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A r 1977, when 
Jerry luelsc young astronomer at 
Berkeley, he uiea ro talk his University of 
California colleagues into backing his con- 
cept for building the largest telescope in the 
world. This wouldn't be just another clone 
of the venerable 5-meter telescope atop 
Mount Palomar, he told them. This tele- 
scope would have a primary mirror twice as 
wide: 10 meters. And instead of casting that 
mirror in the traditional form of a heavy, 
monolithic glass disk, he promised them he 
would create a radically new "segmented" 
reflector-a mosaic built up of thin, hexago- 
nal glass tiles. 

Thirteen years and $94 million later, in 
the chill of a Hawaiian summer morning at 
14,000 feet, chief scientist Jerry Nelson of 
the W. M. Keck Observatory finds himself 
staring up at an airy metal latticework rising 
high into a wide, silvery vault. The frame- 
work and dome of the Keck telescope have 
essentially been finished for months; the 
hard-hatted figures roaming the telescope's 
platforms and stairways are now making it 
ready for the first mirror segments. If all 
goes as planned-and there are plenty of 
well-bitten fingernails around here-the 
workmen will have installed nine of the 1.8- 
meter-wide segments by late October, 
enough to take a "First Light" image of the 
heavens. Nelson and his colleagues will have 
brought to life a telescope concept that most 
astronomers once thought too radical to 
have any chance of working. They will have 
inaugurated an era of "new technology" 
telescopes: in the 1990s, at least halfa dozen 
massive instruments are to sprout up around 
the world (see table p. 1245). And they may 
well have opened the way for funding of an 
identical Keck 2 right next door. Ifall goes 
as planned. . . . 

High overhead, another test of the tele- 
scope's drive system is already under way 
and seems to be going well: smoothly, si- 
lently, almost imperceptibly, the immense 
latticework is tilting away from the vertical 
as if it were already tracking the stars. 

So--after 13  years, how does it feel? 
'Wonderful!" laughs Nelson, a man with a 
brand new toy. 

He isn't the only astronomer feeling exu- 
t: : members of the Keck 
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Science Steering Committee-three each 
from the two equal partners in the project, 
the University of California and Caltech- 
have just spent the morning in hard hats 
climbing around the telescope like school- 
children. "The Keck is go;,:,7 to be a power- 
ful cosmology machine," declares committee 
cochairman Garth Illingworth of the univer- 
sity's Lick Observatory. For one thing, he 
says, the Keck is designed to have very good 
sensitivity at infrared wavelengths, where 
you expect to find the red-shifted light of 
the youngest and most distant galaxies. For 
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says Sarge lrtunately, :nt, with conven- 
tiona 4-meter class telescopes "it takes 10 
hours to get this sort of information on just 
one quasar." But with the Keck you will pick 
up a factor of 6 in speed simply because its 
mirror will have six times more collecting 
area. And when you add in the superb 
quality of its Mauna Kea site, plus the fact 
that it will have state-of-the art instrumenta- 
tion, the Keck could be as much as 20 times 
faster. "So even a single individual with a 
modest amount of telescope time can get an 
enormous quantity of data," says Sargent. 
And that, in turn, could lead to new insights 
into the evolution and clustering of galaxies 

another, the Keck's enormous size will make 
it very efficient at collecting photons for 
spectroscopy, which in turn should make it a 
powerful tool for analyzing the composition 
and dynamics of faint objects. 

A prime example is the work of Illing- 
worth's fellow cochairman, Wallace Sargent 
of Caltech. For two decades now, Sargent 
has been exploiting the fact that the distant, 
brilliantly luminous quasars can serve as 
cosmic searchlights: a careful analysis of 
their spectra shows myriads of telltale ab- 
sorption lines from galaxies and gas clouds 
lying along the line of sight. Indeed, says 
Sargent, this is the only way to study these 
intervening objects, many of which may be 
galaxies caught in the act of formation; 
otherwise they would be much too far away 
and too faint to be seen. 

in the early universe-still one of th e least 
understood phenomena in astronomy. 

Illingworth, meanwhile, sees the Keck as 
a natural partner for the Hubble Space 
Telescope. If and when Hubble's fuzzy vi- 
sion is corrected with a new camera, he says, 
it should excel at finding extremely faint 
obiects that the Keck would never notice 
through the shimmer of the atmosphere. 
Whereas the Keck, sweeping up photons 
with 17  times Hubble's collecting ---- 
should be able to do the kind of spect 
py on those objects that Hubble just 
have time for. 

Of course. with the Hubble fiascl 
gruesome reminder, no one around I 
taking anything for granted. Yet for n 
least, optimism is running high-in no XIIU 

measure because of the faith the scientists 
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ject manager Jerry Smith, on loan more or less fiiendly potshots 
fi-om the Jet Propulsion Labora- with Wampler's group, Nelson 
tory and widely regarded as one spent the next year and a half 
of the most e ib ive  managers working at the Lawrence Berkeley 
NASA has. The other is Nelson- Laboratory with fellow physicists 
an astronomer with the rare trait Terry Mast and George Gabor to 
of liking to get his hands dirty. find solutions to these problems. 

"I was originally trained as an One major innovation, developed 
elementary partide physicist," he by Berkeley engineer Jacob Lub- 
explains. "And whereas astrono- liner, was the use of "stressed 
mers are generally trained to use mirror polishing" to solve the 
gadgets, physicists make their liv- problem of segment production. 
ing by building new experiments Instead of taking a disk of glass 
all the time." and trying to produce a complex 

In fact, he says, it was this love surface in one step, explains Nel- 
of building things that got him son, you start out by bending the 
involved with telescope-making disk ever so slightly in a precisely 
in the first place. In 1977, he calculated way. Then you just pol- 
d, he was serving on a com- ish the mirror face to a spherical 
mittee to look at the university's surface, which is easy. And when 
future in ground-bascd astrono- the stress is d e a d ,  the mirror 
my, and the committee was kick- - 
ing around the idea of building a 
"big" telescopUbig" mcaning some unde- 
fined step up fi-om the dmeter Soviet &- 
scope that was then the world's champion. 
"I thought to myself, 'Oh, that's hard. May- 
be it's interesting.' " 
His fellow committee member Joseph 

Wampler, now at the Europcan Southern 
Observatory, had much the same reaction. 
So, with the committee's support, Nelson 
and Wampler went off separately to think 
about how to build such a large mirror- 
and, in particular, how to build it cheaply. 

The central dilemma was obvious fi-om 
the beginning. On the one hand, the thinner 
the better: not only would a thin mirror use 
less of the expensive, ultra-low thermal ex- 
pansion glass that a telescope requires, but it 
would be lighter. And that, in nun, would 
make for a lighter, cheaper supersaucture to 
support it. On the other hand, a large, thin 
mirror would be exceedhgly flunsy, with a 
tendency to sag under its own weight and 
distort the images. Tolerances would be 
measured in nanometers. 

Wampler was convinced that this dilem- 
ma could be resolved by a careful scale-up of 
the one-piece "monolithic" mirrors used in 
standard telescopes. He was not alone in 
that conviction. At the University of Arizo- 
na, Roger Angel was already starting to 
think about how to make very large versions 
of the 5-meter Palomar mirror. And in 
Europe, astronomers at ESO were starting 
to consider a variation on the single-mirror 
theme: sheet-like "thin meniscus" mirrors 
that would be supported on the back and be 
kept in shape by a forest of movable pistons. 
Indeed, both of these approaches now seem 
capable of producing 8-meter mirrors. And 
since most astronomers find the monolith 

designs more familiar and comfbrtable, they 
are the basis for all the other big te1escopes 
that are currently being planned. 

But Nelson didn't like it. Monolithic rnir- 
rorswouldbehardtomake,hardtotrans- 
port, and hard to handle inside the tele- 
scope, he argued. Worse, they were a tech- 
nological dead end. You might be able to 
make an &meter monolith, or even a 10- 
meter one. But how could you ever go 
larger? "I decided it was time to do what the 
radio astronomers did years ago," he says: 
build a rdecting surfice out of segments. 
Not only would the individual mirror pieces 
be far easier to handle, he reasoned, but 
once the segmented mirror technology was 
mastered, it could in principle be used to 
build mirrors of arbitrary size, just by add- 
ing segments. 

"I decided on a diameter of 10 meters 
because it was twice the size of the 5-meter 
Palomar mirror," says Nelson. 'That was 
big enough to get into a qualitatively new 
regime of science but small enough to be 
doable." 

However, it was also dear that a segment- 
ed mirror would pose at least two severe 
challenges of its own. First, it would need an 
elaborate, computer-controlled support sys- 
tem to keep the segments aligned to nano- 
meter precision as the telescope moved to 
track the stars. And second, it would require 
a whole new approach to mirror-making to 
produce the segments. The overall s& of 
the 10-meter mirror would be very dose to a 
paraboloid, the surface that will d e c t  star- 
light to a precise fbcus. But the individual 
segments would be pieces of a paraboloid- 
subtle shapes that are extraordinarily difti- 
cult to make with any accuracy. 

will relax into exactly the oddball 
shape that you wa&. 

'"We did a quarter-scale mirror to test the 
idea," says Nelson. "It worked great, just 
like it was supposed to! That never happens 
in experimental science." 

In the end, says Nelson, both his group 
and Wampler's came back to the university 
saying: Y&, we can do it. So the question of 
which approach to take was handed over to 
a new committee of senior astronomers, 
dubbed "the Graybeards Committee." And 
in November 1979 their verdict came 
down: Go with the segmented mirror. 

It was a sweet moment for Nelson and his 
team. But of course. a commitment fiom a 
committee is not the same thing as a tele- 
scope on a mountaintop. In between came 
11 long years. 

A kw of the steps along the way were 
actually rather easy. The selccsion of Mauna 
Kea as a site, for example: the mountain is a 
long way fi-om Wornia,  with extended 
supply lines that make it an expensive place 
to build. But it is also the highest major 
obsecvatorv site in the world. with the dear- 
est view 0; the stars this sidc of space. 

Other steps, such as financing, were con- 
siderably tougher. The Californians had al- 
ways intended to build the telescope entirely 
with private money, explains Nelson, since 
federal funding would have meant sharing it 
with every other astronomer in the country. 
But as he and his team refinad the technolo- 
gy and fleshed out the observatory designs, 
the estimated $50-million cost KO& inexora- 
bly toward the current figure, $94 million. 
And the university's fund-raising elTom 
were not going wei at all. Years of casting 
about the state for an astronomicaUy minded 
philanthropist had turned up precisely one 
poantial donor-Mrs. Max Holhan, wid- 
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ow of a New York auto importer. And her 
bequest had fallen into limbo when she 
tragically died less than 24 hours after shak- 
ing hands on the deal-and before signing 
the papers. 

The project's money worries were not 
resolved until January 1985, when Caltech 
bought itself an equal partnership with a 
$70-million donation from the Keck Foun- 
dation, administered by the sons of the late 
oilman W. M. Keck. This also solved the 
problem of what to name the telescope. And 
of course, it enriched the project with Cal- 
tech's own powerful cadre of astronomers- 
who would now have to get half the observ- 
ing time. "At the UC, everybody was disap- 
pointed to lose half the telescope," says 
Nelson. "But half of a real telescope is a lot 
better than all of an imaginary one." (Ten 
percent of the observing time will actuall;r 
go to the University of Hawaii, which con- 
trols access to Mauna Kea.) 

Then, however, came the truly difficult 
challenge: mass-producing the mirror seg- 
ments. Forty-two would be needed in all, 36 
for the full 10-meter mirror and 6 spares. 
'We always knew it would be hard," says 
Nelson. "But we had no idea it would be as 
hard as it turned out to be." 

The difficulties became apparent almost as 
soon as work on the segments began in 
1985 at Itek Optical Systems in Lexington, 
Massachusetts. The stress polishing worked 
well enough. But when the edges of the 
polished disks were trimmed to make them 
into hexagons, they warped. The warping 
was not entirely unexpected, says Nelson, 
but it was certainly more than the opticians 
could handle with touch-up polishing. So he 
and the Keck team had to redesign the 
mirror support structure, adding a "warping 
harness" behind each segment to bend it 
back into shape. 

Next, the apparatus that Itek was using to 
measure e accuracy of the mirror surfaces 
turned o 1 t to have serious optical flaws of its 
own. After a loud and extensive debate, 
Smith overruled Nelson and decreed that 
rebuilding the apparatus would take too 
long and cost too much. So instead, the final 
test results are now obtained by taking the 
raw data and running them through a com- 
puter program that supposedly eliminates 
the effects of the flaw. Nelson is keeping his 
fingers crossed. 

In fact, manufacturing the segments has 
proved so tough that the scientists have been 
forced to compromise slightly on their goals 
for optical quality. Presumably the tele- 
scope's users will never notice except on the 
most crystalline nights. But the images will 
be just a bit fuzzier than they ought to be. 

Fortunately, however, as a slow but 
steady stream of finished segments has be- 

gun to arrive on Mama Kea, things seem to 
be going more smoothly. The project passed 
a major milestone in early August when the 
team temporarily put three of the segments 
into the telescope and, for the first time, 
activated the computer-controlled align- 
ment system. It worked beautifully. 

The next, and most important, milestone 
will be the first light images later this au- 
tumn. Not only will these images tell the 
Keck team how good their segments really 
are, says Nelson, but if all goes well they will 
be Exhibit A in the project's fund-raising 
efforts for a second, identical telescope. No 
commitments have been made yet. But Cal- 
tech physicist Edward Stone, who is serving 
as chairman of the partnership, has gotten 
expressions of interest from the Keck Foun- 
dation and is deep in negotiations with 
other possible partners. 

The possibility of a Keck 2 has actually 

been in people's minds for a long time, says 
Nelson. The site has already been laid out 
with space for a second dome. And the 
control room building adjacent to the exist- 
ing dome has even been built with a tunnel 
running underneath, so that the two tele- 
scopes could combine their light into ultra- 
high-resolution images using a technique 
known as optical interferometry. 

"Building a second telescope just like this 
one doesn't need me," says Nelson, who says 
he hopes to go back to being an astronomer 
when the first one is done. And yet-no- 
body actually knows how to do optical 
interferometry. And then there's the chal- 
lenge of developing "active optics" for the 
telescopes to eliminate the distortion of the 
atmosphere and give their images space-like 
clarity. That sounds hard, says Nelson. "And 
that's what might interest me." 

M. MITCHELL WALDROP 

The Climate System 
as a Ticking Clock 
The discovey of a 2-year "ticking" in the record of El Nin'o is 

$cling a growing awareness of biennial climate variations 

THE COOLNESS OF NIGHT follows the heat 
of the day; winter follows summer: these are 
the obvious short-term cycles of climate 
change. Now, climate researchers are detect- 
ing a periodicity that extends beyond these 
familiar rhythms of the day and of the 
seasons. They are picking up a more or less 
regular 2-year beat to the global climate 
system-ne that seems to be heard from 
every quarter. 

The Amazon tends to surge every other 
year, as does the Mindanao Current east of 
the Philippines. Winds over New Zealand 
tend to pick up and abate on a biennial 
schedule, as does the pace of the bimonthly 
cycle of cloudiness in the tropical Pacific. 
And the most recently discovered example 
of this climatic ticking-and perhaps the 
most intriguing+omes from the very core 
of El Nido. Researchers have found that 
some aspects of this cycle of alternating 
warm and relatively cold waters along the 
equatorial Pacific have a tendency to repeat 
every 2 years. The overlying winds pulsate at 
the same pace, as do the globe-girdling 
effects of the El Nido cycle, from winter 
warmth in Alaska to heavy rains in Peru and 
drought in Australia. 

The climatic ticking in the tropical Pacific 
is hardly as reliable as the changing of the 
seasons. Sometimes it is muted, and occa- 

sionally it skips a beat. But some researchers 
nevertheless see hope of using it in the 
prediction of El Nido and its global effects. 
In any case, climate researchers are eager to 
determine what makes El Nido tick. The 
answer could be an underlying pacemaker of 
this crucial atmospheric cycle. 

The biennial aspect of the El Niiio cycle 
has been glimpsed now and again for more 
than a decade, but conventional wisdom has 
always maintained that El Nido displays an 
irregular rhythm. The intervals between 
strong tropical Pacific warmings range from 
2 to 7 years and average 3 to 4 years, so how 
can it have a 2-year cycle? The answer, 
according to two recent studies, is that El 
Nido is paced by two different clocks--one 
with a 2:year beat and the other with a less 
well defined beat of 4 to 5 years. It is the 
combination of these two cycles that pro- 
duces the appearance of a highly irregular 
rhythm. 

In a recent paper, Eugene Rasmusson and 
Xueliang Wang of the University of Mary- 
land and Chester Rouelewski of the Nation- 
al Oceanic and ~ t k o s ~ h e r i c  Administra- 
tion's Climate Analysis Center of Washing- 
ton, D.C., report the detection of a 2-year 
oscillation in the strength of the winds 

u 

blowing over the surface of the western 
Pacific Ocean and eastern Indian Ocean. 

SCIENCE, VOL. 249 




