THE FUTURE OF FILLED APERTURE TELESCOPES:
ISA 100m FEASIBLE?

R. Gilmozz, B. Delabre, P. Dierickx, N. Hubin , F. Koch, G. Monret,
M. Quiattri, F. Rigaut, R.N. Wil son,

European Southern Observatory

Abstract

We explore the scientific case and the anceptua feasibility of giant fill ed aperture telescopes, in the light of
science goas nealing an order of magnitude increase in aperture size, and investigate the requirements (and
challenges) these imply for posshble technicd options in the cae of a 100m telescope. The 100-m /6.4
telescope opticd concept is of afour mirror design with segmented, sphericd primary and secondary mirrors,
and 8m classaspheric tertiary and quaternary mirrors, providinga 3 arc minutes field of view. Building on the
experience of the VLT and ather large telescope projeds, we investigate mirror fabrication isaues, a possble
medhanicd solution, the requirements for the asolutely essntial adaptive optics g/stem and for the
instrumentation padkage, and the impli cations for budget and schedule.

1. Introduction

Astronomicd discoveries are usually made in one of two ways: as a result of a caefully planned program for which toals
and instruments may be devised and huilt, or as a result of the cgabiliti es aff orded by some new instrument possbly built
with a different aim in mind. A case in point would be the HST, which was built mainly to determine once and for all the
value of some aiticd cosmologica constants (Hy and @), which it is doing, but which also owes many of its most exciting
discoveriesto its unprecedented high spatial resolution. The next generation of (excealingly large) ground based tel escopes,
we believe, will provide both cgpabiliti es.

A very convincing case for the neal of at least 50m diameter to carry out a very demanding scientific projed (spedroscopy
of al galaxiesin the HDF field) has been made in a previous SPIE conferenceby M. Mountain*. Much aong the same lines,
but also kegiing in mind the poatentiality for new discoveries afforded by a “large” quasi-diffradion limited imaging
cgpability, we study here a oncept for a 100m telescope (which we have dristened OWL for its keen night vision and for
OverWhelmingly Large). This concept includes full adaptive optics corredion, afield of view of 3 arc minutes, and working
in the opticd and nea infrared damains. The need for full adaptive optics corredion is slf-evident as it is the only way to
avoid source onfusion while & the same
time reducing  the badground
contribution (with the diffradion limit at
1.4 mas in V, and a pixel scde of < 1
mas, the sky badckground in an OWL deep
image is adually lower than in a typicd
image taken with current non-AO
instruments at a 4m class telescope).
Without full corredion, i.e. not reading
the diffradion limit, it would not make
sense to consider a telescope of this
diameter (unless it was only for
spedroscopy). One mnsequence of the
adaptive optics use is of course that
spedrographs can be extremely compad
(e.g. a 10° resolution spedrograph would
have the same bean size & a VLT
instrument). Since the AO correded field : : 2

will probably be smaller than the adual Figurel OWL’seyeon Hubble Dee Field
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field of view (but see 84 for a more optimistic view on this), the remaining focd plane could be paved with parallel
instruments, either lower resolution imagers, or 3D spedrographs or a stite of tilted Fabry-Perot imagers® the latter, in
particular, could dffer a relatively low-cost way to get simultaneous data aubes over most of the telescope field, with 40
wavelength bins and a maximum spedral resolution of ~750.

We have mnstructed an imaging simulator for OWL and used it to determine the expeded performance under various
conditions. The ingredients are the input PSF, the optics charaderistics of both OWL and a focd enlarger camera, the
properties of the detedor (assuming multiple readouts to avoid CR contamination and reduce the dfeds of saturation from
bright stars -- bright meaning here brighter than V=26: this will have implications on the doice of ‘dee’ fields to be
ohserved as one should avoid areas with too many such stars; on the other side, the field of view will be some tens of arc
seoonds and areas of such size without stars that bright are eaily found). Figure 2 shows the result of one simulation in the
case of aV=35 pdnt source and an integration time of 1 hour in the case of full adaptive optics corredion.

Using the simulator we have determined that for a theoreticdly achievable Strehl ratio of 0.5 at opticd wavelengths, the
limiting magnitude for point sources would be V=38 in 10h. This would alow, among other things, the study of Cepheids
out to a distance modulus >43 (i.e. to z = 0.8 thus affording the measurement of H -- nat Ho -- unencumbered by local
effeds; note that confusion will start affeding the results about there & we ae eout 100 times further than Virgo with a
resolution about 100 times better than HST), the study
OWL + 0.61 mas pixel (F/50 camera) of any supernova a redshifts <10 (1), to image 1 M
TTTTTTTT Y starsin Virgo, WDs in M31, brown dwarfsin the LMC
] etc. A grea contribution to the ‘known’ problems
would be, we believe, in the aeaof the star formation
history of the Universe, now based on comparisons
between models and integrated properties of galaxies,
but which would become amatter of courting (and of
course studying, see fig 1) the number of HIl regions
| | o and/or O starsin galaxies at high redshift imaged in the
© o000 o000 To00 nea IR at resolutions of 2-3 mas (an individud O5 star
wavelength v=35 (40V) Sky=2L5 would be detedable in 10h at z = 2). At even higher
150 0 20080004 0.008 o “‘““:Fl - redshifts, the star formation history would be deduced
i ] r = ] by the statistics of Type Il SNe, since OWL would be
able to seethe redshifted blue or ultraviolet light (where
they are brightest) from al of them below z= 10.

1 In the nearer Universe, OWL would permit the imaging

L ] of the surfaceof stars, “promoting’ them from points to

S PN SH - - objeds, determine the luminosity function of brown

) _—--------J%ﬁ%{}n Egﬁg : i e dwarfs in the Galaxy and the LMC, shed light on the

T an Bn ' i ] . . .. .

i &3 P A B B baryon contribution to the missng mass image

radius (¢4pi:xe1 1 ﬁrcsecl)o ‘ aper‘tulre radiui [pixel]3 extrasolar planetary waefnSWhlle dso aﬁ:ording the

spedroscopic seach for biospheres, anayze rapid

variability phenomena (here the gain on current

telescopes is enormous as the power spedrum P O flux®

0 D*), etc. It is not the scope of this paper to explore in detail what OWL would be &le to da However, many of the

scientific results hinted at here can only be adieved with afill ed aperture telescope of at least 100m diameter (in particular
the “detail ed” cosmology and the study of SNe & redshift < 10).

One question that often arises when discussng large fill ed aperture telescopes is whether an interferometric aray would
achieve the same results. Granted that the resolution can be equaled by interferometry (or indeed surpassed for larger
baselines), the shea colleding power of a 100m telescope (with an area 10 times that of eve'y opticd telescope ever built
put together) cannot be matched for a similar capital investment. Indeed, as pointed out e.g. by Mountain® or the NGST
report®, the dficiency of an interferometer is only a few percent compared to >50% for a fill ed aperture telescope, so
reading comparable magnitudes with interferometry would require lleding aress much bigger than OWL'’s. To this one
should add that the field of view would be much smaller, and that the image quality (in the sense of ‘ shape' of the PSFwhich
thoughwith a narrow core is very complex, and extended, in interferometry) much worse.

From the @ove, it isour opinion that doubling the size of the next generation telescope, as done until now, even taking into
acount the advantages of the improved resolution afforded by adaptive optics (whereby S/N O D? in the badground li mit)
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Figure2. 60 minutes exposure on aVV=35 padnt source
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does not appea to fit the requirements of the Astronomy of the 21% century. We have tried to analyze the possbility of
having an order-of-magnitude improvement, in order to try and define the dhall enges that such a concept would likely entail,
to test, in fad, whether we can achieve adesign that is conceptually feasible. As a second but till criticd requirement, we
have set the goal of bresking the “cost law” (0 D*®) which would otherwise make even afeasible mncept into an impossbly
expensive one.

We beli eve that we have succealed, albeit in a preliminary form, to exclude obvious ow-stoppers. We fed fairly confident
that the opticd design (see 82) provides the required scientific cagabiliti es (relatively wide linea field of view with
diffracion limited performance) and that the optics are feasible with the aurrent technology (see83) at a “reasonable” cost.
The dhallenges dill remaining are in the aeas of adaptive optics (see 84) although the required improvements for a 100m
telescope ae not very different than those for telescopes ten times gmaller, and in medhanics (see 85) where however our
preliminary concepts offer some room for a caitious optimism (thougha simple method to codl the gaps between the mirrors
to improve the IR sensitivity has not been found yet). The estimated cost of the present concept is in the range of and quite
likely lessthan $1,000 milli on.

2. Optical design

The opticd design of the 100-m telescope is based on a 4-mirrors concept, with spherica primary and secondary mirrors’
(figure 3; a VLT unit telescope in its enclosure is sown to approximate scde for reference). The agphericity of the tertiary
and quaternary mirrors is moderate and very high, respedively. The telescope focd ratio is 6.36 and the unvignetted field of
view 3 arc minutes in diameter. The tertiary and quaternary mirrors are @mnstrained to having diameters of not more than
8.3-m s0 as to all ow these mirrors to be monolithic, glassceramics. This constraint has major implications on the available
field of view, asphericity of the quaternary mirror, vignetting and straylight. It should be noted that the field offset of the
light beams on the tertiary mirror, together with the dfed of the sphericd aberration at intermediate focus, make it virtually
impaosgble for the tertiary mirror to be segmented.

A most criticd parameter is the focd ratio of the
primary mirror. Being sphericd, the mirror
introduces an enormous hericd aberration, whose
corredion beammes quickly problematic. With the

= 126 -m

Primary mirror

propesed design (/1575 pimary mirror), the Shperical
asphericity of the 5.7-m quaternary mirror isinthe  mier -
H H Spherical -
range of 5 mm, a very serious challenge in terms of P e"f’f Tertiary mirror
Aspherical

manufaduring and testing. With a f/1.3 design, the
asphericity would go up to 107 mm, a value T—

deeamed incompatible with fabrication constraints.
Furthermore, the sphericd aberration of the
intermediate image requires the quaternary mirror
to have a ceter hole of sufficient dimensions. At
the same time, the size of this center hole should be
kept within acceptable limits to avoid sky straylight
to hit the detedor -not only dired beams but aso
light which could read the image field without the
appropriate sequence of refledion (eg. light

iQuaternary

mirror
Aspherical

Figure3

Opticd layout

refleced by M1 and M2 only). TELESCOPE OVERALL CHARACTERISTICS
The diameter of the center hole of the tertiary Primary mirror focal ratio 1.575
mirror must be dimensioned in a way that eadr | | €lescope focal ratio 636

. . Unvignetted field of view 3 arc minutes
point of the focd plane sees through this center Image scale 3.083 mm/arcsec
hole the ceitral obstruction of M2 only. Central obstruction 30%
Furthermore, the sphericd aberration at | INDIVIDUAL MIRRORS DATA
intermediate focus yields a higher density of rays SHAPE | Radius of | External | Center Type

. . Curv. Dia. (mm) | Hole (mm)

around the ceter area of the tertiary mirror, (mm)
thereby setting the adual central obscuration. It can M1  Spherical 315000.00 100000 ~30000 Segmented
be shown that straylight requirements, added to the M2  Spherical 90000.00 19300 6500 Segmented
constraints on the maximum diameters of the M3 Aspheric 56600.00 8270 960 Monolithic

; ) X . . M4 Aspheri 53420.80 5720 1100 Monolithi
tertiary mirror, set the available field of view and Sphefle oot
the central obstruction of the telescope. The Tablel
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telescope overal charaderistics and ogticd design data ae listed
intable 1.

It should be noted that a relaxation of the focd ratio of the
primary mirror to f/1.75 would alow the tertiary mirror to be
sphericd. However, the subsequent savings would most likely
not be sufficient to balance the dfed of the longer telescope

structure.

The opticd quality is better than 0.1 arc seoond RMS for the
* geometricd image & 3 arc minutes total field of view (figure 4).

In adaptive mode, diffradion-limited olservations would be
posshle over atotal field of view of about 20 arc seconds in the
visible -a figure which would require a40kx40k detedor. Indeed
the limitation of the science field is likely to come from the
detedor size and relay optics rather than from the opticd design.
The diffradion limited field of view becomes substantially larger
intheinfrared (table 2).

The aea outside the science field of view would serve essentially for telescope ontrols, including guding, mirrors
aignment, adive deformations of the quaternary mirror, and phasing of the segments. A suitable methoddogy for segments
phasingisto be identified; curvature sensing seems a promising solution®. In this resped, the experience of the Keck Gran
Telescopio de Canarias and NGST projeds provides invaluable information.

As both primary and secondary mirrors are segmented, the target would be to phase sub-pupils within a spedfied field of
view rather than phase the primary and secondary mirror independently. Detedion of sub-pupils phase erors and possbly
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SPOT DIAGRAM

SUN FEB 22 1998 LUNITS ARE MICRONS.
FIELD i 1 2 3 OwL

RMS RADIUS 6.484 16,797 51416 104,279
GEO RADIUS : 14,754 75,969 229,627 448.092
BDX WIDTH : 612 REFERENCE : CENTROID

Figure 4. Spot-diagrams

Field radius | 05um | 1oum | 20um ada_ptive optics serjsing on natural stars at intermediate focus, off-axis, is an
P 0.99 1.00 100 | option currently being addressed.
5 arcsec 0.96 0.99 1.00 Finally, it is worth mentioning that substantial decenters of the secondary
ig reac 8:22 8:22 gjgg mirror (a few cm) can be @ped with by a suitable ammbination of tilts of the
Table 2 Strehl ratio vs. field radius tertiary and c_paternary mirrors, without depointing; alignment tolerances of the
and wavelength seaondary mirror should thereby be gredly relaxed.

3. Optical fabrication

Two essentia challenges underlie the fabrication of the optics of the 1000m OWL telescope: reasonable @mst and lead-time
for the primary mirror, feasibility for the highly aspheric quaternary mirror.

The aurrent cost of primary mirrors of 8-10-m classtelescopesis in the order of 0.5 MDM/m? and the production rate sout
50 m? per yea. Scaed to 100m, these figures translate into 4000 MDM and over a century. Hence a100-m classtelescope
could not be redisticaly proposed unless the mst per m? and production rate culd be improved by about an order of
magnitude -a target already met by the Hobhy-Ebberly projea®. Serial production of identicd segments (600 to 200Q
depending on size) would bring the cost per unit areaof the primary mirror down by a fador 4 to 5; the simple, sphericd
shape of segments dould permit simpler, largely automated and chegoer processes, and thereby further gains in cost and
lead-time. The proposed fabrication concepts aim at a lead-time in the range of 10-15 yeas for the optics, at a st in the
order of 500 Million DM -a figure which could certainly be substartially reduced, in view of the very conservative
asumptions made herein.

Primary mirror segment geometry

Segment sizewould be esentialy set by trade-off between five aiteria: diffradion effeds, cost, fabricaion rate, accetable
number of degrees of freedom (incl. positioning and number of segments eigenmodes under adive mntrol) and substrate
material. The trade-off would be between 2-m class passve' segments made in thermally stable materials or moderately
adive 4-m class mirror of NTT type with a larger seledion of possble materials. Larger diameters would imply
unacceptably high risks (handling and processes) and are not considered herein.

1 In this context, passve or adive refers to shape @ntrol.
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At this p0| nt we tentatively asume a 325.000 Segment area 3.429 m2 [with 1 mm edge bevel]
segment size of 2.3-m, a dimension Total useful area 7057 m2 [equivalent dia. 95-m]
which hes the alvantage of permitting i en e moae 200

standard transportation means (10 to 15

blanks or mirrors per 40 ft container) -a
fedure which has far from negligible
impad on cost. With the possble |
exception of opticd fabricaion by |
replicdion, the technologies referred to
are scdeableup to 4-m.

The geometry of the mirror is ill ustrated
in figure 5. The number of segments to
be produced is in the order of 200Q
hence arequired production rate of about
1 segment every 1.3 days (continuous
process 10yeas of 250working days). Figure5 Layout of the primary mirror

In the foll owing we shall take avery conservative gproach and consider 150 mm thick, solid segments on 18-points whiffle-
treesupparts (assuming amirror substrate having a stiff nesscomparable to that of glassceramics). A substantial reduction of
thicknesswould certainly be possble and lead to a propartional reduction of cost and complexity.

Mirror blanks

Potential mirror substrates include SCHOTT Zerodur, Astro-Sital, Fused Silica, ULE, Silicon Carbide axd Aluminum.
Beryllium, siliconized SiIC and SiC CvD would be ruled out for cost reasons. The thermal figures of merit of sted, pyrex
and borosili cae glassare very unlikely to mee the requirements and these materials will not be wnsidered further.

The seledion of a suitable material would have to involve anumber of performance- and production-related fadors, two
major ones being spedfic stiffnessand thermal performance Thermal aspeds are reportedly a aitica issue for a segmented
mirror’® The isale seams to be 3-folds:

1° inhomogeneiti es of the Coefficient of Thermal Expansion (CTE) between segments, leading to variable focus errors from
segment to segment;

2° CTE inhomogeneities within individual segments, lealing to higher spatial frequency errors than for a large monolithic
mirror;

3° thermal gradientsin the segments, which reguire the material to have alow ratio CTE / thermal conductivity

Nelson & al reported’ about CTE homogeneity requirements in the 3x10° °K™ range for the Ked segments and opted for
Zerodur. Aluminum and Silicon Carbide should, at this paint, not be ruled out. Silicon Carbide? panels with a simple
lightweight structure might become, in view of the required quantities, a competitive solution. It is however not known, at
this dage, whether this material has the potential to med the thermal performance requirements.

SiC is the most attradive material in terms of mass The processused by Céramiques & Composites is intrinsicadly fast -
from pre-firing to cold blank in ~24 hrs. Hence there ae reasonably good chances that a suitable production rate muld be
achieved. In view of the hardnessof the material, particular attention would have to be paid in setting the processin away to
minimize madining/lapping after firing.

As of today the processis limited to up to ~40 mm thick plates, which would imply a simple structured design for the
primary mirror segments. The airrent production fadliti es are limited to the ~1-m range, but REOSC is working with
Céramiques & Compasites to assessthe feasibility of a2- to 3-m classfadlity®.

Asaiming a smple structured design the overall mass of a SiIC primary mirror would be in the ~1000 tons range. The

product isin atoo ealy development phase to make ay sensible cost estimate. The raw material is fairly chegp, but this
advantage would be balanced by the need for an additional Si or SiC coating® and for a lightweight structure. In addition,

Spherical shape not taken into account

PN
+
+
*L 0.00400
1.99586

2.30000

2 e.g. SIC-100 by Céramiques & Composites; this is a one-phase material with the properties of pure SiC. The process sarts with cold
pressng of a SiC powder, mixed with a binding material (which will | ek out uponfiring). This substrate can be eaily machined, than it
is fired to ~1800°C. Shrinkage is about 14% but it is reportedly predictable to a sufficient acaracy to allow nea-net shape blank
manufaduring within ~0.2 to 0.5 mm of final dimensions. The substrate is however porous and requires a dadding prior to optica
finishing (opticd replicaion keing apotential aternative).

3 to cope with parosity; it is not clea today whether this coating could na be gplied asavery thin layer after polishing.
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any estimate would have to take into acourt the beneficial impad of the high stiffnessof the material on the mirror cdl and
telescope structure designs.

With Zerodur or Astro-Sital, the overall mirror masswould be in the range of 3,000t with 150-mm thick segments. In terms
of raw material the required substrate production rate is within the reat of present technologies (Astro-Sital can reportedly
be produced at arate neaing 100t per month).

The fabricaion process for glassceramics is inherently "slow" becaise it requires dow thermal changes upon codling,
anneding and ceramization. However, tests made by SCHOTT within the framework of the VLT projed show that dired
ceramization after castingis possble for blanks up to the 4-m range. This sould dramaticdly cut the overall duration of the
process In addition, the process could passbly be made antinuous, figure 6 shows preliminary ideas on a possble
production "line".

Raw
material

=

Machine
T spherical
Ceramization in furnace / on conveyor )
Sieve Wire cut @
; 2-3 blanks
(cooling) ‘ ‘ Inspection

=lE=E= = = = [ = e

NG
J
0 e i
Casting mold }
Figure 6 Zerodur segments production scheme

Asaming that one cating would lead to 3 useful blanks (hexagons 2.3-m diagonal, 15 cm thick), ead cast would be
approximately 9.2 t, 2.5-m diameter, 75 cm thick. The cat would be conveyed into a sieve where it would be aoled urtil
solidificaion. Theredter it would enter the ceamizaion furnace where it would be cnveyed through aress having the
temperature profile required for ceramization. After ceramizaion the cat would be inspeded for inclusions and residual
stresses, wire-cut into threehexagonal blanks, fixation holes would be drill ed (if required by the design of the lateral suppart
system), and the surfaces would be ground flat/sphericd before padking. Depending on requirements, grinding of the flat
surfaces (badk, edges) could passhbly be skipped.

In order to med the required production rate of 1 blank per 1.3 days, and assuming a ceamization cycle of 90 dys, the
ceramization furnacewould have to acoommodate aout 23 casts (for 3 blanks per cast) at any given time. Becaise of the
low curvature, there ae no concerns with resped to the grinding of the sphericd surface In this resped it must be pointed
out that the improvements made by SCHOTT regarding the acaracy and smoothnessof the VLT blanks would be apaositive
fador in reducing ginding time on the part of the opticd manufacurer.

The limited lifetime of Zerodur melting tanks would probably require that the process be interrupted after 3-5 yeas for
overhaul of the tank. The eisting 8-m production fadlity could passbly be retrofitted, however to an extent esentialy
limited to the cating fadlity. Investments for a dedicated fadlity should be comparable to and possbly lower than the
investments which were required to set up the VLT production fadlity. Prices for seria, standard quality and geometry
Zerodur blanks (10 to 40 cm) is in the order of DM 130 per Kg. In view of the very large anount of substrates to be
purchased, and provided that spedficaions do not differ substantially from standard quality, a st reduction of 20to 30%
seamns a reasonable aaumption. With a 3,000t overall mass this leads to MDM 270-312 for the primary mirror blanks
(segments in the 2 to 4-m range), plus investments for a suitable production fadlity. Thinner, 200-mm thick blanks, would
bring the cost down to MDM 180-210.

Astro-Sital would lead to a price tag of MDM ~150-200 for the 150 mm thick mirror blanks. However, avail ability and
prices over the next 20 yeas cannot be reasonably predicted.
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Fabrication and testing of the primary mirror

Two fabricaion processes, replication and conventional padlishing on anndar machines, seem promising for the production
of alarge number of identicd segments.

Replication

In the late 80's a devel opment program was run by CERGA/Observatoire de la Céte d'/Azur under ESO contrad, to validate
the repli cation technology in the 1-m range (with the am at applying this technique for the production of the VLT secndary
mirrors). The program was siccessul’® and the technology seledted for the fabricaion of the VLT M2, urtil problems
unrelated to the repli cation made ESO dedde to change cntrador.

A replicaed opticd surfaceis obtained by molding a thin (about 0.1 mm) layer of resin onto the surfaceof arigid substrate.
The latter must be shaped down to a surface acaracy which is one or two orders of magnitude lower than the final
spedficaion to be met. The four steps are schematicaly represented in figure 7 (production of a @wnvex mirror from a
concave matrix). During preparation the polished mold, which has the exad negative shape of the final mirrors to be
produced, is cleaned and vaauum coated with an urrmolding layer and passhbly with the aatings of the finished mirror,
arranged in reverse order. The substrateis cleaned as well.

Eqmmed/(__master\pj Prior to injedion the goxy resin and the hardener are mixed to a highly
—_—Unmolding coating 1PREPARATION  homogeneous blend. After injedion the resin is pressed between the mold and

‘ | CeumsiEEe | |Reein tiardener the substrate. Hardening takes about two days at room temperature dter which
un-molding can take place A post-curing thermal cycle is necessary to ensure

dﬂﬂﬂ 2 INJECTION a omplete dhemicd readion. In total the replicaion processof a 1-m class
= mirror takes about two weeks. The replicaed mirror can easily be measured

[ I Mixer

interferometricdly against the master.

The dfed of surfacestresses over areas larger than ~1 m? would have to be
caefully investigated; as of today it cannot be guaranteal that the process

[ ]

would be viable for 2-m class ggments or larger -but the alvantages of the
E[l//—\pj 4 UNMOLDING
| | @F

| [ 3 PRESS
—

technology are worth gvingit atry.

The gpoxy layer must be proteded from humidity by 2-3 layers of e.g. SiO,.

Figure 7 Opticd replicaion The replicated surfaceis rather fragile & any scratch bre&ing through the

protedive mating will eventualy permit humidity to read the eoxy and

distort the surface For the same reasons the processrequires extremely clean conditions because dust particles on the master
or on the substrate impair the durability of the replica

Cleaning and re-coating are posshle acording to the same procedures as the ones applied to conventionally polished
surfaces; care must however be taken to prevent scratches upon cleaning. Long-term durability on gassceramics substrates
has been evaluated through dry/humid thermal cycles and the results were found pasitive (except in the occurrence of
damages to the protedive wating).

The processallows superb reproducibility of the replicated surface with master-repli ca diff erences down to the ~5 nm RMS
range and virtually no degradation of surface roughress Replicaion would undoubtedly provide -by far- the highest
repeaability of curvature. In addition, the technique virtually eliminates edge dfed.

Replicaion may offer an aternative to pdishing, but not to the wmplete figuring process The substrate must still be
brought within a few microns of the final shape. This could posshly be atieved by lapping on a suitable aanudar machine
(seePalishing below).

Polishing
Conventional podlishing would bemme a viable solution only with madines having the cgadty of processng
simultaneously several mirrors.

An attradive solution would be to have the segments ground and pdished on anndar machines. The fabricaion scheme is
outlined in figure 8 (2-m class ggments). Although primarily adapted to the production of flat surfaces, annuar macines
adapted to sphericd surfaces have been succesdully qualified for radii of curvature much lower than the one required here
(~350-m). 8-m class machines would allow processng of batches of 5 segments. The first machine would serve for fine
grinding, the second for rough palishing and the third for final polishing. Each segment would undergo about 20 adtual days
of figuring.
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The processis known to provide an excdlent repedability of curvature, and with proper settings produces virtualy no edge
effed. The grinding and pdishing cycles are run unnterrupted; segments neaing but not fulfilli ng the spedfication could be
put on awaiting list for a shortened re-palishing cycle.

The quality of such madhine results from an equili brium between the wea of the conditioner and of the rotating table; hence
the conditioner would have to be periodicdly adjusted in position to prevent a progressve drift in curvature. The option of
an adive conditioner, with feedbadk from segments acceptancetest data, could be investigated.

With the arangement shown figure 8 (1 grinding machine and 2 pdishing macdines, 8-m tables), the production rate would
be @out 5 mirror every 7 days. It is assumed that the palishing madcines would have a sufficient rate of successin
producing mirrors meding the spedficdions. If not, computer-controlled machines or ion-beam figuring fadliti es would
have to be built for fine corredion of the segments apes.

Segments would be opticdly tested against a sili ca, convex matrix. The rea side of the matrix would be mnvex, so as to
reducethe length of the set-up. Preliminary cdculations dow that a 10- to 15m long set-up (distance from interferometer to

matrix) could be envisaged.
[T
+ 1 x 8-m machine
« 5 blanks per machine
\  Duration:~7 days, single-

Transport: 15 blanks in
20-40 ft standard
container

| shift (8 hrs/day)

Testing / inspection

e 1 x matrix test
Duration: ~1 day/mirror,
single-shift (8 hrs/day)

==

By batch of 5 blanks 24.00
_ Incoming inspection
* Preparation

¢ Mount interfaces

- Cure [if required]
Duration: ~5 days per
batch, single-shift

Grinding
« 1 x 8-m machine

« 5 blanks per batch
Duration: ~7 days, single-

Marking/packing

(20 ft container, 15 mirrors)
Duration: ~ 0.5 days/mirror,
single-shift

shift Fine Polishing
¢ 1 x 8-m machine
« 5 blanks per machine

Duration:~7 days, single-shift

T

Figure 8 Opticd figuring on annuar polishing machines

Several preliminary cost estimates have been made for the opticd fabricaion of 2- to 4m class ggments, from blank
delivery at the opticd manufadurer’s ste to finished segment delivery at an overseas observatory site, within a 9- to 12
yeaslea-time. The estimates range from 120MDM for 2-m class ggmentsto 180MDM for 4-m class a hoticedle part of
the diff erence being attributabl e to transport costs, which rise sharply if the segments do not fit into standard containers.

Hence atotal cost in the range 390-490 MDM for the primary mirror optics, unmounted, including material (Zerodur). It
shall be noted that this figure is fully in-line with the adua prices for the primary mirror optics of the Hobby-Eberly
telescope®.

Seoondary mirror

The secondary mirror segments would be 400, 600 and 800mm to match primary mirror segments of 2, 3, and 4m
respedively. Matching of the segmentation patterns of the primary and secndary mirrors can evidently be fulfilled for the
on-axis beam only and the mismatch will i ncrease in the field of view. With the proposed opticd prescription, segments gap
and bevels at the level of the secondary mirror shall be 1/5™ of that at primary mirror level i.e. in the range of 1 mmor less
The segmentation patterns of the two mirrors would overlap up to about £1.7 arc seoonds field of view. Matching of 1
secondary mirror segment with groups of 7 or 19 grimary mirror segments could be an aternative to reducethe dfed of the
field-dependent mismatch.
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The potential candidates for substrate material and the possble opticd fabrication processes are esentialy the same & for
the primary mirror segments. Table 3 gives the thickness of segments, massand cost of Zerodur blanks on the basis of a
conventional asped ratio of 1:8 and a priceof DM 109K g (assuming a wst-reduction of 20% due to quantity).

If segments are made of SiC plates, the total massof the secondary mirror would deaease by 40% in the most conservative
case. A more expensive but still reasonably simple structured design would alow a mass sving of 60-80%. All sizes
considered are within the read of current production fadliti es.

For polishing, 2-m classannuar machines (1 for grinding, 2 for palishing) would acommodate éout 10-11 segments of
400mmand be sufficient to achieve the required production rate (in single shift). The pricetag for palishingwould be in the
range of 20 MDM, asauming a production time of ~10 yeas. Hence the total cost of the secondary mirror, ex works,

uncoated, would be in the 20-30 MDM range. The segments could

S tsi 400 600 800 . : _ ) . :
Tﬁ%?:;ss'(ﬁrg]m) 50 75 100 most likely recave adurable dieledric coating, which would remove
Segment mass (Kg) 159 53.7 127.2 the need for periodic re-coating.

ig::: ot ?ﬁg:‘yk;n g;?;,r&asl\sﬂ)(t) :210 :20 :;6 A 3-points sippart system would probably be sufficient for 40-cm
Table3 segments. 60 to 80-cm segments would most likely require 9-points

suppart systems.

Tertiary and quaternary mirrors

The 8.3-m tertiary mirror is smilar in size and aspherization to the arrent 8-m classmirrors, the only significant difference
residing in the fairly high radius of curvature. The mirror could be figured acwrding to the same process as the VLT or
Gemini mirrors; opticd testing at center of curvature through a null-lens would require a50-m high test tower (to be
compared to 30m for VLT and Gemini). The mirror would be athin, about 200 mm thick Zerodur monolith. Suitable
blanks are realily avail able & Schott. The mirror would be supparted by a 150 pants suppart system, much alike the passve
stage of the suppart of the VLT primary mirrors.

The figuring of the 5.6-m quaternary mirror probably represents the greaest technologicd challenge for the production of
the optics of OWL. Figuring the stegp aspheric shape seams out of question. Indeed, the slope deviation with resped to the
best fitting sphere” is about 15 times that of the VLT primary mirrors. The solution explored so far is to bend the mirror and
polish out the residuals.

With the VLT, adive change of the apheric shape must be performed when the opticd configuration is changed from
Nasmyth to Cassegrain. The change of opticd configuration requires the arredion of about 20 um of sphericd aberration
(wavefront) and is achieved by refocusing and applying a force distribution whose pe&k is about 400 N. The crredion is
adchieved within an acairagy in the order of 1%, the limiting fador being esentialy the discrete number of suppart rings. If
the quaternary mirror of OWL were of the same material, had the same flexibility as the VLT primary mirrors and a
comparable suppat system, the force required to achieve the apheric shape would therefore be in the range
of 160000N.

We propose to reduce this figure by increasing the flexibility and densifying the suppart system. Assuming a design of the
suppart pads comparable to that of the VLT primary mirrors, taking into acount thermal stresses in the bonded connedion
over the thermal range -10to +25 °C, and assuming an acceptable level of locd stresses of 5 Mpa, we @me to a maximum
acceptable force of about 7,000 N. With 350 suppart points on 9 rings, we ame up with a thickness of 27 mm (Zerodur
mirror), with residuals in the order of 12 pm RMS (mechanicd surface. Because of the requirement to generate aspedfic
deformation of the mirror, the geometry of the suppart system could passbly be optimized with a view to reducing the pegk
force and improve the acerracy of the deformation. The radial thickness profile might also be optimized along the same
lines.

Control of the first eigenmode (astigmatism) rather than acaracy of aspheric bending would be the dimensioning fador for
the force acaracy. With aflexibility 10 times that of the VLT primary mirror, the force setting acaracy would have to bein
the 0.01 N range. Thisrequirement could be relaxed to about 0.1 N for the pdlishing suppart system.

In afirst step, the mirror would be find-ground to the best fitting sphericd shape. At that point, the residual deformation
would be polished out; potentially suitable figuring technologies include dther adive tools', membrane palishing™, or
computer-controlled pdishing™. During figuring the mirror would be passvely supparted i.e. bending forces would be

4 The best fitting sphere being defined herein as the sphere having the minimum gradient (slope) deviation with resped to the desired
shape
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applied for testing only, the mirror being thereupon supparted on the same force field as the one to be gplied in the
telescope.

Testing of the highly aspheric surfacein a time-efficient manner compatible with production constraints is another serious
challenge. Two suitable options (not reproduced herein) have been identified so far; the first one is smilar in its principle to
the option propased for the 25-m telescope® and has the alvantage to ensure that the quaternary mirror is controll ed with the
tertiary mirror in the exad configuration to be used in the telescope. The rredor system would be made of
al-msdilicalens and afast, 1.4-m diameter, diamond-turned aspheric mirror. The second ogtion is much more cmpad but
requires remnstruction from sub-pupil s measurements, and the manufaduring of one or two 8-m class phericad mirrors and
of an aspheric, 1.8-m diamond turned mirror.

In view of the risks involved and the development needed to come up with a viable solution, the st of the quaternary
mirror cannot, at this point, be reliably estimated. Assumingthat asingle fadlity is built for the production of the tertiary and
quaternary mirrors, a @st in the 70 MDM range for the two mirrors sems a plausible guess

4. Adaptive optics

Gain and requirements

We have drealy said that diffradion limited resolution is mandatory for this concept. It doubles the gain in limiting
magnitude for unresolved oljeds, and provides a gain of 100 (nea infrared) to up to 500(visible) in anguar resolution. It
iswell known that adaptive opticsis better suited to large telescopes, for the following reasons :

» the olleded energy increases as the square of the telescope diameter D and the anguar resolution increases as the
telescope diameter; therefore, at afixed Strehl ratio (i.e. fixed phase eror), the energy concentration increases as D*,

. the sensiti vity to noise depends only upon the number of photons per spatia r, and temporal T, cdls of the turbulence,
therefore is independent of the tel escope diameter,

« theoveral isoplanatic angle 6, over which a given image quadlity is achieved, is basicdly independent of the telescope
diameter, whereas the resolution increases as D. Therefore, the total resolution points in a cmpensated field increases

asD?.
This gding assuumes a fixed ratio between r, and the distance between two
compensation points (aduators), and a fixed compensation rate. Is that a problem? Number of aduators 200000
What does that imply ? We have identified two types of iswues, technologicd Bandwidth 100Hz
issues and fundamental limitations. Table 4 presents the requirements of an Number of LGS =10
adaptive optics g/stem that would provide good Strehl ratio Sr = 50% at visible  Table 4: OWL Adaptive Optics
wavelength and consequently almost perfed corredion in the red and the nea requirements

infrared (Sr > 90%). We dso assume asite with excdlent seeng (average r, = 25
cmand T, > 5 ms).

Challenges

Mirror : The overal phase excursion expeded on a 100 meter baseline is approximately 70 microns PV, tip-tilt removed.
Including an outer scde of 50 meters, given by most authors'™ *°, leads to phase excursions of 30 microns PV (tip-tilt
removed). Thisis not far from what is currently feasible (typicdly 10-20 microns, scdeable) with, for instance piezostack
mirrors. The idea would be to use atwo (or threg stage compensation, consisting of a first mirror (e.g. piezostack)
correding the large anplitude, low spatial frequency modes, which means large stroke cgabiliti es. A 50x50 aduator mirror,
with a pupil size of 500 mm diameter, should allow to achieve the stroke requirements using the aurrent technology. The
seond stage would consist in a device with a large number of degrees of freedom (aduator in the large sense, seetable),
small stroke requirements (typicdly below 5 microns with the dove example of a 2000 aduator first stage arredor) and
bandwidth requirements comparable to what is currently available (a few hundred hertz). Potential candidates for this are
MEMS (micro-eledromechanica systems) which already acieve stroke of the order of one micron and are scdeable to very
large number of control paints, or high density deformable mirrors as propased for the NGST2. The alvances of technology
in thisfield make the availability of adequate cmponentsin the mid term highly probable.

Wavefront sensor : Alrealy to date, phase derivative sensors could be used (Shadk-Hartmann or sheaing interferometers).
The mgjor issue here lies in the detedor and the computers. Rates of 2 Gpixel/s are typicd, which must be read out and
processed. Thisis amost within read of current detedors with full use of paralel output capabiliti es to achieve noiseless
detection. Concerning computing power, the requirements are only afador 300to 400above what is currently done for 8 m
class AO. The emergence of extremely fast computers (opticad or quantum computers) strengthen by the past progressin
computing power during the last decales - fadtor 2 every 1.5 yea- is very encouraging.
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Laser guide stars : The major issue here isthe mne dfed, whose magnitude is such that it prevents the use of asingle guide
star if good corredion has to be adieved even in the NIR on such a large telescope. This problem is more of a fundamental
nature. However, several solutions have dready been proposed, the most encouraging being merging*’ and tomography™*®.
They ill have to be demonstrated but do not present insurmountable theoretica nor implementation problems. Tomography
would require afew stars (4-10), independently of the telescope diameter, and is therefore the most attradive solution for
our purpose. The power requirement per star only depends upon the wavelength at which one wants to compensate, so is
comparable to what is aimed for in current LGS experiments, that is 10to 20W. As an dternative to laser guide stars, and in
view of the extremely large gerture, the field avail able for tomography becmes aufficiently large to provide adequate sky
coverage using solely bright natural guide stars™®.

The full aperture gain one can benefit from in the tip-tilt sensing on ratural guide star lead to li miting magnitude for the tip-
tilt guide star of at least m = 23to 24 This, combined to the isoplanatic limitation lead to afull sky coverage & 2.2 microns.
To get full sky coverage & shorter wavelengths is posshle if one uses multi-conjugate alaptive optics to enlarge the
compensated field of view, which is a natural by-product of tomography and the use of a multi-stage AO system as we
consider here.

Adaptive optics is a key component of the 1000m OWL concept. In summary, if the problem of turbulence tomography is
asumed solved, there is no fundamental limitation for AO going on such large telescopes, where the gain in anguar
resolution and detedivity can be huge. The technology for wavefront corredors, detedors and computers is not yet fully
mature, but fast progress are being made that should make such high order systems possble in the horizon of 20102015
Rough estimate of the aost should be in the order of 100MDM.

5. Mechanical structure, drives and bearing system

The medhanical structure

To investigate the OWL's mechanicd feasibility, we have mnsidered an alt-az structure with a dtitude range of 30° to 9C,
full azmuthal rotation. The concept foresees dired drives and tachometer, dired mounted encoder, motorized cable wraps,
and hydrostatic beaiing system on all axes.

The altitude structure (the “ tube”)

The tube is designed using the rocking chair concept, which is found pradicd for these dimensions and masss. To the
classcd concept alateral containment has been added to avoid lateral rocking of the tube out of the dtitude plane.

The primary mirror is divided into four sectors about 90° wide, separated by four gaps 4m wide, and is supparted on a half
cylindricd cdl based on a square modular structure, well suited for massproduction and easy to asemble.

The four trianguar truss sructures which will hold the secndary, tertiary and quaternary mirrors are ompaosed of two main
tubes of 4 m diameter conneded by beansto provide stiffnessin the plane of the trianguar structure. They have shown to be
criticd for the dynamic behavior of the telescope.

Figures 9 and 10show models of passhle configurations with first eigenfrequencies in the range of 1.6 Hz for the tube and
1.4 Hz for the entire movable structures. This value is obtained using a wnventional and chegy materia like sted. Better
behavior could be obtained using composite materials (carbon fiber) or titanium aloy to deaease the massof the structures
which hold the secondary mirror unit.

We plan to study adive means of controlli ng the dynamic behavior which may be locdized on the structure itself, or be
similar to the ESO VLT M2 field stabili zation system, in order obtain good tradking performance d higher wind speed. We
may envisage to proted the telescope from dired wind with fixed sted wind screens placead around the mnstruction.

The lower part of the tube, the cdl, isalso huilt astrusses dructure, and stiffnesswill be traded off against mass The relative
compadnessand the favorable aped ratio will favor the transmisson of the @ntrol torque. The journals for the “altitude”
hydrostatic beaing and the seas for the permanent magnets of the motors are placead in the bottom side of the “cdl”. The
motor and the hydrostatic suppart is regularly distributed on the cel to provide suppart of the structure and to distribute the
control torque most evenly.

The azimuth structure (the “fork™)

The fork is the structure that supparts the tube and provides the cgability to turn around the azmuthal, axis. It is divided
into two parts with predsely defined functions:

« the lower part (flat) is the structural part: takes the load, transfers the readion of the dtitude wntrol torque to the
foundations and transfer to the tube the azmuth drives torque.
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*  Theupper part ismainly used to stabili zelaterally the tube.

The simple shape is well suited to be built in concrete. The use of such a material can also alow to use water hydrostatic
beaing system, as in the cae of large rotating building like astadium. It would be dso passble to use asolution with an
upper part made in sted and alower part in concrete which would allow alighter structure.

Figure9
The drives and the hydrostatic bearing system

The segmented linea motors already used for the VLT find here their natural and best use due to the large diameters of the
axes. The maximum acceéeration should be kept within 0.1°/s? so to limit centrifugal effeds at the outer diameter. For the
same reason the maximum speed should be set around 0.1°/s.

The pricetrend of the permanent magnets and windings material is deaeasing, and all the alvantages of massproduction are
available. Due to the large inertia and the high stiffnessrequired also hydraulic cylinders can be taken into consideration,
espedaly to aduate the dtitude ais.

The hydrostatic beaing system is based on the dassc solution which uses oil as fluid. We @nsider worthwhil e valuable to
study the possbility to use water, where the materials alow, and also magnetic beaings. The latter are extremely stiff and
would have the alvantage not to have fluids circulating on the structure. This advantage isto be traded off against the power
consumption.

At this ealy point, we believe that afirst eigenfrequency of 1.6 Hz can aready be cwonsidered afairly goodresult, leading to
a telescope which can read a 0.5 Hz position loop kandwidth, alowing a good tradking performance in low wind speel
condition (3 to 5m/s). We will , however, continue to investigate other solutions, including but not limited to adive ones, to
improve the dynamic performance of the structure.

Time schedule and apgoximate st

The dimension of such a cncept in terms of eledro-mechanicd construction and design is not unwsual in the modern
industry world. Qil platforms and large rotating stadiums are dmost routine work.
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On the basis of these preliminary considerations, the estimated time required to
complete aviable amnceptual design would be in the range of 3 yeas; detailed
design and prototyping would require another 3 yeas. Taking into acount that
eredion could most likely start before the end o the fabricaion phase (assumed
to bein the range of 5 yeas), our preliminary estimates are that an additional 9
yeaswould be required for the mechanicd structure, beaiings and drives to enter
into operation.

Cost estimates made on the basis of sted structures, hydrostatic beaings, linea
drives and conventional encoder solutionslead to afigurein the 275MDM range.
This figure would increase by about 80 MDM if compasite or titanium all oys are
required at seleded pdntsin the structure, and by another 60 MDM with a mixed
fork structure (sted + concrete). Civil construction, instalations, mirror
protedion, transport and asseembly would passbly be in the range of 215MDM.

The ast of mirrors suppat systems is, at this point, fairly difficult to estimate.

Scding Wy the suppart system of the VLT primary mirrors on the basis of the

number of degrees of freedom, taking into account the modular design inherent to
Figurel0  Alternative designfor the the segmented solution and the large quantity of identica items to be produced, a
telescope “tube” (mirror cel not shown) figure of 200MDM could be aplausible guess

6. Conclusions

Extremely large telescopes in the 100-m range would have such urprecedented scientific efedivenessthat their construction
would constitute amilestone comparable to that of the invention of the telescope itself, and provide atruly revolutionary
insight into the universe (figure 11). The modular concept and fabricaion scheme of the 100-m OWL concept would all ow
major discoveriesto occur even before completion, as progressve filli ng of the gerture would allow dedicated instruments
to be built and already operated at an ealy stage, in paralel to the fabricaion and integration of mirror segments, and with
unprecedented resolution and sensiti vity.

Preliminary assessnents $ow that such bregkthrough might very well becme possble within the next decade. Current
opticd fabricaion processs and adive antrol of opticd shapes sem arealy very close to meding the requirements
underlying the fabricaion of the

optics, promising if not inevitable ...and the conclusion is, that a new

de\/_el opments in the aeaof adaptive generation of telescopes is needed to
optics as well as control of | find evidence for extra-terrestrial life

segmented mirrors may very well

lead to the same mnclusions within a
few yeas. A substantial effort is dill

to be put into mechanicd design if
the structure is to med dtiffness
requirements in open loop; it should
be pointed out, however, that the
figures derived so far are dmost
completely non-optimized and design
concepts only constitute starting
points.

Preliminary estimates lead to figures
in the range of 10 to 15 yeas for
fabrication, with a possble start of
science operation within 9 yeas after Figure 11 On the purpose of OWL

start of fabrication, at a limited -but

unequaled- patential which would ramp up to 10®% within 15 yeas, and to a likely cost of 1 hillion $ (the etimated cost
for the telescope optics, adaptive optics, and structures presented herein amounting to about 0.75 hllion $). It should be
pointed out that this figure derives from generally pessmistic if not over-conservative assumptions -cf. the thicknessof the
primary mirror segments, about double of Ked's.

At this point, the authors conclude that the question which forms the title of the present article has a positive answer.
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