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ABSTRACT

Edward H. Linfoot developed an integral expression for the . 

irradiance in the image of a lens or mirror under the Foucault knife- 

edge test as a function of figure error. Samuel Katzoff developed a 

convenient method of inverting the linearized form of Linfoot1s equa

tion to express figure error in terms of the irradiance distribution in 

the image (Foucault pattern), This paper presents the results of an 

experimental study on a 20-centimeter-diameter f/5 spherical mirror to 

complement the- analytical work of Linfoot and Katzoff. The results 

clearly affirm the practicability of the Foucault test to quantitative 

evaluation of figure errors of near-diffraction-limited optical elements 

via the Linfoot/Katzoff formulation. The evaluation was based on a 

comparison of Foucault-test figure error data with parallel data from 

independent scatterplate interferometer measurements. The results are 

particularly significant in that they reveal the fallacy of the wide

spread regard of the Foucault test' as limited to qualitative use, only. 

This revelation appears to-have important implications for the field of 

optical testing, since the test is basically simple, its implementation 

for quantitative figure error analysis is straightforward, and the 

associated experimental data processing is much simpler than that of 

interferometric testing methods. The question of potential use in fig

ure error sensing in the planned large orbital telescope seeps particu

larly pertinent.

viii



CHAPTER 1

INTRODUCTION

One of the challenging goals of the presently planned United 

States space program is the orbiting in the 19801s of a three-meter 

telescope capable of diffraction-limited performance. The accomplish

ment of this task will'place demands on the disciplines of optical 

fabrication, figure-error sensing and image evaluation, and guidance 

and control that have not been required by ground-based astronomy, which 

has been confined by the earth’s atmosphere to non-diffraction-limited 

performance. Some of the recent studies relating to the demanding 

requirements for a large diffraction-limited orbital telescope are else

where discussed .(1-3).

Among the most demanding requirements is that of providing a 

means of measuring and possibly correcting the figure of the primary 

mirror of the telescope in orbit. While rather successful methods of 

wavefront-error analysis for near-diffraction-limited systems have been 

developed and used in ground laboratory environments, an entirely satis

factory simple method for adaptation to a large orbital telescope has 

not been realized. For earth-laboratory testing, a number of reliable 

methods have been developed, e.g., the Burch scatterplate interfer

ometer (3-8). The laser has made possible the design of simpler and 

more economical interferometers than previous ones that were based on 

less coherent light sources, allowing large optical elements to be
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tested with' small reference elements (9-11), as in the laser unequal- 

path interferometer (LUPI). Holographic interferometry has also been 

applied to optical testing (l2-l4). Major optical companies involved 

in research on orbiting telescopes have analyzed adaptations of some of 

these methods for possible use in orbital telescopes. However, it is 

difficult to implement an interferometric method for orbital telescopes, 

that is entirely consistent with some of the basic objectives, such as 

minimizing telescope length, measuring wavefront error of the telescope 

optics only, avoiding refractive elements in the telescope itself, and 

avoiding components that reduce reliability or lifetime of operation.

The MSA Langley Research Center, as part of its recent research 

program (from late i9601s to 1973) supporting the large space telescope, 

has studied the classical Foucault diffraction test to determine the 

feasibility of its use as the basis for figure-error sensing in an 

orbital telescope. Some of the basic appeals of the test are its focal- 

plane operation, consistent with minimizing telescope length, its use 

of a natural point source (star) to illuminate the test optics, its 

capability to test the telescope optics directly, and its basic sim

plicity. The first phase of the Langley Research Center study is repre

sented in the work of Katzoff (15) and the associated work of Gatewood 

(16) which develop and analyze methods of inverting the diffraction 

theory of the Foucault test to express wavefront error in terms of the 

irradiance in the Foucault pattern. The work of Katzoff and Gatewood 

constitutes a break from the. traditional view of the test as basically 

qualitative. The current work is an experimental complement to their
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work 9 1,0609 it attempts to evaluate the feasibility of using the 

Foucault test to quantitatively determine small wavefront errors by 

applying the Katzoff mathematical formulation to experimental photo

metric Foucault-test data. This evaluation consists of a comparison 

of Foucault-test figure-error information on nearly-^diffraction-limited 

mirrors with similar information generated on the same mirrors via in

dependent scatterplate interferometer measurements 9 namely 9 wavefront 

error contours and rms wavefront error, While the potential of the 

Foucault test for visual qualitative evaluation based on geometrical 

optics has long been recognized9 the results of this study reveal a 

much greater quantitative potential of the test based on diffraction 

theory.



CHAPTER 2

BACKGROUND OF THE FOUCAULT TEST1

The Qualitative Foucault Test 

Figure la illustrates the optical layout of a simple Foucault 

knife-edge test on a parabolic mirror» The knife edge is located in 

the focal plane of a parabolic mirror uniformly illuminated by a point 

source at infinity. The knife edge eclipses the image of the point 

source 3 or the mirror diffraction pattern9 and an imaging lens forms an 

image of the mirror that is modified by the presence of the knife edge 

according to the amount of deviation of the mirror from a true parabo- 

loidal shape.

Leon Foucault first published (17) an account in 1859 of his 

knife-edge test for revealing the errors of figure of an optical ele

ment', describing the properties of the test and observations made with 

it purely in terms of ray9 or geometric 9 optics„ Opticians since then 

have made extensive practical artistic use of the test 9 basing their 

work entirely on ray interpretation and either ignoring recognized dif

fraction effects associated with the test, or conveniently minimizing 

such effects, in order to enhance the ray interpretation of the test. 

Perhaps one of the best discussions on ray9 or visual interpretation 

and practical use of the test in the visual sense is that of Texereau 

(l8). He describes in detail the grazing-dncidence/flat-plate fic

tional interpretation and the concept of error slopes 9 both of which 9
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as we will see later, are peculiar to an approximate, geometric analy

sis of the test and are foreign to a diffraction-analytical interpreta

tion of the test, which is described in the next section. Texereau 

alludes to the diffraction phenomena associated with the test, but his 
main concern with them seems to be that, although diffraction considera

tions are necessary to completely describe the test, the diffraction 

effects must be obviated in order to obtain meaningful visual interpre

tation, by e.g., use of a larger point source or wider slit source to 

minimize the diffraction effects. The philosophy of avoiding involve

ment with the diffraction nature of the test is typified by the fre

quently used statement, "The diffraction phenomena are not troublesome 

if/except ..."

Review of the Diffraction Theory of the Foucault Test 

Linfoot (193 p. 129) reviews the evolution of the mathematical 

theory of the Foucault test, before presenting his rather extensive 

analysis, which was first published in the 19l0's. Apparently, his 

work produced the first three-dimensional diffraction theory of the 

test in a form allowing the prediction of the complex amplitude and the 

irradiance distribution in the Foucault pattern of a test mirror (lens) 

characterized by smooth errors of arbitrary shape (Eqs. 2.12, p. 136, 

and 2.IT3 p. 138). Related derivations and analyses have since appeared 

(20-26)9 confirming his basic result. Linfoot’s application of the 

formulation was directed primarily at l) determining the irradiance 

pattern for perfect mirrors, both continuous and annular, as a function
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of knife-edge position in the point-source image; 2) evaluating the 

sensitivity of the pattern irradiance distribution to various types 

and magnitudes of aberrations and errors, for varied focal and trans

verse position of the knife edge in the image; and 3) evaluating the 

accuracy of the visual interpretation of the test.

Two quotations are given below to emphasize the discrepancy in 

interpretations of the Foucault test resulting from the differing geo

metrical and diffraction analyses;: the first from Texereau. (l8, p. 88),

"The density of the shadow is determined by the slope of the actual 

reflected wavefront at any point with respect to the ideal wave whose 

center lies at the knife edge"; and the second from Linfoot (19, p. 169), 

"... the intensities seen under the test with a very small pinhole 

are determined by the depths of the errors measured in wavelengths and 

not by the angular amounts of error slopes". However, in spite of 

Linfoot's in-depth diffraction analysis of the test, the test is still 

widely viewed only in terms of the approximate ray interpretation, as 

indicated, e.g. , in references 27 and 28. However, Linfoot’s work does 

stop short of demonstrating potential practical use of the diffraction 

theory of the test, and it was Katzoff's work that filled this gap.

Before reviewing Katzoff’s work, we will review the diffraction theory 

of the test.

The notation used will be approximately that of reference 29.

In fact, the- derivation amounts to the solution of Problem 7-3a, p. 193, 

in this reference. The derivation, based on a linear systems/spatial- 

frequency filtering approach, will be much more concise than that of
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Linfoot. Figure 1 shows several optical configurations for knife-edge 

testing of a! lens or mirror, all of which are describable by the 

expression for irradiance in the Foucault pattern as a function of 

figure error that results from the following analysis.

The object of interest to be imaged (Fig. 1c) is a phase object 

at the surface of the test lens with wavefront complex amplitude uQ(x0)» 

i.e. , the object is represented by distortions produced in the wave- 

front by imperfections in the figure of the test element. The formula

tion * for simplicity of notation, will be made in terms of only one 

dimension, x, since the use of a one-dimensipnal spatial-frequency fil

ter (knife edge) reduces the final result to one dimension, with the 

other dimension, y, in the plane perpendicular to the optical axis 

parameterized, as shown in references 19 and 25. If we observe rea

sonable restrictions which are common to most diffraction analyses, we 

can regard the optical system as a. linear space-invariant system with 

u^(Xg) as.the object input complex amplitude, and the output complex 

amplitude in the image plane can be expressed as the convolution of, the 

input with the impulse response h(x_), of the system. That is, for a 

given yt,

u (x.) = | u (x')h(x.-x')dx' (l)
— 00 '

where h(x^-x') is the response of the optical system at x to a 

point-source input at x'. By "the convolution theorem, an equivalent 
expression in the spatial-frequency domain, in which fx = XQAf, is



where U.(f ), U (f ) and H(f ) are the Fourier transforms of i x o x x
U (x ), uo(xo) and h(x^), respectively. Eg.. (2) expresses the spatial

frequency (spectral) output, th(fx), of the system as the product of

the input spatial frequency spectrum, U (f ), and the transfer func-o X
tion, H(fx), of the system. For central location of the knife edge on 

the optical axis, the effective H.(f ) is a half-plane filter (see 

Fig. 2) described by

1 1  ( 1 (fx > 0)H(f ) = p + p sgn(f ) = { (3)
x 2 2 x I 0 (fx < 0)

It is assumed that the aperture of the imaging lens is infinite; how

ever, this assumption is not necessary to obtain essentially the same 

final result (24).

Referring to Eq. (l) again, we need to evaluate h, and it can 

be expressed as the inverse Fourier transform of H(jf ), i.e.,

h(xi) = F -1{H(fx)> ' (4)

and since
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then

h(xi) = F"ij i + 1 = 1 6(-xi) + A  y  (6)

Thus, we can rewrite Eq. (l) as (letting * represent convolution)

ui(xi) = uo(xo) * [ 1 5("xi) + r"]
00

= I  uo(x,) [ 1 6(x'-xi) + A  ( r i r ) ] dx' 

r u (x*) dx1
= 2 U0(xi) + 2ir J "irr?  (7)

Or, for two dimensions.

1 i f un(x',y )
Ui(xi’yi) = 2 Uo(xi’yi) + 27 J " — ' ■■dx'

-o° 1
(7a)

Equation (7a) is the equivalent of Linfoot's formulation dis- 

cussed earlier, if we take into account an image inversion by changing 

the sign of the denominator under the integral in Eq. (7a). Eq. (7a) 

expresses the complex amplitude of the output (image plane) wavefront 

as a function of the input complex amplitude, with half-plane filtering 

in the focal plane. Examination of the equation indicates that the 

output response for a given point, (x^,y^), is a function of the vari

able x’, alone. Of course, it is the absolute square of u^x^y^) 

that is physically observable. Interpreting the formula more closely,
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"we see that the complex amplitude at a particular coordinate 9 x^9 on a 

chord or diameter (determined hy the particular value of y ■) of the 

Foucault pattern oriented perpendicularly to the knife edge, is expressed 

as the sum of two terms, One term is proportional to the complex ampli

tude at the corresponding (conjugate) mirror coordinate, x?, and the 

other term consists of an integral over the chord or diameter; the 

integrand is the product of the complex amplitude at the mirror-surface 

coordinate with a weighting function that depends on the location of 

the coordinate along the chord or diameter* Relating this formulation 

meaningfully to figure-error analysis requires that we express the com

plex amplitude in a form incorporating figure error; this leads directly 

to Katzoff’s analysis*

Inversion of the Diffraction Theory 

In terms of Linfoot?s and Katzoff?s notation, Eq* (7a) becomes, 

after accounting for image inversion,

2tt D(x,y) = ttE(x,y) + i J ^^7,1 dt (7b)
-i"

where we have the following equivalence with former notation:

D(x,y) = u i(xi,yi)

E(x,y) =u (x ,y ), with D(x,y) = E(x,y) when knife edge is 
0 0 0 removed

x = xi; y = y^; t = x' = dummy variable corresponding to x



13

Here, the infinite limits have been replaced by a convenient unit repre

senting the linear dimensionsj since the factor dt/(t-x) is non- 

dimensional. The infinite limits are a consequence of the assumption 

(to simplify the mathematics) of infinite aperture on the image-forming 

optics, an assumption which results in a non-physical infinite- 

irradiance prediction at the boundary of the mirror, but which does not 

invalidate the results inside the boundary ( 2 h). We are interested 

here only in analyzing the part of the Foucault pattern representing 

information on errors over the mirror surface, i.e., we are pot inter

ested in the rim or halo of the pattern.

Along any chord in the mirror image plane normal tp the knife 

edge (fixed y), D is determined only by E along the corresponding 

chord of the mirror, and therefore is independent of any other part of 

the mirror surface. Subsequently, we will omit the parameter y in 

the formulation, assuming a particular chord is being studied.

Continuing to summarize Katzoff's work, we let mirror errors in 

E(x) be represented by

E(x) - e 2̂Trm(x) _  ̂_ 27rim(x) - 2Trm^(x) + . . . (8)

where m(x) represents the local mirror error in half wavelengths j and 

for a perfect mirror, E(x) = 1. To avoid possible later confusion, we 

note here that in subsequent discussions of error measurements we will 

use unit wavelength as a reference, while retaining the m notation of 

Katzoff. When the Eq. (8) approximation is introduced into Eq. (7b), 
the result is



Ih

27rD(x) = tt T l  - 27T2m^(x) + 2 j  dt]

i 2 < » >

» i [-aAi.). f gj-2.2/ =rrr»«]
Multiplication of each side of the equation by its complex conjugate 

and retaining only first-order terms in m(x) results in the following 

equation for the irradiance in the Foucault pattern:

I(x) = lnr2 |D(x)|2 = it2 +

1 (10) 
+ at - W 2 m(x) to ( 0

which may be rewritten as

I(x) - I (x)
Lijo) - p(x) = / 1  S 1  dt - m(x) t e )

1
m(t) - m(x) dt

(10a)

t - X

2 2where I (x) = tt + £n [(l-x/(l+x)] is the irradiance in the Foucault o
pattern of a perfect mirror. So the formulation expresses mirror errors 

in terms of p(x), or the difference between the irradiance pattern for 

the test mirror and that of a perfect mirror of the same geometry. It 

should be reiterated that the analysis is concerned with mirror-surface
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distortion along the diameter or any chord that is normal to the knife 

.edge, In order to survey the entire mirror surface and provide a two- 

dimensional analysis of the mirror figure error 9 one must examine many 

chords/diameters 9 representing more than a single relative orientation 

of knife edge and mirror to assure that non-symmetric aberrations such 

as astigmatism and coma do not escape detection (l59 19) <> This point 

will he further addressed in later discussion of test procedure and 

data analysiso

Katzoff examines the solution of the equation for some simple 

cases of error pattern and then proceeds to examine the problem of more 

general interest— inversion of the integral equation to find the mirror 

error m(x) as a function of p(x). He examines several possible 

approaches to the solution/ such as power series 9 polynomial series, ■ 

and Fourier series, and in ref. 15 he presents Fourier series solutions 

for the continuous- and annular-mirror cases, expressing the mirror 

error m(x,y) at a particular coordinate as the product of an inver

sion matrix by a column vector representing p(x) along a particular 

chord corresponding to y. The method consists essentially of making 

a Fourier analysis of the deviation of the Foucault pattern irradiance 

of a test mirror from that of a perfect mirror, and then summing the 

errors that correspond to the different terms of the Fourier series.

He then applies the solution to some hypothetical cases, makes sug

gestions for use of the solution with experimental data to evaluate 

figure errors , and comments on the possible potential for implementing
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the Foucault test for figure-error sensing'in an orbital telescope—  

the interest that originally generated the work.

Various possible methods of solving Eq. (.10a) and their rela

tive merits were studied by Gatewood (l6). Of the several methods 

evaluated, an inversion-integral method is recommended as covering the 

largest range of possible computational problems, with good results for 

either a continuous or an annular mirror. His study included the 

Fourier series solution, among others, and rated it as a satisfactory 

one, particularly for the case of a simple continuous parabolic or 

spherical mirror. It should be pointed out that the approximations 

made to obtain the linear equation (Eq. 10a) limit the accurate use of 

the solution to the consideration of errors not greater than approxi

mately one-tenth wavelength. However, for a closed-loop control system 

using a sensor based on the Foucault test, an absolute measure of fig

ure error would not be required until a state of correction were 

reached corresponding to approximately X error; therefore, the 

limitation is not serious. Solution of the non-linear exact equation 

or an order of the equation higher than first appears to be a very 

formidable problem.



CHAPTER 3

QUANTITATIVE FIGURE-ERROR DETERMINATION .
VIA THE FOUCAULT TEST

The work of Katzo'ff (15) and Gatewood (16) has demonstrated the 

potential usefulness of the Foucault test for quantitative figure- 

error determination via relatively simple instrumentation. The current 

work represents a laboratory study of the method to determine its prac

ticability to.the testing of optical elements or systems. The experi

mental study was performed at the NASA Langley Research Center (LaRC). 

during a time period when orbital-telescope-related research was being 

phased out at LaRC and the NASA Marshall Space Flight Center (MSFC) was 

being established as the prime Center for such research. Consequently, 

the project was a low-effort one in terms of funding and manpower, and 

its orientation was toward determining the feasibility of the method, 

rather than toward determining the ultimate accuracy of measurement 

attainable with the method, or toward development of a prototype figure- 

error sensor for application in an orbital telescope.

Experimental Approach 

As a basis for judging the quality of figure-error data obtained 

from the Foucault tests, we chose to make a comparison of Foucault- 

test results obtained on two well-figured spherical mirrors with those 

obtained on the same mirrors in an independent investigation (NASA 

MSFC) based on an established method, such as the.scatter plate

17
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Interferometer or the laser unequal path interferometer (LUPI)» It is 

essential to the success of such a comparison9 of course 9 that the mir

ror figures remain essentially unchanged throughout the total investi

gation. Low-expansion mirrors were chosen9 each was mounted in an 

aluminum pill-box-type container via a peripheral silicone resin seal9 

with suitable attachments on the aluminum container for mounting on a 

positioning stage, and all testing was done under similar environmental 

conditions 5 with.vertical orientation of the mirrors (horizontal optical 

axis). The mirrors were 20 cm in diameter and approximately 5 cm 

thick9 with f-numbers 5 and 3* For mirrors of the diameter and thick

ness chosen we would not expect any significant elastic bending from 

the weight of the mirror itself (30).

Equation (10a) is based on the availability of parallel infor

mation on the irradiances in perfect- and test-mirror Foucault patterns. 

There appear to be several possible approaches to obtaining the re

quired differential-irradiance information. .For an orbiting-telescope 

application 9 a simple approach might be one incorporating a small

diffraction-limited reference mirror 9 matched in f-number to the test
'mirror or mirror system, with provision for parallel determinations of 

irradiance in the test-mirror and reference-mirror Foucault patterns.

In the present study, tests were performed on the point-source optics 

in lieu of a reference mirror, and the absorptivity of the test mirror 

was accounted for in the comparison. Equivalently, in an experiment 

incorporating a reference mirror, one should require the test- and 

reference-mirror reflectivities be equal, or that any difference be
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accounted for- Use of a reference mirror in a laboratory apparatus, 

though it would complicate the system somewhat, would perhaps offer 

a compensating advantage, i.e., there would be a cancellation of errors 

introduced by imperfections in the point source optics, since the errors 

would be introduced in both the test- and reference-mirror wavefronts 

and would tend to disappear in the [l(x) - term.

Foucault-Test Apparatus

The construction of the test apparatus is based upon the optical 

configuration of Figure lb, with the imaging lens placed a focal dis

tance from the knife-edge plane. A simplified sketch of the apparatus 

is shown in Figure 3, with the basic components identified in the leg

end. In addition. Figure 4 shows a photograph of the apparatus, with 

the same identification of components as that in Figure 3. Basically, 

the apparatus is a simple arrangement, but the accurate alignment and 

multi-positioning requirements of many components, the desirability of 

small separation of the point source and its image, and the associated 

interfacing problems result in an apparent complexity. The primary 

components are a 5-m.W He He laser (L) and accessories to produce the 

point source (M̂ , L̂ , P, B̂ , Ŝ , the test mirror (My), a

precision knife-edge scanner (K), a photomultiplier scanner (PM), and 

associated electronics and recording equipment.

The accessories used with the laser to form the point source are 

a 5-cm-diameter laser-beam expander/collimator (L̂ , P, ), a 6-mm- 

diameter f-4 laser-focusing lens (L̂ ) centered'on the peak of the
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Figure 3. Schematic of Foucault-test apparatus.



Figure h . Photograph of Foucault-test apparatus. ^
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gaussian irradiance profile of the expanded laser beam, and two diag

onal mirrors, one (M̂ ) to direct the laser beam into the collimator 

(laser placed in the far field to provide a less noisy input to the 

collimator), and the other one (M ) to direct the converging exit beam 

from lens to a point (the point source) near.the center of curva

ture of the test mirror. Lens L3 is adapted with an appropriate

aperture stop (S ) to match the point-source f-number with that of the 3
test mirror, for center-of-curvature testing, and it is provided with 

sensitive positioning capability via several stages to allow coarse 

and fine focusing, tilting, and centering.

The knife-edge scanner, one of a type developed commercially 

(31, 32, 33) for Optical Transfer Function (OTF) measurements, is 

mounted on a six-degree-of-freedom positioner. It consists of a minia

ture translation stage supporting the knife edge and driven by a re

versible clock motor, with a coupled optical encoder to provide a 

record of the knife edge translation in micrometers. A carefully 

selected section of a double-edged stainless steel razor blade, 

approximately 3 mm in length along the edge, was used as a knife edge.

The test mirror is mounted on a rugged stage that provides six 

degrees of freedom in positioning, including rotation about the optical 

axis of the mirror and fine focusing along the axis.

The photomultiplier scanner is a modified commercial instrument

that scans a microscope unit in which the eyepiece \ias been replaced by
- '

an end-on (S-20) photomultiplier, with a pin-hole unit at the focus of
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the objective acting as the scanning aperture. A diffusing ground-glass 

"window over the photocathode prevents problems with areal sensitivity 

Of the photocathode. In addition, a spectral and a neutral density 

filter are located adjacent to the. diffusing .window'.1 The spectral 
filter is a 0,6328-micrometer filter of 0.01-micrometer half-width, 

included to provide background discrimination. The neutral-density 

filtering was necessary to assure safe and linear operation of the 

photomultiplier; for several practical reasons the filtering was done 

as close to the photomultiplier as possible.

The microscope-phbtomultiplier unit is translatable in two 

orthogonal directions— in one direction via a precision micrometer and 

in the other via a multiple-speed reversible scanning motor. The two 

orthogonal translation stages along with the microscope-photomultiplier 

can be rotated through 360 degrees and locked in any angular position. 

The angular position of primary interest is that which provides motor

ized scanning perpendicular to the knife edge and manual incremented 

movements parallel to the knife edge, to provide a scanning pattern for 

sampling the Foucault patterns, as explained in more detail later in 

the description of Foucault testing.

The 1̂ .(1) and PM(l) positions for the imaging lens and 

photomultiplier scanner (3) represent the arrangement of the apparatus 

for Foucault tests on the mirror, while the L̂ (2) and PM(2) posi

tions represent the arrangement for tests on the point-source optics.
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System Alignment

The primary objectives of the alignment procedures are to: 

l) optimize the output of the collimator and thus provide a symmetric 

gaussian-shaped output beam; 2) assure that the output of the collima

tor is highly collimated, via an interferometric method described in 

reference 3U; 3) center the focusing lens (L̂ , Fig. 3) in the expanded, 

collimated beam, providing maximum irradiance and maximum uniformity 

of irradiance of the reduced aperture of the lens; k) establish a com

mon (folded) optical axis for the laser beam, collimator, focusing lens, 

and test mirror; and 5) arrive at an optimum relative orientation and 

alignment of the point source, knife edge, and point-source image, with 

center of curvature on axis.

During the alignment procedure the photomultiplier scanner was

used in the position indicated by PM(3) in Fig. 3 to measure the

expanded laser-beam profile, in conjunction with adjustments of focus

of lens L and position of the pinhole, P, to aid in optimizing the J-
collimator adjustments; these measurements also assured that the illu

mination of the reduced aperture of lens was uniform to within

2 or 3 percent.

Figure 5 shows two alternate possible arrangements of the point- 

source and its image relative to knife edge orientation, it being 

assumed that some separation is necessary in practice. The configura

tion of Fig. 5b was used in the present study because it eliminates 

sensitivity of the test to off-axis aberration effects that might be 

introduced by separating point source and image. The arguments are
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point source, and point-source image.
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related to ones used to justify use of a slit source parallel to the 

knife edge in lieu of a point source (19» p. lU2; 25, p. 22). Initially, 

an attempt was made to use a "laser-quality" pellicle "beam splitter

rather than a miniature mirror (M , Fig. 3), in order to allow coinci-
i ^

dence or arbitrary closeness of point source and image. However, 

complex interference effects within the pellicle for a converging 

incidence of light on the film resulted in non-uniform transmittance.

In addition, the flatness and thickness qualities of the pellicle were 

questionable.

Thermal Stability Requirements

In order to minimize problems with thermal expansion of compoi- 

nents in the system that might affect the point source irradiance or 

the position of the knife edge in the point source or its image, and 

to minimize convection disturbances, we surrounded the apparatus, 

except for minimum necessary access, with insulation paneling. The 

paneling, in turn, was covered with plastic film, as shown in the 

photograph of Fig. 6. In addition, measurements were made generally 

at night when the laboratory was vacant and the temperature was least 

variable. The principal problem encountered was a fluctuation of 

overall irradiance in the point source with change in room temperature. 

The problem was not serious for temperature changes not greater than a 

few tenths of one kelvin. Post-test checking revealed that the problem 

was due to a thermal-mechanical instability in the stages supporting 

mirror and the inherent sensitivity of the collimator output to
this instability.





CHAPTER k

TEST PROCEDURES

Foucault-Test Procedures 

.Before any comparative tests were made on the mirrors, they 

were fiducially marked to provide a means of preserving the proper 

relationship of error data and position on the mirror, and to assure 

proper comparison of the Foucault data and the scatter plate interferom

eter data„ In addition, the quality of the poiht-source optics was 

evaluated by comparing the Foucault pattern of this optical system 

with the theoretical behavior of a perfect system (19, pp. 1U3-IU8;

25, p. 26), as the knife edge position across the point source was 

varied at best focus. The comparison consisted of visual scrutiny of 

the pattern coupled with photometric data obtained with the photomulti

plier scanner, for position PM(2) in Fig. 3. The best focus was 

determined, as well, by comparison with the theoretically ideal— a 

matter of obtaining maximum symmetry in the pattern.

The theoretical formulation for the Foucault test (Eq. 10a) is 

for the case of half-plane filtering, i.e., central location of the 

knife edge in the image; therefore, it was necessary in testing to 

determine precisely the central location of the knife edge in the 

image. The theoretical description in informative on this matter, too, 

but only approximately definitive. An edge trace, or edge function 

(32) was used to obtain a measure of the central location. That is,

28 •
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the power in the point source "by-passing the knife edge was. measured 

as a function of the edge position as the position was varied from 

complete withdrawal to complete obstruction, and the trace was analyzed 

to determine the mid-location. The edge-trace measurement for the point 

source is made by temporarily shifting lens (2) along the optical, 

axis from its position for Foucault testing (light collimated onto the 

photomultiplier scanner) in order to focus on the aperture of the scan

ner. In fact, the aperture (pinhole) of the photomultiplier scanner was

removed for this measurement, and the laser beam was suitably attenuated
- &for safe photomultiplier operation by additional neutral-density filter

ing. The photomultiplier scanner was held stationary for this measure

ment, while the knife edge was scanned to determine its central position. 

Then, with the central position determined, the lens L^(2) was re-set 

to collimate light onto the photomultiplier, the pinhole aperture of 

the photomultiplier scanner replaced, the added neutral-density filter

ing removed, and then the Foucault pattern of the point source was 

photometrically scanned, providing a record of the relative irradiance, 

I^(x)/hl^(O). Figure 7a shows the scan pattern followed. The 11 scans 

numbered in the figure divide the circular pattern into 12 equally 

spaced increments. During the scanning and recording, the temperature 

in the vicinity of the knife edge was monitored via a 1/20-K 

thermometer, and scan 1 was repeated immediately following scan 11 for 

comparison, to assure that the knife edge central position had not 

changed significantly and/or that there were no significant atmospheric 

or thermal perturbations during the scanning.
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The first step in the test-mirror Foucault testing was to ob

tain a measure of the mirror absorptivity9 in order to allow a direct 

subtraction of quantities in the expression [I(x) - l^(x)]/kl^(0) ̂ as 

discussed earlier. This determination was made by performing the 

scanning for both the point source and test mirror9 as done in the 

Foucault test 9 but with the knife edge completely retracted. The dif

ference (averaged) between the irradiances obtained from the two sets 

of scans represents the absorptivity of the mirror9 and an adjustment 

is made in the recorder gain to compensate for the absorptivity factor 

before measurements are made on the mirror.

The mirror test procedure is a duplication of that for the 

point source 9 with imaging lens and photomultiplier scanner shifted in 

position9 as indicated in Fig. 3. The mirror is stopped down to approx

imately 20% of its full aperture for comparing the Foucault pattern of 

the central portion of the mirror with the theoretically perfect9 as a 

basis for selecting a best focus„ However 9 the central location of 

the knife edge is obtained by an edge trace for the mirror full aper

ture 9 according to the procedure described earlier for the point source 

testing. Two orthogonal scanning patterns are applied for each mirror9 

provided for by rotating the mirror 90 degrees while maintaining the. 

original point source/knife edge/point source image orientation (Fig. 

5b). Separate determinations of best focus and central location of 

the knife edge were necessary for the two orthogonal scan patterns.

The same scan intervals were, used for both sets of data9 thus pro

viding the resultant total scanning pattern shown in Fig. 7b. We
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regard the coordinate system fixed to the mirror and rotate the mirror 

and its coordinate system relative to the scan direction; in terms of 

the mathematical formulation this constitutes an interchange of the 

roles of x and y.

Throughout the total set of measurements constituting a mirror 

evaluation, check measurements were frequently made on the point source 

irradiance level (knife edge retracted) either directly or via the test 

mirror to assure that there was no significant deviation from beginning 

to end.. Close observation of temperature was maintained throughout, as 

well, since experience had shown a correlation between room temperature 

and the point-source irradiance, as discussed earlier.

Scatterplate Interferometer Test Procedures

Review of the Principles of the Method •

In order to judge the quality of measurements of figure error 

Obtained from Foucault tests, we compare them with parallel results of 

a proven method, namely, scatterplate interferometry. References 3-8 

describe the principles of this type of measurement. The method is 

well suited to evaluation of diffraction-limited, large-aperture, low 

f-number, refractive optical elements. One particular advantage is its 

independence of a reference surface. We review briefly here the prin

ciples of scatterplate interferometry,

Figure 8 is an optical schematic of a typical scatterplate 

interferometer configuration. The key element Is the scatterplate, S, 

on; which there are two identical sets of randomly distributed
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L

Figure 8. Scatterplate interferometer schematic.
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scattering centers rotated 180 degrees with respect to each other. To 

describe the principles 9 we consider the plate located on the optic 

axis of the system and perpendicular to it at the center of curvature 

of the test mirror 9 M. The wavefront from the point source 3 formed by 

lens focusing the laser (L) beam onto a pinhole (p)9 is relayed

by lens onto a 50/50 beamsplitter which folds the optical path 9

directing the 1 wavefront through the scatterplate and onto the test mir

ror. The scatterplate itself acts as a beam splitter; at each scatter 

center5 e.g., c^, one component of the wavefront passes through the 

plate undeviated to the center of the mirror, forming an image of P 

there, while the other component is scattered and forms a spherical 

wave centered at the scattering point. Both components are reflected 

from the mirror back onto the scatterplate, the former component with

out wavefront disturbance, if the local central area of the mirror is 

essentially perfect, while the latter component that fills the entire 

mirror aperture acquires wave front deformations representing devia

tions of the mirror-surface figure from an exactly spherical shape.

Because of the symmetry of the scatterplate and of the mirror, 

the unscattered component of the original beam is reflected back to a 

conjugate scatter center, c^, where the previously described phenomenon 

of division into scattering and non-scattering components reoccurs.

The originally scattered beam from the first pass through the scatter

plate is focused by M' at a point near ĉ , and part of it passes 

directly through the scatterplate. After the wavefront has passed 

through the scatterplate the second time, interference occurs between

)



the component scattered on the first pass hut undeviated on the second 

pass and the component undeviated on the first pass but scattered on 

the second pass (reference beam)« When the center of symmetry of the 

scatterplate is at the center of curvature of the spherical mirror and 

the plate is perpendicular to the optic axis3 the camera formed by lens 

and the film F (focused on M) will view a uniform field, for M 

perfectly spherical. If the center of symmetry of the scatterplate 

remains on the optic axis, but is displaced from the center of curva

ture, either toward or away form the mirror, circular fringes result. 

The non-uniformity of spacing of the circular fringes determines the 

deviations from sphericity for a non-perfect mirror. If the scatter

plate is moved laterally in its own plane to displace its center of 

symmetry from the center of curvature, straight-line interference 

fringes are formed, and the deviations of the lines from straightness 

determines the deviation of the mirror from sphericity.

Interferogram Analysis

The NASA Marshall Space Flight Center scatterplate interferom

eter measurements made for comparison with the Foucault-test data were 

obtained by the method that produces straight-line interferograms. 

Figure 9 shows the orthogonal set of interferograms obtained for the 

f-5 spherical mirror. The methods of interferogram reduction were ones 

typically followed (35) which make use of sophisticated densitometry 

and computer analysis of the densitometry data. Each fringe represents 

a line of constant optical path difference (OPD) between the test and
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(a) Vertical fringes.

Figure 9. Scatterplate interferogram for f/5 spherical mirror.
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reference wavefronts, with the fringes separated by one wavelength in 

OPD. The interferogram represents a tilted wavefront, resulting from 

lateral shifting of the seatterplate. An equation is written in terms 

of the interferogram coordinates to represent the OPD between the 

actual surface and a perfect tipped spherical wavefront. A reference 

surface that minimizes the wavefront errors is found by a least squares 

solution for the coefficients over the interferogram. The OPD can then 

be calculated for each measured point, and from this information, the 

peak-to-valley (PTV) deviation and the rms wavefront error can be 

evaluated. It is on the basis of these wavefront properties that com

parisons of seatterplate interferometer and Foucault data are made.



CHAPTER 5

RESULTS AMD DISCUSSION

In Figure 10(a ) we present the wavefront-error data deduced 

from the interferograms of Figure 9(a,b) for the f/5 spherical mirror, 

the circle representing the true edge of the mirror. The parts (a) of 

the figures correspond and the (h) parts likewise, i.e., the chords of 

the mirror represented in Fig. 10 correspond to densitometer scans per

pendicular to the corresponding fringe patterns of Fig. 9• In order to 

represent three-dimensional information on a two-dimensional graph, we 

let the x and y coordinates represent not only the mirror dimen

sions , but also the error measurements, where the scale of the error 

data differs greatly from the scale of the mirror dimensions and is 

indicated, along with the sign of the error, on each figure. The rela

tive orientations of the mirror for the orthogonal sets of data are 

indicated by the fixed fiducial markings around the mirror, apparent 

in all four figures. It can be seen from Figs. 9(a,b) that a portion 

of each interferogram corresponding to the nearly central portion of 

the mirror was overexposed and therefore not readable. This slight 

deficiency in the scatterplate interferometer method probably was 

accentuated somewhat in the present study because the tests were made 

in still air rather than in vacuum, for proper comparison with the 

Foucault tests, and the exposure was intentionally lengthened to aver

age out effects of short-duration air disturbances on the fringe

39
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Figure 10. Figure-error profile of f/5 spherical mirror.
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pattern. The overexposure is reflected in the non-uniform spacing of 

the data scans in Fig. 10. Actually, currently used computer analysis 

of the interferpgrams makes possible evaluation up to the interruption 

of fringes. Tabulated'data on which Fig, 10 is based is given in 

Tables 1 and 2, where the radius of the mirror is represented by the' 

quantity U, and x and y correspond with their designations in the 

figure.

In order to make comparison of the scatterplate interferometer 

data with the Foucault data easier and more direct, the scatterplate 

interferometer data were replotted onto a uniform spacing of chords 

corresponding to that shown for the Foucault measurements in Fig. 7.

The replotting was done via a cubic-spline interpolation or curve- 

fitting computer program based on principles discussed in reference 36. 

This method was chosen as preferable to least-squares-polynomial fit

ting, since experience indicated it should provide a fitting of curves 

through all the limited number of data points for each chord of the 

mirror more physically realistic than that obtainable with polynomial 

curve fitting. Figures 11(a) and 11(b), corresponding to Figures 10(a) 

and 10(b), respectively, show interpolated data corresponding to the 

uniform scan pattern, where the (a) and (b) parts of Fig. 11 are 

mutually orthogonal, but each part is also orthogonal to its counter

part in Fig. 10, as seen from the fiducial markings and x,y coordi

nates. Tabulated data corresponding to those of Fig. ll(a,b) are 

giver* in Table 3.
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TABLE 1. Scatterplate.interferometer figure errors 
for coordinates on f/5 spherical mirror9 
corresponding to Fig. 10(a).

Scan * 
No. y* m(y)* Scan 

No, X y m(y)

'1 -3.639 -.866 .080 3 -2.629 -1.309 .071

-.447 .047 -.873 .058
-.028 .016 -.451 .028

.403 — e 002 . -.017 ,013

.824 . -.032 .413 -.007
1.234 -.073 .841 -.027

2 -3.134 -2.185 .102 1.259 -.060

-1.721 .119 1.686 -.081

-1.301 .088 2.113 -.103
. 880 .057 2.539 -.125

-.439 .049 . 4 -2.124 -3.114 .055
—«006 .032 -2.649 .072

.4io -.002 -2.199 .074

.837 -.025 -1.759 .063
1.256 -.056 -1.315 .057
1.672 -.090 —. 885 .037

2.085 -.127 -.445 .028

3 -2.629 -2.655 .073 -.019 ,004

■ -2.196 .083

00O -.019
-1.746 .085 1 O-d-00 — .036



44

Table 1„ Scatterplate interferometer figure errors,
corresponding to Fig. 10(a)— Continued

Scan
No. X y m(y) Scan

No. X y m(y)

.4. -2.124 1.274 -.049
.

6 -1.114 —3.614 —. 012
1.708 —«o64 -3.134 .022

2.139 -.080 -2.680 .026

2.569 —. 098 -2.226 .031
2.994 -.121 -1.780 .027

5 -1.619 -3.127 .034 -1.332 .027
.-2.670 .042 -.897 .012

-2.204 .061 -.452 .008

-I.768 .047 -.034 -.024

-1.329 .036 HCXI -.016

-.885 .032 .876 —. 007

-.443 .024 1.306 ^.026

-.012 .006 1.739 -.040

.414 —. 018 2.189 —. 036

.859 -.021 2.629 -.042

1.290 —. 038 3.077 —. 040

1.723 -.053 3.514 -.048

, 2.160 -.063 7 .670 -3.632 -.048

2.595 -.074 . -3.179 -.045
3.038 -.077 -2.730 1 O 4=- o\

3.463 -.100 -2.271 -.036 '
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Table 1* Scatterplate interferometer figure errors,
corresponding to Fig. 10(a)--Continued

Scan 
No. X y m(y) Scan

No. y m ( y )

7 . 6 7 0 - 1 . 8 2 U - . 0 3 7 8 I.285 .926. .029
- 1 . 3 6 8 —. 03 0 1.378 . 0 3 4

- . 9 0 4 - . 0 1 2 1 . 8 4 3 .056

- . 4 5 5 -.011 2 . 3 0 5 .073
- . 0 1 4 - . 0 1 9 2.766 . 0 9 1

. 4 5 3 . 0 0 3 3.218 . 0 9 8

. 9 2 3 . 0 2 9 9 1 . 9 0 1 - 3 . 1 7 6 -.050

1 . 3 6 3 . 0 2 2 - 2 . 7 4 3 O.068

1.812 . 0 2 5 - 2 . 2 9 2 -.067

2 . 2 6 9 . 0 3 7 - 1 . 8 4 1 - . 0 6 4

2 . 7 4 3 . 0 6 9 - 1 . 3 7 5 - . 0 4 5

3 . 1 9 0 . 0 7 1 - . 9 2 2 - . 0 4 0

3 . 6 4 9 . 0 8 7 - .  4 6 o - . 0 2 4

8 1 . 2 8 5 -3.187 - . 0 5 8 . 0 0 1 -.010

- 2 . 7 3 0 - . 0 5 1 .458 . 0 0 2

- 2 . 2 8 1 — .050 .930 .030

-I.829 - . 0 4 8 1.394 . 0 4 8

- 1 . 3 7 4 1 O -pr O 1.862 . .074

— e 908 — * 021 2.318 .085

- . 4 5 1 -.010 2.783 .106

. 0 1 3 .007 2.237 .116

. 4 5 8 .005 10 2.516 -2.755 - . 0 8 4
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Table 1„ Scatterplate interferometer figure errors,
corresponding to Fig. 10(a)--Continued

Scan'
No. y m(y) Scan 

No. X y m(y)

10 2.516 -2.290 -.067 11 3.132 -1.385 -.061

-1.842 -.068 -.926 -.049

-1.375 • —«047 -.459 -.028

-.914 -.034 .005 -.010

-.456 -.023 .470 .009

— 0 002 - .016 .937 .032

.471 .013 ' 1.403 .054

.937 .034 1.893 .103

1.402 .054 12 3.747 • -.934 -.059

1.859 .067 -.459 — .030

2.334 .100 .006 -.011

2.791 • .113 k O -.002

11 3.132 -1.851 — . 08l . .917 .009

^Units on x and y are based on mirror diameter of 8 units 
and those on m(y) are based on unit wavelength (0.6328 micrometer)„
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TABLE 2. Scatterplate interferometer figure errors 
for coordinates of f/5 spherical mirror, 
corresponding to Fig. 10(h)..

Scan
No. X* m(x)* Scan

No. X y m(x)

1 3.750 -1.019 -.068 3 2.807 .527 .01*0

-.1*92 -.017 1.021 ,058

. .016 .015 1.512 .071*

.523 .01*7 1.997 .083

1.031 .080 2.1*77 .088

2 3.279 -2.033 -.131*, 1* 2.336 -2.968 -.120

-1.515 -.093 -2.1*75 —. 106

-1.000 -.05I* -1.970 -.078

-.1*87 -.017 -1.1*67 -.052

.028 .022 -.983 -.046

.526 .01*1* —.1*83 -.023

1.029 .072 ' .025 .010

1.518 . 086 .522 .030

2.001 .093 1.010 .042

3 2.807 -2.1*90 -.117 1.502 .059

-2.807 -.106 1.985 . 066

-1.1*98 -.080 2.1*68 .074 .

-.985 -.01*3 2.91*6 .076

-.1*86 -.022 5 1.865 -2.921* -.078

.028 .017 -2.1*32 -.065
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Table 2, Scatterplate interferometer figure errors,
corresponding to Fig. 10(b)--Continued

; r X m(x) Scan
No. y X m(x)

1.865 -1.950 -.062 6 1.393 1.965 .036

-1.467 -.057 2.440 .036
—. 966 -.033 .2.913 .034

-.479 -.023 3.387 .032
.026 .006 7 -.125 -3.290 .024

.512 ■ .016 -2.791 .044

1.005 .032 -2.326 .029

1.487 .039 -1.861 .015

1.979 .055 -1.391 .007

2.457 .058 -.912 .008

2.929 .054 -.437 .005

1.393 -3.381 -.059 .027 -.009

-2.887 -.045 .536 .025
-2.407 -.044 .986 -.003
-1.936 -.051 1.453 -.013

-1.453 -.046 1.918 -.025
-.962 -.033 2.391 -.027

-.455 -.002 2,872 -.021

.028 .oo4 3.345 -.023

.516 .016 8 -.843 -3.702 .091

.962 -.016 -3.227 .085
1.476 .023 -2.753 ,080
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Table 2e Scatterplate interferometer figure errors,
corresponding to Fig, 10(b)— Continued

can
No, y X m(x) Scan 

No. y X m ( x )

'8

00~=t
GOI - 2 . 3 0 2 . 0 5 1 9 - 1 . 5 6 1 . 9 6 3 - . 0 3 4

- 1 . 8 3 3 . 0 4 1 1 . 4 2 9 - . 0 4 5

- 1 . 3 6 9 .026 1 . 9 0 1 - . 0 4 9

- . 9 2 0 - . o o 4 2.367 — e 060
- . 4 0 2 .038 2 . 8 3 7 — e 066

. 0 4 5 .006 3 . 3 0 7 -.070

. 5 0 8 -.008 10 - 2.279 - 2 . 7 1 2 .118

. 9 7 1 -.023 - 2 . 2 5 3 . 0 9 6

1 . 4 4 2 -.029 - 1 . 7 9 7 . 0 7 2

1 . 9 1 1 -.035 - 1 . 2 4 7 . 0 4 3

2 . 3 7 9 - . 0 4 3 - . 8 8 6 .026
2 . 8 4 7 -.052 - . 4 3 2 . 0 0 1

3 . 3 2 3 -.050 . 0 3 1 - . 0 1 4

9 - 1.561 - 3 . 1 8 0 .132 . 4 9 2 -.031
- 2.730 . 1 0 1 . 9 5 8 - . 0 4 2

- 2 . 2 7 8 . 0 7 3 1 . 4 2 7 -.049
- 1 . 8 2 4 . 0 4 8 1.899 -.053
- 1 . 3 5 7 . 0 3 5 2.383 - . 0 4 6

- . 8 8 8 .026 2 . 8 3 5 -.070
- . 4 3 1 . 0 0 4 1 1  . - 2 . 9 9 7  . - 2.262 .085

. 0 3 5 -.008 - 1 . 8 H .057

. 4 9 2 -.029 - 1 . 3 4 2 . 0 4 7
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Table 2. Scatterplate interferometer figure errors, 
corresponding to Fig. 10(b)--Continued

Scan
No.

Scan
No.m(x) m(x)

-.888 -.065- 2 . 9 9 7 .022
-.00612. 0 0 9 - 3 . 7 1 5

-.011

. 0 2 4  - . 0 2 4- . 0 2 9

. 4 8 6 o 4 o-.035

1 . 4 3 9

1.885 -.070

%nits on x and y are based on mirror diameter of 8 units 
and those on m(x) are based on unit wavelength (0.6328 micrometer).
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+ T3 X - w x
(X = 0.6328 Urn)

(a) From interpolation of scatterplate interferometer 
data in Fig. 10(a).

Figure 11.- Interpolated figure-error profile of f/5 spherical mirror.
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(b) From interpolation of scatterplate interferometer 
data in Fig. 10(b).

Figure 11. Continued
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TABLE 3. Scatterplate interferometer figure error data 
for coordinates'of f/5 spherical mirror, . 
corresponding to Fig. ll(a,b).

x« y* m(x)* m(y)* ; X y m(x) m(y)
■ —. 3̂- -.83 .019 .0k7 ,3k -.50 -.050 -.0k8

-.IT -.002 .008 .50 —. 067 -.050
.00 -.022 -.013 .66 -.071 -.062

.17 -.0k5 -.036 —. 83 -.3k .102 .128

— e 060 -.029 -. 66 .073 .090
-.66 -.66 . .073 .125 -.50 .052 .051
— • 50 .066 .080 -,3k . . 030 ,031
-.3U .032 . 0k6 -.17 .015 . .017

-.17 .008 .016 .00 -.008 .001
.00 -.023 -.010 .17 ■■ -.029 -.028

.17 -.0k5 -.03k ■ .3k -.039 -.039

.3k -.052 -.0k3 .50 -,0kk -.0k8

.50 -.071 -.060 . 66 -.0k8 —. 061

.66 -.080 -.051 .83 -.065 — e 06k

-.66 -.50 .087 ,108 — • 83 -.17 . .956 .069

. ■ -.50 .067 .077 -.66 .0k3 ,067

-3k . 0k2 .Okl -.50 .032 .038

-.17 .005 .013 -.3k ,021 .018

,00 e 020 -.013 -.17 .000 .017

.17 -.036 -.035 .00 — e 006 .008
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TABLE 3'-̂ Continued

X y m(x) m(y) X y m(x) m(y)

.17 -.17 — . 008 -.003 .17 .17 .018 .015

.34 -.016 -.022 .34 .015 -.009
' .50 -.031 -.033 .50 .015 .002

.66 -.028 ■". 042 . 66 .023 . .005

.83 -.039 -.043 .83 .015 .006

■S- . 83 .00 .029 .015 -.83 .34 -.06l -.055
r .66 .013 . .035 -.66 —. 066 -.039
—. 50 .004 .013 —. 50 -.048 -.048

-.34 -.010 ".004 . -.34 - . 034 ■ -.042

-.17 -.045 . 008 -.17 -.015 -.012
.00 -.045 - . 0 1 1 .00 .005 .002

.17 -.021 .024 .17 .021 .005

.34 .007 -.010 .34 .035 .005

.50 -.013 -.022 .50 .049 .035

.66 -.014 -.019 . 66 .053 .033

.83 -.009 -.018 .83 .046 .030

• -.83 .17 — 6 0l6 -.024 -. 66 .50 —. 098 -.081

-. 66 -.017 — .002 -.50 -.071 -.066

-.50 -.029 -.019 -.34 -.048 -.050

-.34 -.013 -.019 -.17 -.022 —. 030

. -.17 .002 .001 .00 —.001 .006

,00 .013 -.009 .17 .028 .025
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TABLE 3— Continued
1

X y m(x) m ( y ) x  y m(x) m ( y )

.50 .066 . 0 4 3  ' . 3 4  . 6 6  .088 . 0 6 4

' , 5 0 . 0 7 7 .058 .50 . 1 0 2 . 0 7 7

' . 6 6 . 0 8 4 .063 . 6 6 . 1 1 2 . 0 8 6

- . 5 0 , 6 6 -.096 - . 0 9 4 — . 3 4  .83 —«062 - . 0 8 0

- . 3 4 - . 0 5 7 . - . 0 6 1 . -.17 -.006 - . 0 2 9

- . 1 7 - . 0 1 2 - . 0 3 1 . 0 0 . 0 3 8 . 0 2 0

. 0 0 . 0 2 9 . 0 1 2 .17 . 0 7 3 . 0 5 2

. 1 7 . . 0 6 3 . o 4 i .34 . 1 0 0 . 0 8 3

T̂he x and y measurements are based on a diamter of 2 
units, and m(x) and m(y) are in units of wavelength (0.6328 
micrometer),
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Comparison of Foucault and 
Scatterplate Interferometer Data

As discussed in Chapter 4 and illustrated in Figure 7(h), experi

mental Foucault-test data were obtained for two mutually orthogonal 

scanning patterns, each consisting of eleven equally spaced parallel 

scans. The observed scanning patterns provide data directly parallel 

with those determined from the scatterplate interferometer measurements 

(Figure 11), Each of the mutually orthogonal sets of scatterplate 

interferometer data is independent of the other and provides a complete 

two-dimensional analysis of the mirror figure error. However, ■ as 

discussed briefly in Chapter 2, a single set of parallel scans in the 

Foucault pattern for a single relative orientation of knife edge and 

mirror is insufficient for two-dimensional evaluation of the mirror 

figure if figure errors are present that do not have rotational sym

metry. In other words, even though each scan in the Foucault pattern 

reveals the true profile of the mirror along that scan, there is 

generally a .bias in the measurements along each scan due to the pres

ence of errors of figure not having rotational symmetry.- For the scan . 

patterns observed in the present evaluation, one could remove any bias 

by adjusting the error values separately for each of the eleven scans 

to match those of the orthogonal diameter (or one of the orthogonal 

. chords) at the 11 points of intersection. However, the choice of the 

diameter or chord among those intersecting all eleven scans, is arbi

trary; therefore, we consider the average effects of the five chords, 

including the diameter, which intersect all 11 scans, thus using the
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redundancy in the data as a method of reducing the influence of experi

mental errors on the final results* Figures 12(asb) and 13(a,b) are 

plots of the resultant data, for the first and second series of Fou^ 

oault tests, respectively* Figure 14(a,b) presents a more direct com

parison of parallel sets of Foucault and scatterplate interferometer 

data* Figures 12 and 13 are based directly on the data in Tables 4 

and 5, respectively, which show the figure-error values for each coor

dinate in the grid formed by intersection of the two orthogonal scan 

patterns* There is a direct parallel among the scatterplate interfer

ometer data presented in Figure ll(a,b) and Table 3 and the Foucault 

data presented either in Figure 12(a,b) and Table 4 or in Figure 

13(a,b) and Table 5,
The m(x) and m(y) values in Tables 4 and 5 are the values 

obtained after adjusting the error values for the eleven scans via 

averaged bias numbers obtained from the corresponding five central 

orthogonal scans* Equivalently, we could calculate 5 separate sets of 

error data for each scan orientation, one for each orthogonal chord, 

and than average the five sets to obtain the final tabulated values* 

Examination of peak̂ to-̂ valley contours and magnitudes and rms values 

determined by using each of the five individual chords alone to remove 

bias in the 11 orthogonal scans assured reasonable self-consistency 

among the data*

Table 6 presents rms wavefront and peak-to-valley error values 

for further cross-comparisons of the corresponding sets of Foucault 

and scafterplate interferometer data* The data are based directly on
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1010
(X = 0.6328 Vim)

(a) x-direction profile.

Figure 12. Figure-error profile of f/5 spherical mirror 
determined from first Foucault test.
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(b) y-direction profile.
Figure 12. Continued
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(X = 0.6328 ym)

(a) x-direction profile.

Figure 13. Figure-error profile of f/5 spherical mirror 
determined from second Foucault test.



(b) y-direction profile.
Figure 13. Continued
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+x

10 10

Scatterplate interferometer 
First Foucault test 
Second Foucault test

Figure ih . Comparison of figure-error profiles for 
scatterplate interferometer and Foucault 
tests.
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+x

10

10

Scatterplate interferometer 
First Foucault test 
Second Foucault test

(b) y-direction.

Figure lU. Continued
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TABLE U. Foucault figure error for coordinates of f/5
spherical mirror, corresponding to Fig, 12(a,b).

• X* m(x)* m(y)* X y • m(x) m(y)
- • 3 k -.83 -.002 —. 046 .50 * 50 -.055 — e 060

.-.17 -.029. -.049 .66 .-.055 -.049
.00 -.038 -.037 —. 83 — 0 3̂ +.048 ’ + .039

,17 -.039 -.027 -.66 + .029 + .021

, 3 k -.061 -.027 -.50 +.025 . + .007

- 6 6 - . 6 6 + .026 + .04l —. 34 + ,018 +.001

50 +.001 +.004 —. 17 + .013 -.001
-.34 -.005 -.028 .00 -.003 -.010

-.17 -.014 . -.034 .17 -.018 -.004

.00 -.029 -.029 .34 -.024 -.013.

.17 -.042 ' -.031 .50 -.035 -.047

.34 . -.055 -.037 .66 -.040 -.036

.50 -.072 -.059 .83 -.052 - .068

. 66 -.091 —. 038 —. 83 -.17 . +.054 + .027

-.66 -.50 + .006 +.028 -.66 + .032 + .012

—. 50 + .001 +.010 , -.50 . +.026 •' + .012

■ -.34 -.002 -.016 -..34 + .025 + .012

-.17 — .005 -.021 -.17 + .021 + .016

.00 — .003 -.022 .00 +.011 + .009

.17 -.037 -; 018 .17 —. 000 . +.001

,34 -.046 -.032 .34 -"DOT . -.003
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TABLE Continued

X y m(x) m(y) X y. m(x) m(y)

.50 - . 1 7 - . 0 1 1 - .0 3 0 .50 -17 . . + .021 + .022

.66 - .0 1 0 - .0 3 0 .66 + .017 + ,011

.83 - . 0 1 7 - . 0 5 8 .83 .000 + .013

—. 83 .00 + .034 + .017 - .8 3 .34 - . 0 1 3 . - . 0 0 9

-  - 66 + .028 + .016 - . 6 6 - , 0 2 7 . 7 ■ - . 0 1 4

- . 5 0 + .023 + .007 - .  50 - .0 2 7 - . 0 1 2

t .3U + .018 * +. oo4 . - . 3 4 - . 0 3 3 - . 0 2 1

- . 1 7 + .014 +.015 - . 1 7 — e 006 - .0 0 7

.00 + ,013 + .018 . ,00 + .018 + .012

,17 + .010 +.007 .17 + .031 + .018

,34 .000 - .0 0 2 .34 ■ +.040 + ,030

.50 — .007 —. 005 .50 + .043 + .056

.66 - .0 0 5 - . 0 1 9 .66 + .043 +. 066

.83 - .0 0 7 - .0 3 3 .83 +.023 + .077

—. 83 .17 - .0 0 9 + .008 - , 6 6 .50 1 b - , 0 2 1

- . 6 6 — 0 006 + .008 - .5 0 —. 056 - .0 1 8

- . 5 0 - . 0 2 4 — .006 - . 3 4 - .0 5 2 - . 0 3 4

- . 3 4 - . 0 2 7 - . 0 1 1 - . 1 7 - .0 2 9  • - . 0 1 2

' - . 1 7 . .000 + .002 . .00 +.008 +. 004

.00 + .022 + .017 .17 + .051 . + .024

. 'IT + .027 + .014 .34 +.085 + .065

• ,34 + .020 +.004 .50 + .096 +.097
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TABLE 4— Continued

X y m(x) m(y) X y 14W m(y)
,66 .50 + . 0 8 3 + .116 .50 ■; .66 + .112 + .  138

- . 5 0 .66 - . 0 6 7 - . 0 3 7 .66 + .089 + . 1 4 8

- . 3 4 - . 0 5 9 — e 0 4 0 - . 3 4 . 8 3 - . 0 4 3 -.063
- . 1 7 —. 0 2 8 ' - . 0 1 3 -.17 —. 0 2 7 . - . 0 2 3

. 0 0 + . 0 2 1 + . 0 1 0 .00 +.616 + , 0 2 2

■ . 1 7 / . +  ,074 . + . 0 4 4 : a 7 + .068 . +.065
. 3 4 + . 1 0 9 + . 1 0 0 .34 + . 1 1 1 + . 1 1 1

*The x and y measurements are based on a diameter of 2 
units, and m(x) and m(y) are in units of wavelength (0.6328 
micrometer).



. 3 4 . 93 - . 0 1 0 -.026

. 1 7 - . 0 1 9 - . 0 5 4

. 0 0 - . 0 2 5 - . 0 4 7

. 1 7 —  a 04 0 - . 0 6 5

. 3 4 - . 0 5 5 -.070

. 6 6 - . 6 6 • + . 0 5 4 . + . 0 3 6

. 5 0 + .  0 1 3 + . 0 1 2

. 3 4 + . 0 1 1 - . 0 0 5

. 1 7 ■». OOo - . 0 2 7

. 0 0 - . 0 1 7 -.026
, 1 7 - . 0 0 8 - . 0 5 7

. 3 4 - . 0 3 2 -.063
. 5 0 - . 0 5 0 - . 1 1 7

. 6 6 —. 061 - . 1 0 9

. 6 6

OLf\r +  . 0 0 5 + . 0 1 5

. 5 0 + . 0 0 5 + . 0 1 4

. 3 4 - . 0 1 1 . 0 0 0

, 1 7 - . 0 1 1 - . 0 2 2

. 0 0 —. 0 2 0 -.018

. 1 7 - . 0 2 4 - . 0 4 2

. 3 4 - . 0 2 3 - . 0 4 4

. 66 — , 0 6 o -.118
- . 9 3 - . 3 4 +.068 . + . 0 4 2

- . 6 6 + ,038 + . 0 0 9

- . 5 0 + . 0 3 4 . 0 0 0

- . 3 4 + . 0 2 4  ' : . - . 0 1 7

- . 1 7 + . 0 2 0 -.016
. 0 0 +.011 - . 0 0 8

. 1 7 — . 0 0 1 - . 0 1 4

. 3 4 —. 011 -.013

. 5 0 -.013 - . 0 4 7

. 6 6 -.006 . -.063
, 8 3 -.009 - . 0 4 7

- , 8 3 . - . 1 7 +.078 + . 0 2 3

- . 6 6 +,051 + . 0 0 3

— o 50 +.037 - . 0 1 7

- . 3 4 + . 0 3 0 - . 0 2 1

- . 1 7 + . 0 2 3 - . 0 1 2

, 0 0 + . 0 1 5 . 0 0 0

. 1 7 + . 0 1 4  . + .006
. • 3 4 + . 0 2 2 + . 0 1 9

TABLE 5» Foucault figure error for coordinates on f/5
spherical mirror, corresponding to Fig. 13(a,h),

y*. . m ( x ) m ( y )

-’ . 0 5 9
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TABLE 5— '•Continued, ,

X . y m ( x ) m ( y) X y m ( x ) m ( y )

■ .59 - . 1 7 + . 0 2 2 - . 0 3 0  . . 5 0 .17 + . 0 7 2 + .068
■ . 6 6 + . 0 2 1 - . 0 1 7 . . 6 6  . +.093 . + . 0 7 7

" .83 + . 0 2 4  ' - . 0 0 1 ; . . 8 3 + . 0 9 4 + . 0 5 9

—, 83 . 0 0 ' + . 0 4 8 + . 0 1 1 —. 83 . 3 4 . - . 0 4 1 - . 0 2 9

- . 6 6 + .030 - . 0 1 1 -.66 . - . 0 4 8  . . - . 0 3 6

“.50 + . 0 1 4 - . 0 3 0 - . 5 0 r-,057 —. 045

- . 3 4 + . 0 1 2  • —. 026 - . 3 4  . -.066 — .050

- . 1 7 ' + . 0 1 9 - . 0 1 3  ■ . . --I? -.03Q . - . 0 3 0

.00 + . 0 2 2 + . 0 0 1 .00 + .022 - . 0 0 7

. 1 7  • + .026 + . 0 0 9 .17 +.062 + .026

. 3 4 + . 0 3 3 + . 0 3 0 .34 + .082 + .016

. 5 0 + . 0 2 8 + . 0 2 1 .50 + .092 + .078

.66 . + . 0 2 1 + . 0 2 7 , .66 + .096 + . 0 8 9

.83 +.023 + . 0 3 4 . 8 3 + .085 + .062

-.83 . .17 -.QQ2 - . 0 0 9 -.66 . • 50 - . 0 8 8 - . 0 5 4

-.66 - . 0 2 2 -.026 - . 5 0 —. 096 -.066

■ - . 5 0 - . 0 4 5 - . 0 3 7 - . 3 4 ' -.078 - . 0 7 0

- . 3 4 - . 0 3 9 - . 0 3 6 - .  1 7 - . 0 5 0 -.056
- . 1 7  ' - . 0 1 1 - . 0 1 9 .00 - .0 1 5  - ' -.016

. .00 + .026 - . 0 0 3  - . 1 7 + . 0 4 3 + .003
.17 + . 0 5 3 + .03,4 . 3 4  . + . 1 0 7  ' + . 0 3 2

.34 + .061 + . 0 2 3 .50 . +.112 - + . 0 9 5
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TABLE 5-^Continued

X y m ( x ) m ( y ) X y m ( x ) m ( y )

,66 .50 +.104 ■ +.077 .50 .66 + .103 + .104
■'-.50 .66 -.109 -.087 .66 + .087 .071
■-.3k —, 0 80 -.085 -.34 ’83 .-,100 -.116
' -.17 -,04i -.068 -.17 - . 0 6 1 -.081

.00 -.001 -.024 .00 -.001 -.034

.17 + .041 + .014 .17 + .048 +.042
:.3k + .084 + .055 .34 + .079 + .041

*The x and y measurements ape based pn a diameter of 2 
units, and m(x) and m(y) are in units of wavelength (0,6328 
micrometer),
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TABLE 6. Summary of figure-error results on f/5 
spherical mirror .(A.= 0.6328 ym)

Method
of

Measurement

Root mean square 
figure error 
(relative to A)

Peak-to-valley 
figure error 
(relative to A)

Scatterplate
Interferometer

,049 
. (Fig. 11a)

.210

.047 . 
(Fig. lib)

.222

Foucault .042 . 
(Fig. 12a)

.203

.042 
' (Fig. 12b)

.211

.052 
(Fig, 13a)

.222

.049
(Fig. 13b)

.221
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Tables 3? U9 and 5- Since the rms values are calculated from un

weighted data points lying on a uniform rectangular grid, as. determined 

from cubic-spline interpolation, identical sampling and identical areas 

of the test mirror are represented in the rms calculations, as well as 

in the error profile representations in the figures for the scatter-

plate interferometer and Foucault-test data. It can be seen from
' ' ■ ",

Table 6 that for both methods, the ratio of rms error to peak-to-valley 

error is approximately 1/5, a general characteristic that has been 

observed to apply to wavefronts of good-quaiity optical, elements (35)•

As an additional final aid for comparison of the results of 

the two measuring methods, we present in Figures 15-17 computer-generated 

contour plots of the error data, showing lines of constant error over 

the mirror surface for the total range of error values. Figure 15, 

presenting the contour data for the scatterplate interferometer, corre

sponds with the previous Figure 11 presentation, while Figures l6 and 

17 that display the Foucault results correspond with Figures 12 and 13, 

respectively, with correspondence of the (a) parts and of the (b) parts, 

as before.
In order to minimize influence of experimental errors, it would 

be desirable to average the orthogonal sets of data (not done for this 

reporting), after minimizing the difference between them during the 

process of two dimensional figure-error analysis. The complete results 

then could be presented in only two error-contour plots, one for each • 

of the two sets of Foucault measurements. The two sets of measurements



o  = -130 
□  —  -120 
O = -HO 
A  = -100 
(X = -030
IX = -080
q = -070 
0 - -060 
q - .050 
A = -040 
0  = -030 
@  —  -020 
<$> = -010 
A - - .000 
El = -.010 
ffi = - .020 
a = - .030 
$  = - .040 
f - ~ -050 
6 = - -060 
q. = - -070
m = - .080
<g> = - .090 
A = -.100 
tx = -.110
fib = - . 1 2 0
63 = -.130 

Fraction of X 
(.6328 p,m)

(a) For error data in Figure 11(a).

Figure 15. Contour plot of scatterplate interferometer figure-error daca on mirror. 'vj
N5
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(b) For error data in Figure 11(b)

O  = .130 
□  —  .120  
<2> = .110 
A - -100 
|X - -030
q  = -080
□ = -070
O  = .060
^ = .050 
d = -040 
0  = -030
a = -020 
<$> = -010 
A = ~ .000 
6l = “ *010
a = - .020
e = -.030 
<$> = - .040 
A = - .050
Si = - .060
<g> = - .070
n = - -060 
<g> = - .030 
A - ~ .100 
Ul - -.110
Gb = -.120
i2 = -.130 

Fraction of X 
(.6328 M-m)

Figure 15. Continued u>



(a) For error data in Figure 12(a).

Figure 16. Contour plot of Foucault figure-error data on mirror. -̂j-p-



(b) For error data in Figure 12(b)

0 = .130
□ — .120o - .110
A — .100
H - .030
n z .080
Q z .070
o Z .060
0 z .050
A = .040
e z .030
a z .020

= .010
A z -.000

z -.010
& z -.020
ffi - .030
$ = -.040
# z -.050
A z - .060

z -.070
DC z - .030
4> z -.030
A z -.100
Ik z -.110
a z -.120
lil z -.130

Fraction of X 
(.6328 jxra)

Figure 16. Continued. U1



(a) For error data in Figure 13(a).

Figure 17. Contour plot of Foucault (second test) figure-error data on mirror. O'
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were obtained six months apart 9 providing a better measurement of re

peatability (precision) of measurement than that represented in the two 

orthogonal counterparts of a single set of measurements.

During the six-months interval between the two sets of Fou

cault tests on the f/5 mirror9 we made tests on an f/3 mirror of the 
same 20-cm diameter, for comparison also with scatterplate interfer

ometer measurementso However, we concluded that the Fouqault apparatus, 

the point-source wavefront in particular, was inadequate for f/3 

testing. Presumably, the inadequacy is one of the particular apparatus 

and not one of the method itself.

Error Analysis

Evaluation of Results

Investigations more extensive than the present ones with the 

scatterplate interferometer and the Foucault test would be required 

to establish refined values of measurement precision and associated 

accuracies of the data obtained, including a thorough evaluation of 

systematic errors and reduction of random errors by many replications 

and pertinent statistical analysis. Such investigations, in addition, 

could not be based on a single scatterplate interferometer or single 

Foucault apparatus, if the ultimate precision of the method itself 

rather than of a particular apparatus were to be determined. For the 

purposes.of the present study, the scatterplate-interferometer data 

were used as a standard and were regarded as correct, to within some



79

precision estimated by the differences between the orthogonal sets of 

data. The justifications for this approach were the established relia

bility of the scatterplate interferometer method and the fact that the 

particular scatterplate interferometer used had already been used as a 
reference instrument for evaluating the performance of a laser unequal 
path interferometer (LUPl), with gratifying results. We take as a meas

ure of precision of the scatterplate interferometer a value of 0.002 X 

(rms)s derived from the difference between the two values of rms figure 

error obtained for the two orthogonal sets of data (see Table 6). Like

wise 9 we can deduce from this table a precision of 0.010 X for the 

Foucault measurements9 based on the maximum spread in rms figure error 

values for the different sets of measurements. The difference between 

the average rms values for the scatterplate interferometer measurements 

and the'average rms value for the Foucault determinations is 0.002 X. 

Therefore9 the discrepancy between the results of the two methods lies 

within the bounds of their precisions, a condition necessary, though 

not sufficient, to assure that both methods are giving correct results. 

Assuming that the scatterplate interferometer me as ur ement s are correct, 

we conclude that the Foucault measurements are also correct within the 

limits of their precision. The rather close agreement between PTV 

errors determined by the two methods of measurement provide further 

credibility that both methods are providing a true representation of 

the rms figure error and lead one to conclude that there are no signifi

cantly large systematic errors present in either system of measurements.
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We are comparing a series of determinations by different persons with . 

fundamentally different methods 9 apparatus 9 and procedures, and should 

be justified in reasoning that the true figure error lies near the means 

of the several series of measurements. (37),
As indicated in the previous section, we attempted another com

parison study on an f/3 mirror,parallel in procedure with the one that 

has been described for the f/5 mirror« The only real conclusion of 

this evaluation was that, while the Foucault apparatus constructed for 

the current investigation was adequate for f/5 testing, it was inade

quate for f/3 testing. This conclusion is based on l) the fact that the 

orthogonal data sets for each of two separate tests were not mutually 

consistent over most of the mirror surface, and the results of the first 

and second sets of tests were also not in close agreement; 2) the f/3 

Foucault-test results did not match closely the results from the scat- 

terplate interferometer over most of the mirror surface; and 3) the fact 

that the tests were made between the first and second tests on the f/5 

mirror indicates (from the reliability of the second-test data on. the 

f/5 mirror) that there were no significant anomalies in the apparatus 

performance to which the disappointing results in the f/3 tests could 

be attributable. Suspected reasons for the incongruous results from 

the f/3 tests are given in the next section. However, as an additional 

confirmation of the consistency of the scatterplate interferometer 

performance, we should note here that the two orthogonal sets of data 

on the f/3 mirror obtained with it agreed within 0.002 X (rms), con

sistent with the performance for the f/5 mirror.
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Evaluation of the Performance of the Foucault Apparatus

• In this section we will briefly discuss- some of the limitations 

of the Foucault apparatus which are believed to account for the major 

differences exhibited between the scatterplate interferometer results 

and the Foucault tests on the f/5 mirror3 the larger imprecision in the 

Foucault measurements on this mirror9 and the inadequacy of the 

Foucault apparatus for f/3 testing. Three vital components in the 

point-source system of the apparatus (Fig. 3) are lens L̂ , lens L^ 9 

and mirror These components were selected within the constraints

of a limited budget for the project, with optimism that the point-source 

wavefront obtained would be sufficiently better than the test-mirror 

wavefront to evaluate the Foucault test for quantitative use. Lens 

L2 is the objective of a commercial laser-beam expander/collimator 

with a nominal specification of wavefront deformation less than 1/lOX 

over the expanded beam for wavelengths between O.U5 micrometer and 

1.1 micrometer. Ideally, it should have been optimized for the 

0.6328-micrometer wavelength, for improved performance. Lens L̂  was 

supplied by the same manufacturer as an off-the-shelf item for multi

wavelength use, also, and of nominal 1/lOX performance. Mirror 

was fabricated from a good grade of mirror stock. It was selected 

from a group of such miniature mirrors after a microscopic inspection 

to eliminate ones with coating defects. From a simple interferometer 

test we estimated roughly a flatness within 1/lOX and assumed that the 

small area (a, few mm ) on which the converging "beam was incident would 

he of sufficient quality for the planned experiment. It is probably



82

a combination of compromises in these components that accounts 
primarily for the greater imprecision in the Foucault tests than that 

characteristic of the interferometer tests, as well as for the re

duced performance when the effective numerical aperture of the point 

source was increased for f/3 testing.

There are other suspected less important sources of contribu

tion to the relative imprecision of the Foucault data. One contribution 

is the minor overall fluctuation in the laser irradiance level due 

to a sensitivity to small room temperature changes, as discussed 

earlier in Chapter 4, In retrospect, this temperature sensitivity 

could have been alleviated at least partially by incorporation of an 

improved stage for mirror M or by eliminating the folding mirror , 

if the granite table had been large enough to allow location of the 

laser on-axis with the collimator; however, such an arrangement would 

mean a more noisy input to the collimator, and could result in thermal 

perturbations of the system by the laser itself.

Other possible sources of some error relate to the use of 

the laser as the light source in lieu of a more conventional (less 

coherent) source. There was some reservation early in the planning 

of the research regarding use of a laser source, in view of certain 

anticipated problems, particularly coherent noise. In fact, there 

are specific recommendations in the literature against such use of 

the laser. However, the laser was incorporated with the belief that 

the advantages associated with its use would outweigh any disadvantages. 

In the end, coherent noise did not create any. serious problems, since
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the signal-to-noise ratio was reasonably good0 There would be some 

small errors associated with averaging coherent noise, coupled with 

other noise in the laser beam, not serious though, because the figure- 

error information is low-frequency in nature and the irradiance in the 

Foucault pattern is a very sensitive function of figure error. Figure 

18(a) is included to demonstrate the noise typical of a photometric 

scan of the f/5 mirror Foucault pettern, as well as that for the 

corresponding scan with the knife edge retracted, Figure 18(b) presents 

complementary data for the point source, while Figure 18(c) represents 

corresponding information for a perfect mirror and illumination source» 

The parts of Figure 18 representing scans of the Foucault patterns 

also demonstrate a second laser-related phenomenon of some concern, 

presumably an "overshoot” and "edge-ringing” effect in the Foucault 

pattern of the type that has been observed with single-sideband 

holograms (38). It is most pronounced in the Foucault, pattern of the 

point source. The penalty associated with this phenomenon was that it 

limited valid interpretation of the Foucault pattern to a radius of 

only 90-95% of true radius and introduced some confusion into location 

of best focus via techniques discussed in Chapter 4. However, this 

limiation was not of great concern, since the reduced scatterplate 

interferometer data were similarly confined to somewhat less than the 

full aperture of the mirror because of ambiguities in the interference 

pattern near the mirror edge„

It is probably in order to comment further regarding possible 

error due to uncertainty in determining best focus. The method of



Knife edge retracted Knife edge central

(a)

(b)

(c)

Figure 18. Examples of real and ideal photometric measurements for Foucault test.
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determining best focus Has not entirely satisfying and, could surely be 

improved in a more sophisticated system. E.g., in a slightly modified 

apparatus, one could incorporate OTF analysisbased on the edge-' 

gradient technique (31-33) that would, make use of the Foucault knife 

edge, and measure OTF as. a function of knife-edge focal setting to find 

the optimum focus»

One other source of error pertinent to the present testing pro

gram that should not be overlooked pertains to the basic limitation of 

the Foucault-test analysis to small errors (on order of 1/10 X or less) 

which results from approximations introduced to provide a linear theory. 

Since the peak-to'-rvalley figure error is approximately 0.2 X in the 

present.study, the valid application of the theory is marginal for some 

parts of the mirror surface. The question of the limitations of appli

cation of the linearized theory is discussed in references l6 and 19•

Implications of Results to Field of Optical Testing 

The present study clearly establishes the usefulness of the 

Foucault test as a practicable quantitative tool for measurement of 

small figure errors of the magnitude that must be measured to evaluate 

performance of diffraction-limited or nearly diffraction-limited optical 

elements or systems. In addition, the study demonstrates that prac

tical implementation of the test involves only simple photometric meas
urements over images of varied radiance, coupled with a simple computer 

processing to generate directly the test-element wavefront contour 

relative to a reference wavefront. Consequently9 the study demonstrates
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that s as a quantitative optical test method, the Foucault test is 

characterized by a basically simpler data reduction process than that 

associated with interferometric methods. The complementary basic 

instrumental simplicity of the test has been long and widely recognized. 

The total simplicity makes the test more amenable to real-time applica

tions than interferometric methods; thus, the test should be fully 

exploited as a tool that may aid the efforts of fabrication (manufac

turing) and optical testing technologies to attain a quantitative basis 

comparable with that of lens design.

One has some reason to be surprised that knowledge of the quan

titative potential of the Foucault test has remained, submerged for so 

long. Indeed, there have been some recent reserved admissions in the 

literature (23, 25, 39) of the need for studies of the potential appli

cations of some of the classical diffraction tests to phase object and 

aberration analysis. In addition, a recent study by Golden, Shack, 

and Slater (4o) on methods of sensing errors in a telescope wavefront 

has demonstrated unexpected quantitative potential in some, of the 

classical methods of optical testing. At one time the Foucault test 

was considered as a candidate method for space telescope figure-error 

sensing (4l), during Perkin-Elmef Corporation's "Active Optics" re

search program for the Langley Research Center, i.e., a program to 

evaluate methods of actively controlling the figure of a large primary 

mirror via mechanical actuation coupled with feedback information to the 

mechanical actuator from a figure-error sensor. Objections to the test 

were based on possible limitations of the method in dealing with
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misalignments in a segmented primary mirror, as well as apparent limi

tations associated with visual interpretation which would have precluded 

full automation of the technique. Subsequent evolution in the active 

optics concept and the currently proven quantitative potential (pre

viously unrecognized) of the Foucault test have removed the bases of 

the original objections; consequently, it seems appropriate to re

examine the Foucault test for space telescope application via mathe

matical and laboratory modeling of a Foucault figure-error sensor.

The conversion of interference-fringe data to computer-usable 

data is not simple, involving a several-step process that entails 

additional precision measurements, as pointed out in reference 42.

One proposed focal-plane technique for figure-error measurement based 

on shearing interferometry on a stellar source (43) avoids the conven

tional interferogram reduction process by introducing phase modulation 

in one leg of the interferometer. However, the resultant optical sys

tem is not simple, particularly in comparison with a conceivable 

Foucault figure-error sensor based on modification of some of the 

spectrometric instrumentation of the telescope. The design of a 

Foucault-based figure-error sensor appears to be as practical as that 

of other types, such as the stellar interferometer of ref. 43, in terms 

of ample available stellar power at the detector plane and potential 

high signal-to-noise ratio. One could expect that approximately 1/3 of 

the collected light of the telescope would be available in the Foucault, 

pattern for analyzing figure erpor; for a perfect mirror, the halo of 

the Foucault pattern contains 1/3 of the total illumination (19), and
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the knife edge obstructs one-half of the other 2/3. Attenuation in the 

proposed sensor of reference 43 would be comparables due to the incor

poration of a number of- auxiliary optical elements 9 including a beam- * 

splitter5 that would probably not be required in a Foucault-based 

instrument. Although the Foucault test is limited9 at least by the 

current mathematical analysis 9 to evaluation of very small figure 

errors, it is the magnitude regime of errors to which it is limited 

that is of prime interest in the space telescope application; the mag

nitude of errors evaluated in the present study represents the prospec

tive error tolerances for diffraction-limited performance of a 3-meter 

telescope, based on Marectial's criterion (l9 p« 102). In addition, 

possibilities exist for evaluating larger figure errors by working in 

the infrared region, perhaps more appropriate to ground-based applica

tions, but not totally impractical (near IR) for space telescopy.

In the last section, it was suggested that an OTF-measurement 

adjunct to the Foucault test might be an aid to determining best focus 

for the Foucault test. As a corollary, the quantitative Foucault test 

could be a straightforward adaptation of OTF measuring equipment based 

on edge-trace techniques.



CHAPTER 6

CONCLUDING REMARKS

An experimental study has been conducted to evaluate the use of 

the Foucault test for quantitative determination of small (approximately 

1/10 wavelength and smaller) figure errors. The study made use of an 

existing theoretical formulation of the Foucault test to derive figure 

error data via photometric measurements in the Foucault irradiance . 

pattern of a 20-centimcter-diameter f/5 spherical mirror 9 and the figure 

error measurements were compared with results obtained by scatterplate 

interferometry in an independent evaluation of the mirror figure errors. 

The study showed that the Foucault test does indeed have a quantitative 

usefulness9 in contrast with the past regard of the test as only useful 

in a qualitative sense. Good agreement was obtained between the Fou

cault and scatterplate .interferometer measurements on the basis of 

point-by-point comparison of figure errors over most of the mirror sur

face. Close agreement was obtained on the basis of ms figure error9 

on the basis of peak-to-valley error9 and on the basis of the overall 

error contour over the mirror surface. On the basis of rms figure 

error measurement9 precisions of 0.002X and 0.010A were assigned to the 

scatterplate interferometer and Foucault measurements, respectively, 

while the discrepancy between the measurements by the two methods was 

0.002X.

89
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A similar comparison study was attempted, for a 20-centimeter- 

diameter f/3 spherical mirror. However9 inconsistencies within the 

Foucault measurements, as well as lack of close agreement with scatter- 

plate interferometer measurements indicated that the point-source wave- 

front for the f/3 testing was not of sufficient quality over the entire 

mirror aperture to evaluate accurately the small mirror errors, The ■ 

failure of these tests appears to represent a limitation of the partic

ular Foucault-testing apparatus used rather than an f/number limitation 

of the method itself. Presumably, successful f/3 evaluation would be 

obtainable by incorporating specially designed rather than off-the- 

shelf components into the optical system thpt forms the testing (ref- ■ 

erence) wavefront, and in addition, one would expect that precision as 

good as that characterizing scatterplate interferometry would be 

attainable, '

If the previously recognized simplicity of the Foucault test 

is coupled with the quantitative power of the test demonstrated in the 

present study, the test assumes strong appeal as a method of optical 

testing. Implementation of the test involves basically simple optical 

and photometric instrumentation concomitant with much simpler data pro

cessing than that required of interferometric methods. One particular 

application for which the Foucault test may be suited, is figure analy

sis’ in an orbital telescope. It seems appropriate that its potential 

for this application be carefully explored to determine its advantages 

and disadvantages relative to apparently more complicated methods that 

are presently under consideration. For applications calling for



91

real-time image or wavefront evaluation, the Foucault test also appears 

particularly suitable, since the wavefront contour relative to a ref

erence wavefront is generated directly from a simple processing of 

photometric data.



REFERENCES

Wetherell, William B . , "Image Quality Criteria for the Large 
Space Telescope", Space Optics - Proceedings of the 9th 
International Congress of the International Commission on 
Optics, edited by B. J. Thompson and R. R. Shannon (National 
Academy of Sciences 9 Washington, B.C., 197^)» pp. 55-103.

Wetherell, William B., "The Use of Image Quality Criteria in 
Designing a Diffraction Limited Large Space Telescope", 
Instrumentation in Astronomy Seminar-in-Depth, Proceedings of 

' the Society of Photo-Optical Instrumentation Engineers,' Vol. 28, 
edited "by Lewis Larmore and Robert W. Poindexter■(March 1972).

Morrison, Sol. L., "Development Problems of the Primary Mirror for 
Large Space Telescopes", Space Optics Seminar-in-Depth, Pro
ceedings of the Society of Photo-Optical Instrumentation Engi
neers, Vol. 18, 47-65 (1970).

Burch, J. M,, "Scatter Fringes of Equal Thickness", Nature, Vol.
171, 889-890 (May 16, 1953).

Shoemaker, A. H. and M. V. R. K„ Murty, "Some Further Aspects of 
Scatter-Fringe Interferometry", Applied Optics, Vol. 53 603- 
607 (April 1966).

Crane, Robert, Jr., "Figure-Sensing techniques". Optical Telescope 
Technology, NASA SP-233, 297-301 (1970).

Scott, Roderic M. , "Scatter Plate Interferometry", Applied Optics, 
Vol. 8, 531-537 (March 1969).

Houston, Joseph B.., Jr. , "How to Make and Use a Scatterplate Inter
ferometer", O^y^cal^Spectra, 32-34 (June 1970).

Briers, J. D. , "ihterferometric Testing of Optical Systems and 
Components: A Review", Optics and Laser Technology, 23-4.1
(Feb. 1972).

Heintze, L. R., H. D. Bolster, and J. Vrabel, "A Multiple-Beam 
Interferometer for Use with Spherical WavefrontsApplied 
Optics, Vol. 6, 1924-1929 (Nov. 1967),

Houston, J. B., Jr., C. J. Buccini, and P. K. O’Neill, "A Laser 
Unequal Path Interferometer for the Optical Shop", Applied 
Optics, Vol. 6, 1237-1242 ( July 1967).



93

12 . Hildebrand, B. P., K. A. Haines, and R. Larkin, "Holography as a
Tool in the Testing of Large-Aperture Optics", Applied Optics, 
Vol. 6, 1267-1269, (July 1967).

13•■ Deelen, W. van and P. Hisenson, "Mirror Blank Testing by Real-Time 
Holographic Interferometry", Applied Optics, Vol. 8, 951-955 
(May 1969).

14. MacGovern, A. J. and J. C. Wyant, "Computer Generated Holograms
for Testing Optical Elements" , Applied Optics, Vol. 10, 6l9- 
62k (March 1971)•

15. Katzoff, Samuel, "Quantitative Determination of Optical Imperfec
tions by Mathematical Analysis of the Foucault Knife-Edge Test 
Pattern", NASA TH D-6119 (Aug. 1971).

16. Gatewood, B. E."Comparison of Various Methods of Mathematical
Analysis of the Foucault Knife-Edge Test Pattern to Determine 
Optical Imperfections", NASA CR-1906 (Nov. 1971)«

17. Foucault, Leon, Ann.Obs. Imp. Paris, Vol. 5, 197 (1859).

18. Texereau, Jean, How to Make a Telescope (Doubleday and Company,
. Inc., 1963), 85-150.

19. Linfoot , E. H., "The Foucault Test", Recent Advances in Optics,
(Oxford University Press, 1958), 128-175*

20. Shafer, H. Jerome, "Physical Optic Analysis of Image Quality in
Schlieren Photography", Jour. Soc. Motion Picture Engineers, 
Vol. 53, 52h -5kk (19U9). '

21. Temple, Edward B., "Quantitative Measurement of Gas Density by
Means of Light Interference, in a Schlieren System", Jour.
Opt. Soc. Amer., Vol. h j , 91-100 (Jan. 1957)*

22. Lowenthal, Serge, and Yves Belvaux, "Observation of Phase Objects
by Optically Processed Hilbert Transform", Applied Physics 
Letters, Vol. 11, 49-51 (July 15, 1967).

23. Barakat, Richard, "General Diffraction Theory of Optical Aberra
tion Tests, from the Point of View of Spatial Filtering,"
Jour. Opt. Soc. Amer., Vol. 59, 1432-1439 (Nov. 1969).

24. Welford, W, T., "A note on the Theory of the Foucault Knife-Edge
Test", Optics Communications, Vol. 1, 443-445 (April 1970).



9b

25- Belvaux„ Y. and J. C. Vareille9 "Visualization of Phase Objects
"by Hilbert Transform, NASA TT F-l4,046, Jan. 1973, 1-34 (Trans 
lation of "Visualization d'Qbjets.de Phase par Transformation 
de Hilbert" , Nouvelle Revue d'Optique Appliquee, Vol. 2,
No. 3, May-june 1971, 149-162).

2,6- Vasil’ev, L. A., Schlieren Methods, Israel Program for Scientific 
Translations, Ltd. 1971,

27, Zimmerman, deyrold, "Evaluation of Surface Figure During Manufac
turing" 0 Optical Telescope Technology, NASA SP-233, 292 (1970)

'28, • Robertson, Hugh J, "Development of an Active Optics Concept Using
a Thin Deformable Mirror", NASA CR-1593, 17 (Aug. 1970).

29. Goodman, Joseph W., Introduction to Fourier Optics , McGraw Hill,
Inc. 1968,

30. ' Schwesinger, Gerhard, "Optical Effect of Flexure in Vertically
Mounted Precision Mirrors", Jour. Opt. Soc. Amer., Vol. 44, 
417-424 (May 1954),

31. Hopkins, Robert E. and Frank H. Slaymaker, "Knife Edge Testing of
OTF in Optical Systems", Electro-optical Systems Design, 27- 
29 (Dec. 1972).

32. Hopkins,. Robert E. and David Dutton, "Lens Standardization Study"
Technical Report AFAL-TR-70-93 (July 1970).

33- Moore, Robert, Frank Slaymaker, and Robert E. Hopkins, "Production 
Lens Quality Evaluation by the Simultaneous Measurement of the 
OTF at Three Field Points", Optical Engineering, 155-160 . 
(Sept./Oct. , 1973)..

34. MUrty, M. V. R. K., "The Use of a Single Plane Parallel Plate as
a Lateral Shearing Interferometer with a Visible Gas Laser 
Source", Applied Optics, Vol. 3, 531-534 (April 1964).

35. Berggren, R., "Analysis of Interferograms", Optical Spectra,
22-25 (Dec. 1970).

36. Ahlberg, J. H., E. N, Nilson, and J. L. Walsh, The Theory of
Splines and Their Applications (Academic Press, New York &
London, 1967).

37. Dorsey, N. Ernest and Churchill Eisenhart, "On Absolute Measure
ment" , Precision Measurement and Calibration: Selected NBS
Papers on Statistical Concepts and Procedures, NBS Special 
Publication 300, Vol. 1, edited by Harry H. Ku, p. 106 (Feb.
1969).



95

38. Bryngdahl, Olof and Adolf Lohmann, "Single-Sideband Holography",
Jour. Opt. Soc. Amer., Vol. 58, 620-62U (May, 1968).

39. Zimmerman, Jerrold, "Standards for Optical Testing", Optical
Engineering, 165 (Sept. - Oct., 1973).

UO. Golden, L. J., R. V. Shack, and P. N. Slater, "Study of an Instru
ment for Sensing Errors in a Telescope Wavefront", NASA-CR-
120353 (May, 197%).

h i . Wischnia, H. F., H. S. Hemstreet, and M. F. Maguire, "Active
Optical Systems for Space Stations", Perkin-Elmer Engineering 
Report No. 761+8, pp. lU-17 (April 2 k , 196k ).

1+2. Shannon, Robert R. , "Closing the Loop in Optical System Design",
IEEE Transactions on Aerospace and Electronic Systems,
Vol. AES-5, No. 2, 273-278 (March 1969).

1+3. Peters, W. N. , R. A. Arnold, and S. Gowrinathan, "Stellar Inter
ferometer for Figure Sensing of Orbiting Astronomical Tele
scopes", Applied Optics, Vol. 13, No. 8, 1785-1795 (August 197^).




