
 
Figure 1.  Comparison of normalized boundary magnetic 
flux as a function of z, for both experiment and calculation.

 
Figure 2.  Vacuum magnetic field configuration 
corresponding to the boundary flux shown in Fig. 1 and 
used as part of the NIMROD initial conditions. 
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A series of extended MHD simulations of the TCSU experiment have been made, with magnetic 
boundary conditions tailored to closely match those of recent experimental measurements.  These 
calculations are an extension of previous RMF calculations1, and use the NIMROD code2.  To more 
closely model the experiment, the n=0 flux on the radial wall is set to closely match the measured flux, 
and the n=1 fields imposed are made to approximate the boundary fields measured by the recently 
installed 3-axis probe3.  In NIMROD, the n=1 RMF is imposed through the specification of the tangential 
electric field and the resultant boundary magnetic field is dependent on the interior solution.  Hence it is 
not possible to specify RMF boundary conditions 
that are an exact match, but we have attempted to 
match the effects of the antennas as closely as 
possible. 

The n=0 flux on the wall is set using a tanh 
function to interpolate between a series of coils.  
Figure 1 shows the measured flux on the flux 
conserving rings from a typical long mirror shot on 
TCSU along with the specified flux in a NIMROD 
calculation.  The flux is normalized to the ring or 
wall radius, so is expressed in units of magnetic 
field (T).  In the calculation the tangential component of the n=0 component of E is zero on the 
boundaries, so this flux profile is fixed in time.  The boundary flux imposed in the NIMROD simulations 
is a very close approximation to the experimentally measured values in the region where the FRC is 
formed and sustained.  Figure 2 shows the 
corresponding vacuum magnetic field, which is 
assumed as part of the NIMROD initial conditions. 

It is noted that even for the long mirror operation 
the boundary magnetic flux is strongly mirrored so 
that the usual <β> condition ( 2

2
11 sx−=β ), is not 

expected to be satisfied, and in fact should be 
considerably higher.  The 3-axis probe 
measurements have established that the FRC separatrix extends to about 0.85 cm – well into the mirror 
region.  For the numerical simulations, the RMF antenna ½ length is set to 0.6 m, matching the 
experimental value.  This is contrasted to 1 m ½ length that was used in earlier simulations1. 
Even-parity calculations: 
  Even-parity calculations with parameters adjusted to approximate those corresponding to the 3-axis 
probe “scan3” were performed.  The calculation was initialized with a uniform fill plasma with a density 
of 2×1018 m-3, and the vacuum magnetic field configuration illustrated in Figures 1 and 2.  The bias 
magnetic field at the axial midplane was 3 mT, rising to a value of 14.2 mT in the end regions.  The full 
simulation volume had a radius of 0.4 m, and extended from -3.5 m to + 3.5 m.  The RMF boundary 
conditions were ramped up linearly over a period of 50 µsec. with an RMF frequency of 122 kHz.  A 
constant and uniform electrical diffusivity η/μo = 64 m2/s is assumed, which is the smallest value that we 
can use without introducing new numerical difficulties, and is representative of the inferred average 
resistivity for the experiment.  As with earlier simulations, we often only employ the n=0 and n=1 modes 
to reduce the computational effort, however the calculations reported here employ modes n=0 through 
n=5. 



 
Figure 4.  Radial boundary values of RMF components for even-parity 
calculations, and experimental values measured with the 3-Axis probe.

 
Figure 3.  Steady toroidal magnetic field and flux contours 
measured with the 3-axis probe (top) and the n=0 
component of Bθ from a simulation. 

Figure 3 compares the experimentally measured 
steady toroidal magnetic field with flux-lines 
superimposed, with the calculated n =0 toroidal 
flux and magnetic flux lines.  The top figure is 
generated using 3-axis probe data, low-pass filtered 
at 10 kHz.  To generate a field map as a function of 
r and z, data from multiple shots are combined, as 
the axial position of the probe is moved between 
shots.  For comparison, Figure 3 also shows the n = 0 component of Bθ with field-lines superimposed, 
from the simulation.  The FRC generated in the simulation is very similar in size (radius and length) to 
the experimental measurements, however the poloidal flux contours from the NIMROD simulations have 
a racetrack profile, while the experimental profile is more elliptical.  The measured toroidal field profiles 
appear quite similar to the calculated profiles, however the magnitude is larger in the simulation results 
(color scale is from -2.5 to +2.5 mT, compared with -1.5 to +1.5 mT for the experimental results).  It is 
thought that the magnitude of the toroidal field on the open field-lines depends on the plasma resistivity in 
the open field-line region and on the details of the end-shorting process.  A uniform resistivity with η/μo 
was assumed for the calculations.  It has been shown that this open field-line toroidal field leads to a back 
torque that opposes the RMF torque, and in previous calculations was about 30% of the RMF torque1. 

It is interesting to compare the RMF boundary conditions imposed on the code with the RMF field near 
the radial boundary as measured with the 3-Axis probe.  The experimental value is calculated by passing 
data from the outermost probe (37 cm) through a notch pass filter centered at the RMF frequency, and 
calculating the envelope of the resulting signal.  This is yields the magnitude of the RMF field at the 
probe, and is plotted as a function of z in Figure 4 (red curves).  This is compared with the amplitude n=1 
RMF field in the even-parity NIMROD simulation (blue curve).  Remember, in the simulations Br, Eθ, 
and Ez are specified, so the values of 
Bθ, and Bz are calculated and are 
strongly dependent on the plasma 
response.  The specified Br is seen to 
be slightly lower than the 
experimental value, but the calculated 
tangential components of B are larger 
than the measured values.  However, 
the profile shapes from NIMROD are in good agreement with the experimental profiles. 

Overall, the boundary magnetics for the simulations show good qualitative agreement with experimental 
measurements.  More detailed comparisons of the internal magnetic profiles will be made as a part of an 
ongoing analysis of the experimental data.   

Figure 5 shows a series of three-dimensional images of partially transparent pressure contours along with 
magnetic field-lines from late in time from a NIMROD calculation.  For each of these figures, 10 field-
lines are launched from a ring of constant radius, located at the axial midplane.  The launch ring radius is 
0.03 m for the top figure, and then 0.2, and 0.35 m for the bottom figure.  In all cases, all of the field-lines 
are open and exit the simulation region.  The ends of the field-lines (the points that they enter of exit the 
simulation region) are marked with a “ball”.  Some exit through the radial wall under the antennas, others 
exit at the end walls of the simulation.  The twisting of the open field-lines due to the induced Bθ is 
evident.  In this simulation, most field-lines traverse the FRC a few times (2 to 5), before exiting the 
simulation.   



 
Figure 6.  Radial boundary values of RMF components for odd-parity 
calculations, and experimental values measured with the 3-Axis probe.

Figure 5. Three dimensional images of magnetic field-
lines lines and a partially transparent pressure at 400 
µsec for an even-parity calculation.  In each plot 10 
field lines are launched from a circle of radius 
0.03,0.20, and 0.35 m (top to bottom). 

 
Figure 7.  Steady toroidal magnetic field and flux contours 
measured with the 3-axis probe (top) for an odd-parity 
scan, and the n=0 component of Bθ from a simulation.

In this figure the transverse RMF field points 
downward (enters from the top and exits from the 
bottom).  The open n = 0 field-lines point to the 
right.  The field-lines for the top figure are all 
launched from near the axis of symmetry (r = 0.03 
m), and they all enter from top left-hand-side and 
exit from the bottom right-hand-side under the 
antennas.  This pattern is always observed in all 
even-parity simulations.  As the launch point 
moves out in radius, some of the field-lines enter 
and exit from the simulation ends, and the pattern 
is similar for all larger launch point radii. 
Odd-parity calculations: 
A set of odd-parity calculations have been 
performed using the same parameters as the even-
parity calculations just described, except that an 
odd-parity antenna was assumed, using the method 
described earlier1.  These calculations will be 
compared with a set of experimental shots where 
the 3-axis probe was “scanned” axially to generate a set of measurements of B as a function of r, z, and t.  
It is noted that the RMF frequency for the calculations is same 122 kHz that was employed in the even-
parity calculations, while the experimental RMF frequency was 109 kHz.  This was done so that a direct 
comparison between the even and odd calculations could be made, while the frequency change in the 
experiment was the result of an inductance change when the antennas were configured for odd-parity. 

As with the even-parity calculations, 
the magnitude of n = 1 magnetic field 
at the radial boundary has been 
compared with the magnetic field 
measured with the 3-axis probe.  This 
is plotted as a function of z in Figure 
6.  The value of Br specified in the 
code appears has larger peaks than the 
measured values, but the total 
specified flux (integrated value) is comparable.  However the calculated Bθ value turns out to be much 
larger in the code.  The values of Bz in the code are lower, with less axial structure.  These differences are 
still being investigated. 

Figure 7 compares the experimentally measured 
steady toroidal magnetic field with flux-lines 
superimposed, with the calculated n =0 toroidal 
flux and magnetic flux lines.  Figure 7 shows for 
the odd-parity case, what Figure 3 showed for the 
even-parity case.  A slight asymmetry is noted in 
the experimental data, with an apparent larger 
radius to the right.  Also the experimental data 
shows a flux maximum near the axial center of the 
FRC, while the computed profiles have a local minimum at the axis of symmetry.  However, it is 
interesting to note that the calculated Bθ profile is very similar to the calculated profile, even including the 
structure inside the FRC.  However it is noted that the scale for the computed Bθ ranges from -.0025 to 
+.0025 T, while the range for the experimental data is from -.0015 to +.0015 T.  As with the even-parity 



 
Figure 8. Three dimensional images of magnetic field-lines 
lines and a partially transparent pressure at 400 µsec for an 
odd-parity calculation.  In each plot 10 field lines are 
launched from a circle of radius 0.03, 0.20, and 0.35 m (top 
to bottom). 

case it is thought that the magnitude of Bθ in the open field-line region depends on the plasma resistivity 
there and on the details of the end-shorting process. 
Figure 8 contains an identical sequence of plots to Figure 5, except that it is for an odd-parity calculation, 
while Figure 5 was for an even-parity calculation. As before, for each of these sub-plots, 10 field-lines are 
launched from a ring of constant radius, located at the axial midplane.  The launch ring radius is 0.03 m 
for the top figure, and then 0.2, and 0.35 m for the bottom figure.  In all cases, all of the field-lines are 
open and exit the simulation region, and a “ball” is drawn at the field-line entry and exit points.  
Obviously, the field-line structure is profoundly different between the even and odd-parity cases.  As in 
Figure 5, the n = 0 open field-lines point to the 
right.  The transverse field for the odd-parity 
antennas points down on the left, and up on the 
right.  At the midplane the n = 1 component points 
to the right (aligned with the n = 1 component) at 
the top, and to the left at the bottom.  In the top two 
sub-plots, we see field-lines that enter from the 
bottom right reach the reversed field region inside 
the FRC and sweep back through the axis of 
symmetry at a small radius, and come around to 
exit on the bottom left.  In the lower sub-plots 
field-lines are launched at a large radius and those 
launched near the top enter and exit under the 
antennas at the top.  As the field-line ends are 
forced to rotate (the boundary conditions force the 
ends to rotate) they distort due to the torque that 
they must apply to the plasma.  They take the shape 
of a rope that is being pulled by the ends through a 
viscous fluid. 

An analysis of the TCSU experimental data continues, and an important part of this analysis is a 
comparison of measurements made with the 3-axis probe with extended-MHD simulations from the 
NIMROD code.  Plans include attempting to reconstruct the full 3D field-line structure of the RMF 
sustained FRC using a combination of the steady (low frequency filtered) data and RMF (notch pass near 
the RMF frequency) data.  These results will be compared with simulation results, and the simulation 
parameters will be further refined to match the experimental conditions. 
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