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Abstract—The National Compact Stellerator Experiment (NCSX)
is being constructed at the Princeton Plasma Physics Laboratory
(PPPL) in partnership with the Oak Ridge National Laboratory
(ORNL). The complex geometry and tight fabrication tolerances
of the NCSX’s non-planar coils and vacuum vessel necessitate the
use of computerized, CAD-based metrology systems capable of
very accurate and reasonably quick measurements.

To date, multi-link, portable coordinate measuring machines
(pCMM) are used in the fabrication of the nmon-planar coils.
Characterization of the CNC machined coil winding form and
subsequent positioning of the conductor centroid (to within +/-
0.5mm) are accomplished via multiple sets of detailed
measurements.

A Laser Tracker is used for all phases of work on the Vacuum
Vessel including positioning magnetic diagnostics and vessel ports
prior to welding. Future tasks requiring metrology include
positioning of the magnet systems and assembly of the three
vacuum vessel sub-assemblies onto the final machine
configuration.

This paper describes the hardware and software used for
metrology, as well as the methodology for achieving the required
dimensional control and will present an overview of the
measurement results to date.

[  GENERAL DISCUSSION

While measurements of fusion devices with a constant
cross sectional is relatively straightforward, the free-form,
complicated shapes of the NCSX stellerator require the use of
CAD-based, computer driven measurement systems, such as
multi-link articulating arms and laser trackers.

Metrology can be approached as a complimentary, stand-
alone function, however when integrated early into the process,
especially during the design and fabrication phases, the
probability of successfully meeting critical tolerances is greatly
improved. For example, the placement and precise
measurement of fiduciary points, when defined during the
design phase and measured as part of the manufacturing
nspection phase, make the in-house metrology process simpler
and hence more reliable. The manufacture of NCSX stellerator
core components (Vacuum Vessel and Modular Coils) required
computerized, five-axis machining for which the fabricator
required a set of “alignment points”. These alignment points
also serve as the means for mnitial alignment to the component
once delivered to PPPL. From this point, comprehensive
measurements of the critical surfaces, resulting in a
characterization of the part, provides a quality control check
and allows the opportunity for a final “best {it” transformation
prior to further work.
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Fixturing for the components being measured and a stable
platform for the measuring device are also critical for
successful measurements. Ideally, the measuring system and
measured component will remain motionless in a stable,
temperature  controlled  environment throughout the
measurement process. If either the part or the measuring device
moves, the resulting errors can render measurements mvalid.
When the motion is large and hence obvious, the operators will
most likely recognize the problem and take mitigating steps.
When relative motions are small they are very difficult to
detect and may be completely ignored or only detected during
post processing and data analysis. Another error-inducing
event is deformation of the part. While we often assume that
large, heavy structures act as rigid bodies, they may deform
when their support or fixturing is changed, or when the
temperature is not held constant. If enough deformation is
induced, the alignment will be compromised, introducing errors
n subsequent measurements.

II. METROLOGY HARDWARE

The metrology for the NCSX project is being accomplished
using two types of measurement systems — articulating arm,
portable Coordinate Measuring Machines (pCMMs) and laser
trackers. Three, Romer pCMM arms were purchased primarily
for Modular Coil winding, and are occasionally used in other
applications. The pCCMs, which have six articulating joints,
have a 12-foot diameter reach and stated accuracy of +/-
0.1mm. Using statistical analysis of repeatedly measured
points, we have determined that the performance in the field is
shightly better than the manufacturer’s advertised value.

For the measurements required after the completion of the
coll winding phase, the distances are too great for an
articulating arm, therefore laser trackers are utilized. The
project currently employs one Leica LTD-500 and one Faro-X
Tracker. The Leica umt has a built-in interferometer, which
increases the accuracy of the distance component of
measurements.  While the interferometer provides a more
accurate distance measurement, the overall accuracy of any
measurement is primarily dependent on the resolution of the
angular encoders, which is typically an order of magnitude
worse that the interferometer resolution. Since most of our
measurements occur in three-dimensional space (which induces
changes in the angular component) the advantages of the
interferometer are mitigated.

IIT. METROLOGY SOFTWARE

The metrology for the NCSX project is being performed
using two software packages. The pCMM arms are operated












