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Nonlinear numerical computation is used to investigate the relaxation of non-axisymmetric cur-
rent channels of DC helicity injection from washer-gun plasma sources into “tokamak-like” plasmas
in the Pegasus Toroidal Experiment. Resistive MHD simulations with the NIMROD code utilize
fully three-dimensional, anisotropic, temperature-dependent thermal conductivity corrected for re-
gions of low-magnetization, temperature-dependent resistivity, and ohmic heating. Modeling heat
conduction to the wall with an ad-hoc thermal sink better reproduces experimental current return
paths. Magnetic reconnection is observed between adjacent passes of the current channel, during
which a parallel current loop structure detaches from the channel and enhanced thermal transport
is observed.
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I. INTRODUCTION & MOTIVATION

Due to size restrictions on the central solenoid, spheri-
cal tokamaks have particularly limited capacity for ohmic
induction. Washer-gun plasma sources are being inves-
tigated on the Pegasus Toroidal Experiment (University
of Wisconsin) as a means of non-inductive startup.[1, 2]
The current channels from the guns initially wind along
vacuum magnetic field lines. The current filaments from
the plasma guns undergo relaxation into a “tokamak-
like” plasma, i.e. a plasma where the toroidally-averaged
magnetic fields produce nested poloidal flux contours,
like those for traditional tokamak equilibria, but the full
three-dimensional magnetic field likely contains signifi-
cant stochasticity.

Numerical computation is being used to provide insight
into details of the relaxation process, which have not been
directly observed in the experiment. Unlike spheromaks
and spherical tokamaks driven by coaxial helicity injec-
tion in which an initially two-dimension plasma transi-
tions to a three-dimensional state after crossing some sta-
bility boundary, the initial plasma configuration in Pega-
sus is strongly three-dimensional and relaxes into a two-
dimension “tokamak-like” plasma.

II. MODELING

We investigate the relaxation process in Pegasus
with nonlinear numerical computations using the NIM-
ROD code.[3, 4] Our modeling is based on resistive
MHD with a single temperature. Ohmic heating,
anisotropic heat conduction with temperature-dependent
coefficients, and temperature-dependent resistivity re-
produce critical transport effects.

NIMROD typically uses the high-magnetization limit
(xs = ωcsτs � 1) for perpendicular thermal diffusivity.
However, in regions of low temperature where xs < 1,
such as plasma edge regions, the high magnetization for-

mulation over-predicts perpendicular thermal transport,
which can lead to an artificial loss of thermal confine-
ment. The simulations presented have a cold background
plasma (xi ≈ 0.025), so the full formulation[5] for κ⊥ is
used in our computations to realistically limit perpendic-
ular thermal transport and enhance confinement. The
perpendicular conduction is fully three-dimensional and
self-consistently calculated with the parallel thermal con-
duction.
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Current injection is modeled by adding an ad-hoc force
density in a poloidally and toroidally localized spot that
acts as a current drive source in Ohm’s Law that now
has the form E + v × B = η(J − Jinj). When ap-
plied, the source induces a magnetic field and current
density and sustains it in the presence of resistive dis-
sipation. A gaussian shape function is presently used
for both poloidal and toroidal localization, albeit with
different widths. The use of a gaussian toroidal shape
function has improved the modeling of injection, as it
has a more rapidly converging Fourier expansion than
the original half-sine-wave shape, while retaining a simi-
lar current profile (Fig. 1). The current source is aligned
with the equilibrium magnetic field, i.e. the vertical po-
sition of the current injection changes toroidally and has
the same pitch angle as the equilibrium magnetic field



itself (Fig. 2). Also, the injected current is aligned with
the vacuum magnetic field, i.e. Jinj ‖ Bvac.
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FIG. 1: The gaussian toroidal shape function has better
Fourier series convergence than a half-sine shape.
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FIG. 2: Localization of the current and heat injection sources.

The application of the localized force density induces a
helical magnetic-field perturbation, which produces cur-
rent. The magnetic force at the ends of the current chan-
nel launches torsional Alfvén waves that carry current
along the vacuum magnetic field. Perpendicular, resistive
diffusion of the perturbed magnetic field results in net
current. A heat source has been included with the same
poloidal and toroidal localization as the current source.

The thermal boundary conditions have also been mod-
ified to better reproduce experimental current return
paths. For current driven along open magnetic field
lines, the original Dirichlet boundary conditions produce
a steep thermal gradient at the domain boundary, which
due to temperature-dependent resistivity, causes resistiv-
ity to be larger at the boundary than through the plasma.

As a result, current drive along open field lines forms re-
turn paths through the plasma rather than crossing the
domain boundary along the magnetic field lines.

Heat conduction to the wall is modeled with an ad-hoc
energy sink term along the surface. With the thermal
sink, the temperature at the ends of current channels re-
mains comparable to peak current channel temperatures
while remaining close to the initial background plasma
temperature elsewhere on the boundary. This allows re-
sistivity to remain low at the ends of the current channel,
which eliminates the undesirable current return through
the bulk plasma.

III. RESULTS

Initially, the current channel winds along the vacuum
magnetic field lines (Fig. 3). During this initial phase,
the current channel lacks significant activity and is es-
sentially static. When the current channel induces suffi-
cient magnetic field, the current channel begins to ellip-
tically oscillate in the poloidal plane due the attractive
Lorentz force that the current channel exerts on adja-
cent parts of itself. This phase begins when the localized
magnetic field reversal exceeds approximately 90% of the
vertical magnetic field. Fluctuations are also observed in
the plasma current and internal energy (Fig. 4) during
the oscillations.

FIG. 3: Initial winding of the current channel along the vac-
uum magnetic field lines.
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FIG. 4: Fluctuations of plasma current and internal energy
occurring during current channel oscillations.

Rotation of the current channel plasma about its he-
lical axis is produced by the ejection of warm plasma
from the current channel. The highest flow speeds are
localized around the channel midplane on the inboard
and outboard sides (Fig. 5). At these locations, the flow
is mostly vertical and may be the result of electrostatic
potential gradients across the channel. These flows con-
tribute to vertical elongation of the current channel. Ver-
tical flow speeds in excess of vz ≥ 20 km/s are observed.

FIG. 5: Rotation of the current channel about its helical axis.
Contours of vz are shown with arrows corresponding to v.

With additional current drive, the displacement of
the current channel increases in amplitude and rotation
speed increases. Eventually, the oscillations are large
enough adjascent passes of the current channel come into
contact. The presence of a strong reversed current sheet
between the two adjacent portions of the current chan-
nel suggests magnetic reconnection (Fig. 6). Periodically,

reconnection causes a parallel current loop structure to
separate from the current channel (Fig. 7). The loop
propagates vertically along the open magnetic field lines.

FIG. 7: Reconnection produces a current structure separate
from the channel plasma. Isosurfaces of λ = 5m−1 (red) and
−5m−1 (blue) are shown at t = 12.205µs.

Thermal transport is significantly enhanced near the
current sheet during the magnetic reconnection events.
The conductive and convective heat fluxes are compa-
rable with the vertical component being the largest for
both parallel and perpendicular conductive heat flux and
the convective heat flux. As a result of the enhanced
thermal transport, the plasma temperature during the
reconnection events becomes more diffuse (Fig. 8). Un-
like Sweet-Parker reconnection, magnetic reconnection
occurring during this phase is transient and fundamen-
tally three-dimensional in nature.

IV. SUMMARY & FUTURE WORK

In summary, modeling heat conduction to the wall with
an ad-hoc thermal sink better reproduces experimental
current return paths. Magnetic reconnection has been
observed during oscillations of the current channel when
adjacent passes of the channel come into contact. The re-
connecting current channel periodically forms a detached
parallel current loop structure that propagates along the
magnetic field. Enhanced thermal transport during the
reconnection events leads to a more diffuse temperature
profile.

These computations will be continued to model re-
laxation of the channel into a “tokamak-like” plasma.
The system is nearing large-scale magnetic field rever-
sal, which is observed both experimentally and in previ-



t = 12.175 µs t = 12.185 µs t = 12.195 µs

FIG. 6: Magnetic reconnection is indicated by the presence of strong reverse currents when adjacent passes of the current
channel come into contact. Contours of λ = µ0J ·B/B2 are shown.

FIG. 8: Plasma temperature becomes more diffuse during
reconnection events.

ous computation when the plasma current Ip ≈ 15 kA.
The effect non-MHD contributions to current channel
evolution will be investigated through two-temperature
computations with temperature-dependent thermal equi-
libration between ions and electrons.
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