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ABSTRACT 

In order to better facilitate the use of aspheres in optical design, metrology 

systems must become independent from the asphere under test. This requires testing in a 

non-null sense. Large aspheric departiu'es and steep wavefront slopes must be detected 

by the metrology instrument. Sub-Nyquist interferometry (SNl) is one such method 

which has been shown to reconstruct large wavefront departures. 

Large departures generate high spatial frequency fringes, which must be detected 

by the interferometer. This requires the use of a sparse array sensor to capture the high 

spatial frequency fringe data. A custom detector for this purpose has been developed and 

tested over spatial frequencies up to 400 cycles/mm. 

Testing in a non-null manner causes the test and reference rays in the 

interferometer to follow different optical paths through the system. The errors generated 

by this difference are test part dependent and must be calibrated independently for each 

test piece. Lens design software can be used to perform reverse optimization of the 

interferometer and data. This process requires an accurate interferometer model and is 

sensitive to the relative weighting of the various merit function targets. An iterative 

reverse optimization process has been developed which eliminates the weighting 

sensitivity and improves the optimization efficiency. 

The implementation of reverse optimization in turn generates constraints on the 

interferometer design. The class of aspheres to be tested also influences the system 

design. These factors lead to constraints on lens parameters, system apertures, and 
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component verification considerations. A Mach-Zehnder interferometer is designed 

which satisfies the requirements and is used to build a transmitted wavefront SNI system. 

Experiments on several test parts were performed to verify the iterative reverse 

optimization process and to extend the use of SNI to non-rotational ly symmetric aspheric 

wavefronts. Wedge angles were measured to within 1.5 arcseconds, radii of curvature to 

0.1% and wavefront departures of up to 200X were characterized to "kit PV and X/47 rms. 

The reverse optimization process was shown to successfully remove up to 25X of induced 

aberration from an aspheric measurement. The results indicate potential for application 

of the iterative method and its associated design constraints to new interferometers for 

aspheric testing. 
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CHAPTER 1 

INTRODUCTION 

Modem optical design is becoming significantly more dependent on the use of 

aspheric surfaces. It is well known that implementation of aspheric elements in a lens 

design can result in fewer elements, improved performance, and lighter overall system 

weight. As the demand for higher performance systems combines with the need for 

smaller and lighter packaging, the availability of aspheres provides the lens designer with 

a freedom to achieve the desired results. Early aspheric lens design work produced 

relatively simple and weak aspheres. Technology for the fabrication of aspheres 

developed rapidly, enabling designers to incorporate stronger aspheric surfaces with 

greater precision into their systems. The precision of aspheric fabrication depends on the 

method and ranges from a few microns peak to valley for injection molding (Becker, 

1999) to 0.3 ^im peak to valley (PV) and 0.08 ^m rms for magnetorheological finishing 

(Golini, 1999). More traditional grinding and polishing methods have produced surfaces 

with aspheric departures over 1 mm with a peak to valley error of less than a micron from 

the design specifications (Hilyard, 2002). Smaller departures on the order of SO mm have 

been fabricated with an accuracy of 0.125>. PV and 0.02A. rms (Voelkel, 2001). The 

variety of fabrication methods can achieve aspheric departures of several hundred 

microns. Unfortunately, optical metrology has failed to keep pace with fabrication 
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technology. While the ability to test spheres and flats has improved, yielding 

measurement precision of up to ^50 or AVI00 (Selberg, 1991), the technology has not 

dramatically increased the dynamic range of the measurements to account for aspheric 

surface departures. 

Due to the arbitrary nature of aspheric surfaces, optical testing of aspheres has 

always presented extreme challenges. A variety of methods have been used to 

characterize aspheric optics. The metrology method most favored for use during final 

shaping or polishing is a stylus profilometer (Stahl, 1990). Using either a contact probe 

or a noncontact optical probe, this method scans across the aspheric surface, measuring 

the distance from the probe to the surface. The contact probe is very convenient for 

testing during final surface figuring when the surface is not highly polished, but there is a 

danger of damaging the surface when the probe touches. Optical probes are noncontact, 

but require a polished surface. Both probe styles lose precision as the surface slope 

increases. While being extremely robust and simple, profilometers are very slow and 

tend to be highly sensitive to environmental changes during the scan time. This 

environmental sensitivity requires the machines to be very large and housed in a 

temperature, humidity, and vibration controlled room. Under the correct conditions, 

contact profilometers have been shown to reach precisions of 0.01 ^m (Wennerberg, 

1996) or even 1 nm (Creath. 1992). However, there is also a lateral resolution which 

must be considered. Both the vertical and lateral resolutions are related to the stylus 

probe size and the measurement scan area. Finally, rather than providing data on the 

entire surface under test, profilometers sample only along a line. 



15 

By far the preferred method of optical testing remains the interferometer. Its 

speed, precision, and accuracy are unsurpassed and obviously highly desirable for use 

with the high performance systems in which aspheres are employed. Traditional phase 

shifting interferometric tests are null or near-null tests of either spheres or flats. A 

spherical or flat reference wavefront is interfered with the wavefront produced by 

reflection from or transmission through a test optic. The difference is generally not more 

than a few waves and commonly less than one wave for quality optical elements. The 

difficulty in measuring aspheric surfaces and wavefronts is determined by the slope of the 

aspheric departure (Wyant. 1987). The instrument dynamic range of traditional 

interferometers does not support the high number of fringes due to the steep slopes 

commonly found in aspheres. In order to make use of the benefits of interferometry on 

aspheres, the most common practice is to create a null optic which compensates for the 

asphericity of the test wavefront. Generally, there are two applications of null optics. 

The first is reflective null lenses, which are used to compensate for most of the 

asphericity, bringing the test wavefront within the dynamic range of the interferometer. 

Refractive null lenses can also be true nulls, designed to compensate for the aspheric test 

wavefront exactly. The second application is the use of a computer generated hologram 

(CGH), which exactly matches the aspheric test wavefront (Stahl, 1990). Both methods 

are widely used to test aspheres with high precision. Unfortunately, every unique asphere 

requires a unique null optic, which greatly increases the complexity, cost, and lead time 

required to complete a project. 
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Ultimately, the ideal metrology method for aspheres would be similar to the usual 

testing of spheres and flats. The lens designer would be able to incorporate a reasonable 

asphere into the system design. The asphere could be fabricated and then tested on a 

standard interferometer simply by placing the asphere in the system and taking a 

measurement without custom null optics. Surface figure could be quickly verified for 

feedback during polishing and the final results made available to the end user for 

modeling and calibration of the lens system in which the asphere is used. This ideal case 

requires the interferometer to operate in a wide measurement range manner. The optics in 

the metrology system cannot be test part dependent, just as a wide range of spherical 

optics can be tested with a common reference on a traditional interferometer. As the 

demand for aspheres continues to increase in many areas, the need for a more versatile 

testing method increases as well. There are a variety of methods employed to increase the 

dynamic range of interferometry and meet the needs of aspheric metrology. These 

include infrared systems, larger detector arrays, multiple wavelength measurements, 

subaperture testing, and Sub-Nyquist interferometry (SNl). The last of these is the focus 

of this dissertation and is used to analyze optics from two fields of optical design with 

rapidly growing aspheric metrology needs. 

Optical design in the areas of conformal optics and ophthalmic lenses both require 

strong aspheres. These fields are relatively new drivers for aspheric metrology and are 

generating significant interest and research into new testing methods. Current research is 

being applied to metrology tools which can support the large surface departures and 

slopes associated with these fields, with support coming from both government and 
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industry sources. The majority of funding for this dissertation was provided through the 

Precision Conformai Optics Technology Consortium (Shannon, 1999), which researched 

the design, fabrication, and testing of conformai windows and domes and the aspheric 

correctors associated with them. 

Conformai optics are non-traditional windows whose design criteria are driven 

primarily by aerodynamic and environmental considerations as opposed to image quality. 

Traditionally, operational performance, especially in military systems, was compromised 

in order to satisfy the design, fabrication, and testing requirements of the optical system. 

Conformai optics reverse these priorities and force the optical design to work within the 

desired operational platform goals. Significant reductions in aerodynamic drag can be 

seen with the introduction of conformai domes on missiles and windows on aircraft. The 

strong aspheric surfaces and wavefronts resulting from this application present difficult 

metrology challenges. An example conformai window will be discussed among the 

experimental results of this dissertation. 

Ophthalmic applications are also using aspheric lenses, creating a metrology need 

in a field traditionally dominated by purely spherical elements. While progressive 

addition sj)ectacle lenses have been commercially available for many years, consumer 

demand coupled with fabrication improvements has only recently driven the market to 

produce large quantities of the aspheric lenses. The patent and journal literature show 

many variations and theories on the design of these lenses (Fowler, 1998), all of which 

are anamorphic aspheres with no rotational symmetry and significant aspheric departures. 
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In fact, over 5000 theoretical equations exist to describe these ophthalmic surfaces 

(Garcin. 1999). 

Generally, the design and testing methods for progressive bifocal lenses are driven 

by geometric ray tracing. This is primarily due to the philosophy of correcting human 

vision with only power and cylinder while other aberrations are essentially ignored. 

Thus, geometric ray tracing can be used to specify the surfaces and metrology methods 

such as Hartmann screen tests (Castellini, 1993). deflectometry (Garcin. 1999), Moire 

projection (Rosenblum. 1993), and irradiance sensing (Quiroga. 2001) are suitable to 

provide design feedback. Lens design sofhvare can be used, with custom surface 

descriptors, to model and optimize progressive addition lenses. However, the 

performance and optimization targets are linked only to human acceptance data in the 

absence of surface or wavefront metrology (Hasenauer. 1998). As the design methods 

and surface descriptions become more complex, geometrical methods no longer satisfy 

the necessary precision and clinical testing does not provide appropriate quantitative 

feedback. True wavefront or surface measurement capabilities are required. 

In the both conformal and ophthalmic applications, non-null metrology methods, 

and more specifically the application of Sub-Nyquist interferometry has been studied as a 

testing solution. The large aspheric departures of the surfaces and wavefronts frequently 

reach values of tens to hundreds of microns. The need for a general purpose metrology 

tool with high precision and large dynamic range is obvious. Current fabrication 

technology far outreaches the state of the art of metrology systems and its further 

development is hindered by the lack of suitable testing instrumentation. 
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This dissertation follows and builds upon previous work in SNI (Greivenkamp. 

1987; Lowman. 1995). specifically extending the technique to conformal and ophthalmic 

optics in a transmitted wavefront layout. Chapter 2 provides a background in basic phase 

shifting interferometry theory, including the limitations of the traditional methods. Some 

information is included on methods used to extend the measurement range of traditional 

interferometry before focusing on the theory and application of SNI. Chapter 3 discusses 

the development and testing of a new sparse array camera for use with the high frequency 

fnnges expected for aspheric wavefronts. The challenges and requirements for this type 

of detector array are discussed in detail and modulation transfer function (MTF) testing 

results are included. Chapter 4 provides a detailed analysis of the calibration necessary in 

a non-null test. Due to the nature of non-null interferometry. the aberrations introduced 

by the system optics are test dependent. A method termed reverse optimization is 

required for system calibration. The origin of system induced aberrations is explained 

and the implementation of an iterative reverse optimization method is demonstrated. 

Reverse optimization, in turn, generates requirements on the design and characterization 

of the interferometer, and these issues are explained in Chapter 5. In addition, this 

chapter handles the details of the physical system designed and used for the research in 

this dissertation. Finally, the experimental results, conclusions and suggestions for fliture 

work are detailed in Chapter 6. 
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CHAPTER 2 

ASPHERIC METROLOGY BACKGROUND 

Phase shifting interferometry (PSI) has long been the primary method of 

measuring wavefronts due to transmission or reflection fi'om a spherical or flat test optic 

(Greivenkamp and Bruning, 1992). The technique is well known and documented, so this 

chapter presents a brief description of the basic concepts before moving on to the 

explanation of the Sub-Nyquist interferometric (SNI) method. The fundamental dynamic 

range limitations of PSI are detailed, establishing the basic need for an alternative method 

or other means of extending the measurement range. 

Phase Shifting Interferometry 

The fringe pattem produced by the interference of a test and reference beam in an 

interferometer is the result of the difference in wavefront phase between the two beams. 

Differences in phase are primarily due to surface height errors, in the case of a reflective 

test, or thickness and index of refraction variations, in a transmissive test. Writing the 

phase of test and reference beams as <|)t(x,y) and (j)r(x,y) respectively, the wavefronts for 

each beam are 

Wr(x,y,t) = a,(x,y)e''^"'' - , Equation 2.1 

and 



w,(x,y,t) = at(x.y)e''*,"' -". 
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Equation 2.2 

where ar{x.y) and at(x,y) are the wavefront amplitudes and 5(t) is a time-dependent phase 

shift introduced into the reference beam. Strictly speaking, 5(t) is a relative phase shift 

between the two beams due to an optical path length change in either beam. The intensity 

pattern resulting from interference of these two beams can be written 

I(x,y,t) = r(x,y) + r'(x,y)cos[(j),(x.y) - (()r(x.y) + 5(t)]. Equation 2.3 

where 

r(x,y) = ar'(x.y) + a,"(x,y) Equation 2.4 

is the average intensity, and 

r'(x,y) = 2ar(x,y)at(x,y) Equation 2.5 

is the intensity modulation. Since the phase difference is our primary interest, we define 

(j)(x,y) to be the wavefront phase difference between the two beams and then 

I(x,y.t) = r(x,y) + r'(x,y)cos[<|>(x,y) + 5(t)]. Equation 2.6 
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which is the fundamental PSI equation (Greivenkamp and Bruning, 1992). 

The main advantages of PSI over earlier interferometric techniques and other 

optical metrology systems include high spatial resolution on the test piece and extremely 

precise and accurate measurements on the order of fractions of a wavelength. Also, the 

process is very fast, typically taking only a few seconds to obtain a measurement. The 

measurement is insensitive to spatial intensity variations, detector sensitivity, and fixed 

pattern noise. In addition, PSI is extremely repeatable, on the order of hundredths to even 

thousandths of a wavelength. Any new interferometric system must realistically maintain 

these advantages in order to be a viable alternative or advancement over traditional PSI. 

The result in Equation 2.6 shows that the intensity at any point in the 

interferogram is a function of the phase shift 6(t). In order to solve this equation for the 

unknown wavefront phase, it is necessary to separate the average intensity and fringe 

modulation terms. This requires a minimum of three equations in order to solve for 

r(x,y), r"(x,y), and (j)(x,y). Thus, fringe patterns for at least three different values of5(t) 

must be recorded. Numerous algorithms have been developed for calculating (|)(x,y) 

given a number of phase shifted interferograms ranging from three to twelve and even 

more. The algorithms for higher numbers of phase shiffe are primarily used in 

commercial interferometers and are proprietary in many cases. These algorithms have 

been developed to decrease measurement sensitivity to noise and phase shift error, and to 

improve precision and accuracy. 
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One of the simplest and most popular approaches to determining the wavefront 

phase difference, and the one implemented for this paper, was developed by Hariharan 

(Hariharan, 1987). The phase shifting algorithm is a five step method with a constant 

phase shift 5(t) equal to a between each measurement. The following equations give the 

recorded, phase-shifted fnnge patterns: 

Ii(x.y) = r(x.y) + r'(x,y,A)cos[<|»(x.y) -2a]. 

I2(x,y) = r(x,y) + r'(x.y.A)cos[(j)(x.y) - a]. 

l3(x.y) = r(x,y) + r*(x.y,A)cos[<|)(x.y)]. 

l4(x,y) = r(x.y) + r'(x,y,A)cos[(|>(x.y) + a]. 

I5(x.y) = r(x.y) + r"(x.y.A)cos[((>(x,y) 2a]. Equation 2.7 

Combining these equations yields 

mn[»x.y)l^ K - l .  Equation 2.8 
2sm(a) 213-1,-1, 

In order to choose a phase shift amount that is insensitive to errors, this equation is 

differentiated with respect to a. The differential goes to zero for a equal to nil, or a 

quarter of a wavelength. The above equation is then highly insensitive to errors in the 

actual phase shift amount and can be reduced to 
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Equation 2.9 

In addition, the data modulation, or fnnge contrast, for each point in the interferogram 

can be calculated using 

In general, this is simply the average intensity divided by the peak-to-valley intensity of 

the image. Knowing this allows data points with insufficient modulation to be marked 

and accounted for in the data analysis. This is important, because the phase-wrapped 

solution for <|>(x,y) cannot distinguish between good and bad data points. Low modulation 

fringes can be reconstructed as false values if not properly eliminated fi'om the analysis. 

Also, as is discussed in Chapter 3, the fnnge modulation calculation can be used to 

measure the MTF of a detector. 

The calculated phase of the wavefront can be scaled to the physical optical path 

difference by 

v r x  - 3 [ 4 ( l , - l , ) ^ ^ ( l , - H , - 2 l 3 ) ^ ]  
2 ( I , + l , + 2 l 3 + l , + l 3 )  

Equation 2.10 

Equation 2.11 
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In a null test, for a common path interferometer or a well-corrected and characterized 

non-common path interferometer, the measured wavefront will only contain 

imperfections in the test surface figure, to the accuracy of the errors present in the 

reference surface. For a double pass reflection test as in the case of a Twyman-Green or 

laser-Fizeau interferometer, multiplying the OPD in Equation 2.11 by '/z gives a map of 

the test surface errors. For a single pass u^smission interferometer, such as a Mach-

Zehnder, the calculated OPD in Equation 2.11 is the test wavefront height relative to the 

reference wavefront. 

However, due to the arctangent calculation for the phase in Equation 2.9, there is 

ambiguity in the calculated wavefront phase. Using the measured interferogram data, the 

sign of the numerator and denominator in Equation 2.9 can be used to translate the phase 

values into the range from 0 to 27t. There will remain a modulo 271 ambiguity in this 

phase data. Assuming that the real test wavefront does not contain discontinuities, any 

remaining discontinuity in phase must be the result of the arctangent calculation. Adding 

a multiple of 2n to the calculated values will not change the validity of the answer. 

Therefore, any discontinuity in the phase data can be resolved by adding 2n to the 

calculated phase value. This is known as phase unwrapping and is shown simply in 

Figure 2.1. 
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Figure 2.1 Phase unwrapping 

The assumption that the test wavefront does not contain any inherent 

discontinuities must be quantified. The PSI method of unwrapping the phase, regardless 

of the algorithm chosen, assumes the wavefront phase does not change by more than 7t 

between adjacent pixels on the detector array. That is, at every location in the detected 

interferogram. there are at least two pixels per fringe. So at any f)oint in the phase data 

where the phase difference between adjacent pixels is more than n, 2:r is added to unwrap 

the phase discontinuity. Figure 2.2 - Figure 2.4 graphically represent the phase 

unwrapping concept. Figure 2.2 shows the measured phase calculated which would be 

the result of measured interferograms. At each discontinuity in the modulo 27i phase data, 

multiples of In are added until the phase difference from the neighboring pixel is less 

than 71. There are in fact, multiple solutions to the arctangent in Equation 2.9, shown as 

black dots in the figures. Only one value at each pixel will satisfy both the arctangent 

calculation and the less-than-rt phase difference requirements. 
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Figure 2.4 Reconstructed wavefront phase 

In the simplest, path-dependent algorithms, a pixel near the center of the data set 

is assumed to be zero phase and the wavefront is reconstructed outward from this point, 

checking the relative phase for each pixel against the previous one. Since the vast 

majority of optics tested in a null configuration interferometer are rotationally symmetric, 

this is a convenient method for unwrapping. The center of the interferogram or phase 

data tends to be virtually perfect relative to the reference, with errors increasing with test 

part radius. Accommodation must be made for low modulation data points, bad pixels, or 

missing data due to test part obscurations. Other, path-independent methods exist, such 

as weighted least-squares or other minimum norm methods, which are less susceptible to 

bad pixel data and noisy data. 

The inherent limitation of the PSl method is in the phase change limitation of n 

per pixel. This is equivalent to requiring the wavefront slope to change by less than one 
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half wave per pixel. One half wave is one half fnnge in the interferogram and one half 

wave per pixel then requires two pixels per full fnnge. This is the Nyquist sampling rate. 

The Nyquist sampling theorem states that in order to be resolved, a frequency must be 

sampled twice per cycle (see for example, Gaskill. 1978). The origin of the tt per pixel 

limitation of PSI lies in the Whittaker-Shannon sampling theorem. The theorem states 

that if a scene is band-limited to less than the Nyquist frequency of the sensor, the scene 

can be recovered, without error, from the sampled image. Frequencies higher than the 

Nyquist frequency will be undersampled by the sensor array. For an array of small pixels, 

the higher frequencies will actually alias with the sensor array and be displayed as lower 

frequencies. Figure 2.5 (a) shows a correctly sampled frequency, while Figure 2.5 (b) 

shows the effects of undersampling a high frequency. 
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Figure 2.5 Sampling and aliasing: (a) input frequency less than Nyquist frequency 
and (b) the input frequency exceeds the Nyquist frequency 

By limiting the relative wavefront phase between test and reference beams to one 

half wave per pixel. PSI effectively limits the range of measurable wavefi^onts. As an 

example, for a standard 1/3-inch detector array employing 500 pixels across a diameter, 

the sampling frequency, which is determined by the pixel spacing, is roughly 60 

cycles/mm and the Nyquist frequency is half of that at approximately 30 cycles/mm. A 

test wavefront of a simple 4''' order asphere is limited to a departure of 32X from the 

reference. In actual practice, the measurable departure is lower due to poor detector 

modulation at the Nyquist frequency. This is discussed in more detail in Chapter 3. A 

departure of 30X is only 19 ^m of departure at a test wavelength of 632 nm. When 

considering current aspheric fabrication techniques can readily produce surfaces of tenths 
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of millimeters up to several millimeters of departure from the best fit sphere, the 

inadequacy of traditional PSI for aspheric metrology is obvious. 

Aspheric Wavefront Reduction 

By definition, an asphere departs from a sphere and there is no inherent limitation 

on the magnitude of that departure. Interferometric measurement of an asphere then 

requires some means of overcoming the small departure limitation of PSI. Many methods 

have been developed for this purpose. These approaches include use of a null optic to 

reduce or remove the asphericity from the wavefront, use of a larger detector array to 

increase the spatial sampling, use of a longer wavelength to reduce the effective 

asphericity. or implementation of subaperture sampling of the wavefront. Each of these 

has tradeoffs which make it less satisfying. 

Null optics are expensive and difficult to fabricate, requiring long lead times for 

each null lens. Also, the null optics must be designed, fabricated, and characterized to a 

greater degree of precision than that desired for the measurement of the asphere in 

question. For refractive nulls, this requires precise measurement of all radii of curvature, 

glass thicknesses, air spaces, index of refraction, and any alignment errors such as 

decenter or tilt of individual elements of the null lens. Computer generated holograms 

(CGH) can be used in place of a refractive null, but there are equivalent challenges 

associated with the fabrication and verification of these nulls as well. A CGH is a binary 

representation of the interferogram that would be obtained if the asphere were interfered 
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with a plane reference (Wyant, 1987). The accuracy of the test when using a CGH is then 

linked to the precision with which the binary "fringes" can be recorded. 

For both refractive and holographic nulls, a unique null optic is necessary for each 

asphere to be tested. For products which are to be mass produced, the cost of a null is 

easily offset by the high volume of aspheres produced using that null. However, null 

optics are cost and time prohibitive for prototype systems or small volume production 

projects. In addition, null tests are highly sensitive to alignment of the test optic and the 

null lens or CGH. Tolerancing on a CGH designed to provide L'lSO rms wavefront 

match indicates a 90% likelihood that the manufacturing and alignment errors will 

produce only X/40 rms performance (Curato. 1999). Precision alignment methods must 

be designed in order to determine whether a test feature is a fabrication error or an 

alignment error. 

A larger detector array can easily increase the measurement range by up to a factor 

of four, by changing from 500 x 500 array to a 2000 x 2000 pixel camera. However, this 

will not improve the interferometer enough to handle large departure aspheres. For 

example, a mirror with a fourth order aspheric departure of 0.1 mm measured at best 

focus will produce a test wavefront departure from the reference of 60>. at 632 nm. For 

an array of 15 ^m pixels, this would require a detector with 3000 x 3000 pixels to resolve 

the fnnges. Since aspheric surface departures can easily be several tenths of a millimeter, 

the number of pixels required can rapidly become unapproachable. The largest 

commercially available detectors contain 2048 x 2048 arrays, but these large detector 
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arrays are expensive and require large data files for saving and manipulating images. 

Also, the data rates for megapixel cameras are difficult to process and the current state of 

the art in fiamegrabber and computer PCI bus technology cannot easily handle the full 

resolution of these cameras. 

It is possible to do interferometry at longer wavelengths, which decreases the 

relative sag. in waves, of the wavefi-ont for a given physical surface departure. In this 

case, die increase in dynamic range is linear with wavelength, so a change fi'om 0.632 ^m 

to 10.6 ^m allows for roughly 17 times greater surface departures to be measured. 

However, using a longer test wavelength reduces the sensitivity of the measurement, 

resulting in a larger dynamic range at the cost of sensitivity. Aspheres designed for use 

with infrared optics are generally satisfactorily tested using long wavelength 

interferometry. since a measurement made with kJ2Q resolution at a test wavelength of 10 

|am still yields subwavelength resolution for a mid-IR application. However, visible 

optics needing X/IO resolution would require better than Ay 100 measurement at 10 ^m. 

Subaperture testing can be used to test an asphere with large departures by 

measuring several smaller apertures, each of which has a reduced amount of departure. 

This works quite well, however, as the total surface departure increases, the number of 

subapertures also increases. Environmental sensitivity becomes greater as the total data 

acquisition time increases. Also, the process of stitching the subaperture data together to 

produce the entire surface measurement is difficult. Each subaperture must be aligned 

three dimensionally with its neighboring datasets, including tilt, decenter, and piston 



34 

terms. This requires extreme precision in the mechanical motion used to position the 

instrument for each subaperture measurement. While this method has been shown to 

work well for strong spheres (Catanzaro, 2001), it has not been demonstrated successfully 

for large aspheric departures (Hansel. 2001). 

All of these methods of increasing the dynamic range of standard interferometry 

involve compromises of some kind. A better approach would be to design a metrology 

system that has the dynamic range to resolve the high fnnge frequency, and therefore the 

large wavefront departures, of an aspheric optic, while maintaining the sensitivity of a 

visible wavelength PSI measurement. Two methods for overcoming the Nyquist 

frequency limitation have been developed and demonstrated. 

The first of these is two-wavelength phase shifting interferometry (TWPSI), 

which uses two separate interferometric measurements of the optic at different 

wavelengths (Cheng and Wyant, 1984). This results in two modulo 2n data sets for the 

same optic. Since a phase of 27t is different for each wavelength, there is only one 

possible wavefront which will match both data sets. As is the case for standard PSI, each 

data set will have a range of possible solutions for each data point. Combining the two 

measurements produces two solution sets which overlap at the real wavefront solution. 

The net effect is a measurement with an equivalent wavelength: 

^ea = , Equation 2.12 
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where X| and >.2 are the measurement wavelengths. The standard PSI phase unwrapping 

algorithms can be applied using the equivalent wavelength. The equivalent wavelength is 

longer than either of the test wavelengths, providing the extended measurement range of a 

long wavelength interferometer, while maintaining the sensitivity of a standard visible 

wavelength test. 

The major challenge to TWPSI is the chromatic effects of a multiple wavelength 

optical system. The interferometer optics must be well-corrected for both test 

wavelengths. This requires detailed custom optical design for the collimation and 

imaging lenses as well as the diverging lens used to generate the reference wavefront. 

Also, expensive dual-wavelength beamsplitter coatings are required. Another 

disadvantage is that this method cannot be used for a transmitted wavefront test, since 

dispersion in the test optic will cause different test wavefronts at each wavelength, as 

opposed to the required identical wavefront scaled by wavelength. 

Finally, it must be noted that the test wavefront at both wavelengths will be 

aspheric, creating high frequency fringes on the detector array. The data modulation must 

be sufficient at both test wavelengths for the phase to be correctly measured. The fringe 

frequency limitation for each test wavelength is still the detector Nyquist frequency. 

Thus, TWPSI does not increase the measurable asphericity of PSI. Rather, it is best 

suited for measuring surfaces with discontinuities or steps and is frequently applied in 

interference microscope systems. In order to correctly sample high frequency fringes due 

to a smooth aspheric surface, the detector Nyquist limit must still be overcome. A sparse 

array sensor could be used with TWPSI to extend the method to steeper aspheres, but the 
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added complexity of chromatic effects and two sets of data makes this less attractive. 

Sparse array sensors are dealt with in greater detail under the next method. 

Sub-Nyquist Interferometry 

The second method for elimination of the Nyquist limitation without use of null 

optics is Sub-Nyquist Interferometry (SNI) (Greivenkamp, 1987). This method is an 

extension of PSI which uses a priori information about the test surface or wavefront to 

resolve the phase unwrapping ambiguities due to aspheric fnnges. As stated previously, 

the slope limitation of the PSI algorithms is based on the Whittaker-Shannon sampling 

theorem. However, while the theorem states a bandlimited scene can be correctly 

recovered from a sampled image, the inverse does not hold. That is. a scene which is not 

bandlimited to the Nyquist frequency might still be correctly recovered from a sampled 

image. However, if a scene is not limited to the Nyquist frequency, the resulting sampled 

image will be aliased, with frequencies higher than the Nyquist frequency api^earing in 

the sampled image as lower frequencies. This results in an ambiguity in the sampled 

image data which requires some additional information about the wavefront or surface 

under test to correctly unwrap the phase. 

The difficulties involved in aliased data are shown graphically in Figure 2.6. The 

plot in Figure 2.6 (a) displays a sample spatial frequency bandwidth for an image or 

interferogram. If the image is sufficiently sampled, the bandwidth will be entirely within 

the Nyquist frequency range as in (b). However, if the spatial fi^quency bandwidth 

exceeds the Nyquist frequency, the sampled data will contain aliasing. In the overlapping 
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regions in (c) there is an ambiguity as to the origin of the frequency data. Since only 

frequencies below the Nyquist fi-equency can be recorded by the detector, it is impossible 

to determine whether a recorded frequency is due to actual data at that frequency, or due 

to an aliased higher frequency. Aliasing is a localized phenomenon, so there is only one 

frequency content source at any particular location within the image. Determining 

whether the source is a true low frequency or an aliased high frequency is possible if 

additional knowledge about the original spatial frequency content is available. 

fwe) (a) 
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Figure 2.6 Nyquist bandwidth issues 
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This additional, a priori, information is the basis for the Sub-Nyquist method. 

SNI uses the assumption that the surface or wavefront under test is smooth, implying a 

derivative continuity requirement. This is an acceptable assumption for an optical 

metrology system. Interferometry typically depends on smooth surfaces in order to get a 

good reflected or transmitted beam quality without problems due to scattering noise or 

loss of beam coherence. It is possible to do interferometry of discontinuous surfaces, but 

they cannot be measured with a standard interferometer such as is used with PS I for 

traditional optical surface or wavefront metrology. Constraining measurements to 

optically smooth surfaces, where the roughness is significantly less than a wavelength, is 

not a limiting requirement, as it is typically already a requirement for interferometric 

testing. Adding a derivative continuit>' constraint to the system allows the ambiguity due 

to aliasing in an aspheric interferogram to be resolved during the phase unwrapping 

process. So while PSI imposes a phase height change limitation of n per pixel, SNI sets a 

phase slope change limitation of n per pixel per pixel. In other words, the wavefront 

limitation has changed from a first derivative constraint (n/pixel) to a second derivative 

constraint (rr/pixel/pixel). Thus the figure of merit for a measurable wavefront changes 

from rate of change of height to the rate of change of slope. The phase unwrapping 

process in SNI is now freed from the limitation of only being able to unwrap small phase 

height changes. As in PSI, the phase unwrapping algorithm adds an appropriate multiple 

of 2iz at each wrapped discontinuity. However, in SNI, instead of satisfying a n phase 

difference between pixels, the algorithm works to satisfy the wavefront continuity 
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requirement. If this is not sufHcient. the method can be extended to satisfy a second 

derivative continuity requirement. 

The SNI phase unwrapping procedure is shown graphically in Figure 2.7 - Figure 

2.9 in a manner similar to that shown for PSl earlier. The wrapped phase points are again 

modulo 271 from the usual arctangent phase calculation. However, there is additional 

apparent wrapping due to aliased fringe data. The desired aspheric wavefront phase is 

drawn unwrapped in Figure 2.7. If traditional PSI algorithms are applied to the modulo 

27t data, the result in Figure 2.8 is achieved. The algorithm fails when the correct phase 

value is more than k away from the adjacent pixel. 

It is important to note that the SNI method is not a replacement, but rather an 

extension to PSI. Therefore, after the PSI algorithm has been applied, the SNI algorithm 

is used to resolve errors left by what is now the first order unwrapping solution. As 

Figure 2.9 shows, the SNI method extrapolates from the correctly unwrapped portion of 

the wavefront phase to determine the appropriate multiple of 2ti which will result in a 

smooth wavefront phase. Since SNI is applied after an initial PSI algorithm is run, it is 

partially dependent on the traditional phase unwrapping technique. This implies that 

there must be some region of the interferogram which is not aliased and can be 

successfiilly unwrapped using PSI. This unaliased region becomes the starting point for 

the SNI algorithm, producing at least two good data points from which to calculate the 

slope of the wavefront phase surface. 
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Figure 2.9 Correct reconstruction after applying slope continuity algorithm 

Implementation Issues 

There are several issues which become critical when the SNI method is 

implemented. The first major change which must be made to the interferometer results 

from the sampling issues and involves the detector array. The preceding figures assume 

the interferogram has been perfectly sampled without loss or degradation of the data. In 

actual practice, a standard detector array will not correctly sample a highly aspheric fnnge 

pattern. Chapter 3 deals with the problems involved if a camera containing a standard 

pi.xel array is used to sample high frequency images. As was mentioned in the discussion 

2 3 5 1 4 6 7 9 10 8 
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of TWPSI, high frequency fnnge patterns must be captured by a sparse array camera. 

This type of device approximates a delta function sample at each pixel location by 

reducing the effective pixel area to a very small pinhole region. This prevents loss of data 

due to fnnge averaging over a larger pixel area. It also increases the maximum supported 

spatial frequency of the detector, thereby increasing the potential measurement range. 

In addition to the sampling issues, the interferometer itself must be completely 

redesigned for implementation of SNl. In a traditional null test, the interferometer optics 

do not introduce significant error into the measurement. However, in a non-null test 

setup, there will be a significant retrace error which cannot be disregarded. As Chapter 4 

discusses, this error must be resolved using a method called reverse optimization. This 

process involves using lens design software to back out the prescription of both the test 

wavefront and the interferometer itself based on the measured fringe data. This 

calibration process must be done for every test part, since the retrace error is test 

dependent. 

In order to successfully account for the measurement errors and implement reverse 

optimization, the interferometer must be designed to meet certain conditions. First, the 

system design needs to allow for independent characterization of each component. The 

individual refracting and reflecting surfaces must be known to high precision. Secondly, 

the design must allow for a full lens design software model to be created for the reverse 

optimization process. Since every component is essentially a variable, the simpler the 

design, the more efficient and successful the calibration process will be. Chapter 5 

discusses the interferometer design issues associated with non-null and aspheric testing. 
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CHAPTERS 

SPARSE ARRAY CAMERA 

The limitations of PSI testing and the extension provided by SNI are linked 

directly to sampling theory. The aliasing artifacts due to discrete sampling of a high 

spatial frequency image are the primary source of information in the aspheric 

interferogram data. The detector array used to sample the fringe pattern must be able to 

resolve the high spatial frequencies with sufficient modulation to allow the phase 

unwrapping algorithm to function. This chapter explains the shortcomings of standard 

detectors and the necessary steps required to obtain a high modulation, high resolution 

sparse array camera. In addition, a convenient method for measuring the MTF of the 

detector is described. The development of a custom detector is explained and MTF 

measurement results reported. 

Standard detectors 

For any sensor, the sampling frequency of the array is determined by the center-to-

center pixel spacing, and the Nyquist frequency is half of the sampling frequency. 

However, the maximum image frequency to which the sensor will respond is determined 

by the active pixel size. A sensor can detect a frequency that it caimot resolve. The 

cutoff frequency for an array with contiguous pixels occurs at the sampling frequency. A 

standard CCD detector used for interferometry typically consists of either a 480 by 640 or 
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a 512 by 512 pixel array with a pixel size between 10 and 15 nm. A sensor with a 15 

pixel pitch has a Nyquist frequency of 33.3 cycles/mm. 

I I 

= fomff =66 J cyclcs/mm 

^Njumt =33-3 cycles/mm 

10 20 30 40 5D 6( 
Spatiol  f ' -^qu^riry (cvr/rTim) 

Figure 3.1 Theoretical MTF for 15 ^lll square pixel 

A detector cannot resolve any frequency beyond the pixel Nyquist frequency. 

Therefore spatial frequencies beyond the Nyquist frequency will alias to the baseband of 

the sensor, as seen in Figure 3.2. It is this aliasing that SNI encourages and exploits 

(Greivenkamp, 1987). However, the detector modulation drops off rapidly due to the 

MTF of the pixels themselves. As Figure 3.1 shows for a contiguous 15 ^m pixel, the 
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modulation falls off rapidly, falling to 60% at the Nyquist frequency and dropping to zero 

at the sampling fi-equency. This is most easily understood by comparing the fnnge size to 

the pixel size when the fnnge frequency is equal to the sampling frequency. In that case, 

there is exactly one fnnge per pixel. For a contiguous pixel array, each fiinge will 

completely fill a single pixel, resulting in an output from the detector that is simply the 

average irradiance. If the image on the detector array was a uniform fnnge pattern at the 

sampling frequency, the captured image would be uniformly gray, indicating zero 

modulation. Thus, if a standard detector were used as the detector for an SNI instrument, 

the measurable wavefront slope would be improved by less than a factor of two. The SNI 

algorithm allows for aliased fringes at frequencies higher than the Nyquist limit. 

However, since the modulation for a standard detector drops to zero at the sampling 

frequency, the measurable fiinge frequency would increase by a factor of two from the 

Nyquist frequency to the sampling frequency. 
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Figure 3.2 High frequencies alias to lower frequencies 

Electronic Bandwidth Manipulation 

Standard video applications and PSI assumes tiie scene or fringe pattern of interest 

contains no frequencies beyond the Nyquist limit. Electronic noise in the video signal 

due to pixel clocks will often occur at the Nyquist frequency. With contiguous pixels, 

aliasing artifacts will often appear at frequencies near the Nyquist frequency. Significant 

image improvement occurs by tailoring the bandwidth of the detector electronics to roll 

off the frequency response at or below the Nyquist frequency. 

The electronic bandwidth of the detector affects the temporal frequency response 

of the video signal being captured. The image being captured, however, has spatial 

Nnnat = 33.3 cyelcs/mm 
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frequency content. The relationship between the spatial and temporal domains is based 

on the detector pixel clock. At the spatial Nyquist frequency there are two pixels per 

cycle such that adjacent pixels are bright and dark. In order to resolve this image, the 

detector must accurately record every pixel. The output analog video stream from a row 

of pixels will alternate high and low voltages as the pixels are read out. Since the video 

signal from each pixel in a row is processed at the pixel clock rate, the detector 

electronics act as a conversion from spatial frequencies to temporal frequencies. Thus the 

spatial Nyquist frequency maps to the temporal sampling frequency. A system based on 

aliasing must be able to support this video signal with a frequency of half the clock 

frequency. 

The temporal frequency bandwidth of the detector electronics can be tailored to 

alter the modulation of the frequency content in the video stream. Generally, a sharp cut

off filter or other low pass filter sets the electronic bandwidth of standard detectors. The 

filter removes high frequency clock noise and all high frequency signals above the 

Nyquist limit. Primarily, the electronics are designed to maximize the signal to noise 

ratio and filter out the strong clock noise component in the video signal. However, since 

the pixel clock operates at the temporal sampling frequency of the detector, it is also 

operating at the spatial Nyquist frequency. The detector electronics then also prevent 

aliasing from appearing in the video signal since aliasing occurs above the spatial Nyquist 

frequency. In a standard camera, if the high frequency signals are not removed from the 

video, aliasing can produce undesirable ambiguity and some disturbing visual effects in 



48 

the images. The use of a low pass filter improves the signal-to-noise ratio and results in a 

"better looking" image. 

Sparse Array Detector 

In order to take full advantage of the SNl method, the detector used for capturing 

fringes should detect very high spatial frequency inputs and must have sufficient 

modulation over this entire range of image or fnnge spatial frequencies, including the 

Nyquist frequency. The first task is to increase the cutoff firequency of the camera due to 

the pixel size. This can be accomplished by constructing the pixel array as shown in 

Figure 3.3. A reduction in pixel active area will increase the cutoff frequency over that of 

the contiguous pixel array by the ratio of pixel width to pixel spacing or pitch. The 

width-to-pitch ratio has been termed the G-factor (Paium and Greivenkamp, 1989). 

3. b 
G ^  = —  a n d  G ^  = —  E q u a t i o n  3 . 1  

X, y. 

Where a. b, Xs. and ys are defined in Figure 3.3. The resulting pixel array is termed a 

sparse array, due to the relatively large inactive area on the detector array. A sparse array 

sensor has a duty cycle of substantially less than one in both the horizontal and vertical 

directions. 
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Figure 3.3 Sparse army 

The reduction in pixel size for a sparse array is done by placing a pinhole over 

each pixel. One possible implementation would be to image an array of holes onto a 

standard pixel array. This method has the advantage of making the pinhole array easily 

accessible and measurable. Unfortunately, distortion and aberration in the imaging can 

result in a poor alignment of pinholes to pixels. A second implementation, and the one 

chosen for this work, is to apply the pinhole array directly onto the pixels themselves. 

This removes any difficulty due to imaging and alignment considerations by placing the 

pinholes exactly on each pixel. However, the fabrication complexity of the detector 

increases and requires a custom sensor array. 

The sparse array sensor used for this work is a modified camera provided by 

Thermo CID Technologies (Liverpool. NY). The imager consists of a 512 by 512 array 

of contiguous square pixels with a nominal center to center spacing of 15 |am. The 

nominal cutoff frequency for this array is 66.67 cycles/mm. with a corresponding Nyquist 

fi-equency of 33.33 cycles/mm, and a G-factor of 1. The standard contiguous pixel array 
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is converted to a sparse array by modifying the final aluminum layer of the detector, 

which is usually used to establish a black level over a few edge rows of pixels. This layer 

is extended to cover the entire sensor and etched with circular pinholes to create a pinhole 

mask. The mean pinhole diameter is 2.35 ^m and the pinholes are offset from center on 

each underlying square pixel. The offset is due to the nature of the CID pixel electronics, 

in which the electrodes cross each pixel at the center. A scanning electron microscope 

magnified image of the pinhole mask is seen in Figure 3.4. The G-factor for this sensor is 

0.157. The pinhole mask increases the theoretical cutoff frequency of the sensor to 425 

cycles/mm. On a standard detector, the Nyquist frequency limits the measurement range 

of a PSI system, yielding a maximum detectable frequency of half the sampling 

frequency. Since the pixel spacing has not changed by adding the pinhole mask, the 

Nyquist frequency is unchanged, while the cutoff frequency is increased. The resultant 

theoretical measurement range of an SNI system increases by a factor of 2 due to the SNI 

algorithm and an additional factor of 6.5 due to the pinhole mask. This is a total increase 

by a factor of 13 over that of the PSI instrument. 



51 

Pinhole 

Underlying pixel area 

Figure 3.4 SEM image of sparse array pinholes 

Epitaxial CID technology provides additional benefits because it is naturally anti-

blooming and has a wide linear dynamic range. The epitaxial junction acts as a charge 

collector under each pixel and effectively eliminates charge spreading in the substrate. 

Small regions of high intensity exposure overload do not spread to cause blooming or 

streaking as can happen with CCDs. For the sparse array application, this increases the 

modulation at the Nyquist frequency, since neighboring pixels, which will be bright and 

dark, do not influence each other. The wide linear dynamic range of a CID allows intense 

and faint images to be acquired accurately in the same exposure. This dynamic range is 

required for the large contrast in the interferometric images. 
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The CID progressive read capability is an important feature for interferometry. 

Many standard camera systems use interlaced video signal, separating the readout of 

adjacent rows in time. Since interferometric fnnges are not perfectly stationary, 

neighboring rows must be read out on a time scale that is small relative to the fringe drift. 

For an RS-170 line time of 63.5 fis. adjacent rows in a progressive scan frame are only 

63.5 ^s apart, while an interlaced frame reads them out 33 ms apart. Note that 

progressive scan CCD cameras are available which will perform in a similar manner. 

Finally, most standard CCD arrays use rectangular pixels laid out on a rectangular 

array, a practice based on television and film formats. The square pixels laid out in a 

square grid on this CID array simplify image processing and analysis. Since the fnnge 

data is sampled over a regular grid, the image processing in sofhvare can be done on an 

evenly spaced coordinate system. This eliminates potential error from resampling the 

data in order to remove the rectangular grid anamorphism. In addition, image display and 

visual analysis is simplified since standard graphics routines generally assume regularly 

sampled image data. 

High Modulation Camera Electronics 

For SNI, high frequencies must be resolved by the detector. The sparse array 

pixel layout removes the limits on fnnge detection, but the detector electronics still pose a 

potential frequency limitation. As explained previously, the standard electronics are used 

to control the modulation and minimize aliasing while maximizing modulation over the 

frequencies of interest. The standard electronics roll the video bandwidth off at or below 
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the sensor Nyquist frequency. The detector electronics must be altered in order to satisfy 

the SNI measurement requirements. 

Changing the characteristic of the sharp cut-off filter used in standard video can 

increase the electronic bandwidth of the camera. The sharp cut-off filter has a 3-dB point 

of 4.2 MHz on the standard CID camera. Figure 3.5 shows the block diagram of the 

modified camera electronics. The modified camera uses a 27 MHz crystal to generate the 

master clock. The pixel rate is 1/3 the master clock frequency, or 9 MHz. At the 9 MHz 

pixel rate, the pixel time is 111 nsec. At the Nyquist frequency. 222 nsec is required to 

complete a full cycle of one dark pixel and one bright pixel, which corresponds to a video 

band frequency of 4.5 MHz. In order to achieve individual pixel resolution, it was 

necessary to re-design the sharp cut-off low pass filters. Figure 3.6 shows the schematic 

with the modified low pass filters highlighted and Figure 3.7 plots the simulated response 

of the modified low pass filter, which opens up the camera bandwidth. The 3-dB point 

moves out past 5 MHz, beyond the video passband. A bucking circuit was added to 

cancel the clock noise, by adding a signal equal to the clock noise but opposite in phase. 
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Figure 3.5 Modified camera electronics block diagram 

Figure 3.6 Modified low-pass filter schematic 
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Figure 3.7 Simulated frequency response of modified low-pass filter 

The final step in achieving the maximum recorded fringe modulation is to 

optimize the framegrabber-to-camera synchronization. The framegrabber must be able to 

support the camera pixel clock frequency. The analog to digital conversion sampling is 

the point of interest in this case. If the A/D sampling period is not perfectly aligned with 

the incoming video signal, the data will not be accurately digitized. This is a form of 

pixel jitter. This effect can be virtually eliminated by using a framegrabber which accepts 

an external pixel clock input from the detector. In addition, in order to optimize the 

synchronization, the A/D sampling time must be adjustable to align the sample with the 

incoming clock pulse. The BitFlow (Wobum, MA) Raptor framegrabber is used, which 

accepts an external pixel clock and is adjustable by a 10, 20, or 30 ns delay relative to the 
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input clock pulse. The digitized fringe modulation is optimized by projecting a fiinge 

pattern at the spatial Nyquist frequency of the detector array onto the detector. The 

framegrabber clock delay is then adjusted to achieve maximum modulation of the fringes. 

Using this clock alignment capability provided approximately 20% increase in 

modulation at the Nyquist frequency for the fully sampled data. 

MTF Testing 

There are several methods established for obtaining a characterization of the MTF 

performance of an imaging system and/or detector. Generally, the MTF of the detector 

does not need to be calculated separately from the imaging optics. This leads to methods 

which measure the frequency response of the entire instrument or imaging system. These 

tests include measuring the system response to a point source, a line source, an edge, a 

sine wave, a bar target, or a random target. Each test method emphasizes a slightly 

different response output for the system under test (Dereniak, 1996). 

As detectors are nearly always used In conjunction with an imaging lens of some 

kind, an impulse response test can be very informative. This is particularly Uiie for a 

system designed for infmite conjugates. In this case, the response to a point source will 

produce the Imaging system point spread function, which can be Fourier transformed to 

yield the complete two dimensional optical transfer function. Line and edge response 

techniques offer similar results in one dimension and are especially convenient for finite 

conjugate or low light level systems. Random target response tests use a bandlimited 

white noise target to measure the frequency response of a system of a specified range. 



The random target test can be used with an imaging system, employing a transparency as 

a target, or with a detector alone, employing a laser speckle technique. This method has 

the added benefit of obtaining an average system MTF since the frequency content of the 

target is distributed randomly over the test aperture. The previously mentioned methods 

are all spatially dependent and will produce varying results as a fimction of location on 

the detector array. However, the random target method is generally limited to firequencies 

below the Nyquist rate in order to prevent aliasing issues. 

Sine wave and bar target response tests present the most direct method of 

obtaining the frequency response of an instrument. Strictly speaking, the MTF is defined 

for spatial frequencies of a sinusoidal form. It is a measure of a system's ability to 

transfer a constant amplitude sine wave modulation at various spatial or electrical 

frequencies. A bar target is a convenient approximation to a sine wave and is much easier 

to precisely fabricate. Due to the extra harmonic frequency components of a square 

wave, the MTF must be defined in terms of a contrast frequency response (CTF), a series 

representation. In general, this results in a higher measured modulation, but is an 

accurate MTF can be obtained through appropriate filtering and data processing. Either a 

sine wave or bar target will yield a result that can be evaluated on a localized basis or in 

an average sense. The average system response tends to be more informative, since the 

location of a specific spatial frequency in an image is generally not known in advance. 

As with any instrument characterization, the design and intended use of the 

system impacts which method is most informative. Since the sparse array camera is 

designed for use with an interferometer, the expected im^e source content is well 
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known. By definition, an interference pattern is composed of a sinusoidal irradiance 

distribution which is a function of the optical path difference between the interfering 

wavefronts. Equation 2.3 states this explicitly. A lens is used to image the test plane of 

the interferometer onto the detector and to relay the fnnge pattern with the appropriate 

magnification onto the sparse array sensor. The measurable wavefront slope limit for the 

system is then ultimately set by the MTF of the imaging system. Given that the images of 

interest will contain sinusoidal spatial frequencies, the sine wave target test is best suited 

to provide the desired MTF data. 

The individual imaging system components can all be characterized independently 

or in combination. It is important to note that in general, an imaging or video system 

MTF must be evaluated as a whole in order to fully understand the system fi'equency 

response. Often, MTF measurements are made on a video system as a whole, in addition 

to individual components (Jackson, 1998). These elements include apertures, lenses, 

detector arrays, amplifiers, A/D converters and any other electronic components which 

may affect the frequency response. For the purpose of evaluating a camera, the MTF 

measurement can be made on the entire video capture system, without considering the 

optical elements which may precede it in the full imaging system. The measurement in 

this case includes the detector array, camera electronics such as preamplifier and signal 

conditioning, and the framegrabber used to digitize the image. 

The MTF measurements performed in this manner on the sparse array camera 

show the limiting resolution for the camera system. These results will be modified by the 

other elements of the interferometer, especially the imaging lens. As is discussed in 
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Chapter 5. the imaging lens for the interferometer is chosen to satisfy a set of 

requirements, including MTF considerations. For this reason, it is not evaluated in 

combination with the sparse array sensor. Instead, the detector array, camera electronics, 

and fiamegrabber are characterized as a unit, independent fi-om the rest of the 

interferometer. 

MTF Measurements 

The MTF of a detector can be measured by projecting a sinusoidal bar pattern of a 

known spatial frequency onto the pixel array. The contrast or data modulation of the 

sampled image can be calculated from the recorded pattern using 

Y(X, y) = . Equation 3.2 
I(x.y) 

where r'(x,y) is the intensity modulation and r(x,y) is the average intensity. However, 

the sparse array detector is sensitive up to very high frequencies. This requires high 

frequency content in the sine wave bar target, which is difficult to obtain. A convenient 

method of generating sinusoidal intensity patterns is to use interference fnnges. 

Introducing a known angle between two coherent beams will produce tilt fnnges of a 

constant spatial frequency across the detector plane. High frequency patterns can easily 

be generated in this fashion. Fourier analysis can be used to determine the actual 

frequency and the average pixel modulation (Marchywka. 1992). A simpler analysis is 
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provided if the sinusoidal fiinge pattern is phase shifted and the modulation calculated 

from the recorded images (Greivenkamp and Lowman. 1994). Using the five fi^e 

Hariharan algorithm, the following equation is used to obtain the fnnge modulation as 

recorded by the detector (Greivenkamp and Bruning, 1992): 

Figure 3.8 shows the back end of a Mach-Zehnder interferometer, employing a 

wedged plate beamsplitter to recombine the beams (Malacara, 1992). Tilting the 

beamsplitter generates the desired fiinge pattern on the detector array. The nominal null 

interference pattern contains less than X/4 aberration and is negligible with respect to the 

modulation measurement. An autocollimator is used to monitor the beamsplitter tilt 

angle. The autocollimator reticle has marked increments of 0.25 arcminutes and a 

resolution of 15 arcseconds. Data is taken in steps of 1.25 arcminutes. The system is 

modeled in lens design software and the wavefront OPD for each recorded angle is 

calculated. This OPD is proportional to the spatial frequency of the tilt fringes on the 

detector array, as is given by. 

Equation 3.3 

, 2*QPD 

D 
Equation 3.4 
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where £ is in cycles per millimeter, the OPD is in waves and D is the detector array 

diameter in millimeters. 

Bean 1 

Beam 2 

Beamsplitter 

Souor Pixel Amy 

Figure 3.8 MTF measurement system layout 

For two coherent, equal irradiance beams, the contrast of the tilt fringes will be 

very high. Ideally, the digitized fringes will use the entire 8-bit A/D range of the 

framegrabber. Given this, the modulation at DC should be unity. The actual modulation 

calculation can result in a value different from unity due to detector noise, A/D error, gain 

and offset settings for the framegrabber. and polarization and irradiance differences 

affecting the interference of the two beams. Therefore, the modulation values for 

frequencies near DC are used to normalize the entire MTF curve. A sample low 

frequency fringe pattern and its cross-section is shown in Figure 3.9, displaying the 

recorded contrast near DC. 
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Figure 3.9 Sample low frequency fringes and cross section, 8-bit digitization 

MTF Results 

A standard 512 by 512 progressive scan CID camera consisting of 15 urn 

contiguous square pixels was tested for comparison with the sparse array camera. The 

actual active area of each pixel is 14 |am square, due to the physical geometry of the pixel 

array. As expected. Figure 3.10 shows the drop in modulation below the Nyquist 

frequency in the horizontal direction. The maximum resolvable spatial frequency is 

approximately 26 cycles/mm, which is well below the Nyquist limit of 33 cycles/mm. 

Notice the measured vertical MTF follows the theoretical very closely. The difference in 

modulation compared to the horizontal direction is due to the relative time between 

horizontal and vertical pixels in the video signal. Adjacent horizontal pixels are read out 
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at the pixel clock rate of 9 MHz. The vertical pixels are read out at the line rate, which 

for an RSI70 line time is only 15 kHz. Thus the vertical modulation is not affected by 

the electronic bandwidth of the detector and performs near the optical limit. Also, the 

horizontal modulation never actually reaches zero. This is most likely due to a 

combination of effects. At low modulation, the signal to noise ratio is very low, making 

the measurement susceptible to spurious fnnges and air turbulence, which can influence 

the apparent data modulation. 
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O.e 
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•D O 
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Figure 3.10 Measured MTF for a standard CID camera 
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The sparse array camera is also a 512 by 512 progressive scan CID camera with 

15 (im pixel spacing. The pinhole mask consists of an array of 2.35 jim diameter 

pinholes set slightly off-center over each pixel. Figure 3.11 plots the modulation from 

DC to the Nyquist frequency. The significant improvement in modulation over the 

standard detector is obvious in the horizontal measurement. While the camera electronics 

do still reduce the modulation from the theoretical limit, the digitized fringes are recorded 

with over 40% modulation near the Nyquist frequency. 

It is important to note that the offset from the theoretical curve near DC is not a 

normalization error. The measured data values near DC do exceed unity and are cut off 

in the plot. In fact, the MTF for low frequencies is highly susceptible to fringe contrast 

and air turbulence. To prevent saturation, the laser power is adjusted to produce a fringe 

maximum slightly below the A/D limit of 256. Due to background noise, the fringe 

minimum is not exactly zero. A cross-section of a sample fringe pattem shown in Figure 

3.9 displays the fringe maximum and minimum. Another noise source stems from the 

lack of an isolation box around the interferometer during the MTF data measurements. 

Without environmental isolation, air turbulence affects the fringes. The net effect is a 

frequency dependent error. As the fringe frequency increases, the relative amount of data 

averaging over a pixel increases. This has an averaging effect for random turbulence 

which makes MTF measurements at higher frequencies less susceptible to fringe drift due 

to turbulence. As a result, the measured MTF values for low frequencies ranged from 0.8 

to 1.4. A detailed analysis of the errors influencing low frequency MTF measurement is 

found in work by Marchy wka (1994). 
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Despite the above effects, the vertical data shows much better correlation with the 

theoretical limit than the horizontal. The vertical MTF performance of the sparse array 

departs from the theoretical curve more than for the standard array. This is most likely 

due to some level of crosstalk or charge leakage between adjacent rows. Since the 

vertical performance is not the limiting resolution in the camera, no conclusive tests were 

done to determine the cause of this decrease in vertical modulation. There is an 

interesting feature of the horizontal MTF which occurs at approximately 25 cycles/mm. 

The curve dips down and then rebounds to higher values at the Nyquist frequency. This 

feature appears to be a result of the efforts to improve modulation at the Nyquist rate. The 

feature is actually an increase in modulation for higher frequencies rather than a dip in the 

curve at a lower frequency. 
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Figure 3.11 Measured MTF for sparse array CID camera, DC to Nyquist frequency 

The entire resolution range of the sparse array camera in the horizontal direction is 

shown in Figure 3.12. Since all frequencies higher than the Nyquist frequency alias to 

lower values, the features of the MTF curve from Figure 3. II are repeated for multiples 

of the Nyquist frequency. Thus every even multiple of the Nyquist firequency results in a 

DC fhnge pattern and odd multiples are electronically equivalent to an input at the 

Nyquist frequency itself. The measurement errors for low frequencies discussed above 

are much more obvious in this plot. It is also important to note that this is the average 

modulation for the entire detector array. The data does not show the variation due to 

pinhole irregularity or beam nonuniformity across the array. Also plotted is the 
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theoretical MTF curve for the small pixel areas. Excellent overall agreement is found as 

this curve serves as an envelope function for the MTF plots. 

Generally, a fnnge modulation of 10% is sufficient to obtain good interferometric 

data. Applying this to the measured MTF curve in Figure 3.12 gives a maximum 

measurable spatial frequency of approximately 350 cycles/mm, which is equivalent to 

1344 waves per radius on the pixel array. Due to the electronic modulation loss at the 

Nyquist frequency, the horizontal response falls below threshold before the vertical 

response. However the camera is reasonably well matched in the horizontal and vertical 

directions. 



68 

Tlicoretical 2.35 jun pinhole 
Horizontal 
VctliGal 

r 

Figure 3.12 Measured MTF for sparse array CID camera, full resolution range 

This sparse array detector satisfies the requirements for implementation of SNI. It 

greatly increases the optical frequency response of the detector by using very small 

pinholes on each pixel. It also resolves the electronic bandwidth issues which prevent a 

standard detector from supporting frequencies up to the detector Nyquist frequency. The 

current CID detector is an improvement over previous sparse arrays used in SNI systems. 

Earlier detectors were measured with a similar method and shown to resolve fi^quencies 

up to roughly 275 cycles per mm (Greivenkamp and Lowman, 1994). With the potential 

maximum resolvable fringe frequency of approximately 350 cycles per mm, or 1344 
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waves per radius, an estimate of the dynamic range of the sensor in terms of wavefront 

departure can be made. Table 3.1 displays the maximum measurable optical path 

difference (OPD) for both PSl using a standard detector with a maximum frequency of 26 

cycles/mm and SNI using the current sparse array sensor with a 350 cycles per mm fnnge 

resolution. Note that because fringe frequency is a function of wavefront slope, the 

maximum measurable OPD is dependent on the functional form of the wavefront under 

test. 

Wavefront Standard Camera OPD Current SNI Camera OPD 
Functional Form @ 26 cyc/mm @ 350 cyc/mm 
W(r) = Ar^ W^3X = 50X Wmax = 650 k 
W(r) = Ar^ Wn,ax = 25;L W„,ax = 350?L 
W(r) = Ar" Wn,ax=17A W„,ax=225 X 
W(r) = Ar^ + Ar'* W„,3x = 225 ?i 

W(r) = Ar- - Ar' Wmax ~ 50 A. W„,ax = 650 k 
Table 3.1 Wavefront departures at the sparse array spatial frequency limit 

The table indicates that, at best focus, the current system can measure 650A. of third order 

spherical aberration even though the maximum detectable fringe frequency is 350 

cyc/mm. 
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CHAPTER 4 

REVERSE OPTIMIZATION 

System calibration is necessary for any metrology instrument. Alignment errors, 

noise offsets, and other fixed systematic errors must be accounted for in order to achieve 

the desired measurement accuracy. Traditional interferometric testing has the convenient 

advantage that the interferometer contribution is often negligible due to the null 

condition. Rays before and after the test part follow precisely the same path and 

effectively remove any errors from the interferometer. When the null condition is 

violated, however, the ray paths through the system are no longer self-compensating and 

the system errors cannot be considered negligible (Lowman and Greivenkamp, 1996; 

Evans, 1993). Some form of calibration is necessary to correct for these retrace errors. 

This chapter discusses the origin of the system errors in a non-null test and the method 

used to characterize these errors. 

Retrace Error 

Traditional interferometry is done in a null or near-null condition. That is, the test 

surface or wavefront varies only slightly from the reference surface or wavefront. The 

slight variation is typically on the order of fractions of a wavelength to several waves. 

For a perfect null test, the rays from the test part follow exactly the same path through the 

optical system as the reference rays and no systematic errors are induced. For small 
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departures, the rays traced from the test part through the system to the detector plane 

follow nearly the identical path as the reference rays and any incurred retrace error is 

considered negligible 

It has been shown that a laser Fizeau interferometer used to measure a test 

wavefront with approximately 5 waves of departure from the reference will experience a 

retrace error of up to one wave depending on the reference sphere power and test optic 

surface figure (Jozwicki. 1991; Geary. 1992). Simple test piece alignment errors can 

introduce large errors. Measurement of an F/1.2 concave test sphere with a PV error of 

0.125?i on a laser Fizeau interferometer gives a PV error of 0.562X, for 6^ of defocus and 

0.269X PV error for 8A. of tilt (Huang, 1993). Similar results have been reported for 

f/0.75, f/1.5, and f'3.3 reference spheres (Lowman and Greivenkamp, 1996). Standard 

PSI analysis determines the wavefront at the detection plane and does not account for 

interferometer retrace error. Of course, the more the test wavefront departs from the 

reference, the more significant the retrace error. In the extreme case scenario of non-null 

aspheric interferometry, the departures are large enough that errors induced by the optical 

system cannot be ignored. For optical surfaces and wavefronts with departures from the 

reference of hundreds of waves, the retrace error can easily amount to several waves of 

aberration (Lowman and Greivenkamp, 1993). 

The nature of the retrace error lies in the path of a ray as it traverses through the 

optical system. Figure 4.1 shows a sample laser Fizeau layout and illustrates the null path 

versus the non-null path. 
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Figure 4.1 (a) Null test with no retrace error, (b) noD-null test with retrace error. 

For a spherical or near-spherical test part, the reflected rays pass through the lens surfaces 

exactly as the reference rays do. In fact, the rays exactly retrace their own path through 

the system, effectively removing any aberration incurred on the forward raypath. The 

system will perform with acceptable accuracy as long as the test wavefront does not differ 

greatly from the reference wavefront. The situation of aspheric testing using null optics is 

comparable, as the goal of the null is to produce a wavefront that matches the test part; no 

retrace error results. However, when testing an asphere without a null, the test wavefront 

effectively changes conjugates as a function of aperture. Thus rays from different pupil 

regions will follow a different optical path through the lens system. In fact, the optical 
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performance will vary with aperture and will be dependent on the test part itself. This not 

only alters the system from its design performance, but alters it in a way which cannot be 

known independently from a given part under test. The wavefront measured at the 

detector will contain errors due to the test part which are indistinguishable from errors 

due to the interferometer. These errors are termed the system induced aberrations. 

The induced aberrations can be understood from a pupil imaging perspective 

(Murphy. 2000). If the design conjugates of the interferometer optics are represented by 

the reference arm rays, then the induced transverse ray aberrations can be calculated as 

the difference in ray location at the image plane between the reference rays and the 

equivalent rays traced from the test arm. The aberrations as defined in this manner can be 

classified into phase errors and mapping errors. 

Phase error is the difference in optical path length for a test ray versus a reference 

ray. This error results in an incorrect test wavefront sag obtained for a given pupil 

location. A mapping error occurs for a test ray which intersects the image plane at a 

location different than that predicted by the first order magnification of the system. For a 

spherical reference wavefront, the mapping error is a nonlinear magnification, which 

appears as distortion in the test wavefront. The induced third order aberrations can be 

calculated as a fimction of the standard ray aberrations of the interferometer as an 

imaging system. The equations for the phase and mapping errors are 

OPD(h) = OPL(r,^ (h)) - OPL(r„f (h)) Phase Error Equation 4.1 
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h',^(h) = mh,^+ejr,^(h).h] Mapping Error Equation 4.2 

where rtesi is the pupil position for the test or reference ray, h is the field height in the 

imaging lens layout, m is the first order magnification, and Cy is the transverse ray error. 

Note that the field for this model is defined within the pupil of the interferometer, which 

is usually conjugate to the test part aperture. Thus, the equations show the pupil 

dependence of the induced aberrations. 

In place of a spherical reference, a plane reference wavefront can be used in an 

interferometer. Since the test is a non-null configuration, the choice of reference is 

arbitrary. A plane reference enables an absolute measurement to be made, including the 

power and tilt of a test wavefront. In this case, the mapping error results in a correct OPD 

value which is associated with an inaccurate location within the pupil This causes test 

part errors to be mapped to the wrong location, but does not affect the accuracy of the 

surface height measurement. When using a plane reference, the mapping error can be 

resolved through the use of fiducials on the test part. Pupil distortion can still effect the 

measurement, but careful construction of the lens design model can account for this error 

and will be discussed later. However, the phase error will result in a wrong wavefront 

calculation and therefore must be characterized and removed from the measured data. 

Unfortunately, use of a plane reference departs from the usual aberration theory 

definitions which use a reference sphere at the exit pupil (see for example, Kingslake, 
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1978). Therefore, the above equations cannot be directly applied, although the concept of 

comparing the test ray OPL to that of the reference ray is still valid. In this case, lens 

design sofhvare must be used to calculate the system induced aberrations. 

Optical Design Implications 

As with any optical system, the simpler the design, the easier the aberrations are to 

predict. Obviously, a perfect, aberration-free imaging system will introduce no errors. 

This is analogous to a perfect null test. Effectively, the system is entirely described by 

it's first order parameters. Small test wavefront departures, or small ray deviations, 

equate to a near null test and therefore introduce small or negligible errors. However, a 

well corrected imaging system does not necessarily lead to a minimum error condition for 

non-null testing. In fact, there is a trade off between aberration correction for the nominal 

reference conjugates and the complexity of the imaging system. In general, a well 

corrected design will induce smaller amounts of aberration into the non-null test 

(Gappinger. et al. 2000). However, increasing design complexity in order to improve the 

nominal correction actually makes the problem more difficult. Aberration prediction and 

calibration of any optical system requires simplicity. Fewer and simpler elements are 

easier to characterize and model. For example, using a cemented doublet in place of a 

singlet in an optical design may improve the nominal performance by a factor of 2. 

However, the introduction of an extra surface, glass, and thickness increases the 

complexity of the design by a factor of 2 as well. Also, an improvement to the nominal 
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correction does not scale linearly with the error introduced in a non-null test. A non-null 

interferometer must be designed to enable calibration. 

Since the induced aberrations in a non-null interferometer are test wavefront 

dependent, they cannot be independently calibrated. If the optical system of the 

interferometer were known exactly, the system could be modeled in raytrace software to 

determine what path the rays from a given test piece traverse through the system. A 

reverse raytrace could be performed, which would effectively remove the induced errors 

experienced by each ray. In a reverse raytrace, the ray locations and angles associated 

with the measured wavefront at the detector plane are traced backwards through the 

optical system to the test plane. The resulting ray locations and angles are then used to 

generate the corrected test wavefront with the errors induced by the interferometer optics 

removed. 

In practice, however, it is impossible to exactly know every parameter of the 

optical system. Common measurement tolerances of optical parameters are shown in 

Table 4.1 (Shannon, 1997). The more precisely the system can be measured, the greater 

the accuracy of a reverse raytrace. Also, the simpler the optical design, the fewer 

parameters there are to consider. 

Quality Wavefront Thickness Radius Index Decenter Tilt Sphere Irreg 
(waves) (mm) (%) (mm) (sec) (fringe) (fringe) 

Commercial 2 p-v 0.1 1.0 0.001 0.1 60 2 I 
Precision 0.5 p-v 0.01 0.1 0.0001 0.01 10 I 0.25 

Table 4.1 Standard optical surface fabrication tolerances. 
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For a perfectly known system, there is only one solution to the induced aberration 

problem and a reverse raytrace will exactly correct system aberrations. In a real system, 

due to the inherent measurement uncertainty, each measured parameter introduces a range 

of solutions to the problem. In fact, some optical parameters can easily compensate for 

others, yielding many equivalent designs for the same measured data. For example, a 

change in the radius of curvature on one surface can be compensated with a 

corresponding radius change on another surface, or by a change in lens thickness or air 

space following the altered surface. For a single measured wavefront, it is impossible to 

determine which solution corresponds to the physical optics used to make the 

measurement. In addition, the exact locations of some components of the interferometer 

cannot be measured. An example is the axial location of a plate beamsplitter. 

A reverse raytrace is then only a first level correction to the problem. The 

nominal system prescription is used to trace the rays associated with the measured 

wavefront from the detector plane to the conjugate test plane. Due to the characterization 

uncertainty of the nominal prescription, there is no guarantee the raytrace will provide a 

unique solution. Therefore, some form of optimization must be performed to complete 

the calibration and to identify the true interferometer prescription which produced the 

measured wavefront at the detector plane. This is referred to as reverse optimization. 

With reverse optimization, the nominal system description is only a starting point. 

For each lens, the radii of curvatiire, thickness, location and orientation are variables. 

The independently characterized interferometer parameter data is included and tolerances 

on each variable are set based on the precision of the independent data and system 
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alignment. Lens design software is used to optimize the system and determine the value 

of each variable which must have existed to generate the measured wavefn>nt data. The 

term reverse optimization originates in the backwards approach to the implementation of 

lens design sofhvare. Traditionally, the optimization routine in a letis design program is 

used to drive an optical system design to a minimum aberration state. Reverse 

optimization instead drives an optical system design to match a measured performance by 

altering the flgure error and alignment as well as the usual lens design variables. 

Reverse optimization has been used to analyze and correct optical system 

alignment (Jeong 1988) and to ease mechanical tolerances on high performance lens 

designs (Powell. 2000). Since not only the optical component parameters such as radius 

of curvature and thickness are found, but also element decenter and tilt errors, an optical 

system can be improved by iteratively measuring the system performance and adjusting 

the alignment accordingly. Design sensitivity to specific parameters and misaligiunents 

can also be found, allowing compensation to be included in the design to ease fabrication 

and characterization tolerances. The lens design software is used to model the system and 

the merit function for optimization is generated using the measured system performance. 

In cases where reverse optimization is used to aid in system alignment or relaxing 

of design tolerances, the optical design model is evaluated according to the usual design 

parameters for system performance, such as transverse ray error, wavefront error, MTF, 

or spot size. The alignment or compensator is adjusted to improve the performance until 

the design targets are met. For reverse optimization of an interferometer, the model must 

use the measured interference data as merit function targets. This requires the model to 
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include both the test and reference ray paths of the system. This corresponds with 

Equation 4.1 and Equation 4.2 required to predict phase and mapping errors for non-null 

testing with a reference sphere discussed previously. The reference rays are used in 

conjunction with the test rays to generate the third order aberration equations. 

The measured wavefront in an interferometer contains information about the 

difference between the test and reference wavefi'onts at the detection plane and does not 

distinguish where the wavefront features originate. Since the reference ray path can 

contain aberrations due to the beamsplitter, imaging lens, fold mirrors, and reference 

surface itself, it must be characterized and subtracted from the test ray path in the model. 

Usually, the optical path difference is calculated relative to a reference sphere located in 

the exit pupil of the optical system (Kingslake. 1978). An interferometer produces data 

which is the absolute optical path difference between the test and reference wavefronts. 

The lens design model must therefore compute the absolute difference between the 

optical paths of the rays through the interferometer. This can be done in a couple of 

ways. One method uses a reference plane in a specified location and calculates OPD and 

transverse ray aberrations in the usual manner. Another method is to assume the exit 

pupil does not exist and instead calculate the physical optical path along each ray to 

generate an OPD relative to the chief ray of the system. 

Lens Design Model 

In order to correctly model the interferometer as an absolute OPD measurement, 

the lens design software must be used in an afocal, or absolute, sense. The reverse 
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optimization model for this work was done in the Zemax lens design program (Focus 

Software, Inc. Tucson, AZ). The model setup and parameters discussed here are specific 

to Zemax, but can be duplicated in other software packages using the appropriate 

modifications. Since the exit pupil location is not useful for the OPD calculation in an 

interferometer, the reference sphere location is set to absolute. This alters the program so 

that the OPD is literally a subtraction of the chief ray optical path fi'om the real ray optical 

path at each point in the pupil. This setting will not yield accurate or meaningful 

calculations of third order aberrations or transverse ray error, but will be correct for the 

OPL of the interferometer layout. In the absolute mode, two configurations are entered 

into the program. The multiple configuration editor is traditionally used to design zoom 

lens systems, in which only a few parameters, usually air spaces, differ between 

configurations. For the interferometer model, one configuration represents the reference 

beam path, the other represents the test beam path. For every position in the pupil (i.e. 

the detector plane), the reference ray path can be subtracted from the test ray path to yield 

the absolute OPD, which is the figure of interest for an interferometer. 

This brute force subtraction is somewhat computationally intensive since it 

requires three operands for each pupil coordinate; test ray OPL, reference ray OPL, and a 

subtraction. A simpler and more informative method is to use a Zemike phase surface to 

represent the reference wavefront and subtract this from the test wavefront in the model 

(Lowman, 1995). The coefficients on the phase surface can be varied and optimized to 

null out the wavefront in the reference configuration. The phase surface then represents 

the inverse of the reference wavefront and is effectively subtracted from the test 
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configuration, simulating interference. This method also lends itself well to full 

characterization of the interferometer. Independently measured surface data on the 

beamsplitter, mirrors and imaging lens can be entered as sag data or phase data into the 

interferometer model and the Zemike phase surface automatically incorporates this data 

into all configurations. In addition, the coefficients from the phase surface can be used to 

generate graphical surface plots of the reference wavefront for independent analysis of the 

reference quality. It must be noted that during reverse optimization, alignment of the 

imaging lens and other system components will change and the reference phase surface 

must be recalculated accordingly. Therefore, the Zemike coefficients will be 

incorporated into the reverse optimization merit function, which is discussed in detail 

below. 

In an interferometer, the test part is usually defined to be the aperture stop. Only 

rays which originate within the test aperture contribute to the interferogram. In lens 

design code, the stop is the location in which the ray coordinates are generated and 

guaranteed to be on a regular grid. However, in the physical interferometer, data is 

collected on a regular grid of pixels in the detector plane. To first order, this is not an 

issue, since the detector plane is conjugate to the test plane by way of the imaging lens. 

In practice though, pupil distortion will aberrated the image of the test plane. Thus, a 

regular grid of rays defined in the test plane will be distorted in the detector plane. The 

solution to this is to set the stop of the interferometer model to be the detector. The air 

spaces before and after the imaging lens can be optimized to place the entrance pupil at 

the test plane and to make the entrance pupil diameter correct for the known aperture size. 
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In actual practice, the test aperture and stop size are only known to within a certain 

measurement uncertainty, so reverse optimization must allow for these as variables as 

well. 

At this point the optical layout of the interferometer is entered into the model. 

There are two choices for modeling an optical system. First is to set up a physical model 

of the system. This method lays out the system in lens design code exactly as it appears 

on the lab bench. The experimental goal of this project was to measure transmitted 

wavefronts using a Mach-Zehnder interferometer (Shannon. 1996). Two versions of the 

interferometer were used: a 25 mm aperture layout and a 150 mm aperture system. The 

large aperture system includes two 6X beam expanders which will be discussed in detail 

in Chapter 5. For the Mach-Zehnder system, both layouts include 45 degree angle 

reflections for the mirrors and beamsplitters in the test arm. They also require the 

beamsplitters to be modeled as transmissive windows for the reference arm. Care must 

be taken to ensure the correct global location of the second beamsplitter, since it acts as a 

mirror for the test beam and a window for the reference beam. The multiple 

configuration editor may contain different thicknesses between elements, allowing the 

beamsplitter to move. Thus, the global coordinates of the optical elements must be 

constrained such that the physical model accurately represents the interferometer. Both 

interferometer models are shown in Figure 4.2. The model is further complicated by the 

use of wedged beamsplitters, which transmit the reference beam at a slight angle to the 

original optical axis. In the physical model, the characterized data for each element is 



83 

entered as sag data on each surface. The allows for accurate representation of the true 

optical path for both test and reference wavefronts as they exist in the real interferometer. 

Beamsplitter #I 

Sparse Array 
Sensor 

Test Plane 
BeamspUtter #2 

BeamspUtter #1 

PZT 
Sparse Array 
Sensor 

BeamspUtter #2 
Test Plane 

Imaging Lens 

Fold Mirror 

6X Beam Expander 
FoldMuror 

Figure 4.2 Physical Path Model for (a) 25 mm aperture, (b) 150 mm aperture. 

Due to the sequential nature of traditional lens design sof^are, modeling the 

interferometer in a physical sense, using global coordinate constraints, tends to greatly 

complicate the merit function. The merit fimction used for reverse optimization sets the 

measured data as optimization targets. However, the physical model requires system 

constraints to be set and weighted strongly in order to maintain the global locations of 

optical elements. These weighted constraints greatly reduce the optimization routine 
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efficiency and can prohibit the reverse optimization process from reaching an answer. A 

better and more efficient method of modeling the interferometer is to use an optical path 

model. 

Instead of exactly modeling the physical layout, the optical path through a system 

can be modeled without including the global locations of elements. Rather, the system is 

modeled as the phase introduced by each element. This method eliminates the coordinate 

breaks and global coordinate constraints used to locate 45 degree reflections and replaces 

them with the equivalent transmitted phase data. Each arm of the interferometer becomes 

a straight path. The characterization data for the beamsplitters and mirrors is evaluated 

independently to determine the wavefront aberrations introduced by each element. For 

example, a 45 degree reflection from a mirror including the measured sag data is 

evaluated. The wavefront produced by this element is entered into the optical path model 

as a Zemike Phase Surface, which introduces the exact same aberration into the model 

wavefront as the tilted mirror in reflection. Transmissive data on the beamsplitters can 

also be entered as a phase surface. The wedged beamsplitter plate used in the physical 

model is replaced by a single surface, significantly reducing the number of surfaces 

required to describe the element. Lens elements and their associated surface data can still 

be entered as sag surfaces, since the refractive spherical surfaces are the same in either 

model. Figure 4.3 shows the simplified optical path model for both small and large 

aperture layouts. The total number of surfaces required for the physical model and the 

optical path model is 71 and 48 respectively. 
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Figure 43 Optical Path Model for (a) 25 mm aperture, (b) ISO mm aperture 
reference arm, and (c) 150 mm aperture test arm. 

Full Implementation of reverse optimization allows for decenter and tilt of each 

optical element, in addition to determination of ±e actual element parameters such as 

radius of curvature and thickness. For this reason, coordinate breaks are implemented on 

each lens and each Zemike phase surface. The phase surfaces must be allowed to 

decenter. to represent the actual beam footprint on the associated reflective surface. The 

independent characterization data is measured over the entire aperture of the element, 

while the beam footprint is a fraction of that aperture. Table 4.1 specifies the entire range 

of surface descriptions used for the 150 mm aperture optical path model. 

Surf # Type Comment Radius Thickness Glass Semi-
Diameter 

0 Standard 0 Infinity 0.00 
1 Standard Beamsplitter # I 0 123.48 8.54 
2 Coord Break Decent/Tilt lA 0.00 0.00 
3 Zemike Sag BXI Lens 1 Surf I 252.4 4.99 LAK8 15.00 
4 Zemike Sag BXI Lens 1 Surf 2 99.82 0.00 15.00 
5 Coord Break Decent/Tilt lA 8.50 0.00 
6 Coord Break Decent/Tilt IB 0.00 0.00 
7 Zemike Sag BX1 Lens 2 Surf 1 -563.852 6.67 LAK8 15.00 
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8 Zemike Sag BXl Lens 2 Surf 2 224.03 0.00 15.00 
9 Coord Break Decent/Tilt IB 493.68 0.00 

10 Coord Break Decent/Tilt 2A 0.00 0.00 

11 Standard BXl Lens 3 Surf 1 -1253.41 35.06 LAK8 85.00 

12 Standard BXl Lens 3 Surf 2 -544.14 0.00 85.00 

13 Coord Break Decent'Tilt 2 A 20.89 0.00 

14 Coord Break Decent/Tilt 2B 0.00 0.00 

15 Standard BXl Lens 4 Surf 1 -1253.41 35.05 LAK8 85.00 

16 Standard BXl Lens 4 Surf 2 -544.14 0.00 85.00 
17 Coord Break Decent/Tilt 2B 248.30 0.00 

18 Coord Break Decent/Tilt Test 0.00 0.00 
19 Standard Test Part Surf 1 0.00 51.15 

20 Coord Break Wedge 0.00 0.00 

21 Standard Test Part Surf 2 0.00 51.15 

22 Coord Break Decent/Tilt Test 0.00 0.00 

23 Standard Test Plane/EP 40.00 51.15 

24 Coord Break Decent/Tilt 3A 0.00 0.00 

25 Standard BX2 Lens 4 Surf 2 544.14 35.06 LAK8 85.00 

26 Standard BX2 Lens 4 Surf 1 1253.41 0.00 85.00 
27 Coord Break DecentTTiit 3 A 20.93 0.00 

28 Coord Break Decent/Tilt 3B 0.00 0.00 

29 Standard BX2 Lens 3 Surf 2 544.14 35.06 LAK8 85.00 

30 Standard BX2 Lens 3 Surf 1 1253.41 0.00 85.00 

31 Coord Break Decent/Tilt 38 400.00 0.00 

32 Standard Dummy Surface 93.66 15.00 

33 Coord Break Decent/Tilt 4A 0.00 0.00 

34 Zemike Sag BX2 Lens 2 Surf 2 -224.03 6.65 LAK8 15.00 

35 Zemike Sag BX2 Lens 2 Surf 1 563.852 0.00 15.00 

36 Coord Break Decent/Tilt 4 A 8.50 0.00 
37 Coord Break Decent/Tilt 48 0.00 0.00 

38 Zemike Sag BX2 Lens 1 Surf 2 -99.82 5.02 LAK8 15.00 

39 Zemike Sag BX2 Lens 1 Surf 1 -252.4 0.00 15.00 

40 Coord Break Decent/Tilt 48 75.85 0.00 

41 Zemike Phase Beamsplitter #2 910.43 8.55 

42 Standard Imaging Lens 187.173 9.00 S F l l  8.55 

43 Standard Aplanat -435.017 0.35 8.37 

44 Standard Stock Lens -299.647 7.00 S F l l  8.35 

45 Standard f^250. D=50 -1257.18 311.14 824 

46 Coord Break Decent on Ref Wave 
47 Zemike Phase Reference Wavefront 0 0.00 2.55 

48 Standard Detector Plane 0 0.00 2.55 

Table 4.2 150 mm aperture reverse optimization model 

Notice that 19 of the 48 surfaces are coordinate breaks. These surfaces are used to 

allow decenter and tilt of each individual element. System alignment errors result in the 
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most significant induced aberration contribution. Perfectly alignment of every lens to a 

single optical axis and accurate measurement of the relative positions of those lenses is 

impossible. The interferometer model must contain the coordinate breaks as alignment 

optimization tools. There is an important coordinate break on Surface 46 immediately 

prior to the Zemike phase surface for the reference wavefront as well. This coordinate 

break is used to account for misalignment between the reference and test beams on the 

detector. Any decentration or tilt of the optics in the test beam will shift the nominal 

chief ray relative to the reference chief ray. Since the detector plane is the stop of the 

system, the lens design software will automatically define the chief ray of both the test 

and reference configuration to be centered in the stop. The coordinate break on Surface 

46 allows these two stops to be shifted relative to each other. 

Lenses 1, 2, 3. and 4 appear twice in the description as the two nominally identical 

Galilean telescopes are used as the beam expander and compactor. Different coordinate 

breaks are used with each surface. Also note that Lenses 3 and 4 on each beam expander 

are not Zemike sag surfaces. Due to a lack of a suitable reference sphere, surface 

measurements were not made on these surfaces, and standard spherical surfaces are used 

in the description. In addition, the surface figure and transmission data for the first 

beamsplitter was found to be unnecessary. The reverse optimization calibration work on 

the nominal system, which is discussed in Chapter 6. found the first beamsplitter is 

sufficiently common path to be negligible in the model. Table 4.3 lists the simpler layout 

for the 25 mm aperture model. This table is used as a reference for the merit function 

discussion below. 
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Surf # Type Comment Radius Thickness Glass Semi-
Diameter 

0 Standard Infinity 0.00 
I Coord Break 0.00 0.00 
2 Standard Beamsplitter#! 739.80 15.17 
3 Coord Break 0.00 0.00 
4 Standard Dummy 134.15 15.17 
5 Coord Break 0.00 0.00 
6 Zemike Sag Test Lens Surf 1 0.00 15.17 
7 Coord Break Wedge 0.00 0.00 
8 Zemike Sag Test Lens Surf 2 0.00 15.17 
9 Coord Break 0.00 0.00 
10 Coord Break 45.00 0.00 
il Standard Test Plane 55.00 15.17 
12 Standard Dummy 695.35 15.17 
13 Coord Break 0.00 0.00 
14 Zemike Phase Beamsplitter #2 550.00 15.17 
15 Coord Break 0.00 0.00 
16 Standard Imaging Lens 187.17 9.00 SFll 15.17 
17 Standard Aplanat -435.02 0.35 14.87 
18 Standard Stock Lens -299.65 7.00 SFIl 14.85 
19 Standard f=250, D=50 -1257.18 300.00 14.64 
20 Standard 0.00 3.84 
21 Coord Break 0.00 0.00 
22 Zemike Phase Reference Wavefront 0.00 3.84 
23 Standard Detector Plane 0.00 3.84 

Table 4 J 25 mm aperture reverse optimization model 

Merit Function 

With the optical path model laid out in lens design code, the next step in the 

reverse optimization process is actually the most critical: definition of the merit function 

to determine the actual interferometer configuration. Traditionally, the merit function 

used for lens design optimization contains operands which evaluate the system 

performance, such as transverse ray error, MTF, or wavefront OPD. In addition to these 
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operands, which are evaluated in a root sum square sense, there are typically some 

physical system constraints such as minimum edge thickness, maximum air space, and 

reasonable glass choice. The reverse optimization merit function is different but 

analogous to these two operand types. The system performance operands are replaced 

with measured wavefront data. This allows the interferometer model to be optimized to 

match the measured system performance. The physical system constraints become 

specifications for pupil size and location, and tolerance ranges for the reverse 

optimization element variables. The tolerance ranges in which the variables are allowed 

to move during optimization are set by the physical fabrication and alignment tolerances. 

Table 4.4 lists the operands used for a 25 mm aperture Mach-Zehnder interferometer 

optical path model. 

Operand Type Intl Int2 Px Py Target Weight Comment 
1 CONF 2 Sets operands for test arm configuration 
2 BLNK Entrance pupil location and size constraints 
3 ENPP Entrance pupil position 
4 PLEN 1 11 0.00 0 Optical path from Surf 1 to 11 
5 DIFF 3 4 0.00 0 Difference between operands 3 and 4 
6 OPGT 5 -10.00 1 Operand greater than 
7 OPLT 5 10.00 1 Operand less than 
8 CONS 25.95 0 Measured size of Test Plane Aperture 
9 REAY 11 1 0.00 1.00 0.00 0 Marginal ray height at Test Plane 
10 REAY II 1 0.00 -1.00 0.00 0 Marginal ray height at Test Plane 
II DIFF 9 10 0.00 0 Equivalent Test Aperture Diameter 
12 DIFF 11 8 0.00 0 Difference between operands 11 and 8 
13 OPGT 12 0 0.025 1 Operand greater than 
14 OPLT 12 0 0.025 1 Operand less than 
15 BLNK Stopc iameter constraints - plus or minus one pixel width 
16 CONF 2 
17 DMGT 20 1 6.05 1 Diameter greater than 
18 DMLT 20 1 6.08 1 Diameter less than 
19 BLNK Magnification checks 
20 CONF 2 
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21 REAY 11 I 0.00 0.01 0.00 0 Ray height in Test Plane (p = 0.01) 
22 REAY 23 I 0.00 -0.01 0.00 0 Ray height in Detector Plane (p = 0.01) 
23 DIVI 20 21 0 Ray height ratio = magnification 
24 REAY II 1 0.00 0.10 0.00 0 Ray height in Test Plane (p = 0.1) 
25 REAY 23 I 0.00 -0.10 0.00 0 Ray height in Detector Plane (p - 0.1) 
26 DIVI 25 24 0 Ray height ratio = magnification 
27 REAY II 1 0.00 0.50 0.00 0 Ray height in Test Plane (p = 0.5) 
28 REAY 23 I 0.00 -0.50 0.00 0 Ray height in Detector Plane (p = 0.5) 
29 DIVI 28 27 0 Ray height ratio = magnification 
30 REAY II 1 0.00 1.00 0.00 0 Ray height in Test Plane (p = l.O) 
31 REAY 23 I 0.00 -1.00 0.00 0 Ray height in Detector Plane (p = 1.0) 
32 DIVI 31 30 0 Ray height ratio = magnification 
33 BLNK Reference wavefront operands 
34 CONF 1 Sets operands for reference configuration 
35 OPDC 23 I 0.00 0.00 0.00 I OPD target 
36 BLNK Measured wavefront data operands 
37 CONF Sets operands for test arm configuration 
38 OPDC 23 1 0.00 0.00 0.00 I OPD target 

Table 4.4 Merit function operands. 

The first merit function operands deal with the entrance pupil location and size. 

These are extremely critical elements of the reverse optimization. An error in pupil 

definition will introduce shearing effects between the model and the measured data, 

which will be attributed to the wavefront under test rather than to the interferometer. The 

entrance pupil is defmed to be the test plane, which is conjugate to the detector by way of 

the imaging lens. In this Mach-Zehnder interferometer, there is a physical aperture placed 

behind the test piece, which is defmed to be the test plane and is used to position the 

imaging lens and detector to obtain the appropriate focus and magnification. The part 

aperture could also serve as the pupil. The best focus location was determined by using 

the live viewing capability of the framegrabber. The live image was viewed at a 4X 

screen magnification, and the imaging lens and detector moved until the aperture was an 

appropriate size, filling most of the detector, and in focus. 
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Operand 3 reports the calculated entrance pupil location for the system as a 

distance from the first surface while Operand 4 outputs the optical path from the first 

surface to the defined test plane. The difference between these operands is constrained by 

Operands 6 and 7 to be less than 10 mm. This location tolerance is based on simulated 

entrance pupil location changes for a given translation of the imaging lens. By moving 

the imaging lens one millimeter in either direction from best focus, the entrance pupil 

shifts by approximately 17.5 mm. Due to the natural depth of focus of a lens with a 

working f-number of f/6. it is difficult to visually determine when the physical test 

aperture appears in best focus to much better than a one millimeter positioning of the 

imaging lens. 

The physical test aperture diameter is measured with a micrometer, to a precision 

of 25 microns. The merit function contains tolerance limits on the allowed size of the 

entrance pupil, which constrains the dimension to within the measured precision. The 

constraints, however, cannot simply use the entrance pupil diameter as calculated by 

default in the design code. The entrance pupil diameter is reported as a paraxial quantity. 

The paraxial marginal ray height is used rather than the real ray represented by the real 

physical aperture in the interferometer. The entrance pupil has already been defined for 

the interferometer model as the plane conjugate to the detector array. The merit function 

then must be constructed such that the real marginal ray height at the defined test plane 

falls within the measured aperture tolerance. This is done by tracing a ray from the top 

and bottom edge of the pupil and adding the ray heights to establish the test plane 

diameter. Operand 12 is actually a difference operator since the calculated ray heights are 
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of opposite sign. Then Operands 13 and 14 set the allowed entrance pupil diameter 

range. 

The stop size at the detector, which is the image of the test plane aperture, is 

known from the phase unwrapping algorithm, in which the edges of the data analyzed are 

manually selected from the interferogram data. This establishes the stop diameter to 

within a pixel dimension. For this system, the pixel spacing is IS microns, and the actual 

edge of the image of the test plane aperture cannot be known more precisely than that, as 

seen in Figure 4.4. When the data edge is manually selected from the image, pixel 6 in 

the figure will be illuminated while pixel 5 will be dark. Thus, pixel 6 will be chosen as 

the edge of the stop, despite the actually larger size in the detector plane. The OPD data 

at the edge of the stop will be associated with the rays traced to the modeled stop 

diameter. For steeply sloped aspheric data, the OPD can change significantly in 15 

microns, so the stop diameter must be allowed to vary within a pixel dimension to 

accurately model the measured data. The float by stop size setting in Zemax allows the 

stop diameter to be a variable, satisfying this requirement. The merit function Operands 

17 and 18 constrain the variable range for the stop diameter. 
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Figure 4.4 Image of the edge of the test aperture on the detector array. 

Included in the merit function, but not used in the reverse optimization, is a series 

of operands used to calculate the magnification as a function of pupil location. This is a 

rough measurement of the amount of pupil distortion in the system. Essentially, any error 

associated with pupil distortion is accounted for during reverse optimization, but it is a 

useful sanity check on the amount of aberration being introduced in the form of a 

mapping error. 

With the pupils correctly defmed and constrained, the merit function must next 

allow for optimization of the reference wavefront. As discussed previously, a Zemike 

phase surface is used to represent the reference wavefront and subtracted from the test 

wavefront to produce an effective interference wavefront. The Zemike coefficients on 

this surface must be optimized to give zero OPD in the reference beam configuration of 

the model. The merit function operands used for this purpose evaluate the OPD of a 

given ray relative to the chief ray. These operands are optimized toward targets of zero 
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for all pupil coordinates in the reference configuration. The weighting of these targets 

relative to the measured data and pupil constraints will be discussed later. The 

coefficients of the Zemike phase surface on Surface 22 in Table 4.3 are set as variables in 

the reference configuration and picked up in the test configuration to generate the 

interference OPD. 

The final element of the merit function is the measured OPD fi-om the 

interferometer. As in the reference wavefront case, these operands are OPD relative to 

the chief ray, but with targets of the actual measured wavefront sag at each pupil 

coordinate. These targets are generated in the data analysis software by associating each 

data point with a relative pupil coordinate. The pupil coordinates and wavefront sag data 

are written to a text file in the format used for the Zemax merit function editor 

spreadsheet. For a slowly varying wavefront. it is not necessary to include every 

measured data point. The OPD targets in the merit function are representative of the 

measured wavefront. The fit to the data improves for more data points, or operands. The 

desired measurement resolution may be met with fewer targets. There is a trade off 

between spatial sampling in the test plane and number of merit function operands. The 

larger the merit flmction, the slower the optimization routine will nm. In addition, the 

measured data contains noise due to spurious reflections, masked bad pixels, and camera 

electronic noise. The data analysis software smoothes the measured data with a median 

window smoothing function before writing the merit function operands to a file. This 

eliminates most of the noise, but sampling the operands over a courser grid will further 

reduce the noise and improve the reverse optimization efficiency. Also, since the 
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operands are evaluated in a root sum square sense, the optimization has a smoothing 

efifect as well. A balance must be found which allows the optimization to run efficiently 

while not losing precision by oversimplifying the fit to the measured data. 

When the system model is expanded to include the beam expanders for the 150 

mm test aperture, the merit function remains essentially the same. All of the 

requirements on stop diameter and entrance pupil size and location are the same. The 

reference arm is treated identically to the small aperture system as well. The full aperture 

merit function should contain constraints on the decenter and tilt of the beam expander 

elements. These constraints are based on the mechanical mounting tolerances as 

specified for the fabrication of the beam expanders. The other primary difference is the 

calculation of the entrance pupil location. Since the entrance pupil position calculated in 

lens design code includes all optics in the system, the first beam expander is included. 

However, the conjugate plane required for the interferometer layout does not include 

surface data for the first beam expander. Therefore, another configuration must be 

entered into the model, which only contains surfaces from the test plane to the detector 

plane. This configuration is referenced in the merit f\mction for calculation of the 

entrance pupil size and location relative to the defined stop on the detector plane. The 

imaging lens and detector spacings are then picked up from this configuration and used to 

define the spacings in the full model configurations. 
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Multiple Configurations 

In general, a single measured wavefront does not contain enough information to 

identify a unique solution to the reverse optimization problem. As discussed above, 

individual component parameters can easily compensate for each other, yielding 

nominally identical solutions for a single measured data set. Some additional information 

must be obtained to further identify the correct interferometer prescription. If a second 

measurement is made after introducing a sp)ecific change into the system, the new data 

will contain additional information about the interferometer. If more information is 

required, multiple measurements can be made with known changes introduced between 

each measurement. These multiple configurations can take the form of imaging lens 

translations, test part rotation or translation, mirror tilts, or other precisely measurable 

changes. The "known" change must be measurable to a greater precision than the 

interferometric measurement itself That is. if the interference measurement is desired to 

be made with a precision of >710, the measurement uncertainty for the known change 

must account for an error of less than ^^yiO. 

The alternate configurations cause the test wavefront to follow a slightly different 

optical path through the otherwise identical optical system. The added information 

allows the reverse optimization routine to find a unique solution for the system 

calibration. The most obvious choice for additional information in a transmission test 

interferometer is the nominal interferogram through the system with no test piece in 

place. This yields the interferometer "null" configuration, which contains information 

about the system independent from the test piece. This baseline interferogram will 
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contain non-zero OPDs as the interferometer need not be designed to have zero OPD with 

no test part. This data may not be available in reflective measurements, however 

analogous simple calibration configurations can be designed. 

For the 25 mm aperture system, the null configuration combined with the test data 

would seem to be sufficient for reverse optimization. The only unknown element is the 

imaging lens. However, due to the uncertainty in the test plane aperture size and stop 

diameter on the pixel array, more information is needed in order to establish the true 

location of the imaging lens. The solution to this is to obtain three sets of null 

configuration data: an in focus set and two defocused sets. The nominal system null 

configuration is measured with the imaging lens at best focus for Null Set A. Null Sets B 

and C are taken with the imaging lens translated 1 mm away from and toward the detector 

array, respectively. The defocused data yield a slightly different aperture size on the 

detector array. The aperture is blurred, but not enough to prevent an accurate selection of 

the edge in the pixel data. The merit function must now contain extra stop diameter 

constraints for each data set. The reverse optimization process then must find a system 

prescription which satisfies all the stop diameter constraints for a single test aperture 

diameter. 

The 150 mm aperture interferometer would appear to require more information 

than the smaller system. However, the difference between the null and test configurations 

in this case separates the two beam expanders in the data sets. The null data contains 

information about rays which pass through both beam expanders according to their 

nominal design. The test configuration data contains the exact same information about 



98 

the first beam expander, but alters the ray path through the second one. This generates a 

situation in which the fixed aberrations due to the first beam expander can be separated 

from the induced aberrations due to the second beam expander during reverse 

optimization. This is a critical point in the choice of multiple configuration data. The 

multiple configurations should provide information about the interferometer components 

independently from each other in order to be most effective. The separation of the two 

beam expanders in the multiple configuration data allows the large aperture 

interferometer to use the same three null data sets and one test data set as the small 

aperture system. 

In both cases, the lens design code model of the interferometer now contains not 

only test and reference configurations but also an additional configuration for each null 

data set. These configurations all are modeled using the zoom or multiple configuration 

capability of the lens design software. For example, the 25 mm system defines 

Configuration 1 as the reference arm. Config 2 as Null Set A, Conflg 3 as Null Set B, 

Conflg 4 as Null Set C. and Config 5 as the test arm. The reverse optimization process 

operates across all configurations to determine the interferometer prescription and test 

wavefront information. 
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Iterative Reverse Optimization 

As stated previously, the relative weighting of the individual merit function 

operands is extremely important in driving the reverse optimization to a successful 

conclusion. Earlier work in SNI concluded that a ratio of 100:1 on the reference 

wavefront OPD operands relative to the measured OPD operands would produce a 

successful result (Lowman, 1995). However, the reverse optimization had a tendency to 

get stuck in local minima and required careful selection of the multiconflguration data in 

order to achieve successful results. The current system is more complex and uses more 

physical constraints than the previous working, indicating reverse optimization efficiency 

will be worse. An Improved method was found, which removes the delicate relative 

weighting requirements of the merit function and employs an iterative approach instead. 

In general, the physical constraints on the individual system parameters have a 

tendency to overwhelm the optimization algorithms in Zemax. These constraints are 

absolute requirements and cannot be violated, which necessitates very high weighting in 

the merit function. The high weights decrease the optimization sensitivity to the OPD 

data, which then bogs down the routine and prevents a successful result. Rather than 

spend a significant amount of time determining a more efficient weighting method, an 

iterative approach was implemented. 

The nominal wavefront data, the physical system constraints on stop size and 

entrance pupil size and location are combined with the nominal wavefi'ont data, test 

wavefront data, and reference wavefront Zemike coefHcients to generate three separate 

merit fxmctions. The entrance pupil and stop constraints are entered with the nominal 
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wavefront data (Null Sets A, B, and C) as Merit Function A (MF_A). A default Zemax 

merit flmction evaluating the PV wavefront error relative to the chief ray is constructed 

for the reference wavefront coefficients as Merit Function B, and the test wavefront data 

is saved as optical path difference operands in Merit Function C. 

During the first iteration step. MF_A is used with variables set on the imaging 

lens and detector locations, the stop sizes for all three multiconflguration focus positions, 

the test aperture size (which is the entrance pupil), the decenter and tilt of the first beam 

expander and the decenter of the reference wavefront. The second iteration step 

optimizes the Zemike coefficients on the reference wavefi-ont to minimize MF_B, which 

simulates interference for the nominal and test wavefronts. Finally, the third iteration 

step, using MF C, sets variables on the test configuration stop size, the reference 

wavefront decenter, the decenter and tilt of the second beam expander, and the test 

wavefront parameters. Each iteration step is responsible for optimizing the model over 

one area of interest. MF_A is associated with the interferometer prescription, MF_B 

accounts for the reference wavefront, and MF_C provides the calibrated test wavefront 

information. After cycling through the iteration steps 3 times, the reference wavefi^ont 

coefHcients cease to change significantly, maintaining an PV OPD of less than X/100. 

This speeds up the iteration process by reducing the number of steps to two. After 5 to 7 

iterative cycles, the process appears to reach a minimum. 

For the calibration tests described in Chapter 6, the third step of the iteration 

process includes the decenter and tilt of the known calibration test piece as variables in 

place of test wavefront parameters. For an actual test of an unknown part, the test 
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wavefront is a variable, without regard to possible alignment errors. The entire reverse 

optimization process is repeated until the routine ceases to improve for each merit 

function. Using the iterative method greatly simplifies the weighting process for the 

merit function, and shows great promise for reverse optimization of more complex 

systems. Its success is linked strongly, though, to the tolerance ranges allowed on the 

physical system parameters. 

It is important to remember that the tilt and decenter variables are bounded by the 

fabrication and alignment tolerances on the interferometer optics. The beam expander 

lenses were fabricated to custom tolerances on wedge, giving a maximum surface tilt 

constraint. The interferometer is aligned using a HeNe beam at 632 nm, as is discussed in 

Chapter 6. The retroreflections from individual lens surfaces are used to minimize tilt 

and decenter errors. The alignment procedure provides a maximum boundary for the 

element alignment variables in the reverse optimization model. The only variables which 

seem to be insufficiently constrained are the decenter and tilt of the test piece. This is due 

to the limited information available in a single data set containing the test optic. For the 

calibration pieces, the test part decenter and tilt could be found without difficulty since 

the parameters of the test piece itself were not variables. However, for an unknown test 

piece, it is impossible to separate test part errors firom alignment errors without extra data 

about the test piece. This would require additional test configurations involving a 

translation, or rotation of the test part in order to alter the ray path through the test piece. 

This is discussed in greater detail in Chapter 6. 
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Finally, there is a powerful result which comes from the reverse optimization 

process. If the interferometer does not change between measurements of different test 

wavefronts. then the prescription found by the calibration should be constant. That is, the 

nominal configuration data does not change and the measured data can be calibrated by a 

simple reverse raytrace through the previously reverse optimized interferometer model. 

In practice, there is some uncertainty in the interferometer prescription even after reverse 

optimization. However, multiple calibration runs can be averaged to give the best reverse 

optimized interferometer model. This model can be used to calibrate subsequent test 

wavefront data. The reverse optimization process is then reduced to a much faster reverse 

raytrace. Also, the optimization can be performed on the system without test data, using 

nominal data alone. This optimization allows for improved tolerances on the 

interferometer element positions which can be used to reduce the solution space for the 

subsequent optimizations on additional calibration data or for actual test parts. 
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CHAPTERS 

NON-NULL INTERFEROMETER DESIGN 

Sub-Nyquist interferometry (SNI) was conceived and explored at Eastman Kodak 

Company (Greivenkamp. 1987). A protot>'pe system was developed to prove the concept, 

and reconstructions were demonstrated for aspheric departures of several hundred waves 

from a reference sphere. Much of the original project equipment was donated to the 

University of Arizona and integrated into a Twyman-Green interferometer as a second 

generation instrument (Lowman 1995). This second system further explored the reverse 

optimization methods and multiple data sets necessary for non-null interferometry. This 

chapter describes the experimental implementation of SNI in a transmitted wavefront 

design. A Mach-Zehnder interferometer layout was chosen for this work. The 

interferometer was designed using custom and precision optics in order to constrain the 

solution space for reverse optimization required for calibration of non-null measurements. 

Non-Null Interferometer Design 

The design of an non-null interferometer for measurement of aspheric wavefronts 

requires carefiil consideration of the kind of asphere which will be measured. Unlike 

standard interferometers used in a null configuration, the ray path through the system 

following the test piece is a function of the asphere under test and cannot be known in 

advance. This results in a condition which cannot be perfectly modeled, since the test 
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part, by definition, is unknown. It also leads to a need for reverse raytracing and reverse 

optimization, which was covered in Chapter 4. As discussed previously, the 

interferometer must be designed as simply as possible. This allows for independent 

characterization of all the system components for use in refining the reverse optimization 

model. However, the type, or class, of asphere which will be tested must be taken into 

consideration when designing the interferometer layout. Since, by definition, an asphere 

is anything which is not spherical, it is impossible to build a system which can handle 

every possible asphere. Therefore, the interferometer must be designed with certain 

metrology goals in mind. This assures that the instrument will have the necessary 

dynamic range, sensitivity, and physical parameters required to measure the aspheres of 

interest to the desired level of accuracy. 

A primary concern when designing the interferometer is vignetting of the test 

wavefront. Aspheric optics can produce a wide range of ray angles, which can easily 

expand the beam outside the physical diameters of the beamsplitter, fold mirrors, or 

imaging lens. Knowing the range of potential aspheric departures and slopes gives the 

designer the opportunit>' to select optics which will not limit the measurement 

unnecessarily. Choosing optics which have a large clear aperture is the obvious solution 

to prevent vignetting, however the cost of optical elements increases approximately with 

the area of the part, so arbitrarily choosing large diameter optics may be cost prohibitive. 

A better solution is to model the interferometer using example asphere test pieces to 

discover the possible range of ray divergence expected. This will allow a determination 

of the most critical components, and all optics can be chosen to be an appropriate size. 
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This philosophy results in a system which is designed to measure a specific class of 

aspheres. whose surface slope and departure or wavefront characteristics meet certain 

requirements. 

Imaging Lens Considerations 

Typically, the imaging lens will be the most critical limiting aperture. It is the 

furthest element from the test part and will often experience the largest test beam 

diameter, although this may not be true for a non-spherical test part. In order to minimize 

the aberration induced by the imaging lens, the designer would be well advised to choose 

a relatively slow lens. Pupil distortion, as mentioned previously, results in system 

induced aberrations, and is primarily introduced by the imaging lens. Unfortunately, the 

desire for a slow, well-corrected, yet simple lens is at odds with the large aperture 

requirement. A slow lens has a long focal length relative to its diameter. But the further 

the imaging lens is from the test part, the larger the diverging aspheric beam gets, 

requiring an even larger diameter lens. Since vignetting of the test beam sets a limit on 

the instrument measurement range, the imaging lens diameter must be set such that it 

does not prohibit measurement of the desired aspheric wavefronts. The f-number and 

design of the imaging lens can then be chosen to satisfy the reverse optimization 

requirements on simplicity and independent verification. 

In most commercial interferometers and many null interferometers, the imaging 

lens is a well corrected zoom lens used to reimage the test surface onto the detector array. 

There is often an intermediate image plane such as a rotating ground glass plate, to 
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remove spatial coherence effects. Unfortunately, the grit size on the ground glass tends to 

be on the same order or larger than the fnnge size for high frequency asphenc fringes. 

Therefore, a rotating ground glass plate will wash out the high frequency fringe content in 

the intermediate image. Removing the ground glass means the interferometer is spatially 

coherent all the way to the detector plane. A simplified imaging lens is required in order 

to reduce the number of spurious fringes due to multiple surface reflections. A simpler 

imaging lens design also lends itself to the reverse raytracing and reverse optimization 

that are required for an aspheric interferometer. The interferometer model is easier for a 

simple lens. Also, there are spatial frequency modulation and f/# requirements which 

must be considered, which commercial interferometers may not satisfy. 

For any metrology system there is a requirement on spatial sampling in the test 

plane. This corresponds to a spot size resolution requirement on the imaging optics. The 

pixel size on the detector array sets the fundamental limit on resolvable spot size. 

However, the imaging lens performance can greatly affect this number. The diffraction 

limited spot size for a lens is given as 

a = 2.44?i(f/#^). Equation S.l 

Where f/#w is the working f-number, defined as the lens to image distance divided by the 

physical lens diameter. The actual lens diameter is used, as opposed to the beam diameter 

at the lens, since the lens itself is the limiting aperture for diffraction and fi^uency 
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transmission considerations. As a rule of thumb, the diffi^ction spot for visible light is 

roughly equal to the f/#w in microns. So the requirement for spatial sampling in the test 

plane sets an upper limit on the imaging lens performance, and the detector pixel size sets 

a lower limit. 

The diffraction spot size is not the only defining characteristic for the imaging 

lens, however. In the SNI system, high frequency fringes are expected to be seen in the 

interference pattern. Again, the detector array defines the physical limit on resolvable 

fringes based on pixel size and spacing. However, the MTF of the imaging lens must be 

convolved with that of the pixels in order to fully characterize the frequency response of 

the interferometer. The maximum frequency fringe which can be supported by a lens is 

determined by the maximum ray angle allowed between the lens and image plane, as 

shown in Figure 5.1. That is, the maximum fringe frequency due to interference of two 

plane waves occurs due to rays aimed at the center of the detector array and originating 

from the top and bottom edge of the lens. 

A 

D 

Detector 
• 

Imiging Lens 

Figure 5.1 Maximum interference conditions. 
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The ray direction for the marginal ray is found to be 2ksin6, where k is the wavenumber. 

This leads to the following: 

2k sin(0) = 2k tan(0) = 2k 
D/2 27tA. 

( f /#)  ( f /#)  
Equation 5.2 

A bright fringe occurs every 2rt, so 

2jr = 
2nX 

( f /#)  
Equation 5.3 

and the fhnge frequency associated with the maximum ray angle is then given by 

i fnnge 
Mf/#)  

Equation 5.4 

Alternatively, this can be viewed in terms of the Fourier spectrum of a circular 

lens. The modulation for a spatial frequency incident on a circular lens can be expressed 

in terms of the exit pupil of the lens. The optical transfer function for incoherent 

illumination of a lens is the two-dimensional autocorrelation of the exit pupil (see for 

example, Goodman). The variable transformation to shift from spatial coordinates in the 

exit pupil to spatial frequency coordinates in the image plane is given by 
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X 
4  = — .  E q u a t i o n  5 . 5  

Az.. 

where x is the spatial coordinate in the exit pupil and Zx, is the distance from the exit 

pupil to the image plane. For a single lens, the exit pupil diameter is simply the lens 

diameter, and the cutoff frequency for the pupil autocorrelation then is 

Equation 5.6 

The shape of the MTF curve associated with a lens, according to the 

autocorrelation calculation for a circular aperture is given as 

y„i = 0.25[5 • tri(r) -1 + r^ Equation 5.7 

where tri(r) is a uiangle flmction, decreasing linearly from I to 0 with r, and cyl(r/2) is a 

cylinder function, which is 1 for all values less than r and 0 outside r. A sample gamma 

function is plotted in Figure 5.2. 
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Figure 5.2 Theoretical MTF for incoherent illumination of a circular lens 

Since the MTF of the imaging lens is multiplied by the detector MTF to produce 

the system frequency response, practical considerations for maintaining high fnnge 

contrast would indicate a usable frequency limit for the imaging lens of about half the 

cutoff" frequency. As stated in Chapter 3, the modulation must exceed 10% for the fnnge 

data to be reliable. Requiring the imaging lens to pass the entire specified frequency 

range with an MTF greater than 50% leaves room for further modulation decrease by the 

detector. The specified or desired frequency range must therefore be known. Here it is 

evident that knowledge of the expected range of test wavefront slopes is required. The 

largest wavefront slope will determine the largest OPD and therefore the maximum fiinge 

frequency the interferometer must support. The maximum measurable fringe frequency is 
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ultimately established by the cutoff frequency of the sparse array sensor. However, in 

practice, the interferometer may not be required to reach that limit. In this case, the 

maximum expected test wavefront slope sets the limit on fnnge frequency for the 

interferometer design. 

Finally, the reverse optimization process is most efficient for simple systems. A 

complex imaging zoom lens design using multiple components and air spaces will slow 

down the optimization and may eliminate the possibility of a unique solution. The 

reverse optimization process is greatly assisted if all interferometer components can be 

individually measured and modeled in the lens design model. For this reason, an air 

spaced doublet is an excellent choice for the imaging lens. It can provide a well corrected 

wavefront, while allowing all lens surfaces and thicknesses to be separately characterized. 

The requirements on the design of the imaging doublet are further eased by establishing a 

flat field imaging design. The interferometer is expected to image a test plane, as 

opposed to a curved optical surface, onto the detector array. This enables the use of a 

simple air spaced aplanat or similar design, which minimizes aberration for a nominally 

zero field system such as an interferometer. 

Design Simplicity 

The reverse optimization calibration process introduces other issues as well. As 

Chapter 4 explained, the non-null situation in which the instrument operates introduces 

aberrations which are test part dependent. These are not systematic errors and cannot be 

calibrated independent of the asphere under test. Since reverse optimization allows all 
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optical components to be variables, the interferometer elements should be simple to make 

the optimization efHcient. A simple design, with the fewest elements possible will result 

in the smallest solution space for the reverse optimization problem. In addition, simple 

individual components allow independent measurement of the optical parameters, which 

further reduces the range of possible solutions. 

Previous SNI systems used unknown elements or stock catalog components. 

These interferometers were able to record aliased fringe patterns and unwrap the modulo 

2n phase maps successfully. However, they were limited in the degree of reverse 

optimization which could be done by the uncertainty in the nominal prescription of the 

system. In fact, the original SNI system was built using the components from a Zygo 

Mark IV interferometer (Zygo Corporation, Middlefield, CT), which were complicated 

and not accessible for characterization (Greivenkamp, 1987). The second generation 

interferometer used a very simple Twyman-Green layout, but employed stock cemented 

achromatic doublets for imaging and diverging lenses. This allowed for an efficient lens 

design model for reverse optimization, but did not permit verification of the doublet due 

to the inaccessible cemented surfaces (Lowman 1995). 

In order to improve the interferometer design, the current system uses no 

cemented lenses. All optics are air spaced doublets and can be easily removed from their 

housings for characterization. To further minimize the reverse optimization solution 

space, precision custom optics were used for some of the components. This is especially 

critical for the large aperture beam expanders, since no interferometer was available to 

independently measure the full aperture of those elements. Precision fabrication 
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tolerances decrease the need for surface characterization, since they guarantee minimal 

surface figure error. This is important because the reverse optimization model can easily 

solve for decenters and tilts of lenses but surface figure error on interferometer 

components is extremely difficult to separate from test wavefront features. Ultimately, 

the level of interferometer characterization is dependent on the desired measurement 

precision. 

The interferometer used for this research was originally designed to test up to 150 

mm aperture optics in transmission. A Mach-Zehnder layout was chosen, giving a single 

pass wavefront through the test optic. The large test aperture necessitated the use of two 

6X beam expanders in addition to the usual two beamsplitters, two fold mirrors, and an 

imaging lens. The design of these beam expanders for use in an aspheric metrology 

system presented an interesting challenge and is discussed below. No diverging or null 

optics are used, as the SNl method allows for large departures from the reference 

wavefront. This yields an additional benefit, in that the reference is a plane wave and the 

interferometer, therefore, makes an absolute measurement of the test wavefront. Using a 

plane reference then allows measurement of the actual tilt and power introduced by a test 

optic. 

Beam Expander Design 

In order to achieve the 150 mm test aperture for the interferometer, custom beam 

expanders were required. The first beam expander is used to generate a nominally 

collimated 150 mm beam at the test plane. A second beam expander, or beam compactor. 
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is placed following the test plane to reduce the beam diameter down to a nominally 25 

mm diameter. This actually complicates the interferometer design, but is necessary to 

avoid using extremely large aperture optics following the test plane. If the full test 

aperture were allowed to propagate through the rest of the optical system, the highly 

divergent aspheric wavefront would require components with apertures of 250 mm and 

greater. These would be extremely expensive and difficult to mount and align. A 

compromise is made instead, which increases the design complexity, but makes the 

system more physically manageable in the laboratory. 

Using the beam compactor for test beam diameter reduction following the test 

piece results in an optical system which must relay an aspheric wavefi^ont. The design of 

this type of afocal lens system occurs in other optical metrology systems as well and must 

be treated in a different maimer than more conventional lens designs (Gappinger, et al, 

2000). The primary changes are in the way in which the lens design software is used to 

optimize the lens system. These differences include pupil definition, performance 

evaluation, and merit function construction. 

In the SNl system, as often occurs in optical metrology, the test beam is a 

nominally collimated laser beam and the lens system in question is used to reduce and 

relay the wavefront after passing through the test piece. The output of the beam 

expander, or reducer in this case, is also a nominally collimated beam. Since the optics 

are used to manipulate a test wavefront, all lenses must be sufficiently large to prevent 

vignetting. However, because the telescope is not necessarily used to form an actual 

image with the beam, there is not a real image plane associated with the telescope and 
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thus no way to evaluate the design using standard calculations such as rms spot size or 

wavefront OPD. This, in turn, requires modifications to the default merit function used to 

optimize the lens design. 

In most lens design programs, the default setup for the system aperture stop uses 

the entrance pupil diameter to defme stop size and pupil coordinates for ray tracing. This 

works for any lens system in which the entrance pupil is a finite distance from the stop or 

in which the first surface is the stop. For an afocal system this may not be true. A simple 

telescope has a very small field of view, and usually does not contain a limiting aperture 

for the metrology system. The very existence of the pupil for design purposes is in 

question in this case. The simplest solution to this problem is to create an arbitrary 

entrance pupil some distance in front of the first lens and define the stop size and pupil 

coordinates in the usual maimer. This has an added benefit in that it is desirable to match 

pupils when connecting optical systems in order to retain control of magnification and 

pupil aberrations. Also, pupil matching accounts for vignetting issues and ensures no 

light is lost in transition from one system to the next. Designing a telescope with a 

known entrance pupil location facilitates matching it to the exit pupil of whatever optical 

train precedes it. 

For the interferometer, the test optic is typically the system stop. Therefore, the 

beam compactor immediately follows a useable real aperture. In the lens design program, 

the entrance pupil is defined to be the same distance in front of the first lens as the test 

optic will be in the interferometer layout. This incorporates the test optic location into the 

lens design. The next consideration is the design evaluation. By virtue of the defined 
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entrance pupil, the telescope will produce an associated exit pupil. However, since no 

image is being formed by the beam reducer, there is no reference sphere in the exit pupil. 

Without a reference sphere there is no way to calculate the aberrations used to define 

system performance (see for example, Kingslake). The simplest way to solve this 

problem is to create an image plane using a paraxial lens. In both Code V (Optical 

Research Associates, Pasadena, CA) and Zemax it is fx)ssible to create a lens which 

performs according to a paraxial focal length and contributes no aberration to the 

wavefront. Placing this lens behind the final telescope surface creates an image plane for 

use with the standard performance criteria. 

There is some question, however, whether the usual imaging criteria are 

appropriate for a system in which the goal is to relay a wavefront with minimal changes. 

Consequently, a method which directly evaluates the collimated wavefront output relative 

to the input test wavefront is desired. Careful placement of the paraxial lens in the 

telescope allows a compromise. Since we have defined a specific entrance pupil for the 

telescope, placing the paraxial lens in the exit pupil causes the aberrations in the system 

to be calculated in the plane conjugate to the entrance pupil. However, this method still 

depends on a reference sphere created by the paraxial lens. In practice, the telescope will 

never produce a spherical reference. Another method for analyzing the transmitted 

wavefront is to omit the paraxial lens and examine the actual wavefront in the exit pupil. 

Aberrations are calculated as the difference in optical path length between the real rays 

traced through the system and a reference of some kind. The standard aberrations use a 

reference sphere in the exit pupil. The reference surface for aberration calculations must 
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be changed in the lens design program to use an absolute reference in place of the 

spherical reference. This absolute method calculates OPD for each ray traced by 

subtracting the total ray path through the system from that of the chief ray. For an afocal 

design used essentially on axis, the chief ray experiences no aberration and can therefore 

be used as a reference for the rest of the rays. This method allows the telescope design to 

be evaluated based on the change in the absolute transmitted wavefront as opposed to the 

converging spherical wavefront in an image forming system. In fact, for a sample test 

wavefront entered in the entrance pupil, the conjugate wavefront in the exit pupil can be 

compared directly to the wavefront in the entrance pupil in order to determine the change 

in wavefront OPD due to transmission by the telescope. 

Having established that the transmitted wavefront can be used for aberration 

evaluation, a suitable merit function must be created. For optimization purposes, there 

are two main default choices for merit flmction operands: rms spot size and optical path 

difference. Since the image plane evaluation has already been discarded, rms spot size is 

meaningless. Optical path difference has already been mentioned for evaluating 

wavefront transmission, so it is the best choice for merit function operands. The OPD 

targets can be used to directly evaluate the transmitted wavefront when the input 

wavefront is a plane. This will result in a design which transmits a plane collimated 

wavefront with minimal aberration. However, since the aberrations induced by a non-

null test configuration depend on the transmitted wavefront, it is convenient to examine 

the behavior of the lens design for potential test wavefronts. Using a Zemike Phase 

Surface in Zemax. it is possible to introduce a test wavefront described by Zemike 
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coefficients in the entrance pupil of the telescope. Fitting Zemikes to the resulting 

waveiront in the exit pupil provides a quantitative measure of the induced aberrations. It 

is then possible to optimize the system using the coefficient values in the merit function 

to evaluate the performance. This of course requires a different merit function than the 

standard OPD operands. 

For the design of the actual afocal components for the SNI system, it was found 

that two air spaced doublets were required. For space considerations, a Galilean 

telescope layout was chosen, however, this prevents optimization of the two ends of the 

telescope independently. The small negative power element must compensate for the 

aberrations of the large positive power element. The spherical aberration content of a 

single positive lens was far too large and was reduced by simply using two identical 

positive lenses, each optimized for minimum spherical aberration. The negative lens was 

then optimized to compensate, requiring two custom lenses to yield best performance. A 

small field angle was introduced in order to ease decenter and tilt tolerances for mounting 

of the beam expanders. 

As suggested in the previous design discussion, example wavefronts were used to 

test the performance of the beam expander design. Under the original project 

specifications, this interferometer was intended to measure wavefronts transmitted 

through large, low power, aspheric optical windows. The windows were to be nominally 

toroidal with powers ranging from 0.6D to -0.25D. Using a Zemike phase surface to 

simulate a potential test wavefront in the collimated space in front of the beam expander, 

the wavefront was examined in the collimated space following the optics. Ideally, the 
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transmitted wavefront would be identical to the original sample wavefront. The beam 

expander design showed an induced aberration content less than >i/10. 

Interferometer Specifications 

With the custom design of the beam expanders resolved, the rest of the 

interferometer can be laid out. The following discussion references the layout shown in 

Figure 5.3 and a photograph of the system is shown in Figure 5.4. Considerations for the 

construction of a transmitted beam interferometer include wavelength, test piece size, and 

measurement dynamic range. This establishes the requirements for a visible test 

wavelength and measurement aperture of 150 mm. For fringe pattern analysis phase 

shifting must be used and an appropriate imaging lens must be employed to image the test 

optic onto the detector array. 

Figure 53 SNI Mach-Zehnder layout. 

The interferometer was designed to have a 150 mm collimated test space. 

Reasonable mounting considerations for the 6x beam expanders led to an optical axis 
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height above the table of approximately 230 mm. A simple periscope mirror arrangemem 

was used to establish the optical axis height. A spatial filter consisting of a 0.45 NA 

objective and a 5 )^m pinhole is used to improve the raw beam quality and is coupled with 

a lens to provide the collimated input to the interferometer layout. An F/5 aplanatic 

doublet collimates the beam, giving a theoretical wavefi^ont transmission of better than 

X/4 over a 30 mm beam diameter. Actual interferometric measurement of the lens 

showed roughly >73 performance over the full clear aperture. This is not critical, 

however. A non-null interferometer need not be perfectly corrected since the reverse 

optimization accounts for system errors. The spatial filter is set up to overfill the 

collimating lens by approximately 50% in order to establish a uniform irradiance profile 

for the beam. There is one unfortunate consequence of this set up. While it is customary 

to use the overfilled collimating lens to obtain irradiance uniformity, traditional 

interferometers have a rather short optical path, such that diffraction effects from the 

aperture of the collimating lens do not affect the measurement. The SNI system has a 

significantly longer optical train, due to the space required for beam expansion, resulting 

in noticeable diffraction rings inside the edge of the full 150 mm test aperture. This effect 

can be eliminated by stopping down the test aperture, at the cost of a smaller available 

measurement diameter. The diffraction effects can also be changed or eliminated by 

using a smaller spatial filter pinhole and/or larger diameter collimating lens. 

The two beamsplitters required for the Mach-Zehnder layout were chosen to be 

plate beamsplitters with a 30 arcminute wedge. The wedge prevents the ghost reflection 



121 

from the back surface of the plate from travelling parallel to the test beam and creating 

spurious fnnges on the detector. The first beamsplitter is oriented to reflect the test beam 

and transmit the reference beam. This is a consideration for minimizing the system 

induced aberrations due to the test beam travelling through imperfect optical components. 

Since the reverse optimization lens design model accounts for aberrations in the reference 

beam, it is preferable to place the more difficult to characterize wavefront due to 

transmission through the beamsplitter in that beam as opposed to the test beam. 

Phaseshifting is accomplished with a PZT on a 2 inch fold mirror in the reference arm. A 

high voltage amplifier drives the piezoelectric actuators for phase stepping. The PZT fold 

mirror has a surface figure of better than X/10 over the reference beam footprint, and was 

not included as a Zemike phase surface in the reverse optimization model. 

The test beam is expanded from the collimated 30 mm diameter to the desired 150 

mm test aperture using the first custom 6X beam expander. The second beam expander, 

used in reverse order, follows the 240 mm long test space to reduce the beam diameter 

back down to nominally match the reference beam size. The test and reference beams are 

recombined at the second beamsplitter, with the test beam again being reflected and the 

reference beam transmitted. This orientation is used to minimize aberrations which 

would be induced by the aspheric test beam passing through a wedged plate. The induced 

aberrations due to reflection off the beamsplitter surface are easier to model and optimize 

than the relatively unknown transmissive qualities of the wedged plate. 

The test plane in the collimated test space is imaged by a precision f/5 aplanatic 

doublet onto the detector array. This lens satisfies the conditions detailed previously with 
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regard to an imaging lens in an interferometer. The lens functions with a working f-

number of f/7 and supports the required fi^uency spectrum. In addition, it is an 

airspaced lens, allowing verification of radii of curvature and glass thicicnesses. It was 

not necessary, to the precision of measurement, to characterize the surface figure of the 

imaging lens. Although the system is non-null and the reference and test ray paths are not 

the same through the imaging lens, the precision lens surfaces are not a significant error 

source. This was established by comparing reverse optimization results with and without 

the lens surface data. The errors due to component alignment variables are for more 

significant than those the imaging lens surface figure introduces. All of the lens surfaces, 

including the beam expanders, are anti-reflection coated at 532 nm, effectively 

eliminating ghost reflections and the associated spurious fiinges. In addition, the usual 

cover glass on the sparse array detector is removed in order to prevent tilt fnnges due to 

wedge in the glass. 

The laser source for the interferometer is required to be a visible laser with 

sufficient output power for the sparse array sensor and a long coherence length for the 

unequal path interferometer layout. The power requirement is necessary due to the 

reduced active area of the sparse array sensor. As discussed in Chapter 2, the active 

dimension of the detector pixels is reduced from 15 (im to 2.35 nm. This results in a 

reduction in light sensitive area of over 97%. A long coherence length laser is desired to 

prevent loss of fnnge modulation due to unequal pathlengths. The beampaths of the test 

and reference arms in the interferometer are significantly different due to the presence of 
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the 6X beam expanders in the test arm and the slight angle introduced into the reference 

beam path by the wedged beamsplitters. 

The laser chosen for this instrument is a 532nm frequency-doubled diode-pumped 

Nd.YAG laser in a ring cavity configuration. The laser has a maximum output of 200 

mW and a coherence length of 1000 m. The actual laser power used for the 

interferometer, as measured immediately before the spatial filter, is roughly 0.2 mW. 

This is lower than might be expected for the pinhole array of the sparse array camera. 

However, due to the transmitted wavefront layout nearly 50% of the original laser power 

is directed onto the detector, as opposed to a reflective Twyman-Green or laser Fizeau 

layout, in which greater than 95% of the laser power is typically lost due to uncoated test 

surfaces. 



Figure 5.4 Physical layout of the Sub-Nyquist interferometer. 
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CHAPTER 6 

EXPERIMENTAL RESULTS 

Two experimental interferometer systems were explored and analyzed for this 

work. Both instruments employ a Mach-Zehnder layout: the first using a 25 mm test 

aperture, and the second incorporation two 6X beam expanders to achieve a 150 mm test 

aperture. Each system was evaluated in a nominal layout sense, using no test part. While 

it is desirable to have good nominal performance, it is not necessary. Since the 

interferometer is not intended to make a null measurement, the nominal system does not 

need to satisfy a null condition. It is critical, however, that the nominal error be 

characterizable and incorporated into the reverse optimization model. Residual 

aberration in the nominal interferogram must be fiilly accounted for in the reverse 

optimization process. The nominal results demonstrate the basic level of calibration 

retrieved by the reverse optimization method. 

The smaller test aperture system was used to measure a CaF2 wedged plate, to 

show pure tilt results; a plano-convex lens, to demonstrate pure power measurement; and 

a piano-cylinder, to represent a non-rotationally symmetric test wavefi-ont. The large 

aperture setup also was used to measure the CaF2 wedged plate, for comparison purposes 

to the simpler small aperture system. In addition, a toroidal sapphire window and a 

progressive bifocal lens were tested, displaying the ability to measure aspheric 
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wavefronts. This chapter summarizes the test results for both systems and also analyzes 

the level of correction achieved by the implementation of reverse optimization. 

Small Aperture System - 25 mm 

Nominal Performance 

The transmitted wavefront layout used for this work provides the convenience of 

capturing interferometric data with no test piece in place. This nominal system wavefront 

shows the base amount of aberration in the system and can be used to evaluate the lens 

design software model and reverse optimization procedure. For the 25 mm aperture 

system, the basic lens design model contains two beamsplitters, a fold mirror, and the two 

element imaging lens, as shown in Table 4.3. The interferogram in Figure 6.1 shows the 

nominal small aperture system. There is a very small amount of inherent aberration, with 

a peak-to-valley (PV) wavefront height of approximately >710. A surface plot of the 

unwrapped nominal wavefront appears in Figure 6.2. 
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Figure 6.1 Nominal interferogram for 25 mm aperture system 

r 

0.05 

1 J ° 
1 

1 , 0.05 

PV=0.083A. ^ 

RMs = oom>^ 

V30 contours 

Figure 6.2 Nominal wavefront for 25 mm aperture system 

The small aperture lens design model was reverse optimized with variables on the 

imaging lens and detector locations and the beamsplitter (BS2) decentration. The 
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resultant wavefront was fit to 25 Zemike terms, using the Fringe ordering, for comparison 

to the nominal measured wavefront from the interferometer. The difference map between 

the modeled Zemike surface and the measured data was generated and yielded results of 

0.062?i PV and 0.0156?l rms. As Figure 6.3 shows, the primary error in the difference 

wavefront occurs at the edge of the pupil. This was found to be a frequent issue due to 

the use of Zemike surfaces. The Zemike polynomial is defined over a unit radius circle. 

For implementation as a phase or sag surface in Zemax, this unit circle must be 

normalized to the physical radius of the surface. Small errors in dimension can easily 

introduce apparent sag errors near the edge of the data. If the pupil used for comparison 

is reduced to 95% of the full test aperture, the PV difference drops to 0.057?i, and 90% 

yields a PV of0.050>.. 

PV = 0.062A, 

RMS = 0.0156 A. 

A/50 contours 

? 0-0° 

Figure 63 Difference wavefront for nominal system test, 25 mm aperture 
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If the reverse optimization model is allowed to include the Zemike coefficients on 

the second beamsplitter as variables, it is possible to drive down the difference between 

model and data substantially, as shown in Figure 6.4. While the magnitude of the 

remaining error in the plot is extremely small, the dominant effect is still at the edge of 

the pupil. It should be noted that allowing the Zemike phase surface representing the 

beamsplitter to vary is not strictly accurate for modelling the interferometer. This 

experiment was done, however, to examine the effects of the nominal model on the 

subsequent test part results. As is discussed later, the model of the interferometer is not 

the limiting uncertainty in the system and therefore the nominal results shown in Figure 

6.3 are used with all reported results. 

PV=0.010X 
0-02 

RMS = 0.0016;i 

A/SOO contours 

Figure 6.4 DifTerence wavefront allowing Zemike optimization on beamsplitter 
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In general it is not unusual to experience measurement errors at the edge of the 

measurement pupil. Polynomial fits tend to struggle with edge effects, small data 

alignment errors relative to the theoretical wavefront have a maximum effect at the edge, 

and fabrication errors are usually greatest at the edge of a surface. It is important to 

understand the useable clear aperture of any optical system and, of course, metrology 

tools are no different. In fact, the nominally 25 mm system actually has a physical beam 

diameter of 30 mm. The nominal wavefront data in the preceding figures is taken using a 

25.95 mm circular aluminum aperture. Thus the 25 mm pupil of interest is only 96% of 

the measured data, eliminating a significant portion of the edge error effect. 

CaF: Wedge Plate 

The first test piece does not represent an asphere but rather demonstrates the 

usefulness of an absolute reference and provides a comparison test between the small and 

large aperture interferometers. The test optic is a 3 inch diameter wedged plane plate 

made of calcium fluoride (CaF2). The wedge angle was measured by collecting a double 

pass interferogram on a WYKO 6000 laser Fizeau interferometer and then using the 

unwrapped wavefront in Zemax to calculate the glass wedge. The measured wavefront 

was entered into the lens design code as a Zemike phase surface. The wedge angle on the 

modeled CaFa plate started as an unknown in the reverse optimization and was allowed to 

vary to achieve minimum OPD. The resultant measured wedge angle is 36.342 

arcseconds. The manufacturer specification for the optic is actually a plane parallel plate 

with a listed a parallelism of less than 30 arcseconds. The surfaces of the wedged plate 
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were not independently characterized since the figure of interest was the tilt of the 

wavefront produced in transmission. 

For reverse optimization of the measured wavefront data, only the rotation of the 

wedge in the model was allowed to vary for the result shown in Figure 6.5. This allows 

for a small rotational alignment error of the wedge relative to the interferometer 

coordinate system. As the plot indicates, the primary difference between measured and 

modeled data is tilt and a rotationally symmetric error. When the wedge angle of the 

model is allowed to vary, the resultant difference wavefront in Figure 6.6 is achieved, 

leaving only the rotationally symmetric error. This remaining error is due to likely 

surface figure errors on the test optic and does not significantly influence the 

measurement of the tilted wavefront. The reverse optimized wedge angle found this way 

is 35.125 arcseconds, a difference of only 1.2 arcseconds from the WYKO laser Fizeau 

measurement. The precision of the wedge angle calculation from the double pass 

interferometric data is limited by the wavefront height precision of the WYKO data and 

the uncertainty in index of refraction of the CaF2. Generally, the stated precision of a 

measurement on a commercial interferometer is approximately 0.05A.. Given that the PV 

wavefront difference changed by 0.053X. after allowing the wedge angle to be optimized, 

this would indicate the results are within the tolerance range to which the wedge is 

known. Refractive index effects are discussed below. 
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Figure 6.5 Difference wavefront for 25 mm aperture test on CaF: wedge 

O.J 
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Figure 6.6 Difference wavefront with optimized wedge angle 
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Piano-Convex Cylinder 

Aspheric measurements can include nonrotationally symmetric optics and 

wavefronts. so a simple cylindrical test was done. Two 4 inch diameter piano-cylinders 

were available; one concave and one convex. Both cylinders were measured with similar 

results and only those for the plano-convex optic are included here. 

The planar side of the test piece was characterized on a laser Fizeau interferometer 

for inclusion in the reverse optimization model. The convex cylinder surface has a 

specified radius of curvature of 948.945 mm. The only available means for 

independently verifying this curvature was to measure the surface sag on a circle near the 

edge of the surface. The optic was placed planar side down on an air bearing rotation 

stage. A Heidenhain digital length gauge with a measurement accuracy of ±0.5 |im was 

then used to measure the surface sag. Using the maximum and minimum measured sag 

heights around the perimeter of the surface allows calculation of the cylindrical surface 

curvature as 

2 C = -r; Equation 6.1 
z" + r" 

where z is the measured sag and r is the radial location at which the sag was measured. 

This measurement results in an average sag of 1.127 ±0.006 mm and an average 

calculated radius of curvature of 1008.7 ±3.5 mm. 
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The fringe pattern prcxluced by the cylinder lens, shown in Figure 6.7, displays the 

characteristic aliasing expected for large wavefront departures. Since the test wavefront 

only departs from the reference in one dimension, the interferogram shows straight 

fringes. The central region is zero OPD and appears as low frequency fringes. Moving 

horizontally in the image, the fringes increase in frequency as the square of the distance 

until reaching the Nyquist frequency. fN- Beyond the Nyquist frequency the fringes 

decrease in frequency as the alias to lower values. At fs, the fringes are exactly two 

pixels wide, producing alternating white and black lines in the image. Without 

significant data modulation provided by the sparse array camera electronics, these fringes 

would be undetectable and the data lost. 

Figure 6.7 Interferogniin for plano-convex cylinder lens. 



135 

The measured test wavefront is shown in Figure 6.8. The PV sag for the 

cylindrical wavefront is approximately 83 waves. The test optic was oriented in the test 

beam such that the collimated test beam is incident on the convex cylinder surface and is 

refracted through this and then the planar surface. This is equivalent to the minimum 

spherical aberration orientation of a plano-convex spherical lens. The wavefront 

produced in transmission by the cylinder lens cannot be measured on a traditional 

interferometer. Not only is the magnitude of the wavefront far outside the dynamic range 

of PSI, the nonrotational symmetry cannot be balanced using traditional spherical 

reference optics. 

pv = 83;l 

Figure 6.8 Measured transmitted wavefront tiirough plano-convex cylinder lens 
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The reverse optimization model for the cylinder contains the usual variables for 

location and size of the test aperture, or entrance pupil, which are optimized using the 

multiple configuration data. As the test wavefront slope increases, the importance of the 

test aperture size in the model grows. Small variations in pupil size result in large 

fractions of a wave to multiple waves of apparent wavefront sag in the lens design model. 

As discussed in Chapter 4. the constraints on pupil location and size must be iteratively 

evaluated along with the test variables in order to achieve a successful optimization. The 

actual test variables consist of the decenter, tilt, and wedge of the piano-cylinder and the 

decenter of the reference wavefront. Figure 6.9 plots the results firom the reverse 

optimization. 

Figure 6.9 Difference wavefront for plano-convex cylinder lens 
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The difference between measured and theoretical data is rather large, with a PV of 

0.4 R and a RMS of almost 0.1>.. However, since there is no independent verification of 

the cylindrical surface figure, the error is likely due to fabrication error which is not 

included in the model. This is verified by subtracting a best fit cylinder from the 

measured wavefront data. The resultant difference wavefront is virtually identical to that 

shown in Figure 6.9. Also, comparing the radius of curvature of the measured cylindrical 

wavefront to the predicted wavefront radius for the lens shows an error of only 0.13%. 

Given that the standard fabrication precision of spherical surfaces is specified to 

anywhere from 0.1% to 1%. this is an excellent verification that the pupil size and 

location optimization is working. 

Piano-Convex Sphere 

To verify the iterative reverse optimization procedure for a large wavefront 

departure, a predominantly spherical wavefront was measured on the small aperture 

interferometer. The test lens was a stock catalog plano-convex BK7 lens with a nominal 

focal length of 500 mm and a diameter of 25.4 mm. The surface figure for both sides of 

the lens was independently characterized on a WYKO 6000 laser Fizeau interferometer 

(Veeco Metrology Group. Tucson, AZ) along with the radius of curvature of the spherical 

side. The measured transmitted wavefront for this lens, oriented with the collimated test 

beam incident on the spherical surface, is shown in Figure 6.10. With a PV sag of nearly 

200/l, this is equivalent to a departure from the reference wavefront of over 100 |im. 

While most of this difference is due to power, it does represent an OPD change from the 



nominal interferometer configuration. In other words, the reference for 

interferometer is a piano wavefront. 
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Figure 6.10 Transmitted wavefront for plano-convex lens of focal length 500 mm. 

The aliased fringe pattern observed by the detector for the transmitted wavefront 

through the plano-convex lens is displayed in Figure 6.11. The central bull's eye pattern 

is the expected ring fringes for a defocused wavefront. The detected fringe frequency 

increases to the Nyquist limit, then aliases and decreases in frequency to the sampling 

frequency, which is equivalent to the DC bull's eye pattern. Each recurring bull's eye 

pattern occurs at an even multiple of the Nyquist frequency. This indicates the plano

convex lens produces fringes up to almost six times the Nyquist limit. The fringe pattern 
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also shows the strong modulation at the Nyquist frequency. Near the Tn, the interference 

rings appear to intersect and create display artifacts. This is the result of plotting circular 

fringes on a square detector or printer grid. If the modulation near fN was low, the 

artifacts disappear and gray vertical bands appear in the interferogram. The display 

artifacts provide a visual confirmation of the MTF measurements on the detector array. 
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Figure 6.11 Aliased fringes for plano-convex lens transmitted wavefront. 

Since both surfaces of the lens can be independently measured, the reverse 

optimization model includes the complete description of the test lens. This allows for a 

calibration of the process relative to a known test part. Figure 6.12 shows a flowchart of 

the measurement and reverse optimization process for the calibration test. The nominal 

system performance data, including the two defocused data sets used as multiple 
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configuration data, is used to create Merit Function A. Merit Function C is generated 

from the measured test lens data. Both of these files contain the measured data in the 

detector plane. Default OPD targets for the reference wavefront are used to create Merit 

Function B and the three merit functions are used to perform the iterative reverse 

optimization described previously. The characterized calibration lens data is included in 

the reverse optimization interferometer model. During the step in which MF C is used, 

the calibration lens is allowed to decenter and tilt in the reverse optimization model to 

account for alignment errors in the measurement data. 

Meanred 
Nominal Data 

Meaimd 
Nominal Data 

Measured Test 
Dau@ 

Best Focus 
-1mm Defocus «lmm Defbcus Best Focus 

MF_A 
(Nommal Wave &. 

^pil Infa) 

MF_C 
(Test Wave &. 

Pupil Info) 

Theoretical Test 
WavemTeX 

V Haoe , 

MF_B 
(RefWave) 

Iterative Reverse 
Optumzation 

Measured Test 
Wave ID Test 

Wane 

Figure 6.12 Flowchart for reverse optimization of calibration test lens. 

The output of reverse optimization process is the interferometer prescription, the 

theoretical calibration lens wavefront in the test plane including alignment errors, and the 
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measured test wavefront in the test plane. Alternatively, the theoretical wavefront could 

be obtained in the detector plane and used to compare directly with the measured data in 

the detector plane. The error results reported below are essentially the same in either 

case. Ideally, the nominal or "null" interferogram produced with no test part in place 

should indicate the approximate system resolution. The nominal interferogram shows a 

system performance of0.062?L PV and 0.0156X rms. The actual achieved results shown in 

Figure 6.13 as the difference between the theoretical calibration lens wavefront for the 

plano-convex lens and the measured test wavefront. 

The difference wavefront shows a PV error of 0.16>. and an RMS difference of 

0.02/1. In addition, the error in wavefront radius of curvature is only 0.11% when 

compared to the predicted value based on the characterized calibration lens data. Note 

that the PV error is dominated by edge effects, which is a result of the use of Zemike 

polynomials to fit the data. 25 Zemike terms are fit to both the theoretical calibration lens 

wavefront and the reverse optimized measured wavefront in the lens design code. The 

Zemike coefficients are then used to generate surfaces for comparison. Edge effects are 

introduced because Zemikes are notoriously sensitive to pupil definition and the reverse 

optimization process includes pupil sizes as variables. This leads to some uncertainty in 

the edge definition when fitting the Zemike polynomials. Fitting more terms or using a 

different polynomial set with less edge sensitivity would reduce the PV error at the edge. 

The PV error of the calibrated wavefront is approximately twice the limiting 

resolution predicted by the nominal system performance. This discrepancy can be 
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explained by two factors: surface figure registration and index of refraction. The 

registration or relative decentration of the data on the front surface to the data on the back 

surface of the test lens cannot be precisely known. Therefore, refractive errors introduced 

by each surface may not be exactly aligned and will not be modeled accurately. This is a 

very small effect, however, when compared to the error introduced by the uncertainty in 

the index of refraction of the test lens. 

0.2 
PV=0.I6A 

RMS = 0.021^ 

A/50 ccntours 

Figure 6.13 Difference wavefront for plano-convex lens 

The difference wavefront shows reasonably good results, with a PV error of 0.16X 

and an RMS difference of 0.02X. In addition, the error in wavefront radius of curvature is 

only 0.11% when compared to the predicted value based on the measured lens 

parameters. Notice the PV error is dominated by edge effects, as predicted in the 
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discussion of the nominal measurement. Also, the difference wavefront is roughly a 

factor of 2 larger than the nominal measurement limit of 0.06A. would indicate. This 

discrepancy can be explained by two factors: surface figure registration and index of 

refraction. The registration or relative decentration of the data on the front surface to the 

data on the back surface cannot be precisely known. Therefore, refractive errors 

introduced by each surface may not be exactly aligned and will not be modeled correctly. 

This is a very small effect, however, when compared to the error introduced by the 

uncertainty in the index of refraction of the test lens. 

In a transmissive measurement, the index of refraction is a critical parameter in 

the prediction of the theoretical test wavefront. The stock test lens is fabricated in BK7 

glass, which is an industry standard optical glass. However, according to the Schott glass 

catalog, the tolerance in index of refraction is nominally 0.001 or 0.0005 on higher 

quality glasses. The U^smitted wavefront through the test lens will change by as much 

as ?l/4 under this tolerance range. This is always a difficulty in modeling transmission 

tests for calibration purposes. In order to drive the reverse optimization to the limit of its 

precision and accuracy, the melt data on all glass elements in the system must be known. 

In addition, any test piece used for calibration purposes must be known completely, 

including index of refraction data. 
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Large Aperture System - 150 mm 

Nominal Performance 

As with the small aperture interferometer, the first data of interest is the level of 

correction attainable for the nominal system wavefront. The large aperture layout is more 

complicated due to the use of the 6X beam expanders required to create the 150 mm test 

aperture. The beam expander lenses can generate large amounts of aberration for small 

aligrmient errors and so must be included in the reverse optimization model. An 

alignment method using a 632.8 nm HeNe laser was developed to minimize error 

introduced by the beam expanders. Since the interferometer lenses are antireflection 

coated for use with the 532 nm test laser, a different wavelength is required for alignment 

purposes. The HeNe beam was aligned to the green doubled NdrYAG test laser using 

aligrmient irises and a kinematically mounted mirror. The beam expander lenses were 

then aligned using the transmitted and retroreflected HeNe beam. Alignment irises are 

located approximately 0.5 meter on either side of the lens being positioned. Aligning the 

lens such that the transmitted and reflected spots are nearly centered on a I mm aperture 

produces element tilts of less than 3.5 arcminutes. 

This alignment procedure resulted in the nominal interference pattern seen in 

Figure 6.14. Figure 6.15 provides a surface and contour plots of the nominal system 

wavefront. The PV sag of the nominal wavefront is 0.6>. and is primarily third order 

coma due to a slight vertical misalignment of the beam expander optics. Note that this 

data is shown over a 102 mm aperture, not the full 150 mm system aperture. This is due 

to diffi^ction effects near the edge of the maximum pupil. This is discussed below. Also 
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note, it is not critical to have a perfect null interferogram for the system, since the data 

must be analyzed using reverse optimization anyway, small alignment errors will 

naturally be accounted for during this process. However, the interferometer alignment 

should be done with some care so that alignment errors do not overwhelm the 

optimization or use up significant measurement dynamic range. 

Figure 6.14 Nominal interferograni for large aperture system 
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Figure 6.15 DifTerence wavefront for the nominal system over 102 mm aperture 

As mernioned previously, this nominal data is taken over a four inch aperture 

rather than the full six inch test aperture defined for the interferometer. Due to the 

overfilling of the collimating lens in order to achieve uniform illumination in the 

interferometer, there is a diffraction effect which propagates along the beam path. There 

is a significant path length between the collimating lens and the test plane, and the 

diffraction rings influence the outer edge of the test pupil. Since lens design software 

does not typically account for diffraction effects in terms of beam irradiance and pupil 

effects, these rings are not part of the reverse optimization model. Therefore, the actual 

useful test aperture diameter is reduced from 150 mm to approximately 128 mm. 
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CflFi Wedge Plate 

The large aperture data on the wedge plate measures the entire 3 inch diameter of 

the test part. As was the case for the small aperture system, the wedge angle was 

included in the reverse optimization variables. The iterative procedure discussed in the 

previous section also produced the results for the wedge plate. The resultant difference 

wavefront between measured data and reverse optimization model is given in Figure 6.16. 

Comparing this to the results from the small aperture test in Figure 6.6, the similarity in 

error is apparent. Also, the large aperture test resulted in an optimized wedge angle of 

36.24 arcseconds. a difference of 1.1 arcseconds. This is well within the measured 

tolerance of the angle and Indicates the precision of the tilt measurement of the SNI 

system to be on the order of 1.5 arcseconds. The similar wavefront error seen for the two 

different aperture systems would indicate there is a small surface figure error in the CaF2 

plate, which affects the overall wavefront, but does not significantly alter the 

measurement of the wedge angle. 
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Figure 6.16 Difference wavefront for large aperture test of CaFj wedge 

Conformal Window 

The motivation for the development of SNl and non-null interferometry in general 

is to increase the dynamic range of optical metrology to include strongly aspheric 

wavefronts. Conformal optics are optical components such as windows or domes which 

have a shape that reduces the effect of the atmosphere on the aerodynamic, mechanical, 

electrical or thermal performance of the system. As part of the DARPA Conformal 

Optics Program, a conformal window demonstration was performed using a toroidal 

sapphire window to simulate a window for use in an aircraft wing. The window is shown 

in Figure 6.17. The radii of curvature for the window are 304.8 mm horizontally and 

2438.4 mm vertically with a constant glass thickness. The optic was fabricated from 

three pieces of sapphire which were cemented together prior to grinding and polishing the 
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window. This segmented fabrication was due simply to the availability of glass for the 

conformal window demonstration. 

Figure 6.17 Sapphire confomial window 

The window is mounted at an angle for the conformal demonstration, but was 

tested in a vertical orientation to remove the unnecessary tilt introduced by the angled 

mount. The interference pattern obtained through the window is shown in Figure 6.18. 

Note that, as in the piano-cylinder data, the fringes increase in frequency to the Nyquist 

frequency, then alias beyond that point. The data was taken over a 128 mm test aperture. 

Outside the pupil edge, the image shows the previously discussed diffraction rings visible 
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in the reference beam. Also note that the fnnges are discontinuous across the cemented 

joints of the three window sections. 

Figure 6.18 Confonnal window interference pattern 

Since the fundamental assumption of SNI is that the surface or wavefront under 

test is continuous, this window appears to violate the test parameters. However, the 

fabrication of the window creates a special case under which SNI can still be applied. 

The sapphire segments were cemented prior to grinding and polishing of the window 

surfaces. Therefore, the transmitted wavefront should be very nearly continuous across 

the cemented boundaries with areas of poor data due to scattering immediately adjacent to 
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the boundaries. In fact, study of the interferogram shows an apparent fnnge shift across 

the window joints. This may be a piston error due to slight thickness variations or 

fabrication error near the edge of each segment. 

If the wavefront is assumed to be smooth across the boundaries, then the phase 

data can be masked off over the visible boundary lines and the SNl unwrapping algorithm 

applied. The algorithm ignores masked data points, and compares slopes at each pixel 

only in the directions of other valid pixel data. Figure 6.19 displays the masked 

unwrapped wavefront, including bad pixels masked off due to poor modulation or other 

pixel errors. 

'k 

Figure 6.19 Masked unwrapped wavefront for conformal window 

The successfully unwrapped data is used in the reverse optimization model, in 

conjunction with the multiconfiguration nominal defocus data to trace the data back to the 

test aperture plane. Unlike the previously discussed data, no parameters for the window 
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were entered in the lens design model. The window is treated as if it were completely 

unknown. Instead of entering specific parameters such as surface descriptors and glass 

thickness, a Zemike phase surface is used in the test aperture plane, and coefHcients 

optimized to produce the calibrated data. The Zemike coefficients fit to the measured 

data are entered as a starting point in the reverse optimization in order to start the process 

in the approximately correct solution space and to speed up the optimization. Note that 

the Zemike coefficients fit to the measured data are fit over a smaller pupil dimension 

than the test aperture. No scaling is done to account for this mismatch in pupil size, since 

the purpose is simply to establish a starting point for the reverse optimization. This 

starting point enables the optimization process to skip over one or two cycles which 

would be needed if the phase surface coefficients were started from zero. 

Again, the iterative method must be implemented, since the nominal defocus 

multiple configurations do not uniquely define the orientations of all the beam expander 

elements. In particular, the first order tilt terms in the test plane Zemike phase surface 

must be monitored to insure the optimization is not leading to an unreasonable solution. 

The resultant wavefront for the reverse optimization is shown in Figure 6.20. The 

difference in the detector plane between the unwrapped data from the interferometer and 

the reverse optimized data gives the equivalent amount of system induced aberration for 

this case. Due to the usual difficulties of Zemike pupils and edge errors, the PV 

difference is large, but the data of interest can be viewed in terms of the wavefront radii 

of curvature. As with the piano-cylinders, the conformal window is specified in terms of 

the orthogonal radii of the toroidal surfaces. Table 6.1 displays the measured and reverse 
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optimized results for comparison. The window design values are included as well. Note, 

the design specification for the long radius of curvature yields an extremely long 

transmitted wavefront curvature. Not surprisingly, very small errors in window thickness 

or surface radius of curvature significantly affect this value in practice. 

Measured Reverse Optimized % Difference Design 
Long Radius (mm) 3185.7 2940.2 7.71 >100000 
Short Radius (mm) 757.1 711.7 6.00 848.9 
Table 6.1 Radii of curvature for confonnal window 

Figure 6.20 Reverse optimized wavefront for confonnal window 

The measured and reverse optimized wavefront can be compared to the theoretical 

throughput of the sapphire conformal window. No independent data exists for the 

window, so the model simply contains a toroidal optic with the specified design radii of 
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curvature and thickness. Refractive index uncertainties as well as unknown fabrication 

errors contribute to significant comparative error. As the previous table indicates, the 

measured radii of curvature are quite different from the expected values according to the 

prescription of the window. Interestingly, the window fabrication notes specify no 

surface figure error greater than 2 fnnges at 632 nm, despite the lack of metrology 

method available to characterize the window to that precision. In fact, the results shown 

here indicate the window does not come close to satisfying the fabrication tolerance 

requirements. 

Overall, this data demonstrates the power of the SNI method on a viable asphere 

in a field in which the demand for aspheric metrology is already strong. Conformal optics 

are being implemented in real flight-ready systems and their continued development is 

limited by a lack of metrology data in the design, fabrication, testing feedback loop. The 

results here, combined with the increased understanding and successful implementation 

of the iterative reverse optimization method, show great promise for advancing this 

challenging field. 

Progressive Bifocal Lens 

Another area in which aspheric testing is greatly limiting technological 

advancement is ophthalmic optics. Lens manufacturers in the human vision field are 

already producing anamorphic aspheric spectacle lenses for the consumer market. These 

lenses are progressive bifocals, used to replace the traditional segmented bifocal 

spectacles. The front surface of these lenses is designed to gradually change power from 
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the distance vision area in the top half of the lens, to the near vision correction below and 

toward the nose. Due to a lack of sufficient metrology, the only feedback to designers is 

clinical trials using various lens designs. 

A sample progressive bifocal lens was obtained and measured on the SNI system. 

The lens has nominally zero power in the distance vision portion and two diopters of 

power in the near vision prescription. The geometric layout for the lens is shown in 

Figure 6.21. Notice that due to the way the human eye moves toward the nose as an 

object gets closer, the near vision power center is offset from the center of the lens. This 

creates a very anamorphic aspheric wavefront when the lens is viewed as a whole. 

Figure 6.21 Geometric layout of progressive bifocal spectacle lens 

As discussed in Chapter 5. the interferometer was designed to accommodate large 

aperture but low power wavefronts. Vignetting is always an issue in aspheric testing and 

Geometric Center 
of Lens 

Distance Vision Correction 

0.0 Diopters 

Measurement Footprint 

Near Vision Correction 

1.75 Diopters 
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the imaging lens becomes a limiting aperture for this instrument as the wavefront power 

increases. Unfortunately, the near vision power on the progressive bifocal exceeds the 

measurable range. However, the power of reverse optimization can be utilized to allow a 

measurement to be made. Rather than placing the spectacle lens in the collimated test 

space, it is positioned in the converging beam of the second beam expander. This has the 

effect of acting as a power compensator, or partial null, in this configuration. The 

interferogram resulting from this setup is shown in Figure 6.22. Notice the multiple 

aliasing orders and the complete lack of symmetry in the fringes. Each bull's eye pattern 

in the image occurs at even multiples of the Nyquist frequency and the highest frequency 

fringes appearing between the bull's eyes occur at odd multiples of fs. The small black 

boxes are regions of data masked off where fiducials on the lens front surface caused poor 

data modulation. The unwrapped wavefront for the lens is displayed in Figure 6.23 and 

in Figure 6.24 with tilt removed. 



Figure 6.22 Interference fringes for the progressive bifocal spectacle lens. 
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Figure 6.23 Measured wavefront for progressive bifocal lens. 
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Figure 6.24 Progressive bifocal measured wavefront with tilt removed. 
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The reverse optimization model is similar to that used for the conformal window, 

but must be altered slightly to account for the change in test piece location. The Zemike 

phase surface used to back out the test wavefront is moved fi'om its usual location in the 

test aperture to a new location in the converging space between the components of the 

beam expander. The multiple configuration defocus measurements are made in the usual 

manner, with the test data taken in the converging location. The only drawback to this is 

that the bifocal lens is not actually in focus for the test. This leads to some ambiguity in 

the edge definition, however, since the pixels dimensions are the defining aperture, this 

ambiguity is already included in the reverse optimization. 

As with the conformal window, no independent data exists to compare the reverse 

optimized results. In addition, no surface description is available for the progressive lens. 

Instead the results are simply reported for the purpose of showing the applicability of the 

system and process to a an anamorphic aspheric wavefront. Figure 6.25 displays the 

Zemike surface generated from the reverse optimized coefficients in the converging beam 

test plane. The same data is shown with tilt removed in Figure 6.26. Comparing the PV 

wavefront sag to that for the measured data shows roughly 25 waves of induced 

aberration were accounted for by the reverse optimization process. 
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Figure 6.25 Reverse optimized wavefront for progressive bifocal spectacle lens. 
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Figure 6.26 Reverse optimized wavefront with tilt removed. 
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The properties of ophthalmic lenses are traditionally displayed as power maps of 

spherical power and cylindrical, or astigmatic, power. The usual equations for 

transforming wavefront data to the power map form are given below (Long, 1976). 

C = 5-(D 5-0 

5x' 5y' 
-4 

^ 5<D 5<D S-O ^ 

5x' 5y" 5x6y 
Equation 6.2 

8 = -?-
-) 

'5'<D 

5x' 6y-
Equation 6.3 

y 

Equation 6.2 gives the cylindrical power while Equation 6.3 produces the spherical 

power. The power maps are generally displayed in units of diopters (1/m) and shown as 

contour plots as seen in Figure 6.27. The power maps are placed within the measurement 

footprint on the geometrical lens layout in order to show how the power and astigmatism 

vary across the lens aperture relative to the design correction centers for distance and near 

vision. 
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Figure 6.27 Power maps for progressive addition lens. 

In general, as the amount of aspheric departure from the reference increases, the 

amount of induced aberration will also increase. This is most dramatically seen near the 

imaging lens, which is the plane of greatest difference for the two interfering beam paths. 

Figure 6.28 shows the actual irradiance pattern for the progressive lens viewed on a card 

roughly 250 mm in front of the imaging lens. The test and reference spots were 

photographed independently and superimposed to show the difference. Although the 

image is blurred due to some image processing required to increase the brightness and 

contrast of the laser spots, the overall shape of each pattern is informative. The rays in 

the test arm obviously trace a far different path through the system than those in the 

reference arm. 
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V 
Figure 6.28 Progressive lens irradiance pattern (white) superimposed on reference 
beam irradiance (gray). 

Discussion 

The experiments done for this dissertation were designed to explore the basic 

applications of the interferometer and to show the general applicability of the technology 

to areas currently in need of improved aspheric metrology. The simple wedge angle 

measurements are used to examine the absolute referencing ability of the interferometer 

and as a simple test of the iterative reverse optimization process. It is this process which 

makes non-null interferometry possible and the simple test cases validate the method. 

Using a plano-convex lens and a simple piano-cylinder lens also shows the 

fundamental ability of the system to measure wavefronts with large departures from the 

reference. Generally speaking, the traditional definition of an asphere is a rotationally 

symmetric, even order polynomial departure from a sphere. This is the most commonly 

used surface type in lens designs incorporating an asphere. Although the spherical and 

cylindrical lenses used for this system do not strictly follow this definition, they do 
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demonstrate the ability to measure wavefronts which carmot be tested with a standard PSI 

system without a null optic. In addition, they provide a means to identify the potential 

precision of the instrument for large wavefront departures. The measurement of a 

wavefront with 200?l of departive to a accuracy o^yJ6 PV and X^SO rms begins to 

approach the numbers available from a traditional PSI instrument operating in a null 

configuration. These numbers are dependent on the asphere under test fitting within the 

defined range of measurable wavefronts for the interferometer. However, the accuracy of 

the method should translate to other interferometer configurations designed for other 

types of aspheric wavefronts. 

Finally, the conformal window and progressive bifocal spectacle lens demonstrate 

the immediate applicability of this technology to current fields of aspheric design. The 

ability to characterize an aerodynamic window in transmission is critical to successful 

implementation of conformal optics on new technology platforms. The application of 

interferometry to ophthalmic lenses enables a strong design feedback source previously 

unavailable to the field. The progressive lens is also a valuable tool for testing the 

interferometer model. Due to the changes required for testing the lens in a converging 

beam, the model was altered accordingly. The successful results demonstrate the general 

applicability of the method. This also indicates potential both for improved performance 

and extended implementation in other interferometer designs aimed for different aspheric 

wavefront. 

Extending the design and calibration process to other interferometer systems 

should be straightforward. The reverse optimization process is not specific to one lens 
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design software package. Any lens design code with the capability to set up zoom 

positions or multiple configurations and to vary the stop size during optimization can be 

used to model a non-null interferometer for calibration. Custom merit functions are also 

required and are standard on commercial lens design packages. 

Since the interferometer must be designed as well, any code capable of modeling 

the system for reverse optimization can also be used to design the same system. As the 

progressive lens test showed, it is important to understand and model the expected types 

of aspheres to be measured with the interferometer. If a wide range of aspheres is to be 

investigated, some form of power compensation could be designed to provide the 

dynamic range, similar to placing the progressive lens in the converging beam of the 

beam expander. Also, the interferometer design can be done for a reflective system. 

Neither SNI nor reverse optimization is dependent on a transmissive wavefront. In fact, a 

reflective system provides a simpler means of obtaining multiple test configuration data, 

since small tilts or translations of the test part produce twice the change in optical path in 

reflection as in transmission. 

Once the interferometer is designed and built, the implementation of the SNI 

algorithm for phase unwrapping is simple and |x)werfiil. As both the conformal and 

progressive data indicates, the method easily reconstructs the wavefront phase across 

regions of bad or nonexistent data. The algorithm is a simple slope continuity 

comparison for each data point and takes only a few seconds longer to process the 

wavefront data than standard PSI unwrapping routines. 
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The following is a simple procedural list of the steps required to implement a non-

null interferometric system for aspheric measurement. 

1) Design the interferometer. 

a) Use simple optics for beam control and imaging. 

b) Model example aspheric surfaces or wavefronts for ray angles, beam 

divergence, and test wavefiront departure from the reference wavefront. 

c) Implement large element diameters where needed to prevent vignetting. 

2) Model system changes introduced for multiple test configurations. 

a) Choose method of introducing a known change. 

b) Examine optical path change through system. 

3) Independently characterize all interferometer components. 

a) Perform surface figure tests on lens, beamsplitter, and mirror surfaces. 

b) Measure radii of curvature on spherical surfaces. 

c) Characterize transmitted wavefronts for beamspliners. 

d) Perform index of refraction measurements or obtain melt data on all glasses. 

4) Identify tolerance ranges for reverse optimization variables 

a) Use component characterization and precision tolerances for surface variables 

constraints. 

b) Use alignment tolerances for decenter and tilt variables. 
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5) Measure nominal system performance. 

a) Test the system with no test piece for a transmissive test 

b) Test a precision calibrated sphere for a reflective test. 

6) Reverse optimize nominal interferometer prescription. 

a) If results show misalignments, realign and repeat nominal measurement. 

b) If results are satisfactory, touch nothing and prepare to measure test part. 

7) Measure calibration test surface or wavefront. 

a) Perform reverse optimization using calibration part alignment variables to 

obtain interferometer prescription. 

b) Repeat calibration measurements and reverse optimization until confidence in 

the interferometer prescription is obtained. 

8) Measure desired test surface or wavefront and perform simple reverse raytrace. 
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CHAPTER 7 

CONCLUSIONS AND FUTURE WORK 

Overall, the experiments show positive gains in metrology capabilities have been 

made through the use of non-null interferometry. In particular, the successful application 

of the iterative reverse optimization method indicates great potential for improving the 

characterization and calibration of aspheric metrology instruments. Implementation of 

this method in a transmitted waveiront sense is useful for absolute measurement. Tilted 

wavefronts were measured to a precision of 1.5 arcseconds and power was verified within 

0.1 6?l PV and 0.02 IX rms. Wavefront radii of curvature were tested to a precision of 

0.1%. which compares favorably with standard fabrication tolerances. In addition, the 

system was shown to successfully characterize wavefronts due to transmission through 

non-rotational ly symmetric aspheric optics. The implementation of reverse optimization 

in an iterative process allows induced system errors ranging from less than a wave to over 

25 waves to be removed fr^om the measured data. 

As Chapter 2 discusses, the limitations inherent in traditional PSI systems prevent 

application of interferometry to aspheric metrology without modification of some kind. 

Sub-Nyquist interferometry has been shown to be successful in previous work 

(Greivenkamp, 1987 and Lowman, 1995). The method is an extension to PSI, 

maintaining the standard precision while increasing the dynamic range. 
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SNI requires use of a custom detector array and Chapter 3 describes the 

development and testing of a sparse array sensor for this work. The detector was ftilly 

calibrated over its entire frequency spectrum and was shown to provide improved spatial 

frequency response over previous instruments (Greivenkamp and Lowman, 1994). The 

MTF testing method described was found to be highly susceptible to environmental 

conditions in the laboratory but still resulted in successful characterization of the detector 

array. 

Chapter 4 provides a discussion of the source of induced system errors in a non-

null test. A calibration process is required to account for these errors and the 

implementation of an iterative reverse optimization method is explained. This method 

removes the extreme sensitivity to merit function wieghting of the optimization routine 

and allows large amounts of induced error to be removed. Reverse optimization, in turn, 

generates requirements on the interferometer design, which must be considered in any 

non-null testing system. 

These design requirements are dealt with in Chapter 5, where the interferometer 

used for this dissertation is described. Design constraints are placed on the interferometer 

optics and on the imaging lens in particular. The implications of design simplicity are 

discussed with regard to the lens design model of the interferometer. The use and design 

of afocal components in aspheric metrology systems is explained and applied to the beam 

expanders used in the interferometer. Finally the specific design of the interferometer is 

given. 
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The application of SNI to transmitted wavefironts is covered in Chapter 6. 

Experimental results show a nominal limiting precision of better than X/10 for the large 

aperture system. Instrument alignment errors are the dominant source of induced 

aberration and further characterization of individual elements is necessary to improve 

performance. The various test optics demonstrate the general ability of the system to 

measure wavefronts in an absolute sense. Test wavefronts include simple tilt, power, and 

cylinder. In addition, the system successfully measured a toroidal wavefront due to a 

conformal window and an anamorphic aspheric wavefront from a progressive bifocal 

spectacle lens. Test wavefront departiu'es of over 200?i were characterized to X/6 PV and 

X/50 rms. 

Suggestions for Future Work 

The nominal reverse optimized performance of this system is 0.062X. PV and 

0.0156}i rms for the small aperture and 0.097>. PV and 0.016A. rms for the large aperture. 

This demonstrates the usefulness of the iterative reverse optimization procedure in 

conjunction with an interferometer. Further experiments are warranted to drive the 

system performance toward this nominal limit when testing large wavefront departures. 

Use of a test lens in which both surfaces are known to X/20 and the index of reflation 

has been measured would allow for a more accurate test of the system. In addition, 

experiments on a known asphere would further verify the instrument precision for 

aspheric wavefront testing. 
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Further research into the design and modeling of non-null interferometers is 

warranted. Two critical design areas are the lens surfaces used to achieve the desired test 

aperture and the interferometer layout to prevent vignetting. Unfortunately, both these 

areas were only partially understood when the instrument for this dissertation was 

designed. Application of the design constraints and requirements laid out in Chapters 4 

and 5 will lead to better reverse optimization performance and increased dynamic range 

for aspheric wavefronts. 

The primary source of error in the reverse optimization model is the alignment 

and characterization of the lens elements and reflective surfaces. The 6X beam expanders 

in particular, contributed strongly to the system error. Due to the large apertures and long 

radii of curvature, the lenses in the output end of the beam expanders were not fiilly 

characterized. For this reason, they could only be included as perfect spherical surfaces 

in the model, whereas the smaller counterparts were modeled with their measured surface 

figure errors. New interferometer designs should be done with individual surface 

verification in mind. All surfaces must be available for precise measurement by way of a 

standard PSI. In addition, in order to drive the instrument precision down further, the 

index of refraction of all glasses in the system should be known to ±0.0001. 

Vignetting issues in the interferometer became apparent when attempts were made 

to test the piano-cylinder lens and the progressive spectacle lens on the large aperture 

system. In both cases, the resulting test wavefront diverged strongly and was clipped by a 

subsequent aperture. The imaging lens, as stated in Chapter 5, is ultimately the limiting 

aperture in the system as the test beam is often largest in that plane before being focused 
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to the detector. The instrument was originally designed for testing large conformal 

windows for aircraft applications. The component apertures were chosen to provide 

adequate clearance for wavefronts resulting from the expected test optics. However, this 

design precludes stronger wavefront divergence and limits the dynamic range of the 

system. Future designs should not only account for the expected range of aspheres to be 

tested, but also allow for some flexibility as a more general aspheric metrology system. 

This can be done by incorporating some form of power compensation or by including 

somewhat oversized apertures on potentially limiting apertures. 

Related to vignetting is the appearance of dif!i^ction rings in the test aperture due 

to the collimating lens. These rings required actual measurements to use a smaller 

aperture than the system design called for. Future designs should account for all limiting 

apertures prior to the test plane in order to eliminate undesirable effects from the 

propagation of diffraction rings. A simple replacement of the collimating lens on the 

current system will reduce the diffraction effect. 

Another limiting factor in the results shown in Chapter 6 is the edge effects from 

the use of Zemike polynomials. The rms differences are much lower than their associated 

PV numbers. The results are very closely linked to the definition and optimization of 

pupil diameters. Fitting to more Zemike terms would improve the performance 

somewhat, although the edge sensitivity issues would remain. Use of an alternative 

wavefront description may ease this dependence and improve PV performance. 

Finally, experiments on the repeatability of the reverse optimization process 

should be done. Multiple datasets on the same test part should produce identical results 
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for the interferometer model in terms of component decenter and tilt variables as well as 

pupil locations and sizes. In addition, separate measurements of different test parts with 

no other change to the interferometer should yield identical results for the interferometer 

variables. These experiments would verify the repeatability of the reverse optimization 

and confirm the accuracy of the process. Also, a better understanding of what form of 

multiple configuration data provides the most data could be found. Measurements done 

on the same test piece using different system changes for the multiple configuration data 

would contribute to this information. 

With the advances and results reported in this dissertation, Sub-Nyquist 

interferometry shows potential as a viable alternative to traditional null testing of 

aspheres. It has immediate applicability to meet tlie growing demand for aspheric 

metrology in the areas of conformal optics and progressive lenses. Experimental 

performance approaching X/IO PV and AVSO rms for a wavefront departure of nearly 200. 

is a promising result. These numbers indicate the potential for the method to measure 

aspheric wavefronts with precision equal to traditional interferometric measurements. 
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