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ABSTRACT

The versatility of production tools for fabricating aspheric optics is growing, but accurate cost-effective metrology
systems presently have less extensive aspheric capabilities. It is important, therefore, that designers can constrain
solutions to fall within the capture range of particular metrology systems. By using an appropriate characterization of
aspheric shapes, the associated design constraints can be greatly simplified. Such a process is demonstrated for a
recently introduced description of aspheres in terms of orthogonal polynomials in applications where the testing is to be
performed with stitched subaperture interferometry. This is compared with earlier results for more tightly constrained
aspheres where the testing is done with full-aperture interferometry. Analogous ideas apply when, for even stronger
aspheres, the metrology is to be performed with stitching in combination with a configurable near-nulling subsystem.

INTRODUCTION
By avoiding the burden of dedicated tooling and nulls, flexible fabrication and metrology systems are enabling
aspheric optics to deliver greater performance/cost. Accurate, versatile figure measurement systems have bounded
aspheric capabilities, however, and each of them has its own characteristic limitations. It is therefore vital that designers
can readily constrain their solutions to fall within the capture range of particular metrology systems. Upon
characterizing aspheric shapes in an appropriate representation, testability-related constraints simplify significantly.
Specific orthogonal polynomials were recently introduced with such applications in mind1. We subsequently reported on
the application of a related design process2 tailored to full-aperture interferometric metrology. In this paper, we discuss
the extension of those design methods to accommodate metrology systems with greater aspheric capabilities. In
particular, we concentrate on the design of systems that are to be tested with stitched subaperture interferometry.

TESTABILITY-BASED DESIGN CONSTRAINTS
Relatively rudimentary estimates of interferometric testability are adequate for the initial phases of design.
Progressively more accurate measures can be introduced in the later stages where the details of the available
transmission spheres ultimately enter the assessment. At all stages, as reasoned in Ref.1, it is convenient to express the
sag of a rotationally symmetric asphere as an additive deviation from a best-fit sphere in the form
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Here, cbfs is the curvature of the best-fit sphere, ρ max is the normalizing radius (i.e. half the CA), and s = ρ 2 / ρ max
. Most
bfs
importantly, Qm (s) is a polynomial of order m in s that is defined so that the mean square slope of the normal departure
€
2
from this best-fit sphere is given simply in terms of the sum of the squares of the coefficients, namely by just a ⋅ a / ρ max
.
When
designing
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this
basis,
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therefore
straightforward
to
constrain
rms
slopes
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each
asphere
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below
some
€
€
€
fraction,
say γ where 0 < γ < 1 , of Nyquist in order to ensure full-aperture testability. If the measurement is made at a
€
test wavelength of λ and fills an N × N pixel map, this constraint reduces to the simple requirement that1
€
2
a ⋅ a < (γ N λ / 8) .
(2)
€ Subaperture
€ stitching enhances aspheric test capabilities by magnifying each of the subapertures as they are imaged
€
€
to the detector and also allowing each to be nulled individually against a locally best-fitting reference wave. When

€

measuring an off-axis patch, it is typically the difference between the local principal curvatures that determines the size
of the region over which the fringes are well resolved. This applies regardless of whether the reference curvature is
chosen to match the principal curvature measured in the plane of symmetry or in the orthogonal plane containing the
local surface normal. The former yields a “ring null” and the latter a “radial null”, while matching the average curvature
gives a phase map that is typically shaped like conventional astigmatism. If we choose to operate at this average
curvature for a “medial null”, the null patch is nominally circular. When mapped to the part, the changing magnification
means that the patch of the resolved fringes grows as the NA of the transmission sphere (TS) shrinks, and we show that
its size typically matches the illuminated region when the TS’s NA is close to the optimal value defined by
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Here, angle brackets denote an average over ρ and in-plane and out-of-plane curvatures are distinguished by subscripts.
If the part’s nominal NA is denoted by η := c bfs ρ max and the difference between the principal curvatures is
€
approximated to first order in the aspheric coefficients, it turns out that Eq.(3) reduces to
€
(4)
NA opt2 ≈ (γ N λ η 2 / 4) aT C(η) a ,
€
where C(η) is a symmetric positive-definite matrix. The dimensionless matrix elements are precisely quadratics in η 2 .
A useful subset of the above-diagonal elements of C(η) is
€

€
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where the row and column indices are enclosed in brackets and these 21 elements are enough for a six-member basis.
It is the ratio of the full-aperture to subaperture diameters —sometimes called the extension factor— that is to be
constrained when designing for testability with stitched metrology. This ratio can be approximated by χ ≈ η / NA opt ,
and it follows from Eq.(4) that the extension factor will be less than some prescribed maximum, say χ max , provided
2
aT C(η) a < (γ N λ χ max
/ 4)2 .

(6)
€
This constraint replaces Eq.(2) when stitching can be used in place of full-aperture metrology. A reasonable value for
€
χ max is somewhere around four to six. (Higher values are acceptable when test time and accuracy are not as critical.)

€

€
For the purposes of demonstration,
consider testing at HeNe wavelength and admitting slopes up to only onequarter of Nyquist on a 1K camera with an extension factor of up to four, so γ = 41 , χ max = 4 , N = 1024 , λ = 0.633µm
and the right-hand side of Eq.(6) evaluates to 0.42 mm 2 . Three similar parts that make this constraint an equality are
presented in Fig. 1. That is, the departure on these surfaces puts them on the boundary of this rather conservative
€ f/3.3 TS and,
testability constraint. (All of these surfaces can be tested by using stitching
€ with only standard
€with a 4”
€
TS’s at hand, stitching is essential to get the aperture coverage as well as cope with the departure.) Fig.1(a) contains the
€
coefficients for a relatively high-departure
asphere with simple variations in the principal radii of curvature. (It is worth
noting that 200 µm of departure falls within capture range if, for example, either χ max is raised to six or γ to one half.
Both are practical values.) Fig.1(b) shows an example with weaker departure but more rapidly varying local radii.
Much as described in Ref. 2, it is straightforward to incorporate Eq.(6) as a key element in designing systems with
all€manner of aspheres that can be tested with stitched interferometry. Fig.1(c)
emerged from a simple
design study of a
€
€
singlet with a 50mm CA, a 100mm focal length, and 0.5 degree field of view. This elementary system allows for a
demonstration of design for testability. When averaged over the field, the best all-spherical element has an rms

wavefront error of 13.75 waves. When the front surface is aspherized but required to be full-aperture testable —also at
one-quarter Nyquist and HeNe on a 1K camera— the asphere acquires only 8.35 µm of departure from the best-fit
sphere. The rms wavefront error is reduced only slightly to 11.38 waves. It so happens that full-aperture testable
aspheres give a striking improvement to the wavefront error only when the CA is smaller than 35mm; for CA’s less than
30mm the wavefront error is reduced by more than an order of magnitude. For CA’s above 40mm, a full-aperture
testable asphere is of little help in improving system performance. €
When the asphere can be stitched, however, the
system performance can be improved significantly for CA’s up to about 55mm. It turns out that, assuming appropriate
TS’s are at hand, the maximum CA of diffraction-limited performance is doubled (from 15 to 30mm) by introducing a
full-aperture testable asphere, and almost doubled again (to more than 50mm) when stitching is available. The 50mmCA asphere presented in Fig.1(c) reduces the rms wavefront remarkably to 0.06 waves. This is more than a one
hundredfold improvement. For CA’s approaching 50mm and above, Eq.(6) is vital to arriving at a cost-effective
solution. More generally, by moving to Eq.(6) in place of Eq.(2), designers can exploit stitched metrology to introduce
stronger aspheres that deliver even more effective solutions in a variety of problems. For example, we have introduced
stitchable aspheres in this way to reduce the number of aspheres in the case of a photolithographic imaging system.

Figure 1 Three sample surfaces of similar size that are stitchable with an extension factor of four: (a) has a departure from
best-fit sphere of about 100µm, (b) has more rapidly varying radii of curvature, hence less departure is possible, and (c)
is the asphere on a well corrected singlet (100mm focal length and 0.5 degree field of view) as discussed in the text.
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