1.1.1 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,  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 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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« The impact of coil tolerances on surface quality is
studied by examining the effect of their field
perturbations on magnetic surfaces in the plasma.

« Alarge number of coil fabrication and assembly
errors investigated
— Both systematic and random
— Coil groups and individual coils

= Aset of ex-vessel correction coils is introduced
and their effectiveness in compensating for
induced low order islands is demonstrated



[image: image3.jpg]Methods

Field Perturbations are added to an island free plasma
configuration (ie VMEC field + Acaoil field )

— Note: Adding perturbation field to VMEC field for equilibria with
plasma current and/or pressure is not self consistent

— Perturbation Field = B(Deformed Coils) - B(Undeformed Coils)

An analytic predictor is used to predict island size
(VACISLD)

A field line tracing routine (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 are 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
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[image: image5.jpg]Island Width Evaluation used in VACISLD using VMEC data
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[image: image8.jpg]Definition of Systematic Errors

= Coil distortion errors of the form
5= 5, sin(m 6) and 5=, cos(m 6)
applicd to all Modular Coils collectively and individually
where & represents T, 6, z coordinates of coil filaments
+ Similar distortions applicd to TF Coils and Individual PFs

= Coil assembly errors of the form
5= 5, sin(m ¢) and 6=, cosm ¢)
applicd to undistorted Modular Coil collcctively

‘where & represents 1, 6, z coordinates of coil centroid plus coil rotations about
cach axis

+ B, represents coil tolerance (2 mm for these studies, 1.5 mm for
project)



[image: image9.jpg]Summary of Systematic Errors
in Fabrication ( coil distortion ) and Assembly ( free body displacement )
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[image: image11.jpg]Frequency of Islands for Systematic
Distortion of Individual TF & PF Coils
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[image: image12.jpg]Symmetric Systematic Errors

The worst case systematic error of an individual Modular
Coil (15.7% 1/2 1sland at 6 =2 mm) used to study effect of
symmetric systematic errors in Modular Coil Group

— all 6 symmetric images given same deformation

Results show no 1/2 island (since errors are stellarator
symmetric) but larger m=5 and m=6 islands. Total Flux in
Islands less than individual case ( 13.4% vs 16.5% at 6 =1.5
mm)

More on this later...



[image: image13.jpg]Approach for Combining Tolerances
(ie Applying Random Errors)

* Random Perturbation of Fourier Coefficients
describing Coil Distortions (three coordinates)

5 =26, sin(m 6) + 8, cos(m 6)

* Random Perturbation of six degrees of freedom
describing coil assembly

* Final Displacements of each point in coil

normalized to 8 = 1.5 mm max for each coil
(Modular, TF and PF)



[image: image14.jpg]Island Sizes from Random Combinations
Only Slightly Larger
than Systematic Errors of Individual or Collective Coils
Distribution of Island Sizes vs Mode Numbers

Random Perturbations of Fourier Modes Representing Coil Distortion Errors plus Random Assembly Errors
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m=2 mede still most significant, followed by m=5
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[image: image16.jpg]Mitigating Islands with Trim Coils

« A set of correction coils (ex-vessel trim coils) was
proposed by Hutch Neilson to target low order modes:
— Outside the TF coils
— Similar to those found on or proposed for Tokamaks (DITI-D?)
— 6 horizontal pie sector coils top and bottom
— 6 large window pane coils outboard
« In-Vessel Trim Coils can be used for symmetric errors
(m=5, m=6)
+ Correction coils currents set by SVD targeting low order
resonances introduced by field coil errors



[image: image17.jpg]Correction Coil Configuration

Plan View Elevation View at Phi=0. Isometric View

Correction Coils (blue) on TF Coils (red)




[image: image18.jpg]Correction Coils Suppressing
Symmetric m=2 Island
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[image: image21.jpg]Suppressing Islands - Results
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Random Stack-up of Tolerance
1.5 mm max
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[image: image23.jpg]Suppressing Islands for (Nearly) Worst Case
Random Stack-up of Tolerance

1.5 mm max
Island Size, %Flux

Resonance Before After
112 13.00% 0.00%
24 2.50% 0.00%
ki 3.40% 0.00%
B/10 0.70% 0.80%
3B 1.30% 0.50%
B/12 0.10% 0.10%
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Based on 1.5 mm talerance
*Total is sum of dominate modes on each surface
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Tools are benchmarked and working to access impact of
coil tolerances on field errors

Errors in Modular Coils have a much larger impact on
field errors than do errors in TF or PF coils

Systematic Perturbation of All Modular Coils is not much
worse than a single coil (but they excite different modes)
Random Perturbation of Fourier Coefficients appears to be
only slightly worse

Correction Coils shown to be effective with low order
modes.

In-vessel trim coils effective against symmetric errors
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[image: image26.jpg]Systematic Errors imposed
on M45 Modular and TF Coil Assemblies

« Coil Distortions Errors ( 2 mm max, m=0..6 )
— Impose distortions of each modular coil of form:
+ dR =0.002 * sin{ m*h )
+ dZ=0.002 * sin{ m¥th )
+ dPHI=0.002 * sin( m¥th )
+ Repeat for cosine distribution
+ Coil Assembly Errors ( 2 mm max, n=0..6 )
— Displace or Rotate each modular coil about it’s centroid:
+ dR =0.002 * sin{ n*phi )
» dZ=0.002 * sin( n*phi ) ‘Note: Distortion Errors
+ dPHI =0.002 * sin{ n*phi ) and Assembly Errors
were investigated scparately

+ Rot Z=0.002 * sin( n*phi )
+ Rot PHI=0.002 * sin( n*phi )
+ Repeat for cosine distribution
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Systematic Errors imposed on Modular Assemblies
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Each Modular Coil Distorted .002 cos(me)
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Systematic Errors imposed on Modular Assemblies
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[image: image29.jpg]Systematic Errors imposed on
Individual M45 Modular and TF Coils

« Coil Distortions Errors ( 2 mm max, m=0..6 )
— Impose distortions of each modular coil of form:
+ dR =0.002 * sin{ m*h )
+ dZ=0.002 * sin{ m¥th )
+ dPHI=0.002 * sin( m¥th )
+ Repeat for cosine distribution
+ Coil Assembly Errors ( 2 mm max, n=0..6 )
— Displace or Rotate each modular coil about it’s centroid:
+ dR=0.002
+ dZ=0.002
+ dPHI =0.002
+ Rot R=0.002
* Rot Z=0.002
+ Rot PHI=0.002

Note: Distortion Errors
and Asscmbly Errors
were investigated separately
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Systematic Errors imposed on Individual TF Coils
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[image: image32.jpg]Systematic Errors imposed on
Individual PF Coils

+ Coil Distortions Errors ( 2 mm max, n=0..6 )
— Impose distortions of each modular coil of form:
+ dR =0.002 * sin{ n*phi )
+ dZ=0.002 * sin( n*phi )
* Repeat for cosine distribution
+ Coil Assembly Errors ( 2 mm max, n=0..6 )
— Displace or Rotate each modular coil about it’s centroid:

» dX =0.002
= dY =0.002
» dZ=0.002 ‘Note: Distortion Errors
+ Rot X=0002 and Asscmbly Errors
= wer investigated separately

+ Rot Y =0.002
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[image: image38.jpg]Post CDR Coil Tolerance Studies



[image: image39.jpg]Coil Tolerance Studies

Impact of Random Tolerance Stack up for Different Tolerances in
Modular, TF and PF

~ Using Fourier Representation ( alla CDR )

~ Local Tolerance varies with Coil-to-Plasma Scparation

Impact of short “wavelet” type deformation on Modular Coils
— Island Size vs Coil-to-Plasma Scparation

~ In-Planc and Out-of-Planc Deformations
~ Modular Coils 1,2 &3 Considered Individually ‘#
Impact of broad deformations of Modular Coils

— Island Size vs Closest Coil-to-Plasma Scparation
— Out-of-Plane Deformations of Modular Coil 1 Only

_ .



[image: image40.jpg]Impact of Tolerance Schemes on Modulay, TF and PF
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Toersnce _mm_Remonsnce W& o Comments
Wodder | 15 | Wex | 2% | 1A% | 21% | 135%  43% T78% | COR Resuts
i 15 Win  0e% | 02% | 04% | 13% | 04% 38% | Evoroundin
PF 15 | mm | 5% | 07% | 1% | 84% | 26% 11.6% | fom ofdistorion
Mlev  08% | 02%  03%  24%  07% 25%
Wodder | 15 | Wex | 1% | 14% | 28% | 164%  51% 7% | Comested
i 15 Win | 12% | 02% | 04% | 38% | 0% 7%
PF 15 | mm | a7 | 0s% | 15% | 99% | 32% 13.9%
Mlev | 10% | 02%  04%  25% 08w 26% | (and stil correctable)
Wodder | 15 | Wex | 1% | T4% | 28% | 166%  51% T22% | TF & PF Tolerance
i 30 Win 5% 03% | 04% | 34% | 11% 71% | Has negigihle impact
PF 30 | mm | ar% | 0% | 15% | l00% | 32% 139% | o oweral resuts
Mrev 0% | 02%  04%  28%  08% 27%
Wodder | 1530] Wex | 6% | 1&% | 28% | 181%  54% 203% | Softening Mod Tolerance.
i 30 Win 1% 03% | Da% | 30% | 12% 7.4% | away fom plasma
PF 30 | mm | asn | 0s% | 1s%  114% | 33% 152% | has smal impact
Mlev | 10% | 02%  04%  28% 08w 28% | (st conectable )
Wodder | 30 | Wex | 7% | 21% | 3&% | 2% | T2% 312% | Softening Mod Tolerance
i 30 Win 7% 03% | 0e% | s% | 12% 103% | ewrywhere
PF 30 | mm | so% | 1% | 21% | 141% | 45% 196% | has sizeabls impact
Mev  1a% | 0a% | 06% | 38%  12% 37% | (ot conectable)
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Island Size vs Coil-to-Plasma Separation
for 1.5 mmby 0.5 min-of plane distortion on M5 Modular Coil 1
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Island Size vs Coil-to-Plasma Separation
for 1.5 mmby 0.5 min-of-plane distortion on W5 Modular Coil 2
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Island Size vs Coil-to-Plasma Separation
for 1.5 mmby 0.5 min-of-plane distortion on W5 Modular Coil 3
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[image: image48.jpg]Istand size, % Flux

Island Size vs Coil-to-Plasma Separation
for 1.5 mmby 0.5 distortion on each M45 Modular Coil
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[image: image50.jpg]Impact of broad deformations of Modular Coils
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[image: image52.jpg]Island Size vs Minimum Coil-to-Plasma Separation
for 1.5 m distortion on each M45 Modular Cail
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