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In the merging-compression method of plasma start-up, two flux-ropes with parallel toroidal

current are formed around in-vessel poloidal field coils, before merging to form a spherical

tokamak plasma. This start-up method, used in the Mega-Ampere Spherical Tokamak (MAST), is

studied as a high Lundquist number and low plasma-beta magnetic reconnection experiment. In

this paper, 2D fluid simulations are presented of this merging process in order to understand the

underlying physics, and better interpret the experimental data. These simulations examine

the individual and combined effects of tight-aspect ratio geometry and two-fluid physics on the

merging. The ideal self-driven flux-rope dynamics are coupled to the diffusion layer physics,

resulting in a large range of phenomena. For resistive MHD simulations, the flux-ropes enter the

sloshing regime for normalised resistivity g � 10�5. In Hall-MHD, three regimes are found for

the qualitative behaviour of the current sheet, depending on the ratio of the current sheet width to

the ion-sound radius. These are a stable collisional regime, an open X-point regime, and an

intermediate regime that is highly unstable to tearing-type instabilities. In toroidal axisymmetric

geometry, the final state after merging is a MAST-like spherical tokamak with nested flux-surfaces.

It is also shown that the evolution of simulated 1D radial density profiles closely resembles the

Thomson scattering electron density measurements in MAST. An intuitive explanation for

the origin of the measured density structures is proposed, based upon the results of the toroidal

Hall-MHD simulations. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4830104]

I. INTRODUCTION

The Mega-Ampere Spherical Tokamak (MAST)1 has

demonstrated promising confinement scalings while operat-

ing at higher equilibrium plasma-b values than conventional

tokamaks. It has been suggested that the Spherical Tokamak

(ST) magnetic confinement concept should be developed fur-

ther, towards a ST Power Plant2 or ST based Component

Test Facility (CTF).3 In these machines, significant neutron

shielding would be required for the toroidal field coils at the

central column, leaving little space for a central solenoid. An

attractive option is to remove the central solenoid and to

achieve plasma formation and current drive through other

methods. Towards this goal several non-solenoidal start-up

methods have been investigated on a number of devices,

including the use of radio-frequency waves,4,5 co-axial and

DC helicity injection,6,7 and flux-rope merging start-up via

poloidal field coil induction.8,9

The merging-compression start-up method, first per-

formed on the Small Tight Aspect Ratio Tokamak,10 is now

routinely used on MAST.8 After gas filling and ramp-up of

currents in toroidal and poloidal field coils, to supply the vac-

uum field, the current in the pair of P3 poloidal field coils (see

Figure 1) is ramped back down towards zero on a millisecond

timescale. This causes breakdown and induces toroidal current

rings, or co-helicity flux-ropes, in the plasma surrounding the

P3 coils. When the parallel toroidal plasma current within the

flux-ropes becomes greater than the current in the respective

P3 coils, the mutual attraction between the flux-ropes causes

them to detach from the coils and move towards the mid-

plane of the vessel, where they merge together to form a sin-

gle ST plasma. The relaxation from two flux-ropes with paral-

lel currents to one ST plasma involves magnetic reconnection

of poloidal field, as shown in Figure 1.

With this technique, up to 0.5 MA of plasma current has

been obtained, and electron and ion temperatures up to

1.2 keV have been achieved on a timescale of �10 ms11,12

due to the high power reconnection heating.

Magnetic reconnection13,14 is a key-driver of particle

acceleration and plasma heating in solar flares, the solar

wind and the Earth magnetosphere. It is also thought to be an

important process for topological relaxation of magnetic

fields in pulsars, the solar dynamo and laboratory plasma

devices.15 There are a number of dedicated magnetic recon-

nection experiments currently under operation16–20 and pro-

gress has been made in validating theoretical models against

laboratory data. Numerical simulations have been performed

to model these experiments using fluid21–25 and Particle-In-

Cell models.26 These simulations include the coupling of the

reconnection layer to the inductive coils or to an ideal

a)Electronic mail: stanier@jb.man.ac.uk
b)Present address: Imperial College of Science and Technology, London

SW7 2AZ, UK.
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instability that drives the reconnection. Some also include

the effects of the specific vessel geometry on the merging. It

is clear from these studies that both of these effects are nec-

essary to properly model the reconnection physics and to

help interpret the experimental data.

The merging-compression start-up method in MAST has

been studied as a magnetic reconnection experiment.11 The

strong magnetic fields (� 0.5 T) and low initial temperatures

and densities Te0 � Ti0 � 10 eV; n � 5� 1018 m�3 make

this the highest Lundquist number and lowest plasma-b
reconnection experiment currently in operation.11 The results

are therefore potentially relevant to astrophysical reconnec-

tion scenarios.

In this paper, we present results from non-linear two-

fluid simulations of merging-compression start-up in MAST.

In Sec. II, we describe the two-fluid model and numerical

methods used in this paper. Section III describes the results

from resistive MHD and Hall-MHD simulations of the merg-

ing in two-dimensional Cartesian geometry. In Sec. IV, we

describe the effect of the tight aspect ratio toroidal axisym-

metric geometry on the merging for both the resistive and

Hall-MHD cases. In Sec. V, we summarise the results

presented.

II. TWO-FLUID MODEL

A. Fluid equations

Merging-compression occurs in the start-up phase of a

MAST shot, when the plasma is colder and less dense than

in a typical MAST flat-top phase. Our initial conditions are

for a deuterium plasma with typical pre-merging values for

the temperature T0¼ Te0¼Ti0¼ 1.2� 105 K (¼ 10 eV), den-

sity n0¼ 5� 1018 m�3, magnetic field based on a typical to-

roidal field B0¼BT0¼ 0.5 T, and poloidal field of

Bp0¼ 0.1 T. We take the typical length scale L0¼ 1 m, the

order of the major and minor radii. With these values the

toroidal Alfv�en speed is v0¼ 3.5� 106 m s�1 and s0 ¼ L0=v0

¼ 0:29 ls. Table I shows normalised plasma parameters at

merging-compression start-up.

The fastest timescale at which the flux-ropes can merge

is the ideal timescale of the attraction due to the parallel to-

roidal current. This is related to the poloidal Alfv�en time,

sA;p0 ¼ ðB0=Bp0Þs0 � 1:5� 10�6 s. The ion and electron col-

lision times are si;0 � 7� 10�6 s and se;0 � 10�7 s, respec-

tively. The electrons are collisional at this temperature and

strongly magnetised (Xce;0se;0 � 104 � 1 where Xce;0 is the

initial electron gyro-frequency), so we model them with fluid

equations.27 The ions are also strongly magnetised

ðXci;0si;0 � 102Þ but semi-collisional. In this paper, the ions

are also treated as a fluid, and the possible implications of

the departure from classical transport on these results will be

left for future work.

The Hall term is included within this fluid model, as the

large ion skin-depth, di¼ 14.5 cm, suggests that the decou-

pling of the ion and electron fluids due to ion inertia may be

significant. The ion Larmor radius, qi, and electron skin

depth, de, are much smaller, although they can become com-

parable to the thinnest current sheets within these simula-

tions. We leave the investigation of ion Finite Larmor

Radius (FLR) effects and electron inertia for a future study.

We do include the effects due to finite ion-sound radius,

qis ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
Te=mi

p
=Xci ¼ qis;0

ffiffiffiffiffiffiffiffiffiffiffiffi
Te=T0

p
B0=B, as previous studies

have shown they are important in two-fluid reconnection

with a strong guide field.28–30 These studies often use a

reduced model, based partly on the assumptions of large as-

pect ratio and uniform electron temperature. However, the

MAST vessel is tight-aspect ratio and a large change in elec-

tron temperature is measured with the Thomson scattering

diagnostic during the merging. We proceed in this paper

with a fully compressible Hall-MHD fluid model including

the scalar electron pressure term within Ohm’s law.13

FIG. 1. A cartoon of the merging-compression process within the MAST

vacuum vessel. Cross-sections of the poloidal field coils are black squares,

where the P3 poloidal field coils are labelled. The red line indicates the posi-

tion of the Nd:YAG Thomson Scattering laser diagnostic. The purple rings

are the flux-ropes with arrows indicating the poloidal field direction.

TABLE I. Characteristic plasma parameters calculated from n0, T0, L0, BT0,

Bp0. These are the normalised resistivity g, the plasma beta calculated with

the toroidal and poloidal fields bT0 and bp0, the ion and electron skin-depths

di and de, the ion and electron Larmor radii qi and qe, the ion-sound radius

qis, the normalised ion viscosity l, and the normalised parallel and perpen-

dicular heat conductivities jk and j?.

Quantity Value Definition

g 10�5 gSp;k=ðl0v0L0Þa

bT0 8� 10�5 2l0n0kBT0=B2
T0

bp0 2� 10�3 2l0n0kBT0=B2
p0

di 0.145 cðn0e2=�0miÞ�1=2L�1
0

de 2.4� 10�3 cðn0e2=�0meÞ�1=2L�1
0

qi; qis;0 9.3� 10�4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mikBT0

p
=ðeB0L0Þb

qe 1.5� 10�5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mekBT0

p
=ðeB0L0Þ

l 10�3 lki =ðmin0v0L0Þ ¼ 1=Re

jk 10�1 jke=ðL0v0n0Þ
j? 10�7 j?i =ðL0v0n0Þ

aWe use an isotropic resistivity, g, calculated from the parallel Spitzer value

gSp;k using the initial n0 and T0.
bHere qis;0 is the ion-sound radius based on the initial electron temperature,

Te0¼T0, and typical magnetic field B0.
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The governing equations are normalised by writing each

dimensional variable �v as �v ¼ v0v, where v0 is a typical

dimensional constant for that variable and v is the normal-

ised variable. Choosing, for example, E0 ¼ v0B0; p0 ¼
B2

0=l0 gives the normalised Hall-MHD equations

@tnþ $ � ðnviÞ ¼ 0; (1)

@tðnviÞ þ $ � ðnvivi þ pIþ piÞ ¼ j � B; (2)

E ¼ �ve � B� di

n
$pe þ gj � gHr2j; (3)

@tB ¼ �$� E; (4)

ðc�1Þ�1½@tpþvi �$pþ cp$ �vi� ¼ gj2þgHð$jÞ2

�pi : $vi�$ �q: (5)

Here, n is the plasma density, vi the ion velocity, ve ¼
vi � dij=n is the electron velocity where di is the normalised

ion skin-depth (Table I), B the magnetic field, p¼ piþ pe the

total (sum of ion and electron) thermal pressures where we

assume pi¼ pe¼ p/2, I is the unit tensor, j ¼ $� B is the

current density, and E the electric field. The ion stress tensor

is pi ¼ �lð$vi þ $vT
i Þ, and the heat-flux vector q has the

simplified anisotropic form q ¼ �jk$kT � j?$T where

$k ¼ b̂ðb̂ � $Þ.
The coefficients in Eqs. (1)–(5) are the normalised resis-

tivity g, the hyper-resistivity gH (see below), the ratio of spe-

cific heats c ¼ 5=3, the normalised ion viscosity l, and the

normalised parallel and perpendicular heat conductivities jk
and j?. These coefficients are taken to be constant and uni-

form with the values in Table I for all results unless explic-

itly stated otherwise. Note the ion viscosity l is based on the

initial parallel value lki , rather than the perpendicular value,

for numerical stability. The viscosity is therefore treated as a

free parameter in the model and is varied in the simulations

described below.

The final term in Eq. (3) is a hyper-resistive current dif-

fusion term,13 that is common in Hall-MHD simulations of

reconnection (see Ma and Bhattacharjee31 and references

therein). This term is used to set a dissipation scale for waves

that have a quadratic dispersion relation. It can also give par-

allel electric field at the X-point ðb̂ � EÞ, and so contributes

to breaking the frozen-in condition. Physically this term is

related to an electron viscosity inside the current sheet where

the electrons carry most of the current density (for jvej �
jvij the term �r2j � r2nve=di). The value of gH is taken as

a free parameter in this model. We also include the associ-

ated hyper-resistive heating term in Eq. (5), which has often

been neglected in other studies, but it is required to satisfy

energy conservation.

B. Code

Equations (1)–(5) are solved using the two-dimensional

implementation of the high order finite (spectral) element

framework HiFi.32,33 The problem is discretised on a grid

of NR�NZ finite-elements, with each element having order

Np Jacobi polynomial basis functions. The grid is stretched

in both R and Z directions to give high resolution in regions

of interest, namely the current sheet. The effective resolu-

tion of this scheme is (NR�Np)� (NZ�Np). We use

Np¼ 4 in all results presented here. The values of NR and

NZ vary depending on the magnitude of the dissipation

coefficients used and are stated explicitly for each simula-

tion. For simulations with the lowest dissipation scales, we

perform grid convergence tests by coarsening NR and NZ by

a factor of 2.

All of the simulations described in this paper use the

implicit Crank-Nicolson method for time advance, to avoid

the need for a prohibitively short time-step in the presence of

dispersive waves. However, the maximum timestep is limited

to ensure accuracy. For resistive MHD simulations (di¼ 0),

the maximum timestep is limited to Dt ¼ 5� 10�2s0, and the

maximum timestep used for Hall-MHD simulations is

Dt ¼ 10�2s0. Note that the actual timestep is adaptively deter-

mined by the code with respect to given convergence criteria

and is often much shorter than this.

C. Initial conditions

The initial conditions are two flux-ropes with parallel to-

roidal current and strong toroidal (guide) field inside the

MAST vacuum vessel. The domain is R 2 ½0:2; 2:0 m�;
Z 2 ½�2:2; 2:2 m�, where the inner radial value is the radius

of the centre post, and the other values specify the outer walls

of the vessel. We do not model the in-vessel poloidal field

coils and thus the complicated physics of breakdown and flux-

rope formation. These initial conditions correspond to the

time after the flux-ropes have detached from the P3 coils, but

before they have moved towards the mid-plane (note that this

detachment prior to merging is inferred from fast camera

images, see, e.g., Figure 1(c) in Yamada et al.12).

The standard equilibrium fitting routines34 cannot be

used when there are two separate sets of nested flux-surfaces

in the plasma, and so at present it is not possible to recon-

struct the magnetic structure of the flux-ropes prior to merg-

ing. However, the total current in the domain, Iplasma, is

known and the width of the flux-ropes is estimated from the

fast camera images. For the Cartesian simulations, (R,T,Z)

where T is the invariant out-of-plane (infinite aspect-ratio to-

roidal) direction, we construct each of the flux-ropes using

the smooth 1D current profile

jTðrÞ ¼ jmð1� r=wð Þ2Þ2 if r 	 w;
0 if r > w;

(

where jT is the out-of-plane current density, r ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðR� R0Þ2 þ ðZ6Z0Þ2

q
is the radial distance from the centre

of each flux rope (R¼R0, Z¼6 Z0), w is the flux-rope ra-

dius, and jm is the maximum current density. In all of the

simulations presented we use w¼ 0.4 m and jm ¼
2 ½B0=ðl0L0Þ� ¼ 0:8 MA m�2 to give total current

Iplasma ¼ 2� ðpjmw2=3Þ ¼ 268 kA, the same as MAST shot

25740 for which experimental results are presented in Ono

et al.11
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Due to the low poloidal beta bp0 ¼ 2� 10�3, the internal

pinch-force of each flux-rope is balanced by a paramagnetic

increase in BT. This kind of magnetic profile has been meas-

ured in ideally relaxing flux-ropes under a strong toroidal field

in the TS-3 merging device.11 First, the poloidal magnetic

field due to the 1D current profile was found, matching the

outer potential solution to the solution inside the flux-rope at

r¼w. This was then used in the 1-D force-free equilibrium

equation to find the required BT for radial force balance

BT ¼

�jm

�
B2

T0

j2
m

þ 47w2

360
� r2

2
þ 3r4

4w2

� 5r6

9w4
þ 5r8

24w6
� r10

30w8

�1=2

if r 	 w

�BT0 if r > w;

8>>>>>>><
>>>>>>>:

where the sign is determined by the respective orientations of

the toroidal field and plasma current in MAST (the toroidal

field is clock-wise as viewed from above). The out-of-plane

magnetic potential is found by solving �r2AT ¼ jT , subject

to the boundary condition AT¼ 0, with the HiFi framework.

With this method each flux-rope is very close to force-free

with respect to the internal pinch force, but there is finite

Lorentz force between the flux-ropes that causes them to

mutually attract. A large initial separation, 2a¼ 1.2 m, is cho-

sen so that this force is small at t¼ 0. The initial conditions

for the Cartesian simulations are shown in the left hand panel

of Figure 2. A two-dimensional separatrix, with an X-point,

separates the “public flux” contours that enclose both flux-

ropes without breaking, and the “private flux” of each flux-

rope which is available for reconnection.

The initial conditions for the 2D toroidal axisymmetric

simulations ðR;/; ZÞ are set up in the same manner, but the

toroidal magnetic potential A/ is solved subject to the

boundary conditions A/ ¼ BVR=2. This gives a uniform ver-

tical field of magnitude BV that reduces the radially outwards

hoop force on the flux-ropes. We use Bv¼�0.06

B0¼�0.03 T unless specified otherwise. In toroidal geome-

try, the vacuum toroidal field is B/0 ¼ �BT0R0=R where

R0¼ 0.85 m is the major radius.

After the initial conditions are set-up, Eqs. ((1)–(5)) are

advanced in Cartesian geometry with conducting wall bound-

ary conditions @tAT ¼ 0, zero tangential current n̂ � $BT ¼ 0;
jT ¼ 0, perfect slip solid wall n̂ � $ðn̂ � viÞ ¼ 0 and

n̂ � vi ¼ 0, and no temperature gradient n̂ � $T ¼ 0. In toroidal

geometry, where there is a normal component of the field inter-

secting the vertical boundaries, the stricter condition vi ¼ 0 is

used to ensure there is no tangential convective electric field

and associated normal Poynting flux through the boundary.

III. RESISTIVE AND HALL-MHD SIMULATIONS IN
CARTESIAN GEOMETRY

A. Resistive MHD

The first set of simulations described here are resistive

MHD simulations in Cartesian (R,T,Z) geometry (Eqs. (1)–(5)

were solved with di ¼ gH ¼ 0). All the resistive MHD simu-

lations use NR¼ 180, NZ¼ 360 giving an effective resolution

of 720� 1440 (Np¼ 4). The grid is stretched so that the mini-

mum grid spacing in the Z direction is DZ ¼ 2:3� 10�4 m at

the mid-plane Z¼ 0. The initial conditions are shown in the

left-hand panel of Figure 2. There is AT;pr ¼ AT;max �
AT;Xpt ¼ 59� 38:9 ¼ 20:1 mWb m�1 of private flux within

each flux-rope at the start of the simulation.

Initially, the thermal pressure is uniform but a finite

Lorentz force between the flux-ropes, due to their parallel to-

roidal currents, causes them to be mutually attracted and

they move towards the mid-plane. As the flux-ropes move to-

gether, a build up in the out-of-plane magnetic field BT in the

region between them reduces the initial acceleration.

Figure 3 shows the out-of-plane current density, jT, the

in-plane plasma velocity, vip ¼ ðviR; viZÞ, and the out-of-

plane magnetic potential, AT, at three snapshots during the

merging. At t ¼ 7:54 s0 ¼ 2:2 ls the X-point between the

two flux-ropes collapses forming a thin sheet of negative

out-of-plane current (blue). The plasma between the flux-

ropes is accelerated in the radial direction in two jets, reach-

ing a maximum velocity of vR;max � 2:5� 105 m s�1.

At t ¼ 10:54 s0 ¼ 3:06 ls (middle panel) the outflow

speed drops to vR ¼ 5� 104 m s�1 (small blue outflow

arrows), and the vortical plasma flows that bring in flux to

the current sheet have reversed direction. The flattened front

edges of the flux-ropes indicates a strong flux pile-up of the

reconnecting field, BR, resulting in two layers of positive

FIG. 2. The initial conditions for Cartesian simulations (left) and toroidal

axisymmetric simulations (right) for initial half-separation a¼ 0.6 m, flux-

rope radius w¼ 0.4 m, and maximum current density jm¼ 8� 105 A m�2.

The colour scale is the current density jT ðj/Þ and the coloured contours are

contours of AT ðw ¼ RA/Þ for the Cartesian (toroidal) simulations. The black

dashed lines correspond to AT;Xpt ¼ 38:9 mWb m�1, and wXpt ¼ 76:5 mWb

for the Cartesian and toroidal simulations, respectively.
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current (red) on the vertical edges of the current sheet. The

repulsive Lorentz force between the negative current sheet

and these oppositely directed current layers can prevent

plasma from entering the sheet.

At t ¼ 18:04 s0 ¼ 5:23 ls the O-points at the centre of

the two flux-ropes have clearly moved apart, similar to the

sloshing motion studied in simulations of the coalescence

instability.35 The value of g used in this simulation is similar

to that of Knoll and Chac�on,36 who find this reversed

O-point motion for g 	 2� 10�5. However, Knoll and

Chac�on36 set l ¼ g, whereas we have l > g for this simula-

tion. During this sloshing the area inside the outer-most pri-

vate flux contour (green contour) changes by less than 1%

between the first and third panels.

The reconnection rate in Cartesian geometry is @tAT ¼
�ET at the location of the X-point (R¼ 1.1 m, Z¼ 0 m). This

reconnection rate for this simulation is plotted against time in

the top panel of Figure 4 (black-solid line). The repeated slosh-

ing of the flux-ropes modulates the reconnection rate through

large amplitude oscillations with a period of a few poloidal

Alfv�en times, �4sp where sp � 5s0. This is followed by a

gradual decaying phase as the flux-ropes shrink, until all of the

available flux is reconnected. The global maximum reconnec-

tion rate is 800 V m�1 at t ¼ 27:54 s0 ¼ 7:99 ls (second

peak), when the Full-Width Half-Minimum (FWHM) length

of the current sheet is DFWHM � 0:32 m and the width is

dFWHM � 1:1� 10�2 m. An aspect ratio of 30 is consistent

with the visco-resistive scaling for the Sweet-Parker sheet37

dlg � g1=4
ef f l1=4

ef f � D=29:6, where gef f 
 S�1 ¼ g v0 L0=
ðvA;in DÞ and lef f ¼ lv0 L0=ðvA;in DÞ are the effective inverse

Lundquist number and inverse Reynolds number, respectively,

defined in terms of the current sheet length D ¼ DFWHM, and

the Alfv�en velocity due to the reconnecting component of the

field at the sheet edge vA;in ¼ ðBR;in=B0Þ
ffiffiffiffiffiffiffiffiffiffiffiffi
n0=nin

p
v0 ¼

0:2742v0.

The top panel of Figure 4 also shows the reconnection

rate against time for two other simulations. When the viscos-

ity is reduced by a factor of two (g ¼ 10�5; l ¼ 5� 10�4

green-dotted), the peak reconnection rate increases and the

total merge time decreases from Tmerge ¼ 142:7 s0 ¼ 41:4 ls
to 122 s0 ¼ 35:4 ls. A factor-of-two reduction in resistivity

(g ¼ 5� 10�6; l ¼ 10�3 red-dashed line) increases the

merge time to 231 s0 ¼ 67 ls. As the total flux reconnected

is the same in each simulation AT;pr ¼ 20:1mWb m�1 the

average reconnection rate can be calculated as h@tATi
¼ AT;pr=Tmerge, so for the case of g ¼ 10�5; l ¼ 10�3 the

FIG. 3. Snapshots of the flux-ropes at t ¼ 7:54s0; t ¼ 10:54s0, and t ¼ 18:04s0 (where s0 ¼ 0:29 ls) for a resistive MHD simulation ðdi ¼ gH ¼ 0Þ with g ¼
10�5 and l ¼ 10�3. The out-of-plane current density, jT in A m–2, is shown in colour, the coloured lines are contours of the out-of-plane potential, AT, and the

coloured vectors are in-plane velocity vectors, vip in m s�1.

FIG. 4. The reconnection rate, @tAT in V m�1, plotted over time for the

Cartesian resistive-MHD simulation with g ¼ 10�5; l ¼ 10�3 black-solid

line; g ¼ 10�5; l ¼ 5� 10�4 green-dotted line; g ¼ 5� 10�6; l ¼ 10�3

the red-dashed line. Below: The peak, ð@tATÞmax (top pair of lines), and aver-

age, h@tATi (bottom pair of lines), reconnection rates. The green-dotted lines

are for fixed g ¼ 10�5 with various l (top axis), and the red-dashed lines are

for fixed l¼ 10�3 with various g (bottom axis).
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average reconnection rate is h@tATi ¼ 486 V m�1. The bot-

tom panel of Figure 4 shows the scalings for the peak

ð@tATÞmax and average h@tATi reconnection rates, in V m�1,

against resistivity (red-dashed line, bottom axis) and against

viscosity (green-dotted line, top axis). The peak reconnection

rates (note the maximum value is not always on the second

bounce) scale as ð@tATÞmax � g0:69l�0:26 and the average

reconnection rates as h@tATi � g0:62l�0:23. These are in good

agreement with both the visco-resistive scalings37 for a

Sweet-Parker current sheet, �g1=2ð1þ l=gÞ�1=4
, and a pre-

vious study38 of coalescing flux-ropes with large magnetic

Prandtl number Prm ¼ l=g, who find h@tATi � g0:6l�0:3.

Although, the latter study does not mention the sloshing

effect and gives scalings only for the average reconnection

rate.

B. Hall-MHD

The effects of the Hall and hyper-resistive terms on the

merging are reported here. The standard Hall-MHD simula-

tion has the same parameters and numerical grid as the

standard resistive MHD simulation ðg ¼ 10�5; l ¼ 10�3Þ
but with di¼ 0.145 m and gH ¼ 10�8. A snapshot of the cur-

rent density, jT, and the in-plane ion velocity, vip, at t ¼
7:54 s0 ¼ 2:2 ls is shown in Figure 5. There are several dif-

ferences evident when comparing this figure with the previ-

ous simulation in Figure 3. Quantitatively, the time average

reconnection rate up to this snapshot is 361 V m�1 compared

to 50 V m�1 for the resistive simulation (the amount of flux

reconnected at this time in the Hall-MHD simulation is

roughly the same as that in the third panel of Figure 3).

However, this is partly due to the increase in dissipation

scale when including hyper-resistivity, as well as normal re-

sistivity, to break the frozen in condition (see below for scal-

ings with gH). Qualitatively, there is a clear tilt of the ion

outflow jets when the Hall term is switched on (this tilt is not

present for di¼ 0 with gH 6¼ 0). The outflow jets have a

positive (negative) vertical component on the outer (inner)

radial side. There is also a tilt of the main current sheet, as

the current density is stronger across the bottom separator on

the inner radial side, and the top separator on the outer side.

The radial length of the current sheet measured at Z¼ 0 at

this time is L� 20 cm, which is of the same order as the ini-

tial flux-rope radius (w¼ 0.4 m).

Figure 6 shows the plasma number density, n, for the

same simulation and at the same time as in Figure 5. There

are Oð1Þ density variations in a quadrupole-like shape within

the diffusion region between the two flux-ropes, similar to

what has been found in previous fluid28,39 and Particle-In-

Cell (PIC) simulations.40 Over-plotted are streamlines of

bulk electron velocity ve ¼ vi � dij=n. Within the flux-

ropes, the motion of the electrons is dominated by perpendic-

ular drifts towards the current sheet. However, within the dif-

fusion region, the streamlines become nearly parallel to the

in-plane field. The electrons are accelerated in bulk within

the density cavities and slow down as they enter the high-

density regions. One study28 has suggested that this density

structure can be caused by parallel electron compressibility

in strong guide field reconnection. We verified this by over-

plotting contours of b̂ � $ðb̂ � veÞ (not shown), finding that

large positive (negative) values overlie the density cavities

(peaks). Also, the magnitude of this term is in good agree-

ment with the magnitude of $ � ve at this time. The same

study suggests that these features are localised within an ion-

sound radius qis ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
Te=mi

p
=Xci ¼

ffiffiffiffiffiffiffiffiffiffi
be=2

p
di. In these simu-

lations, the value of qis varies in space and time, strongly

depending on the balance between the heating and thermal

conduction terms in the energy equation. At t ¼ 7:54 s0 ¼
2:2 ls qis � 1 cm within the current sheet. We also ran simu-

lations with larger BT0 finding the difference between the

maximum and minimum density values is reduced, consist-

ent with the suggestion that this strong guide-field two-fluid

reconnection signature scales with qis / B�1.

To examine how the strength of the dissipation effects

the merging, we vary the hyper-resistivity gH. We also ran

simulations varying the resistivity g, but found that both the

qualitative picture of the merging and the reconnection rate

were insensitive to g. This is consistent with the hyper-

resistive contribution to the reconnection electric field at the

X-point dominating the resistive contribution in these simu-

lations. Figure 7 shows the out-of-plane current density, jT,

FIG. 5. Snapshot of the Cartesian Hall-MHD simulation with gH ¼ 10�8,

di¼ 0.145. The current density, jT in A m�2, is shown in colour and the mag-

netic potential AT is shown as coloured contours. Coloured arrows show the

ion in-plane velocity, vip in m s�1, where the middle of the arrow is the point

at which the velocity field is sampled.

FIG. 6. Number density, n in m�3, in colour scale and bulk electron veloc-

ity, ve in units of v0¼ 3.5� 106 m s�1, streamlines (coloured tubes which

start at the locations of the blue circles) for the Hall-MHD simulation with

gH ¼ 10�8. The black-dashed lines show contours of the magnetic poten-

tial AT.
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and contours of the out-of-plane potential, AT, for three sim-

ulations, at a time when the same amount of flux has been

reconnected (green contour), for gH ¼ 10�6 (top), gH ¼
10�8 (middle) and gH ¼ 10�10 (bottom). The simulation in

the middle panel is the same one as in Figures 5 and 6 but at

a later time. The other two simulations have identical initial

conditions and plasma parameters except for the hyper-

resistivity. There are NR¼ 180, NZ¼ 360 finite elements for

the simulation with gH ¼ 10�6, and NR¼ 360, NZ¼ 540 for

gH ¼ 10�10, where a convergence test has been run on the

latter (see below).

For gH ¼ 10�8, the current sheet that was forming in

Figure 5 has become unstable to a tearing-type instability,

forming an island at the centre of the sheet before any local

peak in the reconnection rate. A 180� rotational symmetry

that is present in the initial conditions is preserved by Eqs.

(1)–(5), so there is no preferred direction for the island to be

ejected. The island grows as flux is reconnected at two x-

points on either side of the island, and saturates when the in-

ternal magnetic pressure balances the attractive force

between the flux-ropes. At saturation, the reconnection stalls

and the whole system oscillates as it relaxes.

For the case of gH ¼ 10�6, the width and length of the

current sheet are dFWHM ¼ 7:3 cm and DFWHM ¼ 33 cm,

respectively (note that this is slightly before the peak in the

reconnection rate, see Figure 8). The ion-sound radius is

qis � 1 cm within the sheet at this time. The small-aspect-ra-

tio current sheet is stable against break-up for the duration of

the merging. For the simulation with gH ¼ 10�10 there is a

localised region of intense current at the X-point with length

DFWHM ¼ 4:4 cm measured at Z¼ 0, and width dFWHM ¼
6:5 mm compared to qis ¼ 3:1 cm measured at the X-point at

this time. Note that the strong current gives localised hyper-

resistive heating, increasing the temperature despite reduc-

tions in gH. The separatrices of the X-point have opened up

in the outflow region, and there are sharp gradients in the

current density across the separatrices consistent with classi-

cal pictures of fast reconnection.41 A threshold current sheet

width of the ion sound radius, qis, for fast-reconnection is in

agreement with previous studies of strong guide-field

reconnection.28–30 After this snapshot, the separatrices are

pushed closed again and there are off-centre island pairs

formed and ejected from the current sheet.

The time of the snapshot in the bottom panel ðgH ¼
10�10Þ is later than that for the top-panel, suggesting a

slower average reconnection rate. To investigate this, we

plot the reconnection rate against time for three values of the

hyper-resistivity, gH ¼ 10�6; 10�7 and 10�10, in Figure 8.

Note that for gH ¼ 10�8; 10�9 the sheet becomes unstable

before any peak in the reconnection rate. Both the peak and

the average reconnection rates decrease as gH is reduced

from 10�6 to 10�7, and there is greater oscillation in the case

with lower dissipation suggesting that the merging is

approaching a sloshing-regime. The simulation with gH ¼
10�10 has much slower reconnection rate initially, but

increases at t � 6:5 s0 ¼ 1:9 ls (the current sheet width

dFWHM drops below qis at t ¼ 7 s0, after which the outflow

separatrices open up and the sheet is localised in the radial

direction), to give a higher peak reconnection rate than in the

simulations with larger gH . The simulation with gH ¼ 10�10

was run at two different grid-resolutions to verify that the so-

lution is converged. The relative change in the peak recon-

nection rate from NR¼ 180, NZ¼ 270 to NR¼ 360, NZ¼ 540

is only 0.2%. These curves are only plotted over the time pe-

riod which the current sheet is stable (before island forma-

tion). Also plotted in Figure 8 is the reconnection rate for a

single-fluid (di¼ 0) hyper-resistive MHD simulation with

gH ¼ 10�7 (black-solid line), and the reconnection rate for a

Hall-MHD simulation with di¼ 0.145 m, gH ¼ 10�7 with

FIG. 8. The reconnection rate, @tAT , plotted against time for standard Hall-

MHD simulations (di¼ 0.145, BT,0¼ 1B0¼ 0.5 T) with hyper-resistivity

gH ¼ 10�6 (green dotted), gH ¼ 10�7 (red dashed), and gH ¼ 10�10. The

rate for the lowest hyper-resistivity is shown for two different resolutions:

“LR” where NR¼ 180 and NZ¼ 270 (blue-dotted), and “HR” where

NR¼ 360 and NZ¼ 540 (purple dashed). Also plotted is a simulation with

di¼ 0.145 m, gH ¼ 10�7 and strong toroidal field BT¼ 5 B0¼ 2.5 T, and a

hyper-resistive MHD simulation di¼ 0, gH ¼ 10�7.
FIG. 7. The current density, jT in colour, and contours of the magnetic

potential, AT, for three Cartesian Hall-MHD simulations with gH ¼ 10�6

(top), gH ¼ 10�8 (middle) and gH ¼ 10�10 (bottom). For all three simula-

tions g ¼ 10�5; l ¼ 10�3 and di¼ 0.145.
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much stronger out-of-plane field BT¼ 5B0¼ 2.5 T.

Increasing the out-of-plane field reduces the ion-sound ra-

dius, as qis / B�1
T , and suppresses the mechanism of fast

reconnection. It should be noted that the decreasing recon-

nection rate with stronger guide field has also been found in

simulations using idealised Harris current sheet geome-

tries,39 and it has been suggested that this is due to the sup-

pression of dispersive waves.42 Figure 8 shows that this

reconnection rate tends towards the collisional limit (the rate

for di ¼ qis ¼ 0).

C. Discussion

It is important to determine whether merging-

compression start-up in MAST lies within the purely colli-

sional or open X-point regimes. It was shown above that the

open X-point regime occurs when the current sheet width, d,

drops below the ion-sound radius, qis.

The value of qis can be estimated directly from the ex-

perimental data. In merging-compression experiments elec-

tron temperatures have been measured in the range

10 eV � Te � 1000 eV, which, along with a typical toroidal

field strength of 0.5 T, gives qis ¼ 0:93� 9:3 mm. Within

the series of resistive and Hall-MHD simulations listed

above, some runs with the lowest dissipation coefficients

have current sheet widths within this range (e.g., the Hall-

MHD simulation with gH ¼ 10�10; g ¼ 10�5 and l ¼ 10�3,

or the resistive MHD simulation with g ¼ 10�5; l ¼ 10�4

that has a minimum width of d ¼ 7:59 mm at the peak recon-

nection rate). Also, for numerical reasons, the values of the

ion viscosity and hyper-resistivity (electron viscosity) have

been enhanced with respect to the perpendicular values. For

instance, a normalised perpendicular ion-viscosity27 calcu-

lated using the initial T0 and n0 would be l¼ 10�7. It seems

likely that the current sheet width can drop below the

ion-sound radius for realistic merging-compression values of

the ion and electron viscosities. This open X-point configura-

tion, with a radially localised current sheet, may explain a

narrow electron temperature peak of 2–3 cm width found in

the experimental data,11 provided that the electron heating is

co-spatial with current (e.g., Ohmic heating).

Recent experimental results of collisionless guide-field

reconnection using the VTF experiment,43 along with in-situ
measurements of the electron distribution function within the

magnetotail current sheet,44 have shown that anisotropic

pressures can be maintained in the electron exhaust due to

the bounce motion of trapped electrons. This trapping can be

due to either a local minimum in the magnetic field, as in a

magnetic mirror, or it may be caused by parallel electric

fields due to the reconnection. It has been shown that the ani-

sotropy can be particularly large for reconnecting plasmas

with low upstream electron beta, be, and can be associated

with large-scale parallel electric potentials (the parallel elec-

tric field integrated along the field-lines) that can effectively

accelerate electrons over large distances.45 The simulations

presented in this paper have upstream be � 10�4 which is

lower than, for example, magnetotail values, and so it is

interesting to calculate the ratio of anisotropy ðpk=p?Þ for

the results presented here. We calculated pk=p? using

recently derived equations of state:46 pk ¼ pkðn;BÞ and

p? ¼ p?ðn;BÞ, with simulated density and magnetic field

profiles from two of the Hall-MHD simulations described

above. For the Cartesian Hall-MHD simulation with gH ¼
10�8 at t ¼ 7:54; s0, that is shown in Figures 5 and 6, the

largest ratio is pk=p? � 2:5 within the high density regions.

For the lowest hyper-resistivity gH ¼ 10�10 at t ¼ 8:48 s0

(this is the snapshot shown in the bottom panel of Figure 7),

the anisotropy is much larger at pk=p? � 8. For both simula-

tions, the magnetic field strength B only varies by a couple

of percent, so the large anisotropy is a result of the Oð1Þ var-

iations in the density (in the simulation with gH ¼ 10�10 the

peak density is as high as nmax=n0 ¼ 3:7). It should be noted

that we do not model the feedback of this anisotropy on the

magnetic field and flows within these simulations. A previ-

ous study that included this feedback self-consistently47

found that such feedback led to a smaller drop in the mag-

netic field strength B in the outflow region, and as such regu-

lated the value of pk=p?. However, as B only varies here by

a couple of percent it may be that this self-regulation is not

as effective at very strong guide-field.

Finally, it is worth remarking on the other effects due to

very low plasma-b and how the simulation results presented

here differ from other idealised strong-guide field reconnec-

tion models; such as the two-field reduced fluid models. The

very low plasma-b means that the difference between the

maximum and minimum densities along the separatrices can

be Oð1Þ. To verify this, we also ran simulations with higher

initial thermal pressure p (again with pe¼ pi¼ p/2), thus

increasing bT and bp. For these simulations, both the maxi-

mum and minimum density values are closer to the back-

ground value. Also, in a simulation which is identical to that

shown in Figure 5 (and the middle panel of Figure 7) except

with higher bT ¼ 10�2, it is found that the current sheet does

not fragment and the merging proceeds very quickly in an

open X-point configuration. Further work will look at whether

the tearing instabilities in these simulations are related to the

large density gradients across the current sheet; such as for

drift-tearing modes.48 Finally, although our simulations with

the lowest hyper-resistivity, gH , have open X-point geometries

in agreement with reduced two-fluid models of low-b recon-

nection,28,30,49 the current layers in these studies are symmet-

ric and there is no obvious tilt of the ion outflow jets.30 In this

respect, the extended and tilted current layers within the simu-

lations described in this paper appear more similar to those in

strong guide field Particle-In-Cell simulations.40

IV. EFFECTS OF TIGHT ASPECT-RATIO TOROIDAL
AXISYMMETRIC GEOMETRY

Figure 9 shows the radial, R, and vertical, Z, positions of

the flux-rope O-points over time for three simulations. One

is the standard Cartesian Hall-MHD simulation described

in the previous section (di¼ 0.145 m, gH ¼ 10�8), and the

other two are toroidal axisymmetric simulations with the

same parameters, but with additional vertical fields of

BV¼�0.04B0¼�0.02 T and BV¼�0.06B0¼�0.03 T,

respectively. The initial condition for the toroidal simulation
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with vertical field of BV¼�0.06 is shown in the right panel

of Figure 2.

The initial centres of the current distributions are at

R¼ 1.1 m and a¼ 0.6 m for all three simulations, but the

centre of the O-points shifts slightly due to the addition of

the vacuum fields. In the toroidal simulations, the flux-ropes

oscillate radially due to the inbalance of the Lorentz forces

from the vertical field, and the restoring hoop-force (there

may also be forces due to image currents in the conducting

walls). This radial motion of the flux-ropes could be mini-

mised by a suitable choice of BV. However, we do not do this

here, as there is clear radial motion of the flux-ropes towards

the central post in the experimental fast-camera images (see

in Yamada et al.12). These radial oscillations have only small

effect on the rate at which the O-points move to the mid-

plane in the toroidal simulations. In the Cartesian simulation,

the O-point does not get to the mid-plane due to the forma-

tion of the central island that stalls the reconnection. Islands

are also formed in the toroidal simulations, but they are

quickly ejected as the symmetries present in the Cartesian

simulations are broken in toroidal geometry. The total merge

time is Tmerge � 25s0 for both toroidal simulations.

Figure 10 shows the flux, w ¼ RA/, and the toroidal

current density, j/, for the toroidal simulation with

Bv¼�0.06B0 at t ¼ 60s0. At this time, most of wave activity

generated as the flux-ropes coalesce has died down and the

final state relaxes to form a single spherical tokamak plasma

of nested flux-surfaces. The dashed flux contour shown has

the same value of flux as the one overlying the separator at

t¼ 0, see Figure 2).

The bottom panel of Figure 10 gives the q-profile, or

safety factor, for the magnetic configuration at t ¼ 60 s0.

This q-profile is a measure of the number of times the field-

lines loop around the vessel toroidally for each poloidal rota-

tion, which is important for stability analysis of the tokamak

plasma with respect to current driven instabilities. This

q-profile is calculated by performing the integral

q ¼ 1

2p

þ
1

R

B/

Bp
ds

around closed flux contours, where Bp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2

R þ B2
Z

p
and

ds is along the contour. It is plotted against the root of

the normalised flux, defined by w1=2
n ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

wðRmagÞ � wðRÞ
� �

= wðRmagÞ � wðR ¼ 0:2Þ
� �q

, where Rmag

is the position of the magnetic axis, and R¼ 0.2 is the centre

column which bounds the last closed flux surface.

A complete stability analysis of this final state is rather

involved, and beyond the scope of this work. However, we

do note that the safety factor is above the critical value of

unity (the dashed line) for all values of w1=2
n . For q < 1, the

magnetic configuration may become unstable to the

m¼ n¼ 1 internal kink instability,50 which would require 3D

simulations to properly model.

Figure 11 shows the plasma density for a resistive MHD

simulation (di ¼ gH ¼ 0, top left) and a Hall-MHD simula-

tion (di ¼ 0:145; gH ¼ 10�8, top right), both in toroidal axi-

symmetric geometry. The radius, w, and the peak current

density, jm, of the flux-ropes in the initial conditions are the

FIG. 10. Top: Contours of the flux function, w ¼ RA/ in mWb, and toroidal

current density, j/ in A m�2, in colour-scale after the two flux-ropes are

fully merged. Below: The q-profile of the state at this time, plotted against

the square-root of the normalised flux.

FIG. 9. The R (top, solid lines) and Z (bottom, dashed lines) positions of the

O-points for the standard Cartesian Hall-MHD simulation (black), and the

standard toroidal axisymmetric Hall-MHD simulation with vertical flux of

BV¼�0.04B0¼�0.02 T (red) and BV¼�0.06B0¼�0.03 T (green).
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same as in previous simulations, but now the initial position

of the flux-ropes is at R¼ 0.9 m, Z¼6a¼60.8 m. This was

chosen so the flux-ropes merge closer to the central column,

qualitatively matching the fast-camera images.12 The same

amount of flux has been reconnected in both figures. In the

resistive MHD simulation there is region of high density

between the flux-ropes and the central post, and an Oð1Þ
density cavity on the outboard side. Following the density in

time (not shown), we see the inboard (outboard) density

increase (decrease) in both the ideal phase as the flux-ropes

move towards the central post, as well as when there are

strong reconnection outflows towards the inboard side

(which has smaller volume due to the tight-aspect ratio toroi-

dal geometry). Due to the low plasma-beta these density var-

iations can be large, Oð1Þ, and equalise on timescales longer

than the merge time. This effect has some similarity to a

thermal pressure asymmetry, found in simulations of recon-

nection within toroidal geometry by Murphy and Sovinec.25

The density plot for the Hall-MHD simulation appears more

complex. However, it can be understood as the super-

position of the toroidal resistive-MHD density asymmetry

and the Cartesian quadrupole-like density asymmetry of

Figure 6. A region of high density lies along the inner-lower

outer-upper separator that results in the maximum density on

the inboard side below the mid-plane and gives a region of

increased density within the outboard cavity above the mid-

plane.

The 130 spatial point Nd:YAG Thomson scattering sys-

tem installed on MAST51 measures 1D profiles of electron

temperature and density at extremely high resolution in both

space and time. It is positioned to measure radial profiles at

Z¼ 15 mm above the geometric mid-plane (see Figure 1).

Figure 13 of Ono et al.11 shows profiles of electron

temperature and density taken at a time resolution of 0.1 ms

during the merging. There is a double peaked profile in elec-

tron density at 5.4 ms that is typical of many merging-

compressions shots. At later times, the inner peak remains

but the outer radial peak decays. The density profile for this

shot has been reproduced here in Figure 12 (bottom panel)

for a larger range of radial values.

The top panel in Figure 12 shows simulated radial den-

sity profiles at the same location, R 2 ½0:2; 1:2�m,

Z¼ 0.015 m, as the Nd:YAG laser. These profiles are taken

every 20s0 during the merging for the Hall-MHD simulation.

At t ¼ 20s0 there is a clear double peak in the density profile

as the cut intersects the high-density region on the inboard

side and the high-density separator arm on the outboard side.

As the merging progresses, the radial position of the inner

peak changes, depending on the position of the inner edge of

the radially oscillating flux-ropes. The second peak is pushed

radially outwards, as the flux-ropes collide, and over time it

decreases in magnitude. At t ¼ 80s0 (green line) the flux-

ropes in the simulation are fully merged and the quadrupole-

like density feature has disappeared, it is only present during

reconnection. To explain this double peaked profile in the

simulations, which shows similar evolution to the experi-

mental profiles, needs both two-fluid effects and tight aspect-

ratio toroidal geometry.

V. SUMMARY

In this paper, we have presented 2D fluid simulations of

merging-compression plasma start-up within the Mega-

Ampere Spherical Tokamak (MAST). In resistive MHD

ðdi ¼ gH ¼ 0Þ, the flux-ropes enter the sloshing-regime

due to magnetic pressure pile-up on the sheet edge for

low resistivities ðg � 10�5Þ. In the Hall-MHD simulations

ðdi ¼ 0:145 m; gH 6¼ 0Þ, the qualitative behaviour of the

merging depends upon the ratio of the collisional current

sheet width, d, to the ion-sound radius, qis ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
Te=mi

p
=Xci

¼
ffiffiffiffiffiffiffiffiffiffi
be=2

p
di. We varied d by changing gH, as the hyper-

resistivity balances the reconnection electric field at the

X-point. In the limit of d� qis, the reconnection rate tends

FIG. 12. Top: Simulated Thomson scattering density traces from a toroidal

axisymmetric Hall-MHD simulation at Z¼ 0.015 m and R 2 ½0:2; 1:2� at

t ¼ 0; 20; 40; 60; 80s0. Bottom: Electron density profiles from experiment

measured by the Nd:YAG TS laser across the same radial chord at

t¼ 5.5 ms, 5.6 ms, 5.7 ms and 5.8 ms.

FIG. 11. Top: contours of the flux function w ¼ RA/, and number density, n
in m�3, in colour-scale during the merging for the resistive di ¼ gH ¼ 0

(left), and Hall-MHD simulation di¼ 0.145 m, gH ¼ 10�8 (right).

122302-10 Stanier et al. Phys. Plasmas 20, 122302 (2013)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

194.81.223.66 On: Thu, 09 Jan 2014 15:50:56



to the collisional limit. For d� qis, the outflow separatrices

open up and the peak reconnection rate increases, in agree-

ment with previous studies.28–30 However, in the intermedi-

ate regime, d � qis, we find that the current sheet is highly

unstable to a fast tearing-type instability, which is not

present in the purely collisional case ðqis ¼ di ¼ 0Þ for

the same dissipation coefficients. For the simulation with

gH ¼ 10�8 a central island forms and stalls the reconnection.

Furthermore, there is an extended and tilted current layer

even after the open x-point regime has been accessed in

simulations with gH ¼ 10�10, see Figure 7, which becomes

unstable to secondary island formation later on in the

simulation.

In toroidal axisymmetric geometry, the flux-ropes oscil-

late radially between the hoop-force and additional vertical

flux. This breaks symmetries present in the Cartesian case,

and the central island can be ejected. The final state after

merging and relaxation is a single Spherical Tokamak

plasma with nested flux-surfaces. The density profiles in

these toroidal Hall-MHD simulations are affected by the

tight-aspect ratio toroidal geometry and two-fluid effects.

Simulated line profiles of the plasma density against major

radius, in a slice along the current sheet, show double-

peaked profiles that have very similar time evolution to those

seen in experimental Thomson Scattering profiles.

In future work, we will examine the evolution of sepa-

rate ion and electron temperatures in the toroidal axisymmet-

ric simulations, to compare with the experimental Thomson

scattering measurements of Te and possible future experi-

ments that will measure 2D ion temperature distributions.

We will also consider different models for a collisionless dis-

sipation region, including pressure anisotropy and the effects

of off-diagonal elements of the electron pressure tensor.
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