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ABSTRACT 

Phase shifting interferometry is one of the most promising methods for testing 

aspheres. However, one will encounter the following problems when it is applied to test an 

asphere: 1) very tight fringes produced by a strong asphere exceed the test system's 

resolution, 2) a test wavefront suffers from system aberrations of the interferometer that 

cause measurement errors, and 3) the wavefront immediately after reflection does not 

necessarily represent the shape of the test asphere. 

This thesis used a high density array sensor to detect the dense fringes. In order to 

solve the system aberration and the ray retrace problems, it is necessary to incorporate a ray 

trace code and phase shifting interferometiy. 

This measurement principle was applied for an aspheric surface whose asphericity 

was 100 waves. A phase shifting Fizeau interferometer was incorporated with an optical 

design program. The attained accuracy was approximately one-tenth of a wave. 
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CHAPTER 1 

INTRODUCTION 

Phase shifting interferometry is one of the most promising methods for testing 

aspheres. It provides a precise, stable, nondestructive, and automated testing method for 

various optical components and systems. 

Aspheres are now widely used in many optical systems. The development of glass 

and plastic molding technology made it possible to mass produce aspheres with high 

accuracy and small production costs. By using aspheres, a lens designer may improve the 

performance as well as cut down the cost of an optical system. 

Major problems one will encounter when an interferometric method is applied to 

testing an asphere are 1) very tight fringes produced by a strong asphere exceed the test 

system's resolution, 2) a test wavefront suffers from system aberrations of the 

interferometer that cause measurement errors, and 3) the wavefront immediately after 

reflection does not necessarily represent the shape of the test asphere. 

The density of an interference fringe is proportional to the slope of the wavefront 

under interference. Thus a strongly deformed wavefront from an asphere causes very 

dense fringes. In order to avoid aliasing by under sampling those fringes, one needs a high 

density detector array or a null lens. 

An interferometer is designed to produce a spherical wavefront, and is corrected for 

aberrations for a small region around its focusing point. A Fizeau interferometer uses an 

uncoated spherical surface, which directly faces the test surface, as the reference sphere. 

This configuration eases the quality requirement for optical components used in the 

interferometer by establishing a common path for a reference and a test wavefront. When 

this interferometer is used for testing aspheres, rays reflected off the test asphere do not 
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retrace the path. Thus the assumption of common-path does not hold. In addition, an 

aspheric wavefront travels through the interferometer taking optical paths that were 

originally not anticipated. Consequently, the aberration of the interferometer becomes quite 

large. This deforms the test wavefront and causes measurement errors. Designing and 

manufacturing a lens system whose aberrations are corrected for an arbitrary asphere is 

difficult and is not cost effective. 

The ray retrace error causes another problem. In many cases, it is necessary to 

measure the deviation of a test surface from its designed shape. Since the rays reflected 

from the asphere do not take the same path as incidence, the information carried in the 

wavefront aberration does not exactly represent the surface's asphericity. It is necessary to 

convert a measured wavefront aberration to the asphericity of the surface. 

In order to solve the system aberration problem, it is necessary to incorporate a ray 

trace code and phase shifting interferometry. The phase shifting interferometer from 

WYKO Corporation and its wavefront analysis software offer an extremely strong and 

sophisticated system for wavefront measurement and analysis. Both Code V, available 

from Optical Research Associates, and Super Oslo from Sinclair Optics provide excellent 

facilities for tracing rays. Incorporating these resources makes it possible to test strong 

aspheres. 

This paper provides a method for testing strong aspheres by combining phase 

shifting interferometry and optical design codes. The first chapter describes the properties 

of problems inherent to interferometiic testing. The effect of system aberration and the 

interpretation problems of wavefront aberration are discussed in this chapter. The second 

chapter discusses basic techniques for aspheric testing using ray tracing. Also discussed 

are the interpretation of wavefronts based on the Huygens Construction. 
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The third chapter examines each step to simulate aspheric testing in a lens design 

code. Chapter Four presents actual measurement results, a defocused sphere test, and an 

aspheric surface test. The latter half of the chapter discusses properties of measurement 

error sources based on computer simulations. 
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CHAPTER 2 

PROPERTIES OF ASPHERIC TESTING 

Aspheres are now being widely used in many optical systems. Pickup heads for optical 

mass-storage systems, and objecive and finder lenses for compact 3Smm cameras are good 

examples. A lens designer may improve system performance by the use of an asphere, 

and/or cut down the production costs of the system. 

The idea of using aspheres is not new. They were used in some 35mm SLR 

cameras in 1970's (Mukai et al., 1979). They were, however, of limited interest for 

professional photographers because of the extremely high cost of asphere production. 

After the progress in numerically controlled high precision curve generators, and in plastic 

and glass molding technology, using aspheres in mass-produced systems became feasible 

in early 1980s. 

In parallel with the progress in production technology, great efforts have been made 

in an attempt to establish a reliable testing method for aspheres. Among those, the most 

successful were the scanning stylus test and computer generated holography. They are the 

most popular in current asphere testing. 

Aspheres of Interest 

We limit our interest to rotationally symmetric aspheres that are widely used in various 

optical systems. Their shaped can be expressed using the following formula 

z (r) = — c r2 _ + Br2 + Dr4 + Er6 + Fr8 + Grio 
1+V1 - (1+K) 
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The first term represents a simple conic surface. The terms c and r are the vertex 

curvature of the surface, and a distance to a point from the vertex, respectively. K is a 

conic constant that determines the surface's basic shape (Malacara, 1978). Types of conic 

surfaces by K are shown in Table 2.1. 

The remaining terms in the equation describes the complex shape of an asphere. 

The second term is basically a change in the curvature and may be included in the first term 

and the other higher order terms. This term is used here as the convention for ray tracing. 

The other terms give primary control to aberration compensations. Notice that this equation 

gives the surface's shape along the optical axis. 

TABLE 2.1. Types of Conies by Conic Constants 

K< 1 Hyperboloid 

K - -1 Paraboloid 
-1 < K < 0 Ellipsoid Rotated About Its Major Axis 

K -0 Sphere 
K > 0 Ellipsoid Rotated About Its Minor Axis 

Absolute and Wavefront Testing 

The requirements for an aspheric testing method are 1) accuracy, 2) speed, 3) cost 

effectiveness, and 4) nondestructiveness. Optical heads are widely used in optical mass-

storage systems. The required optical quality must be good enough to achieve a diffraction 

limited image on the recording medium. Thus the quality of an asphere needs to be better 

than one-tenth of the wavelength used in the system. 

Speed is particularly important if the testing instrument is used in a production line. 

Many currently used testing methods take approximately five to twenty minutes to test an 
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asphere. Costeffectiveness is also important, because it is directly reflected in the price of 

the product. A test method needs to be nondestructive. Even a small scratch incurred by a 

measurement on a test surface mi^t degrade the system's performance. 

Many approaches have been taken to establish reliable aspheric testing methods. 

They may be categorized into two types. The first type is a scanning probe that scans a 

cross-section or the entire surface by mechanical means. This method gives absolute 

measurement, in other words, the exact shape of the surface under test. 

The second type, in contrast, measures wavefronts reflected from a test surface. 

Interferometers such as Twyman-Green and Fizeau are of this type. This measurement 

gives information of a test surface relative to a reference produced by the instrument. 

Absolute Testing Using Scanning Probe 

The scanning probe method has been used for a long time and is still one of the 

most reliable means for aspheric testing. This method gives the exact shape of the test 

surface. Figure 2.1 shows an example of an optical probe. The probe is auto-focused on a 

test surface, and its movement is traced by using either an interferometric length 

measurement apparatus, or the auto-focusing signal itself. Scanning the entire surface is 

accomplished in polar coordinates by combining the revolution of the test surface and an 

azimuth scanning of the probe. Because there are aspheres that have steep slopes, some 

systems are equipped with a means to control the probe angle with respect to the surface 

normal, and the instrument's optical paths for its compensations. 

Table 2.2 shows a typical test system of this type (Sekiguch and Kato, 1987). 

Although the measurement is absolute, the entire accuracy of this method relies on the 

mechanical accuracy of the moving parts. Consequently the apparatus itself becomes 
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Figure 2.1 Schematic Diagram of Optical Probe 
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expensive, unportable, and vibration sensitive. Also, the measurement is time consuming 

to sample the surface at high density. 

Table 2.2. Characteristics of a Scanning Optical Probe Method 

Accuracy ±0.12 microns (3CJ) 
Data Sampling Time 6 min. 
Cycle Time 15 min. 
Curvature Range ± 2.5 - 100 mm 
Diameter Range 4.5 - 70 mm 

This method probably is most suitable for testing casts for aspheric molding; they 

do not require frequent measurement. 

Wavefront Testing By Interferometer 

Interferometers are routinely used in production lines to test surface quality and the 

performance of lens systems with the accuracy of a fraction of a wavelength of visible 

light. 

Figure 2.2 shows a schematic diagram of a Twyman-Green interferometer. A beam 

of light from a coherent source is split into two beams; one of them illuminates a reference 

surface, normally a spherical or a flat mirror. The other beeim illuminates a test surface 

through a diverging lens. These two beams are superpositioned at the beam splitter and 

cause interference. This interference is observed as zui intensity distribution on a detector 

that is coincident with the paraxial image plane of the test surface by an imaging lens. The 

intensity distribution becomes 

I(x,y) = lo + Y cos 2kl w(x,y) + lo ] 
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Figure 2.2. Schematic Diagram of a Twyman-Green 
Interferometer 
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where y is a visibility of fringes, and k is the wave number. w(x,y) is a wavefront 

aberration function and represents figure errors of the test surface. By the use of the phase-

shifting technique, an interferometer can derive a variety of information from a 

measurement. It can fit the wavefront aberration function to a set of Zemike polynomials 

for aberration analysis, or it can calculate the point spread function and the optical transfer 

function of the test optics. 

DifTiculties in Aspheric Testing 

Fringe Density and Nvouist Sampling 

Suppose we sample a function f^x) using an array sensor whose aperture size is a 

and is spaced by b. The mathematical model of this sampling system is written as 

g(x) = [ ftx) ^ comb( I) ] » rect( |) 

The Fourier specirum of this system is then written as 

G ( 0  =  a [ F ( 5 ) *  c o m b (  b  O  ]  s i n c {  a  O ,  

If the function ftx) is band-limited, the convolution term gives a criteria to avoid 

aliasing. One should choose the sampling frequency b so that the spectrum of f(x) does not 

overlap with its spurious spectmm. This yields the sampling frequency of twice the cut-off 

frequency of the test function. 

In interferometry, fringe density is proportional to the slope of the wavefront 

aberration function. Therefore, a strong asphere produces very dense fringes. 

Consequently a very dense, large array sensor is necessary to test such an asphere (Wyant, 

1987). 
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One may think that a shearing interferometer would solve this problem. This is true 

to some degree. Let a test wavefront be wCx.y), and dx be the amount of lateral shear in 

the x-direction. The resultant phase distribution is given as 

<p( x,y) = k [ w( x,y )-w( x-dx,y) ] 
,5w(x,y) , 

a k-
3x 

Therefore, its slope is 

e t  \  X.y  )  A  fx( x,y) a 
X 5x2 

It is easily understood from the above equations that the fringe density is lower than 

that in a Twyman-Green type interferometer when low order aberrations such as third-order 

spherical aberration are dominant. However, shearing boosts high order aberrations and 

reduces the fringe sensitivity. 

Null Test 

If an interferometer can produce an aspheric wavefront whose shape is the same as 

the test asphere, or if its reference wavefront has this shape, the resultant intensity 

distribution on the interferogram becomes uniform when the test asphere is perfectly 

manufactured. If the surface has small errors, the interferogrEim gives a contour map of 

those errors. This type of test is called a null test. 

To bring a null test to reality, one needs to make null optics that produce an aspheric 

wavefront for a particular asphere, or have a perfect asphere as the interferometer's 

reference surface. Producing a null lens or a perfect asphere is difficult and is not cost 

effective. Another way of null testing is to use a computer generated hologram. This is 

one of the most popular methods these days, and will be discussed later in this chapter. 
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Wavefront to Figure Error Conversion 

In interferometry it is intrinsically assumed that an interferogram represents 

contours of the surface under test. This is true only if a spherical or a flat surface is being 

measured. If an asphere is the test object, this assumption does not hold. The wavefront 

does not exactly represent the shape of the test asphere. This problem is demonstrated in 

Figures 2.3 and 2.4. 

Figure 2.3 shows the cause of the problem (Kurita etal., 1984, Creath and Wyant 

1986). The ray incident upon the test asphere does not retrace the same path of incidence 

as is assumed in most interferometric testing. Figure 2.4 shows an asphere's asphericity 

variation measured along the incident rays, the wavefront aberration to be measured, and 

the difference between them. The amount of the asphericity is doubled for comparison in 

the figure. One must be aware of this problem and should convert the wavefront enor to 

the asphere's figure error. 

Svstem Aberrations 

The problem of retracing optical paths leads to another and more serious problem: 

system aberrations (Kurita et al., 1986). A wavefront reflected off the test asphere is 

propagated through an interferometer and forms an interferogram when superimposed with 

a reference wavefront on an observation plane. As the test wavefront travels through the 

interferometer, it accumulates excessive aberrations from the interferometer itself. 

In testing a sphere, if one uses a common-path interferometer such as a Fizeau 

interferometer, both the test and reference wavefronts suffer from almost the same amount 

of 



Figure 2.3 Reflection by an Asphere 
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system aberration. The effect of the system aberrations cancel out when the two 

wavefronts are superimposed. 

In testing an asphere, the effect of the system aberrations does not cancele as it does 

in spherical testing, because a test wavefront travels path different from the reference's. 

This problem is apparent in Figure 2.5 showing the wavefront aberrations on a test surface 

and on zin observation plane. 

The retraced path and the system aberration problems lead to the conclusion that it is 

necessary to ray trace the interferometer that will be used to solve these problems. 

Aspheric Testing Incorporated with Rav Trace Technique 

Computer Generated Holograohv fCGH) 

Contour-mapping of a test asphere needs either a perfect asphere in the 

interferometer's reference arm, or null optics that produce the same aspheric wavefront as 

the test surface's shape. Because producing perfect aspheres and null optics is difTicult and 

expensive, their use is limited to some special cases. 

Instead of producing these expensive optics, making a phase plate that produces a 

desired wavefront can provide a handy way to test aspheres (Wyant, 1978). If a reference 

asphere is available, making this hologram is quite simple. Place a hologram plate in an 

interferometer where interference takes place. Expose the hologram with a beam from the 

asphere and a reference beam. Then develop and replace it in its original position. After 

these procedures the resultant interferogram shows the difference between the reference 

asphere and one under test. 
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Computer generated holography (CGH) provides an alternative way to make this 

hologram. The idea is to simulate a hologram by calculating the phase distribution of the 

hologram using a computer. There are a variety of techniques to produce computer 

holograms, but a simple binary grating hologram is good enough for interferometric 

testing. 

Suppose we test an asphere using an interferometric setup shown in Figure 2.6. A 

test wavefront w(x,y) interferes with a tilted plane wavefront p(x) on an observation plane. 

The resultant phase distribution is given by k [ w(x,y) -p(x) ] producing an intensity 

distribution 

I(x,y) = lo + Y cos k[ w(x,y) - p(x) ] 

In the setup, the first order diffracted wave interferes with the non-diffracted 

reference wave. In order to split the interferogram produced by this combination of 

wavefronts from the effect of their spurious diffraction components, the reference 

wavefront must provide a certain carrier frequency. 

If the wavefront's slope has no frequency components higher than fo, the carrier 

frequency needs to be higher than 3fo. The frequency requirement of the recording 

medium is thus 4fo. It is possible to minimize this frequency requirement down to one 

half, 2fo, by using an in-line holography setup such jis a Fizeau interferometer (Ono and 

Wyant, 1985). 

Once the optical setup and the carrier frequency are determined, one can ray trace 

the system and calculate the wavefronts w(x,y) and p(x) to draw interference fringes. 

Figure 2.7 shows a result of a CGH for a weak parabola. 
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Figure 2.7 Computer Generated Hologram 
for an F/4 Parabola 
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Simulated CGH 

As is mentioned above, computer generated holography can provide a null test for 

strong aspheres. If we use an array sensor with enough pixels to satisfy the Nyquist 

sampling frequency hen by combining a ray trace code and an interferometer, it is possible 

to perform the same null test as in the computer generated holography (Creath and Wyant, 

1987; Weible, 1988). 

The advantage of this technique is flexibility and cost effectiveness. One can easily 

calculate test wavefronts on the sensor for various aspheres. Once calculated, this 

information may be stored on magnetic medium and is easily duplicated for other 

interferometers. 

The maximum slope of a measurable asphere is determined by the number of 

apertures of the detector used in the system. Under current algorithms, at least two detector 

pixels per fringe are necessary for aliasing free measurements. This is another advantage 

over CGH testing that requires 10 or more pixels per fringe to achieve the same 1/10-wave 

accuracy. 

A limitation of this system is that currently available detectors have fewer pixels 

than that for a CGH made by an electron-beam plotter. Consequently, the maximum 

measurable wavefront slope is less than that for the CGH method. Also this system is 

regarded as a null lens. Therefore, the tolerzmcing of the system will become tighter than 

for conventional interferometers. 
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CHAPTERS 

TECHNIQUES FOR ASPHERIC TESTING 

Phase Shifting Interferometrv 

One of the most important recent advances in interferometry is the phase-shifting 

technique that makes it possible to measure wavefront aberrations with greater accuracy 

than conventional interferometry which is limited to approximately one-tenth of the testing 

wavelength. 

Bruning et ah (1974, 1978) developed a fringe-scanning method that uses several 

equally phase-shifted interferograms. Figure 3.1 shows a schematic diagram of a 

Twyman-Green interferometer. A collimated laser beam is partially transmitted through a 

beam-splitter. It illuminates and is reflected off the test surface. This beam is 

superimposed with a reference beam at the beam splitter and forms interference fringes on 

the observation plane. The imaging lens is positioned so that the observation plane 

becomes paraxially conjugate with the test surface. The resultant intensity distribution 

I(x,y) is given as follows: 

K x,y) = Io+ y( x.y) cos k( W(x,y) + d) 
k = 22L 

X 

where, y (x,y) is the coherence function, w(x,y) is the phase of the object wave, d is an 

initial phase, and Iq is the intensity bias. 

In the fringe-scanning method, d is varied by one wavelength using a phase-shifter. 

The most commonly used phase shifter is a mirror driven by a piezo-electric transducer. 
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Suppose the phase shifter introduces a phase step of 

kdj = ki j = 0,1.2, 

Then the intensity distribution Ij(x,y) corresponding to each shift is 

Ij( x,y) = lo + v( x,y) cos k( W(x,y) + dj) 

The phase w(x,y) can be retrieved as 

N-l 

^ sin 2kdj Ij( x,y) 

w( x,y) mod ^ = tan''(-i^^-5 ) V .J / 2 '•N-l 
^ cos 2kdj Ij( x,y) 
j-o 

Because the obtained phase is in terms of modulo IT / 2, die resultant phase distribution has 

many discontinuities (Figure 3.2). These discontinuities may generally be removed by 

adding or subtracting p from the calculated phase (Figure 3.3). 

By carefully choosing a set of phase-steps, the phase retrieval algorithm can be 

transformed more suitably for fast computations (Wyant, 1975). If js is chosen in the 

above equation so that it introduces a 90-degree phase shift between interferograms, then 

the equation is reduced to 

w(x,y) mod ^ = tan'K 
I  I0-I2 ,  

In order to define the boundary of a measured interferogram, the modulation term y 

(x,y) must be calculated, too. This is done by 
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N-1 2 N-1 2 

Y( X,y ^ sin 27rdj 1/ x,y) ] + I jjp ^ cos 27rdj 1/ x,y) 1 
j-0 j-0 

or 

Y( x.y )2 ={ i[ l3( x,y) - Ii( x,y)]}'+{ i [ Io( x,y) - U x,y) 11' 

The bias intensity Iq is calculated as 

Io(x,y)=^^ Ij(x,y)  
j - 0  

By setting modulation y/lQ to about 0.1 to 0.2, the boundaries of the interferogram are 

determined. Morgan (1982) showed that the above phase retrieval equations satisfy the 

least square criteria. 

Hariharan's Phase Retrieval Algorithm. 

By using five interferograms shifted by 90 degrees each, the algorithm presented by 

Hariharan (1987) provides improved accuracy in the presence of PZT slope error over the 

four-bucket algorithm. 

Five interferograms are given as 

A(x,y) = lo + Y cos (cp(x,y) - 2a 1 

B(x,y) = lo + Y cos I <p(x,y) - a ] 

C(x,y) = lo + Y cos [ cp(x,y) ] 

D(x,y) = IQ • Y cos[ cp(x,y) - a 1 

E(x,y) = lo + Y cos[ cpCx.y) + 2a 1 

where 

a = 7 r /2. 
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From the above interferograms the phase cp(x,y) is retrieved as 

CD(X V)  = ton-' 2[B(x,y)-D(x,y)] 
^ 2C(x,y) - E(x,y) - A(x,y) 

This method causes only small phase calculation errors under the presence of a PZT 

slope error. If the PZT has a slope error and a is given as OT = 71/2 + 6, the approximation 

of the above equation is given as 

2 ^ 
tan <p'(x,y) ® tancp + ^ tancp + ;^e^cp 

24 

This yields the phase retrieval error 

cp'(x,y) a cp(x,y) + ( ^ ) sin2cp + |jsin4<p 

2 
a cp(x,y) + V sin2cp. 

4 

For the conventional four-bucket algorithm, these errors are 

tan<p'(x,y) = tancp(x,y) + [ 2+tanVx.y)] s + [ +tanV(x,y)] 

and 

cp'(x,y) - (p(x ,y)  + i-e +1-6 cos2cp + |«^in2cp + |^e^in4<p 
3 2 2 o 

« cp(x,y) + |E + ^6 cos2cp. 

The strength of the five-bucket algorithm over the four-bucket is quite apparent 

when a PZT has a slope error. This method should be the choice for a phase-shifting 

Fizeau interferometer that has an intrinsic PZT slope error. Error analysis of a Fizeau 

interferometer is discussed in a later chapter. 
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Rav Tracing Techniques 

Coordinate System 

The coordinate system used in ray tracing is the right-hand system. The z-axis is 

taken along the system's optical axis, and it is positive when it is measured from left to 

right, or an object toward its image (Figure 3.4.A). When a ray is traced, each surface in 

the system has its own local coordinate whose origin is at the vertex of the lens. 

A ray angle is measured from the z-axis in a way that makes the angle made by the 

ray and the axis becomes minimum. The angle is positive when the angle is measured 

counter-clockwise (Figure 3.4.B). 

The azimuth is measured from the x-axis, and is positive when the angle is 

measured counter clockwise. This sometimes is confused with the angle used in the 

aberration theory that is measured from the y-axis (Figure 3.4.C). 

A wavefront aberration is positive when it leads a reference wavefront, and is 

negative when it lags (Figure 3.4.D). 

Paraxial Rav Tracing 

Figure 3.5 shows a schematic diagram of paraxial ray trace. The basis of paraxial ray 

tracing is the following formulae: 

n' u' = n u - h cp 

h' = h + u t 
<p = (n'-n) c 
c  = 1/R.  
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Figure 3.4 Sign Conventions in Ray Trace 



Figure 3.5 Schematic Diagram of Paraxial Ray Trace 
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For reversed tracing, 
n u = n' u' + h cp 

h = h' - u t 
(p = (n'-n) c. 

By using these bi-directional ray tracing formulas, paraxial properties of the system 

such as cardinal points are calculated. 

If the aspheric coefficient B is specified, the above formula is modified so that a 

new curvature c becomes 

Cn = c + 2 B. 

Finite Rav Tracing 

Finite ray tracing is composed of two steps. In the first step, an intersection point 

of a ray on a succeeding surface is calculated. Then the second step calculates new 

direction cosines for the ray after refraction. 

Let us consider tracing a ray in a system shown in the Figure 3.6. A ray transfers 

from the v-1 surface to the v-th surface, and is refracted on the v surface. Tj is a vector to 

a ray intersecting on the j surface. Qj is a unit vector to a ray. Mj is a normal to a ray from 

the j surface's vertex. Ej is a normal vector at a ray intersection on the j surface, i is a unit 

vector in the z-direction. 

The relationship between these vectors is as follows. 

Ty-l + PvQv = d'v-li + My 
My + (Qv • Pv)Qv ~ Tv 
Ty + ryEy = ry / 

Ey'<Qy., = ||^|(EyXQ,). 
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The first three equations show the transfer relationship from one surface to another. 

The last equation is a vector form of Snell's law. 

If the following surface is a general asphere, finding the ray intersection needs 

some iteration. Figure 3.7 shows this iteration process. First, the intersection is assumed 

to be on the asphere's vertex spherical surface. Based on the x- zind y- components of the 

intersection, the distance in the z-direction between the calculated intersection and a point 

on the asphere at the x-y coordinate is calculated (Step 1 ). 

If this distance is small enough, the iteration is terminated and the calculation 

proceeds to the reflection calculation. If the distance is not small enough, the z-coordinate 

is used as the z-component of the next starting point, the x- and y- components are 

recalculated from the previous intersection coordinate and the ray's directional cosines 

(Step 2 ), and the above process is repeated until the distance between two consecutive 

calculated intersections becomes small enough. 

Calculating the Phase Map in Interferometrv 

Definition of the Wavefront Aberration Function and Phase Distribution 

Calculation of the phase distribution measured in interferometric testing requires 

special attention. It has some differes from the wavefront aberration function defined in 

aberration theory. Let us use a simple model shown in Figure 3.8. A ray from an on-axis 

object O travels through an optical system and emerges from an imaginary plane. This 

emerging ray becomes part of a wavefront whose center is coincident with the center of the 

exit pupil E. If the optical system is perfect, the wavefront is spherical, and the ray 

propagates toward the ideal image point or to the 
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Figure 3.8 Difference between Wavefront Aberration and Phase 
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paraxial image point of the object that is coincident with the wavefront's center of 

curvature. Let us call this reference sphere M*. 

If the system is not perfect, the emerging wavefront becomes aberrated. The 

aberrated wavefront is shown as M" in the figure. The wavefront aberration function 

w(x,y) is defined as the phase difference between these two wavefronts: unabenated and 

aberrated. This difference is to be taken along the ray. 

Now, let us consider the phase distribution if the same wavefront is measured on a 

plane. This is the situation when it is measured by an interferometer whose imaoring 

system produces a non-fiat reference wavefront. In interferometry, the phase difference is 

observed as an intensity distribution on an observation plane or a flat detector such as a 

two-dimensional solid-state sensor. 

A pair of rays contributes to cause interference at a point P on the plane. The phase 

difference of the rays is given as the optical path length difference 

[PQ]-[PQ"] 

where Q and Q" are points on the reference and test wavefronts respectively. This phase 

difference should be close to the wavefront aberration defined above if the aberration under 

question is reasonably small as is the case for most of optical systems. If a strongly 

aberrated wavefront is measured, one should be aware of this difference when 

interferometric testing is simulated. 

Let us estimate the amount of difference between two definitions. Welford (1986) 

gives an equation to calculate the sag from a ray intersection point on the system's exit 

pupil plane to the intersection point of the ray with a reference sphere. Since we are 

interested in calculating it for an on-axis object, let us set the center of the reference sphere 

on axis and let its radius of curvature be R. We also assume that our wavefront is 
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rotationally symmetric. We, therefore, calculate the difference only about the y coordinate. 

Then the calculation is simplified as 

Ap d 
N'R-M'yi  +V(N'R-M'yi)^-yi  

where N' and M' are the z- and y- elements of the ray's direction-cosine, and yi is the ray 

intersection coordinate on the exit pupil plane. 

Assume that the emerging wavefront is aberrated by W40. Then the phase 

distributions for the unaberrated and aberrated wavefronts at the ray intersection are given 

as 

Po(yi) = VR2+y?-R 
p( y i )  = W^oyJ +  po(  y i ) .  

The components of direction-cosines for each wavefront ate calculated using the 

following formulae: 

ay 

N'= 1/1-M'2.  

After calculating Ap for each wavefront and perfomiing a Taylor expansion with 

respect to the y-coordinate, the lowest order of this difference is given as 

A=^yf  
R2 \ 

Thus the difference becomes a problem for fifth order and higher spherical aberrations. 

The optical path length [PQ"] is easily obtained by tracing the ray from an object, a 

point source for interferometry, to the exit pupil, and subtracting the optical path of the 

reference ray. The calculation of [PQ] is quite easy for an on-axis setup. For an off-axis 

setup, Welford gives an equation for a meridional ray. The following formula is an 

extension of the formula, and it can be used for a skew ray (Figure 3.9). 
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a = -{(X-rAx)k + (Y-r-Ay)! • R m } 

- V {(XT-Ax)k + (Y-rAy)l - R m {XT+YT-2(AX XT+ Ay YJ)} 

where Xj and Y7, and Ax and Ay are the coordinates of the ray intersection of the exit 

pupil and the reference sphere's center of curvature respectively. R is the radius of 

curvature of the reference sphere, and k,l,m are the components of the reference ray's 

direction-cosine that causes interference with the test ray at die intersection (XT.YT). 

Phase Mapping Difference 

In aberration theory or in lens design, wavefront aberrations are expressed using a ray 

intersection coordinate on the reference sphere projected onto a paraxial pupil plane. Since 

the definition of aberrations and diffraction calculations forOTF are based on this 

coordinate system, a lens design code should use this system. On the other hand, an 

interferometric measurement gives the phase distribution in terms of the coordinate on the 

exit pupil. Thus, if the coordinate system of aberration theory is directly used to simulate 

interferometric testing, there will be significant coordinate distortion. 

One should be aware of these problems when the interferometer in question is set 

up for diverging or converging reference beam on its observation plane. 

Zemike Phase Surface 

In order to link interferometric measurement and a lens design system, measured 

data must be fed back to the lens design code. It is possible to send a grid of Optical Path 
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Difference ( OPD ) data to the lens design code, cUid let the code interpolate data. In this 

case, the ray tracing accuracy is dependent on the interpolation method the program adopts. 

Also the time for data transmission would be tremendous. 

Another way to handle this problem is to represent a wavefront by Zemike 

polynomials. The orthonormal properties of Zemike polynomials are suitable for 

wavefront representation. They represent most of the wavefronts one encounters in 

interferometric testing. 

The idea of feeding back measured data is done as follows: An interferometric 

analysis program fits Zemike polynomials to the measured data. Then the Zemike 

coefficients are sent to the lens design code. The lens design code generates a phase plate 

that accelerates or lags the phase of real rays according to the Zemike coefHcients. 

The implementation of this phase plate is as follows: Suppose on a plane, an 

incident wave has a phase w(x,y), and the plate adds another phase Z(x,y) from the plane. 

Figure 3.10 shows a schematic diagram of this phase change. 

The ray after this plane is perpendicular to the resultant wavefront w(x,y)+Z(x,y). 

Therefore, the derivative of the resultant wavefront with respect to the x-axis gives a sine 

and not a tangent 

sin(ej= + = 
5x dx 

From the relationship of direction cosines, 
tan(0ix) = ^ 

tan(0iy)=^ 

k2+|2+m2= 1. 
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Figure 3.10 Principle of Zemike Phase Surface 
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The components of a ray after refraction is 

, , ,_aZ(x,y) k 

'Vk2 + m2 
,, ^ aZ(x,y) _ 1 

m'  = yi-k2- |2  .  

Wavefront to Surface Figure Error Conversion 

Reverse Rav Tracing 

A measured wavefront does not necessarily represent the test surface's figure. 

There are two major error sources. One is the effect of system aberrations that alters the 

test wavefront coming into the interferometer while it is propagated through the system. 

The other source is the test asphere itself. The ray reflected off the asphere does not 

retrace the path exactly. Thus, even the wavefront immediately after the reflection at the 

surface does not represent surface figure. 

Based on the above discussion, it would be possible to calculate the test asphere's 

shape by first removing the effect of system aberrations, that is, by calculating the 

wavefront aberration immediately after the reflection on the test asphere, then converting it 

to the surface figure. 

Calculating a wavefront on the test surface from a measured one is achieved by 

tracing back rays from the observation plane. By using a Zemike phase surface to generate 

a conjugate wavefront of the measured one, it is possible to trace back rays to the test 

surface. 
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The lens data between the observation plane and the test surface are reversed in 

order. A Zernike phase surface is positioned at the observation plane. The sign of the 

Zemike coefficients applied to the surface are changed so that a wavefront conjugate with 

the measured one is generated when a point source is positioned at the center of the 

reference sphere. 

Honda et al. (1987) showed fonnula to calculate the test surface's shape from the 

traced back wavefront and its slope when the surface is illuminated by a perfect spherical 

wavefront. 

Inverted Huveens Construction 

A more general approach to calculate the shape of a test asphere when the reference 

wavefront is aberrated is to perform an inverse process of the Huygens construction (Bom 

and Wolf, 1980). According to the Huygens constmction, a successive wavefront is 

obtained as an envelope of secondary wavelets whose centers are on the wavefront before 

propagation. 

These wavelets are spherical and are tangential to both the traced back wavefront 

and the reference wavefront. If their centers are obtained from these two wavefronts, the 

shape of the test asphere is given as the foci of their centers. 

The actual calculation has two steps. In the first step, the calculated OPD map on 

the plane that includes the vertex of the test asphere is converted to a phase distribution P(y) 

by adding the term s explained in the previous section. Then the shape of the wavefront 

after reflection is obtained as an envelope of the phase distribution using the following 

formulas: 



y'  = y-p(y)  
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^(y)  
dy 

Z-±p(y)/r(^¥ 
dy 

The second step calculates the shape of the asphere by searching for points that are 

equal equidistant from both the reference and the calculated wavefronts measured along 

their normals. This step takes several iterations to reach such points. This method can be 

used for an asphere of unknown shape (Figure 3.11). 

Code V Approach 

Code V has another approach to find the figure errors of a surface under test if its ideal 

shape is known. It directly alters the surface shape in terms of the Zemike coefficients so 

that the rms error between raytraced and measured wavefront aberrations becomes 

minimum. This function is provided as the NUL option in the ALI command of Code V. 

An example is shown in Table 3.1. 
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TABLE 3.1 Code V NUL Function Example 

Zernike coefficients Z3 to Z36 were measured by an 
interferometer, and were sent to Code V using INT data on the 
surface under test. The resultant wavefront rms wavefront 
error was 0.0003. 

Zernike Measured NUL Result Zernike Measured NUL Result 
Z3 -1.405 -0.7026 Z4 -0.099 -0.0496 
Z5 -0.046 -0.0281 Z6 0.334 -0.1684 
17 0.123 -0.0615 Z8 -0.382 -0.1940 
Z9 -0.050 0.025 ZIO -0.016 0.0082 
Zl l  -0.044 -0.0219 Z12 -0.022 -0.0112 
Z13 -0.023 0.011 Z14 0.047 -0.0235 
Z15 0.032 0.0149 Z16 0.054 0.0268 
Z17 0.000 -0.0002 Z18 0.005 -0.0024 
Z19 -0.017 0.0086 Z20 -0.019 -0.0095 
Z21 -0.027 -0.0136 Z22 0.012 -0.0051 
Z23 -0.001 0.0005 Z24 0.145 0.0736 
Z25 0.039 -0.0196 Z26 0.002 -0.0011 
117 0.036 0.0181 Z28 0.032 0.0161 
Z29 -0.001 0.0006 Z30 -0.010 0.0049 
Z31 0.013 0.0064 Z32 0.001 0.0006 
Z33 0.001 -0.0002 Z34 -0.008 0.0044 
Z35 0.011 0.0059 Z36 0.056 0.0275 
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CHAPTER 4 

SIMULATING ASPHERIC TESTING 

This chapter discusses actual simulation of interferometric aspheric testing. An 

interferometer is regarded as a pair of optical systems: a test system that conveys a test 

wavefront reflected on a test surface, and a reference system that produces a reference 

wavefront with which the test wavefront is compared. 

Interferometer for Asoheric Testing 

A Fizeau interferometer is used for both simulations and experiments. Figure 4.1 

shows its optical layout. The diverging lens has a partially reflecting surface that serves as 

a reference surface. The test asphere is positioned so that it minimizes the maximum 

wavefront slope observed on the detector. The detector is at paraxial conjugate with the 

asphere. 

Simulating Asoheric Testing 

The simulation of testing requires two sets of optical path difference data. One is 

for a reference wavefront, the other for a test wavefront. Then the difference between 

them, Test - Reference, represents a measurement result. 

One must be cautious when calculating these wavefronts in a ray tracing code, 

because some ray trace codes automatically use a reference sphere such as one whose 

center is at a paraxial image point. Since a test system and a reference system have 
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Figure 4.1 Optical Layout of Interferometer 
Lf\  N> 
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different paraxial properties in aspheric testing, the code uses different reference spheres to 

calculate the wavefront aberrations. 

Super-Oslo has a parameter that forces the code to choose a plane for calculating 

wavefront aberrations. The parameter is set for the plane reference during optical path 

difference calculation. 

The plane where measurements take place is located at a test surface's paraxial 

image position by using Super-Oslo's paraxial thickness solve. Rays are traced on square 

grids. The resultant OPDs are sent to ASP, an interferometric analysis software program 

from WYKO Corporation, to meike a simulated wavefront to be subtracted from a measured 

one. 

Figures 4.2 and 4.3 show raytraced OPDs of a test and a reference wavefront 

respectively. The difference between them is shown in Figure 4.4 with the ray trace grid. 

This is the wavefront to be used as a reference, and it is subtracted from measured 

wavefronts. Table 4.1 shows the analysis result in terms of Zemike coefficients. 

TABLE 4.1 Zernike Analysis Result of Simulated Aspheric 
Wavefront 

Zernike Value 
Z3 -56.417 
Z8 33.030 
215 1.129 
Z24 0.087 
Z35 0.033 
Z36 0.011 
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Tolerancing 

The measurement accuracy of this method relies on how well we can represent an 

actual measurement in simulation. In other words, the errors in the actual interferometer 

must be small enough that it does not cause errors larger than measurement accuracy. 

Finding Most Sensitive Elements 

Code V provides facilities for tolerancing. One can choose tolerancing criteria from 

the change in the rms wavefront error. In interferometry, one needs to know the chzmge in 

peak-to-valley value rather than in RMS, therefore, manually examining the peak-to-valley 

change is necessary: a time consuming process. 

To reduce this task, Code Vs TOR option can be used to find the most sensitive 

components. This time, only group tilts, decentrations, and despacing were taken into 

account, because each component was already assembled, and showed very small 

assembly errors when tested by an auto-collimator. 

A result of the sensitivity analysis is shown in Table 4.2. 
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TABLE 4.2. Reverse Sensitivity Tolerancing Result 

Error Type Amount Element RMS CMP 
Spacing 0.500 Diverger - Collimator 0.000 -0.113 
Spacing 0.500 Collimator - Imaging Lens 0.000 -0.243 
Spacing 0.500 Imaging Lens Elements 0.000 -0.149 
Tilts 0.0012 Diverger 0.001 0.000 
Tilts 0,005 Collimator 0.001 0.000 
Tilts 0.005 Imaging Lens 0.000 0.000 
Decenter 0.020 Diverger 0.010 0.000 
Decenter 0.080 Collimator 0.001 0.000 
Decenter 0.020 Imaging Lens 0.003 0.000 

The result shows that decentrations and tilts of the diverger are most sensible. Also 

spacing errors introduce some shifts of the compensator; that is, the detector plane while 

tilts and decenters cannot be corrected by simply moving the detector. This also suggests 

that the wavefront error is very sensitive to detector mispositioning. 

Manual Tolerancing 

Based on the results obtained from the Code V analysis, each lens module was 

moved manually to determine the final tolerance. 

CodeV determines the tolerzmce based on a change of the RMS wavefront error. 

Since an RMS value does not give the exact change in wavefront aberration, it is necessary 

to check the calculations in another way. The most interest is in the change in the peak-to-

valley value. 

In order to perform tolerancing manually. Super Oslo was made to work with ASP. 

Each element of a lens module in the interferometer is grouped together to simulate barrel 

tilts. Also, the same module before and after the test asphere is coupled by pickups. The 
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same amount of tilts and decentrations have been applied to modules, and a grid of rays 

was traced for OPD calculation. 

The grid OPD data are sent to ASP for analysis, and are compared with its nominal 

wavefront. The software written in this paper neglects the shift of a reference ray. Thus if 

any decentration exists in the ray traced system, it causes the shift of the entire 

interferogram. "When such a wavefront is analyzed, the analysis shows a large amount of 

nonrotationaliy symmetric aberrations. For the asphere tested in this paper, the error is due 

to a large amount of third order coma. In the following tolerancing, the result shown 

simply neglects the coma tenn by removing it from the calculated difference. 

Table 4.3. Result of Manual Tolerancing 

Error Type Amount Element RMS P-V 
Tilt 0.0012 Diverger 0.002 0.012 
Tilt 0.0050 Collimator 0.003 0.012 
Tilt 0.0050 Imaging Lens 0.002 0.012 
Decenter 0.020 Diverger 0.010 0.090 
Decenter 0.080 Collimator 0.010 0.090 
Decenter 0.020 Imaging Lens 0.005 0.051 

This result indicates that CodeVs tolerancing analysis needs more collaboration by 

manually changing the decentrations to determine the change in term of peak-to-valley 

change, but it can provide information to reduce this task. 
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CHAPTER 5 

EXPERIMENT 

Experimental Setup 

Phase Shifting Fizeau Interferometer 

A photograph of the interferometer used in this paper is shown in Figure 5.1. The 

interferometer is a modified version of the WYKO 6000 phase shifting interferometer. 

Extensive modification was done for aspheric testing. The most important modification 

was the implementation of the VIDEK MegaPlus camera for the interferometer's detector 

unit. The imaging system was also changed to a simple system allowing precise 

knowledge of the system for ray tracing. These components were mounted on three-axis 

mounts for precision positioning and alignment control. 

Each component of the system was assembled by using an auto collimator. 

Assembly errors were well in the range of tolerance calculated for 1/10 wave of 

measurement accuracy. 

Detector Description 

The asphere tested in this paper has the maximum wavefront slope of 210 

waves^radius. According to the Nyquist criterion two detector pixels should be assigned 

for each pair of fringes (a dark and a white fringe). Thus the minimum number of pixels 

across the interferogram is 820 in theory. To take into account the signal-to-noise ratio, 

three pixels are desirable for a pair of fringes. This yields 1260 detector pixels across the 

interferogram. 
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Figure 5.1 Phase Shifting Fizeau Interferometer 
and Schematic Diagram 

60 



61 

The detector used in this paper, a VIDEX MegaPlus Camera, has 1320 x 1035 

active pixels in the horizontal and vertical directions. Each pixel is square, and its size is 

6.8 X 6.8 microns. Its fill factor is one, that is, each pixel is placed side by side. Since 

unity fill factor leaves no space for photo-electron charges, the incoming light beam must 

be shut off and the charges must be sent to a data processor after the exposure of each 

frame. The camera is equipped with a mechanical shutter controlled from a computer. 

The number of pixels in the vertical direction only satisfies the 2-pixel-per-fringe 

criteron, therefore, the imaging lens was designed to take full advantage of the high 

resolution in the horizontal direction for an f/l .4 diverging lens. The imaging lens may 

also be used with an F/1.1 diverger. The relation of the detector and an interferogram is 

shown in the Figure 5.2. Some data are lost in the measurement. 

In commercial markets, various types of aspheres are used in many systems. Some 

of them have an asphericity of more than a few hundreds waves. The limitation of 

interferometric testing is set by the resolution of the detector arrays. To test those aspheres, 

detectors of higher density and/or the development of new data reduction algorithms are 

necessary. 

Characteristics of the Test Asphere 

The asphere tested in this paper is of molded glass. Its effective semi-diEuneter is 

2.47 mm. The maximum asphericity is 59.10 waves at approximately 85% of the effective 

aperture. Table 5.1 shows some of its characteristics. 
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Figure 5.2 Relation of Interferogram and 
Detector 
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TABLE 5.1. Properties of Test Asphere 

Unit 
Material Glass 
Base Shape Sphere 
Diameter 4.94 mm 
Paraxial Radius of Curvature 12.05 mm 
Maximum Asphericity 59.10 X 

Maximum Slope 209.3 X/radius 

The change in asphericity and the slope of the reflected wavefront for minimum 

slope are shown in Figure 5.3. 

Experimental Results 

Experimental Procedure 

Measurements are done in the following procedure. 

1) Locate the paraxial center of curvature coincident with the diverger's focusing point. 

This is done by observing a fringe pattern shown on the monitor. If this condition is 

satisfied, the fringe at the center of the test surface becomes quite broad. 

2) Move the surface so that the diverger's focusing point is at the surface's vertex. Again 

this is done by observing fringes on the monitor. The fringe becomes insensitive to the 

surface's displacement when this condition is satisfled. 
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3) Move the surface to the pre-calculated position that minimizes the maximum slope of the 

test wavefront. 

4) Make a measurement with the detector mask on. The detector masking is a handy 

function of the WYKO 6000. If on, it uses intensity data only within the mask. This is 

particularly effective when the size of the test surface is not accurately known. 

5) Change the diameter of the simulated wavefront to minimize the rms error between the 

measured and simulated wavefronts. This is to take a magnification error into account. 

6) Remove tilts, defocus, coma terms, and, if necessary, third order spherical terms. Tilts 

and coma are chiefly introduced by test surface misalignment and mis-matching of the 

centers of simulated and measured wavefronts. 

System Calibration Using a Defocused Sphere 

It is difficult to obtain a master asphere: it must be accurate enough to verify the 

system's measurement accuracy. One handy object is a spherical surface displaced to 

introduce a large amount of wavefront deformation. In this experiment, a convex spherical 

surface with a radius of curvature of 16.68 mm is used by placing it 19.60 mm from the 

focus of the diverger. 

It produces -85.64 waves of defocus, and -0.471 wave of third order spherical 

aberration. Figures 5.4.A and 5.4.B show a simulated wavefront section and a measured 

one respectively. The result of subtraction of the simulated wavefront from the measured is 
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shown in Figure 5.5. In this diagram, tihs, focusing and coma have been removed. The 

result of the Zemike analysis is shown in Table 5.2. 

TABLE 5.2. Zernike Analysis of Difference 
Between Measured and Simulated 

Tilt 2.224 
Focus 1.389 
Astigmatisffl 0.031 
Coma 0.068 
Spherical 0.066 

This result shows that the elements in the system including the detector are located 

properly, and that the system has a small power error causing the defocus term. 

Testing the Aspheres 

This section shows two measurement examples of an asphere. The asphere has a 

maximum slope of approximately 210 waves/radius. This is close to the interferometer's 

limitation. An interferogram obtained by the interferometer and its close up are shown in 

Figures 5.6 and 5,7. A broad ring fringe shows that the curvature of the zisphere is close to 

that of a spherical wave coming from the diverging lens. A measured wavefront and the 

asphere's figure error are shown in Figures 5.8.A and 5.8.B respectively. 

Figures 5.9 and 5.10 show two measurements of the same asphere. The second 

measurement was done several weeks after the first. The steep bump seen at the center of 

the second measurement is thought to be an integration error caused by a small defect on 

the asphere. Shown in Table 5.3 are the Zemike analyses of nominal, first, and second 

measured wavefronts. The large values of Z8 and Z15 in the first example show that there 

were considerable errors in detector positioning. The analysis of detector positioning error 

is discussed later. 
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Figure 5.6 Interference Fringes by Asphere 

Figure 5.7 Close-up 
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Figure 5.8.A Measurement Figure Error of Asphere 

Figure 5.8.B Three-Dimensional Plot 
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TABLE 5.3. Zeraike Analysis of Measured Data 

Zernike Nominal First Second 
Z3 -48.3684 -1.529 -2.402 
Z8 33.3384 -0.653 0.056 
Z15 0.3604 0.087 -0.006 
Z24 0.0313 0.097 0.142 
Z35 0.0237 -0.019 0.011 
Z36 0.0071 0.039 0.042 

In order to test the detector positioning error, the detector was moved 1 mm three 

times. The change of each Zemike coefficient is shown in Figure 5.11. From this resuh 

one may say that the original detector was positioned approximately at the paraxial image 

location of the test asphere, and that the system has slight magnification, or power error. 

Properties of Errors 

Phase Shifting Error in Phase-Shifting Fizeau Interferometer 

In order to Implement the phase shifting technique, either a reference flat or a 

reference sphere of a Fizeau interferometer must be translated with accuracy. Figure 5.12 

shows these two means of phase shifting. 

Moving a flat is straightforward. Since no optical path change between a diverger 

and a test surface happens, its effect is purely a phase shift between the reference and the 

object wavefronts. The disadvantage of this implementation is that this configuration needs 

a very high quality diverging lens, because the accuracy of measurement relies on the 

quality of a spherical wavefront produced by the diverger. 
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Figure 5.11 Change of Zemike Coefficients by 
Detector Displacement 
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A. Reference is located before diverger B. Reference is the last surface of diverger 

Figure 5.12 Schematic Diagram of Phase Shifting Implementation to 
Fizeau Interferometer 
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On the other hand, if the interferometer is designed as it is shown in Figure 5.12-

B, the requirement for the diverger is lessened considerabley. This method, however, has 

a measurement error source that can potentially ruin measurements. The trzmslation of the 

diverger introduces a varying defocus during the phase shifting. 

Figure 5.13 shows a schematic diagram of this problem. The test surface is a 

sphere. Initially the focusing point of the beam from the diverger is coincident with the 

sphere's center of curvature. As the diverger is translated for phase shifting purposes, the 

focusing points move toward the sphere, and its imaging point by the sphere moves toward 

the diverger. The amount of shift of the imaging point from the diverget's focusing point 

is 2d when the diverger is translated by d. 

The amount of defocus introduced by this shift is 

Defocus = —1— 2d 
8(f#)2 

where f# is the f-number of the test surface. 

The maximum defocus error for an f / l  diverger is therefore one-eighth of the 

wavelength. If a measurement is made under the presence of this error, we expect certain 

amounts of error in the measurement results. 

Figure 5.14 shows this error for various phases when the four bucket phase 

retrieval algorithm is used. The horizontal axis represents the inverse of the test surface's 

f-number. The maximum error amount exceeds acceptable measurement accuracy. 

The same error in the five-bucket method is shown in Figure 5.15. Apparently this 

method is suitable for a phase-shifting Fizeau interferometer. For a fixed aperture, the 

phase error shows double frequency change over the initial phase change frequency 

(Figure 5.16). 
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Figure 5.14 Phase Calculation Error 4-Bucket 
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Magnification Inaccuracy in Interferometer 

This section examines the effect of system magnification error due to errors in 

system parameters such as surface curvature and spacing. Errors in the imaging lens are 

used to represent the system error. First, spacing between the imaging lens and the 

detector will be examined followed by a curvature error effect analysis. This section covers 

errors in the imaging lens. In the simulation of this section, the detector surface is always 

located at the paraxial conjugate of a test surface. 

Shown in Figure 5.17 are results of direct subtraction between nominal and 

wavefronts with some despacing between the first and second elements of the imaging 

lens. The spacing was changed by 1 mm to shorten the imaging lens. The graph shows a 

steep increase of the third order spherical aberration as the separation changes. This is due 

to the difference of the normalizing diameter of the calculated wavefront. The other 

coefficients also increase in a linear fashion. These errors cause a tremendous difference in 

measurements. 

If, however, each Zemike coefficient is directly compared to its nominal value, one 

recognizes that changes are negligibly small. The only recognizable change is the defocus 

term. 
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TABLE 5.4 Change in Zernike Coefficients 
by Despacing Imaging Lens Elements 

Nominal -1 mm -2 mm -3 mm 
Z3 -48.3684 -48.5947 -48.8199 -49.0439 
Z8 33.3384 33.3380 33.3376 33.3373 
Z15 0.3604 0.3604 0.3603 0.3603 
Z24 0.0313 0.0312 0.0311 0.0311 
Z35 0.0237 0.0237 0.0238 0.0237 
Z36 0.0071 0.0072 0.0072 0.0073 

Table 5.5 shows the Zemike coefficient change when a curvature in the imaging 

lens is slightly changed. Again, the result shows noticeable change only in the defocus 

term. The change in the third order spherical aberration is steeper than that caused by 

despacing, but it is still within the planned measurement accuracy. 

TABLE 5.5. Zemike Coefficient Change 
by Small System Power Error 

Nominal + 1.0 % -2.0 % +3.0 % 
Z3 -48.3684 -48.1430 -47.9143 -47.6821 
Z8 33.3384 33.3370 33.3357 33.3342 
Z15 0.3604 0.3607 0.3611 0.3615 
Z24 0.0313 0.0315 0.0316 0.0318 
Z35 0.0071 0.0072 0.0072 0.0072 
AWO40 (200.030) -0.0084 -0.0162 -0.0252 

The simulation shows that the effect of a slight change in power appears strongly 

only in defocus if the detector is properly located at the paraxial imaging plane of the test 

surface. 
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Detector Misoositioning 

As shown in the tolerancing, our measurement is quite sensitive to the position 

error of the detector from the paraxial imaging plane. To assess measurement errors by the 

spacing error, the detector position was varied by 1 mm for three different locations, and 

the change in Zemike coefficients was observed in simulation. Figure 5.18 shows the 

changes in coefficients. The most drastic change is observed in 215, fifth order spherical 

aberration. Its change is quasi-linear. 

Also in the experiment, the detector was moved to several locations along the 

optical axis. The change in Zemike coefficients is shown in Figure 5.19. This drastic 

change in Zis is thought to be caused by the propagation of huge third order spherical 

aberration. The change in third order aberration W040 by propagating distance d is 

approximately 

WCp) = W040p4 + 8WO4O2 d p6. 

For this example, the original wavefront has 200 X of third order spherical 

aberration, and p is about 4.8 mm. Thus W040 is 0.37676 X. The resultant fifth order 

spherical aberration is 8.789 X. Since the form of Z15 is 

Z15 = 20p6.30p4+12p2-l 

The change in Z15 is 0.439 per 1 mm of mispositioning. The slopes of Z15 

obtained from the simulation and experiments are 0.436, and 0.465. It is possible to use 

this slope to locate the detector position. 
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Mispositioaing mm 

Figure 5.18 Simulated Change of Zemike Coefficients 
by Detector Mispositioning 
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Displacement min 

Figure 5.19 Measured Change of Zemike Coefficients 
by Detector Mispositioning 
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Artifacts by Rav Trace Grid 

This measurement makes extensive use of Zemike coefficients to find the location 

of the detector and magnification errors due to system error. The wavefront used as a 

reference is based on both ray tracing and Zemike polynomial fitting. Thus it is necessary 

to examine the effect of different ray trace grids. Here square and hexapolar grids are 

examined. 

If a simulated wavefront is composed of only Zemike polynomials, there is no 

difficulty using both grids. In a real measurement, this assumption does not hold. In order 

to examine the difference by types of ray trace grid when a non-Zemike type aberration is 

present, a wavefront whose OPD varies as a function 100 lp3| X is generated artificially in 

two grids and the Zemike fitting for both grids is examined. Figure 5.20 shows the two 

grids. The results of the Zemike emalysis is shown bellow. 
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TABLE 5.6. Zernike Analysis for Same Aberration 
by Different Grids 

Square Grid Hexapolar Grid 
ZO 29.6460 27.9897 
Z3 30.6340 27.3907 
Z8 -5.3247 -7.6590 
Z15 -6.4091 -7.2273 
Z16 -0.0455 0.0000 
Z24 -0.3707 -0.4281 

The result for the square grid data shows a non-rotationally sjonmetric term Z15. A 

contour map and perspective plots of Z16 are shown in Figure 5.21. This function is 

symmetric about 0, 45, 90 and 135 degrees. This causes misinterpretation of Z15 in 

Zernike fitting when rays are traced on a square grid, because the square grid has the same 

characteristics. 

Let us examine the fitting errors for both grids as shown in Figure 5.22. The 

square grid tracing gives a larger error around the center region and gives a smaller error at 

the edge than the hexapolar grid. Since errors around the edge have more effect on the 

analysis, the square grid is the better choice. 
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CHAPTERS 

SUMMARY 

Combining Phase Shifting and Rav Tracing Techniques 

A phase shifting interferometer incorporated with a lens design code was used to 

test a glass molded asphere whose maximum wavefront slope was 210 waves/radius. A 

high density detector array having 1320 points by 1035 points was used to measure tight 

fringes due to the aspheric wavefront. Achieved measurement accuracy was 

approximately 1/10 wave, or 0.0633 micron. 

Basic techniques to make this combination feasible were discussed in this paper. 

Calculating a phase map was shown to be one of the most important processes in this 

technique. The difference in wavefront calculation between lens design and interferometiy 

was addressed. A Zemike phase surface was discussed as a means to feed back 

interferometric measurement results to a lens design code. This technique also may be used 

to simulate reference wavefront subtraction in a test optical path during wavefront 

calculation in a lens design code. The resultant wavefront was used as simulated 

measurement data, and was subtracted from measured data for the final result. 

Error Source Analysis 

This paper discussed the effects of four error sources. Phase retrieval error in a 

phase shifting Fizeau interferometer was analyzed, and a five-bucket algorithm was 

suggested. The interferometer's small power error from its nominal value introduced 

errors primarily in defoucs. Also discussed was the artifact of ray trace grids. A periodical 
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grid introduced Zemike fitting errors. A square grid gave better fitting of Zemike 

polynomials around the edge of an interferogram than a hexapolar grid. 

Among error sources discussed in this paper, mispositioning of a detector had the 

most significant effect on measurement. The detector should be positioned at the test 

surface's paraxial image plane as closely as possible. The effect of this error appeared in 

the sixth order spherical aberration term in a linear fashion. This was because the asphere 

tested in this paper showed a large third order aberration and very small amounts of other 

aberrations. 

Problems in Asoheric Testing 

Interferometric aspheric testing has some intrinsic problems. A strong asphere 

produces quite dense fringes on a detector that cause aliasing when the detector cannot 

provide enough apertures to satisfy the Nyquist criterion. In this paper a high density 

detector array was used to sample those tight fringes. 

System aberrations cause deformation on a test wavefront while it is propagated 

through an interferometer. Simulating an interferometric test by tracing rays through the 

interferometer gives a phase distribution on the detector that can be used as a reference in 

the measurement; thus the system aberration problem is eased. 

A wavefront aberration does not represent exact asphericity; therefore, a conversion 

between them is necessary. This conversion can be done in a ray tracing code such as 

Code V that has a particular command for this purpose. In other codes, this conversion is 

possible by tracing a measured wavefront back to the test surface. 
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Conclusion 

A technique to combine a phase shifting interferometer and ray tracing codes for 

steep asphere testing has been presented and applied in this paper. Error analysis indicates 

the importance of establishing a paraxial conjugate relationship between a test surface and 

an observation plane. Many of the problems inherent to interferometric aspheric testing 

may be solved by the use of this technique. 

The next step is to establish a calibration method for the interferometer using a well 

known asphere such as a parabola. Because of the nature of wavefront testing, 

measurements are always relative, and results are varied by system mis-alignment. 

The means to provide a larger measurement range should also be studied. Current 

limitations are due to the detector. Therefore, a denser element detector should be used 

when it is available. 
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APPENDIX A 

TABLE OF ZERNIKE POLYNOMIALS 

ZO 1 
Z1 p COS 6 

Z2 p sin 9 
Z3 2p2-l 

Z4 p2 cos 20 

Z5 p2 sin 20 

Z6 p cos 0 (3p2-2) 

Z7 p sin 0 (3p2-2) 

Z8 6p'i-6p24l 

Z9 p3 cos 30 

ZIO p3 sin 30 

Zll p2 cos 20 (4p2-3) 

Z12 p2 sin 20 (4p2-3) 

Z13 p COS0 (10p'i-12p2^3) 

Z14 p sin0 (10p'i-12p2*3) 

Z15 20pr6-30p^+12p2-l 

Z16 p^ COS 40 

Z17 p'^ sin 40 

Z18 p3 cos 30 (5p2-4) 

Z19 p3 sin 30 (5p2-4) 

Z20 p2 cos20 (15p'^-20p2^6) 

Z21 p2 sin 20 (15p'^-20p2^6) 

Z22 p COS0 (35p^-60p' i+30p2-4) 

Z23 p sin0 (35p^-60p^+30p2-4) 

Z24 70p8-140p6*90p'5-20p2+l 

Z25 p5 COS 50 

Z26 p5 sin 50 

Z27 p^ cos 40 (6p2-5) 

Z28 p^ sin 40 (6p2-5) 

Z29 p3 cos 30 (21p'i-30p2^10) 



94 

Z30 p3 sin 30 (21p'^-30p2+10) 

Z31 p2 cos 20 (56p6-105p'^+60p2-10) 

Z32 p2 sin 26 (56p6-105p'^+60p2-10) 

Z33 p COS0 (126p8-280p6^210p^-60p2o) 

Z34 p sin0 (126p8-280p6+210p'i-60p2+5) 

Z35 252p • 0-630p8+560p6-2 lOp'^* 30p2-1 

Z36 p6cos60 

Z37 p6 sin 60 

Z38 p5 COS50 (7p2-6) 

Z39 p5 sin 50 (7p2-6) 

Z40 cos 40 (28p'i-42p2+15) 

Z41 p"* sin 40 (28p''-42p2+15)  

Z42 p3 cos 30 (84p6-168p6+105p2-20) 

Z43 p3 sin 30 (84p6-168p6+105p2-20) 

Z44 p2 cos 20 (210p8-504p6+420p'^-140p2*15) 

Z45 p2 sin 20 (210p8-504p6*420p'J-140p2+15) 

Z46 p COS0 (462plO-1260p8+1260p6-560p^+105p2-6) 

Z47 p sin 0 (462p'0-1260p8+1260p6-560p'i+105p2-6) 

Z48 92 4p • 2-2772P10^ 3150pS-1680p6*420p'i-42p2+1 

Z49 p7 cos 70 

Z50 p7 sin 70 

Z51 p6 cos 60 (Sp2-7) 

Z52 p6 sin 60 (8p2-7) 

Z53 p5 C O S 5 0  (36p'^-56p2+21) 

Z54 p5 sin 50 (36p'^-56p2+21) 

Z55 p4 cos 40 (120p6-252p'^+168p2-35) 

Z56 p4sin 40 (120p6-252p'i+168p2-35) 

Z57 p3 cos 30 (330p8-840p6+756p'i-280p2+35) 

Z58 p3 sin 30 (330pS-840p6+756p'i-280p2+35) 

Z59 p2 cos 20 (792p'0-2310p8+2520p6-1260p'^^-280p2-21) 

Z60 p2 sin 20 (792pl0-2310p8+2520p^'-1260p^^280p2-21) 

Z61 p COS0 (1716pl2-5544pl0^6930p8.4200p6^1260p'<-168p2.-7) 

Z62 p sin0 (1716p'2-5544plO+6930p8-4200p6+1260p'i-168p2*7) 

Z63 3432p 1^^-12012pl 2. i6632p'0-11550pS + 4200p6-756p'i-56p2-l 
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APPENDIX B 

AUGNMENT ERROR DETECTION USING ZERNIKE COEFFICIENTS 

To test an asphererequires enormous efforts and precision a alignment mechanism 

to align the test surface. If it is possible to detect alignment errors in an automatic way, the 

alignment process becomes less demanding. 

Once the alignment errors of a test surface are calculated, one can feed the errors 

back to a ray trace code, and remove the effects of misalignment from the measurement by 

recalculating a simulated wavefront. 

Code V offers a facility to detect alignment errors. It tries to calculate alignment 

errors so that the rms error between a measured wavefront and a simulated wavefront 

becomes minimal. This method, however, needs several interferograms of different fields. 

An approach made here is based on a least square estimation of alignment errors. 

The alignment errors are calculated so that they minimize the difference between measured 

and calculated Zemike coefficients (Tiziani, 1986). 

The basis of the least square estimation is as follows. Suppose that a merit function 

j is given as 

^ [Wi(fi-fi)P 
i - 1  

where wj is waiting, fj and fi are the current values of fi and its target value, respectively. 

To solve this equation, let us assume the linearity of the system 

r^f + A Ax 

where f, f, and dx are target, current value, and variable vectors. A is a derivative matrix 

and its component is written as 

a* 
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The values of the elements in the dx vector are determined by the following equation 

f - f  =  A A x  
(ATA)Ax = AT(f . {) 

This linear simultaneous equation can be solved various ways. In this simulation, 

the Gaussian elimination method was used to solve this equation. 

The above procedure is repeated until the change in each variable becomes small. 

The derivative matrix is calculated in each cycle. 

A schematic diagram of this system is shown in Figure B.l. The least square 

routine is programmed in another computer. In each cycle, the Zemike coefficients sets for 

nominal, four derivatives corresponding to slight change of variables, were sent from Code 

V to the computer. The computer calculates alignment errors based on these sets of 

coefficients, and it generates a sequence of commands for Code V's command file. The 

derivative matrix is calculated in each cycle by changing variables slightly. 

Tables B. 1 and B.2 show an example. A test asphere is misaligned by 0.1 mm, -

0.2 mm, 0.1 degrees, and -0.2 degrees in the x- and y- axis. The solution after three 

iterations is 0.1004, -0.2007, 0.0984, and -0.2065 respectively. Table B.3 shows an 

example of a set of Code V commands sent by the computer. 

The advantage of this method is that this requires only one measured interferogram 

instead of three to five interferograms in Code V. 



PMA 

LDM Command File 

Least Square 
Estimation 
Procedure 

Intermediate 
File (keeps 
previous results) 

Zemike Files 
Code V 

Derivertive 
Matrix 
Calculation 

Command 
Sequence 
Generator 

VAX STATION COMPUTER "M" 

LDM .. Lens Data manger PMA .. Pupil Map 

Figure B.l Schematic Diagram of Surface Alignment 
Error Detection 



Table B .1 Example of Alignment Error Detection 
Test rto _ 1 

Estimating surface a I i gnment errors for asphere 
XDE = 0 . 100 YDE = -0 . 200 ADE = 0 . 100 BDE=-0. 200 

Pseudo- I nversed na tr i x of Set 1 
The co e f f i c i en ts : 

6. 229228 4. 6082E-05 -6. 89E-07 -0.0031034 
4.6082E-05 6.229228 0.00310213 -6.89E-07 
-6. 89E-07 0. 00310213 0. 00002007 4. 04E-07 

-0.0031034 -6.89E-07 4.04E-07 0.00002007 

The cons tan ts : 
62.66279 

-125.0132 
-0.0621173 
-0.0318349 

The so I u t ion : 
10.042595 

-20.073184 
8. 62478777 
-34. 19072 

XDE 
YDE 
ADE 
BDE 

Solution1+Solution2 
10.0422201 
-20.073176 
9. 83805344 
-20.645583 

Pseudo- I nversed na tr i x of Se t2 
The co e f f i c i en ts : 

6. 460897 0. 1423405 -0.00 13329 -0.0052097 
0. 1423405 6. 652277 -0.0069035 -0.0028 111 

-0.00 13329 -0.0069035 3. 1889E-05 8. 40 1E-06 
-0.0052097 -0.0028111 8. 40 1E-06 3. 8682E-05 

The cons tan ts : 
-0.0746038 
-0.0464506 
0.00015293 
0.00053608 

The so I u t i on : 
-0.0003749 
8. 3285E-06 
1. 21326567 

13.545137 

Esti•ated Decentrations 
,o. 1004222 

-0.2007318 
0. 09838053 
-0.2064558 



Table B.2. Example of Alignment Error Detection 
Test No. 1 

Estimating surface alignment errors for Asphere 
XDE = 0.100 VDE = -0.200 ADE = 0.100 BDE=-0.200 

Pseudo-lnversed Matrix of S8t3 
The coefficients: 

6.453606 -0.1356246 
-0.1306246 6.611768 
-0.0012957 0.00684094 
-0.00501 19 0.00232725 

-0.0012957 -0.0050119 
0.00684894 0.00232725 
3.01 14E-05 6.224E-06 

6.224E-06 0.00003219 

Pseudo-lnversed Matrix of Set4 
The coefficients: 

6.453266 -0.1384309 -0.0012929 -0.0050056 
-0.1384309 6.611478 0.00683693 0.00230605 
-0.0012929 0.00683693 0.00002997 6.099E-06 
-0.0050056 0.00230605 6.099E-06 3.1923E-05 

The constants: 
-0.0032666 
0.00277432 
9.7606E-06 
2.0585E-05 

The constants: 
0 
0 
0 
0 

The solution: The solution: 
6.6391 E-07 0 
4.1624E-07 0 
0.20054303 0 

0.60077402 0 

Solut ion l+So1ution2 +So1ution3 Estimated Decentrations 
XDE 10.042220 10.042221 0.100422 
YDE -20.073176 -20.073176 -0.200732 
ADE 9.638053 10.038596 0.100386 
BDE -20.645583 -20.044809 -0.200448 



Table B.3 Example of Code V Commands Generated in 
Alignment Error Estimation Process 

LIS 
XDE S23 0.100;YDE S23 -0.200;ADE S23 0.098;BDE S23 -0.206 
PMA; LIS NO; ZFR EXP 37; WIN NOMINAL; GO 
XDE S23 0.110; PMA; LIS NO;ZFR EXP 37;WIN XDE;GO;XDE S23 0.100 
YDE S23 -0.190; PMA; LIS NO;ZFR EXP 37;WIN YDE;GO;YDE S23 -0.200 
ADE S23 0.108; PMA; LIS NO;ZFR EXP 37;WIN ADE;GO;ADE S23 0.098 
BDE S23 -0.196; PMA; LIS NO;ZFR EXP 37;WIN BDE;GO;BDE S23 -0.206 
XDE S23 0.100;YDE S23 -0.200;ADE S23 0.098;BDE S23 -0.206 
CMP TIL S23; CMP DEC S23 
ALI;INT Fl TESTl;GO 
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APPENDIX C 

WAVEFRONT RECONSTRUCTION AND PROPAGATION 
BASED ON HUYGENS CONSTRUCTION 

Calculation of Wavefront from Phase Distribution 

According to Huygens construction, a propagated wavefront is given as an 

envelope of secondary wavelets whose centers of curvature are located on its predecessor. 

The wavelets are spherical, and their radii are equal to the phase difference due to the 

propagation. 

Mathematically an envelope of a group of curvatures specified by a parameter t, 

z = f[y: t), is obtained by solving an equation 

55^ = 0 
at 

For example, during the propagation of a phase distribution w(y) by distance d, the 

equation of wavelet located at y=t is given as 

(y -1 )2 + z2 = [ w( t) + d]2 . 

By taking the partial derivative with respect to t, 

-2( y -1 )=2[ w( t) + d) wt(t) 

and eliminating t from the above equations gives an envelope. Eliminating t algebraically is 

usually difficult to perform. Instead of solving the equations, a new coordinate of the 

wavefront is given using the parameter t as 

y = t - Wt( t) [ w( t) + d] 

z = ±[ w( t) + d ]V 1 - w^( t ) 

where 
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If a phase distribution p(y) and a plane is specified, then a point on the resultant 

wavefront is given as 

y=t -wt(t)[w(t)] 

z = ±[ w( t) ]V 1 - w^( t ) 

Calculation of Propagation of Third-Order Spherical Aberration 

A third-order spherical aberration introduces fifth- and higher order spherical 

aberrations as it is propagated through space. A wavefront produced by the asphere tested 

in this paper has a large third-order spherical aberration. This aberration produces a fifth-

order spherical aberration when it is measured on a plane different from the paraxial image 

plane of the test asphere. Let us consider this fifth-order spherical aberration to aid in 

finding the positioning error of the observation pleine. 

Let the phase distribution on the paraxial image plane be w(y) = W40y^ as shown 

in Figure C. 1. Its derivative with respect to y is given as wt(y) = 4W40y3. If this 

wavefront is observed on a plane distance d from the paraxial image plane, a point on the 

resultant wavefront is given as the first equation of the previous section. The phase 

distribution obtained on the observation plane is the distance between a point on the 

wavefront and the observation plane from the paraxial image plane 

A = V lwy( y ) [ w( y ) + d ]}2 + [ w( y ) + d P[ 1 - y ) 1 - L 

L = _Z^d 
V1- w^y) 

Taylor expansion of this equation with respect to y gives 

A = Wo4oy^ + 8W2o4ody6. 

Note that y is the actual dimension, not normalized to unity. 



Paraxial Image Plane 

w(y) Observation Plane 

W(y) 

w(y) = w040y ^ 

Figure C.l Schematic Diagram of Third-order 
Spherical Aberration Propagation 
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