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ABSTRACT 

Research has been carried out on three major difficulties in designing 

efficient and economic telescopes with 8m f/1lightweight mirrors. These problems 

are polishing f/1 aspherics, thermal distortion of borosilicate glass mirror and 

mirror seeing. Viable solutions to all three have been developed. Solving the 

fundamental problems allows future very large telescopes to use such mirrors as 

the basic elements in the design which will reduce the cost. Accurate mirror figure 

together with good pointing stability given by the short focal length will enable 

the telescope to form images as sharp as that permitted by nature on the ground. 

A new technology of polishing f/1 aspherics with a computer controlled 

stressed lap will give very accurate figure because the lap is changed accurately 

to adapt the desired figure. Design parameters and performance specifications 

for a O.6m aluminum stressed lap for polishing a spun cast 108m f/1 borosilicate 

glass honeycomb mirror have been developed. These can be readily scaled up for 

polishing 8m f/1 mirrors. Stressed lap polishing also requires accurate material 

removal over the entire mirror surface. An optimization algorithm using the theory 

of material wear has been developed to search for the polishing strokes suited for 

uniform or other desired removal rates. 

Direct casting of lightweight mirrors requires that the glass be borosili-

xiii 
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cate. The figure distortion caused by the expansion of borosilicate glass requires 

the mirror be isothermal to less than O.I°C for image degradation not to exceed 

0.1 arcsecond. The problem of thermal interference by air and the environment 

has been investigated. A method of injecting well controlled air into the cells that 

forces the mirror to be isothermal to within O.I°C has been discovered. 

Mirror seein~ caused by temperature difference between the mirror and 

ambient air can degrade the telescope performance, but can be reduced by careful 

thermal design. A simple theoretical thermal model is used to select the glass 

thickness of a honeycomb structure mirror. Under air ventilation thermal control, 

the mirror responds to changing air temperature in less than an hour, reducing 

mirror seeing also to 0.1 arc second for telescopes at good seeing sites. 
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CHAPTER! 

INTRODUCTION 

Since the 1970's, a number of very large telescopes, much larger than the 

present generation of 4 - 6m diameter, have been conceived and are under develop

ment. The National Optical Astronomical Observatories is designing the National 

New Technology Telescope (NNTT), a telescope to be built with four 7.5m diam

eter primary mirrors combined as a single telescope in the same concept as the 

Multiple Mirror Telescope (MMT), a combination of six l.8m diameter primary 

mirrors. The University of California and the California Institute of Technology in 

collaboration are constructing the 10m Keck telescope (TMT) made from hexago

nal mirrors of l.8m size. The European Southern Observatory is also designing a 

Very Large Telescope (VLT) for the 1990's. Four 8m diameter (possibly steel struc

tured) lightweight mirrors are combined to give the equivalent collecting area of a 

16m diameter mirror. The University of Arizona, together with Ohio State Uni

versity, University of Chicago and Italy are designing and developing technologies 

to build a big binocular telescope with two 8m diameter primaries, conceived of 

as the first elements of a possible future long baseline versatile array of telescopes. 

There are also a number of other 8m diameter telescopes under consideration for 

the next decade. The Mount Wilson and Las Campanas Observatories is planning 

1 
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to build an 8m diameter telescope in Chile. 

Ultimate design goals for future very large telescopes are the lowest con

struction cost (per unit light collecting area) and the best telescope performance 

permitted by the atmosphere (total image aberrations of 0.25 arcsecond). To bring 

down the cost of these very large telescopes requires a completely new design con

cept, which will make the whole telescope compact and lightweight. Light weight 

can be achieved by using either structured lightweight monolithic mirrors or thin 

meniscus segmented mirrors. Compactness can only be achieved by shortening the 

focal length of the telescope by using very fast aspheric primaries, or by using mul

tiple mirrors like the MMT, or both. If very fast f/1 mirrors of 8m diameter can 

be fabricated, it will enable future very large telescopes be built with very short 

focal length. Both light weight and short focal length will lower the construction 

cost of both the telescope structure and enclosure dramatically. 

Segmented mirrors for the 10m Keck telescope are to be made by stressed 

mirror polishing (SMP), a technology developed from the original theoretical ideas 

of Lubliner and Nelson (1980) and Nelson et a!. (1980). Because these segments 

have to be thin for stressed mirror polishing to work, they satisfy the light weight 

requirement automatically, but ii.i'e also necessarily rather ft.exible. Larger focal 

ratio off-axis segments can be combined to form a shorter focal length primary. The 

drawback of segmented mirrors is the requirement of active support and control of 

the alignment of segments, a task possible only with fast computer and accurate 
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control servo. No such telescope exists at present and the TMT will be the first 

of its kind. 

Another way to achieve a lightweight very large telescope is to fabricate 

large lightweight structured monolithic mirrors. These could be made of metal 

or glass. Glass has been the preferred material for optics at visual wavelengths 

because of its long term stability and good polishability. Monoliths are sometimes 

machined to achieve lightweight properties. However, lightweighting a glass blank 

by machining is neither efficient nor cost effective at the 8m diameter size. With 

the success of spin casting, glass can now be molded into a very complicated 

lightweight structured mirror blank (Goble, Angel and Hill, 1985). Spinning the 

molten glass will give a parabolic surface in the process of casting, so that very 

fast &spherics can be generated with no extra grinding necessary. 

Even starting with a cast mirror blank of 8m diameter, with focal ratio 

of f/1 and surface accuracy of 1mm, -Q;he tasks of finishing the surface figure to 

one-tenth of a wave accuracy and controlling the finished figure in the telescope 

environment during operation require other state-of-the-art technological develop

ments. 

In chapter 2, the definition, the scientific motivations and the capabil-

ity requirements of a very large telescope built to serve astronomical research in 

general are discussed. The important design aspects of a very large telescope are 

given. The two crucial technologies needed to satisfy the design goal with very 
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fast primary mirrors are identified. They are polishing very fast aspherics and 

temperature control of borosilicate glass honeycomb structured mirrors. 

Chapter 3 discusses the fabrication of high quality very fast aspheric 

primary mirrors. The reason why the classic way of mirror polishing can not be 

used for the fast aspherics of 8m diameter is given. New state-of-the-art mirror 

polishing technologies are reviewed. Stressed lap polishing is a promising new 

technique for polishing 8m f/l mirrors because it will be very accurate and efficient. 

In chapter 4 details of the design study of a sub-diameter stressed lap are 

given. This design is specifically for t~e polishing of a 1.8m f/1 mirror which will be 

the primary mirror for the Vatican Advanced Technology Telescope (VATT). The 

VATT is a prototype telescope to be built to test new telescope design concepts. 

When a sub-diameter lap is used, the problem of polishing a fast aspheric 

is reduced to that of polishing a sphere with a sub-diameter lap. This task can 

be much simplified and automated when using a computer controlled polishing 

machine together with results from mirror metrology and theoretical modelling of 

surface wear rate. The necessary steps for polishing fast aspherics to high accuracy 

are to model and control material removal rates, find the polishing strokes required 

to produce a. particUlar desired weal' pattern. and control the ~t::egged lap. Details 

of these steps are discussed in chapter 5. 

Chapter 6 discusses the thermal design of large mirrors. A review of large 

mirror geometry and material is given. After discussing the thermal enviroment of 
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future very large telescopes, the thermal response of present large telescope mirrors 

is discussed. This leads to discussion of the design of the thermal properties of 

primary mirrors of future very large telescopes. The thermal characteristics of an 

8m borosilicate glass honeycomb mirror are presented. 

Thermal control of such a mirror is discussed in chapter 7. The heat 

transfer theories are reviewed. Methods of ventilation by air as a means to control 

the temperature of the mirror are described. A full size glass model of a typical cell 

of an 8m diameter mirror has been built to study the results of different ventilation 

schemes. Different ventilation schemes and their experimental results are given. 

The simplest ventilation scheme that satisfies the thermal control requirements of 

an 8m diameter borosilicate glass honeycomb mirror is proposed for future very 

large telescopes. A view of the effectiveness of this scheme from tluid dynamic 

theory and an interpretation of the results of different thermal control experiments 

are also given. The conclusion of this dissertation is given in the last chapter. 



CHAPTER 2 

MOTIVATIONS FOR VERY LARGE TELESCOPES 

Introduction 

This chapter will first discuss different types of very large telescopes 

and then review the scientific importance of a very large telescope. Within the 

capability required by the scientific goals, the telescope should in principle be 

designed to achieve the criteria of efficiency and low cost. The important design 

aspects are given in this chapter. 

A Very Large Telescope 

The definition of 'a very large telescope' must be given before discussing 

its necessity and potential scientific impact. As one looks back into the history of 

astronomical telescopes, 'a very large telescope' does have different meanings at 

different times. The 25-foot telescope that John Ramage, an ambitious amateur 

astronomer, erected at Greenwich around 1825 was considered to be ver;i lai'ge 

in those days, but '25-foot' referred to the length, not the aperture. The 100-

inch (diameter) Hooker telescope that Hale built for Mount Wilson and Palomar 

Observatories around the 1910's was then considered to be very large, but soon 

6 
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became less so compared to the 200-inch Hale telescope in the 1940's. 

In order not to lose our perspective, all the telescopes with apertures 

greater than 3m are plotted in Figure 2.1 versus the completion years. The specific 

details are tabulated in Table 2.1 for reference. In the past 47 years no telescope 

with aperture larger than Sm has been built (with the exception of the Soviet 6m 

Bolshoi Altazimuth Telescope). When considering building still larger telescopes in 

the near future, it seems appropriate to define a 'large' telescope to be of aperture 

4 to Sm. To qualify as a 'very large' telescope, it seems increasing the aperture to 

twice that of the existing large telescopes is appropriate.· 

Size has been defined in terms of light collecting area, but it can also 

be defined in tel'lDS of resolving power, in which case the MMT becomes a 6.8m 

telescope: still only in the large category. A !ong baseline optical and infrared 

interferometric telescope composed of individual small aperture telescopes, like 

the Very Large Array (VLA) in radio astronomy, can also be considered as a very 

large telescope. Since the practical limit of the length of the baseline in visual 

and infrared wavelengths is difticult to project at this time, VLA type very large 

telescopes will not be considered any further. 

A telescope with a ver-3 large lig..."lt collecting area can be achieved with 

a very large (8 to 16m diameter) single dish, or it can be a scaled-up version of 

the MMT with two to four 8m diameter mirrors, or it can be a limited array of 

two to four 8m diameter telescopes. In the last two options, if the full aperture 
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Figure 2.1. Large Ground-Based Telescopes 

This figure shows the years of completion of the large ground-based op
tical and infrared telescopes (above 3m in diameter). The num~ers correspond to 
the different telescopes listed in Table 2.1. -
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Table 2.1 Large Ground-Based Optical and Infrared Telescopes 

Name Diameter f-ratio Year 
(m) Completed 

1. Hale 200-inch Telescope 5 3.3 1949 
2. Shane Telescope 3 5.0 1959 
3. Mayall Telescope 3.8 2.8 1973 
4. Anglo-Australian Telescope (AAT) 3.9 3.3 1975 
5. European Southern Observatory (ESO) 3.6 3.0 1976 
6. Cerro Tololo Interamerican Observatory (CTIO) 4.0 2.8 1976 
7. Soviet Bolshoi Altazimuth Telescope (BTA) 6.0 4.0 1976 
8. NASA Infrared Telescope (!RTF) 3.0 2.5 1979 
9. Canada-France-Hawaii Telescope (CFHT) 3.6 3.8 1979 
10. United Kingdont Infrared Telescope (UKmT) 3.8 2.5 1979 
11. Multiple Mirror Telescope (MMT) 4.5 2.7 1979 
12. William Herschel Telescope (WHT) 4.2 2.5 1987 
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diffraction limited resolution is needed, the mirrors or the telescopes will have to 

be co-phased and co-alignned (see, for example, Hege et al. 1985, for the MMT). 

However, if the telescope is only used to gather photons, then the light from each 

mirror or telescope will only need to be combined into a single focus or be co-added 

from individual detectors for each mirror or telescope. 

The technology for making a single dish over 8m in diameter does not 

exist. The efforts of Angel and Woolf (1983) indicated that an 8m diameter mono

lith is possible and is practical. To go around the difficulty of larger apertures, 

the 10m Keck telescope will use a segmented mirror with 36 hexagonal segments 

each of L8m combined with active alignment to form a 10m dish • .As the aperture 

increases, the number of segments increases quadratically. The problem of active 

alignment becomes more difficult and the overall performance of the telescope may 

not be as efficient. 

The problem of co-phasing a limited array of 8m telescopes due to vi

bration is more difficult than that of co-phasing a close-packed larger version of 

the MMT. The MMT has been successfully co-phased for speckle interferometry 

by Hege et a!. (1985). When a four 8m element MMT is co-phased it will give 

diffraction limited ~esolution equiv-alent to a 22m. aperture if the miTror i"'rer edges 

are separated by about 2m. The total light collecting area is equivalent to a 16m 

dish. For a dual 8m big binocular, the diffraction limited resolution is equivalent 

to an aperture of 20m if the mirror inner edges are separated about 4m, and the 
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light collecting area is equivalent to an 11.3m dish. For the discussion of the scien

tiRc importance in the next section, a very large telescope will be defined loosely 

to have diffraction limited resolution equivalent to that of a 20m aperture and a 

surface area equivalent to a single dish with diameter over 10m. 

ScientiRc Importance of a Very Large Tele~ope 

A very large telescope will contribute to ever.f Reid in astronomy ei

ther directly or indirectly, and will have great impacts in answering many long 

standing questions in astronomy. Like all other scientiRc instruments, it will also 

bring many more enlightening questions about the universe to astronomers. Its 

scientiRc importance has been discussed in great detail in most of the very large 

telescope conferences in the past ( Pacini, Richter and Wilson, 1977, Hewitt, 1980, 

Stl'ittmatter, 1980, Ulrich and !{jar, 1981, Swings and Kjar, 1983, Gehrz, 1984, 

and Ulrich and Kjar, 1984). The summary below will touch upon only a few of 

the areas that will beniRt from a very large telescope. 

Galaxies and Clusters of Galaxies 

Astronomers have gained tremendous knowledge of the universe in the 

past years· from discoveries of galaxies, :.:adio sources, quasa...-s, x .. rey sources, '1-ra",!! 

sources, the 3°K microwave background and many others. The expansion of the 

universe was discovered through observations of redshifts of galaxies, and the Big 

Bang origin of the universe confirmed with the discovery of the microwave back-
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ground. However, details of the formation and evolution of the different objects, 

and of their relation to one another, are not well understood. The reason is in 

part due to the size of existing telescopes. 

The search for primordial galaxies at epochs corresponding to redshifts 

between 2 and 100, as predicted by current galaxy formation theory, is unsuccessful 

with current ground-based telescopes. A very large telescope efficient from UV to 

infrared wavelengths should give a better chance of finding these galaxies. 

Spectroscopic studies of galaxies at different redshifts will give a com

prehensive picture of how galaxies evolve. The present large telescopes only allow 

the detailed observations to z ,.., 0.5. A very large telescope should in principle 

extend the observations to z ,.., 1 for spectral resolution R ,.., 103 in the optical, 

and to z - 2 in the near infrared. 

The interaction of galaxies with the intergalactic medium can be studied 

from the distribution of galaxy velocity, and stellar and gas content of the galaxy, 

as a function of cluster radius. This study is best done with spectral resolution of 

R ,... 103 for extended objects with magnitUdes in the range of 20'" to 26"', a task 

practical with a very large telescope. 

Quasars and Active Galactic Nuclei 

The gain from a very large telescope for quasar studies comes directly 

from the gain in its photon collecting power, because observations of quasars are 
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signal limited in general. Quasars with strong lines can only be identified to 

mv ,..., 22 from current telescopes and careful spectroscopic studies are limited to 

quasars that are brighter than 19m • To find the earliest epoch of quasar formation 

would require deep sky search down to 25m for possible candidates followed by 

spectroscopic studies. The search can be done by either a very large ground-based 

telescope or the Space Telescope. The follow-up spectroscopic observations are 

only practical with a very large telescope. 

Galaxies with surface brightness comparable to the sky brightness around 

quasars can also be more effectively studied with the increased photon-gathering 

power of a very large telescope. This is also true for high resolution studies 

(R > 104 ) of the physical nature of the intervening material between the observer 

and the quasars. Element abundances, temperature and radiation environment, 

for example, of the intervening material back to epochs corresponding toz > 3 can 

be traced from absorption lines of high quality spectra with unambigous redshifts. 

The basic structure of quasars and active galactic nuclei including abundances in 

the line-emitting regions can be deduced from studies of emission line strength, 

spectropolarization and high resolution angular structure. The milli-arcsecond res-

olution of a. ver~ large telescope in speckle ;nterferometric stu.dies will give valuable 

information on the two dimensional structure of faint active galactic nuclei. 
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Star Formation 

The diffraction limited resolution of a very large telescope at infrared 

wavelengths will be very useful in mapping the structure of stellar formation region 

and understanding the global dynamics of the regions. Faint young stars formed 

inside the dust cloud can be studied through high resolution infrared spectroscopy 

with a very large telescope. With the high-resolution advantage, the global picture 

of stellar formation regions in nearby galaxies can also be studied. 

Structure of Late Type Stars 

Studies of the structure of late type stars can give insights to the mass 

loss problem. Speckle interferometry with existing telescopes can only resolve a 

handful of these stars. Resolving the spectral structure of a Ori by multi-band 

speckle interferometry as shown by Cheng et a!. (1986) can a.llowone to measure 

the limb-darkening parameters and the stellar diameter. The increB.8ed angular 

resolution of a very large telescope will allow similar studies of more stars. 

Planetary Studies 

While the photon collecting power and resolution gain of a very large 

telescope will have tremedous impact Oil studies of pla.netG.i:,Y objects like planets, 

asteroids, faint satellites and comets, the experience of building a very large tele

scope will also serve as a stepping stone towards building very large telescopes in 

space. With a 16m space telescope, life signatures of earth-like planets of nearby 
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stars can also be detected by two dimensional multi-broadband imaging in infrared 

(Angel, Cheng and Woolf, 1986). 

Capability Requirements 

The scientific goals discussed earlier place important requirements on 

the capability of future very large telescopes. Programs involving a survey of 

a large number of objects can be effectively carried out if the telescope has a 

good quality wide field capability to accomodate both deep sky imaging in optical 

and infrared and multiple object spectroscopy. The design must ensure efficient 

infrared performance. Low thermal noise from the telescope and adequate mirror 

figure are essential. The telescope must also accomodate efficient high resolution 

spectrographs. Polarization of the telescope must be kept minimal, and must be 

sta.ble for polarimetry. Co-phasing the mirrors for speckle interferometry is also 

necessary. With careful design and engineering, a two or four element super MMT 

of 8m diameter mirrors should satisfy all the above capabilities. 

Important Design Aspects 

The rationale and approach to realize very large telescopes by using 8m 

mil'l'Ol'S as building blocks are given by Angel and Woolf (1983). The design stu.dy 

of a 15m MMT has been given by Angel and Woolf (1986). Nelson, Mast and Faber 

(1986) have reported the design of the 10m Keck telescope. The design analysis 

of a linear array of 8m telescopes is given by Enard (1986). A structural concept 
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for a big binocular telescope with dual 8m f/1 mirrors is given by Davison (1986). 

While the above references have given design analyses of different future very large 

telescopes, the important design aspects common to all will be summarized below. 

1. Scientific Programs. The first aspect of a telescope design is the scientific 

programs one would like to achieve with the telescope. It sets require

ments on the performance and capability of the telescope. This aspect 

should precede all other aspects and should be treated as the heart of 

the project. 

2. Instrumentation. The instrumentation is a direct output of the scientific 

program design. Different scientific goals require different instruments. 

The optimized trade off of different instruments will help the choice of 

an optimized design concept for the whole telescope. 

3. Telescope Optics. Different instrumentations or modes of observation 

will set requirements on the optical design. The goal of the optical design 

should in principle realize maximum throughput for all the instruments. 

From the performance efficiency point of view, a clear route is to use 

lightweight mirrors with short focal length. This will enable the telescope 

be compact, light weight, and lneApen.sive, and to have a.cCUi'ate tracking 

and good vibration properties. 

4. Mirror Fabrication. To satisfy the goal of light weight and fast optics, 

spin casting of honeycomb mirrors is the best solution. Polishing tech-
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nology in the past has limited the focal ratio to no faster than f/2 for 

astronomical telescopes. A problem associated especially with borosil

cate glass honeycomb mirrors is the thermal distortion, which calls for 

active thermal control of the mirror temperature. Mirror seeing becomes 

an important aspect of large telescopes when a good seeing site is chosen 

for the telescope, and it also calls for proper thermal design and control. 

5. Mirror Support. Depending on the geometry of the mirror, different 

support schemes can be implemented. Finite element model analysis is 

a powerful tool to design the support pattern. 

6. Optics Support Structure (OSS). The optics support structure should 

have optimized stability against wind and vibration. The whole struc

ture should have thermal characteristics compatible with the mirrors and 

enclosure. Improper design of the thermal characteristics design of the 

OSS will create large local seeing also. 

7. Enclosure. An enclosure is needed to shelter the telescope under severe 

weather and shield the telescope from strong gusty wind. During the 

day, it insulates the telescope from solar radiation. However, if designed 

incorrectly, the enclosure will release much of its heat during the night 

and cause bad dome seeing. A proper thermal design is therefore nec

essary. The necessity of proper dome thermal design and control can 

be illustrated by the results of thermally controlling the dome of the 
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Canada-France-Hawaii Telescope. Bely (1984) reported that after the 

full thermal control system of the telescope enclosure was implemented, 

the seeing of the CFHT was reduced from 2.5 to 1 arcsecond during the 

period between 1980 and 1984. The current trend of using wide open 

enclosure with low thermal inertia, like the MMT, is a possible option to 

reduce the large amount of air ventilation needed in a traditional dome. 

8. Site. A good site for astronomical telescopes must have good atmo

spheric seeing, low atmospheric water vapor content, clear sky and no 

light pollution. Moreover, it should be close to a major town if possible. 

Candidate sites in the United States are Mount Graham, Arizona and 

Mauna Kea, Hawaii. 

While most of the design aspects are well covered under different de

velopment programs for very large telescopes, serious difficulties remain in such 

aspects as the thermal design and control of the mirror and the polishing of the 

mirror. These two issues, fundamental to the construction and use of very large 

telescopes, will be considered in this dissertation. 



CHAPTERS 

POLISHING LARGE FAST ASPHERICS 

Introduction 

The most difficult task in building a very large telescope with 8m f/l 

primary mirrors is polishing the mirrors. The present large mirror polishing tech

nology would not allow such mirrors to be polished efficiently to the very high 

accuracy called for in the last chapter. It is necessary to develop a new method 

of polishing that will allow the mirrors to be fabricated quickly and economically. 

In this chapter and the next two chapters, a method which promises to efficiently 

polish very large and very fast aspherics is discussed. 

This chapter will first identify the method while the next two chapters 

will deal with designs and details of the method. In this chapter, the reason why 

large f/1 mirrors are so difficult to polish is given, followed by the analysis of 

different large mirror polishing approaches. This leads to the selection of the best 

method for polishing future large f/1 mirrors. 

Why Large f/1 Mirrors are Diffcult to Polish 

Since the days of Newton, astronomers have been fighting to learn how 

to make and polish precision optics for telescopes. Problems faced by the earliest 

19 
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opticians were very different from those faced by modern opticians. They had 

to learn to make a mirror substrate which can be polished to a fine reflecting 

surface without any coating. They also had to invent a method of polishing a 

mirror surface. The mirrors were very small as compared to the big mirrors in 

the modern astronomical telescopes and of very long focal length. Mirrors slower 

than f/10 were common. Because of the long focal length and the small diameter, 

the mirror surface can be a sphere, since the difference between a sphere and a 

paraboloid in this case is within the tolerance of the mirror figure. For a 10 inch 

diameter f/10 mirror, the largest difference between the best fit sphere and the true 

paraboloid is about 0.08 p.m or 0.16 waves for .\ = 0.5 p.m. Polishing by rubbing 

two rigid surfaces together has a natural tendency of producing a spherical surface, 

not a p&.l'aboloid. 

As larger telescopes were built the requirement on the accuracy of the 

optics became more stringent. The departure of a paraboloid from a sphere in

creases with decreasing focal ratio and increasing diameter. Thus the effort to 

fight the natural tendency of polishing in order to give a better approximation of 

the exact aspheric surface is increased. 

If the paraboloid is generated by polishing away the departure of the 

paraboloid from the best fit sphere, then the degree of difficulty of polishing the 

required figure is proportional to the maximum departure. The peak-to-valley 



departure, dza , is given by: 

_4 R 
dZa c:! 6.25 X 10 /3 ' 

where R is the radius of the mirror and / is the focal ratio. 
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(3.1) 

The departures of the paraboloid from its best fit sphere computed for 

a 108m f/1 and a 3.5m f/1.75 mirror are depicted graphically in Figure 3.1. The 

peak-to-valley differences are about 0.569 and 0.207 mm. for the 108m and the 3.5m 

respectively. The ratio of the differences from Figure 3.1 is 2.75, while the ratio of 

the values computed from equation (3.1) is 0.562/0.204 = 2.75 in good agreement. 

Considering the asphericity alone, we can award a relative degree of 

difficulty in polishing mirrors of various diameter D and focal ratio / according 

to equation (3.1). Difficulty depends much more on / than D. Values of dZa for 

different D and / and the relative degrees of polishing difficulty normalized to 

that of a 3m £/5 mirror are given in Table 3.1. Comparing the aspheric difficulty 

of polishing an 8m f/1 to that of a 3m f/5, the degree of difficulty increased by a 

factor of 330. Even for a slow focal ratio off/5 and a size of 3m, such as the mirror 

at the Lick Observatory, the final finishing was done by hand-correction. The task 

of polishing an 8m f/l, judged by th.e 8'!'T'!Ount of asphel'icity alone, is challenging 

enough that the technology in polishing large mirrors must develop in order to 

meet the demanding goal of quarter arcsecond images for the whole telescope. 
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Figure 3.1. Deviations from Best Fit Spheres 

This figure shows the deviations of two paraboloids - 1.8m f/1 and 3.5m 
f/1.75. from. their best :6.t soheres. The amolitudes and slo'Oes of the deviations 
~ive a' sense of the difficult; in parabolizing-the correet fi~es: The 3.5m f/1.75 
is relatively easier than the 1.8m f/1 even though it is a larger mirror. 
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Table 3.1 Degree of Polishing Difficulty for Parabolization 

Mirror Mirror Departure Relative Degree of . 
Diameter D (m) f-ratio f dZa (mm) Polishing Difficulty 

8 5 0.02 2.7 
3 0.093 12 
1 2.5 330 

6 5 0.015 2 
3 0.069 9.3 
1 1.9 260 

5 5 0.013 1.7 
3 0.058 7.7 
1 1.6 210 

4 5 0.01 1.3 
3 0.046 6.1 
1 1.3 170 

3 5 0.0075 1 
3 0.034 4.6 
1 0.94 130 



24 

Different Methods of Mirror Polishing 

The methods of polishing large optics can be classified into three cat

egories. The first category includes methods which polish a paraboloid into the 

mirror surface without bending the mirror or the lap. The second category in

cludes those which polish a sphere into the mirror surface. The true or needed 

asphericity is generated by bending the mirror during polishing. The third cate

gory includes those which polish a paraboloid by bending the lap. The different 

methods of polishing classified under the three major categories are listed in Fig

ure 3.2. Under the first category, there are the classic methods of mirror polishing 

with the use of a full size lap or a sub-diameter lap and the modernization of the 

classic method of polishing with the use of a computer controlled machine and 

very small laps. Under the second category the mirror bending can be induced by 

pressure or by external stresses, whereas under the third category the lap bending 

can be induced by gravity or by external stresses. A general review of each method 

is given below. 

The Classic Method of Polishing 

Newton was the first person to publish the method of using a pitched 

lap to polish a mirror. Before him mirrors were polished by paper or cloth laps. 

Concave mirrors can be made by a convex tool. After grinding the two surfaces to 

fit each other, a coating of pitch is put on the tool. By using a very fine particle 
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This figure shows the eight different methods of polishing. Representa
tive mirrors that are (or will be) polished by the methods are .also given except 
for the classic methods. -
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polishing medium, the mirror can be polished. Pitch is used because it is a viscous 

material. It deforms its shape under pressure. When pitch of similar thickness 

and pad size is used, the viscous property will allow the pitch to flow to achieve 

uniform polishing pressure. This way the polishing tool can be pressed on the work 

to assume a perfect fit. The whole surface of the mirror can then be polished. Also, 

the perfectly fitted tool can allow a smoother change of figure through the change 

of material wear during polishing. 

The method of using pitch to polish a mirror has been perfected by 

many in the history of mirror making. There is no intention to give a review 

of the history of mirror making in this dissertation. For the history one should 

refer to, for example, King (1955). However, the details of the classic method of 

polishing were best described in the two papers by Draper (1864) and Ritchey 

(1904). 

Henry Draper was one of the prominent characters in both mirror mak

ing and astronomy. His name is tied to the polishing machines made nowadays 

which work under the same basic concept as his original machine. A drawing of 

Draper's machine adopted from Draper (1864) is given in Figure 3.3. Both the 

lap and the 1T!;"'1"or are rotatiT)g under this ma.ehine. The lap center will describe 

a hypocycloidai curve on the mirror surface. For a mirror of about 15 inches in 

diameter, the lap size can be 8, 6 or 4 inches in diameter. The sub-diameter size 

laps will allow for local corrections of the figure error. With the machine, mirrors 



._. - -----_ ..... __ ._--_._------------ ----------------------------

Figure 3.3. Draper's Polishing Machine 
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This figure shows the drawing of Draper's Polishing machine (adopted 
from Draper, 1864). Most of the polishing machines nowadays also work under the 
same principle as this machine. 'l'he mirror and the lap are both driven in rotation. 
The lap center driven by the eccentric will describe a hypocyeloidal curve on the 
mirror surface. Sub-size laps of different diameters can be used on the machine. 



28 

can be made efficiently in large quantities. Barker (1888) recorded that Draper 

made more than a hundred mirrors of diameters from 1/4 to 19 inches. This is 

indeed a vast number by 1850's standards. 

George W. Ritchey was another prominent character in mirror making. 

He was famous for his work in polishing the 60 inch and later the 100 inch mirrors 

for Mount Wilson Observatory. He also made his own polishing machine. His 

machine works on the same principle as Draper's machine but is more elaborate. 

There is an additional sliding anchor in the machine to allow the lap center to 

change its positions when the anchor changes its position on the slide. Details 

of the scheme are deferred until chapter 5 where the machine parameters are 

discussed. The mirror turntable of his machine can be tilted to a vertical position 

to allow easier setup for mirror metrology. Because the laps used for larger mirrors 

are larger and thus heavier, a counterpoised level arm is used to take away the 

extra weight of the lap. To avoid the heavy weight of large diameter ribbed cast

iron laps, he alt30 invented rigid lightweight wooden laps. 

The classic procedure for making a large re:B.ecting telescope mirror is 

summarized below. The slab or glass is first ground circular around the edges and 

then flat on both sizes. By the natuxal tendency of grinding tV/C rigid su..-faees 

together, the mirror front face is turned into a sphere which is the edge touching 

sphere of the required paraboloid. The edge touching spherical surface will then 

be the starting point of the parabolization. The most seyere problem in polishing 
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happens when the tool is overhanging at the mirror edges. This will cause over 

polish at the edge - a 'turned-down' edge. By choosing the correct radius of 

the edge touching sphere, any further polishing of the outer edge of the mirror is 

avoided. There will be no turned-down edge in this case. 

The deviation, dz(r), of a paraboloid from a sphere that touches at a 

radius of r 0 from the center of the mirror is given by: 

(3.2) 

where Rp and R. are the radii of curvature of the paraboloid (at r = 0) and the 

sphere respectively. The radius of the touching sphere, R., is given by: 

(3.3) 

For an edge touching sphere with r 0 equals to the radius of the mirror 

R, the maximum deviation, dze , found at r = 0 is given by: 

(3.4) 

with. f being the focal ratio of the paraboloid. The maximum deviation of the 

best fit sphere is about 32% of this value. 

The challenge is to polish away the exact amount of material to give the 

true figure of the paraboloid. Figure 3.4 gives a schematic drawing of the difference 
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Sphere 

Paraboloid 

Figure 3.4. Deviation between Paraboloid and Edge Touching Sphere 

This figure shows the deviation of an edge touching sphere from its parent 
paraboloid. The hatched area is the reiative amount of mater~ais needed to be 
removed during the parabolizing under the classic method of polishing. 
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of the edge touching sphere and the paraboloid. The hatched area is the relative 

material removal needed. To polish the difference, there are two classic approaches 

used by opticians. They involve the using of' either a full size lap or sub-diameter 

laps. 

Full Size Lap Approach 

When a full size lap is used, there is no leverage left to parabolize the 

sphere except by changing the distribution of pitch on the lap to give the correct 

amount of removal. Figure 3.5 shows a drawing of the distribution of pitch pads 

given by Ritchey (1904) for parabolizing. The larger relative area of pitch pads at 

the center will give higher polishing rate. With the use of small radial strokes, the 

zonal characteristics can be smoothed out. When the stroke is slow, the pitch will 

be able to flow to adapt to an off-center shape, thus ensuring the same polishing 

rate across the whole mirror surface. The flow of the pitch together with small 

strokes are essential, otherwise the mirror will have a tendency to go back to a 

sphere. This is because once the surface is aspherized, the off-centered lap will no 

longer give the same polishing rate as in the case of a spherical surface, and the 

change of the rate is in the direction of de-aspherizing the surface. The degree of 

de-aspherization depends on the distance of the off-center stroke, h, the diameter, 

D, and the focal length, F, of the mirror. For small strokes of less than 10 to 15% 
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Figure 3.5. Pitch Distribution of a Full Size Tool 

This figure shows the pitch distribution of a full size tool given by Ritchey 
(19M) for psre.bo1il'-e.tion under the clysic polishing approach. The relatively 
larger areas of pitch at the center will give more wear towards the mirror center 
as is needed for parabolization from an edge touching sphere. 
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of the aperture, the de-aspherization is proportional to 

For a large and fast mirror, the aspherization is much more difficult. As 

the mirror increases in diameter, a full size lap will be much heavier to operate 

and the amount of pitch trimming to give the correct removal rate is more. It is 

really impossible to polish 8m f/l mirrors in this classic method with full size lap. 

Sub-Diameter Lap Approach (Zonal Figuring) 

Laps smaller than the mirror are used for local corrections of figure in 

the classic method of polishing. The sub-diameter lap is carried by a machine 

such as Draper's to polish the mirror. By controlling the strokes and the rotation 

of both the mirror and the lap, figuring can be carried out by removing more 

or less material at different radii. With frequent testing of the mirror surface, 

this approach can result in rather accurate mirrors. The mirror of 15.5 inches in 

diameter that Draper (1864) polished with lap sizes of 8,6 and 4 inches has figure 

good enough to separate the double star ,,/2 Andromedae, which has a separation 

of 0.7 arcsecond. 

There are two kinds of figure ei'i'Ol'B that vile should be cai'eful of in. this 

approach. Because of the smaller lap sizes, figure error of the mirror will become 

zonal. Also, if the tool is moved too quickly, there may be non-radially symmetric 

errors. To avoid the latter error, the lap must be allowed to stay at any position 
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for one or more complete mirror revolutions. The size of the lap will determine the 

width of the zonal errors that one could correct. To avoid an excess of small zonal 

errors, the stroke of the lap should at all time be made such that the polishing is 

done smoothly over the whole mirror. 

Because of the rather large stroke in this approach as compared to the 

full size lap approach, the kind of pitch used must be much softer, so as to allow 

it to take on the change of mirror figure at different lap positions. The viscosity 

of the softest pitch at room temperature is about 108 Ns/m2 (Brown,1977). At a 

polishing pressure of 0.2 psi (which is equivalent to 1380 N/m2), a pitch pad with 

this viscosity of width 3 cm and thickness 1 cm will flow at a speed of 0.1 p,m/s. 

How well or actually how fast the pitch will take on a new shape has a definite 

impact on the dynamic range of the stroke length and the stroke speed. This in 

turn defines how well one can correct the figure error. 

The fundamental difficulty in parabolizing a large fast mirror by this 

approach has to do with the change of shape of an off-axis paraboloid. The change 

of the exact figure as viewed by the pitch of a sub-diameter lap has primarily 

two terms, namely coma and astigmatism. The magnitude of the coma tenn is 

proportional to 
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whereas that of the astigmatism term is proportional to 

Here a is the size of the lap, h is the radial position of the lap center and Rp is the 

radius of curvature of the mirror. As the mirror diameter gets larger, either a or 

h or both have to go up to meet the overall mirror surface correction requirement. 

They will both require an increase in the rate of pitch Bow when the lap used 

is a rigid one. As the mirror becomes faster, that is the radius of curvature Rp 

decreases, it will also require the pitch to have a higher viscous Bow rate. So the 

upper limit of the pitch Bow rate will limit the rate of radial stroke which in turn 

limits the dynamic range of figure corrections. By decreasing the size of the lap, 

the shape adaptation required of the pitch is more relaxed. This is why the 5m f/3 

Palomar mirror was polished with laps as small as 8 inches in diameter in order 

to accommodate both the corrections of small zonal error and the mirror shape 

change. 

Computer Assisted Polishing 

Before the discovery of an adequate theory for prediction of material wear 

during poiishing, the convergence to Ii. required figure relied heavily Gn the intu.ition 

of the optician. When a larger mirror was needed, completely new experience in 

choosing the right polishing parameters was gained through methods of trial and 

error. When an adequate theory of predicting material wear was secured a more 
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objective search of the polishing parameters could be made before the actual work 

on the mirror. This can avoid drastic mistakes caused by wrong intuitions. The 

tedious calculations of the predicted wear under a set of polishing parameters is the 

job of a computer, so the method is called Computer Assisted Polishing (CAP). 

The wear theory developed by Preston (1927) and verified by Katchalov 

(1958) and many others has become the center of computer assisted polishing. A 

detailed description of the theory in the context of finding the optimized polishing 

parameters will be given in chapter 5 when the essentials of using CAP in stressed 

lap polishing are discussed. Preston's theory basically hypothesized that the rate 

of material removal is proportional to pressure and the relative velocity between 

the tool and the work. That is, the material removal rate, ~~, in.m/s is given by: 

dh =kPV 
dt ' 

(3.5) 

where k is the wear constant in l/psi, P is the polishing pressure in psi and V is 

the relative velocity in m/s. 

Many experiments have been conducted to verify this theory and ·some 

also analyze the process of grinding and polishing. Some of the more recent refer-

ences to the subject are Rupp (1965, 1971 and 1972), \Viese and \Va.gueI' (1914), 

Wagner and Shannon (1974) and Meuser (1981). In equation (3.5), the relative 

material wear, as defined by the product of P and V, can be found even if the 

wear constant, k, is not known. The wear constant, k, depends on the size of the 
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grinding or polishing abrasive particles, the hydration condition of the mirror sur

face and the amount of surface cracks. When the variable parameters are constant 

or have achieved a stationary state, the theory will allow the prediction of actual 

wear rate. 

A removal profile computed from Preston's theory was checked by ex

periment (Wagner and Shannon, 1974). The experimental result agreed with the 

theory and only disagreed at the edge of the mirror where the effect of the tool over

hanging the work was important. The effect of tool overhang may have changed 

the pressure distribution on the work. The pressure increase for overhanging tools 

can account for the roll-off edge commonly found in mirror polishing. 

The prediction of the wear, t!:..h, for a period of polishing time, t!:..t, is 

straightforward when the tool relative velocity, V, is .known. For a given set of 

machine parameters, the wear rate due to a given stroke can be calculated through 

equation (3.5). The result of the polishing can also be used to calibrate the wear 

constant. This will allow more accurate prediction of wear and facilitate quicker 

convergence. 

Computer Controlled Polishing 

The method of computer controlled polishing (CCP) is an evolutionary 

step in mirror polishing. It avoids the fundamental limit of the classic Bub-diameter 

lap method of polishing by making the lap extremely small. The heart of the 
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method is Preston~s theory. It basically is the reverse of CAP. Instead of computing 

the predicted wear profile for a given set of strokes using the wear rate theory, it 

is given a required removal rate profile and the computer will compute the best 

set of strokes through equation (3.5). 

The task of finding the appropriate stroke is made easier by the use of 

a very small size tool and also by not rotating the mirror. The tool movement 

is programmed by an XY computer controlled machine. The removal, Ah, is 

controlled by the distance of the tool travel, S, during the time interval, At. That 

is, 

Ah= k P S, (3.6) 

where S = V At. 

When the tool is large, the actual profile, dh, is better approximated by 

convolving Ah with a tool function, T. That is, 

dh= Ah*T, 

= / / dx' dy' Ah(x - x',y - y') T(z',y'), 
(3.7) 

where T(z, y) is defined as unity if (x, y) is within the physical perimeter of the 

tool, and otherwise zero. The effect of the convolution is to smooth the removal 

pattern, Ah, on the scale of the tool diameter. Using equation (3.6) in equation 

(3.7), the actual removal profile, dh, becomes: 

(3.8) 
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With k and P kept constant, S can be computed using the deconvolution theorem: 

(3.9) 

where FT is the forward fourier transform and FT-l is the inverse fourier trans-

form. With specified dh, k, P and T, S can be solved readily. Equation (3.9) will 

give the correct stroke prediction if the parameters k, P and T are kept constant. 

Any varia.tion of the parameters will result in errors of the prediction. By going 

to co~puter controlled machines with accurate servos and with careful attention 

for feeding the polishing slurry, the prediction can be quite accurate. The Hubble 

Space Telescope (HST) 2.4m primary mirror was polished by CCP to a surface 

figure at the O.0049J.'m level (Montagnino, 1985). 

Bent Mirror Polishing 

If a mirror can be polished into a sphere and the parabolizing is induced 

by methods other than polishing, then this will avoid the problem of polishing 

an aspheric surface. One approach is to bend the mirror while the polishing 

continues. After polishing in a sphere, the mirror is released from the bending and 

is allowed to flex back to its original shape. The polished spherical surface will 

now be deformed into the required aspheric shape. The bending can be induced 

by various means which depend on the type of bending needed. The method used 

by Schmidt to bend and polish a Schmidt plate and the method used by Nelson 

to bend and polish an off-axis parabolic segment are reviewed below. 
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Pressure Bending of the Mirror 

B. Schmidt (around 1930) was the first to use the method of "bend and 

polish" to produce aspheric surfaces. Details and references of this method are 

given in King (1955). A parabolic mirror usually gives perfect imaging for an on

axis object, but it gives badly comatic off-axis images. The solution of wide field 

imaging with parabolic mirrors is due to Schmidt who introduced a thin corrector 

plate in front of the parabolic mirror. The thin corrector plate, which is also the 

aperture stop of the telescope, is nearly a plane-parallel plate except for a front 

surface profile, z. (p), in the form of: 

(3.10) 

where 4, b and c are constant parameters and p is the normalized radius. The 

derivation of the exact plate profile is given in Born and Wolf (1980). Schmidt 

made use of the natural deflection under uniform pressure of a thin plate with 

simply supported edges, which is in the same form as equation (3.10), to produce 

his corrector plate. The Schmidt corrector is produced by putting a thin glass 

plate on top of a vacuum tank. As the air is pumped away from the tank, the 

atmospheric pressure will exert uniform forces on the front surface, while the pla.te 

is simply supported on its edges. He then ground and polished the surface to a 

sphere. After releasing the vacuum, the plate is flexed back to its original state, 

leaving the desired polished plate profile. 
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Stress Bending of the Mirror 

The bending of a thin mirror can also be produced by external stresses. 

When an appropriate bending is induced, polishing a sphere on the surface should 

produce an aspheric after the bending is released. This method of stressed mirror 

polishing has been developed by Lubliner and Nelson (1984), Nelson et a!. (1984) 

and Nelson (1984) to polish off-axis parabolic segments for the Keck primary 

mirror segments. The essence of stressed mirror polishing is to utilize both the 

mechanical bending property under external stresses and the short relaxation time 

of glass after the release of the external stresses. 

In the case of polishing off-axis segments, the moment and pressure 

needed to distort the segment from the best fit sphere to the required surface 

is computed from plate theory. The surface is distorted with the computed mo

ment. The best fit sphere is ground and polished. Upon release of the bending, 

the surface should flex into the required shape. In reality, the general principle 

is complicated by the presence of residual annealing stress and by the induced 

or reduced surface stress during grinding and polishing, because they may cause 

undesired warping. The warping caused by the release of residual annealing stress 

when the segm.ent is cut L-,.to keyatonea or he:agcns or when support holes are 

bored in the back can be corrected by using a permanent static warping harness. 

The grinding and polishing induced stess can be eliminated by similar grinding 

and polishing processes on both sizes of the mirror. 
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The difference between stressed mirror .polishing and stressed lap polish

ing comes from the difference between stressing a sphere into an off-axis paraboloid 

and stressing one off-axis paraboloid into another. In stressed mirror polishing, 

because the difference between a sphere and a paraboloid has a p4 term, it requires 

both uniform pressure and edge moment to realize the correct mirror distortion. 

As for stressed lap polishing, the difference between off-axis paraboloids has p2 

and p3 terms, and it only requires edge moment to realize the correct lap bending. 

The stressed mirror polishing technique has its limitations. It is limited 

to glass blanks which are annealed properly. Large amounts of residual stress will 

give an incorrect relaxed shape after polishing and cutting. The glass used must 

not have more than one mobile ion species, since more than one mobile ion species 

will cause much longer relaxation time like weeko or months at room temperature 

depending on the duration and amount of external stress (Charles, 1969). Thus 

the technique is limited to glass, like fused silica, which has only the sodium ion 

as the mobile species. An example of this type of glass is Pryex. Because of 

the strength of glass and the strength of bonding of the external stressing device 

on the glass, the thickness of the mirror is limited. Applying the method to a 

iarge diameter mirror would require the whole mirror to have a very good stress 

release thermal history. 8m diameter fused silica can only be fabricated by fusing 

several smaller pieces together, and the thermal history of different pieces may 

not be even enough. The mirror must be flexible enough to give reasonable values 
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of the required external bending stresses, which leads to difficulty in supporting 

the mirror in the telescope. The lack of rigidity of the mirror makes the stressed 

mirror polishing break down when the mirror is larger than 2m (Barr, Richardson 

and Shu, 1986). Therefore, this method is not applicable for monolithic mirrors 

8m in diameter. 

Bent Lap Polishing 

The second avenue to circumvent the problem of parabolizing large and 

fast &spherics is by bending the lap to adopt the necessary changes of shape instead 

of bending the mirror. In the bent lap method, there are two domains. When the 

lap is about the same size as the mirror, the bending can be induced by gravity. 

When the lap is smaller than the mirror, the bending must be induced by external 

stresses. 

Gravitational Bending of a Full Size Lap 

The method of full size lap polishing with bending by gravity has been 

developed and used to polish the 4.2m primary mirror of the William Herschel 

Telescope (WHT) by Brown (1986) at Grubb Parsons. This method utilizes the 

gravitational bending of the lap when the la.p is off-ce:u:te1'6d ~I.d oV6i'hung a.t the 

edge of the mirror to match the required shape change for the lap to fit the desired 

figure. By selecting the appropriate lap thickness profile, the overhung moment 

can induce the correct change in radial curvature of the lap. The approximate 
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equation for the specific lap thickness profile, t(r), needed for a mirror with specific 

diameter and focal length (Brown, 1986) is: 

D 
_ [32w(r - "2>]1/3 

t(r) - F DE ' (3.11) 

where F and D are the focal length and diameter of the mirror respectively, W is 

the unit loading, and E is the Young's modulus of the lap. 

For a 4.2m f/2.5 mirror, an aluminum full size lap will have edge thickness 

of 3 mm. To limit the astigmatic lap bending, stiffening rings near the outer edge 

are used. The WHT mirror polished by this method has final wavefront difference 

rms error of V < (z(z) - z(z + o6.z»2 > < O.015~ at separations of z = 2cm. 

According to Brown, a gravitationally bent lap for polishing an 8m f/l mirror is 

practical. However, to improve the surface smoothness, pitch facets of different 

sizes on the same lap should be used. This technique may well be essential if 

smoothness of less than O.OlA rms is needed. Pitch servicing for 8m diameter size 

is a major problem, and calls for new developments in effident automatic pitch 

trimming devices. 

Stress Bending of a Sub-diameter Lap 

When a sub-diameter iap of 1/3 or 1/4 mirror diameter is used to polish 

a large and stiff mirror, the change of shape of the lap to adopt the desired mirror 

figure can only be induced by external stresses. The external stresses can be sup-

plied by force actuators and bending lever arms. This method has been discussed 
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by Angel (1984). When a sub-diameter lap is used, the lap can be rather stiff, and 

thus its ability to suppress small scale ripples is strong. When the active changing 

of the lap shape is controlled by accurate computer controlled servo actuators, the 

lap shape can match the desired figure accurately. When the overall smoothness is 

maintained through careful planning of the radial strokes by computer modelling 

of the material removal rate, a highly accurate optical surface can be fabricated. 

The beauty of the sub-diameter stessed la.p a.pproach is that by changing 

the forces on the actuators, which is readily done by computer software, different 

off-axis parabolic shapes can be produced. Therefore, the same lap and actuator 

design can be used for mirrors of different focal ratios and diameters. By sub

diameter stressed lap polishing, the mirrors of different future very large telescope 

projects, which may have different diameters and focal ratios, can be fabricated in 

the same polishing machine or in different machines with the same design. This 

will further optimize the production costs of the mirrors. 

The Best Method for Polishing 8m f/1 Mirrors 

After reviewing the different methods for polishing, it seems that the 

sub-diametex stressed lap method is the mast prc-rn;qing approach for polishing 

8m f/1 mirrors for future very large telescopes. The classic method of polishing is 

not suitable because it is too inefBcient. It is also doubtful whether the method 

is adequate for realizing the required accuracy for surfaces as fast as f/l. The 
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computer controlled polishing, though it has been very successful with mirrors of 

- 2m diameter, will not be efficient for 8m size because of the much larger area. 

The bent mirror method is also not suitable for the stiff 8m mirror. The candidates 

left are the full size gravitationally bent lap and the sub-diameter stressed lap. 

Full size gravitationally bent laps of 8m diameter pose challenges in the 

proper design of the lap for bending and for handling. The heavy lap also put 

demands on the proper design of the polishing machine. Thermal control of the 

lap and the mirror starts to become important since the heat generated due to 

polishing is trapped in between the mirror and the lap. Quality control of the 

large amount of pitch, in its homogeneity and purity, is also important. 

For the sub-diameter stressed lap, with size of 1/3 or 1/4 mirror diameter, 

the problems of the lap weight, the polishing pitch, and the thermal distortion 

are not so important. Because a computer is used to control the lap bending, the 

polishing machine can be automated for control by the same computer. This allows 

the luxury of using the methods of computer controlled polishing and computer 

assisted polishing without much extra cost. The figure error corrections can be 

very efficient with the use of computer modelling of material wear. It also has the 

merit of fie:dbility for polishing large n'1!;"'!'On! of different foeal ratios. LT!. Bum, it 

should be the best method for polishing 8m f/1 mirrors. The next two chapters 

will therefore be devoted to design studies of the method of computer controlled 

sub-diameter stressed lap polishing. 



CHAPTER 4 

DESIGN STUDY OF A SUB-DIAMETER STRESSED LAP 

Introduction 

As part of the technology development towards fabricating very fast (f/1) 

8m borosilicate honeycomb mirrors, a prototype 108m f/1 mirror was spun cast 

by Goble, Angel and Hill (1985). This mirror was cast in a honeycomb structure 

geometry similar to that of the 8m diameter lightweight mirrors of future very 

large telescopes. The mirror face plates are about 3.5cm thick and the hexago

nal cells are 22cm wide with rib thickness of 1.72cm. The sagitta depth of the 

mirror is 11.4cm. The face plates will be ground to a thickness of 2.5cm before 

polishing. The mirror will be polished with a stressed lap and be used as the 

primary mirror for the Vatican Advanced Technology Telescope. The VATT, the 

first f/1 astronomical telescope, will be serve as a prototype for future very large 

telescopes. 

A 2m. c01l"lr'!puter controlled polishing machine is presently being built at 

the Large Mirror Laboratory of Steward Observatory. A stressed lap of 1/3 mirror 

diameter will be used to fine grind and polish the surface of the 1.8m f/1 mirror. 

Details of the polishing machine design will be given in the next chapter. In this 
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chapter, details of the design of the O.6m diameter stressed lap will be given. The 

analysis of the stressed lap described in this chapter will be of general application 

to the design of any sub-diameter stressed lap for mirrors of different diameters 

and focal ratios. However, the physical values used in the design given in this 

chapter are specifically for the O.6m diameter lap and the 1.8m f/1 mirror. For 

polishing 8m f/1 mirrors with 1/3 or 1/4 diameter laps, the design anaylsis is 

readily done by putting in the appropriate physical va.lues. 

Overview of a O.6m Stressed Polishing Lap 

The design of the stressed lap given below evolved from the idea of 

stressed lap polishing by Angel (1984). In Angel's paper, the feasibility of stressed 

lap polishing was demonstrated by stressing a circular plano-concave glass disc. 

The concave mirror surface was chosen for convienience of testing by holography. 

The glass disc was 33.3cm diameter and 2.5cm thick with a radius of curvature of 

3m. There are 24 stressing arms epoxied to the circumference to apply stress to the 

edge. Details of the system are shown in the picture in Figure 4.1. A cross-section 

of the test model is given in Figure 4.2. By changing the tensions of the cables, the 

lever arms applied bending moments on the circumference. The deflection of the 

glass disc is given by the linear superposition of the deflections of all the 24 bending 

moments. The influence function of one lever arm was measured. The required 

tensions of the 24 lever arms to deflect the glass to fit an off-axis paraboloid were 
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Figure 4.1. Photograph of a Stressed Lap Test Model 

This figure shows a photograph of the stressed lap test model in Angel 
(1984). "i'he iap is made of piano-concave glass. The 24 bending moment actuators 
are made from aluminum lever with guitar keys, springs and fishing lines. 
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Figure 4.2. Cross-section of the Stressed Lap Test Model 

This figure shows a cross-section of the stressed lap test model in Angel 
(1984). The bending is induced by the force exerted by the spring on the lever 
aJ."m. The SPl'ing is connected by a V-shaped cable to the lowei' a..a.--ms of the le-~e:rs 
adjacent to the end diagonally opposite. Tightening the cable tensions by turning 
the guitar keys will induce different bending moments on the glas~ disc. 
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also computed by the least-squares method. The best fit rms error of a de8.ected 

off-axis parabolic surface in the form of p2 (2 + cos 28) + p3 cos 8 is about 0.36% of 

the maximum deflection. This accuracy of will allow high quality optical surfaces 

be fabricated. 

Adopting this glass disc test model as the basic design of the 0.6m diame

ter stressed lap, the spring and fishing-line lever system will have to be replaced by 

high accuracy servo-controlled tensioning levers. Hereafter, the tensioning devices 

will be called actuators. The high accuracy servo-controlled actuator is electro

mechanically driven. 

A candidate actuator is shown in Figure 4.3 which shows the 0.6m 

stressed lap centered at the edge of the L8m mirror. The basic principle of the 

tensioning mechanism is as follows. A nut on a ball screw is driven by an electric 

motor through a gear train. The screw, which is restrained from rotation by a ball 

spline, moves to pull on the two attached cables, and thus increases the tension in 

the cables. 

This actuator will be at the top of a 2 inch wide, 3/8 inch thick steel 

column which is attached to the perimeter of the circular aluminum lap. When 

the cables start to increase in tension, the actuator column will bend, and induce 

a bending moment at the edge of the lap. The bending moment can be sensed by 

means of a torque wrench arrangement. An unstressed arm from the same root 

as the bending column will be used as a reference to detect the bending of the 



m = Motor 
r = Reducer 
g = Gearset 

LVDT 

s = Ba \I Screw 
c = Cardon Joint 
w = Whiffletree 

t = Cable Termination 
bs= Ball Spline 

Figure 4.3. Schematics of Aluminum Stressed Lap on Mirror 
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This figure shows the schematics of a O.6m stressed lap sitting near the 
edge of a 1.8m f/1 honeycomb mirror. Also shown in this figure are the candidate 
actuators and the linear variable distance transformers (LVDT) which are used as 
the feed-backs to the servo control loop of the force actuators. 
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stressed column. The bending can be measured by a linear variable distance 

transformer (LVDT). The amount of bending to :6.rst order is linearly proportional 

to the force generated by the actuator. The LVDT reading will be used to close 

the force control servo. 

There will be 24 bending moment arms evenly spaced on the perimeter of 

the lap at 15° separation. The 15° angular separation will give adequate variability 

to :6.t the triangular coma (p cos 3(J) term which is discussed later in the section 

on the needed defl.ection of the lap. By changing the forces of the 24 actuators, 

an off-axis parabolic shape can be induced. The adequate change of shape as the 

lap rotates and translates to different parts of the mirror is the key to the success 

of stressed lap polishing. The positions of the lap (both r and 6) with respect 

to the mirror, which are encoded by precision r and (J encoders, will be used as 

input parameters to change the forces of the 24 actuators to give the desired shape 

change. 

The system design of the stressed lap discussed in this chapter will focus 

on the questions of the needed shape change, the needed actuator forces and the 

actuator cable layout. The performance of the system will be deferred to the next 

chapter when the polishing machine design is discussed. 

Needed Deflection of the Lap 

The needed defl.ection of the lap as it moves from the. center to the 
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edge of the mirror blank can be represented by the deBection of an on-axis to an 

off-axis paraboloid. The exact and approximate forms of an off-axis paraboloid, 

the intrinsic shape of the lap when no edge moment is applied and the needed 

deflection are discussed in the following sections. 

Exact Form of an Off-Axis Paraboloid 

The required shape of the lap during polishing is a parabolic segment of 

the desired mirror figure. When the lap is centered at a radial distance, h, from the 

center of the mirror blank, the parabolic segment is an off-axis paraboloid. To find 

the form of an off-axis paraboloid, the on-axis paraboloid has to be transformed 

from the mirror center co-ordinate system to a lap center co-ordinate system (see 

Figure 4.4). Denoting the mirror co-ordinate system by (i, y, z) and the lap co-

ordinates system by (x, y, z), the on-axis paraboloid in the (x, y, z) system is simply 

given by: 

(4.1) 

and the off-axis paraboloid in the (x, y, z) system is given by transforming equation 

(4.1) first by a simple translation and then by a simple rotation: 

lx\ 

l:) (4.2) 

where tP = arctan(h/ R,,), and R" is the radius of curvature of the mirror. For an 

f/l mirror, R" is four times the radius of the mirror aperture, Rm. Rewriting the 
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h ~I 

Figure 4.4. Mirror and Lap Co-ordinate Systems 

This figure shows the co-ordin&te system of the mirror in (i, ii, z), and 
that of the lap in (z, '11, z). cf; is the tilt angle of the lap vvhen it i:;: center2d at a 
distance, h, from the mirror center. 
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transformation of (i, jj, z) into (x, y, z) by: 

(
:) = ( :ccosl/> - ;SinH:' ) , 
z :z; sin 4> + z cos 4> + 2Rv 

(4.3) 

substituting (x, jj, z) into equation (4.1), and solving the quadratic equation in z 

to satisfy the boundary condition z = 0 when :z; = 0 and y = 0, the exact form of 

the off-axis paraboloid is given by: 

cos2 4>sin
2 

4> [cos2 4>( ;v)2 + (;v )2] } 
1- :z; 2 . 

[1 + cos2 4>sin2 4>( Rv)] 

(4.4) 

Expanding equation (4.4) in terms of power series, the off-axis paraboloid is given 

by: 

where 

ca
2 

,v2( ~ ~2 3 )( 1 1 2 5 3 ) Z = --p 1 - (J + (J - 6 +... 1 + -f + -f + -f + ... , 
2Rv . 4 8 64 

c = cos if> = [1 + (;v )2]-1/2, 

S = sin if> = (~)[1 + (~)2]-1/2, 
Rv Rv 

p2 = [c2(=)2 + (! )2], 
a a 

_ (csa)2_2 
fo - R" p, 

(4.5) 
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and a is the radius of the lap. 

At the center of the mirror, (that is, when h = 0, or sincfo = 0 and 

cos tP = 1) the shape of the lap given by equations (4.4) or (4.5) is reduced to that 

of an on-axis paraboloid which is given by: 

(4.6) 

where p is the normalized radial position on the lap. 

Approximate Form of an Off-Axis Paraboloid 

To approximate the exact form of the off-axis paraboloid given by equa-

tion (4.5) to a required accuracy, the number of terms needed to be included in 

the power series must first be investigated. From Table 4.1, if an accuracy of 0.1 % 

is needed for polishing an 1.8m f/1 mirror with a 1/3 diameter lap, in the series 

of (h/ RtI )"' or (ah/ R~)n the maximum number of terms needed for (h/ R tI)"' is 

m = 4, and for (ah/R~)n is n = 1. 

To an accuracy of 0.1%, the following approximations are used to eval-

uate the approximate form of the off-axis paraboloid in lap polar co-ordinates 

(p,O). 
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Table 4.1 Values of Powers of (hI Ru) and (ahl R~) 

n 

1 2.5x10-1 2.08xlO-2 

2 6.2x10-2 4.34xlO-4 

3 1.6xlO-2 9.06xlO-6 

4 3.9-.• dO-3 

5 9.7xl0-4 

6 2.4xl0-4 

a = 12 inches, h = 36 inches and Ru = 144 inches. 
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p2 = p2{[1 _ !(!!:...)2 + !(!!:... )4] + cos 20[-!(!!:...)2 + !(!!:... )4]}, 
2 Rv 2 Rv 2 Rv 2 Rv 

6 = (a~)pCOSO[l- !(!!:...)2 + 15 (!!:...)4] , 
Ru 2 Rv 8 Rv 

fo = (~~)2P2{[1_ i(;)2 + ~(;u)4] +COS20[-~(;v)2 + ~(;)4]}, 

p2 cos tP = p2{[1 - (!!:...)2 + ~(!!:... )4] + c~s 20[-!( ~)2 + !( ~ )4I). 
Rv 8 Rv 2 Ru 4 Rv 

The approximate form of an off-axis paraboloid to 0.1% accuracy is given by: 

(4.7) 

Values of the constants in equa.tion (4.7), listed in Table 4.2, are computed for 

h = Rm = 36 inches, Rv = 144 inches, and a = 12 inches. The values of z(h, 0) 

in inches computed from equation (4.7) at h = 0 and h = Rm are given in Table 

4.3, for a = 12 inches, p = 1, Rv = 144 inches, and Rm = 36 inches. 

The Intrinsic Shape of the Lap 

In order to ensure that all actuators are preloaded, the intrinsic (un-

stressed) shape of the lap must have a radius of curvature slightly larger than the 

largest desired radius of curvature. The largest desired radius occurs at the edge 

of the mirror, h = Rm (see Figure 4.5). When the intrinsic shape of the lap is 



Table 4.2 Vaules of Constants in the Approximate Form 
of an Off-Axis Paraboloid 

Constants inches 

1 a2 
0.5 

2R" 

1 a2 h 2 
3.125xl0-2 ---2 R3 

" 
la2 h 2 

1.562xl0-2 ---4 R3 
" 

9 a2 h 4 
2.197xl0-3 ---

16 RS v 

3a2 h4 
1.465x10-3 ---8 R5 

" 
la3h 

1.042xl0-2 
2 R3 v 

11 a3h3 
1.79OxlO-3 ---

8 RS v 

1a3h3 
1.627x10-4 

QJ)6 
W> ..... .., 

a = 12 inches, h = 36 inches, and R" = 144 inches. 
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Figure 4.5. Cross-sections of the Lap at Different Positions 

61 

This figure shows the different cross-sections of the lap. The solid line is 
the intrinsic shape of the lap without any deflection. The long dashed line shows 
the ahapa of the ,lap a.t the cen.ter of tha mL.---rOl' with me..~'!!!!!. deReetio!l. The 
short dashed line shows the shape of the lap with its center at the edge of the 
mirror. The insert shows the relative positions of the lap. 
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machined to a sphere, the radius of the sphere, Ro, is defined by: 

Ro = R" +DR, 

where DR is the difference of the two radii. The lap intrinsic shape to 0.1% 

accuracy is given by: 

a2 a4 
Zo = __ p2 + __ p4 + ... 

2Ro 8R~ • 
(4.8a) 

For a minimumpreloaded symmetric deflection, DZo , at the edge of the lap of 0.02 

inches, the radius, Ro, can be computed by requiring: 

(4.8b) 

with p = 1. Using values of Z from Table 4.3 together with equations (4.8a and 

b), Ro is 162 inches for R" equal to 144 inches. 

Approximate form of the Needed Deflection 

The deflection of the intrinsic shape of the lap to the on-axis paraboloid 

at h = 0 is defined by: 

(4.9a) 

and the deflection of the on-axis paraboloid to an off-axis paraboloid at h is defined 

by: 

aZ(h) = z(h) - z(h = 0), (4.9b) 

Therefore the deflection from the intrinsic shape of the lap at h is given by: 

dz(h) = aZ(h) + azo• (4.9c) 
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The approximate form of dz( h, p, fJ) is given by: 

(4.10) 

Values of J!:..zo, J!:..z, dz and Zo are given in Table 4.3. The maximum needed 

de:8.ection of the lap is 0.05495 inches and is the de:8.ection of the intrinsic shape 

to the on-axis shape. 

Alternate Approximation of the Needed De:8.ection 

Following the method by Parks (1980), the de:8.ection of an off-axis 

paraboloid from its vertex sphere can be approximated by: 

(4.11) 

with 

Carrying out the expansion of r 4 and r6 to accuracy of 0.1%, and neglecting tilt 

and piston errors, the de:8.ection from its vertex sphere to an off-axis paraboloid 

at a radial position, h, from the mirror center is given by: 
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Table 4.3 Vaules of Edge Deflection of an Off-Axis Paraboloid 

(J 

inches 

z(h = 0) 0.5 0.5 0.5 

z(h = Rm) 0.44832 0.485101 0.465254 

Zo 0.44505 0.44505 0.44505 

Azo 0.05495 0.05495 0.05495 

AZ(h=Rm) -0.05168 -0.014893 -0.034146 

dz(h = Rm) 0.00321 0.040051 0.020204 

p = 1 , a = 12 inches, Rm = 36 inches and R" = 144 inches. 
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(4.12) 

Since this approximation did not do the a.ppropria.te rota.tion, the amount of de-

flection calculated is larger than the true value and is reflected in the discrepancies 

of the higher order terms (i.e., terms having factors of l/R:) in equations (4.10) 

and (4.12). However, if accuracy up to the second order approximation is needed 

(i.e., terms having factors of 1/ R: only), then the two methods are identical. 

Measured Influence Function 

To demonstrate the feasibility of stressed lap polishing, Angel (1984) and 

Phil Lam measured by holography the influence function of a glass disc by applying 

edge bending moments. Figure 4.6 shows the two dimensional gray picture of the 

measured influence function. In the picture, the white color is regions of minimum 

deflections and the dark regions of maximum deflections. The measurement is 

averaged over the line of reflection symmetry (i.e., the x-axis). In Figure 4.1 

the angular dependence of the deflection pattern is shown. The various curves 

represent various constant radius angular dependences, with the top being the 
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x 

Figure 4.6. Two Dimensional Gray PictUl'e of Measured Glass Model 
In:8.uence Function 

This figure sho,-;:; the tV-IO dimensional gray pictu:re of the measured glass 
model in:8.uence function by Angel (1984). The x-axis marks the position of the 
bending moment applied at the right side. The largest de:8.ection is shown in black. 
The white shows the least de:8.ection. 
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Figure 4.7. Deflections of Measured Glass Model Influence Function 

This figure shows the deflection of the measured glass model influence 
function at various radial zones versus angular position angle, (J. The bending 
force is applied at fJ = o. The top curve is the deflection of the outermost radiai 
zone (p = 1), and the bottom curve is that of the innermost (p = 1/7). 
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0.0 
7.5 

15.0 
22.5 
30.0 
37.5 
45.0 
52.5 
60.0 
67.5 
75.0-
82.5 
90.0 
97.5 

105.0 
112.5 
120.0 
127.5 
135.0 
142.5 
150.0 
157.~ 

165.0 
172.5 
180.0 

Table 4.4 Glass Disc Influence Function 

1 
7 

3.75 
3.65 
3.50 
3.55 
3.40 
3.35 
3.15 
3.15 
3.15 
3.15 
2.95 
2.85 
2.77 
2.65 
2.62 
2.55 
2.45 
2.40 
2.30 
2.27 
2.27 
2.20 
2.20 
2.22 
2.30 

2 
"7 

3 
"7 

4 
"7 

5 
"7 

Deflection (in units of 0.32J.'m) 

5.00 6.70 9.00 12.0 
4.80 6.45 8.70 11.6 
4.70 6.25 8.25 11.0 
4.72 6.15 8.00 10.3 
4.45 5.85 7.65 9.80 
4.30 5.50 6.95 8.70 
3.95 4.95 6.15 7.60 
3.75 4.60 5.50 6.55 
3.65 4.22 4.80 5.50 
3.32 3.70 4.20 4.65 
3.20 3.40 3.55 3.75 
2.95 3.05 3.05 3.00 
2.75 2.67 2.55 2.40 
2.55 2.35 2.i7 1.95 
2.35 2.25 1.90 1.60 
2.32 1.95 1.70 1.35 
2.17 1.80 1.60 1.32 
2.05 1.72 1.55 1.30 
2.00 1.80 1.65 1.50 
1.95 1.75 1.75 1.75 
1.80 1.75 1.80 2.00 
1.87 1.80 1.90 2.20 
1.87 1.87 2.10 2.45 
1.90 1.90 2.17 2.55 
1.80 1.90 2.20 2.60 

----- ------------

6 
"7 

16.20 
15.50 
14.55 
13.40 
12.40 
10.70 
9.10 
7.60 
6.25 
5.10 
3.90 
2.95 
2.20 
1.60 
1.17 
1.00 
1.00 
1.15 
1.40 
1.77 
2.20 
2.47 
2.75 
3.10 
3.15 
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1 

22.30 
20.55 
18.75 
16.70 
15.00 
12.80 
10.75 

8.90 
7.10 
5.60 
4.12 
2.75 
1.77 
1.22 
0.75 
0.75 
0.77 
0.92 
1.25 
1.85 
2.50 
2.85 
3.30 
3.62 
3.75 
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outermost radial zone and the bottom the innermost. Digitized values of the 

measured influence function are tabulated in Table 4.4. 

The 24 Actuator Forces 

From the measured influence function for unit bending force, lo(p, B), the 

forces needed on the 24 actuators to bend the lap to a desired deflection, dz(p, II), 

can be computed. With fixed mirror and lap dimensions, the desired deflection, 

dz(p, 11), depends only on the radial position, h, of the center of the lap from the 

center of the mirror, and the forces on the actuators depend on the radial position 

angleS of the actuators. 

Following the notation of Angel (1984), the 24 influence functions of the 

24 actuators are denoted by: 

1i(P, B) = R(t/> = iAt/»lo {p, B'), for i = 1,···,24, (4.13) 

with At/> = 15° and R(t/» a simple rotation of t/>. In order to allow for tilt and 

piston errors, their corresponding influence functions are also given by: 

12s{p,B) = pcosB, 126 (p,B) = psinB, (for tilt), 

and 127(p, B) = 1 (for piston). 

From linear static theory of thin plate bending, the amout of deflection, 

dZi(P, B), on the plate for a particular actuator force, ai, is given by a simple 
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scaling of the unit force influence function, Ii, thus giving the deflection: 

(4.14) 

To bend the lap to fit a desired off-axis parabolic segment, dz(p, 0), of the required 

mirror at a position, h, away from the mirror center, would require the 27 influence 

functions to give the best X2 fit. That is, 

(4.15) 

Carrying out the algebra, the values of the force coefficients, ai, can be solved by 

the matrix equation: 

(4.16) 

The required shape, dz(p, 0), is given by equation (4.10) to 0.1% accuracy. There 

are four fundamental components to the shape, namely focus (p2), astigmatism 

(p2 cos 20), coma (p3 cos 8), and triangular coma (p3 cos 38). Because the deflection 

function of a thin plate has the p2 and p3 terms, by adjusting the 24 forces, 

equation (4.14) will fit quite well to any off-axis paraboloid. 

The forces for different required shapes were calculated using the mea-

sured glass disc influence function. The rms errors of the fitted shapes are tabu-

lated in Table 4.5. To check the individual fits of the four orthogonal component 

functions, p2, p2 cos 20, p3 cos 0, and p3 cos 30, the solution of the actuator forces 



Table 4.5 Results of Fitting Glass Model Influence Function 

Fitted Shape 

p2 

p2 cos 20 

p3 cosO 

p3 cos 30 

h = 0 inches 

8 

12 

24 

28 

32 

36 

RMS of Fit 

Fits of Orthogonal Functions 

0.004 

0.018 

0.009 

0.103 

Fits of Off-axis Paraboloids 

0.28Ox10-3 

0.275x10-3 

O.269xl0-3 

0.261x10-3 

0.269x10-3 

0.287x10-3 

0.313x10-3 

RMS in % of 
Maximum Deflection 

0.4 

1.8 

0.9 

10.3 

0.423 

0.415 

0.512 

0.434 

0.465 

0.522 

0.602 
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Figure 4.8. Actuator Force Pattern to Produce Astigmatic Deflection 

This figure shows the actuator force pattern needed to produce an astig
matic deflection (p2 cos 29). The actuators are at positions e = 11. x 15°, ?lhere 
n = 0, 1,2, ••• ,23. The vertical scale is arbitrary. 
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Figure 4.9. Actuator Force Pattern to Produce Comatic Deflection 

This figure is the same 88 Figure 4.8 except that the de:8.ection is coma 
(pa cos B). 
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Figure 4.10. Actuator Force P.atterns for Off-axis Parabolic Deflections 

This figure shows the actuator force patterns needed to produce off-axis 
parabolic deflections. The forces calculated are for a 0.6m aluminum lap and 
a 1.8m f/l concave mirror. The lap has an intrinsic convex spherical shape of 
radius Ro = 162 inches. The force patterns are for the lap center a.t positiof'lS 
h = 0,4,8, ••• ,32 inches from the center of the mirror. The force of each actuator 
depends on the position angle, (J, of the actuator with respect to the mirror radial 
vector. 
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for each individual term was computed. The results are included in Table 4.5. 

In Figure 4.8 and 4.9, the relative actuator forces for p2 cos 20 and p3 cos 0 are 

displayed. In Figure 4.10, the actuator forces at positions h = 0, 4, 8, ••. , 32 inches 

are plotted for a 0.6m spherical lap with radius Ro = 162 inches fitted for a 1.8m 

f/1 mirror. 

The force of the actuators when the lap is centered at the mirror blank 

(h = 0) can be determined by thin plate bending theory. Using the formulae for 

plates in Roark (Table 24, page 332), the following assumptions are made : 

1. Plate is flat, of uniform thickness, and of homogeneous material. 

2. Thickness is less than 1/4 of the diameter. 

3. All forces are normal to the plane of the plate. 

4. Plate is stressed below the elastic limit. 

Using load case 5a (Roark, page 351), uniform support on the edges, the deflection 

at center, Yb, and angular deflection at edge, Oa" are given by: 

6Moa2 

Yb = Et3 (1 - v), (4.17) 

and 

o _ _ 12Moa(1_ ) 
a - Et3 V , (4.18) 

where Mo is the unit edge bending moment (in-Ib/in), a is the radius of the plate 

(in), t is the thickness of the plate (in), E is the modulus of elasticity (psi), and v 

is the PoissoncoeHicient. Given the center deflection (Yb), the lap material (E,v), 
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and the lap size (t, a), the required unit edge moment (Mo) can be predicted. 

Knowing the number of actuators (N) and the perpendicular distance (e) from 

the edge to the tension vector, the bending force of each actuator is given by: 

F = M027ra 
eN' (4.19) 

For the case of an aluminum disc with a = 24 inches, t = 1.15 inches, e = 6 

inches, N = 24, and the aluminum properties of E = 1.05xl07 psi, and v = 0.33, 

a center deflection of Yb = 0.055 inches is given by a unit bending moment Mo 

= 330 in-Ib lin, and this corresponds to an actuator bending force of F = 350 lb. 

By allowing a preloaded force on each actuator of about 100 lb, the maximum 

actuator force needed is about 500 lb. 

For fixed plate geometry and center deflection (i.e., fixed a, t, e, N and 

Yb), by changing the material used (i.e., changing E and v ), the unit edge bending 

moment, Mo, and thus the bending force, F, will be changed. Nominal values of E 

and v for steel are 3xl0" psi and 0.33 respectively. Since E of aluminum is 1/3 of 

steel, and v is the same, the required forces on an aluminum plate are 1/3 those on 

a steel plate. By choosing aluminum as the material for the lap, only a maximum of 

500 lb bending force is needed on each actuator, and the corresponding maximum 

cable tension is 300 lb if the two cables on each actuator are separated at an angle 

of 400
• The validity of these calculations has been checked directly by measuring 

the bending of a 24 inch diameter, 1 inch thick steel plate. The predicted and 

measured bending agreed to within the accuracy of the detector used (0.1 I'm). 
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Actuator Cable Design 

The proposed stressing system has 24 force actuators to supply bending 

moments at the edges of the lap. Having each actuator connected by the cables 

across the lap to the opposite edge will ensure that all forces are balanced within 

the lap. Because the spindle driving the motion of the lap is at its center, the 

cables are attached at a position slightly oft' the direct opposite end by an angle, 

1l.(J, measured from the center of the lap. In the prototype glass disc model all 

cables are attached to the actuators at the same height above the surface of the 

lap. As a result, cables of opposite directions cross over each other near the middle 

of the lap. The eft'ect of fouling at the crossover on cable tension is negligible when 

the cable diameter or the cable tension is small. For the 0.6m aluminum lap, with 

maximum cable tension of 300 lb, the cables used will have to be about 0.09 inches 

in diameter. The cable crossover fouling will become significant. Therefore, a 

geometry for the cable layout is needed in order to maximize the clearance between 

cables without significantly increasing cable tension for the required deflection. 

The cables on the lap can be viewed as a geometric system of 48 straight 

lines in three dimensions. The smallest separation among all the cables will give 

the maximum allowable diameter for the cables, if the cables are not allowed to 

touch each other. Because of the large number of parameters involved and the 

complexity of the system, a computer program is used to compute the smallest 

separation among all 48 cables. 
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If the left and the right cables originating from the same point above the 

lap surface are joined to the bottom of the actuator next to the direct opposite 

side, all the left and the right cables running in opposite directions will intersect 

one another. This can be understood better with the aid of a projection of the 

three dimensional geometry onto a plane parallel to the lap surface in Figure 4.1l. 

In this figure the dotted and solid lines represent the left and the right cables 

respectively. The inner circle has a radius, R u , and a height, Z, and represents 

the places where the cables are attached to the actuators. The outer circle is the 

base of the actuators. Points Pi and Q, are the corresponding cable endpoints. 

Since lines PIP2 and Q2Q4 are parallel to each other, they define a plane containing 

at the same time the two lines P2Q4 and PIQ2, which are the left and the right 

cables going in opposite directions. Thus these two cables will intersect. However, 

if the left and right cables come from different heights separated by aZ above the 

lap, the line joining PI and P2 and that joining Q2 and Q4 are no longer parallel 

and the cables P2Q4 and PIQ2 will not intersect. But if the separation angle, AI, 

is changed so that lines P 1 P2 and Q2Q4 are on the same plane, the cables will 

intersect again. 

Once the direct intersection is eliminated, the smallest separations among 

the cables come from three types of cable pairs. Type A is from the left or right 

neighbor pairs, type B is that between the opposite pairs, which will intersected 

each other if either AZ = 0 or values of AfJ make lines P 1P2 and Q2Q4 parallel to 
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RJl, 

Figure 4.11. Top View of Cable Layout Geometry 

This figure shows the top view of the cable layout geometry. Only four 
actuators at locations Ph P2,P3 and P4 are shown. Each actuator has two cables 
attached. The left cable is shown as a dashed line and the right as a solid line. 
The inner circle denotes the distance from the lap center wh1!re the two cables 
come to join the actuator. Points Qh Q2, Q3 and Q4 represent places where the 
cables are attached to the lap. The outer circle denotes the perimeter of the lap. 
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each other, and type C is that between pairs trying to intersect near the edge of 

the lap. Figure 4.12 gives a display of the three cases. In Figure 4.13, the values 

of the smallest separation, D, for Ru = 9 inches, Z = 8 inches and AZ = 2 inches 

are plotted against the separation angle, A(). The labels A, B and C next to the 

sections of the curve are the different types of cable pairs discussed above. By 

varying the parameters AIJ, Z, AZ and R u , and by computing the corresponding 

smallest separation, D, the optimized geometry for the cables can be selected. 

In Table 4.6, the smallest center to center cable separations, D, are 

tabulated for different values of AZ, Ru and A() with Z = 8 inches. As the values 

of the difference in height, AZ, of the left and the right cables increases, the cables 

separate further. For each value of the smallest separation, there are sometimes 

more than one cable separation angle, A(). The smallest separation angle will give 

the least cable tension for the same edge bending moment. It will also produce 

the least sideway torque on the actuator column which is caused by the difference 

in height, AZ, of the ca.ble endpoints. The increase in horizontal distance, R u , 

of the endpoints from the lap center does not affect the smallest separation very 

much. 

The smallest cable diameter that one can use to operate the cable at a 

particular tension for a number of cycles is set by the tensile strength of the cable. 

If the cable tension is 500 lb, and has to operate for at least 109 cycles, which 

corresponds to about three months of normal operations at 1 kHz, for a steel 
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Figure 4.12. Three Types of Cable Interference 

This figure shows the three possible types of cable interferences. The 
upper circles with radius, R u , and height separation, I:l.Z, represent the places 
where the cables are attached to the force actuators. The lower circle with radius, 
R" represents the lap. Type A cable interference is caused by two cables from 
adjacent acutators running in the same direction (i.e, either two right or two ieft 
cables). Type B is caused by cables from actuators running in opposite directions 
(i.e., one left and one right). Type C is caused by cables that will interfere near 
the lap surface. 
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Figure 4.13. Maximum Cable Diameter 

This figure shows the maximum allowable cable diameter D, if the 48 
cables will not cross one another. The cable endpoints at the force actuators have 
radius Ru = 9 inches, height above the lap Z = 8 inches, and difference in height 
betw~n cPP05ite di:'eetion cables ~Z = 2 inches. Eech pair of cables has its end 
points at the lap separated by an angle, AfJ, as measured from "the center of the 
lap. The different types of cables (A, B and C shown in Figure 4.12) that limit 
the selection of the cable diameter are given adjacent to each section of the curve. 
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Table 4.6 Maximum Cable Diameter 

Ru (inch) D (inch) 

Il.Z = 0.5 in 

6 0.047 16.9 28.1 

8 0.047 6.3 18.8 

10 0.046 6.8 20.5 

12 0.046 7.7 22.7 

14 0.046 8.2 24.5 

16 0.046 8.8 26.1 

Il.Z = 1.0 in 

6 0.091 16.9 28.1 

8 0.090 18.8 31.2 

10 0.088 10.5 34.4 

12 0.087 22.8 37.8 

14 0.088 24.5 9.1 

16 0.085 26.2 9.5 
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cable of tensile strength 80,000 psi the minimum diameter is about 0.09 inches. 

To satisfy the clearance of 0.09 inch diameter cables, the optimal cable 

layout geometry for a 24 inch diameter lap is : 

1. Endpoint height separation, fj.Z, equal to 1 inch. 

2. Horizontal distance of endpoints from the lap center, R u , equal" to 9 

inches. 

3. Separation angle, fj.(J, equal to 20°. 

4. Actuator column height, Z, equal to 9 inches. 

Other Needed Engineering Details 

Our design study has included the lap geometry, the cable layout, the ac

tuator layout and the required cable tension. The design of the force actuator, the 

control servo and the sensing system to measure the aluminum lap influence func

tion have not been discussed at all. These are the work of an electro-mechanical 

engineer and will not be dealt with in this dissertation. However the requirements 

on their performances will be discussed in detail in the next chapter. 
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CHAPTER 5 

COMPUTER CONTROLLED STRESSED LAP POLISHING 

Introduction 

The subject of computer controlled sub-diameter stressed lap polishing 

is separated primarily into two major parts in this chapter. The first part deals 

with the design parameters of a 2m computer controlled sub-diameter stressed lap 

polishing machine suited for polishing mirrors of 2m in diameter and focal ratio as 

fast as f/1. Requirements on the major components of the system are given. We 

have chosen to build such a machine rather than modify an existing Strasbaugh 

polishing machine. It is clear upon analysing the performance that remodelling 

the machine to adapt the features of computer controlled stressed lap is inefficient. 

It also limits the ability to implement automatic polishing procedure. The second 

part touches upon the subjects of modelling the polishing wear rate, computer 

assisted polishing and automated computer controlled polishing. 

Control Accuracy of Stressed Lap 

There are two different control aspects of the stressed lap polishing. 

First, the shape of the lap needs to be controlled to fit the required shape of an 

off-axis paraboloid. Second, it is necessary to control the motion of the lap, both 

85 
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in rotation and translation, to allow the polishing of the mirror with a desired 

removal function. The desired removal function is the figure error as measured by 

mirror metrology. The rotation and translation for a particular desired removal 

function can be simulated from numerical models of the polishing machine under 

the assumption of uniform polishing pressure. This will allow better control over 

figure error corrections. The success of the model depends on how well one can 

realize the condition of uniform polishing pressure, which in turn depends on how 

accurately one can control the shape of the lap. 

Error Budget 

There are two types of errors in the system, systematic and random. 

During the long hours of polishing, the random errors will tend to be averaged 

out. However, this does not mean large random errors can be ailowed. It is crucial 

that in the final stage of polishing the random errors can be averaged out in an 

hour period. Any systematic error should either be calibrated out or be kept 

minimal. The goal of this section is to identify and specify the systematic errors. 

. . A~O~ 
From Preston's theory of wear, the rate of material removal, elt', 

in cylindrical co-ordinates is given by: 

dh(~t,t) = k{t) / / P(r,O,p,tp,t) V{r,O,p,tp,t) pdpdtp, (5.1) 

where k(t) is a constant parameter that depends on the work material, the pitch 

material and the slurry, P{r,O,p,tp,t) is the polishing pressure, V(r,O,p,tp,t) is 
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the relative velocity between the lap and the work, (p, fP) are the lap co-ordinates 

and (r,6) are the mirror co-ordinates. During a polishing run, the integrated radial 

removal function, her), is given by: 

her) = f / / / k(t) P(r,6,p,fP,t) V(r,6,p,fP,t) pdpdfPd(Jdt. (5.2) 

The integration of k(t), P(r,6,p,fP,t) and V(r,6,p,fP,t) is complex, but can be 

much simplified by assuming a steady uniform polishing pressure and a constant 

wear constant in the entire polishing run (i.e., P(r,6,p,fP,t) = Po and k(t) = ko). 

Then the integrated radial removal function is reduced to: 

her) = ko Po R(r), (5.3) 

where R(r) is the radial removal profile, and is defined by: 

R(r) = / f f f V(r,6,p,fP,t) pdpdfPd(Jdt. (5.4) 

Now the figure error can be described by taking the partial differential 

of the integrated radial removal function, her), and is given by: 

8h(r) = _8k_o + _8P._o + 8R(r) 
-:-h7(r~) ko Po R(r) (5.5a) 

The error in the figure is the sum of the errors in the wear constant, the polishing 

pressure and the radial removal profile and is given by: 

(5.5b) 
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The variation of the wear constant, o~o, depends on the slurry and the 

hydration condition between the lap and the mirror, and this variation is random. 

A major portion of this error can be kept down by a careful optician and with the 

design of a steady slurry feeder. For now, this error will not be included in the 

error budget study. 

The error in the radial removal profile has three parts in it. The first is 

due to the error in the mirror metrology. Recent improvements shown in testing 

the 7th MMT mirror (Anderson, Cao and Koliopoulos, 1986, Angel and Wan, 

1986) demonstrated that mirror metrology can have accuracies of ±O.OI waves, so 

the error from mirror metrology is negligible. The second part of the error is from 

the computation of the lap stroke parameters under Preston's theory. Since this 

is mathematics, and there is no need for real time computation, the error can be 

minimized by efforts in searching the best fit stroke parameters, or can be taken 

out in the next iteration because it is purely systematic. The last is due to the 

error in the shape of the lap. This error also interferes with the error in uniform 

polishing pressure, and will be combined into the pressure error term. 

The uniform pressure accuracy can only be realized if the lap shape and 

the mirror sha.pe are equivalent. The maximum induced deflection or the stressed 

lap, oz., is about 1500#lm and the deflection of the aluminum lap under polishing 

pressure at 0.2 psi, ozp, is about 7 #1m from thin plate theory. The relation between 

the accuracy in the forces of the moment actuators and the degree of uniformity 
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in polishing pressure is given by: 

apo aF Bzs 
--=-x-
Po F Bzp· 

(5.6) 

The accuracy in the force is the engineering specification needed. The 

answer is given by equation (5.6) if the tolerance of the pressure is given. During 

the very last hour of polishing when polishing is about to finish, the glass removal 

is about O.5JLm for reasonable wear rates. Given that the figure accuracy must be 

a tenth of a wave (i.e., 0.05JLm), the pressure accuracy from equation (5.5) is about 

10%. So by requiring the pressure to be uniform to 10%, it follows from equation 

(5.6) that a; = 0.05%. The system design for the stressed lap and the polishing 

machine should have a total error better than 0.05%. This will keep the error of 

the lap deflection to fit the required mirror figure to less tha.n 0.05% accuracy. 

During polishing, the shape of the lap is changed by using a scheme 

depicted in Figure 5.1. The r and (J positions of the lap are sensed by r and (J 

encoders. The forces of the 24 actua.tors are read from the force look-up table 

and sent to each actuator servo through D / A electronics. The systematic error in 

the D / A electronics could be kept below 0.01% if electronics of 1m V accuracy are 

used with control dynamic range of 10V. Any systematic error in the servo will 

have to be calibrated away by using a test jig to directly measure the influence 

function of each actuator. Non-linear characteristics will also have to be sorted 

out or be tabulated in the form of look-up tables as part of the calibration. The 
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This figure shows the control logic of the stressed la.p, together with the 
scheme loi' measuring the la.p influence rllnction needed to compute the actuator 
force pattern. 
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remaining systematic error is that in the force look-up table, and its total error 

should be less than 0.05% 

The systematic en-or in the,. and fJ force look-up tables should therefore 

be such that: 
8F 

afJ!fJ < 0.025%, 
Emax 

(5.7) 

and 
8F 

ar r;'I8r < 0.025%. 
Emax 

(5.8) 

To average out the random error within a polishing run, the shape of the 

lap is updated every milli-second. In an hour we will have 3.6xl06 different lap 

shapes. Any random error from rapid noise in encoders which will cause errors 

in the shape of the lap will be reduced by a factor of about 10-3 • The random 

error of polishing the mirror surface is more difficult to estimate because the exact 

area swept by the lap depends on the set up of that polishing run. Assuming the 

mirror is rotating at 1 rpm and the lap is being driven uniformly ovei the mirror 

at a radial speed of O.Olm/s from center to edge, the total area swept by the lap is 

about 120 times the mirror area in an hour. This will reduce the random polishing 

error by a factor of about 10-1 • 
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The Resolution for the Lap Position Angle 

The steepest slope of the force pattern, ~!, (given in Figure 4.10) is 

about 5.3 lb I degree. From equation (5.7), a resolution 11(J < 0.0236 degrees (or 

1.4 minutes) is needed. This will keep resolution error negligible as compared to 

the servo error. The total number of resolution elements in (J is about 15,254 (or 

about 14 bits). 

The Resolution for the Lap Radial Position 

The maximum change of force with radial position, ~~, (given in Figure 

4.10) is about 17.5 lb linch. To satisfy the error budget criteria in equation (5.8) 

I1r must be < 0.00715 inches. If the total travel of the lap is 36 inches, the number 

of resolution elements in r is about 5034 (or about 13 bits). 

Lap Metrology Accuracy 

From the pressure accuracy requirement, one would need to have a lap 

metrology system that could read at least to an accuracy of 0.7 p,m to calibrate the 

influence function. A displacement sensor of ±0.35p,m accuracy is needed. Since 

accuracy is required in the change of shape rather than absolute shape, sensor 

only needs to be stable for a period of time corresponding to the lap metrology 

time. 
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Requirements on the Stressed Lap Control Computer 

Computer Update Frequency 

If the lap is constrained to rotate at a maximum speed of 4 rpm, with 

the resolution in (J being set at 1.4 minutes by the constraint discussed above, the 

frequency of updating lap shape control forces is equal to 103 Hz. Any higher lap 

rotational speed would require a higher control frequency. 

Computer Speed 

Because the computation of the bending forces of the 24 actuators at any 

radial position requires solving a 21x21 matrix equation. This is not practical at 

the one milli-second update speed, so the forces are computed in advance and are 

stored in look-up tables. This way the required speed is much relaxed. 

Computer Memory 

By going into look-up tables, the requirement on the computer speed 

has shifted to the requirement on the direct access computer memory. Allowing 

2 bytes of memory for each force value, for a uniform grid table in r and (J, the 

total memory needed for the given resolution is about 63 Mega-bytes. Even for a 

non-uniform grid look-up table, which is optimized to give the force accuracy with 

minimum entries, the required memory is about 16 Mega-bytes. 

To reduce the size of the memory, a linear interpolation scheme is pro-
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posed. The force and its first derivatives are tabulated with a coarser uniform grid 

and the forces, F(r,6), are interpolated by linear interpolation with: 

The number of grid points in the look-up tables for angle, 6, and position, r, are 

2,000 and 200 respectively. For the three look-up tables, a total of 2.4 Mega-bytes 

memory is needed. The force resolution in the position look-up table is 0.021 

lb and that in the angle look-up table 0.111 lb. The total of 0.14 lb resolution 

correspond to 0.028% for the maximum force of 500 lb and is below the 0.05% 

requirement. 

This interpolation puts part of the burden back to the computational 

speed of the computer. For every milli-second update, the computer has to do 14 

look-ups, 50 additions and 48 multiplications. The total time required for these 

operations on a 68000 microprocessor has been found to be about 0.3 milli-seconds. 

The time needed for the input and output of the force commands is about another 

0.3 milli-second. There will be 0.4 milli-seconds spare time for other necessary 

operations. 

Stressed Lap on a Stras baugh Polishing Machine 

The ultimate test of the method of sub-diameter stressed lap polishing is 

by polishing a mirror with the method. The spun cast 1.8m f/1 mirror is a perfect 
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candidate because of its fast surface and lightweight structure. This would allow 

accurate assessment of the method for polishing future large 8m f/1 lightweight 

mirrors. In this section, the analysis of the feasibility of using a Strasbaugh pol

ishing machine to accomodate the stressed lap is discussed. If we can modify an 

existing Strasbaugh machine for stressed lap polishing then the stressed lap pol

ishing technique can be tested without having to spend great efforts in building 

another polishing machine. 

The Strasbaugh Polishing Machine 

The Strasbaugh polishing machine works under the same principle.as 

Draper's machine. A schematic top view of the machine is given in Figure 5.2. The 

mirror centered at the position, 0, is rotating at a speed, 0, which is usually set 

at 1 to 5 rpm during pollshing. The polishing lap, hanging at the end of a spindle, 

will be freely driven by friction between the glass and polishing pitch. Sometimes 

it is driven at a different speed by manual perturbation. The spindle is mounted 

vertically on a trombone at a distance, A, from the anchor, Q, on the eccentric. 

The eccentric, off-axis at a distance, D, from the mirror center, is rotating at an 

angular speed, tP, with"" being the position angle of the anchor, Q, which is at 

a radius, B, from the eccentric center. For simplicity, the mirror center is drawn 

midway, with a distance, C, between the eccentric and the trombone anchor, R. 

As the eccentric rotates, the lap center will trace an egg-shaped path. 
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Anchor R Slide 

Mirror 

D 

Figure 5.2. Schematics of a Strasbaugh Polishing Machine 

A top view of the Strasbaugh machine is shown schematically. The 
anchor point, R, can change its position on the slide. The lap is driven freely 
by friction in rutation above the point, P. The mluvl' and the eccent.i.;C a...-e a.b;o 
in rotation during polishing. For simplicity, anchor R is aligned with the mirror 
center and the mirror is centered midway between the slide and the eccentric. 
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When the spindle velocities of the mirror and the eccentric are integral multiplies, 

the lap will trace a constant path on the mirror surface which will cause highly 

undersirable non-axisymmetric wear. Varying the distance, A, between the lap 

and eccentric anchor or changing the eccentric rotational velocity, tb can eliminate 

such non-axisymmetric wear. After a period of time, which is much longer than 

the rotational periods of both the mirror and the eccentric, the glass removal on 

the mirror becomes purely radial. This wear pattern can also be predicted by 

using equation (5.2). It depends on the glass removal profile of the lap and the 

dwell of the lap at each lap center position. For a full-sized lap, when the lap 

rotational velocity is equal to the mirror rotational velocity, the glass removal rate 

of the lap is uniform. 

If assessment of the wear pattern can be made before polishing, the pro

cess of polishing the desired wear pattern to correct the figure error will converge 

much faster. The removal rate can be computed, given the lap center position 

and the kinematics of the machine. 'I'he dwell of the lap is proportional to the 

inverse of the radial velocity of the lap center. For a given machine geometry and 

polishing run, this glass removal profile can be predicted. The difFcult problem is 

to find the machine set up that will produce a particular desired profile. 

The Machine Kinematics 

The topology of the lap center position, P(z, y), for the machine depicted 
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in Figure 5.2 is related to the machine parameters - A, B, C, D and "" - as 

defined in Figure 5.2. The values of :e and yare given by the two equations: 

(5.10) 

and 

:en = (D - y)m, (5.11) 

where 

m = C + Bcost/J, (5.12) 

and 

n = 2D - B sin"". (5.13) 

Solving the equations (5.10) and (5.11) 

A 
:e = m[l- ], vm2 + n 2 

(5.14) 

and 

A 
y = D - n[l- ], v'm2 +n2 

(5.15) 

The radial position, r, of the lap center is given by: 

r = y':e2 + y2. (5.16) 

The relative dwell as a function of radial position from the mirror center is inversely 

proportional to the radial velocity which is given by: 

( t) 
_ dr(t) 

tJ r, ---;u-. (5.17) 
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The equation of ret) is complicated and the topology is an egg shape when all 

parameters are fixed except for .,p = ~t. Figure 5.3 gives a typical shape of this 

lap center (z, y) position and the corresponding radial position as a function of 

eccentric position angle, .,p. The orientation and size of the egg depend nonlinearly 

on the values of the machine parameters. 

During a polishing run, the machine parameters A, B, D and .,p are 

changed with manual controllers. The integrated radial removal function, her), as 

defined by equation (5.2) is much more complicated: 

her) = f f f f k(t) P(r,fJ,p,cp,t) V(r,fJ,p,cp,t;A,B,D,.,p) pdpdcpdfJdt. (5.18) 

Because the lap rotation, w = rp, is not controlled, the relative velocity between 

the lap and the mirror, V, cannot be predicted reliably. Therefore, using the 

method of computer assisted polishing on this machine is only possible after the 

machine is being modified. 

hllachine Modifications for Stressed Lap 

There are three stages of implementation of stressed lap polishing. The 

first stage only involves the stressed lap itself. The polishing machine is controlled 

by an optician in the same way as if he is polishing a sphere using a sub-diameter 

lap. This stage is called hereafter 'stressed lap polishing'. The next stage will 

involve the method of computer assisted polishing where the machine parameters 

which are intended to be set by the optician for a polishing run is input into a 
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Figure 5.3. Typical Lap Center Position for a Strasbaugh Machine 

The egg-shape type path of the lap center for a Strasbaugh machine is 
shown together with its radial position as a function of eccentric angle, .,p. 
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computer program. The program will estimate the predicted figure change after 

that polishing run. This will give an indication of how valuable that particular 

polishing run is before the actual polishing. This stage will be referred to as 

'off-line computer assisted stressed lap polishing' hereafter. The last stage will 

involve an automatic procedure where the machine parameters are chosen and 

cpntrolled by a computer from the result of mirror metrology to minimize the 

time of fabrication. No decision of the optician is involved. The optician will 

become an operator to see that everything is running smoothly and consistently 

as required by the computer. This stage will be referred to as 'on-line computer 

controlled stressed lap polishing' hereafter. These three stages require different 

types of modification on the polishing machine. 

Str~$ed lap polishing. For the Strasbaugh machine to be adequately 

adapted to the stressed lap, r and (J positions of the lap must be encoded as 

input parameters for the stressed lap computer. The modification on the machine 

will involve making an encoder wand which is referenced at the mirror center. 

Figure 5.4 gives schematics of the wand and the encoders. The wand, with one 

end centered at the mirror center, is used to encode both the radial and angular 

positions of the lap. There is a linear position encoder at the mirror center to 

encode the length between the mirror and the lap center. There is a (J encoder at 

the lap center to encode the force actuator positions. 
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Mirror 

Mount 

Figure 5.4. Schematics of r and (J encoders for the Strasbaugh Machine 

Schematics for modificaitons of the Strasbaugh machine to adapt the 
stressed lap. The r and (J encoders are located above the mirror and lap centers 
respectively. The three point kinematic mount is used for centerip.g and referencing 
the position of the encoders. 
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The adjustment of the initial position of the wand can be done by ad

justing the positions of the three point kinematic mount through a spherometer, 

which is attached directly beneath the rotary joint at the center. Because the mir

ror at all time has a rotational symmetric figure, this would give a very accurate 

central reference. At any rate, the reference position must be accurate to 0.007 

inches for the 1.8m f/1 mirror with a 1/3 diameter stressed lap. 

Off -line computer assisted stressed lap polishing. Though the stressed 

lap polishing modification is very simple, it still relies heavily on the optician 

to adequately remove appropriate material from the mirror. To ensure efficient 

progress the method of computer assisted polishing is necessary. The machine 

modification is more complicated. In addition to the r and 6 encoders, it needs 

to know the lap rotation, were), the mirror rotation, 0, the eccentric radius, B, 

the eccentric position angle, 'f/J, the anchor position, R, and the lap position, A. 

Also the eccentric off-center position, D, and the mirror center position, C, must 

be kept constant to less than 0.01 inches. 

The implementation of all these encoders almost requires a rebuilding 

of the machine. In principle, four of the parameters - B, 'f/J, D and A - are 

combined into one radial position, r, through equations (5.10) to (5.16). This is 

not necessary if a new machine is specifically designed for the stressed lap. Because 

the relation between the four parameters B, 1/J, R and A to the lap radial position, 
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r, is so non-linear, it is also very hard to implement the automated method of 

on-line computer controlled polishing without full servo control of w, 0, B, '" and 

A. In view of all these, we do not choose to modify the Strasbaugh machine, and 

the next section will discuss the design of an on-line computer controlled stressed 

lap machine optimized for use with automated computer controlled polishing. 

Computer Controlled Stressed Lap Polishing Machine 

The basic parameters for stressed lap polishing are the lap rotation, 

were), and the lap center position, re. In order to maintain axial symmetry at 

all times, another parameter - the mirror rotation, ll, is also needed. Therefore, 

the simplest design will involve only controlling 0, were) and re. Figure 5.5 shows 

schematics of a design of such a machine. The basic concept is given in the insert. 

The mirror metrology tower is the tetrahedron. The top part of the machine is the 

triangle. By flipping out the top part of the machine, the mirror can be tested on 

the mirror turntable. This will enable fast turn around time in mirror metrology, 

which is a crucial element to close the loop of computer controlled polishing. When 

the mirror is being tested, the pitch on the lap can be trimmed at the same time. 

The top views of the machine are shown in two positions - one with the mirror 

being polished and the other with the mirror ready for metrology. The lap is 

mounted on a carriage which drives the lap radially across the mirror. The lap 

rotation is also servo controlled. The angular position of the lap is encqded by 
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Figure 5.5. Conceptual Design of a Computer Controlled Polishing 
Machine 

This figure shows a computer controlled stressed lap polishing machine. 
Panel a shows conceptually how the machine can be used for mirror metrology by 
flipping the top part of the polishing machine. The two positions of the machine 
are shown. Panel b is when the machine is used for polishing, and Panel c is for 
mirror testing lap metrology and pitch trimming. 
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the 8 encoder at the top of the lap spindle. Because the lap only needs to travel 

a distance of less than one mirror radius, the carriage distance can be made short 

and stiff' by using the triangular support. The actual machine being built to polish 

the VATT mirror has a similar concept. 

Computer Assisted Stressed Lap Polishing 

The problem of polishing a sphere with a sub-diameter lap has not been 

analyzed previously and has both academic and practical interest. It is crucial for 

sub-diameter stressed lap polishing. Therefore, in this and the next section, we 

will analyze both CAP and CCP on the computer controlled stressed lap polishing 

machine. 

The calculation in this section and the next section will assume uniform 

polishing pressure, Po, and uniform wear constant, ko, are established in a pol-

ishing run. To further simplify the mathematics, the mirror rotation, 0, is also 

assumed to be fixed for the whole polishing run. The adjustable parameters left 

in the machine are re(t), which is the lap center position, and were), which is the 

lap rotation. The lap radial velocity, ve(re, t), is related to the lap center position 

by: 

(5.19) 

The time the lap dwell, at(re ), at any infinitestimal radial zone, are, is given by: 

() 
arc 

at re = (). 
Ve re 

(5.20) 
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The lap at any radial position, r c , will have an instantaneous material radial 

removal rate, dh(r; rcd;, tic, 0) , which is proportional to the azimuthal average of 

the relative velocity, Itll, between the two surfaces and is given by: 

(5.21a) 

with 

Ivl = y'[rcw + rcos6(0 - W)]2 + [vc - rsin6(0 - w)]2, (5.21b) 

where 6 is the azimuthal angle of the mirror. The limits of integration, (6t, (2), 

depend on the radius of the lap, a, and the lap center position, rc and are given 

by: 

(5.22a) 

(5.22b) 

For some special cases, (61 , ( 2 ) will become (0,211"), (-11",11") or (0,0). Figure 5.6 

shows graphically the definitions of the variables used. The integration in equation 

(5.21) has no close form and is an elliptical integration. To understand the general 

behavior of the instantaneous material radial removal rate, equation (5.21) has 

been numerically integrated for a 1/3 diameter lap on a 2m diameter mirror. The 

mirror rotation, 0, is fixed at 1 rpm. The lap translational velocity, vc , is fixed at 

O.Olm/s. The removal rates for the lap rotations from +5 to -3 rpm are plotted 

in Figures 5.7a-f. 
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Figure 5.6. Variable Definitions for Sub-diameter Lap Material Wear 
Modelling 

The variables used in computing the material radial removal rate are 
shown. 0 and fA) are the mirror and lap rotations respectively. rc is the radial 
position of the lap center. l1c is the lap radial velocity. (J and.IP are the mirror 
and lap position angles respectively. 61 and 62 make the limits of the azimuthal 
integration. 
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Figure 5.7. Instantaneous Azimuthally Averaged Radial Removal Rates 
of a 1/3 Diameter Lap 

Plotted in each panel in this figure is the relative wears versus mirror 
radius. The lap rotation is given at the top of each panel. The pllrror rotation is 
fixed at 1 rpm and the lap radial velocity is O.Olm/s. 
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The removal rate changes rapidly with lap-rotational velocity. Figures 5.S 

and 5.9 give the relative changes of the removal rates with different lap rotations 

at the two different lap center positions of 0.4 and 0.6m respectively. 

For a particular polishing run, with specific lap rotation, were) and radial 

velocity, "e(re), the integrated material wear pattern, her), can be calculated by: 

(5.23) 

The dwell time, At(rc), is not necessarily related to 'lIc(rc) by equation (5.20). 

It could be set at different form with 'lie being set at a constant speed, '110, by 

making the lap position to oscillate between different radial zones. This way the 

form of At(re) can take up a larger relative range and will not be limited by 

the dynamic range of the radial velocity drive. Figures 5.10 and 5.11 give the 

integrated material wear pattern with arbitrary lap input parameters - were) 

and At(rc) for a 2m diameter mirror with a 1/3 diameter lap. The radial velocity 

of the lap is set at "0 = O.Olm/s and the mirror rotation, 0, is fixed at 1 rpm. If, 

in Figure 5.11, the solid line in Panel (a) represents what the optician is looking 

for, and if he intuitively think that the combination of were) and At(re) given in 

Panels (c) and (d) will give him the uniform removal, he will be very surprised to 

find that after the polishing run, the mirror is over polished for about 60% at the 

inner radial regions, as given by Panel (b). This illustrates the power of computer 

assisted pc.llishing. 
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Figure 5.8. Removal Rates of Sub-diameter Lap at r e = O.4m 

This figure shows the variation of removal rate with lap rotation. The 
1/3 diameter lap is centered at O.4m from the center of a 2m mirror. The lap 
rotations are marked in rpm near each curves. The mirror is r.otating at 1 rpm 
and the lap is translating at O.Olm/s. 
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Figure 5.9. Removal Rates of Sub-diameter Lap at r c = O.6m 

This figure is the same as Figure 5.S except the lap is centered at O.6m 
from the mirror center. 
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Figure 5.10. Results of Computer Assisted Material Wear Modelling 

This figure shows the integrated material wear (the dashed line in Panel 
a) with specific lap dwell and rotation given in Panels c and d respectively. If the 
required 7'!!''''-teria! wear is given. by the solid line in Panel a. then the figane error 
as a result of the polishing stroke is given in Panel h. The mirror rotation in this 
model is fixed at 1 rpm with the lap radial velocity at O.Olm/s. . 
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Figure 5.11. Results of Computer Assisted Material Wear Modelling 

This figure is the same as Figure 5.10 except with different polishing 
stroke. 
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The predicted wear rate given by equation (5.23) is good only if the 

assumptions are all met in the polishing run. Since the variation of the wear with 

lap rotational velocity is so strong, the control of the lap rotation must not be 

slighted. With accurate control of were) and At(re), it is possible to approximate 

an arbitrary desired wear pattern. To find the appropriate sets of parameters for 

a desired wear pattern is the subject of computer controlled polishing. 

Automated Computer Controlled Stressed Lap Polishing 

Chapter 3 has discussed the method of computer controlled polishing 

with very small laps. However, when the lap size becomes larger, the method 

of deconvolution starts to give poor estimation because the instantaneous radial 

removal rate of the lap changes greatly. This effect is clearly shown for the 1/3 

mirror diameter lap in Figure 5.7. 

The method of deconvolution for small lap is demonstrated with a 0.2m 

diameter lap on a 2m mirror. Suppose a bump is left on the mirror after polishing 

the inner and outer edge best fit spheres, as shown by the solid curve in Figure 

5.1280. The assumptions made are the lap is restrained from rotation (i.e, w = 0), 

the mirror is rotating at 1 rpm, and the lap radial velocity is kept at a constant 

speed of 0.02m/s. The dwell time profile is computed by deconvolving the lap 

instantaneous wear profile from the desired wear pattern. The result of the dwell 

time profile is shown in Figure 5.12b. The wear pattern computed for this dwell 
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Figure 5.12. Results of Deconvolution in 1/10 Diameter Lap Modelling, 

Panel a shows the desired wear pattern in the solid curve and the model 
material. wear pattern in the dashed curve. The lap is restrained from rotation ( 
w = 0) but the mirror is rotating at 1 rpm. The lap tra.r..alatioii is O.Olm/s. The 
dweli time in. Panel b is obtained by deconvolving the desired w~ar pattern from 
the lap instantaneous removal function. ' 
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time is shown in the dashed line in Figure 5.12a. The 1/10 diameter lap still does 

not adequately fit the slope of the desired profile near the peak. This shows the 

limitation set by the size of the tool. As smaller size tool can give a better fit. 

For a lap diameter of 1/3 th~ mirror diameter, a different method of 

finding the appropriate dwell time for a required wear pattern is needed. One 

method is to use the error of the fit to modify the dwell. The algorithm is as 

follows. 

1. Select the desired wear pattern, dzo(r). 

2. Select the mirror rotation, O. 

3. Select the lap rotation profile, Were). 

4. Select the lap radial velocity, Vo. 

5. Select initial guess of the dwell time profile, ~t(rc). 

6. Compute the fitted wear pattern, dZJ(r). 

7. Compute the error, ~dz(r) = dzo(r) - dZJ(r). 

8. Compute the X2 of the fit. 

9. Rescale dwell time function by using: ~t(re) = ~t(rc) + G ~dz(re), but 

not less than zero, with G being a gain constant. 

10. Compute the newly fitted wear pattern, fitted error and X2 of fit. 

11. Rescale the gain, G, if necessary for X2 to converge. 

12. Return to step 9 and repeat till the fit is converged. 

Figure 5.13 shows the result of using the algorithm to fit a desired wear 
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pattern for a 1/3 diameter lap on a 2m diameter mirror. The desired wear pattern, 

given by the solid curve in Figure 5.13a, is the relative material removal needed 

to parabolize the surface after an outer edge best fit sphere has been polished. 

The lap rotation, Were), and the mirror rotation, 0, are both fixed at 1 rpm. The 

lap translational velocity is O.02m/s. The intial guess of the dwell time is the 

desired wear profile. The rms error of the fit weighted by area is about 3.6% of 

the maximum removal at T = o. 

In the above examples, the problem of finding the appropriate machine 

parameters is simplified by fixing the lap rotation and translation. The most 

optimized set of parameters can be found by varying the lap rotation profile and 

selecting the best result from all of the fits. 

Unfortunately, the problem of searching the best machine parameters is 

so peculiar in this case that the method of least squares is sometimes useless. For 

example, even if an orthogonal set of removal profiles, Xi(r), can be found as a 

base for the search, the optimized machine parameters can not be found by solving 

the linear combination, dZJ(r) = E aiXi(r), using the method of least squares. It 

is because the coefficients, ai, must always be positive definite, whereas the matrix 

solution in the least-square fit may give coefficients that are negative. Negative 

values of ai mean putting glass back on the mirror, which is impossible in reality. 

The only avenue left in searching for the optimized parameters is by 

searching in the X2 hyperspace. This can be done by using linear combinations of 
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Figure 5.13. Results of Dwell Time Search Algorithm for Parabolization 

The computed material wear pattern using the dwell time search algo
rithm is given in Panel a (dashed curve) together with the desired pattern (solid 
curve). The dwen time profile is given in Panel b. The lap and mirror rotations 
are fixed at 1 rpm with the lap translation at O.02m/s. The l~p is 1/3 mirror 
diameter. 
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orthogonal functions to represent .At(rc) and w(rc). That is, 

(5.24a) 

and 

(5.24b) 

with the F; and G; being sets of orthogonal functions. By searching through the 

X2 hypersurface with m x n parameters, the optimized solution can be obtained. 

The search can be implemented by either simplex or any other efficient parameter 

search algorithm. The problem comes in when there are physical constraints on 

the polishing machine. There are two major constraints. First, the. parameter 

profiles must be smooth functions with no accelerations exceeding the capability 

of the machine. Second, the dynamic properties of the machine will set limits on 

the lap rotation and tra.nslation. That is, 

(2.25) 

If the dwell time is inferred from the lap translation velocity, then the integrated 

time for the dwell time profile must be much less than the period of the polishing 

run in order for adequate averaging of random errors. These constraints add 

complications to the searching algorithm and the computation becomes much more 

involved. 

Instead of searching through both the .At(rc) and w(rc) parameter spaces, 

if the lap rotation profile is fixed initially, then the search can be much faster over 
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the ~t(re) parameter space. The algorithm discussed earlier can be used. Results 

of the fitting of a uniform removal pattern and a 1 + r2 removal pattern are shown 

in Figures 5.14 and 5.15 respectively. In both cases the lap rotation, were), is fixed 

with a cosine profile. The cosine profile is chosen because it gives a smooth change 

from positive to negative lap rotation. The positive lap rotation near the mirror 

center will give a relatively higher removal near the mirror center (see Figure 

5.7a) and the negative lap rotation near the mirror edge will give a relatively high 

removal near the mirror edge (see Figure 5.7f). They should help to increase the 

removal near the center and the edge of the mirror. The initial dwell time profile 

and its corresponding wear pattern are given in Figure 5.11. The area weighted 

rms errors of fit in both cases are about 6% of the maximum removal. 

The characteristic under-polish at the central region of the mirror be

comes unimportant for a mirror with a central Cassegrain hole of 15% mirror diam

eter. The outer edge under-polish is self correcting by the effect of the turned-down 

edge when the tool is overhanging at the edge. 

To demonstrate the search algorithm has the ability to converge to the 

same optimized solution for different initial dwell time profiles, two different initial 

guess profiles are used (see Figures 5.16a and 5.17a). Ten successive searches are 

displayed in Figures 5.16(a-j) and 5.17(a-j) for the two different initial guess pro

files. The gain constant G and the number of iterations used during optimization 

between successive searches in both cases are kept identical. The result in Figure 
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Figure 5.14. Results of Dwell Time Search Algorithm for Uniform 
Removal 

Panel a in this figure gives the desired and fitted wear patterns. Panels 
c and d give the stroke profiles. The error of the fit given in Panel b is about 6% 
of the desired removal. 
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Figure 5.15. Results of Dwell Time Search Algorithm. for 1 +r2 Removal 

This figure is the same as Figure 5.14 except the desired wear pattern is 
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5.15(a-j) is for uniform initial dwell time profile, and that in Figure 5.16(a-j) is for 

cosine initial dwell time profile. A summary of the gain constant G, the number of 

iterations between successive searches and the rms error of fit for the two different 

cases is given in Table 5.1. Though the initial rms errors of fit are 25% and 32% 

for the two cases, they converge to about the same (less than 1% difference) after 

a few successive searches. As can be seen by comparing Figures 5.16 and 5.17, the 

dwell time profiles also converge to the same shape after five successive searches 

(see Figures 5.16e and 5.17e). 

The lap rotation curve chosen in this demonstration has three sections. 

The first section is a linear increasing curve which gives a stationary motion be

tween the lap and the mirror at the outer edge, while the last section is a linear 

decreasing curve which gives a stationary motion at the inner edge. The middle 

section is a smooth cosine curve that connect the other two sections. This lap ro

tation curve gives a best-fit rms error of about 3.5% for uniform removal, whereas 

the pure cosine lap rotation curve in Figure 5.14 gives a best-fit rms error of about 

6%. 

All the modelling discussed above assumes a lap covered totally with 

pitch. The effect of pitch facets will become important at the 10% level. In 

practice, the lap removal rate profile must be generated from the actual lap with 

consideration of the actual pitch pad distribution. A lap covered uniformly with 

square pitch tiles with 10 to 20% gaps in between will be significantly different 
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Table 5.1 Results of Convergence Demonstration 

Figure Gain Constant G No. of Iterations rms error of fit 

5.16a 0.25 
5.16b 0.1 50 0.23 
5.16c 0.1 50 0.22 
5.16d 0.2 50 0.21 
5.16e 0.5 50 0.17 
5.16f 0.5 50 0.15 
5.16g 1.0 50 0.11 
5.16h 1.0 100 0.07 
5.16i 1.0 100 0.05 
5.16j 1.0 100 0.038 

5.17a 0.32 
5.17h 0.1 50 0.29 
5.17c 0.1 50 0.27 
5.17d 0.2 50 0.23 
5.17e 0.5 50 0.18 
5.17f 0.5 50 0.14 
5.17g 1.0 50 0.10 
5.17h 1.0 100 0.06 
5.17i 1.0 100 0.04 
5.17j 1.0 100 0.035 
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from a lap fully covered with pitch. 

When the methods of stressed lap and computer controlled polishing as 

discussed in this chapter and the last two chapters are implemented, it is then 

possible to fabricate high quality optical surfaces as fast as f/l. Moreover this 

method will make the process of fabrication efficient. After the success of polishing 

the 1.8m f/1 mirror, the design of a 1/3 or 1/4 diameter stressed lap for an 8m 

f/1 mirror is readily done by scaling the appropriate parameters. The polishing 

procedure will also be along the same direction as that used in the 1.8m mirror. 



· .... __ .... _-_._._-------------------------

CHAPTER 6 

THERMAL DESIGN OF LARGE MIRRORS 

Introduction 

The discussion of computer controlled sub-diameter stressed lap polish

ing indicates clearly that a mirror of 8m in diameter as fast as f/1 can be polished 

to a very high accuracy. However, the well polished mirror figure undoubtly will 

be subjected to various distortions in the telescope. These include the deflection 

of the mirror under its own weight (or due to gravity) because of a finite num

ber of mirror support points, the distortion induced by wind loading on the front 

mirror surface, and the mechanical distortion due to thermal expansion of glass. 

The image quality of the telescope will also be degraded by mirror seeing and 

dome seeing. These problems could be severe in large telescopes if they are not 

addressed at an early stage. The design of a large telescope should minimize these 

problems if a total elimination is impossible. 

While Angel, Woolf, Hill and Goble (1983) have analyzed some of the 

aspects like constraints on the thermal gradients and homogeneity of the glass, the 

stability in wind loading, fabrication and annealing of 8m honeycomb mirrors, this 

chapter will focus on the subjects related to the thermal design of large mirrors like 
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geometry, material, thermal distortion, thermal environment, thermal response 

and mirror seeing of large mirrors. The thermal characteristic of an 8m honeycomb 

mirror is also given. 

Geometries for Large Mirrors 

The selection of geometries for large mirrors can be analyzed by con

sidering the effects of self-weight deft.ection and thermal inertia. The self-weight 

de:8.ection of a telescope mirror can be analyzed by the elementary theory of thin 

plate deft.ection (see, for example, Love, 1944 and Timoshenko and Woinowsky

Kreiger, 1959). A formal study of the deft.ection of thin plates on point supports 

has been made by Nelson, Lubliner and Mast (1982). Studies of deft.ections of 

mirrors with different lightweight geometries versus those of a solid blank have 

been made by Barnes (1969) and Simmons (1969). Barnes analyzed cored mir

ror structures. through the analysis of bending and shear deft.ection. The result 

indicated a preference for hexagonal cell structure. 

The calculation by Simmons was carried out for two different mirror 

diameters - 64 and 120 inches, modelled with different lightweight core geometries. 

The cores were in square, triangular and hexagonal shapes. Results were compared 

to a solid mirror 'With the same diameter. All the deft.ections were calculated for 

edge-support only. Table 6.1 gives a summary of the results. The self-weight 

deft.ections for different lightweight mirrors were about one half of those of a solid 
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Table 6.1 Summary of Mirror Geometry Analysis by Simmons (1969) 

Mirror Geometry 

Solid 

Square cavities 

Triangular cavities 

Hexagonal cavities 

Solid 

Hexagonal cavities 

deflection 
(J,tin) 

weight 
(lbs) 

64-inch Diameter Mirror 

36 3,475 

16.4 985 

15.4 1,035 

14.4 880 

120-inch Diameter Mirror 

158 20,400 

93.9 3,250 

1 

deflection x weight 
(l/in-Ib) 

8 

62 

63 

79 

0.3 

3.3 
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mirror. However, the weight of the cored mirror could be reduced by as much as 

one sixth of that of a solid mirror. Reducing the weight will also reduce the thermal 

inertia of the mirror which is very important in the thermal design. Simmons 

also gave a figure of merit, which is defined as the reciprocal of the product of 

deflection and weight, for selecting the best mirror geometry for large telescope 

mirrors. The figures of merit of the different mirrors are also listed in Table 6.1. 

Among the different types of lightweight core structures, a hexagonal cavity is 

preferred because it has the best· figure of merit. 

Materials for Large Mirrors 

To study the thermal properties of the mirror it is essential to discuss 

the choice of material first. Historically, speculum metal (King, 1955) W8..1;J used 

as the material for primary mirrors in small reflecting telescopes. Speculum is a 

metal alloy made of 32 parts copper, 15 tin, 1 brass, 1 silver and 1 arsenic. It is 

the most reflective alloy without coating. Each metal contributed differently to 

the characteristics of the speculum. The right amount of tin made the speculum 

brilliant. The small quantity of arsenic made it compact, solid and much whiter. 

The brass made it tougher and not so excessively brittle. The silver increased 

its lustre. Speculum metal was used for reflecting telescopes until the method of 

coating silver on a glass surface was perfected by Liebig in the 1850s. The first use 

of a silvered-glass mirror in astronomical telescope was by Steinheil and Foucault 
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in 1856. 

The use of glass has advantages over speculum. metal. A glass disk is 

much easier to grind and polish than speculum. metal. The glass mirror is lighter 

and therefore easier to support. The freshly silvered surface reflects better in 

the visible, but the silver film tarnishes under humid environment. However, 

re-silvering the glass surface is much easier and relatively less expensive than 

repolishing the metal mirror surface. 

Since the 1850's, glass has been chosen as the material for telescope mir

ror substrate at optical and near infrared wavelengths. The most important reason 

why glass has been preferred over other materials, like metals for example, is its 

dimensional stability. Fused silica glass and some modern zero-expansion glasses 

like Cer-Vit, Zerodur and ULE have temporal stability of less than 40 nm/year 

(Schroeder, 1969). Glass is also a polishable material. A flat glass polished to 

sA rms roughness has been reported by Dietz and Bennet (1966). Glass can 

also be produced in highly homogeneous form. Because it is clear for inspection, 

any anisotropic properties can be studied fairly easy by the birefringence effect. 

Birefringence as low as 20 nm/ cm can be achieved in a single cast for complex 

honeycomb structured borosilicate mirror (Angel and Hill, 1985). Glass also has 

a sufficiently high elastic-modulus-to-density ratio to sustain significant bending. 

Becauce glass can be fused together from small pieces, there is no limitation in its 

size. It is possible to machine glass to a lightweight structure or even to cast it in 
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complex honeycomb structure. 

The relatively high thermal diffusivity of glass also helps to bring it into 

thermal equilibrium on scales of O.1m. Even though its thermal diffusivi'ty is about 

a factor of 10 less than steel and a factor of 120 less than aluminum, the overall 

properties place it as the prime material for large mirror substrate. 

The thermal expansion properties of different families of glass can vary 

by orders of magnitude. The choice of a particular type of glass will have significant 

impact on the design of the whole telescope. To eliminate the thermal distortion 

problem, zero-expansion glass is the best choice. However, from th;a analysis by 

Angel and Woolf (1983), casting zero-expansion glass (like Cer-Vit and Zerodur) 

into complex molds is impossible because of inevitable surface impurities. Fusion 

bonding of pieces of zero-expansion glass (like fused silica and ULE) into a large 

honeycomb mirror is too difficult because each bond must be formed and cooled 

in a very short time to avoid signitlcant changes in the nucleation (Gardopee and 

Shen, 1982). Machining lightweight structures from zero-expansion glass meniscus 

is also very inefficient for large 8m diameter mirrors. The borosilicate family of 

glass which is manufactured at about 1500°C is the only candidate that will allow 

direct casting of complex lightweight geometry. The cost of borosilicate glass is also 

less expensive than that of zero-expansion glass. By paying enough attention to the 

thermal problems of borosilicate glass, one could design the mirror to satisfy the 

performance specification. The success of the 5m borosilicate mirror at Palomar 
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is a good example of design detail eliminating potentially severe thermal problems 

caused by the thermal properties of the glass material. 

Thermal Distortion of Large Mirrors 

The mechanical distortion due to thermal expansion of glass has two 

components. One component is due to the inhomogeneity in the thermal expansion 

coefficient and the other is due to non-uniform thermal loadings when the thermal 

expansion coefficient is non-zero. Hereafter, they will be referred as Type I and 

Type IT thermal distortions respectively. 

For a mirror to operate at a temperature different from the polishing 

temperature, the mirror will distort locally by OZI which is proportional to the 

product of the variations in the thermal expansion coefficient 00: and the temper

ature difference AT: 

OZI ex 00: AT. (6.1a) 

This distortion (Type I thermal distortion) will be reduced when the mirror is 

being polished at a temperature closer to the telescope operation temperature. 

If'the distortion is due to non-uniform thermal loadings (Type IT thermal 

distortion), the distortion DZII is proportional to the product of the expansion 

coefficient 0: and the temperature variations oT: 

OZII ex 0: oT. (6.1b) 
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The exact figure distortion for non-zero expansion material has no simple analytic 

solution when the mirror has a complex geometry like a honeycomb structure or 

when the thermal loading is in a complex form, which is usually the case in reality. 

So the analysis of this distortion is usually done through finite element thermal 

model calculations. A review of various analyses of this distortion will be given in 

the next chapter when the degree of thermal control is being discussed. 

A symmetry analysis of these two types of distortions can be made by 

requiring the two distortions be comparable. The result gives a relation between 

the variations in temperature and the variations in thermal expansion coefficient: 

a 
oa = t::.T oT. (6.le) 

For a maximum temperature difference t::.T of 30°C, and expansion coefficient a of 

3xlO-6 /oc for borosilicate glass, equation (6.lc) gives oa (f°C) = 10-7 oT (OC). 

The maximum allowable temperature variations in an 8m honeycomb borosilicate 

mirror is about O.l°C (see details in the next chapter), so the maximum allowable 

variations in expansion coefficient oa - 10-8 /oC. Since commercial borosilicate 

glass can be produced with variations in expansion coefficient oa of 3xlO-8 / oC 

peak-to-valley and 9xlO-9 / oC rms (see Angel, Woolf, Hill and Goble, 1983 and 

references therein), the Type I thermal distortion will be solved when the variations 

in mirror temperature is less than O.loC. 
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Thermal Environment 

The thermal environment of a large telescope mirror includes the ambient 

air, the dome internal surface, the telescope structure and the mirror supporting 

cell. They are all thermally coupled to the mirror through three fundamental 

modes of heat transport. A review of the principles of these modes will be given 

in the next chapter. 

Without thermal control, the air couples to the mirror by convective 

heat transfer through the reflecting surface. The mirror supporting cell couples 

by conduction through the support and by radiation between the facing surfaces. 

Radiative coupling between the mirror and the dome internal surface and the tele

scope structure usually is less significant. All these couplings are complicated and 

can be analyzed only under specific conditions. Insulation between the mirror and 

its supporting cell reduces the thermal interference from the steel cell. Adequate 

air circulation inside the dome will reduce the thermal effects from the dome and 

the structure as the air tends to bring the mirror and the rest of the structure to 

the same temperature. The most important interference is that from the air itself. 

At the best seeing sites planned for future very large telescopes such 

as Mount Graham and Mauna Kea, changes in air temperature are mild. The 

CFHT temperature data show that at Mauna Kea the nighttime temperature 

from 19:00 to 05:00 hours decreases at less than 0.3°C /hour 90% of the time, 

with a mean of 0.15°C/hour. The diurnal temperature changes have consistent 
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extremum differences of about 100 e (Nelson, Mast and Faber, 1986). Similar 

temperatures measured from the summit of Mount Graham. in December 1980 and 

January 1981 gave a nighttime cooling rate of 0.25°e/hour (Woolf, 1985). From 

the published temperature data for Mt. Graham (Forbes, Morse and Poczulp, 

1986) the nighttime temperature decrease is 0.14±0.15°e/hour. Therefore, the 

typical nighttime temperature decrease at good sites under clear sky can be taken 

as 0.25°e/hour. 

The convective thermal coupling between the mirror and air depends on 

wind speed. At Mauna Kea, the wind speed is less than 11m/s 84% of the time, 

and is below 20m/s 95% of the time (Nelson, Mast and Faber, 1986). On Mount 

Graham, the wind speed is about 10m/s at 25m above the ground (Woolf, 1985). 

A telescope enclosure will be needed to reduce the wind speed across the front 

surface of the mirror to limit wind induced distortion and forced convective heat 

transfer from cooling the mirror reflecting surface more than the rest of the mirror. 

Thermal Response of Large Telescope Mirrors 

As a preliminary to the thermal design of very large primary mirror, 

an analysis of the thermal response of existing large telescope mirrors will be 

beneficial. Of the present large telescope mirrors, there are three families. The 

first family, 4m class mirrors made from solid blanks of low expansion fused silica 

and glass ceramic includes the 3.8m Mayall telescope, the AAT 3.9m, the ESO 3.6m 
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and the CFHT 3.6m. The second family, made from open rib structured blanks 

of higher expansion borosilicate glass, includes the 5m telescope at Palomar and 

the 3m at Lick Observatory. The MMT has mirrors of sealed eggcrate structure 

lightweight blanks of 1.8m diameter. This sealed structure lightweight mirror 

should be classified as the third family. 

Solid Blank 

The thermal response of a solid mirror blank depends very much on the 

dynamic behavior of its environment. The true characteristics of the environment 

are too complicated to model. However, analysis of the mirror temperature distri-

but ion can be made with a simplified model which closely approximates the true 

mirror blank. The simplest model of all is a large plane sheet of glass with uniform 

thickness as has been- discussed by Angel, Cheng and Woolf (1985). Solving the 

temperature profile across the depth of the blank is reduced to a one-dimensional 

heat conduction problem when the edge heat transfer of the blank is neglected. 

The temperature profile is governed by the equation of heat transfer: 

nhe:re 6 is the thei.'iIlal diffusivity of glass which is defined by: 

k 
6=-, 

Cp 

(6.2) 

(6.3) 

with k being the heat conductivity, C the heat capacity and p the density. The 
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general solution of the equation is complicated and depends on the boundary 

conditions. 

The thermal environment of most relevance to telescope mirror design is 

when the ambient air is changing at a steady cooling rate. This is the most fre-

quent nighttime air temperature change at good sites planned for future very large 

telescopes. A steady state solution will give a first approximation to the tempera-

ture response of the mirror. However, the steady state solution is achieved only if 

the mirror is exposed to uniformly changing air temperature for a period of several 

thermal relaxation times. It is a good approximation when the relaxation time is 

short, as in the case of a very thin sheet of glass. The steady state temperature 

profile of the model is a parabola: 

1· 2 
T(z) == '2 6 T (x - xo ) - To + Tair. (6.4) 

where x is distance from the center of the glass, Xo and To depends on the boundary 

conditions and T is the air cooling rate. Suppose the front and back face have 

heat transfer rates hl and h2 respectively. By solving the heat transfer equations 

at the two faces, the values of Xo and To are given by: 

(6.5) 

and 

(6.6) 



159 

where k is the thermal conductivity and I the thickness of the plate. 

The values of the front face, the back face and the peak glass tempera

tures above ambient are plotted as a function of thickness in Figure 6.1 for T = 

-o.25°C/hour, hI = lOW 1m2 IK and h2 = 5W 1m2 IK. The front heat transfer is 

from forced convective cooling and the back heat transfer is from radiative cou

pling to the mirror support cell. The solid family of 4m diameter mirrors are made 

of solid meniscus of about O.6m thick. From Figure 6.1, the temperature of the 

front face is about 3.6°C above ambient. The hottest point in the blank is about 

10°C above ambient and the back face is about 6°C above ambient. The front

face temperature difference of 3.6°C will undoubtly create large mirror seeing and 

degrade the performance of the telescope. 

For a plano-concave mirror blank with variations in depth, the tempera

tures at different radial distances from the mirror center will have diferent values of 

maximum temperatures. For a 4m f/3 mirror, the change of mirror depth is about 

Scm, which corresponds to a change of maximum temperature of about 2°C. If no 

other non-cylindrical thermal fluctuation exists, then the mirror is left with a pure 

radial temperature distribution. The distortion of such thermal loading will also 

cause spherical aberration. Much of this distortion is alleviated by choosing the 

lower expansion fused silica glass, but this effect would be important for a higher 

expansion glass like borosilicate. To reduce the radial temperature distribution 

distortion, the mirror blank can be made into meniscus of equal thickness, that is 



160 

Front 

o~~--~~~~~~~~~~--+-~~-+ __ ~~ 
o 10 50 60 

Mirror Thickness (em). 

Figure 6.1. Model Glass Temperatures for Solid Mirrors with Different 
Thicknesses 

The solid curve is for the maximum glass temperature, the long dashed 
'-. 'curve is for the back face glass temperature and the short dashed' - ' curve 
is for the front face glass temperature. The air is cooling at a rate ofO.25°C/hour. 
The front face heat transfer coefficient is 10 W /m2 /K and the back face heat 
transfer coefficient is 5 W /m2 /K. 
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concave in the front and convex at the back. 

Open Rib 

An . immediate lesson learned from the simple analysis above is that by 

reducing the thickness of the plate, the front and back temperature difference is re

duced and the mean glass temperature is much closer to the air temperature. This 

has the effect of reducing the problems of mirror seeing and thermal distortion. 

If the air temperature itself is uniform, then the whole mirror will become more 

uniform. In particular for glass of appreciable expansion coefficient like borosili

cate, it is important to reduce the temperature non-uniformity of the mirror by 

reducing the cross-sectional thickness of the blank. 

The method of reducing the thickness to solve thermal problems was 

used in the 5m borosilicate mirror at Palomar. The mirror is lightweighted to 50% 

weight saving by casting open back ribs. The tolerance of self-weight deflection 

only requires the mirror blank to be 36cm thick. The maximum rib thickness of 

the mirror is further reduced to about 10cm after the final machining of the rib 

pattern to adapt the axial support system (McCauley, 1935). 

With IOcm thick plates, assuming heat transfer coefficients at all surfaces 

equal to 10 W 1m2 IK, the temperature difference in the blank, as calculated from 

the simple model, is about 0.2°C. The mirror surface is about 1°C above ambient 

and the problem of thermal distortion and mirror seeing is significantly reduced. 
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Eggcrate Sandwich 

The MMT· mirrors are made of sealed eggcrate structure blanks. The 

ribs are lcm thick with Scm square spacings. The depth of the mirror is about 

2Scm. The front and back plates are 2cm thick. The whole blank is lightweighted 

to a density equivalent to that of a 10cm thick solid blank, so· the temperature 

distribution across the depth of the mirror should be close to that of a solid blank 

of lOcm thick. From Figure 6.1, the mirror should be about 1°C above ambient 

and should have a maximum temperature difference of O.2°C. 

Mirror Seeing and Mirror Temperature 

The term 'mirror seeing' is used to describe the phenomenon of wave

front aberration due to convection of air above the reflecting surface of the mirror 

when the mirror is out of temperature equilibrium with ambient air as opposed to 

the 'atmospheric seeing', where the wave-front aberration is due to air turbulence 

in the earth '8 atmosphere. The problem of mirror seeing can be corrected by 

making the mirror reflecting surface always be in temperature equilibrium with 

ambient air. 

The effects of mirror temperature upon telescope seeing have been in

vestigated by Lowne (1979). He found that the convective disturbances caused 

by a mirror being warmer than the ambient air can cause serious image degra

dation. The image degradation from his experiment obeys a linear scaling law. 
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For a horizontal mirror with temperature warmer than air, the image degrades by 

about 0.1 arcsecond/oC. The effect is less significant when the mirror temperature 

is cooler than ambient air, in which case the image degrades only by about 0.4 

arcsecond/oC in a horizontal position. As the mirror inclination angle increases, 

the mirror seeing effect is reduced. At a 20° inclination, the image degradation 

follows a slope of 0.35 arcsecond/oC for a warm mirror. It further reduces to 0.12 

arcsecond/oC at an inclination of 50°. 

The front face mirror temperature calculated from the simple analysis 

above for the solid 4m diameter mirror is about 3.6°C above ambient. This corre

sponds to about 2.5 arcseconds of image degradation when the telescope is pointing 

at zenith. At an inclination of 20°, the mirror seeing is about 1.2 arcsecond. For 

the open rib and the sealed eggcrate lightweight mirrors, the mirror surfaces have 

temperatures no more than 1°C above ambient, so the image degradation is about 

0.1 arcsecond at the most. 

Therefore, in the design of very large mirrors it is advantageous to make 

the mirror sections as thin as possible. This way the mirror front surface will be 

nearer equilibrium with the cooling ambient air, and mirror seeing will be reduced. 

The whole mirror can also have a more uniform temperature distribution when 

the air in the mirror internal cavities is controlled to the same temperature as the 

ambient. 

For all the reasons discussed in this chapter, 8m diameter primary mir-
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rors for future very large telescopes will have better performance if they are made 

from hexagonal honeycomb structured lightweight mirror blanks. 

Thermal Characteristic of an 8m Honeycomb Mirror 

In the design of an 8m honeycomb mirror to be cast directly from borosil

icate glass (Angel, Woolf, Hill and Goble, 1983), the face sheets are about 2.5cm 

thick and the ribs about 1.2cm thick. At the required telescope performance, only 

0.1 arcsecond aberration is allowed for thermal distortion and another 0.1 arcsec

ond aberration for mirror seeing. The weight of the mirror is about 20 tons, which 

is equivalent to that of an 18cm thick solid blank. If it were a sealed honeycomb 

like the MMT mirrors, the mirror surface temperature calculated from the I:!imple 

analysis would be 1°C above ambient with ambient air decreasing at 0.25°C /hour. 

This would produce undesirable mirror seeing exceeding the design goal. To meet 

the thermal requirement, air must be ventilated within the honeycomb cavities to 

ensure an isothermal environment. This will diminish thermal distortion due to 

temperature difference within the mirror and at the same time reducing mirror 

seeing by bringing the mirror into better thermal equilibrium with the air. The 

degree and method of ventilation is the subject of the next chapter. 

Given that all surfaces will be thermally coupled to an outside medium 

through thermal control, one should be able to characterize the thermal behavior 

of the blank. Since the temperature difference along the depth of the thin glass 
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sheets is small, the glass plate can be assumed isothermal along the depth. For 

simplicity of analysis, the thickness of the ribs is assumed to be the same as that 

of the face sheets. The effect of their difference can be considered afterwards. 

Assuming both sides have the same surface heat transfer coefficient heW /m2 /K), 

the characteristic thickness l(m) is equal to half the section thickness. The heat 

transfer equation between glass and air is: 

dTg ( ) C p I dt = h Ta - Tg , (6.7) 

where Ta and Tg are the temperatures of air and glass respectively, and C and p 

are the heat capacity and density of glass respectively. By defining a characteristic 

thermal relaxation time r: 

equation (6.7) becomes: 

C pl r= -h-' 

dTg ( ) 
'i dt = Ta - Tg • 

Solving this transient equation in the most general form: 

(6.8) 

(6.9) 

(6.10) 

With a known air temperature profile Ta(t'), the mirror temperature Tg(t) can be 

calculated. If the air temperature is fixed (i.e., Ta(t') = To), the mirror tempera-

ture will follow the classic exponential decay curve: 

(6.11) 
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For a characteristic thickness of 1.25cm and a heat tranfer coefficient of 5W 1m2 IK, 

the mirror will have a thermal relaxation time of an hour. If the air temperature 

remains constant, the temperature difference between mirror and air will be 36% 

of the initial difFerenc·e after an hour. If the heat transfer coefficient is increased 

to lOW 1m2 IK, the thermal relaxation time will be half an hour. The initial 

temperatuare difference can be reduced in a shorter time at a higher heat transfer 

coefficient. Likewise for a smaller characteristic thickness, the thermal relaxation 

time will also be reduced. 

The nighttime observatory air temperature can be approximated by a 

linear decreasing curve: 

Ta(t) = Ta(O) + 1.' t. (6.12) 

The temperature difference between the glass and air is given by: 

[Tg(t) - Ta(t)] = [Tg(O) - Ta(O)] e-t
/
r + 1.' T (e- t / r - 1). (6.13) 

For t ~ T, the temperature difference is: 

Tg(t) - Ta(t) = -1.' T. (6.14) 

For a mean nighttime cooling rate of 0.25°C Ihour and a thermal decay time of 

an hour, the glass will lag behind the ambient air by about 0.25°C in a steady 

state. For a mean mirror inclination of 20° during observations, the mean mirror 

seeing will be about 0.1 arcsecond. This kind of mirror seeing is within the design 

specification. 
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The mirror will remain isothermal if the thermal decay time constants for 

different parts of the mirror are the same. When the cross-sectional thicknesses 

of different parts of the mirror are different, the temperature uniformity of the 

mirror could still be guaranted if the heat transfer coefficients were deliberately 

changed to match the differences in thickness. That is, the mirror must have a 

constant 1/ h ratio throughout the whole blank. The design geometry of the 8m 

diameter honeycomb mirror has thicker face sheets than the ribs, so as to optimize 

the weight saving. In order to guarantee temperature uniformity, the faces and 

the ribs must be controlled at different heat transfer coefficients. The control and 

matching of the heat transfer coefficients are the subjects of the next chapter. 

AB a reminder before closing this chapter, if natural convective cooling 

were the only significant mode of -heat transfer inside the cell cavities, aild if 

fresh cool air were not being brought into the cells to replace the heated air, the 

characteristic decay time calculated earlier would not apply. This is because the 

cells would only follow the air temperature at the thermal boundary layer inside 

the cavity, not the temperature of the outside air. 



CHAPTER 7 

THERMAL CONTROL OF LARGE HONEYCOMB MIRRORS 

Introduction 

This chapter is devoted to a discussion of the thermal control of 8m 

honeycomb borosilicate glass mirrors. As discussed earlier at the begining of the 

last chapter, there is strong indication that 8m diameter mirrors can be cast in 

highly homogeneous form. In this chapter, therefore, the Type I thermal distortion 

due to glass inhomogeneity will be neglected. There are still two other elements 

left in the thermal control. They are the Type n thermal distortion due to non

uniform mirror temperature and the problem of mirror seeing. In this chapter 

the degree of thermal control will first be discussed, followed by a review of the 

different modes of heat transport. The rest of the chapter will discuss thermal 

control through air ventilation. 

Degree of Control 

The goal of 0.25 arcsecond image quality for future telescopes with 8m 

diameter borosilicate honeycomb mirrors sets stringent requirements on the ther

mal control of the mirrors. The two thermal problems call for different kinds of 

thermal control. The mirror seeing problem requires the mirror to track the am-
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bient air temperature. The thermal distortion problem requires the mirror to be 

thermally uniform. 

Mirror Seeing 

From the mirror seeing discussion in the last chapter, the mirror will have 

to be within 0.25°C of ambient air temperature in order to limit the mirror seeing 

to 0.1 arcsecond (Lowne, 1979.1 Woolf, 1979 and Gillingham, 1983). From the 

thermal response study of such a mirror in the last chapter, the mirror will be in 

equilibrium with air to within 0.25°C if the thermal relaxation time of the mirror 

front surface is about an hour when the air cools steadily at 0.25°C/hour. The 

one hour thermal relaxation time requires a heat transfer coefficient of 5 W /m2 /K 

from both sides of the 2.5cm thick front face plate. 

At the begining of the night, the mirror and ambient air may be 2°C 

out of equilibrium. It will then take about two hours for the mirror to settle to 

0.25°C above ambient. By increasing the heat transfer coefficient to lOW /m2 /K, 

the thermal decay time can be further reduced to half an hour. The mirror will 

then be 0.25°C above ambient in an hour. This slew mode of temperature con

trol can be used to reduce the problem of large initial temperature differences 

between the mirror and air at the begining of the night or when the ambient air 

is changing faster than 0.5°C /hour. Therefore, depending on the tracking rate 

(0.25 or 0.5°C/hour), the heat transfer coefficient needed will be different (5 or 10 
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W /m2 /K respectively). 

Thermal Distortion 

Since borosilicate glass has expansion coefficient of 2.8xlO-6 / o C, the 

whole mirror will have to be thermally uniform to minimize the Type n thermal 

distortion. The constraints on the thermal non-uniformity of borosilicate honey-

comb mirror were calculated by Angel et a1. (1983). The most severe distortion 

comes from fluctuations across the face plate of the mirror on the scale of the 

mirror depth. For the allowable rms figure distortion of 70nm on the scale of 

the depth of the mirror (60cm), the fluctuations in temperature must not exceed 

Finite element calculations of figure distortion induced by different tem-

perature variations in a 3.5m honeycomb mirror were computed by Siegmund et a1. 

(1986). They have analysed five thermal load cases. The results are summarized 

below. 

1. The first loading corresponded to a triangular wave as a function of angle 
"<11>-"" • 

with maxima 1200 apart. The peak-to-valley temperature variation was 

O.l°C. In this load case, the surface displacement of the best focus 

surface was 18nm rms or 69nm peak-to-valley. It corresponded to image 

degradation of 0.027 arcsecond rms. 

2. In the second load case the back plate had uniform temperature, but the 
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front plate had the temperature distribution of the first load case. The 

temperature of the nodes in the center of gravity plane were set to the 

mean temperature of the front and back plates. The surface displacement 

was 53nm rms or 181nm peak-to-valley. The displacement will cause 0.07 

arcsecond rms image degradation. 

3. The third load case had the front plate isothermal and O.I°C warmer 

than the back plate. The residual surface error found was 2.8nm rms or 

9.3nm peak-to-valley. 

4. The fourth load case was a purely radial thermal gradient with the inner 

edge O.I°C warmer than the outer edge. The result gave 5nm rms or 

15nm peak-to-valley surface error. 

5. The last load case had the face and back plates O.I°C warmer than the 

ribs. The best focus error calculated was 3nm. rms or 15nm peak-to

valley. 

From these results, a mirror thermally uniform to O.I°C peak-to-valley will never 

have thermal distortions that would result in image degradation of more than 0.1 

arcsecond. 

Laboratory measurements of image degradation from non-uniform ther

mal loading have been made by Pearson et a1. (1986) on a 1.8m borosilicate 

honeycomb mirror. The measurements gave a 0.1 wave figure error for temper

ature variations within 0.14°C. Finite element models were also used to predict 
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empirically the effect of the same thermal loading on a sealed-up 7.5m honeycomb 

mirror. For a 1/16 arcsecond image degradation, the total temperature variation 

in the blank must be within O.l°C peak-to-valley. 

From the three independent analyses above, it is inevitable that an 8m 

borosilicate honeycomb mirror must be thermally uniform to O.l°C for figure dis

tortion not to exceed the 0.1 arcsecond requirement. A corollary from this result 

and the symmetry analysis of the two types of themal distortion discussed in the 

last chapter is the glass homogeneity DOl. has to be less than ,.., 10-8 °C peak-to

valley. 

The task of controlling the temperature uniformity of an 8m diameter 

honeycomb mirror to within O.l°C acurracy at first may sound formidable or even 

impossible. However, from thermal ventilation experiments on a model honey

comb cell, it is clear that such degree of thermal control can be achieved by a 

scheme which does not demand excessive engineering. Before discussing the ther

mal ventilation experiments, a review of different modes of heat transport is first 

given. 

Heat Transport 

There are three fundamental modes of transportation of thermal energy, 

namely conduction, radiation and convection. Between the mirror and its sur

rounding and within the mirror itself, these modes of heat transfer take place all 
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the time. 

Conduction 

Within the mirror blank, heat is transferred from hot to cold regions 

through conduction. The heat transfer rate, q, depends on the thermal conduc-

tivity, k, and is governed by Fourier's law: 

dT 
q=-kA -

dn' 
(7.1) 

where dT / dn is the temperature gradient in the direction normal to the area A. 

To analyze the effectiveness of conduction within the mirror, a more 

useful quantity is the thermal difFusivity, Ii, which has been defined earlier in 

the last chapter by equation (6.3). For a thermal characteristic response time, T, 

conduction is effective within a characteristic length, l = ..;rT. For a characteristic 

time of an hour, in a borosilicate honeycomb mirror with Ii = 6.3x10-7 m 2 /s, the 

characteristic length, " is about Scm. 

If conduction is to be used as a means to couple the mirror to an external 

heat source or sink, then the placement of conductive couplers must not be spaced 

more than 10cm apart for a characteristic thermal time constant of an hour. If 

highly conductive grids of metal (like copper) could be bonded together with 

good temperature control pipes onto the internal surfaces of the honeycomb cells, 

the face plate, the back plate and the :tibs would be all isothermal. However, the 
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substantial weight increase to the mirror by the metal and the temperature control 

fl.uid would make this scheme impractical. 

As a reference, the thermal diffusivity, 6, of aluminum is 9.5xl0-6 m 2 Is 

and that of steel is 6.5xl0-6 m 2 Is. For a thermal characteristic time constant of 

an hour, the corresponding characteristic lengths of aluminum and steel are 58 

and 15 cm respectively. 

Radiation 

Radiative heat transfer differs from conduction and convection in two 

aspects. 

1. No medium is required for the heat transport. 

2. The heat transfer is proportional to the difference in the fourth power of 

the temperature between the mirror and its neighbor. 

The radiation of heat by a blackbody, Eb, at a temperature, T, is given 

by the Stefan-Boltzman equation: 

(7.2) 

where (7, the Stefan-Boltzman constant, is equal to 5.67xl0-8 W 1m2 IK4. 

For a realsur£ace, its radiation differs from that of a blackbody but can 

be approximated by that of a gray body. The radiaton of a gray body, E g , is given 

by: 

(7.3) 
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where e, the emissivity of the surface, and is usually taken as 0.55 for a gray body. 

The heat transfer, Qr, between two surfaces is given by: 

(7.4) 

Ambient air usually has emissivity, ecu between 0.1 to 0.2, depending on the hu

midity (Adams, 1954). For a highly reflective mirror, the emissivity is negligibly 

small, and thus the mirror surface radiates no heat. 

Radiation can be used as a means to control the honeycomb mirror 

temperature through metal surfaces inserted into the center of the cell cavities. 

Pipes containing coolant can be used to carry heat to an external heat sink (or 

from an external source) (Kibblewhite, 1986). This type of thermal control device 

can be analyzed as follows. Assuming the two surfaces have the same gray body 

emissivity for simplicity, then the heat transfer, Q, becomes: 

(7.5) 

where Tg is the glass temperature and ATe is the temperature of the control surface 

above or below glass. Q ~ 4.4 ATe W 1m2 for Tg = 273K and glass emissivity in 

the infrared wavelengths, e = 0.95. 

For a steady temperature decrease at night (Tg = constant), the control 

system has to maintain a constant heat transfer. That is, 

Q = 40'e ATe T: = constant, (7.6a) 
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and 

(7.6b) 

Solving equations (7.6a) and (7.6b), 

~T.(t) = 4a'~:(O) [1- 3 TjO) t[. (7.7) 

The change of ATe during the night depends on how much the mirror is allowed 

to be above ambient. Suppose at the beginning of the night, the mirror is already 

about 0.2°C hotter than ambient. If this temperature difference is to be main-

tained during the night, the heat transfer, Q, needed to match the front reflecting 

surface cooling is about 5 x 0.2 = 1 W /m2 • Assuming Q = 1 W /m2 , e = 0.95, 

Tg(O) = 273K and'1'g = 0.25°C/hour, then the temperature difference between 

coolant and glass is: 

(7.8) 

Under the condition of constant heat transfer, throughout a ten hour period the 

temperature of the coolant has to change by about 0.0062°C. 

The error in the rate of change of glass temperature is related to the 

error in the temperature of the coolant by the following equation: 

oATe 6q o1'g 
--~-~-.-. 
ATe q Tg 

(7.9) 

Assuming that the mirror is brought to ambient temperature at the beginning of 

the night, for 1'g = 0.25 DC/hour, mistracking by o1'g = 0.02°C/hour will still keep 
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Tg within 0.2°C of Tair over a 10 hour period. Therefore, we need 

BQ < 0.02 = 008 
Q - 0.25 ., 

and thus BATe: < 0.08 ATe:(O). For ATe:(O) = 0.23°C, BATe: must be less than 

0.018°C. Thus if the coolant temperature is controlled to within ±0.01°C accuracy, 

the mirror will not lag behind ambient by more than 0.2°0 during the whole night. 

While this degree of control accuracy is possible to engineer, the required heat 

exchanger is complex and may conflict with the mirror support structure. It is 

worth searching for a simpler heat transport scheme. 

Convection 

Convective heat transfer takes place in two different modes, namely free 

(or natural) and forced convections. Free convection occurs when the heat trans-

porting fluid moves under the influence of buoyant force arising from changes in 

density, while forced convection takes place when the motion of the fluid is caused 

by changes in fluid pressure under external work. 

Free convection. In the terminology of heat transfer (see, for example, 

Chapman, 1967), the heat transfer coefficient, h, under natural convection is often 

related to fluid properties by: 

N= hL = ARB k a , (7.10) 

where N is the Nusselt number, L is the characteristics length, k is the fluid 

conductivity, Ra is the Rayleigh number, and A and Bare empnical parameters. 
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The Rayleigh number, RtI., is the product of the Grashof number, G r , and the 

Prandle number, Pr , which are defined by the following equations: 

and 

Cp, 
Pr=T' 

(7.11) 

(7.12) 

where 9 is the gravity, P is the volume expansion coefficient, f:::t,.T is the temperature 

difference between the two media, and p, p" C and k are the density, viscosity, 

heat capacity and thermal conductivit! of the fluid respectively. 

The empirical parameters for a flat plate under different conditions are 

given by Pitts and Sissom (1977). The values for B are about 1/4 and 1/3 for 

laminar and turbulent flows respectively. For a horizontal hot plate facing up, 

values of A for laminar and turbulent flows are 0.54 and 0.14 respectively. 

For the proposed 8m honeycomb mirror, at high sites with good seeing, 

the heat transfer coefficient, h f, of the horizontal front surface at a mean temper-

ature, f:::t,.T, hotter than ambient air under laminar type free convection is given 

by: 

(7.13) 

The vertical surface inside the honeycomb cell will have heat transfer coefficient, 

h", given by: 

(7.14) 
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The bottom surface facing the mirror supporting cell will have heat transfer coef

ficient, h", given by: 

(7.1S) 

Free convection can not be used as the sole means of thermal control in 

8m mirrors. When the mirror is 0.2S0C above ambient, the mean heat transfer 

coefficient from both sides of the front face is only about 0.88 W 1m2 IK. The 

necessary heat transfer coefficient' is SW 1m2 IK for the mirror to track an air 

cooling rate of 0.2soC/hour. In reality, there will always be some wind in the 

dome, so the heat transfer at the front face is always forced convection. 

Forced Convection. Forced convection has a different characteristic. The 

heat transfer coefficient depends on the thickness of the thermal boundary layer 

which in turn depends on the geometry, the flow velocity and the fluid kinematic 

viscosity. When the Huid turns turbulent, it can transfer a large amount of heat. 

For a specific geometry and Huid, the heat transfer coefficient depends only on the 

How velocity of the Huid. Thus the How velocity, which can be varied by external 

work, can be used as a control parameter for the heat transfer coefficient in a 

honeycomb cell. 

For convection within a single honeycomb cell, when the boundary layer 

thickness is small compared to the physical size of the cell, the Hat plate heat trans

fer coefficient is a good approximation. The Hat plate heat transfer coefficients for 



180 

laminar and turbulent Hows are given by: 

h(laminar) = 3.1 -If (W 1m2 IK), (7.16) 

and 
Vo.s 

h(turbulent) = 3.4 LO.2 (W 1m2 IK), (7.17) 

where V is the velocity of How in ml sand L the characteristic length of the Hat 

plate in In. Turbulence sets in when V L > 0.76 or when the Reynolds number 

Re > 4xl04 for L = O.75m. The idealized critical length, L e , to produce turbulence 

is usually taken at Re = 5x105 (or 3x105 when the surface roughness is significant). 

L should be replaced by Le in equation (7.17) under turbulent How when the plate 

length, L, is longer than the critical length, Le. The heat transfer coefficient of a 

honeycomb cell under forced convection with L = O.75m, as derived from equations 

(7.16) and (7.17) for V = 1 mls (Re = 3.6x104), is h(laminar) = 3.6W 1m2 IK, 

and for V = 5m/s (Re = 1.8x105 ) is h(turbulent) = 13W 1m2 IK. 

In the experiment by Lowne (1979), he measured a mean forced convec-

tive heat transfer coefficient of about 14.8±1.8 W 1m2 IK for an air How velocity of 

4m/s across a dummy Hat mirror segment of length L = 1.2m. Details of the heat 

transfer coefficients are tabulated in Ta.ble 7.1. The turbulent forced convective 

heat tra.T!sfer coefficient from equation (7.17) gives a, value of 11 W 1m.2 IR. This 

value is in reasonable agreement with the experimental value at low stabilized 

surface temperature, but the deviations between the theory and the experiment 

are more significant at larger surface temperatures. 
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Table 7.1 Heat Transfer Coefficients from Forced 
Convection Experiment by Lowne (1979). 

Stablilized Surface Temperature 
(OC above Ambient) 

0.88 

1.36 

1.92 

2.48 

3.04 

Input Heat 
(Wjm2 ) 

10 

20 

30 

40 

50 

Heat Transfer Coefficient 
(Wjm2 jK) 

11.4 

14.7 

15.6 

16.1 

16.4 
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Forced convection can effectively realize the 5 to 10 W 1m2 IK heat trans

fer coefficient needed to allow the mirror to track the ambient air temperature 

change at night. Therefore, it is a good candidate to use in thermal control of the 

mirror. By induced forced convection of temperature-controlled air in the mirror 

cell, the mirror temperature can be actively controlled. By matching different 

heat transfer coefficients with different cross-sectional thicknesses in the mirror, 

the mirror can be made isothermal. 

Text book empirical heat transfer coefficients are developed under very 

symmetric boundary conditions with fully developed How. In a honeycomb cell, 

the boundary conditions are not symmetric, and the How is sometimes not quite 

fully developed. Inlet and outlet effects may contribute differently. Therefore the 

above equations for computing the heat transfer coefficients can only serve as order 

of magnitude calculations, and should not be used to calculate the fine details of 

temperature gradients in a cell. It is more important to do experiments on a model 

mirror cell that approximates the exact size of the mirror structure. This way the 

heat transfer coefficients at different parts of the cell can be directly measured 

and temperature variations in the test results will reflect the true temperature 

distributions of a honeycomb mirror. The following sections in this chapter will 

discuss the different forced convection thermal control experiments. 
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Ventilation by Drawing Air 

The Wong Experiment 

The first ventilation experiment of honeycomb mirror was made by Wong 

(1983a). The experiment used a prototype honeycomb mirror blank cast by Angel 

and Hill (1982). The mirror blank is 60cm in diameter and SOcm thick with 12 

square and 4 triangular cavities. The cavities are 15cm wide and the ribs are 0.7cm 

thick. The face and back plates are 2.5cm thick. The glass is Schott-Temp ax, a 

borosilicate glass essentially identical to Corning 7740. The total weight of the 

mirror is 70.6kg. The ventilation system used 12 thin walled aluminum pipes 

inserted into the centers of the 12 square cells through 5cm holes on the back 

plate. Air was sucked from the cells through the pipes into a plenum which was 

connected to a blower. The heat transfer was mainly through forced convection 

induced by air flowing through the internal surface of the cell. A schematic of the 

ventilation scheme is drawn in Figure 7.1. 

The characteristic thermal relaxation time of the blank without venti

lation was about 4.9 hours when the back plate was insulated and was S.l hours 

when the back plate was not insulated. Results of the temperature differences 

along the mirror depth and those between the mirror and air were reported at 

four different flow rates. For estimated air velocities inside the cell cavities of 0, 

0.056,0.071 and 0.086 mis, the average peak-to-valley temperature differences 
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Figure 7.1. Ventilation by Drawing Air 

This figure shows the ventilation scheme of drawing air through a hon
eycom.b cell. The central pipa inserted in.to th~ cell is uged to dra~". air into a 
plenum. 
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across the depth were 2.38, 0.62, 0.40 and 0.26°C respectively and the average 

mirror temperatures above ambient were 3.21, 1.27. 0.57 and 0.46°C respectively. 

The thermal relaxation times reported were 1.5 and 1.0 hours for air velocities of 

0.056 and 0.086 m/ s respectively. 

The results did not give temperature uniformity to O.l°C, so an exper

iment with higher flow rate was conducted on the same blank (Wong, 1983b). 

The highest flow rate in the experiment was about 6.1liters/second/cell, which 

is equivalent to a total air flow of five times the mass of the mirror per hour. 

The results of the experiment are tabulated in Table 7.2. The mirror thermal 

time constant was brought to less than an hour at the higher flow rates. For the 

highest flow rate of 6.1liters/second/cell the thermal time constant is about half 

an hour. At the highest flow rate, the pressure difference in the cavity may have 

caused adiabatic cooling of the air so that the glass was cooler than air. The glass 

temperature has a 0.21°C peak-to-valley difference. This is about a factor of 2 

larger than the required performance. 

The difficulty in achieving uniformity even at the highest flow rate is 

because the air initially drawn from the hole of the back plate into the cell is 

relatively cool and has the most effective cooling. The air is heated as it rises 

in the cell, so the glass higher up can only equilibrate to a higher temperature 

than that near the bottom. A systematic temperataure gradient results across the 

depth of the mirror. This kind of temperature distribution along the depth of 
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Table 1.2 Experimental Results by Wong (1983a, b) 

Air Velocity 
in Cell Cavity 0 0.056 0.086 0.193 0.461 

(m/s) 

Air Flow Rate 0 0.93 1.40 2.50 6.10 
(l/s/cell) 

Temperature 
Difference 2.38 0.62 0.26 0.21 0.21 

in Glass (OC) 

Glass 
Temperature 3.21 1.21 0.46 -0.18 -0.84 
above Ambient 

(OC) 

Thermal Time 
Constant 3.12 1.54 0.91 0.61 0.54 
r (hour) 

Heat Transfer 
Coefficient 0.19 1.1 2.5 3.1 4.6 
(W/m2/K) 

Ventilation 
Efficiency 0.12 0.11 0.60 0.30 

7j 
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the mirror was measured in the experiment. If the air How were reversed, the 

glass would have cooler temperatures at the top. To minimize the systematic 

temperature variation, it seems a bi-directional air How scheme could be helpful. 

This can be done by reversing the direction of the air Howat equal time intervals 

of less than 10 minutes. 

Laminar Forced Convection 

The mean half cross-sectional thickness of the prototype mirror in Wong's 

experiment is about 0.5cm. From the measured thermal relaxation times at various 

How rates in the experiment, the mean heat transfer coefficients can be calculated 

from equation (6.8). Results are listed in Table 1.2. The heat transfer coefficients 

at velocities of 0.056, 0.086, 0.193 and 0.461 m/s with characteristic length L = 

44cm calculated from the laminar forced convective heat transfer equation (7.6) are 

1.1, 1.4, 2.1 and 3.2 W 1m2 IK respectively. The values deduced from the measured 

thermal relaxation times are of the same order of magnitude but consistently higher 

than those deduced from the theory. This can be due to additional heat transfer 

by radiation and free convection. When the heat transfer coefficient measured 

vlithout ventilation is subtracted :!"11f!Y, the heat transfer coefficients deduced from 

the measured thermal relaxation times become 0.91, 1.1, 2.9 and 3.8 W 1m2 jK 

respectively. These values are more consistent with those predicted by the laminar 

forced convective heat transfer equation. 



188 

The increase of flow rate from 2.5 to 6.11iters/second/cell (a factor of 

2.4) did not improve the temperature difference in the mirror but only reduced 

the relaxation time by a factor of 0.81. This implies that there was a deficiency 

in the ventilation scheme at higher flow rates. 

Ventilation Efficiency 

The performance of a ventilation system can be expressed in terms of a 

ventilation efficiency, 71, as defined by the ratio of the actual heat transfer to the 

maximum heat that the ventilating medium can carry. Assuming a heat transfer 

coefficient of heW /m2 /K) across a surface area, A, with a temperature difference, 

tl..T, between the glass and air, the ventilation efficiency, FJ, is given by: 

A h tl..T 
FJ = m Ca tl..T' (7.18) 

where m is the air mass flow rate and Ca is the heat capacity of air. When the 

heat transfer coefficient is calculated from the measured thermal relaxation time, 

T, by equation (6.8), the ventilation efficiency, 1'/, becomes: 

MOg 
FJ=·C' m aT 

(7.19) 

where M is the mass of the glass and 0 9 is the heat capacity of glass. A simi-

lar expression can be obtained by relating the exit air temperature to the glass 

temperature (Angel, Cheng and Woolf, 1985). 
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From the measured thermal relaxation times in the Wong experiment, 

values of the ventilation efficiency can be calculated by equation (7.19) and are 

listed in Table 7.2. The efficiency of the ventilation scheme drops to 30% at the 

highest flow rate. Similar ventilation efficiencies for the same ventilation scheme 

(drawing air through the cell) have been reported by Angel, Cheng and Woolf 

(1985). The efficiency as a function of air flow rate was measured from the thermal 

relaxation time when air was drawn through a circular steel pipe. The results of 

this ventilation scheme are plotted in Figure 7.2. The efficiency can be as low as 

20% with a flow rate of about 30 liters/second. 

The low efficiency at high flow rate occurs because the velocity of air 

needed to induce forced convection is created by drawing air. Since the heat 

transfer coefficient is proportional to the square-root of the velocity in laminar 

flow but the volume of air flow is proportional to velocity, therefore the efficiency 

is inversely proportional to the square-root of the air flow rate (i.e., t7 ex V-o.S ). 

The combined results from the two experiments gave a best fit relation of t7 = 

0.79 V -0.39 • 

Drawbacks of Drawing Air 

While ventilation by drawing air can reduce the thermal relaxation time 

of the mirror, it suffers from three drawbacks. First the temperature of the mirror 

cannot achieve a uniformity better than 0.2°C. This could be reduced to O.l°C if 
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• Wong (1983a,b) 
o Angel, Cheng & Woolf (1985) 

0.8 

~ 0.6 
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Air Flow Rate (liters/second) 

Figure 7.2. Efficiency of Ventilation by Drawing Air 

This figure shows the ventilation efficiency of the drawing air ventilation 
scheme. The data are from the ventilation experiments by Wong (1983a, b) and 
Angel, Cheng and Woolf (1985). The solid line indicates th~ best fit relation 
between efficiency and air flow rate. 
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bi-directional air flow were used. Second, the inefliciency of the ventilation scheme 

requires drawing a large volume of air through the mirror in order to produce that 

degree of uniformity. Third, the pipe inserted into the cell cavity for drawing air 

will also interfere with the mirror support system. 

The cell size of the prototype mirror in the Wong experiment is about 

a third of that suggested for an 8m diameter mirror. Since the difference in the 

aspect ratios of the two types of cell (2:1 to 3:1) will not change the laminar 

flow boundary layers very much, the heat transfer coefficients will be about the 

same for the same air flow velocity in the cell cavities. The projected air flow 

for the 8m mirror honeycomb cell will be about 20 liters/second/cell to realize a 

5W /m2 /K heat transfer coefficient at an efficiency of 30%. For the 1,000 cells in 

the 8m diameter mirror, the amount of air flow (20,000 liters/second) is almost 

impossible to implement. A minimum of 5W /m2 /K heat transfer coeflicient is 

needed in order to allow the mirror to adequately track an air cooling rate of 

0.25°C/hour. For the slew mode of lOW /m2 /K, the scheme simply cannot realize 

this type of heat transfer coefficient. 

Ventilation by Blowing Air 

The efficiency of ventilation can be improved if the air velocity near the 

surface of the cell is higher. This can be achieved by blowing air directly to the 

glass surface without having to increase the total air flow rate. Air ejected from 
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a nozzle will expand and thus the velocity will decrease rapidly. In order not to 

decrease the air velocity, the nozzle should be close to the glass surface. However, 

the angle of an air jet is usually small (full angle less than 40°), so more nozzles 

must be added in order to get an even heat transfer coefficient in the cell. This 

would require a multi-nozzle ventilation system reaching into the cell cavity. The 

merit of a multi-nozzle system is that by varying the placement of the nozzles 

and the size of the nozzles, the heat transfer coefficients at different locations 

can be varied to match the difference in cross-sectional thicknesses. This way the 

ventilation at all parts of the cell can be fine tuned to give a more uniform mirror 

temperature. Such a multi-nozzle system has been designed by Cheng and Angel 

(1986). A ventilation experiment was carried out on a full scale glass model of a 

typical cell of an 8m diameter mirror. 

Full Scale Thermal Model Cell Experiment 

In a honeycomb mirror, the replicated cell boundaries experience no heat 

flow if all the cavities have similar heat transfer coefficients. Thus a full scale glass 

model can be built with the full depth and width of the design cell but with half 

the wall thickness. The half thick cell wall when hea.vily insulated from outside 

should produce a boundary condition of no heat flow. Since the heat transfer 

coefficient at the reflecting surface should at all times be matched by that at the 

back of the front face sheet, half of the face sheet thickness heavily insulated will 
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again approximate the true boundary condition of no heat flow· at the mid-plane. 

The back plate however should be of full thickness because of the center hole in 

each cell. For simplicity, a circular cylinder is used instead of hexagonal. The flow 

geometry will not be very different from the hexagonal cylinder. The dimensions 

of the full scale model cell are given in Figure 1.3. A cut away illustration of the 

whole ventilation system is shown in Figure 1.4. A total of 24 nozzles of 0.95cm 

diameter branching from a 4cm diameter central plastic pipe at 4 levels (6 at each 

level) were used to inject air into the cell. 

Details of the heat exchanger, temperature control servo and tempera

ture sensors used in the experiment were given by Cheng and Angel (1986) and 

will not be discussed here. A particular feature worth mentioning is that the 

seryo together with the closed and insulated setup can allow an arbitrary air tem

perature change without having to use a large capacity heat exchanger. In the 

experiment air was servoed at two different rates of temperature decrease, 0.25 

and 0.50 °C /hour. The 0.25°C /hour decrease is the normal observatory ambient 

air cooling rate and the 0.5°C /hour decrease is the extreme. Air was controlled 

at three different flow rates - 6.2, 8.3 and 10.3 liters/second. 

Experimental Results 

Details of the experimental results were given by Cheng and Angel 

(1986). A summary of the results will be given below. Results of typical glass 



Glass: Tempax tube and 7740 plates 
p = 2230 kg/m3 
k = 1.16 W/m/oC 
c = 800 J/kg/oc 
M = 13.6 kg 
Insulation: Urethane foam 
p = 24 kg/m3 
k = 0.0215 W/m/oc 
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Figure 7.3. A Full Scale Thermal Model of One Cell of an 8m Mirror 

This figure shows the dimensions and physical properties of a full scale 
thermal model cell for an 8m honeycomb mirror. The glasses used are typical 
candidate borosilicate glass. Schott=Te"""pa..."t cylindrical tube end Corni"g 1740 
face and back plates are used because they are readily available· stock items. The 
two types of glass have essentially identical properties. . 
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This figure illustrates the different elements in the thermal control ex
perimental setup. 
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Typical Temperature Variations in Glass Model for the 
Multi-nozzle Ventilation Experiment 

This figure shows the temperature variations in the glass model at 100, 
150 and 195 minutes after the experiment has started. The positions of the tem
perature 5pn~o:r (A to N) are indice..ted on the sketch to the right. The injected air 
temperatures are also shown as references. The air is servo controlled to decrease 
at 0.27°C/hour with air ftow rate of 8.3 liters/second. The dotted lines indicate 
the mean temperature of the face, rib and back of the glass model. 
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temperature variations are plotted in Figure 7.5. The glass temperatures near 

the nozzles were lower because the heat transfer coefficients were higher. This 

ventilation scheme has higher ventilation efficiency. Even at the highest flow rate 

of 10.8 liters/second, the efficiency was higher than 50%. The mean internal 

temperature difference in the glass was 0.077°C for air flow of 6.2 liters/second and 

cooling rate of 0.3°C/hour. At the extreme cooling rate of 0.5°C/hour, the mean 

temperature difference was only 0.089°C for air flow rate of 10.8 liters/second. At 

6.2 liters/second the face plate temperature was 0.208°C above ambient for air 

cooling at 0.3°C/hour. At 10.8 liters/second with air cooling at 0.49°C/hour the 

face was 0.25°C above ambient. 

The mean glass temperature between the face, rib and back can now 

be controlled to less than O.l°C by this multi-nozzle system. The mean glass 

temperature under normal cooling of 0.25°C /hour will not exceed the specification 

of 0.2°C above ambient even at the 10'· ... flow rate of 6.2 liters/second. The mean 

heat transfer coefficient at this flow rate is about 6 W /m2 /K. At the flow rate of 

10 liters/second, the heat transfer coefficient is about 10 W /m2 /K. Thus this type 

of ventilation system should be able to control the thermal characteristics of an 

8m honeycomb mirror to the specification. The image formed by this mirror will 

not suffer more than 0.2 arcsecond aberration from the thermal distortion and the 

mirror seeing. With this type of ventilation system a borosilicate glass honeycomb 

mirror will perform as well as that of zero-expansion glass. 
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The Simplest Ventilation System 

The multi-nozzle system, despite the fact that it could control the ther

mal characteristics of the mirror to the required response, suffers from a drawback, 

which is the complexity of the multi-nozzles in the cell. The art of telescope design 

(or any design in general) is simplicity. It seems the drawing air scheme is at one 

extreme where flow rate efficiency is not being optimized, and the multi-nozzle 

scheme is at the other extreme where the flow rate efficiency is optimized with 

the sacrifice of complexity. A compromise between the two should give the best 

ventilation system which can be efficient and yet simple. 

Single Nozzle System 

Such system can be one which uses only a single nozzle for each cell. 

Air flow should be injected through a smaller nozzle, which gives a higher air 

velocity, into the cell. Because there is no ventilation hardware inside the cell, it 

will be much easier to implement. The ventilation system will not interfere with 

the mirror support system. The schematic of the system is depicted in Figure 1.6. 

The single nozzle 2.5cm in diameter is placed about 5cm below the hole of the back 

plate. The turbulence created by the jet of air will maintain a high ventilation 

efficiency and the large scale wakes will also give a more uniform heat transfer 

coefficient along the depth of the cell. 

The new nozzle scheme was implemented on the thermal model venti-
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This :6.gure shows a schematic of the single nozzle air ventilation of the 
thermal model cell. The 2.5cm diameter nozzle is 5cm below the back plate. The 
dote ~"'''k the pCf!itiollS of the thennoeouples used. The numbers oonespond to 
the channel numbers in Figure 7.7, 7.8 and 7.9. The temperatures ·of air going in 
and coming out are measured with thermocouples 15 and 16 resp'ectively. 
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lation system with the same hardware except the change of nozzles. During the 

experiment, the air was servoed to a cooling rate of about 0.25°C /hour. Three 

different air flow rates of 5.1,6.2 and 8.3 liters/second were used. Having the air 

set to cool at a constant rate will allow the glass cell to approach a steady cooling 

rate after one to two thermal characteristic time constants. The maximum thermal 

time constant of the cell for the three flow rates was about an hour, so each test 

was allowed to run for four hours. Temperature data for the last 1.5 hours were 

used to analyze the temperature differences, the thermal time constant and the 

ventilation effeciency of the system. 

Analysis of the data was done in the same method as discussed by Cheng 

and Angel (1986). The data from each channel was fitted to a linear equation: 

T(t} = a+ b t. (7.20) 

Values of a and b from each channel were used to compute the glass temperatures 

at different times. From the best fit temperatures the thermal time constants r 

and the ventilation efficiencies f] can be calculated using the following equations : 

T - Tair in r= ---:-~-
Tair 

(7.21) 

and 

Tair out - Tair in 
f]= 

(T) - Tair in 
(7.22) 

where T is the glass temperature at different positions and (T) is the mean glass 

temperature. 
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Experimental Results 

The fitted temperatures of the different channels for the three different 

air flow rates calculated at time t = 2 and 3 hours are plotted in Figures 7.7, 7.8 and 

7.9. From the figures, it is clear that the temperature pattern has remained con

stant after two hours of ventilation. For flow rates of more than 6 liters/second, 

the peak-to-valley temperature differences were less than O.l°C. Details of the 

temperatures and time constants at time t = 2 hours are tabulated in Table 7.3. 

The mean temperature of the face, rib and back plates are important temperatures 

for thermal distortion consideration. As shown in Table 7.3, the temperature dif

ferences were all well below O.l°C even for the small flow rate of 5.1 liters/second. 

Since the temperatures were within the O.l°C required uniformity, no additional 

matching of the heat transfer coefficients was necessary for the different section 

thicknesses in this case. The thermal time constants from the experimental re

sults were less than an hour. At the typical 0.25°C/hour temperature cooling, the 

mirror temperature only lags behind the ambient air temperature by 0.25°C, and 

the mirror seeing will be about 0.1 arcsecond at the most. There is latitude to 

further minimize the miror seeing when the atmospheric seeing is very good. This 

can be done by setting the control air temperature 0.25°C less than the ambient 

air temperature. 

The ventilation efficiencies in this scheme range from about 60 to 70% for 

the three different flow rates. At this high ventilation efficiency the requirement 
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Figure 7.7. Temperature Variations in Glass Model for the Single Nozzle 
Ventilation Experiment at Air Flow of 5.1 liters/second 

This figure shows the fitted temperatures of glass and air at two and 
three hours after the experiment has started. The channel numbers correspond to 
the thermocouple positions marked in. Figure 7.6. The air temperature in. the cell 
cavity, the nozzle and the exit air pipe are also shown in chan.nel numbers 14, 15 
and 16 respectively. The air cooling rate is 0.257°C/hour with a flow rate of 5.ll/s. 
The dashed horizontal lines mark the scale of O.I°C temperature difference. 
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Figure 7.8. Temperature Variations in Glass Model for the Single Nozzle 
Ventilation Experiment at Air Flow of 6.2 liters/second 

This figu.re is the same as Figure 1.1 except tha.t the a.ir cooling rate is 
0.241 °C/hour and flow rate is 6.21/s. 
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Figure 7.9. Temperature Variations in Glass Model for the Single Nozzle 
Ventilation Experiment at Air Flow of 8.3 liters/second 

Thia figure ia the seme as Figure '1. '1 except that the air cooling rate is 
0.247 GO/hour and flow rate is 8.31/s. 



Table 7.3 Results of the Single Nozzle Ventilation Experiment 

Flow Velocity in 
in 2-inch Pipe (fpm) 

Air Flow Rate (l/s) 

Air Cooling Rate 
Tair in (OO/hour) 

Tmax - Tair in 
Tmin - Tair in 
Tmax -Tmin 

500 600 

5.1 6.2 

-0.257 -0.241 

Extreme Temperatures (OC) 
0.279 0.247 
0.168 0.155 
0.111 0.092 

Extreme Thermal Time Constants (hour) 
rmax 
rmin 

(Tair out) - (Tair in) 
(Trace) - (Tair in) 
(Trib) - (Tair in) 

(Tback) - (T air in) 
(Tglass) - (Tair in) 

(Trace) - (Trib) 
(Tback) - (Trib) 

1.09 1.02 
0.65 0.64 

Mean Temperatures (OC) 
0.157 0.131 
0.217 0.205 
0.198 0.184 
0.265 0.235 
0.227 0.208 
0.019 
0.067 

0.021 
0.051 

Mean Thermal Time Constants (hour) 
(rrace) 
(rrib) 

('1back) 

Ventilation Efficiency,., 

0.84 0.85 
0.77 0.76 
1.03 0.98 

0.69 0.63 

800 

8.3 

-0.247 

0.193 
0.109 
0.084 

0.78 
0.44 

0.084 
0.148 
0.131 
0.166 
0.148 
0.017 
0.035 

0.60 
0.53 
0.67 

0.57 

205 
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on the thermal capacity of the heat exchanger is more relaxed. This is particularly 

important for controlling the temperature of a large 8m mirror. 

The Resurrection of Borosilicate Glass 

Borosilicate glass has been abandoned for 20 years as a material for 

large telescope mirror substrate. From the single nozzle ventilation experiment, 

a single nozzle at the bottom of each cell can produce enough ventilation for 

controlling the temperature uniformity of an 8m borosilicate honeycomb mirror. 

The required air How rate is about 6 liters/second/cell. At this How rate the 

temperature difference within a cell is less than O.l°C. When all the cells are 

ventilated with air of the same temperature, the mirror as a whole will only have 

temperature difference less than 0.1 °0. This way, a borosilicate honeycomb mirror 

will perform as well as large solid zero-expansion glass mirrors in existing telescopes 

in terms of thermal distortion. Also, the mirror seeing will be much reduced for a 

ventilated honeycomb mirror because it has a much shorter thermal time constant 

than a solid mirror. 

The same ventilation system if impemented during polishing will allow 

mirror metrology to be done in a much faster fashion. Otherwise the optician may 

have to wait a longer time for the mirror to become isothermal before testing can 

be done. The time between polishing and testing can now be cut to a few hours 

instead of a day or more. This should improve the efficiency of mirror fabrication 
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and thus lower the cost of building a larger telescope. 

Circular Jet Flow in a Honeycomb Cell 

The results of the single nozzle experiment can also be understood from 

the theory of circular jet flow. The solution of a laminar free circular jet flow 

was given by Schlichting (1933). In laminar jet theory, the jet becomes turbulent 

surprisingly early. For a Reynolds number of about 30 (based on the diameter of 

the nozzle and the velocity at the outlet) the solutions of the laminar and turbulent 

circular jets are indistinguisable except that the turbulent flow has a much larger 

effective viscosity. This has been confirmed experimentally by Andrade (1939). 

The solution for a turbulent circular jet is characterized by two parame-

ters: Umoz , the center line velocity and b, the growth width. If the mean velocity 

at the nozzle outlet is Uo at oXo , then the center line velocity at a distance oX down 

stream is: 

(7.23) 

The growth width b = 0.212 oX and the beam half angle is about 12°. The velocity 

profile at a position (oX, y) is given by: 

() [ 1 (15.2 Y)2]-2 U oX, Y = Umoz 1 + 4; z . (7.24) 

The half-velocity point is at Yl/2 = 0.085 oX. 

For a 2.54cm diameter nozzle beneath the back plate hole, oXo = 0.06m. 

The center line velocity U moz at 0.3 and 0.6m downstream are 0.2 and 0.1 times 
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the velocity at the nozzle outlet respectively. For a 10m/s nozzle velocity the back 

of the front face of the honeycomb cell will see an air velocity of 1m/s. The velocity 

at the cell center is about 2m/s. The average velocity in the cell cavity can for an 

order of magnitude calculation be approximated by the mean beam velocity at a 

position Zl/2 defined with the beam width equal to half of the cell cross-sectional 

area. For the cell used in the experiment Zl/2 is 0.274m. The reason for using 

the half cell eross-sectional area point is that the air going in will have to come 

out with the same cross-sectional area if no back pressure exists. The mean cell 

velocity U(Zl/2) = (1/2) Umaz (Zl/2) = 1.1m/s for Uo = 10m/s. The estimated 

mean cell velocities from free turbulent circular jet theory are given in Table 7.4 

for the three different nozzle velocities in the experiment. From the measured heat 

transfer coefficients, the mean velocities inside the cell can also be estimated from 

turbulent forced convection theory by equation (7.17). The velocities calculated 

by this equation are also listed in Table 7.4. The agreement of the two velocities 

is good for the low nozzle velocity. For higher nozzle velocities, the jet theory 

should underestimate the velocities because of the confinement of the air streams 

by the cell. The predicted velocities from circular jet theory are about a factor 

of 1.8 less than those from forced convective heat transfer theory. This can be 

due to the effect of confinement, or due to the poor estimations of the mean cell 

velocities or both. The agreement within factor of 2 is at least encouraging given 

the complexity of the dynamics of the air in the cell. 
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Table 7.4 Comparison of Deduced Velocities for the Single Nozzle Experiment 

Nozzle Velocity 
(m/s) 

10.2 

12.2 

16.3 

Heat Transfer 
Coefficient 
(W/m2/K) 

6.4 

6.6 

9.5 

Turbulent 
Forced Convection 

Velocity 
(m/s) 

1.14 

2.15 

3.38 

Circular 
Jet theory 

Mean Cell Velocity 
(m/s) 

1.12 

1.34 

1.78 
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Interpreting Different Thermal Experiments 

There are always some differences between different thermal ventilation 

experiments for controlling temperatures of future large honeycomb mirrors. Cau~ 

tions must be taken in order to be able to compare different experiments under 

normalized conditions. 

Since a number of different ventilation experiments have been done, it is 

worth comparing the results of these experiments by paying particular attentions 

to the use of the normalized variables. The experiments under consideration are 

the ventilation of the prototype honeycomb mirror by Wong (1983a, b), the steel 

pipe experiment by Angel, Cheng and Woolf (1985), the multi-nozzle experiment 

by Cheng and Angel (1986) and the single nozzle experiment described in this 

dissertation. Hereafter, they will be denoted by Wong, ACW, CA and Cheng 

respectively. 

The characteristics of the four experiments are listed in Table 7.5. In this 

table, M is the total mass of the object under study, C is the heat capacity, p is the 

density and I is the effective thickness for deducing the heat transfer coefficient. 

Listed in Table 7.6 are the results of the thermal relaxation time constants, the 

heat transfer coefficients, the ventilation efficiencies, the temperature variations 

in the glass and the mean glass temperatures above air at different air flow rates 

from the different experiments. 

The variables to compare in these experiments are the normalized air 
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Table 7.5 Characteristics of Different Ventilation Experiments 

Experiment 

M(kg} 

C(J/kg/K} 

p(kg/m3 ) 

l(m) 

Wong 

70.6 

800 

2,230 

0.005 

ACW 

14.7 

470 

7,800 

0.005 

CA and Cheng 

13.6 

800 

2,230 

0.0105 



Flow 
Rate 

(l/s/cell) 

0.93 
1.40 
2.50 
6.10 

2.6 
3.6 
6.1· 
10.3 

6.2 
8.3 
10.8 

5.1 
6.2 
8.3 
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Table 7.6 Results of Different Ventilation Experiments 

Time 
Constant 

(hour) 

1.54 
0.97 
0.67 
0.54 

2.0 
1.3 
1.07 
1.0 

0.83 
0.67 
0.51 

0.81 
0.79 
0.55 

Heat 
Transfer 

Coefficient) 
(W/m2 /K) 

Efficiency 

" 

The Wong Experiment 

1.7 0.72 
2.5 0.71 
3.7 0.63 
4.6 0.30 

The ACW Experiment 

2.5 0.51 
3.8 0.56 
4.6 0.40 
4.9 0.25 

The CA Experiment 

6.3 0.63 
7.9 0.60 

10.5 0.51 

The Cheng Experiment 

6.4 0.69 
6.6 0.63 
9.5 0.57 

Peak-to-Valley Glass 
Temperature Temperature 
Difference in above 
Glass (OC) Air (Oe) 

0.62 1.27 
0.26 0.46 
0.21 -0.18 
0.21 -0.84 

0.219 0.205 
0.168 0.138 
0.112 0.073 

0.111 0.227 
0.092 0.208 
0.084 0.148 

• Values in this row are interpolated from test results. 
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flow rate per cell, the ventilation efficiency and the heat transfer coefficient. Since 

the thermal time constant depends on the material properties of the object, such 

as the heat capacity, the density and the mean effective sectional thickness, and 

the heat transfer coefficient of the ventilation scheme, taking the time constant at 

face value and comparing it to values from another experiment can be mislead

ing. The flow rate, however, is an independent variable that can be calibrated 

between experiments. It is a measure of how much external work has been put 

into the system. The heat transfer coefficient and the ventilation efficiency are 

directly related to the differences in the ventilation schemes and the mechanisms 

employed to transport heat. They are the dependent variables of the experiment 

that one should compare in order to distinguish more efficient and better venti

lation schemes. The ventilation efficiencies at different air flow rates for the four 

experiments are depicted graphically in Figure 7.10. Depicted in Figure 7.11 are 

the different heat transfer coefficients. 

For the drawing air ventilation scheme, namely the Wong and the ACW 

experiments, the heat transfer coefficients and the ventilation efficiencies are sim

ilar for the same air flow rate despite the differences in the time constants. Notice 

the sharp decrease in ventilation efficiency as the air flow rate increases in this 

scheme. The effect of injecting air instead of drawing air greatly increases both 

the heat transfer coefficient and the ventilation efficiency. The results from the 

CA and the Cheng experiments have similar efficiencies. The Cheng experiment 
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Figure 7.10. Comparison of the Ventilation Efficiencies for the Blowing 
and Drawing Air Schemes 

This figure shows the difference in ventilation efficiencies between the 
drawing and blowing air ventilation schemes. The close symbols show the results 
of the blo'wing air scheme and the open symbols show the results of the drawing 
air scheme. The dashed horizontal line marks the 75% efficiency level which seems 
to be the maximum efficiency for the drawing air scheme. The solid curves show 
the best fit power laws to the data of the two schemes. 
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Figure 1.11. Heat Transfer Coefficients of Different Ventilation Exper
iments 

This figure shows the measured heat transfer coefficients in different ven
tilation e:A.}lel'ime:nts. The foul' sets of data are f?om the four different experiments 
discussed. The power law best fit curves to each set of data are· also drawn for 
comparison. 
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has better heat transfer coefficient than all of the other three. For simplicity 

in implementation as well as high efficiency and heat transfer, the single nozzle 

scheme is the preferred option. 

It is only possible to compare different experiments when the right inde

pendent variables are chosen. By choosing the right variables one should even be 

able to predict what ventilation scheme to use for a particular environment and 

cell geometry. When the needed heat transfer coefficient is small the drawing air 

scheme should be adequate. However, when a higher heat transfer coefficient is 

needed in order to maintain high efficiency of the system one should choose the 

injecting air scheme. 

Thermal Control of an 8m Honeycomb Mirror 

After selecting the single nozzle air jet ventilation scheme for thermal 

control of 8m honeycomb mirrors, there are still a number of engineering questions 

needed to be addressed in order to ensure that the whole ventilation system can 

adequately control the temperature of the mirror. These questions are related 

to the measure and control of the heat transfer coefficient of the front reflecting 

surface, the sensing of air temperature, the servo control of the ventilating air 

temperature, the daytime temperature control and the nighttime temperature 

tracking. 
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Heat Transfer Coefficient of Mirror Reflecting Surface 

From the discussion of forced convective heat transfer, it is necessary to 

maintain a wind speed of about 2m/s across the mirror front surface to ensure a 

5W /m2 /K heat transfer coefficient. This type of wind velocity is not too difficult 

to achieve if the enclosure is a wide open design. If necessary, there can be window 

openings with exhaust fans in the walls of the enclosure. Wind flow velocity near 

the peripheries of the mirror can be monitored by air velocity meters and then 

fed into the control system of the window openings and exhaust fans so that at 

all time the heat transfer coefficient at the front face is tailored to match that 

required by the change of air temperature. 

In the single nozzle ventilation experiment, the mean thermal time con

stant of the face plate is 0.84 hour for air flow of 5 liters/second and that of the 

back plate is 1.03 hours. If the face and the back are allowed to have the same 

thermal time constant, then the heat transfer coefficient of the mirror reflecting 

surface is about 3W /m2 /K instead of 5W /m2 /K. From equation (7.16) a wind 

speed of 0.7m/s across the mirror surface gives 3W /m2 /K. Such low wind speed 

will need no extra ventilation of the mirror front surface for a wide open enclosure 

like the MMT. 

The Sensing of Air Temperature 

There are two air temperature measurements needed in order to ensure 
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the telescope and its enclosure have proper thermal control. The open ambient 

air outside the telescope enclosure should be monitored as the reference air tem

perature. The air temperature inside the telescope enclosure may be higher than 

outside. If the two temperatures have large differences, there will be bad dome 

seeing. Dome seeing is the wavefront aberration caused by the convection of air 

when the temperatures of air inside and outside the telescope enclosure are differ

ent. To correct this, the exhaust fans and the windows will have to be adjusted. 

If the thermal properties of the enclosure and telescope structure were correctly 

designed, this modest method of control would be adequate. After the air tem

perature inside the enclosure is brought close to that outside, this temperature i& 

used to control the mirror temperature. 

The Ventilating Air Temperature Control Servo 

The air flow rate for an 8m mirror will normally be about 5,0001/s (5 

m 3 /s), and at times oflarge temperature change will be about 10,0001/s (10 m 3 /s) 

at maximum. As a reference, the air ventilation system of a 2,000 ft2 house 

normally has an air exchange rate of less than 4m3 /s, and the Canada-France

Hawaii Telescope dome ventilation system has maximum air flow of 14m3 /s (Bely, 

1984). The 10m3 /s air flow needed for ventilating an 8m honeycomb mirror is 

practical. However, this amount of air flow is best generated by a large air flow 

generator which is located off the telescope structure to avoid any undersirable 
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vibration. The air used to ventilate the mirror will be collected back to the large 

air How generator in a closed circuit. The air temperature of this How generator 

will be controlled to the 0.2 to 0.5°C accuracy. The reason for choosing this 

more relaxed accuracy is because the thermal interference by adiabatic cooling 

and kinematic heating of air and by heat transfer through the wall of the long air 

duct will total about 0.5°C. Temperature controller units are required for each 

air How nozzle to make the air isothermal to the O.l°C accuracy. These units can 

be of the thermal electric type heat exchanger used in the thermal experiment 

described by Cheng and Angel (1986). 

The Daytime Temperature Control 

The mirror at all time should be made to stay isothermal. Moreover, it 

should be brought uniformly to a temperature as close as possible to the opera.

tion temperature at the beginning of the night. Therefore, during the day, the 

mirror should be kept insulated from the hot ambient air. The temperature at 

the beginning of each night can be predicted to within an accuracy of 2°C. If the 

temperature control is activated one to two hours before observation, the mirror 

will be able to stay in equilibrium with air to within 0.25°C. Since the control 

system will be under the control of a central computer, the forecasting, tracking 

and control algorithm can be very sophisicated without extra cost. It will also 

accumulate the temperature histories of the ambient air (both outside and inside 
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the enclosure) and the mirror. These temperatures will be analysed to refine the 

control servo parameters. 

The Nighttime Temperature Control 

The effective thermal relaxation time of the mirror at the normal air 

flow rate of 5l/s/cell is about an hour. During the night, the tracking objective is 

to eliminate long term temperature changes on the order of an hour. The mirror 

cannot respond to temperature changes shorter than this period. The tracking 

algorithm at night will use a polynomial in time of third or fourth order to fit the 

ambient air temperature. This will give both the long term air cooling rate and 

the change of the cooling rate. 

Mirror seeing caused by temperature changes on time scales shorter than 

an hour can be dealt with by other methods if necessary. One method has already 

been studied by Lowne (1979). This method uses air nozzles around the perimeter 

of the mirror to reduce the size of the convective air cell and thus reduce the amount 

of wavefront aberration due to light refraction. The implementation of this on an 

8m diameter mirror will require more engineering studies. If this method is used, 

it will be implemented together with the control of the heat transfer coefficient of 

the mirror front reflecting surface. 

All of these control operations can be summarized in a control flow dia

gram given in Figure 7.12. The control of the heat transfer coefficient of the 
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Figure 7.12. Thermal Control Logic for Very Large Teles.-;opes 

This figure illustrates the thermal control How diagram for the next gen
eration very large telescope. The mirror temperature is controlled uniformly by air 
ventilation inside each honeycomb cell and by wind across the mirror front surface. 
The thermal distortion problem and mirror seeing will be controlled by the two 
required heat transfer coefficients (inside the cell and on the reHecting surface). 
The dome seeing is minimized by good circulation of air inside the dome. 
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mirror reflecting surface is tied into the . loop of dome seeing control. The mirror 

seeing is controlled through matched front surface and honeycomb cell interior 

heat transfer coefficients. The mirror will be made to stay isothermal to within 

O.l°C by the control of the ventilating air temperature and the air velocity of the 

nozzles. The direct monitoring of the mirror temperature will allow corrections in 

the control servo parameters. The control system if implemented with a computer 

will be a powerful tool to correct mirror and dome seeing in a very large telescope. 

By accumulating the operation experience of this control system, the temperature 

forecast, tracking and control algorithm can be modified further to give the best 

performance. 



CHAPTER 8 

CONCLUSION 

From discussions in the last :6.ve chapters, it seems that the two major 

stumbling blocks for building very large telescopes capable of producing high qual-

ity images have been reduced to engineering problems. The thermal problem of 

the primary mirror is resolved. In fact, the design of the thermal characteristics 

as described for an 8m diameter primary mirror has a factor of 20 improvement 

over existing 4m mirrors in solving the problem of image degradation caused by 

mirror seeing. The proposed thermal control scheme will allow the mirror to be 

fabricated with cast borosilicate glass. This is by far the most practical way of 

getting a high quality 8m diameter mirror. The mirror with non-zero expansion 

glass virtually acts like one with the zero expansion glass. At this time, it is not 

even certain that zero expansion glass can be fabricated into a single 8m diameter 

blank. 

The technique described for mirror polishing will allow 8m f/1 aspheric 

surfa.ces to be fabricated with :6.e:ure oualitv better than a tenth of a wave. Much ...... ... -
of the design study has been completed. There is no major unresolved design 

problem left. However, the concept of computer controlled sub-diameter stressed 

lap polishing has yet to be tested by the actual polishing of an f/1 mirror. 

223 
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When all these efforts are put together, astronomers will be able to open 

a new window on the Universe with very large ground based telescopes performing 

at the very limit of what nature permits. 



LIST OF REFERENCES 

Adams, W. C. 1954, Heat Transmission, 3rd ed., McGraw Hill. 

Anderson, D. S., Cao, G. R., and Koliopoulos, C. L. 1986, Workshop on Optical 
Fabrication and Testing Technical Digest, Seattle, Washington, p.126. 

Andrade, E. N. dac. 1939, Proc. Phys. Soc. Lond., 51, 784. 

Angel, J. R. P. 1984, Proc. IAU ColI. #79. Very Large Telescopes. their Instru
mentation and Programs, eds. M.-H. Ulrich and K. Kjar, p.11. 

Angel, J. R. P., Cheng, A. Y. S., and Woolf, N. J. 1985, Proc. S. P. I. E., 571, 
123. 

Angel, J. R. P., Cheng, A. Y. S., and Woolf, N. J. 1986, Nature, 332, No. 6077, 
341. 

Angel, J. R. P., and Hill, J. M. 1982, Proc. S. P. I. E., 332,298. 

Angel, J. R. P., and Hill, J. ~A. 1983, Proe. S. P. I. E., 4:4:4:, 184. 

Angel, J. R. P., and Wan, D.-S., 1986, Workshop on Optical Fabrication and 
Testing Technical Digest, Seattle, Washington, p.97. 

Angel, J. R. P., and Woolf, N. J. 1983, Proc. XI Texas Symposium on Relativistic 
Astrophysics, ed. D. Evans, p.163. 

Angel, J. R. P., and Woolf, N. J. 1986, Astrophysical Journal, 301,478. 

Angel, J. R. P., Woolf, N. J., Hill, J. M., and Goble, L. 1983, Proc. S. P. I. E., 
444,194. 

Barker, G. F. 1888, Memoir of Henry Draper, p.12. 

Barnes, W. P. Jr. 1969, Applied Optics, 8, 1191. 

Barr, L. D., Richardson, J. H., and Shu, K.-L. 1986, Proc. S. P. I. E., 628, 550. 

225 



226 

Bely, P. Y. 1984, Canda-France-Hawaii Telescope Information Bulletin, No. 11, 
p.7. 

Born, M., and Wolf, E. 1980, Principles of Optics (New York: Pergamon), p.248. 

Brown, N. J. 1977, Optical Polishing Pitch, Lawrence Livermore Laboratory, Pre
print UCRL-80301. 

Brown, D. S. 1986, Workshop on Optical Fabrication and Testing Technical Di
gest, Seattle, Washington, pA8. 

Chapman, A. J. 1967, Heat Transfer (New York: McGraw Hill). 

Charles, R. J. 1969, J. Electrochem. Soc., 116, 1514. 

Cheng, A. Y. S., and Angel, J. R. P. 1986, Proc. S. P. 1. E., 628,536. 

Cheng, A. Y. S., Hege, E. K., Hubbard, E. N., Goldberg, L., Strittmatter, P. A., 
and Cocke, W. J., Astrophysical Journal, 309,737. 

Davison, W. B. 1986, A Big Binocular Telescope Mount Concept, Columbus Pro
ject Technical Report No.1 (Tucson: Steward Observatory). 

Dietz, R. W., and Bennet, J. M. 1966, Applied Optics, 5, 881. 

Draper, H. 1864, Smithsonian Contribution to Knowledge, Vol XIV (Washington: 
Smithsonian Institution). 

Enard, D., ed. 1986, Very Large Telescope. Interim Report, European Southern 
Observatory Study Group, ESO VLT Report No. 44. 

Forbes, F. F., Morse, D. A., and Poczulp, G. 1986, Proc. S. P. 1. E., 628, 118. 

Gardopee, G. J., and Shen, D. W. 1982, Rome Air Development Center Final 
Technical Report RADC-TR-82-260. 

Gehrz, R., ed. 1984, Report of the National New Technology Telescope Scientific 
Advisory Committee (Tucson: Kitt Peak National Observatory). 

Gillingham, P. R. 1983, Proc. S. P. I. E., 444, 165. 



227 

Goble, L., Angel, J. R. P., and Hill, J. M. 1985, Proc. S. P. I. E., 6'71,92. 

Hege, E. K., Beckers, J. M., Strittmatter, P. A., McCarthy, D. W. 1985, Applied 
Optics, 24, 2565. 

Hewitt, A., ed. 1980, Optical and Infrared Telescopes for the 1990's (Tucson: 
Kitt Peak National Obervatory). 

King, H. C. 1955, History of the Telescope (New York: Dover). 

Kibblewhite, E. 1986, NOAO / Advanced Development Program R&D Note #86-1. 

Katchalov, N. W. 1958, Technology of Grinding and Polishing Plate Glass (Mos
cow: USSR Academy of Science Press). 

Love, A. E. H. 1944, A Treatise on the Mathematical Theory of Elasticity (New 
York: Dover).' 

Lowne, C. M. 1979, Mon. Not. R. Astr. Soc., 188, 249. 

Lubliner, J., and Nelson, J. E. 1980, Applied Optics, 19, 2332. 

McCauley, G. V. 1935, Disc. Bull. Am. Ceram.. Soc., Vol. 14,300. 

Meuser, L. H. 1971, J. Opt. Soc. Am., 61, 651A. 

Montagnino, L. A. 1985, Proc. S. P. I. E., 571, 182. 

Nelson, J. E. 1984, Proc. IAU CoIl. #79. Very Large Telescopes. their Instru
mentation and Programs, eds. M.-H. Ulrich and K. Kjar, p.755. 

Nelson, J. E., Gabor, G., Hunt, L. K., Lubliner, J., and Mast, T. S. 1980, 
. Applied Optics, 19, 2341. 

Nelson, J. E., Lubliner, J., and Mast, T. S. 1982, Proc. S. P. I. E., 332,212. 

Nelson, J. E., Mast, T. S., and Faber, S. M., eds. 1985, The Design of the 
Keck Observatory and Telescope (Ten Meter Telescope), Keck Observa
tory Report No. 90. 



228 

Pacini, F., Richter, W. and Wilson, R. N., eds. 1977, Proc. of ESO Conference 
on Optical Telescopes of the Future (Geneva). 

Parks, R. E. 1980, Optical Fabrication and Testing Workshop Technical Note
book (Falmonth, Massachusetts), p.139. 

Pearson, E., Stepp, L., Wong, W.-Y., Fox, J., Morse, D., Richardson, J., and 
Eisenberg, S. 1986, Proc. S. P. I. E., 628, 91. 

Pitts, D. R., and Sissom, L. E. 1977, Heat Transfer (New York: McGraw Hill). 

Preston, F. W. 1927, J. Glass Tech., 11, 124. 

Ritchey, G. W. 1904, Smithsonian Contribution to Knowled~ Vol XXXIV 
(Washington: Smithsonian Institution). 

Roark, R. J., and Young, W. C. 1976, Formulas for Stress and Strain, Fifth Edith, 
McGraw Hill. 

Rupp, W. J. 1965, Applied Optics, 4:, 743. 

Rupp, W. J. 1971, Optica Acta, 18, 1. 

Rupp, W. J. 1972, Applied Optics, 11, 2797. 

Schlichting, H. 1933, Z. Angew. Math. Mech., 13, 260. 

Schroeder, J. B. 1969, Optical Telescope Technology, NASA SP-233, p.141. 

Siegmund, W. A., Mannery, E. J., Radochia, J., and Gillett, P. E. 1986, Proc. S. P. 
1. E., 628, 377. 

Simmons, G. A. 1969, Optical Telescope Technology, NASA SP-233, p.219. 

Strittmatter, P. A., ed. 1980, The Scientific Case for a Very Large Aperture 
Ground-Based Telescope, Kitt Peak National Observatory NGT Scien
tific Advisory Committee. 

Swings, J.-P., and Kjar, K., eds. 1983, Proc. of the Workshop on ESO's Very 
Large Telescope (Cargese). 



229 

Timoshenko, S., and Winowsky-Krieger, S. 1959, Theory of Plates and Shells 
(New York: McGraw Hill). 

Ulrich, M.-H., and Kjar, K. eds. 1981, Proc. of ESO Conference on the Scientific 
Importance of High Angular Resolution at Infrared and Optical Wave
lengths (Garching). 

Ulrich, M.-H., and Kjar, K., eds. 1984, IAU ColI. #79, Very Large Telescopes, 
their Instrumentation and Programs (Garching). 

Wagner, R. E., and Shannon, R. R. 1974, Applied Optics, 13, 1683. 

Wiese, G. W., and Wagner, R. E. 1974, Applied Optics, 13,2719. 

Wong, W.-Y. 1983a, Proc. S. P. I. E., 444, 211. 

Wong, W.-Y. 1983b, Thermal Measurement and Control of a Lightweight Mirror 
U, Technical Report, McDonald Observatory, University of Texas at 
Austin. 

Woolf, N. J. 1979, P. A. S. P., 91, 523. 

Wooif, N. J. 1985, Mount Graham Information, Steward Observatory Preprint 
#564. 


