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O ptical systems for both as
tronomy and for defense 
p r o g r a m s a lways have 

been and always wi l l be at the dual 
limits of technology and cost. 
There have been a number of sig
nificant branching points in the 
long history of telescopes. A short 
look backward at the path tra
versed in the continuing quest for 
the world's largest is a useful per
spective from which to view the fu
ture. 

The critical parameter has his
torically been the material for the 
optical element. Lo rd Rosse re
sorted to a speculum for his 1.6-m 
reflector because it could be cast in 
a large enough piece and had 
enough good reflectance over a 
reasonable lifetime. H e also re
sorted to an inexpensive building 
consisting of parallel walls of brick 
and stone, with cables to move the 
telescope for enough minutes to 
permit him to observe objects 
never before seen. 
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R e f r a c t o r s and e q u a t o r i a l 
mountings took center stage in the 
latter part of the 19th century, cul
minating in the Yerkes 1-m tele
scope. But at the beginning of the 
20th century the ability to manu
facture large disks of glass and 
chemically to silver them caused 
the pendulum to swing back to re
flective telescopes. By today's stan
dards these early disks would not 
be considered suitable for an as
tronomical mirror. Annealing was 
accomplished by burying the still-
glowing disk in a pile of manure, 
with the hope of finding it all in one 
piece when dug out some weeks 
later. 

The largest disk of this era, the 
2.5-m telescope established by 
George El lery Hale on Mount W i l 
son, looked as though seaweed 
were embedded in it, and its strain 
was so great that the optician, 
George Ritchey, was afraid a loud 
noise could shatter it. H e was so 
protective of this mirror that one 
assistant optician went insane, and 
some wondered about Ritchey. 
Needless to say, that mirror pro
duced important astronomy and 
survived a number of mishandlings 
during its lifetime. Perhaps that 
mirror wi l l be placed in a museum 
as a landmark in the history of large 
telescopes. Ritchey was a notable 
pioneer, going on to explore (un

successfully) lightweight eggcrate 
mirrors, as wel l as giving Henr i 
Chret ien insight into how to make 
a coma-free Cassegrain telescope. 

Hale's crowning achievement, 
the 5-m P a l o m a r t e l e s c o p e , 
opened a new era in mirror tech
nology in two ways: first, use of a 
r ibbed disk to reduce mass and 
thermal inertia, and second, devel
opment of low-expansion materials 
by attempting to make a disk of 
fused silica, then by successfully 
making a r ibbed disk of a new low-
expansion glass, Pyrex. The fused 
silica experiments resulted in sev
eral disks of increasing size, ending 
with two of 1.6 m and the threat 
that simply making the mirror disk 
would expend the entire telescope 
budget. These fused silica experi
ments at General Electr ic consisted 
of laying down the disk by the 
Vernuiel process already used to 
make sapphire boules: that is, sift
ing sand into an oxy-hydrogen 
flame. One of the serious problems 
proved to be the difficulty of see
ing the surface of the glowing disk 
in order to assess uniformity. A t the 
high temperature of the disk, it 
blended indistinguishably into the 
white-hot interior of the furnace. 
T h e d i sks w h e n c o o l e d thus 
showed unevenness and had many 
large cavities in the front surface. 
These disks were laid aside, com-



ing back to life 30 years later as the 
first mirrors of the McMath solar 
telescope on Kitt Peak. 

Corning resumed making fused 
silica disks during Wor ld War II for 
sonic delay lines. However, it used 
a chemical vapor deposition pro
cess starting with silicon tetrachlo
ride instead of sand. Success led to 
making the 0.9-m disk for Strato-
sCope-2, then the 1.5-m Naval Ob
servatory telescope, followed by 
innumerable disks of up to 4 m di
ameter and many lightweight disks 
for space applications. 

The 6-m M M T telescope was a 
beneficiary of a program at Cor 
ning to develop lightweight egg-
crate mirrors. It also marked a new 
era of telescope technology: the 
cost of a large telescope was re
duced by combining several small
er ones into a single instrument. In 
addition, it made use of newly de
ve loped computer and cont ro l 
technology to yield an altazimuth 
telescope of remarkable drive pre
cision, which paved the way for ex
tensive application of altazimuth 
conveniences to other large tele
scopes. 

The 1960s saw a proliferation of 
4-m class telescopes around the 
world and the construction of one 
6-m telescope. The 6-m telescope 
had a solid glass mirror, but its mass 
of 40 metric tons and the apprecia
ble thermal expansion coefficient 
resulted in poor optical perfor
mance. 

The growing use of space tele
scopes led to the need for mirror 
materials of even lower coefficient 
of thermal expansion (CTE) than 
fused silica. The first candidate was 
Pyroceram, developed by Corning 
for cookware; it was much l ike the 
Pyrex of three decades earlier. It 
was opaque and could not be tested 
for strain. Some of the first at
tempts to use this material re
quired that a segment be cut off 
one side to see if it warped. It did. 

Experiments were done to im
prove transparency and increase 
size, but the Pyroceram broke be

cause of the dimensional changes 
during the ceraming phase change. 
Another glass-ceramic composition 
developed by Clarence Babcock at 
Owens-Illinois could be ceramed 
and eventually led to the manufac
ture of several 4-m disks for tele
scopes. Not to be outdone, Charles 
Devoe at Corning developed a 
zero-expansion silica b y adding 
about 7% titanium dioxide to the 
s i l i ca compos i t ion . U L E s i l i ca , 
along with machined Zerodur, is 
now one of the main contenders for 
large space mirrors. 

Astronomers have long been 
aware that one problem with large 
mirrors is their heat capacity: they 
exude heat during the night and 
thereby upset the delicate thermal 
uniformity of the air around the 
mirror that is necessary for good 
seeing. Roger Angel noted that if 
the heat capacity were reduced by 
making the structure very light
weight one would not need to use 
Zerodur or U L E with their ultra-
low C T E but could use much less 
expensive borosilicate glass com
pos i t ions . A c c o r d i n g l y , he has 
manufactured at the University of 
Ar izona a series of disks of increas
ingly large diameter for astronomi
cal use. His new spin-casting facil
ity under the football stadium in 
Tucson wil l have a capacity for 
making 8-m mirror disks. 

Even if they could be success
fully cast, monoliths of larger than 
about 10 m diameter appear to be 
impractical because of problems in 
handling during optical working 
and later in operation. The cost risk 
of breakage is high. Moreover, the 
size of the aluminizing facility 
would approach in cost and size the 
immense chambers developed for 
the space program. 

It is clear that for telescopes 
above 10 m diameter a segmented 
primary mirror must be used. This 
step requires a whole new ap
proach to mirror construction and 
management. Now, because the 
mirror has no intrinsic shape, 
means for sensing the figure and 

controlling it are necessary. The 
rate of change of the gravity de
flections of the cell supporting the 
primary wi l l be so rapid that it may 
be necessary to update the mirror 
figure every second. The 10-m 
Keck telescope, on the Mauna Kea 
volcano in Hawai i , wi l l give astron
omers their first taste of manage
ment of such a mirror. 

Two decided advantages of the 
segmented mirror approach are 
the low mass of the primary mirror 
and its short thermal response 
time. This low mass leads to a low 
mass for the entire telescope, in 
this case, a space-frame structure. 
Whether this low mass is sufficient 
to lower the telescope cost is not 
yet clear and remains to be demon
strated as this project unfolds. 

At this point it is important to 
look at the cumulative history of 
large telescopes from a cost stand
point. The cost of a traditional tele
scope much larger than 5 m is now 
so great that funding becomes the 
b a r r i e r and not t e c h n o l o g y . 
Astronomers would like to have a 
25-m terrestrial telescope as wel l 
as a 20-m space telescope. Figure 1 
shows that i f the costs followed the 
t radi t ional scal ing re lat ionship, 
such telescopes would be prohibi
tively expensive. It is therefore ur
gent to make changes in telescope 
design and construction in order to 
reduce costs wel l below the trend 
line. When we analyze how costs 
arise we can clearly see three ma
jor ways to reduce costs: 

1) reduce the length-to-diame
ter ratio of the telescope; that 
is, use a fast equivalent focal 
ratio. 

2) reduce the size of the dome 
and building, and 

3) reduce the mass of the tele
scope. 

The third factor, reduction in 
telescope mass, has less leverage 
on cost than the first two because 
the steel in the telescope is the 
least expensive part. The expensive 
parts remain, such as the optics, 
drives, and controls. 
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F I G U R E 1. Cost versus size scaling relationship for different classes of 
telescopes. Extrapolation of the trend for conventional optical telescopes 
would place the cost of a 15-m telescope above $1,000 mil l ion. The 
challenge is to achieve a National New Technology Telescope for less 
than $200 mil l ion. 

Reduction in telescope length 
can be accomplished in two ways: 

1) a fast focal ratio primary, and/ 
or 

2) a combination of multiple in
dependent telescopes (the 
M M T approach). 

The manufacture of fast primary 
aspheres is now less of a problem 
because of advances in the ability 
to accurately generate the aspheric 
surface, combined with advances 
in test and data reduction. The abil
ity to make astronomical primaries 
of excellent optical quality as fast as 
F/1 seems to be at hand. The asso
ciated problems of how to maintain 
telescope collimation wi l l be man
ageable by active recollimation of 
the secondaries during telescope 

operation, but actual demonstra
tion of this art in a telescope is yet 
to be done. 

The M M T approach is attractive-
because each of the several tele
scopes can have a moderate pr i 
mary focal ratio, yet the combina
tion is very short compared to the 
length of an equivalent telescope 
of the same effective aperture. For 
example, the M M T has primary fo
cal ratios of F/2.7, yet the tele
scope is the same length as though 
a single F/1 primary were used. 

The construction of the 10-m 
Keck telescope wi l l demonstrate 
how a segmented lightweight tele
scope wi l l affect costs. The pro
posed 15-m National New Tech
nology Telescope (NNTT), which 

wi l l use the M M T approach, wi l l 
demonstrate the effectiveness of 
that concept. The future of very 
large telescopes hangs on the re
sults. 

A very powerful technique that 
offers a different way to make a 
low-cost large telescope has re
cently been demonstrated by J.T. 
McGraw and his associates at the 
University of Ar izona Steward Ob
servatory: a telescope that is very 
simple because it is fixed. The de
tector is a charge-coupled device 
(CCD) array that is clocked at ex
actly the same rate as the sky mov
ing past the telescope. The result is 
a long strip of sky recorded each 
night to a magnitude limit set by 
the time of drift across the C C D 
and the diameter of the telescope. 
The purpose is to observe faint gal
axies in order to detect novae as 
wel l as stellar variability. The basic 
requirement is for storage of a vast 
amount of data each night and 
comparing them to other nights to 
provide data needed by particular 
astronomers. The magnitude limit 
of this 1.8-m telescope has been 
shown to be equal to that of the 
Palomar Sky Atlas. The three-mir
ror Paul-Baker optical configura
tion is shown in F ig . 2. 

Turning now to large space op
tics: here we have a different set of 
constraints and problems. Space 
telescopes are intrinsically 2 orders 
of magnitude more expensive for a 
given aperture than are terrestrial 
ones and are likely to remain at 
least 1 order of magnitude more 
expensive. The size constraint for a 
monolithic mirror is now the size of 
the system used to deliver the tele
scope into orbit (about 3.5 m for 
the Space Shuttle). For larger sizes 
it is essential to use a segmented 
mir ror . T h e largest segmented 
space mirror thus far proposed for 
N A S A is the 20-m large deployable 
reflector (LDR). 

Engineering studies by industry 
and by the Jet Propulsion Labora
tory (JPL) have resulted in several 
approaches to the segmented pri-
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FIGURE 2. Paul-Baker configuration for the 1.8-m zenith telescope that 
combines a Schmidt-like configuration within a Cassegrain telescope. 
This results in excellent imagery over a wide field. 

FIGURE 3. A small, segmented active quaternary cancels the assembly 
and operational errors of the segmented passive 20-m primary of the 
large deployable reflector (LDR). 

mary. A l l involve correction of the 
telescope after it is unfolded or as
sembled in low-earth orbit. The 
most obvious way to y ie ld a near 
diffraction-limited system for far 
infrared astronomy is to correct the 
t ip, tilt, and piston errors of the pri
mary mirror segments. This in turn 
requires the mirror support struc
ture to be highly automated and 
controlled, but the functional reli
ability can be established only after 
assembly of this big structure in 
space. 

J P L uses a different approach, 
however, to reduce cost and sys
tem complexity. The errors of the 
primary are not touched. Instead, 
the corrections for tip, tilt, and pis
ton are applied in the exit pupi l 
(the real optical image of the pri
mary formed within the optical sys
tem). The result is that all of the 
active elements are located on a 
small monolithic substrate which 
can be checked out before launch 
and carried into orbit as a single 
unit. The size of the active quater
nary relative to the 20-m L D R pri
mary is shown in F ig . 3. 

This "two-stage" optical con
figuration for L D R is shown in F ig . 
4. The Cassegrain focus is located 
at the center of a small quaternary 
so that the field is admitted to the 
tertiary concave mirror at the bot
tom of the system. This tertiary is 
the field mirror and forms the im
age of the primary on the flat qua
ternary. The quaternary is seg
mented with a pattern exactly l ike 
the primary; thus each primary im
age lies on a corresponding seg
ment of the quaternary. John Stacy 
and we have shown by computa
tional means that a soft image, cen
timeters in diameter at the Casse
grain focus, and having piston 
errors of the order of a millimeter, 
can be removed at the quaternary 
for a field of view of several 
arcminutes, which is large enough 
for astronomical use of the L D R . 
Both of these tolerances are com
patible with automatic assembly of 
the mirror support truss uti l izing 
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FIGURE 4. General perspective of the J P L two-stage configuration for L D R . The entire system wi l l stow in a 
single Space Shuttle flight and be deployed on-orbit. 

one of John Hedgpeth's PAC-truss 
designs. Proof of concept of the 
two-stage optics approach to large 
segmented optical systems is now 
proceeding at JPL . 

A vital part of the success of the 
two-stage approach is the ability to 
make wavefront correction at the 
exit pupi l . In order to use light
weight composite mirror panels for 
the L D R primary (a program at J P L 
under R. Freeland in cooperation 
with Dornier, Hexel , and Uni ted 
Technology) one must be able to 
correct for the figure errors of 
these replicated mirror panels. In 

the two-stage approach the wave-
front error corrections are applied 
to the quaternary segments. The 
mode of manufacture of these 
wavefront correctors by single-
point diamond turning has been 
explored by T. Saito and his asso
ciates at Lawrence Livermore Na
t ional Laboratory. Proof-of -con¬
cept experiments were successful 
(see Appl ied Optics, Rapid Com
munications, March 15, 1986). 
The goal is to be able to use pr i 
mary mirror segments of replicated 
quality and in system applications 
to improve them to diffraction-lim

ited performance in the optical do
main as wel l as the infrared. 

Using extremely large telescopes 
in orbit may be the only way to 
establ ish whe ther nearby stars 
have terrestrial planets. This sum
mer we participated with a group 
of seven undergraduate students at 
California Institute of Technology 
in examining the possibility of 
sending a telescope on a flyby of a 
nearby star—close enough to ex
amine possible planets in some de
tail. Antimatter could provide suf
ficient propulsion, but with severe 
problems. First, it is an art not yet 
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F I G U R E 5. V iew of a spacecraft to carry a 1.5-m 
astrometric telescope on a voyage that wi l l attain 
a distance of 1000 A U after 50 years. 

beyond the dream stage. Second, 
to accommodate the mass of an 
antimatter magnetic-confinement 
engine, a 10,000-kg spacecraft 
would be required. Third, to accel
erate the craft to 0.1 c, about 
400 kg of antimatter would be re
quired. This is a great extrapolation 
from the few transient atoms that 
can now be studied in the target 
room of an accelerator. 

Finally, the cost of electrical en
ergy to produce antimatter is very 
high. A very optimistic antimatter 
cost projection of $10 mil l ion per 
milligram yields a fuel cost of 
4 X 1 0 1 5 dollars. Or, in terms of the 
fuel required to produce the elec
tric energy for creating the anti
matter, it would exceed the wor ld 
supply of fossil fuel. 

A n alternative is to use optical 
systems in earth orbit that are big 
enough to spectroscopically detect 
the nature of planets around a star. 
Small astrometric telescopes in or
bit, such as the one proposed by 
the University of Ar izona and 
N A S A Ames Laboratory in Iowa, 
may be able to detect a large planet 
about a nearby star but not one of 
terrestrial size for which a very big 

telescope wi l l be needed. Such a 
super telescope would have an ad
vantage over a flyby in that it could 
examine many stars, whereas a 
flyby would pin all hopes on one 
30-min encounter with a single 
star. This telescope would need an 
aperture in the range of 1 km, 
which is so large that wavefront 
correction techniques applied to 
small optics within the system 
would be essential. Perhaps a large 
membrane primary mirror wi l l fi
nally have a role to play in tele
scopes of the future. 

Finally, we are currently in
volved with a telescope of the 
future that is not large, yet has im
mense potential for making dra
matic improvement in astrometric 
capability. It is a 1.5-m telescope 
that could be sent on a voyage far 
beyond the planets in order to es
tablish an unprecedented baseline 
for directly obtaining the parallax 
of stars. Ion propulsion would send 
the craft on its way at 100 km/sec 
as it leaves the zone of the planets. 
The system would be carried into 
low-earth orbit by the Space Shut
tle. 

Figure 5 shows the spacecraft 

during its propulsion phase out
ward from earth orbit. The nuclear 
power module is at the right end, 
the propulsion module in the cen
ter, and the science payload at the 
left. At the end of propulsion the 
science payload becomes a free-
flyer. Fifteen years into its voyage 
we could trigonometrically mea
sure the parallax of any object in 
our galaxy; after 20 years, any ob
ject in the Magellanic clouds. After 
50 years, when the spacecraft is at 
a distance of 1000 A U , it could 
measure the distance of any object 
in the local group of galaxies, in
cluding the Andromeda nebula. 

Astronomical optics is an excit
ing field and an endless frontier as 
long as the ingenuity of opticists 
keeps up with the appetite of 
astronomers and the bounty of the 
horn of plenty of the gross national 
product. 
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