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Abstract. A well-known fabrication problem with aspheric
optical surfaces lies in high-frequency surface irregularities
inherent in the figuring process. Optical grinding and polish-
ing tools can smooth these ripples, yet retain the flexibility
required to fit the aspheric surface. An f0.52, paraboloidal,
17-in. convex surface is produced with conventional rigid
tools. A transmission ronchigram is obtained showing high-
spatial-frequency errors of large magnitude. After four hours
of grinding with a semi-flexible multiple-segment ring tool,
almost all high-frequency error is removed. This shows good
potential for smoothing finished aspheric optics. Flexible
tools can also be involved in the figuring process itself.

© 2002  Society of  Photo-Optical  Instrumentation  Engineers.
[DOI: 10.1117/1.1481898]

Subject terms: aspherics; optical fabrication; spatial frequencies;
strain analysis; surfaces.

Paper OEL 02020 received Mar. 15, 2002; accepted for publication
Apr. 2, 2002; appeared online Apr. 2, 2002.

1 Introduction

The production of aspheric optical surfaces has tradition-
ally employed small rigid tools to grind and polish the as-

pliance over large scales to fit the low-frequency regime
well (defined by the aspheric departyrend will not affect
the overall shape of the surface. This same tool can have
much higher polishing pressure for the high-frequency re-
gime (surface ripples and steep slope eryors

The required flexibility is defined by tool geometry, po-
sition, and aspheric parameters. It can be shown that the
required bending of a circular tool is an infinite series of
circular polynomials, which can be expressed as the
Zernike set. The strains induced by bending thin plates to
fit an asphere influence the polishing pressure across the
tool. Kirchhoff’'s thin plate equations are modified to in-
clude the effect of transverse shear strain. By modeling the
surface as a Fourier series we can show that polishing pres-
sure is a function of spatial frequency. For the one-
dimensional case, we can derive Et).based on the theory
of elasticity’:
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In Eq. (1), p is the polishing pressurey is the applied
pressure,D is the flexural rigidity,Dg is the transverse
shear stiffness. is the compressive stiffness of the pitch,
¢ is the spatial frequency of the component in question,
s(&) is the amplitude of the surface error at spatial fre-
quencyé, and the plate parameters akeis Young’s modu-
lus, v is Poisson’s ratio, antl is the thickness.

pheric surface. Good results can be achieved in obtaining  There are three domains with which to concern our-

the desired overall shape, however, high-spatial-frequency

ripples are often evident in the finished surface.

These surface ripples come about because the rigid toolsy
do not fit the aspheric surface well, which causes areas of
high polishing pressure at the edge of the tool to develop.
This high pressure, combined with low stroke velocity at
the endpoints of the stroke, cause high wear rates at th
stroke maxima. Variation of the stroke position and length ¢,
to remove the desired volume of glass can cause multiple 4
radial grooves to develop. These grooves may be closelyg
spaced or randomly distributed, but in either case, they are
areas of high slope error, thus containing high-spatial-
frequency components. By polishing over these ripples, one
can smooth them out, but new grooves tend to develop
simultaneously, so the process may not converge, and th
finished surface may not improve significantly. Historically,
these high-frequency ripples have been a common featur

in aspheric optical surfaces.

2 Tool Design

selves: low frequencies dominated by plate bending, middle
frequencies dominated by shear stress, and high frequencies
ominated by pitch compression. For good results, we want
to be in the bending domain. In the bending domain, the
pressure is proportional to the fourth power of the spatial
frequency, & preferentially polishing higher frequencies.
his regime reduces surface ripples with less effect on low
equenciegbending due to aspheric migfiin the shear
omain, the pressure is proportional to the square of the
patial frequency and the polishing pressure is 180 deg out-
of-phase with the surface, meaning that the surface gets
worse with polishing. In this situation, the polishing cycle
(feedback loop is unstable. In compression, there is no
dependence upon spatial frequency and the “filter” is again

8n-phase, but all frequencies are attenuated equally, which

reduces the lower-frequency surface error as well as high-

&requency ripples.

By treating the thin plate/pitch tool as a filter, we can
model how each Fourier component is attenuated by pol-
ishing. Each polishing stroke is equivalent to one pass

One technique to remove these ripples is to employ semi-through the feedback loop. Since it is a feedback phenom-
flexible tools, which bend to conform to the aspheric enon, there is a possibility that the system can become un-
surfacet A properly designed tool will have adequate com- stable. It is stable when the phase of the transfer function is

Opt. Eng. 41(7) 1473-1474 (July 2002) 0091-3286/2002/$15.00 © 2002 Society of Photo-Optical Instrumentation Engineers 1473

»“ = M = = m ™



© =® == = = m -

Tuell, Burge, and Anderson: Aspheric optics . . .

Fig. 1 Semi-flexible ring tool grinding a 17-in., f/0.52, paraboloidal
convex surface at the University of Arizona’s Optics Shop at the
Optical Sciences Center (Courtesy Burge, Anderson, et al.h).

0 or 360 deg, and polishing pressure is in-phase with the
surface. Shear-dominated frequencies are 180 deg out of
phase and thus are inherently unstable. Optimal tool design
should therefore take into consideration that any reasonable
frequency range needs to be in the bending-dominated re-
gime. It can be shown that the bending-dominated regime
has a direct 360 deg transition to the compression-

dominated regime if the thickness of the plate is less than

3E(1-v) Fig. 2 Null ronchigrams in (single-pass) transmission of paraboloi-
t= ke(1+v) ° (2 dal, f/0.52, 17-in. convex/plano lens while in grinding phase of fab-
¢ rication. (a) After aspherization with rigid tools, (b) after four hours of

. . ... grinding with the five-segment ring lap shown in Fig. 1, and (c) after

Under normal circumstances, the thickness of the plate will fie hours of grinding with a flexible-plate tool. (Courtesy Burge,

be well below this critical value. Equatiai3) defines this Anderson, et al.)
transition frequencydouble polé in terms of compressive

stiffness and flexural rigidity: tool.! This null ronchigram is shown in Fig.(®). We see

that the lines are almost straight and smooth, with one tool
1 afke &) performing both smoothing and figuring simultaneously.
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4 Conclusions

A well-designed tool will be compliant to low-frequency  This dramatic improvement in high-frequency errors shows
bending, defined by the bending to fit the tool to the as- the enormous potential for flexible tools in the production
pheric surface, as well as being rigid to high-frequency of aspheric surface’s> Furthermore, these same tool types
surface errors. Optimal tool design for a given task takes all can be used for initial figuring of the asphere as well as
factors into consideration and finds a balance betweensmoothing errors in the nearly finished surfaéeHigh-
them. Two major classes of such tools have been devel-frequency errors generally do not manifest in the surface
oped. The first is a thin plate or shell with a compliant with flexible tools because the fit is better and these
backing. The second is a series of cylindrical rings, which trenches do not form as easily. Further research is continu-
are free to flex(depending upon the material properties ing in connection with thin plates and shells for figuring
and ring geometny A tool of this second type is shown in  and smoothing aspheric optical surfaces.
Fig. 1. Acknowledgment
3 Experimental Results This work was performed under a contract granted to the
At the University of Arizona, a 17-in.-dianf/0.52, parabo-  Optics Shop at the Optical Sciences Center in support of
loidal, convex surface was produced with conventional the Far-Infrared Space Telescdpe.R.S.T) project, which
rigid tooling. A null ronchigram was obtained in transmis- has since been renamed the Herschel Space Observatory.
sion, through the ground surface, showing a reasonable sur-
face figure with many high-frequency features in evidence. References

This ronchigram is shown in Fig.(®. After smoothing 1. 3. H. Burge, B. Anderson, S. Benjamin, M. Cho, K. Smith, and M.

. ] g . - Valente, “Development of optimal grinding and polishing tools for
with the ring lap for four hours,the ronchigram shown in aspheric surfaces,Proc. SPIE4451, 153—164(2001). _

Fig. 2(b) was obtained. The grinding process with the ring 2. P. K. Mehta and P. B. Reid, “A mathematical model for optical
tool is shown in Fig. 1 smoothing pred|ct|or2 of rggh-spatlal frequency surface errdesgc.

T . . SPIE3786 447—459(1999.

The same surface was then ground with a flexible-plate 3. R. A. Jones, “Computer simulation of smoothing during computer-

tool, further smoothing it, as well as figuring the surface. %Of&fohueﬂtoptlcglrfolgsmng"APPI'-“gpt-34(7>' dl_lf%—%mgﬂ?a-ﬂ ”

. - - - . . P. K. Menta an . E. AuUlnagel, ressure aistribution unader fiexiole
Spherlcal aberration was observed in Fng)ZWh'Ch was polishing tools—1 Conventional aspheric opticsProc. SPIE1303

reduced in five hours of figuring with the flexible-plate 178-188(1990.

1474 Optical Engineering, Vol. 41 No. 7, July 2002



