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Magnetic reconnection during flux conversion in a driven spheromak
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During buildup of a spheromak by helicity injection, magnetic reconnection converts toroidal flux
into poloidal flux. This physics is explored in the resistive magnetohydrodynamic code, NIMROD
[C. R. Sovinec, A. H. Glasser, T. A. Gianakon, D. C. Barnes, R. A. Nebel, S. E. Kruger, D. D.
Schnack, S. J. Plimpton, A. Tarditi, and M. S. Chu, J. Comp. Phys. 195, 355 (2004)], which reveals
negative current sheets with A= guj-B/B? reversed relative to the applied current. The simulated
event duration is consistent with magnetic diffusion on the sheet thickness and is accompanied by
cathode voltage spikes and poloidal field increases similar to those seen in the Sustained Spheromak
Physics Experiment, SSPX [E. B. Hooper, L. D. Pearlstein, and R. H. Bulmer, Nucl. Fusion 39, 863
(1999)]. All magnetic field lines are open during reconnection and their trajectories are very
sensitive to their starting points, resulting in chaos. The current sheets are most intense inside the
separatrix near the X point of the mean-field spheromak, suggesting that the reconnection occurs
near field lines which are closed in the azimuthal average. © 2005 American Institute of Physics.

[DOLI: 10.1063/1.2040207]

I. INTRODUCTION

The reconnection of magnetic fields in space and astro-
physical plasmas plays an essential role in their characteris-
tics and evolution. Reconnection is also fundamental for the
formation and evolution of laboratory plasmas such as the
spheromak and reversed-field pinch, albeit at very different
plasma parameters from those in the natural environment.
Clearly, understanding the role and characteristics of the re-
connection in these laboratory plasmas is important to their
development and to elucidating the fundamental processes.
Here we consider them in the context of a spheromak
plasma.

A flux-core spheromak can be formed and sustained by a
coaxial plasma gun, a process often called coaxial helicity
injection.1 The injection of magnetic energy and of helicity, a
measure of linked magnetic fluxes, results when the voltage
on the gun is applied across a bias poloidal magnetic flux
between the gun and a “flux conserver.”"” The current from
the gun generates a toroidal magnetic field and net toroidal
flux. The resulting plasma configuration pinches and be-
comes unstable to nonaxisymmetric, magnetic modes with
the n=1 toroidal mode usually dominant. In the low-
amplitude, linear phase these modes generate poloidal mag-
netic field but the modes are nonsymmetric and no net, tor-
oidally averaged poloidal flux is generated. However, when
the mode amplitudes become large, nonlinear processes gen-
erate axisymmetric (n=0) poloidal field and flux, resulting in
an amplification of the bias flux.** The generation of the
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axisymmetric flux requires a topological change in the field-
lines via magnetic diffusion or reconnection.

The buildup of poloidal flux in the Sustained Spheromak
Physics Experiments’6 (SSPX) is accompanied by voltage
spikes on the gun cathode. Similar voltage spikes (or oscil-
lations) were seen in the Compact Torus Experiment, CTX,
when it was driven by a high impedance power source,’ but
their cause was not understood. The results presented in the
present paper show that voltage spikes accompany magnetic
reconnection in a resistive magnetohydrodynamic (MHD)
simulation using the three-dimensional NIMROD code®’
which provides a description of the reconnection physics
within the resistive MHD approximation.

Previous simulations show that the nonideal resistive
MHD model with temperature-dependent resistivity, aniso-
tropic temperature-dependent thermal conductivity, and
Ohmic heating provides a good description of the macro-
scopic characteristics of the experiment.]o’11 For different
SSPX shots and different NIMROD simulations, the follow-
ing data are compared in Ref. 11: gun voltage and the flux-
conserver edge poloidal magnetic field versus time; the peak
electron temperature versus time; the relative fluctuation lev-
els in the poloidal magnetic field versus time just inside the
edge of the flux-conserver midplane; the electron tempera-
ture versus major radius; and the peak electron temperature
versus time for a double-pulse experiment. The differences
between the experimental data and the simulations are no
worse than 25% and typically are much smaller. There are no
major qualitative differences in the results compared. Al-
though the diagnostics presently available on SSPX are not
able to measure the detailed, local interior structure in the
current and other parameters, these results strongly suggest
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that the resistive MHD physics in the code is a good approxi-
mation to that in the experiment.

It should be kept in mind that the NIMROD description
of the spheromak is an idealized model, and many pieces of
physics are outside of its scope. For example, NIMROD does
not include any model for the plasma sheath, nor does it
include plasma sources and sinks (in the absence of which,
the NIMROD continuity equation has an artificial diffusivity
to keep the density reasonably smooth and to prevent any
vacuum regions forming that would have divergent Alfvén
Velocities”). However, the work in Refs. 10 and 11 docu-
ments how well the relatively simple model of resistive,
single-fluid magnetohydrodynamics in NIMROD captures
the dominant behavior so far measured in the SSPX experi-
ments and establishes the credibility of NIMROD as a re-
search tool for providing insight into SSPX. In this document
we therefore examine the physics of the reconnection process
which converts toroidal flux into poloidal flux as seen in the
simulation, show that the code predicts both voltage spikes
on the cathode and the simultaneous growth of the poloidal
field in a manner very similar to the experiment, and develop
a set of predictions from the code to guide future experi-
ments designed to examine this physics. The internal struc-
ture of the simulated plasma, including the locations and
characteristics of current layers accompanying the reconnec-
tion, is one such prediction related to the reconnection pro-
cesses and provides guidance for future internal probing of
the experiment. (This has not been attempted to date because
of the high plasma power density.)

The importance of reconnection in spheromaks has been
known for some time. Ono et al. observed low-n kinks in the
relaxation phase of the S-1 spheromal<12’13 and measured the
resulting conversion of toroidal to poloidal magnetic flux,
demonstrating the role of a tearing mode in the process. Ya-
mada and co-workers'*'? studied reconnection in the bound-
ary layer between colliding spheromaks; among other results
they demonstrated that the helicities of the spheromaks were
additive during the reconnection and that substantial ion
heating resulted from the magnetic-field annihilation.'®
Brown et al.'” examined the generation of super-Alfvénic
ions by reconnection at the interface of two spheromaks in
the Swarthmore Spheromak Experiment (SSX) and modeled
the physics with a 2—1/2D code. Ji et al."® used magnetic
probes to examine the structure of the reconnection in the
two-dimensional interface between two spheromak-like plas-
mas, concluding that it was explained by a generalized
Sweet—Parker model.

In the work in Ref. 15, current sheets were observed in
the reconnection layer between colliding spheromaks with
negative toroidal current relative to the initial toroidal cur-
rents. The reversed current appeared to be closely coupled to
the reconnection process. The authors of Ref. 15 also show
that the reconnection rate increases with the speed at which
the spheromaks approach one another and suggest that this
implies a role of current-sheet compression. In SSX the
structure of the azimuthal current layer between colliding
spheromaks had a central peak reversed relative to the cur-
rent outside this layer.19

Reversed parallel current densities were also measured
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in two spheromaks, the Spheromak Experiment (SPHEX)
and the Flux Amplification Compact Toroid® (FACT) using
the probes located between the wall and R/2 with R the
flux-conserver radius. The plasmas were more strongly
driven than SSPX and considerably less symmetric, with
magnetic-field fluctuation levels ~10%, and the current re-
versal occurred sporadically. The local reversal of the current
direction likely occurred when the large amplitude motion of
the return current column moved it across the probe position
rather than in a current sheet associated with reconnection.

A current sheet has also been studied during spontaneous
reconnection in the Madison Symmetric Torus (MST)
reversed-field pinch.21 It was located at the g=0 (reversal)
surface and was found to have a toroidal mode number n
=-1 and a broad structure with a width of order the ion skin
depth, greater than expected from linear two-fluid theory.
The results are complementary to those in the spheromak in
that the ohmic drive in the reversed-field pinch (RFP) injects
poloidal flux which is converted into toroidal flux by recon-
nection. In the RFP this occurs in “sawtooth” bursts; in this
work we suggest that reconnection in the spheromak is also a
relaxation process and results in the observed spikes in the
cathode voltage.

Il. VOLTAGE SPIKES AND POLOIDAL FLUX
GENERATION

Figure 1(a) shows the SSPX flux-conserver geometry
and bias magnetic-flux contours. The computational geom-
etry is very close to the experimental although it is inverted.
The first 0.3 ms of startup voltage, current, and poloidal
magnetic field in the SSPX spheromak are shown in Fig.
1(b). A very similar startup history found in the NIMROD
code is also shown and helps clarify the physics processes.
To obtain these results, the experimental geometry was
nearly identical to the experiment as noted above, and the
bias poloidal magnetic flux was modeled accurately by a set
of coils. (Throughout this paper toroidal and poloidal fluxes
refer to azimuthal averages, determined from the n=0 toroi-
dal Fourier component.) The gun current prescribed in the
simulation is a numerical fit to the experiment and is accu-
rate to within 3%. No other time histories are imposed in the
simulation. The boundary conditions on the flux conserver
are EXN=6B -n=6v=Vn-n=5T=0, where n is the normal
to the surface, E the electric field, 6B the change in magnetic
field from the bias, 6v the change in fluid velocity, n the
density, and o7 the change in temperature; their implemen-
tation is discussed in Ref. 8. The density is nearly constant
(5% 10" m™3) for the reasons discussed in the Introduction
and in Ref. 11. As discussed in the Appendix, a plasma ro-
tation has been imposed at the boundary to approximately
match the experimental observations. This is found to have
little effect on plasma quantities. Also, the results are found
to be insensitive to the magnitude of viscosity, as also dis-
cussed in the Appendix.

Along the insulating break between the cathode and the
flux conserver, the symmetric component of B, is deter-
mined by the injector-current wave form with all of the gun
current localized at Ry, at the bottom as the simulation ge-
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FIG. 1. (Color online). (a) SSPX flux-conserver geom-
etry showing bias magnetic flux. The radius of the inner
electrode (cathode) at the insulating boundary is Ry,
and the outer electrode is Rgc. The NIMROD domain
includes an insulating boundary which approximates
the experimental insulator which is at the top of the flux
conserver. (b) Time history of the plasma startup in
SSPX (left) and in NIMROD (right). The current his-
tory in NIMROD is programmed to duplicate that in the
experiment. To make this comparison, the initial mode
amplitudes in the code were as large as convergence
would permit, about 1% of the energy of the n=0 com-
ponent. The initial rise in voltage, azimuthally averaged
toroidal flux, and magnetic field are due to the “bubble
burst” from the gun; the subsequent drops in toroidal
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flux are accompanied by step increases in poloidal mag-
netic field and azimuthally averaged poloidal flux (not
shown). (Adapted from Ref. 11.)
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ometry is inverted from the experiment shown in Fig. 1.
Thus, along the insulating gap, B,=puolyu,/27R for Ry,
<R<Rpgc, as shown in the figure. The temperature in the
bottom row of elements is kept at the ambient value to keep
the resistivity high near the wall including the insulating
boundary, allowing the current density to lift off the break.
Maxwell’s equations determine the electromagnetic fields
along the insulating boundary subject to the condition that no
current crosses the boundary except at the corner with the

inner electrode. The cathode voltage is determined self-
consistently from the response of the simulated plasma in the
flux conserver to the applied current and internal processes
and is calculated directly from the electric field integrated
along a path across the gun, from one electrode to the other
V=[E-d¢.

In our simulations of SSPX we have made numerous
numerical convergence studies. These include varying the
mesh of finite elements from 16X 36 to 24 X 48, the basis
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functions for the elements from bilinear (second-order accu-
rate) to bicubic (fourth-order accurate) to biquartic (fifth-
order accurate), the maximum toroidal harmonic from n=35
to n=21, and the viscosity from 100 to 1000 m2/s. Our con-
vergence studies are incomplete, and not all the above stud-
ies have been applied to all physics regimes, but we have not
found any significant qualitative differences in results going
to higher resolution. There are observable quantitative differ-
ences, but they are not large.

The applied (bias) poloidal flux is ejected from the gun
in a “bubble burst”' which results in the initial increase in
toroidal flux and in the poloidal field at the wall; this will be
illustrated by the results from the simulation in Sec. III. This
ejection is seen clearly in the simulation as the initial step in
gun voltage and magnetic field at = 0.035 ms. The experi-
mental ejection is not as clear from the voltage, probably
because the early-time breakdown processes in the gun are
highly nonaxisymmetric, but can be seen in the step at ¢
~(.035 ms in the poloidal magnetic field measured at the
flux conserver. (The efficiency of poloidal field flux amplifi-
cation in the experiment is somewhat less than in the simu-
lation, likely for similar reasons.)

Examination of the numerical results shows that the po-
loidal flux during this process is nearly constant at the bias
value even though the field is being redistributed in space.
Once the plasma pinches and axisymmetry-breaking modes
grow to appreciable amplitudes, a series of bursts occurs
during which the toroidal flux decreases as seen in Fig. 1,
starting at r~0.062 ms in the simulation, and the poloidal
field and flux increase and voltage spikes appear on the cath-
ode. We suggest that the change in topology results from the
reconnection events that we examine in detail in the simula-
tion.

During these events, the energy in the axisymmetry-
breaking modes decreases significantly, as can be seen in the
isolated event discussed in Sec. III. The next event is delayed
until the modes reach an amplitude similar to that of the
previous one. The reconnection during spheromak formation
is thus best described in terms of discrete relaxation events
rather than a continuous, turbulent-like process, resulting in
the voltage spikes seen on the cathode.

Ill. 3D RECONNECTION PHYSICS MODELED BY
NIMROD

In application of NIMROD to SSPX, two-fluid effects
are neglected but the large differences between heat conduc-
tion along and across magnetic fields are included. This an-
isotropy is important to modeling temperature profiles accu-
rately, and during reconnection the relatively cold and
resistive plasma on short, open field lines is important to
accurate magnetic-field modeling.lo‘11 Additional physics pa-
rameters used in the present calculation are listed in the Ap-
pendix.

To examine the reconnection physics, we analyze a dif-
ferent simulation run shown in Fig. 1, in which a single
reconnection event occurs thereby allowing an easier isola-
tion of the processes of interest. The event discussed here
occurs when the code is initialized with a low amplitude for
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FIG. 2. Magnetic energy in the axisymmetric (n=0) and nonaxisymmetric
(n=1-5) modes in the analyzed simulation run. The reconnection event
starts at about 150 us, and the energy in the axisymmetric component is
converted into nonaxisymmetric modes and thermal energy. Linear scale
(top). Logarithmic scale (middle) showing the mode growth. Also shown
(bottom) is the gun voltage showing the voltage spike occurring during the
reconnection event; compare to Fig. 1.

the MHD modes, unlike the experiment where the lack of
symmetry during breakdown generates high initial ampli-
tudes. (The initial “seed” energy in the modes is 107> of that
in the simulation in Fig. 1.) As a result the first reconnection
event occurs after the peak of the formation current, as can
be seen by comparing Fig. 2 to the gun current in Fig. 1. In
the experiment and high-seed energy simulation, reconnec-
tion starts before the gun current peaks.

The plasma bubble “blown” from the gun by the dis-
charge current is seen in Fig. 3, timed just before the recon-
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FIG. 3. Simulation results: (top) toroidally averaged poloidal flux and (bot-
tom) field line Poincaré plots early in the reconnection event (156 ws). The
puncture point structure arises because the magnetic field is primarily toroi-
dal in the volume “inside” the poloidal flux contours, so field lines puncture
the ¢=0 plane many times before leaving the flux conserver. In the code the
flux conserver is inverted from the experiment.

nection commences. The resulting configuration is nearly
axisymmetric, and the Poincaré plot confirms that the mag-
netic field lines are open (connecting the electrodes). The
puncture plot at ¢=0 has a regular pattern showing that at
this time the field lines are not chaotic.

Because of the large current, the magnetic field pinches
along the geometric axis, and after about 50 us symmetry-
breaking magnetic modes begin to grow. Figure 2 includes
the energy in the azimuthal modes used in this calculation,
n=0-5. At about 150 us the symmetry-breaking modes
reach sufficiently large amplitude that a strong reconnection
event occurs. Similarities with the experiment, Fig. 1, in-
clude a voltage spike on the gun; cf. Fig. 2(c). There is a
rapid conversion of azimuthally averaged toroidal flux into
azimuthally averaged poloidal flux. Associated with this con-
version are localized current sheets and a transition to a cha-
otic magnetic field.

At the beginning of the event the poloidal flux approxi-
mately equals the applied bias; by the end a good, mean-field
(toroidally averaged) spheromak has formed. Figure 4 shows
the contours of constant toroidally averaged poloidal flux
and the associated field line Poincaré plots as the event nears
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FIG. 4. (a) Toroidally averaged poloidal flux and (b) field line Poincaré plots
late in the reconnection event (198 us).

completion. There has clearly been a transition to chaotic
behavior. The resulting state has been characterized as “non-
hyperbolic chaotic scattering” by Finn et al.** The chaotic
transition can also be seen by tracing a set of field lines from
the outer flux conserver to the cathode. In Fig. 5 the ending
poloidal positions of the lines are seen to begin to move
erratically as the reconnection event starts, where the poloi-
dal position is defined as Ipf(i)=\rc(i)>+zc(i)* with rc(i)
and zc(i) the intersections of line i with the cathode. Note
that the field lines that start in the gun (e.g., i=15) begin to
move before those outside the gun. These lines form the
inside of the bubble seen in Fig. 3.

Examples of detailed field line behavior are shown in
Fig. 6. During the initial flux balloon formation, lines in a
“bundle” evolve close together. During reconnection, they
become sensitive to details of the magnetic field along the
trajectory; even small, localized changes in field can cause
significant changes in the trajectory. Furthermore, because
the field becomes chaotic, reconnection at small spatial
scales leads to dramatic changes in field line trajectories on
very short time scales; in the code, qualitative changes are
observed in single time steps of 4 ns. Some field lines are
found to form loose knots [Fig. 6(d)], a topological change
that requires reconnection. It is clear, in fact, that at least
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FIG. 5. (Color online). (a) Vacuum field lines. (b) Poloidal position on the
cathode. Half the lines are shown, with i=1 the line which starts closest to
the geometric axis on the flux conserver.

some of the field lines undergo multiple reconnections along
their trajectory.

During the reconnection event, field lines starting 1 cm
apart on the flux-conserver surface can separate and go to
end points separated by significant distances, indicative of
the chaotic nature of the process. An example is shown in
Fig. 7 for the same field lines that form the bundle in Fig 6.
The lengths of field lines which are initially close together
differ by amounts which can become large (compared with
the flux-conserver dimensions) characteristic of the transition
to chaos. The mean-field structure has not changed signifi-
cantly in this time; rather the lines have become sensitive to
small, localized structure in the field. Much of the length
difference results from differences in the number of toroidal
transits the lines take before reaching the cathode.

The source of both the reconnection and the chaotic be-
havior of the field lines lies in the breaking of the axisym-
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metry by the magnetic fluctuations, with the n=1 mode
dominating (Fig. 2). It is clear from the field line behavior,
however, that there is fine structure associated with the re-
connection. We have, therefore, examined details in the fields
and currents from NIMROD. Figure 8 shows the spatial be-
havior of A at a specific time and varying toroidal angle
during the event. The region of strong reconnection shows an
n=1 structure, consistent with the dominant MHD mode.

The regions of yellow contours correspond to negative
values. The magnetic field does not reverse sign, so these
correspond to negative current density. The negative current
sheet is most intense at ¢=0 at this time in the discharge. As
all the field lines are open (and thus connect the flux con-
server and cathode), this requires cross-field currents, which
can be seen in the NIMROD output. Furthermore, the stron-
gest current sheets are localized inside the separatrix near the
X point of the mean-field spheromak. They become broader
away from an azimuth of maximum current intensity; c.f.
Fig. 8, for example. Perpendicular fluid flows, Fig. 9, be-
come large around the current sheet. The region of large
perpendicular flow near the geometric axis has an n=1 struc-
ture but there is no current sheet associated with it. It there-
fore appears to be associated with the large-scale structure of
the n=1 mode rather than reconnection processes. The
current-sheet widths are within a factor of 2-3 of the spatial
resolution, as discussed in the Appendix; we have not ex-
plored their detailed structure in these simulations.

Near the negative current locations, field lines which are
initially close together begin to separate significantly, indi-
cating that the reverse currents (and the inductive electric
fields required to drive them) are associated with the recon-
nection processes. Gradients of current density in the regions
of maximum intensity are typically AN/Ax~2000 m~!/m,
two orders of magnitude larger than the ratio of the flux-
conserver eigenvalue to the flux-conserver radius. Magnetic
diffusion rates will scale approximately with this ratio. As
reconnection is essentially diffusive (at small distances) in
the single-fluid, resistive MHD approximation, this is indica-
tive of processes two orders of magnitude faster than those
that occur on the global scale. At these times during the
modeling, 7,=20-30 eV and %~ 10~  m. The global pro-
file changes in an L/R time ~puy/ 7\>*~ 1073 s. The local
scale length yields an evolution about 20 times faster,
~50 ws. This time is consistent with the duration of recon-
nection events in both experiment and NIMROD as seen in
the voltage spikes during experimental startup when there
are relatively large initial mode amplitudes because of break-
down processes.

The azimuthally averaged (n=0) value of N\, shown in
Fig. 10(a), provides an indicator of the most intense region
of reconnection. Figure 10(b) shows the azimuthally aver-
aged poloidal flux. Comparison of these two confirms the
observation that the current sheets are above but near the
separatrix of the mean-field spheromak. The reconnection
can be thought of as feeding the converted flux into the
spheromak which continues to grow as long as the event
continues. Flux conversion continues at a slower rate after
the strong event discussed here, eventually being balanced
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(and then dominated) by resistive decay later in the discharge
as the mode amplitude decreases.'*!!

Examination of vector plots of the fields generated by
NIMROD reveals no magnetic field nulls near the mean-field
X point, which have been posited by Lau and Finn as neces-
sary for reconnection in the resistive MHD
approximation.”"25 Further, field lines were examined using
Poincaré puncture plots. Extensive scans of starting points
were made, including regions where the line returned one or
a few times to within less than a centimeter of the initial
point. In all cases, the puncture location subsequently devi-
ates significantly from that location. Lengths of lines starting
within 1 mm of each other often differ by meters (with the
flux-conserver radius=0.5 m), consistent with the chaotic
characteristics of the field. No evidence was found for closed
lines at this point in the simulations. The breaking of the
axisymmetry due to the n=1 mode and the current sheets is
clearly strong enough to generate magnetic chaos. The field
line behavior is similar to that of the linear, “short periodic
spheroid” model of Lau and Finn,* in which regions of long
field lines were found but there were no X lines or singulari-
ties. In effect, we have adopted the definition of reconnection
due to Schindler et al.,26 namely, a change in the connective-
ness of highly separated plasma elements due to localized
effects.

Phys. Plasmas 12, 092503 (2005)

FIG. 6. (Color online). Traces of a
bundle of five field lines within the
spheromak flux conserver, initially
spaced 1 cm apart in a cross on the
flux-conserver surface. (a) The initial
flux balloon from the gun pushes the
field lines up against the flux con-
server, t=57.8064 us. (b) As current
diffuses to radii inside the field line,
the resulting toroidal field causes the
lines to rotate around the geometric
axis, t=170.212 us. (c) As the recon-
nection proceeds, the field line geom-
etries become quite complex, and the
five lines behave differently, ¢
=170.704 us. (d) The field line topol-
ogy change sometime generates knots,
t=170.791 us.

It is also of interest that the regions of negative N show
structure along the poloidal arc, with several peaks apparent
in both the fixed and averaged azimuthal contour plots.
Otto?” made a similar observation in a model of reconnection
in the resistive MHD approximation in the presence of a field
component equivalent to the toroidal field in the spheromak.
He found that if reconnection is triggered in a small region of
an extended current sheet, it neither remains localized nor
spreads into a long X line. He argues that the reconnection
bends the field lines; the resulting magnetic tension cannot
be balanced and the boundary between the reconnected line
and its neighbors compresses, enhancing further reconnec-
tion in multiple patches which are essentially randomly dis-
tributed within the current sheet.

From the parallel component of Ohm’s law, the reversal
of N in the NIMROD calculations implies a reversal of the
local electric field relative to that elsewhere in the sphero-
mak; this is presumably the induced field due to the change
in magnetic topology associated with the reconnection event.
Strong inductive electric fields in the reconnection layer are
consistent with the generation of the high-energy ions ob-
served in SSX (Ref. 17) and the ion heating typically ob-
served during the formation of spheromaks. As the rate of
change of helicity in the context of resistive MHD is
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the reversal of A in the reconnection zone also implies a
rearrangement of the helicity density within the volume.
From the perspective of the external power system, the
spheromak is behaving like an electric circuit dominated by
inductance which is increasing with time?® as reflected in the
cathode voltage spikes. Schindler et al”® and Hess and
Schindler” also emphasize the role of the parallel (to B)
electric field in driving reconnection, although their model
does not include the electrostatic driving term of the helicity-
injected spheromak. In their case they envision a local dissi-
pation of helicity due to the reconnection.

IV. CONCLUSIONS

A reconnection event in SSPX has been modeled using a
resistive MHD code with the goal of generating insight into
the local physics. The general agreement between the experi-
mental observations during the event and the NIMROD
model is good, although interior measurements have not
been made in SSPX to date. Future experiments are planned
for detailed comparison with the code. Predictions include
negative current sheets close to the X point of the mean-field
spheromak and the generation of chaotic field lines during
reconnection events.

Phys. Plasmas 12, 092503 (2005)

, Fieldlines at 170.880us

FIG. 7. (Color online). Four of the five
fieldlines shown in Fig. 6 at
170.880 ws. The lines go to very dif-
ferent locations on the cathode. Four
form complex knots; the fifth does not.
Color changes along the field lines are
used to clarify how the lines loop
around themselves.

The modeling, which does not include two-fluid and ki-
netic effects, finds field line reconnection on the time scale of
a few nanoseconds with the event lasting 10-100 us. The
reconnection is localized and fast relative to the large-scale
evolution of the plasma, suggesting that details of the local
physics may have little impact on the mean-field spheromak,
and indeed the duration of the simulated reconnection event
is about the same as in the experiment; and the generated
poloidal flux is similar.

The details of reconnection during spheromak formation
in the simulation are quite complex even though it neglects
two-fluid and kinetic processes. The final spheromak is
highly constrained by the flux conserver, however, and the
mean-field geometry is surprisingly independent of the de-
tails even at the level of the internal gradient in A. This
results in part because fluctuations contribute quadratically to
the azimuthally averaged equilibrium so that even a 10%
fluctuation contributes to the force balance at only the 1%
level.”” This robustness also results because reconnection
events—independent of their detailed physics—convert the
injected toroidal flux into poloidal flux and build nearly iden-
tical large-scale configurations. The process, which con-
serves helicity better than magnetic energy, produces a final
mean-field magnetic configuration not too different from
Taylor’s minimum-energy state®' even when the actual field
line structure is chaotic. The detailed physics is, of course,
important for determining the final spheromak parameters.
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For example, the dynamo term is of the same order as 7j in
the parallel Ohm’s law. The dynamo term therefore has a
strong influence on the parallel current profile and on the
final values of the toroidal current and other extensive
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FIG. 9. (Color online). Velocity component perpendicular to the magnetic
field at r=170.730 us and ¢=0. Plasma rotation is applied to bring the
mode frequencies into approximate agreement with experiment; this corre-
sponds to v4=6.3X 10* m/s at R=0.5 m.

APPENDIX

Details of the NIMROD resistive MHD code can be
found in Ref. 8 and the references therein. For the present

Downloaded 05 Apr 2007 to 128.104.198.190. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



092503-10  Hooper et al.

02

0.1

00

Z (m)
02 01

-03

-04

Azimuthally averaged 17.5
| t=170.730 pys 19.1

1 I 1 120.7
00 02 04 06

05

02
T

Contours
(m-1)
-29.5
-22.1
-14.7

-7.4

s O

. 7.4

14.7
22.1
29.5
36.9
44.2
51.6
59.0
66.3

N\ 737

00 041

Z (m)

05 04 03 02 0.1

Azimuthal
|- t=170.730 s

00 02 04 06
R (m)

FIG. 10. (Color online) Contours of (a) azimuthally averaged poloidal flux
and (b) azimuthally averaged \.

calculations, the boundary matches that used in SSPX except
that the coaxial region (“gun”) between the cathode and
anode/flux conserver was shorter in the second simulation.
The bias magnetic field is generated by a set of coaxial coils
as in SSPX, resulting in the “modified flux” conﬁguration,6
and the current pulse from the gun is a close approximation
to that used in experiments. The poloidal plane is represented
by a 16X32 mesh (normalXtangent to the electrode sur-
faces) of bicubic finite elements, and the toroidal direction is
represented by finite Fourier series with 0<n<15. The small-
est length scale represented by bicubic elements is approxi-
mately the cell dimension divided by 3; in the present calcu-
lation the resulting resolution is =<1 cm throughout the
computational regime. (In our simulation, the resistive layer
width is VRnp/v py~ 1 cm in the low temperature, ~20 eV,
open field-line regions.)

The calculation uses the single-fluid, single-temperature
model with a large (artificial) density diffusion coefficient,
effectively fixing the density throughout most of the flux
conserver to within ~10% of 5 10" m~. Density is swept
out of the gun during formation, however, and deep in the

Phys. Plasmas 12, 092503 (2005)

gun is reduced by about 40% at the time of the reconnection
event. Parallel thermal conductivity is modeled by a Bragin-
skii electron approximation. Viscosity is modeled by a kine-
matic term, with a coefficient of 100 m2/s. Simulations have
ranged from 100 to 1000 m?/s, with no qualitative changes,
though the mode activity tends to be stronger, and the
spheromak magnetic field larger at low viscosity. The calcu-
lations presented by Cohen et al. used 1000 m?/s and the
magnetic field at the flux conserver reached about 0.27 T. As
shown in Fig. 1 of the present paper, our simulation obtained
about 0.35 T. See also Ref. 32 for further discussion of the
effect of viscosity on spheromak simulations.

An artificial rotation of 6.28X10* m/s at the flux-
conserver outer wall (0.5 m) has been imposed, correspond-
ing to an n=1 mode frequency of 20 kHz, approximately that
observed in the experiment. The effect of this rotation propa-
gation into the plasma is determined self-consistently by the
simulation. In calculations without this, the rotation in the
code is an order of magnitude less, and the physics generat-
ing this rotation in SSPX is believed to lie outside resistive
MHD.* In tests using NIMROD, it was found that the rota-
tion had little effect on the spheromak evolution, likely be-
cause the rotation speed is small compared with the Alfvén
speed. The fluid rotated almost as a rigid body; otherwise,
the fluid velocity contours nearly overlaid those without the
additional rotation, and mode energies, ¢ and A\ values dif-
fered by ~10% or less.
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