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Introduction & Motivation



The spheromak is a magnetically-confined plasma
configuration formed through self-organization.

During formation and sustainment
with coaxial helicity injection
(CHI), two electrodes connected
by vacuum magnetic flux are
biased relative to each other.

Current flows along the magnetic
field lines, producing an
expanding flux bubble that fills
the conducting vacuum vessel.

A current-driven nφ = 1 magnetic
instability changes the magnetic
topology.

For a simply-connected device,
this instability is called the
“column mode.”

Sustained Spheromak Physics
eXperiment (SSPX) Design1

1E.B. Hoooper et. al. PPCF. 54. 2012.



The column mode is an nφ = 1 kink instability of the
current column near the geometric axis.

The column mode acts as a
(semi-) coherent dynamo that
converts toroidal flux into poloidal
flux, i.e. predominantly poloidal
current into toroidal current.2

The column mode is
self-stabilizing, as the buildup of
poloidal flux effectively reduces
the value of λ = µ0J‖/B.

Resistive decay of the core
toroidal current increases λ,
triggering instability and toroidal
current drive.

Evolution of the column mode3

2C.R. Sovinec et. al. Phys. Plas. 8. 2001.
3C.A. Romero-Talamás et. al. Phys. Plas. 13. 2006.



SSPX achieved encouraging results, despite being limited
by the power driving system and wall heat dissipation.

The Sustained Spheromak Physics
eXperiment (SSPX) achieved
Te ∼ 0.5 keV, Btor > 1 T, Ip ∼ 1 MA,
and peak βe > 5%.

The power system on SSPX could sustain
hundreds of kiloamperes for about 5 ms
and was configurable to produce a series
of pulses of different amplitudes and
durations.

The wall was a tungsten-coated copper
shell, including the injector region, which
was subjected to the largest heat loads. Electron transport during

multipulse operation4

4E.B. Hoooper et. al. PPCF. 54. 2012.



This study seeks to explore and optimize the formation of
the CHI spheromak and its magnetic compression.

Despite its promise as a confinement concept, the spheromak has only
been studied at the basic plasma science and concept exploration levels.

This study expands beyond the design and achievable operational
regimes of previous experiments (e.g. SSPX) in order to find
candidates for future experimental studies.

The concept is to form a spheromak plasma with coaxial helicity
injection and then magnetically compress it.

At the moment, the formation and compression calculations are
separate, but we intend to couple them.



Numerical Model



The computations solve the low-frequency MHD model,
starting from vacuum magnetic field and ‘cold fluid.’
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The computations use realistic, evolving, locally-computed transport
coefficients.

Neutrals, ionization, and recombination are not modeled.

The NIMROD code5 (nimrodteam.org) is used to solve these systems.

5C.R. Sovinec et. al. J. Comp. Phys. 195. 2004.



Only the injector is prescribed: all dynamics follow
self-consistently from the model.

The injector is simulated by
specifying RBφ = µ0Ig/2π along
the injector boundary.

To encourage the expansion of
the flux bubble into the domain,
resistivity is enhanced along the
injector boundary:
η → η + (Ds − 1) ηinj .

The density boundary condition
along the injector edge is initially
no-flux, but transitions to Dirich-
let when n < ncrit .

The injector current trace is prescribed, but the injector voltage is
produced self-consistently from the plasma model and not an external
circuit model.



To consistently model poloidal flux compression, the
calculations use discrete external field coils.

The magnetic field from close, discrete compression coils will help
stabilize the spheromak to the tilt mode.

The coils are modeled as a series of single-turn current loops.

In the NIMROD (R, Z, φ)-coordinate system,

α2 = a2 + r2 + ∆z2 − 2ar

β2 = a2 + r2 + ∆z2 + 2ar

k2 = 1 − α2/β2
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The implementation of poloidal flux compression has been
generalized to arbitrarily shaped cross-sections.

The previous implementation assumed a rectangular (R,Z)-aligned
cross-section with uniform BZ from compression.

However, the concept designs use shaped flux conservers (e.g. rounded
corners, bow-tie) with long injectors.

During initialization, BR , BZ , and Aφ are computed along the edge of
the domain for each coil at unit current.

The normal magnetic field component and tangential electric field are
set to the sum of the contributions from all coils, where n̂ and t̂ are
the poloidal normal and tangent unit vectors.

Bn (t) = n̂ ·
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Âφ,i

Bt (t) = t̂ · B (t)

B∗ (t) = (nrBn + trBt) r̂
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Computational Results & Discussion



We simulated entire shots in the SSPX spheromak and
made direct comparisons between experimental data and
synthetic diagnostics.

We determined that a single-temperature resistive MHD model can
sufficiently capture relevant physical behavior to qualitatively assessing
spheromak performance.

A similar model has been used to study the interaction between thermal
transport and magnetic relaxation in previous spheromak studies. 6 7 8

With a simplified physics model, we can explore a greater number of
candidate operational modes and flux conserver/injector geometries.

Once we determine parameters that qualitatively optimize spheromak
performance, those cases can be explored with a more complete
physics model to quantify the performance gains.

6C.R. Sovinec et al. Phys. Rev. Lett. 2005.
7B.I. Cohen et al. Phys. Plas. 2005.
8E.B. Hooper et al. Phys. Plas. 2008.



For simulations of multi-pulse shots in SSPX, the injector
voltage trace and onset of the column mode agree with the
experiment.
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The column mode produces poloidal flux amplification and
reduces the decay rate of magnetic helicity with respect to
injected current.
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Calculations explore how the rate of change of the injector
current affects both spheromak performance and injector
voltage requirements.

The design and cost of a > 10 kV power
supply are very different from a few kV
power supply.

Ig linearly ramps from 0 to 500 kA over a
time t0 and is then held constant.

Ig must reach the specified maximum
before onset of the column mode, which
sets an effective upper limit for t0.

For the shortest t0, current filaments
form along the expanding flux bubble.

For the initial bias magnetic field,
τA ∼ 10−5 s.
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The column mode onset threshold and poloidal flux
amplification (AΨ) are largely insensitive to the injector
current ramp rate.

AΨ asymptotes toward a constant
value, regardless of the injector
current rise time t0.

The poloidal flux amplification
produced initially by the column
mode (AΨ ≈ 2.3) is much greater
than the relative increase later for
the same V-s.

At approximately 0.7 V-s,
AΨ ≈ 2.5, or only 9 % more than
produced intially.

We’re investigating whether this
trend holds during refluxing
pulses.
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Current filaments along the expanding flux bubble drive
MHD activity prior to the column mode.

While the MHD activity only produces weak toroidal asymmetry, it’s
sufficient to lower the threshold for the column mode.

However, the current filaments are undesirable, because they greatly
increase the injector voltage requirements without increasing poloidal
flux amplification.



The highest temperatures in spheromaks are typically
observed when the injector current is reduced after the
column mode instability.

The toroidal current produced by the column mode contributes to the
formation of closed flux surfaces.

This is further aided by the reduction of the injector current, which
perturbs the magnetic field structure.

However, the line-tying of the injector current current stabilizes the
spheromak to the tilt instability.

The injector current is also a major contributor to the force balance, so
reducing it too quickly degrades confinement.

We’re simulating different injector current decay rates to explore these
competing processes.



Poloidal flux amplification affects spheromak lifetime and
peak temperature during decay.

For the two longest decay times,
Ig stays above the threshold for
current-driven instability long
enough to produce additional
poloidal flux amplification.

The highest peak plasma T
observed occurs with a decay time
of 1.0 ms.

With the longest decay time, the
peak temperature is maintained
for significantly longer than the
other cases.

For even longer decay times than
shown, the peak temperature
remains low for 100’s of µs.
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To explore poloidal flux amplification and its effect on
spheromak performance, calculations scan bias flux (ψbias)
and peak injector current (Ig ,max).

Linear, ideal MHD stability
analysis predicts the onset of the
column mode instability.

However, it doesn’t directly
address the accessibility of the
equilibria or poloidal flux
amplification, which are
determined by nonlinear plasma
evolution.

Experiments have typically
operated with
λcolumn/λeigenvalue ∼ 3.

which states that for q!P/L"1 at rc the column is stabi-
lized. In order to achieve a higher q at rc , either an increase
in axial magnetic field, or a decrease in the toroidal field,
must be imposed there. This can only be done in a sphero-
mak with an increase in toroidal current in the annulus, or a
decrease in the poloidal current in the column. These
changes correspond to an increase in !a or a decrease in !c ,
respectively. Therefore, the results obtained here directly re-
flect the Kruskal–Shafranov limit.

We go on to test these theoretical stability results against
the actual data from the experiment SPHEX. It is not pos-
sible to control the ! profile in the experiment. However, the
observed intermittence of the n!1 mode during Ti gettered
operation, in the spheromak configuration of SPHEX, pro-
vides an intrinsic variation of ! which can be compared with
the stability calculations.19 As we shall see, the plasma natu-
rally cycles between stable and unstable regions. We expect
that during the mode-free periods, the central column is cy-
lindrically symmetric, and the magnetic field is stable.19
When the n!1 mode begins, the field configuration must
have evolved into an unstable state. During the mode-active
periods, the field is in a nonaxisymmetric state and our linear
theory is strictly inapplicable. However, the nonlinearity is

fairly weak "#10%$ so we expect to be in or close to the
linearly unstable region. We can state that when the mode
ends, the field must have evolved back to a linearly stable
state. This picture is tested in detail in the following section.

VI. COMPARISON WITH THE SPHEX DATA

In this section we consider the field configuration during
intermittent mode operation, when the n!1 mode is present
and absent for periods during a single shot. Only spheromak
operation is considered, since no data is available for get-
tered operation with the rod in place. Presented here are sur-
veys within the equatorial plane using an insertable probe
called the ! probe,8 consisting of three orthogonal field coils
together with a small Rogowski coil which measure the
value of ! at any one point in the machine during a shot. The
! probe was rotated such that it was aligned to the local
mean field, thereby measuring J ! , and radial profiles of !
using this probe were built up shot by shot. The advantage of
this probe is that the determination of the local value of ! is
highly accurate, but a disadvantage is that the full radial
profile of any single shot cannot be measured, and
intermittent-mode shots are intrinsically not repeatable. As

FIG. 6. The calculated growth rates squared for "a$ a spheromak, "b$ a tokamak with 0 kA, "c$ a tokamak with 10 kA, and "d$ a tokamak with 50 kA rod
current, showing the boundaries between stable and unstable regions.

4255Phys. Plasmas, Vol. 6, No. 11, November 1999 Stability studies and the origin of the n!1 mode in the . . .

Copyright ©2001. All Rights Reserved.

SPHEX Equilibrium Growth Rates9

9D.P. Brennan et. al. Phys. Plas. 6 (11). 1999.



The threshold of the onset of the column mode scales with
both the bias flux and the injected current.

The amount of poloidal flux
amplification scales with the
injected current for a given bias
flux.

However, the relationship between
bias flux and poloidal flux
amplification is not as clear.

The following cases have the
same injector lambda:

A: 40 mWb, 500 kA
B: 60 mWb, 750 kA

Even though case B has higher
Ig ,max and ψbias , the poloidal flux
amplification is lower.
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Both the amount of injected energy retained in the plasma
as magnetic energy and the relative helicity content
increase with the bias flux.
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Poloidal flux amplification is a necessary, but not sufficient,
condition for extending spheromak lifetime and obtaining
higher peak temperatures.

Poloidal flux amplification is necessary for getting good confinement
during the decay.

Spheromak lifetime and peak temperature do generally improve with
bias flux.

However, poloidal flux amplification by itself (both relative and
absolute) does not strongly correlate with either metric.

On the next slide, results are shown for three cases:
A: ψbias = 20 mWb, Ig,max = 250 kA
B: ψbias = 40 mWb, Ig,max = 500 kA
C: ψbias = 80 mWb, Ig,max = 500 kA

However, case C lasts longer and reaches higher temperatures than
case A, even though it has anemic poloidal flux amplification compared
to the other 2 cases.



Taken independently, poloidal flux amplification is a poor
indicator of thermal confinement (i.e. peak temperature) in
a decaying spheromak plasma.
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Summary & Future Work



Summary

Computations successfully reproduce the magnetic evolution of
multi-pulse shots in SSPX.

The onset of the column mode (V-s) and poloidal flux amplification
are largely insensitive to the injector current ramp rate, which relaxes
power supply design requirements.

While poloidal flux amplification is necessary for getting good
confinement during the decay, the value of AΨ does not strongly
correlate with confinement.

Increasing the bias flux significantly increases operational efficiency in
terms of the ratios of magnetic-to-injected energy and magnetic
helicity-to-magnetic energy.

The bias fluxes explored are easily achieved with copper field coils.



Future Work

We’re continuing the formation and decay calculations scanning the
injector parameter.

A set of calculations will also explore the effect of the flux conserver
and injector geometries on the column mode instability and resulting
spheromak performance.

Preliminary poloidal flux compressions will determine the slowest rate
of compression that will yield good performance.

If nearly adiabatic compression can be achieved with a relatively slow
compression time (e.g. > 50 µs), then the design requirements on the
compression power supply are significantly relaxed.

Finally, we plan to couple the formation and poloidal flux calculations
to simulate an entire discharge from vacuum field through compression.



The objective of this study is to design a compact fusion
neutron source using the spheromak confinement concept.

Using a magnetically confined
plasma for fusion neutron produc-
tion is potentially more efficient
than current methods.

A successful device could greatly
impact the fields of defense,
healthcare, and manufacturing.

Spheromaks with a central col-
umn through the flux conserver–
which could serve as a sample
container–are also being explored.

This concept is also intended to be used as a platform for developing
liquid lithium walls.
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