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ABSTRACT

Interferometry of optical wavefronts provides a gauge for the 

measurement of defects, displacements, and departures of objects and 

media, with resolutions of fractions of the wavelength of light. The 

interrogation of an optical surface or medium by a uniform optical wave- 

front causes the wavefront to deviate in phase due to variations of the 

optical surface, or inhomogeneities in the medium. The accurate measure

ment of this modified optical wavefront with high spatial resolution, is 

the pursuit of this dissertation. Two methods are presented which allow 

the calculation of the optical phase of an unknown wavefront by measuring 

the intensity distribution of interference patterns where each pattern is 

modified in a known manner by manipulation of the overall phase of the 

interfering wavefronts (phase modulation).. To measure the interference 

patterns over a large number of points with no geometric distortions, two 

optical phase calculation algorithms developed here can be used with 

present day solid-state detector arrays such as photodiode, CID, and CCD 

arrays. These integrating detector arrays offer large numbers of indi

vidual detection elements in a very compact package, allowing the optical 

phase to be calculated at each detector point.

This work begins with a discussion of optical wavefronts and the 

use of optical interferometry for the determination of optical phase. 

Methods of interpretation of static interferograms are discussed along 

with limitations of these measurement approaches. Uses of electronic
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methods to speed the analysis of static interferograms are shown to pro

duce, in some cases, errors in the measurement of optical phase.

Tov achieve high accuracy in the measurement of optical phase, 

heterodyne detection techniques have" been used in the past, offering 

small fractions of a wave accuracies," independent of intensity varia

tions across the wavefront. Detectors such as photomultipliers can be 

used to measure the phase of the time-varying interference pattern in

tensity (whose phase is proportional to the optical phase) at any x,y 

location thus mapping the complete wavefront. Scanning methods or in

creased number of discrete detectors tremendously increases complexity, 

size, and cost.

New algorithms developed here allow the use of solid-state inte

grating detector arrays with two optical phase modulation techniques, 

heterodyne and phase-stepping interferometry. The algorithms are amen

able to implementation with microcomputers, resulting in simple and in

expensive systems for the measurement of optical wavefronts. The accuracy 

attainable in the phase measurement is discussed as phase errors due to 

photon noise, additive random noise, and,quantization noise. Systematic 

errors are discussed which limit the absolute accuracy of the optical 

phase measurement.

Using these phase modulation interferometric techniques with 

integrating detector arrays, two implementations were constructed to 

demonstrate the capabilities of this approach. Discussed first is an 

interferometric optical microscope to measure surface microstructure with 

repeatabilities in the measurement on the order of 5 Angstroms rms, over
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512 detector points. A microcomputer is used for control, data acquisi

tion, and analysis of the surface height information.

The second implementation is based upon a conventional Twyman- 

Green interferometer used for optical shop testing. Here a CCD detector 

array can provide phase information over 190 by 244 detector points, 

giving high resolution wavefront maps of optical components such as 

mirrors and lenses, accurately and rapidly.

Finally, this work concludes with a summary of the advantages 

these Optical phase modulation interferometric techniques offer for 

optical wavefront measurement and possible future applications.



CHAPTER 1

INTRODUCTION

The shape of an optical wavefront and its propagation distance 

is the basis of all image formation. The shape of the wavefront at some 

position in space will determine the "quality" of the propagating light 

field, with the extent of the wavefront yielding the fundamental limita

tion to image formation due to diffraction. Thus, if image quality is 

based solely on the extent of a wavefront and not variations in the shape 

of the wavefront, the image formation is said to be "diffraction limited. 

A knowledge of the shape (spatial variations) of the wavefront is the 

basis of characterizations of image quality such as the point spread func
i

tion, optical transfer function, and Strehl ratio. For a given direction 

of propagation, the shape of the wavefront (including its extent), com

pletely determines the image.

This dissertation will discuss means of obtaining information on 

optical wavefronts; the amplitude and phase distributions of wavefronts 

through the use of interferometric techniques.

Waves and Wavefronts

A propagating optical wave can be represented as a time harmonic 

vector quantity, which is a solution of the vector wave equation, con

sisting of its electric and magnetic field amplitudes as a function of 

orientation, position in space, and time. By limiting the discussion 

to linearly polarized monochromatic light, we can represent the optical



field by a scalar quantity given by

U(r,t) = a(r) cos[wt --^.(r)] (1.1)

where co is the radian optical frequency of the monochromatic light and 

r is a position vector. The function a(r) is chosen here as the ampli

tude of the linearly polarized component of the electric field. The 

scalar wave representation is a solution of the scalar wave equation 

with the cosine function defining the time harmonic nature of the wave. 

The phase function, <f> (r) = constant, represents surfaces of equal phase 

of the optical field and it is these surfaces of constant phase which we 

call wavefronts. We can rewrite Eq. (1) using complex notation

u(x,y,z,t) =. a(x,y,z)e1 ^ t-<f)('X’y ’z^  (1.2)

which is the representation of the optical field that will mostly be 

used in this discussion.

By taking the direction of propagation to be the z-axis, the 

optical field can be written as

u(x,y,z,t) = a(x,y,z)e"lkz e1^ " ^ * ’7-1̂  (1.3)

For any plane where z is constant, the phase of the optical field is re

presented by <}>(x,y), which is perpendicular to the direction of propa

gation, i.e., the z-direction. Thus we can also define the wavefront as 

being the phase function of the optical field, perpendicular to the 

direction of propagation. A phase factor due to propagation is given 

by -kz which corresponds to the phase difference between points (x,y,0)



and (x,y,z). Since this is a factor due only to propagation, it will be 

left out unless its inclusion is necessary for certain situations.

As a further assumption, propagation along the z-direction will 

be assumed as not to remove or add amplitude to the optical field, thus 

producing no variations along the direction of propagation so that 

a(x,y,z) can be simplified to vary only in the plane perpendicular to the 

propagation direction. The amplitude a(x,y) then defines the extent and 

spatial variation of the optical field. The two factors which charac

terize image formation and image quality are defined as above; represented 

by a(x,y) and <f>(x,y) as being the amplitude and phase of the optical wave- 

front. Thus we will discuss specific methods by which we can measure the 

amplitude and phase of the wavefront for every position in the x,y plane.

Interferometry of Optical Wavefronts 

One cannot measure the phase of the optical field directly since 

the frequency of the optical wave is much faster than the response time 

of existing detectors (on the order of l O ^  sec "*"). It is through inter

ferometry that the wave nature of light was originally verified and 

as will be discussed, interferometric techniques can be used to obtain 

the desired information about optical wavefronts. Interferometry is in

creasingly being used for metrology of optical elements, refractive and 

reflective; the interference patterns yield information as to the quality 

of lens elements and mirror surfaces. 1

Without regard to any specific interferometer, interferometry is 

the coherent addition of two (or more).optical fields, where one optical 

field is. a known quantity and used as a reference to compare with the



second optical field of unknown amplitude and phase. The observed inter

ference pattern (interferogram) relates differences in phase between the 

two interfering optical fields to intensity, with destructive inter

ference (where the intensity reaches a minimum) Occurring whenever the 

phase difference is art odd multiple of it.

Consider the interference of two Optical fields

ua (x,y) = a(x,y)e^"^^ ^a(%,y)] (1.4)

ub (x,y) = b ( x ^ e 1 Iult~<flb ] (1.5)

The resultant intensity is the time-averaged square of the sum of the two 

optical fields. For complex notation, this is given by

I(x,y) = |ua (x,y) + u b (x,y)|2 = |a(x,y)j2 + |b(x,y)|2

+ a(x,y)b*(x,y)e (x,y)]

+ a*(x,y)b(x,y)e^ 4b(x,y)] (1.6)

Taking phase factors elaa, elab out of the amplitudes a(x,y), b(x,y) 

yields
I(x,y) = |a(x,y)|2 + |b(x,y)|2 + 2 |a(x,y)||b(x,y)|

\

cos [{<|>a (x,y)-<j>b (x,y)} + {aa-ab}] (1.7)

The intensity distribution of the interferogram varies cosinusoidally 

with the phase difference between the two optical fields. In most cases, 

the reference optical field is known to be a uniform amplitude plane 

wavefront, i.e., there is no spatial variation in the amplitude across



the extent of the optical field as well as no variations in the phase 

distribution of the wavefront. The intensity distribution of the inter

ference pattern then is

I(x,y) = | a(x,y) |2 + b2 + 2|a(x,y) |b cos{<#.a (x,y) - (1.8)

where the reference optical field has constant amplitude b, and con

stant phase Also the amplitudes of both fields are 'assumed positive

so a = a, = 0. Note that if the wavefront under test, u , has uniform a b a
amplitude, then the intensity variations in the interferogram can be 

related to the phase variations of the unknown wavefront and determined. 

If the phase perturbations are small, then the intensity variations will 

be small.

Techniques such as Schlieren imaging and phase-contrast imaging 

(Born and Wolf, 1970) assume small phase perturbations, which allows the 

phase of the wavefront to be linearly related to the intensity. Ampli

tude variations of the unknown optical field however, will also produce 

intensity variations, which cannot be separated from the intensity varia

tions produced by phase perturbations of the optical field in a single 

interference pattern.

One cannot usually assume small phase perturbations of the wave- 

front and thus the interferogram consists of cosinusoidal intensity 

variations. Whenever the argument of the cosine in the intensity func

tion equals some multiple of tt (or 2ir), an intensity minimum (or maximum) 

occurs. The loci of intensity minima (or equivalently maxima), are 

called fringes.



If the phase perturbations are less than 2v across the extent of 

the wavefront, then it is difficult to accurately determine the phase 

from intensity measurements of the interferogram. Small phase perburba- 

tions can be measured by using a tilted plane-wave reference beam. In 

this case, the phase perturbations deviate the position of the tilted 

plane wave interfering with the object or test wave. The constant spatial 

frequency fringes due to the tilted plane wave reference beam form a 

carrier for the aberrated object wavefront. For a plane reference wave 

tilted at some angle from the object wavefront's direction of propagation

ub(x,y) = b eW “t-kxsine} (i.9)

The irradiance in the interference pattern becomes

I(x,y).= | a(x,y) |2 + b2 + 2| a(x,y) |b cos{kxsin6 - <}>a (x,y)}

(1.10)

where ^  is assumed to be zero here. Again, whenever the argument (the 

phase difference between the two optical fields) is either it (or 2tt) an 
intensity minimum (or maximum) occurs with the phase variations deviating 

the straightness and uniformity of the straight line fringes due to the 

tilted reference beam. The phase is then obtained by comparing the 

location of points along fringes with points along uniformly spaced lines 

with average angular spatial frequency ksin6.

Interference Fringe Analysis 

Standard practice in optical metrology consists of obtaining 

interferograms with tilt fringes, recorded on film. The interferogram



can then be processed by a number of methods to find the phase variations 

of the optical wave under test. The most common method is to obtain the 

coordinates of the fringe maxima and/or minima. It is at these locations 

that the phase difference between the reference wave and test wave can be 

said to be 2ir (or ir for a fringe minima). This is true for interfering 

wavefronts with no amplitude variations. The loci of fringe maxima or 

minima are known as fringe centers (Loomis, 1976).

The fringe center coordinates are obtained by a human operator 

digitizing (usually with a graphics tablet or coordinate measuring 

engine) fringe maxima and/or minima along individual fringes, from a 

photographically recorded interferogram, in a sense, following the fringe. 

The operator determines the fringe center positions by eye, comparing 

the width of white or dark regions of the fringes and choosing a median 

position between these regions as the fringe center. Since the operator 

can see a large area in the vicinity of where he chooses to digitize, he 

can average noise (due to dust, etc.) and follow the curvature of a 

fringe fairly accurately. It has been determined empirically (Poczulp, 

1979) that with a 4"x5" interferogram with smoothly varying fringes, the 

error of digitization by the operator is about 1/15 peak to valley of a 

fringe spacing; the distance between successive fringes.

When digitizing an interferogram with a graphics tablet, the 

phase is known only at the fringe extrema. These fringe centers then 

provide sampling of the wavefront. Along the fringe, the sampling can 

be high since the x,y coordinates of a single fringe follow a phase con

tour of some multiple of tt of the phase difference. The location of the



next contour line is determined by the slope of the phase difference in 

the interferegram and thus to sample high spatial frequency variations 

and high slope errors one must include more tilt fringes in the inter

ference pattern. Since the fringe center position is determined by the 

median position between fringe extrema, for a given number of resolution 

points in the digitizer, the precision of the fringe center measurement 

is determined by the number of resolution points between fringes.

The fringe order numbers which indicate multiples of 2ir, and the 

associated x,y coordinates along fringes comprise an interferegram data 

set which is processed to obtain information on the test wavefront. The 

computer can fit, in a least squares sense, the fringe .data to a complete 

set of orthogonal polynomials over the data set yielding coefficients 

which define components of specified spatial variations to the phase 

difference function. Once these coefficients are obtained, phase values 

introduced by the interferometer, such as tilt, focus, and high order 

phase variations can be subtracted from the measured data set to obtain 

the values of the phase function due to the test wavefront alone. As 

well as obtaining spatial components of the wavefront, fitting polynomials 

to the fringe data also tends to smooth the data, reducing noise caused 

by errors in digitization and dust particles obscuring parts of fringes.

Instead of polynomial fitting, the fringe data can be linearly
' i

interpolated to a regular array of points on the wavefront. While this 

approach does not filter high frequency components from the wavefront, it 

can produce errors at certain data points due to the non-uniform sampling 

of the actual fringe data and the resulting translation to a uniform data



array. Further information on interferogram analysis can be found in 

Loomis' Frjnge User's Manual (1976).

The use of a graphics tablet for interferogram fringe data ac

quisition is the most versatile, universal method for obtaining fringe 

centers. By virtue of the human operator, photographically recorded 

interference patterns produced by a large variety of interferometers 

(such as Twyman-Green, Fizeau, scatterplate, etc.) can be digitized 

fairly accurately. The operator can, by eye, immediately compensate for 

extraneous fringes due to diffraction from dust or apertures, speckle 

noise, intensity variations, and low contrast fringes. For general, 

everyday use in optical metrology, this method can be used quite success

fully and within minutes, an analysis of the quality of the test wave- 

front can be obtained. Nevertheless, there are limitations to this 

approach for wavefront analysis and care must be taken so that the proper 

information concerning the wavefront is obtained.

There are many factors to consider when taking interferegrams 

for digitization by fringe centers. Since a photograph is used to re

cord the interference pattern, short exposure times can be effective in 

"freezing" fringe motion due to vibrations and air turbulence in the 

optical propagation path. This increases the. contrast of the fringes, 

and at times, record fringes when no fringes would be recorded at longer 

exposures. Then many interferegrams can be taken and the wavefronts 

averaged after processing to eliminate the random phase variations due 

to vibration and air turbulence. A difficulty arises when averaging 

interferograms however. Since the fringe pattern changes from one



10
interferegram to the next due to environmental induced effects, the 

sampling points will also be changed. It is necessary to either inter

polate to a uniform sampling grid or to fit polynomials to the data, and 

evaluate the polynomial to determine the phase values at the uniform 

grid. The phase values at the derived grid locations are then averaged

for each interferogram. If the estimate of the phase at the grid loca-
#

tions produces a biased error, then the average will also be biased and 

produce an error. Polynomial fitting of fringe data occurs on a global 

(across the whole data set) basis and thus is less susceptible to errors 

than local interpolation techniques which operate on only a few data 

points at a time.

The uneven sampling inherent in fringe center interferogram 

digitization also causes difficulties in obtaining information near the 

edges of the pupil. Finding fringe centers relies upon measuring the 

median between fringe extrema. Somewhere near the edge of an interfero

gram a fraction of a fringe will appear and thus phase information near 

the edge is unavailable. Extrapolation of the phase values to the edge 

of the pupil can cause large errors in deriving the wavefront since it 

is at the edge that the slopes are usually highest. More tilt fringes 

can reduce this by obtaining fringe centers closer to the edge of the 

pupil, as well as increasing the sampling grid size and spatial frequency 

content of the data, but the precision of the determination of fringe 

centers is decreased, since there are more fringes for a given resolu

tion.
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Finally, it was assumed that the two interfering optical beams 

had no intensity variations. Only then can the fringe centers correspond 

to contours of equal phase of the wavefront. With intensity variations 

the apparent fringes will be shifted from those obtained from the inter

ference of uniform intensity beams with the same phase variations in the 

wavefronts.

Disadvantages of fringe center digitization by graphics tablet:

1) Limited precision - trade off between precision of finding 

fringe center and number of samples (fringes) across interfero- 

gram.

2) Uneven sampling - sampling determined by number of fringes and 

their width.

3) No data at extreme edges of pupil - since fringe centers are 

found by the median of the width of fringe, must be able to see 

both sides of a fringe.

4) Speed of digitization depends upon number of fringes and operator 

prowess.

5) Intensity variations cause apparent fringe shifts leading to 

errors in wavefront phase determination.

6) Must assume uniform intensity - cannot measure the amplitude varia

tions of the optical fields.

7) The polarity of the wavefront must be determined by manipulation 

of interferometer - is not recorded in interferegram.
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Advantages of fringe center,digitization by graphics tablet:

1) Versatility - interferograms can be used from a large number of

interferometers. No modifications to interferometer required.

2) Low contrast, noisy fringe patterns can be digitized - human

operator provides high level of image processing when finding 

fringe centers.

3) Inexpensive - graphics tablet for fringe center digitization can

be obtained at popular prices on home computing market.

4) Short exposure times during photography of interference patterns 

increase contrast of fringes, "freezing11 fringe motion due to 

vibration.

Electronic Fringe Analysis 

The reduction of interferograms can be a tedious task for a human 

operator when a number of interferograms are to be analyzed by hand. 

Accuracy of the operator1s determination of the fringes center coordinates 

can be affected by his state of alertness. Repeatability of the measure

ments also has the human variability and randomness in it. These factors 

and the desire for a faster turnaround of reduction of interferograms for 

possible manufacturing environments has led/to the development of elec

tronic fringe analysis systems. These systems are based upon standard 

video technology, imaging either photographically recorded interference 

patterns, or live fringes at the output of an interferometer (Augustyn, 

1979; Womack et al., 1979). Over the past few years, these systems have 

evolved, following advances in the electronics industry.
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The simplest methods of finding fringe centers electronically is 

to operate upon the serial video signal. Since these methods work on 

the video on a line basis, they are one-dimensional operations, requiring 

fringes to be oriented perpendicularly to the video horizontal scan. The 

video signal then shows sinusoidal variations as the video raster scans 

across the interferogram's fringes translating the spatial fringe in

formation into temporal sinusoidal variations.

The two main operations that can be used to determine the fringe 

center positions are 1) differentiation and 2) level comparison. Simply 

stated, in the first method a differentiator is applied to the sinusoidal 

video signal. Whenever the changing video signal has zero slope (this 

occurs for fringe minima and maxima), the output of the differentiator 

will go through zero (Figure 1). The time which this occurs (referenced 

to the horizontal sync pulse of the video scan) is recorded in digital 

memory and later displayed as fringe center positions.

The second method, level comparison, compares the video signal 

to an a priori fixed constant value. For values of the video signal 

above this threshold value, a single value (binary one) is produced at 

the output of the comparator, while for values of the video below the 

threshold, a zero is output by the comparator. If the location of the 

transition points are found, that is the points where the comparator 

switches from zero to one and from one to.zero, then by finding the mean 

between these positions a fringe center is obtained. The binary on and 

off values of the comparator can be stored in a digital memory store 

where each video image location has a value of either one or zero. This
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VIDEO SIGNAL

FRINGE P O S IT I O N

D IF FE R EN T IA TE D  
VIDEO SIGNAL

ZERO CROSS INGS

Fig. 1. Differentiation of video fringes; zero crossings determine 
fringe center positions.
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technique is called a "bit map" of the video image. This store of in

formation can then be called upon for the determination of fringe center 

positions for each video line.

There are practical considerations which severely limit the use

fulness of the above approaches to finding fringe center positions. The 

problems introduced by real world factors cause errors in the determina

tion of fringe center position relating back to the original interference 

pattern. Distortion in the video camera causes a non-linear transforma

tion of the image of the interferegram. Solid-state cameras provide 

geometric fidelity but not, as of yet, the resolution capabilities of 

standard video cameras; their cost is also close to an order of magnitude 

greater. Non-linearities also occur in mapping the intensity distribution 

of the interference pattern. If an interference pattern is photographed, 

usually a high contrast film is used thereby hard-clipping the sinusoidal 

variations, transforming the sinusoidal fringes to periodic rectangular 

functions. This has a severe affect on the differentiation method which 

is illustrated in Figure 2. Fringe center positions are erroneously 

found. Broad fringes produce an error due to the finite signal-to-noise 

of the video signal, yielding many false zero crossings during the fringe 

maximum (or minimum) when differentiators are used.

The level comparison method was implemented in an effort to 

correctly find fringe centers for the variety of conditions appearing in 

real situations using general interferograms. Since the level comparison 

method relies solely upon the symmetry of the video waveform for finding 

fringe centers, non-linear effects are generally not troublesome as long
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V I D E O  S I G N A L

F R I N G E  P O S I T I O N

D I F F E R E N T I A T E D  
V I D E O  S I G N A L

Z E R O  C R O S S I N G S

Fig. 2. Differentiation of high contrast fringes; errors in fringe 
center zero crossing.
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as the video fringe waveform is symmetric; as with, for example, tri

angular or rectangular functions. Broad fringes do not affect this 

approach. Where this approach stumbles is with a non-uniform intensity 

distribution across the interferogram. For comparator levels set half

way between the maximum video level and zero and a Gaussian envelope of 

the fringe pattern, fringes at the edges of the interferogram are not 

digitized by the comparator; the fringe maximas are below the comparator 

threshold. Attempts to work around this problem include low frequency 

filtering of the video signal to remove the slowly changing component to 

the video signal, and repeated fringe center finding with different 

comparator levels. Low frequency filtering tends to introduce electronic 

phase shifts which shift the fringe center position, with a different 

shift for different width fringes. Also broad fringes are not passed by 

the filter. Repeated digitization of the interferogram at different 

thresholds is both time consuming and requires software to merge the 

fringe data.

These two electronic video interferogram analysis systems have 

a fundamental limitation: they operate in one dimension, along a video

line. This introduces errors when the fringe information is not in one 

dimension. As shown in Figure 3, curved fringe center positions cannot 

be found accurately with one-dimensional schemes regardless of non- 

linearities or non-uniform intensities. It is a basic flaw-of the one

dimensional approach. The techniques may be useful for inspection of 

good quality interferograms which do not depart much from vertical uni

formly spaced fringes. Today with electronic component prices decreasing.
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V I D E O  L I N E  A

V I D E O  L I N E  B

Fig. 3. Errors in fringe center position for video line A not along a 
radius.
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the fringe image digitization memory can be many levels deep instead of 

1 bit deep as in the above approaches. With two-dimensional spatial and 

high accuracy intensity information over the interferogram, fringe 

following algorithms which are independent of intensity variations can 

be used as well as other approaches to find the wavefront phase values 

(Egdall, 1979). Fringe following algorithms require complex software 

approaching artificial intelligence to be able to make a variety of 

decisions in tracing the fringe center positions from a static interfero

gram.

A direct phase detecting scheme to determine the optical path 

differences from a static interferogram has been reported by Ichioka and 

Inuiya (1972). In this scheme, a uniform amplitude tilted plane wave is 

used for a reference beam which interferes with the unknown complex 

wavefront

a(x,y)e^^^x ’̂ '*

As was shown previously, this yields an interference pattern with inten

sity given by

I (x,y) = | a(x,y) |2 + b2 + 2 |a(x,y)|b cos [kxsin0-<fi (x,y) ]

(1 .11)

with the tilt spatially multiplexing the phase distribution of the un

known wavefront. Looking at the spatial frequency content of this re

sulting intensity distribution, the spectrum of phase perturbations 

occur about a carrier frequency given by ± ksin0. To assure proper 

sampling of the wavefront, i.e., separation of the spectrum of the phase
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variations from the spectrum of the autocorrelation of the pupil distri

bution, sufficient tilt is used so there are no closed fringes visible 

in the interferogram.

The interference pattern or interferogram can then be processed 

electronically after detection with a video system, by multiplying the

intensity distribution by cos(kxsin6) and sin(kxsin6) separately. Let

ksine = co, then

I (x,y) coscox = { j a(x,y) |2 + b2} coscox

+ | a(x,y) | b cos (2<ox-̂<}> (x,y))

+ |a(x,y) |b cos<J>(x,y) (1.12)

Similarly,

I(x,y)sincox = {|a(x,y)|2 + b2} sincox

+ |a(x,y)|b sin(2(ox-<f) (x,y))

+ | a(x,y) |b sintj) (x,y) (1.13)

The effect of multiplying the intensity by a carrier at the average 

spatial frequency is to spatially heterodyne the phase information down 

to the base band, i.e., about zero spatial frequency, while mixing the 

unwanted intensity variations on carriers of co and 2co. The base band 

information can be isolated by filtering or by equivalently integrating 

the resultant heterodyned functions over a period T = 2rr/co of the carrier. 

The two operations form a quadrature measurement enabling the phase of 

the base band information to be obtained at each x,y location by



An analog of this technique can be drawn from computer generated holo

grams and the requirements of sufficient sampling and separation of dif

fraction orders (Wyant and Bennett, 1972). An interesting corollary is 

that if the interferegram to be analyzed is recorded with high contrast 

film yielding not sinusoidal variations but binary variations, the phase 

is still heterodyned properly to the base band and the harmonics pro

duced by the non-linear recording process are heterodyned to higher 

harmonics. This is true only if the multiplying carrier has no harmonics 

of its own. Similarly, if the intensity of the interferegram can be 

measured linearly, then the multiplying carrier can be a simple bi-polar 

square wave function reducing the complexity of the multiplication 

tremendously.

This approach to finding the phase variations of the test wave- 

front is not a fringe finding method, it is a direct quadrature phase 

measurement and the variance of the measurement is related to the signal 

to noise

A<j> * 1/S/N . (1.15)

arid not to the number of sample points.

The requirement of no closed fringes determines the maximum 

slope one can measure for a fixed number of sample points. The carrier 

frequency or amount of tilt necessary to separate spectra is 3 times the 

maximum slope in the test wavefront. As an example, for a horizontal



sampling of 320 points, the maximum number of tilt fringes that can be 

properly sampled are 80 fringes per radius, and the maximum slope is 

26 2/3 fringes per radius (one-third of the amount of tilt). This would 

limit the measurement of pure spherical aberration to

9
9r w°40r4 (1.16)

r=l

or 6 2/3 waves (the maximum slope is at the maximum radius). The number 

of horizontal points in this resultant measured phase function is 2 times 

26 2/3 or about 53 points. Obviously, because of the requirements of 

separation of spectral components, this method does not fully use the 

resolution available.



CHAPTER 2

TEMPORAL DIRECT PHASE DETECTION:

HETERODYNE AND PHASE-SHIFTING TECHNIQUES

Static interferogram analysis provides limited precision in its 

measurement of optical phase information, as well as restricting features, 

such as unequal sampling and relatively slow and cumbersome data re

duction. Human intervention and interaction is a necessity in general, 

to completely digitize a static interferogram, be it by a graphics 

tablet or an electronic video fringe center acquisition system.

The desire for rapid and precise optical wavefront measurement 

over many uniformly spaced sampling-points has led to the use of optical 

heterodyne phase detection. A common technique, used for radio and 

television RF detection, also can be used in the optical domain to pro

vide very precise phase measurements of an optical field. _Optical 

heterodyning, or optical mixing, implies the interference phenomena, that 

is, the summation and subsequent detection of two optical fields. For 

heterodyning, the two interfering field have a fixed frequency difference 

between themselves. If the unknown optical wavefront is given by

ua (x,y) = a(x,y)e1^a)lt-<*,a x̂,y^  (2.1)

and the reference wavefront as
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the detected intensity due to the interference of the two beams is 

I(x,y,t) = |a(x,y) |2 + b2 + 2|a(x,y)|b cos{ (w1-a)2)t

- O aU,y) - 4>b (x,y))} (2.3)

Now the detected intensity varies temporally at a frequency.determined 

by the difference in optical frequency between the two beams. The phase 

difference, as before, may be a function of position if the wavefronts 

have some phase variations across their pupils. In this case however, 

the fringe pattern is modulated at the difference frequency and the phase 

of that modulation with respect to some arbitrary reference, gives the 

value of the optical phase difference between the two wavefronts as a 

function of position. Thus optical heterodyning temporally modulates 

the fringe pattern so that the phase difference function can be obtained 

electronically using a.c. detection techniques. Since the phase differ

ence can be obtained at any x,y location in the pupil, there is no 

restriction to sampling; any number of samples can be obtained in a 

uniform array. At each point the phase is measured within the range of 

-it to it continuously.. The restriction of finding fringe centers is 

eliminated along with the non-uniform sampling which accompanies that 

approach to interference pattern analysis. For this reason, there is 

no need to introduce a tilted plane wave for a reference beam so as to 

increase the number of fringes and eliminate closed fringes; the 

actual phase difference is obtained anywhere in the pupil.

Heterodyning is due to the non-linear mixing between two optical 

fields at different frequencies. The nonlinear mixing is achieved by
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overlapping the two optical beams on a square-law detector. The square-

law detector must be able to respond faster than the frequency difference

between the two optical beams to be capable of heterodyning. With

common present day detectors, this requires the two optical fields to be
7 8within one part in 10 to 10 of each other and stable within the time 

to measure the phase of the frequency difference with respect to some 

reference. Separate sources usually are not sufficiently monochromatic 

to allow detectors to respond to their difference frequencies. Hetero

dyning for optical metrology is usually done by splitting a single source 

in an interferometer and frequency shifting one of the optical fields 

with respect to the other. Depending upon the frequency shifting method, 

the device can be either internal to the interferometer or external.

By modifying the optical path in one arm of an interferometer, a 

phase, shift will be added to the optical wave in that arm. If the optical 

path changes linearly, then a time-varying phase shift will occur. The 

optical field is then given by

b ei(eot + <Kt) + <f>0) = bgieCt) (2.4)

The instantaneous frequency of this phase-modulated signal is

ui = 5i = ^ + - d x 1  = w + a (2*5)

where the time-varying phase shift due to an optical path change linearly 

with time is at, with a being the phase change per unit time.

Rather than changing the optical path traveled by one of the 

optical fields in an interferometer continuously with time, discrete
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phase shifts can be produced by discretely changing the optical path.

By discretely changing the optical path a number of times and observing 

the resulting interference of the object and reference waves, similar 

phase measurements as heterodyne phase detection can be obtained. This 

approach is called Phase-Shifting or Phase-Modulation Interferometry.

Note that all temporal direct phase measurement techniques require the 

known modification of the phase of one of the interfering wavefronts, 

usually the reference wavefront.

Frequency and Phase-Shifting Methods

In temporal direct phase measurement interferometric applications, 

a transducer is used either internal to the interferometer or external to 

produce a frequency difference, or phase difference, between the refer

ence wave and test or object wave created by the interferometer. The 

transducer usually transforms an electrical signal to either an increase 

or decrease in phase of an optical field which interacts with the device.

The most common device for phase modulation is the PZT trans

ducer. Through the piezoelectric effect, an applied voltage produces a 

displacement of the transducer, which in turn can translate a mirror, 

causing a phase change due to a change in optical path. The PZT 

transducer can be driven with a linearly changing voltage, a ramp, which 

can move a mirror in the reference arm of an interferometer, with con

stant velocity. The instantaneous frequency change of this time-varying 

phase is given by

Aok = 2kv (2.6)



. ' 27
where v is the velocity of the mirror and k=2ir/A. The phase of the 

reference wave can be discretely changed by the PZT transducer by apply

ing a discrete voltage to the device. The phase shift is

<f>s = 2kcV (2.7)

where here V is the applied voltage and a is the sensitivity of the de

vice in microns per volt.

The PZT transducer is a relatively inexpensive device for the

modification of the optical path of an interferometer. Typical sensiti-
_ ?

vities are on the order of 2-8x10 microns/volt (Burleigh, 1980) thus 

requiring about a half-kilovolt or more to produce a wave of optical path 

difference. Fabry-Perot interferometers in the scanning mode, are where 

the PZT transducer is most commonly used.

PZT transducers have limited excursion capability, thus limiting 

the maximum phase shift produced. Typical response times of the devices 

also limit the maximum achievable frequency shift when a time-varying 

voltage is applied. In practice, the PZT transducers exhibit non- 

linearities, drifts, and hysteresis which all have an effect on the 

accuracy of manipulation of the optical phase in an interferometer.

The Pockels electro-optic effect produces phase changes of 

polarized light which is propagated through certain uniaxial crystals 

by appropriate application of an electric field. Thus an electro-optic 

phase modulator can be used to shift the phase of optical fields similar 

to the PZT transducer. There is no physical motion in this device; 

therefore time response is only dependent upon the applied field
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electrodes and their associated capacitance. An optical field polarized 

along the x or y axis of the electro-optical phase modulator crystal 

propagates through a medium with a refractive index which is dependent 

upon the applied electric field within the crystal. The refractive 

index along the two axes for a KD*P crystal is given by (Yariv, 1975)

(2.8) 

(2.9)

where r 63 is the electro-optic constant and n^ is the ordinary refractive 

index. From the above it is obvious that the phase difference between 

polarized light propagating down the x-axis versus polarized light propa

gating down the y-axis is

2nn 3rc3V o 63H  = ---    (2.10)

where the voltage V = The two propagation directions delay and

advance the phase respectively thus gaining a factor of two in phase 

change for two optical fields. Typical electro-optic coefficients r63 

are approximately 26.4x10 ^  microns/volt for KD*P (Potassium Dideuterium 

Phosphate). This device requires a large applied voltage to achieve a 

full wave of phase change. Phase steps can be obtained by applying a 

constant voltage, or frequency shifts can be produced by applying a time- 

varying linear voltage ramp.

\  = "o - —  r 63 Ez

n
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As demonstrated by Crane (1969), a rotating wave-plate can be 

used to frequency shift an optical field. A half-wave plate rotating at 

frequency u will produce a frequency shift of j 2co | of a transmitted 

optical field. A quarter-wave plate can be used if the optical field is

reflected back through the rotating quarter-wave plate after it has

passed through it once. This double-pass through the quarter-wave plate 

yields an effective half-wave of retardation. Rather than rotating the 

wave plate at constant angular velocity, the wave plate can be "stepped" 

angularly over an angle smaller than 180 degrees to produce discrete 

phase shifts. Rotation rates limit this approach to frequency shifts of 

a few kilohertz. Other similar polarization methods for frequency 

shifting are given by Sommargren (1975) and Shagam and Wyant (1978).

An acousto-optic modulator or beam deflector diffracts incident 

light by the Bragg effect. A propagating acoustic wave in a medium, 

causes rarifications and compressions which modulate the refractive 

index in the medium. This yields an effective moving phase grating 

throughout the volume of the medium, and incident light is diffracted

from these planes of changing refractive index. The diffracted light is

frequency shifted due to the traveling wave nature of the grating planes. 

The magnitude of the frequency shift is exactly the frequency used to 

excite the acoustic transducer of the modulator. If the phase of the 

acoustic wave is changed (by changing the phase of the modulation fre

quency), the optical phase of the diffracted light is also changed

accordingly, modulo 2tt. The frequency shifts produced by acousto-optic 
7 9devices can be 10 - 10 Hz which can impose severe requirements on phase
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detection of the heterodyne beat frequency. To achieve a "reasonable" 

heterodyne frequency, two acousto-optic modulators can be used, one for 

each optical beam, where the modulation frequencies differ by the de

sired heterodyne beat frequency.

The acousto-optic modulator is a "solid-state" device, there 

really is no moving parts, except for the propagating acoustic-wave 

grating in the modulator. It is the diffraction of light by the moving , 

grating that provides the frequency shift. Thus a standard ruled or 

otherwise printed diffraction grating can be used to frequency shift 

light by translating the grating in a direction perpendicular to the 

grating lines. The light diffracted is frequency shifted by an amount 

equal to the product of the diffraction order number and the number of 

grating lines translated per unit time. The grating can be linearly 

translated (for a straight line grating) or rotated (for a radial spoke 

grating) (Stevenson, 1970). The order number multiplies the frequency 

shift obtainable, the second order diffracted light is shifted by twice 

the amount of shift produced by first diffracted order. Note that the 

negative diffracted orders produce a frequency down-shift of the light 

as compared to the zero or un-diffracted light. Discrete phase shifts 

of the diffracted orders can also be obtained by shifting the position 

of the grating with respect to the incident light.

An inexpensive means to provide a phase shift is to send a 

collimated optical beam through a tilted plane parallel plate. By 

further tilting the plate, an increase in the optical path of the 

collimated beam is obtained, thus causing a phase shift of that beam 
(Kelsall, 1973).
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Other specially constructed devices can be used for frequency 

shifting optical radiation. One such device described by Campbell and 

Steier (1971) is a solid state frequency shifter, based on the electro

optic effect in lithium niobate, which simulates a rotating wave plate. 

This produces greater frequency shifts than is practical by mechanical 

rotations.

Heterodyne Phase Detection Using 
Integrating Detectors

Heterodyne phase detection offers high precision in the measure

ment of the phase difference between two optical fields. To obtain 

spatial information of the wavefront phase distribution, detection of 

the heterodyne signal must occur at many locations within the extent of 

wavefront, i.e., the pupil. In the past, to obtain this spatial phase 

information, the pupil or detector is scanned so as to obtain a measure

ment of phase at some x,y location in the pupil. The method of scanning 
introduces complexity, either mechanical or electronic, and requires the 

phase of the measured wavefront to be constant during the sequential 

measurement of its phase. Rather than scanning with a single detector, 

an array of detectors can be used. This requires the use of multiple 

phase detection electronics for each detector to allow the parallel 

acquisition of the optical phase difference in a heterodyne interfero

meter. This leads to a tremendous increase in complexity due to the Use 

of arrays of discrete light detectors, photodiodes or photomultipliers, 

coupled with phase detectors for each sampled point. The phase map can 

be obtained very rapidly due to the immense parallelism inherent in this 

heterodyne phase detection implementation.
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With the increased development of solid-state detector arrays 

such as photodiode arrays and charge-coupled detector arrays, the com

plexity of sequential scanning is reduced to providing appropriate elec

tronic signals to these detector arrays. A difference however is that 

the detectors in these arrays are integrating detectors, rather than a.c. 

coupled detectors usually associated with heterodyne detection.

A technique is developed here following Wyant (1975), to measure 

the optical path difference of two wavefronts by using heterodyne inter- 

ferometry and integrating detectors. An integrating detector is a de

tector that integrates and stores the photogenerated electronic charge 

during a finite time period. This integrated intensity is called an 

integrated bucket. Examples of integrating detectors are television 

vidicons and various types of solid-state detector arrays such as CCDs.

An example of a non-integrating detector is a photomultiplier tube. The 

combination of heterodyne interferometry with the use of integrating 

detectors offers practical advantages over other wavefront measurement . 

techniques.

As mentioned, heterodyne interferometry is used over other wave- 

front sensing techniques because it offers high phase measurement 

accuracy, a phase measurement independent of intensity distribution, good 

measurement capability with low contrast fringes, and the capability of 

rapid measurement.

The basic feature of heterodyne interferometry is that a fre

quency shift is introduced between the two interfering beams to cause 

the intensity of the interference pattern to vary sinusoidally with time 

at a rate equal to the frequency difference between the two interfering
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beams. Any method to obtain a frequency shift between two wavefronts can 

be used with this integrated bucket technique for phase measurement.

Among these optical frequency shifting techniques are, moving a mirror 

at a constant velocity, translating a diffraction grating at a constant 

velocity, use of an acousto-optic Bragg cell, or rotating a half-wave 

plate. Any of these can produce the necessary frequency shift required 

for heterodyne interferometry and thus can be in a system with integrating 

detectors for phase measurement.

Integrating defector arrays are commercially available in the 

form Of both linear and two-dimensional area arrays. Table 1 shows manu

facturers and array type and size commercially available. For example, 

a 100 by 100 area array can be used to provide a phase measurement at 

each of 10,000 individual detector positions. This capability of high 

density phase measurements along with the rapid read-out rate of these 

arrays is difficult to obtain with other approaches. Thus, with the 

detection processes occurring in parallel, coupled with high speed serial 

data access, and a simple phase measurement algorithm make this approach 

to optical wavefront measurement a very accurate, practical technique.

Algorithms

As mentioned previously, a heterodyne interferometer provides a 

time-varying intensity pattern upon detection where the phase of the 

pattern is the desired measurement of the optical path difference between 

the two interfering wavefronts.

I(x,y,t) = |a(x,y)|2 + b2 + 2|a(x,y)|b cos{Awt-*(x,y)} (2.11)



Table 1. Integrating solid-state detector arrays.
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Manufacturer Type Size Construction

EG§G Reticon linear

area

64, 128, 256, 512, 
1024, 1728, 2048

32x32
50x50
100x100

photodiode

photodiode

Fairchild linear

area

256, 512, 1024 
1728, 2048

244x190
488x380

CCD

CCD

RCA area 512x320 CCD

Hughes area 32x32
100x100

CCD

GE area 244x248
128x128
42x342

CID

Hitachi area 320x240 MOS
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This time-varying intensity represents an optical signal varying sinu

soidally at frequency Aw, the heterodyne signal, with an average intensity 

equal to |a(x,y)|2 + b2, and modulation depth (contrast) of 2|a(x,y)|b.

The phase of this time varying intensity is a function of position in the 

pupil, the amount and form depending upon the type of phase perturbations 

present in the unknown optical wave u^(x,y,t).

The time-varying intensity of the heterodyned signal detected by 

the integrating detector array is integrated for a specific finite time 

period. The integrated intensity over this finite interval is defined 

as an integrated bucket B^,

(2m+l)T/2N

, f
Bm = j | I(x,y,t)dt (2.12)

(2m~l)T/2N

Each integrated bucket is represented by the integral over a fraction 

of one period T, of the time-varying intensity due to the heterodyne 

signal I(x,y,t). The variable m goes from 0 to N-l, where N is the 

total number of buckets in period T, and represents the m*^1 integrated 

bucket.

As an example, Figure 4 illustrates four integrated buckets 

within a period of the heterodyne signal. The time-varying signal at 

one detector is integrated into four distinct buckets, Bq , B^, B^, B^.

Each bucket is the sum of photo induced charges generated by the inci

dent intensity in each quarter-period of the heterodyne signal. If
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Fig. 4. Four integrated buckets.
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eight buckets were used, then each would correspond to the integral of 

the time varying intensity over an eighth of the heterodyne signal.
Writing the intensity as

I(x,y,t) = (| a(x,y) [ 2+ b2) 1 + cos{Aa3t+<j) (x,y) }

= I0 (x,y) [l + Ycos{(ot+<j)(x,y)>] (2.13)

where

T -

is defined as the normalized contrast of the interference which is deter

mined by the amplitudes of the two interfering beams, being a maximum

when the two beams are of equal amplitude. Note, the difference frequency
Cof the heterodyne signal is now written as to, this is yiot to be confused 

with earlier radian frequencies of oscillation of the optical field.

The integrated buckets for four integration periods are 

T/8 ’

B0 = If o
-T/8

I [1 + Ycos{(ot+<j>(x,y)}3dt (2.15)

3T/8

B1 = If Io [1 + Ycos{(ot+(j) (x,y)> ]dt (2.16)

T/8

5T/8

B2 ” If I0 [1 + Ycos{(ot+(f>(x,y)}]dt (2.17)

3T/8
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B3 "

7T/8

I0 [1 + YCOs{ti)t+<t>(x,y)}]dt (2.18)
5 T / 8

These reduce to four simple equations which represent the value of the

integrated signal over a quarter of the period of the heterodyne signal.
■ . ‘ '

^2
B 0 = ^ o 1 1 7 4  + 2 7 Y c ° s f ( x , y ) ]  ( 2 .19)

V t.B! = I0 [l/4 - 2 -: Ysin<f>(x,y)] (2.20)

/2
B 2 = Iol-1 / 4  " 2 7  Y c o s 4> (x ,y ) ]  ( 2 .21)

J t.53 = Io f 1/4 + 2 7  Ysin(},(x,y)] (2.22)

By subtracting appropriate integrated buckets, dividing, and taking an 

arctangent, one can obtain the phase of the time-varying heterodyne 

signal (with respect to some arbitrary phase reference).

ab 3 - Bp “ —  Y l 0 sin<j)(x,y) ( 2 .23)

J2
B 0 " B 2 = 7 7  Y l o C O s ^ ( x , y )  ( 2 .24)

»(x,y) arctan (^  j

° S  (2-25J
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This is a straightforward computation that requires no other multiplica

tion of the individual buckets or samples, as is the case with correla

tion techniques for phase measurements. The arctangent function can be 

performed quickly by table look-up. Note that the average intensity I , 

which could be a function of x,y, that is, the overall variation of 

intensity across the interference pattern, does not affect the phase 

measurement. In fact, any bias that is constant from one integrated " 

bucket to the next does not affect the measurement since constant terms 

are subtracted away. Multiplicative constants which also may be a func

tion of position are normalized by the division operation, thus contrast 

variations across the interference pattern do not affect the measurement. 

This simplicity can allow fast computation and therefore high band-width 

in the measurement of the OPD at a large number of points.

The computation of the phase is a local operation, it operates 

on integrated intensities from individual detector points. Irregulari

ties in gain or fixed pattern noise, common in detector arrays, do not 

affect the phase measurement due to the self-normalizing algorithm. The 

only requirement for an unbiased phase measurement is that the inte

grating detector be linear in its response to intensity and integration 

of that detected intensity.

By knowing the value of the amplitude of the reference wavefront, 

b, the amplitude variation of the unknown wavefront, a(x,y), can be 

obtained.

CB3 - V 2 * (Bo-B2 )2 = ^  r 2 V

= (^t ) 4|a(x,y)|2 t>2 (2.26)



Knowing the phase of the unknown wavefront, as well as. the modulus of 

the amplitude completely describes the wavefront at the measured x,y 

coordinates. Note that while fixed pattern additive noise, common in 

solid state detector arrays, does not affect the measurement of ja(x,y)|, 

multiplicative gain variations from one position to the next are not 

divided out and therefore will produce an error in the estimate of the 

amplitude. Extensive calibration procedures can be used to improve the 

accuracy of the measurement due to various sources of noise effects.

The emphasis in this research is the accurate estimation of the 

variations in phase of an optical wavefront. Small variations in the 

amplitude of a wavefront tend not to affect image quality as do varia

tions in phase. A uniform amplitude wavefront can be obtained with 

little effort in many applications, whereas a uniform phase-front is 

more difficult as optical components must be well manufactured. Even 

propagation of a wavefront over a short distance through air, distorts 

the phase of a wavefront due to small variations in temperature of the 

air in the optical path. Thus the accurate measurement of optical phase 

will be stressed throughout this work.

The four bucket algorithm produces four integrated buckets, each 

bucket integrates the time-varying heterodyne intensity over 90 degrees 

(•it/2) of the sinusoidal signal. Three of the four integrated buckets can 

also be used to obtain the phase at the detected point. Using the pre

vious equations for Bq, and B^, the measured phase is
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( W  " 2B1<j>(x,y) = arctan {— — g— -g-— —  > (2 .2 8)

While this requires the multiplication of bucket by two, it can be 

performed with a binary shift, a very fast computer operation. Thus 

using 3 out of the 4 integrated buckets may be preferable since the usable 

data can be obtained in less time and requires less storage at the sacri

fice of a slightly longer processing time.

Integrating over a third of the heterodyne cycle, three buckets 

are obtained, each bucket integrating over 120 degrees (or 2ir/3) of a 

cycle. In this case, the three buckets are

J T
B0 = I0 [l/3 + ^  YCOS(f)(x,y)] (2.29)

y r  3
B1 = V1/3 " 47 YCOs<})(x,y) - ysin*(x,y) j (2.30)

B2 = 1 o^-1 / 3  ' ^  "Y'005* + 77 YsinO(x,y)] (2.31)

The calculated phase for these three buckets is

/3 [(B -B )-(B -B )]■
> ( x,y) = arctan<J

/3 (B -B )
° arctan ( ? (2.32)
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The multiplication of ZF increases the complexity of this approach over 

the two previous algorithms.

Integrating over quarter periods, one obtains what is basically 

signals which are in quadrature. For bipolar signals, just two signals 

are necessary to obtain the phase and direction of changing phase. Since 

the integrated intensity is always a positive quantity, another measure

ment must be made to allow for subtraction of the average level. Thus 

the minimum number of integrated buckets or measurements needed for a 

phase computation is three, regardless of the region of integration of 

the heterodyne intensity of an integrated bucket.

N-Bucket Algorithms

Using the general form for an integrated bucket, one can divide 

the heterodyne cycle into N regions over which to integrate. A simpli

fied form arises when N is a power of two. For N equals 8, the eight 

integrated buckets are

B0 = V 1/8 + YCOS<Kx,y)] (2.33)

R41 S41B1 = l0 [l/8 + A=|— - y c o s O ( x , y )  _ ysin^ (x,y)] (2.34)

B 2  = Io [1/Z8 ' ysin* (x,y) ] (2.35)

B3 = Io [l/8 - YCOS(j)(x,y) - -^l^-YSin((,(x,y)] (2.36)

B4 = I0 [1/8 " — 2̂ —  Ycos  ̂(x,y) ] (2.37)
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B5 = Iof1/8 " 'YCOs<f,(x,y) + Ysin<t)(x,y)] (2.38)

B6 = IQ [1/8 + Ysinc|>(x,y)] (2.39)

By = I0 [1/8 + Ycos<j>(x,y) + Ysin*(x,y)] (2.40)

Note that half the terms are the same except for a change in sign of the 

terms with respect to phase <j> (x,y).

The computed phase is given below for 8 integrated buckets.

■Kx.y) ■ arctan < (b o.b4)T(b 7-B5)*('b i-B5) > (2'41)

Again the phase is computed by simple arithmetic calculations.

By using an integration period for 8 buckets but only using every 

other bucket, one obtains a similar computation of phase as the 4 bucket 

approach, that is

(B, - B )
1 (x,y) = arctan { — } (2.42)

Therefore, a phase measurement can be made using four samples out of an 

eight bucket approach. This can perhaps allow for read-out time of the 

individual buckets.
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arctan

The computed phase from sixteen integrated buckets is 

<j> (x,y) =

(B 1 2 - B 4 M B i 3 - B 5 ) - ( B 3 - B n ) * ( B i 4 - B 6 ) - ( B 2 - B i o ) t ( B 1 5 - B 7 ) - ( B 1 - B g )

(2.43)

As with the 4 out of eight integrated buckets, one can use 4 out of 16 

integrated buckets for computing the phase. In this case

B12 ~  B4<j>(x,y) = arctan { -  B } (2.44)

In general, for N a power of 2, one can use 4 out of N buckets to 

compute the phase

<Kx,y) = arctan { ^ 4_ - } (2.45)

Using all of the buckets in the computation of phase produces the general 

equation. For N buckets where N is a power of 2 greater than 2



arctan 3N/4

N-l

Z - ,
. - B

(N-l y  -1'

I Bi " 1  Bj

+1 3=1 +1 i

-1

I -

3 = J +1
k=l +1

(2.46)

U1
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There are N-2 buckets used in the numerator as well as in the 

denominator. Although one can generate algorithms for N=3, or 5, or 7, 

etc., the algorithm presented above is simpler since no multiplications 

Or other normalizations of the individual integrated buckets is necessary.

Accuracy of Phase Measurement using 
Integrating Buckets

No measurement is obtained with absolute certainty. Thus any 

uncertainty in the value of the integrated intensity of portions of the 

detected heterodyned signal (integrated buckets) leads to an uncertainty 

in the computed value of the phase of the heterodyned signal. Since the 

phase of the heterodyned signal is directly related to the optical phase 

of the wavefront, this quantity also has an uncertainty associated with 

its derived value. To obtain an accurate phase measurement, the inte

grated intensity must be accurately measured. There are many sources of 

error in the measurement of intensity, among the most fundamental is the 

noise due to the discrete nature of the detected energy of light; photon 

noise.

Phase Error due to Photon Noise

The fluctuations in arrival time of photons from a light source 

contribute to a noise for photon noise limited detectors, i.e., where 

the dominate noise term is due to this fluctuation. The detected signal 

to noise is given by

S/N = —  = v f  (2.47)
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where p is the mean number of photons per sample. If one uses four inte

grated buckets to calculate the phase, and the only error in the measured 

intensity is due to photon noise, the error in the integrated intensity 

p is equal to the square root of the number of detected photons in each 

bucket. Thus the four buckets can be written with their associated un

certainties as

B0 = P [k + COS^  1 b'F* + §  Y .c°s*])'1 (2.48)

B 1  = P [% - Y sin*] ± (p t% - if Y Sin*])'1 (2.49)

B 2  = p [% - |f Y cos*] + (p [% - |f y cos*] )'1 (2.50)

B3 = p[?$ + f̂ y sin*] ± (p [% + |f Y sin*])'5' (2.51)

where p equals the total number of photons in one cycle of the hetero

dyned. signal. The uncertainty of the difference between two integrated

buckets is the square root of the sum of the squares of the individual

uncertainties.

B3 - B1 = y sin* ± (p/2)'1 (2.52)

B 0  - B1 = ̂  Y cos* ± (p/2)'1 (2.53)

The phase error then can be obtained from

^measured ^actual ^  (2.54)
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Assuming actual eclua-*-s zero an^ for small phase errors, the variance in 
the phase measurement is

(A*)' (P/2)'
^2rp

1
± (p/2)"

For large N

(2.55)

A(j)
2y/p

(2.56)

Defining the signal to noise as

S/N = _P_
Vp

(2.57)

the rms phase error is (Figure 5)

A<f> =_ tt/2yS/N (2.58)

This result is similar to the error in the computed phase using other 

heterodyne phase detection methods such as correlation detection. 

Basically the rms phase error is inversely proportional to the signal to 

noise of the intensity measurement.

Using three out of four buckets, the rms phase error is

/3 TTA<j> -
2y/p

(2.59)

The /3 factor is due to not using all the available photons in the mea- 

surement. For the general expression for phase computation using m



PHA
SE 

ER
RO

R

P H A S E  E R R O R  D U E  T O  P H O T O N  N O I S E

.1

01

2y/p

0.001 100 1000
N U M B E R  O F  P H O T O N S

Fig. 5. RMS phase error due to photon noise for contrast ratios of 0.5 and 1.
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buckets, where m is a power of two, the signal to noise of the measure

ment is given by

S/N = C l T  p ) 2 (2-60)

The rms error in phase is then

ITA<j) - — -
4Ycos ^  (S/N) (2.61)

By letting the number of buckets measured increase to a large number the 

signal to noise becomes

S/N % p^ ' (2.62)

and the factor cos ^  goes to 1, the rms phase error is then

A<j> % —  (2.63)
4Y/p

Phase Error due to Quantization Noise 

To compute the phase from the measured integrating buckets, 

digital computations are performed. Thus the integrated buckets from 

each detector must be digitized; i.e., converted from an analog voltage 

to a binary numerical value. The precision with which this conversion 

occurs determines the number of binary places the analog voltage is 

digitized.' The number of binary places represent the number of "bits" 

of the resultant digitized binary number. The largest numerical value 

representing the analog integrated intensity is then 2 raised to the 

number of bits n; 2n . .Thus the range of values, 0 to 2n -l, occur as
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discrete values. For values of the analog signal between two discrete 

values, the binary numbers chosen to represent the signal are all the 

same binary number. The resultant conversion "quantized" the continuous 

analog signal. This quantization of the measured integrated buckets 

represents a noise, where the value of the noise is

± % of one level

nIf Q equals the number of levels, then Q = 2 . Adjusting the signal 

such that its largest value equals the largest converted binary number, 

i.e., 2n-l, then the quantization noise for the four bucket approach is

(2.64)

(2.65)

(2.66)

(2.67)

(2.68)

one half of this level,

± % [p (% + ^- Y) ] / Q 

This is then the additive noise associated with each bucket

B0 = p(% + if" Y cos*) ± h [ p ( k + |f- y)]/Q

Bj = P (M - Y sin*) ± %[p(% + Y)]/Q

B2 = p(% if- Y cos*) ± h [ p { k + |f y)]/Q

b3 = p (̂  + if Y sin*) + %[p(% + if y )]/Q

where p again equals the number of photons per cycle. For *-0 and rms 

errors that are small, the rms phase error due to the integrating buckets 

being quantized is



Re-writing the above and taking some liberties in approximating by 

assuming Q > 4

A<j) % 4Q (2.70)

The rms phase error is then inversely proportional to the number of 

digitized levels. If m integrating buckets are used for the phase 

computation then the general expression for the maximum rms phase error 

is
Vm-2

A*
. 4vcos —I +   HL, m 2ir

4ycos m /m-2
~ 2 Q ~

Im
4ycos

(2.71)
m

2tt

If one'assumes a large number of integrated buckets m, then the phase 

error reduces to
/m
2Q

1 + _/m
2Q

(2.72)

Here, if /m/2Q «  1 then A<j> = Vm/2Q. There is no benefit to increasing 

the number of integrating buckets if the number of quantization levels 

is small, since adjacent buckets will be digitized to the same level.



Optical Phase Detection by Discrete 
Phase Step Interferometry

An alternative approach to determining the optical phase of an 

unknown wavefront is based upon discretely changing the optical phase 

of the reference phase. Integrating detector arrays can be used to 

provide one or two dimensional high density phase measurements with this 

approach. This discrete phase stepping is quite similar to the previous 

method of heterodyne phase detection where rather than linearly changing 

the reference phase during the detector integration time, the reference 

phase is stepped to a known value and the resulting interference pattern 

at this phase is measured. The sequence is repeated, as with the inte

grating bucket heterodyne phase measurements, where a minimum of three 

measurements of the phase shifted interference pattern at different 

phases are required for an optical phase calculation. Assuming an un

known wavefront as the test beam in an interferometer with the overall 

phase of the reference beam under the control of an optical phase shifting 

device, the resulting interference pattern is

I(x,y,<}>s) = I0 [1 + YCos{<t>(x,y) + <j>s)] (2.73)

where <{>■ is the phase due to the reference beam and <f>(x,y) is the phase 

of the wavefront under test. The reference wavefront is assumed to have 

no phase variations.

If the reference phase is stepped in increments of ir/2 over a 

range of zero to 2 tt, starting at an arbitrary zero phase position, the 

resulting four intensity patterns due to the interference of these two
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wavefronts at different overall phase is

for (j)̂ = 0

A = I (x,y;0) = I0 [1 + ycosif) (x,y) ] (2.74)

for <fis = 7 7 / 2

B = I (x,y,7r/2) = Io [l - Ysin<i,(x,y)] (2.75)

for (f)̂ = TT

c = I (x,y,77) = Io [1 - ycostj) (x,y) ] (2.76)

for = 377/2

D = I (x,y,377/2) = Iq [1 + ysiiKj)(x,y) ] (2.77)

Thus, if the reference phase is stepped to one of these values 

of 0, 7 7/2 , 7 7 , and 37 7 / 2  and the intensity pattern I(x,y,<j>s) is stored for 

each phase step, a total of four interference patterns are stored. The 

optical phase <j> (x,y) can be determined at each detector location by using 

the four measurements

, Kx.y) = arctan

. = arclan = arctan (2.78)

The first two measurements consist of two interference patterns 

phase shifted by 7 7 / 2  or 90 degrees. The result is a cosine and a sine
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component of the interference pattern. In electronics this would denote 

two signals in quadrature, however, in optics the intensity is never a 

bipolar function and thus the extra measurements are needed to remove 

the average intensity bias.

The first three of these measurements can be used to calculate 

the optical phase at each detected x,y coordinate. In this case the 

computations are slightly more involved but nevertheless quite straight

forward

Kx.X) - arctan { (I

/  arctan “ arctan { costfcyl} «-79>

As with heterodyne phase detection, phase stepping interferometric 

phase detection obtains accurate measurements of optical phase indepen

dent of intensity variations across the pupil as well as contrast varia

tions (y as a function of x,y). For this to be true, the contrast and 

overall average intensity cannot change between the phase steps.

Equally important, the phase cannot change during the phase stepping 

procedure or the calculation will be in error. Vibrations and air 

turbulence in the optical path will cause the interference patterns to 

change. It is therefore necessary to perform the phase stepping, detec

tion, and storage of the interference patterns in as short a time as 

possible. The phase computations can then be performed at a later time. 

The computations are simple, with the arctangent function being per

formed quickly by a lookup table. Thus, for array sizes consisting of
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less than 10,000 points, microprocessors can be used to calculate the 

phase within a reasonable time on the order of seconds.

The similarities of this phase stepping method and the previous 

heterodyne phase detection method are many as is obvious from the 

algorithms. The advantages of one approach over the other is a matter 

of practical choice. These will be mentioned during the discussion of 

actual implementations of these two methods for optical phase detection. 

For more steps in the interval of zero to 2tt, similar algorithms can 

be used with both the phase stepping and the heterodyne technique.

In general, N steps of the reference phase can be used in the 

range of zero to 2tt. Expanding the interference equation

I(x,y,<f>s) = I0 [l + ycostf) (x,y)cos<|>s - ysincj)(x,y)sin^] (2.80)

If <f> is stepped in equal increments and the resultant interference

patterns are stored, one can correlate the intensity at each x,y location

as a function of the reference phase cj> with the quadrature components of

sind) and cosd) . The result is s Ys

N
I I (x,y, <j> ) sin* = r  

s=l

r N N
I sin* + ycos*(x,y) J sin* . cos*
S = 1 5 5 = 1 S 5

N
ysin*(x,y) % sin2*c 

s=l
(2.81)
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N r N N
1 I (x,y,<p J  COS* = 1 I cos* + Ycos*(x,y) % cos2* 

s=l 5 S ° Ls=l s s=l s

N
ysin*(x,y) J sin* cos* 

s=l S S ,
(2.82)

Using the orthogonality relations for these functions which are valid 

over the range of zero to 2ir

N N N N
I I cos* cos*. = I I sin*, sin*. = y  6.. (2.83)

j=l i=l 1 3 j=l i=l 1 3 Z X3

and
2 N Nm I I sin* cos*. = 0  (2.84)
1N 1 = 1 i=l 1 3

the resulting correlation summations are 
N NI y
I I(x,y,*Jsin* =  sin*(x,y) (2.85)s=1 S s z

N NI y
I I(x,y,* Jcos* = — cos* (x,y) (2.86)

s=l

From this, the familiar calculation for the phase results in
. N
I I(x,y,* ) sin*

s—1_______ 5 s
*(x,y) = arctan \ N

I I(x,y,* ) cos* 
s=l s 5

= arctan rcosMxiyj } (2.87)
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Now for every step of the reference phase <|> a the phase shifted inter

ference pattern is multiplied separately by sin<f>s and cos<f>s and a 

running sum of the individual products is maintained, till after the 

final phase step, two complete arrays of correlated intensities are used 

to calculate the optical phase.

The four step algorithm can be expressed as a correlation method 

where for N=4 the sin and cos values of the reference phase are

ts sin<|)s COSd)
Y s

0 0 1

ir/2 1 0

IT 0 -1

3 tt/2 -1 0

This amounts to having just two terms in the numerator and the denominator 

for the summations and reduces to the four step method of

♦ Cx .jO = arctan (2.88)

The correlation method is a synchronous detection method and can 

be viewed from Fourier theory as well (Brunning et al., 1974). As the 

number of steps increases, the summations approach integrals and the 

method becomes the correlation method used in heterodyne phase detection.

Accuracy of Phase Measurement 
Using Phase Steps

If all systematic errors were reduced to zero, the ultimate 

accuracy in the phase measurement depends solely on the signal to noise
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of the measurement. If the detection process is photon noise limited, 

then the sole source of noise is the fluctuation in the arrival of 

photons and thus yields an error in the detected number of photons per 

unit interval. As was stated previously, this noise term is equal to

the square root of the number of detected photons. Following the

analysis shown for integrating bucket approaches, the detected intensity 

and noise associated with the four step method gives

l(x,y,0) = E- [1 + YCOS<}>(x,y)] ± [1 + ycostj)(x,y)] j (2.89)

/I(x,y,ir/2) = E- [1 - Y.sin<f>(x,y)] ± [1 - ysinc})(x,y) ] j (2.90)

I(x,y,Ti) = E. [1 - ycosiJ) (x,y) ] ± [1 - y c o s 4> (x,y) ] ̂ . (2.91)

I (x,y , 3tt/2) = E- [1 + Ysin<j>(x,y)] ± [1 + ysinif. (x,y) ] J
(2.92)

where p equals the total number of photons during the four step measure

ments. Since the noise represents a random variable, for the phase 

calculation, the uncertainty of the difference is the square root of the 

sum of the squares of the individual uncertainties

I (x,y,3ir/2) - I (x,y,Tr/2) = E  ysin^(x,y) ± (2.93)

I (x,y,0) - I (x,y,ir) = Eycos*(x,y) ± (v / 2 ) ^ (2.94)

For small phase errors about an arbitrary zero phase position, the 

variance in the phase measurement due to photon noise becomes
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(p/2) 2
2" Y ± (p/2)'

(2.95)

and for large p

&<j) %
yVp

(2.96)

Defining the signal to noise as

S/N = p//p (2.97)

the rms phase error is

A(j) = y S/n (2.98)

The slight difference between the rms phase errors due to photon 

noise for the heterodyne optical phase detection using integrating de

tectors and the phase stepping approach, is due to the slight reduction 

in total modulation of the heterodyne signal because of the finite inte

gration time, which, in this case, is Tr/2 of a heterodyne period. The 

total modulation depth of the integrating buckets (four buckets) method

is

I - I .max m m
I + I .max m m

2 /2 y _ 0.9 y (2.99)

while for the four step method the modulation depth is

max m m
I + I . max m m .

= y (2 .100)
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Thus if the amplitudes of the two beam interference are equal, the 

contrast y is unity and there is a further reduction of the contrast of 

the integrated bucket by a factor of 0.9 over the total modulation of 

the intensity variation obtained, by the four step method.

The three step method uses three of the first four intensity 

measurements obtained by stepping in increments of. tt/2 in the four step

method. The noise is correlated during the multiplication by two in the

phase algorithm and so there is a slight increase (by a factor of V3) in 

the rms phase error for the three step approach.

*M  = W i ?  (Z.ioi)

While the above analysis of phase error is due to photon noise, 

a similar result can be obtained by assuming a random noise and that the 

noise is independent from measurement to measurement. In this case, the 

measured intensity is composed of a signal component and an additive 

noise term N whose variance is cr̂ 2 .

T(x,y,<j>s) = S(x,y,(Jis) + N (2.102)

Defining the signal to noise of each intensity measurement as the tins- 

signal to rms noise

/2 I y
S/N = . (2.103)

N

the phase estimate is given by
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<j> = arctan (2.104)

where now each intensity measurement A, B, C, and D has an additive 

noise term associated with it. The variance of the phase estimate due 

to the noise terms is (Wyant, 1975)

.2
(A<J>)2 = (d-b)2+(a-c)2 J [(aa)2 + (AC:)2]

* [ t o f t w c f ] 2 [ t A B ) 2  + CAD) 2 ]  t 2 -1 0 5)

Since (AA)2 = (AB)2 = (AC)2 = (AD)2 = a^2, the variance reduces to

2cr 2
( M ) 2 = (2Iq y ) 2 = C2-106)

The rms phase error becomes

= - 2 W N T  ' (2-107)

This is a very simple result that is valid for any probability law 

(density function) for a random noise which is independent from one 

measurement to the next. If each intensity measurement is made with a 

signal to rms noise given by S/N, then the rms phase error resulting 

from the phase calculation is just the reciprocal of twice the stated 

signal to noise. For a signal to noise of 100, the rms phase error is

a = 0.005 radians * (2.108)v -
or
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a - 8xl0"4 X (2.109)

at each detected point in the aperture. Here 2tt radians in the phase 

measurement is one wave (X). The peak to valley error for this measure
ment , if the probability density function for the noise is Gaussian,

would be within 6a,, or about A/200.9
If the synchronous detection method using m steps is used, the 

rms phase error becomes

Ad> = a, = ---   (2.110)
* v W n  ■ •

where m is the total number of steps within a range of 2tt, and the signal 

to noise is the value of each measurement, i.e., the total signal is m 

times the signal in one measurement. As in synchronous detection tech

niques, the longer one integrates, the better the resultant signal to 

noise, the smaller the error. Here, the analogy is, the more measure

ments, the smaller the error for measurements of similar signal to noise. 

This is true for noise terms which are independent from one measurement 

to the next, thus the square root of the number of measurements dependence 

on the error. If there is a dependent noise term which is correlated 

over a subset of measurements, the /m dependence would not hold and there

fore the error would be larger.

Phase Error Due to Quantization Noise 

The intensity measurement which occurs after each step is usually 

digitized, thus a binary numerical value is generated from each detector
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element viewing the phase shifted interference pattern. An array of 

intensity values is converted with a certain precision to an array of 

numbers representing the analog voltage produced by the detector elements. 

As was discussed previously with integrated buckets, the limited pre

cision in the analog to digital conversion generates discrete values for 

the detected intensity. The result is a "quantized" phase shifted inter

ference pattern of the analog signal which represents a noise due to the 

error in the representation of the continuous analog function. This 

noise is equal to ± 1/2 the value of a discrete level of the digitization. 

If Q equals the number of levels, then Q = 2n, where n is the number of 

bits in the analog to digital conversion.

For the four step phase shifting algorithm, the quantization 

noise is then

where p is the total number of photons in the four measurements. This is 

the noise term that is associated with each intensity measurement

(2.111)

A = E- :[1 + yCOS(j>] ± ^  [| (1 + y) ] /Q (2.112)

B = |  [1 - ysincj.] ± C.1 + Y)] /Q (2.113)

C = E- [1 - ycosfj)] ± (1 + Y)] /Q (2.114)

D = E- [1 + ysinc})] ± (1 + y)] /Q (2.115)
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To find the error in the phase measurement due to quantization 

error, a different approach to the one presented for integrated buckets 

is presented here. The two analyses yield similar results.

Once the original signal is quantized, it can never be reproduced 

exactly as there is always an unresolvable uncertainty of ± 1/2 the value 

of a discrete level. Since the original signal could have any value 

within the range of a quantization.level and still yield the same digi

tized quantity, the quantization error is treated as additive noise.

This noise may be made as small as desired by increasing the number of 

quantization levels within the range of analog signal values, making each 

level smaller, thereby decreasing the quantization error.

For this analysis, assume the intensity value at any detector to 

be digitized, is equally likely to lie anywhere within a particular 

quantization level. Thus the quantization error e is a uniformly dis

tributed random variable whose probability density function is uniform.

(2.116)
0 elsewhere

The average value of the error is zero since the levels were chosen 

symmetric and the distribution function has zero mean. . The quantization 

noise or the mean square error is given by
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I e2 p (e)de

. ife (1+Y)

(e2) [&- (in)] 1 de-4Q
w  (1+Y)

= T2 [ &  1̂+^ ]  2 C2. n 7)

Since ^  (1+y) is just the amplitude of one discrete quantization level 

this is just
2

~ 2  _ [one quantization level] (2 118)

If .

<f> = arctan (2.119)

and e2" = (AA)2 = (AB)2 = (AC)2 = (AD)2,

( i W 2 . (2.,2o,
( 2 Y )

and the rms error is

Ad) = (2.121)
2/6 yQ
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For a contrast y of the detected interference patterns of unity, this 

reduces to
iA<j) = — —  (2.122)
Q

This is very similar to the result obtained by a slightly different 

analysis for the integrating bucket phase error due to quantization 

noise. Both analyses assume the quantization levels are spaced uniformly 

through the range of maximum intensify (or integrated intensity) to 

minimum intensity. If the signal is reduced, the full number of 

quantizing levels are not used in the conversion and the phase error will 

increase, even though the precision of the analog to digital conversion 

remains the same.



CHAPTER 3

REFERENCE PHASE CALIBRATION

Using phase modulation techniques, phase-shifting interferometry 

and heterodyne interferometry require the accurate manipulation of the 

overall phase or optical phase difference of the interferometer. Whether 

the phase-shifter is a piezoelectric transducer or an electro-optic phase 

modulator, an appropriate control voltage must be known to prevoke a 

known response from the device. There are two parameters which must be 

known, characterizing the device, its sensitivity and non-linearity. 

Initial phase or overall optical path difference is immaterial for all 

applications other than interferometric absolute distance measurements.

The results obtained with the techniques described here are all based 

upon finding relative optical phase differences between measured points 

on the test surface.

The parameters of the phase-shifting devices can be determined 

initially and all manipulations could be based upon these parameters. 

Operating conditions, however, may change the values of the sensitivity 

and non-linear coefficients. This then would cause errors in the 

shifted reference phase. Operating conditions affecting these parameters 

include temperature of the device, age of the device, bias voltages, and 

changes in gain of the electronic drivers such as high voltage amplifiers. 

Therefore, periodic calibration of the phase-shifting device must be

68
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performed and new operating parameters derived for accurate optical 

phase measurements. These calibrations of the phase-shifter must also

be performed quickly and on the instrument the device is used in-, using

the same equipment that is used for the optical phase measurements. The 

following section will describe the errors associated with incomplete 

knowledge of the sensitivity and non-linearity of the phase-shifting 

device used in phase-modulation interferometry. Methods of calibration 

are also discussed which measure these parameters necessary for accurate 

phase measurements.

Error Due to Unknown Sensitivity 

Assume for the moment, the phase-shifting device is linear in its 

response to changes in applied voltage, but the overall sensitivity of 

the device (possibly including a high voltage driver) is not known very

accurately. Let cjŜ, the overall reference phase, be

where a is the calibrated sensitivity, normally equal to unity. If a 

four step phase measurement algorithm is used, then the general interfer

ence equation is

(3.1)

I(x,y) = I - [l+Ycos{(Kx,y) + $s}] (3.2)

with 4> (x,y) being the desired phase to be measured. Stepping the phase 

to what is believed to be tt/2 increments (if the sensitivity a is unity), 

the four measurements are
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Bq = I'[l + ycosfj) (x,y) ] (3.3)

B. = I' [l+Y{cos<Hx,y)cosa<t> -sin<Kx,y)sina(f> }] (3.4)1  s s

B2 = I' [l+Y{cos<#> (x,y)cos2ct<|)s-sin<f> (x,y)sin2a<()s>] (3.5)

B3 = 1^ [l+Y{eQS<f>(x,y)cos3a<j>s-sin<j>(x,y)sin3a<J>s}] (3.6)

where (J> = rr/2 now, and the four steps consist of shifting the reference

phase, $ , by 0, a2(j) , and a3((> . If a=l, then the equations reduce

to the familiar four step phase algorithm.

. Usually the actual sensitivity is close to the initially derived 

value. Thus, let a=l+e, where e is the error in the sensitivity of the 

phase shifting device.

$s = «+s = (l+c)<j)g (3.7)

and

I(x,y,<f)s) = I"[l+YCOs{^(x,y)+*g}coss#g-Ysin{^(x,y)+0g}sinE*g]

(3.8)

for <f)g - 0

Bq = I"[l+YCQS<f>(x,y)] (3.9)

for A = tt/2 Ys

B^ = I' [l-YSin<j> (x,y)coseTr/2-YCOS(f) (x,y)sine-rr/2] (3.10)

for <f> = it

B^ = I' [l-ycostf) (x,y)coseir+Ysin^ (x,y)sineir] (3.11)
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for <ps = 3ir/2

B = I' [l+ysiiKj) (x,y)GOse3ir/2+YCOs4) (x,y) sinE3ir/2] (3.12)

The four step algorithm gives for the tangent of the measured phase

B3-Bl
tan<j>(x,y) =

B0-B2

_ sin{(j)(x,y)+e'rr/2} + sin{(j)(x,y)+e3Tr/2} f
cos{<j)(x,y) } + cos{<j> (x,y)+eTr}

Similarly, the three step phase algorithm.gives 

tan$(x,y) =
(B0+B2)-2B1

Bo -B2

2sin{<j)(x,y)+£7r/2}+cos{(j)(x,y) }-cos{<j) (x,y)+eTr> 
cos{^(x,y)} + cos{<f>(x,y)+eir}

(3,14)

The phase error (the difference between the actual phase value and the 

computed phase using the above equations) is shown in Figure 6 for a 

linear range of phase values and an error in sensitivity of 5%. The 

phase error plotted has an average error, or bias, subtracted from it. 

This bias error is equal to

bias error = e3ir/2 for 4 step algorithm (3.15)

bias error = sir/2 for 3 step algorithm . (3.16)

This bias error is immaterial, as a constant phase bias represents an 

overall phase difference between test and reference surfaces. The phase 

error plots show that the peak to valley phase error are the same with
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either the four step or three step algorithm. Quite evident is the 

sinusoidal nature of the phase error. If the test surface was tilted, 

then a linear variation in phase values would occur. For errors in 

estimating the sensitivity of.the phase-shifting device, the calculated 

phase values would show a periodic sinusoidal variation superimposed on 

the linear phase. The difference between the actual linear phase values 

and calculated phase values is what is plotted. Below is a table of rms 

values of the error in phase due to inaccurate knowledge of the sensiti

vity of the phase-shifting device for errors of 5%, 2%, 1%, and 0.5%. 

This gives an indication of the achievable accuracy of the optical phase 

measurement using phase-stepping algorithms for a given error in the 

sensitivity (step position size) of the phase shifter. The rms values 

are based upon the deviation from the average error and are given as 

phase errors. The average value is in degrees.

3 Step Algorithm 4 Step Algorithm

E average rms e average rms
bias error bias error

(degrees) (degrees)

0.05 4.5 A/226 0.05 6.75 A/226
0.02 1.8 A/565 0.02 2.7 A/565
0.01 0.9 A/1131 0.01 1.35 A/1131
0.005 0.45 A/2262 0.005 0.674 A/2262

The rms variation for small values of e, is given by 

■Joo = (E7T/4) (3.17)

For many applications, the measurement accuracy does not need to 

be high, and thus, accurate estimates of the sensitivity of the phase
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shifting device may not be required, to the point that pre-measurement 

calibration may not be necessary as the changes in sensitivity that 

occur with time will not be large. If the phase values to be measured 

vary by less than X/8, then the variation in the error of the phase 

measurement due to errors in sensitivity, will be small and can be even 

smaller if the appropriate initial starting phase is chosen judiciously. 

While it was mentioned earlier that these phase measurements can be 

performed with any amount of tilt, reducing the amount of overall tilt 

will reduce the variation in the phase measurement error due to errors 

in the sensitivity of the phase-shifting device.

As a final.point, this error is a systematic error which, since 

it is a well behaved sinusoidal phase error variation, can be removed 

from the calculated phase map, just as tilt and average phase (piston) 

is removed. The amplitude, phase, and frequency of a sinusoid would 

have to be fitted to the data in a least squares sense and then sub

tracted. Initial estimates of the frequency of the error variation can 

be obtained from the value of tilt. Considering that the rms phase 

variations are small even for relatively poor estimates of the sensiti

vity of the phase shifting device, it is best to calibrate this 

sensitivity value to minimize the residual systematic error rather than 

remove it from the data. Methods of calibration will be discussed in 

the next section along with the systematic errors due to non-linearities 

in response of the phase-shifting device.
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Errors due to Non-Linear Response 

To some degree, most devices exhibit non-linearities in their 

response. This nonlinear response in a phase-shifting device causes an 

unknown phase shift or modulation if the nonlinear coefficients are not 

known. What was assumed to be a shift of i t , for example, becomes a

greater phase shift due to the nonlinearity. If the nonlinearity is un

known, the error in the phase measurement can be significant. Thus, 

during the calibration procedure, the nonlinearity of response, as well 

as the sensitivity of the phase-shifting device, must be measured.

To see the effect of nonlinearities on the phase measurement, 

assume the nonlinearity is at most quadratic in its response. The phase 

shift of the reference can be written as

$s = a(i:s + ^ s2 (3.18)

where a is the linear response (sensitivity) and 6 is the nonlinear 

quadratic response coefficient. In the following, assume the sensitivity 

is known and equal to unity. The general interference equation becomes

I(x,y,<|>s) = I' [l+ycos-fij)(x,y)+a<|>s+8<f>s2}]

= K  [l+YCOs{<f> (x,y)+a<j>s }cosg<i>s2-Ysin{<f>(x,y)+a<j)s }

sin6<j>s2] (3.19)

Again <j> (x,y) is the desired phase to be measured, and y is the contrast 

of the interference. If acfv is stepped by it/2 increments, the four mea

surements in the four step phase algorithm are
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for ad) = 0  s

Bq = I'[l+YCOS(j)(x,y)] (3.20)

for a<t>s = tt/2

- 2 2 
B1 = I" [l-Ysin(j)(x,y)cos3(j) -YCOs<f)(x,y)singly) ] (3.21)

for ad) = 7T s

B2 = I^[l-YCOS(j)(x,y)cbsB7T2+ysin(()(x,y)sinB7T23 (3.22)

for acf>s = 3tt/2

B3 = I"[l+Ysin(j)(x,y)cosg (^-) +y c o s(}) (x,y)sing (^-) ] (3.23)

Following a similar development as shown previously, the four step 

algorithm gives as the measured phase

wtan<j>(x,y) = n— 5-  
0~  2

sin|d)(x,y)+g(j) sinj^(x,y) + g ( ^ )  | 

cos(#)(x,y) + cos{<j)(x,y) + g(ir)2}

While the three step phase algorithm produces 

tan<j)(x,y) =
(b0+b2)-2b i

B0"B2
2sin|(#>(x,y) + g (2-) |+ cos<})(x,y)-cos{(j) (x,y)+gir2} 

cos(j)(x,y) + cos{(j)(x,y) + gir2} —  —

(3.25)

These equations give the value of the measured phase if there is a non- 

linearity g, in the response of the phase shifting device. The
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difference between these measured values and the actual phase values are

shown in Figure 7 for both the four step and three step phase measurement
I ■

algorithms for a value of g of 1%. The average error bias has been sub

tracted from the data. Again as with the phase error due to errors in 

the estimate of the sensitivity, the phase error due to a nonlinear 

response of the phase stepping device shows a sinusoidal, variation.

Thus to minimize the residual error, measurements should be made with 

minimum amount of tilt of the interfering wavefronts. From the plot of 

phase error, the three step algorithm shows less peak to valley error 

for a given nonlinear coefficient. This is due to the limited phase 

excursion of the three step algorithm over the four step. The maximum 

phase shift used in the three step (or three bucket) algorithm is tr, 

while it is 3tt/2 for the four step approach. The nonlinearities exagger

ate the extra phase shift, increasing the net error. If a phase shifting 

device with significant nonlinear response is used, then the three step 

phase algorithm should be used to minimize the phase error due to these 

nonlinearities.

Below is a table of rms phase error as departures from a mean 

phase bias (in degrees) for various values of the non-linear coefficient.

3 Step Algorithm 4 Step Algorithm
3 average rms 6 - average rms

bias error bias error
(degrees) (degrees)

0.05 10.1 A/66.5 0.05 23.3 A/47
0.02 3.9 A/166 0.02 9.5 A/125
0.01 2.1 A/325 0.01 4.9 A/240
0.005 1.1 A/647 0.005 2.5 A/480
0.0025 0.53 A/1292 0.0025 1.2 A/960
0.001 0.21 A/3224 0.001 0.5 A/2400
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The rms values given are v'5/2 times the maximum phase error for 

each case. For applications where phase accuracies of about A/100 peak 

to valley or less are needed, then a phase shifting device with a non- 

linearity of 2% or less can be used without calibrating for the non- 

linearity; it is assumed to be linear and the error tolerated. Improved 

accuracy can be obtained by post-processing the data to remove this 

sinusoidal systematic phase error due to the nonlinearities, again with

out accurate estimation of the nonlinear coefficient.

To achieve high accuracies on the order of A/1000, then this 

phase error must be reduced by obtaining an accurate estimate of the 

nonlinearity and correcting the value sent to the phase shifting device 

required to produce the known phase shift. This is done by calibrating 

the phase shifting device in its operating environment, preferably using 

the existing data acquisition system normally used for the optical phase 

detection. Appropriate analysis of the acquired data derives the needed 

sensitivity and nonlinear coefficients of the phase shifting device.

From this, the correct voltage required to yield the exact phase shift 

(to the precision needed), is applied to the device. The following 

illustrates two methods for obtaining the calibration estimates for the 

phase shifting device.

Reference Detection Using Phase-Lock Interferometry

In concept and practice, the phase stepping algorithms for 

optical phase detection represent the simplest implementations. The 

requirements on the phase shifting device is that it must shift to at 

least three reference phase positions before each individual intensity
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measurement of the resultant phase-shifted interference pattern. Without 

regard to the operating characteristics of the phase shifter, a closed- 

loop system can he used to shift to phase positions in increments of tt/2 . 

This adaptive system senses when the phase is at one of these positions 

automatically.

The method is based upon impressing a sinusoidal phase modulation 

of small amplitude on the phase shifting device. A non-integrating de

tector can synchronously detect a sinusoidal signal at either the funda

mental frequency of the modulation or the second harmonic depending upon

the overall phase value of the phase shifting device. This discrimina

tion between second and fundamental harmonics of the a.c. phase modula

tion indicates when the overall phase is either at a Tr/2 or 3t t / 2  position 

or an extrema position of 0 or it with respect to the detector sensing the 

moduation.

Let the detected intensity at the non-integrating detector be 

I (x,y,t) = I' [1+y c o s {<|> (x,y)+<t>o+iisinu)st}] (3.26)

where <j>(x,y) is the phase due to the test wavefront, <j> is the average 

reference phase due to the phase shifting device, and psinurt is the 

sinusoidal phase modulation, of amplitude y and frequency impressed 

upon the overall phase. This can be rewritten as

I (x,y,t) = I-'[l+YCOs{<t>(x,y).+<t>o}cos{ysinwst}

- Ysin{<j>(x,y)+<f>o}sin{ysina)st}] (3.27)
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Note that the non-integrating detector used to detect the sinusoidal 

modulation is positioned somewhere within the overall interference 

pattern and spatially averages a small region with respect to the inter

ference fringe pattern in order that no more than one-half fringe is 

averaged across the detector. This detector, and the overall phase it 

measures becomes the reference point about which the usual integrating 

detector array measures its phase.

$ be shifted by 0, tt/2, i t , and 3ir/2 in overall phase. Then the signal 

at the non-integrating detector becomes

for (f>(x,y) + <f>0 = 0

Looking at what happens at the phase steps of tt/2, let <j> (x,y) +

Iq = I^[l + Ycos{ysintost}] (3.28)

1^ = I^[l - ysinlysinWgt}] (3.29)

for <j> (x,y)+(j)o = tt

I2 - I^[l - YC0S{ysinu)st}] (3.30)

for <j>(x,y)+<j>o = 3 tt/2

Ig = I ' [1 + YSinfysinWgt}] (3.31)

Using the expressions below for the expansion of the above equations
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cos-Tvisinu) t} = J + 2 J J„, (y)cos (2ko) t) (3.32)S O ^ JK Sk=l

sin{ysina) t} = 2 % J9, .. (y) sin{ (2k+l)u t}' (3.33)
k=0

the detected intensities yield

10 = r[l+YJo (y)+2yJ2 (y)cos(2a)st) + . . .] (3.34)

11 = I"[l-2YJ1 (y)sin(ust) - . . .] (3.35)

12 = I"[l-YJ0 (y)-2YJ2 (y)cos(2a)st) - . . .] (3.36)

13 = I"[l+2YJ1 (y)sin(ojst) + . . .] (3.37)

From the above equations it is seen that when the overall phase is at 

either 0 or ir, the detected modulation has a component at twice the 

frequency of the applied sinusoid to the phase shifter. There is no 

fundamental frequency component in the detected intensity at either of 

these positions. For overall phase shifts of ir/2 and 3tt/2 there is no 

second harmonic component in the detected signal (in fact no even 

harmonics are present at all). By synchronous detection techniques at 

the fundamental and second harmonic, one can determine whether the overall 

phase shift is at one of the m/2 phase steps. By noting the shift in 

phase of 180° between the detected signal and the driving signal, the 

7r/ 2  and it phase points can be determined.
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This procedure then starts with a separate sinusoidal phase 

modulation imposed on the average phase of the phase shifting device.

If the amplitude of this- modulation is small and the period of the 

modulation is significantly shorter than the integration time of the 

integrating detector array used to make the intensity measurements of 

the interference pattern for optical phase detection, then only a small 

reduction in the detected fringe contrast will occur. Remember that a 

separate single non-integrating detector is used to detect the a.c. 

phase modulation. Through a combination of computer software and 

separate electronics, the average phase shift of the phase shifting 

device is changed, seeking the value when the second harmonic, in phase 

with the driving modulation, is detected. This occurs exactly at a 

phase shift of what is defined as zero phase. An intensity measurement 

of the interference pattern at this reference phase position is done 

using the integrating detector array and is stored. The average phase 

is then increased to the point where the detected a.c. signal consists 

of no second harmonic and the fundamental frequency is 180° out of phase 

with the driving signal. This position is then at a phase shift of tt/2 

with respect to the first position. Again an intensity measurement of 

the interference pattern is performed at this phase position.

The average phase is again increased to a position where there 

is no fundamental and an out of phase second harmonic. This is the ir 

phase shift position. An intensity measurement is again made. For the 

three step algorithm, this would complete the measurement procedure.

One more position seek is made for the four step algorithm, which occurs



when there is no detected second harmonic and the fundamental frequency 

is in phase with the driving modulation signal. This is the 3tt/2 phase 

shift position. The fourth intensity measurement of the shifted inter

ference pattern is then made. This completes the measurement cycle and 

computation of the optical phase is then executed.

Although this "phase-lock" method of seeking to the specified 

phase position requires extra electronics and adds a certain degree of 

complexity to the overall system, no pre-calibration is necessary. This 

method self calibrates while taking the data since it senses the tt/2 

steps before each intensity measurement. Non-linearities do not affect 

the position seeks, nor do sensitivity effects. This method does re

quire the use of phase algorithms which step the phase in tt/2 increments 

it will not seek other overall phase positions.

If this phase-seek method is implemented as a closed-loop servo 

system, then vibrations and overall piston changes of the optics will be 

stabilized since the average phase will be "locked" to one of the four 

tt/2 positions and any deviations from that position will be compensated 

by a change in the constant phase from the phase-shifting device.

Calibration by Sinusoid Extrema Sensing

This approach to calibrating the phase-shifting device requires 

no extra electronics; it uses the same integrating detector array that 

is used in the optical phase measurements. Unlike the previous calibra

tion method, this approach must be performed before the actual phase 

measurements, but can be used for a variety of algorithms including the 

heterodyne optical phase measurement algorithms.
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The approach requires the accumulation of intensity measurements 

at a single detector location (a small number of detector points can be 

used for improved signal to noise), each at a slightly different phase 

position of the reference phase. To do this, the phase shifting device 

is phase shifted by an amount small compared to tt/2. The integrating de

tector array is read out, and a single detector is chosen to indicate 

the intensity of the interference pattern at this phase position. This 

is repeated until the phase shift has been incremented to more than 2ir. 

Stored then, is the intensity of the interference pattern at a detector 

point as a function of phase shift. This is a sinusoidal intensity 

variation versus linear increments of voltage applied to the phase 

shifter. If the phase shifting device is linear, then the intensity 

variation at the single detector point is

I(v,<J>0) = I'*'[l + ycos {rV+<j>o ]■ ] (3.38)

where rV represents the linear phase shift as a function of voltage V 

applied to the phase shifting device, and <j) is the optical phase differ

ence at the detector location.

A bipolar square wave function (Figure 8) is used to convolve 

the data. This is basically a differentiating filter which yields zero 

at the maximum and minimum positions of the intensity variation. This 

then relates the applied voltage to the 0 arid ir phase shift voltages.

The filter’s action can be represented by
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1 =

[C3= d =C=j

Fig. 8. Bipolar convolving function.
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v V'+d

I (v5 <f>0) dv - I (v,<f>0)dy = I" [ 1+yco s { rV+ <{)o } ] dv

v^-d V'-d

v^+d

[l+YCOs{rV+<#)o }]dv (3.39)

where d is the half-width of the bipolar convolving function. Due to 

the bipolar nature of the convolving function, regions that are symmetric 

produce a zero output, while regions of asymmetry produce a large magni

tude output. Expanding the above integrals, the convolution yields an 

output F ( ''jd,^)

F(v',d,<f,o) = I-d+yl' [:cosrVcos<t>o-sinrVsin<J>o] dv
v'-d

v'+d
I'd-yl' [cosrVcos<j>o-sinrVsin<j>o]dv

_  Yl" cos<f) [sinrv'-sinr(v'-d)]

+ sin<j)o [cosrv'-cosr (v'-d) ] j-

■yl- {cqs<j> [sinr(v'+d)-sinrv']

+ sin<t>o [cosr (v'+d)-cosrv'] |-

= cos$ [sinrv'-sinrv'cosrd]

+ M sih(j)o [cosrv'-cosrv'cosrd] (3.40)
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Finally the filtered (convolved) function is

F(v',d,<t,o) = [l-cosrd]sin(rv>+(#.o) (3.41) .

If rd = Tr/2, then the convolved function produces

F(v ",tt/2, (j)o) = ^ —  sin(rv"+(j)o) (3.42)

The bipolar function convolved with the measured intensity variation 

differentiates the original intensity function, removing the average 

intensity. Note that the original phase bias due to the optical phase 

difference at the detector point is retained with the differentiated 

function.

The half-width d, of the bipolar convolving function determines 

the amplitude of the differentiated function, being a maximum for rd = 

(2n+l)ir. For data that is composed of many cycles, the bipolar con

volving function should have a width of one cycle, 2ir, for maximum 

signal. Whenever the differentiated function goes through zero, the 

original data is at an extrema position indicating nir positions of the 

phase. These positions are obtained independent of the width of the 

bipolar convolving function, yielding a zero crossing at ir intervals.

The period of the sinusoidal data can be obtained by this method; multiple 

zero crossing positions can be least-square fitted to a straight line with 

the slope of the fitted line being the period (the y-intercept gives the 

value of the initial phase of the intensity function). This information 

then gives the necessary data required by the optical phase detection 

algorithms to shift the reference phase to the desired position. Knowing
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the extrema positions, the sensitivity of the optical phase shifter is 

determined. This is true for a phase shifter that is linear in its 

response.

In practice, the total excursion of the reference phase required 

for the optical phase calculation is less than one wave, 2it. During 

calibration, only an excursion of slightly greater than 2v in total 

phase increments is used to maintain a large precision in manipulation 

of the reference phase. Within this variation in phase of the phase 

shifting device there will be at most three values of the applied voltage 

V for which the differentiating function F(v̂ ,d,(|> ) .will pass through 

zero, thus indicating the original intensity data being at a maximum or 

minimum. In this case, the optimal bipolar function width of 2tt (one 

cycle) cannot be used. A smaller width bipolar function can be used to 

differentiate the intensity variation caused by incrementing the refer

ence phase in small steps. The width being small enough to ensure the 

convolution will produce at least two zero crossings (for all possible 

values of <|>Q), and yet be sufficiently large to increase the amplitude 

of the differentiated signal and average noise that may exist on each 

intensity sample.

In reality, the data is not continuous, but rather discrete 

samples; an intensity measurement taken after a small phase step. The 

convolution of the bipolar function is done by adding and subtracting 

the individual values of the intensity measurements over the width of 

the function. Due to the discrete steps, the differentiated convolved 

function is also made up of discrete points. Because of this, there may



not be an actual zero in the differentiated function, F(v̂ ',d,<f> Thus 

to detect the value of the applied voltage that yields a zero in the 

convolved function, linear interpolation can be used, solving for the 

zero value of the voltage. This can be used for good precision in 

determining the voltage values since near the zero crossing the differ

entiated sinusoid function changes linearly. Fewer phase steps can be 

used in the calibration thus taking less total time for the intensity 

measurements which is important in minimizing effects due to vibration.

The error in the voltage at the zero crossing due to additive 

noise on the intensity measurements is dependent on the amount of noise 

and the width of the bipolar convolving function. If N is the noise on 

each intensity measurement, then the convolved function is

F(v%d,<#>o) - [1-cosrd]sin(rV'+<j>o) ± /Z Nd (3.43)

The noise term Nd is due to the integration of the intensity measure

ments with additive noise, over the bipolar filter. The variance in 

the voltage at the zero crossing using discrete values for the bipolar 

function width is

oJ/ '2d
(AV)2 = { 2 yi [1-cd.$r d'] T2 (3.44)

where cl,2 is the variance of the additive noise.N
The rms error in the voltage can be defined as



where 2yl^[1-cosrd] is the signal and the averaged rms noise is

oN//5d.
The phase shifting device can have nonlinearities in its response 

to applied voltage. In this case the measured intensity variations are

I(V,<f>0) = K[l+YCOs{rV+sV2+<f>o}] (3.46)

where now sV2 is the phase due to the nonlinear response. Most phase 

shifting devices have relatively small nonlinearities; at most a few 

percent. The nonlinearity causes nonequal spacing of the extrema of the 

sinusoidal intensity versus phase shift. Over one cycle, 2ir of phase 

shift, and for small nonlinearities the deviation from the linear case 

is small and the same bipolar function can be used to find the extrema 

positions. This gives the value of voltage at the 0, t t , and 2it phase 

shifts, but not the needed quadrature phase points of tt/2 and 3ir/2. The 

voltage required to produce these phase shifts cannot be simply calculated 

from the 0, t t , and 2tt phase positions due to the nonlinearities. Con

volving the previously differentiated function again with the bipolar 

function to form a second derivative, one obtains the ir/2 .and 3ir/2 points 

by zero crossing detection (Figure 9). The actual zero crossing voltage 

values can be used to produce the reference phase shifts. The non- 

linearities do not affect the calibration since the actual voltages found 

by zero crossing detection are used to produce the required phase shift 

values for the three or four step phase algorithms. If heterodyne algo

rithms are to be used, then the nonlinear coefficient of the phase 

shifting device needs to be determined and can be calculated from the
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_ ,, P H A S E  P O S I T I O N  37T/4

Z E R O  C R O S S I N G S

Z E R O  C R O S S I N G S

Fig. 9. Zero crossing detection of 0, tt/2, tt, 3tt/2 reference phase 
positions.
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zero crossing voltages of the differentiated functions by fitting these 

voltages to a quadratic function.



CHAPTER 4

IMPLEMENTATION OF AN OPTICAL PROFILOMETER

The general versatility of phase modulation techniques with 

integrating detector array algorithms for optical phase measurement is 

exemplified through the implementation of a phase measuring, interferO- 

metric. microscope. A commercially available interferometric microscope 

can be appropriately modified to incorporate a phase shifting device and 

an imaging integrating detector array, producing the ability of making 

accurate optical phase measurements. Measurements from interference 

microscopes have in the past, exhibited limited accuracy using static 

interference pattern analysis. Many users of these instruments observe 

the interference patterns for qualitative information only.

The modified interferometric microscope discussed here, provides 

the ability to obtain highly accurate optical phase information which can 

be due to microscopic surface variations. With a linear integrating de

tector array, surface profiles over a small region of a sample can be 

obtained, with a surface height measurement available at each detector 

location. For random surface roughness measurements, the surface height 

data form a basis for statistical analysis;' surface height distributions, 

autocovariance functions, and spectral density .functions are all derived 

from the surface height data. The accurate surface height information 

can.be applied to step height measurement, radius of curvature

94
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measurement, as well as a variety of measurements where accurate height 

information is needed across a portion of the surface.

Recently, other approaches to obtaining accurate measurements on 

a microscopic scale, have appeared in the literature. Using a FECO 

interferometer, Bennett et al. (1976) have demonstrated sub-nanometer 

accuracies of measuring surface roughness. The measurement is time 

consuming, which necessitates strict environmental control. A conven

tional heterodyne interferometric measurement technique has been used to 

obtain surface profiles with accuracies of 1 Angstrom rms (Sommargren, 

1981). This approach, while faster in data acquisition than the FECO 

implementation, requires a rotating air bearing platform for scanning an 

annular region on a sample.

The Optical Profilometer presented here is microprocessor based. 

The simple phase computation algorithm is well suited to the limited 

processing speed of the microprocessor and is relatively inexpensive to 

implement. Not only does the microcomputer compute the surface height 

information from the intensity measurements of the phase modulation 

algorithms, but it also controls the data acquisition and manipulation 

of the reference phase.

The heart of the Optical Profilometer microscope is a Mirau in

terferometer. This interferometer is an attachment to a long working 

distance microscope objective and operates in reflection. A drawing of 

the Mirau interferometer is shown in Figure 10. Light from an extended 

source is incident upon the Mirau objective which images the source onto 

the sample surface to be tested. The beamsplitter forms a second optical
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path which ends at the reference surface where an image of the source is 

also formed. By symmetry, if both the test and reference surface are at 

the image of the source, then the optical path length between the beam

splitter and test surface will be equal to the optical path between the 

beamsplitter and the reference surface. Thus, a white light source can 

be used since both paths are equal, yielding white light fringes. The 

interference fringes are localized at another image plane; a plane conju

gate to both the reference and test surfaces.

Independent of phase-modulation techniques, the Mirau interfero

meter offers certain distinct advantages over other microscope based 

two-beam interferometers. Using the Linnik interferometer as comparison, 

the simplicity and symmetry of the Mirau is evident. The Linnik inter

ferometer is basically a Twyman-Green interferometer with identical 

microscope objectives in each arm; the source is imaged onto both the 

reference surface and the surface under test. Herein lies a major dis

advantage to this type of system, the requirement of optically identical 

microscope objectives. This has a large impact on the absolute accuracy 

of the measurement, since the test surface is measured with respect to 

the reference arm. Different aberrations in the objectives will produce 

interference fringe deviations regardless of the perfection of both 

reference and test surfaces. The Mirau interferometer is common path to 

the beamsplitter. Since the two beams are created after the microscope 

objective, they have the same aberrations due to the microscope objective 

(and all optics before the beamsplitter) and yield no net optical path 

difference when the two beams are combined for interference. Variations
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in optical path due to the beamsplitter plate do however, affect the 

absolute accuracy of the measurement but even these are small since the 

optical beam averages over a large region on the plate. The Mirau in

terferometer has an interesting feature in that the reference plate has 

three reference surfaces, each with a different reflectivity, which can 

be rotated into position, each being about a millimeter in diameter.

The Mirau interferometer does require a microscope objective with a 

large working distance to accommodate the two plates consisting of the 

reference surface and beamsplitter plates. The Mirau interferometer is 

quite a compact package as is evident from the illustrations.

An optical schematic of the optical profiling microscope using 

phase-shifting techniques is shown in Figure 11. An extended white light 

source is first collimated and this collimated light is incident upon 

the Mirau interferometer. The microscope objective in the Mirau inter

ferometer images the extended source onto the surface under test as well 

as onto the reference surface contained in the Mirau interferometer.

Upon reflection from the two surfaces, the light from the two arms of 

the Mirau interferometer are recombined by the beamsplitter and reflected 

back up through the microscope objective. The two surfaces (and images 

of the source) are together imaged onto a linear detector array, or are 

viewed through the microscope's eyepieces.

The Mirau interferometer (objective, reference and beamsplitter 

plates) is mounted on a PZT transducer. This and the detector array are 

the only foreign components to what is a commercially available inter

ference microscope. The PZT transducer provides the phase modulation
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needed to measure the optical phase difference - between the test and 

reference arms of the Mirau interferometer. As a voltage is applied to 

the PZT transducer, the complete Mirau interferometer is moved closer 

to the surface under test, thus changing the relative phase difference 

between the reference arm and the test arm of the interferometer. The 

PZT transducer is stepped four times, each amount corresponding to 90 . 

degrees in phase difference between the test and reference arms. After 

each step, the interference pattern from the interference of the wave

fronts due to the test surface and reference surface, is recorded by the 

linear detector array and stored in a microcomputer. The microcomputer 

solves for the phase values after the four measurements by using the 

four-step phase algorithm. The microcomputer controls the PZT trans

ducer and detector array, performs the necessary computations and 

analysis, and provides a means of graphic display of the resultant 

surface heights obtained from the calculated phase values.

System Components

Due to the mechanical simplicity of the Optical Profilometer, it 

is relatively straightforward to construct a system out of commercially 

available components. The data presented here was taken using the 

components described here.

The optical microscope is a commercial Leitz METALLUX II micro

scope used for characterizations of opaque objects. While the Leitz 

microscope is a well made instrument, there is no fundamental reason 

why any good microscope, designed for reflection, could not be used. The 

mechanical stability of the Leitz microscope is excellent, with a smooth
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mechanical focus adjustment of its stage enabling sub-micron position 

settings. The main advantage of using a Leitz microscope is that Leitz 

manufactures a Mirau interferometer which integrates perfectly with the 

microscope. The Mirau interferometer is available with lOx, 2Ox, and 

32x power, long working distance, microscope objectives. Table 2 gives 

the specifications of these objectives. The Leitz Mirau interferometer 

has a reference plate consisting of three reference surfaces, each of a 

different reflectivity (15%, 45%,. and 85%) which are offset from the 

center and thus can be individually rotated into the field of view.

This provides good contrast fringes from a variety of surfaces which may 

have differing optical properties. The interferometer is quite compact 

and normally is physically mounted on the objective itself (Figure 12).

Table 2. Specifications of Mirau objectives.

Power Numerical
Aperture

Free Working 
Distance (mm)

Focal Length 
(mm)

lOx 0.18 13 25

20x 0.40 8.3 12

32x 0.60 5.7 8
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Fig. 12. Mirau interferometer.
(a) Components.
(b) PZT transducer with mounted Mirau 

interferometer.
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It is necessary to somehow change the phase of the interference 

patterns to give the appropriate information to implement the phase- 

shifting algorithms. This is done by using a Burleigh PZT/aligner 

transducer, the PZ-91 shown in Figure 12b. This device is usually found 

in scanning Fabry-Perot interferometers and has three selected (for 

equal sensitivity) piezoelectric elements with an excursion range of 

about 2 microns with an applied voltage of 1000 volts. If desired, 

voltage can be applied separately to the individual elements thus pro

viding tip-tilt alignment capability.

The transducer is mounted where the microscope objective turret 

normally is located, replacing it. No physical modifications are done 

to the microscope as a whole, the transducer and a special adapting 

plate are fixed to the microscope with existing screws. The Mirau inter

ferometer is mounted on the Burleigh PZT with the objective mounted 

within the open cylinder of the PZT device. When voltage is applied to 

the PZT transducer, the microscope objective, reference surface, and 

beamsplitter of the Mirau interferometer move together, thus either 

increasing or decreasing the distance of the Mirau interferometer to the 

test surface. This changes the optical path in the test arm of the in

terferometer, which yields a net change in phase difference between the 

reference arm and the test arm of the interferometer. The PZT trans

ducer here, is the phase-shifting device.

To make the measurements necessary for optical phase detection, 

a linear detector array is used. This is positioned where normally a 

camera would be to record the image obtained from the microscope. The 

detector array used to gather the data present here is a Reticon
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photodiode array consisting of 1024 individual detector elements, model 

1024G. Each detector is about 25 microns square on 25 micron centers.

A Reticon electronic driver board model RC-301, is used to supply the 

appropriate signals and voltages to the detector array itself. Due to 

field of view limitations, only 512 of the total 1024 detector elements 

are used for the measurements. The detector array is positioned at an 

image of the test surface and records the interference patterns derived 

from the reference and test surfaces at different positions of the PZT. 

Since a linear array is used, only one-dimensional data is obtained.

While a two-dimensional array can be used, the amount of data available 

from any array larger than, say a 100 by 100 element array, would pro

hibit the use of a microcomputer unless one was very patient indeed.

That is all that is needed in terms of simple modifications to a 

common microscope (Figure 13). That leaves the main component, the micro

computer system. A block diagram of the sub-systems comprising the over

all electronics needed to satisfy the many tasks the system must perform 

is shown in Figure 14.

The control functions of the microcomputer are 1) provide appro

priate voltages to the PZT, 2) control linear array functions such as, 

start of scan and pixel (picture element) clocking, and 3) convert analog 

pixel intensity values to digital values. The microcomputer also per

forms the calculations of the phase values, provides analysis of the data, 

and formats the results for graphics display.

The microcomputer is based upon a Zilog Z-80 microprocessor with 

32 kilobytes of memory, floppy disk storage of programs and data, and a
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Fig. 13. Optical Profiling Microscope with linear detector array.
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graphics display capable of 576 by 454 point resolution for plotting.

The data acquisition is accomplished with an 8 bit digital to analog 

converter (D/A) and an 8 bit analog to digital converter (A/D). The 

resolution this provides is 1 part in 256, the quantization level.

A simple description of the flow of events during a complete 

measurement is thus:

1) A predetermined 8 bit digital value is sent to the D/A 

which provides a voltage to the PZT transducer.

2) While the PZT responds to the voltage, the detector array 

is readout to clear it.

3) After the PZT has settled its motion (and thus the motion 

of the Mirau interferometer), the detector array is started 

and pixels are clocked out.

4) The analog voltage values representing the intensity of the 

interference pattern at a given pixel (detector element) for 

a given phase of the interference pattern, is converted to 

an 8 bit digital number and stored in the microcomputer's 

memory. This occurs for each pixel (512) in the array for 

each scan.

5) These steps are repeated for a total of four steps, each 

step representing a new position of the PZT and an intensity 

measurement of the resulting interference pattern.

In memory then are four scans of the detector array each being 512 data 

points digitally representing the intensity distribution across the four 

intensity patterns, with each pattern at a different overall phase. From



these intensity measurements, the four step phase algorithm is used to 

determine the optical phase difference between the reference wavefront 
and the test wavefront. Recalling the algorithm, let the four scans be 

represented by the values A^, B^, Ch , and D^, where the i ^  value re

presents the digitized intensity at the i ^  detector (Ki<512). It was 

shown that if the phase shift between the scans is 90 degrees in phase, 

then the optical phase difference at each detector is

h = tan"1 J\--t crj t4-1)
"t-hNote that only the i element from each stored digitized scan of the 

interference pattern is used to perform the calculation. This local 

operation disregards many idiosyncracies which plagues solid-state 

detector arrays, be they photodiode, CCD, or CID. Effects such as fixed 

pattern noise which hampers accurate irradiance calculations has no 

effect on the algorithm since from one scan to the next, the fixed noise 

at each detector is constant while the intensity incident on the detector 

varies. Gain variations across the detector array are normalized out of 

the calculations. These effects are discussed in more detail elsewhere.

Once the phase values are calculated, 2 tt ambiguities are elimi

nated through software and the results then are used to determine the 

surface height at each detector, bu , by knowing the wavelength of the 

light used in the measurements
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These surface heights (at each detector location) can be stored 

on floppy disk for later analysis and are displayed on the graphics 

display.

The optical phase calculation occurs over a range of 2ir, from 

- t t  to it. If the test surface is tilted with respect to the reference 

surface by an amount greater than one wave, then the measured phase will 

show discontinuities where the phase should continually increase (or 

decrease). The phase is thus measured modulo 2^ and is shown in Figure 

15a. These 2tt ambiguities are removed by a priori assuming the actual 

phase will not change by greater than ir from one detector point to the 

next. If this does occur, then incrementally add 2v to the succeeding 

points until another jump of greater than ir occurs between adjacent 

points. Again 2v is added for this jump in phase along with the previous 

2tt for a total increase in phase of the following points of 4it . In this 

way, a running sum is made of the 2tt ambiguities. Note that depending on 

which direction the phase difference is taken between adjacent points, 

the sign of the difference indicates whether 2tt should be added or sub

tracted. Thus the "restored" phase is shown in Figure 15b of the optical 

measurement shown in the previous figure. For the Optical Profilometer, 

the assumption that the actual phase difference between adjacent measured 

points should be less than tt corresponds to-a slope on the surface of 

0.17/1.2 or 8 degrees for a wavelength of 6800 X.. This is quite a steep 

slope in terms of surface microstructure. Deep scratches may exceed 

this however.
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(b)
Fig. 15. Phase measurement.

(a) With 2tt ambiguities.
(b) With 2tt ambiguities removed.



The PZT phase shifter and its high voltage amplifier used in the 

profilometer must be calibrated before surface measurements are per

formed, The calibration is done as was explained separately under phase 

calibration, by stepping the PZT transducer by 1 part in 256 of its 

range of slightly greater , than 2ir in phase for a total of 256 times with 

the linear detector array read out and one pixel stored for each step.

The differentiating filter is convolved with the intensity function 

versus PZT position to find the 0, m/2, tr, 3m/2 points. These values of 

the voltage to the PZT are used to step the PZT during the four steps 

needed for the optical phase measurement. Figure 16 shows the differ

entiated function at the top, with the intensity versus PZT position 

plotted below it. The vertical lines show the zero crossing position of 

the differentiated function indicating the extrema positions of the 

intensity function.

The Optical Profiling Microscope was developed to provide a 

non-contact means of obtaining accurate surface profiles of diamond- 

turned surfaces. The optical surface is preserved from the contact of 

a stylus or another optical surface as in a multiple-beam interferometer. 

The measurements of the surface profile are not restricted to overall 

flat surfaces, as curved surfaces or wavy surfaces can also be profiled;

Diamond-turned surfaces show a. characteristically periodic sur

face profile due to the inaccuracies of the cutting process. Typical 

surface profiles are shown in the following four figures. Figures 17a,b 

and 18a,b. The first shows a surface height plot of all 512 measured 

points, each point corresponding to a distance of 1.2 microns on the 

test surface. The vertical axis is the surface height in nanometers,
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Fig. 16. Reference phase calibration.
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Fig. 17. Diamond-turned surface profile

(a) 512 points.
(b) 128 points.
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grooves.
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while the rms deviation from a mean surface for this data set, is shown 

in the upper, right corner and is in Angstroms. The second figure in 

this group shows the same surface profile as the first, but with full 

horizontal scale corresponding to 128 data points, showing the structure 

of the individual grooves. The width of the grooves is approximately 14 

microns. The profile was taken perpendicular to the grooves. The 

following two figures show the surface profile of two different diamond- 

turned surfaces where the profile is taken along a shallow angle with 

respect to the direction of the grooves, offering more pixels within the 

grooves. Note the exaggerated scaling between the two axes which empha

sizes what appears at first glance steep slopes. The full scale of the 

horizontal profile is about 150 microns, while the vertical height scale 

is.± 330 Angstroms, a factor of 5000 change.

For most of these measurements, the intensity data from the de

tector array is taken in 70 milliseconds, with phase values calculated 

from the four intensity measurements in less than 1 second, with display 

of the surface height profile after about 4 seconds. For less reflective 

surfaces, the integration time of the detector array is increased which 

proportionately increases the data acquisition time. The computation 

time for the phase algorithms remains the same as above.

Surface Height Distributions

Once the surface heights are found, an analysis software package 

can perform a number of statistical computations on the data. An indi

cation of the surface height distribution can be seen from a histogram 

of the surface heights. The histogram is formed by accumulating surface
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heights in 81 bins whose range is between the peak to valley surface 

heights (Figure 19a). A predominance of histogram values in the positive 

values indicates a surface with bumps, whereas a predominance of negative 

values indicates holes in the surface.

The statistical information gained from only one surface profile 

is limited. Repeated measurements from different locations on the sur

face should be done and the histograms from each measurement averaged 

(Figure 19b). This histogram will better reflect the general surface 

height distribution of that surface. For anisotropic surfaces, such as 

diamond-turned surfaces where the surface structure has a specific 

direction, the averaging process should be of profiles taken in the 

same orientation with respect to the surface. For different orienta

tions, the surfacez height distributions (histograms) will reflect the 

anisotropy. For surfaces with no preferred scattering direction, the 

histograms from different orientations will be the same.

Autocovariance Function 

The autocovariance function for a finite set of surface heights 

is defined here as (Bendat and Piersol, 1971; Elson and Bennett, 1979)

1 N-m
R(m) = I h(x)h(x+m) (4.3)

' x=l

where m is the lag length, with 0<m<N-l. The value of the autocovariance 

function for m=0 is just the variance of the surface heights, a2. Tilt 

and average phase is subtracted from the surface height data after being 

fitted in a least squares sense; therefore the mean of the surface



(b)

Fig. 19. Histograms of surface profile

(a) Single profile.
(b) Average of five profiles.
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heights is zero. The autocovariance function can also be calculated by 

the Fourier transform of the power spectral density function.

The autocovariance function is basically an autocorrelation of 

the surface heights. Information as to the width and periodicity of 

surface structure can be obtained from the plot of the autocovariance 

function. Surface profiles which are periodic include diamond-turned 

surfaces, gratings, and some types of lapped surfaces. This periodicity 
is reflected in the autocovariance function with the separation of 

oscillations of the autocovariance representing the period of surface 

structure. The autocovariance function for a diamond-turned sample is 

shown in Figure 20, showing distinctly the periodic correlations due to 

the diamond-turned grooves. There is basically only one periodic 

component to this diamond-turned surface. The square-root of the value 

of the autocovariance function at zero separation is the rms value for 

this surface measurement.

, A wavy surface which has relatively large undulations of its 

surface structure such as due to clumping of material found when coatings 

are deposited on a cold substrate, manifests itself as visible "orange 

peel," where the lateral separations of structure ranges from a fraction 

of a millimeter to a few millimeters. The surface height profile of a 

magnetic tape surface was measured with the optical profilometer (Figure 

21a), exhibiting large scale waviness. The measurement was done using 

the lowest reflectivity reference surface of the Mirau interferometer to 

closely match the test beam amplitude with the reference beam. The 

integration time of the detector array was increased due to a reduction 

in the total reflected energy. The autocovariance of this wavy surface
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(b)

Fig. 21. Magnetic tape measurement.

(a) Surface profile.
(b) Autocovariance function of surface profile
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shows slowly varying undulations indicating correlations over a rela

tively large area (Figure 21b). As with all the autocovariance plots, 

the value at zero displacement is the variance of the surface heights 

from the zero mean. The x-axis shows the displacement value of the 

autocovariance function in pixels at the surface, the y-axis is the 

value of the correlation in nanometers squared x 10

As mentioned for histogram analysis, the autocovariance function 

should also be averaged to obtain a better indication to the overall 

structure. Each function from individual scans or profiles at different 

surface locations should be averaged. These statistics will indicate 

overall behavior of the surface rather than local behavior which will 

vary from one location to another.

Another function which can be calculated from the surface height 

data is the power spectral density function, which is the Fourier trans

form of the autocovariance function. This relates the power spectrum of 

the surface heights to the angular scattering of the surface.

Systematic Errors 

Two categories of sources of error affect the accuracy of the 

optical phase measurement (which relate to the surface heights) of the 

Optical Profilometer. The first class of error is due to random factors 

such as the signal to noise of the detection process and has been dis

cussed elsewhere. The other class of error is the systematic error which 

corrupts the ultimate accuracy of the measurement. The systematic errors 

are due to:
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1) PZT Sensitivity and Non-linearities.

2) Reference Surface Flatness.

3) Quantization Error.

The systematic errors in.the optical phase measurement due to 

errors in the phase shifter's sensitivity and nonlinear coefficient pro

duce a sinusoidal error for phase values which vary over a range greater 

than tt radians. This was discussed in the section on reference phase 

calibration. Most of the measurements taken with the Optical Profilo- 

meter are of overall flat surfaces with the microstructure being the 

item of interest. Therefore tilt of the test surface with respect to 

the reference surface can be adjusted until it has a value of less than 

A/10 before the measurement is made. This, as well as calibration of the 

PZT before the measurement is made, reduce the systematic error due to

the errors in stepping the PZT. x

In all measurements, there exists a standard with respect to 

which the measurement is made. In two-beam interferometry, the phase 

variations measured are the phase differences between the phase varia

tions produced by the test surface and the phase variations produced by 

the reference surface. Normally, it is assumed that there are no phase 

variations due to the reference surface and so what is measured is the 

phase due to the test surface. Where high accuracy is sought, the phase 

variations due to the reference surface cannot be disregarded. A method 

then, must be developed to calibrate the reference surface so that its

phase variations can be removed from the measured data.

Many.optical surfaces have rms roughness1, that is, the rms 

height of the surface irregularities, that are small compared to the
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wavelength of light, and for many surfaces, the height distribution of 

the surface micro-irregularities is Gaussian. Assuming the reference 

and test surfaces have as height distributions independent Gaussian 

functions, the measured surface height variance will then be

mined elsewhere, then the variance due to the reference surface can be 

determined and subtracted from subsequent measurements. This may be 

satisfactory if only the rms roughness is desired, but in many cases, 

the actual surface profile is required; a determination of the refer

ence surface profile is needed. By using a test surface with a small 

variance, repeated measurements from different locations on the test 

surface can be averaged. To do this, it is assumed that the measurements 

are statistically independent from one location of the test surface to 

another. Note that it is the measured profiles that are averaged. In

tuitively, the averaged profile will become smoother and smoother as the 

number of profiles increases since the surface structure is the random 

variable. The variance of the sum of these profiles is the sum of the 

variance of the individual profiles

^measured ^reference surface (4.4)

If the value of the variance of the test surface has been deter-

sum
N
^ °individual (4.5)

Since the profiles are from the same test surface whose variance is the 

same at any location, the variance of the averaged profile is
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a2 = N a? j. ., ,sum individual

a22 individual=     -----average N

Thus, by repeated measurement, the variance of the average profile can 

be reduced to well below the resolution of the measuring system. Any 

residual variation on the averaged profile will be due to the reference 

surface itself since the phase variations due to the reference surface 

are not statistically independent during the averaging procedure. In 

this way, the surface profile of the reference surface is obtained and 

can be subtracted from future profile measurements to obtain the surface 

height profile due solely to the test surface. The only assumption re

quired is that the individual averaged profiles are statistically inde

pendent. The surface structure can be represented by any probability 

height distribution, not only Gaussian.

Quantization error can manifest itself in two forms in this 

system for surface height measurement. As was discussed earlier, digi

tization of the intensity measurements of the interference patterns 

produces a quantization error due to the finite number of discrete levels 

Along with this, there is a systematic error due to the finite precision 

in the arc tangent table lookup used to calculate the phase values. This 

table has an 8 bit precision (1 part in 256) for values of phase from 0 

to ir/4 radians. The error is shown in Figure 22 and has a maximum error 

of ±11 Angstroms and an rms value of 5 Angstroms as the phase varies from 

0 to 2ir along the horizontal axis for a wavelength of 6800 A. For re

duced error in the arc tangent table lookup, more precision (more bits)

(4.6)

(4.7)
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Fig. 22. Quantization error due to finite precision of phase algorithm 
calculation.
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in the table can be used (the intensity digitization precision should 

also be increased to obtain better accuracy in the phase measurement).

Signal to Noise of the Measurement

The ultimate phase accuracy, if the systematic errors are re

duced, depends on the signal to noise of the intensity measurements.

Shown in Figure 23 is the intensity at each detector position as digi

tized from the linear detector array for a smooth and a diamond-turned 

surface. The integration time and light level should be adjusted, so 

that most of the discrete levels in the 8 bit analog to digital con

version are used, but not to a point where the intensity may exceed the 

highest quantized level. The intensity of the interference pattern does 

not go to zero due to a slight difference between the reflectivities of 

the test surface and reference surface. The signal shows about a 150 

to 1 variation.

By subtracting two successive measurements of the same phase 

data, an indication of the repeatability and signal to noise of the 

measurement can be obtained. Tilt was removed before the measurement by 

adjustment of the interferometer to reduce some of the systematic errors. 

The subtracted profiles of two measurements is shown in Figure 24a. The 

repeatability has a standard deviation of 5 Angstroms and disregarding a 

few spikes in the data due to dust, the maximum differences are less than 

± 10 Angstroms. A histogram of these subtracted surface height values. 

Figure 24b, shows a fairly Gaussian distribution, indicating the major 

error is due to the signal to noise of the detector. The random noise 

of the linear detector array at each pixel adds a noise to the intensity.
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(a)

D ata  from  Linear A rray

Fig. 23. Intensity measurement of single interference pattern
(a) Smooth test surface.
(b) Diamond-turned test surface.



(b)
Fig. 24. Subtraction of two successive measurements.

(a) Difference of two surface profiles.
(b) Histogram of repeatability.
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measurements from one measurement to the next. This limits the repeata

bility of the system as well as the accuracy of the optical phase mea

surement. A higher signal to noise can be achieved by both a better 

detector and an increased intensity light source.

The autocovariance function of the subtracted data shows an 

initial spike at zero displacement and low-level random correlation for 

other displacements (Figure 25). This strongly illustrates the local 

operation of the phase algorithm calculations as operations on individual 

pixels. Variations due to gain and fixed pattern noise of the linear 

detector array do not appear in the autocovariance function. These 

factors have no effect on the phase measurements. Also systematic errors 

do not appear as they would show periodic correlations across the pro

file. These statistical analyses of the subtraction of two successive 

measurements provides a powerful indicator to overall system performance 

for a given set of measurement parameters.

Temporal Coherence Considerations

The use of a white light source in the Optical Profilometer may 

be of somewhat a surprise considering the many advantages provided by 

laser sources. In this case however, the white light source is by far 

the better choice in this implementation. The Mirau interferometer re

quires an extended light source; each point on the source interferes with 

itself. A laser source is spatially coherent, requiring added complexity 

of perhaps a rotating ground glass plate to simulate an extended source 

during the integration time of the detector array. An incandescent white 

light source is by nature extended and is therefore well suited for this 

application.
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(b)
Fig. 25. Autocovariance of successive subtracted surface profiles.

(a) Full plot.
(b) Expanded plot.
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The broad spectral bandwidth of the white light source is both 

an advantage and an inconvenience. The limited temporal coherence of the 

white light source eliminates extraneous diffraction and interference 

patterns due to dust particles, apertures, and weak reflections from 

optical elements throughout the system. These secondary interference 

patterns cause errors in the phase measurement of the surface to be pro

filed, limiting accuracy. Again the white light source is preferred 

to a laser source due to its short temporal coherence length; only near 

equal path interference yields good contrast fringes. The short co

herence length will however, decrease the contrast of the interference 

fringes between the test surface and reference surface if there are opti

cal path differences due to surface structure or tilt. While heterodyne 

or phase shifting techniques for phase measurement can measure phase with 

low contrast fringes, there is an error in the phase measurement due to 

a broad spectral bandwidth. The general equation representing the two 

interference used throughout this dissertation assumed monochromatic 

light.

I(x,y) = I"(x,y) [1 + y(x,y) cos{(j)(x,y) + 4>s>] (4.8)

The contrast y, is assumed here to be a function of position due to 

variations in the amplitude of the unknown wavefront. If the source is 

non-monochromatic, as with a white light, or even a spectrally filtered 

light source,, the contrast y will be a function of the optical path 

difference between the two interfering optical fields. All phase algo

rithms discussed so far have relied on the contrast y (or some other
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multiplicative gain), being equal during the intensity measurements 

needed for the phase calculations. Recall, that for the four step phase 

algorithm, four intensity measurements at differing optical reference 

phases are recorded. The reference phase shifts correspond to optical 

path differences of 0, A/8, A/4, and 3A/8. For a non-monochromatic 

source, the fraction of wavelengths used for phase shifting should be 

weighted average wavelength, that is, the centroid wavelength of the 

light source's spectral distribution. To determine the effect the 

spectral width of the light source has on the phase calculation, the 

functional form of the contrast must be known. If, for example, the 

light source has a uniform spectral distribution of a finite width, its 

spectral power distribution can be represented by

where Av is the spectral width. The degree of temporal coherence of any 

light source is given by the normalized Fourier transform of the spectral 

power distribution of the light source (Collier et al., 1971; Born and. 

Wolf, 1970). For the spectral distribution given above, this gives a 

coherence function given by

(4.9)

I y t  ( t )
s i n ( i r A v T )

ttA v t
(4.10)

where t is the time delay between the two interfering optical fields.

By defining the optical path difference length as & = ct where c is the 

speed of light, and using the relation
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A v  = cAX

X 2
(4,11)

where AX is the spectral width of the source in terms of wavelengths and 

X is the weighted average wavelength, the temporal coherence function 

becomes

sin (ir£AX/X 2 )Yt (A) ir£AX/ — 2
(4.12)

By letting the optical difference £, be some fraction of a fringe, then 

H = n X/2 where n can be any rational number and X/2 represents the 

amount of surface excursion to produce a 2tt phase shift, the general 

interference equation can be re-written as

I(x,y,n,ns) = I''(x,y) [1+y(x,y)yt (n,ns)c o s{2tt(n+ns}]

= l"(x,y) "1 J-'v f "Y" AT"') sin{ir(n+ns)AX/2X }i+yix,yj ir(n+ns)AX/2j

cos{2ir (n+ns)} (4.13)

Here 2Trn represents the optical phase to be measured at point x,y and 

.2irns is the reference phase shift corresponding to 0, tt/ 2 , it, 3ir/2 phase 

steps. The four intensity measurements in the four step algorithm give 

(assuming here that y(x,y) = 1)

A = I(x,y,n,0) = I"(x,y)

B = I(x,y,n,%) = I"(x,y)

1+ sine H  | cos(2mn) (4.14)
h x  1

sine (n+%)AX ^ 
2X )

sin(2wn) (4.15)
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1- s m c (n+%)AA 
2X

cos (2irn) (4.16)

D = I(x,y,n,3/4) = I"(x,y) 1+ sine ) sin(2irn)
_ < 21 )

(4.17)

As is seen, the contrast due to the temporal coherence changes with each 

phase step since the total value of the optical path difference changes. 

The calculated phase is

<|> = tan •1 /D.-B\ 
\A-C j

s m c (n1 + 3 / 4 )  A l l

2a J si„c

s m c[f] s m c (n+%)AA 
2X

litsin2Trn
]|}

(4.18)
cos2im

The contrast terms are not equal and thus do not divide out of the cal

culation.

To reduce the error in the phase calculation due to the spectral 

width of the white light source, spectral filters are used in the Optical 

Profilometer to reduce the spectral width of the source and increase the 

constrast of the interference patterns. The term AX/X, the spectral 

ratio, is the ratio of the spectral Width and the average wavelength.

This spectral ratio determines the width of the temporal coherence func

tion; through the reciprocal Fourier relationships the smaller the 

spectral ratio, the broader the temporal coherence function. For mono

chromatic light, the temporal coherence function is uniformly unity for
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all optical path differences. As the spectral width increases, the 

contrast of interference fringes decreases with increasing optical path 

difference. The functional form of the contrast or temporal coherence 

function is related to the Fourier transform of the spectral power dis

tribution of the source. Figure 26 shows the temporal coherence func

tions for three light sources whose power spectrums are uniform over a 

finite region (rectangular), a Gaussian function corresponding to the

spectral line emitted by a low-pressure gas discharge lamp, and a source

whose spectral line emits a power spectrum approximately by a Lorentzian 

function. The temporal coherence function due to spectral power distri

butions of Gaussian and Lorenztian form are
/ im'AX \2

Gaussian source | (n) | ='e \4(^n2) 2

irnAX
Lorenztian source | (n) | = e 2a.

Rectangular source | Yt (n) j =

The plots of the temporal coherence function represent the contrast of 

the interference fringes due to the spectral bandwidth of the source as 

a function of optical path difference. As mentioned, this variation of

contrast with optical path difference yields an error in the optical

phase measurement for the four step algorithm.. Depending upon the func

tional form of the coherence function, this error changes in absolute 

magnitude with optical path difference. Shown in Figure 27, the error

(4.19)

(4.20)

(4.21)
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in the calculated phase using a uniform finite spectral width source, 

increases with increasing optical path difference for a given spectral 

width. If the optical phase variation was due to tilt only, then 

the calculated phase error would exhibit a sinusoidal variation where 

the peak error is largest for the region of maximum optical path differ

ence. Minimum rms error is for minimum optical path differences. Note 

that the product of optical path difference and spectral ratio determines 

the rms phase error. Reducing the spectral ratio, i.e., the spectral 

bandwidth, will reduce the error; reducing the optical path difference 

will also reduce the calculated phase error. It would be difficult to 

reduce the error by fitting a sinusoid to the data after the measure

ment due to the variation in amplitude of the sinusoidal error. This is 

true for the rectangular spectral source and the Gaussian spectral source 

(Figure 28). If this type of source is used, limiting both spectral 

width and removing tilt fringes will increase the accuracy of the mea

surement .

If the source has a Lorenztian spectral power distribution, the 

phase error due to the finite spectral width is a relatively constant 

amplitude sinusoidal variation with optical path difference (Figure 29). 

The error due to a Lorenztian spectral source may be reduced by fitting 

a sinusoidal function to the calculated optical phase over a wide range 

of optical path difference (tilt). Obviously, a simpler procedure would 

be to reduce tilt and if possible, the spectral width of the light source. 

The difficulty in reducing the spectral width of the light source is the 

reduction in the total intensity of the source. This reduces the signal.
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and for a fixed noise level in the detector, decreases the signal to 

noise of the intensity measurement, which in turn decreases phase 

accuracy.

There are several factors which affect the "effective" spectral 

width of the source that are important in obtaining high accuracy phase 

measurements with the Optical Profilometer. The total system spectral 

response must be considered, not solely due to the light source. If the 

spectral width is large (for signal to noise considerations), the 

spectral transmission of the optics becomes a factor, modifying the 

spectral power distribution. The detector itself has its own response 

curve versus wavelength which determines the detected spectral power 

distribution. Of course these could be measured once and considered in 

calculations but there is the variable factor of the reflectivity of 

the test surface which may change from one sample to the next, slightly 

modifying the spectral power distribution. If spectral filters are used, 

and the spectral width is narrow, then the spectral power distribution 

will not change shape due to the multiplicative spectral functions of 

the other components and the calculated phase error will be very small.

One final point is that the average wavelength, X, is needed to 

convert the measured optical phases to surface heights. Thus the 

absolute accuracy of the surface height measured at any one point de

pends on the value of X, with the relative values from point to point 

being dependent on other systematic errors producing sinusoidal varia

tions with optical path difference. To calculate X, a measurement of 

a predetermined surface structure such as a step whose height is known
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can be used to determine X since the height is known. Appropriate trade

offs can be made to reduce the systematic error due to spectral width 

of the source depending on desired phase measurement accuracy needed 

over a range of optical path differences.

As an illustration in the variation of interference fringe 

contrast with spectral width. Figure 30a shows a single linear intensity 

measurement of an interference pattern of a tilted smooth aluminized 

flat surface without a spectral filter in the optical system. The broad 

spectral sensitivity of the detector array (broader than the spectral 

response of the eye) reduces fringe contrast to nearly zero for optical 

path differences of over ± 2 waves. With a relatively broad red spectral 

filter, the fringe contrast is increased and is still measurable after 

over ± 6 waves (Figure 30b).



Fig. 30. Fringe contrast.
(a) Using white light.
(b) With spectral filter.



CHAPTER 5

OPTICAL FIGURE MEASUREMENTS USING 

HETERODYNE INTERFEROMETRY

During manufacturing of optical elements, the figure of optical 

surfaces must be determined so that further work on the optic will 

improve its optical quality by reducing the irregularities of the 

surfaces. In the past, geometric tests of optical elements offered a 

qualitative indication as to high or low zones on surfaces which were 

then reduced to an arbitrary value by further polishing. As surface 

figure tolerances of small fractions of a wavelength of light became 

fairly commonplace, interferometric tests of optical elements increased. 

Interferometric tests offer accuracies of A/10 to A/20 peak to valley 

deviation of the wavefront due to the optical element under test. Analy

sis of interferograms as discussed in Chapter 1 provides quantitative 

descriptions of wavefront surfaces as well as other analytical descrip

tions of optical quality due to the measured wavefront.

New applications of optical technology are demanding optical 

figures with very small figure errors. Complex diamond-turned optical 

elements for high energy lasers must have good wavefront quality to re

duce parasitic oscillations of other modes in the cavity; space telescopes 

must have excellent optical quality to reduce small angle scatter, im

portant in observing dim secondary stars orbiting brighter primary spars;

144
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ultraviolet imaging optics require near perfect figures to obtain the 

resolution capabilities of optics at these short wavelengths. These and 

other state-of-the-art optical systems require new methods of metrology 

which can be used to test these optical elements. Without accurate 

measurement techniques, the errors in the figuring of these precision 

optical elements, can never be,reduced to the desired tolerance.

The instrumentation that can offer high accuracy in the measure

ment of optical wavefronts is heterodyne interferometry using integrating 

detector arrays. The advantages of this technique are many, including 

the inherent high accuracy of optical phase measurements.

Advantages of Heterodyne Interferometry 
Using Integrating Detector Arrays

The use of heterodyne phase detection by integrating detector

arrays in interferometry, eliminates many disadvantages of using static

interferograms for optical testing. The advantages are:

1) high precision - the fundamental limitation to the accuracy of 

the optical phase measurement is due to the signal to noise of 

the measurement. As discussed in previous sections, other 

sources of error in the phase measurement are systematic errors, 

such as quantization error and limited arc tangent lookup table 

precision, which can be reduced to the point where the phase 

measurement accuracy is solely limited to detection noise.

2) uniform sampling - an optical phase measurement is available from 

each detector point within the pupil of the interference pattern, 

even near the edge of the pupil. The use of solid state detector 

arrays insures the geometric precision of the sampling positions.
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Thus, there are no mapping distortions of the measured wavefront 

and the test surface. The uniform sampling of the wavefront is 

important for averaging wavefronts to reduce the effects of air 

turbulence and vibration from the wavefront to be measured. The 

actual phase measurements at each point can be averaged, so 

there is no error due to interpolation or fitting of polynomials 

to a uniform grid, as with static interferograms. The uniform 

sampling array further reduces the processing required in the 

least-squares fitting of the phase data to polynomials, since a 

set of polynomials orthogonal over this uniform array can be 

calculated once for a given pupil. Again, the sampling occurs 

over all the points and not only at fringe extrema positions.

3) aperture determination - as with all interferometric tests, the 

optical element under test should be imaged onto the plane de

fining the detection of the interference pattern. This holds 

true for heterodyne phase detection, with the surface under test 

being imaged onto a two dimensional detector array. Points 

within the aperture will be modulated, due to the fringe modula

tion of the interference pattern, while points outside will not 

vary from the average intensity during the modulation period when 

heterodyne techniques are used. Therefore points within the 

interference pattern are determined automatically without human 

intervention.

-4) determination of polarity of the wavefront - due to knowledge of 

the manipulation of the reference arm phase during heterodyning.
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the polarity of the wavefront can be determined without further 

manipulation of the interferometric test arrangement. Bumps or 

holes in the test optic surface are determined unambiguously.

5) amplitude measurements - if the reference beam is uniform in 

both amplitude and phase, then the amplitude variation of the 

test wavefront can be determined, as well as the phase.

6) measurement independent of intensity variations - the phase de

tection algorithm calculates the phase at each detector location, 

independent of intensity variations across the pupil.

7) measurement with low contrast fringes - a phase measurement can 

be obtained even if there are very low contrast fringes. There 

is no biased phase error, only a reduction of the signal to 

noise of the measurement. This yields a large variance in the 

phase measurement which can be reduced by averaging.

8) fast data acquisition - as in the previously mentioned schemes 

for heterodyne phase detection using integrating detector arrays, 

the data can be acquired in the total time it takes to readout 

three complete-integrated intensity patterns. For small to 

medium size two dimensional solid state detector arrays, this 

can be quite fast, on the order of a few milliseconds. It isN '
important to acquire the data as quickly as possible to reduce

errors due to vibration and air turbulence in the optic path.

9) large sampling arrays - present day solid state detector arrays 

can provide phase information over a large number of points.



148

ranging from 32x32 pixels to over 488x380 points. Not only can 

the phase measurement determine the overall figure of an optical 

element but, higher density arrays can also resolve finer zones 

and macro-ripple that affect the performance of optical elements. 

Remember, the number of data points within a pupil is determined 

by the number of detectors (pixels) within the interference 

pattern, and not upon the number of fringes in the interferogram.

10) simple processing algorithm - the use of solid-state detector

arrays for phase measurement is made possible by the simple phase 

detection algorithms. The large amounts of data can be reduced . 

to actual phase values quickly by simple arithmetic calculations. 

This is a tremendous advantage, allowing small microcomputers the 

ability to compute the wavefront phase map of an optical element 

within a reasonable time. More important, however, is the algo

rithm's insensitivity to the many flaws inherent in existing 

solid state detector arrays. The algorithm is a local operator 

which avoids problems associated with gain variations and fixed 

pattern noise from one detector element to the next. Local 

processing operates on the same detector element from each data 

measurement and is not affected by global variations. It is this 

fact that allows heterodyne phase detection to be performed 

accurately with these integrating detector arrays.

As compared to standard interferogram analysis by graphics tablet 

coordinate digitization, the use of heterodyne optical phase detection
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techniques promises to advance the testing and manufacturing of optical 

elements to new standards of precision and performance.

A Heterodyne Interferometric Analysis System

An example of the implementation of an interferometric optical 

testing system based upon heterodyne phase detection using an integrating 

detector array will be discussed here. The system is incorporated with 

a Twyman-Green laser unequal path interferometer and is used in the 

testing of optical elements such as mirrors, collimating lenses, and 

diamond-turned optical surfaces. The testing of the optical wavefront 

from these elements can be used for both quality control evaluation and 

optical manufacturing analysis for use in further polishing and figuring 

of the elements.

The testing of optical elements in an optical shop is an important 

element in the manufacturing cycle of optical components. The interfero

metric testing should be relatively easy to perform and must be done 

quickly to minimize effects of vibration and air turbulence in the

optical path of the test arm. The capability of further repeated measure

ments may be needed to average turbulence, or to measure and later sub

tract system errors due to the interferometric setup.

The analysis of the data should be performed in a short time, and 

provide a. complete analysis capability of the measured optical wavefront 

which incluses diffraction analysis, polynomial fitting, and manipulation 

of data sets for subtraction, averaging, or obtaining other statistics.

Finally, the display of the measured and analyzed data should be 

in a human readable form, allowing at a glance, the evaluation of the
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test. The display of graphic information (rather than numeric analysis) 

in the form of contour maps, three-dimensional plots, and color graphics 

allows quick understanding of the data. These three operations in the 

metrology of optical wavefronts must be done in a short time so that 

necessary corrections in the optical figuring can be iterated a number 

of times without wasted time in between the test stage and the polish 

stage. Of course, the data acquisition, analysis, and display is under 

the control of the operator (usually the optical technician) and thus 

must be of a general form that is easy to operate.

The Heterodyne Interferometric Analysis System attempts to pro

vide the necessary elements to allow rapid turnaround from the test, 

analysis, and display cycle, and. offer high wavefront accuracy at the 

same time, by using the phase modulation techniques discussed in this 

dissertation.

The heterodyne interferometer is a modified polarization Twyman- 

Green laser unequal path interferometer, shown in Figure 31. The output 

of a polarized laser is expanded to a diameter of about 3/4 inches and 

is beam split into the test arm and reference arm of the interferometer 

by a polarization beamsplitter cube. The relative amount of light in the 

two arms can be adjusted by the half-waveplate before the polarization 

beamsplitter. The reference arm path length can be adjusted to provide 

maximum contrast for unequal paths of the two arms due to the use of a 

multi-longitudinal mode laser and its associated coherence function varia

tion with path difference. The reference mirror is a good quality flat 

which is mounted on a piezoelectric transducer. The PZT is used to cause
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a doppler shift of the light in the reference arm by linearly translating 

the reference mirror. Also in the reference arm is a quarter-wave plate 

which rotates the polarization of the reference beam after passing 

through it twice and allows the beam to be reflected by the polarization 

beamsplitter. The test arm also has a quarter-wave plate which converts 

the outgoing linearly polarized light to circularly polarized light.

The test beam can be expanded by a beam diverger to test, for example, a 

spherical surface. The return test beam is converted again to linearly 

polarized light, 90 degrees opposite to its original direction, and is 

thus transmitted by the polarization beamsplitter. The test beam and 

reference beam are then at orthogonal polarizations and must be combined 

with a polarizer at 45 degrees to two polarizations, enabling the two 

beams to interfere. The lens images the test surface onto the integrating 

detector array and forms an interferogram of the test and reference wave

fronts at the detector. The linear translation of the reference mirror 

by the piezoelectric transducer causes the phase of the reference beam 

to linearly change with time; which in turn, causes the interference 

fringes at the detector to "sweep" by each individual detector. In 

reality, the intensity of the fringes is modulated sinusoidally and thus 

forms the heterodyne signal. If there were no deformations in the test 

surface (the reference wavefront is assumed to always be perfect), the 

motion of the reference mirror would cause the whole region of inter

ference between the test and reference beams to change intensity sinu

soidally. At any detector location, the intensity variation would occur 

at the same time, i.e., in phase. If there were some small defect in the
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test surface, the region of interference would again show sinusoidal 

intensity variations. The intensity variation at the location in the 

image plane of the defect would be at a different phase relationship 

with the overall phase of the remainder of the interference pattern 

intensity variations. It is this phase variation across the time varying 

interference pattern that is the quantity to be measured.

The modification of a standard interferometer to a heterodyne 

interferometer was straightforward; being the inclusion of a phase 

shifting device and a solid-state detector array in place of the usual 

photographic camera for recording the interference patterns. The phase 

shifter is a Burleigh PZT/Aligner, model number PZ-80, with its 

associated high voltage amplifier. The solid-state detector is a Fair

child charge-coupled detector array, CCD-211, consisting of 190 by 244 

individual photosites. The unique architecture of this device allows 

rapid readout of the necessary integrated intensity measurements and is 

well suited for heterodyne optical phase detection.

Two-Dimensional Integrating Detector Array

The Fairchild CCD-211 is a two-dimensional charge coupled de

tector array (area array rather than linear array) consisting of 190 

columns of 244 photodetector sites (Figure 32). Each photoelement is 12 

microns horizontally and 18 microns vertically. Due to the precision of 

the mierophotolithography necessary to construct an array this large 

(with an active area of 4.4 mm by 5.7 mm), the individual photoelements 

are accurately positioned (there is no geometric distortion, as is present
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in electron-beam vidicons), on 30 micron horizontal centers and 18 micron 

vertical centers.

The method of readout of CCD arrays varies with the architecture 

used; in this case, the CCD-211 is a line transfer device. Referring to 

the figure, there are vertical transport registers between the columns 

of photodetectors, which are used to store and transfer electronic charge 

proportional to the integrated incident intensity from the photosites, to 

the horizontal transport register. At the end of the integration period, 

the photo-generated charge is transferred horizontally in one parallel 

operation, to the vertical transport registers. Thus a complete field 

(this is an interlaced device, with two separate fields interlaced to 

form a single frame of a two-dimensional image), consisting of 190 by 

122 pixels, is transferred in a very short time, on the order of one 

microsecond. The vertical transport registers are shielded from light, 

providing storage for a field of image data, as well as a path for image 

generated charge transfer. Integration of image charge and readout of 

previously integrated charge can be accomplished simultaneously, without 

image smear (image smear does occur to some extent on frame transfer 

devices). For each clocking of the vertical transport registers (done 

in parallel), image charge is placed in the horizontal transport regis

ter. This is a horizontal row of the two-dimensional image and is clocked 

successively to transfer the complete 190 pixels from one row, in a serial 

fashion from the device. The operation is repeated, transferring row 

after row of pixel information, until a complete field has been trans

ferred. In the meantime, photosites have been integrating photogenerated
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v charge in parallel while the previous field was being read out. The 

total integration time of each field is thus two readout periods, with 

each field staggered in integration time by one readout period. This is 

an important point which allows the integrating bucket heterodyne phase 

detection algorithms to be implemented efficiently and rapidly, since 

integration of the time-varying heterodyned interference pattern can 

occur while the detector array is read out. How this is done will be 

expanded upon shortly in the discussion of the PZT ramp generator.

Other readout clocking schemes can be used with this CCD array.

The two fields can be summed on the chip without introducing added noise, 

reducing total readout time but also reducing resolution as well. One 

field alone can be used, but both fields must be clocked out of their 

•respective photosites since the integrated charge must be cleared from 

the photosites and transfer registers.

The Fairchild CCD-211 detector array specifications state a 

typical dynamic range (saturation voltage to rms dark noise) of 1000, 

with a saturation exposure of 0.28 yj/cm2. Sensitivity variations over 

the detector area are at maximum, 10 percent of 50 per cent of the 

saturation voltage. Fixed pattern noise is at maximum, 10 per cent of 

the saturation voltage. These specifications are for the device operating 

at standard video rates of 30 frames per second, which corresponds to a 

pixel rate of over 7 MHz. For slower clocking rates, which are more 

convenient for computer digitization and storage, dark current from both 

the photosites and transfer registers will increase, with increased 

spatial nonuniformities contributing to larger fixed pattern noise.
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Dynamic range is thus impaired by slower array readout. Much of the 

noise, both fixed and random, is due to dark current. Thermal in nature, 

the dark noise can be decreased by cooling the detector array. This 

allows longer integration times before the dark current fills the photo

sites and transfer registers, and also increased dynamic range. Fixed 

pattern noise is reduced as well as blemishes, seen as individual re

gions of high dark current. The magnitude change is a factor of two for 

every 7-10°F change in detector temperature (Amelio and Dyck, 1975).

Maximum clocking specifications for this detector array is a 

pixel rate of 20 MHz; the higher rates being limited by capacitance 

associated with the clocking lines internally. For the Heterodyne In- 

terferometric Analysis System, the Fairchild CCD array is clocked at 

a pixel rate of approximately 2.5 million pixels per second. This rate 

is limited solely by the data channel input rate of the Data General 

Eclipse minicomputer used during data acquisition.

System Description

The Heterodyne. Interferometric Analysis System's major component 

is the Data General Eclipse minicomputer (AP/130). This computer pro

vides the necessary capabilities for both data acquisition, control, and 

the analysis of the large amounts of data generated by the heterodyne 

interferometer. The Fairchild CCD detector array provides 46,360 de

tector elements where a phase measurement can be made at each location. 

This is the highest two-dimensional resolution of any known heterodyne 

interferometric system. The AP/130 has 328 kilobytes of random access
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memory of which only 64 kbytes can be addressed at any one time due to 

the 16 bit address capabilities of the computer. Thus the acquired 

digitized interference patterns must be mapped appropriately within the 

allowable address space.' This involves specialized software to perform 

the necessary functions efficiently. The computer has a 20 Megabyte 

disk drive for eventual storage of data, as well as program files. 

Associated with the computer are a number of graphics peripherals. Such 

as an X-Y graphics plotter, a graphics digitizing tablet, and a CRT 

display capable of 320 by 240 points displayed as 16 grey scale levels 

on a black and white TV monitor, or 8 colors on an RGB color monitor.

The CRT display allows the real-time visualization of digitized data 

from the CCD camera for alignment purposes, at a maximum rate of five 

fields per second. This rate is a limitation of the display rate and 

not the digitization rate of the CCD camera.

A special interface was constructed which allows computer control 

of the reference phase of the interferometer through applied voltages to 

the PZT transducer, as well as control of the CCD camera. The major sub

functions of the interface are shown within the dotted lines in Figure 

33. A description of each function as the system is used to make phase 

measurements, follows.

PZT Calibration and Ramp.Generator

Before data is acquired, the sensitivity and non-1in,ear coeffi

cient of the piezoelectric transducer must be determined. The methods 

discussed in the section of Reference Calibration can be used for this
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system. Using the large area CCD array for calibration purposes repre

sents. an inefficiency, since all the pixels in the array must be readout 

for each small increment of the PZT during calibration. For 256 steps 

of the PZT, this can take over 6 seconds just to obtain the intensity 

versus PZT position of a single detector element for the calibration 

data. Vibration and air turbulence would distort the data even in rela

tively stable environments over this lengthy calibration period. To de

crease this calibration time, a separate detector is used, a discrete 

photodiode, to monitor the intensity over a small area in the interfer

ence pattern of the interferometer by beamsplitting the output of the 

interferometer; creating two interference patterns, one for the calibra

tion detector, the other for the two-dimensional CCD detector array. The 

intensity at the photodiode is converted to 8 bit digital data with an 

analog to digital converter in 400 nanoseconds and transferred to computer 

memory by standard input-output instructions. Allowing 0.5 milliseconds 

for each small step of the PZT during calibration, the calibration can be 

performed in 128 milliseconds, the limitations being the small signal 

response time of the PZT transducer. Once the calibration data is ob

tained, the sensitivity and non-linear coefficients of the PZT response 

can be obtained by using the differentiating filter extrema sensing 

method previously discussed.

The availability of the single photodiode offers the possibility 

of a high-speed phase measurement at a single point in the pupil (limited 

by the PZT response time, not by the detector array readout time). If an 

electro-optic phase shifter is used, very fast phase measurements could
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be possible by using the three step phase algorithm. This information 

could be used for vibration and air turbulence analysis of the test 

environment. Vibration and air turbulence in the optical path cause 

random phase shifts which will cause the fringes in the interference 

pattern to shift regardless of the PZT motion. Thus the single detector 

can observe the intensity variations with time as a means of determining 

vibration frequencies.

The piezoelectric transducer is driven by a high voltage amplifier 

whose input is controlled by the Eclipse computer. During calibration 

and single step commands, standard input-output commands are used to 

send 12 bit values through the special interface to a 12 bit digital 

to analog convertor which supplies a 0 to 10 volt signal to the PZT high 

voltage amplifier, moving the PZT transducer, which in turn changes the 

phase of the interference pattern.

Due to the limited data channel capacity of the Eclipse AP/130 

minicomputer of 2.5 million bytes per second, which determines the data 

rate of digitization of pixels from the CCD array (limited to about 12.5 

milliseconds per field), the three integrating bucket algorithm was 

chosen as the implementation capable of the quickest data acquisition 

time (also considering the architecture of the CCD array used). To per

form this algorithm, it is necessary to ramp the PZT transducer, while 

the transport registers of the CCD array containing the previously inte

grated field is read out and stored in the computer's memory. To achieve 

the full data rate of 2.5 million pixels per second, the computer's 

operation is essentially halted while the transfer is occurring at full
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rate. It cannot, during this transfer of a field from the CCD array, 

halt transfer and send ramping voltages to the PZT. Thus a separate 

ramp generator is required which sends the calibrated ramp to the PZT in 

synchronous with the digitization and transfer of a field of integrated 

intensity values from the CCD array.

After calibration, the computer fills a 4096 by 12 bit memory 

bank which resides on the special interface board, separate from the 

computer's main memory, with the appropriate values to form a ramp during 

sequential access of the ramp memory. During the read out of the de

tector array, which is initiated by the computer, the ramp memory is 

sequentially accessed and the value stored at the accessed memory loca

tion is sent to the 12 bit, digital to anlaog converter, controlling the 

PZT. The interface provides a clock to the CCD camera which reads out 

the pixels at the appropriate rate. This same clock is divided down and 

is used to increment address counters for accessing the ramp memory.

The ramp is shown in Figure 34 over which the various fields are inte

grated. The ramp varies from 0 to 360 degrees in phase of the reference 

arm of the interferometer. The two fields of the first frame that is 

read out are thrown out since they have been integrating before the ramp 

started. Remember, the field that is being read out at any instance in 

time had integrated for two previous field times. Thus the even field 

of frame 2,had been integrating while the two fields of frame 1 were, 

being read out. The odd field of frame 2 was integrating while the odd 

field of frame 1 and the even field of frame 2 were being read out, etc. ■ 

The reference phase changes by 90 degrees during the read out of two
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fields, with, the odd fields integrating the intensity variations in the

fields. Table 3 indicates the range of phase over which individual 

fields have been integrating the changing intensity. Due to the inter

laced readout of the CCD array, the odd integrated fields are shifted 

45 degrees in phase with respect to the even integrated fields. So 

while the calculated phase values for the elements of the even fields 

are

The phase values calculated from the odd fields must be corrected before 

the two phase fields can be interlaced. Note that either of these 

fields can be used alone, however, with reduced spatial resolution in 

the interlaced (vertical) direction.

CCD Camera

The CCD detector array and driver electronics are clocked by the

Eclipse computer at non-standard video rates; standard video horizontal, 

and vertical sync widths, are not required. Horizontal retrace corre

sponds to a single clocking of the vertical transport registers, trans

ferring charge to the horizontal transport register in the CCD, and not 

the retrace deflection of an electron beam as in a standard vidicon.

interference pattern, 45 degrees out of phase with respect to the even

(5.1)

the phase values for the odd fields are

(5.2)
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Table 3. Range of integrated intensity fields.

Frame Field Integrated Phase Integrated Bucket

2 even 0 - ID O o Ae
2 odd 45 - 135° Ao
3 even 90 - 180° Be
3 odd 135 - 225° Bo
4 even 180 - 270° Ce
4 odd 225 - 315° Co

Vertical retrace corresponds to the transfer time of the photogenerated 

charge to the vertical transport registers; an operation which takes less 

than a microsecond rather than a millisecond for standard video. The 

change in the timing for the operation of the CCD array under computer 

control, is accomplished by a change in timing PROMs, read only memories' 

which are accessed by a main clock supplied by the computer interface.

As the analog integrated intensities are read out, pixel by 

pixel, the video is digitized by a TRW flash convertor (capable of con

verting over 20 million pixels per second), to a precision of 6 bits. 

Assuming quantization noise limitation, the precision of the phase mea

surement will be ± A/64 peack to valley. The digitized pixels are stored 

two pixels per 16 bit word and transferred to the main memory of the 

Eclipse computer through the special interface and the computer's data
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channel, at a rate of approximately 2.5 million pixels per second. The 

computer starts the readout and digitization by a set of commands to the 

interface electronics. A single CCD field is read out and stored 

starting at a designated computer memory address, with computer control 

being restored at the end of the field.

Operation of the Heterodyne Interferometer 

The polarization interferometer is adjusted to present a "good" 

interference pattern to the CCD detector array. A visual mode allows 

the display in real-time of a field from the CCD, allowing adjustments 

in focus and intensity of the pattern falling on the detector array. 

Adjustments in tilt can be made, with a minimum tilt reducing systematic 

errors as discussed in a previous chapter.

Once calibration is performed and the ramp memory loaded, data 

can be acquired by a simple command (as all commands) from the system 

console terminal. The main software control routine then commands the 

CCD detector to readout a number of initial frames to remove accumulated 

charge, clearing the array. The ramp begins and the integrated fields 

are digitized and read into separate regions in memory. . For half re

solution, the three even fields alone are saved in memory. The three 

integrated fields are shown in Figures 35, 36 and 37; the integrated 

phase shift being noticeable between the individual integrated fields. 

Next, while the three bucket phase algorithm is being performed to de

rive phase values at each detector location, a. separate calculation tests 

for intensity changes between each field on a pixel basis. If pixels 

A.-B. and B.-C. are both zero within a noise factor, then the pixel ati i i i r
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Fig. 35. Integrated intensity pattern, A^.
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Fig. 36. Integrated intensity pattern, B



Fig. 37. Integrated intensity pattern, .



170

the location was not within.the effective pupil of the time-varying 

interference, pattern. This information provides a mask of pixels within 

the interference pattern and thus can easily detect obscurations and the 

limits of the pupil. No human intervention is needed to define fiducial 

marks around the pupil. By setting a threshold value, pixels with poor 

signal to noise due to low intensity values can be removed from the 

phase calculation and the final phase map display. This mask of valid 

data is also used in removing 2tt ambiguities from the phase values.

The three bucket algorithm is implemented in assembly language 

and thus is able to calculate the phase at 23,000 points within the 

field as well as determine which pixels are valid in the pupil, all in 

under one second. Figures 38 and 39 show the mask of valid pixels and 

the calculated phase values displayed with phase mapped into 16 levels 

of grey scale. Note the phase values vary linearly within a range of 

2tt (one wave). Here the 2tt ambiguities have not been removed.

Removing 2 v Ambiguities with Obscurations

New algorithms were developed for removing 2tt ambiguities in 

two-dimensional phase arrays with obscurations within the pupil. As with 

removing 2tt ambiguities in one dimension, discussed in the previous 

chapter, adjacent phase values are assumed a priori not to change by more 

than ± 90° in phase. Then if differences are less than (greater than) 

-180° (180°), the next phase value is increased (decreased), by 2tt.

This can be extended in two dimensions by taking differences in both the 

vertical and horizontal directions. By using the mask information.
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Fig. 38. Mask of valid data pixels.
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Fig. 39. Calculated phase values.



phase values are not erroneously changed, by 2ir. The integration of 2tt 

values starts at one corner of the phase values within the valid mask 

array. It proceeds, checking for 2tt ambiguities, and tags the mask 

array each time it completes its test of 2 tt and goes to the next adjacent 

pixel. If it cannot find an adjacent pixel that has already been checked, 

the algorithm returns to the beginning, scans in a raster manner until it 

finds a valid pixel within the mask that is adjacent to One that has been 

adjusted in 2it. Thus the algorithm preserves the continuity between all 

adjacent pixels. As long as there is at least one adjacent pixel that 

has continuity with the very first valid pixel, all 2n ambiguities will 

be removed, regardless of obscuration shape. Figure 40 shows a computer 

simulation of the three bucket algorithm with three shifted interference 

patterns with an obscuration, at the top of the figure. At the lower 

left is the calculated phase values, modulo 2tt. The mask is derived and 

displayed in the lower center, showing the valid pixels about the ob

scuration. Finally, the lower right is the continuous surface with 2ir 

ambiguities removed.

Figure 41 is a phase map with 2tt ambiguities removed, of a corner 

cube showing the six line pattern of the corner edges where there is no 

fringe modulation. The algorithms can find continuity even with this 

type of obscuration. Shown in Figure 42 is a measurement of a small de-
i

formable mirror where some of its actuators can be easily seen affecting 

the surface of the mirror. This heterodyne interferometric system can 

provide quick and accurate wavefront information at high spatial resolu

tion thus enabling the measurement of actuator influence functions of 

active mirrors.



Fig. 40. Computer simulation of 3-bucket algorithms.
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Fig. 41. Calculated phase map of corner cube with 2tt ambiguities and 
linear tilt removed.
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mm

Fig. 42. Phase map of deformable mirror showing individual electrodes.
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The amount of data obtained with this system is tremendous. The 

measurements shown in the figures are half resolution measurements 

capable of over 23,000 phase values in a pupil. A full resolution data 

set can contain over 46,000 phase values. If each phase value is re

presented by a floating point value for later analysis, then 184,000 

bytes of storage is required for storage .of one wavefront map! With 

the severe limitation of 16 bit address capabilities of minicomputers, 

special purpose software must be developed to manipulate this amount of 

data within a reasonably short time. Some analytical processing re

quires the manipulation of a number of wavefronts; for purposes of 

averaging, calibration of interferometer errors (Bruning, 1978; Saunders, 

1967), removal of specific wavefront aberrations, and forming larger 

wavefront maps from many individual sub-aperture wavefront testing (Kim, 

1981). Obviously, the capabilities of this system will grow as more 

software is developed.

High-Speed Considerations

For certain applications and for uncontrolled environments, high 

speed data acquisition is a necessity, demanding that the phase-modulated 

interference patterns be acquired as quickly as possible. This impacts 

the whole system design, from phase modulation algorithm, to detector 

array, to computer system. Once the data acquisition rate has been 

determined, due to vibration limitations or time-dependent events, the 

pixel data rate can be established. Remember, the optical phase detection 

techniques developed in this dissertation are based upon the desire for 

high accuracy phase measurements over many points in a simple
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implementation. For high speed applications that require but a few 

sampling points, conventional heterodyne methods with parallel electronic 

channels can be used. Using the techniques developed here, the smallest 

solid-state integrating (linear) detector array consists of 128 detector 

elements, with a 32 by 32 element being the smallest two-dimensional 

array available commercially; quite a large number of points which will 

impact data acquisition rates. Other size arrays would have to be 

specially constructed for a given application.

Since three intensity measurements (for either the integrating 

bucket or phase step algorithms) is the minimum required for the calcula

tion of optical phase, this will produce the shortest data acquisition 

time with regard to the phase algorithm. •

The detector array ultimately limits the rate the pixel informa

tion is transferred from the parallel detection process to a serial 

electronic signal. Present detector arrays are limited to maximum pixel 

rate of 20 million pixels per second with 5 to 10 MHz being a common 

maximum rate. Conversion of the analog voltages, corresponding to pixels 

from the array, to a digital representation of these data rates is 

achievable with commercially available flash converters (TRW, 1981) in 

formats of 4, 6, 8, and 9 bits per conversion.

Where this digital pixel data goes depends on your electronics 

abilities. Few general purpose computers can directly transfer data 

into their memory at these rates. One can, however, construct a special 

purpose high speed memory cache where the digitized intensity measure

ments can be stored. Then at the lower CPU speeds, the computer can 

access this data and perform the necessary calculations of the phase
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algorithm after the data is. acquired. This will restrict the repetition 

rate of the measurement since the general purpose computer will not 

perform the phase calculations faster than the acquisition rate capa

bilities of the high speed cache memory.

To obtain calculated phase values at data acquisition rates, more 

special purpose electronic circuitry can be used to perform the phase 

algorithm in real-time. For the sake of example. Figure 43 shows a 

simplified block diagram of a special purpose high speed phase processor. 

In this example a four step or four bucket phase algorithm is implemented 

due to the simplicity of its calculation. Each intensity measurement of 

the interference pattern is acquired and stored in high speed random 

access memory, memory banks A, B, C, and D.

For the moment, assume the four measurements have occurred and 

are stored in their respective memory banks. The memory banks are 

accessed simultaneously, addressing one point (memory location) from 

each bank. This will correspond to the intensity at a single detector 

location for the four phase modulated interference patterns. These 

values can be sent to a pair of high speed arithmetic units, performing 

two subtractions, A-C and D-B. The subtracted values are used as 

numerator and denominator to access a lookup table arranged to perform 

the division necessary for the phase algorithm to the desired precision. 

High speed can be achieved by using a table lookup to perform the di

vision rather than implementing hardware logic to do the division. The 

result of the division can then be used with another lookup table to 

perform the arctangent of the quotient yielding the optical phase at that
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data point. This process is repeated, repeating the above functions for 

each data point (i.e., each memory bank location) until a complete wave- 

front phase map is output in serial form. The results of this special 

phase processor can also be stored in its own high speed memory bank,

E, which can be part of a graphic display memory. The above operations 

can be done at the pixel rate, producing a phase value as fast as 50 

nanoseconds (assuming a 20 MHz readout rate of the detector array).

Once four intensity frames are read in and stored in the memory banks, 

a new phase frame can be obtained at the rate of an intensity frame 

readin time. By using the previous three intensity measurements along 

with the latest intensity measurement, a new phase map (frame) can be 

calculated as the new intensity measurement is stored in its appropriate 

memory bank. For example, if a 32 by 32 element detector array is used 

with a readout rate of 10 MHz, then each interference pattern intensity 

measurement takes 100 microseconds to readout and store. After the first 

three intensity measurements are stored, then a phase frame, i.e., a map 

of 32 by 32 phase values, is output from this special purpose phase 

processor and stored (possibly) in memory bank E, every 100 microseconds; 

yielding a phase frame rate of 10,000 per second, Note that this phase 

frame consists Of phase values from - t t to tt (or equivalently 0 to 2i t) and 
far more complex processing would be needed to remove the 2ir ambiguities 

in the wavefront if the wavefront departed by more than one wave in 

phase.

Obviously this is a simplified example, but illustrative of the 

possibilities of implementation of high speed, special processing
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electronics, for phase acquisition and measurement. A system, with 1024 

phase measurements in a wavefront, is perhaps two orders of magnitude 

less, in cost and obviously less complex and compact than a conventional 

parallel optical detector-parallel phase detector electronics system, 

which requires individual channels of detector and associated electronics.

The above considered, high speed acquisition and processing, to 

calculate phase values, but no mention was made as to how the optical 

phase can be manipulated at the required speeds. In Chapter 2, phase 

modulation devices are discussed; the most common being the piezoelectric 

transducer. The PZT transducer commonly .used (Burleigh) has a measured 

response to a 90 degree step of approximately 5 milliseconds including 

settling time. Slightly faster response can be achieved if ramping is 

used along with the integrating bucket phase algorithms. There is no 

settling time to consider during PZT ramping, and so the limiting re

sponse time is approximately 3 milliseconds per 90 degrees ramp change.

For applications where changes of phase must be applied to the 

reference phase in less than 100 microseconds, an electro-optic phase 

modulator can be used. Due to the interferometric requirements, a longi

tudinal design modulator is necessary to provide large aperture with 

uniform phase shift applied across this aperture, thus shifting the phase 

of the optical wavefronts transmitted through the modulator. A cylindri

cal ring electrode (CRE) modulator design, developed by Steinmetz et al. 

(1973), optimizes the uniformity of polarization rotation across the 

effective aperture of the modulator, and the cell impedance, which re

lates to the speed of response of the modulator. With this type of CRE
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modulator, uniformities in phase of greater than 1% and response times 

in the nanosecond range can be achieved.

This device offers ease of controlling the, reference phase, 

either through phase stepping, or heterodyning by applying ramp voltages 

to the phase modulator, so that either of the two phase algorithms can 

be used. The disadvantages to this are the less common availability of 

the device (and its increased cost), and the large half-wave voltage of 

about 3.7 kilovolts required to produce a total of one wave of phase 

change between two interfering wavefronts.



CHAPTER 6

CONCLUSIONS

Heterodyne interferometric techniques have been used in the past 

to achieve rapid, accurate, optical phase measurements over a limited 

number of points (Massie, 1980; Shagam, 1980; Koliopoulos, 1980). These 

approaches used conventional a.c. phase detection electronics and re

quired either scanning of the detector point or a complex arrangement of 

parallel detectors. These conventional heterodyne interferometers were 

very specialized, being constructed in the laboratory for measurements 

i of an optical wavefront derived from a single test condition. There was 

limited versatility in the implementation of these heterodyne interfero

meters.

The advent of solid-state detector arrays offered the opportunity 

of a high density of detection points without the necessity of physical 

scanning. The first implementation of heterodyne wavefront sensing 

techniques using a 32 by 32 detector array was by Bruning et al. in 1974 

based upon a synchronous phase detection algorithm using 100 steps of the 

phase over 4 periods of the heterodyne cycle. This instrument was later 

made commercially available through Tropel, Inc. (Moore, 1978) based upon 

a PDP-8 minicomputer. Recently another commercial instrument has been 

developed, based upon an 8080 microcomputer and a 32 by 32 detector 

array, by Spectra-Physics, Inc. (BalaSubramanian and DeBell, 1980).

' ’ 184
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Further instrumentation using heterodyne interferometric techniques is 

reportedly being developed by other companies.

The heterodyne and phase-shifting techniques discussed in this 

dissertation are all based upon the use of integrating solid-state 

detector arrays. Simple algorithms are developed which require a minimum 

of only three intensity measurements (each with a different phase re

lationship) , that are optimal in a least-squares sense as estimators of 

optical phase. Anomalies, such as fixed pattern noise and gain varia

tions, common to all solid-state detector arrays; do not affect the 

algorithms in computing the optical phase. As with conventional hetero

dyne interferometric techniques, the optical phase is obtained in a wave- 

front, independent of intensity variations; the polarity of the wavefront 

is preserved; and the phase estimate is unbiased by low, contrast inter

ference.

The simple and few calculations required for these phase algo

rithms allow microcomputers to be used in heterodyne interferometric 

instrumentation, reducing costs by a large amount. An example of such 

an instrument was given in Chapter 4, which described the Optical 

Profiling Microscope. In this case, the microcomputer performed not only 

the phase calculations, but also functioned as a data acquisition system, 

controller, and data analyzer. This system demonstrated that very pre

cise optical phase measurements can be obtained rapidly and over a large 

number of points using existing, commerically available components. The 

resolution capability of the phase measuring microscope was about 13 

Angstroms total at each of 512 detector points (at a wavelength of 6800
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A). The measured repeatability of the surface profile was shown to be 

5 Angstroms rms. The ability to perform the necessary intensity mea

surements rapidly allows less stringent requirements on environmental 

controls (such as vibration),,thus enabling measurements with precisions
Oto a few Angstroms.

Future developments in the Optical Profiling Microscope will 

strive to improve Overall system resolution by increasing the signal to 

noise of the intensity measurements and increasing the calculation 

accuracy. This should allow phase measurements with a precision of 3 

Angstroms peak-to-valley using a 6800 Angstroms wavelength, over 1024 

detector positions. This will be achieved by incorporating a linear 

CCD array (rather than a photodiode array) which has a dynamic range of 

greater than 2500, and by using 10 bits of precision in all conversions 

and calculations. Use of this type of instrumentation can range from 

optical applications of surface inspection and profiling, to microbiology 

applications of cell structure measurement, to the electronics industry 

for step height measurement for microelectronics.

Recently, other approaches to obtaining accurate measurements on 

a microscopic scale, have appeared in the literature. Using a PECO 

interferometer, Bennett et al. (1976) has demonstrated sub-nanometer 

accuracies of measuring surface roughness. The measurement is time- 

consuming, which necessitates strict environmental control. A conven

tional heterodyne interferometric measurement technique has been used to 

obtain surface profiles with reported accuracies of 1 Angstrom rms 

(Sommargren, 1981). This approach, while faster in data acquisition
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than the PECO implementation, requires a rotating air bearing platform 

for scanning an annular region on a flat sample. A scanning Fizeau 

microscope was reported by Eastman (1980) to measure thin film surface 

roughness with precisions of approximately 40 Angstroms.

In Chapter 5, a system with capabilities of over 46,000 phase 

measurements at once was shown. Here due to a large format CCD 2- 

dimensional array of 190 by 244 detector points, a mini-computer was 

used to store and efficiently process the data to obtain a high resolu

tion map of a test wavefront. The use of this heterodyne interferometric 

analysis system in the optics shop should provide the rapid testing of 

optical components, producing accurate, high resolution contour maps of 

the optical quality of these components. The immense capabilities that 

this system provides is still being pursued, with the development of 

more software and refinement of operational techniques.

While the high spatial resolution this system provides is needed 

in certain applications to resolve macroripples and high frequency 

ripples in optical surfaces, for other applications this represents more 

data than is necessary. For testing of optical components in uncontrolled 

environments, a high speed heterodyne is needed to "freeze" fringes due 

to vibration and turbulence. In this case, a smaller two-dimensional 

array can be used which can be read out in less time. If a 32 by 32 de

tector array is used with the mini-computer used in the previous system, 

each intensity measurement can occur at a frame rate of 400 microseconds, 

useful in harsh environments. With repeated samples taken at much longer 

intervals, effects of air turbulence on the wavefront can be reduced by
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averaging over many seconds, It remains to be seen whether this approach 

is successful enough to the point of nearly eliminating the need to test 

large optical components in isolated vacuum chambers. The savings in 

cost would be large. .

As was mentioned, the optical phase detection techniques de

veloped here are not dependent on any single interferometric implementa

tion. A variety of interferometers can be modified to incorporate a 

phaser-shifting device and an integrating detector array, producing an 

instrument capable of high accuracy optical phase measurements over a 

large number of points, To this point, future research can explore the 

feasibility of adapting these optical phase detection techniques to 

moire interferometry and multiple-wavelength holographic interferometry. 

The goal of these interferometric techniques is to obtain contours or 

maps of non-optical surfaces such as machined parts. In the past, 

accuracies and dynamic ranges were limited to tens of microns over a

few millimeters at the very best. Using the optical phase detection

techniques developed in this dissertation, it may be possible to obtain 

surface contours with precision of perhaps 2 microns over a range of a 

few centimeters using an equivalent wavelength of one millimeter by using 

either moire or two-wavelength holographic interferometry. The develop

ment of this type of system can find uses in industrial inspection and 

manufacturing, providing accurate robotic vision for assembly purposes 

as well. Other approaches (Moore and Truax, 1979; Shagam, 1980) have 

not produced practical implementations and have yielded data along a 

single dimension.
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As a final note, some of the algorithms or form of these algo

rithms have been known for many years. Terrien (1958, as cited in Cook, 

1971) has described using three intensity.measurements, each with a 120 

degree phase shift with respect to the other, for Fourier transform 

spectroscopy. Gort (1980) has described a method for angular shaft en

coding Using sinusoidal masks and four detectors which yield signals 

equivalent to the four step approach with 90 degree phase, shifts between 

each detector. Frantz et al. (1979) described the use of three intensity 

measurements each at a relative phase of 90 degrees to each other, for 

phase measurement with a linear detector array. Balasubramanian (1980) 

was issued a patent for a method of optical phase detection using three 

steps of 90 degrees and three intensity measurements. Wyant (1975) 

describes the use of four integrating buckets per cycle of a heterodyne 

interferometer to obtain an accurate optical phase measurement.

Thus these relationships were known for some time now, however, 

only recently has the technology to implement these algorithms in a 

useful system existed. The use of phase modulation optical interferometry 

with solid-state detector arrays is just now reaching fruition. These 

techniques will find applications in many sciences and will provide new 

measurement capabilities in optical metrology.

This dissertation derived these and other algorithms for optical 

phase detection using integrating detector arrays. It showed the 

accuracies and limitations of these techniques and offered two different 

implementations of these methods as examples of the capabilities of sys

tems using this versatile optical phase detection approach to wavefront 

sensing.
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