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Introduction & Motivation



Non-solenoidal startup is being investigated on the
Pegasus Toroidal Experiment (University of WI).

Spherical tokamaks have limited
capacity for ohmic induction due to
geometric constraints on the central
solenoid.

Localized washer-gun plasma sources
are being used on Pegasus as a means
of DC helicity injection.1 2

The plasma guns can be mounted
through diagnostic ports.

Other startup methods, e.g. CHI,
would require dramatic changes to the
vacuum vessel or pose additional
challenges.
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Figure 2.10 Schematic of two plasma guns mounted near the lower divertor of Pegasus.

1D.J. Battaglia et al. Phys. Rev. Let.. 2009.
2D.J. Battaglia et al. J. Fus. Energy 2009.



The gun plasma relaxes into a “tokamak-like”
configuration with toroidal current amplification.

In a “tokamak-like” plasma, the 〈B〉φ
indicates closed, nested poloidal flux
surfaces, but the full B likely contains
significant stochasticity.

The toroidal current in the relaxed
plasma exceeds that computed from
the vacuum field geometric winding.

Poloidal flux compression is then
applied on the relaxed plasma resulting
in current amplification.

Solenoidal induction can provide
additional current drive.
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Figure 2.11 Visible images of plasma discharges formed using two plasma guns mounted in
the lower divertor.
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Soft X-ray emissions.



Motivation for Numerical Simulation

Relaxation is a fundamentally nonlinear process.

The helicity injection scheme on pegasus is unique:

Spheromak and spherical tokamak plasma driven by coaxial
helicity injection are initially axisymmetric and transition to a
non-axisymmetric state when crossing some stability boundary.
The gun plasmas in Pegasus are initially non-axisymmetric
then relax to an axisymmetric (i.e. “tokamak-like”) state.

Numerical computation provides insights into details of the
relaxation process, which have not been observed
experimentally.

Expanding on previous work to include more relevant
transport.



Modeling



A resistive MHD model is used to study relaxation.

Anisotropic, temperature-dependent thermal conduction,
temperature-dependent resistivity, and ohmic heating
reproduce critical transport effects.

MHD analysis is relevant to Pegasus discharges due to the
strongly electromagnetic effects and relatively low
temperature (i.e. collision-dominance).

Nonlinear, numerical computations are performed with the
NIMROD code.3 4

As most of the plasma is initially away from the boundary,
evolution should not be overly sensitive to the surface thermal
energy sink and effective surface resistivity discusses later as
long as they are not preventing some physical behavior in the
core plasma.

3C.R. Sovinec et al. Phys. Plas. 2003.
4The NIMROD Team. http://www.nimrodteam.org



The transition from isotropic to anisotropic thermal
conduction is modeled with the Braginskii closure.
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For a Z = 1 plasma.

Simulations are initialized with a
cold, uniform plasma T ≈ 0.24 eV .

The Braginskii closure5 reproduces
isotropic thermal conduction in
regions of low temperature
(ωcsτs � 1), e.g. edge regions.

The closure also captures the
transition to anisotropic thermal
conduction as the plasma
temperature increases.

5S.I. Braginskii. Rev. Plas. Phys. 1965.



The plasma guns are simulated with poloidally and
toroidally localized current and heat sources.
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Source localization at R = Rinj

The current drive source is an
ad-hoc force density that acts as a
modification to Ohm’s Law.

The applied electric field sustains
current density in the presence of
resistive dissipation.

The current drive source Einj ∝ B.

Source localization is aligned with
Bvac , i.e. toroidally pitched.



An ad-hoc surface thermal energy sink prevents unphysical
shielding of the current channel.

Dirichlet boundary conditions on T
produce a steep edge temperature and
resistivity gradients.

In these case, return current surrounds
the channel, shielding the attractive
Lorentz force between adjacent passes.

An ad hoc surface energy sink term
relaxes the edge temperature and
resistivity gradients, eliminating the
undesirable current return path.

The energy sink has a uniform, constant
thermal conduction coefficient α across
the entire boundary ∂V .

∂T

∂t

∣∣∣∣
∂V

= −αT
∣∣∣∣
∂V

λ = µ0J‖/B



An effective surface resistance prevents the unphysical
accumulation of toroidal flux.

Accumulation of toroidal flux with conducting boundary
conditions causes radial compression of the plasma, preventing
expansion into the domain.

The surface resistance is applied uniformly to the inboard and
outboard surfaces (R = 0.05 & 1.00 m, respectively).

For the inboard surface, the nearly constant toroidal flux
corresponds to constant toroidal field current flowing through
the central solenoid.

For the outboard surface, the surface resistance corresponds
to either a toroidal cut in the vacuum vessel or a large
resistive wall time relative to the oscillation period.



Numerical Results



The current channel initially winds along the vacuum
magnetic field lines.

Initial winding of the current channel
along Bvac

During the initial phase, the
current channel is essentially
static.

With sufficient channel current,
the channel begins to elliptically
oscillate in the poloidal plane
from the attractive Lorentz force
between adjacent passes.

Eventually, adjacent passes of the
current channel come into
contact.

Reversed current sheets between
adjacent passes suggest magnetic
reconnection.

Fluctuations of plasma current
and internal energy coincide with
the oscillations.



The current channel plasma rotates rapidly about its
helical axis during the oscillations.

Flow profile showing rotation around
the helical axis of the channel.

The highest flow speeds are
localized around the channel
midplane on the inboard and
outboard sides.

The flows may be the result of
electrostatic potential gradients
across the channel.

The flows are mostly vertical,
and flow speeds in excess of
vz ≥ 20 km/s are observed.

The flows contribute to the
vertical elongation of the
current channel.



Even prior to the onset of large-scale magnetic field
reversal, parallel current profiles suggest significant
magnetic reconnection activity.
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The oscillations in current and internal
energy correspond to reconnection
events.

The movies correspond to the plasma
current and internal energy traces
shown.

The 3D and 2D parallel current movies
show reconnection and formation of
detached current ring.

The temperature movie shows
enhanced thermal transport during
reconnection events.



Before Bz reversal: The formation and evolution of the
current loops produces significant heat flux.
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After the onset of large-scale magnetic field reversal,
parallel current profiles show the formation of a hollow
current shell around the plasma.
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The oscillations in current and internal
energy correspond to reconnection
events.

The movies correspond to the plasma
current and internal energy traces
shown.

The 3D and 2D parallel current movies
show reconnection and formation of
detached current ring.

The 2D parallel current profile also
shows a hollow shell of parallel current
around the plasma.

The temperature movie shows the
accumulation of heat near the lower
inboard side of the plasma.



After Bz reversal: The formation and evolution of the
current loops produces significant heat flux.
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As Ip increases past large-scale Bz reversal, the initially
diffuse inboard current becomes more coherent.

Ip ≈ 18.5 kA Ip ≈ 20 kA



Significant poloidal flux amplification has been observed
since the onset of large-scale magnetic field reversal.

Ip = 0 kA Ip ≈ 20 kA



Summary & Future Work



Summary & Future Work

Magnetic reconnection has been observed before and after the
onset of large-scale magnetic field reversal.

During reconnection events, current loops sever from the
channel and contribute to a hollow current profile.

Unlike Sweet-Parker reconnection, magnetic reconnection
during the oscillations is transient and fundamentally 3D.

Enhanced thermal transport and significant outflow have been
observed near the reconnection current sheet.

Computations will be continued to produce relaxation into a
“tokamak-like” plasma.

The effect of non-MHD contributions to current channel
evolution will be investigated through two-temperature
computations.
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