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Flux Core Spheromak Formation from an Unstable Screw-Pinch
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Many features related to spheromak formation, sustainment, relaxation and decay have been
studied in the past, using numerical simulations. Phenomena like magnetic energy relaxation,
poloidal flux amplification and dynamo effect have been successfully recovered by different
numerical codes (see for example Ref. [1-4]). In particular, the flux core spheromak (FCS)
formation from an unstable screw-pinch has been presented by Sovinec et. al. [3]. In that work,
a screw-pinch with normal magnetic field fixed at the electrodes was destabilized and sustained
by the action of an axial current parallel to the flux conserver walls. In this work, we study in
detail the same formation process, but introducing two differences. Firstly, we do not apply
any forcing current. This feature allows us to study the relaxation event alone. Secondly, the
magnetic field at the electrodes is not fixed. Instead, periodic boundary conditions are applied
at the electrodes which are located at the bottom and top ends of the flux conserver, and have

a smaller radius than the flux conserver.

Simulation Description

Using the VAC code, we solve the resistive isothermal MHD equations, with a shock-
capturing scheme based in a Roe-type Riemann solver and a Woodward limiter [5]. The
divergence-free condition of the magnetic field is maintained using the projection method [6].

In order to simplify the physics, we do not advance the density. This corresponds to a con-
stant pressure computation, usually referred to as thez¢oozero-pressure) approximation,
widely used when modelling loyé-plasmas [3,4].

A uniform cartesian grid is used, witll, x Ny x N, = 100x 100x 75. The cylindrical flux
conserver is constructed using appropriate values at ghost cells, i.e. knowing the solution inside
the flux conserverr(< R), we set the values of external grid points{ R) in such a way that
the boundary conditions are satisfied (ig= R), up to the interpolation error. The perfectly
conducting wall conditions employed ai; i = 0 andJ x A = 0. At the electrodesr(< Re,
z=0andr < Re, z=H), periodic boundary conditions are applied.

The initial condition is a force-free screw-pinch, obtained by solving the equilibrium equa-
tion O x B(r) = A(r)B(r), with a stepwis@ profile (we used éanhfunction in order to obtain
smooth solutions) having & value at the electrode K Re) and zero outsideéRe < r < R).

The simulation presented here has cylinder radius and heightof andH = 1.5 respec-
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tively, and the electrode size R = 0.35. With this geometry, the first eigenfunction of the

Taylor state isAtayior = 4.3667. The resistivity is set tg = 104. Following 1zzo and Jar-

boe [4], the resistive time scale i = 1/nA2 ~ 500. The Alfven time scale is taken to be
A = R\/p/Bg =1, sincep =1, andBp = B,(r = 0,t = 0) = 1. With these parameters the

Lundquist number of the simulation &= 1, /74 ~ 500.

Results and Discussion

The evolution of the total and n=0 magnetic is showed in Fig. 1a. The details of the n>0

components and kinetic energy can be observed in Fig. 1b.
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Figure 1: (Color) Evolution of magnetic energy spectruf)( kinetic energy K), poloidal

flux (@) and relative magnetic helicity (left). Axisymmeticradial profiles az = H /2 (right).

The complete evolution may be divided into five steps. The first step is the exponential

growth of the linearly unstable n=1 mode (frdme- 0 tot = 30). The second step is the non-

linear saturation of the instability, which goes fram= 30 tot = 45. A significant amount

of energy is delivered from the n=0 to the n=1 mode (Fig. 1a), and also n>1 modes rapidly

develop. The small amount of kinetic energy (relative to magnetic energy) involved in the

relaxation process is generated during this step. The high initial value of the n=4 mode is due

to the cartesian grid used. The magnetic field lines at the beginning and the end of this step are

showed in Fig. 2.
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Figure 2: (Color) Magnetic field lines showing the kink insti& (left) at t = 3014, and the
non-linear saturation (right) &t= 451a.

In the following step (the third, frorh= 45 tot = 70), the n=1 energy decreases and higher
modes (n>1) are excited. This energy transfer process between modes finishes when magnetic
reconnection occurs, atv 70. The reconnection is the fourth step and it is responsible for the
formation of the first closed flux tube of the spheromak (Fig. 3).

Figure 3: (Color) Field lines before the magnetic reconmecavent (left) at = 6915, and
after reconnection (right) at= 71ta. The first closed flux tube is formed.

The last step involves the generation of the closed magnetic flux surfaces of the FCS config-
uration. After reconnection, the n>0 modes decay faster than the n=0 mode, and the configura-
tion recovers the axisymmetry. The closed flux surfaces formation is a relatively slow process,
since a small amount of n>0 activity present in the system gives rise to large stochastic regions
(see field lines at= 110 and = 137 in Fig. 4).

In Fig.1 (right), we plotA = J-B/B? (of the n=0 mode). Initially, all the current is concen-
trated in the electrode zone. The MHD activity spreads the current to larger radius values and
diminishes the central currerit£ 45). Reconnection reestablishes current in the central zone
(t=70). In later times, the profile becomes more uniform, but a smooth variation (a minimum)
remains near = 0.3, where the transition from open to closed flux surfaces is located. The
boundary conditions applied at the flux consenderf (= 0), are responsible for the drop near
r = 1 and the anti-parallel current observed at45 andt = 70.
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Figure 4: (Color) Formation of closed poloidal flux surfacé&rareconnection, from times
t = 110rx (left) tot = 1371a (right).

The safety factord) profile computed from this simulation is showed in Fig. 5. The
profiles obtained in two different cases, one, varying only the flux conserver elongation from
H =15toH = 1.7, and another one, varying only the electrode radius fRam- 0.35 to

Re = 0.25, are also showed.
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Figure 5: (Color) Safety Factor profiles for three cases.

In summary, we studied the relaxation process that produces a FCS configuration beginning
from a screw-pinch, without sustainment. Five different steps were identified: linear instability,
non-linear saturation, magnetic energy transfer to higher modes, magnetic reconnection and
closed flux generation. The axisymmetric part of terofile after each step was analyzed.

The resulting safety factor profile after relaxation was showed for the original case, for a case
with higher elongation and for a case with smaller electrode radius.
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