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Abstract

Extremely large telescope mncepts, with pupil diameter of 25-m and beyond, have been proposed in the past
two decales but, so far, never materialized. First, ground-base telescopes were handicapped by atmospheric
turbulence, which sets anguar resolution and li mits the benefit of sizeto colleding power. Second, the limited
number of suitable opticd substrates, the inherently slow and dfficult development required to enlarge their
size, and the marginal demand and profits brought by astronomicd applications, implied costs and risks which
limited the paceof progress Third, opticd surfadng methods were poaly deterministic, thereby hindering the
fabricdion of the faster and more cmplex optica shapes required in extremely large telescopes. In brief,
atmosphere limited scientific incentives, costs were too high and technology was not present, in part for
market reasons, in part for red limitations. It is proposed that this stuation has changed dramaticdly. First,
adaptive optics promises to restore the full i nterest of larger size. In this paper, we daborate on the second and
third arguments, review current mirror concepts and associated technologies, and come to the anclusion that,
as far as opticd fabricdion is concerned, the technologies required for fabricaion extremely large gerture
telescopes are redlily avail able.

1. Introduction

Giant telescopes with apertures in the 25-m range have been proposed over more than 20 yeas™?. Although the scope of the
present paper is about optica fabrication for large to extremely large telescopes, it is instructive to refled on the possble
reasons, technologicd and others, why these ealy propcsals did not yet materialize, and derive orientations for future

developments.

A determinant fador might well have been that urtil quite recently, atmospheric turbulence prevented that increased
diameter be rewarded by a propartional increese in resolution. Interferometers overcome this problem, however at the st
of comparably low efficiency and hightedhnica and operational complexity.

Hence, science objedives for telescopes with diameters beyond that of the 8- to 10-m class generation may not have been
sufficiently attradive in relation to their cost. By filli ng the resolution gapthat let ground-based opticd astronomy traili ng
far behind radio and spacebased astronomy, adaptive optics has the potential to revert this stuation. Assuming that adaptive

optics will, in a nea future, beacome mature a sandard observing

Spatial mode providing reasonable sky covergag which is quite likely, the

resolution next question to assess is whether technology permits further
extrapolation in telescope diameter.
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considerations only would probably be uncareful. Alike ay large
scientific projed, extremely large telescopes must be conceved
around threethemes (Fig. 1): science objedives and capabiliti es,
technology, and money. The aurrent 8- and 10-m telescopes owe
their very existence to substantial development and industrial
efforts, and larger projeds will only increase the demand on an
industrial suppart which will be bound to measurable return —be it
in the form of prestige, spin-off or dired profit.

In criticd areas such as large optics, industrial suppat was
probably motivated by prestige and spin-off (e.g. in the form of
consumer applications of glassceramics materials or use of
advanced pdishing techniques for microlithography optics). This
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situation may not hold when it will come to extremely large telescopes, whose main optics will demand substantially larger
budgets. Public funding will most likely be bound to higher industrial return, and emphasis may therefore have to shift
towards lutions that imply low industrial risk and good predictability.

It could be agued, of course, that further development could provide degant and effedive solutions to the fabrication of
extremely large mirrors, and that such development does not necessarily have to rely exclusively on industrial resources. A
case in paint is the stress polishing technique developed for the Kedk projed by Nelson et al® or the mirror technology by
Angel et al*. Experience shows, however, that progressin optica fabricaion is very slow. Computer-controlled pdishing
was siccessully demonstrated®® in the ealy 70s, but it took at least a decale to see it implemented in large-scde
astronomicd projeds. A similar statement could be made @out mirror materials, be it glassceramics or metal.

Size «trapolation should therefore be considered carefully. In spite of the gpeaances, this discusson, however, is not
meant to prevent optimism. Two fundamental concepts have been proven in the last decale: segmentation and adive optics.
The beauty of the former is that it alows, in theory, any size etrapalation without a rresponding size etrapolation of
fabrication processes. The latter, by relaxing fabrication tolerances and allowing automated control of opticd quality’,
dramaticdly widens the accetable range of materials and processes.

2. Evaluation of materials and processes

Evaluating materials and processes for the fabricaion of large opticd components is a rather complex task, which requires
careful definition of the objedives and constraints, at system and subsystem levels, and in-depth urderstanding of design,
fabrication and operation constraints (Table 1). There will most likely be overlap between the three and evaluation may
becwome highly iterative. Programmatic considerations are likely to play a aucia role & well, depending on budget,
schedules, and all owable risks.

Design Fabrication Operation
Performance spedfications | Material properties | Integration
Environmental spedficdions | Material fabrication | Maintainability

Lifetime
Safety
Transportability

Table 1.

Opticd fabrication

Engneeing considerations

A common pitfall in evaluating materials and processes is over-emphasis put on a singe property or on the “elegance” of a
determined solution to a spedfic problem. This may transate into confusion between objedives and solutions. Conflicting
reguirements are more common than concurring ones, and sound solutions are built on rational compromises and trade-off s.

Design considerations trandate into an error budget (Fig. 2), which, at this dage, may be seen as representing the
performance merit function associated with the subsystem. Spedfic materials and processes sould evidently be scrutinized
for their ability to med requirements and for their influence on the aror budget.

Figure 2. Design considerations, mirror error budget.

Mirror error budget |
Fabrication - integration | [static / quasi-static | Dynamic | Control |
Fabrication | Gravity | Vibrations | _Wavefront sensing
Surface generation | CTE uniformity | _Re-targeting | _Phase sensing
Matching | Thermal gradients | _Wind pressure | _Actuation
Metrology | Power dissipation |_ Mirror seeing | _Position
Assembly | Stress relaxation |_Modeling errors
Supports | Creep | Thermal control
—I: Mounts
| Coating
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Material properties considerations, some of which spedfic to metal mirrors, are listed in Table 2 (adapted from Paquin®,
1989. It should be noted that some of the properties listed in this table ae temperature-dependent, a fadtor that must be
duly taken into acount. Thelist is certainly not exhaustive and should be prioritized on a cae-by-case basis.

Depending on the type of application and oljedives, material properties can be cmbined into spedfic merit functions.
These functions will adually correlate to critica subsets of the aror budget. A graphic example is $own in the diagram of
Fig. 3, which compares a few mirror materials for their spedfic stiffness (p/E, where E is the Young s modulus and p the
density) and steady state thermal distortion coefficients (CTE/k, where CTE is the Coefficient of Thermal Expansion and k
the thermal conductivity). Those properties are frequently essential to astronomicd applicaions, and have strong influence
on system concept, opto-mechanicd design, and error budget alocations. In this particular case, the merit function is
relevant to the opticd manufadurer as well, as the thermo-mechanica properties will be related to quilting urder palishing
pressure and dmensional stability with resped to friction-generated hed.

Mechanical | Physical Optical Structural Fabrication General
Young’s modulus CTE Reflectivity Crystal structure Machinability Availability
Strength Density Absorption Phases Polishability Scalability
Microyield strength ~ Thermal conductivity =~ Refractive index  Voids and inclusions Platability Cost
Creep strength Specific heat Emissivitiy Grain size Optical Lead-time
Hardness Melting temperature Transition temperature replication
Ductility Electrical conductivity Stress relief temperature  compatibility
Fracture toughness  Vapor pressure Heat treatable

Corrosion potential Texture

Chemical properties Porosity

Table2. Material seledion.

In genera, the requirements underlying large-scde, ground-based astronomica applicaions are fairly restricted and

environmental constraints relatively benign. Not withstanding performance requirements, primary targets are usualy low

cost, low mass or inertia, availability in large sizes or scdability. Secondary seledion criteria generally focus on

homogeneity of thermo-mechanica properties, high spedfic stiffness low residual stresses, long-term dimensiona stability,

and pdishability.

It must be kept in mind that opticd fabrication cannot be described in terms as smple & material properties. The end
product is the result of a process which may

'S 0.080 afea or be dfeded by the substrate
= | @ Copper properties. Process control is, indeed, an
5 0.070 4 integral part of opticd fabricatiqn, and
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Figure 3. Thermo-mechanicd figures of merit (steady state) by market constraints.
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3. Active optics and segmentation

A review of opticd fabricdion in the large without consideration for adive optics and segmentation would almost amount to
anachronism. The two technologies have so profound impad that they do not only drive modern telescope design, they also
drive opticd fabrication in general.

The prime target of adive optics’ is esentialy to increase and maintain performance It also has definite alvantages in terms
of cost reduction, feasibility and scdability. Furthermore, it allows a hedthy competition between traditional, thermally
stable opticd materials and chegoer or lighter ones. Relaxation of surfacetolerances plays a mgjor role in reducing costs and
improving performances, since it alows the manufadurer to concentrate on the removal of high spatial frequency errors.
Table 3 givesabrief and certainly incomplete overview of fabricaion aspeds potentialy affeded by adive optics.

Materials & processes Opticd figuring

Non-zero CTE Relaxation of figuring tolerances
Relaxation of homogeneity requirements Relaxation of suppart tolerances
Relaxation of residual stresses requirements Simple and reliable matching test
Relaxation of long-term dimensional stability requirements Stressed pdishing

Spin-casting of thin substrate, very large monolit hic substrates

Bimetdlli c &fed acceptable to some extent

Table 3. Active optics, influence on fabricdion aspeds.

It should be observed, however, that adive optics by deformation of continuous surfaces is best adapted to ground-based
appli cations becaise in such appli cations, wavefront lopeis, to alarge extent, more relevant than wavefront amplit ude.

The main drawbadks are the alded system complexity, both at operational and maintenance levels, and the sensitivity to
loads at frequencies higher than that allowed by the antrol loop. Results obtained with the aurrent generation of adive
telescopes $ow that these drawbadks can be handled fairly well, and that they are an acceptable price to pay for truly
sednglimited performance.

For ground-based astronomicd applications, the lower limit for adive systems is probably in the 2-m range, where
conceptualy simpler, cost-effedive solutions exist (adive dignment control may, however, still be dtradive & lower
scdes). There is widespreal consensus that the technology becomes mandatory above 4-m, if not below. The upper limit is
probably not much higher than the 8-m range, essentialy for fabricaion, transport and handling reasons, rather than for
conceptual or physicd ones.

The situation is quite different with segmentation, which emphasizes cost reduction and scdability, at some limited but not
negligible expense in terms of performance The high dope aror generated by surfacediscontinuities not being filtered by
atmospheric turbulence, phase erors have to comply with stringent requirements, comparable to those normally applying to
spacebased systems. A possble weakness of segmentation, namely its reliance on position sensors for phasing, may
eventually disappea if piston-sensitive wavefront sensors could be developed to close the phasing loopin red time on sky
objeds. Oncethis problem will be solved, it is quite likely that the performance gap with adive systems will narrow down.

These drawbadks dould be evaluated in relation to the immense potential of segmentation with resped to scdability.
Regarding materials, virtually any acceptable solution for passve substrates in the 1- to 2-m range bemmes sdable to any
size the limitation being essentially imposed by control complexity and segments mass production. A reservation must
however be made for homogeneity of thermo-mechanicd properties within and between segments, whose tight curvature
tolerances must be kept within the entire range of environmental spedfications. So far, this dramaticdly limited material and
processes options’.

The scdability potential also appliesto opticd figuring of sphericd surfaces, which can be replicaed or figured on planetary
machines at low cost. The generation and testing of off-axis aspheric surfaces is substantially more difficult and, athough
this problem has been succesSully solved, there is little doubt that segmentation is inherently better adapted to the
production of all-identicd, sphericd surfaces.

An attempt at merging the two concepts, allowing some (limited) adive shape mntrol of individual segments, is currently
made by Castro et a’®. Segments being typicdly in the 2-m range and, so far, made of thermally stable materials, adive
shape ontrol does not neal to be pushed as far as with 4- to 8m classmirrors, and serves mostly to relax tolerances on
segments lowest order misfigure. If succesdul, this attempt may substantially widen options for segmented mirrors while &
the same time dl eviating some drawbadks of the technology.
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With extremely large telescopes, both technologies are likely to play a key role, with gant segmented sphericd mirrors and
adively controlled monolithic aspheric corredive optics.

In conclusion, and with apologies for the strongy caricatural statement, it is proposed that adive optics offers unlimited
material optionsin alimited size range, whil e segmentation offers limited material optionsin an urlimited sizerange.

4. Mirror materials

An exhaustive discusson of posshble opticd materials and processs for refledive opticsisimpassble within the framework
of abrief article. Extensive reseach driven by military and high energy appli cations took placein the last two decales, and
is dill progressng. The gplicdions that are publicly known focus mainly on medium-size mmponents, at least by the
standard of today’ s astronomicd optics.

Suitable materials for mirror fabricetion in the large include avariety of glass ceramics and metals. Table 4 gives a non-

exhaustive list of potential candidates for astronomicd applications. Substrates are formed by casting, fusion, welding,
infiltration, rolli ng, forging, or machining of a solid block.

Material ‘ Tedhnology ‘ Max. size | Remarks
Zerodur Casting solid blank 4-m
Spin-casting thin meniscus  8.2-m adive optics mandatory
Machined solid blank  Lightweight 2-m
Silica ULE  Fusion of boules solid blank 4-m
Fusion of boules thin meniscus  8.3-m adive optics mandatory
Machined blank lightweight 2-m
Structured bank lightweight 2.5-m
Borosilicae  Spin-casting structured 8.4-m adive optics & thermal control mandatory
Al EB welding solid blank 1.8-m adive optics mandatory
Buil d-up welding solid blank 1.8-m adive optics mandatory
Be HIP lightweight 1.2-m adive optics mandatory
SiC Infiltration lightweight ~1-m

Table4. State-of-the at materialsfor large, ground-based astronomicd appli caions.

With referenceto the diagram shown in Fig. 3, the materialslisted in table 4 could be split i nto three caegories.

The first category would be that of “clasdcd”, thermally stable materials (steady state) which can be produced in large to
very large dimensions: Zerodur, Astro-Sital, Silica, ULE, and Aluminum. The latter set aside, these ae the dasdcd options,
demonstrated and generally acceptable for passve systems up to the 4-m range and adive up to 8.4-m.

Production of large Zerodur, Silica axd ULE substrates has been extensively described in the literature*>** and will only be
outlined here. Glassceramics (Zerodur, Astro-Sitall) are two-phase materials, whereby the balance between the aystalline
phase (with negative wefficient of therma expansion or CTE) and the amorphous phase (positive CTE) can be set to
minimize the overall expansion coefficient in a given temperature range. The substrate is cast to glass state, cooled to
ambient temperature, pre-machined, and re-heded in a cgamization processto stimulate aystal growth. Once ceramized, it
is madiined to nea-net shape, anneded, and finally madined to spedficaions (Fig. 4). To minimize residual stresses,
thermal gradients must be controlled to high acarracy throughout the whole process Meniscus geometry is, in this resped,
an advantage up to 4-m, and probably a prerequisite eove. Highest breaage risks occur during the maling phase in the
glasy state, when a aystalline layer is grown at the mntad areawith the refradory mold. This layer having a different
expansion than the amorphous substrate, stresses build up during coding and bregkage may occur. The problem becmmes
critica with very large, thin substrates. For Zerodur at least, it has been solved by SCHOTT.

Large sili cablanks are formed by seding hexagons together at ~1500°C, and sagging the flat blank onto a cnvex refracory
mold. Contrarily to glassceramics, a substantial part of the st is the raw material. Therefore, hexagons are made by
stacking sets of threeboules, the ceantral one being Hgh gade. Slicing the stadk in two yields two hexagons, ead with one
side & faceplate quality. Sili cablanks tend to have afairly high density of bubbles, locaed at the seds. Althougha potential
source of concern to the opticd manufadurer, this has, so far, not been amajor isue.
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& Fairly good results have been obtained™® with

Figured.  Spin-casting of large Zerodur blanks two auminum technologies, build-up welding

and eledron-beam welding. Both have been
tested by ESO in the late 80's on 1.8-m mirrors, under contrad with industry (Linde, Telas, Reosc), with a view to providing
a badkup to Zerodur for the production of the VLT primary mirror blanks. Build-up welding consists in a @ntinuous
deposition of welding seans onto a rotating mandrel. The technology seams easily scdable, and has been shown to provide
excdlent substrate homogeneity. Particular attention must however be paid to aloy seledion and to thermal stresses, as the
processinevitably leads to strong thermal gradients between the locaion of the welding heals and the oppdasite sedion of the
blank. Indeed, the first attempts made & producing a 1.8-m classblank resulted in dramatic fail ures (cradks). The @ntrador
(Linde) eventually solved the problem by seleding a more resistant alloy and preventing the blank to cod upon its rotation.

The processof eledron-beam welding consists in fusing seds between pre-assembled aluminum parts with a high-powered
eledron gun The process requires a vaauum chamber of suitable dimensions or, since vaaium requirements are not
particularly criticd, a suitable system to ensure locad vaauum in the aeaof the seds. Although the total energy transferred
into the blank is fairly small, the severe thermal gradients upon welding requires careful design of the damping devices used
for pre-assmbly. The required gunpower isin the 100 kW range for a 300-mm thick blank. The ESO 1.8-m eledron-bean
welded mirror was assembled from four forged aluminum quarters. Casting of a singe piecewould have been posshle, but
this mirror was made & a demonstrator for upgrade to 8m class a dimension deemed too large for casting.

Both processes imply using all oys, as pure duminum would lead to unacceptable porosity.

The two ESO 1.8-m test mirrors were manufadured to spedfications, and thermally cycled to simulate ajing. The
deformations were found to be within one fringe, stable, freeof high spatial frequency content and therefore fully acceptable
with an adive suppart system.

A serious drawbadk of aluminum mirrors is the need, for visible gplicaions, of a nickel coating. Although the processis
fairly well controlled for adherence, thickness homogeneity and stresses, it is an inevitable source or risk (breg-through of
coating during polishing). It also leads to himetalli ¢ &feds, which should however be of no serious consequencein an adive
system.

The sewnd category would include materials such as Borosilicae (BSC), with lower thermal performance requiring
potentially complex thermal control. This material can be produced” in large to very large dimensions. Spin casting in a
structured mold allows aeia density to be somewhat lower than with materials of the first cetegory. Although \ery large,
thick and structured BSC blanks can be made stiffer than their meniscus counterparts of the first category, they still
imperatively require adive supparting. The higher stiff nesscould however bemme an advantage with telescopes designed to
operate in open air, where wind excitation may impair the performance of more flexible mirrors.
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T T As for Silicon Carbide, there is very strong confidence that
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> S= supplied with mirrors in the 1-m range, and suppliers fed

Figureb. Production of large sili cablanks. confident in bringing the figure down to ~10 kg/m? in a nea
future.

There ae, esentialy, two Silicon Carbide technologies: CVD and infiltrated SiC. While in theory the former would yield
highest spedfic stiffness in pradiceinfiltration is preferred for lower if not negligible residual stresses. This technology was
successully developed by several manufadurers, United Tedhnologies and Carborundum, to name afew, until production
was discontinued and fadliti es saut down, most likely for market rather than technicd reasons. European suppliers may take
the dhallenge up, with Céramique & Compasites on the French side and IABG on the German one. In fad, there is room for
cautious optimism regarding the production of up to ~2.5-m SIC moderately to ultra-lightweight substrates at very
competitive prices'®. The problems that remain to be solved are esentially:

»  Suppot stresses induced in the sili conization process The green body that is heaed up to ~1800°C has a different
coefficient of thermal expansion coefficient than that of the infiltrated blank and the suppat must be designed to
acommodate the resulting dimensional change without introducing critica stressesin the blank.

« Polishability. Neither of the suppliers mentioned above can guarantee asurface polishable to ogticd standard, be it
because of residual porosity or becaise of residual carbon grains which may impair surface teanliness However,
several solutions, CVD- or PVD-depasited coatings to name afew, have been successully explored.

Compared to Beryllium, raw materia is fairly inexpensive and blank production faster. Hence, SiC may becwme apotential
challenger to classcd glassceramics materials when it will come to massproduction of segments for extremely large
telescope projeds.

Extrapolation of materials and processes to much larger sizes than those listed in table 4, if driven by astronomicd
applications only, is quite unlikely. Very strong scientific and technicd arguments against segmentation would be required to
justify the asts and risks underlying the development of extremely large monolithic mirrors much beyond the airrent range.
Materials of the first and second caegories could probably be extrapolated to the ~12-16-m range in a foreseedl e future, the
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most favorable candidate being fused silica Fabricaion, transport, handling and maintenance @mplexity could however
cancd, inpart or in full, the gain in cost per unit areagenerally associated with adive optics.

Asfor the third caegory, future development might go in two dredions: ultra-lightweight substrates in the 2- to 4-m range,
with agial density in the 10 kg/m? range or even below, and cost-competiti ve lightweight materials with agia density in the
30-50 kg/m?. The former would be driven by space gplicaions, the latter by extremely large ground-based telescopes.

5. Optical fabrication and testing

Until quite recently, opticd fabricaion was fairly limited in its options. Figuring an opticd surfacewould normally start with
grinding and smocthing with progressvely finer abrasives, and finish with pitch padlishing. Aspheric surfaces would be
generated by progressve deviation from an initially sphericd surface Producing smooth surfaces required relatively stiff
tods with dimensions comparable to that of the pieceunder figuring. Such conditions can evidently not be fulfill ed with
aspheric surfaces, where toal dimension and stiff nessmust be relaxed to all ow matching of the shapes of the tool and of the
opticd substrate. Even though the process could be improved, for example with petal tools yielding ron-uniform wea,
departure from sphericd surfacewas inevitably limited.

The isaue of generating aspheric surfaces is not material removal per se, but removal at different rates over neighboring
aress: what truly matters is not the deviation from best fitti ng sphere but the slope diff erence between the desired shape and
the best fitting sphere. With conventional padlishing techniques and conic surfaces it is convenient to define adifficulty
criterion dy given by

8N°3
dy="
Y=

where N is the focd ratio of the opticd surface ad k its conic constant. It can be shown that dy is inversely propartional to
the dlope difference between the desired conic surface ad its best fitting sphere i.e. the smaller dy, the more difficult the
aspherization. The third pover fador in f/D yields a rapid increase of difficulty towards snall focd ratios, a fador that
constrained the former generations of telescopes to relatively slow primaries.

As formulated by Preston™® aready in 1922 removal of material by lappingis a function of tool pressure, relative velocity
between tod and substrate, and lapping time. Making any of these parameters variable with resped to tod position would
theoreticdly alow to modulate tod wea and produce apheric shapes in a controlled manner. Sufficient predictability not
only requires appropriate control of the parameters mentioned above, but aso suitable measurement methods allowing
feadbadk to the pali shing madine. Indeed, opticd testing forms a fundamental and integral part of optica fabrication.

While @mputer-controlled pdishing techniques were dready demonstrated®® in the ealy 70s, reliable, cost-effedive test
methods appeaed somewhat later. Measurement of the surfaceof the ESO 3.6-m primary mirror, which was completed in
the 70s, was done by photographic Hartmann test and implied lengthy preparation, acquisition and data reduction. The
output of a measuring run represented a mere kil obyte of data, while today’s high-sampling, high acaracy interferometric
test methods all ow aaquisition of megabytes within afew hours at most.

Furthermore, and in view of the low predictability of the figuring processand to reducerisks, pali shing runs were ajusted to
remove misfigurein part only.

The technologicd revolution permitted by computer-controlled pdishing techniques and modern testing methods is clealy
illustrated in Fig. 6, which plots the adieved ogicd quality (wavefront RMS misfigure) as a function of dy for a series of
aspheric mirrors produced over the last 30 yeas. As $own in this figure, mirrors produced before ~1985 with classcd
methods tended to follow a power law limiting the atievable quality. As unequivocdly demonstrated by the quality of the
Vatican 1.8-m mirror?®, the segments of the Kedk telescope®, the primary mirror of the 3.5 m Galil eo telescope®, or the
VLT secondary mirrors'’, there is virtually no limitation in shape -provided, of course, that a suitable test set-up provides the
necessry surfacedata.

In Refleding Telescope Optics II, Wilson'®> makes an extensive review of modern, controlled figuring techniques. Those
include lapping and ion-beam figuring. Diamond turning is not considered as it is quite limited in size, and requires post-
pdlishing for visible gplicaions. Lapping tedhniques can be cdegorized acording to which parameter or which
combinations of parameters of Preston’s law (presaure, velocity, or time) they vary to figure the desired shape. In pradice,
these techniques are not exclusive and may be spedficdly adapted to different stages of the figuring processi.e., one
technique may be suitable for final corredion of zona defeds or high spatial frequency errors, for example, while another
one will be more dfedivein generatingthe overall profile.
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All modern lapping techniques involve cntrol of the relative motion of the tool and workpiece most conveniently achieved
by computerized motion of both. Lapping tods can be tiff or flexible, the latter being either pasdvely flexible or adively
controll ed.

Large stiff tods, with dimensions comparable to that of the workpiece are dfedive in producing smooth spherica surfaces
and therefore, idedly suited at the grinding stage. Low aspherization, typicdly that of a parabola with afocd ratio not lower
than ~4, is possble with large, stiff pattern tods, whereby the pattern of grinding tiles or padlishing pitch is adjusted to
provide aradialy variable wea. Moderate aspherization requires combining stiff and flexible tools of deaeasing sizes.
Small or flexible toals tend, however, to generate high frequency ripple and zonal errors and it might be necessary to revert
to relatively large toals for smoathing runs. Again, the pattern of tiles or pitch can be ajusted to the desired wea function.
This is the technigue gplied succesSully by Reosc to the production of the 8-m, f/1.8 primary mirrors of the Gemini and
VLT telescopes (Fig. 7), with a final wavefront acaracy on the order of 30-40 nm RMS after adive @rredion of lowest
modes. The mirror is supparted on arotating table and the tools are moved by a roba arm, allowing predse ontrol of the
relative speed between tool and workpiece Smallest todls are in the 1-m range. The progressof quality over the production
of the five 8-m mirrors aready completed isa dea indication that the technologicd li mit of this processis not yet readied.

CONTROL STEP DETAILS/ COMMENTS
Dimensional check Glue axial Unload & install on Clean/glue )
< >“‘> interface provisional support [  one by one [  Mount tripods

b

> Grind spherical |-  Stiff took (4-m, 2-m)

b

Spherometry

Spherometry > Grind aspherical |ki—] Small stiff tools 2-m, large flexible tools

b

< Spherometry >>-(> Polishing - | K- Small stiff tools 2-m, large flexible tools
<Dimensional check >—

interface one by one

b

N Polishing - II k——} Small stiff tools 2-m, large/small flexible tool

Mount lateral Clean/glue Transfer to
g polishing machine

IR interferometry

b

Vis. interferometry >>-(> Polishing - 1 K—— large / small flexible tools

Figure7. Opticd fabrication of the VLT primary mirrors— outline.

Motion (relative speel), dwell time and pressure antrol have been successully applied with very small tiff tods, having
dimensions lower than 1/10" of the workpiece Pioneaing work was done & Perkin-Elmer in the ealy 70s, paving the way
for spedaaular achievements. One major drawbadk of the technology, namely the lossof rotational symmetry, is now fully
compensated by suitable computer-controll ed motion systems. The technology is very effedive for finishing highly aspheric
surfaces and production of off-axis aspheres, and substantially more deterministic than those relying on large tods.
Processng time is inevitably longer, in view of the small areabeing worked at a given time. Some of the most spedaaular
results have been obtained by Reosc with the VLT secondary mirrors, which were produced to ~15 nm RMS wavefront
(after removal of the lowest modes, as permitted by the telescope adive mncept) over a surface &tending up to 2 mmfrom
the mirror physical edge.

Active, flexible tods include membrane todls (Zeiss, Korhonen et a®), and stesed laps (Angel?®?"). Membrane tools
consist in redanguar flexible strips, which oscill ate radialy over the rotating workpiece Actuators mounted onto the
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membrane dlow adjusting the presaure & a function of radial and azmuthal location on the workpiece The stiffnessof the
membrane and the aduator charaderistics can be set to alow efficient smocothing of high spatial frequency errors, while
guarantedng appropriate matching of the tool shape with the desired aspheric profile, and effedive ntrol of non-
axisymmetrica errors. The total areaworked at any time being relatively large, the processis, in addition, as time-effedive
as “clasgcd” large-toad figuring. In principle, the same tod could be used throughout the eitire figuring process from
grinding to fina polishing. The NTT and Galil e0?* 3.5-m classmirrors polished by Zeissto 25and 17 nm wavefront RMS
(after removal of lowest modes), respedively, demonstrate the superb paential of this technology.

Stressed lap pdishing hes smilar advantages and performances. In this arrangement, a large, possbly full-size lap, is
continuously deformed by applying veriable bending moments at the todl’s edges. The moments applied, hence the tool
shape, are ajusted acording to tod pasition in order to ensure proper matching with the desired profile. Relative speed can
be aljusted to allow non-uniform wea. The technology can deliver diffradion-limited quality with extremely steep aspheric
mirrors® (f/1.0 parabola).

Contrarily to al the @ove options, stresspalishing does, in principle, not imply any particular modificaion of the dasscd,
large and tiff tod approach. Instead, it is the workpiecethat is deformed, either by adive suppart forces, bending moments
or variable presaure, in a manner to allow its surfaceto be figured sphericd (or flat). The mnstraints are predetermined in
such a way that once relaxed, the workpiecetakes the desired profile. This technique is quite dfedive in the production of
Schmidt plates™ and was the baseline solution seleded for the fabrication of the off-axis hyperbolic segments of the Ked
telescopes. Misfigure tolerances are tighter with refledive surfaces, however, and the uncontroll ed warping which may occur
upon relaxation of the anstraints may exceal spedficaions. The most likely reason is that the grinding and pdishing
processs inevitably affed the distribution of residual stresses within the substrates, thereby making the process ®mewhat
unpredictable & the level of opticd tolerances. In addition, cutting of segments to hexagonal shape &ter figuring was, for
similar reasons, a serious areaof concerns. Hence, very tight requirements apply to residual stresses in the opticd substrate.
These problems required the Kedk segments to be finished by ion-beam palishing.

The problems encountered upon figuring the Kedk segments do not imply, however, that this approach isto be rejeded. The
uncontrolled warping mentioned before is very unlikely to include substantial high spatial frequency components and the
technology could therefore be idedly suited for cost-eff edive production of highly aspheric adive monolithic mirrors.

lon-beam figuring congtitutes an entirely different approach to opticd figuring. In this process material is removed by
bombardment with Argon ions in a vaauum chamber. The workpiece is mounted opgicd surface down and suitable
mechanisms provide the necessary degrees of freedom to “scan” the workpiecein a cntrolled manner. The processis
deterministic to an urprecadented level, and therefore highly cost-effedive. The only limitation seems to be the acarracy of
the test data required to program the dwell time of the ion beam. Although tea generation is fairly low, locd thermal
gradients may have alverse dfeds with plated mirrors, e.g. Nickel-coated Beryllium or Aluminum mirrors. The process
requires the workpieceto be drealy pdished and dces not introduce noticedle degradation of microroughress It is,
therefore, idedly suited for fine @rredion of residua errors in the ~1 micron range, be they structure print-through or
pdishing residuals. A striking demonstration of the technology was made with the finishing by Eastman Kodak of the Kedk
off-axis egments®’.

The discusdon above, and the results $rown in Fig. 6, not only indicate that several options exist for the fabricaion of highly
aspheric surfaces, but also shows that al options are basicdly similar in terms of final quality. However, and as mentioned
before, al processes require acerate mapping of the misfigure to be palished out. Being part of the fabricaion process
testing must be possble in a routine and time-efficient manner. Simultaneous aaquisition of the entire optica surfaceis
evidently preferable.

Progressin figuring and testing technologies went in parallel and probably stimulated ead other. A review of al solutionsis
impossble within the framework of this article, but the aurrent situation can be resumed in a single statement: it is today
perfedly reasonable to exped data sampling of a few hurdred pdnts per surfacediameter and a sensitivity in the range of a
few nm. Substantial improvements have dso been achieved with resped to influence of vibrations on interferometric test.

Dired interferometric measurement of aspheric surfaces is generally impossble & deviations from ided sphericd surfaces
can easlly exceed a few tenth of mm. Hence, the need for null systems (or null-lenses) to alow stigmatic or nea-stigmatic
test conditions. Concave mirrors are most conveniently tested at center of curvature through such lull-lens, while @mnvex
ones require compensators at leest as large & the mirror itself (matrix or Hindle sphere). This is a strongly limiting fador
when it comesto producing large @nvex mirrors.

In view of the strong sphericd aberration these null systems must compensate, alignment is generally criticd. Third order
coma and focus terms are generaly ignored as they can be cancdled in the telescope by refocusing and decenter of the
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secondary mirror. Aspheric segments do not allow such simplification. Other terms, including high orders, may however be
significant and it is mandatory to perform final tests under different respedive orientations of the null system and
workpiecé®.

Flat Null-lens Interferometer

/ \ Test set-up
Win ow |\ Components measured individually
: \“\D soooonnnn Cross-check spherometry /IR & visible null-lenses

\ Direct Hartmann
Shack-Hartmann through null-lens
| Dist. null-lens to interferometer calibrated each time
‘ Verify distance mirror to null-lens, to Hartmann plate

sin— /|

\ Air condition
| \ Measure horizontal & vertical gradients
| \\ Measure at several orientations
‘ \\ Average measurements (~1000)

T Active support
w Calibrate pressure sensors

Null systems are sadly notorious for their
cgpadty to introduce major flaws if built
incorredly, and need to be crosschedked.
Fabricaing two independent null systems might
substantially reduce risks, but other solutions
exist. An elegant solution demonstrated by
Burge® is to crosschedk the nul-lens against a
Computer-Generated Hologram (CGH)
simulating the &erration of the mirror to be
tested. In a modified version, the CGH
technology also allows to test convex mirrors
against a sphericd matrix®".

With adive mirrors, the strategy for find
measurements is different and generally simpler
than with pasgve mirrors. The general principle

Mirror on active (2x, independent references)
pneumatic support Verify pressure-force relation (load sensors)

is to crosschedk the highly acarate
interferometric data in the simplest manner,
priority being gven to reliability. The objedive
is to ensure that, would an error have escgped
detedion, the adive rredion recessry to
restore nominal performance will be well within the adive force budget. In brief, highly acairate tests are complemented
with highly reliable debuggng tests. The solution applied to the VLT primary mirrorsisto measure the aspheric profile with
a simple photographic Hartmann test at center of curvature, without null system®. This test, however, forms only part of the
overall croshedk, since other fadors may influence the @nicity error: erroneous suppart forces, thermal gradients in the
test tower. The cmmplete set of tests applied to the VLT primary mirrorsis shematicdly shown in Fig. 8.

While most of the technologies described so far are diredly applicable to opticd fabrication for up to ~10-m class
telescopes, larger projeds will i nevitably shift attention towards cost-effedive production of large segmented mirrors. The
cost and complexity of fabricating off-axis asphericd segments and the limited field a giant Ritchey-Chrétien design would
provide ae strong arguments in favor of designs based on sphericd primary-secondary mirrors®2. Corredion of sphericd
and field aberrations will have to be taken care of by strongly asphericd corredive optics, whose fabricaion will most likely
involve one or more of the solutions described above.

A promising approach to massproduction of sphericd segments is that applied to the fabrication of the 97 segments of the
Hobhy-Eberly telescope® primary mirror. The segments, having a fairly large radius of curvature (26-m), could be polished
on a modified, 4-m class planetary machine, down to approximately 2.5 fringes acaracy. Average polishing time per
segment was on the order of 65 hours. Residual errors were removed in one or two runs by ion-beam finishing at Eastman
Kodak. Reosc reports comparable if not better performance for the massproduction of amplifier plates of the Mégajoule
experiment®”. The largest planetary machines currently in operation have diameters on the order of 4-m. Massproduction of
2-m class ggments would probably involve two or three 8-m class madines alowing production rates in the range of 1
segment per day.

Stressed pdishing may permit a similar arrangement for massproduction of asphericd segments. The segments would be
mounted into warping harnesses and pdished sphericd on planetary madhines, the bending moment applied through the
harness being set to provide the aphericd shape upon relaxation. Even with stringent material spedfications (residual
substrate stresses), the processis however very unlikely to be & deterministic as with simple, unstressed spherica segments,
and more emphasis would have to be put on post-processing with computer controlled pdishing or ion-bean finishing.
Opticd testing would be intrinsicaly more complex as well. These drawbadks, and the higher costs they imply, should
however be evaluated in relation to the potential benefit of asphericd surfaces with respea to telescope design.

Figure8 Metrology for the verificaion of opticd quality of the VLT
primary mirrors.
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6. Conclusions

Advanced materials and processes, together with adive optics and opticd segmentation concepts, will undoubtedly shape the
future of telescope design. Size etrapolation has been traditionaly limited to about a fador two between successve
generations, the limiting factor being the difficulty to fabricate and handle larger mirror substrates.

This limitation has been virtually eliminated by opticd segmentation, and maximum telescope goerture may in the future be
limited by maximum allowable control complexity or by the maximum allowable size of mecdhanicd structures. Mass
production of segments at reasonable aosts and fabricaion of highly asphericd surfaces are fully within the read of modern
technology. Extremely large aperture dimensions, up to 100m and passbly beyond, are now possble. Although rapid
progressis occurring in the field, it remains to be demonstrated that adaptive optics will alow the overwhelming science
objedives of such gantsto be redized.
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