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1 INTRODUCTION 

1.1 PURPOSE 
This document has been prepared for the National Compact Stellarator Experiment (NCSX) 
Project to identify and track potential sources of field errors and assess their impact on magnetic 
field quality at the plasma.  

1.2 SCOPE  
This document includes but is not limited to sources of field errors from all magnetic field coils, 
from eddy currents in both machine components and buildings structures induced during 
machine operation, and from the presence of ferromagnetic material both permanently 
magnetized and induced/inductively magnetized by other field sources. It does not attempt to 
include field errors arising from the plasma itself. 
The assessment of impact on magnetic field quality implies evaluating the magnetic field 
perturbation for each source at the plasma, and estimating the volume of plasma lost to magnetic 
islands using a linear perturbation vacuum field predictor. The island size estimate is strictly 
valid only for vacuum fields and is intended to provide a first cut assessment. A more rigorous 
analytical assessment of island size for current carrying plasmas requires use of the PIES code, 
which is beyond the scope of this document. 
For field errors from eddy currents, an assessment is assumed needed only if the time constants 
for current decay fail to meet, or are not covered by, the General Requirements Document 
(GRD). The GRD imposes a 10 ms requirement for Vacuum Vessel and In-Vessel structures or 
20 ms for structures outside the Vacuum Vessel and inside the Cryostat.  

1.3 APPLICABLE DOCUMENTS 

1.3.1 NCSX Documents 
General Requirements Document (NCSX-ASPEC-GRD-01)  

2 DESCRIPTION OF METHODS 
The impact of field errors are traditionally investigated for vacuum field configurations by 
examining Poincare plots from field line tracing for any source and observing induced islands or 
changes in islands with respect to a Poincare plot for an ideal configuration. For NCSX, 
operating with significant plasma current and beta, the field from the plasma must be included to 
achieve the iota profiles expected which cross the resonances of concern. The PIES code can be 
used to produce Poincare plots which are self-consistent and indeed is being used for necessarily 
limited investigations within the NCSX Physics Group. The long run times required for 
convergence and limitations regarding symmetry-breaking perturbations make PIES a difficult 
design tool to employ for general engineering use.  
A simpler approach was taken to provide a first cut at field error source assessment. It is based 
on the analytic expression for magnetic island width, in flux coordinates, by magnetic field 
perturbations in a general toroidal stellarator geometryi. It presumes the underlying (perturbation 
free) field contains nested magnetic surfaces and is valid for rational surfaces (where the 
rotational transform ι = n/m). The VMEC equilibrium provides such a field. (Alternately, a 
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vacuum configuration with the same rotational transform profile as the LI383 full current, full 
beta configuration could be used. However, attempts to define such a configuration were not 
successful.) Use of the VMEC equilibrium simplifies the evaluation of the island width which 
depends on Bs/Bφ  expressed in straight line (magnetic) coordinates. Figure 1 presents the method 
used. 
A computer program called VACISLD was written to evaluate the island width using the VMEC 
field and a perturbation field generated by coil filaments or alternately supplied as a field map 
from other sources. A field line tracing routine called TraceBrtp, capable of tracing the 
perturbation field with the VMEC field in VMEC coordinates, was developed to examine both 
symmetric and symmetry breaking field perturbations. VACISLD and TraceBrtp were 
benchmarked against PIES* for symmetry preserving field perturbations (*PIES was modified 
by Don Monticello to allow adding a perturbation field from coils to the background VMEC 
field). Figure 2 shows the resonances targeted.  
The Field Error Source Assessment Methodology is similar for each of the sources identified. 
For each field error source, a field map is generated on resonant surfaces in the reference plasma 
using methods appropriate for the source. For coils which provide the sustaining field to form 
and support the plasma, the field error map is the difference between the ideal coil configuration 
and the perturbed or actual coil configuration, and the field is calculated using direct Biot-Savart 
integration of line filaments. For eddy currents, the total field is used and it is calculated by the 
SPARK code as field at remote points. For ferromagnetic sources, the ANSYS code is used to 
both determine the magnetization of the ferromagnetic source from other participating field 
sources and calculate the field at the plasma from the magnetizes ferromagnetic material. 
Initial studies used the VMEC LI383 fixed boundary plasma configuration as the reference 
plasma. Subsequent work has used the latest VMEC free boundary plasma configurations (m45, 
m50, …). 
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Figure 1 Evaluation of Island Size in the VACISLD Code using VMEC Field 
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Figure 2 VMEC Resonant Surfaces in LI383 Fixed Boundary Plasma 



Field Error Source Assessment Notebook  4   

 

 
Figure 3 Benchmark of VACISLD and TraceBrtp Codes with PIES 

 

Benchmark of Field Line Tracing of Perturbation Field* from Coils on 
VMEC Field  

PIES TraceBrtp 
*From 1 KA M5 Trim Coils 

Island Size, dr
mode PIES TraceBrtp VACILSD
5,3 0.098 0.114 0.115
6,3 0.043 0.04 0.04
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Figure 4 Benchmark of VACISLD and TraceBrtp Codes with PIES 

Benchmark of Field Line Tracing of Perturbation Field* from Coils on VMEC Field  

PIES TraceBrtp 
*From 1 KA M6 Trim Coils 

Island Size, dr
mode PIES TraceBrtp VACILSD
5,3 0.059 0.06 0.067
6,3 0.114 0.10 0.104
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3 FIELD ERROR SOURCES 

3.1 COILS (MODULAR/PF/TF) 

3.1.1 Fabrication and Assembly Tolerances 
The accuracy to which we can fabricate and assemble the field coils represents probably the 
biggest concern for field errors. It also posed a large challenge in how to assess and evaluate 
these inherent uncertainties beforehand. 
The experience gained from the stellarator community in the construction of past machines 
suggested tolerances on the order of one in a thousand as installed were acceptable, though not 
necessarily cheaply. Applying this to NCSX with a major radius of ~1.5 m would say tolerances 
of +/- 1.5 mm would be required. Subsequent discussions with potential manufacturers and 
construction groups have given us confidence that this is achievable. The question remained 
whether this is adequate from a field error viewpoint. 
To explore the impact of coil tolerances or more generally, the impact of geometric changes to 
the coil windings, a large number of potential coil distortions were examined using the methods 
described in Section 1.3.  
First, to try and reflect fabrication tolerances, systematic perturbations were applied to each 
degree of freedom describing the coil geometry. This was done for both the individual coil types 
(i.e. modular coil types A, B and C; TF 1, 2 and 3; and PF 1 through PF 6) and the coil systems 
collectively. The perturbations were sinusoidal variations (where the mode number and phase of 
the variation were also varied) in r, θ and z. A coil set containing the perturbed geometry has 
combined with a coil set of opposite current of the unperturbed geometry, resulting in a coil set 
which provided only the differential field (i.e. error field) which could be evaluated against the 
VMEC fixed or free boundary equilibrium background field. For each geometric perturbation 
applied, an evaluation of the magnetic island size induced at each (significant) resonant surface 
in the plasma was made. Results of this are contained in the figures which follow, taken from 
earlier presentations. Results are for each perturbation taken alone, where the magnitude of the 
perturbation is the full tolerance. A large number of cases where examined to cover the different 
coils and groups of coils, degree of freedom, mode and phase of perturbation. 
Second, to try and reflect assembly tolerances, again systematic perturbations were applied to 
each degree of freedom describing the coil position and orientation (i.e. free body 
displacements). Again the effect on individual coil types and coil systems collectively were 
explored. The degree of freedom changes where done relative to a local coordinate system at the 
center of gravity of the coil. Rotation magnitudes were chosen to limit the maximum 
displacement at the coil to the specified tolerance. (Note: Some of the initial work contained 
herein reflected an earlier 2.0 mm tolerance instead the present 1.5 mm) 
Examination of the impact of these various individual perturbations showed significant variation 
in impact on island size.  
To try to assess how these different perturbations from fabrication and assembly might combine, 
a method was devised to combine them in a random fashion. A random factor was applied to 
coordinate change resulting from each combination of different coils and groups of coils, degree 
of freedom, mode and phase of perturbation. The individual coordinate changes were then 
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summed and the resultant coordinate changes (now effectively a random function) normalized to 
the 1.5 mm tolerance specified. (This assumes the stack up of tolerances from all sources will be 
such as to assure the final location of every point in every coil is within +/- 1.5 mm) A large 
number of random functions were examined and the distribution of island sizes observed. 
Results are plotted and tabulated in the figures that follow. 
What should be clear is that even at these tight tolerances, the islands produced from either 
systematic or random distributions of coil geometry errors are potentially damaging, possibly 
exceeding 20% of total flux in plasma. This would be unacceptable without some form of 
mitigation.  
A set of in-vessel trim coils was previously designed to handle symmetry-preserving corrections, 
targeting the 3/5 (m=5) and 3/6 (m=6) resonances. Another set of ex-vessel trim coils was 
introduced to target lower order, non-symmetric resonances (1/2, 2/4, 2/3, etc). These are 
pictured in the figures that follow. 
To demonstrate their effectiveness in island mitigation, a number of the more severe cases of 
islands induced from coil geometric perturbations were examined. For each case, currents in 
each of the trim or correction coils need to be solved for to attempt to suppress the islands 
without undue damage to the plasma boundary or exciting other resonances. A coupling matrix 
(A) was calculated which related unit currents in each of the trim/correction coils to impact on 
the resonant field component for each resonance.  A target vector (b) was formed of the 
resonances induced by the coil geometry perturbation that we are trying to suppress. The 
trim/correction coil current vector (x) is obtained by solving Ax=b using a SVD (single value 
decomposition) algorithm. The TraceBrtp code described earlier was used to visualize the field 
structure before and after the applied correction. Results, shown in the figures that follow, 
indicate even for the worse case stack ups at 1.5 mm tolerance, the total flux lost to islands can 
be reduced to an acceptable level without undue perturbations to the plasma boundary with 
acceptable current levels in the trim coils. 
Not content to leave well enough alone, we tried to answer the question can we soften the 
tolerances (and simplify – i.e. reduce cost of – fabricating the coils). This question was examined 
by re-doing the random function studies using varying the tolerance values for the each of the 
coil systems (Modular, TF and PF) and within the Modular Coils. It was shown that tolerance 
control on the modular coils is most critical for regions of the coils that are in close proximity to 
the plasma, but could possibly be relaxed in regions far from the plasma. It was also shown that 
the tolerance of the TF and PF could be relaxed without significantly impacting field errors. 
Again, keep in mind that in all cases, the field errors would be intolerable without the use of trim 
coils. The real question is how good are the trim coils, in terms of how large a field error they 
can correct without damaging or otherwise altering the plasma configuration.  
Other issues addressed herein include investigations into other forms of geometric perturbations, 
in addition to sinusoidal and random Fourier functional distributions. This includes local 
perturbations (i.e. ‘wavelet’ type) and broad deformations (i.e. large regions of the coils 
perturbed in the same fashion). 
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3.1.2 Leads and Turn Transitions 
A number of winding options have been considered for the modular coils. These include 
conventional (one-in-hand) where the conductor winds up one layer and down the adjacent, and 
multiple-in-hand (2, 3 or the most recent 4) where the multiple turns are treated as a single 
conductor (ie at the same potential) and all turns raise or fall layer to layer together. The 
multiple-in-hand options were motivated by the need to reduce keystoning in the conductor 
during winding around tight bends by reducing the size of individual conductor turns. However, 
whereas the one-in-hand option has turn transitions that produce field errors that tend to cancel 
each other and form smaller current loops, the multiple-in-hand options require an external lead 
along the side of the bundle to close an effectively larger current loop with potential larger field 
errors.  
Field errors from each configuration option were compared by calculating the differential field 
from each configuration and an idealized, no transition (i.e. parallel, nested turns) configuration. 
By subtracting the configurations themselves as opposed the field from each configuration 
separately, results in computationally a smaller, identical problem. Several different approaches 
were taken to model these equivalent configurations. Initially, the length of transition was 
ignored and the options were compared based on equivalent planar loops normal to the winding 
direction. A refinement to this inclined the loops to try and account the length of the transition. 
Finally, a detailed model of the individual turn transitions was made (ie the ‘basket’ model) 
which reflected the difference between the actually winding of each configuration, and a 
multifilament winding of parallel conductors.  
The poloidal location of the turn transition and accompanying lead stems was varied as we 
looked at field errors and induced islands from each configuration. The figures that follow 
further describe the configurations and the results obtained. Results indicate preferred locations 
for the turn transition to minimize field errors and island sizes. 
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3.1.3 Modular Leads  
One option under consideration for returning the modular coil leads was to spread the windings 
apart on either side of the T support structure, leaving room for a hole in the structure to route 
the leads. This perturbation to the winding geometry produces current loops with respect to the 
original geometry. That is to say the difference in the winding geometry of the perturbed on 
unperturbed coil can be modeled as two equivalent loops with opposite current direction as 
shown in the sketches below. Field errors from these loops were evaluated as described in 
Section 2. 
The poloidal location of the aneurysm on the modular coils was varied. The results, plotted 
below, show the field errors and the predicted island size for each location. The unacceptably 
high field errors and large islands led to the abandoning this approach. 
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3.2 EDDY CURRENTS 

3.2.1 Modular Coil Support Structure 
The modular coil support structure (or shell) was designed to minimize the impact of eddy 
currents on field errors and plasma operation. By including electrical insulation between each 
coil support within a field period and possibly between field periods to break up toroidal current 
loops and adding a poloidal break the time constant is less than the 20 ms required. Without the 
poloidal break, the time constant would be significantly larger (~70 ms), violating the 20 ms 
requirement. Since inclusion of the poloidal break represented a significant impact on the design 
and fabrication of the modular coil support, an assessment was made of the field errors that 
would be present without the poloidal break. 
The SPARK model used to determine the time constants of the structures was run though a 
transient where it was excited by the 1.7 T High Beta scenario. This scenario chosen since it 
produced the largest rate of change of effective dipole moment for the PF coil system, the 
dominant source of remote field. Searching for the largest eddy currents during the transient (as 
an indicator of largest field errors) revealed the end of modular coil current ramp-up to be the 
most severe, but as this is before plasma initiation, it is not of concern. The time of the next 
largest eddy current loops, the start of flattop, is of concern. Field errors resulting from these 
eddy currents without a poloidal break are fairly large (~ 16 % flux in islands) and deemed 
unacceptable. For comparison, the field errors with the poloidal break produce islands that are 
half as big (which is still significant), but since the time constant is less than 20 ms, they are 
considered tolerable. 
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3.2.2 Vacuum Vessel 
The Vacuum Vessel is required to have a time constant of less than or equal to 10 ms. A SPARK 
eigenvalue analysis was carried out for the 3/8 Inconel VV shell with all its ports. The slowest 
(i.e. longest) time constant was found to be 5.3 ms. Having met the stated requirement, no error 
field analysis was done. 
The SPARK analysis was based on the Pro/E geometry depicted below. A model developed by 
Fred Dahlgren for structural analysis was converted to SPARK format and exercised. The model 
size, ~8000 elements, is presently near the limit of what can be run within the 2-GB memory 
currently available on our workstations. The SPARK eigenvalue solver was based on an old 
NAG subroutine, which would have required even more memory before conversion to a more 
modern and efficient algorithm which fit within our available memory.  
The dominant mode is predominately toroidal current flow with some net poloidal current flow 
producing a helical current pattern as it circulates around the vacuum vessel. 
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3.2.3 Existing Copper Floor (Ground Plane) 
The proposed site for the NCSX test cell is the former home to the PBX and PLT experiments. 
The building was constructed with a copper grounding sheet covering the entire floor. This 
copper floor poses some concern for operation of NCSX since eddy currents will be induced as 
in any other structure and the time constant is expected to be fairly long relative to other 
components. Removing the copper sheet and installing a new grounding plane less susceptible to 
eddy currents would be an expensive proposition. The alternative of cutting breaks into the 
copper sheet to break up eddy current paths and reduce the field errors, was explored. Based on 
prior experience with copper sheet, it was not expected that the floor could be segmented fine 
enough to reduce time constants below 20 ms where field errors could be ignored. 
Several schemes involving simple straight line cuts were investigate. To preserve stellarator 
symmetry in the geometry and thus the field errors from induced eddy currents, radial cuts thru 
the center of the machine location were considered. The number and length of these cuts were 
varied. In addition, partial removal of the copper floor under the machine was considered. The 
copper floor extends under shield blocks along the perimeter of the room, most of which are to 
be re-used so we would prefer not to have to move them. Not doing so would leave loops around 
the machine, albeit far from the center of the machine. This effect was also investigated. 
The table with figures below summarizes the finding. For each configuration, SPARK was run 
using as a driver the 1.7 T High Beta configuration as previously described in Section 3.2.1. The 
eddy currents and resultant field errors at the start of flattop were again most significant.  
Results of this analysis led to the conclusion that the floor must be cut into 12 radial or 6 
diametric cuts (i.e. every 30 deg). Remote loops were shown to be a concern, so the cuts must 
extend to the end of the floor at least in three locations (to preserve stellarator symmetry). It is 
expected that the length of the 9 remaining radial cuts can be reduced but should extend at least 
under the footprint of the machine (~3 m). Verification of this is work to be done (TBD). 
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3.2.4 Machine Base Plates 
Relocating and re-using the existing steel base plates from the PBX machine support had been 
proposed. These are 2 roughly 2m x 4m x 0.1m (4 inches) thick ferromagnetic steel plates sitting 
side by side on the machine floor. While they pose a potential problem due to the large amount 
of ferromagnetic material close to the machine, they also pose another concern with field errors 
from induced eddy currents. Since this problem is easier to handle it was addressed first. 
Using methods and conditions described for the copper floor in the previous section and Section 
2, the field errors were evaluated. Results showed large field errors at the plasma (4 Gauss 
average and 10.5 Gauss max B.n) and islands totaling 4.3%.  As a result, it was decided not to 
re-use these plates. 

3.3 FERROMAGNETIC MATERIAL 

3.3.1 Neutral Beam Magnets 
The Neutral Beams being re-used from PBX contain at large bending magnetic wound around a 
ferromagnetic core to concentrate the field used to control non-neutrals on the beam. This posed 
a concern from two standpoints: 
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1) Does the stray field from the bending magnetic produce significant field errors at the 
plasma?  
2) Does the remote field from the Stellarator Core magnetics further magnetize the 
ferromagnetic material at the NB significantly contributing to field errors at the plasma? 

To answer these questions, an ANSYS model of the Neutral Beam Bending Magnet was 
constructed and run by Chang Jun. The self-field from the bending magnetics and ferromagnetic 
core during Neutral Beam Operation was evaluated at discrete points on the resonant surfaces in 
the plasma. Using the VACISLD Code, the resonant component of the normal field on the 
surface was evaluated and the island size calculated. Similarly, the field from the ferromagnetic 
core subjected to a background field from the stellarator core magnetics was evaluated at the 
plasma. This was done with and without the NB operating. 
The resultant field errors were found to be less than 1 gauss. Predicted flux lost to islands was 
dominated by the m=2 mode with islands of 1.0%. 
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3.3.2 Building Steel (TBD) 

3.3.3 Other (TBD) 

3.4 DIAGNOSTICS (TBD) 


