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Outline

Fluid-based computation predicts that flux-tube merger and recon-
nection is an important process for non-inductive startup with local-
ized helicity injection.
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Limitations of ohmic drive for spherical tokamaks motivate

the use of non-inductive current drive to expand their

operational regimes.

Experiments on Pegasus investigate non-inductive startup with
localized helicity injectors in the form of electrostatic plasma guns.
1 2

The injectors generate current-carrying magnetic flux ropes.

The toroidal and axial vacuum magnetic field components direct
the flux ropes along multiple passes.

With sufficient plasma current, Ip ≃ 15 kA, a global poloidal
magnetic field null forms and the flux ropes relax towards an
axisymmetric tokamak equilibrium state.

1 N.W. Eidietis, et. al. J. Fus. Energy. 2007.
2 D.J. Battaglia et al. J. Fus. Energy 2009.



Overview of our Pegasus startup simulations

(1) Helical winding (2) Flux-rope rings

(3) Poloidal field null (4) Tokamak equilibrium



Motivation for numerical computation

While the initial helical plasma state and final relaxed state are
well diagnosed in the experiment, the dynamics of the relaxation
process have not been directly observed.

From the overview, tokamak startup from a current channel
involves unique MHD relaxation.

Numerical simulations provide a detailed self-consistent description
of the evolution.



The computations solve the low-frequency two-fluid model

starting from vacuum magnetic field and ‘cold fluid.’
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The computations model the whole evolution of the current filaments using
realistic, evolving, locally-computed transport coefficients.

Only the localized helicity injector current and heat sources are prescribed:
all dynamics follow self-consistently from the model above.

Neutrals, ionization, and recombination are not modeled.

The NIMROD code (nimrodteam.org) is used to solve these systems.



Simulation parameters approximate conditions in the

non-solenoidal startup experiments in Pegasus.

Initial Conditions:

The vacuum magnetic field has a 1D
dependence on R:

Bvac = (µ0ITF/2πR) φ̂+ BZ Ẑ

where ITF = 35 kA and BZ = 3.7 mT

Uniform ne = 1× 1019 m−3

Uniform Te = Ti ≃ 0.24 eV

Two-Fluid Effects:

Two-fluid effects contribute
quantitatively:
δi ∼ 10 cm > winj = 4 cm

winj ≫ ρs ∼ 10 µm

Transport:

Thermal conduction modeling includes
magnetization effects:
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The thermal equilibration rate
σ = 3me/miτe ∼ nT
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s
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)

(Te/1 eV)−3/2

ν = 10 m2/s
(for Prm ∼ 1 at Te = 10 eV)

Dn = 1 m2/s, Dh = 0.1 m4/s



Temperatures and the toroidal magnetic field are relaxed

along the boundary.

In the absence of sheath and plasma-surface modeling, thermally
insulating boundary conditions are applied with a linear relaxation
term over the entire domain boundary:

∂Ts

∂t
= −αTs

(Ts − Ts,0)

with αTi
= 104 s−1 and αTe

= 105 s−1.

This allows an electrically conducting path to form to the edge of
the domain.

Relaxing the toroidal magnetic field on the inboard and outboard
surfaces represents the resistive-wall in a very approximate way:

∂Bφ

∂t
= −αη (Bφ − Bφ,vac)

with αη = 109 s−1.



This study focuses on basic flux-rope dynamics and

considers a single localized injector source.

Like the experiment, the only
source of current drive during the
formation phase is the helicity
injector source (blue).

Initially, the vacuum magnetic
field lines directs the flux rope
along a helical path (red).

The attractive Lorentz force
between adjacent passes of
current excites vertical
oscillations in the flux rope,
similar to the island-coalescence
instability. source half-max (blue) and

λ = 1 m−1 (red) at Ip ≃ 1 kA



With sufficient injected current, adjacent passes of the

driven channel merge and reconnect, releasing a flux-rope

ring.

t = 2.91 ms t = 2.93 ms t = 2.95 ms

Isosurfaces of λ ≡ µ0J‖/B = ±6 m−1 during an early ring formation event.

A sheet of reversed current density (blue) is induced as the passes of the flux
rope merge.

As adjacent passes of the same flux rope are merging, the merger is necessarily
parallel co-helicity.



Current rings provide a concentration of poloidal flux that

spreads and accumulates across multiple cycles.

λ [m−1]
λ [m−1] with

logarithmic poloidal flux contours



After a poloidal field null forms near the central column, a

hollow current shell forms around a region of amplified flux.

λ [m−1] with poloidal flux λ [m−1]

A large region of significant poloidal flux amplification (left) has
developed over many relaxation events.
The current on the inboard side is initially diffuse, but coalesces into a
coherent channel (right) as Ip increases.
Even late in time, the simulated plasma retains its filamentary structure
during active helicity injection.



Comparisons of synthetic Mirnov-array signals with

laboratory observations substantiate our predicted filament

dynamics during startup.
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Experimental Computational

Both produce magnetic fluctuation amplitudes of order 5 %.

The MHD activity (≥ 10 kHz) corresponds to the reconnection event
causing abrupt changes in current channel winding.



During formation, the current-carrying magnetic flux rope

repeatedly merges with itself.

t = 2.925 ms t = 2.935 ms

Magnetic field-line trajectories indicate the change in magnetic
topology during reconnection.

At the earlier time, only a few trajectories are redirected past the
the forming flux-rope ring, while most pass through it.

Later, most trajectories bypass the forming flux-rope ring, and one
trace (darkened) makes multiple passes around it.



Now, we make connections to other open field-line studies

through quasi-separatrix layers.

Quasi-separatrix layers are used to
locate reconnection in other open
field systems without magnetic nulls.

A quasi-separatrix layer (QSL) is a
surface with large squashing degree3

of the mapping (x0, y0) 7→ (x1, y1):
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The squashing degree is a measure
of the mapping distortion or
spreading of field-lines between the
launch (0) and terminating (1)
surfaces.
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QSL in LaPD [Gekelman. POP. 2011.]

3 Titov, V.S. J. Geophys. Res. 2002.



We compute the squashing degree to identify the QSL in

our Pegasus simulations during the formation of a

flux-rope ring.

Unlike the other open systems,
we already know that magnetic
reconnection is occurring in our
computations.

All field-line trajectories enter
and exit the domain through the
bottom (0) and top (1) surfaces.

Therefore, we launch field-lines
from a grid on the bottom
surface to form a discrete
representation of the mapping
function.



The squashing degree from the simulations does show

evidence of quasi-separatrix layers.

√
Q L [m]

Large values of Q (left) appear as rolled surfaces.

These surfaces also correlate with locations of long magnetic
field-line lengths (right).



However, the QSL in our computations does not solely

correspond to magnetic reconnection.

Some trajectories with large
values of Q do cross the site of
magnetic reconnection, where the
strongest reversed current density
occurs.

These field-line trajectories
bifurcate between the second and
third passes of the flux rope
(Z ≃ −5 cm).

However, trajectories also
bifurcate between the first and
second passes (Z ≃ −50 cm).

Magnetic punctures for logQ ≥ 15



To explain the first bifurcation, we draw an analogy

between the loose-solenoid field in the computations and

periodic distributions.

Magnetic island chains from
tearing form along a resonant
surface (B · k = 0) in
magnetically sheared periodic
systems, where k is the helical
wavenumber vector.

During island coalescence
instability, the distance between
some adjacent O-points
decreases, while the distance
between others increases.

Island coalescence instability4

4 Finn, J.M. & Kaw, P.K. Phys. Fluids. 1977.



The first bifurcation is analogous to the X-point between

two non-merging magnetic islands.

We take the cylindrical surface R = Rinj in
the computations to be analogous to the
resonant surface in a periodic system.

We compute a helical magnetic field about
the winding at the injector (Rinj).

Bh = BR R̂ + B · k̂ k̂

k = 2πG (∆Z )
−1

Ẑ − R−1
inj φ̂

Analagous to the periodic cases,
bifurcations in the field-line trajectories
occur at minima in the helical field.

For the Pegasus fields, the QSL does show
separatrix-like behavior, but reconnection is
only one part. |Bh| [mT]



Field-line length as a function of launch position shows

evidence of chaotic scattering.

Castle-like structures appear across different spatial scales in R .

Castle-like structures are regions where long trajectories rise above
a background with the longest values at the edge of each region.



The tilting of a transit of the current filament into the

horizontal plane constitutes coherent dynamo action,

−〈ṽ × B̃〉, that affects the mean field distribution.

t = 2.91 ms t = 2.94 ms

Wave propagation and macroscopic dynamics are required of the system
to develop a tokamak-like current distribution.

Energy density increases in the mean field where 〈E〉 · 〈J〉 < 0.



The MHD dynamo electric field transfers significant energy

to the forming flux-rope ring.

MHD dynamo, −2πR〈ṽ × B̃〉φ Hall dynamo, 2πR〈J̃× B̃〉φ/ne

The dynamo electric fields are expressed as an effective loop voltage
overlaid with contours of 〈λ〉 > 0, which necessarily imply 〈Jφ〉 > 0.

The MHD dynamo acts on a scale comparable to that of the forming
flux-rope ring.

The Hall dynamo acts on a smaller spatial scale than the MHD dynamo
and is anti-symmetric about the forming flux-rope ring.



Summary and Conclusions

The release of flux-rope rings from helical current filaments provides a
new phenomenological understanding for filament relaxation in Pegasus.5

The current rings provide the mechanism for poloidal flux amplification
over multiple reconnection events, resulting in a plasma suitable for

transition to other forms of current drive.

The MHD activity observed with the synthetic Mirnov diagnostic is
consistent with experimental Mirnov observations.

The topological evolution shows a quasi-separatrix layer that is analogous
to a separatrix in periodic systems.6

5 J.B. O’Bryan, C.R. Sovinec, and T.M. Bird. Phys. Plas. 2012.
6 J.B. O’Bryan and C.R. Sovinec. Plas. Phys. Cont. Fus. 2014.



Reserve Slides



The ability of the plasma to relax into a configuration with

closed flux surfaces is critical.

λ [m−1] Te [eV] λ [m−1] Te [eV]

LHI driven phase decay phase

Plasmas formed with localized helicity injection (LHI) are intended to transition
to other forms of current drive.

Closed flux surfaces form rapidly and encompass a large plasma volume after
cessation of current drive.

The current profile of the relaxing plasma remains hollow, but the pressure
profile relaxes to a centrally peaked configuration.


