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Fig 1. A schematic of the TCSU experiment 

A field reversed configuration (FRC)1 is a compact toroidal plasma confined 
primarily by closed poloidal fields and little or no toroidal field, giving it a naturally high 
β. In the translation, 
confinement, and sustainment 
upgrade (TCSU) device2 
rotating magnetic fields 
(RMF) are used to form and 
sustain an FRC in quasi-
steady state. A sketch of 
TCSU is shown in Figure 1. 
 3A three-axis probe  was installed on TCSU shortly before its final shutdown. The 
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three-axis internal magnetic field probe consists of 30 pick-up loops in each direction, x, 
y, and z, located at the same radial position. Figure 2 shows one triplet of loops with the 
400 turn y loops under the 40 turn x and z loops. The probe spans from r = 37 cm, 
through the axis at r = 0, out to r = 6.5 cm 
with windings every 1.5 cm. The loops are 
wound with 2 mil gold-plated tungsten 
wire on a 40 mil Kapton form, covered 
with gold-plated Kapton electrostatic 
shield, and insulated with an additional 
layer of Kapton. The insulated probe is 
placed in a thin wall stainless steel tube 
that forms the vacuum boundary; the stainles
high voltage insulation up to 22 kV. A final sheath of boron nitride acts as the plasma 
facing surface and provides additional insulation. The boron nitride has a 5 mm outer 
diameter. Probe construction ensures good frequency response up to 5 MHz. 

The three-axis probe is axially translatable from z = +138 to z = -132

Fig 2. One winding triplet from three-axis probe

steel is covered with Teflon heat shrink f

he entire FRC as well as the open field line region.  
The probe was built to withstand TCSU plasma pulses of
s around 1019 m-3 up to approximately 300 eV. Total temperature in TCSU is 

typically 50-100 eV. The probe is non-perturbing; external diagnostics show no change in 
plasma parameters with or without the probe inserted. The probe was calibrated with a 
known magnetic field that was calculated using a Biot-Savart solver and current 
transformer (Pearson) probes, which measured the current in the wires of a Helmholz 
coil. The calculation was verified with magnetic loops with well known area. The probe 
is oriented such that loops in the z-direction measure Bz, the bias and main FRC field; 



loops in the x-direction measure Bθ, the RMF; loops in the y-direction measure Br, the 
radial magnetic field.  

Fig 3. Illustration of RMF 

 Once the three-axis probe was fully functional a variety of parameters were 
explored to find highly repeatable FRCs needed to make a scan of the machine. Scans 
with the three-axis probe were made by 
positioning the probe at multiple axial 
positions and taking multiple repeatable 
shots. Combining all the data yields a full 
r-z map of the magnetic field. Scans were 
made at 87 kHz and 122 kHz for even-
parity RMF and at 107 kHz and 150 kHz 
for odd-parity RMF. These frequencies are 
resonances in the RMF tank circuit and 
are optimal for FRC performance. Figure 
3 shows an illustration of windings and 
vacuum field lines from a single phase of 
the two phase RMF antenna for even- and 
odd-parity.  

Initially, the data from the three-axis probe has been filtered with a low pass filter 
at 10 kHz to capture the steady field. Higher frequency content has greater shot-to-shot 
variability making it difficult to match throughout the scan. The filtered data can be 
compared to the n=0 component of the magnetic field from NIMROD simulations 
performed using parameters to match TCSU FRCs4. Even- and odd-parity simulations 
were done for a 122 kHz RMF in order to make a direct comparison between even- and 
odd-parity. 122 kHz and 107 kHz probe scans are shown in figures 4 and 5, respectively, 
with the results of the NIMROD simulation. The lines are flux contours; the color 
indicates the magnitude of the toroidal field. There is general qualitative agreement in the 
size of the FRC and the toroidal field profile.  
However, the magnitude of the toroidal field is larger in the simulation; further analysis is 
needed for a detailed comparison. 

 

 
Fig 4: (a) even-parity probe scan at 122 kHz.  (b) NIMROD simulation of even-parity at 122 kHz  

 



 

 
Fig 5: (a) odd-parity probe scan at 107 kHz.  (b) NIMROD simulation of odd-parity at 122 kHz  

 
 The three-axis probe allowed the FRC jet to be probed for the first time, allowing 
for a direct measurement of the end-shorting torque5 which opposes the RMF torque. The 
magnetic torque transmitted at any axial location can be calculated using the Maxwell 
stress tensor as  
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The RMF torque transmitted from the antenna to the FRC is given by 
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In the TCSU experiment, the RMF torque is estimated based on  
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where Bω is the RMF field strength based on the measured current in the RMF antenna, la 
is the RMF antenna length (1.2 m in TCSU), and f(ζ) = 0.16 

The end-shorting torque at +/- 123 cm is shown in figure 6. During the steady-
state period of the FRC, the total torque that opposes the RMF at 123 cm is 
approximately 0.8 N-m for even-parity and 0.9 N-m for odd-parity.  The end-shorting 
torque increases with distance from the FRC. The estimate of RMF torque in figure 6 is 
from Eq. (3). However, Milroy4 shows that this might be too low; the calculation of the 
RMF torque using Eq. (2) will yield an accurate result for a comparison to the shorting 
torque for both even- and odd-parity.  



 

Internal magnetic field measurements have already given important insight into 
the internal structure, open field line region, and general behavior of TCSU plasmas. 
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.   

Fig 6:  Left: End-shorting torque at +/- 123 cm for even- and odd-parity.  
           Right: RMF torque for even-parity 
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