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Section 1

Introduction and Motivation



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

Motivation for non-solenoidal startup:
Spherical tokamaks have particularly limited
V-s for ohmic current drive
Some non-inductive current drive methods,
e.g. NBI and bootstrap, are ineffective during
the startup phase
Other methods, e.g. CHI, would require
dramatic changes to the vacuum vessel or
pose additional challenges

DC helicity injection through extremely
localized washer-gun plasma sources 1 2

Advantages of the plasma guns:
Small size: can be mounted through a
diagnostic port
High-Z impurities are trapped within the gun
aperture
Up to 4kA injected current per gun with ion
temperatures up to 50eV
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Figure 3.3 Illustration of a gas-injected washer-stack plasma gun.
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Figure 3.1 Peel-away view of the Pegasus Toroidal Experiment.
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Figure 3.2 Cross-sectional view of the Pegasus Toroidal Experiment.

1D.J. Battaglia et al. “Tokamak startup using point-source dc helicity injection.” PRL. 2009.
2D.J. Battaglia et al. “The formation of a tokamak-like plasma in initial experiments using an

outboard plasma gun cur- rent source.” J. Fus. Energy 2009.



The current channels from the plasma guns relax into a
“tokamak-like” plasma with toroidal current amplification.

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.

Plasma guns have been tested in two
configurations:

In the lower divertor region
On the outboard side of the device
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Figure 3.5 The localized current injection system at the outboard midplane of Pegasus.
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a b c 

Figure 4.1 Visual images of the typical stages in a non-solenoidal startup discharge using
three outboard localized current sources.

a) before & b) after relaxation, c) decay phase



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 can provide insight into the relaxation
process, which has not been directly observed in the experiment.

Expanding previous work to more realistic physical parameters
(e.g. background plasma temperature)



Section 2

Modeling



A resistive MHD model is used to study relaxation.

A single-temperature, resistive MHD model with ohmic heating,
anisotropic temperature-dependent thermal conduction and
temperature-dependent resistivity is used to study relaxation.

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

Nonlinear computations are performed using the NIMROD code.3 4

NIMROD uses a high-order finite element representation in the
poloidal plane and a Fourier series representation in the azimuthal
direction.

The computations discussed in this poster use the implicit leapfrog
temporal advance algorithm, which is stable for arbitrarily large
time-steps and free of numerical dissipation.

3C. R. Sovinec et al. “NIMROD: A computational laboratory for studying nonlinear fusion
magnetohydrodynamics.” Phys. Plas.. 2003.

4NIMROD Team. http://www.nimrodteam.org



The plasma guns are simulated through localized current
and heat sources.

−3 −2 −1 0 1 2 3
−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

Φ

Z

 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Figure: Current and Heat Source Localization
at R = Rinj

Current source localized with both
poloidal and toroidal Gaussian shape
functions

Jinj =
λinjBvac

µ0
FG (R,Z)FG (φ)

The current source is aligned with
the vacuum magnetic field, i.e. the
poloidal localization is toroidally
dependent.

The volumetric heat source has the
same localization as the current
source.



Current injection is modeled by adding an ad-hoc force
density that acts as a modification to Ohm’s Law.

1 Apply localized FRF

  

The Artifical Source Term Drives Current 
Indirectly By “Twisting” The B Field.

1.) 2.)

3.) 4.)
2 B̃ adds twist to B0

  

The Artifical Source Term Drives Current 
Indirectly By “Twisting” The B Field.
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The Artifical Source Term Drives Current 
Indirectly By “Twisting” The B Field.

1.) 2.)
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3 J̃ produced

  

The Artifical Source Term Drives Current 
Indirectly By “Twisting” The B Field.

1.) 2.)

3.) 4.)

  

The Artifical Source Term Drives Current 
Indirectly By “Twisting” The B Field.

1.) 2.)

3.) 4.)

4 J̃× B0 launches
torsional Alfvén wave

  

The Artifical Source Term Drives Current 
Indirectly By “Twisting” The B Field.

1.) 2.)

3.) 4.)

E + v × B = η (J− Jinj)

Essentially creating dissipation-free
current source

Torsional Alfvén-wave propagation
carries current along B0.

Perpendicular, resistive magnetic
diffusion of B̃ results in net current.



Modeling of injection has improved through the use of a
Gaussian toroidal shape function.
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The Gaussian toroidal shape function has a more rapidly converging Fourier expansion
than the original half-sine-wave shape, while retaining a similar current profile.



Energy spectra from simulations also have faster
convergence for the Gaussian shape function.
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For both cases shown, Ip ≈ 2.5 kA.

Curves ‘0’ and ‘1’ are for a
half-sine-wave and Gaussian toroidal
shape functions, respectively.

Both the magnetic and kinetic energy
spectra converge more rapidly for the
Gaussian shape function.

The stronger high-n magnetic
fluctuations are exciting additional
flow for the half-sine-wave shape
function, as indicated by the higher
kinetic energy mode amplitude at
n ≥ 8.



The full Braginskii formulation prevents unphysically large
κ⊥ in regions of low-temperature, where xsτs < 1.
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NIMROD normally uses the
high-magnetization (ωcsτs � 1) formulation
for κ⊥.

In regions of low temperature (ωcsτs < 1),
e.g. edge regions, the high magnetization
formulation over-predicts thermal transport,
leading to a severe loss of confinement.

For simulations with a cold background
plasma temperature, the full formulation5 for
κ⊥ will realistically limit thermal transport
and enhance confinement.

The modified κ⊥,s is also fully 3D and
self-consistently calculated from κ‖,s .

5S.I. Braginskii, “Transport Processes in a Plasma,” Reviews of Plasma Physics. 1965.



The full Braginskii formulation of κ⊥ deviates from the
high magnetization limit at ωcsτs ≈ 5.

10
−1

10
0

10
1

10
−3

10
−2

10
−1

10
0

10
1

10
2

10
3

ω
cs

τ
s

κ
⊥

,s
 /

 κ
||
,s

 

 

Ion − High Magnetization

Ion − Full Braginskii

Electron − High Magnetization
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Curves shown for a Z = 1 plasma. For the simulations presented later, ωciτi ≈ 0.025
for the background plasma at the injection radius.



An ad hoc thermal energy sink surface term has been
added to calculations to better reproduce experimental
current return paths.

The original Dirichlet boundary condition produces a steep thermal gradient at
the edge of the domain, causing the resistivity to be greater at the domain
boundary than through the bulk plasma.

Current drive along open field lines forms return paths through the plasma rather
than crossing the boundary along the magnetic field lines.

By adding an ad hoc energy sink term along the surface, the temperature at the
ends of the channels remains comparable to peak channel temperature, while
remaining close to the background plasma temperature elsewhere.

This eliminates the undesirable current return through the bulk plasma by
allowing resistivity at the ends of the channel to remain low.

The energy sink is presently uniform across the entire boundary.



Computations with the thermal energy sink better
reproduce experimental current return paths.
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For both cases shown,
Ip ≈ 3.8 kA.

For the Dirichlet thermal
boundary condition case,
return current surrounds the
current channel along its
entire vertical span, and a
diffuse return current is
present away from the
current channel.

For the thermal energy sink
case, the return current
through the domain is much
more localized and
decreasing in magnitude.



Section 3

Simulation Results



The current channel initially winds along the vacuum
magnetic field lines.
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During the initial phase, the current
channel lacks significant activity and
is essentially static.

With sufficient induced magnetic
field, the current channel begins to
elliptically oscillate in the poloidal
plane.

The oscillations are caused by the
attractive Lorentz force between
adjacent passes of the current
channel.

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



Parallel current contours show the procession of the
current channel in the poloidal plane.

t = 0 µs t = 85 µs t = 130 µs t = 175 µs



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

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.



Parallel current profiles suggest the occurrence of magnetic
reconnection during the oscillations.

With additional current
drive, current channel
displacement increases in
amplitude.

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

The presence of strong
reversed current sheets
between the adjacent passes
suggests magnetic
reconnection.

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



Large heat flux is observed near the current sheet during
reconnection events.

q‖,z q⊥,z qconvective,z

The conductive and convective heat fluxes are comparable in
magnitude.

The vertical component of heat flux is largest for both the
conductive and convective heat fluxes.



As a result of the enhanced thermal transport during
reconnection, the plasma temperature profile becomes
more diffuse.



The total plasma current suggests the system is in
proximity of large-scale magnetic field reversal.
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Large-scale magnetic field reversal is observed at Ip ≈ 15 kA in both previous
simulations and experimental discharges.



Section 4

Summary & Future Work



Summary & Future Work

Experimental current return paths have been reproduced using an ad
hoc thermal sink term on the domain boundary.

Magnetic reconnection has been observed during the current channel
oscillations.

Enhanced thermal transport has been observed near the
reconnection current sheet.

The system is in proximity to large-scale magnetic field reversal.

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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