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A spheromak is a magnetic configuration toward which a plasma spontaneously evolves

when the appropriate boundary conditions are imposed. A main goal of spheromak research,

relevant also to other confinement systems, is to understand how current is driven in the closed

flux region, and how this driving impacts on the confinement properties of the configuration

[1]. The physical mechanism responsible for this current driving and also for spheromak for-

mation is magnetic relaxation: on the time scale of magnetohydrodynamic (MHD) instabilities

the plasma relaxes to the minimum energy state, maintaining its helicity content. The dynamics

of magnetic relaxation is still a subject of research. In this article we study some aspects of the

process of formation and sustainment of a spheromak, using 3D, MHD numerical simulations.

We model the plasma using the resistive MHD equations with finite viscosity and zero β (see

Ref. [2] for details). The domain is a cylinder of elongation h/a = 1, with perfectly conducting

wall conditions (B ·n = 0 and J×n = 0) and vanishing velocity (u = 0) at the cylindrical

boundary (r = a) and the top end (z = h). At the bottom (z = 0) end the poloidal flux is

prescribed as ψ(r,z = 0) = CψG(r/a)2(1− r/a)3, where C = 28.935 is a constant and ψG is

the maximum flux imposed by the gun. In order to inject helicity into the system we impose a

tangential boundary flow at z= 0. Specifically, the velocity at this boundary is set to ur = uz = 0

and uθ = u0 max[0,25(2/5− r)r].

The initial condition is the vacuum magnetic field [see Fig. 1 (e)] and zero velocity inside the

chamber. The results presented here are normalized with the chamber radius (a), the imposed

flux (ψG) and the Alfvén speed (cA). Time is expressed in Alfvén times (τA = a/cA). In these

units we set u0 =−0.1. The Lundquist number is S = τr/τA ∼ 800 initially, and∼ 2000 during

sustainment. The magnetic Prandtl number is set to one.

The applied uθ and Bz produce a net Er, at the bottom end, that mimics the external elec-

trostatic field in coaxial plasma gun experiments and acts as a source of toroidal flux (via

Faraday’s law), as can be observed in Fig. 1. For t < 45, ψma remains at the constant imposed

value, while there is a build up of toroidal flux (Φ). Magnetic energy and helicity are shown in

the inset of Fig. 1 (a). At t ∼ 45, a relaxation event which produces significant energy dissipa-

tion at approximately constant helicity and flux conversion from toroidal to poloidal is clearly

observed. Panels (b), (c) and (d) of Fig. 1 show contours of ψ and colormaps of λ (where
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Figure 1: (Color) Evolution of the maximum poloidal (ψma) and the total toroidal (Φ) fluxes

(a). Magnetic energy (W ) and helicity (H) are shown in the inset. λ colormaps and ψ contours

in the poloidal plane (b)-(d). Magnetic field lines showing the central open flux column (e)-(g).

λ = J ·B/B2, is computed using the n = 0 component of the toroidal Fourier decomposition of

B) at different times. At t = 30, λ is strongly peaked near the geometric axis and no closed ψ

contours are identified. After relaxation (t = 70), λ is redistributed and closed ψ contours ap-

pear, indicating the formation of a spheromak configuration. The poloidal and toroidal fluxes

continue to increase until t ∼ 700 and afterwards a quasi steady state is sustained for one resis-

tive time, indicating that a balance between helicity injection and dissipation has been reached.

The ψ and λ distributions shown in Fig. 1 (d) are representative of this quasi-steady state.

It is well known that spheromak formation and sustainment necessarily involves nonaxisym-

metric activity. The magnetic field lines (followed from fixed positions at the bottom end) are

plotted in Fig. 1 (e)-(f) and Fig. 2 (a), at different times. The initial field lines of the vacuum

solution (t = 0) expand and twist forming a central current-carrying column. As the current

through the central column increases and the field lines increase their twisting, the configura-

tion eventually becomes unstable (t = 37) and the typical helical structure of a kink instability

quickly develops (t = 46). This instability, with dominant toroidal wavenumber n = 1, satu-
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Figure 2: (Color) Rotating flux structure (a). Poloidal field of the n = 1 mode (Bn=1
z ) as a

function of r and t (b). Temporal evolution of Bn=1
z at r = 0.95 (w), r = 0.1 (sa), and r ∼ 0.6

(ma), dynamo field at the magnetic axis (Ema
d‖ ) and ψma.

rates at a relatively small and fixed amplitude (Wn=1/Wn=0∼ 0.01 during sustainment, see Fig.

3) causing the central column to adopt an almost fixed helical shape which rotates as indicated

in Fig. 2 (a) (t = 1072).

The rigid rotation of a similar structure was observed experimentally [3]. In Ref. [2] we

reproduced this motion for the first time and showed that it does not involve a rotating plasma

flow, but is the result of a coherent oscillation of the n = 1 mode. Further details on the oscil-

lation of the n = 1 mode are presented in Fig. 2. Panel (b) shows the poloidal magnetic field

(Bn=1
z ) of the n = 1 mode at z = h/2, as a function of r and t. The temporal evolution of Bn=1

z

at r = 0.1 (Bn=1
z |sa) and r = 0.95 (Bn=1

z |w), observed in Fig. 2 (c), are in agreement with the

rotation of the structure shown in (a). However, the evolution of Bn=1
z near the magnetic axis

(Bn=1
z |ma, at r ∼ 0.6) does not correspond to a rotation of the mode. The complicated time

dependence of Bn=1
z |ma (together with the velocity fluctuations) produces a sequence of peaks

in the toroidal dynamo electric field (Ed‖ = 〈u×B〉 ·Bn=0/Bn=0), which in turn produces the

impulsive amplification of ψma [Fig. 2 (c)]. It is important to note that the frecuency of these
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Figure 3: (Color) Kinetic energy and energy of three magnetic modes (a). Poincare maps at

t = 1000, computed with the n = 0 mode alone (b) and with the full solution (c).

impulses is not the same that the rotation frequency of the helical flux column of Fig. 2 (a).

The evolution of the energy content of the first three toroidal modes and the kinetic energy

is shown in Fig. 3 (a) (normalized with the energy of the n = 0 mode instantaneously). During

sustainment, the dominant magnetic mode (n = 1) and the flow have an energy ∼ 1%, in the

chosen normalization. This means that almost 98% of the total energy of the system is stored in

the axisymmetric magnetic mode. The Poincare map obtained using only this mode is shown

in panel (b). Regular and closed magnetic surfaces are observed. When the Poincare map is

computed using the full solution, panel (c), we see that, however small (just above 1% in

energy), the fluctuations destroy the magnetic surfaces producing large stochastic regions.

In summary, we demonstrated the possibility of forming and sustaining a spheromak using

boundary flows. We showed that the rotation of the central open flux column does not involve

the rigid rotation of the n = 1 mode (the mode is fluctuating but not rotating near the magnetic

axis). The low level of fluctuations (∼ 1% in energy) required for toroidal current sustainment

induce a stochastic behavior of the magnetic field lines. We emphasize that we have not studied

the effect of fluctuations on the magnetic field lines for different Lundquist values.
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