FLEXIBLE POLISHING AND METROLOGY SOLUTIONSFOR
FREE-FORM OPTICS

Paul R. Dumas, Jon Fleig, Greg W. Forbes, Don Golini, William I. Kordonski,
Paul E. Murphy, Aric B. Shorey, Marc Tricard
QED Technologies, Inc., Rochester, NY

INTRODUCTION

Due to their constantly changing curvature and lack of symmetry, free-form optical surfaces are
incompatible with most conventional polishing and metrology solutions. This paper will describe two
variants of a novel polishing technology, magnetorheological finishing (MRF), as well as a metrology
technology that could enable cost-effective manufacturing of free-form optical surfaces.

MREF, a deterministic subaperture polishing method, has been developed to overcome many of the
fundamental limitations of traditional finishing. MRF has demonstrated the ability to produce optical
surfaces with accuracies better than 30 nm peak-to-valley (PV) and surface microroughness less than 0.5
nm rms on optical glasses, single crystals and glass-ceramics. The MR fluid forms a polishing tool that is
perfectly conformal and therefore can polish a wide variety of shapes, including free-form surfaces.
Current MRF platforms are capable of polishing high-precision flats, spheres, aspheres, prisms, and
cylinders, with either round or rectangular apertures, and a large-aperture free-form machine is under
development. Current MRF products use a rotating wheel to bring the MR fluid into contact with the
optical surface. The radius of this wheel limits the concave radius of curvature that can be polished.

A new variant of MRF has been developed to address this and other limitations. MR Jet employs a
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subaperture stitching measurements of spheres, flats, and mild aspheres up to 200 mm in diameter. The
workstation combines a six-axis precision stage system, a commercial Fizeau interferometer, and a
specially developed software package that automates measurement design, subaperture data acquisition,
and the mathematical reconstruction of the full-aperture phase map. The stitching algorithm incorporates a
general constrained optimization framework for compensating for several types of errors introduced by the
interferometer optics and stage mechanics. These include positioning errors, viewing system distortion, and
the system’s reference wave error.

These three technologies will be described, sample results will be shown, and their immediate and
potential application to free-form surfaces of various forms will be discussed.

MAGNETORHEOLOGICAL FINISHING

MREF has several features that make it an attractive solution for the finishing of free-form optics. A
magnetorheological (MR) fluid inside a magnetic field creates a sub-aperture “polishing lap” used in MRF
(see Figure 1). This sub-aperture polishing lap conforms to the local surface curvature so it does not have
the problems conventional polishing processes have with tool/part shape mismatch. This feature enables
our current products to polish aspheric optics with hundreds of microns of aspheric departure, and will
similarly benefit the polishing of free-form optics. Using careful characterization of material removal rate
and figure errors on the part to be polished, advanced algorithms for calculating dwell time and CNC tool
paths, MRF has been shown to be able to successfully polish surfaces (e.g. plano, spherical, aspherical,
cylindrical, convex & concave) to better than A/50 (A = 633 nm) peak-to-valley (p-v)'. MREF is a true
polishing process, and can reduce rms microroughness to < 1 nm on a wide range of materials as well as
remove existing subsurface damage (SSD). In spite of sub-aperture nature of the polishing tool, MRF
provides high material removal rate, which can be altered by controlling process parameters, including
magnetic field strength and polishing spot size. Flexibility and determinism of the MRF process combined
with high removal rate creates the possibility for achieving high figure correction abilities on a wide variety
of optical surface shapes in a cost effective manner.

In addition, QED Technologies has recently
developed another sub-aperture precision polishing tool
called the magnetorheological (MR) jet’. If a jet of fluid
is made up of conventional materials (i.e. water and
abrasive particles), then the jet will break up a short
distance away from the nozzle tip as surface tension and
aerodynamic forces work to de-stabilize the liquid jet.
Once the jet breaks up and a coherent stream is lost, it is
impossible to control the spread flow in the impingement
zone and, therefore, the removal rate of the material,
well enough to provide precision polishing. However, if
a magnetorheological (MR) fluid is used, and an
appropriate magnetic field is applied at the nozzle exit,
then it is possible to maintain a coherent jet of fluid for
several tens of centimeters. Figure 2(a) shows pictures
of a jet of fluid that does not use a magnetic field for (a) Magnet ‘Off’ (b) Magnet ‘On’
stabilization, and Figure 2(b) shows the magnetically Figure 2: Pictures of MR jet with the magnet off (a) and
stabilized MR jet. Clearly the jet that does not use a  magnet on (b). The MR fluid and magnetic field used for
magnetic field breaks up a short distance from the nozzle  an MR jet allow for the possibility of stable flow and
exit, whereas the MR jet remains coherent for several ~ Precision polishing.
centimeters. The magnetic field applied near the nozzle
exit dampens the de-stabilizing forces and allows for the
delivery of a stable, collimated jet that can be used in precision polishing.

The jet process offers a number of advantages for free-form polishing. The stability of the jet creates a
polishing tool that does not change over several centimeters, eliminating the need for tight control over the
offset distance from the part surface to the nozzle. In addition, fluid dynamics calculations can accurately



predict the 3-D removal rate distribution (polishing spot), thereby facilitating the accurate prediction of spot
shapes on arbitrary surface geometries.

MRF and MR jet have the potential to achieve high removal rates compared with other subaperture
removal processes, such as ion beam figuring. Typical volumetric removal rates on the order of 1 mm’/min
have been obtained with current equipment. QED’s current capability includes both rotational polishing
(for round apertures) and raster polishing (for rectangular and odd-shaped apertures), and extends up to
200mm in raster mode and 400mm in rotational mode. A larger, raster-based platform is currently under
development that will enable the polishing of round or rectangular aperture optics up to 750mm in size.
Free-form polishing is one of the core capabilities of this new platform.

FREE-FORM POLISHING RESULTS

Missiles with on-board sensors require conformal optics in their nose cones. This is one example of a
free-form optic — the shape of the optic is driven by the aerodynamic requirements as opposed to the optical
requirements. Since the optic has to work in transmission, the internal, concave surface must be polished
as well as the external surface. This is a challenging problem for most polishing processes because of the
deep sag of these surfaces. MR Jet offers a solution to reach into the center and figure correct this internal
surface.

A small, concave glass insert was placed inside an aluminum shell that approximated a nose cone
ogive (Figure 3a). The radius of the concave surface was 20 mm and the diameter was 23 mm. The part
was polished in a rotational mode, rotating on axis and sweeping around its center of curvature to keep the
jet normal to the optical surface (Figure 3b). It would be impossible to get an MR wheel-based tool into
this steep concave surface.

(®)

Figure 3: (a) Photograph of a concave ogive, showing the glass insert at the center of an aluminum body, and (b) schematic of the
ogive during polishing — the internal surface is kept normal to the impinging jet. The diameter of the aluminum shell is 58 mm and the
total sag of the ogive surface is 39 mm.

Figure 4: Polishing results using the MR Jet system for the ogive shown in Figure 3. (a) Before MR jet polishing, the PV was ~223
nm and the rms was ~50 nm, and (b) after, the PV was reduced by 5x and the rms by 8x to ~44 nm and ~6 nm, respectively.

Excellent polishing results were obtained. Figure 4 shows the figure error of the concave surface
before and after MRF. Both the symmetric and asymmetric were corrected, leaving a peak-to-valley of less



than 50 nm (a 5x improvement from the initial conditions). In addition, the rms was improved by more
than 8x.

STITCHING INTERFEROMETERY

Figure correction using computer-controlled sub-aperture polishing techniques demands accurate full-
aperture metrology. However, achieving such metrology of free-form optical surfaces is at least as
challenging as polishing them. Depending on the application, free-form optics may have unusually large
clear apertures (CA) and numerical apertures (NA) and, by definition, they have strong aspheric departures.
Because interferometric tests can deliver high resolution and extraordinary precision with short acquisition
times, they have long been the workhorse of optical testing. However, any one of the three aspects of free-
form optics that were just listed signals a difficulty for standard interferometry. Perhaps most importantly,
dedicated null optics are generally required for testing surfaces that have significant aspheric departure.
The fabrication of null optics makes the tests expensive and customized to particular parts. Furthermore,
null optics introduce challenging calibration issues, and the accuracy of the resulting measurements is
notoriously difficult to validate. Interferometric tests are also relatively expensive for large parts,
especially for non-concave parts because the reference optics must then also be large. Fortunately,
subaperture stitching helps to address these crucial limitations. In particular, notice that, because each
subaperture is not only smaller but also individually nulled, the aspheric departure is significantly reduced
over any one subaperture on its own. This is one of the key reasons that stitching is able to significantly
extend the testable aspheric departure.

Stitching interferometry has been around for decades™*™®’. In particular, it is widely used for the

testing of flats, where data in the overlap regions is used to determine how to reconcile the phase maps
from the individual subapertures and thereby synthesize a full-aperture map®. It has long been known that,
in principle, this basic idea can be extended to the testing of non-flat parts. Our recent developments have
enabled the commercialization of a stitching interferometer for spheres and mild aspheres that significantly
extends the effective aperture and dynamic range of a phase measuring interferometer’. Our system, shown
in Figure 5, incorporates a standard phase-shifting Fizeau interferometer within a six-axis computer-
controlled platform. It can hold parts up to 200 mm in diameter and can measure up to a hemisphere in
angular extent with off-the-shelf transmission spheres. The system incorporates specially developed
software that automates the process, starting with measurement design to subaperture nulling and data
acquisition, and ultimately the construction of a full-aperture phase map. The stitching algorithm
incorporates a general constrained optimization framework for compensating for several types of errors
introduced by the interferometer optics and stage mechanics. This system has been shown to have sub-
nanometer rms repeatability and nanometer rms level reproducibility in comparisons to full-aperture tests'”.

Figure5: Views of QED’s SSI for stitching parts up to 200mm in diameter with an integrated 100mm or 150mm Zygo phase-shifting
Fizeau interferometer

Aside from the correction of subaperture placement errors (such as tilts, optical power, and registration
effects), our algorithms also account for the reference-wave error as well as distortion and other aberrations
in the interferometer’s imaging optics. Addressing these matters upfront enables us to avoid some of the
limitations encountered in earlier stitching work. In fact, this step creates a significant boost in accuracy



for the system as a whole. Of course, the final accuracy depends on a range of factors including the ratio of
the diameters of the full aperture and the subaperture, the pixel density, and a variety of environmental
effects. However, it is important to appreciate that, in many cases, the accuracy of the stitched data
exceeds that of the subaperture data from the integrated interferometer.

In the context of testing free-form optics, notice that, our current approach to stitching interferometry
demands that the nominal shape of the test part be known a priori. The machine motions and phase-map
compensation schemes are based on this prescribed nominal shape. So too are the analyses of ray-mapping
effects and focus corrections. With appropriate software changes to cover more general geometries, a
system like that shown in Figure 5 has the ability to test free-form surfaces without the addition of any new
mechanical motions, although greater travel may be an advantage on some axes. When aspheric departure
is pushed to the limits in this way, we anticipate the introduction of configurable optical “near nulls” that
will also be under automatic control. In many applications of high-precision free-form optics, it is crucial
to monitor any mid-spatial frequency structure on the surface. This need is met well by the resolution
enhancement that is inherent to stitching. We are therefore excited about the application of stitching
interferometry to the metrology of free-form optics, and we are actively continuing our development efforts
in this area.

FREE-FORM METROLOGY RESULTS

Full aperture metrology of the exterior of domes is just as challenging as the polishing of their interior.
As convex surfaces approach F/0.5 (hemispherical) high-precision, conventional full-aperture metrology
becomes impossible. Figure 6 shows a 6” diameter, F/0.55 dome being measured in our SSI platform. The
lattice design, shown in the lower right has 25 subapertures distributed in 3 annular zones. There is a photo
in the lower left showing a subaperture measurement being taken in each of these “rings”.

Figure 7 shows the results of the measurement process. The upper left image is the stitched full
aperture measurement showing no signs of stitching-related errors. The diagonal fringes visible in this
image are actually “wedge” fringes caused by the interference of reflections from the (nearly concentric)
front and back surfaces. The continuity of these fringes actually exemplifies the quality of the stitch.

In addition to the full-aperture stitched result, a measurement of the reference wave error — the error in
the transmission sphere itself (at the time of measurement) is provided (shown in the lower right). A
significant improvement accuracy was obtained by calculating and removing this error during the stitching
process.

Aperture — 148.34 mm (5.84”)
Radius — 82.55 mm (3.25”)
CT -3.04 mm (0.12”)
Sag — 50.39 mm (1.984”)

Objective - Zygo 4” f/1.5
Subaperture = 55.1 mm
Required 25 subapertures —

(4 center, 9 inner, 12 outer)

Figure 6: F/0.55 dome being measured in the SSI platform. The measurement lattice, shown in the bottom right, describes the
placement of each of the subaperture measurements. A total of 25 subapertures in 3 annular zones were used in this test.
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Figure 7: Full aperture stitched result (upper left), and the reference wave error of the F/1.5 transmission sphere (lower right), as
measured by the SSI.

CONCLUSION

MRF and subaperture stitching are two technologies that show great promise for enabling the cost-

effective manufacture of aspheric, conformal, and free-form optics. Progress must be made in both
fabrication and metrology in order to create a successful manufacturing process. QED is committed to
enabling this capability, and offering the industry revolutionary solutions to satisfy their next-generation
needs.
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