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FOREWORD 

This symposium was co- sponsored by the Kitt Peak National Observatory 

(Dr. D. L. Crawford) and the Optical Sciences Center and Steward Observatory 

of the University of Arizona (Dr. A. B. Meinel). The idea grew from the rec- 

ognition of the many common problems that were being faced by national and 

international groups in the engineering of large telescopes. The divergences 

of opinions and designs in regard to the nature of large astronomical mirrors, 

and their mounting and testing, made it evident that an exchange of ideas 

would be profitable to all of the groups. 

The meeting was organized and chaired by D. L.Crawford and A. B. Meinel. 

Special commendation is also due to R. H. Noble of the Optical Sciences Cen- 

ter for managing the numerous arrangements that contributed to making this a 

well- attended and successful symposium. 

The original intent of the symposium was merely to provide a face -to -face 

exchange of ideas. In retrospect, however, it was realized that the meeting 

constituted a milestone in large telescope design, and it was decided to edit 

the recording tapes and publish the proceedings. The task of transcribing the 

tapes fell to Patricia Grames and Evelyn Brant, with assistance in technical 

content from Earl Pearson of Kitt Peak National Observatory. 

In several cases the presentations atthe symposium led to continuing dis- 

cussion. In particular,the papers by Bleich and Schwesinger led to a spirited 

exchange in which considerable enlightenment resulted. We have decided not to 

include these supplemental contributions, both because they transpired outside 

the format of this meeting and in view of their intent to publish elsewhere. 

The editorial task undertaken by Martha Stockton was immense and was im- 

peded by prior responsibilities of all the persons involved. We are pleased 

to now conclude the report. We hope that readers will find this volume a use- 

ful addition to the limited available works on the topic of the design and 

testing of large astronomical telescopes. 

A. B. Meinel 

D. L. Crawford 



TABLE OF CONTENTS 

Introduction 

Welcoming address (Bowen Dees, University of Arizona) 

General introduction (Bruce Rule, California Institute of Technology) 

Accuracy (I. S. Bowen, Mt. Wilson and Palomar Observatories) 

Theoretical aspects of mirror support 

General characteristics of elastic mirror flexure in theory and 
applications (Gerhard Schwesinger, Carl Zeiss) 

Analytical determination of the deformations of mirrors on radial 
supports (fl. H. Bleich, Columbia University) 

Thermal effects 

Thermal effects in large mirrors (Walter A. Grunduran, Dilworth, 
Secord, Meagher and Associates) 

Thermal effects on primary mirrors (fi'. H. Noble, University of Arizona) 

1 

2 

8 

11 

24 

47 

62 

Axial supports 

Summary of axial supports (Presentation by Charles Fehrenbach, Observa- 
toire de Marseille, of papers by A. Couder and André Bayle) 66 

Effects of the Cassegrain hole on axial ring supports (E. T. Pearson, 
Kitt Peak National Observatory) 77 

Lever support systems (Bruce Rule, California Institute of Technology, 
and I. S. Bowen, Mt. Wilson and Palomar Observatories) 84 

Air bags (Clyde C. Chivens, Boller and Chivens) 105 

Annular air bag back supports (W. W. Baustian, Kitt Peak National 
Observatory) 109 

Mirror axial support hardware (Charles W. Jones, Charles W. Jones 
Engineering) 113 

Mounting of lightweight systems (Mark Hallinan, Itek Corporation) 124 

Radial supports 

Tension - and -compression radial support system for the primary mirror 
(John C. Farrell, Dilworth, Secord, Meagher and Associates) 131 

Bellows -lever system (Oscar Novak, Kitt Peak National Observatory) 138 

Defining of large mirror support systems (Bruce RuZe, California 
Institute of Technology) 143 

Mirror cell design (W. W. Baustian, Kitt Peak National Observatory) 150 



Thermal control, maintenance, and economics 

General discussion 155 

Specific systems 

Lick 120 -inch telescope (A. E. Whitford, Lick Observatory) 157 

Isaac Newton 98 -inch telescope (G. M. Sisson, Grubb Parsons) 163 

McDonald 107 -inch telescope (Harlan J. Smith, University of Texas) 169 

Canadian 150 -inch telescope (Graham J. Odgers, Dominion Astrophysical 
Observatory, and John C. Farrell, Dilworth, Secord, Meagher and 
Associates) 174 

European Southern Observatory 60 -inch telescope (Charles Fehrenbach, 
Observatoire de Marseille) 180 

Secondaries 

Lightweight optics for secondaries (R. H. Noble, University of 
Arizona) 186 

Optical shop 

Introductory remarks on the optical shop (A. B. Meine 1, University 
of Arizona) 

Support during grinding (Graham J. Odgers, Dominion Astrophysical 
Observatory) 

202 

205 

Testing 

Interferometric testing of precision optics (F. Dow Smith, Itek 
Corporation) 213 

Laser -holographic testing (F. Dow Smith, Itek Corporation) 225 

84 -inch mirror, tests of shearing interferometry (A. A. Hoag, Kitt 
Peak National Observatory) 227 

Mirror testing (E. H. Richardson, Dominion Astrophysical Observatory) 230 

Active optics 

Axial support systems utilizing pneumatic or hydraulic cylinders, 
servo -controlled by measurement of defining pad load (Raymond 
Bliss, Donovan and Bliss) 234 

Active optics for large orbiting astronomical telescopes (Hugh J. 
Robertson, Perkin -Elmer Corporation) 244 

Appendix: Photo and list of participants 250 



1 

INTRODUCTION 

WELCOMING ADDRESS 

Bowen Dees (Vice President, University of Arizona) 

Let me say, to begin with, that the program notes are overly ambitious 

in suggesting that this is to be an "opening address." I have only a few 

words to say, primarily in welcome to all of you who have come to Tucson 

from away from here, and especially to our guests from overseas. We do wel- 

come you here. I think you will agree that the mild weather and the warm 

sunshine that you find here are welcoming omens. At the University we have 

several units that are very much concerned with and worrying about astronom- 

ical matters these days. We are hopeful that as time goes on we will be in 

a position to continue to serve as hosts for meetings of this same general 

nature; in fact, we expect to be able to contribute to the entire range of 

interests in astronomy and astronomical instrumentation represented at this 

symposium. 

The University is delighted to have a part in this affair. We are, as 

you know, co -hosts with Kitt Peak on this occasion. We join them --and they 

join us, I'm sure --in welcoming you to Tucson and to the two organizations 

that are sponsoring the symposium. I think we all should join, also, in ex- 

pressing appreciation to the National Science Foundation for its help in 

making this event possible. 

Thank you for coming. We welcome you. We hope that you will find this 

a most useful and profitable undertaking. 



GENERAL INTRODUCTION 

Bruce Rule (California Institute of Technology) 

I believe that we are each indebted to the University of Arizona and to 

Kitt Peak National Observatory for making these very timely arrangements to 

exchange ideas on the problems of large mirror supports. I am indeed honored 

to open these sessions with a few remarks about some of the analysis and sup- 

port problems involved in designing large telescopes. 

The planning and design, of course, always involve a critical tolerance 

analysis, especially for the primary mirror. Information is required to de- 

termine the minimum optical blank size and something about the support system 

method consistent with the allowable deformation, with the weight or the cost 

or the complexity of the support. 

On the CARSO 200 -inch proposals, started some years ago, and on other re- 

cent telescopes, especially the newer designs involving solid quartz mirrors 

for European Southern Observatory, the Dominion Observatory, and Kitt Peak, 

many of these critical support items are being re- examined, together with de- 

sign factors of the mounting. The objective is to better understand both 

how large mirrors react in their support and observational requirements and 

how higher optical quality might be assured. Detail analysis work has been 

started by several groups, concentrating on at least the first -order answers 

to some of the following rather complex problems: 

General solid disc mirror problems.- -For large mirrors above 100 inches, 

it's important to determine the acceptable blank thickness --an obvious early 

requirement to even order the blank - -and yet this single dimension turns out 

to be one of the first stumbling blocks. The thickness is affected by aper- 

ture size, by how you handle the mirror, by the limiting surface deformation, 

and by how it reacts in various positions. Due to the high stability require- 

ments, the surface must be finished within a few ten millionths of an inch. 

The general requirements for determining these parameters for large mirrors 

involve the eventual stability of the surface, which must be within a few mil- 

lionths of an inch and a fraction of a wavelength - -a tenth wavelength or less, 

if we can hope to get there. Rather complete knowledge is required not only of 

the physical and thermal properties of the glass, but also some quantitative in- 

formation is needed about the support stress changes due to gravity deformation 

and also something about its effect on the optical surface quality during the 

grinding and telescope operation. 
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By some of the presently known formulas for deflection of symmetrical 

circular plates (for example, the work of Wahl and others), a reasonably accu- 

rate approximation can be made to the axial deformation of the blank. With a 

multiple support system -- either by lever, air bag, or other types which will 

be discussed later on in the program, or by continuous- supported springs or 

pads --it is fairly easy to minimize the differential bending between portions 

of the mirror. 

But the more complex case of radial support is more difficult to approx- 

imate because of the nonlinear effects: the fact that it's an asymmetrical 

shape when it's on edge; the load effects due to gravity; the nonuniformity of 

thickness because of the curvature of the surface; the weakening effect of the 

hole in the center; and, to a certain extent, the effect of the nonhomogeneity 

of the material itself. The application of the practical experience with mul- 

tiple radial supports is very good, and of course the history with radial sup- 

port is that we have a somewhat higher confidence level in the mechanism of the 

radial supports than we do in the results of any plate or shell theory analysis 

we've had so far. One is led to believe it possible to have a much more com- 

plex elastic analysis than is so far available, and in view of the computing 

difficulties and their,importance to these very large mirrors, it seems prudent 

for a meeting of this sort to discuss these stresses, deflections, and error 

effects, and possible ways that we can design better supports. 

Specifying tolerances for Zarge mirrors. --One of the areas which I hope 

will be touched on will be the tolerances required for supporting the large 

mirrors, because these high goals are a continual challenge to the ability and 

the techniques of the designers. In an engineering and manufacturing sense, 

which is one reason we're doing this symposium, it is very difficult to define 

our goal. It is hard to define our yardstick of tolerances even when we've 

reached the optical goal, and it's hard to determine how much time should be 

spent on these rather fine details without trials on the completed telescope and 

without elaborate test equipment to substitute for the final telescope tests. 

The engineering difficulty, then, is to try to supply sufficiently mean- 

ingful analysis, judgment and experience in selecting the blank parameters and 

the final grinding parameters, in order that these goals can be met before 

final telescope assembly. Most of us spend many months afterward debugging 

the telescope, but the more effort and analysis spent in advance, the quicker 

the telescope can get into high -quality operation. 
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On doing this engineering run -down, it's usually necessary to consider 

a number of factors, a few of which I am listing here and others of which may 

come up as a result of our detailed discussions. 

1. In trying to apply our judgment of present knowledge, it is hard to 

see how the present mirrors can scale up very far, because of nonlinear effects 

and because of the square and the cube functions of some of the parameters of 

mass and deflection. Also, some of the present mirrors are not of the high 

quality we would like to see in the newer mirrors, and the newer blanks have 

entirely different (and better, we hope!) physical properties than some of the 

existing ones. So, although attempts to scale up existing results are useful 

(they indicate the direction to go from an engineering point of view), they 

are not optically precise. 

2. There are of course other rule -of -thumb methods, some of which have 

been used for years. These were first suggested by Couder, who in 1931 tried 

to classify all the then -known blanks by a R4/t2 ratio in which he listed the 

constants for all known mirror glasses. In recent years many of us have been 

using the empirical relation D2 /t and evaluating this constant for most stiff 

mirror discs as being in the range of 200 to 800. Unfortunately, for most ex- 

isting mirrors, say beyond 60- or 100 -inch diameter, this constant begins to 

range above 1000 and it really doesn't apply very well. As the critical larger 

sizes are reached in the 120- to 200 -inch size, it's necessary to look for 

other, more precise ways of determining the relative stiffness of the blanks, 

and not rely on these rather inadequate rules of thumb, which can coarsely ap- 

ply to the smaller blanks because they're not really critical. The smaller 

mirrors are all much stiffer than they need to be. 

3. Another item to consider in the accuracy criteria is the fact that 

most small mirrors are easy to test with knife -edge methods or, at added 

trouble, by other Hartmann criteria. But for the very much larger mirrors the 

Hartmann test, which looks essentially at individual small regions of the whole 

glass, is a much better method to judge the criteria of optical quality. It is 

also a useful method to determine what is happening to the individual areas 

of the mirror with respect to the support system. For example, these effects 

can be viewed with a Foucault knife -edge test by actually twisting the back of 

the mirror and seeing what happens to the front, or you can determine this 

much more precisely from Hartmann tests on discrete areas by noting the effect 

on the mirror surface. These essentially are methods of studying the struc- 

tural behavior by the effect on the slope of the surface. Then one can modify 
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the grinding program or the support program or the operating program in accord- 

ance with what is found out about the characteristics of the glass reaction. 

This is a way of correcting the optical deficiencies. In fact, it's been sug- 

gested by some that this method could be used as a servo system to correct a 

very thin blank. I think there may be more said about that possibility per- 

haps by others. 

4. Another item in analyzing and interpreting the mirror support system 

is this: It is sometimes difficult to relate the optical performance to the 

mechanical system without some intervening systematic test by Hartmann or other 

methods, which requires quite a bit of detailed data analysis. This is much 

easier now, because the time to reduce the data with computing means is much 

faster than by hand. For example, the methods used by Dr. Mayall on the 120 - 

inch usually required from 6 to 10 days after each set of results just to re- 

duce the information of a single test run. Drs. Babcock and Bowen pointed 

out some years ago that a nearly perfect large mirror good to, say, )/5, could 

theoretically resolve a 1/40 arc sec image. But due to the actual seeing lim- 

its within which most telescopes have to perform, even in optical shop tests, 

the optical quality is generally much poorer than this. A system good enough 

to test arc sec is unusually fortunate. One has to rely on actual star ob- 

servations with the mirror in the telescope on those rare occasions when seeing 

may be better than ; arc sec. 

Methods of resolving mirror surface quality by path- length differences are 

also laborious and generally less accurate than the slope criteria. However, 

with newer analytical programs being written, it is possible that some of these 

matrices of path - length difference or surface -slope error could be used in com- 

puters to considerable advantage. However, programs of sufficient accuracy 

and detail for optical cases at least are apparently still to be generated only 

after acceptable analytical work is confirmed. The goal for the surface -slope 

error in the case of some computations made for the 200 -inch has been about 

1/15 arc sec, which would have a slope of about 0.3x10 -6. These are also the 

limiting values that have been proposed recently in studies for various large 

mirrors. 

5. A final method to consider would be the comprehensive three- dimen- 

sional configuration, taking into account the support parameters that affect 

image error. We hope to hear about these mathematical analyses from Bleich, 

Schwesinger, Pearson, and perhaps others. Perhaps we will get a little better 

confidence that knowledge can be obtained about the tolerance limits before 
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a lot of effort, time, and money are invested in the optical engineering pro- 

gram. Certainly this is a prerequisite to selecting a good support system. 

Analytical approach to mirror deformation problems.- -The analytical ap- 

proach to some of these deformation problems is essential since it's difficult 

to scale the errors from existing ones. We'll begin to have much more confi- 

dence in new analysis conclusions, especially if we can put in a few simple 

boundary layer requirements which will yield us the initial information for 

determining the simple things such as optimum blank thickness as well as the 

supporting needs. 

1. In understanding some of these analyses it is not necessary to invent 

the support details in advance. Much time is spent in inventing support sys- 

tems when we don't really know what conditions we're inventing them for. A 

better understanding is required of what solutions are needed, what analysis 

methods are available, and what support tolerance limits apply. 

2. The axial mirror support methods are well developed. As a matter of 

fact, Couder did a remarkably complete study of axial supports and published a 

detailed report of these axial support experiments which appeared over a per- 

iod of years starting in 1931. 

3. The urgent need now is in the surface effects of the radial load de- 

formation, especially now that we are talking about larger mirrors and short 

focal lengths, and also conditioned by the fact that the central Cassegrain 

hole keeps getting larger and larger for most of the new short focal length 

mirrors. So with steeper curvature, the surface problem is becoming more and 

more critical with respect to radial supports. The old methods of rim support 

plus a few internal hole supports do not seem sufficient for large mirrors, 

and hence the great current interest in air bags, flotation methods, or other 

gravity fields' compensation by symmetry forces in push -pull systems, etc. 

A method of analysis for any of these critical radial supports must con- 

sider the three- dimensional effect on a paraboloid surface, which is much more 

complex than either the two -dimensional plate beam case or even the symmetrical 

solid shell theory case. Couder devoted only 2' pages to this subject, but he 

was astute enough to recognize that the analysis couldn't be followed up for 

confirmation because the size of mirrors which were available to him to deter- 

mine these deformation effects were small and far stiffer than was desirable 

for test observations. He pointed this out in one brief analysis for a pris- 

matic case to show the type of coma errors that would occur, but he was not 

able to confirm them. It is hoped that we could have available to us a more 
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immense background of the surface effects of larger mirrors, which should bring 

this problem a little closer to useful conclusions. Some of the analysis work 

for the radial support case is being done now at a reasonably modest cost. A 

more comprehensive computer -program application is conceivable in the near fu- 

ture, but it probably will be lengthy and require considerable expense to de- 

velop, perhaps more than some of us at the moment can afford, since most proj- 

ects put more money into project construction than into the analytical program. 

Initial analysis data for Zarge mirrors.- -Today we will hear more about 

initial analysis for large mirrors from Schwesinger, Bleich, Pearson, and 

others. The promise is good for understanding about radial support and for 

finding out during these discussions about how agreement is reached in optical 

testing of mirrors actually supported on radial support mechanisms. For exam- 

ple, in analyses which consider the mirror a portion of a spherical shell, it 

is believed that analytical results can be obtained easily within 5 or 10 %, 

which is far better than guessing with empirical rules as before. Other regu- 

lar optical errors such as the focus, axis error and translation, along with 

other systematic errors, usually can be programmed out. It is the small, 

higher -order surface effects that produce the coma, astigmatism, and other 

aberrations. 

There are other important practical problems, having to do with the prepa- 

ration, service, and handling of the mirror: It has to be shipped; it has to 

be ground and taken off the machine to put on its support systems; it has to be 

washed; it has to be aluminized --and for large solid quartz blanks these prob- 

lems are especially important because the blanks are heavy, and the handling 

poses some safety restrictions that are not present when you have them under 

control by a multiple internal pocket support system. The concentrating stress 

to lift the mirror from its edge or from one side has to be limited to a rea- 

sonable value, say á of the rupture strength, which reports indicate would be 

about 1400 psi. Because of the brittleness of the material, any concentrated 

stresses, especially near the edge, would lead to spilling or chipping. 

Continuing analysis work.- -It's appropriate now to discuss some of the 

analysis methods and then go on to detail support systems. 

Although axial support methods are easily applied, we hope to hear more 

about them and in particular more conclusions about some of the requirements 

for radial support systems, effects of squeeze levers, air systems, flotation 

bags, and other methods which have been suggested. It is hoped that many new 

answers will come out of these sessions. 
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ACCURACY 

I. S. Bowen (Mt. Wilson and Palomar Observatories) 

The basic principle in setting up accuracy specifications for a tele- 

scope is that the image should not be appreciably degraded by the telescope 

in the best seeing that will be encountered at its site. This subject should 

therefore be discussed by the experts who have studied seeing at the sites 

of proposed telescopes. In my own experience, the best seeing observed with 

a large instrument is 1/4 to 1/3 second of arc, and this has been confirmed 

by discussions with several of our most experienced observers. (In this case 

a large instrument is defined as one whose aperture is substantially larger 

than the wavelength of the turbulence pattern in the air over the telescope.) 

For this discussion I shall therefore assume images 1/4 arc sec in diam- 

eter. To satisfy the basic condition mentioned above, the intersection with 

the focal plane of the rays from any appreciable area of the mirror should 

not depart from the mean by more than 1/8 arc sec. Since we are dealing with 

reflection optics, this means that the slope of the surface of the mirror 

should not deviate by more than 1/16 arc sec from its theoretical value. 

As a practical matter, it is customary to allow slightly larger depart- 

ures for a small percentage of the area since, if the error arises from a 

low spot in the mirror, the cost of refiguring the whole mirror to correct it 

is far out of proportion to the gains in performance that would be obtained. 

In these large mirrors the resolution is never diffraction- limited, and 

consequently the problems can be treated from the standpoint of ray optics. 

It is therefore more realistic to set up the specifications of a mirror in 

terms of permissible departures in the slopes of the surface rather than in 

terms of the linear departures. For example, in the 200 -inch telescope, the 

distance from the edge of the shadow of the cage to the edge of the mirror is 

64 inches, or 1600 mm. If an error in the slope of 1/16 arc sec, or 

1/(3.2x106) radians, is permitted, an error of 1600/(3.2X106), or 0.0005 mm, 

or 1 wavelength, is permissible in the surface over this distance. On the 

other hand, if we are considering errors in a narrow zone 15 to 20 cm wide, 

the linear error must he held to 1 /10 wavelength over this range if the image 

is not to be degraded. Obviously, a specification that the linear deviation 

be held to, say, 1/4 wavelength would be much too tight in the first case and 

too loose in the second. 
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The other reason for this type of specification is the ease and defi- 

niteness with which the angular measurements can be made. Thus our experi- 

ence is that the point at which the ray from a given hole in the Hartmann 

screen intersects the focal plane can be easily measured to 0.01 to 0.02 arc 

sec. One then plots these points and counts the number that fall within a 

1/4 arc sec circle. This gives therefore a very definite criterion for the 

acceptance or rejection of the optical workmanship or for the proper func- 

tioning of the support system. 

CRAWFORD: I hope we can keep a general discussion flowing after each of these 
sessions or after each of the groupings of papers, and I would now call for 
any discussion about the general background, before we delve into theoreti- 
cal papers. Any comments on these accuracy tolerances? 

PIERCE: I don't believe that it's been mentioned, but I'm sure you're all 
aware, that it is the instrumental profile of the telescope that I think 
Dr. Bowen refers to when he speaks of the Hartmann test and so on. I was 
just curious as to how many instrumental profiles are available in the lit- 

erature for various telescopes, and what had been the practice and so on for 
large mirrors. 

FROM THE FLOOR: I think those are pretty well determined in the shop. 

PIERCE: Well, I'm afraid that what we think is true in the shop doesn't 
seem to be true in the telescope. 

CRAWFORD: I hope that this meeting will show several such profiles. 

ODGERS: I'd like to ask Dr. Bowen - -in view of the Ritchey- Chrétien nature of 
very large telescopes in which you have to match the large secondary to the 
primary mirror, should the tolerances be tightened up over what they were for 
the classical paraboloid? 

BOWEN: I don't see any reason that the tolerances should be tightened if the 
mirrors are tested as a Ritchey- Chrétien and if the system satisfies these 
specifications. I should add that I have set these specifications a little 
tighter than most telescopes have succeeded in reaching. I know the 200 -inch 
gets something like 50% in a quarter of a second and about 80 or 90% in half 
a second. I think Lick did very slightly better but still on that same order. 
Both the Lick tests and our tests made in the telescope have been published 
in terms of percentage of light in circles of various diameters. 

WLERICK: I think that our ambition concerning the surface of a large mirror 
must be quite high, and I am led in that direction by the following observa- 
tion: At Pic du Midi, with a telescope slightly over 1 m, one sees sometimes 
the diffraction pattern with its theoretical shape: the first rings are pres- 
ent and nearly steady. That means that, on these occasions, the resolution 
is on the order of 0.1 or 0.15 second of arc. Of course, nobody is sure that 
with a larger telescope, even perfect, one will observe the same resolution. 
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But still this encourages us to try for even higher resolutions than the ones 
that have been proposed by Dr. Bowen. 

CRAWFORD: I think it is certainly true that there is no astronomer on earth 
who has ever been completely satisfied With the optics that he has in front 
of him at any given time. Any other comments? 

MAYALL: I should like to make a few general comments about this proposed cri- 
terion of Dr. Bowen's. I think it's a very realistic and practical one, in 

the sense that it comes out very naturally and quickly from the measurements 
and reductions of the Hartmann plates. However, there are two other aspects 
of it that we found important in the Hartmann tests of the 120 -inch at Lick. 

The first is that the Hartmann test is only a sampling process, and you in- 
volve only a relatively small fraction of the whole surface; thus, if there are 
any small irregularities, they may be missed, or, if your spot- testing light 
beam falls on one, it may affect the reductions, although you usually get a 

feeling for this interference after a number of tests and can allow for it. 

The second thing that we learned in the work on the 120 -inch was that the chief 
optician, Don Hendrix, often wanted a complete contour map. That is, he actu- 
ally wanted a picture of the relief of the mirror in wavelengths, so that he 
would know and be guided as to where he would take off the highs, and how much. 
So our efforts in testing that mirror were directed largely toward helping the 
opticians and, although they could get a rough idea of the whole figure from 
knife -edge tests, they wanted it more quantitatively. This is the reason we 
went to so much effort, in so many tests, to get a contour map, whereas it 

would have been much quicker and simpler just to end up with a scatter diagram, 
like that mentioned by Dr. Bowen. We usually got light concentration data on 
about the second day, compared to the 6 to 10 days required for a complete 
contour map. 

CRAWFORD: We're going to hear some more, I'm sure, about testing procedures and 
some of the current ways of recognizing this accuracy once we are working on 
the blank or finished with it, on the last day. Let's go on, then, to the 
theoretical session, which consists primarily of two papers, followed by, I 

hope, interesting discussion. 
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THEORETICAL ASPECTS OF MIRROR SUPPORT 

GENERAL CHARACTERISTICS OF ELASTIC MIRROR FLEXURE IN THEORY AND APPLICATIONS 

Gerhard Schwesinger (Carl Zeiss) 

On my arrival yesterday I was asked whether I would talk about the sub- 

ject of radial supports. That had not been my intention because I thought I 

should not repeat what I had published a number of years ago on that subject. 

I intended to talk about mirror flexure from a more general point of view, and 

I will touch the particular question of radial support within a broader scope. 

Control of elastic flexure is the most important function assigned to a 

mirror support system. Although successful designs do exist, there are indica- 

tions that in the past certain essential characteristics of the elastic flexure 

problem were not clearly recognized. Many questions have been answered intui- 

tively, without sufficient underpinning by theory in cases where it could help. 

It will be the main objective of my talk to demonstrate the existence and the 

relative importance of different basic patterns of elastic distortion and the 

likelihood of their occurrence in practical designs. The quantitative relations 

between the characteristic flexure patterns can be found only from mathematical 

analysis. But it is possible to make these characteristics understandable at 

least, without mathematics, simply on the basis of two fundamental statements. 

The first statement follows from the fact that the mirror disc is a cylin- 

drical body that can be described in polar coordinates r and ¢. Its elastic 

distortion then becomes a periodic function of the polar angle ¢ because the 

flexure values are repetitive on each circuit around the disc. The flexure can 

therefore be expressed in terms of Fourier expansions with a certain spectrum 

of spatial frequencies which will be called modes. Such a flexure mode is of 

the general form fn(r)cos n¢ and will be referred to as the mode n. 

The second statement is the principle of Saint -Venant, which plays a major 

role in elasticity. It can be stated briefly as follows: If we have within a 

limited region of an elastic body a system of forces in equilibrium with each 

other, the strain produced by these forces will decrease rapidly with increas- 

ing distance from the loaded region. The smaller that region, the shorter the 

radius of straining action. For instance, if we have a continuous sinusoidal 

load, equilibrium will exist within each wave and, if the wavelength is short, 

the strain will not reach far into the body, i.e. it will cause little flexure. 
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On the basis of these two propositions one can argue as follows: The 

forces acting upon the mirror disc, either of gravitational origin or exerted 

by the support system, represent with regard to the polar angle a periodic 

load system which can be resolved into a finite or infinite number of Fourier 

modes. This applies to forces as well as bending and twisting moments. On 

the mirror disc the flexure modes form waves in the tangential direction, the 

amplitude varying in radial direction. There exists an integral number of 

waves in each mode, corresponding to the mode number. As the lowest modes 

form the longest waves, one would expect from Saint -Venant's principle that, 

as the mode number increases, less and less flexure is caused and therefore 

less and less optical aberration. However, this statement must be modified. 

It applies only to the modes from 2 upward. 

The modes 0 and 1 are exceptions for the following reasons. Forming no 

wave, the mode 0 exhibits symmetry of rotation. The corresponding flexure 

causes an optical effect that can be classified as higher -order spherical ab- 

erration. But the latter in general comprises also a harmless slight change 

of focal length and an axial image shift. These two quantities do not show 

up in conventional optical tests and, in fact, they are insignificant. Usual 

test methods do not measure the true flexure w but only the amount w* by which 

the distorted surface deviates from an ideal reference surface, i.e. from a 

sphere or paraboloid. Therefore the mode 0 impairs the optical image much 

less than might be expected. 

A similar situation holds in the case of mode 1, which produces aberrations 

of the coma type. The flexure mode 1 in general comprises a term r cos cp, or 

it may be balanced against such a term. But the latter is harmless again be- 

cause it represents a slight deformationless tilt of the plate which only 

shifts the image laterally a bit. The residual true flexure is in general sur- 

prisingly small again. 

As a result, mode 2, which causes astigmatism, proves to be most serious. 

This also applies quite generally to elastic distortions other than bending, 

for instance, to plane stress as it occurs in the upright position of the mir- 

ror disc. It seems that the conclusions just drawn are universally valid for 

all possible types of deformations which the mirror may undergo. This will now 

be demonstrated from numerical results obtained in two different cases. 

The-first case (Fig. 1) refers to a plate subjected to a single concen- 

trated load on the outer edge while floating on a liquid. This case may appear 
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far- fetched, but it should be realized that it is a coarse approximation to a 

telescope mirror on a support with multiple -lever balance, its edge being sub- 

jected to an unwanted force. 

Fig. 1 

The hydrostatic pressure on the underside of the plate varies in proportion 

to the immersion depth H, i.e. in proportion to r cos cp. The single force P 

on the upper side is a discontinuous loading function periodic in cp. Thus one 

would expect the mode n = i to be excited in the first place, dominating the 

total flexure. But the second column of the following table shows that this 

is not so. 
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Flexure 
mode 

Floating 
under 

rms 

plate 
single force 

2 PR3 

P 

cc 

L 
k1-2 

Upright mirror 
with edge support 

rms w *(K) - 

R/ho = 

K = 0.1 

R2 E ¡ 

2 
a2Yn) 

n 

= 0.2 

4 

K 

w* = 
Eh 

n = 0 k 0.425 x 10-2 Y = 1.01 Y = 4.04 
1 

n n 
1.846 x 10-2 

n 
0.0331 n 0.132 

2 26.50 x 10-2 140.5 465 
3 5.42 x 10-2 20.7 52.5 
4 1.90 x 10-2 8.89 18.5 

S 0.85 x 10-2 5.49 10.1 

6 0.45 x 10-2 3.92 6.55 
8 2.53 3.79 

10 1.92 2.74 

In this table are listed the rms values of the bending deflection w *. The star 

denotes omission of that part of the flexure which implies only a harmless im- 

age shift and change of focus. It applies therefore to the modes 0 and 1. E 

is the modulus of elasticity, h the plate thickness. It appears from the val- 

ues kn that astigmatism is the prominent aberration, so prominent in fact that 

the other aberrations could almost be neglected. The effect of the mode 1 is 

surprisingly small. Further computation shows that an edge force of a few 

pounds produces detectable bending in a 50 -inch mirror. 

The right -hand columns, taken from an earlier paper (G. Schwesinger, J. 

Opt. Soc. Am. 44:417, 1954), refers to a completely different type of load sys- 

tem. The mirror disc stands upright, and its own weight is supported by a dis- 

tribution of forces acting on the edge in a direction perpendicular to the axis. 

y is the density of the disc material, ho the central thickness, and K a param- 

eter related to the mirror curvature. The nth harmonic of the boundary forces 

has an amplitude an depending on the type of edge support. The optical effect 

associated with the flexure mode n is expressed by the coefficient Yn. Only 

for the mode 1 the amplitude has a fixed value for reasons of static equilib- 

rium. In the ideal case where all other amplitudes an (n 1) disappear, the 

flexure becomes extremely small because the only remaining value Y1 is partic- 

ularly small itself. Otherwise the situation is very similar to that of the 

floating disc. Again astigmatism is by far the worst offender, again the in- 

fluence of the higher modes decreases continuously, and again the spherical ab- 

erration is very small. 



15 

Summarizing, one can say that in general flexure is likely to show up 

essentially as astigmatism, possibly somewhat blurred by a few higher modes. 

The other aberrations will be more or less subdued. The conclusion to be 

drawn is obvious. The greatest imaginable care must be taken to avoid the 

generation of the second flexure mode. Support systems should be designed so 

as to preclude this critical mode by their very properties of symmetry. It is 

furthermore necessary to eliminate all sources of irregular disturbing forces, 

among them friction. These requirements are not easily put into practice. 

In this connection it is interesting to consider the troublesome friction 

forces in the original support units of the 200 -inch mirror. In a report 

about the adjustment of this mirror support (I. S. Bowen, Pubi. Astron. Soc. of 

the Pacific 62:91, 1950), Dr. Bowen described certain necessary modifications 

on these units by which the original amount of friction of 1.3% was reduced by 

a factor of 10. A look at the table shows that a friction of only 1 %, if it 

occurs near the edge, will cause in the second mode a flexure 

rms w* = 26 10-4 
PR2 

Eh3 

Assuming that the maximum flexure is about 5 to 6 times as large as its rms 

value, we obtain after substituting for P the sth fraction of the weight of 

the disk, s being the number of point supports, 

2 4 

w*max 
= 6 26 10-4 

Eh) YsR - 5 10-2 
Eh2s 

Therefore, if we assume a total number of, say, 24 supports, we find that 1% 

friction in one single support near the edge will produce a flexure 

w*max 2 10-3 y R4 

Eh 2 

It will be shown later (Fig. 4) that this is more than the total flexure occur- 

ring in a well- designed support system. This clearly proves the necessity of 

reducing friction. 

Let us consider now some results obtained for discs of variable thickness, 

resting on concentrically arranged point supports with regular spacing and, in 

general,'different numbers of supports on each circle, as it appears from Fig. 2. 

Secondly, support systems of the aerostatic type employing air cushions will be 

discussed. 
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PRESSURE PROFILE 

p = yho (1 + Kr2) 

,,,,LI,1TuIlIC,Il7firl 

X1 = 
EQa 

E(Qa+ Qb+ ...) 
EQ a 

X2 E(Qa+Qb+...) 

ORIGINAL LOAD SYSTEM 

Fig. 2. 

SEPARATION INTO PARTIAL 
SYSTEMS I AND 2a ,2b 

The investigation of the first case is facilitated by treating it as a 

superposition of two load systems. Load system 1 represents the case of a 

plate of variable thickness with a central hole. The plate is loaded by its 

own weight and supported on several, say, m continuous and concentric rings of 

infinitesimal width. The m rings support different load fractions X. (j = 

1,2,3,...,m). These fractions X. as well as the m radii a,b,c..., are finally 

subjected to an optimizing process with regard to minimum flexure w *. The 

thickness variation applying to parabolic and practically all other telescope 

mirrors is of the form 

h = ho(1 + Kr2) 

K = 1/4 hof 
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where f denotes the focal length. In the literature of plates of variable 

thickness this case has not been treated. (See O. Pichler, Doctoral Disser- 

tation, Stuttgart, 1928; R. Gran Olsson, Ing. Arch. 8:81, 1937; and S. Timo- 

shenko, S. Woinowsky -Krieger, Theory of Plates and shells, ed. 2, 1959.) 

Existing solutions imply an exponential thickness variation and absence of a 

central hole. Therefore a new solution was derived. 

Load system 2 comprises on the upper side of the plate a continuous uni- 

form load on one of the circles with radius a,b,c,..., and on the lower side 

a distribution of equally spaced and loaded point supports disposed on the 

same circle as the ring load. Load system 2 causes an undulating flexure of 

the amount w. There exist as many load systems of type 2 as there are sup- 

porting circles. By superimposing the flexures produced by load system 1 and 

the m load systems 2, we obtain the total flexure. 

A few cases will now be demonstrated. Fig. 3 represents three mirrors 

with no central hole and values K of 0, 0.103, and 0.2. The flat curves show 
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the actual deflection w for a support on two concentric rings with fixed radii 

indicated by the two arrows. Also, the fractional loads x are identical in the 

three cases. Therefore the mirror with the largest curvature (K = 0.2) droops 

most in the outer region because it is heavier there than the others. The 

scaled arrow on the left indicates the resulting wave departure of an 80 -inch 

mirror. The radii of the support circles and the values x had been determined 

as nearly optimal for the case K = 0.103 by a long- established approximation 

method which was supposed to be reliable. It is not, as we see if we plot the 

optical effect, i.e. if we measure the deflection w* from a reference parabo- 

loid. We obtain the undulating curves of which the one for K = 0.2 is clearly 

better balanced, although far from ideal. The intuitive approach has failed. 

This failure will now be shown in a different case much more strikingly 

(Fig. 4). The mirror concerned has a central hole of radius 0.255 and a curva- 

ture K = 0.159. An apparently suitable design was made with the indicated sup- 

port radii and load fractions of 1/3 and 2/3, respectively. The solid steep 

-3IO -3 

-2.10 3 

- 1 .10 3 

W 
± o 

Ì \ 

I \ 

I \ 
t ' 

k 

\ 

K . O.1s9 

/ 

I 

I 

--1 

I 

I 

1 

I 

I 

\ \ 
.. 
/ 

`-- 

CENTRAL 
I 

SUPPORT a INITIAL Xi= 0.333 

HOLE 

I 1 

OPTIMIZED \ 
. 

Xi= 0.319 

o .2 .4 10 

Fig. 4. Degee.ti ave w* V6. n.adiws m íh.frcott with 
cent/Lat hate v6 nad,í.ws 0.255 and eevcvatuh.e 
K = 0.159. 



19 

curve shows the corresponding deflection w *. As a most surprising result, we 

find that by a very slight change of the design parameters a, b, and x, as in- 

dicated on the graph, the flexure could be reduced by more than a factor of 10. 

The solid flat curve shows the improvement. This result is most remarkable. 

If one evaluates it quantitatively, it appears that large mirrors almost up to 

200 inches could be supported on two rings only, provided that each parameter 

is properly optimized. Of course,a solid mirror disc is assumed in this case. 

The foregoing example is meant to demonstrate the effectiveness of opti- 

mization rather than the numerical determination of the optimized parameters. 

Although the solution takes accurate account of the thickness variation, there 

may be an influence of the neglected shear stresses on the exact location of 

the optimum. 

The dashed curve of Figure 4 shows the flexure of the same mirror if it 

were supported on an air bag applying a uniform pressure over the lower sur- 

face. The curve has no inflection points because there are no discontinuities 

in the shear forces. Otherwise the flexure follows the same pattern and has 

the same amount as in the nonoptimized ring support. Further reduction of 

flexure is possible only by applying in the center of the disc a smaller air 

pressure than in the outer part. This has been done in the Isaac Newton tel- 

escope (Parsons Journal, Dec., 1965), where three air chambers with different 

pressures are employed. Thereby two degrees of freedom are gained for opti- 

mizing. Four degrees of freedom would be available by optimizing the radii of 

the chamber divisions, too. The residual flexure would then certainly be as 

negligible as in the optimized ring support. The multiple air chamber compli- 

cates the system, of course, and raises the danger of astigmatism through un- 

controlled disturbances at the divisions. On the other hand, the air cushion 

support is free of tangential bending, which will be discussed below. 

It may be recalled that the load system 2 consists of a narrow ring load 

on the upper side of the plate and of point supports regularly arranged on the 

lower side along the same radius. This case has not been treated in the lit- 

erature either. There exists a solution (W. A. Bassali, Proc. Camb. Phil. Soc. 

53:728, 1957) which theoretically could be adapted to the present problem by 

a limiting process, but it is not well suited for numerical evaluation. A new 

solution has therefore been derived by the method of Fourier expansion. It is 

valid for a plate of constant thickness, a restriction about which some fur- 

ther comments will be made. The mode spectrum of this expansion comprises 
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orders of modes which are multiples of s. The 0- multiple is missing, how- 

ever. In other words, there is no change of focus and all of the flexure 

causes aberrations. 

Fig. 5 is a contour map of the bending for eight supports on a circle 

of radius 0.5333. Several interesting features appear. Most of the flex- 

ure occurs in a limited zone of alternating hills and dales which are much 

alike in shape although the load system is quite unsymmetrical. This is 

again a consequence of Saint -Venant's principle. Since the flexure is con- 

centrated within a small zone, it seems justified to treat the plate as ap- 

proximately having uniform thickness of the amount applying to that zone. 

Fig. 5. Conl.towL map o4 4unction w 
4otL rs/R = 0.5333, s = 8 

CowtoulL -t..vltehvCS.2 .6w = 1.434x 10-4 (yR4/Eh2) 
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This approximation cannot be much in error. The highest elevations and lowest 

depressions lie nearly on the same circle with a very slight outward shift of 

the depressions. Thus, if one were to reduce flexure by doubling the supports, 

it would be best to interpose the additional supports on the same circle. The 

central part of the plate is practically unstrained. It contains so little 

strain energy that it could be cut out without affecting the flexure appreci- 

ably. Therefore a plate with a central hole will not behave much differently. 

Fig. 6 shows conditions for four supports on a circle of half the previous 

radius. The linear distance between the supports is nearly the same; the load 

on each support is doubled. The maximum flexure is roughly doubled, too. 

Fig. 6. Covr,toua map o6 {yunc.t.ion w 
on r /R = 0.2667, s = 4 

CovUttoúh intehva.e Ow = 3.585x10 4 (YR4/Eh2) 

-4 



The table below lists the rms values of the type 2 flexure for various 

numbers of support units and various radii of the support circles. With in- 

creasing numbers of supporting points the flexure is drastically reduced. For 

equal numbers s, the flexure increases with increasing radius rs because the 

linear spacing between the supports becomes larger. In the region of values 

rs and s of practical importance, the rms values of type 2 flexure amount to a 

few units of the power 10 -4. The maximum flexure will then be of the order 

10-3. This is the magnitude or somewhat more than the magnitude after, and 

only after, best optimizing. It may be objected that in such a case optimizing 

must not disregard type 2 flexure. In a strict sense this is true. But we can 

make the following check. For a 10% change of rs, Ws changes by a factor of 

between 1.5 and 2. Therefore for a 1% change of rs, which is the applicable 

order of magnitude in the optimizing process, Ws changes only by 15 to 20% and 

consequently would have little effect on the optimized result because the lat- 

ter involves changes by a factor 10. 

Table of factors cs for flexure due to load system 2 rms W = 
R`' y114 

CS 
Eh 

5 rs = 0.2 rs = 0.3 rs = 0.4 rs = 0.5 rs = 0.6 r5 = 0.7 rs = 0.8 r5 = 0.9 

3 2.94-10 3 8.9710-3 1.94 10-' 3.4710- 5.4910- 7.9310-2 -- -- 
4 5.25 10-4 1.81 10-3 4.4010' R.71 10 ' 1.51 10-° 2.36 10-2 
S 1.82 10-4 6.2210" 1.S2 10-' 3.1010-f 5.61 107' 9.27 10-' 
6 2.89 10-" 6.94 10-4 1.40 10-' 2.55 10-3 4.34 10-3 6.89 10-3 

8 9.53 1075 2.26 10-" 4.45 10-" 7.88 - 10-4 1.33 10-3 2.20 70-3 

10 - 9.91 10 ` 1.94 in-4 3.37 10-" 5.5S 1074 9.12 10-4 1.50 10-3 

12 -- 5.11 1075 9.99 - 10-` 1.73 10-" 2.79 10-4 4.49 10-" 7.55 10-4 

16 -- -- -- 6.17 10-` 9.82 10-5 1.51 10-4 2.52 10-4 

20 -- -- -- -- 6.70 10-5 1.08 10-4 

24 -- -- -- -- -- 3.50 10"5 5.40 10-5 

Let us now try to draw some conclusions for large ribbed mirrors. The ones 

that were made in this country have a hexagonal rib structure and a correspond- 

ing arrangement for the supports. Grouping together the supporting points which 

have equal distance from the center of the disc, one can distinguish up to five 

support circles as in the 200 -inch mirror. 

Suppose itispermissible to treat the ribbed disc as sufficiently isotropic 

as far ag over -all flexure is concerned. We can then analyze a certain feature 

of the rib structure shown in Fig. 7, where the heavy lines indicate two 
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adjoining tangential ribs with support systems at both ends and in the middle. 

You will recall that interposing a support in the middle of the chord between 

two other supports is not an optimal solution to reduce flexure. If the control 

of type 1 flexure is still possible with a smaller number of supporting circles 

than, say, five, then the two concentric circles enclosing the rib can be com- 

bined into one intermediate circle as shown at the right, and this arrangement 

will be better. The argument can also be conducted in a different way. In the 

left -hand arrangement the fundamental flexure mode extends over the full length 

of the rib. The region within which the forces balance each other has the size 

of the shaded area A. In the right -hand design this area shrinks to the arc B, 

which is only half as long as A. From Saint -Venant's principle it must be in- 

ferred that load system B will cause smaller flexure than A. 

I have tried to show that different lines of thinking may help better to 

understand some essentials of mirror flexure and to attain future improvements. 

I wish to thank Mr. A. Schaper and Dr. H. G. Zimmer for programming the exten- 

sive numerical evaluation. 
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ANALYTICAL DETERMINATION OF THE DEFORMATIONS OF MIRRORS ON RADIAL SUPPORTS* 

H. H. Bleich (Columbia University) 

Planners and designers of large telescopes are in urgent need of reliable 

analytical methods for predicting the deformations of mirrors due to gravity. 

The following comments discuss the state of the art for solid mirrors, princi- 

pally for the case of radial support, i.e., when the mirror points to the hori- 

zon. However, Iwill show that, because of the manner of fabrication, complete 

prediction for this case cannot be made without knowledge of the deformation 

for the case of transverse support. Some consideration will therefore also be 

given to the latter case. Most of this material is based on a study that I 

made in 1965 under the sponsorship of the Carnegie Institute of Washington. 

It is generally accepted that the mirror material in the stress range of 

interest may be considered isotropic, homogeneous and elastic, so that analysis 

on the basis of three -dimensional theory of elasticity would give physically 

meaningful results. Though the partial differential equations and associated 

boundary conditions for the deformations of a three -dimensional body are easily 

written, the numerical solution for the geometry in question is still close to 

the limit of capability of even the largest available digital computers. The 

complexity of solving partial differential equations in three independent vari- 

ables for nontrivial boundary conditions has resulted in the development of ap- 

proximate elastic theories, some nearly a century old. With limitations, these 

approximate methods are suitable for bodies where one dimension is small com- 

pared with the other two (or where two dimensions are small). If the thickness 

is small compared to the other two dimensions, as in a mirror, the approximate 

analysis replaces the three -dimensional body by its middle surface, to which 

strength properties are assigned in each location. This procedure reduces the 

partial differential equations to a set in two independent variables - -a major 

simplification. The oldest and best known of these approximations, Kirchhoff's 

Plate Theory, considers the case of a plane middle surface. If the middle sur- 

face is not plane (the case of the mirror), the structure is called a "shell." 

A very extensive literature for shells is also available. 

Without going into details, I must stress that there is not a single ap- 

proximate theory, but a family, depending on accuracy desired. In the simplest 

theory for plates, which has its equivalent for shells, only bending and stretch- 

ing effects are accounted for. In this theory, three components u, v and w of 

*Submitted paper, modified in view of discussion remarks. 
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the displacement of points on the middle surface are the unknowns, resulting 

in three simultaneous partial differential equations. The next refinement for 

plates or shells is a theory that includes shear effects, which leads to five 

differential equations. Further refinements are possible, leading to an in- 

creasing number of differential equations. The decision of which order of ap- 

proximation is required is a delicate matter not to be taken lightly. 

The middle surface of a mirror is a paraboloid of revolution. The parab- 

oloid is flat, i.e. the ratio of the rise to the radius is small, on the order 

of 1/50. General differential equations for shells of revolution of uniform 

thickness under non -axisymmetric loads are available in the literature.1,2 

Equivalent equations for shells of variable thickness for non -axisymmetric 

loads are not readily available, but suitable equations can be derived by the 

approach used by Reissner.2 This is presently being done under my guidance by 

a doctoral student at Columbia University. 

In the spring of 1965 I agreed to determine angular changes of the mirror 

surface for the 200 -inch mirror shown below. I will present here the results 

of this analysis, which was based on Reissner.2 

Fig. 1 

tmox - 
12tmin I 

a=100" 
Paraboloidal Middle Surface 

0 
o 

r- 0. 2 0 

L=6.680 

Focus 

1W. Flugge, Stresses in Shells: Springer, 1960, Chap. VII. (A first -order theory 
without restrictions.) 

2E. Reissner, "Stresses and small displacements of shallow spherical shells ": 
J. Math. $ Physics 25:80, 1946. (A much simpler theory applicable to flat 
shells of interest here.) 
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Schwesinger3 gives tables for the evaluation of the efficiency of mirrors, 

using the mean path concept, meaning that deflections are the basis for evalua- 

tion. Details of the approximate deflection analysis, differential equations, 

etc., are not given, however. The angular deformations I have computed are not 

related to deflections in an obvious way, but one can compare the two approaches 

concerning the relative importance of astigmatism and other errors. Schwesinger 

and I have arrived at radically different conclusions. His statements3 are based 

on a complete analysis developed in an earlier thesis.`' A large part of the dif- 

ference in importance of astigmatism compared to other deformations originates in 

the evaluation based on angular errors, or on the mean deflections, only one of 

which can be suitable for a given telescope. I will show that the deformations 

found from shell theory differ substantially from those found by Schwesinger's 

approximate approach. The substantial divergence between shell theory and 

Schwesinger's thesis is inherent in the approximate technique used in formulat- 

ing the differential equations. 

Results of a preliminary analysis based on Reissner's2 approach. -- Pending 

availability of an analysis for a shell with variable thickness, useful informa- 

tion can be obtained from an analysis for a shell of uniform thickness. I rea- 

soned that a shell which has the same middle surface and the same nonuniform 

distribution of weight as the actual shell, but which is everywhere thinner than 

the actual shell, will show larger deformations than the actual one, and vice 

versa. Using the analysis with a uniform bending stiffness corresponding to the 

minimum or maximum thickness, respectively, will then give an upper or lower 

bound, respectively, for the deformations. Basing the calculation on the mean 

thickness, one obtains an approximate result with a clearly bounded error. For 

the mirror in Fig. 1, where tmax /tmin = 1.2, the bound is ±33%, but the actual 

and likely error is very much smaller. 

In the analysis of bodies of revolution, regardless of the type of theory 

used, it is convenient to use Fourier expansions of all loads and reactions. Us- 

ing polar coordinates r and 8 (Fig. 2), the resultant P(8) of the external ra- 

dial forces acting at the edge of the mirror may be expanded: 

00 

P(8) = pn cos n8 . (1) 

o 

3G. Schwesinger, "Optical effect of flexure in vertically mounted precision mir- 
rors": J. Opt. Soc. Am. 44:417, 1954. 

``G. Schwesinger, "Uber günstige Hohlspiegellagerungen hinsichtich der Schwere - 
wirkung senkrecht zur optischen Achse ": Thesis, Techn. Hochschule, Stutt- 
gart, Mar. 3, 1947. 
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The only other loads to be considered are the weight of the mirror per unit of 

area, G = yt(r), where y is the specific weight and t(r) the variable thickness 

of the mirror. G acts vertically, but may be resolved at each location into a 

radial force G cos e, and a tangential force G sin O. All forces and displace- 

ments which appear in the analysis may also be expanded in Fourier series, some 

in terms cos ne, others in terms of sin ne. The deflections w(r,e) of the 

shell, which are defined in Reissner2 to be deflection components normal to the 

middle surface, become 

CO 

w(r,e) = : wn(r) cos ne 

n=0 
(2) 

where the functions wn are functions of the radius r only. Similar expressions 

apply for other quantities. When the Fourier expansions for the loads, displace- 

ments, etc. are substituted in the partial differential equations for the shells, 

separate sets of simultaneous ordinary differential equations are obtained, each 

containing only quantities with the subscript n. The partial solutions for each 

value n can be determined, each by itself, and the total solution becomes an in- 

finite series which converges well.* (The computing effort required is not big 

enough to require the use of digital computers.) 

*Except for the basic fact that the paraboloid center surface was retained, the 
shell analysis proceeds quite similarly to the analysis of Schwesinger.3 
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A few comments may be helpful to other investigators. For n #1, solu- 

tions of the problem can be obtained directly from the equation given by 

Reissner,2 even for shells with holes,which he does not actually consider. 

The differential equations to be solved are for n # 1: 

0202Fn - 
tE 

02wn = 0 

0202 3(1-v2) 02F 
= 0 

n LEt 3 n 

(3a) 

(3b) 

d2 2 
where y is Poisson's ratio, V2 = á + rdr r2 , 

and a, t, L and E are 

mirror properties, to be defined later. The unknown functions Fn are stress 

functions from which the displacement components un and vn can be computed. 

The pair of differential equations is subject to four boundary conditions at 

the outer edge of the mirror, and four at the edge of the Cassegrain hole. 

The solutions are formally in closed form (a combination of algebraic functions, 

logs, and Bessel functions of complex argument). However, due to the extreme 

flatness of the shells, the arguments of the Bessel functions are so small 

that suitable tables do not exist. This difficulty can be overcome by the 

use of the rapidly converging series for these functions. The nature of the 

gravitational load G given by Eq. (2) is also more general than the type of 

load assumed by Reissner, requiring a new derivation of the load terms in the 

equations for n = 1. A further generalization, also only for n = 1, is needed 

to permit consideration of shells with holes. It requires consideration of 

the type encountered in the theory of elasticity when analyzing multiconnected 

bodies by means of stress functions. 

Using the above approach we obtained the following results of general 

interest: 

1. Scaling law: If two mirrors without center hole are supported radi- 

ally in an equivalent fashion along their circumferences, angular changes (and 

the ratios w /a, i.e. deflection to radius) may be scaled using the factor 

N - Ya4 
ELt2 (4) 

where y and E are specific weight and Young's modulus of the material, respec- 

tively, a is the radius, t the mean thickness, and L the focal length of the 

mirror. This scaling law is exact if Poisson's ratio and the ratio of the 
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maximum and minimum thicknesses of the two mirrors are alike; otherwise it is 

only a very good approximation. The law also holds for mirrors with holes of 

radius ao if the ratios ao /a agree. It is obviously useful in the evaluation 

of model tests. 

2. Effect of Cassegrain holes: To obtain an idea of the effect of a 

Cassegrain hole, comparative nondimensional profiles were obtained without a 

hole, and with a hole of radius ao = 0.2a, as in Fig. 1. Fig. 3 shows the 

optically effective part ao of the change of angle as a function of location 

r for a mirror under uniform radial unit pressure along the circumference of 
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the mirror, when the resultant of the pressure lies in the plane of the mass 

center. (The force described corresponds to the term n= 0 in Eq. (1).) The 

data in Fig. 3 were obtained very accurately by digital computer in recent work 

by Mr. R. Nelson at Columbia University. It is seen that the presence of the 

hole increases the largest angle ao at the outer edge only very slightly, but 

there are substantial changes in the center part of the mirror. The mean value 

of the angular deviation increases by about 15 %. I expect the effect of the 

hole for n >0 to be of similar magnitude, but this remains to be confirmed. 

The effect of the Cassegrain hole on the mean error appears to be small 

enough to use the scaling law approximately also for comparisons between mir- 

rors of unequal hole size ratio. 

3. Meaning and importance of contributions for n = 0,1,2,etc.: Eq. (3) 

expresses the deflection of the mirror as a sum of terms for various values of 

n. The first term, n= 0, is a rotationally symmetric deformation, where the 

parabolic profile changes into a nonparabolic one, creating angular deviations 

ao which lie in the plane defined by the respective point of the middle surface 

of the mirror and the mirror axis. For n =1, the contribution to the deviation 

is shaped like an S, whereas n =2 produces an astigmatic error. Further terms 

n > 2 produce "super " -astigmatic angular deviations. The angular deviations for 

n >0 have components an as for n= 0, and also components 3n in planes at right 

angles to those for The The relative importance of the terms n = 0,1,2,..., 

for a particular mirror, depends on the coefficients pn in Eq. (1) for the type 

of support used, except for the value pl, which is invariant and solely a func- 

tion of the mirror weight. A discussion therefore requires consideration of a 

specific case. We select as example a mirror without a hole, radially supported 

by gravity levers (Fig. 4). 

Fig. 4. 

M.vvcon on ta.di.a,e gn.av-c.íy .eeveu . 
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The force is, for 101 < ,r /2, 

P(0) = Pmax cos 0 

and the Fourier expansion of P is 
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(5) 

P(e) = 
a 

(0.203 + 0.318 cos 0 + 0.135 cos 20 - 0.027 cos 40 + ) (6) 

where the coefficients for odd values n > 3 vanish. The term W designates the 

weight of the mirror, W = yrra2t, the symbols having been defined earlier. The 

table below gives the relative values of the components a and ß due to the 

contributions for n = 0 to n = 3 for two points A and B on the outer rim of 

the mirror (Fig. 4). At each point, the contributions to a and ß are added 

algebraically, and the total values a and ß are added vectorially for the total 

angular change. The numbers in this table are to be multiplied by a factor ex- 

pressing the mirror dimensions, and apply for Poisson's ratio equal to 1/6. 

Comparison of relative magnitudes of the contributions to the angular 
deviation derived from shell theory, for mirrors on radial gravity levers 

Point A* Point B* Mean values 
divided 

by I ao I 

an / IaoI an / ¡co I 

an / I ao I ßn / IaoI 

n = 0 -1.0 0 -1.0 0 0.49 

n = 1 -1.5 0 -1.1 0.1 0.40 

n = 2 +0.5 0 0 1.3 0.84 

n= 3 0 0 0 0 0 

Absolute value 
of maximum due 2.0 2.41 492 +402 +.842 
to n = 0 to 3 = 1.05 

*For location, see Fig. 4. 

The'values in the table for n = 0 and n = 1 are deviations from a par- 

aboloid of best fit, obtained from the condition that the integral over the 

square of the angular deviations is a minimum. The values given in the table 
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thus assume that focus and aim are adjusted accordingly. Contrary to my ex- 

pectation (and to that of many others), the largest individual contribution 

to the error at points A, B is due not to the astigmatic term n = 2, but to 

n = 1. Further, the angle ao for n = 0 is nearly as large as ß2 for n = 2. 

This comparison indicates that contributions from n = 0 and n = 1 are not neg 

ligible. I must stress, however, that the large local individual maxima in 

n = 0 and n = 1 do not tell the entire story. If the components of the mean 

error in the table are examined, the astigmatic contribution is approximately 

twice that for n = 0 or n = 1. This indicates that astigmatism affects a 

larger area of the mirror than the effects due to n = 0 and n = 1. 

There appear to be differences of opinion whether mirrors should be judged 

on peak errors, or mean errors. As a structural analyst, I have no right to an 

opinion on this matter, and wish only to point out that the table shows non - 

ignorable influences of the terms for n = 0 and n = 1 for the type of mirror 

support considered. While the contributions to the error decrease with increas- 

ing n, a few terms above n = 3 should also be included in any analysis for 

design purposes. 

The angular deviations obtained as indicated above are, however, not yet 

the actual ones to be expected from theory. The above analysis gives only the 

relative changes of deformations and angles which occur due to gravity between 

the mirror in an entirely load -free and stressless state, and the mirror on 

radial supports in the gravity field. To obtain the complete theoretical angu- 

lar deviations one must add to the previous results angular deviations already 

present in the stressless state. This matter is discussed below. The necessity 

for inclusion of the latter deviations has been pointed out for mirrors ground 

on temporary supports in the classic paper by Couder. It applies equally to 

mirrors figured on the final transverse supports. 

4. Deformation and angular deviations in the "stressless" state of the 

mirror and their effect: If it were possible to grind the mirror to its perfect 

paraboloid shape outside the gravity field, the initial deviations would vanish 

and the previous analysis (or any other proper and appropriate one) would give 

the actual deviations. In reality, planned large mirrors will be ground on 

their transverse supports in the gravity field. Unless deliberate errors are 

introduced, the mirror will in this state be ground to a paraboloid, except 

for deviations equal to the manufacturing tolerance. If gravity could be re- 

moved after fabrication, the mirror surface would show angular deviations, equal 



33 

but of opposite sign to those computed by an appropriate theory as "angular 

deviations due to gravity of a mirror on transverse supports." 

Let us designate the two components of these angular deviations by a(T) 

and R(T). These values can be expressed in the form of Fourier series, 

a(T) _ an (T) cos n 6 

n 

(7) 

R(T) = 6 

n 

(T) sin n 6 

n 

The desired initial angular deviations in the "stressless state" are simply 

-a(T) and -R(T), and the final values a(R), R(R)for the mirror on radial 

supports are therefore 

a ( R) = a - (T) 

(R) = R - (T) 

(8) 

where a, R are the values obtained from theory disregarding initial deviations. 

All quantities in Eq. (8) are Fourier series, and similar relations hold there- 

fore for the components, 

an 
(R) 

= a - cc 

(T) 

n n 

R (R) = R - G (T) . 

n n n 

(9) 

In words, Eqs. (9) state that for each value an, Rn the respective value 
an(T) 

8n 
(T) 

computed for transverse supports must be deducted. (This may mean a re- 

duction or increase in the absolute values of the angles, depending on the signs). 

The terms an(T), Rn(T) in Eqs. (9) vanish for some values of n, depending 

on the type of radial supports used. For the support by rings, all but ao(T) 

vanish, and the only correction required occurs in ao. If individual supports 

in multiples of some number j (maybe j = 6 or 8) are used, all angles vanish 

but ao(T) and those an(T), Rn(T) whose subscript n is a multiple of j. 

To understand the effect of the nonvanishing terms an(T), ßn (T) in Eqs. (9) 

on the mean angular deviation, it is important to remember that the total mean 

error due to a difference (or sum) of quantities is not the difference (or sum) 

of the two separate mean errors, but the total mean error must be computed by 
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integration from the total values an at all locations. However, there is an 

inequality stating that 

mean an <_ (mean 
n 

) 

2 
+ (mean añT))2 (10) 

Consider first the effect of the correction for n = 0. If the transverse 

supporting system for the mirror is relatively poor, the value of (mean a(T)) 

will be appreciably larger than (mean ao), and the total mean deviation (mean 

a(R)) will also be appreciably larger than (mean ao). In this case the effect 
o 

of the term for n = 0 may be relatively much larger than indicated in the table. 

If the mirror is well supported, it will depend on the relative directions of ao 

and a(T) whether the total value (mean a(R)) increases or decreases. 

The effect of individual supporting pads, in multiples of j per circle, 

leads to corrective terms a. , aT), etc. Compensation between a. and aT), 
J 2j J J 

as may occur for j = 0, cannot be expected, and the occurrence of these terms 

will therefore always decrease the efficiency of the mirror. It may be cumber- 

some to determine (mean aR)) from the details of values aj and aT). In such 

a case one can use the upper bound given by Eq. (10) if (mean a(T) is known. 

It is of interest that the terms -a(1), -ß(T) in Eqs. (8) are described in 

the literatures in the words: "The polished mirror possesses...defects that are 

equal to the flexure that was present during the working, but of opposite sign." 

The theoretical determination of the terms añT) and ßñ T) could again be 

obtained by the three -dimensional theory of elasticity, but the computational 

difficulties, except for rotational symmetry, will necessitate use of an appro- 

priate shell theory of sufficient accuracy. In his studies Schwesinger found 

that the (n =0) deformation of mirrors on transverse supports is extremely 

sensitive to small changes in the support location. (Shifting a support by 2% 

of the radius changed deflections by a factor of 10:) The analysis on radial 

supports is in certain cases also sensitive although to a lesser degree than 

for the transverse supports. This convinces me that practically meaningful 

analytical results will require use of a correct shell theory allowing for 

variable thickness. Further, the sensitivity mentioned above indicates that 

shear deformations cannot be ignored safely, at least not until the shear 

effects are numerically studied. Established general methods, which do not 

require excessive numerical labor, are suitable for such a study. 

5A. Couder, Bulletin Astronomique 7:201, 1931. In the recent translation by 

E. T. Pearson, Kitt Peak National Observatory, the sentence referred to 

may be found in Chap. II, Sect. 9, on p. 35. 
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Extension of shell theory for variable shell thickness. --Mr. R. Nelson at 

Columbia University is developing an analysis for variable shell thickness, 

based on the same assumptions as before. The resulting differential equations 

are considerably more complex than those of Reissner, and solution by digital 

computer is practically a necessity. 

A computer program for n / 1 is now available and checked out, so my re- 

sults for n=0 and 2 on the basis of the mean thickness can be checked. Fig. 

5 shows nondimensional plots of the angular changes ao for uniform bending 
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stiffness corresponding to the mean thickness, and for variable bending stiff- 

ness for the case tmax 1.2 tmin for a mirror without hole. The comparison 

applies to a mirror similar to the one for which the table was obtained. It is 

seen that the results of the refined analysis agree well (error 5%) with those 

based on uniform bending stiffness. The direction of the changes is as expected; 

the angles become smaller where the mirror is thicker than the mean, and vice 

versa. For n = 2 the analysis for variable stiffness gives a nondimensional 

mean value for the angular deviation of 0.74, about 8% larger than the value 

obtained for uniform bending stiffness, which was 0.69. 

It should be mentioned that the shell theory for variable thickness, and 

the computer program derived by Mr. Nelson, give also an independent numerical 

solution for mirrors of uniform bending stiffness, as assumed when using Reis - 

ner.2 My earlier numerical results used for the table are thus also confirmed 

by the new, independently derived computer results for n = 0 and n = 2 within 

the accuracy of the earlier hand computations. 

I hope that Mr. Nelson's analytical solution can be carried to the stage 

where tabulated results can be provided. The arrangement of such tables will, 

however, require careful consideration of the most advantageous parameters. For 

mirrors of the type in Fig. 1, there are three nondimensional parameters if 

Poisson's ratio is considered fixed. One is the hole diameter ratio ao /a; the 

other two are combinations of the physical dimensions and material constants. 

Various combinations are possible, and unless the most advantageous ones are 

used, the tables may become unreasonably extensive. My results seem to indi- 

cate that the parameter N given by Eq. (4) should play a vital role in the tab- 

ular presentation of results. 

Comparison of Schwesinger's and my results .- -The deformations of the mir- 

ror that I computed from shell theory differ radically from those obtained by 

Schwesinger's approximate approach.3'4 The peak values of the deformation com- 

ponents, n = 0, 1, 2, differ by factors varying from 0.8 to 3. In addition, 

Schwesinger3 and I differ in the method of optical evaluation of the elastic 

deformations, which contributes to the difference in the conclusions of the two 

approaches concerning the relative importance of the n = 0 and n = 1 terms com- 

pared to the astigmatic term. The difference in evaluation arises from the 

fact that Schwesinger considers "mean path differences" equivalent to mean de- 

flections, while my work uses "angular deviations" and their means. 

To separate the two questions, consider first the deformations obtained by 

the two approaches by optically identical methods. The only information on the 
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deformation presented by Schwesinger3 is in his Table 1. It gives numerical 

values for functions fin, which define the optically harmful part of the defor- 

mation for the case K =0.1, where K (in the symbols used here) becomes 

tmin) /tmin, K = (tmax - 

which may be written alternatively 

K = a2 /4Ltmin (12) 

To compare results, the equations in the two formulations must be brought 

to a common basis. The optically harmful deformation z, based on the path 

difference approach (Eq. (15) in Schwesinger3), for each term n may be written 

zn/ (a cos n6) = (ya /E) iL 
n 

(13) 

where 
`pn 

is a function of r/a and K. The equivalent expressions from shell 

theory are 

zn/ (cos n6) = (ya4/4LEt2)wn (14) 

where the functions wn depend only on r /a. To make a valid comparison, the 

deflections wn are the optically effective part of the actual deflections wn 

using the path difference approach. 

The factor on the right -hand side of Eq. (14) expresses the scaling law, 

Eq. (4). If we try to reconcile the different factors in Eqs. (13) and (14) 

by noting Eq. (12) and the relation for the mean thickness, 

t = (1 + K/2)tmin , (15) 

we find that a reconciliation is not possible. Schwesinger's results are func- 

tions of the parameters ya /E and K, but the shell theory gives results that are 

proportional to the parameter N in Eq. (4). N is not expressible in terms of 

ya /E and K alone because use of Eqs. (12) and (15) gives 

N = ya4/LEt2 = 4 yá K 2 a 
E (1 + K/2) tmin 

(16) 

This means that comparisons of results having the same value K will lead to dif- 

ferent results depending on the ratio a /tmin, and a typical ratio must be selec- 

ted for a numerical comparison. We select a /tmin= 5, L/a =12.5, which gives 

K = 0.1, so that Schwesinger's Table I is applicable. Fig. 6 compares values in 
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from Schwesinger with the corresponding coefficients obtained from shell theory, 

for n =0, 1 and 2. Using the values at the rim of the mirror as simple gage, 

shell theory gives absolute values for the deflections which are, compared with 

o Schwesinger 

Shell Theory 

Fig. 6. Compwc,í,a on va,eues Y inom Schwesing en 3 with =Lies 

obtained pLom she.P,t zheony2 (K = 0.1, a/tmin = 5, = 0.21) 



39 

Schwesinger's, about 1/3 larger for n=0, 3 times larger for n =1, and practi- 

cally equal for n=2. These ratios will of course vary for other values of the 

parameters. Schwesinger's coefficients P were computed for an average value of 

a /t= 4, and some of the divergence between the results must be due to this fact. 

A review of the results to be expected from shell theory for a/t = 4 shows that 

this reduces the difference for n= 0 to quite a small value, while the values w2 

for n = 2 decrease, leaving a modest difference of about 10% instead of the ap- 

parent agreement in Fig. 6. The large difference in n = i reduces only slightly, 

to a ratio of 2.2. This leaves the major disagreement for n=1, which therefore 

cannot be ascribed to Schwesinger's use of a fixed average value a/t = 4. 

Earlier, I said that Schwesinger's and my results lead to radically differ- 

ent conclusions on the relative importance of astigmatism and the n= 0 and n=1 

terms of the mirror deformations. To demonstrate this, consider the last column 

of my table, which shows the contributions to mean angular error for n = 0, 1, 

and 2. The ratio of these contributions is roughly 1:1:2, i.e., the former are 

not negligible. With Schwesinger's method,3 using the influence coefficients 

4n for the mean path differences shown in his Table II, one arrives at the oppo- 

site conclusion; his ratio is 1:0.25:7. (In his terminology, the numbers given 

are the ratios of the values an Yñ.) The difference in the ratios of the mag- 

nitudes of the contributions is much larger than accountable by the differences 

(Fig. 6) between shell theory and the approximate values for the deformation ob- 

tained by Schwesinger. There must be an additional cause. Suspecting the method 

of optical evaluation, I used shell theory and mean path differences to recompute 

11)1, 4)2 and )3, using the deformations obtained from Reissner.2 This gives a ra- 

tio of roughly 1:1:5. This still differs strongly from the ratio 1:1:2 in the 

table, indicating the strong dependence of the importance of astigmatism on the 

method of optical evaluation. 

Summarizing, it appears that the substantial differences between Schwes- 

inger's and my results are due to differences in the displacements used in the 

two approaches, combined with the difference between the angular deviation and 

mean path concepts. It is my understanding that in small diffraction - limited 

instruments the mean path concept is appropriate. However, large telescopes are 

not diffraction -limited, and the use of angular deviations or their means is 

necessary. The results I have given in the table represent therefore a real- 

istic picture of the situation in large telescopes. A further difference between 

Schwesinger's and my work must be emphasized: My concepts contain the absolute 

necessity of including the effects of the fabrication procedure. 
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CRAWFORD: We'll limit discussion now to 5 minutes, and have some more after 
lunch. Professor Bleich points out that he might not be here this afternoon, 
so let's tailor this present discussion to him, and the part after lunch to 
Dr. Schwesinger and others. 

EDITOR'S NOTE: This discussion period began with an exchange of comments be- 
tween Dr. Schwesinger and Prof. Bleich that uncovered many disagreements in 

their papers. Following the Symposium, each submitted expanded and clarified 
versions of these comments, but unfortunately, the controversy is too Zong to 
be reproduced here. We regret to say, also, that it has not yet been resolved. 
We hope that the result will lead to some additional published articles, but 
meanwhile readers may be able to obtain more detailed information on the two 
theories by writing to the two speakers directly. The discussion continues -- 

MEINEL: Professor Bleich, you mentioned an interesting thing. You said we 

ought to turn the mirror over on edge to test. Can you amplify that? 

BLEICH: Yes, if you want to know how bad the deviation is, you could do the 

following. You can't measure the original error, but you could measure the 

original error in n =0, from the deviation plus the error which I computed. 

The n =0 component of the angular deviations on radial supports may be reduced 
by effects originating from favorably chosen transverse supports. The choice 
can be done on an analytical basis if and when available. However, the sensi- 
tivity of the analysis is such that a very sophisticated analysis will be re- 
quired. It may be possible to get the same effect based on a crude analysis 
supplemented by measurements, or solely by use of measurements taken during 
the final stage of grinding the mirror. This would require surveys of the 
surface of the mirror not only when it rests on transverse supports pointing 
to the zenith ( "position T "), but also when it is turned and re on radial 
supports ( "position R "). It is intended to improve the values a , Eq. (9), 

without impairing the quality of the mirror in position T by maQing appropri- 
ate slight adjustments in the transverse support arrangements (slight motion 
of support location or change in distribution of applied forces). 

To execute this, one must be able to obtain from measurements the components 

aÇR) of the total angular deviations when the mirror (unsilvered) rests on 

radial supports (position R). For a mirror resting in position T on two or 

three transverse ring supports, this can be done by measuring the angles a 

at points defined by the intersections of a number of circles rl, r2, r3... 

with a number of equally- spaced radial lines e = 0, 7 /m, 27/m,... 27, where 

m is an integer. The mean values of the angles a for points of equal radius 

rk give the zeroth Fourier component ao(rk) if proper allowance for refo- 

cusing is made. (If plotted, these angles as functions of r will give a dis- 

tribution of the nature of Fig. 3.) If support pads are used, the values 

ao(rk) obtained in this fashion are only approximate. One must in this case 

use a rather large number, m, of radial lines, and m should be an even mul- 

tiple of the largest number, j, of pads on any of the support circles. 

If the above measurements are practicable, the following correction procedure 

is possible: The mirror is ground in position T on whatever support arrange- 

ment seems best. When a survey in position T shows that the mirror is close 

to perfect, it is turned on edge (position R), determining aÇ') as just des- 

cribed. The deviations aÇR) have a certain pattern as a function of r. Ac- 

cording to Eq. (9), aP) = ao -cloy). If the transverse support conditions are 
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changed, aóT) will change but not ao, because the latter is by definition a 

deviation from the stressless state. If one changes the transverse support 
condition to increase aoT where aPR according to the survey was positive, 
and vice versa, the absolute values aP) will decrease. The required change 
in transverse support conditions must be found by trial in position T without 
grinding the mirror. Once a suitable adjustment is determined, the mirror is 
finally ground in position T as near perfect as possible. There is therefore 
no reduction in the final efficiency in position T, but there is an improve- 
ment in position R due to reduction of the error in n =O. 

MEINEL: You mean you simply optimize between the horizontal and vertical posi- 
tion in some manner by testing. 

BLEICH: In some manner by testing is the only thing I can see, other than 
trying in the first place to go with the theory just as far as you can. 

RULE ?: Do you agree with the point such as radio antennas where the rms errors 
are optimized by setting at some angle in between, such as 45 °? 

BLEICH: Well, I don't want to say I disagree; I don't want to agree with that 
either; I was trying to say that the best can be achieved if you know before- 
hand what you are doing, which is hard. 

BOWEN: Wouldn't you have trouble, that is, say this is your mirror, you might 
compensate when you go into this (demonstrating) position. Would the same 

compensation work when you go into this (demonstrating) position? 

BLEICH: Yes, because it is a mean which is measured. When you compensate, you 
have to measure many places around the surface and take the mean of it. You 
see, if the mirror has an astigmatic error, which of course it has, this astig- 
matic error will not show up in the numbers because the mean value was taken 
for each radius r. 

MEINEL: Your point would be that you are taking out the other than n =0, then. 

This angle... 

BLEICH: That would be bad. That cannot be done. Only n= O...This is what you 
achieve by taking the mean on each circle. 

ODGERS: I was wondering, if you try to push the analysis far enough and get 
numbers, you had considered the physical properties of the fused quartz, partic- 
ularly the meaning of Poisson's ratio. When you attempt to measure it, it does 

not give a constant value, which indicates that it is not in fact isotropic. 

BLEICH: Well, this is something I think I've said at the beginning. If the 

properties are only approximate or statistical, there is a limit beyond which 
you can't go. No analysis, not even experimental methods, will be success- 

ful. This is inherent in the physics of the problem. So much accuracy can 
be achieved, and no more. 

FROM AUDIENCE: Would you assume it desirable or at least reasonable to make 
experiments on a smaller scale with a material that has a much higher softness? 

BLEICH: I think that would be very desirable; as a matter of fact, we talked 
about this, but I was given to understand that due to the difficulty of 
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measuring one must have a material which is much softer, as you said. Then 
you get radial effects here, Poisson's ratio effects there. If you can find 
a material which is just right, it would be very desirable to make such tests. 
No question about it. 

HALLINAN: May I conclude from your discussion that it is better to figure a 

mirror, not in the stress -free state facing upward, that one should deliber- 
ately distort it? 

BLEICH: Yes, if you distort it right. Only if you distort it right. If you 
know how to distort it, you can have a better result. 

HALLINAN: So one should not try to figure the mirror in the stress -free state? 

BLEICH: Figure? 

HALLINAN: Well, grind it, polish it, get it into its final configuration. 

BLEICH: Well, it isn't in a stress -free state. 

HALLINAN: If you neglect the hydrostatic stress put on the material. You 
could put it on mercury, or...flat mirror... 

BLEICH: If you could do it in the perfect state, the error would be according 
to the analysis, if you ever made the analysis. But I then say, if you delib- 
erately introduce a minor error, a certain error which just compensates for 
the error of n =0, which comes from the analysis for the mirror on edge, you 
can get a slightly better mirror. 

HALLINAN: Doesn't that mean, though, that the mirror now has the wrong shape 
when it's looking up? 

BLEICH: No, because that's just the point: You grind it right. I explained 
this in answer to Dr. Meinel's first question. I'm not saying it's better to 
make a poor mirror to begin with. 

SCHWESINGER: I think the importance of that point should not be overstressed, 
because you cannot grind it right. There will be deviations from the ideal 
shape, and these deviations will not be smaller than the elastic ones, so the... 

BLEICH: This is another deformation component in addition to the previously 
computed one. 

SCHWESINGER: In the final analysis, this becomes very, very complicated. 
I think that point should not be overstressed. 

BLEICH: Well, I don't know. If you don't allow for it, you get a needless 
error on top of the others. 

BAUSTIAN: I think that another consideration, coming from actual experience 
in observing, is that most of the work is performed within two or three hours 
of the zenith; therefore, the corrections that you make based on the vertical 
position of the telescope would be given less weight than the figuring for 
the horizontal position. I think this is just from a practical point of view. 
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BLEICH: I'm not saying we should give up having a good mirror pointing to the 
zenith. I wasn't trying to say that; I was just trying to put a state of pre- 
stress in, and then grind the mirror right. 

MEINEL: The inverse case would also be worth pointing out. We have so often 
tested our mirrors on edge to derive what the figure was when they were verti- 
cal, and this has led to very serious complications, but we know about it when 
we get the mirror, then, in the telescope. So we could turn it around. 

MEINEL: To start the afternoon session, we'd like to begin with more of the 
general discussion of the two theoretical papers by Schwesinger and Bleich. 

I have a couple of minor points I'd like to ask Dr. Schwesinger. One is the 
diagram plotted w *. It appeared from the discussion that this really was w* 
divided by the parameter R 'y /Eh2. You seemed to be giving a dimensionless 
number. ( SCHWESINGER: Right.) Okay. There was another point, at least in my 
mind, and that was with regard to when you showed the Fourier spectrum for w *. 
These dropped off rather fast with increasing n, but isn't it correct that the 
increasing n values become progressively more sensitive in terms of actual 
deviation of the ray, according to Dr. Bowen's comments? So the actual con- 
tribution to the image spread function would not drop off quite as fast as 
your spectrum showed? 

SCHWESINGER: Well, the evaluation was done considering the total optical effect, 
but on the basis of wave theory, not considering the surface slope which deter- 
mines the inclination of particular rays. I mean, you can do it both ways. 
Both ways have advantages and disadvantages. If you apply both correctly, you 
should wind up with the same result, provided that the aberrations are not so 
small as to demand application of wave theory. I think we agree about that. 
In my slides the figures were rms values, and they comprise the total optical 
effect. I think the conclusion - -that the slope near the edge is so much larger 
- -is not tenable because the amplitude is much smaller, so even if these modes 
drop very fast toward the center, the slope is not large because the amplitudes 
are very small. 

MEINEL: Yes, but on the other hand, so is the wavelength smaller, because n is 

larger. 

SCHWESINGER: Oh, you mean in the tangential direction? 

MEINEL: Yes. I have one further question. In your treatment of the ring 
support, and the downward load at this point, this was simply a mathematical 
device simply to help you evaluate the local deviations of the mirror. I mean, 
you plotted this for the whole surface, but yet you were only considering the 
validity in this particular region rather than deformation way out, say at 
the outer edge of this mirror? You were only considering the load over this 
ring of supports, rather than a load at any other point in the mirror disc? 

SCHWESINGER: I'm not quite sure about the meaning of your question. The 
reason -for separating these two load systems from each other was simply to 
facilitate the mathematical investigation. 
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ME1NEL: Then the result was valid only in the near vicinity of where you made 
this approximation? 

SCHWESINGER: Why? It is no approximation. It is a separation of the load 
system. It is split up into two different load systems which, superimposed 
again, give exactly the original system. It is no approximation. The solu- 
tion is perfectly exact and legitimate within the scope of a linear elastic 
theory. I really should have dwelt longer on this point. 

MEINEL: Well, out here you had very low deflection far from your support ring. 

SCHWESINGER: Yes. The reason for this is that in the second load system there 
is no load in the outer portion. You see, that was the plate here, and you 
have a continuous ring load on the upper side which just cancels the load on 
the ring support of the first load system. On the lower side of system 2 you 
have single supporting forces, acting on the same radius. For illustration, 
take a flexible circular plate supported on your fingers at equal angular in- 
tervals. On the upper surface, you push on it, say, with rubber tube opposing 

your fingertips. So it is quite plausible that there is not much flexure in 
the outer portion of the system because the deformation is concentrated along 
the loading circle. 

MEINEL: You mean then, the gravity loading out here does not equal... 

SCHWESINGER: That has been taken care of in the first load system. 

MEINEL: You were separating the load systems (SCHWESINGER: That's so.) because 
the point was that the coupling between these two load systems -- 

SCHWESINGER: It is a linear superposition which is legitimate as long as the 

laws that determine the shape of the distorted mirror are described by linear 
differential equations. 

MEINEL: I thought Bleich pointed out that you had to consider the coupling load 
and the shear between the two groups of radial supports, and if you had...the 
coupling ... 

SCHWESINGER: Well, that was something different -- inclusion of shear deformation 
was omitted here. (AUDIENCE: Yes.) 

RAAB: As far as the superposition of loading systems is concerned, I believe 

you are superposing loading systems which act upon different surfaces. And 
since we are talking about the mirror surface, we should be interested only 
in the deformation of that surface. I don't know how legitimate it is, to 

consider loading systems referred to two different surfaces. 

SCHWESINGER: Well, it is true that this mathermatical device is valid only 

within the frame of plate theory, because, as Professor Bleich pointed out, 
the deformations of the plate in the z direction are disregarded in the con- 

ventional theory of bending anyway. They are not accounted for. So this has 

no practial meaning; it is just a device to make the numerical evaluation 
easier. 

RAAB: But then, in other words, your results are for the deflections of the 
middle surface and not for the upper surface. 
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SCHWESINGER: Yes. `Fat's true. 

PIERCE: Does the theory predict which is the better of the two cases: first 
a uniform depth plate, convex back and concave front, or second, a mirror as 
we normally make it, with the concave surface on top and a flat back? Is one 
preferable to the other? 

SCHWESINGER: I think what you are implying is that it is always preferable to 
make the mirror thicker, so if the thickness of a mirror of uniform thickness 
is not larger than the central thickness of a concave mirror, the latter is 
better because, on the average, it is stiffer. But you have to take into 
account the different distribution of the load, and adjust the radius of the 
ring support accordingly. 

FARRELL: As I understand the question, in all the calculations we are consider- 
ing flexure. Has anyone given any serious consideration to how important shear 
is? Have you considered a very thick plate? Can the percentage influence of 
shear in the over -all deflection be large compared with that due to flexure? 

SCHWESINGER: We had a very good discussion about the question this morning. 
The question is perfectly legitimate. It is an approximation, if you disregard 
the shear stresses. From an estimate 1 once made in a different case, I found 
that for plate dimensions like those with which we have to deal in practice, the 
influence of the shear stresses on deformation was something like 20 %, but the 
shape of the distorted surface was very much alike. I mean the distortion of 
the plate by the shear forces was not so much different in character from the 
one by bending that you would get altogether different results. There is an- 

other point. The figures I mentioned this morning should not be interpreted 
to mean precise values for the radii that I recommend; I wanted only to show 
that it is possible to optimize these radii, and if this optimizing process 
is carried out in the right way, one can reduce flexure considerably. If you 
include shear stresses, the result of the optimizing process will be somewhat 
different. I think that this is the important point. 

FARRELL: We have completed some calculations on the mirror whereby we considered 
first the flexure of the disc on the two ring supports for the 150 -inch mirror, 
22 inches thick. We did a separate series of calculations considering shear 
alone and then tried to balance one against the other. In some cases there was 

a difference in slope and deflection. By balancing one against the other, we 
can minimize the over -all deflection. But the important result we came up 
with was that the shear deflection was considerable. We find this difficult 
to accept, and yet we can't find any error in our calculations. So this is 

the reason we're wondering if for large mirrors, on the order of 150 inches, 
22 inches thick, has anyone really gone into the shear deformations and calcu- 
lated exactly what they are? 

SCHWESINGER: You said considerable? What do you mean by considerable? About 
how much? 

FARRELL: 200% higher. 

SCHWESINGER: Oh no, it would seem there is something wrong. 

FARRELL: It would make life simpler for us if there were something wrong. 



46 

SCHWESINGER: This ought to be about 10 times less. 

FARRELL: I also questioned it at the beginning, but in checking back we 
couldn't find any errors and had to conclude that it was correct. 

MEINEL: Would Dr. Nilles or Spoelhof have anything to say? 1 believe you've 
looked at questions of shear in blanks, but I'm not sure if they are applicable 
to this particular question. 

SPOELHOF: We have primarily studied the effects of shear in the deflections of 
lightweight structures. In this case, shear deflections are comparable to those 
from tension and compressions and must definitely be taken into account. 

MEINEL: I think it is reasonably clear it is a major term, but... 

AUDIENCE: Well, in this case for a lightweight structure with plates front and 
back and ribs in between, the shear terms are vertical in carrying loads. But 

I don't think it's the same as this problem discussed here. 

MEINEL: Could I ask from a theoretical standpoint whether the question of 
sockets in large solids has been considered, because of the problem of edge 
loading, whether one should consider milling a solid blank in order to get 

lateral support perhaps more nearly close to the individual centers of gravity 
as you proceed out the blank. 

SCHWESINGER: We have not carried out any theoretical investigations of ribbed 
structures, but we did some experiments with different rib designs. 

MEINEL: I'm thinking, not in terms of ribs, but of simply taking a solid and 
coring it, in order to get support within the structure. 

SCHWESINGER: No, all these calculations were based on the mathematical, hypo- 
thetical assumption that you have a point support on a thin plate, so obvi- 
ously the solution is not correct in the vicinity of the spot where the load 
is applied. But this is not tragic, because by deformation of the surface 
the stresses are always distributed over a finite area, and there is no rea- 
son to worry unduly about the mathematical points. Your question could be 
answered only by a three -dimensional theory. 
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THERMAL EFFECTS 

THERMAL EFFECTS IN LARGE MIRRORS 

Walter A. Grundrnan (Dilworth, Secord, Meagher and Associates) 

In the time allotted to me for discussing thermal effects in large mir- 

rors I will have to confine my presentation to two types of gradients, namely 

(1) temperature gradients in the mirror parallel to the reflecting surface, 

and (2) temperature gradients parallel to the optical axis. 

To avoid confusion I will use the same temperature gradient definition 

used by Dr. Bowen at the 27th IÁU Symposium. Let me point out that for the 

thermal analysis performed on the mirror blank Ihave depended rather heavily 

on Dr. Bowen's presentation at the 27th Symposium, on Dr. Couder's paper en- 

titled "Research on the deformations of large mirrors used for astronomical 

observations," published in 1931, and especially on a paper by Dr. Wellmann 

entitled "Uber die thermische Deformation eines Spiegels," published in 1954 

in Zeitschrift fur Astrophysik. 

The specifications given us by the Canadian astronomers for the Queen 

Elizabeth II Telescope quartz mirror were that the effective figure of the 

mirror surface should stay within 1/20 arc sec at zenith angles between 0° 

and 30 °, and within 1/10 arc sec at zenith angles between 30° and 60 °. 

For a start we have assumed the design criterion to be a maximum sudden 

change in temperature environment of 10 °F. It follows that the integrated 

effect of mirror surface distortion due to the sudden change in temperature 

environment must be less than 1/20 arc sec. The contribution of thermal 

distortion must be less than this tolerance since we must also cope with the 

imperfections of the axial support system as well as with the quartz flow as 

the zenith angle changes from 0° to 60 °. 

Temperature gradients parallel to reflecting surface. -- First, I would 

like to discuss the effect of temperature gradients parallel to the reflect- 

ing surface of the mirror. In this case, the temperature in the mirror is 

largely a function of the radial distance from the optical axis. To avoid 

further confusion I will limit myself throughout this discussion to the case 

where a mirror blank of uniform over -all temperature is suddenly exposed to 

a colder environment. As the mirror cools - -and let us suppose for a start 

that the heat transfer per unit surface area is constant over the entire 

quartz blank, including the outer edge - -we can expect radial temperature 
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gradients to develop. Note that, although axial temperature gradients are 

present as well, their effect in our hypothetical model will cancel since we 

are assuming symmetry in heat transfer for top and bottom surface. The geo- 

metric change of the mirror cross section that develops due to the radial tem- 

perature gradient has been referred to ts the edge effect. Some authorities 

claim that the outer mirror edge turns up (called under -correction); others 

maintain it turns down (over- correction). Actually, of course, either direc- 

tion is possible since the outer edge moves in three ways as the mirror cools. 

Figure 1 shows my interpretation of the edge effect for a cooling mirror. 

a. Change in mirror blank thickness. 

b. Radial contraction of mirror blank. 

e. Rotation of mirror blank outer edge. 

Fig. 1. M.uvcorc. de¡on.mation due to nadiat -tempeJtatune gnadí.evLta . 
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As the outer edge of the mirror blank cools, one can expect a slight 

decrease in mirror thickness. The degree of contraction, and hence mirror 

surface distortion, will depend on the mirror thickness. The blank for the 

Queen Elizabeth II Telescope being 24 inches thick, we expect a significant 

contribution of this effect towards differential surface distortion. 

Since the outer part of the blank is colder, it also tries to contract 

radially. This I have tried to show in lb. Some radial shrinkage is in fact 

possible, but most of the thermal stress will be released by the edge turning 

upward as shown in lc. The degree of upward tilt of the outer edge will be 

primarily a function of the focal ratio. For small focal ratios the variation 

in mirror thickness becomes considerable. In our case the thickness at the 

optical axis is 85.5% of the thickness at the outer edge. 

The interesting thing to notice about the effects of radial temperature 

gradients is that the contributions of mirror surface changes are not all in 

the same direction. Depending on the dominant effect, the net result can be 

either an upward or a downward turned outer edge. In fact, it would appear 

that at least in theory one should be able to design a blank whose outside 

reflecting edge does not move vertically in relation to the remaining surface. 

There is of course an easier way of controlling thermal deformation of 

the reflecting surface. For the Queen Elizabeth II Telescope we are propos- 

ing to attach insulation to the perimeter and to the inner hole surface. There 

,appears to be nothing radically new about this solution except that we have 

taken an engineer's approach in determining the insulation capacity required 

so that the mirror will perform within the specifications set by the astron- 

omers. I would like to review quickly the approach we have taken. 

We calculated the temperature gradients to be expected in the mirror 

blank for a sudden temperature change in the environment. To simplify the 

problem we made the following assumptions: (1) the front and back surfaces 

of the mirror blank are parallel and there is no dishing of the front surface; 

(2) the mirror blank is without a central hole; (3) the heat transfer coeffi- 

cient for the mirror surface is identical for front, back, and sides. I will 

later show that all of the simplifications are reasonable and that they do not 

affect the results greatly. 

With the above simplifications, the problem reduces to an unsteady -state 

heat conduction problem for a plate of finite diameter and thickness. For the 

general case we can express the heat conduction equation in cylindrical coordi- 

nates as: 
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In solving this differential equation we can calculate the temperature 

distribution for the case of an infinitely long cylinder and for the case of 

an infinitely large plate. We then combine the results such that: 

where 

- ul(p,t) x u2(5,t) 

p is the radial location coefficient, 

c is the axial location coefficient, 

0 is the temperature difference between mirror element 

and surroundings, 

eo is the change in temperature environment at time = 0. 

To compare temperature gradients as a function of heat transfer coeffi- 

cient, temperature gradients have been determined for the Queen Elizabeth II 

Telescope quartz blank for two heat transfer coefficients: 0.81 Btu /hr. 

ft2°F (in metric units 1.1 cal /cm2 sec °C) and 0.55 Btu /hr. ft2 °F (0.75 cal/ 

cm2 sec °C). Curves were then drawn for the important points in the mirror 

blank for both heat transfer coefficient cases. Figures 2 and 3 are the re- 

sults. It is interesting that in both cases the maximum temperature spread 

between the core and the outer edge occurs after 6 hours. We can conclude 

from this that radial temperature gradients will be a maximum in the mirror 

blank 6 hours from an initial change in environment. 

Having decided on the time, we can now look at the actual temperature dis- 

tribution in the quartz blank for this particular instant. Figure 4 shows 

the distribution for the higher external heat transfer coefficient. 

Again we note that the quartz blank cools fastest at the edges and 

slowest in the core. It becomes clear from this diagram that even after 6 

hours the temperature in a large part of the mirror has no radial gradients. 

Therefore, little thermal differential deformation due to shrinkage should 

be expected until one reaches p equal to 0.75. In addition, our first assumed 

simplification -- constant mirror thickness - -seems reasonable since the radial 

heat transfer in the mirror appears to be quite small, and therefore the small 

variation in thickness is of little importance. In Figure 4, the constant 
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temperature lines would in actual fact be slightly more compressed toward 

the center. 
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The second simplification - -that the mirror blank is without a central 

hole --can also be justified since air flow along the hole is restricted by 

the coudé tube. Conduction to adjacent metal will be prevented by added 

insulation. Therefore, the temperature gradients under consideration will 

not be affected by this simplification. 

Some comments now about the third assumption: constant heat transfer 

coefficient. As was pointed out at the 27th IAU Symposium, the front surface 

of the mirror loses heat by natural convection. The back of the quartz blank 

loses heat at the same rate by radiation provided that the steel cell below 

is at the new ambient temperature, which of course is seldom the case. 

Since equal cooling of both surfaces is desirable, additional heat re- 

moval at the rear surface by convection can be accomplished by blowing air 

over it. Indirectly, the surface can be controlled by blowing cool air through 

the steel cell and around the supports. The same procedure would apply to 

the perimeter of the mirror blank so that the constant coefficient of heat 

transfer- can be obtained. Some additional comments about this will be made 

when we talk about the effect of axial temperature gradients. 
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Having determined the radial temperature gradient, we proceeded to calcu- 

late the differential change in mirror blank thickness as shown in Figure la. 

We again made liberal use of Dr. Wellmann's paper, and the results of our 

computations for both heat transfer coefficients are shown in Figure 5. On 

examining these curves we can draw two conclusions: 

(1) The percentage of the mirror surface distorted does not depend greatly 

on the size of convection coefficient assumed, at least for the magnitudes with 

which we are concerned. 

(2) While the degree of axial distortion increases somewhat with size of 

convection coefficient, it appears not to be proportional. Note also that 

there is little change in slope at p = 1.0. 

To summarize our findings, we can say that for a sudden change of 10 °F 

the mirror blank distorts to a maximum after 6 hours. We have calculated 

this to be 1/3 arc sec at the outer edge. This amounts to a circle of aber- 

ration of 1 1/3 arc sec. The integrated effect of mirror surface distortion 

due to radial temperature gradients at the outer edge amounts to only 1/10 

arc sec. Note that these are figures for only one effect, namely the one 

shown in Figure la, and that this one alone exceeds the specifications set 

by the astronomers. 

So far we have not attempted to estimate the additional distortions 

shown in Figures lb and lc. Although these distortions, being opposite in 

direction, may compensate for the one calculated in detail, they could con- 

ceivably make &greater contribution. In fact, because of the short focal 

length of the mirror and the large degree of dishing toward the center, we 

suspect that the latter is the case. Rather than estimate further distortions, 

our approach has been to avoid radial temperature gradients by attaching the 

correct amount of insulation. 

The analysis so far will help us to determine the amount of insulation 

required. If we examine Figure 4 again we note that radial temperature grad- 

ients exist only from p = 0.75 outward. If we add a similar length of quartz 

to the perimeter of the blank, we can be assured no radial temperature grad- 

ients will remain in the useful portion of the mirror blank. For the mirror 

blank of the Queen Elizabeth II Telescope, this amounts to 171/2 inches. 

Considering insulating capacity of the relative materials, we feel that 

the same-thing can be accomplished with 12 inches of air -aluminum foil sand- 

wich. Using this insulation we would consider 0.0003 inch of crumpled aluminum 
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foil with air gaps averaging about inch. However, aluminum foil in paper 

bags attached to the perimeter of the mirror is not the best solution. It is 

questionable whether effective insulating capacity can be achieved at the ex- 

treme edge if a more robust container is used since the material employed to 

fabricate it would transmit more heat than the insulation prevents. 

There appear to be insulating materials on the market now that could do 

a superior job. For the Queen Elizabeth II Telescope, we are proposing aero- 

tube plastic sheet insulation about z inch thick. This will be bonded to all 

surfaces parallel to the optic axis. 

Temperature gradients parallel to the optic axis. - -A brief look now at 
axial temperature gradients: Here the temperature of the mirror blank is a 

function of the distance below the mirror surface. In calculating the radial 

temperature gradients in the mirror blank we had assumed that the mirror loses 

heat at the front surface essentially by natural convection. At the rear, 

heat loss to the steel cell will occur by natural convection and conduction 

as well as by radiation. Assuming that, for a given temperature difference, 

the rear surface gets rid of its heat about twice as fast as does the front, 

it should be possible to calculate what the temperature difference will be 

between the top and bottom surfaces. The calculated temperatures of the rel- 

evant surfaces are plotted in Figure 6. 

You will note that maximum temperature difference between front and rear 

surface occurs 3 hours after subjecting the mirror and cell to a new tempera- 

ture environment. This difference amounts to 2 °F for a change of 10 °F in the 

ambient. The change in focal length resulting from this temperature differ- 

ence amounts to 0.266 mm. 

For the Queen Elizabeth II Telescope, which has a focal ratio of f/2.8 -- 

and provided one does not refocus and no other preventive measures are taken- - 

one can expect an image of about 1 /10 mm, or 1 3/4 arc sec in diameter, after 

3 hours. Again, these figures represent a possible maximum and are due to a 

change of 10 °F. 

The change in mirror curvature due to this effect appears considerable 

and must be controlled. Figure 6 indicates that faster cooling of the steel 

cell, right from the start, would help the situation. However, since the rate 

of heat loss from the rear surface is about twice as large as from the front 

for a given temperature difference, we can expect the rear to gradually get 

colder than the front surface later on during the viewing night. 
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Since for the rear surface the heat lost by radiation is about equal to 

the heat lost by conduction and convection, one solution would be to aluminize 

the back surface of the mirror. The steel cell would then require immediate 

cooling so that it always corresponds to the prevailing ambient. In this fash- 

ion one would be assured that the quartz blank would always cool equally front 

and back. 

For the Queen Elizabeth II Telescope we plan to add a number of fans in 

the cell to control the steel masses below the mirror. Once it is apparent 

that the interior dome temperature differs substantially from the external 

temperature at dome shutter opening time,the cell will be ventilated for 1 to 

2 hours before the telescope is used. It is hoped that the steel cell and the 

supports will have cooled sufficiently, say by 50%,so that the heat loss from 

both surfaces will be about equal for the rest of the night. Should this prove 

unsuccessful, we will consider applying aluminum paint or aluminum foil to the 

top of the steel cell. 

HALLINAN: Is the material used for insulation around the primary mirror a 
structural material? That is, does it support the mirror laterally? 

GRUNDMAN: No. It is attached to the outside, to the perimeter, and to the 

inner hole by bonding. 

HALLINAN: What is the lateral support system? 

GRUNDMAN: Levers. 

HALLINAN: Do the levers come through the insulation? 

GRUNDMAN: Yes, they come through the insulation, and the insulation will be 
attached also around the pads of the lever system. It is not 100% perfect, 
but this has to be contended with. 

RULE: One is tempted to observe that, with the edge error effect of thermal 
gradient as well as support system, the new mirrors may be made oversize- - 
put that added amount on the diameter and then aperture the outside edge. 

GRUNDMAN: Yes, we thought about it. 

MEINEL: Is it correct you did not include terms like hoop stress when the 
edge cools? 

GRUNDMAN: The terms for hoop stress, radial stress, and axial stress are 

included in the expression of thermal deformation which we used. We did 
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not try to calculate the hoop stress separately, nor did we try to calculate 
its share of mirror blank deformation. The hoop stress in the blank leads to 
deformation as indicated in Figures lb and lc; the first of these is of little 
consequence provided that the bottom surface, and the outer edge, are unre- 
strained. 

Since we have assumed a uniform thickness for the blank in performing thermal 
deformation calculations, we have neglected the effect shown in Figure lc. 

To calculate this blank distortion due to hoop stress, one must employ the 
curvature of the top surface, and it seemed to us at the time that such a 

calculation would be long and tedious. Our approach therefore has been to 
avoid this effect of hoop stress due to radial temperature gradients at the 
edge by applying the correct amount of insulation around the blank perimeter. 

RAAB: Would you care to comment on the importance of the coupling between the 
thermal problem and the elasticity problem? You're calculating temperature 
distributions assuming an original shape of the structure, whereas the geomet- 
rical dimensions are altered. 

MEINEL: Such as hoop stresses... 

GRUNDMAN: Yes. My calculations are based on temperature gradients which occur 
due to a sudden change in environment. I am assuming thereby that the blank 
is initially stress -free and homogeneous in temperature. 

RAAB: No, my concern is that you are computing temperature distributions based 
on an assumed shape of the material, and the shape of the material is changing 
as a result of the temperature. 

GRUNDMAN: It doesn't change that much, though. Dimensional changes of the 
blank are so small that they are measured in terms of light waves. Such small 
dimensional changes cannot affect the temperature distributions. 

RULE: I must point out that, percentagewise, it could be appreciable. For ex- 
ample, Young's modulus, thermal coefficient, or even Poisson's ratio may be 
changing slightly with temperature gradients. This would be on the order of 
a few percent for 10° or 20° C. 

SCHWESINGER: I remember that an analogous study has been made including the 
effect of stresses originating from the temperature change. I'm not quite 
sure now in which periodical it was published. I remember there was a 

solution worked out for a circular plate. I'll see if I can dig it out when 
I am home. 

GRUNDMAN: I see. I'd be interested in that. 

SCHWESINGER: I have one question. I don't know if I understood you right. 
You said you constructed the solution of that differential equation by con- 
sidering a cylinder of infinite length? 

GRUNDMAN: Correct. 

SCHWESINGER: And a plate of infinite radius? I'm not quite sure how you com- 
bined these two cases to get the solution for the boundary conditions applicable 
in the present case. 
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GRUNDMAN: For the case of a cylinder of finite radius the general differ- 
ential equation of the temperature distribution for unsteady -state conduction 
reduces to 

ae = a 
(2e 

1 ae 1 

at 7172- r Dr 1' 

which when solved can be expressed as 
6 

= u1(p,t), 
0 

where u1 is the solution for the case of the cylinder. Similarly, for the 
case of a round plate of finite thickness, the general differential equation 
reduces to 

90 920 

at = a ax ' 

which when solved can be expressed as 
e 

6 
= u2(t,t), 

0 

where u2 is the solution for the case of an infinitely wide plate. By 

taking account of the two coefficients u1 and u2 we can establish the ratio 
of e for any point in the blank. 

00 

HECKMAN: With the correct boundary conditions? 

GRUNDMAN: Yes, correct boundary conditions. 

SCHWESINGER: Is that exact, or an approximation? 

GRUNDMAN: It's exact. 

FfUI AUDIENCE: In this case, the boundary conditions are very simple, just 
another temperature outside. 

ODGERS: Do these things vary linearly with the thermal shock? Should we 
call it an instantaneous thermal shock? 

GRUNDMAN: That's right. Instantaneous. 

ODGERS: Is it linear with the magnitude of the shock? 

GRUNDMAN: For this analysis, yes. Quite irrespective of what the actual mag- 
nitude of the change in temperature is. 

ODGERS: The other thing was, in connection with Bruce Rule's comment, this 
was the question I asked Dr. Bleich: Considering the thermal properties of 
quartz, Poisson's ratio, first of all, is hard to measure, which indicates 
that quartz is not, in fact, isotropic; also, it does vary with temper- 
ature. One would wonder how far they could push the elastic analysis, for 
example; in view of the uncertainties of the thermal analysis, which is cer- 
tainly a very complicated work. 



60 

GRUNDMAN: Yes, owing to the uncertainties of the physical properties of 
quartz, and the fact that they change somewhat with temperature, one should 
be careful at all times to compare the analytical results with the experi- 
mental, if such are available. We have done this for the thermal deforma- 
tion calculations and have found that the deformations are within the range 

observed by Dr. Bowen, making allowance, of course, for the difference in 
material. 

TAYLOR: Have you considered how the convection effects might vary with the 
angle of the mirror from the horizontal? As I recall, you get a consider- 
able amount of convection from a vertical surface. 

GRUNDMAN: That's true. For a vertical surface you get more effective cool- 

ing by natural convection, since the heat transfer coefficient from quartz 

to air has increased. For the calculations we have employed a coefficient 
representing a horizontal flat plate, and we have also assumed that this 
coefficient holds for all other mirror blank surfaces. If a larger heat 
transfer coefficient were employed, such as would occur for a vertical 
plate, cooling would be more rapid,and hence both radial temperature gradi- 
ents and deformations associated with these would be more severe. However, 
the extent of mirror surface which distorts would remain the same, and 
this becomes apparent when we examine Figure 5. 

MEINEL: Do you really want the radius not to change, to be an invariant, 

because you have a zero coefficient material in the structure of finite co- 
efficient? If you just change the focus you might like it to shorten as 

the temperature drops, because your structure drops; you'll have large 

changes of focus at the Cassegrain. This is one thing that Dr. Strand did 

not get into because he has just a plane secondary. But those of us who 

are going to be using high -powered secondaries will find a large change in 

focus as the temperature changes. So it might be desirable to leave a 

little bit of curvature term in there to avoid the nonspherical terms. 

HALLINAN: Are you recommending that the instrumentation of the telescope 
include automatic refocusing during exposure? 

GRUNDMAN: No, we are not recommending this. We have briefly considered 
automatic refocusing, but at present we believe that the back surface of the 
mirror can be controlled so as to ensure equal front and rear mirror blank 
temperatures. In this way one would avoid change in mirror curvature and 
hence defocusing due to this effect. I think it would be extremely hard to 
match defocusing due to telescope tube thermal changes with defocusing due 
to axial temperature gradients in the mirror. The latter just does not 
respond rapidly. 

MEINEL: Are there any plans for any of the telescopes for compensated tube 
structures to go with them? 

RULE: Well, there are two things here. One of them would be that perhaps 
there are changes within the minimum depth of focus; that's the easy one. 
The second is, you might want a shift in focal point accomplished but not 
understand how to get something to do it. 
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RICHARDSON: With reference to Dr. Meinel's second to last comment, I disagree 
that it would be desirable to leave in a little bit of the curvature term in 
the distortion of the mirror after being subjected to a thermal shock. We 
would prefer to have the mirror change its curvature as slowly as possible and 
then compensate for differential expansion of the metal tube and the quartz 
optics by moving the secondary mirror. In this way, the change in field scale 
is kept to a minimum. By comparison, the change of focus under distortion is 

temporary and will disappear when the mirror reaches thermal equilibrium. 

GRUNDMAN: But the time scale in Figure 6 indicates that a thermal equilibrium 
is reached in 6 hours. 

RULE: Six hours? You can't reach that? 

RICHARDSON: Well, maybe I don't understand the question, but anyhow, I think 
that the change in focus due to distortion is going to be very, very small 
compared with the differential thermal expansion between the metal of the tube 
and the radius of the quartz mirror. 

MEINEL: As it turns out to be a rather significant focus change in the Casse - 
grain, assuming a short time constant on the structure and the order of a six - 
hour time constant on the mirror. 

DOW SMITH: Are you considering any pre- observation time - temperature soakings 
so that you might anticipate the temperature which will have occurred at your 
observation time? 

GRUNDMAN: Yes, we are considering that. As far as the mirror is concerned, 
we are designing its enclosure and supports so that it can cope with a sudden 
change of 10 °F in its environment. This represents a maximum. We are hoping 
that we can design the dome so that the interior temperature corresponds as 
closely as possible to the outside temperature at shutter opening time. We 
believe the difference in temperature will be less than 10 °. 

MEINEL: If we get off on the job of designing domes, we'll never get out 
of here! 
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THERMAL EFFECTS ON PRIMARY MIRRORS 

R. H. Noble (University of Arizona) 

I'm reporting in part on work begun while I was at the Perkin -Elmer 

Corporation several years ago. It was continued by Mr. Cran Barrow, who had 

participated from the beginning. The numerical results I'll mention. The 

graphical results were reported by him at the meeting of the Optical Society 

of America in San Francisco this fall. 

As we know, distortion is more important than size change, so we're in- 

terested in the contributions of thermal effects to distortion much more than 

we're interested in the contributions to size. It is important to maintain 

symmetry in all construction parameters of the mirror so that transient heat 

flux will not produce unsymmetrical deformations. 

The work which we were doing was on a system which is not very applicable 

to most of your interests: it was on the Princeton -O.A.O. Experiment, which 

was meant to be used in space and therefore had no convective effects. Only 

radiative and conductive effects were present. The radiative effects were 

somewhat more important than in most of the telescopes of interest today. In 

a ground -based telescope, the radiative effects can generally be considered as 

very small. We're helped by the fact that the sky subtends a small solid angle 

compared with the structure in the dome and the mirror cell. In going from a 

day condition to a night condition, we have only a small change in the radia- 

tion equilibrium. We're also helped by the fact that the surface of the mir- 

ror which sees this has a low emissivity in the direction of this viewed radi- 

ative temperature change, and this can be made even smaller if special coatings 

are used to keep the emissivity small. Those who use telescopes for solar work 

have a somewhat worse condition because they have a larger emissivity in the 

visible, where radiant power is absorbed, than in the infrared, where it is 

emitted. Therefore, the effects in the mirror of going from a non -use to a 

use condition are considerably larger. 

The work to be reported today chiefly concerns conductive effects. The 

mirror considered was a so- called egg -crate type, with a front and back plate 

of fused silica, and a square grid center. We're interested in the effects of 

conduction from the mount. Each of the three mounting stubs is cylindrical. 

In order to maintain symmetry, each meets the mirror in the median plane, and 

of course we will therefore have to cut the back of the mirror and thus destroy 
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the mechanical symmetry. We shall, however, try to maintain at least a con- 

ductive symmetry in that the only interchange by conduction is from the mount 

to this center of grid structure in a circle on the order of 5 cm in diameter. 

The mounting points may, however, be part of a multipoint support. The mirror 

under consideration had three, but we're considering the effect of only one 

of these. One can extrapolate these results to a multipoint support, with a 

greater number than three. There is a relatively small conductive path. The 

mirror considered was 0.8 m in diameter, and about 0.1 m thick. We are deal- 

ing with a fairly small thermal conductivity, which is a disadvantage since 

one would prefer to obtain equilibrium quickly. But there's no way around 

that, once one has made the choice of the material to be considered. 

The first graph has as ordinate the ratio of the temperature change in 

the central plane of the mirror structure to the temperature change in the sup- 

port. The abscissa will be the ratio of the distance from the center of the 

support to the support radius. The plot shows a monotonically decreasing curve 

from an ordinate of 0.13 near the center of the support to an ordinate of 0.01 

at 10 times the support radius. 

The second graph shows the deformation of the mirror surface, by plot- 

ting the deformation of the central plane and the change in the mirror thick- 

ness against the same abscissa as before. The central plane deforms because 

of the relative weakness of the back plate where the support enters. The 
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maximum size of this deformation is 0.0012 micron for each degree of tempera- 

ture change in the support. The greatest change in mirror thickness is 0.0046 

micron for each degree change. The net result on the mirror figure is a 

0.0058- micron hump over the support center relative to the rest of the mirror. 

I think we do need to consider structures connecting primary and secon- 

dary mirrors because mirror materials are coming into use which have lower and 

lower thermal coefficients of expansion. The Cer -Vit of Owens -Illinois has a 

coefficient of expansion of about a tenth of that of fused silica, and they 

can produce mirrors about a meter in diameter. Hopefully research will con- 

tinue in this area, and the mirrors which can be produced will become larger. 

The focal shift resulting from a change in mirror spacing- -when the connecting 

structure has a different coefficient of expansion than the mirrors --is, as 

you know, related to the square of the magnification at the secondary. For a 

good many of the newer telescopes with fairly fast primaries, this is a serious 

problem. I think that one might well consider either gauge rod support (which 

is presently planned by the Princeton -O.A.O. Experiment), where three fused 

silica rods go from the primary to the secondary, thus controlling the focus. 

One needs to get the temperature of the rods to remain the same as the temper- 

ature of the mirror. Or, alternatively, one needs a bimetallic combination of 

rods and tubes where one can have a resultant length change that minimizes the 

focal change of the telescope system. We made some calculations for a bi- 

metallic combination for the Princeton -O.A.O. Experiment, but finally rejected 

it because we didn't believe that we could maintain the same temperature 

within the bimetallic system that we had in the mirrors. If you have tubes, 

one within the other, you might manage to make the outer tube remain the same 

temperature as the mirror, but during thermal changes the inner tube probably 

would lag too much to permit the system to work. 

In conclusion, I think what we need is a continuation of symmetry in de- 

sign, and a serious effort in a number of directions in materials research 

and development. In particular, we need research for materials of low thermal 

coefficient of expansion, for materials of high modulus of rigidity, for mate- 

rials of high thermal conductivity, and for low- emissivity surfaces. 
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FARRELL: Is this ro, the radius here? 

NOBLE: Yes. 

MEINEL: I guess for the time being we're pretty well limited to solid fused 
silica in the size telescopes we're talking about. We'd be delighted for 
people to come up with still lower -coefficient materials that we can obtain 
for competitive prices in the size of 150 to 200 inches. At present I 

guess there's only one competitor at all, and that is in the field of high 
conductivity, and that would be with regard to metal mirrors like aluminum 
mirrors. I wonder if Dr. Pierce might have any comment to make on the 
prospect for stellar work. I know you're doing a lot with solar work, 
but... 

PIERCE: Well, I'll only say that in the future we have a 100 -inch aluminum 
mirror as a test mirror for Cassegrain - coudé secondaries. This would, of 
course, give us some experience with mirrors of that size. Mirrors 60 in- 
ches in diameter are used in the solar telescope and have worked satisfac- 
torily. We're very happy with them. 
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AXIAL SUPPORTS 

SUMMARY OF AXIAL SUPPORTS 

Charles Fehrenbach (Observatoire de Marseille) 

PART I. Miroirs et supports --A. Couder* 

This paper is Dr. Couder's, and I give you a translation of it. So it 

is not necessary to read a French paper, I think. 

In the optical laboratory of the Observatory of Paris, Couder and his 

co- workers made more than 300 large optical pieces, and Couder gives some in- 

formation on his experience in that field. 

First of all, some nonreversibility in deformation which was given by 

many people is not real but depends only on stresses or frictions in the 

supporting systems or between the supporting systems and the mirrors. And 

in mirrors, he never observed nonreversible deformations. 

Second, the forces parallel to the optical axis are much more important 

than the forces perpendicular to that axis. Couder has made many supporting 

systems with counterweights, and he found that it is never necessary to have 

a supporting system in a plane for a mirror of 120 cm in diameter. In 1932, 

he came to the conclusion that, for a mirror with a diameter not larger than 

300 cm, it is not necessary to have a supporting system in the plane of the 

mirror. But this supporting system is necessary if the mirror is larger than 

300 cm. 

I have here a photograph of the 1.93 -m mirror of the Haute Provence Ob- 

servatory. (I have no slides, so they can circulate in the assembly.) You 

can see that this mirror is very good. There is some deformation of x/7, and 

there are very small corrugations which are smaller than a few A /100. You 

can also see the supporting system of the spider of the secondary mirror, and 

this supporting system was changed. The supporting system, which is a lever 

supporting system made by Grubb Parsons under an agreement with Couder, cannot 

be seen through the mirror. But you can see the edge supporting system be- 

cause this picture was taken from the sky with a star 45° high, I think, and 

you can see a very short deformation, but this deformation is so short it is 

not possible to see it on the image. 

The characteristic number for the flexure is 0/h2; R is the radius of 

the mirror, and h is the thickness. For this mirror, this number is 307 x103 

*See European Southern Observatory Bulletin No. 2, pp. 51 -54, Aug., 1967. 
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in centimeters squared. For ESO's new mirror,and also for the new mirror of 

the French project,which will be out this year,this number is 375 x 103 cm2. 

So, you see, it is possible to have a support system in the direction of the 

optic axis of the same type for that mirror as for the Haute Provence mirror. 

Couder believes it is possible to use a supporting system of this kind 

without changing the type of that used in Haute Provence. But it is perhaps 

possible with some difficulty to use the support and back system, on the air 

bag system, and it will certainly work out as well as the supporting system 

with levers. It seems to Couder that the supporting system with counter- 

weights will be much easier to arrange, it will not be cheaper, and it will be 

worked very easily without complications. 

For the lateral supporting system in the plane of the mirror, the prob- 

lem is more difficult for the large mirror than it was for the Haute Provence 

mirror. It was necessary to use the very good work of Schwesinger, but it 

seems, too, that it would be very interesting to see whether Schwesinger's 

theory is in good agreement with experience. For that reason, ESO has a con- 

tract with REOC, a French optical firm. Mr. Bayle will give you a paper, and 

I will also give you a translation of that paper, after this. 

The basic idea of the comparison is the following: If you have glass or 

quartz, the density (6) and the modulus of elasticity (E) are such that this 

will be 6/E = 3.42 x 10 -12. But you have a different type of material, and 

the material which was used is Silastene. Silastene is a new silicone prod- 

uct which has very different qualities from quartz or Pyrex; and 6/E will be 

on the order of 5.0 x 10 -8. 

So you see that with this material the flexibility will be 14,000 times 

larger for Silastene than for Pyrex mirrors. The difficulty comes to working, 

and so Mn Bayle made this mirror. This mirror is made of Silastene, and it's 

very flexible. In the second paper we will give you some results obtained 

with this flexible mirror. This mirror has a diameter of 20 cm. [MEINEL: I 

was always told that mirrors were made of rubber! (Laughter)] That's a rubber 

mirror all right. Yet, you see, we will obtain a very good image with it. 

This mirror has a diameter of 20 cm; the Poisson ratio would be 3, and 

the thickness is 3 cm. So the characteristic number of this mirror compared 

to ESO's mirror is 338. And so, this mirror is 43 times more flexible than 

the large mirror. And so it is interesting to see if Schwesinger's theory 

or other theories are right with this mirror because we can make some exper- 

iments. 



68 

One difficulty is that this material does not have exactly the same 

characteristics as glass. Poisson ratio is near .25 for glass or Pyrex, and 

it is very near .50 if you have no air in this cultured mirror. So it is not 

possible to draw exact conclusions from this model for the big mirror. But 

it is certainly valid if you construct a supporting system which gives you no 

deformation on that mirror. Then the comparison between the model and the 

large mirror will be valid, in very, very good approximation. When you are 

completely sure the correcting system works well with this mirror, it will 

work also very well with the large mirror. 

A second difficulty comes from the fact that this material has some hys- 

teresis and some other defects, and you must be very careful, you must take 

great care you do not make the experiments too quickly. You sometimes have 

deformations. This mirror was in Mr. Bayle's bag and after the air travel it 

had some deformation. And so, you must wait one or two days, and then you 

have the good form of this mirror. But when you take some care, you will 

have no difficulty, and you will obtain good images with this mirror, as I 

will show you later in Mr. Bayle's paper. 

In conclusion, if you will compensate the forces in the direction of the 

optical axis, you must have the possibility to compensate with a very high 

accuracy, on the order of 0.001. In certain directions you need compensation 

only on the order of 0.05. So you see that the support system in the one 

direction must be very, very much better than the other. It is very easy to 

understand that, because I have two major mirrors in two places, and so the 

compensation has been of very low accuracy in that direction. 

But it is very important,when you have good compensation in that direc- 

tion, that your compensation will go smoothly with variations in gravity, and 

that you have no friction, so that you have no forces here,because forces of 

a very few percentage of that will be added to that, and give a very big def- 

ormation. In Couder's opinion, that is a very important fact if you use a 

bag -like mechanism because it is difficult to avoid these forces in that 

direction. 
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Part II. Recherche experiment a le d'un barillet antiflexion pour un grand 
miroir d'astronomie, effectuée pour le compte de l'European 
Southern Observatory (ESO) -- And y» Bayle* 

Le miroir de 1,93 m de l'Observatoire de Haute Provence est supporté par 

son dos au moyen de 30 leviers astatiques à contrepoids, et par sa tranche au 

moyen de 3 patins sans autre complication. Ce miroir ainsi supporté ne pré- 

sente aucune déformation visible, quel que soit le point du ciel pointé par le 

télescope. Mais nous pensons qu'un miroir de plus grandes dimensions,par ex- 

emple 3,50 m de diamètre, présenterait des déformations élastiques si son sys- 

tème de support latéral ne comportait que 3 patins. 

Matériau. -- L'expérimentation d'un barillet sur maquette utilisant un 

miroir de verre à échelle réduite étant impossible, nous avons pensé utiliser 

un miroir construit en une substance très élastique. Après quelques essais, 

nous avons obtenu le meilleur résultat avec le Silastène RTV 601 de la Sté 

Industrielle des Silicones. Son retrait est très faible (0,1%). 

Densité: 1,31 

Module d'élasticité: 6 x 107 

Coefficient de Poisson: très voisin de 0,5 

Dimensions du miroir.- -Nous avons adopté un diamètre de 20 cm, une épais- 

seur de 3 cm et un rayon de courbure de 120 cm. La flexibilité de ce miroir 

est R`' /E2 = 1111 cm2. A cette échelle, les miroirs présentent des déformations 

de position considérables. Des moulages de plus grandes dimensions présenter- 

aient des défauts d'homogénéité trop importants. 

Moule.- -Nous avons constitué le moule en cinq morceaux: 

1. Une balle, ou miroir convexe. Nous avons essayé successivement le 

verre nu, le laiton, le verre aluminié non protégé, puis adopté le marbre blanc 

que nous dissolvons dans l'acide chlorhydrique étendu pour dégager le moulage. 

2. Un entourage cylindrique se démontant en trois parties, construit en 

AG5 (alliage d'aluminium). 

3. Un couvercle en marbre donnant à la partie arrière du miroir en plas- 

tique sa forme plane, et que nous èliminons par dissolution. Ce couvercle pré- 

sente un trou central. 

Mélange des produits. --On procède au malaxage des produits pendant 1/4 

d'heure avec une hélice. Le produit est ensuite dégazé pendant quelques minutes 

sous vide, puis versé dans le moule. On fait alors tourner l'entourage cylin- 

drique et le couvercle,enlaissant fixe le fond sphérique du moule, de manière 

*Translation presented by Fehrenbach is not available. For published version, 
see European Southern Observatory Bulletin No. 2, pp. 41 -50, Aug., 1967. 
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à parfaire l'uniformité du mélange, uniformité qui semble s'altérer au con- 

tact de l'air pendant la coulée. Cette rotation entretenue jusqu'à ce que 

le produit commence à s'épaissir, assure en tout cas au miroir une symétrie 

de révolution. 

Polymrisation. --Elle s'effectue dans une étuve agencée spécialement, 

à double enveloppe, avec brassage de l'air entre elles. Le mélange étant 

effectué dans une pièce à 20° C, nous élevons lentement la température de 

l'étuve de 20° à 21 ou 22° C, de manière à compenser en partie le retrait 

du à la prise de produit. Nous ne démoulons qu'au bout de 5 à 6 jours. 

Ces méthodes ont finalement été mises au point sur le dixième moulage, 

qui ne présente pas d'astigmatisme mais seulement un certain rabattement 

régulier du bord, moins fort cependant que sur les premiers moulages. 

Séchage. --Le Silastène après son démoulage, durcit pendant un certain 

temps, et subit encore un très léger retrait. L'expérience nous incite à 

conserver les miroirs dès leur sortie du moule sur une "planche à clous." 

Nous la fabriquons en piquant régulièrement 19 grands clous sur un contre- 

plaqué épais et paraffiné. L'ensemble de la tête des clous est rôdé à l'émeri 

sur un tour d'opticien, de manière à constituer un support bien plan sur le- 

quel le miroir reposera bien d'aplomb. Pendant le séchage, une bande métalli- 

que mince est enroulée sur la tranche du miroir, dépassant de quelques milli- 

mètres la surface concave et la surface plane. 

Stockage. - -Au bout de deux ou trois jours, nous conservons le miroir posé 

à l'envers sur une forme convexe de verre poli. 

Comportement aux déformations. -- Lorsque l'on fait subir au miroir une 

grosse déformation, par exemple en le décollant de son support de verre sur 

lequel il adhère toujours, et qu'on le place dans son barillet, on constate 

qu'il conserve un petite déformation qui disparaît complètement en un quart 

d'heure. Si le miroir est abandonné assez longtemps dans son barillet, ou posé 

sur un bain de mercure par son dos, on constate qu'au bout de peu de jours, il 

prend une forme irrégulière donnant à l'image d'un point une faible aberration, 

inférieure par example à l'astigmatisme provoqué par la déformation purement 

élastique qu'il prend lorsqu'il est posé axe optique horizontal sur un patin. 

La petite déformation irrégulière qui apparait en quelques jours, disparaît 

aussi en quelques jours lorsqu'il est posé sur la forme convexe sphérique de 

verre poli. 

Somme toute, ces défauts du Silastène RT1/ 601 sont légers, et il suffit 

de les bien connaître pour qu'ils ne faussent pas les expériences. 
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Premier bariZZet d'essai. - -Cc barillet A, Fig. l (Note: Figures are not 

available in this version of the paper) est du type à coussin d'air dorsal. 

Le barillet, construit en bois contreplaqué, présente un fond de 25 cm 

de diamètre et un bord de 21 cm de diamètre intérieur, et 4 cm de hauteur. Il 

est tenu par un arbre en acier suivant son axe de symétrie, sur un second axe 

qui, lui, est horizontal. Le miroir peut ainsi prendre toutes les positions 

que peut présenter un miroir de télescope en service. 

Le barillet est muni de trois touches fixes en laiton, dites dorsales, et 

destinées à supporter le miroir par trois points de l'extrème bord de son dos. 

Ces touches sont percées d'un trou central, que le miroir obstrue lorsqu'il 

s'appuie dessus. 

Trois touches, dites latérales, de 2 x 2 cm de surface, épousent la forme 

cylindrique du miroir et le maintiennent latéralement. Ces touches s'appuient 

chacune par l'intermédiaire d'une petite tige sur l'extrémité d'une vis de ré- 

glage. La tige est maintenue en place d'une manière très souple au moyen d'un 

manchon en mousse plastique. 

Les touches dorsales sont réglées de manière que, lorsque le barillet est 

placé axe horizontal, le miroir soit en équilibre instable sur les touches 

latérales, lesquelles ne doivent exercer sur le miroir que des forces normales 

à l'axe de celui -ci. 

Un coussin d'air recouvre le fond du barillet. Son diamètre utile est 

exactement celui du miroir. Les trois touches dorsales le traversent librement. 

Ce coussin est construit en polyéthylène mince thermosoudé, renforcé à l'endroit 

de l'admission de l'air et des passages des touches dorsales. Après plusieurs 

essais, nous avons adopté une épaisseur de 0,05 mm et avons obtenu un cossin 

très souple et très étanche. 

Une canalisation d'air comprimé aboutit, d'une part au coussin, et d'autre 

part, en parallèle, aux trois touches dorsales. Lorsqu'on souffle avec un débit 

très faible dans cette canalisation, le coussin se gonfle jusqu'à ce que le 

miroir dégage les touches en se soulevant. Les fuites sont réglées de manière 

qu'il suffise que le miroir se soulève de quelques centièmes de mm pour que le 

gonflage du coussin n'augmente plus. 

Dix -huit coussins latéraux sont uniformément répartis autour du miroir, le 

centre de leur surface étant exactement placé ä la même distance du fond du bar- 

illet que les trois touches latérales. Ils sont construits en Silastène RTV 

601. Ils sont de forme ronde, de 30 mm de diamètre total, 9 mm d'épaisseur, 

avec leur bord arrondi à un rayon de 4,5 mm. Leur fond, qui s'appuie sur la 
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paroi au bord s'amincit progressivement jusqu'a ne faire que 0,4 mm environ, 

épaisseur qu'elle conserve sur la face en contact avec le miroir. L'air com- 

primé entre dans les coussins par une canalisation disposée suivant leur axe. 

Tels qu'ils sont, ces coussins, très souples, n'exercent qu'un effort normal 

à l'axe optique, ce qui est capital. Ils supportent sans dommage une pression 

supérieure à 20 cm de mercure. Ils sont obtenus par moulage dans un moule en 

deux parties convenablement polies. Le mode opératoire efficace a nécessité 

un assez grand nombre d'essais. 

Bâti supportant le bariZZ . --Le bâti a la forme générale d'une caisse 

sans couvercle et sans paroi avant. Il supporte, sur ses 3 parois, 18 mano- 

mètres à mercure destinés à mesurer les pressions dans les 18 petits coussins 

et un manomètre â eau branché sur le grand coussin dorsal. (Voir fig. 1.) 

Lanterne.- -Une monture supporte une source ponctuelle de 0,3 mm de dia- 

mètre et une platine apte à recevoir soit un écran, soit un chassis photogra- 

phique. Nous appelons cet ensemble "lanterne." Cette lanterne peut se dé- 

placer le long d'un tube d'acier fixé sur le bord du barillet. Les figures 

2 à 6 montrent la qualité optique réalisée pour le miroir n° 10 et illustrent 

sa flexibilité. Pour ces essais, l'axe optique du miroir était vertical. La 

figure 2 a été obtenue avec le coussin dorsal gonflé, la lanterne au centre 

de courbure du miroir. L'image est excellente. On a ensuite dégonflé le cous- 

sin dorsal, et le miroir repose alors sur ses trois touches: on obtient la 

figure 3 qui montre la très forte déformation à symétrie ternaire du miroir. 

Les figures 4 i, S sont obtenues lorsque la lanterne est à 19 cm en dessous 

du centre et la figure 6 à 8,5 cm audessus du centre. 

Déformation du miroir, axe horizontal. --I1 est facile d'étudier la déforma- 

tion de ce miroir suivant qu'il repose sur un patin ou sur deux patins plus ou 

moins éloignés. Avec un seul patin, on observe un astigmatisme, la focale hor- 

izontale est intra- central (fig. 7) et la focale vertical est extra -centrale 

(fig. 8). Ces focales sont inversées avec deux patins disposés à 120° l'une 

de l'autre (fig. 9 10). Nous avons constaté que l'astigmatisme disparais- 

sait seulement en utilisant des patins disposés par construction à 85° l'un de 

l'autre, mais la déformation irrégulière de la tache intra- centrale illustrée 

par la figure 11, montre que le miroir est déformé; la tache au centre (fig. 12) 

reste importante. 

Reaction des patins Zateraux sur Ze miroir. --Les patins latéraux qui ont 

servi à ces essais s'appuyaient au moyen d'une crapaudine sur une tige rigide 

et maintenue rigidement par le barillet. 
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Les vues suivantes montrent la nécessité d'éviter, non seulement la com- 

posante axiale de la force de frottement dont l'effet était dès l'abord re- 

douté, mais aussi la composante tangentielle perpendiculaire à l'axe et au 

rayon d'appui. 

Dans tous ces essais nous avons au préalable soigneusement placé le mir- 

oir bien en équilibre sur les patins, et réglé son axe bien horizontalement. 

La figure 13 montre l'aspect de la tache extra -centrale lorsque les deux 

patins sont inclinés de S °, comme l'indique la figure 14. 

Les figures 15 et 16 montrent les taches intracentrales lorsqu'on fait 

exercer par les patins des efforts tangentiels en écartant ou rapprochant les 

patins; les forces tangentielles de frottement ainsi exercées sont très 

faibles. 

A la suite de cette étude,nous avons diminué la longueur des patins par- 

allèlement au dos du miroir pour le réduire de 3 à 2 cm,et nous avons intro- 

duit la tige intermédiaire entre la vis et le patin, dont nous avons parlé 

précédemment. 

Nous illustrons l'aspect de la tache obtenue par quelques figures (17 à 

20). En examinant les figures, il est possible de rendre la figure extra - 

centrale ronde; il faut, pour cela, ajuster les pressions des 18 coussins, 

qu'on mesure. La figure 21 montre l'image centrale correspondante qui est 

excellente. On recommence ces mesures après avoir fait tourner l'ensemble 

miroir -barillet de 60° autour de l'axe horizontal. Ceci permet de faire une 

moyenne des mesures. 

La figure 22 montre l'influence du trou central. 

La figure 24 résume tous les résultats. En ordonnée,on a porté la pres- 

sion dans les coussins en mm de mercure. En abcisse,on a porté l'angle que 

fait l'axe de patin avec la ligne de plus grande pente descendante du miroir. 

Ces angles varient de 360/21 17,1 °. 

Ces courbes se rapprochent des courbes (1 + cos (p) cos h qui seraient 

données pour un coussin de mercure en anneau complet, et qui a été proposé 

pour l'étude théorique de Schwesinger, mais il semble y avoir une différence 

systématique. On trouve bien la relation en cos h; en effet, nous avons 

trouvé les rapports des maximums 

cos 10° = 0,985 et 0,980 

cos 40° = 0,766 et 0,767 
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Les courbes se rapprochent des courbes qui seraient données par un coussin 

de mercure, en forme d'anneau, mais ne semble pas se confondre avec elles. 

On n'a pas pu mettre en évidence une déformation astigmatique sensible de 

le surface du miroir lorsque les cousins latéraux et dorsals sont correctement 

gonflés. 

Tous les essais nous ont convaincus de la nécessité absolue d'empêcher 

les coussins latéraux d'exercer la moindre force qui ne serait pas exactement 

normale à l'axe optique; l'axe de poussée doit passer exactement par le centre 

de gravité du miroir. 

Enfin le réglage de la pression du coussin dorsal doit être opéré avec 

une précision extrème. Le système simple de réglage automatique de cette pres- 

sion s'est révélé à lui seul insuffisant, et nous avons du, pour chaque inclina - 

sion du miroir, régler l'admission de l'air comprimé de manière que la poussée 

de la lame d'air fuyant entre le dos du miroir et les trois touches fixes com- 

pense exactement le manque de poussée donné à ces endroits par le coussin dor- 

sal; ce manque local de poussée du coussin étant du aux échancrures destinées 

au passage des touches fixes. 

La surface utile des coussins doit être définie de façon parfait, ce qui 

est très difficile. 
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DOW SMITH: We have just heard a description of a most elegant and interesting 
technique. I believe it will provide important results. I would like to sug- 
gest that it can be extended to even more precise investigations. Since a 
wide range of silicone materials are available and since these can be mixed 
with other materials, it may be possible to overcome much of the modeling er- 
ror arising from the error in the elastic modulus. Moreover, I believe the 
technique of differential surface measurement using holography would be an 

accurate method of measuring surface contours to high accuracy. It would not 
then be necessary to have a specular mirror surface on the rubber capable of 
forming an optical image. 

SCHWESINGER: I have hope that my theory is not completely wrong (laughter and 
applause), but I regret that Professor Bleich is not in anymore, because now 
I see a discrepancy between his results and the reported experiments. You 
may remember that he doubted my numerical values this morning. He confirmed 
that astigmatism has a stronger effect than the modes 0 and 1, but he said 
that my figures for the latter two are too low. Now, the check of this case 
here seems to confirm pretty well that the image was really good, despite the 
prevailing modes 0 and 1. In fact, it was better than what one would expect 
if the figures that Professor Bleich quoted this morning were adopted, because 
there was, as far as I remember, only a ratio of 1 :2 between coma and 
astigmatism. It occurred to me that the quality of the image at the V -angle 
of 900 was much better by a factor of two compared with the strongly astig- 
matic images shown in the beginning. My second point: the edge force distri- 
bution in the experiment was not quite the optimal case that I had worked out. 
The real optimum was somewhat better than your function. Could it be that the 
slight difference that you found could be attributed to this fact? 

FEHRENBACH: There is a difference because for your formula you give only the 
coefficients for glass, and it was very difficult to have exact confirmation 
if you made the calculation for Silastene. The appearance in v for glass and 
the properties of Silastene are greater. It was that this was found for glass 
and not for this material, and so we asked Mr. Schwesinger to repeat or to 
give us the constants in your formula to have the calculation. Then I hope it 

is possible to have also a quantitative check. It is very easy to change the 

formula, you see. And if you have a different load you can change this very 
easily. 

RULE: Have any experiments been made with either reduced or excess pressure? 

FEHRENBACH (translates to French for Bayle, then translates his answer): No. 
The main problems of the pressure go through the center of gravity of the sys- 
tem. It was too difficult to check this. 

SCHWESINGER: You did not try to apply negative pressures in order to demon- 
strate the other case where the upper half of the mirror is under tension and 
the lower half under compression? 

FEHRENBACH: It's more difficult that way. You see, the problem is not only 
that you have pressure --with this type of mounting, the pressure will be nor- 
mal. But when you have a negative pressure, you must have here some glue, 
then yob have the pressures here, and then you have very easy tension force. 
That's the reason, you see, why Bayle has not made this experiment. 



76 

SISSON: Pressure is not really the only thing because area also enters into 

this. When you are considering what we're effectively working with, which is 
force, with increased pressure, the area will increase. Is this perhaps one 

of the reasons for the slight departure from the law? 

FEHRENBACH: No, no, no. With the pressure, you have to...(French with Bayle). 
It was an experiment that was necessary to have the relation between the pres- 
sure and the forces, and you have not exactly linear load because you have a 

small difference in the size of the contacts. This paper will be published 
by ESO in a very short time, I think. 

KELLY: Does this material always return to its original shape? In other words, 
does it stay within the elastic limit? 

FEHRENBACH (French with Bayle): When you take it inside, it must have 50 min- 

utes of relaxation time. You understand that if you take this material like 

that during one month, then you have a deformation. Then you take this on 
this and let it set because it is distorted, now different. One month this 
way and one month that way, it will be in good shape. It was necessary to 

have a very good...it was fixed normally on an optical mount plate during the 

time it was not in use. That is not the best one. 

RULE: It could be the hole for the 150 -inch. 

MEINEL: It's the answer for the people who want active optics. 

PEARSON: I have a comment to make before we get started with the next session. 
I made a translation of the first three of the four chapters of Couder's paper 
that he wrote in 1931, so anybody that wants an English translation can get it 

from me this afternoon. I have written a couple of times to Dr. Couder. He 

has one of the translations, and he has offered to bring it up to date, with 

some of the work that has been done in the past 30 years. So I should get 
that sometime in the near future, I hope. 
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EFFECTS OF THE CASSEGRAIN HOLE ON AXIAL RING SUPPORTS 

E. T. Pearson (Kitt Peak National Observatory) 

This afternoon, I'd like to just sketch the solution to one problem 

and give the example of the 150 -inch Kitt Peak mirror. The geometry of the 

mirror that was considered is shown below. 

/' 

Fig. 1. Geome,ticy 06 m.uvton. 

h 

--J 
SUPPORT RING(S) 

The mirror radius is "a" and the hole radius is "b." The dashed line indi- 

cates a support ring which, in the final design, will be continuous. I 

assumed a flat fused quartz plate, without any dishing. 
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Using the ratios p = r /a, a = b /a, and = c /a, the deflection of 

the mid -plane, W, was 

Wp = K(a4/h2) (f1+ f2) , 

where K = dg /64B 

= density 

g = gravitational constant 

B = E /12(1 -v2) 

E = Young's modulus 

v = Poisson's ratio 
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This would be the solution for one axial support ring carrying the 

entire weight of the mirror in the horizontal position. Only the bending 

flexure was considered, and there were no edge moments. With the help of 

a computer, I found the position of a single support ring to give minimum 
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peak -to -peak deflection (W) for any size hole. (See Fig. 2 below and the 

solid line of Fig. 3 on the next page.) 
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For a large mirror, a single support ring would not be satisfactory, 

and we decided to investigate two support rings. The deflection then is -- 

Wp = K (a4/h2) [fi + M f21E1 + (1-M)f21E21 

where M is the fraction of the total mirror weight supported on the inner 

ring at E1. Again, a computer helped find the locations of E1 and F2, and 

the value of M for minimum peak -to -peak deflection. Actually you can have 

three or four or any number of support rings that you want. However, it was 

felt that since the addition of each support ring required its own control 

system, which had to be very highly controlled, the fewer support rings 

necessary, the better. 
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I have an example that was done for the Kitt Peak 150 -inch. Mr. Baus- 

tian will give you a more detailed description of the actual structure. 

For fused quartz, I calculated the value of K as 5.5 x 10-10 per cm. The 

mirror has a radius of about 200 cm and a hole diameter of 66 cm. Average 
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thickness is about 56 cm. If it ever made any difference, I used the value of 

thickness which would give the right volume if multiplied by the nr2 relation- 

ship. So it is actually an intermediate thickness. Then the hole size, a, is 

about .33 and, from Fig. 3, the values of the nondimensional support ring di- 

ameters are about .48 and .85. About 35% of the weight is on the first circle 

and about 65% is on the second. The theoretical deflection comes out to be 

about A /S0, peak -to -peak deflection, so it seemed to be a very conservative 

sort of support. 

If we are not able to move the support rings in and out to find the actual 

optimum position due to the dishing of the top surface, the hope is that we can 

adjust the fraction of weight on each ring to still get very close to the min- 

imum deflection calculated -- probably as close as the opticians can actually 

figure the surface. 

FARRELL: What was the criterion for choosing the 52 -inch hole? Was it chosen 

as a result of your calculations? 

PEARSON: I didn't choose it. I think the hole originally was to be smaller, 

about 36 inches. However, I suggested that there might be some advantage to 
having a larger hole. In other words, given the same complexity of support 
system, you might get a smaller peak -to -peak deflection as a result of the 
larger hole. In addition, you have the material that is left over from the 

larger core to be used as primaries. In addition to that, I understand that 
you can take the coudé mirrors in and out through the larger hole. 

HECKMANN: From what I understand, you have proved that the axial flexures are 
diminished because of the larger hole. Did you also investigate the influence 
of the larger hole on the radial flexures? 

PEARSON: As a matter of fact, there may be some very valid criticism of the 
larger hole, both from the radial and from the optical point of view. If we 

do have the larger hole, then we'll have to figure the mirror almost perfectly 
up to the inner edge. Also, with a very large hole, there might be consider- 
able difficulty with the radial supports. However, there is a back -up to 
that. Perhaps radial supports could be put on the inside of the hole, consid- 
ering that it is large enough now to give us access to it. This is an unproven 
system. However, Dr. Schwesinger's remarks this morning indicated that the 
mirror could be supported on just two rings up to about 200 inches. I think 
this is borne out in our analysis at the same time. 

MEINEL: Do you plan to investigate the azimuthal stiffness? This becomes very 
important around the optical shop processing. Also, if you get any sort of 
frictional forces or anything in your edge supports, you have a very spongy 
structure. 
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PEARSON: I think there's room for a good deal more analysis. At the time, I 

was just trying to answer the question of what happens to the axial supports 
with a large hole. This may be only about a third of the total flexure. 

RAAB: I'd like to question whether the peak -to -peak deflection criterion is 

appropriate. Since this is a two -dimensional analysis, your knife -edge sup- 

porting ring would produce an overemphasized effect. 

PEARSON: Yes, this has been discussed. I justified it, because it came out 

to be a fiftieth of a wavelength. If, theoretically, it is just a fiftieth, 
the slope and all the other criteria at the same time are very small. If it 

had come out to be marginal --a quarter wavelength or something like that, or 

even a tenth of a wavelength --I don't think it would have been justified at 
all. I can't say too much more than that. 

MEINEL: Would you care to justify the reasons for going to two rings of air 

supports, rather than a single one covering the back of the mirror? 

PEARSON: The two rings were the extension of one ring. One ring would be 

very marginal; it probably wouldn't work for the 150 -inch. With two, we felt 

that we had at least one degree of freedom to shift the fraction of weight on 

each of the rings. 

MEINEL: Is the reason for this single one because of the variation in thick- 
ness of the mirror? Is that what you were referring to? Why it wouldn't do? 

PEARSON: That's definitely one point to consider. The variation in thickness 

will cause a variation in support pressure necessary for one wide ring. 

FROM AUDIENCE: An excellent question would be, have you ever allowed the 
boundaries of a single one to grow or change and also optimize that, rather 

than going to two separate rings? 

PEARSON: I guess that could be done. It's just that if you do have one single 
ring, and you designate its physical size, all the weight is on it, and there 

is no way to correct afterward. 

MEINEL: Except there are overhangs available. You can adjust radii, and that 
will give you less error. 

PEARSON: Also, we have tentatively planned to put the defining points between 
these two rings. 

FARRELL: About the 150 -inch Canadian mirror: we found much the same as what 
Earl has discovered --that one single ring wasn't enough. We went to two rings 

and found we could stay within the design limits without too much trouble. 

There is one question open, and this is the shear deflection problem, which we 
will be going into shortly in hopes of clearing up. We have tried to optimize 
the position of the two rings, and found that the mirror was fairly sensitive 
to the location of the two rings. One can adjust not only the inner ring but 
the outer ring as well to give minimum deflection. We managed to determine 
the profile for 1 -inch increments over the whole width of the mirror and cal- 
culated the root mean square variations. I have these results with me. I 
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don't know if Earl would want to go through these himself, but our results are 

very similar. 

PEARSON: That's encouraging. One other thing along that line: If it turns 

out that the shear is 200% of the bending deflection you get after optimizing 
support, this is not as important as it probably sounds, because you are only 
dealing with, say, a fiftieth of a wavelength. Supposing you do add to that, 
in some manner or another, an effect that is 200% of that. You are still 
dealing with a very small fraction of a wavelength. However, if you don't 
optimize, and you are dealing with a tenth of a wavelength, then the shear 
effect may be much smaller percentagewise. I think these are rather relative 
numbers and have to be qualified to absolute values. 

HOAG: Is the areal symmetry quite stringent if the air bags do not cover the 
whole surface? 

PEARSON: I'm not sure I understand what you are asking. 

MEINEL: The accuracy of placement of these rings, for instance, in a real 

sense. 

HOAG: The area of the air bags in contact with the mirror will have to be 
constant as a function of O. 

PEARSON: I'm sure that it will make a difference. I think, though, that the 

advantage we have of perhaps shifting the amount of weight on each ring will 
help make up for whatever shift you might ordinarily want to make in the posi- 
tion, if I interpret you correctly. 

SISSON: Is this an air bag ring support? or a number of pads? 

PEARSON: It is not pads. It is a continuous ring --well, almost continuous. 
Mr. Baustian will give you more details on it. However, it has a width of 
about 4 inches. This was brought about by the considerations of the pressure 
required in the bag, the amount of area that will probably be supported. Rel- 
ative to the distance between supports, the actual area of each ring is small. 
In this case theoretically it is considered as a ring, without area, but in 
practice it has a finite surface around that ring. One other point: We do get 

away from any problems related to how many different points are needed along a 
circumference to approximate a continuous ring. 

RULE: I'd like to go back to a point Mr. Pearson made a while ago on the larger 
holes - -and the suggestion about putting supports radially in the central hole. 
Are you, or has anyone, done an analysis of, say, correlation of inside hole 
and outside radial supports? 

PEARSON: I was willing to take a guess, based on Dr. Schwesinger's work on the 

outside. It would be just a guess as to what might be the best type of inter- 
nal edge supports. Also the theoretical discussion of edge supports centered 
pretty heavily ón Dr. Schwesinger's paper, and his results. If we have a 

larger hole, and this was adopted in the final design, then we might even sup- 
port it in much the same way as the outside edge is supported. 
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LEVER SUPPORT SYSTEMS 

Part I. General discussion, and description of 200 -inch system 

Bruce Rule (California Institute of Technology) 

With the growing use of such support methods as air bags and flotation 

schemes, there seems to be a threat of replacing the old basic lever mechanism. 

But I think there is much to be discussed or understood about the place of the 

lever system in the existing telescopes, and the fact that it has been used for 

75 years means that we must at least say something in its behalf before we at- 

tempt to bury it. 

We started out in discussing support systems before, by referring to the 

elastic problems of the mirror mount. Before mirrors became very large, or 

very thin, or very flexible --at least consciously - -we supported them by merely 

grasping them at the edges. We started out by supporting a mirror usually by 

grasping it at the disc corners. The rigid -ring supports have the disadvantage 

of supporting the disc only at the outer edge, leaving the center to bend sub- 

ject to thermals and to stresses of the clamp ring. If gaskets were inserted, 

this became essentially a spring- mounted system. Spring- mounted systems are 

used during grinding of the mirror to distribute the load stresses. Then we 

proceeded to take this out and mount the mirror on different concentrated 

points near the outside edge. 

The indeterminate type of support is one in which support is provided at 

three points with no opportunity to change the support reactions unless some 

spring material, such as a gasket or a piece of sponge rubber, is inserted be- 

tween supports. It was obvious very early that a simple lever support put in 

the center of the mirror blank could carry more than 40% of the total disc 

weight, or by using three distributed supports, as Couder proposed years ago, 

one could do a better job of supporting the optical system and still have the 

chance to adjust the support reaction. It is unnecessary to discuss the kine- 

matics of simple lever support systems. I will say something later about the 

design problems specifically on the compound support lever systems of the 200 - 

inch mirror. Accuracy and friction are the principle factors. These two prob- 

lems on the lever systems were well known from the early days of weighing mech- 

anisms, i.e. platform scales and other types of linkages where the known fric- 

tion of the pivot was the principal part. Fairbanks -Morse years ago discovered 

they could get pivot frictions down to ridiculously low percentages of a few 

hundredths percent. This was done at some sacrifice of leading, permanence, 
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scouring, or Brinelling. In making mirror support levers, however, one must 

account for the drastic difference between break -away or static friction and 

the moving friction. Many commercial scales and pivot devices are subjected 

to severe shock loads, and they are continually in a state of motion to guar- 

antee the low- friction movement. When the bearing systems on support levers 

remain idle for a long time, the lubricant is squeezed out and the high load- 

ing of the pivots results in indefinite friction or even "seizing" on start- 

up. With the advent of ball bearings, one could reduce the pivot friction 

nicely and still carry large loads at low friction. The coefficient of fric- 

tion of most good ball bearings nowadays is less than .0015, so there is no 

excuse for not making a lever system with reasonably low friction. As a mat- 

ter of fact, with just a few bearings, most well- designed linkages would gen- 

erally have frictions well below .05% at their maximum load ratings. 

One of the other problems, however, if you get into a complex system, is 

to multiply the number of bearings. With a compound system, you may also have 

guide bearings on the sides, or other linkage bearings, so many lever support 

systems involve more than just two simple bearings. They may involve, as in 

the case of the 200 -inch, up to 16 bearings per unit. The friction must be 

added for each one of these. 

The second problem, accuracy of the lever ratios, is determined by design, 

range, and application point. Lever ratios of the basic type might be changed 

with variation in the pad application point, in the pivot point, and by the 

weight. It requires also some way of providing some free lateral translation 

to allow for thermal expansion, for motions in defining or collimating cell 

deflection, etc. One must then interpose a separate pad bearing system, or as 

is done in the case of the 120 -inch mirror, insert a pin -bar linkage with a 

pivot at both ends to permit ends to oscillate slightly and not enter into the 

support reaction. To make the compound lever for heavier loads, one attaches 

to the simple linkage another pivot point with the force reactions on stems to 

support the mirror. With combination linkages like this, it is possible to 

get the accuracy in higher ratios which are desirable to optimize the support 

system for large mirrors. 

The general background of the application of support levers has been well 

covered by Couder and others. I'd like instead to point out a few of the ad- 

vantages and disadvantages of the lever system, and then carry on with a dis- 

cussion of a specific system, that of the 200 -inch lever system. I would also 

like to show you a picture of the 72 -inch Schmidt mirror support system. 
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Advantages of lever system.- -What are some of the advantages? Over the 

past 75 years, nearly all these methods have come to your attention at one 

time or another. Basically, the lever system is a simple mechanical concept 

of balancing proportioned weights of the mirror. In this discussion so far, 

we're not talking about the mirror support distribution, but rather about the 

lever support mechanism. 

From the engineering point of view it is quick and easy to design simple 

and compound lever systems of sufficient accuracy and low friction. The total 

friction for most of these systems, even with many bearings, can be as low as 

.05%. With very careful design, it can get down to .01%. With air pneumatic 

bearings, even lower! 

An obvious advantage of the lever system is that it gives a reaction ex- 

actly proportional to the tilt angle of the mirror. Whichever direction this 

lever system is tilted, the load reactions compensate for the cosine of the 

angle of tilting. No mechanism is required to produce this angle by analog or 

other control auxiliary equipment. The system is basically static; that is, 

it is free of any requirement for adjustment. The reaction it provides to the 

mirror is continuous: there is no let -down, no shut -down operation involved. 

The mirror is continually supported. This, perhaps, may not be as important 

now that we have relatively stable high- efficiency materials for mirrors, but 

there's been the feeling, at least with glasses and with some Pyrex - -about the 

hysteresis effects of leaving a mirror in a bent position. The experiment 

yesterday, with the model silicone mirrors, is just an example of this sort of 

time -lag deformation. 

The lever system also is desirable because it continually balances the 

mirror with respect to the accelerations produced by the telescope motion, by 

microseism motions, by shock loads, and by deceleration, because both the 

lever counterweights and the mirror experience the same acceleration for us. 

This may not be true of some of the air bag or flotation schemes, but it must 

be considered, especially in regard to fast setting rates or the impact acci- 

dents which could happen with telescope interference. 

With a multiple mechanical lever system, it is also possible to build in 

redundancy, making it possible to exchange parts for servicing without affect- 

ing the total system other than the loss of one support in the mirror itself. 

Lever balance systems are inherently easy to adjust for balance in action. 

Experience to date indicates that the examples in the West Coast telescope uses 

are for 60 -year service without much adjustment or change. Palomar has had 20 
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years now on the 200- and 48 -inch lever mirror support systems. The severest 

condition with the 200 -inch pocket units is that the lever system goes into 

the vacuum aluminizing chamber, so it's also a good clean pump -down system. 

Finally,there is the heat transfer problem. The lever system, other than 

the pad area, doesn't involve any different material heat transfer problems, 

such as a fluid, or the convection losses with air systems, and so thermally 

it has minimum passive effect. 

Disadvantages of lever system. --Of course there are some obvious disad- 

vantages with lever systems. Otherwise we wouldn't be thinking of other kinds 

of support systems. 

First of all, there's a desire to go from the unique high load support 

points to broad pads or continuous rings, or continuous area support systems, 

to reduce problems of deflections of high load supports, in very thin mirrors 

at least. 

The disadvantage of a good lever system is that you must make a conscious 

effort to design for low friction, low viscosity pivots, and low stiction ef- 

fects at low temperatures, or for thermal effects that might affect the bear- 

ing fit. The mechanism has to be designed to cover the range of its environ- 

ment, usually from about -10 °C or so, on up to perhaps +20° or 30 °. The range 

is not wide, but it is wider than most accurate mechanisms normally are ex- 

pected to operate in. 

Bulky lever and weight systems must be carefully designed to fit the 

available space within the cell and under the mirror. They must be easily 

removable for servicing the main mirror or aluminizing it free of the support 

system without special tools. These may be minor disadvantages, depending on 

the uniqueness of the design. 

Finally there is the excess weight problem. The lever counterweight sys- 

tems generally arrange for simple lever ratios of up to 8 or 10 to 1. Higher 

than that, or for compound lever ratios up to 20 or 30 to 1, there are usually 

more friction problems. The amount of dead weight that is carried on the gear 

must be at least 5% or up to 10% of the weight of the mirror, and the additional 

weight of the support mechanism, the mounting itself, is probably another 5% 

to 8 %. So with a mechanical lever system, you expect roughly 1S% of the total 

mirror weight in the support system. On the other hand, it may be possible 

with some of the new methods, as with the regulated flotation schemes, to de- 

sign this mechanism with somewhat lower weight ratio. 
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Palomar 200 -inch system. --I will now describe the 200 -inch lever system. 

Dr. Bowen will follow this with something about the specific optical tests 

that were made, the sort of troubles encountered, and how they were remedied. 

First, I must explain the system background for the 200 -inch. The Pyrex 

disc is a honeycomb mirror, 22 inches thick, which provides ribs and holes 

for 36 recessed pockets in the rear. This honeycomb structure was designed 

and cast by Corning Glass Works to save approximately 42% of the total weight. 

Further weight reduction could have been made only with risks to handling and 

supporting. 

Photo 1. Pyrex blank of 200 -inch mirror, showing stem inserts and inner square 
rod which carries the compressive Zoad of the axial support system and the bend- 
ing Zoad of the radial support. In the background is the cell, with holes for 
inserting the supports. 

This photo shows one of the problems of the lever system: if you want to remove 
it, it requires a considerable operation to take the mirror out, tip it up, and 
take the supports out. The support system of the 200 -inch has never been out 
except for the initial adjustments and a change in the axial units. It has been 
through six major aluminizing processes, and has been cleaned once or twice a 
year. In spite of that, the bearing friction is essentially the same as it was. 
We have occasionally had to look at one or two support levers, or adjust them, 
but it is operating well. 
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Although more flexible than desired,this mirror is a remarkable example 

of what an engineer likes to see: He would rather test a flexure model than 

one that is too good because he can find out more when deflections are large 

than when things are so stiff they cannot be adjusted. The 200 -inch is the 

one example of a mirror that is excellent but that is still flexible enough 

to see support effects. After it was finished, ground, and figured, the top 

surface was only about 42 inches thick, so one could see not only the effect 

of individual supports if they were improperly adjusted, but also the support 

interactions. We could also affect the optical figure appreciably by measur- 

able adjustments in both the radial and axial support systems. Dr. Bowen 

will describe some of these later. 

A great deal of interest was aroused during grinding, whenever the en- 

gineers could get in. There used to be an adage that "only God and Brownie" 

(the optician) could get into the optical shop, because it had to be kept so 

clean,but we did have opportunities to play with the support system and find 

out what some of these effects were. It was obvious very early that friction 

and distribution would be the important effects. 

Support modifications were made during grinding,but they were not final 

changes because, with the mirror being left with an upturned edge, it was de- 

cided to do the completion work at Palomar. There, with the mirror in the 

telescope mount, we could do a much better testing job with both the Hartmann 

and Foucault methods. So the lever system, also, was finally evaluated in 

place. 

Squeeze levers were applied also to do some of the astigmatic correction 

by methods which Schwesinger and Bleich described the other day. These tests 

were observing opportunities one doesn't have with very thick mirrors, as 

thick mirrors are inherently so stiff that any corrective forces you try to 

apply would affect other support systems or other stresses in the glass, mak- 

ing it impossible to see detail effects. On this sort of support problem one 

needs a thin disc of glass; otherwise,with a very thick piece, the auxiliary 

effects will lead you to erroneous conclusions. 

Two support systems must be provided for: the axial and the radial. 

For reasons of space and accuracy and the desirability of maintaining optimum 

ratios, we used a common integrated system to combine both the radial and the 

axial components. The pocket in the mirror - -in the center -of- gravity support 

plane - -was selected. 



90 

Photo 2 is a portion of the 200 -inch mirror support ring with insert 

pieces placed in the pocket recesses. A gimbal ball bearing ring on a stem 

was brought down inside guide rollers to provide the axial support reaction. 

We did not want to put this reaction close to the thin top mirror surface, so 

it was brought down to the bottom of each pocket. The radial support reaction 

takes place at the top gimbal stem ring. This provides the radial counter- 

balancing about a pivot point in the gimbal very close to the center of gravity 

of the mirror. With the stem on the inside of the lever connecting to the 

outer gimbal, a simple lever system with two weights is supported on this 

stem, which provides the axial component. In one complete mechanism, we have 

both components of support. 

Photo 3 shows the assembly parts and old axial ults When it came to 

final shop testing, these units were tested by loading them at different 

angles. We found friction about 1% or more. We didn't know at the time, of 

course, how low the friction really had to be. It was later, when we began 

to note these effects in the optical shop, that we realized something would 

have to be done, particularly about the axial units. Until optical tests 

later indicated exactly how bad they were, we went ahead and installed them 

at Palomar. 

Later we found bending in the stem guide bearing system, because the 

stem moves in and out for the axial component. We also discovered inter- 

action disadvantages of combining such a system, which was the reason for 

changing the support system to independent units, which Dr. Whitford will 

describe for the 120 -inch. 

When these two motions are combined in the horizontal position, there is 

obviously bending of the stem (because of the load reactions), with variable 

high loads on the bearings. These produced effects, like mutual coupling, 

between the radial and axial components. The load effects are not completely 

independent. That is, the axial weight system would have minor effects on the 

radial load. But the reactions required for the various support systems must 

be well under 1 %; otherwise they will produce distortions on the face of the 

mirror, or they will produce unequal weight distribution, resulting in a 

tilt. These mutual coupling effects have always been with us, but they have 

now been reduced to a level that is not serious. With future support systems 

it is recommended that these should not be combined. 

Photos 4 and 5 are views of the 200 -inch cell. 



Photo 2. Rendering by Russell Porter of the mirror within the cell system. 
The Cassegrain station is shown as it was envisioned in 1937. Also shown are 
the support insert pockets, and the Invar rings with a hard asbestos and 
rolled gasket placed in the Pyrex pockets. The outer gimbal ring lower col- 
lar provides the axial support, and the top ring takes care of the radial 
thrust load. The whole mirror is removed by removing the outer brackets and 
dropping the mirror down onto a carriage. 

Photo 3. Support units as they were being shop -produced --36 of these contain 
quite a few parts! At upper right are upper cell insert stems, upside down. 
The axial unit bolts onto the bottom end of this stem, and the trim weights for 
the radial support system are set on the end of the axial units. 
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Photo 4. Bottom view of the 200 -inch cell, showing locations of the 36 support 
levers, and also the locations of the outer squeeze levers. There are, in all, 
five radial rows of supports; loads were computed on the basis of the hexagonal 
section. The defining systems were originally planned on the outside, but were 
moved to the inside to minimize thermal effects. 

Photo 5. 

port unit. 
the cell. 
by fixing 

Close -up view looking up at the inside hole of the cell, and one sup - 
Outside part of one support is shown bolted to the lower element of 

Outer stems are shown sticking through. The axial defining is done 
any three of the travel stops on the supports. 
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By the design, and selection of bearings, all auxiliary mirror supports 

have a low coefficient of friction. In original designs, we tried to eliminate 

friction by pivots. It didn't take long to find that pivots were unsatisfac- 

tory for several reasons: Friction was variable. We found severe stiction at 

breakaway motion. The highest pin loadings were very difficult to gimbal with 

pivots. In addition, the right hard materials were not readily available then. 

Photo 6 is the 1948 model of the axial support system, which was changed 

to a compound lever of much lower friction. 

Photo 6. Axial support system, 1948 model. This new unit was installed in 
place of the entire assembly at the bottom of Photo 5. It has double levers: 
one set on the far side, and the secondary set on this side. 

The measured friction on the old units ran from about 11 to 14 %. Since 

the force effects from the support system were sensitive from 1 /10 to about 

1/20 of this, it was necessary to get considerably below this value. The 

friction moment on the bearing system is the coefficient of friction times the 

loading radius of each one. In this case there are 16 bearings. Two are large 

bearings for the compound lever system; the rest are small bearings. The other 

point to consider is the lateral lever side components. The bearing system has 

to be rigid enough with weights at right angles to normal lever action. So 

adequately wide - spaced bearings are provided. 
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Below are the general friction and compound linkage error calculations 

for the 200 -inch axial revised supports. The total error predicted was from 

.05 to .06% of total load for worst vertical position and other positions. 

(The linkage error is appreciable only if the linkage becomes large - -say be- 

yond 6° or 8 °.) This is the percentage of the load on the support system to 

produce a sensible motion; or, looking at it the other way, it is the residual 

force left in the system if you change the mirror position. It takes .06% 

change of load to move the lever system. 

Compound lever system 

Stem load, 
P 

Linkage 

Linkage angle 

Primary 
Pivot bearings 

Weight 

Compound lever friction, lb. force 

F = pP [e(rl /£1) + 2br2/£2 + b /£21 

Primary ratio r1 = £1 /el 

Secondary ratio r2 = £2/e2 

Over -all ratio = k = rlr2 

d[F] 
Differentiate = 0. For minimum set r1 = (2bk£ /c£2)2. 

drl 

Where p = friction coef., P = load lb., C = bore brg. #1 + bore brg. #2, 

r1 = primary ratio, r2 = secondary ratio, k = r1r2 = over -all ratio. 

Compound lever linkage error 

cos (a + y) cos ß 
Error ratio = cos a cos (ß + y) 1 

Independent of angle of support, 

error small if linkage angle y is small. 

y = linkage angle 

a = primary angle 

B = secondary angle 
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Errors for 200 -inch axial supports as calculated 

Support units Ratios 14 brg. Linkage Total 

Row No. Lift load, lb. Primary Secondary Over-all friction error error 

K 6 773 

L 6 832 3.38 6.875 23.2 .060 .005 .065% 

N 6 846 

P 12 1178 

R 6 995 3.85 4.23 16.3 .050 .001 .051% 

The units were tested by putting them on a lift stand, and tested also in 

the horizontal position, by putting the total weight on each, then with the 

lever at center and at positions above and below, measuring the number of oun- 

ces or grams force on the load stem required to produce a motion in the sensi- 

tive secondary lever --or, conversely, loading the levers and noting stem mo- 

tion. The reason for having a range of adjustments on the lever system is the 

deflection of the structural cell or the thermal expansion of the mirror. Our 

cell calculations indicate that we have something on the order of 2 mm at the 

center. This lever system has to operate with this 20:1 ratio, over a range of 

not less than, say, 1 inch above and below its secondary lever balance point. 

We wanted to know the error in friction for both these cases. Friction mea- 

surements were made for all three positions through a load range greater than 

that required for the 200 -inch mirror, and also through a time range of sev- 

eral days to see the hysteresis effect. 

The graph on the next page shows the friction test results for the final 

units as installed. Average friction is plotted against the load in pounds 

on the five rows of supports. These friction numbers are 20 to 50 times 

smaller than for the original supports. We started the load cycle at a low 

stem load, then increased the load, taking 20 readings at each point, for ev- 

ery support system, went on up to above -normal load, and then came back down 

in reverse on the cycle to see what the hysteresis effect would be. On some 

tests the loads were held at the extreme value for several days, to check in- 

dividual points. This particular curve shows a hysteresis curve a bit shorter 

than that. This is the total friction change, including effects, but one can 

see the curve repeats very well. 
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The average of all these, including the plus and minus zones, including 

the linkage errors, falls within a very narrow range. The slight linkage 

error makes these friction curves fall slightly below neutral. The averages of 

the readings taken in only the horizontal plane are much closer together. One 

can see it fits the predicted friction very well. Mirror Hartmann tests were 

run before the mirror was finished to determine whether the stability of the 

mirror support systems was satisfactory. We selected stops on three of these 

supports to define it axially. Dr. Bowen will tell you more about this. 

There are earthquake stops, and there are also vertical shock jacks to 

avoid shock loading on the vertical weight motion limit travels, of course, for 

the whole mirror. 

As we suggested in earlier discussions, there are ways of correcting part 

of the figure by the outer rim squeeze levers. There are 12 squeeze levers on 

the 200 -inch. Each provides a 225 -1b. force at 12 points around the circumfer- 

ence. The maximum squeeze force is with the optical axis of the mirror hori- 

zontal. These are double linkage lever systems also. They provide the squeeze 

lever force as a function of the cosine of the angle to the zenith. These have 

a double cam in the center, so they apply reaction when they go to either side 

of the vertical plane, top or bottom of the mirror. The central compensated 

defining jacks also provide for the axial thermal motion of the mirror. 
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Schmidt 48 -inch system.- -The linkage system on the 48 -inch Palomar Schmidt 

is not so complicated. It has been operating for 18 years now, with no appar- 

ent difficulties. Photo 7 shows the mirror lowered down out of the telescope. 

The cell of the 72 -inch mirror of the 48 -inch Schmidt is on the floor carriage. 

The radial pads on compound levers are around the mirror, and in this case they 

are attached to the edge with spring clips. The horizontal straps are attached 

to the cell, not the glass. They were put on because we worried about the an- 

gular acceleration. We found that with the high slewing rates on the 48 -inch 

Schmidt, we did, indeed, in time get some slight motion of the pad sideways, so 

these were very thin spring clips, very thin leaf springs, which were attached 

to the cell, mainly to prevent radial rotation. They had no influence on the 

support at all. The axial supports below are of the simple lever type, with 

the six -bearing system and the stem spool in the center. They're easy to get 

at, convenient to adjust. These are removed from underneath the cell with four 

bolts. This system is left on the cell. The glass is jacked out for cleaning 

and for aluminizing. 

Photo 7. Support system for 72 -inch mirror of Palomar 48 -inch Schmidt telescope. 
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Part II. Optical tests and adjustments of the 200 -inch Hale telescope 

I. S. Bowen (Mt. Wilson and Palomar Observatories) 

The basic tests of the 200 -inch mirror and its support system were made 

with a Hartmann screen having holes 72 cm in diameter spaced 15 cm between 

centers. This gave 20 holes along each diameter. Originally six diameters 

were used, but this was later increased to 20. The plates were exposed 35 

mm inside and outside the focus. The Hartmann tests were supplemented by 

photographs of the knife -edge patterns taken with a Leica camera placed be- 

hind the knife edge. Eight directions of approach of the knife edge at 45° 

intervals were used for each test. These knife -edge photographs were used 

to detect irregularities in the mirror between the diameters of the Hartmann 

pattern which were, at the edge of the mirror, separated by 40 to 50 cm even 

with the 20- diameter pattern. Both Hartmann and knife -edge photographs were 

given exposures of 20 to 80 seconds. This was long enough to average out 

seeing effects but short enough to avoid the necessity of guiding during the 

exposure. 

For the rest of my talk I shall discuss various maladjustments and mal- 

functions of the support system that came to light in the course of these 

tests, followed by a few remarks about malfunctions that have developed during 

later operations. 

Testing. --All tests were carried out with the mirror in the telescope and 

were made over a wide range of zenith distances and azimuths. 

It should be recalled that, for the 200 -inch, the stiffness constant 

D2 /t =2002/14.5=2800, in which D is the aperture and t is, in this case, the 

thickness of a solid mirror of equivalent flexure under its own weight. The 

value of t was determined empirically. By comparison, the large telescopes 

now on the drawing board have a value D2/t= (140 to 150)2/(20 to 24) _ 1000. 

Since the flexure varies as the square of this constant, the 200 -inch is about 

8 times as flexible as the new instruments. Our problems were therefore much 

more severe than those of the instruments now being considered. On the other 

hand, the effects observed were much larger and more clear cut. 

As Rule mentioned, the mirror was defined by locking three of the outer 

rings of axial supports at 120° intervals. The stiffness of the mirror was 

determined by shifting the weights on the other 33 supports so that the fixed 

points carried more than their normal share of the weight of the mirror. The 

flexure observed indicated that if the whole weight of the mirror had been 
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carried on the three fixed points, the flexure would have been a little over 

0.1 mm (100 um). Since this is about 1000 times the permissible flexure, the 

support systems must provide the proper force at all zenith distances to an 

accuracy of 0.1 %. 

The tests of the original support system showed that the friction was 

about 1 %. That this was much too large was confirmed by the observation that 

the shape of the mirror in a given orientation was substantially different 

depending on whether the position was approached from near the horizon or from 

the zenith. 

The support system was then rebuilt to reduce the friction to 0.1% and 

installed under the mirror, and the weights were set to theoretically provide 

the proper support at each point. The first tests with the new system showed 

dimples over the three fixed points, at the zenith. They disappeared as the 

horizon was approached. Obviously the support system was lifting too much. 

The dimples were then eliminated by moving the weights of the support system 

in to reduce the lift by 0.8 %. Likewise, it was found that the radial sup- 

ports were lifting too much at large zenith distances. 

It was next observed that the focus moved away from the mirror in going 

from near the horizon to the zenith. Tests were then carried out to make cer- 

tain that this was not caused by flexure in the telescope tube. From these 

tests it was evident that the focal length of the mirror increased by nearly 

1 mm in moving from the horizon to the zenith. Obviously, too much force was 

being applied to the inner rings of supports and too little to the outer rings. 

This was corrected by shifts of 1/2 to 3/4 inch in the positions of the weights 

in the appropriate direction on the various rings of supports. 

All of these results point to the uncertainties that are likely to exist 

in obtaining exact weights of the mirror and the parts of the support system 

and to the difficulty of making a theoretical adjustment. One must therefore 

plan on a final empirical adjustment. 

In the course of these tests, the flexure of the cell and defining mech- 

anism of the mirror was investigated. As indicated earlier, the mirror is de- 

fined through three of the support systems whose weights are locked. Due 

largely to the flexure of these supports, it was found that the mirror moves 

down with respect to the edge of the cell by about 0.7 mm in going from the 

horizon to the zenith. Likewise, the center of the cell moves with respect to 

the edge by á mm for the same changes in orientation. Because the coudé tube 

is cantilevered out from the cell, one side of the cell where this tube is 
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attached is distorted with respect to the opposite side by about 4 mm when the 

telescope is horizontal. Likewise, it may be noted that a 200 -inch Pyrex mir- 

ror or a 150 -inch quartz mirror will shift its diameter with respect to that 

of a steel cell by about 1 mm over the normal operating range of temperatures. 

Obviously, any support system must be capable of operation through these changes 

without interference and with the maintenance of the required accuracy. 

Operating difficulties. --I shall now discuss a few of the operating diffi- 

culties of the support system that developed in later use of the telescope. 

The most recurrent problem has been the appearance of a small amount of 

astigmatism which does not appear to be zenith -distance dependent. The normal 

axis of this astigmatism is 45° with the N -S line. It is corrected by the use 

of springs which act on the weights of the axial supports at the NW, SW, SE, 

and NE points. We find it necessary to readjust the tension on these springs 

from time to time. Tests show that a force of between 100 and 200 lb. applied 

alternately up and down at 90° intervals directly to the edge of the mirror is 

required to shift the astigmatic difference by 1 mm. 

A difficulty that has occurred on a few occasions is when a defining or 

support system binds in such a way as to apply a force to the mirror in another 

direction than intended. To prevent the 200 -inch mirror from rotating about 

the optic axis when the telescope was near the north pole and acceleration oc- 

curred in right ascension, the lower end of the outside radial support lever at 

the east was locked so that it could not move in a N -S direction, i.e. around 

the optic axis. However, the support system is quite flexible, and consequently 

when the telescope is far north or south the mirror must rotate slightly about 

the radial defining points to take up this flexure and permit this support to 

carry its portion of the component of weight normal to the optic axis. Appar- 

ently this rotation was prevented by the squeeze levers, with a resultant dis- 

tortion of the mirrors. Analysis showed that the inertial effect on the weights 

would always counterbalance this tendency of the mirror to rotate under accel- 

eration in right ascension. The defining pads for this rotation were therefore 

removed and the interference eliminated. 

A similar case of cross - interference occurred with the 100 -inch support 

system. This telescope uses a simple pad and lever system for axial support. 

However, because of high friction between the pad and the mirror, large radial 

forces could be transmitted to the mirror by the axial support system. The dif- 

ficulty was eliminated by introducing a layer of ball bearings between hardened 

steel plates above each pad. 
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Finally, we are periodically bothered by a twofold to fourfold increase 

in the friction of the axial support system. This is presumably caused by the 

evaporation of the more volatile components from the surface of the grease of 

the ball bearings and the formation of a crust. It is especially acute after 

the support system has been in a vacuum during the aluminizing process. We 

find it necessary to check the friction once or twice a year. If found too 

high, it can be brought back to normal by "exercising" the hearings, that is, 

moving the weights back and forth through an amplitude of 3 or 4 inches for a 

dozen or two times. This apparently breaks up any crust that has formed. 

Summary.--To summarize the conclusions based on our experience, I believe 

it is very desirable to -- 

(1) Design the support system, and in particular the axial support, to 

have a friction that is an order of magnitude below the value that can be tol- 

erated. This avoids the immediate troubles that otherwise occur with any in- 

crease in the friction such as we have experienced. 

(2) Use special care in avoiding cross - interference between the defining 

and support systems for the various perpendicular directions. 

(3) Make certain that expected motions of up to 1 mm between the mirror 

and cell do not introduce errors in the support forces that are outside the 

limits of tolerance. 

HALLINAN: Dr. Bowen, have you ever considered the use of flexure bearings that 
are on the market now? There are very good flexure bearings which do not in- 

volve the motion of one material over another. 

BOWEN: Rule had better answer that. 

RULE: Yes, I think Carden hinges and that sort of flexure are possible. Yes, 
these have recently been considered. I think they have been tried on some sup- 
port systems that are on the large mirrors. First of all, it's difficult to 
make them exactly right, to get the right thickness, although there are com- 
panies now that are marketing units. Usually they have a nonlinear effect for 
large angles. The advantage of a pivot or a bearing is that you have a fixed 
fulcrum and a fixed fulcrum length. If you try to bring errors below a tenth 
of a percent, Carden hinges begin to fall out of this range with very large de- 
flections. You usually have to have some sort of supplementary range, but I 

don't see any reason why it couldn't be used, for example, in cases where you 
have a very low range of travel. 

H. SMITH: Our departmental engineer, Johnny Floyd, has recently come across a 

Bendix design which seems promising. 

FLOYD: The Bendix design was originally created for aircraft control linkage 
pivots. I have a brochure on it, and I have a few tables and charts that show 
the stiffness ratios. 
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RULE: Is it a Carden hinge or a Bendix hinge? 

FLOYD: Bendix. 

MEINEL: What is the principle of it? 

FLOYD: It is a crossed member -- Hallinan has the idea there... 

HALLINAN: This cut -away drawing of a Bendix Free -Flex pivot describes the 
pivot better than I can in words -- 

Bendix Free -FlexR pivot 

For practical purposes they may be considered as torsional springs which do 
not involve either rubbing or rolling. Rotation takes place through the de- 
flection of the leaf springs. There are 11 diametral sizes available between 
1/8 inch and 1 inch, and for each size there are three maximum deflections 
available: ±71/2°, ±15 °, and ±30 °. There is obviously no lubrication required 
and they may therefore be taken down to a hard vacuum without detriment. 
They exhibit the same type of fatigue behavior as the material of which they 
are made (martensitic stainless steel AISI 410 and 420) and may therefore be 
used at load /deflection combinations for which their life will be infinite. 
They do show some hysteresis. However, if designed for infinite life (e.g., 
30% load at 30% deflection for a 71° design), the hysteresis is .05 %. If 

necessary, they can be loaded in such a manner as to obtain a wide range of 
torsional spring rates including zero and negative spring rates. They also 
exhibit a slight shift in the center with angular deflection which amounts 
to .005%' of the diameter for a deflection of 1 °. This would amount to 25 
microinches for a 1- inch -diameter pivot. I don't know whether this is more 
or less than you would get with a ball bearing which also tends to climb up 
the race when rotated. 
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MEINEL: I didn't recognize it by name, but they have been used on wind tunnels 
for 20 years. 

SISSON: They are used in wind tunnel balances as standard practice. They are 
also combined with ball bearings, which is quite common. The ball bearing 
for large rotations. We call them crossed springs. 

FLOYD: The center shifts due to weight and due to rotation - -this could be ob- 
jectionable. (This Bendix design is unitized -- deserves consideration.) 

FARRELL: We've gone into a study of the design of a flexure pivot using a 

three -part spring instead of having the two crossed leaves. We tried to opti- 
mize with the computer and found that the stresses were still on the order of 
about 110 to 160 thousand psi. The pre - loading before you get a compensating 
torque was quite high, too. For these reasons we're not too happy about this 
design. Another disadvantage is the limited travel that you are allowed, for 
instance only a few degrees. It is a sensitive system to try to set up. 

BAUSTIAN: I'd like to add one item in regard to hearings we had on the 120 - 
inch. This was put in during the Korean war. We had trouble obtaining all 
the bearings of one type; we had some bearings of another make which were some- 
what inferior. Since we were able to test it in complete units we were able to 
determine the friction, and at that time we found that the performance of the 
bearings was greatly improved by a preliminary run -in to get the as- ground fin- 
ish off the bearings. This was done by spinning the bearing on the spindle of 
a drill press about 15 minutes. This very materially reduced the friction of 
the system. We actually achieved on the 120 -inch support a friction factor of 
less than .02%. 

CHIVENS: The Kitt Peak group has tried to lick this changing characteristic of 
lubrication by using a silicone grease. Do they have any history yet of whether 
that grease stays uniform, or whether it gradually stiffens up? 

RULE: Do you want me to answer that? (Yes.) Well, in our case, as I mentioned, 
we disliked taking the bearing supports out; it takes the better part of two 
weeks. On the outer bearings below we used a silastic type of grease which is 

advantageous to us. It has a low vapor pressure and has stable low- temperature 
characteristics, and over a period of 18 years or so we've noticed a slight ten- 
dency to harden or ball up. This is what Dr. Bowen mentioned. These are not 
sodium or calcium greases; they are actually vacuum greases. We don't use sili- 
cone oils, because we discovered in cryogenic work a long time ago that they 
tend to produce galling of loaded clean bearing surfaces. It is better to have 
a lubricant with a wide softening point, if possible. 

MEINEL: What is the name of that? 

RULE: I don't have it with me, but there are several trade greases. They come 
in a little tube, operate at low vapor pressure, that can easily be pumped to 
10 ' mm. They're quite stable. The greases in the 200 -inch internal bearing 
system have been there 20 years, and they have been pumped down many times in 

the vacuum chamber. 

MEINEL: There is one problem I'd like to mention again, with mechanical bear- 
ings. You didn't list it explicitly, Bruce, but ball bearings tend to record 
all their history. All the mishandling and everything that occurs from the 
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time they are made seems to go along with them, and sometimes these prob- 
lems are hard to recognize until you actually disassemble the unit to ex- 
amine what the problem is. 

RULE: Yes, at the time these were designed we worried about the problem of 
small error and carefully examined the bearing race and balls. Then there 
is the larger -scale, long -range error due to the deformation of the race. 
Many bearings were not designed thick enough. We have always been propo- 
nents of using a bigger, stiffer bearing race, then mounting them with a 
press fit in the hub so that the bearings are not the stiff element alone. 
You also ought to consider background bearing noise. The bearings for the 
200 -inch were preselected. We were fortunate to have good connections with 
a couple of bearing companies, and they let us select out the very best 
ones. We did not run them in, as Mr. Baustian did, to reduce the noise 
level. We used to test bearings as received. Nowadays there are compan- 
ies that do this for you, select bearings for a small fee. 

MEINEL: But also they can be damaged by accident, once they are in the 
mirror cell. 

RULE: I think this is a rare problem. Anyone who works with support sys- 
tems should recognize this and never design anything up to proportional 
yield point. One of the important things about having long life, uniform 
performance and low friction is that these must have low unit loads. The 
bearings are used at only 1/50 or 1 /100 of their rating. There is usually 
no problem. It's only when you get into highly stressed materials that you 
have this problem. On any of the materials, the linkages, the levers that 
support the cell, you seldom have stresses that exceed a few thousand psi 
of the materials which have an ultimate, or rather proportional, yield 
point way up around 50 or 60 thousand psi. When you design a system with 
concentrated loads, whether it be a bearing or a hinge, or the support 
points, all designs should again have low unit loads. 

FARRELL: One other question regarding the testing procedure: I gather 
from the way in which it was described that a pan weight was added to the 
end of the lever. Did anyone try to add the error weight where it would 
represent a force applied to the mirror to see if it was a reversible pro - 
cess--in other words, to determine the actual error that the mirror itself 
would see and not the error viewed by the counterweight? 

RULE: It was done both ways, and it was reversible. 

BAUSTIAN: To completely test these supports they should be moved suffici- 
ently to get out of the hysteresis zone. 
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AIR BAGS 

Clyde C. Chivens (Boller and Chivens) 

We have had the experience of manufacturing two axial air support 

systems: the U. S. Navy 61 -inch astrometric reflector and the Perkin Ob- 

servatory (Lowell) 72 -inch reflector. Unfortunately, our information about 

these systems is more qualitative than quantitative. A description of each 

may be helpful. 

The 61 -inch U. S. Navy astrometric reflector uses a single bladder. 

It is made of two flat sheets of Neoprene -covered Dacron, cemented together 

at the edges. When inflated and supporting the mirror, it looks like this: 

The mirror was defined on three support points, through holes in the 

bladder. It was found that if the defining points were raised, increasing 

the thickness of the bladder, the load carried by the bladder decreased. 

This was because of the edge effect, decreasing the effective bladder diam- 

eter with increasing thickness. 

The support for the 72 -inch mirror for the Perkin Observatory telescope 

uses a bag made in three pie- shaped segments. In this configuration, the 

three defining points are located at the intersections of the three bags. A 

manifold connects all three chambers. Although the cemented edges of the 

radial joints leave an unsupported area, the support seems to be satisfactory. 

We are currently making a 90 -inch telescope for the University of Ari- 

zona. This will use the three -segment bag system. 

Our newest project, the University of Hawaii 84 -inch telescope, has an 

air support system proposed by C. W. Jones, in which no bladder is used. 
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The mirror is sealed to the cell radially by the mercury radial support ring. 

On the back face, a rubber tube near the central hole will supply the seal. 

This is shown below. 

MIRROR \ \\\\\\\\\\\\\\\\\\ 
Air pressure 

- f 7 - -/ / / / / / /// / // / / 7 ///, 
CELL 

/7/ 
Optical 

axis 

An advantage of this system is the radial freedom to permit differential 

expansion of the cell and mirror. A rather serious difficulty is the sealing 

problem, both at the edge and on the back. Further, when the seal is on the 

outside diameter, the air is supporting all the way to the outside edge, and 

I think Dr. Schwesinger's curves indicated that the figure may be improved 

by not supporting quite to the outside edge. 

Our system for air supply is to drive a very small vane -type compressor. 

The pumps used have been "Gast." We drive them at 1/2 rated speed and about 

1 /10 rated pressure, to encourage long life. These pumps are left running 

all the time. It has been our practice to install a spare pump, and, by a 

switch change, solenoid- operated valves make proper air connections for 

using the alternate pump. 

The regulator to supply correct air pressure to the mirror support is a 

gravity- sensitive device. It produces a pressure proportional to the cosine 

of the angle from the zenith position. By actual weight adjustment, the max- 

imum pressure is set to carry about 95% of the weight of the mirror. 

The Naval Observatory 61 -inch telescope also uses air pressure for sup- 

porting the large flat secondary. Here, the mercury radial support is in- 

flated with about 10 psi air pressure to seal the mirror in its cell. The 

same type regulator supplies air at less than atmospheric pressure directly 

to the rear of the mirror. 
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CHIVENS: I think that the next step in this process would be to get a 

little more information on what really happens. Dr. Strand, do you have 
some more quantitative comments on what the one at Flagstaff really does? 

STRAND: All I can say is that the mirror support system works very well. 
The only problem that we had at one time was that astigmatism developed 
again, in the same way as it was present before the load on the defining 
pads was increased from the initial 25 lb to 125 lb for each pad. Last 
spring, Mr. Priser, of our staff, investigated the load and it turned 
out that the tube had expanded and taken on more of the load of the mirror. 
After adjustments of the defining pads to a load of 125 lb the astigmatism 
disappeared, as judged from the image definition on several nights of good 
seeing. 

CHIVENS: The thing we don't know, because we've never taken that one out, 
is that perhaps, in time, this tube increases its outside diameter as it 

sits there. 

STRAND: May I show a slide? It shows the change of astigmatism with change 
of load on the defining pads. I should mention here that Dr. Hoag was 
responsible for all the tests on the 61 -inch, and among the various data 
that were obtained, there was this test of the astigmatism. By the way, 
a paper is being published on the testing of the 61 -inch astrometric reflec- 
tor; it should be out very shortly. 

When the defining pads are set low (at about 25 lb) as first suggested, we 
got astigmatism with a total amplitude of about 0.9 mm. By increasing the 
load on the defining pads to 125 lb, the total amplitude decreased to approx- 
imately 0.2 mm, as shown from the result of the Hartmann tests. Since the 
depth of the focus is about 0.2 mm, the astigmatism over the mirror is only 
about half the depth of the focus, so it is not noticeable at all on the 
quality of the images even with the best observing conditions. We do not 
know the reason for the astigmatism. It might be inherent in the mirror, or 
perhaps it is caused by the air bags. 

CHIVENS: I do not know why an increase in defining pressure decreased the 
astigmatism, but I suspect it has to do with the way the mirror was sup- 

ported during figuring. 

I found out that I made one grave error. I've got Dr. Meinel all worried 
that Hawaii's going to beat him - -his 90 -inch. Not true. On the 90 -inch, 
however, we are going to use the bladder system, and not the cell as a 

container. 

There are a couple of questions that come up on the bladder support on a 

mirror that we don't really know the answers to. One is: What are the 

friction constraints radially, with the bladder against the back of the mir- 
ror, with temperature changes? (Whenever the telescope is pointed at the 
horizon, the force of the bladder against the mirror is reduced to zero.) 

Another concerns the characteristics of the heat transfer back into the cell; 
we have no experimental information, at least, on that. At Flagstaff Naval 
Observatory that isa fused silica mirror. The 72 -inch at Flagstaff, the 
Lowell Observatory, is a Pyrex mirror, I think, and some -- (AUDIENCE: Duran 
50 ?) - -yes, Duran 50 somewhere. We may get some results on that, one of these 
days. 
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FEHRENBACH: Are you sure that the astigmatisms are not resulting from the 
mercury bag? 

CHIVENS: That's possible. We don't know. 

FEHRENBACH: You get friction in the mercury bag, and a part of this friction 
will be in the direction of the optical axis. It is very dangerous to have 
this kind of friction. 

CHIVENS: Axial friction from the mercury bag? That is possible. 

HOAG: I don't think that is the case because the mercury tube is a dynamic 
system. The tube is not filled completely with liquid mercury, so the fric- 
tional forces in the mercury edge band vary as the attitude of the tele- 
scope changes. The astigmatic figure, when evident, remains at a constant 
position angle, so frictional loading effects are not observed. 

CHIVENS: Now that we're jumping to the subject to be discussed an hour 
from now --the mercury support ring is fabricated of a thin wall tube, 
actually quite soft in the axial direction. As the telescope is manip- 
ulated around, the area at the top of the tube which is not filled with 
mercury will move around the mirror, relieving all pressure against the 
mirror. 

AUDIENCE: This should be able to be handled in the axial direction. 

CHIVENS: No. It shouldn't be. There is a differential expansion between 
the quartz and the steel cell, although a very, very small amount. We 

have temperature, but this should certainly be compliant enough to take 
care of that with no trouble. 

RULE: There is also a connection with the axial support. The axial support 
has a radial friction due to this expansion of motion between the steel and 
quartz. Friction forces tend to build up. 

MEINEL: There's a possibility of buildup in hysteresis in this over a 

period of time. Most of these fabrics have a grain, and this could be 
asymmetric perhaps. 

CHIVENS: The bladders are made of a Neoprene with a Dacron liner. 

HOAG: I've mentioned this before but would like to emphasize it again here: 
The bladder is not wholly in contact with the mirror, as shown by Mr. Chivens' 
illustration. One has to collimate the cell, rather than the mirror, in 

collimating the telescope. The space between the mirror and the cell must 
be of constant thickness to maintain the axial symmetry of the air bag. 

CHIVENS: This situation will be a little better on the proposal for the 

Hawaii telescope although the sealing problems there may be the counter- 
acting disadvantage. 
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ANNULAR AIR BAG BACK SUPPORTS 

W. W. Baustian (Kitt Peak National Observatory) 

The annular air bag type of back support that we are proposing for the 

150 -inch telescope is based on the calculations made by Earl Pearson, which 

you heard yesterday. Since these calculations are for a flat mirror, they 

will need to be adjusted for a figured mirror as soon as possible. 

Two rings will be used, and their widths will be adjusted so that the 

pressure in each will be equal. Thus, both can be supplied from a single 

slope- responsive pressure regulator, probably similar to the type that has 

been produced by Boller and Chivens and based on the original design developed 

by Charles Jones. 

Based on the experience and the comments on the air bag for the Flagstaff 

60 -inch telescope, we've come up with a design essentially like this: 

TREAD 
SECTION 

/7 MIRROR // 
C.. ( , i . 

AIR BAG 

BAG SUPPORT 

.ímí / / Amonsum 
MIRROR CELL 

The mirror is above, the bag supports below. The idea is essentially to have 

a constant piston area to obviate the influence of mirror cell deflection. 

From Dr. Schwesinger's comments, it occurred to me that it would prob- 

ably be good if we had manifolding to allow for separate air supplies to 

these twb rings. We would then be able to shift the center of pressure some- 

what in or out. These rings are rather expensive because of die costs, and 

only adjustments of diameter might be made by slight shifts of the sectional 
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elements. Therefore some variation of this type of design might be worth- 

while. In other words, the design should provide for maximum adjustment and 

modification after installation and during "bug hunting." 

In the case of our 150 -inch, the air bag is designed for a maximum work- 

ing pressure of 10 psi. Provision would also be made for adding minor correc- 

tions or possible future additions by means of logic and computer controls. 

The tubes will be in short sections, with plugged ends. The design accom- 

modates cell deflections by the use of a raised "tread" section on top. The 

tread will stop somewhat short of the ends to overcome end effects of the plugs. 

The bags will be in sections to accommodate both fabrication and installation 

or removal from the support cell. The section lengths will be determined by 

requirements for the removal of the mandrel after vulcanizing. In other words, 

the shorter the radius, the shorter the mandrel. The sectional ring will also 

provide better accommodation for the thermal expansion differences between the 

mirror and the support cell. 

This brings to mind a type of rubber door mat whose surface consists of 

closely spaced slender spines some 3/8 inch high. I have always been intrigued 

with the possible use of these mats as mirror support pad facings to help ac- 

commodate later expansion differences. 

The annular bags will be installed on T- section support rings, also in 

sections, which will provide about 4 inches of air space between the mirror and 

the cell. We feel that this type of air bag support overcomes one of the res- 

ervations that some of us had in regard to thermal considerations. More than 

80% of the mirror back will have a clear "view" of the mirror cell, and should 

therefore optimize thermal accommodation. 

The proposed bag design was reviewed with Mr. Petelin of the Goodyear 

Rubber Company of San Francisco, which has also supplied the mercury flotation 

rings for Boller and Chivens. He made several suggestions. One in particular 

emphasized the fact that the air connection stems, which are to be vulcanized 

into the bags, be made of mild steel rather than stainless to give better 

bonding. If desired for corrosion considerations, the stem that projects be- 

yond the rubber could be plated to accommodate this requirement. Since the 

molds are expensive, economies can be achieved by maximum standardization. In 

other words, we will need two sectional molds of different radii, but as far 

as possible these molds will all be of a standard design, and all the valve 

stems or equivalents will be in the same relative position. Mr. Petelin also 

pointed out that the rubber in the "tread" and the rubber in the wall section 
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of the bag or the tube may be of different hardness, so that, if desired, the 

tread could be definitely softer for better accommodation of thermal expansion 

differences. For preliminary cost estimates the following unit prices were 

suggested: 
Molds (2 required): $7000 each 

Bags: $20 per foot 

Thus, not quite as much benefit is achieved economically from the air bags as 

we originally contemplated. 

Referring to the diagram, the T- section bag supports are shown with the 

inner and outer rings at 0.48r and 0.85r, respectively, where r is the outside 

radius of the mirror. The proposed internal radius of the mirror is 0.33r or 

26 inches. This hole was discussed briefly yesterday. This was the result of 

two considerations: It was made large enough to permit removal of the #3 coudé 

flat assembly from the under side of the mirror cell, and it still allowed at 

least 2 inches edge distance within the vignetted area for the benefit of the 

optician during figuring. Both the three collimating units and the three sup- 

port jacks are located on a circle of radius 0.722r. This is the optimum ra- 

dius for a single ring support system that Mr. Pearson mentioned yesterday. 

These units are shown radially here for illustration purposes only. 

The defining units have defining plungers which are spring - loaded upward 

against a defining shoulder in a threaded adjustment sleeve. The support jacks 

will be kept approximately .01 inch below the operating position of the mirror. 

When the air pressure is turned off, the axial mirror movement will be limited 

to this amount. The final amount of this movement will be determined by the 

amount of axial motion that can be accommodated by the edge supports. The de- 

fining units are spring - loaded to accommodate this movement. In actual opera- 

tion, pressure will probably be kept on these supports continuously, as I un- 

derstand is done on the 60 -inch at Flagstaff. Suitable limit switches will be 

incorporated in the support jacks to verify this clearance during observing. 

RULE: Did you say the pressure is individually adjustable in each section, or 
is it all equal? 

BAUSTIAN: To begin with, it is proposed that the pressure would be the same in 
both rings. The construction would provide for future individual adjustment 
of pressures in each ring. I think it is preferable to start with the simplest 
system and add refinement only as needed. 

RULE: That's basically then why you have two sizes now? You want to operate 
them from one pressure? 
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BAUSTIAN: Yes. And as regards accuracies and so forth, from some of the fig- 

ures that I received from Mr. Chivens I believe that regulators operating at a 

pressure of about 24 inches of water are used on the 60 -inch Flagstaff mirror. 
The deviation and hysteresis is within 1% of full scale, and we possibly would 
obtain a lower relative hysteresis going to the higher pressures. It would ap- 

pear that as far as pad fabrication is concerned it would be reasonable to ex- 

pect an axial width tolerance of ±.005 inch. I think this is reasonably accept- 
able for solid mirrors. 

FARRELL: What type of rubber are you planning to use in the rings? 

BAUSTIAN: It would be a single fabric layer, in a Neoprene type of rubber. 

FARRELL: Is there any problem with the spring constant of the rubber changing 
with temperature, if you have any collimating to do? 

BAUSTIAN: I wouldn't think so. You are working on the soft section of the bag, 

and, as I'll mention later in the cell design, it appears reasonable to expect 
to keep the cell deflection within .005. Once the mirror is collimated, then 
certainly collimation variations would also be well within this range. 

TRUMBO: You didn't show it on your drawing, but are you still planning on load 

cells on the defining points? 

BAUSTIAN: Yes, it is planned that load sensors would be incorporated, probably 
in the cells. 

TRUMBO: We are planning on a pressure change capability of a very few percent 
that can be brought about by computer control, if necessary, for possible fu- 

ture adjustment, or possible closed -loop control of the support point pressure, 
so that we can keep the support point pressure constant if we so choose. We 

may not do that, however, if it is not required. 

MEINEL: I understand you to mean that you want to keep the definition pressure 
constant, with that angle. Is that what you are referring to, the collimating 
points? Or with time? 

TRUMBO: The pressure would be kept constant with respect to time. How it var- 
ies with the angle is yet to be determined. 

SISSON: What's the over -all pressure inside those rings? 

BAUSTIAN: 10 psi. 

I think probably there was some misunderstanding in regard to the bag design, 
where I called the raised surface in the bag the tread. The object of this 
feature is that even though there is some differential movement, due to colli- 
mation or load deflections, these two "piston" areas remain constant for the 
practical limits of motion. I just wanted to clarify that. 

As mentioned previously, fabricationwise it would be reasonable to expect that 
this bag width is about 4.85 inches for the inner ring and 5.15 for the outer 
ring. The accuracy or uniformity could be expected to be within .010 inch. 

and therefore within .1 %. 
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MIRROR AXIAL SUPPORT HARDWARE 

Charles W. Jones (Charles W. Jones Engineering) 

Geometry. --The mirror for stellar work must have deflection rotations in 

the neighborhood of 0.01 arc sec. To design a system of this tolerance, our 

group considers that a zenith deflection of one millionth of an inch, or a /20, 

is a suitable target to meet the typical guarantee specification that 80% of 

the light shall fall within a 0.001- inch -diameter image circle. These numbers 

are not exactly consistent, but they are adequate to specify the needs for 

high -class optics. 

From beam -deflection formula one can derive the relation that the per- 

missible deflections within the horizontal mirror are a /20 = (Span2 /Thick- 

ness)` x Constant. From the square root of this relation we can set up values 

for KB = Span2 /Thickness, where KB is a constant for the beam type occurring in 

the support. KB for glass and fused silica ranges from 9 to 100 inches for 

forms of support from cantilever to a built -in disc; the value is near 30 for 

simple supports and near 60 for continuous or built -in beams. Curiously, these 

values will apply to solid mirrors, waffle -type constructions, and to many 

other materials. They serve as a convenient starting point in the design of 

mirror supports.. 

The next step is to apply the formula to the whole mirror. This involves 

consideration of the errors which will result from inaccuracy and friction in 

the mirror supports. The deflection can be considered as occurring in a re- 

duced gravity field and as the first power of that field. Thus, lever support 

systems which have an error in the 0.1% or 1 /1000 region can have Aperture2/ 

Thickness constants (KM) which are 1000' times that of the gravity span limi- 

tations. For example, a mirror KM value is limited to 3000 inches for X /20 (a 

value just over the 2850 equivalent of the Mt. Palomar 200 -inch mirror). Pres- 

ently, mirrors are being selected with KM = 1000 inches, and these are consid- 

ered thin. Mirrors under 60 inches in diameter are more commonly made with 

thickness equal to 1/6 aperture, since these blanks are not expensive and 

thicker blanks are easier to finish. 

The use of gas support systems has a theoretical possibility of error 

systems in the 1 /100,000 range and KM values for a maximum of 10,000 inches. 

Since this corresponds to a force of 1 /10,000 of the weight of the mirror, it 

is obvious that such KM values would call for mirror error forces too low to 

be obtainable in practice- -e.g., 1 lb. in a large mirror weighing 10,000 lb. 
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Gas support systems. --No axial support system can be completely indepen- 

dent of the radial support and defining methods used. The following describes 

the problem of a mirror support. 

The first theoretical concept (Drawing 2) involves a square, flat mirror 

submerged in an isostatic liquid so that it can be floated in all positions. 

When vertical, the mirror is subjected to the linearly increasing pressure 

and is therefore an obelisk which, for a flat mirror, still presents a flat 

face slightly rotated through an angle. 

The ideal situation would be for the mirror to maintain itself as a rec- 

tangular prism, the solution being an infinite number of supports, one for 

each increment of mirror volume. Without this ideal situation, the mirror re- 

sponds to any force supporting it by an internal stress which tends to destroy 

the geometry of the optical surface. 

An infinite number of radial supports can be supplied in the liquid form 

of support such as the mercury ring first proposed and designed by our group 

for the 60 -inch astrometric telescope at Flagstaff. To accomplish a useful 

bit of hardware, the isostatic supporting liquid cannot occur at the faces of 

the mirror. It is replaced by atmosphere at the optical face and by regulated 

air pressure at the back of the fused silica disc. The obelisk of the sub- 

merged mirror previously described is now still evident in the radial support; 

however, the faces undergo a Poisson's ratio deformation which is still linear 

but which causes the mirror to be thicker at the bottom rather than at the 

top. The mirror would still be a flat, but the parabola, which is the 60 -inch 

astronomic form, is now a theoretical ovate deviation which, in the case of 

the Flagstaff mirror, is negligible and on the order of 0.00001 inch, or A /2, 

in diameter difference. 

For larger mirrors, this deviation would of course vary as the square of 

the aperture, and in combination with low focal ratios it eventually becomes 

a serious consideration. In addition, the concavity upsets the symmetry of 

the support, and the vertical mirror tends to sag in astigmatism. Relocating 

the mercury ring relative to the center of gravity can produce a compensating 

moment, but this is not theoretically perfect in its correction. 

The gas support for axial loads depends on exact regulation of the pres- 

sure as the mirror is tipped to the zenith position. The regulation must be 

good to the limits of the stiffness Aperture2 /Thickness ratio of the mirror 

and also must operate smoothly to prevent erratic motions of the mirror. We 

solved this for the Flagstaff operation by inventing an analog, throttling 
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regulation, incorporating a device which allowed regulation virtually without 

need for motion (and consequent friction) in the diaphragm of the regulator 

(Drawing 3). The air does not flow past the mirror, but merely maintains the 

correct pressure in the cell. 

The accuracy of the axial support system is handicapped by the need for 

radial supports and axial defining loads which impose less than permissible 

error in forces against the free axial motion of the mirror. 

The mercury tube must be able to sustain a pressure equal to the aper- 

ture x density of mercury, which at Flagstaff is 30 psi, but which is also 

mollified by choice of the acting tube radius. At Flagstaff the ring is heavy 

and depends on proper location at installation to prevent erroneous axial for- 

ces. The tube may be theoretically very thin and of very simple design, in- 

cluding partial ring support of the mirror as if the mirror were floating at 

a selected level rather than completely immersed. In addition, the pressure 

in the ring may be increased by adding gas pressure as is done at Flagstaff 

in order to effect a seal. Under these conditions, the mirror acts as if it 

were at some depth below the surface and without change in figure. 

The axial defining loads can be selected as required by the design. If 

the defining pads are considered as points, the mirror sits on these and acts 

as if it were in a reduced gravity field and three -point supported. This con - 

dition is met by having Span` /Thickness selected to be within the permissible 

X /20 deflection. The allowable axial defining load may be increased by re- 

ducing the mirror back area by sealing the defining pads to the back of the 

mirror. This may well be necessary with supersize mirrors because the force 

to accelerate these mirrors in guiding and prevention of wind disturbances 

can become inadequate in the region of limits of 1 /1000 to 1 /10,000 of the 

weight of the mirror. The sealed defining units may provide hundreds of 

pounds versus the fractions of pounds available otherwise. 

There is argument for locating the axial defining pads at the edges of 

the mirror to prevent distortion by the axial component forces connected with 

radial support operation. Conversely, the axial defining pads are subject to 

Span2 /Thickness relations and theoretically belong at the position of 0.667 

aperture. Moving them to the rim can impose a theoretical requirement of al- 

most three times for the mirror blank thickness. 

Axial defining pads and mercury radial support systems may be used to 

compensate against telescope frame deflections. In design it is possible to 

cause the mirror to settle or to rise in a predictable manner. This mercury 
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ring is self- defining with the mirror horizontal and resists attempts to hold 

the mirror at other than the natural center. The flotation effect can be 

made positive or negative in the vertical position and thus raise or lower 

the mirror. A similar effect can be accomplished by gas pressure regulation 

and axial defining stiffness. Motions of axial or radial nature must be con- 

sidered relative to camera deflection. 

The cell construction may be simple with the axial gas support, for de- 

flection depends on the rigidity of the defining pads. 

For requirements in which the mirror is to be suspended face down, the 

gas pressure may be made negative to support the inverted mirror. Advantages 

are that the mirror does not require back support holes and that the standard 

primary compressor system can also supply the vacuum. 

An invention of Charles W. Jones Engineering, now being applied to the 

Hawaiian 90 -inch telescope, involves a totally sealed mirror operating at 

clearances that permit it to be supported on its back and also on its face by 

gas pressure or vacuum, radially by mercury ring and without auxiliary mech- 

anism such as compressors (Drawing 4). This involves a floating piston ac- 

tion of the mirror which is pneumatically arranged so that the axial displace- 

ment of the mirror is not objectionable. Since there is no exterior pressure 

regulation, this device does not involve regulator errors nor does it have a 

transfer problem as the mirror goes over the center. There is a problem to 

establish good sealing, a barometric valve which accommodates atmospheric 

pressure changes and defining system which allows the piston action. For very 

large mirrors this system may become a simple solution to unsolved problems. 

A caution is in order; actual molecular forces between adjacent surfaces can 

be of a magnitude of importance for these supersize mirrors. 

Thermal problems involve the flow of heat to and from the mirror blank 

and the differential expansion between cell and mirror. With fused silica, 

the thermal flow has not shown evidence of being a serious problem, but it is 

recognized that the aluminized front is subjected to a considerably different 

rate than the enclosed back section. The thermal inertia of the massive cell 

lends itself to temperature control of the interface, and the absence of a 

bag, plus surface finish of the mirror back and facing cell surface, can all 

contribute to control of the temperature difference when the need arises. Ex- 

pansion in the radial directions is neatly absorbed by the mercury ring, pro- 

vided that expansion coefficients of the hose, mercury, mirror, and cell are 

considered and adequate escape volumeis provided in the design. 
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Some thought has been given to the hydrostatic type of support for mir- 

rors, using air as the support fluid. There is no doubt a useful solution to 

this application, but the pressure distribution of such a support is dynamic 

and not uniform. Also, the slight expansion of the pressurized air means a 

temperature change and possible thermal problems. It is conceivable that the 

system might be adapted to radial support as well, with the achievement of 

virtually frictionless support. However, considerable viscous drag, pressure 

and temperature changes, and the totally dynamic character of the support 

make the design difficult and the application advantages questionable. 

Air bags offer an easy solution to producing a gas -tight chamber. Their 

many disadvantages include thermal flow impedance, tendency to stick together 

under limited clearance conditions (a fault corrected by surface treatment), 

the addition of unwanted forces arising from the bag material pulling parallel 

to the contacted mirror surface, and finally, the hoop stress occurring at the 

limits of the bag within the bag material, which prevents the force systems 

from following the simple mathematical concept. 

The concavity in the mirror interferes with the previously defined pic- 

ture of isostatic radial support with gas axial support insofar as the thin 

inner section of a horizontal mirror is lifted too much relative to the thick 

outer region. Our solution to this problem lies in inventions for: (1) lim- 

iting of gas area by bag limits, (2) producing seal limits for non -bag appli- 

cations, and (3) designing for moments to be induced in the disc by the ra- 

dial support system. The curve of the mirror is regular, and the sagitta 

usually are small enough to show that a uniform moment applied to the mirror 

will return the figure to a value well within the focus limits required. In 

fact, it is possible to support a flat by pure radial couple without other 

axial support means. 

Lever systems (Drawings 6 and 7).- -The conventional lever systems 

using ball bearing pivots are still a reliable source for mirror support. 

The chief problem in use is to prevent dirt from locking some one of the 

many bearings required for a system and in maintaining a freedom from the 

local Brinelling of the raceways and resulting stiffness in stationary 

bearings. These comments apply to multiple individual support systems and 

to multiplying systems starting from a three -point base. 

There is a trend toward abandoning the three group levers originally 

conceived to prevent lever position from influencing accuracy to a single 

lever replacing the group. This is made possible by our design invention to 
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provide proper elasticity in the system so that the lever stays in the plane 

of the mirror. 

The accuracy requirement for levers is in the 0.1% error group for the 

highest performance. This is the limit obtainable with conventional ball 

bearing design. It may be possible to use three ball systems with small 

pitch diameters to limit the friction torque, but the weight capacity re- 

quired of large mirror units tends to tax the ball capacity (a diameter2 

function vs. the cubic weight increase factor). 

We have an untried invention making use of knife edges for purposes ma- 

terially reducing the equivalent friction to limit the error to one part in 

a million. Advantages are the accuracy obtained and the fact that a knife 

edge works well under conditions of dirt and corrosion. The prime require- 

ment for the knife edge to work in all attitudes is solved, but the solution 

is better limited to certain types of telescopes. 

We are presently adapting the results of our research to the use of 

point contacts for multiple attitude levers with an accuracy on the order of 

ball bearing pivots. The principle of a pointed pivot operating in a cup is 

old; our invention consists of using materials and geometry capable of 

stresses in the 1,000,000 psi range, and thus so small that the final load 

capacity and friction torque are on the order of an equivalent ball bearing. 

The concept is radical, and only our success in obtaining the contract to 

produce design and hardware for the 108 -inch McDonald Observatory telescope 

has funded the research necessary to develop it. Since such pivots can work 

in dirt, a growing reliable use of this principle can be expected, once ade- 

quate performance removes prejudices of past inadequate applications. 

Effect of' wind. -- Although the dome and wind screen are contrived to re- 

duce the wind exposure of the telescope to a minimum, the mirror is still 

subject to these unsteady forces. Since the suspension is delicate, small 

forces can be expected to deflect the optical surface. The relation is dy- 

namic, and the resistance arises from a combination of inertia of the mirror 

and stiffness of the defining system. 

A velocity of 10 feet per second (about 7 mph) will produce a force of 

0.12 lb. per ft.2 of mirror surface, which in turn will accelerate a 12 -inch- 

thick mirror a distance of 0.002 inch in 0.1 second. Thus a slight puff of 

air is capable of moving the mirror surface far from its assigned position. 

The 0.12 lb. load is also the limit of inaccuracy acceptable in a 0.1% error 

support system for the weight of 13S lb. per ft.2. 
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Two things become apparent from this example: 

(1) The mirror figure can be distorted by small, stray 
wind currents eccentric on the mirror. 

(2) A completely frictionless support system would allow 
motions that a hysteresis system might prevent. 

Servo control for wind could also be in demand for very large mirrors. 

Acceleration effects. --In guiding a telescope through declination and 

right ascension drives, the mirror is subjected to accelerations which vary 

linearly with the aperture. When lever counterweight systems are used, the 

levers supply the acceleration forces from the counterweight inertia. For 

gas back systems, the forces must come from the defining supports except for 

closely spaced systems in which effective molecular gas coupling can occur. 

The requirement may reach a value of 1.0 arc second per 0.1 time second 

so that the local mirror acceleration demand is: Aperture, inches : 500,000 

= Linear Acceleration, ft. sec -2. From this it can be determined that the 

force to guide at the edge of a 12- inch -thick solid mirror 100 inches in di- 

ameter is 0.0008 lb. per square foot or per 135 lb. This example indicates 

that drive guiding should not materially change the mirror figure. 

Supersize mirrors. --The desire for more aperture runs into the formula 

Aperture2 /Thickness = Constant. (See table below.) As the error in the sup- 

port system decreases, there is a great saving in mirror thickness, and it 

becomes possible to consider large mirrors. At the same time, smaller mir- 

rors are ridiculously thin. 

Table of mirror proportions, in inches 

Approx. Thickness, for aperture (D) of -- 

error D2 /T 100 200 400 800 1200 

1 /100 1,000 10 40 160 640 1440 

1 /1000 3,000 3.3 13.4 53.5 213 480 

1 /10,000 10,000 1.00 4.00 16.0 64 144 

An approach from the standpoint of mosaics puts the structural require- 

ments into the backup frame, but leaves support systems with the same assign- 

ment. Servo systems are suggested, and the problem becomes one of generating 

an error signal as well as combatting the diffraction difficulties attending 

the multiple -piece optics. From an engineering standpoint, it is possible 

to supply the mirror frame and supports to meet high optical standards. 
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MOUNTING OF LIGHTWEIGHT SYSTEMS 

Mark Hallinan (Itek Corporation) 

Mirrors can be divided into a number of categories, according to the 

loading conditions to which they are subjected in use. The table below sum- 

marizes some of the possible gravitational conditions which are significant 

from a mount design point of view. 

Gravitational condition Examples 

1 g Fixed direction Testing mirrors, curved mirrors used in 

systems with scanning mirrors (front 

flats) 

0 g Without inertial loads Orbital and space vehicles 

0 g With inertial loads Orbital and space scanning mirrors 

1 g Variable direction Ground -based astronomical telescopes, 
airborne panning systems, systems used 
in a different attitude from that in 

which they were aligned 

n x g Fixed or variable High performance aircraft (TV systems) 

direction 

The 1 g fixed direction is probably the easiest condition to deal with. 

I'm not going to read that out to you. The zero g situations nobody has done 

a great deal of work with yet; I think we are only just beginning to under- 

stand some of the problems of those. The 1 g variable direction is what this 

conference has been discussing primarily. There are some situations where we 

are getting into the n x g, a multiple of the 1 g situation, for high- perform- 

ance aircraft. 

Another factor that influences the design of mounting systems is the 

survival of these systems during transportation from the point of fabrication 

to the point of operation, whether by road, aircraft, or rocket. 

In general, for systems subjected to severe static and dynamic accelera- 

tions, stress conditions are not a significant influence below the range of 50 

to 100 inches in diameter. Within and above this range, the design alterna- 

tives become progressively more restricted as the factor q(r2) is increased, 

where u is the surface g loading in psi, and r is the mirror outer radius. 
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Another influence on the design of mounting systems is thermal conditions. 

Early in the design of an optical system a decision is made whether to employ 

thermal control. If active thermal control is used, then the temperature usu- 

ally is not varied by more than a few degrees, depending on the severity of the 

environment. If active thermal control is not used, the temperature range can 

be as great as from -20 °C to +40 °C for a typical aircraft system, to as great 

as -50 °C to +40 °C for a space system with a passive thermal control. (That's 

what I call really passive! That happens to be one version of the Mariner.) 

As shown in Fig. 1, there are two classes of solutions to the problem of 

maintaining the figure of a mirror during changes in the magnitude of the grav- 

itational component along the optical axis: 

(1) Solutions in which active figure control is used, i.e., those which 

are statically indeterminate, and 

(2) Solutions in which there is no active control, i.e., those which are 

statically determinate for at least a first -order analysis. 

Class 1 

Statically indeterminate; 
requires figure control system 

1 

Class 2 

Statically determinate; 
no figure control 

b o a A ó A A 
oc sa, 
c Si. 

1 1 I I a a a a 

Fig. 1. Two eta,s.sm o6 ideatt.ze.d .suppon.t methodz. 

a a 
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It's interesting to note that astronomers have almost unanimously used 

the first approach, and will probably continue to do so for large mirrors, 

while designers of lightweight optical systems have for the most part opted 

for the second type. 

Class 2, statically determinate solutions, may be used for all small 

and medium -sized mirrors. For instance, a fused silica mirror of diameter - 

to- thickness ratio of 6 may be made 38 inches in diameter for a diffraction - 

limited system - -that is, if the maximum deflection at the center and rim in- 

cluding both shear and flexure is A /10. If a deflection of ñ/5 is permitted, 

then the diameter may be increased to 54 inches. This limit is smaller for 

mirrors of larger diameter -to- thickness ratio, greater for lightweight mirror 

designs (like "egg- crate "). The advantage of a statically determinate system 

lies in the system simplicity and lack of auxiliary systems or mechanisms. 

Of the statically determinate mounting systems, one method of achieving 

a uniform support which has not received much attention in the literature is 

the use of room temperature vulcanizing silicone elastomers to attach the 

mirror to its cell. In the uncured state, these materials vary from being 

liquid to pasty. They vulcanize at room temperature to a rubbery material 

which you all saw yesterday in a mirror form. Their hardness can be varied 

substantially, from durometer readings of 30 to 70. The functions of the ma- 

terial are to support the mirror uniformly, to attenuate nonuniform deflec- 

tions of the bezel, to isolate the mirror from thermal deformations of the 

bezel --and to perform these functions elastically. Elastomers have one out- 

standing advantage over three -point loading systems, and that is that local 

stresses and deflections are greatly reduced. However, they also have unusual 

properties which must be understood before they can be used successfully. 

Fig. 2 is a plot of the tensile and shear moduli for these materials as 

a function of durometer reading and area ratio. (Area ratio is the ratio of 

loaded area to bulge area.) As you can see - -these are English units - -you 

can get an extremely wide variation, both in Young's modulus itself and in 

the ratio of Young's modulus to shear modulus. This ratio may range from 4 

to 30. This property of elastomers, namely having a stiff and a compliant 

direction, may be used to good advantage by aligning the direction of maxi- 

mum relative motion between the mirror and its supporting structure with the 

shear direction of the RTV. 
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Fig. 3 is one example of this type of design, using a metal bezel. The 

loads from the three mounting points are distributed in the bezel and trans- 

mitted almost uniformly to the mirror. The degree of nonuniformity is a func- 

tion of the bezel deflection and the change in the silastic stress resulting 

from that deflection. It is impossible in this particular design to provide a 

perfectly uniform mirror support stress, but the nonuniformity may be reduced 

to any desired value greater than zero by increasing the stiffness of the bezel 

or reducing that of the silastic. That can he done by increasing the radial 

thickness of the RTV, by lowering its hardness, or by reducing its axial 

length. 

There is an important characteristic which I should point out here: The 

bezel has to be of torsionally rigid design, as shown here. A simple little 

ring of half that thickness just won't work, as the bezel is subjected to quite 

high moments about a circumferential axis. 

Bezel 
Gravitational 

force 

Fig. 3. Dezign wing me.tak beza. 

Silastic 

Stainless steel 
structure 

Fig. 4. Mivnon. potted díAec,t.ty 
to te.ee6eope -tube. 
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Figure 4 shows a second example of this type of design: a mirror that 

is potted directly to the telescope tube. This is typical of some designs 

which are subjected to wide temperature excursions but rather negligible 

axial non -uniformities of loading due to the tube mounts being located some 

distance away from the mirror. There is a substantial thermal mismatch be- 

tween the mirror, which is fused silica, and the material of the cell. In 

this design the shear direction of the silastic is approximately lined up 

with the radial direction. The small radial force, to which the mirror is 

subjected, causes a deflection that is both symmetrical because it is potted 

all the way around, and refocusable. That statement is not quite true for 

an extremely deeply- dished mirror, but for a flat plate or for a mirror that 

is close enough to a flat plate to be analyzed as such, the forces resulting 

from an increase in temperature cause a moment about the neutral plane that 

results in purely spherical deformation of the mirror. 

One characteristic of silastics which must be borne in mind is their 

very high coefficient of expansion, which ranges between 114 and 150 micro - 

inches per inch per degree F, which is about 40 to 50 times that of fused 

quartz. Furthermore, whenthe material, which is isotropic, is restrained 

from both circumferential and radial expansion by the mirror and bezel, the 

only avenue of expansion left open is axial (as in Figure 3). The resulting 

coefficient in this direction may approach three times that of the figures 

given above. This expansion, however, requires that substantial forces be 

applied in the radial direction to the mirror; if it is anything but a flat 

mirror, it will produce curvature changes. 

This same characteristic of high expansion, however, may be used to ad- 

vantage in compensating for the difference in expansion between a mirror and 

a higher- expansion metal bezel. This can be accomplished for any set of ma- 

terial combinations for steady -state conditions if the silastic thickness 

is adjusted to fill exactly the gap between the mirror and the bezel. Tran- 

sients will, however, introduce loads into the mirror, unless a zero coeffi- 

cient of expansion material is used, such as Cer -Vit or ultra -low- expansion 

(ULE) fused silica. With these materials, if the temperature gradient be- 

tween the bezel and the silastic is small, a support system that is designed 

to be thermally stress free for steady -state temperature variations will be 

thermally stress free for transients also. 

Perhaps I should explain that point a bit more. If you have a mirror- - 

which I'll show as a flat mirror -- potted with silastic to a bezel, and if 
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you raise the temperature uniformly, the silastic will of course attempt to 

expand in all directions equally, being an isotropic material. However, 

since the circumferential and radial expansions are restrained, the entire 

volumetric expansion must occur in the axial direction. It is the radial 

force required to accomplish this that is responsible for causing mirror 

distortions. Therefore, it is necessary to ensure that the volume which 

the silastic is required to occupy is equal to its actual volume. Or to put 

it another way, the free surfaces should not bulge as a result of temperature 

excursions. An analysis assuming that the thickness of silastic is small 

compared to the radius of the mirror and neglecting second order terms shows 

that 

t/R = 2(a3 - al)/(6a2 - al - a3) 

where t = radial thickness of silastic 

R = mean radius of silastic, mirror and bezel 

a = coefficient of linear expansion 

and subscript 1 = mirror 

2 = silastic 

3 = bezel 

If it can be further assumed that 6a2 » (al +a3), then t/R = (03-00/3a2, 

as we had concluded verbally above. Putting in representative numbers for 

typical materials, t/R comes out between 1 /50 and 1/60. 

The variety of structural loading conditions and thermal environments 

to which mirrors are subjected precludes the existence of any one mounting 

method being used as universally applicable. The use of RTV silastics for 

the mounting of mirrors is an attractive method of providing an almost per- 

fectly uniform ring support. Furthermore, it works in tension. The degree 

of imperfection is controllable in the design. The design should take advan- 

tage of the fact that elastomers have a tensile or compressive spring rate 

that may be many times that in shear. The relatively high coefficient of 

expansion should be considered and if possible taken advantage of. 
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RADIAL SUPPORTS 

TENSION- AND -COMPRESSION RADIAL SUPPORT SYSTEM FOR THE PRIMARY MIRROR 

John C. FarreZZ (Dilworth, Secord, Meagher and Associates) 

Yesterday Dr. Schwesinger discussed briefly some of the various theories 

on axial and radial support systems. What I'm going to present now is our pro- 

posed solution for the radial support system for the Queen Elizabeth II Tele- 

scope, which has a 150 -inch solid disc mirror. 

In this particular case, we have a mirror larger than 150 inches in diam- 

eter. Thus, only three systems appear promising on initial inspection. These, 

shown schematically below, are sinusoidal tension and compression (Fig. 1), 

sinusoidal prestressed compression band (Fig. 2), and constant pressure semi- 

circular strap (Fig. 3). In all cases we assume the support of a solid disc. 

Fig. 1. Tension and 
comptes .on 

Fig. 2. Pnesfine.sa ed 
compnession band 

Fig. 3. Ftex,í.bZe ,stAap 
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The graph below gives a curve for each of the three radial support sys- 

tems; these curves represent permissible mirror sizes for mean aberrations, s, 

of 1/15 (upper scale) and 1/30 (lower scale). 
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The Queen Elizabeth II mirror dimensions are known with certain tolerances, 

and therefore the parameter m on the graph could be calculated. Its value was 

found to be 2.79. Points A and B on the graph correspond to the foregoing re- 

sults. We find that for mean aberrations in the range 1/15 to 1/30, the pre- 

stressed compression band (2) and flexible strap (3) are beyond the limits of 

acceptability. The only choice remaining is the sinusoidal tension and com- 

pression system (1). (I might add that certain parameters such as Poisson's 

ratio and thickness ratio used in the JOSA paper differ slightly from our par- 

ticular properties, but not enough to cause any concern.) 

An added safety factor is the distance (shown as x) between point A and line 

1 in the graph. This is necessary to allow for several factors not accounted for 

in Schwesinger's analysis. These include shear deflections, distortion due to 

the central hole, and added aberration due to non -ideal operation of the radial 

support system. 
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Once the configuration of support forces was decided on, it remained to 

devise a means of applying the required forces. Applying compressive forces 

did not seem difficult since this has been achieved in many other telescope 

applications. Applying tensile forces, however, is a relatively new method. 

Counterboring holes for the application of tension was certainly not advisable, 

so the logical solution was to bond pads to the circumference of the mirror. 

In order to simulate continuous support, we placed around the periphery as many 

support pads as physically possible. The generator of the sinusoidal varying 

force is a lever fulcrum system incorporating nearly frictionless pivots. This 

leads to the design of the pivot and the choice of a suitable adhesive for the 

pad bonding. 

Design of the pivot. -- Figure 4 on the next page is a simplified sketch of 

a typical radial support, with its three pivot points designated as A, B, and 

C. The crossarm connecting rod is counterbalanced, and adjustment is provided 

for the main counterweight and the connecting rod length. 

Pivot point A, which is the most critical, employs two precision stain- 

less steel deep groove ball bearings, lightly lubricated and shielded. Auste- 

nitic stainless steel C440 was chosen for the bearing material because it has 

bearing properties similar to the standard 52100 carbon steel with the added 

advantage that it is corrosion resistant. 

Pivot points B and C incorporate a bearing- within -a- bearing concept to 

provide two degrees of freedom. This latter innovation is necessary to facil- 

itate lateral articulation, which would not be permitted by the deep groove 

ball bearings. For preliminary adjustments at zero load, the arm can be moved 

horizontally as rotation occurs between the spherical stainless single ball 

and the Teflon insert outer race. The contact surface is lubricated by means 

of a solid lubricant. Owing to its higher coefficient of friction, it locks 

relative to the outer roller bearing under load, and it is the roller bearing 

that undergoes slight movements under normal operation. 

The quick release expansion pin facilitates removal of the mirror and 

prevents freezing of the connecting pin within the pad and inner bearing. 

We have considered an alternative to ball bearings for the fulcrum appli- 

cation. These are flexure pivot balanced torque bearings. Should the stiction 

of the ball bearing prove excessively high,attempts will be made to fabricate 

a three -spring self -balancing flexure pivot. This can be designed to have 

negligible torque over a small degree of rotation. We have developed design 
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curves for such a bearing with a wide variation of parameters using a computer 

but still have not found one that is entirely satisfactory. The stresses in 

the components are still large and the permissive rotation relatively small. 

This means that, should such a bearing be used, it would have to be handled 

carefully to prevent fracture of the delicate suspension springs. Because of 

these disadvantages we have resorted to the more rugged ball bearings for pre- 

liminary tests. 

Choice of adhesive for pad bonding- -The other engineering problem is se- 

lecting a suitable bonding material for the pad. The adhesive was required to 

(1) provide a strong tensile and shear bond between the quartz mirror and the 

pad, (2) be resistant to creep under long -term loading, and (3) be resistant 

to deterioration due to aging, moisture, thermal extremes,presence of solvents 

and stress cycling, as well as degassing when subjected to vacuum in the alum- 

inizing chamber. 

It is well known that the number of multipurpose adhesives on the market 

over the past S to 10 years has mushroomed to tremendous proportions. This 

presents the problem of wading through pages of data sheets to select an ap- 

propriate bonding agent. In our discussions and communications with numerous 

well -known manufacturers and suppliers, we were able to narrow the field down 

to a few adhesives that appeared to satisfy most or all of the conditions. 

Some of these were Waldex W -104 (otherwise known as Araldite), Hysol A4326, 

Narmco 3135 and 3119, Shell Epon 901, and Silastic 735 RTV. 

There was a decided leaning toward epoxy types of adhesives because of 

their well -established strength and resistance to deterioration due to aging. 

Three adhesives are now undergoing more extensive tests. These tests involve 

the bonding of samples of Invar to small quartz blocks. Invar was chosen for 

the pad material because of its low thermal expansion coefficient, which ap- 

proaches that of quartz. The possibility of fracture due to differential 

thermal expansion is thus greatly reduced. The bonding surface of the Invar 

bars is sandblasted to improve the adhesion and then cleaned. The quartz 

blocks have been etched in a solution of sodium dichromate and sulfuric acid. 

These samples are now being subjected to tensile tests, exposure to vacuum and 

corrosive solutions, and long -term loading and thermal cycling. 

Our observations from a few simple tests and studies of available data 

show promise since bonding strengths have been achieved as high as 2000 psi. 

The mirror loads will produce only about 40 psi, and thus we have a safety 
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factor on the order of 40 to 50. One point worth noting at this time is that 

the proper preparation of the surfaces is of utmost importance. This, coupled 

with careful bonding procedures, guarantees a reliable strong joint. It is 

well worth spending a few extra hours preparing the bond to prevent failure 

later when time is more valuable. 

The only similar application I am aware of is in the case of the radial 

support system for the 98 -inch Isaac Newton mirror. Mr. Sisson has informed 

me that the pads have been satisfactorily bonded to the mirror and are work- 

ing well. The adhesive in this instance is Araldite. 

At this time we are not proposing to bond any intermediate layer of.in- 

sulating material between the pad and the mirror, as we prefer to have the 

thermal insulation attached to the outer surface of the pad. 

To date we have detail- designed the radial support, and a full -size pro- 

totype is now being built. We will be subjecting the prototype to tests sim- 

ulating its operation in a telescope to determine its accuracy and stability. 

Besides this, there are the adhesive tests which were previously described. 

GEERTZ: How close does the bonded joint come to the front surface of the 

mirror? 

FARRELL: In our particular case, we are considering a pad on the order of 61/2 

to 7 inches, with a mirror depth on the order of 24 inches. The centerline 
reaction, of course, will be in line with the center of gravity of the mir- 
ror. There is a fair amount of room left over. 

RULE: In the bonding, are the axial or the tangential differential expansion 
forces taken into account in the 40 psi? In other words, the thermal expan- 

sion between the pad and the quartz, due to the temperature range under which 
the bonding has to act --is that only 40 psi? 

FARRELL: The actual pressure used is the direct load contact pressure. The 
differential expansion between the mirror and the pad over, say, 61/2 inches is 

fairly small, and the only thing that actually takes the stress in this par- 
ticular case is the very thin adhesive filler. As far as we are concerned, 
the stresses should be relatively low. 

MEINEL: One difficulty that has been encountered with cementing along the mir- 
rors is that quite often the cement is stronger than the mirror. If you have 
an accident, you take out a nice big piece of the mirror along with the metal 
pad, so you have to always be aware of that. You almost wish you had a fuse 
in there, or else that your bond would break before the mirror breaks, even 
though you make it stronger, so that you would avoid damaging,the mirror. But 
Bruce's comment I think is rather pertinent because some of the things cure at 
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high temperatures, and the expansion properties of the film itself could pro- 
duce an appreciable local stress concentration. 

FARRELL: In all cases I stated, all these adhesives cure at room temperature 
with no pressure. This was one of the design criteria that I neglected to 
mention. 

SCHWESINGER: What you are trying to do is to reproduce the stress distribution 
of Figure 1. (FARRELL: That's correct.) Now, this supposes normal stresses. 
When you bond something to the edge of the mirror you cannot exclude tangential 
stresses, shear stresses, and then the theory does not apply any more or at 
least must be modified. I wanted to direct your attention to this point. 

FARRELL: These are shear stresses caused by what? 

SCHWESINGER: By the bonding, because the bonding takes up stresses in the tan- 
gential direction, too; so if the lever system is not designed so as to ex- 
clude tangential forces, then the assumptions of my theory are not satisfied. 

FARRELL: In this particular case we have two bearings which will allow freedom 
in the axial direction. Is this what you are worried about? 

SCHWESINGER: In the tangential direction. 

FARRELL: This particular support is also articulated to give freedom in that 
direction. 
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BELLOWS -LEVER SYSTEM 

Oscar Novak (Kitt Peak National Observatory) 

Our design for the radial supports utilizes weighted levers, radially 

mounted on the cell, providing hydraulic pressure to bellows that exert radial 

push -pull forces on the periphery of the mirror. 

Below is a section taken through the one side of the cell, with the bracket 

holding the cell to the tube structure. There is a ring girder around the mir- 

ror to contain and support the 24 pairs of radial supports. The center of grav- 

ity of the mirror is midway between each unit of the pair. We felt that this 

was necessary since we cannot position these holes accurately with respect to 

the mirror. Now we can change the loads taken by each one of the pair to bal- 

ance for any mislocation. 
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Each hydraulic actuator is connected to two supports, diametrically oppo- 

site, through hydraulic lines and a mechanical non -flow coupler. The push -pull 

forces will then be equal on each pair of diametrically opposite supports. 
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The total mirror weight that will be supported is 32,000 lb., and at some 

time each one of these 24 pairs of supports will have to provide 2,700 lb. push 

or pull. For design purposes, we have divided this load up into a 60/40 ratio, 

to allow for any error in positioning relative to the center of gravity of the 

mirror. Therefore, each support of a pair will be designed for a maximum push 

or pull of 1,620 lb. 

We are limiting the contact pressure between the mirror and the support to 

about 60 psi, which means our contact area is approximately 6 inches in diame- 

ter. Working pressure is about 85 psi in the bellows. 

A typical support is shown below. The push side is actuated from one ac- 

tuator through hydraulic tubing. The pull side is actuated through an inlet 

from the actuator on the opposite side of the cell. This support is mounted on 

the ring girder, with a bolt connection that comes to the central diaphragm. 

This central diaphragm acts as one end of a piston to give the push or pull 

forces to the elements fastened to the mirror. To pull on the mirror, one side 

is pressurized by the actuator, and the forces pull through this plate and into 

these small supports. Vice versa for push. 
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The epoxy resin is applied between the hexagonal Invar pads and the 

mirror. The most promising epoxy to date is Epoxy No.SA594 manufactured by 

Seezak Products, Inc.,of Los Angeles. This adhesive has a thermal coeffi- 

cient of 6 X10 -6 per °F. It has a tensile strength of 3500 psi after a cure 

period of one week at about 77 °. They promise that the strength reduction 

over a 6 -year period won't exceed about 40 %. They don't know the strength 

curve changes, and therefore we propose testing representative samples to 

determine what the strength curves do. Our tests will be made using this 

epoxy to attach Invar rods to quartz cubes, and at three -month intervals we 

will pull the various samples in a testing machine to determine, if we can, 

what the long -period strength curve looks like. 

The small hexagonal pads of Invar are connected through slender stems 

to the diaphragm plate. This feature provides a small area to allow for the 

differential expansion between the epoxy and the quartz. In this way the 

sheer loading is minimized. In addition, the small- diameter small stem will 

allow small rotational or axial motions of the primary without excessive 

loads on the mirror. For the same reason, the bellows sections will be se- 

lected on the basis of flexibility in the radial direction to minimize tan- 

gential and axial loads on the mirror. In addition, the mounting bolt has 

flexibility about the connection to the ring support. 

The mechanical design features of the support permit the complete as- 

sembly to be done in the shop under controlled conditions so that we get un- 

iformity of loading of each of the supports. Ambient temperature should be 

controlled within ±S° as these supports are being assembled. We intend to 

make a full -scale model of this support and mount system and make deflection 

tests on it to determine what the tangential loads are at this point, to de- 

termine the axial restraining forces on the mirror. 

Figure 3 is a cross section through the top of the actuator. Although 

the actuator bellows is shown on the inside, it could readily be mounted on 

the outside to accommodate different adjustment procedures. One hydraulic 

line comes from each of these actuators, then splits to enter the push side 

of one support to the pull side of another actuator diametrically opposite. 

For ease of installation or disassembly, a zero displacement coupler will be 

used so that pressures can be applied on the actuators without flow. The 

upper end of the actuator lever is connected to a shaft and mounted on ball 

bearings. At the point where the bellows is attached, there is a bearing 

mounted on a sub -shaft which bears on this spool. 
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RULE: What about the expansion of the fluid? 

NOVAK: As a result of temperature extremes,winter to summer,the steel struc- 
ture varies radially a total of .100 ( ±.050) inch from the diameter of the 
primary mirror. For this reason we have interconnected the push side of one 
support to the pull side of a diametrically opposed support. Actual fluid 
flow between the two supports does not occur because we propose to put a me- 
chanical coupling in the hydraulic lines, which transfers pressure and motion 
but not fluid. 

Problems due to volume changes of the hydraulic fluid are approached in two 
ways. First, we limit the actual volume of the oil to an absolute minimum by 
installing cylindrical sections of steel in the volume that would normally be 
filled with oil. For volume change of the remaining oil, we have designed the 
actuator bellows to accept a large volume change with small displacements of 
the actuator. With judicious selection of component sizes, manual adjust- 
ment of the supports for annual temperature variation will probably never be 
needed. 

With due consideration for frictional losses and errors in mounting tolerances, 
we anticipate the efficiency of the system to be something in excess of 99%, 
leaving less than 1% of the total load for the radial defining supports, 
which we propose mounting in the center hole of the primary. 

Mechanical and hydraulic connections between the supports and the actuators 
are shown only in the hydraulic schematic view. To complete the design we 
propose a mechanical connection between the center diaphragm of the support 
and the bracket supporting the actuators. This will permit removal of each 
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individual assembly from the bottom with the tube vertical without disturb- 
ing the adjustment of any of the other 23 assemblies. Removal can be done 

with the primary in place. 

SISSON: I don't understand how the axial freedom of the mirror is secured. 

NOVAK: It isn't exactly free. We are attempting to make the elementary sup- 
ports, the stem, the bellows, and the expansion mechanism flexible enough to 
permit "large" motions of the primary with very low axial loads. 

FARRELL: Will that allow you sufficient axial motion to compensate for the 
settling of your axial support system on shutdown? 

NOVAK: Yes, we anticipate axial motion of the primary limited to .010 inch, 

and flexibility of the supports will allow this. Deflection tests will be 
conducted on full -scale models of the radial supports to determine reactive 
forces on the mirror for .010 -inch axial travel of the mirror. 

FARRELL: How are you going to set up your system with a tolerance of .010 

inch when you have a cell deflection of .005 inch? 

NOVAK: The cell deflection, we found, isn't quite .005 inch. It's more on 

the order of .002 inch, I believe, at last calculation. The individual In- 

var pads are mounted on small- diameter stems with 1/r ratios of 65 or more 
to reduce the deflection forces. 

SPOELHOF: How stiff are the bellows? 

NOVAK: At present, we propose to use a wall thickness of .008 to .010 inch. 

This will give a very flexible bellows. I can't tell you exactly what it 

will be; the experimental work will have to be done before we get a fine 
reading on that. The bellows material will be stainless steel or brass. The 
individual hexagonal pads are Invar 36 free machining, and the material in 

the rest of the assembly is steel. 

FARRELL: Bellofram Corporation of Burlington, Massachusetts, makes a bellows 
very similar that works on this principle with accuraciesonthe order of .01 %. 

BAUSTIAN: You neglected to mention one other thing in regard to the tempera- 
ture compensation. That is, the bellows are diametrically cross- connected -- 
the inner one and the opposite one on the other side - -and when compressed 
will be compensated in expansion on the opposite side. That is, the cross - 
connected bellows are compensating for the differential expansion between 
the mirror and the cell. 

NOVAK: That's right. Actually, the only volume that we have to worry about 
as far as temperature expansion is concerned is one in this bellows here be- 
cause these will equalize themselves across. Even though our coupler allows 
for no flow, the coupler will deflect enough to permit the displacement of 
oil from this one over to the other side. 

NOTE (4- 3 -67): The push -pull hydraulic radial supports have since been re- 
placed with push -only lever type supports on the periphery of the mirror and 
in the central hole. 
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DEFINING OF LARGE MIRROR SUPPORT SYSTEMS 

Bruce Taule (California Institute of Technology) 

Basic optical defining. --We are now going to move from the support and 

linkages methods to some of the methods of defining large mirror support sys- 

tems. Properly supported, the mirror is free to move in space unless defined. 

We would somehow like to fix it so that it remains in the mounting position 

we want with respect to axial position, tilting of the mirror, and transla- 

tion of the over -all system sideways. We never can hope to get the mechanical 

and optical axis to coincide for all positions, but we would like to have the 

difference be small enough that it falls within the coma limit and transla- 

tion error permitted by the optical system specifications. 

There are two points to defining such a mirror: axial location and 

radial position. I've reduced them to these two simply because, with the ax- 

ial defining of the mirror, whether we fix it from the back side or from the 

front edge or from compensating rod systems, we take care of the axis tilt at 

the same time. For example, on some of the support mechanisms discussed this 

morning, the defining is done by fixing the support unit on the rear; three 

are selected in order to provide the rotational defining at the same time as 

the axial position. If it were possible with a solid mirror like the 100 -inch, 

for example, we could define it axially with a single support in the middle 

and provide a separate tilt rotational edge control. Since the mirror is free 

to move in any position without the defining restrictions to the order of ac- 

curacy of the support friction and hysteresis - -on the order of 0.1 %- -then a 

mirror that weighs about 10,000 lb. supported to, say, 0.1 %, would have resid- 

ual forces of 10 lb. We would have to apply a constraint in whichever support 

system we're using of about 10 lb. to hold the mirror in position. There are 

a few other forces to worry about also, such as the acceleration force of 

the mirror; and vibration and displacement forces due to other mechanical flex- 

ures of the telescope. So in general it's customary to allow a somewhat greater 

restraint, say twice as much, or about a 20 lb. defining force. It is neces- 

sary to have a greater defining force than what the friction loss provisions 

of the system might be. This applies to either axial or radial defining. 

Highly defining loads might produce minor deformations. 

Axial defining.- -The axial defining locations have to be carefully worked 

out to a wide enough baseline for tilting rotation or to provide the adequate 
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range for axial defining if it's not to affect focus. For example, if we ax- 

ially define from the rear of the glass to a support system which is deflect- 

ing due to the cell back, then we must remember that we are moving the prime 

focus position by the amount of cell deflection or a fraction of that, depend- 

ing on where the defining radius is taken. If the mirror cell is assumed to 

deflect in a curve and we define to the outer edge, it may be very little; 

but if we define to the center it might be a larger amount. Usually, we try 

to make the defining system fall within the permissible depth of focus. 

The axial defining system is generally harder to handle because the tilt 

requirement is superimposed on it and also because the change in focus is to 

be minimized. If, for example, a folded system or a Schmidt system is used, 

in which the radius of curvature on the plate may be back some distance, it 

might be desirable to provide a focus defined not to the primary focus but to 

some other location. It is possible by Invar or quartz rods, external to the 

mirror, to tie the focus to the secondary focus or to some other intermediate 

point. Or, one might take rods up to prime focus and then select a point on 

the rod to tie to the outside steel, so that the relative expansion of the two 

ends can provide focus correction, either to compensate for the steel length 

or for some other reason. The Palomar 48 -inch Schmidt, for example, is a com- 

pensator of this type. The center ring girder that supports the plate holder 

and the correcting plate is in this region. Since the correcting plate is 

rather thin, its position is not too critical, but the curvature of the plate 

is quite sensitive to where it falls with respect to the mirror, and although 

the primary mirror is spherical and doesn't have any axis, it's desirable to 

keep the focal length compensated for temperature range. In this case the rod 

is run directly from the mirror to the hub which carries the focus plate, then 

is tied to the steel case at the proper ratio to give the proper thermal cor- 

rection. There are quite a number of variations of this scheme. This correc- 

tion system of the 48 -inch works very well for over 15 °C range without requir- 

ing any change in the focus. Nominal two- or three -week runs are made without 

checking the focus at all. 

In the case of a Cassegrain secondary mirror, it is possible without tilt 

to try to correct for the Cassegrain focus. The effect of the Cassegrain focus 

goes as the square of the magnification, and usually it goes in the opposite 

direction from the expansion. One good chance of doing a corrective scheme 

would be to move the primary with a compensation rod system such as discussed. 
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With a spectrograph or direct plate or an instrument at the Cassegrain, one 

would like to keep this focus fixed with fluctuations in temperature. The re- 

lation between the secondary and the primary must be moved in such a direction 

as to hold constant the Cassegrain focus and not the prime focus of the mirror. 

It's not quite so easy to do this with the f /30 coudé focus, but the coudé 

focus range is wider. 

Radial defining. --The significant thing about all of our defining problems 

is that it is most difficult to support a stress -free mirror and then hold the 

axis to the correct position with the same minimum force for which the support 

system was designed. In the radial defining problem, the case is perhaps sim- 

pler in that it is not combined with the problem of providing focus and tilt 

rotation, but rather concerns itself with the coincidence of the optical axis 

of the mirror system and the axis of the mounting. The problem usually resolves 

itself into whether to do the radial defining from the outside edge of the mir- 

ror or the inside edge or some intermediate point, such as proposed with fluid 

and air bags. 

Because of the differential expansions between the steel cell and the 

quartz or Pyrex, there is an obvious advantage to defining at the smaller center 

diameter, which is one reason the 200 -inch and others are defined in the hole in 

the center. A slight disadvantage is that it takes up space in this hole, al- 

though these compensating jacks can be made small. The 200 -inch was done at 

the center hole with a radial compensated jack. The thermal expansion of this 

42 -inch center diameter is compensated exactly, with no shift in the center 

line, which would have been hard to do out at the large outside radius. 

With mercury bags or other outside methods, the necessary constraints usu- 

ally require defining from the outside radius. The same is true for radial air 

bags on the rear, as in the cases which were discussed for the 60 -inch at Flag- 

staff. The whole plate is moved for collimating, rather than trying to shift 

the space in the air bag. With Ritchey -Chrétien optics, the translation error 

can be somewhat greater than with parabolic systems, and it's not hard to meet. 

The radial defining error may affect the pointing accuracy, but this can be pro- 

grammed out. The collimation of the axis of the primary mirror with respect to 

the secondary or some other mirror in the system is important. If these can be 

made compatible, the translation of the whole system doesn't really matter. Let 

me give 'an example: On large telescope tubes, such as the 200 -inch, it's impos- 

sible to design the tube rigid enough that its axis could remain undeflected in 
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tilting down because it would bend down and rotate at the ends. The 200 -inch 

uses the parallelogram to reduce this sort of end deformation. The acceptable 

translation is in fact quite large, but the end action is parallel; there is 

no decollimation. So to look at the secondary mount, one could stand a some- 

what larger radial motion to match the primary. 

One other point about the radial defining is that a primary mirror that 

has no optical axis may have an axis of symmetry. A sphere, for example, has 

a radius of curvature with no real optical axis. If defined at the center of 

curvature, then it would be necessary only to mount rods to hold constant fo- 

cal position with no radial constraint. As long as this mirror is permitted 

to move tangentially in the plane of the surface, there will be no effect on 

the optical system at all. This fact has been made use of quite often with 

meniscus lens and short -focus cameras, and more recently by Dr. Bowen in the 

reimaging cameras used on the Palomar Cassegrain spectrograph, where with f/7 

it's necessary to maintain the focus rather closely. By using low- expansion 

Invar rods, the system is constant -focus and defined, both axially and tilt - 

wise, and this makes a very stable optical system. In this system the mirror 

is free, but the focal length changes, and the mirror tilt is prevented. 

As our support system methods improve, whether by mirror shape, bags, 

levers, or whatever, our defining system has to improve much along the same 

lines. If we succeed in reducing the unbalanced or the disturbing forces on 

the support system, then we are also able to very much lower the forces for 

defining the mirror and provide much simpler systems of making compensations. 

SISSON: I feel that these built -in compound thermal expansion rods and so on 
are a terrible hazard,and you're saddling yourself with something that you've 
got for good. In the case, say, of axial definition, you've got three pads, 
and you have three servo motors under those pads. Now you can do anything 
thereafter. You can take any parameter you like -- flexure, temperature, atti- 
tude- -and you can feed it in so easily to the servos. It's completely flex- 
ible in terms of control parameters when you've built the telescope, whereas 
if you put in some thermally compensated system you're stuck with it for life. 
I feel the same thing can be done radially. A sensor determines whether you 
are accurately centered or not, and exerts control on the centering bags. I 

can't help feeling this is the wise thing for a really large mirror. 

RULE: Yes, I think there is something to be said for that. I'd like to turn 
the coin over and say that if you have to do servoing to get the proper de- 
fining and focus control, you're stuck with that for life, too. 
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SISSON: I don't think this is a disadvantage. A quiescent bang -bang servo 
will suffice. 

RULE: Perhaps I should go back and say I don't think we're stuck for life. 
Take the most complex case: a mirror with a correcting rod and deep curved mir- 
ror shell. In the case of the 48 -inch, which has worked pretty well for 20 

years, we haven't even changed the location of the bar center slide, and we 
thought we would have to do a lot of experimenting with that. So we are quite 
happy to be stuck with that one for life. 

The other point is that this can be very quickly removed. I was careful to 
say that defining systems of the 200 -, 48 -, and 60 -inch and others are built 
so that one can define anywhere selected. They are not built in for life. 
If, however, I put in a servo system and expect to program it, then of course 
I must know a great deal about the program to use - -which I don't know at the 
present time - -or I may have to provide this as an active defining system in- 
stead of a stable passive system. There is nothing wrong with this if you are 
prepared to continuously monitor and adjust it. 

SISSON: I was thinking of larger mirrors. 

RULE: You can program these changes if you want. I was merely pointing out 
that there are different methods of doing the minimum effective radial and ax- 
ial defining. I purposely skipped over the case of the motor collimators, be- 
cause it seemed to me rather obvious that any system that calls for a tilt con- 
trol or any rotation control is exactly in the same precision category as the 
telescope drive. The only caution is that when a collimating system calls for 
these tilting controls, with a slope magnification of 2 on the mirror, you'd 
better be very careful that it is just as good as your telescope drive, or you 
are back in trouble making a degraded collimating system which is superimposed 
on top of the telescope drive. 

Another point has to do with servoing the systems. In a simple and straight- 
forward primary optics case for a large mirror, this may be quite easy to do, 
but I'm concerned also about the problems of more complex optical systems. 
While there is no intention to bring in other cameras or image tube devices 
here, it seems to me a beautiful opportunity to point out that in a camera with 
a re- imaging system, like some of these that Bowen has devised, or focusing cam- 
eras such as at the coudé, we have many series cases of added optical complex- 
ity. The understanding of the collimation problem has to do with "n" number of 
such systems in series. Within this programming we are talking about, it does 
become exceedingly complex to correctly collimate and focus each one, with 
three axes on each optical or camera system to worry about. So the nice thing 
to do is to design a stable static system in which defining, focus, and colli- 
mating range of each one of these is fixed well inside tolerances. When you 
look in the end of this series, you must see the system always collimated. 
Otherwise you must determine errors of each step and servo each part on the way. 

SISSON: I was only talking about the main mirror. 

RULE: Yes, but I went one step further. I say that this is true of the main 
mirror, but when you think farther than the main mirror, you find you have this 
horrible problem of cascading things. It's exactly the same as a series spring 
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problem. It's very easy to solve the problem of one or two springs, but when 
you get a number of coupled systems you have all these higher modes to worry 
about. I'd like to stick to the most stable quiescent modes as long as pos- 

sible, and then servo when we know how this works. 

PEARSON: The axial load on each of the three defining pads is a problem. We 

need a force on each pad great enough to clearly define the mirror without 
causing large deflections. For this reason, we were going to place the defin- 
ing points around the optimum single ring position, where a large force would 
not introduce large deflection on the mirror. 

RULE: I think the same arguments apply to the defining forces, as Schwesinger 
and others pointed out about the support rings, and also as Fehrenbach pointed 
out the other day. That is, if this is your support system and you define at 

some other location that can produce a bending moment, then you are in trouble. 
So you would like to select the point that has the least deflection. I agree. 
I'm not prepared to say which is the best point, but I agree. 

TRUMBO: Those figures that you mentioned, Bruce, are they typical for the 200 - 
inch or the 48 -inch? 

RULE: I think that they are typical for any mirror system. I have a firm be- 
lief in this 0.1% or so residual friction, and therefore it ought to be defined 
within this. You can apply this criterion to radial, axial, tipping, or any- 
thing you want. 

TRUMBO: Is it true that these are the forces that you use? 

RULE: These are the forces that in fact we use. I think Dr. Bowen has indica- 
ted that when we went too high on some of these you could see the mirror dim- 
ple, and we had an excellent model to see this with. 

FARRELL: As far as focusing and collimation are concerned, I asked this ques- 
tion several months ago, and that was how often are large telescopes refocused 
or recollimated? I got answers that varied from once a day, to once a week, 
to never. What is your experience? 

RULE: Well, I don't think it is never. We can rule that one out right away. I 

think it could be once a day, if somebody kicks it or monkeys with it. In the 
case of the 200 -inch, we are quite content that the axial and radial defining' 
are resettable quite easily. We take the mirror out to wash it every few 
months, and as far as I know, over a period of years we have made only very 
minor collimating adjustments. I think Dr. Bowen could tell you more about the 
time scale. It's a matter of years, as far as I'm concerned. 

FARRELL: The reason I ask this is because we are considering the possibility of 
reducing the amount of freedom available for collimation so that the astronomers 
will be discouraged from making unnecessary adjustments. 

RULE: Well, you might make them unhappy, but it is a good idea not to have to 
make adjustments. 

HOAG: In the case of Strand's astrometric reflector, collimation checks are 
made at each exposure. 
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CRAWFORD: Bruce, would you care to comment on Strand's reflector? 

RULE: I don't know enough about it. I was hoping that this particular descrip- 
tion of it was going to be published before now. It sounds high to me. I don't 
know why it should be that high. The answer, according to Art, is "nobody 
knows." 

CRAWFORD: Any more comments in the field of defining or collimating? 

FARRELL: For a Ritchey- Chrétien surface, what would be the axial defining in- 
crements? In other words, if we are going to include a servo system such that 
if you touch a button where the servo mechanism indexes a certain amount, what 
should that increment be in terms of axial motion? 

RULE: What is the problem? 

FARRELL: Well, do we have to provide, for instance, half- thousandth increments, 
one -thousandth increments, two- thousandth increments, etc.? What I'm shooting 
for is a baseball figure. 

FROM AUDIENCE: A common thing for a Ritchey -Chrétien system is about six thou- 
sandths. It depends on the quality of the image you want. 

RULE: I think it would work with a servo system even if you had a tenth of that. 

ODGERS: To put it another way, Bruce, what is the minimum increment that you 
can read for each movement? What is it measurable to for each focusing move- 
ment on the 84 -inch? Or what is the smallest increment one can make? 

HOAG: An arc second per second. 

RULE: That must be a tenth of a thousandth, then. 

HOAG: Each mark is a ten thousandth (.0001). 
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MIRROR CELL DESIGN 

W. W. Baustian (Kitt Peak National Observatory) 

The design of a mirror cell involves a number of considerations in addi- 

tion to the obvious ones of stress and deflection. Probably the first deci- 

sion to be made is whether to use a cup form or a flat or disc type cell. 

The cup form is used most often in the smaller telescopes where it is 

more convenient to incorporate the edge support in the side walls of the cell. 

Removal of the mirror from this cell is relatively simple in the smaller sizes, 

but it tends to be more complicated and bothersome in the larger sizes. 

For the larger mirrors the handling is generally less complicated with 

flat cells. The edge supports can usually be mounted in the lower ring gird- 

er of the tube, or if mounted on the cell, they can be hacked up by the ring 

girder. In any event, these support units should be designed so that indi- 

vidual units can be removed and replaced without disturbing the mirror. 

The outside diameter of this type of cell is smaller than the inside di- 

ameter of the tube ring girder, and if the cell is bracket -mounted to the ring 

girder, the tube counterweight system can also be attached to the ring girder, 

and thus keep this loading off the cell. For the larger telescopes which may 

also have a Cassegrain observing cage, this can also be attached to the 

counterweight assembly. 

Most of the modern large telescope tubes tend to have the declination 

axis located near the lower end, and therefore the solid mirrors and heavy 

cells are an advantage from the balance standpoint; however, heavier -than- 

necessary cells are a disadvantage from the handling standpoint. It is prob- 

ably best to design the cell to satisfy the deflection limitations and handle 

the tube counterweights as mentioned previously. It seems reasonable to ex- 

pect to limit the "plate" deflection to around 0.005 inch. 

In addition to the above primary design considerations, there are five 

secondary but important conditions to be provided for: 

(1) Will installation or removal of the mirror from the cell he performed 

while the cell is horizontal or vertical? The flat cell has been used both 

for the Lick 120 -inch and the Kitt Peak 84 -inch, and the cell is placed in 

the vertical position for installation or removal of the mirror. The mirror 

is transported in a sling. Temporary edge arcs are used to support the mirror 

on the cell until it is brought to the horizontal position. A central support 

tube could be used instead of the edge arcs. 
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(2) Is the mirror to be left on the cell during aluminizing? For this 

purpose the mirror may be supported on three support jacks, and if possible 

provide for the removal of mirror supports. All webs should have suitable 

openings to provide thorough venting of the cell cavities. We are now plan- 

ning to leave the 150 -inch mirror on its cell and design the vacuum tank head 

as a combination head and carriage which will be used to transport the mirror 

and cell from the telescope to the vacuum tank. The tank will incorporate a 

drive for tilting the head and mirror assembly up into a vertical plane. A 

central support tube will be used to carry the mirror in this position. 

(3) Is the final figuring to be done while the mirror is supported on 

the cell and support system? If this is the case - -and it quite likely is - -the 

cell must be designed for suitable mounting and attachment on the grinding ma- 

chine spindle. The cell and the spindle must be designed for this alternative 

support of the cell so that there are no unnatural deflections in the mirror 

during these final figuring operations. 

(4) Provision should be considered for immediate or future air condition- 

ing of the cell and mirror. Since neither the requirements nor the methods 

are well understood, the maximum flexibility should be provided for. 

(5) The Cassegrain instrument mounting plate assembly should be a turn- 

table which will provide for rotation about the optical axis. The bearings 

for this assembly should be designed for fairly high moment loads but should 

not be considered accurate enough for instrument rotation during observations. 

For the latter purpose, a rotation drive with special high- accuracy bearings 

should be incorporated in the instrument itself. The instrument mounting 

plate is used in a clamped position during observing. It should be a sub- 

assembly which can readily be removed from the cell. 

150 -inch mirror ceZZ design- -The design of a mirror cell to be used with 

an annular air bag support system allows one to use a somewhat different ap- 

proach from that used for a system of individual supports. We endeavored to 

support the two rings on a series of chordal beams. 

Fig. 1 on the next page shows the pattern that resulted from a prelimi- 

nary web configuration based on an original proposal by Westinghouse to attach 

the mirror cell to the lower ring girder of the tube at eight points. This 

was presented by Westinghouse as a possible design. Further study by the 

Westinghouse engineers resulted in the simplification shown by Fig. 2. This 

design is based on a four -point attachment of the cell to the tube ring 

girder. It consists of 2- inch -thick top and bottom plates with 1 -inch web 
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plates and a cell depth of 18 inches. Approximate cell weight is 15,000 lb. 

(We had originally hoped to be well within 30,000 lb., and our grinding ma- 

chine was designed to accommodate that weight.) The four primary webs span 

between the cell attachment points. Four secondary webs transmit the inner 

ring load to the midpoints of the primary webs. Tertiary webs are used to 

supplement the primary and secondary webs. 
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The design specification proposed a maximum plate deflection of .005 inch. 

The deflections for this cell supporting a 158 -inch diameter mirror, weighing 

33,000 lb., are indicated to be within this limitation, based on preliminary 

analysis. The deflection between the inner and outer rings is .0007 inch for 

beam deflection plus .0012 inch for shear deformation. The deflection from 

the defining points to the outer ring or cell supports is .0023 inch. It 

should be noted that these deflections will be increased by the additional 

load of the #3 coudé flat assembly, which is supported on the cell. It does 

seem reasonable that it will be possible to produce a relatively simple cell 

that will satisfy the deflection specifications. 

RULE: I was wondering whether the cell hole design takes into account the angu- 
lar deflection due to the Cassegrain tube. Is your loading plane only on the 
upper face? The Cassegrain tube which goes through the hole in the cell has 
an outboard load which produces a deflection moment on the cell. Does the cell 

design account for this? 

BAUSTIAN: No. As I said before, the present progress of the calculations 
merely takes account of the mirror loads. The moment load due to the coudé #3 
flat will be taken into account. It should be noted that this support tube 
will extend down through the full depth of cell to engage both the top and 
bottom plates of the cell. 

KELLY: What was the thickness of the top and bottom plate? 

BAUSTIAN: Two inches for the top and bottom plate, and one inch for the web. I 

should again emphasize that this is now based on the first go -round for deflec- 
tion calculations and so forth. In other words, Westinghouse was instructed to 
make a preliminary investigation to see whether the .005 -inch limitation was 
reasonable or whether we would have to increase the tolerance. 

ODGERS: You said it wasn't safe unless you handled the mirror vertically. What 
process have you looked into for mirror handling during aluminizing? 

BAUSTIAN: We are presently planning to support the mirror in the support band 
which is also used for taking the mirror from the cell. 

ODGERS: What's wrong with a spigot? 

BAUSTIAN: As I understand it, you are referring to a device which lifts the 
mirror through the central hole. This is acceptable as long as the concentra- 
ted loads are kept within acceptable limits. We have always used the external 
lifting bands for handling aluminizing and, in the case of the 84 -inch, for 
transporting. In the latter case the spreader beam carrying the band is sup- 
ported on the top edge of the shipping case. 
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FARRELL: Do you know what the spalling angle is for quartz? 

BAUSTIAN: No. For Pyrex we have used a value of 15 °. 

PEARSON: Would it be feasible to transport the mirror around in a suitable 

liquid to reduce the handling problem? 

BAUSTIAN: In the 150 -inch size, this does not seem reasonable, as simpler 

ways are feasible. As you get into larger mirrors you'd probably consider 
it. Either the band support, or a cushion supporting the mirror in the 
horizontal on a rigid platform which in turn is supported on three basic 

points, is satisfactory. The type of mirror -handling carriage which will 

be used to transfer the mirror from the telescope to the aluminizing tank 
will also influence the transporting procedure. 
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THERMAL CONTROL, MAINTENANCE, AND ECONOMICS 

General discussion 

CRAWFORD: The next area collects together a number of other items that have to 
be thought of sooner or later. Sometimes the later doesn't occur until we get 
into trying to debug the telescope. Three of them are listed here. 

Maintenence - -we hope there won't be much of this. Still, one does have to get 
the mirror in or out of the cell. 

There is the support of the mirror during handling in the dome and during al- 
uminizing, and also the support of the mirror during shipping from the manu- 
facturing plant to the telescope on the mountain top. 

The other item involves economics, which includes not only the cost of the 
mirror support hardware itself, but also the cost of doing the design work 
that many people have already been doing --the kind of work that Charles Jones, 
Farrell, and ourselves have been doing. 

Some of these answers may be guessed at without much money, some of them can 
be calculated with a fair amount of money, and someday maybe astronomy will 
even support a very extensive program with quite a bit of money. I'd suggest 
that we spend a short period of time before coffee questioning some of these, 
perhaps even supplying answers for some of them. Would anyone like to start 
an argument or discussion? Charles, would you like to say something about the 
economic side? 

JONES: The thing I would like to say -- probably the most important influence is 

what you do about specifications, when you come for something of this nature. 
Bill just mentioned that they have a .005 -inch specification for deflection in 
the cell. This is fine if you need it, but it is rather interesting, I think, 
in the specifications at this time. If you had said .007 inch, you might well 
have effected economies in direct ratio between these, in some cases an econ- 
omy that has a squared function and things of this general nature. 

Now we've talked about this, how this applies to the mirrors and all, and in 
some cases they can make a phenomenal difference in the total weight of the 
telescope because, as is quite obvious, if you put weight in the cell, then 
the fork has to be bigger, or the support system, whatever it is, has to be 
bigger, and it goes right on down through the telescope. 

There is another thing that is hitting us heavily these days, and that is, 

we started out talking about telescopes at so much a pound. I am sure back 
in the 200 -inch days that a couple of dollars a pound would have been consid- 
ered a phenomenally high price for a telescope, whereas at the present time 
we're talking about $8 a pound for some of these machines. About the only 
thing you can do to help this situation is to be sure that the specification 
is not overly elaborate. All the little pieces of instrumentation that are 
added - -these are the things that really build up the price. They have to 
always come back to this. We can buy a very elaborate piece of industrial 
machinery for about 60* a pound here in the United States. It has in it all 
of the alloys, all of the fine machine work that it takes to go into a 
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telescope, with the exception of the small instrument parts, which are the 

items that run the total costs to these very high numbers. 

CRAWFORD: We spend a considerable amount of time on the design phase, trying 

to develop the world's best telescope, and we spend the rest of the time try- 

ing to get them to build it for the least possible money. 

FARRELL: This figure of $8 a pound --I conclude this is only for a particular 
item and not an average value for the total telescope? 

JONES: I hate to say it, but I've seen this for very enormous telescopes. 

SHANNON: It is calculated that a Rolls Royce costs $5 a pound. 

FARRELL: According to the 27th Symposium, you can build a telescope, dome and 
building for eight million dollars. At $8 a pound, do you still think you 

could do it? 

CRAWFORD: Let's not talk much more about $8 a pound, please - -at least not now 

while the industrial representatives are here where they can hear us! 

BAUSTIAN: I think this probably leads up to one point, and that is the respon- 

sibility of the engineer to inform the scientist of the economic consequences 
of overly rigid specifications. Quite often the astronomer will say, "I'd 
like to have this," and you have a sort of off - the -cuff guess; it can run the 

cost up enormously. To repeat, it is the responsibility of the engineer to 
make the astronomer aware of this. 

The other comment that I want to make is that it is usually necessary to de- 
emphasize the accuracy required for the major parts of the telescope. Indus- 
try must be acquainted with the fact that a large portion of the telescope is 

equivalent to a large machine tool. Usually commercial people will assume all 
parts of a telescope require extreme precision, so it is important to thor- 
oughly acquaint industry with the actual requirements in all parts of the in- 
strument. The other point to emphasize is that specifications for manufacture 
should be as specific as possible, using actual numerical values and outlines 
of methods to be used for testing critical elements or assemblies. The de- 
signer should specify standards wherever possible. Again, tie the specifica- 
tions down to exactly what will be accepted. If You run into trouble money - 
wise, negotiation is usually possible to help bring costs down. 

RULE: I would like to make some remarks about costs, but I'm not interested in 
discussing this subject at the moment other than to say, first of all, the as- 
tronomer doesn't like to buy a telescope on a pound basis. He's really after 
aperture and quality of the system. It's difficult to find a proper design at 
a per -pound price. Second, with respect to other machinery, the quote of a 
dollar and a half a pound is closer to rolled mill steel fabrication prices. 
Complex instruments, I understand, are about $10 per pound. At the 27th Sym- 
posium, the National Research Committee, and other meetings I presented cost 
data --costs at that time. The only change that has taken place since is that 
agencies who were below this cost curve, especially commercial concerns, im- 
mediately raised their prices up to, or above, the published curve. 

CRAWFORD: We'd better go back and change that curve! 
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SPECIFIC SYSTEMS 

LICK 120 -INCH TELESCOPE 

A. E. Whitford (Lick Observatory) 

The support system for the 120 -inch mirror of the Lick Telescope on 

Mount Hamilton is based on the same general concept of weights and levers 

used for the Palomar 200 -inch, but it incorporates the changes suggested by 

the 200 -inch experience. As Bruce Rule has mentioned, it represents the 

"next generation." The designer of the system, W. W. Baustian, is here; he 

has already given a brief description of the main features of the support 

units in Chapter 2 of Telescopes, which is Volume 1 of G. P. Kuiper's Stars 

and Stellar Systems. Bruce Rule was a consultant, and Baustian and Jack 

Chambers installed the system and made mechanical tests before I became con- 

nected with Lick Observatory. In this report I want to review the principal 

features and report on the performance. 

The mirror blank is a ribbed Pyrex structure very similar to that of 

the 200 -inch mirror. There are only two concentric hexagonal sets of sup- 

port points rather than three, as shown below. 

120- inch mihnon being toweAed onto gntnd ag machine in optí.cat chop arten 
.te trog on .teeeeeope. 
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If we omit the central hole, there are 18 support pockets, rather than 36 as 

on the 200 -inch mirror. On each blank, the ribs and the cylindrical walls 

of the pockets were about 4 inches thick prior to any grinding to final 

dimensions. The 120 -inch blank is 16 inches thick rather than 24 inches. 

Since the blank was intended as a test flat for figuring the 200 -inch mirror, 

there was initially no central hole. The central support pocket was bored 

out of the front surface to permit an on -axis Cassegrain beam to come 

through. This focus has never been used, and the plug is still in place. 

The 4 -inch top surface has been thinned to 21/2 inches in the center by 

the concavity of the f/5 paraboloid. Hence the full -depth rib structure is 

even more dominant in determining the shape of the mirror. The continuous 

outer ring, which is 4 inches thick, is very strong and overpowers the 

network of intersecting cross -ribs because the latter are weakened by the 

flexibility of the cylindrical support pockets, just as on the 200 -inch. 

A top -to- bottom temperature gradient introduces a taper in the outer ring 

and warps the mirror surface. Careful temperature gauging was necessary 

during the figuring process. 

The counterweight units were redesigned from those used on the 200 - 

inch mirror to provide complete separation of the lever systems carrying the 

axial and radial loads. The aim was to decouple the two systems to avoid 

interaction. The drawing on the next page is a section through a typical 

support pocket. The radial thrust is exerted against a permanently inserted 

steel ring held by screws to steel segments in a recess in the cylindrical 

wall of the support pocket. The relative expansion is absorbed by 3/16 

inch Lucite pads between the steel and the glass. The central pendulum 

swings on a gimbal bearing supported on a strong steel tube extending up 

from the top surface of the steel honeycomb base of the mirror cell. 

Between the upper gimbal and the steel ring is a double row of balls in a 

retainer ring; these balls are capable of transmitting only radial thrusts. 

The axial thrust at each of the support pockets is provided by three 

counterweights on lever arms 120° apart; only one of these is shown in the 

drawing. The thrust is transmitted via gimbal- mounted push rods to a heavy 

steel ring that bears against the smooth lower surface of the cylindrical 

support pocket. 

Following the drawing is a photograph of a complete unit. The lower 

extension of the vertical thrust rods, not shown in the drawing, was found 
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necessary in order to attach the rectangular weights which act as a counter- 

balance to the main support ring. Without these counterbalances the weight 

of the ring would exert force on the mirror at large zenith distances. 
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Couwteh.ba.e.anee unit on test stand 

All of the support units are withdrawn from the mirror during realuminiz- 

ing, leaving only the permanently inserted upper thrust rings. This procedure 

is laborious, but is made necessary by the design of our vacuum tank, which 

does not have a dirty -vacuum section for the counterweight system. There is an 

advantage, however, in inspecting the whole unit at the time of these removals. 

Axial definition is achieved in the same way as on the 200 -inch. Three 

of the 54 lever arms bearing the vertical counterweights are constrained. 

These are at the outer edge. Dial gauges bearing against the lower surface of 

the outer ring of the blank indicate the orientation of the axis quite exactly. 

Radial definition could not be provided via the central hole for the Cassegrain 

beam since the hole is so small. Two opposing lateral thrust units project up 

into the triangular spaces just outside the glass cylinder around the central 

hole. These units are bolted to the mirror cell. A calibrated squeeze is ap- 

plied through wedges which bear against balls that transmit only radial thrust. 

The adjustment is made with a torque wrench. Any local strain is within the 

central shadowed area. 
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Preliminary measurements of friction by Baustian and Chambers, made 

with a special test stand, showed coefficients similar to those achieved at 

Palomar. Hartmann tests of the mirror figure by Vasilevskis at the end of 

the polishing period showed no discernible difference in mirror shape at var- 

ious zenith distances and various azimuths. Dr. Bowen has stated that devi- 

ations of 1 /10 the mean scatter radius on the spot diagram could be detected 

by such a test. 

The result is not surprising in view of the greater stiffness of the 

120 -inch relative to the 200 -inch. Simple scaling down of the 200 -inch by 

60% would, according to the Couder parameter R' + /t2, result in a threefold 

increase in resistance to flexure. Since webs and support pocket walls are 

not scaled down, the 120 -inch is probably 5 times stiffer than the 200 -inch. 

In use there have been occasional complaints of sticking of counter- 

weight systems. This is probably caused by an accumulation of the silicone 

vacuum grease in the gimbal bearings. The optician can "feel" which unit is 

sticking and can usually free the offending bearing by "shaking up the sys- 

tem." The interaction of various units when one of the weights is pushed is 

a test of good adjustment. 

The ball retainers for the 24 balls between the upper gimbal and the 

radial thrust ring of each unit were made of Lucite. This has a tendency 

to age and crack, and particles of Lucite have chipped off and lodged in the 

moving parts. This one source of trouble has been eliminated by replacing 

the Lucite parts with rings made from a Teflon ceramic material. 

KELLY: Do you use a micrometer for your axial defining adjustment? How accu- 
rate is this adjustment? 

WHITFORD: Yes, there are springs which hold each of the three constrained 
lever arms against a micrometer. The mechanical advantage in the lever sys- 
tem is about 9 or 10, so the micrometer adjustment doesn't have to be to a 

ten -thousandth of an inch. The dial gauges are the final indication of the 
collimation of the mirror. 

ODGERS: What's the experience at Lick on thermal distortion? 

WHITFORD: I spoke about the strong influence of the continuous outer ring of 
the mirror blank. When the mirror is seen to be out of shape, there may be a 
mechanical reason, but there can also be a failure to achieve thermal equali- 
zation. Equalization is achieved by ventilating the dome in late afternoon 
and letting the mirror radiate to the sky. Temperature gauges of the 



162 

thermistor type give differential readings between top and bottom of the mir- 
ror. A difference of less than 0.5 °C is considered satisfactory. 

Although ribbed mirrors have a short relaxation time, a sharp change in tem- 
perature cannot be equalized without attention to ventilation behind the mir- 
ror. We have more space between the mirror and the cell than does the 200 - 
inch, and natural equalization is fairly satisfactory. 

FARRELL: Do you have any insulation on the outer periphery of the mirror? 

WHITFORD: Yes, there are several layers of wrinkled aluminum foil, much as 
on the 200 -inch, to prevent too rapid equalization of the very stiff outer 
rim. 



163 

ISAAC NEWTON 98 -INCH TELESCOPE 

G. M. Sisson (Grubb Parsons) 

I should like to start by pointing out that the design proposals for the 

system which I shall describe were finalized in 1957 and therefore represent 

thinking which is now some 10 years old. Even so, I doubt whether there is 

much that we would wish to change today in principle for a 150 -inch telescope 

although certain detail points could, I think, be improved. 

Back support --Our thinking started with the problem of testing the mirror, 

which should of course be done with the mirror in its cell on its final support 

system. In such a situation the mirror could well show circularly symmetrical 

flexures due to imperfect support. These would be figured out as a result of 

testing until the mirror appeared to be the correct shape. However, when the 

mirror was then tilted up on edge, assuming ideal edge support, the irregular- 

ities which had been figured out would now reappear as spherical aberrations. 

Thus, we considered it desirable to test the mirror not only in its cell but 

also on an ideal support such as mercury flotation, so that we could be as 

sure as possible that it was being tested in its strain -free condition. Owing 

to the front curvature, however, even this condition is not ideal, and there- 

fore I had the idea that a rubber air bag should be used, divided into three 

annular sections, each supporting a nominally equal area of glass above. The 

pressures within the rings would differ slightly according to the average glass 

height above them. 

Further consideration indicated that, with adequate pressure control, 

this arrangement should in fact work well as the final mirror support on the 

telescope. Because of thermal considerations we did not wish to have the back 

surface of the mirror in contact with a rubber bag; also we wished to be able 

to circulate air around the mirror in the telescope at will either in or out 

of use. Consequently, the support from the rubber bag is conveyed through a 

fiberglass integrating sheet and applied to the back surface of the mirror by 

182 aluminum spacers arranged in a radially symmetrical pattern. Our test ex- 

perience has persuaded us that this arrangement does in fact afford a reliable 

and repeatable method of supporting the Isaac Newton mirror when on test, with 

insignificant danger of astigmatism introduced by the support system. 

I will now comment on various items between the steel surface of the fab- 

ricated cell and the mirror. 
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The first unit is a fiberglass centering plate 3/16 inch thick. The rub- 

ber bag is above this plate. A number of steel pins fixed to the fiberglass 

and passing through holes in the outer edge of the rubber bag maintain circu- 

larity of the bag periphery. The mirror is located by three pads close to its 

outside edge, at which points there are gaps in the bag. These fixed pads are 

also weighbeams so that the force between them and the mirror can be measured, 

and by this means the fiberglass centering plate is positioned so that the ef- 

fective lift on the mirror is concentric with the mirror periphery. In prac- 

tice, we find that for some reason the bag has to be decentered nearly 1/8 

inch. By means of the weighbeams it can be positioned to within 1/32 inch, 

and by experiment we know that maladjustment of 1/16 inch starts to produce 

significant undesirable distortions of the figure. 

Above the rubber bag is the integrating plate, a circular fiberglass sheet 

3/16 inch thick with the aluminum spacers fixed to its upper surface. On top 

of each spacer is a 1 -inch layer of hard synthetic rubber. The integrating 

sheet is centered by a number of long radial spokes. Differential expansion 

between the sheet and the mirror has the effect of rocking the spacers very 

slightly, which corrugates the sheet beneath them and wedges the rubber at 

their tops. 

The air supply is provided by a flexible hose to the edge of the mirror 

cell, upon which are located three simple gravity- sensitive controllers each 

feeding a bag compartment. The controller is a piston within a cylinder with 

an air bearing so that it floats freely at all attitudes. Air enters beneath 

the piston through a restriction and raises the piston until it uncovers a vent 

in the side of the cylinder. This device regulates the pressure in the air bag 

repeatedly within an error of about 1 in 104. We have not tried to measure it 

more accurately than this. It follows a cosine law within 1 in 103, and this 

performance is more than adequate for the 98 -inch mirror, which is 16 inches 

thick at the edge and is reasonably stiff. We estimate that the same arrange- 

ment would be good enough for a 150 -inch mirror about 24 inches thick at the 

edge. 

The controller piston tops are readily accessible and can be loaded to 

play tunes on the pressure distribution. We find that over -all pressure errors 

of 1 in 250 start to produce visual deformation of the figure, and errors of 

1 in 1000 can be detected by interferometric testing. The 98 -inch mirror is 

much less sensitive to relative alterations in pressure intended to produce 
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figuring effects, but if in practice it is found desirable, then it will be 

simple to use different sets of weights on the three pistons to produce under - 

or over -correction of the figure as desired. Only operating experience will 

enable us to assess the value of this arrangement. 

Edge support- -This is a simple arrangement about which little need be 

said. The disc is grooved around the edge, and within this groove are glued 

36 alloy steel brackets with a coefficient of expansion closely approximating 

that of the Pyrex disc. Between the steel and the glass there is a layer 

about 1 /10 inch thick of an epoxy resin reinforced with fiberglass. This re- 

tains a small degree of elasticity. The working load is about 20 psi, and we 

have had joints of this nature on test at 80 psi for more than a year. Linked 

to the brackets are radial levers acted upon by counterweights so that those 

below thrust radially inward and those above pull radially outward. We have 

not tested the system on edge but expect to get working information early next 

year in the telescope. 

Edge insulation --By insulating the outer circumference of the mirror, we 

have persuaded it to retain a figure good to X/4 for changes in ambient temp- 

erature of 5 °C. We formed the opinion therefore that this is the largest 

practical size of mirror that one should attempt to make out of Pyrex even with 

edge insulation. The availability of fused silica discs has of course greatly 

changed the picture now. 

Testing --All tests have been done with the mirror supported on its air bag 

at the bottom of a 100 -ft. tower. The mirror environment is held constant in 

temperature to 1 °F in 24 hours. There is no deliberate air circulation within 

the tower. Stratification results in a vertical static temperature gradient of 

about 4 °F in 50 ft. 

Throughout figuring, a compensator of the two -lens type is used; tolerances 

on the design and positioning of such a compensator are critical in practice. 

A mercury lamp source is used illuminating a slit 4 microns wide by 1/16 inch 

long. Crossed slits of a similar nature are used to produce separated pinholes. 

Visual evaluation is made by conventional knife -edge testing. General figuring 

work is based on quantitative testing by means of wave - sheared interferograms 

taken across several diameters and with different amounts of shear. Owing to 

alterations found desirable in the layout of the test gear, the compensator 

actually used was not a perfect null test but ended up with a zone introduced 

near the edge of the mirror. This, however, is known and allowed for when the 

interferograms are evaluated. 
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At a convenient moment toward the end of figuring, a zone screen was used 

close to the surface of the mirror to do a Hartmann test and check the accuracy 

of the compensation given by the compensator. Three zones were exposed through 

1 -inch holes of accurately known geometry. A single photograph was taken be- 

hind the center of curvature, and measurements were made of the images of a 20- 

micron slit source. The slit images on the photographic plate are unavoidably 

about .012 inch wide and have to be measured to about .0001 inch if the desired 

zone slope accuracy of 0.1 arc sec on the surface of the mirror is to be deter- 

mined. We have found this difficult to do owing to the quality of the poorly 

focused images produced by this test method, but our tests have confirmed the 

slopes at the three zones within an accuracy of about 0.2 arc sec, which gives 

us confidence in the action of our compensator. 

Photographs at the center of curvature have been made using twin pinholes 

with a separation of 1 arc sec and with a separation of 0.27 arc sec. In both 

cases, even in the case of the closer pair, the pinholes are clearly resolved 

and remain well separated. If everything works out as well as this on the tel- 

escope, we shall certainly be well within the seeing limitations. 

SISSON: Well now, I think that is all I need to say, except for the slides. 

No. 1 is the mirror itself, on the machine on which it was worked, in the ther- 

mostatically controlled room. 

MEINEL: The mirror seems to be enclosed in some sort of steel ring. 

SISSON: Yes, we don't want people kicking it; it's for physical protection. 

GRUBB PARSONS 
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Next is a view of the cell. If you can count quick enough, you can count 
those 182 supports. That's the fiberglass plate, and these are the little 
lever systems which have been turned back to remove the mirror from the cell. 

MEINEL: Does that fiberglass plate have a reasonable amount of rigidity of 
its own? 

SISSON: Enough in between the dollies, yes, but it bows about 1/8 inch. 
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Next we see the light source compensator. This whole device is about 50 in- 
ches long. It produces a horrible "splodge" there, then goes on to the mir- 
ror and back again. When we first designed this thing, we reckoned we would 
work here. But unfortunately, due to compression of space, we had to retire 
back to a different coordinate, up there. That upset the design of the com- 
pensator, but we have not bothered to change it; we accepted this. So the 
compensator we know is not exactly right for the coordinates we are working 
at. 
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Below left is a pinhole photograph, taken with two pinholes which are actu- 

ally 5- micron squares, ruled on aluminum. They are 5- micron rulings crossed 

to give two square pinholes, 1 arc sec apart. That's a pretty nice image, 

really. 

Or 

On the right is another photograph with the pinholes ; sec apart. Those two 

images are ; sec apart, and you can see the nature of the imaging has changed. 
This was taken 6 hours later, and the temperature had changed by half a degree 
Centigrade during that time. So the mirror is clearly not very comfortable, 
but it was not edge - insulated when this work was done. We regularly and con- 
sistently can get this type of imaging off the support system, and it gives 
us a fair degree of confidence in the arrangement. 

JONES: How thick is the mirror? 

SISSON: 16 inches at the edge. 

NILLES: Do you encounter turbulence problems in the test tower when you make 
interferometric tests? 

SISSON: We have every sort of problem in the tower. We do, in fact, hang a 
cylindrical canvas shield about 120 ft. high directly above the mirror. The 
atmosphere in the tower is static. Its gradient is about 2 °C for the first 
20 or 30 ft. 

SCHWESINGER: Has a test been made with the mirror axis in the horizontal 
position? . 

SISSON: No. 

MEINEL: Shearing at 41 inches seems a rather small amount since you are com- 
paring one part in only 41/2 inches away. Is that what you meant? 

SISSON: Yes. This produces a scale of fringes, which gives fringe spacing 
equivalent to one wavelength. This is convenient for a picture. We shear at 
four different shears when doing tests. 

WALAND: How do you support the mirror on the grinding machine? 

SISSON: On selected rubber pads, and it's turned frequently. That's another 
subject in itself, isn't it? 
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McDONALD 107 -INCH TELESCOPE 

Harlan J. Smith (University of Texas) 

One of the impressive things about this meeting is the number of dif- 

ferent ways that come up of supporting mirrors. Astronomical designers seem 

to be as much artists as engineers, with questions of taste apparently com- 

ing in very strongly. 

With the 107 -inch support system, we are not trying to innovate. Our 

goal has been to make the simplest and least expensive system that would 

operate reliably for long periods of time and give satisfactory results with 

our blank. For this reason we adopted from the beginning the apparently very 

successful Couder design used in the French 76 -inch. This system has only a 

set of simple lily -pad single -lever supports for the axial thrust. We also 

put into the preliminary design the simplest possible radial support, namely 

three fixed pads, again as the French are successfully using on the 76 -inch. 

While the axial support can certainly work this way, the question arises 

as to whether our mirror will tolerate so rudimentary a radial system. This, 

of course, depends partly on the geometry of the blank. Our mirror, now being 

figured at Davidson Optronics in Los Angeles, is 121/2 in. in outside thickness 

and just under 108 in. (2.7 m) in diameter; the optical surface will be about 

107 in., working at f /4. The blank is solid Corning fused silica, with a 30- 

in. central hole. A mirror this flexible will, according to Schwesinger's 

calculations, give appreciable astigmatism when heavily loaded toward one 

or a pair of the radial support pads; against this is the experience of the 

French, who fail to detect the astigmatism in careful tests with their simi- 

larly flexible mirror. Schwesinger's predictions, now partly supported by 

the elastic mirror tests reported here, may well prove to be right. In this 

case we are prepared to supplement the three fixed supports with probably six 

push -pull edge levers, similar to the Sisson design, and it would not be hard 

to make the necessary modifications to the mirror cell. However, we have no 

plan to depart from the simple Couder type of single -lever support system. 

The figures on the next pages indicate the general plan of the support 

system. It is easy to recognize what might be called the standard Couder 

support system, the only questions being to decide how many pads to use, how 

to support them, and what configuration of pads to employ. Following Couder's 

precepts, through Jean Texereau, we have three rings of supports with the 

outer ring as close as possible to the outer rim of the mirror. This gives 
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a little control over the edge of the mirror in actual working practice, and, 

in particular, permits the edge supports, of whatever form, to work closely 

with the outer ring of axial supports without long lever arms of potential 

distortion of the glass. 

We have a simple pad support system. Originally we thought of trying the 

simple pin, low friction type of support for the pivot of the counterweight. 

But we concluded some months ago that the stresses are really too great for 

long -term reliable operation of the pin tips. For this reason, we went over 

tentatively to the idea of using the flexural (Carden) pivots discussed yes- 

terday. I must say that the discussion seemed a bit scattered on that point. 

We still lean in favor of trying out the flexural pivots in this system. We 

are using rather long beams, and believe that the angular shifts that will 

arise in practice can be kept well within the tolerable limits of reaction 

force from the pivots. But I would be interested in any further discussion or 

criticism of the idea of using flexural supports in the counterweight mount- 

ings. Incidentally, we will almost certainly remain with the simple pin type 

of counterweight coupling to the mirror cell, because the strains working in 

the compressional direction should not exceed what the tips can tolerate. 

BAUSTIAN: I think it might be well to hear from Mr. Ludden on our test and 
modifications of the 84 -inch back support with respect to cone -ended support 
columns. 

CRAWFORD: Mr. Ludden, do you want to say something about the pin support? 

LUDDEN: The basic design consisted of pointed thrust rods or columns seating 
at each end in conical cups. These were used instead of gimbal- connected rods 
as was done in the 120 -inch supports. As originally designed, the rods and 
cups were stainless steel, and work hardening was considered to develop suf- 
ficient hardness at the contact areas. Radius of the points was .008 inch, 
with a design pressure of about 400,000 psi. Keeper screws were located in 
the enclosures around the thrust rods to be brought up into contact with the 
rods when the mirror supports are to be removed. This is to prevent the rod 
assembly from falling off to one side with consequent damage to the points. 

This procedure was not followed the first time the units were removed,and the 
points were damaged. At this time it was decided that the design was too mar - 
ginal, and therefore new rods and cups were made with a .014 -inch radius,giv- 
ing a pressure of 200,000 psi. Scoffing of the original cups also indicated 
a change in materials. Therefore the new points and cups were made of tool 
steel and hardened in a controlled atmosphere furnace to a 65 Rockwell hard- 
ness. The points and cups were polished. Orangewood sticks and rouge were 
used for polishing the cups. Care was taken not to press too hard or dwell 
too long in one place so as not to develop high point temperature. The cups 
were packed in silicon grease to keep dirt out. 
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So far, to the best of my knowledge, there has been no trouble with these sup- 
ports. 

CRAWFORD: Would you describe briefly where these appear in the system? 

LUDDEN: The system is quite like the 120 -inch, and of course we've profited. 
Bill profited by Bruce Rule's experience on the 200 -inch, and we gained a 

little bit on the 84 -inch when Bill designed the 120 -inch. This goes up into 

the mirror, and this comes down. There is a fulcrum point here, and a cup 
here. This is the counterweight. There are three of these per unit. We have 
18 units on the 84 -inch. 

RULE: How can you control the axial preload on the pivots to prevent that load- 
ing from changing over very wide limits? How do you control the axial preload 
of the pivots to prevent large changes in the pivot bearing load and hence 
friction effects? 

LUDDEN: We don't because we've got a cup here. I don't know the angles exactly. 
I think this is 60 °. And the outside was 70° or 80 °. 

JONES: It was probably at least 80 °. 

LUDDEN: We retained the cups that Boller and Chivens made. We've drilled this 
thing out and put a plug in there because we didn't want to change the config- 
uration of the whole machine. It wasn't necessary. It took us a while to find 
out, but it worked out beautifully. 

We tested these points by putting them under load in the vice with a wobble ar- 

rangement, eccentrically. We put the cup in here and then we fixed up a rod 
with a point on it, and we ran this thing on a gear and bore and what not. We 

rotated this thing at the some time we rotated this pin. We rotated this some- 
thing like --Bill complained because I think I ran it about a month - -and we had 
no trouble with wear, and we had no trouble with these points giving way on us. 

RULE: I don't think I made myself clear. On the pivot on the top, it is true 
it's the sectional weight on the mirror, but you also have pivots at right an- 
gles to this. 

LUDDEN: Oh, these were not pivots, they were ball bearings. 

RULE: They were ball bearings. But on the slide that Dr. Smith showed, this 
design did show pivots. 

LUDDEN: Yes. I would certainly be nervous about that. 

RULE: And I once again ask the question, how do you control the axial preload? 

H. SMITH: This was the force of my question: We no longer intend to use pin 
supports for the counterweight pivots, but had planned to go over, for real 

simplicity, to flexural pivots, or, if these failed for some unknown reason, 
to ball bearings. 

CRAWFORD: Any other comments on the Texas system? 

H. SMITH: I'd like to ask once again whether there are any other comments on 
flexural pivots by people who see a reason or who know by experience that this 
is a bad design. So far, it's not obvious to me that this will fail, or even 
that it's a bad idea at all. 

FARRELL: I think there are some people in Europe who are using them in some of 
their telescopes. They might have a comment. 

FEHRENBACH: In Haute Provence we use ordinary pivots satisfactorily, so we did 
not try flexural pivots. 
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CANADIAN 150 -INCH TELESCOPE 

Graham J. Odgers (Dominion Astrophysical Observatory) 
*John C. Farrell (Dilworth, Secord, Meagher, and Associates) 

I described our proposal for the radial support system yesterday, so I'll 

just briefly go through our proposal for the axial support system today. 

We have completed an analysis for the primary mirror disc with an outside 

diameter on the order of 150 inches plus, and an inside diameter on the order 

of 36 inches. This analysis was similar to that completed by Earl Pearson for 

the Kitt Peak 150 -inch, and our results are in this respect quite similar, as 

far as the flexural analysis is concerned. However, we also went through a 

fair amount of work on the shear analysis, for the deflection of the primary 

mirror disc. These deflection modes are summarized in Graphs 1, 2, and 3 on 

the following pages. (The indicated parameters are illustrated below.) It is 

possible, by repositioning the two rings of supports, to actually get an up- 

lifting in the flexural mode and use this to balance the shear to some extent. 

There is some doubt as to the magnitude of our shear, and I hope this will be 

settled in the next few days or weeks. 

M.vvcon pcveame.tms 

*Speaker 

h 



Gnaph 1. Summany añ 5texwce. nezu.?.tz 

-4.0 

-3.0 

-2.0 

o - 1.0 
.- 

x 
Vi 

s 0.0 
V 

+4.0 

i 
(4) 

Ne. , 

(5) 
(1) (6) 

(3) 

(1) 

(4) 

0 10 20 30 40 

r= distance from L (in) 

50 60 70 

175 

80 

Suppan t tocati onis (- .nchm) : Innen nadí.uís Oaten nadi.u4 

(1) 32 62 
(2) 32 65 
(3) 32 68 
(4) 34 62 
(5) 34 65 

(6) 34 68 

0.0 



176 

Gnaph 2. Summany o6 'shuck na u,i;tz * 

.0 0.0 
o_ 

X 

+ 1.0 

11 +2.0 
o 

á, + 3.0 

a 
o 

+ 4.0 

At rAILIJA A. 

(2) 

O 10 20 30 40 50 

r= distance from .` (in ) 

Gnaph 3. TOtaat degec.t,í.on nezu,e.ts * 

0.0 

+1.0 

° +2.0 
X 
N 

s +3.0 

+6.0 

60 70 80 

A Al. 
_ 
(2) 

(2) 

(i) 111111111111L 
1) 

(3) (3) 

(2) 

O i0 20 30 40 

r = distance from (in) 

50 60 

*Suppon,t tocatí.ovus (tinche4 ): Innen nadiuz 

(1) 32 

(2) 32 

(3) 34 

70 80 

0.0 

0.0 

Outen nadiuo h 

65 22 

68 22 

65 22 



177 

At present we have two concentric rings of supports, located at 34 and 65 

inches, as shown below. There are 15 individual support points on the outside 

ring and 9 on the inside ring. There are three fixed points which will define 

the position of the mirror in the axial direction. These will be at approxi- 

mately the 71% mark, and will be 120° apart. The reason for choosing the 71% 

mark is that, should an error occur in the support system, it will be trans- 

ferred to the fixed point, and have the least effect on it when it is approx- 

imately at 71 %. 

O 

O 

O 

N 

f t 

15 Supports Equally 
Spaced On 130 In. P.C.D. 

9 Supports Equally 
Spaced On 68 In. P. C.D. 

Ax.c:a.e m.vvcon Auppok.t con¡igwca,t,í,on 

Each individual support has its own controller, as shown on the next page. 

This is a pneumatic system, and we have a flexible bellows which will permit 

some degree of translation to account for collimation and differential tempera- 

ture expansion. If necessary we can make further modifications to the base 

plate with a temperature compensating rod which is radially located to account 

for temperature differential if it is required. 
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Spring assembly 
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The bellows stand is designed so that we minimize the volume of air that 

is within the bellows. This controller works on similar principles to that 

for the 98 -inch Newton, except the working pressure is on the order of 12 psi; 

again the pressure is similar to the axial supports for the 150 -inch at Kitt 

Peak. We are presently testing the controller for stability and for accuracy. 

This is a preliminary test stage at the moment. We haven't yet conducted our 

advanced tests, those for the prototype system assembly. 

The reaction forces on each individual support are approximately 1300 and 

1400 lb. The effective area of the bellows is something on the order of 105 

square inches. At the moment we are using a bellows which has been fabricated 

by Robert Shaw. We are also investigating other possibilities from three or 

four other manufacturers. 

That, briefly, is the description of our proposal and what we are doing 

to date. 

KELLY: What is the thickness in the material of the bellows? 

FARRELL: The material of the bellows is .005 inch thick. The material is 
designed for pressures on the order of 12 psi. 

JONES: Have you a spring constant for the lateral force on the bellows system? 

FARRELL: Unfortunately, the manufacturers could not give this to us. This is 
one reason why we are testing it. We want to determine what it is ourselves. 

JONES: I'd like to hear the number you get. 
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EUROPEAN SOUTHERN OBSERVATORY 60 -INCH TELESCOPE 

Charles Fehrenbach (Observatoire de Marseille) 

I will give you the basic principles of the system of supports we want to 

provide for the ESO telescope as well as for the French telescope. 

Axial support - -The forces applied on the rear of the mirror should be 

parallel to its optical axis. The distribution and the value of these forces 

should be very close to their theoretical value. The precision is about .001. 

It is quite essential that these forces have no component in the plane of the 

mirror. 

Our past experience with the 1.93 -meter telescope of the Haute Provence 

Observatory, as well as the experimental studies Mr. Bayle has made for the 

ESO flexible mirror, lead us to trust a system of support with counterweights 

on rings. The definitive radii of these rings have not yet been determined, 

but they probably will not differ very much from the following: 

r = < 1 n = 12 + 3 

r = 0.67 n = 9 

r = 0.33 n = 6 

The average weight borne by one lever is about 250 kg. 

On the next page is a sketch on one of these supports to explain how it 

works. 

The force F is applied on a little pad, and the axis AF is very long. It 

is kept in position by two pieces of extremely flexible rubber. In this con- 

struction, the mirror can move freely in its plane. 

The axis AF is adjusted in length so that AB is parallel to the rear of 

the mirror. In that way, small flexures from the rear of the mirror cell or 

from all the support system can be neglected. 

With a good construction of the whole system AF, we can reach a precision 

of about .001, on the condition that the axis CD is very long (see figure). 

The ball bearings have a precision of about .004, and this is quite enough for 

this type of construction. 

Three of the supports of the outer ring are built in a different way, 

without levers. They define exactly the plane of the back of the mirror, and 

thereby the optical axis. 

Each of these fixed points supports approximately the same weight as the 

other astatic systems (250 kg). 
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anti rotation 
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It is possible to build the same rear support system with air bags, but 

with such systems it seems more difficult to avoid friction, which will surely 

spoil the image. Moreover, it is extremely difficult to build systems in 

which the forces have well -defined values, and this is because the contact 

surface of the air bag is hardly controllable. 

Support of lateral system --We must consider the following principles: 

1. The forces should be perpendicular to the optical axis. They should 

also be applied in the plane which includes the center of gravity of the mir- 

ror. It is absolutely essential to avoid all forces parallel to the optical 

axis because they are highly prejudicial. 

2. The law of variation of forces with the position angle can be a 

law similar to (1 +cos Ocos h, as suggested by Schwesinger, but it is quite 

easy to have a different law of variation, through a system for which Mr. 

Bayle has given the principle. The precision of the laterally applied forces 

need not be very considerable. It can be estimated to 3%. 

The figure gives the principle of the proposed system. 

The force is applied by an air bag. The air bag is borne by a metal pad 

which is connected with the outer part of the cell by the axis AF moving freely 

in all directions. It is again kept back by two small, very flexible rubber 

rings. We can easily imagine a system aimed to avoid all rotation of the sup- 

port system around this axis. With this latter, the flexibility of the air 

bag can be neglected. 

We now have to fix the position of the mirror in its plane. For this, 

three of the 36 lateral support systems are built without air bags and replaced 

by lead leaves. The inner pressure of the air bag will be defined in such a 

way that these three points of fixed supports bear roughly the same weight as 

the 33 others. 

A good solution is, in its principle, as follows: 

1. The three fixed lateral supports are set quite close to the three 

fixed back support systems. 

2. Normally, the two lateral points P and R maintain the position of 

the mirror, but a force on Q can nevertheless be applied. This can be done 

by pressing on Q with a limited force tool. From time to time, maybe every 

day, this screw should be adjusted to consider differential dilatation of 

the mirror and of the cell. This can also be done automatically. We can 

also imagine a simple system of thermal compensation. The maximum force 
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applied on one of the 33 air bags is about 1/18 of the mirror weight, that is, 

600 kg. 

This can be done easily because the lateral support could have dimensions 

of 1000 cm2. In this case, the inner maximum pressure in one of the bags is 

only 0.6 atmosphere. 

It is interesting to note that the whole system has a ternary symmetry. 

It seems wrong to destroy this symmetry, and we can imagine a Serrurier tube 

of the same type, replacing the original square system by a hexagonal tube. 

(Original Text) 

Je désire présenter les principes qui sont la base des systèmes de sup- 
ports que nos prévoyons pour le télescope de l'ESO ainsi que pour le télescope 
français. 

Support axial- -Les forces appliquées sur le dos du miroir doivent être 
parallèles à l'axe optique du miroir, et la répartition et la valeur de ces 
forces doivent être ajustées très précisément à la valeur thèorique. La pré- 
cision est de l'ordre de 1 /1000ème. Il est essentiel que ces forces n'aient 
pas de composantes parallèles dans le plan du miroir. 

L'expérience acquise avec le télescope de 1,93 m de l'Observatoire de 
Haute Provence, ainsi que les études expérimentales faites par M. Bayle sur un 
miroir flexible, nous donnent une très grande confiance dans un système de 
support ayant des contrepoids. Les points de support sont situés sur des 
anneaux. Les rayons définitifs de ces anneaux n'ont pas encore été déterminés 
mais il ne differeront probablement pas beaucoup de la disposition suivante: 

r = < 1 

r = 0,67 
r = 0,33 

n = 12 + 3 fixes 

n = 9 

n = 6 

Le poids moyen supporté par un des leviers est de l'ordre de 250 kg. 

Nous indiquons un dessin schématique de l'un de ces supports et nous 
expliquons comment il fonctionne. 

La force F est appliquée sur un petit coussinet et l'axe AF est très long. 
Il est maintenu en position par deux pièces de caoutchouc extrèmement flexibles. 
Dans cette construction, le miroir peut se déplacer dans son plan sans aucune 
contrainte. 

L'axe AF est ajusté en longueur de telle façon que AB soit parallèle au 
dos du miroir et de petites flexions de l'arrière du barillet du miroir et de 
tout l'ensemble du système de support n'ont ainsi aucune influence. 

La précision de l'ordre du 1 /1000ème de la force est possible avec une 
bonne construction de l'ensemble AF, à condition que l'axe CD, représenté sur 
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notre figure soit très long. Los roulements à billes ont une précision de 
l'ordre de 4 /1000ème qui est largement suffisante pour cette construction. 

Trois des supports de l'anneau extérieur sont d'une construction différ- 
ente, sans leviers. Ils définissent de façon exacte la position du dos du 

miroir et de cette façon, la direction de l'axe optique. 

Les contrepoids sont ajustés de telle façon que les trois supports fixes 
supportent exactement le même poids, que les autres supports, c'est -à -dire des 

poids de l'ordre de 250 kg. 

Il est possible de réaliser le même système de support dorsal avec des 
coussins à air, mais il paraît plus difficile avec un tel système d'éviter des 
frictions qui donnent des forces dans le plan du miroir, risquant ainsi de 
donner des déformations. Ce qui est encore beaucoup plus difficile, c'est de 

réaliser des systèmes pour lesquels les forces ont des valeurs bien définies 
à cause des déformations du coussinet à air et de l'augmentation de leur sur- 

face avec la pression. 

Support de système latéral- -Nous avons à considérer les principes suivants: 

1. Les forces doivent être perpendiculaires à l'axe optique et appliquées 
dans le plan qui contient le centre de gravité du miroir. Il est absolument 
essentiel d'éviter toute force parallèle à l'axe optique qui serait extrèmement 
nuisible. 

2. La loi de variation des forces avec l'angle de position 4 peut être 
une loi de la forme de (1 + cos Ocos h, recommendée par Schwesinger, mais il est 

extrèmement facile d'obtenir une loi de variation différente par un mécanisme 
dont M. Bayle a donné le principe. La précision des forces appliquées ainsi 
latéralement ne doit pas être très considérable. L'ordre de précision peut 
être évalué à 3%. 

La figure ci- jointe donne le principe du système proposé. 

La force est appliquée par un coussinet à air qui est supporté de son côté 
par un coussinet en métal; celui -ci, à son tour, est mis en liaison avec 
l'extérieur du barillet par l'axe AF qui a la liberté de se déplacer dans 
toutes les directions. Il est de nouveau retenu par deux petits anneaux en 
caoutchouc très flexibles. Un système facile à imaginer évite toute rotation 
du système de support autour de cet axe. Avec ce système de support, la 

flexibilité du coussinet à air n'est pas importante. 

Il nous reste maintenant à fixer la position du miroir dans son plan. 
Pour ceci, trois des 36 systèmes de support latéraux sont fabriqués sans coussins 
à air. A leur place, on disposera des feuilles de plomb. Nous avons à ajuster 
la pression à l'intérieur des coussins à air de telle façon que ces trois points 
de support fixes supportent sensiblement le même support que les 33 autres. 

Une bonne solution est, dans le principe, la suivante: 

1. Les trois systèmes de support latéraux sont fixés extrèmement près des 
trois points fixes du système de support dorsal. 
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2. Normalement, les deux points latéraux P et R fixent la position mais 
on peut néanmoins appliquer une force en Q. On peut réaliser ceci en appuyant 
sur Q avec un outil à effort limité. De temps en temps, peut -être tous les 
jours, on a à ajuster cette vis pour tenir compte de la dilatation différen- 
tielle du miroir et de sa cellule. Mais ceci peut aussi être fait automatique- 
ment. On peut aussi imaginer un système simple de compensation thermique. La 

force maximum appliquée sur l'un des 33 coussinets est de l'order de la 18ème 
partie du poids du miroir, c'est -à -dire 600 kg. 

Ceci peut être réalisé facilement car les systèmes de support latéraux 
peuvent avoir de très grandes dimensions de l'ordre de 1000 cm'. Dans ce cas, 

le maximum de pression à l'intérieur de l'un des coussinets n'est que de 
0,6 atm. 

Il est intéressant de remarquer que l'ensemble de ce système de support a 
la symétrie d'ordre 3. Il parait, à priori, contre - indiqué de détruire cette 
symétrie. Ceci peut -être possible en faisant un tube hexagonal à la place 
d'un tube carré. 

FARRELL: With your radial defining on the outside diameter, how do you account 
for the differential thermal expansion between the steel cell and the fused 
silica mirror? 

FEHRENBACH: They are not compensated, but we have the impression it is not 
necessary. But it is very easy to build a thermal compensation. At Haute 
Provence it was not necessary, but when you begin to observe in the evening, 
you'll screw the bolt by hand, and then you do not need to worry about forget- 
ting to set it from summer to winter. You will have a very small change in the 
alignment, but it doesn't cause trouble. 

H. SMITH: You _promised to say something about flexural pivots instead of ball 
bearings. Have you tested them? 

FEHRENBACH: Yes, we have tested the flexure, with ball bearings. 

H. SMITH: What about spring test? 

FEHRENBACH: You don't need it...you need more precision. 

FROM AUDIENCE: The flexural pivot arrangement, have you done this? 

FEHRENBACH (after discussion): It is not good enough. The point is this: If an 

instrument is simple, it should work better than if it is complicated. That is 

the idea of this design of the mounting, you see. 

H. SMITH: But I think one could contend that the flexural pivot is a much 
simpler device than a ball bearing, and less likely ever to give trouble if it 
works properly in the first place. 

FEHRENBACH: Yes, that's possible, but the impression of Bayle and Couder is 
that ball bearings are much simpler. I am not an engineer. That is the result 
of the experiment with these systems. 
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SECONDARIES 

LIGHTWEIGHT OPTICS FOR SECONDARIES 

R. H. Noble (University of Arizona) 

The purpose of this paper is just to prepare the ground for discussion. 

It is also to remind you of some of the lightweight structures that have been 

used for smaller mirrors in the fairly recent past -- although the problem of 

making a mirror lightweight is not limited to the recent past. The first pat- 

ent was obtained by Ritchey in 1924, and some work had been done in the 19th 

Century by Lord Ross and others. 

Let's begin with a truism: that one can get good stiffness for the weight 

with a T -beam configuration, and one can get even greater stiffness for the 

weight with an I -beam configuration. I'm speaking of cross sections of beams, 

of course; the flanges can be extended out into plates to support a three - 

dimensional mirror. 

I'd like to proceed rather quickly over a series of lightweight mirrors 

that came to my attention while I was at Perkin -Elmer. They were not all pro- 

duced there, as as I can who produced them. 

Figures 1 and 2 show a mirror --I think it was ellipsoidal- -that was made 

for us. This was made of glass, I believe, by a gravestone maker who helped 

us hollow out the back side. Figure 2 is through the front of the mirror, 

before it was aluminized. 

Fig. 1 Fig. 2 

Figures 3 and 4 show a similar type of mirror. I believe this one was 

fused silica. Figure 4 shows the mounting. You can see the tangential straps 

to permit relative expansion between the mounting block and the mirror cell. 
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Fig. 3 Fig. 4 

Figures 5 and 6 are more pictures of the same sort. Again you can see the 

straps for the mounting. This mirror was a flat that was to be mounted at 45° 

to the main beam. It was quite thin at one edge, as shown in Figure 6, which 

made it very difficult to figure. It took an able optician to do that job. 

Fig. 5 Fig. 6 

Figure 7 is a fused silica coating on a foam silica backing. This is not 

very stiff. It was thermally cycled, and its figure was measured over a period 

of years and found to be quite stable, however. It is very difficult to mount, 

as you can imagine. The foam silica has very little strength. This mounting 

was successful, but I doubt whether it would be for a larger mirror. This is 

about a 12 -inch mirror, as I recall. 
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Fig. 7 

Figures 8 and 9 (before and after aluminizing, respectively) show a glass 

mirror made for the Mercury project periscope, if I recall correctly. The 

glass cylinders were fastened to the top and bottom plate with an epoxy. 

Fig. 8 
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Figure 10 uses the same principle, with Pyroceram, which was one of the 

early materials with a very low coefficient of thermal expansion. It didn't 

make a very good mirror surface because it was a scattering surface. How- 

ever, this particular mirror, I believe, was coated with silicon monoxide and 

polished before it was aluminized, so that one wouldn't have to use the Pyro- 

ceram surface. Each of the Pyroceram cylinders has a small hole so that air 

is not trapped inside. The thermal expansion is extremely low. Figure 11 

is another picture of the same mirror, mounted. This is not a satisfactory 

mounting material; it was just a model. 

Fig. 10 

Fti_q. 11 

Figures 12 through 15 are a Pyroceram mirror in process. It was to be 

used in a Cassegrain -like system. Figure 12 is the front plate of the mirror, 

which is concave downward. The concave surface was to be finished. The largest 

cylinder here is around the hole in the center of the mirror. These cylinders 

were cemented to the curved back with glass frit, which had a softening point 

lower than the Pyroceram itself. 
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Fig. 12 

Figure 13 is the same structure after it had been ground off so that a 

more concave back could be placed on, which would be cemented at the edge and 

at each of the interfaces across. 

Fig. 13 

411 
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Figure 14 is the back. It was quite concave, but it didn't have to be 

finished very precisely because the glass cement filled in the cracks. Figure 

15 is the finished mirror viewed from the back. You can see that there were 

holes left so that air could escape. 

Fig. 14 Fig. 15 

Figure 16 is a copy of that mirror, done in fused silica by the Corning 

Glass Works, the firm which also furnished the Pyroceram. This worked quite 

as well as the Pyroceram, perhaps a little better when it comes to optical 

finishing, but it does of course have a higher coefficient of thermal expan- 

sion. This is the mirror before grinding and polishing and aluminizing. 

Fig. 16 
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Figure 17 is a blank done by Heraeus as an experiment. The back is 

quartz sand, fused --I've forgotten their term for it. They used it in making 

insulators. The top surface was a clear fused silica. Total thickness was 

about S inches, so you can see there is over i inch of clear fused silica 

placed on the top surface. I believe that was done by the Hyde process, the 

oxidized silicon tetrachloride. Figure 18 is another picture of the same mir- 

ror. It is less easy to see the clear surface on top. There are some lines 

drawn to indicate how it departed from the surface which was planned for it. 

Fig. 17 Fig. 18 

Figure 19 shows some small fused silica sandwiches. In the left case, 

the front and back plates are parallel and flat, and separated by little fins. 

In the right case, the front and back plates meet at the edge and are fused, 

and the separation pieces are curved triangular shapes. 

Fig. 19 
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Figure 20 is farther down the line as the procedure has been perfected. 

This was a mirror that was actually used. The vanes here and the front and 

back plates of silica were fused together, and then three mounting forms were 

placed in with epoxy cement. We found we had to be very careful to not per- 

mit fillets of epoxy; that is, they should be prevented in order to keep from 

breaking the silica with a temperature change. However, if one is careful to 

prevent such fillets, one can go through quite a large thermal cycle without 

breakage, because of the rather small area covered by the epoxy. 

Fig. 20 

Figure 21 is a larger mirror. You can judge the size of the mirror from 

the 15 -inch rule. This went through a process they call "sagging." In other 

words, they placed it over a convex mold in the oven and permitted the fused 

silica to sag down and obtain a concave surface where the mirror was to be. 

Fig. 21 

- . í : . d ` 
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Figure 22 is another one, which is not circular in shape, but it was also 

"sagged," and it remains a bit more transparent than the previous one. 

Fig. 22 

I shouldn't leave without mentioning the metal mirrors done at Kitt Peak, 

and some test mirrors of Cer -Vit which are cast in much the same shape as the 

fused silica but of course have a much lower coefficient of thermal expansion. 

FEHRENBACH: What surface precision is obtainable in grinding the surface of 
these lightweight mirrors? 

NOBLE: Some of these mirrors we found were made a little too thin, so we had a 
great deal of difficulty and finally had to figure with the mirror on top of 
the grinding tool. But if they're made thick enough, one can get close to 
diffraction -limited performance, if one spends enough time. 

FEHRENBACH: How much time? 

NOBLE: Similar to a solid blank. 

CRAWFORD: Of course, the 200 -inch is actually a lightweight mirror itself, 
when we compare it to a solid blank. There's a great variety of lightweights. 

FEHRENBACH: I note holes in the grid webbing in some cases. Did you do this 
because you have air inside that you have to permit to escape? 

NOBLE: Well, one always has to allow a place where the air could escape, be- 
cause of thermal changes. But with these square grids, the grids are made in 
this fashion (DRAWING ON BLACKBOARD). There is enough space left so that air 
can escape. 
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ODGERS: Are you seriously considering lightweight secondaries at Kitt Peak? 

CRAWFORD: Yes. We are góing to have a 40% weight reduction for the large 
secondary (about 50 inches). We haven't made any decisions on geometry, but 
we have decided that it will not be a solid blank. 

ODGERS: Will this be an f/8 secondary? 

MEINEL: The same case as the 90 -inch. We'll be doing some experimenting with 
lightweight secondaries made of Cer -Vit, either machine milled or sandblasted 
and reassembled. You see, we have a problem there with the sides. We want 
two sides on the mirror good. It presents an additional boundary condition in 

fabricating these mirrors. So we feel there are adequate ways of doing this 
and so venting them out the side. We hardly need them on the 90 -inch, but it 

seemed to be an opportunity to explore this, because certainly you people with 
larger mirrors would like to have the pick of engineering data before you have 
to make your own decisions. This will give us opportunity to do so. 

ODGERS: The opticians can produce finishes of 1/20 of a wavelength; the only 
things preventing this are temperature changes or anything of that sort -- during 
optical polishing. 

MEINEL: We just finished a lightweight one, and, Don, how thick was the front 
plate on that? They were about 5 -inch spacings, weren't they, between the ribs? 

LOOMIS: One inch thick. 

MEINEL: One inch thick, and we could see no trace whatsoever of that. You can 
get weight reduction in the range of about 30% without sacrificing too much. 
But if you're trying to get ultra -lightweight structures with, say, 20 to 15% 

of the weight of the solid, then you have some very serious problems in optical 
processing. 

ODGERS: What is the largest one you have made to date? 

MEINEL: The one with 5 -inch spacings and the...any one single surface --it was a 

special mirror. The largest continuous surface was about 30 inches, the optical 
surface that we could test. 

CRAWFORD: I think Corning makes large ones and General Electric is making a 
50 -inch lightweight now. 

ODGERS: A 50-inch? 

MEINEL: Yes. There is a lot of work in this country on them, and I'm sure that 
when people need them, we'll be able to get them of this nature. The two- sided- 
ness is a bit of a problem in fabrication, and generally requires a cement. One 
of the biggest searches on right now is to get a zero- coefficient cement that is 

absolutely stable. Most of these wide strips have a finite expansion coefficient, 
and you can't put them together, but there is a lot of research being done by 
the big glass companies here for the benefit of us astronomers. While we never 
buy much in terms of dollars from them, we at least pose interesting challenges 
for them to work on! 
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ZIMMERMAN: I think I should comment on the precision to which these mirrors 
can be worked. At Itek, we've completed similar mirrors, larger than 20 in- 

ches in diameter, to surface accuracies of better than 1 /10 wave rms and á 
wave peak -to -peak. 

ODGERS: Do you see the rib structure? 

ZIMMERMAN: The rib structure shows through to the surface on some ribbed 
blanks but not on others. 

RULE: In all this work, has the span ratio been investigated? That is, the 
span -to- thickness criteria for each section of R2 /t? 

MEINEL: Yes, there has been a reasonable amount of work on that, because the 
effort is always to get a span -to- thickness ratio that the optician has a 

minimum amount of trouble finishing. When you go to very lightweight ones, as 
Bob mentioned, and float them, you can go to much thinner ratios, but that is 

a bit harder for the optician to handle. 

RULE: What is the present limit? 5 to 1? 10 to 1? 

NOBLE: Well, one shouldn't deal in a number exactly like that. You treat the 
distance between supports as a mirror in itself, so the front plate thickness 
can be related to that dimension. 

RULE: That's what I'm talking about, the span ratio. 

NOBLE: Yes, well, I'd prefer to talk about d2 /t rather than any number. 

MEINEL: When we used the old standard 1:5, you see, we had no problem. It's 
rather stiff. I guess 1:10 has been used, and you are beginning to see some 
structure at that point. But there are interesting designs that Owens -Illi- 
nois has come up with - -main ribs and sub -ribbing that helps to support this 
unsupported plate without full depth. There are a lot of nice things one can 
do with casting of these ultra -lightweight materials. You see, most of these 
were fabricated and that's why I've been quite eager about the Owens -Illinois 
work in casting, because it offers new opportunities for structures. 

RULE: We're still talking about solid mirrors, but that you could put sup- 
ports in between? 

MEINEL: No, lightweight structures. If you have, say, a span between two main 
ribs that are supporting the two main plates, you can still put some sub - 
ribbing in the front plate. 

RULE: Then there are no supports between the front and back plate? 

MEINEL: Yes, there are, but as I say, you can go to a much larger- diameter 
mirror, just by getting rid of, say, 50% of that weight in the center where 
it is unsupported. 

ODGERS: We don't want to add anything at the moment. Could you recommend one 
company against another? 



197 

MEINEL: Well, you generally find that when one company has a big share of the 
market, the other companies look for attractive alternatives to get attention. 
I think this recycling is a very nice thing. 

ODGERS: We haven't ordered anything yet. If it goes according to schedule, 
the longer you leave it, the more they'll know about lightweight secondaries. 
They should know more a year from now. 

CRAWFORD: From a nonsupplier's point of view, I would like to support them all. 
They love to compete against each other, don't they? 

SISSON: Have comparatively thin solid aluminum disc secondaries been considered? 

MEINEL: We have not, because of questions with stability. Apparently you can 
get aluminum stable, but I believe the ones that Keith has been using all have 
weight factors, weight reductions on the order of 40%- -about 60% of the solid. 
Is that right, Keith? 

PIERCE: I think the successful ones have been about that. 

MEINEL: Yes, they have to be rather heavy. Itek has done a lot of work with 
metals. So have some of the other companies here. You get good pieces and you 
get bad peices. This always presents a problem. When you put all of your money 
in one big piece of metal, and then have a bit of a risk as to whether it's 
going to work, it inhibits you from going to metals. 

WEHNER: The wide - ribbed mirrors shown in the first two slides - -were they cast 
with ribs, or were they cast solid and then milled out? 

NOBLE: They were solid blanks which were milled out by sandblasting. 

CRAWFORD: These somewhat weird geometries give problems with the support. Can 
I solicit comments on problems of supporting these lightweight mirrors, as, for 
example, with the edge? If you use a mercury bag, then one cannot have open 
edges, for example. Can we define the geometry the suppliers will have to come 
up with to meet our demands for secondaries? 

MEINEL: Well, in view of the wide varieties of support systems we've already 
seen for solid mirrors, I think that the engineers have enough ingenuity to 

invent as many different ways of supporting the lightweight ones when they be- 
come available. 

CRAWFORD: As Harlan Smith pointed out, we haven't seen any support systems for 
primaries that look alike. 

CHIVENS: That last mirror that we showed in the slide, the fused quartz disc with 
tubes in it, the 36 -inch mirror in the Princeton telescope - -we had a small mercury 
ring around the top and bottom disc, with, I believe, a nine -point, three -pivot 
back support. It seems to be pretty good, satisfactory at least for a 36 -inch. 

LATHAM: I personally have spent a considerable amount of time investigating the 
lightweight or super -lightweight designs, and I hesitate to use "lightweight," 
because in general in optics there's no such thing as lightweight. You normally 
consider lightweight as that which is associated with stress levels close to 
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the yield of the material. In general, we don't come anywhere near that. So 

I believe that I can think of mirror, mirror fabrication, and optical compo- 
nents in the "minimum weight" category. 

But surveying the general field for the minimum weight designs, in general I 

think that you will find that they can be fabricated and can be produced to an 

extent which in general will satisfy practically any optical requirement up to 

about 46 or 50 inches in diameter. And in so picking this, your criterion, it 

only means that because you are dealing with a less forgiving element, you have 
to engineer it more carefully. Once you have realized that you do have to en- 
gineer it better, the support systems that have been presented so far will, I 

think, adapt very well to the minimum weight design, because, in general, the 
load feed -out, the stress equilibrium, the exact same criteria pertain to those 
mirrors or elements as will pertain to the solids. You can't abuse them any 
more. So, in general, Corning can produce for you a mirror which, by January 
or so, will be up to something like, I believe, 60 inches in diameter. You 
can have rib structures - -not eggcrate, because eggcrate in general has no sheer 
continuities between the struts. But Corning will be able to produce up to 
about 60 -inch complete sheer continuity by using a glass solder, and a glass 

solder doesn't appear to give too much trouble with either the thermal problems 
or the controls that we have. 

FROM AUDIENCE: What is a glass "solder "? 

LATHAM: It's actually a brazing operation which is very similar to the brazing 
of a metal. 

CRAWFORD: I'd like to ask American Optical if they would like equal time. 

ECONOMOU: One comment, a little more down to earth. We have brazed, welded, 
and bonded - -and no matter what you do, the solid disc is usually the lowest 
cost approach. In practice, the lightweight technique should be applied only 

if you have a distinct and strong system advantage. Secondaries may be one 
case. 

CRAWFORD: In other words, only use the lightweights or minimum weights when we 
really need to, as for some secondaries. 

MEINEL: Would Mr. Bray care to say something about what the astronomers might 
want to look for from Owens- Illinois in this lightweight secondary problem? 

BRAY: Yes, I would. I have had the opportunity to personally meet some of you 
here in attendance, but for the benefit of others, I am from Owens- Illinois. 
Mr. Keefer and I are here for the purpose of being educated in regard to mirror 
support systems, as this technology pertains to large mirrors. Hopefully, the 
subject matter discussed at this meeting will aid us in developing Cer -Vit mir- 
ror blanks to meet the design requirements of large astronomical systems. 

First of all, I would like to comment on the segmented -mirror sealing applica- 
tion. This may not be widely known among this group, but Owens -Illinois is 

one of the largest manufacturers of solder and sealing glasses. We have recently 
developed a new material, called RZ Glass, which is extremely applicable for 
quartz -to- quartz sealing. This material is based on the properties of copper 
oxides, rather than lead oxides, as typical of most conventional solder glasses. 
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The composition for the quartz -to- quartz sealing application, termed RZ -2, ex- 
hibits an average coefficient of thermal expansion (0- 300 °C) of 5x 10 -7 per °C, 
which matches that of fused silica quite closely. It is adaptable to either 
flame or furnace sealing at a temperature of about 1200 to 1300 °C. 

The RZ Glass might have applications as a mirror substrate, but only very lim- 
ited development work has been done in this area. (Note: Further information 
pertaining to RZ Glass can be obtained from Mr. George Zimmerman, Manager, New 
Product Planning and Coordination Department, Consumer and Technical Products 
Division, Owens -Illinois Technical Center, Toledo, Ohio.) 

Owens- Illinois has had some limited experience in regard to lightweight mirrors. 
We are finding that more and more interest is being expressed in mirror designs 
of this type. However, we are not optical designers, but depend on the customer 
to tell us what he requires. We then attempt to achieve the specific design 
by applying the glass - forming technique best suited. Since Cer -Vit material is 
castable, practically any lightweight design is feasible. Dr. Meinel mentioned 
earlier a lightweight design possible with Cer -Vit material which might look 
something like this: , , 

... A y . 
This design gives a monolithic structure, with controlled voids between the 
front and back plates. Other, simpler lightweight designs, such as open- backed 
ribbed structures, would be more easily attainable. 

We have received inquiries on lightweight mirrors for terrestrial astronomical 
systems in sizes up to 96 inches in diameter. 

WEHNER: Mr. Bray sketched the cross section of a mirror. Was this mirror cast 
in one piece or fabricated by soldering separate parts together? 

BRAY: It was cast in one piece. 

MEINEL: Why do you need those holes in the bottom plate? 

BRAY: The holes are not essential to the design but are used to remove the mold 
material which creates the void. These holes need be only about z inch in diam- 
eter, while the ribs separating the voids can be as thin as 5/8 to 3/4 inch. 

MEINEL: Could RZ Glass seals be used in fabricating glass -ceramic mirrors? 

BRAY: There is a possibility, but we have not had to consider this technique, as 

we have not had to go to segmented mirrors in order to attain large diameters. 

MEINEL: We polished a mirror of RZ Glass for you. What is the possibility of 
getting that in larger sizes? Does it look castable? 
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BRAY: RZ Glass is being considered for mirror substrate applications. The 

material is castable and we foresee no major obstacle in forming large sizes. 
However, since the material is opaque, techniques will have to be devised for 
determining its internal quality. 

CRAWFORD: I'm sure that the suppliers of lightweight and even solid mirror 
blanks are eager to hear from any of us at any time. 

(coffee break) 

CRAWFORD: For the after - coffee program, we've found one more material to dis- 

cuss. Mr. Spoelhof will tell us something about a development from Corning. 

SPOELHOF: I'm not from Corning, so I shouldn't be giving this. We received 
from them a 16 -inch diameter blank of egg -crate construction. The material was 
Ultra -Low Expansion (ULE) fused silica. They make this, I believe, by putting 
additives in their fused silica during the manufacturing process. We polished 
this blank, and it polished well. We also made some expansion measurements on 

it with a device that uses the laser wavelength as a measuring yardstick, and 
we came out with a coefficient of expansion on the order of 2 x 10 -8 / °F. This 
is just about the measuring limit of the instrument. There are some residual 
stresses in the material, or at least there are index variations which appear 
to be related to stress. These did not greatly affect the polishing quality, 
however. 

MEINEL: I might add that, since this is made in their regular process, they 
should be able to process, in the same way, blanks of any size that they can 
currently make in solid silica --that is, when they have presumably taken out a 

few technical problems such as the control of the amounts of the impurities, 
this question of residual stress. And the disc that this lightweight was made 
of was just a solid boule that they cut up into slices. But this just shows 
that we're getting very rapid progress in all of the glass companies. We just 
wish they had done this 5 years ago, so that we would have all of these new 
materials at our disposal for the current round of large telescopes. 

CRAWFORD: Let's hope it helps the next round, anyway. 

Now we've already somewhat covered secondary support systems and defining prob- 
lems. Are there any comments or questions on the two remaining items: collima- 
tion and changing mirrors, as related to mirror support? I don't think we want 
to get involved in discussing any of the mechanisms for actual changes of the 
mirrors themselves, but any items that relate to the problem of supporting the 
secondary mirrors would be appropriate. 

PEARSON: Is anybody trying to balance the flexure of the secondary with the 
flexure of the primary? In other words, one is sagging down at the same rate, 
or could be at, the same rate, as the primary, as Couder once suggested in his 
paper. Has anybody looked into trying to balance these so that the deflections 
in the primary are then largely canceled by the deflections of the secondary? 

JONES: Yes. I think you might calculate this. Let's figure not only the 
structure of your telescope, but the axial motion. If you don't, I think 
you're lost. 
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The whole combination of telescope structure and mirror change has to be bal- 
anced. The secondary curvature (sag) can be compensated by allowing the pri- 
mary focus to shorten. With lever support, this is an adjustment. With gas 

or mercury ring moment, this may also be adjusted or servoed. Our policy 
would be to first design not to have this sag present, and then to use adjust- 
ment as a backup compensation. Particularly notice the prime focus, Cassegrain, 
and coudé problems that arise if compensation is not uniform for all three. 

PEARSON: I don't mean axial motion. I mean figure change on the secondary that 
could then partly compensate figure change on the primary due to flexure. 

RULE: It's called a Ritchey -Chrétien! 

MEINEL: You just sort of hope nowadays that they have opposite signs. 

PEARSON: That's an optical problem rather than a flexural one. 

JONES: I think what you are saying is changing the focal curvature of the pri- 
mary, say, will balance off with secondary -primary relative focus. Is this 
the thing that you are asking? 

PEARSON: No, not the optical figuring itself, but assuming that the primary de- 
flects and the secondary also has a deformation- -this flexure of the secondary 
could partly compensate for the unwanted flexure that you get in the primary. 

DOSSIN: You mean by the movement of the telescope or by the support system or 
in the figuring? 

PEARSON: In the support system, not in the figuring. In designing the support 
system for the secondary, you partially compensate the support system, the prob- 
lems of the support system of the primary. This would then hold for all posi- 
tions. In other words, assuming that both of them are related by the cosine of 
the angle, if you can get them to compensate in one position, then they should 
compensate more or less in other positions, too. 

SISSON: Isn't it easier to make them both right? 
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OPTICAL SHOP 

INTRODUCTORY REMARKS ON THE OPTICAL SHOP 

A. B. Meinel (University of Arizona) 

We traditionally spend a great deal of time talking about the support of 

our mirror in its telescope. I think there is enough recent evidence at hand 

to make us really concern ourselves with the entire history of the mirror, 

and its behavior at all of the points along its route until it arrives at the 

telescope. 

The traditional methods of testing our mirrors in the optical shop have 

been with the knife edge, often with null correctors and quite often with ex- 

tra mirrors in the path to fold the beams around for convenience. As a conse- 

quence, we either do not see, or we discount as being undefined, such effects 

as apparent astigmatism. We aren't sure whether they occur in the setup or in 

the improvised method of mounting the mirror that we usually make our optical 

tests in. And then, when we get to the final installation, we are rather sur- 

prised at the quality of our mirror. 

Now, to illustrate this - -and this is by no means a sole example --the 

knife -edge photographs of the Kitt Peak 84 -inch mirror in the optical shop 

showed an excellent mirror with very low rms fluctuations in the surface. Un- 

fortunately, I couldn't quickly find a good photo of it, but I'm sure you have 

seen this in the various places it has appeared. The final mirror was quite 

smooth. There was a little trace of supports that were presumably associated 

with the temporary supports it was on. It looked like a very good mirror, and 

yet the Hartmann test of the mirror in the telescope shows some rather surpris- 

ingly large contour separations when a contour map is plotted. Now admittedly 

this was done very early in the tests of the support systems of the mirror, but 

it simply points out again the thesis I am making: that we should have worried 

about this before it's in the telescope and the support system. 

Now, in this particular mirror we can go all the way back to its origin 

because it has something that perhaps Mr. Sisson has also seen in his mirror. 

When this mirror was fabricated, there was a large mirror cell with the 

core pattern laid in the mirror as in the case of the 200 -inch. They got 

blocks of cullet, as they call it, and mounted one very large piece of cullet 

in the center on the pier, then put many smaller pieces around the periphery 

to make up the total mass required for the mirror. 
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Now, these Pyrex cullets are just pieces of glass selected off the river 

bank where they are stored. They are made as follows: When the tank is just 

about ready to be relined, the Corning people fill this big tank with some 

200 tons of glass, fine it, cool it, and mine it-- literally mine it - -and place 

these chunks along the river bank. Then, when somebody orders a mirror, they 

go out and pick the right sized pieces. Now their hope is that they are 

pretty uniform. They've fined the big tank. It should be uniform from one 

part to another. But yet, when this melts down into the mold, you do have a 

possibility all the way back at this point of having slightly different glass 

characteristics that will not show up until the final figuring stages. So 

here is one point to look at. 

Now, with your large blanks of fused silica, presumably fused silica is 

a much more pure substance and more reproduceable from blank to blank. But 

yet the large blanks are made up of many pieces - -or a number of pieces, in 

any event --the Corning one, of course, in bigger elements, the General Elec- 

tric in very small boules. Thus, you may have some concern for the uniformity 

all the way back to the origin of the disc. 

The other thing that has shown up more and more as we build larger and 

larger pieces of optics --there are now lots of optics and test optics around 

the country on the order of 100 -inch size --is that the more accurately they 

are tested, the more persistently is astigmatism found in the mirror blank, 

even under the best support systems. Part of this shows up, of course, be- 

cause we are now using laser interferometers to view the mirrors and we can 

test them better. 

But there are other circumstances in the history of the mirror that can 

give us problems that we will not see until we are almost finished. One of 

these happens to be, of course, the table that we polish it on. I don't think 

we spend nearly as much time worrying about what we do with the mirror while 

it is in the optical shop as about what we do with it after it is in the tel- 

escope. Quite often we take a table as delivered by some manufacturer, put 

some rubber blocks on it, put our mirror on it, and start polishing. The el- 

ementary theory of optical polishing says it doesn't really matter what you 

put it on or how the mirror warps on the optical table, because the tool is in 

principle very flexible and sort of follows these, so you move glass from one 

place to another simply by applying different warp to the different areas. 

But now for a large mirror, and especially a mirror with large aspher- 

icity: I'm sure that the tools are not flexible to that idealized degree. We 
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have to worry more about how that mirror is supported. I note that, in the 

case of the Isaac Newton, the mirror is on rubber blocks. Is it put into its 

cell support for testing, or was it tested also on these rubber blocks on the 

optical table? (SISSON: It was tested on its air bag.) Good, you had me 

frightened when you said you put it on selected rubber blocks. I'm delighted 

to hear that you do support it carefully, because I think that is essential. 

Now, ideally, we would like to put the mirror on its supports right while 

we are working on it. But this has generally not been feasible, for the forces 

involved in polishing are rather large, and they present an entirely new set of 

problems for the support of the system. This is one of the areas where we hope 

our ionic polishing may be advantageous because with that method we are figur- 

ing the mirror with as light a force as you can possibly imagine. With the 

heaviest beam that we contemplate using, we are still putting less than a gram 

force on the mirror surface, so we feel that it would be feasible then to sup- 

port the mirror in exactly its final support structure, assuming it will oper- 

ate successfully in a vacuum environment. 

The summary of these points, I think, is that we know certain things we 

should do in the optical shop, and we are planning to do them in future mirrors, 

such as support them on air bags. In fact, this is one of the reasons we went 

to air bags to support our 90 -inch and the mercury side support. We felt that 

it would be quite easy to activate these while we are actually making the opti- 

cal tests. But I would like to stress that people should worry about this, and 

give as much consideration to it as to the support of their mirrors in the final 

telescope. 
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SUPPORT DURING GRINDING 

Graham J. Odgers (Dominion Astrophysical Observatory) 

To introduce this subject, I should say perhaps we are foolhardy in Can- 

ada, but the proposal we have is to build our own optical shop and to grind 

and polish the mirrors ourselves. What I will present later is a proposal, 

largely due to our chief optician, Mr. Dancey, as to how we will try to sup- 

port the mirror during optical working and see whether people such as Dr. 

Meinel and Mr. Cole find anything wrong with it. It can certainly be changed. 

The general plan is to have an astronomical institute in Canada on the 

campus of the University of British Columbia in Vancouver, which has the 

largest graduate school in western Canada. The mirrors for the 150 -inch 

Canadian Telescope will be polished in an optical shop which is to be con- 

structed on the campus. This shop will have both a vertical tower and a hor- 

izontal tunnel for optical testing, and the temperature control is to be 

within ±2 °F on both test locations. The optical shop looks like this: 

Optical shop; view 6nom non.thwa.t connen o6 bu,i.Pdí.ng . 
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(Architects, as other people no doubt know, try to turn everything that 

they go in for into a monument to themselves.) 

Meeting the architectural requirements of a university campus has given 

rise to a certain amount of difficulty, but it is expected that the building 

will be completed in about 10 months (early in 1968). The original finish 

was aluminum, much the same as Kitt Peak has; however, the university has a 

rule that no metal finish of any sort --gold, platinum or anything - -is allowed 

outside the building. But this rule was relaxed in favor of copper! In the 

process, the suggested heating requirements were upset, and a certain amount 

of redesign has had to go on. 

The plan of the optical shop is below. The tower is above the mirror. 

The horizontal tunnel is placed in line with the polishing machine, and the 

vertical tower will be directly above it. Along with the optical shop it is 

planned to have the workships of the observatory --which are expandable along 

the side - -and the rough grinding and rough polishing shops separated from the 

fine grinding. We have one slight improvement over Kitt Peak, and that is we 

have an elevator to get up to the testing positions. I don't think, looking 

at it yesterday, that they in fact do. 
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A 150 -inch polishing machine of the Draper type based on Kitt Peak Na- 

tional Observatory designs will be built for this shop. Its first task will 

be the polishing of the 100 -inch aluminum Hindle sphere to be used to test 

the secondary mirrors. Work on the 150 -inch primary mirror should begin in 

the fall of 1968, with work on the secondary mirrors taking place concurrently. 

Our mirror is due from Corning in October next year (1967). All we 

know about it now is that it will be 29 inches thick and about 156 inches in 

diameter. They've cast several of the major boules, and there has been as 

yet no trouble recorded at Corning although they may run into some later. 

We have not ordered any secondaries. The only information on them that we've 

had is that the longer we can wait to order them, the more they will know 

about lightweight mirrors, and lightweight mirrors are especially important 

to us. Being above the 49th parallel, we've designed the telescope as a 

fork. With fork mounts, heavy weights at the upper end have to be avoided 

if possible because of flexural problems. 

Support system --A great deal of effort has gone into the design of mir- 

ror support systems, but it would seem that the effects, good and bad, of the 

method by which the mirror is supported during optical work have not received 

the same attention even though these effects will influence the final perform- 

ance. Therefore, it seemed reasonable to present a proposal which represents 

the current views of the Canadian group on how we shall proceed with our pri- 

mary mirror optical work. This proposal is very largely due to R. Dancey, 

who will be in charge of the optical shop. It will be valuable if opticians 

with experience of support of large mirrors during polishing will comment on 

the suitability, or otherwise, of these suggestions. 

The present plan is to support the mirror on the polishing machine table 

by a system of rubber pads. These pads will be 6 inches in diameter, and 

will be obtained from the same sheet or batch of material for uniformity of 

thickness and physical properties. In order to provide clearance for the mir- 

ror lifting spigot, the pads will compress to about 1 inch minimum when loaded 

and will still retain some elasticity. Distribution will be in concentric 

circles of 21 to 75 inch radii, spaced 6 inches between circles, with individ- 

ual pads spaced 3 inches apart in each circle. A total of 232 pads will be 

required, and they will be shimmed on their table side, where necessary, to 

compensate for residual surface errors in the table and mirror back. The mir- 

ror back will be ground flat to better than .003 inch if a satisfactory 



208 

surface is not obtained from the manufacturer. Manufacturer's tolerance 

for the table flatness is .005 inch, and this can be reduced by lapping if 

required. By the foregoing, we are trying to make the upper surfaces of the 

pads fit very closely the shape of the mirror back so that each pad may sup- 

port very nearly the same load (estimated at 6 psi) when compressed by the 

blank and the full -sized tool. The pad material will be thick enough to keep 

the residual fit error between pads and mirror back to less than .2% of the 

amount the pads compress under the above load. 

It is felt that the use of a large number of small pads, in addition to 

reducing the load per square inch, will more nearly support the mirror in an 

"ideal" condition than will a system of larger pads placed only at the final 

support locations. It will also offer excellent support for work with the 

full -sized tool. The possibility of an inexpensive air bag to be combined 

with the pads and used during vertical testing is being explored. Consider- 

ation is also being given to an air bag which could relieve part of the load 

on the pads during working. Lifting the mirror by a central spigot will per- 

mit frequent and relatively easy rotation of the mirror on the table to avoid 

the introduction of astigmatism. Rotation of 45° or so every few hours of 

work is likely. 

The mirror will be brought to a good sphere as tested from the vertical 

tower. It will be tested at several rotational positions each time, and this 

will provide an accurate evaluation of the quality of support given by the 

small pad system. When a smooth and symmetrical sphere of better than one 

wavelength is obtained, the table will be removed from the machine and the 

cell and support systems will be substituted. The support systems can now be 

accurately adjusted and evaluated by testing from the vertical tower and hori- 

zontal tunnel. 

When these tests are satisfactorily completed, aspheric correction of 

the mirror can begin, using smaller tools. It is anticipated that the table 

support system will perform well enough to permit most, and perhaps almost 

all, of this work to be done on it. This will avoid prolonged use of the 

cell on the polishing machine with the attendant risk of contamination or 

damage to the support system by the abrasives and tool loads. Since part of 

the radial support system may be bonded to the mirror, a modification to the 

edge arcs will be necessary for this part of the work. Continual care must be 

taken to retain surface symmetry, and the mirror will occasionally be tested 

again in the cell on the machine as a check on the table work. 
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The final stages of figuring, using the smallest tools to remove the 

final few wavelengths, if required, can be carried out with the cell mounted 

on the polishing machine. 

The cell has provision for the insertion of edge arcs to resist the 

tool drag, and the axial system will be supplemented by rubber pads during 

this work if required. The support system designer does not feel that the 

different methods of mounting the cell to the machine and to the telescope 

will cause any problems in final mirror and support adjustments. 

JONES: I would like to comment on our situation in respect to the grinding 
machine. Charles W. Jones Engineering did not do the designing but was just 
involved with the drawings and the detail work. The design concept of the 
machine was by Kitt Peak. 

MEINEL: What is your cost budget for this optical shop? 

ODGERS: I can tell you later. 

MEINEL: More than you expected? 

ODGERS: No. The economics of doing it ourselves --if we are successful- - 
provides economies for the whole job compared with having somebody else do 
it. (INTERJECTION BY MR. SISSON) I'm prepared to argue that at any time. 
It was looked into in great detail by people not interested in astronomy but 
who are accountants. The other thing is, we can use all the shops later the 
way Kitt Peak does. We can make all the other optics, and apart from the 
main telescope, we're going to build an observatory. Whether all the tele- 
scopes are in that site or in South America or Australia I don't know, but we 
could in fact do it. 

MEINEL: Architects have a habit of letting it escalate on you rather greatly. 
There's no inner support structure for your optical test equipment in your 
vertical test? 

ODGERS: There is no inner tower. 

MEINEL: You are using the building itself to support the test equipment. 

ODGERS: Dr. Richardson has some of the designs of the actual test rig for the 
top of the tower. It is shock -mounted and should be vibration -free. The 
temperature tolerances in the tower are 2 °F between the top and bottom. 

SISSON: May I point out the advantages of Woolworth doormats for supporting 
mirrors when working them. It's an admirable material, with a V- shaped struc- 
ture, and it is in fact what we use. 

CRAWFORD: Are there any comments on the support during the grinding? 
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ODGERS: I would be glad to hear if anyone thinks it's entirely wrong, in 
principle. 

HALLINAN: What account are you taking of the structural deflections of the 
machine base itself under the mirror during the grinding and polishing? It 

is going to be receiving a load through the rubber pads, and it will there- 
fore deflect itself. I wondered if you had any limit on that. 

ODGERS: Well, it is calculated to be small enough not to worry us. Whether 
it will or not, we don't know. You probably can't rule it out in fact. 

Ideally, I mean, you ought to adopt what Dr. Bleich does, and obtain a stress - 
free condition. I think the logical conclusion from Dr. Bleich would be to 
make the optical shop even more expensive - -and put it in orbit. I think 
the cost escalation there tends to be considerable. Although it's not in a 

stress -free condition, we hope the deflections are small. 

FEHRENBACH: For the ESO 60 -inch, or 152 -cm, mirror we use 24 air bags to 
support the mirror during the grinding process, with exactly the same pressure 
in all of them, which is the important thing. You can test the mirror on the 
system on the grinding machine. (QUESTION FROM FLOOR) When you take the 

mirror on, you have a communication between the air bags, but you close the 
communication before the grinding. 

ODGERS: You prefer not to use the cell at all? 

FEHRENBACH: It is not necessary. You can test the mirror on the support 
system. You can do it on the cell, too, but it is necessary to handle the 
blank. 

ODGERS: What about the horizontal tests? 

FEHRENBACH: You can begin the test with the mirror on the grinding machine. 
It was used for the 60 -inch. 

ODGERS: Do you have a vertical tower now? 

FEHRENBACH: Not yet, but we will have. 

RULE: I would like to ask Dr. Meinel about his comments on grinding -- whether 
there is any new information regarding the relative weight of the lap. He 

spoke about the problems of the lap weight and the difference of the grinding 
rates and the fact that the lap was not always stiff enough for the contour, 
and this obviously affects grinding rate and range of support change required. 
Is there any interesting information about this? 

MEINEL: Just what we heard. We note that people tend to have trouble and 
that this has to be taken into consideration, but I don't know of any very 
accurate engineering information on this. Is that what you meant? 

RULE: Well, I didn't really expect a specific answer, but only an answer on 
what the relative limits of the problem are. Do we make laps larger, thicker 
and heavier, or do we make laps on the same criteria that we try to design 
mirrors? Let the support system take up lap forces. Which direction should 
one be going? 

MEINEL: That is a very good question. I really have no answers. 
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ZIMMERMAN: We have had some success using honeycomb structure for laps in the 

50- to 65 -inch diameter range. These are considerably lighter than the normal 
type of lap. 

MEINEL: You have also had some trouble with astigmatism. Have you identified 
the origin of that? 

ZIMMERMAN: Since they are light enough so that the opticians are not happy 
with the load that we had, they have put local weights on the lap. There is 

a possibility that this unequal loading has caused some astigmatism. We are 

still trying to clear that up. 

MEINEL: One point I think is just good general procedure is the method of 
grinding the backs of these blanks. It should not be trusted because they de- 
pend on the bearings of the grinding machine they do them on. You may have 
quite pronounced saddles in them, and irregularities, and as a general proce- 
dure you have to first grind the back of your mirror before you think of doing 
anything on the front. 

ODGERS: We'll see how well they do with the ESO mirror. We'll know that by 

the time we start. 

LYTLE: Dr. Meinel, how much of a force on the glass, aside from rigidity con- 
siderations, do you need to put a good polish on larger mirrors? 

MEINEL: I don't have any figures on that. Do any of the opticians here - -Don 
Loomis is here, and Mr. Waland from the LPL Optical Shop - -know what sort of 
minimum weight is required on your polishing tool to process a mirror? 

LOOMIS: All grinding machines from moderate to massive size should have a 
means of restraining the downward pressure of the grinding and polishing tool. 
After a good deal of experience on many different materials --such as Pyrex, 
fused silica, Cer -Vit material --I formed the opinion there can be no set 
weight per square inch. This depends on material, drag (which is a function 
of the material), shop humidity, temperature, polishing agents, and the type 
of polishing pitch used. In other words, psi is one of the variables the op- 
tician must adjust to optimum while working the disc. A good rule of thumb 
might be to start a new tool with about 1/12 to 1 /10 psi and gradually work 
into about 1/8 to 1/5 psi. 

FARRELL: I should like to direct this question to Mr. Sisson. When he pre- 
pared the 98 -inch mirror, I believe he ground the back flat first. What were 
the tolerances for waviness on the back of the mirror and the variations in 

the thickness of the mirror around the edge? 

SISSON: We did not optically test it, just by surface survey. I can't recall 
exactly. About ten thousandths of an inch over -all flatness (solely because 
it was not flat on the back). A generally smooth curve. We don't worry too 
much about the back face. It's not very important. 

FARRELL: But you have to match it with your spacers, do you not? 

SISSON: Yes, of course. 



212 

GEERTZ: American Optical Company has had good success with the use of mechan- 

ical springs embedded in pitch for grinding, polishing, and testing. The ab- 

sence of hard locator points reduces the severity of tolerance on this type 

of support. We've successfully worked and tested a 100 -inch mirror, 12 in- 

ches thick, and a 2 -meter mirror, 3 inches thick, by this method. 

RULE: I would like to comment that, with all the wonderful progress that has 

been made on the support systems, on the possibilities of better laps, grind- 

ing tables, architects' approach to better optical buildings -- especially since 

there is obviously better thermal control now for the quartz blanks - -does all 

of this mean that we ought to be able to reduce the grinding time? 

CRAWFORD: Compared to what time? 

RULE: Say eight years. 

(SOME DISCUSSION ON THIS POINT) 

ODGERS: Regarding the finish, I don't know what the ESO specifications are, 

but the finish at Corning on our mirror is down to 1/50 inch on the surface. 

In principle, the rough grinding time of the mirror could be finished in short 

order, but whether it will or not remains to be seen. 

BAUSTIAN: Will Corning deliver your blank with the curve roughed in? 

ODGERS: Yes, to within 1/50 inch. 

BAUSTIAN: So then, if you want to do any additional flattening on the back 
surface, you'll have the problem of supporting the front face with the curva- 

ture theme. 

ODGERS: Yes. 

BAUSTIAN: One further thought. What about using some kind of pitch balls and 

a cold setting of this mirror with respect to the table, let it come to equi- 
librium, and then do your fine polishing on that, the air bags, rubber and so 
forth, unless it would still allow your mirror to deflect for local loading. 
I am wondering if you maybe don't defeat your purpose? 

ODGERS: Well, the present plan is to do the fine, final polishing in the cell 
on its support system. 

BAUSTIAN: But now, with the tool on the supports, you would have a longer un- 
supported span for the loading on the machine. You can use third diameter 
tool, or -- 

ODGERS: Well, the tools are pretty light by that stage. 

SISSON: Could I make a general comment from our experience? The fine grind- 
ing process is the most critical stage at which you must eliminate over -all 
astigmatism. 
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TESTING 

INTERFEROMETRIC TESTING OF PRECISION OPTICS 

F. Dow Smith (Itek Corporation) 

Optical systems and components are subjected during manufacture and after 

completion to a variety of tests designed to guide the optician in his work, 

to determine the degree to which the lens designer's specifications have been 

met, and to determine the general performance of the completed system. Funda- 

mental to these goals, especially to the first two, is a determination of the 

deformation introduced into a smooth incident wavefront of light. Whether one 

is testing a single surface or a completed system, no set of basic data is 

more valuable than that contained in the contours of an appropriate wavefront 

after reflection or transmission, as the case may be. 

In the case of a completed system, the contour of the emergent wavefront 

is quite fundamental and can be related directly to design criteria as well as 

to estimates of performance based on such criteria as the transfer function. 

Indeed, I would venture to speculate that for high precision systems the most 

precise experimental measurements of the transfer function may eventually be 

obtained from wavefront measurements followed by calculation of the optical 

transfer function (OTF). 

The wavefront contour also provides an important bridge between the geo- 

metrical and physical aspects of the system. In the case of a complete opti- 

cal system, the emergent wavefront can be calculated by geometrical optics. 

That wavefront then becomes the starting point for a diffraction theory calcu- 

lation of the image of the transfer function or of other criteria. The wave - 

front data yield directly the slope angles that Dr. Bowen pointed out as im- 

portant at the beginning of this session. In the testing of an astronomical 

mirror, the wavefront is, of course, a direct measure, although magnified by 

a factor of two, of the contour of the glass surface. 

In the competition over the years among various test methods for getting 

the wavefront, two -beam interferometry as first demonstrated by Twyman and 

Green stands high with anyone who has personally worked with such interferom- 

eters. Although such persons have had no patience with the notion that inter - 

ferometèrs are complicated or hard to use, they have been forced to concede 

problems associated with extracting and converting the data to numbers of prac- 

tical uses, and especially with the limitations caused by inadequate light 



214 

source intensity and coherence. These problems have been particularly severe 

in the case of very high quality optical systems with apertures of 12 inches 

and up and focal lengths that are measured in feet rather than inches. A good 

review of this interferometer and associated bibliography can be found in 

F. Twyman, Prism and Lens Making (London, Adam Hilger Ltd., 1942). 

The problem of data presentation is shown in Fig. 1. Here are six inter - 

ferograms of the same wavefront: in this case, the wavefront from a 2 -inch ap- 

erture doublet lens in mercury light with a conventional Twyman -Green inter- 

ferometer. Each fringe pattern represents a contour map of the wavefront, with 

each fringe representing a height increment of X/2 (because the wave has passed 

twice through the lens under test). The contours, however, represent height 

differences with respect to different reference surfaces according to the ad- 

justment of the interferometer. In the upper three interferograms the reference 

surfaces are centered precisely on axis: at the focus for the marginal rays, at 

the focus for the paraxial rays, and for an intermediate position representing 

"best focus." In these cases the fringes are circular. In the lower three 

Marginal focus Best focus Paraxial focus 

s.1. In.teqeJtence pa.t.teJtn6 ob wave6nonx Wm a doubte.t tens at thnee bocat 
settings; 3/2 A oveJt-connec.ted 4phet.í.ca.e abeJVta,t,í,on at 5461 A. 
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interferograms the reference mirror has been tipped slightly to give relatively 

straight fringes. Each interferogram contains exactly the same information 

about the wavefront, and, given any one, it is mathematically straightforward 

to deduce the others. For qualitative use they are not, of course, equivalent. 

The optician looking for residual astigmatic errors would prefer the first set 

cylinder, for example, showing up as ellipticity in the fringes. On the other 

hand, if he wanted an approximate idea of the surface profile, he might prefer 

the second. Clearly, the routine use of these data requires some standardized 

way of feeding them back to the user. I will return to this subject later. 

Consider now the problem of applying the method to large optics. If a 

light source of low coherence length is used, the requirement that the compar- 

ison beam have an optical path equal to that of the best beam introduces se- 

vere mechanical restraints. Moreover, there must usually be a similar physical 

aperture size in each beam to meet the necessary condition of the virtual images 

of the reflecting surfaces nearby. If this condition is not met, the pinhole 

diameter must be impracticably small, with a resultant great loss of light. 

The CW gas laser has dramatically changed these experimental limitations. 

I would like now to outline work which has been carried out in our laboratories 

over the past two years in the practical application of such lasers. This work 

both in measurement and data reduction has been carried out by a number of in- 

dividuals, the principal contributors being R. R. Shannon, C. J. Buccini, J. B. 

Houston, P. K. O'Neill, and J. Rancourt. A more detailed description of the 

work is given in the following references: 

J. B. Houston, Jr., C. J. Buccini, and P. K. O'Neill, "A 
laser unequal path interferometer (LUPI) for the opti- 
cal shop," Applied Optics 6:1237 -1242, July, 1967. 

J. Rancourt, "Automated processing of interferometric test 
data," Presented at fall meeting of the Optical Society 
of America, San Francisco, California, 1966. 

About two years ago we had the task of measuring a spherical f /0.9 beryl- 

lium mirror, 45 inches in diameter with a radius of curvature of 82 inches. 

The specification was for a surface figure better than A /2. The use of a knife - 

edge test had enabled the optician to carry the mirror near completion, but he 

found it extremely difficult to judge cylindrical components in the f /1.8 cone 

at the center of curvature because of the difficulty in maintaining the refer- 

ence point as the knife edge was rotated to get the orthogonal figure. 
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Figure 2 shows the schematic setup with laser and pellicle mirror that 

we used for testing. 

Microscope 
objective 

4 Y 
Laser 

Spherical 
reference 
mirror 

Pellicle 

splitter 

-.Reference wave ,` 
-.Imperfect test wave Spherical 

test 
mirror 

- Ground glass 
viewing screen 

Fig. 2. Schematic setup ob b-cmp.ee unequa,2-path in.telc- 
6ehome.tek boh testing .2ah.ge 4phen.i.ca.2 eun6acee. 

Figure 3 shows the result: a peak -to -peak error of about X/4 and an RMS 

error of about a /12. 

Fig. 3. 1 n.teh 6 enogh.am o6 

116.8-cm, 6/0.9 
apheticat bety.P?.í,um 
mittot at cen.teh o6 
cunvatulce dun,í.ng 

6abn.i.cation. 

4r-" sett` 

Subsequently we applied the method to a number of problems including the manu- 

facture of Schmidt plates and with path differences between the beams of up to 



60 feet. We find laser interferometry useful in optical 

as a check against structural computation. 

The 30 -inch diameter fused silica shell in Figure 4 

ameter ratio of 1 :17. When uniformly supported from the 

was measured to be À/25 and peak -to -peak variation A /8. 

port data were analyzed to check out a structural design 

Ideal support 
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mounting studies and 

has a thickness:di- 

back, the RMS figure 

The three -point sup - 

predictive technique. 

Three -point support 

Fig. 4. In.tetbeh.ognam 6on. 76.2-cm, 6/1.3 ephen,icat 6u.6ed a.c.P.i.ca ehett. 

Figure 5 shows an interferometer installed on the end of a 35 ft. x 6 ft. 

tilting vacuum tank for turbulence -free testing of mirrors. 

Fig. S. In.tehbehome.tet in.a-ta.e.e.ed on -ti.P.tí.ng vacuum tank. 
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Although these results were interesting, and to us important, we still 

did not have a method that could be called routine. Each setup was made for 

the purpose by a skilled person, and this person had to be at hand to help 

the optician operate the equipment. We undertook, therefore, to design and 

construct a general purpose interferometer (Figs. 6 and 7) that would con- 

tain the laser, beam splitter, and reference mirror in a single, compact 

unit. This unit includes mounting provision for one of several beam diver - 

gers and also for null correction optics when needed in testing aspherics. 

Laser 

Plane 

wave 

aft 

r 

1_, 4 
Beam 
expander 

Adjustable flat 

reference mirror 
/Spherical 

wave 

Beam diverger 

Imperfect test wave 

Objective lens 

Brewster 
angle beam 
splitter 
Reference wave 

Spherical test mirror 

--/,,,, ...-Ground glass viewing screen 

F. 6. Schematic dí,agnam o¡ unequa2-path .í.n.teJcbehome,tn,í.e beam dLvekgeh.. 

Fig. 7. Pho-tognaph .í,n.te7c¡enome,ten. 
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Light from the laser comes to a beam expander and then to a beam split - 

ter operating at Brewster's angle to eliminate the second surface reflection. 

This is important with a laser interferometer since otherwise light from the 

second surface causes unwanted interference fringes and not just a reduction 

of contrast. By avoiding the microscope objective previously used for diverg- 

ing the beam, we were freed from many unwanted diffraction effects. The beam 

expander then produces a diverging beam to the system under test. Figure 8 

shows the null system. 
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Spherical wave 

-.411111r* 
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Beam expander diverger Null lens 
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Imperfect test wave 

glass viewing screen 
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Fig. 8. Schematic dcíagnam nute. 6 y6.tem. 

Aspheric 
test mirror 

The interferogram is photographed typically at 1 /100 second on Polaroid 

film so that a photograph is available immediately for measurement. We feel 

that photography is an important step, as it gives a permanent record. 

In parallel with the development of measurement equipment, we have worked 

on automatic data reduction methods. The method we generally use requires, 

for convenience in data reduction, an interferogram obtained with sufficient 

tilt to give essentially straight fringes, i.e. without closed loops. Charac- 

teristically, we use about 20 fringes. The reference surface is adjusted 

in both tilt and spherical power, using a least mean square procedure to min- 

imize optical path difference (OPD). In other words, the fringes are fitted 

to a reference surface that is, in the least mean square sense at any rate, 
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the closest fit to the wavefront. The computer then plots contours connect- 

ing points of common OPD at any preselected interval. The fitting equation 

can be expanded to include cylindrical or other terms if needed, and as an 

alternative, the computation can be made for predetermined amounts of spher- 

icity in the reference surface corresponding to change of focus or curvature 

of field. In addition to plotting contours, the computer calculates the RMS 

value of residual errors. This is a valuable tool in system analysis. The 

OPD's can also be entered into the computer for use with other computer pro- 

grams- -for example, for computing the optical transfer function. Figure 9 

is a typical computer output as directly plotted for a fused silica mirror 

of approximately 40 inches diameter. 

As an experiment, we took four photographs of this mirror, two with ver- 

tical fringes and two with horizontal fringes. One interferogram from each 

Fig. 9. Covi,tout map; typica,2 campu.tetc. output. 
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pair was given to one observer, and the remaining two were given to a second 

observer. These observers carried out the measurement of the fringe pattern 

to provide data for entry into the computer. We then compared the four re- 

sulting computer plots. Figure 9 was the first of these. The computational 

part is completely accurate and repetitive so that the re- entering of identi- 

cal data into the computer produces an identical result. In comparing the 

resulting computer plots, remember that the contour intervals are X /10. Thus 

an error of this amount would cause a contour to move one full contour spac- 

ing. As you will notice, the errors are in most cases substantially less than 

this. The resulting RMS values calculated in the reflected wavefront were 

0.132, 0.127, 0.133, and 0.136. This corresponds to a distribution spread of 

0.003, or approximately 2%-. -the equivalent of X /300 in the RMS value of the 

wavefront. Figures 10, 11, and 12 show the remaining contour maps. 

Fig. 10. Second covltauvc map ot¡ Obse tvvt 1. 
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Fig. 11. F.Uus t co n,to wc map o6 O bó eAv eh, 2. 

Fig. 12. Second conxowt map o¡ ObaeAven 2. 
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In another check we obtained a series of interferograms on a spherical 

surface at different focal settings. Three of these are shown in Figure 13. 

0.1 7,8 
Best focus 

0.439 
0.001 inch inside focus 

0.440 
C.002 inch inside focus 

Fig. 13. In,ten6ee.ogname ptam 7-in. .aphene o4 12-in. nadiva ob ewwa,twc.e. 

In Figure 14 these resulting contours are superimposed to show the degree 

to which quite different interferograms give the same result. In the original 

illustration the three sets of contours were color coded. The RMS values are 

0.092, 0.095, and 0.096. The corresponding values, calculated without adjust- 

ing to the nearest sphere, are 0.092, 0.435, and 0.857. 

Fig. 14. Supe2r.ímpo4 ed eonzoun4 . 

Best focus 
0.001 inches inside 
0.002 inches inside 
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In summary we have found the method useful and of practical day -to -day 

value in supporting an activity which manufactures large optics. We have 

now approximately six of these instruments in use. We anticipate further 

automation of the process in the future as well as additional methods for 

presenting the data for the use of the optician and optical engineers. 

ZIMMERMAN: Another advantage of the computer data reduction technique be- 
comes evident in testing in air. It is possible to record a relatively 
large number of interferograms over a short time interval, say 10 within 
10 minutes, and allow the computer program to obtain an average interfero- 
gram. We can expect any error due to turbulence to be random so that it 

will add incoherently, while the mirror figure contributions to the wave - 
front will add coherently. This average interferogram, then, is essentially 
free of any error due to air turbulence during testing. 

MEINEL: How long did it take you to get one iteration on the 120 -inch when 
you were doing that? Dr. Whitford, do you recall on that? 

WHITFORD: Iteration time in the polishing of the 120 -inch mirror was 5 to 7 

days. About two days were spent in calculating the Hartmann measurements 
and preparing the contour map. Perhaps another day was spent in assessment. 
The other days were spent in mirror handling and in achieving temperature 
equilibrium. 

MEINEL: Well, it is nice to see this, because when you do test in the shop 

you can spend far more time arguing about the validity of the results and 
whether you did it right and all that, than it takes to polish the mirror. 
And the more of this automation that we can get so you can do frequent tests 
and build up reliability or confidence on the part of the people in the shop, 
the quicker we can do these larger mirrors. Of course, you can't beat the 
relaxation time of a large mirror, but with fused silica and other low -coef- 
ficient materials, this is reduced to a point where you can almost neglect 
it, too. 
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LASER -HOLOGRAPHIC TESTING 

F. Dow Smith (Itek Corporation) 

MEINEL: I wonder if I could ask Dow Smith to take 10 minutes to describe 
his laser -holographic method of testing, which does not involve polished 
surfaces. This is another technique that may be important to supplement 
such things as the work of the French group. 

SMITH: I mentioned this method briefly, earlier, in commenting on the lovely 
experiments using silastic material. There are very often situations where 
one would like to measure, not the precise contour of an optical surface, but 
changes in the surface when one applies a differential surface loading: For 
example, if one has designed a mirror and he might like to verify his struc- 
tural or thermal analysis. To do this he is forced to complete the mirror, 
put an optical surface on it, and then measure the deflections of the opti- 
cal surface with an interferometer, with a knife -edge, or with some other 
technique. This, of course, involves expense and time, and it would be nice 
if one could measure deflections to accuracies of a fractional wavelength 
without having to prepare the optical surface. 

There was some work done at the University of Michigan, applying holography 
to this technique. I think this was what Aden would like me to comment on. 
We have done some work with it recently, and it appears to be a practical tool. 

You will recall that when you make a hologram of some object, and look through 
it at the reconstruction, you see, of course, an intensity distribution which 
is, in fact, a picture of the original object. Because of the nature of 
holography, that reconstruction also recreates the phase distribution of 
light coming from the original object, although your eye does not normally 
see it. 

Now suppose we set up to make a hologram of an optical mirror blank which is 
roughly ground but not yet polished. The hologram is first exposed. Then, 
without touching the setup in any way, one applies a loading, for example, 
to the back of the mirror, deflecting it slightly. A second exposure is made 
so that on the photographic plate one has superimposed two separate holograms, 
one of these representing the phase and amplitude distribution of the mirror 
before it was deflected, the other representing the phase and amplitude dis- 
tribution after it is deflected. If one then looks at the resulting recon- 
struction, he of course sees two superimposed pictures of the mirror blank. 
The two phase distributions will, however, interfere. And one therefore sees, 

across the surface of the blank, a set of interference fringes which are pre- 
cisely like the interference fringes that one would get in an interferometer- - 
in other words, a set of contours corresponding to half -wavelength steps in 

the differential motion. 

One can elaborate this technique by making a hologram of the surface in the 
ordinary way, removing the photographic plate for processing, then replacing 
the plate precisely in its original position. If the surface is deflected 

under these conditions and viewed through the plate, one can see a moving 

fringe-pattern which corresponds, again, to the contour of the deflection. 
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What are the problems in doing this? The severest problem, of course, is 

that the two wavefronts which are interfering to form these interference 
fringes are highly wrinkled because the surface is far from optically smooth. 
On the other hand, if we reproduce the setup exactly, so that there is no 
change in the setup between the two exposures, these wrinkles superimpose 
precisely, and one can obtain interference. One of the problems in this 

so- called "real time version," in which one takes the hologram and puts it 

back in place, is that in addition to the registration, there is the 
problem of the deformations in the wave front due to the irregularities 
in the gelatin. For ordinary holography this surface relief causes very 
little difficulty because it may be affecting only the amplitude distri- 
bution. If you want to preserve the phase, then it is a problem. But 

with care we can get good results. 

We have in our own work been able to get some quite useful measurements on 
optical surfaces up to 30 inches in diameter of deflections under pressure 
loads and also under some thermal loadings. I think it is a technique which 
will have quite important utility in making measurements of this general kind. 

MEINEL: Thanks, Dow. I would like to point out that this is also an important 
way of exploring the thermal deformations of the mirror. In fact, it's been 
used successfully to explore the thermal deformations of gross things such 

as machine tools. Yet, you're measuring to the accuracy of a wavelength of 
the light of the laser that you use, so it can be a rather important tool, I 

think, to us in explorations of what happens in telescope structures and mir- 
rors under both loads and thermal conditions. 
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84 -INCH MIRROR, TESTS OF SHEARING INTERFEROMETRY 

A. A. Hoag (Kitt Peak National Observatory) 

Last year, at the Large Telescopes symposium, Dr. Schulte described a com- 

puter program for handling Hartmann tests. This was a follow -up of the work 

of Mayall and Vasilevskis and, earlier, Dr. Bowen's work and the work of many 

others in Hartmann testing which has been useful for alignment tests and sup- 

port tests of large telescopes. I would like now to mention J. B. Saunders, 

who a couple of years ago published an article on tests of the McCormick re- 

fractor, using a shearing interferometer. He offered to come to Kitt Peak and 

do some testing on the 84 -inch telescope, using the apparatus he had developed. 

Let me sketch on the board the nature of the wavefront shearing prism 

that he uses. If the telescope objective or mirror system is here, you pro- 

duce a path in the prism of this nature, and a corresponding path on the op- 

posite side of the prism. These combine and, depending on the nature of the 

cementing of the prism --this is how it is done in practice --you can produce 

various degrees of shear in the wavefront coming from the objective or mirror 

system. To illustrate that, we should perhaps look at the photo. 

One disadvantage of the Hartmann test has been that it does not have high 

resolution on the surface of the mirror. Another disadvantage is that it is 

necessary to add some fairly bulky equipment to the telescope. Photo 1 is a 

conventional knife -edge test of the 84 -inch telescope mirror in use. The light 

was provided by a star, and you'll notice that there are some ripple zones that 

are quite easily seen. They show a one -to -one correspondence with the very 

small radial zones in the mirror. 
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Photo 2, taken by Mr. Saunders, shows the result of one wavefront shearing 

exposure. You can see by the spread in the pin support - -or if you can see it 

well enough, the spread in the two images of the objective --that the shearing 

was in this case fairly moderate. The degree of shearing that you can use in 

this kind of test depends on the quality of the seeing. These are relatively 

long exposures. 

Mr. Saunders, taking the zero -order fringe, measures enlargements of these 

photographs. The photos are taken with a simple 35 mm camera, and you can re- 

duce this kind of data in any point network that you wish to get results in the 

form of either a contour map of the mirror (Photo 3) or a spot diagram (Photo 4) 

such as we are used to looking at in the case of Hartmann tests. You see that 

a fairly close grid has been used in analyzing the photographs that correspond 

to Photo 2. 

3 Con.tout map ot¡ wavepLon.t n.eta.tí.ve to a but-bi.tti.ng ne¡enence 
epherce. Unitb ob deviation ate in waveteng.thd (a = 0.58 um). 

4 D.c,e.tn,íbu,t.í.on o6 a po-t4 in the bocat ptane, a een 6tom d.ítec.tí.on 

o6 incidence 0£ tight. Diame.ten ob aúcc.te = 100 um. 

In practice, only a small prism and a 35 -mm camera are required, and Mr. 

Saunders' apparatus slipped into a standard 14 -inch eyepiece. He brought this 

apparatus to the telescope in a very small bag and could conduct these tests 

in a very short period of time, without interfering with the telescope in any 

structural sense, as in the case of a Hartmann screen. 

So this is a high -resolution test capable of computerized reduction tech- 

niques, and it measures in the same way that Dow Smith has told us about. It 

can be applied to any telescope fairly readily with high resolution. 
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DOW SMITH: There is one important difference between shearing interferometry 
and a type of interferometry -- scatter -plate or two -beam, for example - -which 
gives a two -dimensional map, and that is a difference in sensitivity. I pre- 
sume your data are reduced from several different interferograms. But if you 
take only the one interferogram that we saw, it does not contain a complete 
description of the mirror surface. For example... 

MEINEL: You are taking one wave current, and you are comparing it not to a 
reference wave, but to the same wave, just slightly shifting laterals. 

DOW SMITH: For example, let's suppose that we have a wavefront which has cy- 
lindrical error in which the contour in one direction might be flat, but the 
contour in this other direction has some curvature. If I now produce a shear 
in this direction, in sliding one cylindrical shell, and if I think of this 
as a cylinder this way, and I take that way and slide it this fashion along 
itself, then I introduce no path difference, and that particular component 
of astigmatism does not show up in that interferogram. To get that component, 
you then have to take additional data. 

HOAG: Perhaps I didn't stress that, but Saunders actually used eight diameters 
of the mirror. 

MEINEL: Did he use more than one amount of shear? 

HOAG: Yes, a variety of shears. 

DOW SMITH: We found an interesting result from having our interferometers work. 
Our optics got harder to make, and for a while we wondered where this 1/6 and 
1/8 wavelength cylindrical error was coming from. We finally concluded that 
we just hadn't been picking this up by earlier methods of knife -edge, etc. 

Now, I think the shearing interferometer does a better job than a knife -edge 
test by quite a bit, but one of the problems is maintaining your reference 
point as you make these different pictures. This is the problem with the 
knife -edge. It sounds very simple to run the knife -edge this way, turn 90 °, 
and run it the other way. But if you are looking for tiny bits of residual 
cylinder, it is difficult in practice to maintain that. In my opinion the 
shearing interferometer test unfortunately tends to have a low weight for one 
of the worst terms in the error, the astigmatic term. 
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MIRROR TESTING 

E. H. Richardson (Dominion Astrophysical Observatory) 

As Dr. Odgers pointed out earlier, our optical shop is still in the plan- 

ning stage. We do, however, have a small working optical shop - -which is very 

small indeed. We lured our opticians to Victoria two years ago with the 

promise that they would have the opportunity to figure the optics for a 150 - 

inch telescope, but so far I keep asking them for little 14 inch mirrors! 

Our plans for the testing procedures for our optical shop are quite con- 

ventional. It was mentioned earlier that there was some competition between 

proponents of various types of testing systems. Our opticians will try all 

systems. We will be testing the primary vertically in a temperature -controlled 

tower, and horizontally as well, with the primary mirror on the table of the 

150 -inch machine, both on its pad and in the mirror cell. In this way, we 

should be able to distinguish between various types of deformations within 

the mirror itself. We will use interferometric tests, and knife -edge or wire 

tests, with and without null lenses. Mr. George Brealey of our design team 

has worked out the details of the optical plate which will hold testing sys- 

tems at the top of the tower. It is quite conventional, but I want to take 

a few minutes here to mention a problem that has concerned me: the testing of 

the secondary mirrors. 

This is generally done using a Hindle sphere. But in the case of our 

f/8 secondaries, a Hindle sphere 100 inches in diameter is required: 

SECONDARY 
MIRROR 

HINDLE SPHERE 

CENTER OF 
CURVATURE 
OF HINDLE 
SPHERE 

_ 
- - AND ONE 

APLANATIC 
FOCAL POINT 
OF SECONDARY 

SOURCE AND KNIFE 

One has a 100 -inch Hindle sphere with about a 120 -inch focus and a flat 

that might be about 40 inches. The center of curvature of this Hindle sphere 



231 

coincides with the virtual focus of the hyperboloidal secondary mirror under 

test. We certainly intend to go ahead with the manufacture of one of these 

mirrors. Following the development given by Kitt Peak National Observatory, 

it will be cast in aluminum and then figured using the 150 -inch polishing ma- 

chine before work on the 150 -inch quartz blank is begun. This will be quite 

a stiff mirror, ribbed, probably mounted in a sling. The required precision 

is such that at the center of curvature one should be able to resolve two im- 

ages separated by 0.2 arc sec. We do not know whether this can be done suc- 

cessfully, but we certainly will go ahead because such a mirror will be useful 

later on for tests in the optical shop or perhaps as a camera mirror for the 

coudé spectrograph. 

In search of an alternative to the Hindle sphere method, I communicated 

with Professor Vasco Ronchi to ask if perhaps a grating interferential test 

might be devised for the testing of divergent mirrors -- convex mirrors. This 

test* will be arranged something like this: 

SOURCE 1 

RONCHI GRATINGS 

SECONDARY 
MIRROR 

= 

I do not know the sensitivity of the system. A point (or line) source 

is placed at the real focus of the hyperboloidal, convex mirror. A Ronchi 

grating is located between the light source and the mirror. The shadow pat- 

tern of the grating appears on the mirror and is reflected back toward the 

source, but it is enlarged. Approximately at the location of the smaller 

Ronchi grating, a second, larger grating with proportionately larger spacing 

is located so that it matches the shadow pattern from the smaller grating. 

Errors in the surface of the mirror then produce mismatches of the shadow 

*Described fully in "Un metodo interferenziale per la determinazione diretta 
delle costanti e delle aberrazioni dei sistemi ottici divergenti," Rendi- 
conti della Accademia dei Lincei, Rome, Vol. 33, Nov., 1924. 
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pattern with the larger grating. Perhaps someone might have comments on this 

proposal by Professor Ronchi. I will read his letter to you: 

To test a divergent lens I have used the device represented in the figure 
here annexed [shows lens rather than mirror - -not included here]. 

Very bright sources of radiation (a xenon arc in vacuum, of 150 Watt) 
sent a wave on the lens L. Before this wave reaches the lens L it passes 
through R1, a grating of 10 lines per mm. So behind the lens we can see 
a shadow composed by interference fringes. When these fringes are right 
and parallel (to the lines of the grating) the lens is corrected. Every 
imperfection is transferred in the deformations of the fringes. 

To test the regularity of the shadow fringes, I have put in R2 another 
grating with about 2 lines per mm at a convenient distance from the lens 
L to have shadow fringes of about the same frequency as those of the 
grating R2 [should be R1- -EHR]. 

The lines of this grating are almost parallel to shadow fringes. So we 
see clearly the moirée- fringes, which by their form, let us observe the 
deformations of shadow- fringes immediately. The spherical aberration is 

shown by the cubic -form of the moirées. The chromatic aberration is also 
well visible, by the colors of the moirées. The defects of glass or of 
polishing bring irregular moirées. 

The difficulties you may encounter, in applying this device to your case, 
are the brightness of the source, which must be very thin (but it can be 
long), and the building of a big grating to show the moirées. It is dif- 
ficult to build a big grating, but not impossible; and it is less diffi- 
cult and much less expensive than a big good testing mirror. 

One other method of testing the secondaries involves the use of a cor- 

recting lens which is approximately the same size as the secondary mirror and 

which then deforms the wave to produce a null back at the source. This is the 

method, I believe, that was used for figuring the secondary mirrors of the 

Isaac Newton telescope manufactured by Grubb Parsons, Ltd. A 42 -inch diameter 

corrector lens was used. 

So we have three possibilities here. The Hindle sphere method requires 

the manufacture of by far the largest optical element but an optical element 

which will be convenient to use. The corrector lens is much smaller, but 

still larger than the secondary. Ronchi's method requires no optical element 

at all, but an enormous wire grating, which presumably would be made by a ma- 

chine shop. One would, of course, always like to have more than one system. 

Even if we were to try the interferometric grating system, we would also have 

a Hindle sphere. Even if the Hindle sphere didn't work well over its full 

aperture, it would still be extremely good when testing for smoothness. 
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Also, the Hindle sphere might be useful in the future. For example, if an 

even larger telescope were built, the Hindle sphere could be used to test a 

part of the giant secondary. If anyone has any advice, I would be happy to 

hear it. 

ZIMMERMAN: What is your magnitude of the size of a large grating that you 
think you will need for this test? 

RICHARDSON: I would think, the secondary mirror being 50 inches, that the 
grating would be about 100 inches. It would be the same size as the Hindle 
sphere. I do not yet know that it would be easier to make than a Hindle 
sphere. Presumably it would consist of a large steel frame with wires going 
over pins, something like a great harp. 

ZIMMERMAN: Well, if you had said something like 30 inches, I could have 
given you some advice. 

SHANNON: Geometrically, it sounds good, but when you take that type of in- 
terference diffraction around a wire over that long distance it sounds as if 
there is some lower limit of sensitivity in such a test. Did you figure 
this out? 

RICHARDSON: No, I just received this letter a short time ago. 

MEINEL: It's always been a happy circumstance that the largest mirror you 
need in your coudé happens to be about that size and not far off from the 
radius. It could be worse. 

BOWEN: In figuring the secondaries of the 200 -inch, we avoided making a very 
large Hindle sphere by using four 36 -inch or 40 -inch mirrors. They do not 
have to be of exactly the same focal length, but they do have to be mounted 
so that they are accurately concentric in the form of a cloverleaf. This 
brought them down to sizes where they were useful for the coudé. 

RICHARDSON: I think one might mention that although this 100 -inch mirror 
will be useful later as a coudé camera, a coudé mirror requires far less 
accuracy because it is effectively stopped down from an aperture of 100 in- 
ches to 12 inches or so, for each element on the spectrum. That is, if we 
make the mirror for coudé work only, we can get away with a lower quality. 

ODGERS: I would like to ask Dr. Bowen about the accuracy of Anderson's ar- 
rangement for the 200 -inch secondary. What are the concentricity tolerances? 

MEINEL: We talked to them when we were trying to decide this for the Kitt 
Peak 84 -inch. They indicated they had had quite a bit of trouble with it, 
and part of it then was that they used lightweight mirrors in the Hindle 
sphere unit, and I believe the problem was more with the individual mirrors 
than with the idea. I know we had decided then to go to a single 50 -inch 
Pyrex mirror for our tests. 
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ACTIVE OPTICS 

AXIAL SUPPORT SYSTEMS UTILIZING PNEUMATIC OR HYDRAULIC CYLINDERS, 
SERVO- CONTROLLED BY MEASUREMENT OF DEFINING PAD LOAD 

Raymond Bliss (Donovan & Bliss) 

I am not sure that the mirror support system I am going to describe 

should be classed as "active optics." The term usually implies a system that 

in some way senses image quality and then automatically controls a variety of 

miscellaneous mirror deflections, without human intervention, to produce the 

best possible image. Although the system I will describe is capable of vary- 

ing the mirror deflection, it can vary it only in one simple predetermined 

way, and it cannot do even this without human assistance in the control chain. 

I plan to describe the system which we are designing for support and cur- 

vature control of the new heliostat mirror for the Kitt Peak Solar Telescope. 

This new mirror is a flat- surfaced fused quartz disc, 82 inches in diameter 

and 91/2 inches thick. 

When the heliostat mirror is pointed at the sun, the sun heats the front 

face of the mirror, thereby distorting the mirror to a uniform spherically 

convex surface. Our problem is to control that thermally- caused distortion 

and keep the mirror as flat as possible. 

One way of doing this might be to use a mirror ground to a slightly con- 

cave surface, so that the flexure caused by solar heating would bow the mir- 

ror from a concave to a flat surface. Another way might be to add heat to the 

back face of a flat mirror at exactly the same rate that it is added by the 

sun at the front face. One heating effect would balance the other, thus en- 

suring a flat mirror. Still another way might be to apply physical forces to 

the mirror bowed by solar heating, and thereby force it back to a flat shape. 

Two conceivable schemes for applying such physical forces are (1) application 

of moments around the mirror rim or (2) application of uniform surface forces 

over the face of the mirror while supporting it at the rim. 

For this particular application we chose the last- mentioned scheme. The 

uniform forces over the mirror face are obtained by creating a difference in 

air pressure between front and back faces of the mirror. The mirror is sup- 

ported at the rim by a set of pressurized air cylinders. 

The starting point of the design problem is suggested by Figure 1, a set 

of deflection vs. radius curves. We calculated that the typical daily maxi- 

mum deflection of this mirror will range from 15 wavelengths in June to 22 in 



/ 
/ 

/ 

/ 
/ 

4 
/ / 

/ 
à 
Q 

0 

/ 

o / 
ti 
ti 

Co It 

/ 
/ \L 

/ 

/ 

/ FLATTENING OF CURVE 
/ ATTAINABLE WITH 

/ CURVATURE CONTROL SYSTEM 
/ 

500- 

i 

400 -- 

300- 
c/n 

W 

o 
Z - 
o 

U 

200-- z 
o 
I- 
o 
W J 
u- 
w o 

100 

'A' 

-24 

_ .8w 

20 

- 18 

- 
-16 

- 
-14 
- 

-12 

10 

- 8 

- 

-6 
z 
-4 

-2 

40 30 

o a 

235 

UNCONTROLLED THERMALLY - 
CAUSED DEFLECTIONS 

CURVE 'A' (DESIGN VALUE) 

ACTUAL MAXIMUM 
EXPECTED 

T 
\ 

Z \ 

TYPE I DEFLECTION ` 

LOADING = I.65Qsi 
TOTAL LOAD =ó70o POUNDS 

MIRROR RADIUS, INCHES 
0 ' ' 

IO 10 0 

TYPE It DEFLECTION 
LOADING = 1.94 psi 

TOTAL LOAD= 10,250 POUNDS 
-50- 

Fig. 1. Degec tí.on vs. nacLí..cus . 

30 40 

D 9B '66 



236 

December, if curvature is uncontrolled. The larger deflections occur in mid- 

winter because the sun strikes the mirror most squarely in that season and 

consequently heats it most strongly. Figure 1 refers to the December (i.e., 

the worst) conditions. 

The dashed curve shows our calculated value of actual typical midwinter 

deflection over the face of the mirror if no curvature control is used. To be 

on the safe side in design, we adopted the slightly greater curvature shown by 

Curve A in the figure. This "design value" is the maximum curvature which the 

control system must be capable of correcting. Assuming the mirror initially 

bowed by solar heating to the shape of Curve A, we then calculated the shape 

of the mirror which could be attained by uniform surface - loading of the rim - 

supported mirror. The results, for two amounts of surface loading, are shown 

by the two lower curves of the figure. It is seen that the mirror can be made 

quite flat only out to a radius of about 30 inches. This suggests the advis- 

ability of stopping down the heliostat beam to use only the central flat area 

whenever especially sharp images are desired. 

The figure indicates that the thermally- caused deflections anticipated for 

this mirror can be limited by a system of uniform loading, that the total amount 

of loading required is within practical limits, and that the shape of the con- 

trolled mirror can be made reasonably flat. 

Figure 2a, below, is a sketch of the combined support and curvature -control 

system. 

DEFINING 
PADS 

RIM - LOADING 
LOAD %W_ _ _ i CYLINDERS 

CELL 

I,------Q 
I 

1 ' 
J - FICONTROLLER 
1 

i 
AMPLIFIER 

Fig. 2a 

-P 
SUPPLY 

a 
MANUAL 

```,,, PRESS. R. 

SUPPLY 



237 

The mirror rests lightly on three defining pads (load cells) uniformly spaced 

around the rim. Most of the axial force around the rim of the mirror is pro- 

vided by about 30 piston -type air cylinders, uniformly spaced around the rim. 

Radial support is by a mercury -filled band. 

Air pressure to the rim - loading cylinders is manually controlled. All 

cylinders operate at the same pressure, through a common header. If the 

telescope operator increases the pressure to the air cylinders, air flows 

slowly into the cylinders, thus slowly increasing the force they exert on the 

mirror. This lessens the load on the load cell defining pads. The automatic 

control system associated with the load cells senses this decreased load on 

the cells, and operates to decrease the air pressure in the air space behind 

the mirror, thereby bringing the load on the load cells back to its proper 

value. 

Whenever, for any reason, the load on the load cells becomes greater than 

the design value, the automatic control system operates in the reverse direc- 

tion, to increase the pressure in the air space behind the mirror and thereby 

bring the load on the load cells back to its proper value. 

Figure 2b on the next page shows two force diagrams. The upper one is 

the balance of forces acting on the mirror before the rim - loading system is 

activated. The lower diagram indicates the balance of forces when the mirror 

is rim -loaded. Pc is the pressure applied to the rim - loading cylinders; Po 

is the outdoor air pressure; PA is the air pressure in the air space; W cos e 

is the axial component of mirror weight, and AF is the total force exerted 

by the three load cell defining pads. 

It is seen that the automatic control system automatically compensates 

for changes in tilt of the mirror- -i.e., for changes in W cos A - -as well as 

for changes in rim - loading forces. 

Also, the control system automatically compensates for any hysteresis 

effects in the relationship between input pressure and output force of the air 

cylinders. It is a matter of no consequence if, as is actually the case, the 

cylinders require a greater pressure input during increasing pressure cycle 

than during decreasing pressure cycle, in order to produce the same force out- 

put in each case. The matter is of no consequence because the control system 

senses forces, not pressures, and always adjusts the cylinder input pressure 

to produce the correct force output, regardless of any variations in the 

pressure -vs -force relationship of the cylinders. As a practical matter, with 

this type of control it does not matter how much hysteresis each cylinder has. 
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But it is important that the hysteresis characteristic of each cylinder be 

about the same. 

Po 
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AXIAL WEIGHT AIR PRESSURE CYLINDERS DEFINING PADS 

Fig. 2b 

With slight modification, a support system of this type could be designed 

for a mirror not requiring curvature control, such as the mirror for a stellar 

telescope. A modified system of this type presumably would operate to sense 

the load on the defining pads and then use this signal to properly adjust the 

forces exerted by a set of support cylinders. In this case the support cyl- 

inders, of course, would not necessarily be located only around the rim of the 

mirror. 
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As compared with older systems, the main advantage of a support system 

using load cell defining pads to control pressure -to -force transducers is 

probably the elimination of the problem of hysteresis effects. The problem 

of hysteresis is a severe one with older systems, as Dr. Rule has mentioned. 

Solar heating is the largest but not the only source of unwanted dis- 

tortion in this mirror. Like any support system, this one introduces addi- 

tional unwanted mirror deflections. To avoid as much guesswork as possible 

in design, these deflections must also be known as closely as practicable. 

One source of distortion is the loading at the defining pads. It is 

planned that the mirror will rest on the three load cell defining pads with 

just enough force to avoid a lifting effect by the wind. For normal (light) 

wind conditions at Kitt Peak, the minimum practicable load at each defining 

pad is about 10 lb. per pad. This results in a triangular distortion of the 

mirror. We calculated its magnitude using Nádai's equations.* Results are 

shown in Figure 3. The numbers on the contours are the mirror deflections, 

in microinches, associated with a loading of 1 lb. at each defining pad. 

Since, as already mentioned, the normal typical loading on each defining pad 

will be about 10 lb. per pad, the numbers on the contours of Figure 3 should 

be multiplied by 10 to give an idea of the mirror deflections resulting from 

this effect. It is seen that, with a loading of 10 lb. at each defining pad, 

the maximum mirror deflection (which occurs at the center of the mirror) 

would be 2.4 microinches. This is about a /8, a quite tolerable amount for 

this particular source of unwanted deflection. 

A second source of unwanted distortion is that the rim - loading around 

the mirror is not a uniform line loading but is actually a set of discrete 

forces. Each rim - loading pad exerts, essentially, a discrete force, and the 

mirror is unsupported between rim - loading pads. The maximum resulting de- 

flection is the sag of the mirror at the rim, midway between adjacent rim - 

loading pads. The amount of this sag can be calculated from Nádai's equa- 

tions. For the 30 rim- loading cylinders assumed, it turns out to be negli- 

gible: a sag of about 0.4 microinch under conditions of maximum rim loading. 

A third source of unwanted mirror deflections, in this case not a negli- 

gible one, is the fact that the cylinders, not being mathematically perfect, 

will not all exert mathematically uniform forces. We plan to use standard 

*Nádai, A., 1922, Die Verbiegungen in einzelnen Punkten unterstUtzer kreis- 
förmiger Platten, Physik. Zeitschr. 23:366 -376. 
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commercial air cylinders for this application. We estimate that the individ- 

ual forces exerted by individual cylinders may vary as much as ±5 lb. from the 

average force per cylinder of the group. The worst situation here is probably 

that which occurs when two diametrically opposite cylinders each pushes a 

little too hard (or each pushes a little too lightly). Here again, Nádai's 

equations can be used, to calculate the mirror distortions resulting from ap- 

plication of two equal forces spaced 180° around the mirror rim. 

y = mirror deflection 
(microinches) 

Fd = force at each 
defining 
pad (lb.) 

DEFINING PAD 

D&8 '66 

Fig. 3. Degect.i.on o4 m.vvc.on due to Once.b at thnee de4in.í.ng padA . 
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The results of such a calculation, for this mirror, are shown in Fig. 4. 

Note that this type of loading produces a saddle- shaped mirror. The graph 

gives the mirror deflection resulting from an application of 1 lb. at each 

of the two points. Since we expect that, under the worst conditions, we might 

have an excess force of about 5 lb. at each of the two diametrically- opposed 

points, the deflections shown in the figure should be multiplied by S to give 

an idea of the mirror deflections resulting from this particular effect. 

y = mirror deflection 
(microinches) 

Fr = force at each 
pad (lb.) 

F 

D a e '66 

Fig. 4. Degec.tí.on o6 m.vvcon due to equa.e exceba Once.a at two oppoz.í.ng 
n.í,m-.2oa.d.i,ng pa.dó . 
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Maximum deflection occurs on the rim, midway between the two forces, and is 

seen to be 5 x 0.52, or about 2.6 microinches. 

We used these equations of Nádai for solving several deflection problems 

associated with this mirror. The equations themselves are mildly cumbersome 

series expansions. We find it distressingly easy to make arithmetical errors 

when tabulating such series for practical use. Consequently we felt it worth- 

while to check our tabulations by applying them to the solution of problems 

for which experimental measurements were available. We chose two experimental 

measurements reported by Couder* in his well -known paper on mirror deflections. 

In one experiment ** he measured the deflection, at the rim midway between 

support points, of a horizontal circular disc supported at three points around 

the rim. He used a glass disc, diameter 55.8 cm, thickness 0.685 cm, weight 

4.17 kg, Young's modulus (E) not stated. For calculation purposes we assumed 

E = 6.9 x 1011 dynes /cm2. Couder measured the deflection described above as 

41.5 microns. By calculation from Nádai's equations it is 44.0 microns. 

In another experiment, * ** by optical measurement of astigmatism, he de- 

termined a quantity which amounts to the sag of a mirror at the rim midway 

between two support points, with the mirror supported at two diametrically 

opposed support points on the rim. He actually made the measurements with the 

mirror supported so that its plane was tilted only very slightly from the ver- 

tical: about 2 °. The mirror was essentially held gingerly in this position by 

two support points, one at the top and one at the bottom. The mirror diameter 

was 75 cm, average thickness 3.25 cm, weight and Young's modulus not given. 

For calculation purposes we assumed that the mirror weighed about 35 kg and 

E = 6.9 x 1011 dynes /cm2. For the 2° tilt of the mirror plane mentioned, Couder 

found that the sag in question would be 0.98 micron. Calculation of the same 

sag by Nádai's methods gives 0.93 micron. 

These close agreements between Couder's measurements and calculations 

from Nádai's equations were most gratifying. 

We have briefly described a few of the points of this particular support 

system. In closing, I recall that Dr. Smith has mentioned that the design of 

a support system seems to be a matter of taste. The best recipe for a good 

*Couder, M. A., 1932, Recherches sur les déformations des grands miroirs 
employés aux observations astronomiques, Bull. Astron. de l'Obs. de Paris 
7:201 -312 and 353 -381. 

* *Ibid., p. 260. 

** *Ibid., pp. 241 -243. 
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support system, I believe, probably involves a small amount of seasoning: the 

use of modern strain gauge load cells and of appropriate types of modern 

pressure -to -force transducers. But by far the most important ingredient, in 

my opinion, is a thorough application of the basic mathematical principles, 

especially the application of the elastic equations pertinent to the mirror. 

MEINEL: We have time for a general discussion if people wish to say something 
about active optics. 

I would like to say that a number of companies are involved in this, primar- 
ily because of the problem faced by large space telescopes if and when we have 
them. When there is no longer seeing disturbance, we need far more accurate 
performance from our instruments to make use of their resolving power. This 

does strain the state of the art seriously, and people have been worrying 
about how to control the figure of these systems. I might further add that 
one of the basic problems that you get into is simply sensing what is wrong 
with the system to be able to do something about it. The whole area is a 

large one, and one that will take a lot of research. 

FROM AUDIENCE: Mr. Bliss mentioned that he could either apply bending moments 
or forces at the back. Now, of course, there is some difficulty in applying 
bending moments without doing something to the edge of the mirror, I suppose, 
but would this have corrected that shape problem caused by solar heating? 

BLISS: Yes, it would. It was Mark Hallinan who first pointed out to me that 
the application of a moment around the rim of a circular disc produces a uni- 
form spherical curvature over the face of the disc, whereas the application 
of uniform surface loading to the rim -supported disc does not. Since the 

solar heating of the mirror produces a spherical curvature, the best way to 
correct it, in theory, would be to apply moments around the mirror rim to 
produce an equal and opposite spherical curvature. Neither would it be out of 
the question, practically, to do this, even for this mirror, which is a stiff 
one. For this mirror the required rim moment for correcting maximum expected 
thermally- caused curvature is about 600 inch -pounds per inch of circumference 
of the mirror. It would not be impossible to design a system which would pro- 
duce such moments around the rim of this mirror. But we felt that the system 
we chose is more practical for this particular mirror, even though it does not 
give as good flattening as the theoretically correct method. 

FEHRENBACH: Mr. Bayle says that your mirror is too thick. 

BLISS: Right. We had to take the mirror that they delivered to us. This mir- 
ror was made before the importance of the deflections due to solar heating was 
recognized. So we had to design a system to flatten the mirror we have. From 
the standpoint of controlling curvature, a thinner mirror would have been 
easier to deal with. 
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ACTIVE OPTICS FOR LARGE ORBITING ASTRONOMICAL TELESCOPES* 

Hugh J. Robertson (Perkin -Elmer Corporation) 

An orbiting diffraction -limited version of the 200 -inch Hale telescope 

high above the earth's atmosphere is many an astronomer's dream. There are 

many advantages to be gained by a large- aperture orbiting astronomical tele- 

scope over a ground -based telescope. 

For astronomical research, one advantage is the ability to sense radia- 

tion other than visible light and radio waves, radiation that cannot pene- 

trate the atmosphere: gamma rays, X -rays, ultraviolet, infrared, and long 

radio waves. Another advantage is the possibility of achieving the full dif- 

fraction limit of resolution for a large mirror. For ground -based telescopes 

the resolution of large mirrors has been limited well below the diffraction 

limit by two major effects. The first of these is atmospheric turbulence, 

which has limited the resolution obtainable up to now to 0.3 arc sec, which is 

the diffraction -limited resolution of a 12 -inch telescope. The second limit- 

ing effect is the strains imposed on a large mirror and its supports by the 

force of gravity as the telescope is pointed in different directions, strains 

which distort the mirror figure and limit the size and light - gathering capa- 

bility of earth -bound primary mirrors. 

The realization of wide spectrum reception and freedom from the effects 

of atmospheric turbulence are obvious advantages to be gained by simply lift- 

ing a telescope above the earth's atmosphere. Orbiting a telescope into a zero 

gravity environment, however, does not automatically solve the problems of ob- 

taining and maintaining a perfect mirror figure, and it is toward the solution 

of these problems and the problems associated with the launching of a large 

telescope that our proposed "Active Optics" system is directed. 

The difficulties involved in obtaining a large- aperture orbiting telescope 

are imposed primarily by gravitation and temperature effects. The influence of 

gravity is felt in two ways. First, it sets practical limits on the weight of 

a mirror that can be launched. This in turn sets limits on the thickness of a 

mirror of any given diameter which can be orbited. The thickness and diameter 

of the mirror determine its rigidity and affect the amount of flexure that can 

be expected when a mirror is figured and tested on the ground and then used in 

a zero gravity environment. 

*This paper was not presented at the symposium, but it is included here because 
of its relevance to the subject of active optics. 
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Temperature variation in a large mirror can introduce serious problems. 

A very small difference in temperature from front to back of a large mirror 

can produce a change in focus which is not too serious if the temperature 

difference is uniform across the mirror. If a small variation in this tem- 

perature difference exists across the mirror, however, the effect on resolu- 

tion can be considerable. 

Let me describe the active optical system and how it proposes to meet 

some of the difficulties just mentioned. 

The active optical system makes use of a primary mirror composed of in- 

dividual mirror segments (Fig. 1). These segments are to be positioned and 

the configuration of the composite surface is to be maintained by precise ac- 

tuators capable of making displacements of less than a microinch. The actu- 

ators are to be part of a closed -loop control system which will operate from 

signals originating from the interference phenomena generated by a sensing 

system which can continually monitor the surface orientation of the mirror 

segments. The proposed sensing system will be located near the center of 

curvature of the primary mirror and will consist of laser and white light 

sources, interferometers, and a means of converting the information provided 

To actuators 

t 

.1 Mirror figure 
error sensor 

Electronic 
figure 
analyzer 

Fig. 1. "Active opticó" telescope 4 y4tem. 
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by the resulting interference fringes into usable electrical signals. An elec- 

tronic analyzer will interpret this information and produce signals to control 

the actuators as necessary for proper orientation of the mirror segments. The 

actuators for each segment will be located so that the segment can be pivoted 

around two orthogonal axes and translated in a direction normal to its surface. 

Let us consider some of the features of an active optical telescope system 

as described and their application to the problems imposed by gravitational 

changes and thermal inhomogeneities. 

For the same maximum allowable flexure, the individual segments of the 

active optical system could be considerably thinner than a single large conven- 

tional mirror, resulting in a significant weight reduction. For instance, a 

100 -inch primary of fused silica eggcrate construction, having the same stiff- 

ness characteristics as those used in the Orbiting Astronomical Observatory 

primary, would weigh an estimated 3000 lb. A 100 -inch segmented primary con- 

sisting of seven 32 -inch diameter mirrors would weigh less than 800 lb. A 10- 

meter primary of fused silica only 25 cm thick would weigh about 110,000 lb. 

A 10 -meter active optical system could weigh less than 20,000 lb. 

Dr. Lyman Spitzer, in a paper on space astronomy (L. Spitzer, Jr.,Amer- 

ican Scientist 50(3):473 -484, Sept. 1962), has estimated that a variation in 

front -to -back temperature difference across the mirror surface of only 10-2°K 

could produce a serious loss of resolution in a 10 -meter mirror 25 cm thick. 

In an active optical system, the thermal uniformity requirement would only be 

that for a mirror the size of one of its segments since each segment is inde- 

pendently controlled and positioned to maintain the mirror figure including 

corrections for displacement due to thermal variations. 

A further consideration is the ability of small mirror segments compared 

to that of a large mirror to withstand the shock and vibration of launch, not 

to mention the ability of a segmented primary to form a more compact payload 

for assembly in space. 

To evaluate the active optics concept for use in a space -borne telescope, 

we have started on an initial program of experimentation using a 20 -inch spher- 

ical mirror (Fig. 2). This mirror will be cut into segments after figuring 

and used to demonstrate the proposed figure sensing and actuator control tech- 

niques. The mirror surface configuration of these segments will produce an 

interference pattern at the output of the figure sensor interferometer. Figure 

analyzer circuitry will produce an error signal when the interference pattern 
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shows a displacement of the segments from a spherical surface. This error 

signal will be applied to the appropriate actuators to reposition the mirror 

segments and reduce the error. 

Scan 
generator 

Laser 

Electronic 
figure 
analyzer 

Scanning 
detector 

Amplifier 

Actuator 
driving 
circuits 

I I 

Interferometer 

Fig. 2. Expeú.metita2. atc.a.ngemevLt ¡on. "active optics" eva,eua,t.í.on. 

The investigation is proceeding along several different lines. First, we 

are trying to determine the optimum figure- sensing technique. There are sev- 

eral interferometer techniques to choose from,but an interferometer using laser 

light is proving very effective for sensing fractional wavelength displacements 

by the measurement of differences of interference phase across the image of the 

primary mirror at the output of the interferometer. A fundamental difficulty 

appears here, however, since axial displacement of one segment relative to an- 

other by An amount equal to a relatively large number of half wavelengths (of 

the single- frequency laser used) does not necessarily affect phase difference 
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at the output of the interferometer (Fig. 3). This phenomenon, which we have 

been calling "integral wavelength ambiguity" for want of a better name, does 

not produce a variation in phase which can be detected by scanning across a 

segment, until several wavelengths of relative axial displacement exist. To 

resolve these ambiguities we are investigating several different schemes in- 

volving white light and two wavelength laser interferometers. 

Objective 
lens 

Path difference between 
oblique ray AB and 
axial ray AC 

Objective 
lens 

focal 
point 

Mirror 
segment 
focal 
point 

Axial misalignment 
or mirror segment 

Mirror segment 
displaced from 
proper focus 

Spherical wavefront 
originating from Point A 

Fig. 3. Integtta.t wavelength ambiguity in axia.2 po.a.ct,i.on o.6 m.vvcotc zegment. 

Second, we are developing the electronic circuitry required to analyze the 

figure sensor output and provide the error signal to operate the actuators. 

Third, we have been investigating precise fractional wavelength actuators 

to effect mechanical displacement of the mirrors. Some of the requirements for 

an ideal actuator for this application are: 

1. The ability to make reversible displacements of a small fraction of 

a microinch. A fiftieth of a wavelength, which we would like to better, is 

approximately 0.4 microinch. 

2. A large dynamic range. If mirror segment positions require an initial 

adjustment of as much as ±.020 inch, the ratio of the dynamic range to smallest 

step required is greater than 100,000:1. 
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3. Zero power requirement when displacements are not being made. 

4. The ability to maintain final position in the event of power failure. 

5. The ability to operate in a space environment. For example, we would 

like to avoid metal -to -metal sliding parts requiring hermetic seals. 

There are numerous possibilities to satisfy these requirements in vari- 

ous configurations of piezoelectric crystal arrays,magnetostrictive devices, 

electro- mechanical arrangements, and thermal and chemical actuators. 

We have been developing several actuators using magnetostriction for 

their displacement force. These actuators satisfy most of the requirements 

listed; however, we have found it difficult to achieve the less- than -a- micro - 

inch displacement required without supplementing them with a motion -reducing 

lever arm. 

The components of the system described are being developed as Phase I of 

this effort. In Phase II, we will attempt to combine them into an automatic 

control system with the objective being to align our segmented 20 -inch mirror 

to within X /20 of the desired figure. 

We are confident that the active optics approach will prove to be an ef- 

fective one for large- aperture orbiting astronomical telescopes and that it 

may find application in large ground -based telescopes as well. 
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