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In a highly conducting plasma, the magnetic field is frozen-in to the bulk electron flow. How-
ever, if there exists a finite electric field parallel to the magnetic field, then magnetic recon-
nection can change field-line connectivity towards a state of lower magnetic energy. Recon-
nection is a plausable explanation for intense heating and particle acceleration in solar flares
and in the magnetotail of Earth [1]. In a magnetic confinement fusion device, reconnection can
create magnetic islands, leading to a local flattening of pressure profiles and a degradation in
plasma confinement. Studying magnetic reconnection in a controlled experimental setting can
give valuable insights into this fundamental plasma process.

We study the merging-compression method of plasma start-up in the Mega-Ampere Spherical
Tokamak (MAST) as a magnetic reconnection experiment. Here, two toroidal flux-ropes with
parallel currents are produced around in-vessel poloidal field coils. These flux-ropes are mutu-
ally attracted and merge at the mid-plane of the vessel through reconnection of the poloidal field.
The plasma forms Spherical Tokamak (ST) configurations with plasma currents of up to 0.5
MA, and with temperatures reaching 1 keV on millisecond timescales through extremely rapid
reconnection heating. In comparison with other dedicated reconnection experiments MAST
has strong toroidal and poloidal magnetic fields, By ~ 0.5 T and B, > 0.1 T, making it the
highest Lundquist number, S ~ 10* — 107, and lowest plasma beta, 8 ~ 10~* — 1072, reconnec-
tion experiment currently in operation [2]. Also, the high-resolution Thomson Scattering (TS)
diagnostic gives detailed profiles of electron temperature and density which are essential for
understanding the reconnection process.

Here we present results from non-linear two-dimensional fluid simulations of merging start-
up on MAST. We study the effects of tight-aspect ratio toroidal geometry and two-fluid physics
on the reconnection, and draw comparisons with experimental data.

We solve the compressible Hall-MHD equations in normalised form (see [3] for a full deriva-

tion) using the 2D HiFi [4, 5] spectral-element framework. The variables evolved are nor-
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malised by MAST start-up plasma values: density ny = 5x10'® m~3, length-scale Ly = 1 m,
magnetic field Bo = 0.5 T, and temperature Ty = T, o = T; o = 10 eV. Velocities are normalised
by the Alfvén speed vo = Bo(ptonomi)*l/ 2 the electric field by Ey = voBy, and pressures by
po = B% /2. The full set of equations is

on+V-(nv;) =0 (1)

o(nvi)) + V- (nvivi+pl+m)=jxB (2)
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where n is the density, v; and v, the ion and electron velocities (v, = v; — d;j/n), B the magnetic
field, p = p; + p. the total (sum of the ion and electron) thermal pressure, j = V x B the current
density, E the electric field and A the magnetic vector potential. The ion stress tensor is m; =
—1(Vv;+Vvl'), and the heat-flux vector q has anisotropic form q = — Kc“ VT — K-V | T where
V= b(b- V). The coefficients are the normalised ion-skin depth, d; = c(nge? /egm;) ™' /Ly " =
0.145, the resistivity 1 = ([.LovoLo)_lnSp,” = 107 based on the parallel Spitzer value, hyper-

resistivity ny, viscosity u = (tovoLo) ™! ,ul.” = 1073 based on the parallel value but treated as

a free parameter, and the parallel electron, K,l', and perpendicular ion, KZ.L, heat conductivities.
The final term in equation (3) is the hyper-resistivity [3], or anomalous electron viscosity. It is
used to set the scale for the electron diffusion region, and a dissipation scale for waves with
quadratic dispersion. In this study we vary 1, 1 and ng to study the scaling effects of collisions
on the merging.

Resistive MHD studies (d; = 0) and Hall-MHD studies (d; = 0.145 m) in Cartesian geometry
are described in [6], here we present results from a toroidal (R, ¢,Z) Hall-MHD simulation. The
initial flux-ropes are modelled as localised distributions of parallel toroidal current jy, see the
first panel in Figure 1. The flux-ropes are balanced against the pinch-force by a paramagnetic
increase in the toroidal field (due to the low poloidal beta B, = 2 x 1073 < 1). Outside of the
flux-ropes the toroidal field has the vacuum radial dependence By o = —BoRo/R, where Ry =
0.85 (m) is the major radius. The dashed line is the fieldline that coincides with the magnetic
separator at t = (. This separates the “private flux”, which is available for reconnection, from the
“public flux”, which surrounds both flux-ropes and includes line-tied vertical flux balancing a
radially outwards hoop force. The boundaries are conducting wall, perfect slip and zero normal

temperature gradient, with the additional line-tying condition on the Z = +2.2 boundaries.
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Figure 1: Toroidal current jgy, and flux contours W = RAy, at three snapshots.

The dashed fieldline coincides with the magnetic separator at t = 0.

The plasma density is shown in Figure 2 for
a resistive MHD, and a Hall-MHD simulation
in toroidal geometry when an equal amount of
flux has been reconnected. In resistive MHD,
the reconnection outflow jets into the small
inboard volume cause order one density in-
creases close to the central post, and there is a
density cavity on the outboard side. In the Hall-
MHD simulation parallel electron velocity gra-
dients along newly reconnected fieldlines (see
also [6, 7]) cause an additional “quadrupole”
density pattern. The bottom panel shows sim-
ulated TS profiles of electron density. At t =
207y there is a double-peak in the density pro-
file, but the outer peak is due to the quadrupole
and disappears over time. These simulated
density profiles agree well with the experimen-

tal TS data [2].
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Figure 2: Above: Density (colour) for resistive

MHD (left) and Hall-MHD (right) simulations. Be-

low: Density profiles at midplane for Hall-MHD.
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the reconnection, due to symmetries

tion for Ny = 107° (top), 1078 (middle) and 10~'° (bottom).
present in Cartesian geometry (in the
toroidal simulations this symmetry is broken and the island is ejected [6]).

The final panel in Figure 3, with ny = 10719, has a CS that spreads preferentially across
the lower-left upper-right separator. The outflow channel opens up, resembling the classical
picture of fast reconnection. This occurs when the CS width drops below the ion-sound radius
Pis = \/W /Qi, where Q; is the ion gyro-frequency. This CS geometry could explain a
localised T, peak seen in experiment [2], provided electron heating is co-spatial with current [6].
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