the plasma of the surrounding discharge, but detailed calculation are still in  progress. Therefore the prompt losses of charged fusion products from a CKF fusion space thruster could play the double role of transforming the fusion power into propulsive power and of self-sustaining the magnetic configuration of the thruster.
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Figure 4.  Promptly lost -particles: contour plot of their density n, arrow plot of their poloidal velocity v and of their poloidal flow nv.






