
A 3-axis probe was installed on TCSU shortly before its final shutdown. The probe is wound with 2 mil gold plated tungsten wire using 
a Kapton

 

form. It is covered in a gold electrostatic shield and housed in a thin-wall stainless steel tube, which acts as the vacuum boundary.  
Teflon provides high voltage insulation and a boron nitride jacket provides the plasma-facing surface. The construction ensures a short field 
penetration time. The probe assembly has a 5 mm outside diameter, is UHV compatible, and can be baked to 200 oC.  The probe has 90 
windings that simultaneously measure Br

 

, Bθ

 

, and Bz

 

at 30 radial positions and is fully translatable.  Moving the probe to multiple axial 
positions and taking multiple repeatable shots allows for a full

 

r-z

 

map of the magnetic field.  
Initially, data has been processed with a 10 kHz low-pass filter to capture the steady field.  Higher frequency content has more shot-to-

 

shot variability making it difficult to map these axially.  Plans include using a band-pass filter to isolate the RMF frequency, which is 
consistent between shots.  It is anticipated that the RMF field,

 

in conjunction with the steady field, will yield a map of the full experimental 
3D rotating field structure.

Measurements were made for odd-parity RMF antennas and even-parity RMF antennas at multiple bias field configurations and multiple 
RMF frequencies. The 3-axis probe measurements are used to calculate the end-shorting torque, which opposes the RMF torque. Data from 
even-

 

and odd-parity experiments is shown.
The NIMROD code has been adapted to simulate the TCSU experiment, using boundary conditions adjusted to match both even-

 

and 
odd-parity experimental conditions [1].  A comparison of the steady n=0 components of the calculated fields to the 3-axis probe 
measurements shows agreement in the magnetic field structure of the FRC as well as in the toroidal field in the jet region.  

[1]  R.D. Milroy, C.C. Kim and C.R. Sovinec, "Extended MHD simulations of FRC formation and sustainment with RMF current drive", 
Phys. Plasmas, 17, 062502 (2010).
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3-Axis Probe Construction

Translatable three-axis internal magnetic probe has 30 loops 
each in the x, y, and z directions placed 1.5 cm apart ranging 
from r = 37 to -6.5 cm.

The probe was built to withstand TCSU plasmas up to ~300 
eVand the noisy, high voltage RMF environment, but also to 
meet our exacting vacuum hygiene standards, including 
baking to 200 °C.

The entire system is in a bellows so that the probe can be 
positioned at any axial location z = +138 to -132 cm from the 
midplane at z = 0.

The probe was absolutely calibrated in a calibration box with 
a known magnetic field calculated using a Biot-Savart Solver, 
Pearson probes, and magnetic loops with a well known area.

Matrix inversion separates Bx By, and Bz.

The probe is built on a 40 mil 
Kapton form with the x, y, and z 
components wound on top of each 
other.

It sits on the air side of a 2 mil 
thick stainless steel tube which 
forms the vacuum boundary.

It is electrostatically shielded by a 
gold plated Kapton tube between 
the stainless tube and the probe 
body.

The stainless tube is electrically 
protected (to 22kV) from the 
plasma by a layer of Teflon heat 
shrink tubing.

The entire probe is then covered 
with a 0.205” O.D. Boron Nitride 
jacket.
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End-Shorting Effect Opposes RMF [2]

The full integral calculation based on the forces on the control
volume described below gives:

where Br

 

and Bθ

 

are the n=1 components of the magnetic field 
measured by the three-axis probe.

The RMF exerts a torque on the FRC derived analytically as:

where f(ζ) = 0.1 and Bω

 

is the RMF field calculated from the 
measured current in the antennas.

This gives the torques on the control volume due to the 
magnetic fields

Force on the control volume is

Using Maxwell’s Equations and the Maxwell Stress Tensor

Assuming steady-state and ignoring the second term in F, the 
total torque is

Gauss’s theorem yields

The RMF opens the magnetic field lines to the vacuum boundary

The field lines short to the conducting boundary

Extreme gradient at the boundary as the electric field is forced
to zero leads to                                         

If a gradient exists in the magnetic field lines at vacuum 
boundary there is a

Fshorting= jrBz in azimuthal direction

Effect is transmitted to the open field lines near the FRC via a
torsional Alfven wave

Leads to a dampening of the RMF effect

Shorting torque inhibits ion spin-up

RMF formed and sustained FRCs

RMF powered for 2.5 ms.

80 cm diameter main chamber

TCSU  achieves Tt of 50-80 eV

Internal flux conserving rings keep the FRC from the wall

TCSU Experiment and RMF Current Drive
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Bz field coils

driven electron current rotating field Bω

‘Drag’ electrons along with rotating magnetic field 
– ωci < ω << ωce for electrons, not ions, to follow rotation

Even-parity operation at 87 and 122 kHz.

Odd-parity operation at 107 and 150 kHz.
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CALCULATING THE SHORTING TORQUE
Assume a control volume around FRC
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[2] C, Deards, Ph.D. Thesis, University of Washington, Seattle (2010)



Even-Parity RMF Antenna at 122 kHz 

Illustration of windings and vacuum 
field lines from a single phase of even-

 

parity RMF antenna configuration.

NIMROD Simulation of Long Mirror Configuration

Long Mirror Three-Axis Probe Scan

Short Mirror Three-Axis Probe Scan

TOP:  “Short”

 

mirror configuration confines FRC within the RMF antenna.  ABOVE: In the “long”

 

mirror configuration the FRC extends past the RMF antenna

Bz

 

field at the midplane for short and long mirror.
Each color corresponds to a different radius.

Axial excluded flux radius for long and short FRC

Shorting torque at +/-

 

123 cm for long and short mirror.  

NIMROD simulation shows the twisting of field lines in the jet that creates the shorting torque which  opposes the RMF.

Line integrated density from the interferometer
for long and short FRC.

Applied RMF torque for long and short mirror.



Odd-Parity RMF Antenna Configuration 

ICC 2011, SEATTLE

Illustration of windings and vacuum field 
lines from a single phase of odd-parity 
RMF antenna configuration.

Three-Axis Probe Scan with 107 kHz RMF

Three-Axis Probe Scan with 150 kHz RMF

NIMROD Simulation with 122 kHz RMF

Observations and Plans
Milroy [1] shows the RMF torque estimate for even-parity from the analytical equation could be 
too low.

Odd-parity RMF yields FRCs with fewer magnetic field oscillations of smaller magnitudes.

Do not have an accurate estimate of RMF torque for odd-parity antenna configuration. 

Full integral calculation of RMF torque using the three-axis probe data will give a more accurate 
comparison to the shorting torque. 

Plans include a detailed analysis of the axial variation of the shorting torque and a 3D 
reconstruction of the magnetic field using the steady 10 kHz data with the RMF frequency data.

Bz

 

field at the midplane for 107 kHz  (above)

 

and 150 kHz (below) RMF. 
Axial excluded flux radius for 107 and 150 kHz RMFLine integrated density for 107 and 150 kHz RMF.

Shorting torque at +/-

 

123 cm for 107 and 150 kHz.

150 kHz

107 kHz
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