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Careful elimination of magnetic field errors is crucial for optimum performance of stellarators and tokamaks.  Resonant error fields produce islands in the magnetic topology, reducing confinement.  Error fields also damp rotation and can cause MHD mode locking.  In existing experiments, error fields due to millimeter-scale offsets between coils or misshaping of coils have produced measurable effects on the plasma confinement [
].  Similar error have been deliberately introduced to study their effect [
].  Low-order field errors are the most dangerous, due to their long radial decay lengths.  To prevent them, coil positions and shapes are carefully measured and aligned mechanically during construction.  However, this may be inadequate due to the coil conductors being encased by insulation and support structures of variable thickness.  In addition, tolerance errors can build up through multiple assembly steps, producing significant deviations.   During operation, the magnetic field can be laboriously measured directly to search for errors [
] and, in stellarators, the resonant errors can be measured using electron-beam mapping [
].  However, once operation has begun, correcting coil misalignment may not be possible.  

The National Compact Stellarator Experiment (NCSX) [
], currently under construction, is a three-period quasi-axisymmetric stellarator designed to study confinement and stability of high-beta plasmas.  The helical field is created by 18 modular coils of three different shapes supplemented by 18 planar (weak) toroidal field coils and 6 pairs of poloidal field coils to provide shape control and experimental flexibility. A construction goal is that < 10% of the total flux be in magnetic islands.  This requires accurate positioning of the coils taking into account their as-built shapes, particularly for the low order n=1-3 components of the magnetic field.  

A novel technique has been developed to magnetically measure the relative deviations in the coils positions and shapes during assembly, when corrections are still possible.  The general approach is to use field coils themselves as sensors by studying the mutual inductances between the coils and their self-inductances.  If the mutual inductances were measured directly, the sensitivity would be limited by the ability to accurately measure and predict the absolute magnitude of the mutual inductances.  Greatly increased sensitivity is available by measuring differences between mutual or self-inductances that should be identical due to design symmetries of the coil set.  Measured non-zero differences then directly indicate deviations in the location, orientation, or shape of the magnetic field from one or more coils and thus the coil conductors themselves.  Since the number of mutual inductances and the null symmetric differences increases quadratically with the number of coils,  this technique give more information as the number of coils increases.

As an example, consider an array of 
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 toroidal field coils, as shown in Fig. 1.  There are 
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 self-inductances.  Each possible coil separation corresponds to a separate rotational symmetry group for the mutual inductances. For each group, there are 
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 linearly independent symmetric differences of mutual inductances of the logical form 
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 symmetry groups and a total of 
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[image: image10.wmf]n

 is even there will be 
[image: image11.wmf]1

2

/

+

n

 such symmetry groups and a [image: image1.wmf]n

total of 
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 independent difference measurements, where the symmetry group of mutuals between opposing coils has a 2-fold degeneracy.  For the array of Fig. 1, 
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 is one such symmetric difference.  To achieve the highest sensitivity, a direct measurements of the combined inductance is desired.  Since four coils are involved,  the actual measuremets will a combination of four mutual inductances of the forms 
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  and 
[image: image15.wmf])

,

(

)

,

(

)

,

(

)

,

(

j

k

M

l

i

M

l

k

M

j

i

M

+

+

+

, where the overbar indicates coil-reversal, the first coil in each combination is the drive coil, and the second coil is the detector.  Together, these two phyical measurements provide both 
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 ensures that both are symmetric differences.  In addition, using an AC Whetstone bridge, the self-inductance of coils of the same shape can be [image: image40.wmf]D
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compared to high accuracy, limited by the systematic uncertainty in balancing the bridge, providing 
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 additional independent difference measurements.  Thus, if such a toroidal-field coil setassembly has more than 11 coils, the measured symmetric-differences between the mutual inductances in principle provide enough linearly independent constraints to determine the 
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 relative separations and orientations of the coils.  The differences of self-inductance and the additional mutual inductance differences if 
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 provide information about differences between the coil shapes.  

For more complicated coil assemblies, careful counting of the symmetry groups is required to determine how much information is available.  For example, in a tokamak with 
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pairs of poloidal field coils, there are 
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 linearly independent symmetric differences of mutual inductances between them, 
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differences of self-inductance, and 
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 null mutuals between the poloidal and toroidal field coils.  In a stellarator, each half-period is mirror symmetric to the next (stellarator symmetry).  For modular coils, there are 
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coils of each shape (excepting any on the symmetry planes), where 
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 is the number of periods.  Thus, most symmetry groups will have 
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 linearly independent symmetric differences.  The exceptions are groups that involve mutuals between mirror-symmetric coils or between coils on the symmetry planes, which have a 2-fold degeneracy and only  
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 members.
For the fully assembled NCSX, there are 48 field coils and 1002 linearly independent symmetric inductance differences, which provide constraint equations on the possible geometric deviations.  Measuring the difference of these symmetric inductance differences from zero is sufficient to determine, in principle, the 270 relative location and orientation parameters for the coils and 732 relative coil-shape moments (~15.3/coil).  The constraint equations can be inverted by linearizing around the design shapes and positions, assuming small deviations.  Expanding the deviations in a Fourier series, or other representation, the linearized matrix coupling the deviations to the expected changed in the null symmetric mutual inductance measurements is calculated. For a truncated representation, this matrix can be directly inverted.  More generally, the coupling matrix is analyzed using singular value decomposition to determine the number of moments that can be resolve with a given signal to noise level.  If the perturbations in coil shape or location are large, the changes in the mutual inductance may no longer be linear, and a non-linear fitting procedure will be needed for accurate inversion.

In order to measure mutual inductances or differences between mutual inductances, one or more coils are excited by an time-changing current, and the induced voltages are measured on one or more coils.  At high frequencies, eddy currents in surrounding structures (e.g. the modular coil structural shell) will modify the inductances.  For NCSX, eddy current analysis of the structural shell found that the longest-lived eigenfunction had a lifetime (at LN temperatures) of 0.017 sec.  The resistivity of stainless-steel does not depend strongly on the temperature.  So, measurements at frequencies near or above  ~60 Hz may be influenced by shell eddy currents.  To measure the properties of the winding alone will require  measurements at frequencies well below 60 Hz.  

At frequencies where the impedence of the driven coils is dominated by the inductance (
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Hz), the ratio of the detected voltage to drive voltage is 
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is the self-inductance of the drive coil(s) and 
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 is the mutual inductance to the sense-coils.  Since the general strategy is to measure deviations of 
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 from zero, sensitivities of 
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10-6 appear easily accessible.  Direct calculations of the linearlized coupling matrix for the NCSX coils indicate that 1 mm perturbations of the coil locations or shape cause changes in  
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.  Thus, this method is expected to be able to measure relative deviations of the spatial allignment and shape with a resolution of 0.01 – 0.1 mm.  The calculations indicate that this resolution can be achieved for either a modular stellarator or a tokamak coil set  (toroidal and poloidal field coils alone).  At this level of sensitivity, finite imperfections will likely be detected in all coils.  Procedures to correct the alignment and positioning of the coils can be developed, but strategies for accomodating small higher order shape deviations remain to be investigated.  
The assembly of the NCSX coil system will proceed in stages, starting with separate half-period modular coil sub-assemblies.  It would be helpful to learn as much as possible about the shape, symmetry, and alignment of the coils at this early stage, while re-alignment is easy.  Unfortunately, at this stage only six modular coils are available, providing only six linearly independent symmetric inductance differences.  This is insufficient to determine the relative spatial separation and orientation of the coils.  To provide additional information, a test jig, see Fig. 2, is introduced containing two arrays of saddle coils symmetrically mounted on a large G10 (or other insulating) cylinder, which is in turn symmetrically mounted on a G10 plate bolted between the field coils.  The goal is to have the two ends of the cylinder be identical, with 
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~10 identical coils each, arrange circumferentially.  In addition, there should be a circular sense coil on the plate, concentric with the cylinder, for testing the alignment of the cylinder. Ideally, this coil should be located in the center of the plate, i.e. at the symmetry plane of the whole arrangement.  Other equivalent locations for this coil are also possible.

For a test-jig assembly with 10 saddle coils/array and one circular loop, there are 241 linearly independent symmetric inductance differences between the sense coils.  These are used to self-align and characterize the relative location and orientation of the sense coils and ~6 moments of their shape deviations.  When the test-jig is combined with two half-period  [image: image41.wmf]1
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sub-assemblies of modular coils (six coils), there are an additional 72 symmetric inductance differences involving the modular coils.  This is sufficient to determine the relative location and orientation of the modular coils and ~12 moments of relative shape deviation.  If possible, each half-period set of modular coils will be compared to a fixed canonical set, to ensure proper alignment before full torus assembly.  Linearized calculations of the coupling matrix between candidate test-jig arrangements and the NCSX modular coils again gives 
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 for the symmetric inductance differences and 1 mm perturbations, using the modular coils as the driver.  Thus, the sensitivity of the method for aligning the sub-assemblies is again in the 0.01 – 0.1 mm range.  

Thus, analysis of symmetric differences of coil inductances appears to be a very powerful technique for determining the alignment, shape, and symmetry of arrays of magnetic field coils.  Very high resolution is readily accessible.  Straight forward methods can be used to extend the technique to align sub-assemblies during machine fabrication.  This technique will be used to document the coil shapes for NCSX and optimize their alignment during assembly.
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Figure � SEQ Figure \* ARABIC �2�.  Test jig for aligning modular coil sub-assemblies.  The jig contains two arrays of ~10 saddle coils (D and E) and one perpendicular loop (F) near the symmetry plane.  The plate (with bolt holes) is for mounting the assembly between the modular coil sub-assemblies.
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Figure � SEQ Figure \* ARABIC �1�.  Array of 18 toroidal field coils.
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