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Nonlinear numerical computation is used to investigate the relaxation of non-
axisymmetric current-channels from washer-gun plasma sources into “tokamak-like”
plasmas in the Pegasus Toroidal Experiment [N.W. Eidietis et al. J. Fus. En. (2007)].
Resistive MHD simulations with the NIMROD code [C.R. Sovinec et al. Phys.
Plas. 2003] utilize ohmic heating, temperature-dependent resistivity, and anisotropic,
temperature-dependent thermal conduction corrected for regions of low magnetiza-
tion to reproduce critical transport effects. Adjacent passes of the simulated current-
channel attract and generate strong reversed current sheets that suggest magnetic
reconnection. With sufficient injected current, adjacent passes merge periodically,
releasing axisymmetric current rings from the driven channel. The current rings
have not been previously observed in helicity injection for spherical tokamaks, and as
such, provide a new phenomenological understanding for filament relaxation in Pega-
sus. After large-scale poloidal-field reversal, a hollow current profile and significant
poloidal flux amplification accumulate over many reconnection cycles.
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Geometric constraints on the central solenoids of spherical tokamaks limit the capacity
for current drive through ohmic induction, and non-inductive current drive can be used
to expand their operational regimes. DC helicity injection through localized washer-gun
plasma sources is being investigated as a means of non-inductive startup on the Pegasus
Toroidal Experiment (University of Wisconsin).! The 1 cm diameter bore plasma guns emit
plasma when a gas feed is arced over alternating conducting and insulating washers within
each gun.? A separate DC bias drives current through emitted plasma along the magnetic
field lines that connect the plasma gun(s) (cathode) and the stainless steel anode. The
development and relaxation of current filaments produces startup current in Pegasus. This
paper reports on nonlinear MHD modeling of this process in configurations where the plasma
guns are mounted in the lower divertor region. Our simulation results support a unique
phenomenology of relaxation as an accumulation of axisymmetric current rings that are
released when current-channel passes merge and reconnect.

In divertor gun discharges, the vacuum vessel is initially filled with neutral gas with a
pre-fill pressure of 1 —5 x 107° Torr.? Prior to the application of a bias voltage to drive cur-
rent, plasma is emitted from the guns, transporting particles and heat into the background.
During helicity injection, Ohmic heating occurs along the current filament path.

Initially, the current-channels wind along the helical vacuum magnetic field lines. When
the self-induced magnetic field from DC current is large enough to change the sign of poloidal
flux at the center column, I, =~ 15 kA, the helical gun plasma relaxes toward a “tokamak-
like” configuration.®* Here, a “tokamak-like” plasma is defined such that the toroidally
averaged magnetic fields indicate nested poloidal flux surfaces with a diffuse current profile.
Unlike spheromaks and spherical tokamaks driven by coaxial helicity injection,”® where an
initially axisymmetric plasma transitions to a non-axisymmetric state after crossing some
stability boundary, the initial plasma state in Pegasus is three-dimensional and relaxes
toward an axisymmetric tokamak equilibrium state.

Magnetic diagnostics indicate the presence of n = 1 MHD activity during helicity injection
with the plasma guns, typically in the 10 — 20 kHz frequency range.® This MHD activity is
not observed during ohmic startup, nor is the MHD activity observed after cessation of DC
helicity injection. The presence of MHD activity only during helicity injection and formation
of a tokamak-like state suggests it is an important part of the relaxation process. Equilibrium
reconstruction using experimental flux-loop measurements produces hollow current profiles
for the relaxed state, and the current density peaks at the normalized poloidal flux value of
Y =~ 0.7.3 This result suggests that the plasma guns serve as sources of edge current drive
that must diffuse classically or otherwise into the plasma core.

While the initial helical plasma state and final relaxed plasma state are well diagnosed
in the experiment, the dynamics of the relaxation process have not been directly observed.
Diagnostics that provide multidimensional information, such as the soft x-ray camera, are
unable to temporally resolve the interactions between the helical filaments. The magnetic
diagnostics resolve fluctuations temporally, but are incapable of spatially resolving the fine-
scale structure of the current filaments.

Here, we apply numerical computation to investigate details of the relaxation process
which have not been directly observed in the experiment. The temporal evolution of a three-
dimensional current filament is modeled with the NIMROD code’, starting from vacuum
fields and progressing through relaxation into a tokamak-like state. The computations pre-
sented in this paper use a single-temperature, resistive MHD model. Temperature-dependent
anisotropic thermal conduction, temperature-dependent resistivity, and ohmic heating re-
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produce critical transport effects as the warm filament evolves in cooler background plasma.
A similar model has been applied successfully to understand the interaction between thermal
transport and magnetic relaxation in the SSPX spheromak.®1°

The initial condition of our Pegasus simulations is treated as plasma with respect to
transport properties, albeit at an unphysically low temperature of 0.25 eV (x; = wum ~
0.025, where 7; is the ion collision time). The initial electron number density is set to 1 x
10" m~3, and ionization energy is not considered in our modeling. However, transitions from
unmagnetized transport properties to magnetized properties over the profile are important.
We therefore use the Braginksii formulation®! for ion &,
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which reproduces the transition from unmagnetized (x; < 1) to magnetized (z; > 1)
thermal conduction as the local plasma temperature increases. Our results show significant
3D spatial variation in the magnetization parameter x;, with x; > 1 near the driven current-
channel and z; < 1 near the domain boundary.

Current injection from the washer guns is modeled with a spatially localized ad-hoc force
density on the electrons that acts as a source in the combined Faraday / Ohm’s Law within
a very small fraction of the domain. The effective applied electric field, E;,; in Ohm’s law,
E +v x B = nJ — E,;,;, sustains current density in the presence of resistive dissipation.
The poloidal localization of the source (Figure 1) is aligned with the vacuum magnetic field
pitch angle. The effective applied electric field is parallel to the total magnetic field, i.e.
Ei; = A\inj(x,t)B, where \;,; is the drive parameter, including spatial localization. The
magnitude of the applied electric field increases linearly in time.

The application of the localized force density directly induces a helical magnetic field
perturbation, which initially produces current density just in the vicinity of the source. The
magnetic forces at the ends of the perturbation launch torsional Alfvén waves that carry
current density along the vacuum magnetic magnetic field on an Alfvénic time-scale. Over
a longer time-scale, perpendicular, resistive diffusion of the magnetic perturbation results in
net current.

At low injected current, the current in the computations streams along the helical vacuum
magnetic field lines (Figure 1), as observed during experimental discharges. After the self-
induced magnetic field locally exceeds the vacuum magnetic field around the current-channel,
the channel begins to oscillate in the poloidal plane from the attractive Lorentz force between
adjacent passes. When the displacement of adjacent passes is sufficiently large, conditions of
relatively good electrical conductivity exist between the two colliding passes. At locations of
such merging, the presence of a strong reversed current sheet between the two adjacent passes
of the current-channel (Figure 2a) indicates magnetic reconnection. A two-dimensional
cross-section of the initial current pass attraction appears to be similar to Sweet-Parker
reconnection from a study of parallel merging co-helicity flux tubes,'®!3 but the magnetic
reconnection between adjacent passes of current filaments in Pegasus is fundamentally three-
dimensional in nature.

After the self-induced magnetic field of the current-channel further exceeds the vacuum
magnetic field, adjacent passes of the current-channel fully reconnect. Unlike results for
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FIG. 1. The spatial distribution of As,; (half-max shown in blue) and the resulting helically winding
current-channel (A = 1.0 m™! shown in translucent red) are shown at I, ~ 0.85 kA.

parallel co-helicity flux tubes,'* the current-channel passes in our simulations do not re-
main merged, but separate with a changed connectivity that severs an axisymmetric current
loop (Figure 3) from a shortened driven current-channel. The dynamics of this process are
visualized with the animation of A-isosurfaces shown in Fig. 3. An oblique contact angle
between adjacent passes does not explain the eventual separation, as coalescence is predicted
over a significant range of contact angle for co-helicity flux tubes.!* Note that unlike the
configuration in Ref. 14, after reconnection, only the helical path contains drive, while the
symmetric ring freely decays. The separated current rings are formed slightly inboard of
the current-channel near the midplane and slowly propagate vertically away from the gun.
After large-scale field reversal, current rings that remain coherent stagnate at the top of the
region where poloidal flux is amplified relative to the initial state (Figure 4).

Relatively higher pressure in the inflow region than in the compressed outflow region cre-
ates an elongated x-type structure. An elongated current sheet is observed in computations
after the passes stagnate in the inflow direction and slide past one another in the outflow
direction (Figure 2b) during current ring formation. The loss of drive causes the upper pass
to move radially inward as it separates from the current-channel. Magnetic pressure from
the self-induced field correspondingly causes the driven lower pass to move radially outward.

Current ring formation occurs rapidly, with a time-scale of approximately 50 us from
when adjacent passes first make contact to the release of the current ring, relative to the

4



UW-CPTC 12-4

20.0 o0.20
-10.0
-0.0
0.10- 1
[—10.0 r'
-20.0 ‘
0.00- -
¥ ]  ~—
N
-0.10- ‘
-0.201 . 1 .
a) b)
_0I30 T T T T T
0.40 0.50 0.60 0.10 0.50 0.60
R [m] R [m]

FIG. 2. Magnetic reconnection is indicated by the presence of strong reverse currents when adjacent
passes of the current-channel come into contact. Contours of A = pg.Jj| /B in units of m~! are shown
at ¢ = 0 (a) at the instance of closest approach and (b) as the channel passes “slide” past one
another.

typical stagnation and relatively slow merger of 2D flux tubes. When the current loops are
first observed, I, ~ 4 kA, current rings form on an average interval of approximately 250 ys.
The length of the interval gradually increases to 800 — 900 us for I, > 40 kA. Most of the
current within a ring filament diffuses within approximately 100 us of its release from the
driven current channel.

The current from our simulated axisymmetric rings redistributes along the edge of the
amplified-flux region, forming a hollow current profile (Figure 4). Shortly after large-scale
magnetic field reversal, current flows diffusely along the inboard side of the amplified-flux
region. At larger I,, current on the inboard side flows in a distinct channel that connects
to the outboard driven current-channel. After large-scale magnetic field reversal, significant
poloidal flux amplification is observed (1.5 mWb at I, ~ 36 kA), having accumulated over
many reconnection cycles.

Prior to large-scale poloidal-field reversal, most of the heat is transported to the elec-
trodes, Figure 5 (a)&(b). After large-scale poloidal-field reversal, a significant fraction of
thermal energy recirculates in the amplified-flux region, Figure 5 (¢)&(d). The formation of
axisymmetric current rings produces significant heat flux, as shown by the parallel heat flux
contours. The large thermal transport creates a more diffuse plasma temperature profile in
the plasma core. The large current density in the reconnection current sheet and current
rings also results in significant ohmic heating of the plasma outside the current-channel. In
the vicinity of the reconnection, the convective heat flux (not shown) transiently exceeds
the parallel conductive heat flux.

The 3D reconnection between adjacent current passes is similar to reconnection observed
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FIG. 3. Reconnection releases a current ring (shown in the center of the figure) from the driven
channel plasma. Isosurfaces of A = +7 m~! are shown. (enhanced online) [URL: http://dx.doi.
org/10.1063/1.4746089.1].

in the Reconnection Scaling eXperiment (RSX).'>!6 In RSX, two plasma guns produce
initially parallel current filaments, which undergo a kink instability that causes the current
filaments to helically gyrate. Cross-sections of measured magnetic field and current density
resemble typical flux tube merger theory.'® Impulsive reconnection between the filaments
produces patchy regions of 3D reconnection, which is analogous to the reconnection during
current ring formation in our simulations.

The axisymmetric current rings released from the filaments in our simulations have not
been previously observed for helicity injection in spherical tokamaks, and as such, provide a
new phenomenological understanding for filament relaxation in Pegasus. The current rings
provide the mechanism for poloidal flux amplification over multiple reconnection events.
The thermal energy released from the current rings into the plasma core may contribute
to the centrally peaked pressure profile observed in equilibrium reconstructions of relaxed
plasmas in the experiment. The hollow current profile produced in our simulations is also
consistent with the current profiles in the equilibrium reconstructions.

We acknowledge that two-fluid effects may significantly influence current-channel inter-
action. The experimentally measured electron density n, ~ 5 x 10'® m~3 during a typical
non-solenoidal discharge!” produces a Hall parameter of §;/r. ~ 3.6 for a current-channel
width 7. = 4 cm, where ¢; is the ion skin depth. A large Hall parameter indicates that
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FIG. 4. A hollow current profile is observed after large-scale magnetic field reversal during helicity
injection. (a) Diffuse inboard current is observed at I, ~ 26 kA. (b) A distinct inboard channel is
observed at I, = 42 kA. Contours of A in units of m~! are shown. The overlaid contour lines show
the poloidal flux function, where the darker contours correspond to the amplified-flux region.
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FIG. 5. Magnitude of toroidally-averaged parallel heat flux, ‘E Lr nx|bb - VT d¢|, in units of

W/m? where y is the parallel thermal diffusivity. Figures (a)&(b) (plotted to same scale) show
parallel heat flux prior to large-scale poloidal field reversal, I, ~ 6.5 kA, where (a) corresponds
to a period between current ring formation and (b) corresponds to when a current ring is present.
Figures (¢)&(d) (plotted to same scale) show parallel heat flux after large-scale poloidal field
reversal, I, ~ 20 kA, where (c) corresponds to a period between current ring formation and (d)
corresponds to when a current ring is present.

the electron fluid can decouple from the ion fluid, affecting current-channel motion and in-
teraction. Two-dimensional flux tube merger results with an extended-MHD Ohm’s Law
predicts a larger current sheet thickness with a more gradual drop-off than predicted by
MHD theory.'®!3 Our future simulation work on current-channel evolution in Pegasus will
address two-fluid effects.
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