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THE POSSIBILITIES OF LARGE TELESCOPES

BY GEORGE ELLERY HALE
Honorary Director of the Mount Wilson Observatory

]'—IJE buried treasures, the outposts of
the universe have beckoned to the
adventurous from immemorial
times. Princes and potentates, political
or industrial, equally with men of sci-
ence, have felt the lure of the un-
charted seas of space, and through their
provision of instrumental means the
sphere of exploration has rapidly wid-
ened, If the cost of gathering celestial
treasure exceeds that of searching for the
buried chests of a Morgan or a Flint, the
expectation of rich return is surely
greater and the route not less attractive,
Long before the advent of the telescope,
pharaohs and sultans, princes and
caliphs built larger and larger observ-
atories, one of them said to be com-
parable in height with the vaults of
Santa Sophia. In later times kings of
Spain and of France, of Denmark and
of England took their turn, and more re-
cently the initiative seems to have passed
chiefly to American leaders of industry.
Each expedition into remoter space has
made new discoveries and brought back
permanent additions to our knowledge of
the heavens, The latest explorers have
worked beyond the boundaries of the
Milky Way in the realm of spiral “island
universes,” the first of which lies a mil-
lion light-years from the earth while the
farthest is immeasurably remote, As
yet we can barely discern a few of the
countless suns in the nearest of these
spiral systems and begin to trace their
resemblance with the stars in the coils of
the Milky Way. While much progress
has been made, the greatest possibilities
still lie in the future.

I have had more than one chanee to
appreciate the enthusinsm of the layman
for celestinl exploration. Learning in
August, 1892, that two dises of op-
tical glass, large enough for a forty-
inch telescope, were obtainable through
Alvan Clark, I informed President
Harper of the University of Chicago, and
we jointly presented the opportunity to
Mr. Charles T. Yerkes. He said he had
dreamed since boyhood of the possibility
of surpassing all existing telescopes, afd
at once authorized us to telegraph Clark
to come and sign a contract for the lens.
Later he provided for the telescope
mounting and ultimately for the building
of the Yerkes Observatory at Lake
Geneva, Wisconsin,

In 1906 Mr. John D. Hooker of Los
Angeles, a business man interested in
astronomy, agreed to meet the cost of
making the optical parts for an 84-inch
reflecting telescope in the shops of the
Mount Wilson Observatory in Pasadena,
where a 60-inch mirror had recently been
figured by Ritchey. Before the glass
could be ordered he increased his gift to
provide for a still larger mirror, Half a
million dollars was still needed for the
mounting and observatory building, and
Mr. Carnegie, who was greatly taken
with the project during his visit to the
Observatory in 1910, wanted the Car-
negie Institution of Washington to
supply it. The entire income of the
Institution was required, however, to
provide for the annual expenses of its ten
departments of research, of which the
Observatory is one, Nearly a year later
I was on my way to Egypt. At Venti-
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miglia, on the Ttalian frontier, I bought a
local newspaper, in which an Amerjcan
cable had caught my eye. Mr. Andrew
Carnegie, by a gift of ten million dollars,
had doubled the endowment of the
Carnegie Institution of Washington, A
paragraph in his letter to the Trustees
especially appealed to me: “I hope the
work at Mount Wilson will be vigorously
pushed, because I am so anxious to hear
the expected results from it. I should
like to be satisfied before I depart, that
we are going to repay to the old land
some part of the debt we owe them by
revealing more clearly than ever to them
the new heavens.”

I hope that the 100-inch Hooker
telescope, thus named at Mr. Carnegie's
special request, has justified his ex-
pectations. Its results, described in
part in The New Heavens, The Depths
of the Universe, and Beyond the Milky
Way have certainly surpassed our own
forecasts, They have given us new
means of determining stellar distances,
a greatly clarified conception of the
structure and scale of the Galaxy, the
first measures of the diameter of stars,
new light on the constitution of matter,
new support for the Einstein theory, and
scores of other advances. They have
also made possible new researches be-
yond the boundaries of the Milky Way
in the region of the spiral nebule.
Moreover, they have convineed us that a
much larger telescope could be built and
effectively used to extend tLhe range of
exploralion farther into space. Lick,
Yerkes, Hooker, and Carnegie have
passed on, but the opportunity remains
for some other donor to advance knowl-
edge and to satisfy his own curiosity
regarding the nature of the universe and
the problems of its unexplored depths.

El Karakat, an Arabian astronomer
who built a great observatory at Cairo
in the twelfth century, once execlajmed to
the Sultan, “How minute are our instru-
ments in comparison with the celestial
universe!” In his day the amount of
light received from a star was merely

that which entered the pupil of the eye,
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and large instruments were construeted,
not with any idea of discovering new
celestinl objects, but in the hope of in-
creasing the precision of measuring the
positions of those already known. Gali-
leo’s telescope, which suddenly expanded
the known stellar universe at the begin-
ning of the seventeenth century, had a
lens about 214 inches in diameter, with an
area eighty times that of the pupil of the
eye. This increase in light-collecting
power was sufficient to reveal nearly half
a million stars (over the entire heavens),
as compared with the few thousands pre-
viously within range. The 100-inch
mirror of the Hooker telescope, which
collects about 160,000 times as much
light as the eye, is capable of recording
photographically more than a thousand
million stars.

While the gain since Galileo’s time
seems enormous, the possibilities go far
beyond. Starlight is falling on every
square mile of the earth’s surface, and
the best we can do at present is to gather
up and concentrate the rays that strike
an area 100 inches in diameter. From
an engineering standpoint our telescopes
are small affairs in comparison with
modern battleships and bridges. There
has been no such increase in size since
Lord Rosse’s six-foot reflector, completed
in 1845, as engineering advances would
permit, though advantage has been
taken of the possible gain in precision of
workmanship. The time thus seems to
be ripe for an examination of present
opportunities, which must be considered
in the light of recent experience.

IT

I have never liked to predict the
specific possibilities of large telescopes,
but the present circumstances are so
different from those of the past that less
caution seems necessary. The astrono-
mer’s greatest obstacle is the turbulence
of the earth’s atmosphere, which en-
velops us like an immense ocean, agi-
tated to its very depths. The crystal-
clear nights of frosty winter, when
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celestial objects seem so bright, are
usually the very worst for observation,
Watch the excessive twinkling of the
stars, and you will appreciate why this
is true. In a perfectly quiet and homo-
geneous atmosphere there would be no
twinkling, and star images would remain
sharp and distinct even when greatly
magnified, Mixed air of varying den-
sity means irregular refraction, which
causes twinkling to the eye and boiling
images, blurred and confused, in the
telescope. Under such conditions a
great telescope may be useless.

This is why Newton wrote in his
Ovpticks:

If the Theory of making Telescopes could
at length be fully brought into practice, yet

there would be certain Bounds beyond which
Telescopes could not perform. For the Air
through which we look upon the Stars, isin a
perpetual Tremor; as may be seen by the
tremulous Motion of Shadows cast from high
Towers, and by the twinkling of the fix'd
stars. 'The only remedy is a most serene and
quiet Air, such as may perhaps be found on
the tops of the highest Mountains above the
grosser Clouds.

Even at the best of sites, in a climate
marked by long periods of great tran-
quillity, unbroken by storms, the atmos-
phere remains the chief obstacle. For
this reason we could not be sure how well
the 60-inch and 100-inch reflecting
telescopes would work on Mount Wilson
until we had rigorously tested them.
Large lenses or mirrors, uniting in a
single image rays which have traveled
through widely separated paths, are
more sensitive than small ones to atmos-
pheric tremor. So it has always been a
lottery, as we frankly told the donors of
the instruments, whether the next in-
crease in size might not fail to bring the
advantages we sought.

Fortunately we have found, after
several years of constant use, that on all
good nights the gain of the 100-inch
Hooker telescope over the 60-inch is
fully in proportion to its grealer aper-
ture. The large mirror receives and
concentrates in a sharply defined image
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nearly three times as much light as the
smaller one, with consequent immense
advantages. But the question remains
whether we could now safely advance
to an aperture of 200 inches, or, better
still, to 25 feet.

Our affirmative opinion is based not
merely upon the performance of the
Hooker telescope, but also upon tests of
the atmosphere made with apertures up
to 20 feet. The Michelson stellar
interferometer, with which Pease has
succeeded in measuring the diameters
of several stars, is attached to the upper
end of the tube of the Hooker telescope.
When its two outer mirrors are separated
as far as possible, they unite in a single
image beams of starlight entering in
paths 20 feel apart. By comparing these
images with those observed when the
mirrors are 100 inches or less apart,
Pease concludes that an increase of
aperture to 20 feet or more would be
perfectly safe. For the first time,
therefore, we can make such an increase
without the uncertainties that have been
unavoidable in the past.

Other reasons that combine to assure
the success of a larger telescope are the
remarkable opportunities for new dis-
coveries revealed by recent astronomical
progress and the equally remarkable
means of interpreting them afforded by
recent advances in physics.

11

These new possibilities are so numer-
ous that I must confine myself to three
general examples, bearing upon the
structure of the universe, the evolution
of stars, and the constitution of matter.
A 200-inch telescope would give us four
times as much light as we now receive
with the 100-inch, while a 300-inch
telescope would give nine times as much.
How would this help in dealing with
these questions?

The first advantage that strikes one is
the immense gain in penetrating power
and the means thus afforded of exploring
remote space. The spiral structure of
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nebule beyond the Milky Way was un-
known until Lord Rosse discovered it
with his six-foot reflector in 1845, The
Hookertelescope, greatly aided by optical
and mechanical refinements and by the
power of photography, can now record
many thousands of these remarkable
objects. Moreover, in the hands of
Hubble it has shown that they are in
fact “island universes,” perhaps similar
in structure to the Galaxy, of which our
solar system is an infinitesimal part.

Our present instruments are thus
powerful enough to give us this imposing
picture of a universe dotted with isolated
systems, some of them probably contain-
ing millions of stars brighter than our
sun. It is also possible to measure the
distance of the Great Nebula in Androm-
eda and one or two other spirals that
lie about a million light-yvears from
the earth. Much larger telescopes are
needed, however, to continue the analy-
sis of these nearest spirals, now only just
begun, and to extend it to some of those
at greater distances. Needless to say,
the greater power of larger telescopes
would also give us a far better under-
standing than we now possess of the
structure and nature of the Galaxy, of
which we still have much to learn. For
example, we cannot vet say whether it
shares the characteristic form of the
spiral nebule, nor do we even know with
certainty whether it rotates about its
center at the enormous velocity that
seems equally characteristic of the
“island universes.” In fact, our own
stellar system offers countless opportu-
nities for productive research, as the
important advances in our knowledge
of the Galaxy recently made by Seares
with the 60-inch Mount Wilson reflector
so clearly indicate.

If our ideas of the structure of the
universe are thus in a very early stage,
the same may be said of our knowledge of
the evolution of the stars. Recent dis-
coveries in physics have greatly modified
our conception of stellar evolution, af-
fording a rational explanation of scores
of questions formerly unanswered, but

HARPER’'S MONTHLY MAGAZINE

raising many new and fascinating prob-
lems., Giant stars with diameters sev-
eral hundreds of times that of the sun,
expanded by internal pressure to gossa-
mer tenuity, lie near one end of our
present stellar vista, with dwarfs of a
density more than fifty thousand times
that of water near the other. The sun,
a condensing dwarf, 1.4 times as dense as
water, stands on the downward slope of
stellar life. The continual radiation
that marks the transition from giant to
dwarf is now attributed to the trans-
formation of stellar mass into radiant
energy, thus harmonizing with Einstein's
views and accounting for the decrease in
mass observed with advancing age.
Surface temperatures ranging from about
3000° C. in the earlier stage of stellar life
to about 100,000° at its climax, and
internal temperatures perhaps reaching
hundreds of millions of degrees are
among the incidents of stellar existence.
But here again, while theory and ob-
servation have recently joined in paint-
ing a new and surprising picture of celes-
tial progress, important differences of
opinion still exist and many of these
await a more powerful telescope to dis-
criminate between them. For while
theories based on modern physics have
been our chief guide in recent years, the
final test is that of observation, and often
our present instruments are insufficient
to meet the demand.

So much in brief for the questions of
celestial structure and evolution, though
I have had to pass over the greatest of
these problems: that of determining
with certainty the successive stages in
the development of the spiral nebule, a
phase of evolution vastly transcending
that involved in the birth, life, and de-
cline of a particular star. I have space
to add only a word regarding the role of
great telescopes in the study of the con-
stitution of matter.

The range of mass, temperature, and
density in the stars and nebule is of
course incomparably greater than the
physicist can match in the laboratory.
It 1s, therefore, not surprising that some
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of the most fundamental problems of
modern physics have been answered by
an appeal to experiments performed for
us in these cosmic laboratories. For
example, one of the most illuminating
tests of Bohr’s theory of the atom has
just been made at the Norman Bridge
Laboratory by Bowen in a study of the
characteristic spectrum of the nebule,
where the extreme tenuity of the gas
permits hydrogen and nitrogen to exist
in a state harmomzing with the theory
but unapproachable in any vacuum-
tube. Similarly, Adams’ observations
of the companion of Sirius with the
Hooker telescope confirmed Eddington’s
prediction that matter can exist thou-
sands of times denser than any terrestrial
substance. In fact, things have reached
such a point that a far-sighted industrial
leader, whose success may depend in the
long run on a complete knowledge of the
nature of matter and its transformations,
would hardly be willing to be limited by
the feeble range of terrestrial furnaces,
I can easily conceive of such a man add-
ing a great telescope to the equipment of
a laboratory for industrial research if the
information he needed could not be ob-
tained from existing observatories.

8%

The development of new methaods and
instruments of research 1s one of the most
effective means of advancing science.
In hundreds of cases the utilization of
some obvious principle, long known but
completely neglected, has suddenly mul-
tiplied the possibilities of the investi-
gator by opening new highways into
previously inaccessible territory. The
telescope, the microscope, and the spec-
troscope are perhaps the most striking
illustrations of this fact, but new devices
are constantly being found, and the result
has been a complete transformation of
the astronomical observatory.

From our present point of view the
chief question is the bearing of these
developments on the design of tele-
scopes, To Galileo a telescope was a
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slender tube, three or four feet in length,
with a convex lens at one end for an
object glass, and a concave lens at the
other for an evepiece. With this
“optic glass™ the surprising discoveries
described in the Sidereus Nuncius were
made, which shifted the sun from its
traditional position as a satellite of the
earth to the center of the solar system,
and greatly enlarged the scale of the
universe, After his time the telescope
grew longer und longer, finally reaching
the ungainly form of a lens supported
on a pole as much as two or three hun-
dred feet from the eyepiece. The in-
vention of the achromatic lens brought
the telescope back to manageable dimen-
sions and permitted the use of an equa-
torial mounting, equipped with driving-
clock to keep the celestial object at rest
in the field of view. With the improve-
ment of optical glass the aperture stead-
ily increased, finally reaching 86 inches
in the Lick and 40 inches in the Yerkes
telescope.

Meanwhile it had become clear that
the reflecting telescope, designed by
Newton to avoid the defects of single
lenses, possessed many advantages over
the refractor. Chief among these are
its power of concentrating light of all
colors at the same focus and the fact
that the light does not pass through the
mirror, but is reflected from its concave
front surface. Speculum metal, a highly
polished alloy of tin and copper, was
used for the early reflectors, reaching a
maximum size in Lord Rosse’s six-foot
telescope. Mirrors of glass, silvered on
the front surface, were then introduced,
and proved greatly superior in lightness
and reflecting power. Moreover, op-
tical glass perfect enough for lenses can-
not be obtained in very large sizes, and
even if it could, the loss of light by ab-
sorption in transmission through the
glass would prevent its use for objectives
materially exceeding that of the Yerkes
telescope, Therefore, our hopes for the
future must lie in some form of reflector.

It is evident that a lens, through which
the starlight passes to the eye, must be
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mounted in a very different way from a
concave mirror, which receives the light
on its surface and reflects it back to the
focus. The large concave mirror lies at
the bottom of the telescope tube, which
15 usually of light skeleton construction,
open at the top. The surface of the mir-
ror is figured to a paraboloidal form,
which differs somewhat from a sphere in
curvature, and has the power of con-
centrating the parallel rays from a star
in a point at the focus, This focus 1s
near the top of the tube, opposite the
center of the mirror,

For some classes of work it is desirable
to place the photographic plate, small
spectroscope, or other accessory instru-
ment at this principal focus, centrally
within the tube. Some starhight is thus
cut off from the large mirror, but the loss
15 small and is less than with other ar-
rangements. Newton interposed a plane
mirror, fixed at an angle of 45°, which
reflected the light to the side of the tube,
where he placed the eyepiece. Casse-
grain substituted a convex mirror for
Newton's plane. Supported centrally
at right angles to the beam, it changes
the convergence of the rays and brings
them to a focus near the large mirror.
An inclined plane mirror may be used to
intercept them, thus bringing the sec-
ondary focus at the side of the tube, or
the large mirror may be pierced with a
hole, allowing the rays to come to a focus
close behind it.

In a third arrangement, the rays may
be sent through the hollow polar axis of
the te!eacnpe to a secondary focus at a
fixed point in a constant temperature
Iabural:ur}' This arrangement, first sug-
gested by Ranyard, was embodied
with both the Newtonian and Cassegrain
methods in the mountings of the 60-inch
and 100-inch telescopes of the Mount
Wilson Observatory. By these means
we may obtain any desired equivalent
focal length (which varies with the
curvature and position of the small
convex mirrors) and thus photograph
celestial objects on a large or small scale,
as required by the problem in hand.
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Furthermore, we can use to the best
advantage all types of spectroscope, pho-
tometer, interferometer, thermocouple,
radiometer, photo-electric cell, and the
many other accessories developed in
recent years,

These accessory instruments and de-
vices have made possible most of the
discoveries of modern astrophysics. The
stellar spectroscope, originally merely a
small laboratory instrument attached to
a telescope, has grown to the dimensions
of the powerful fixed spectrograph of 6
inches aperture and 15 feet in length,
recently used with splendid success by
Adams in photographing the spectra of
some of the brightest stars. The de-
velopment of this method of high dis-
persion stellar spectroscopy, initiated in
the early days of the Yerkes Observa-
tory, was one of my chief incentives in
endeavoring to obtain large reflecting
telescopes for the Mount Wilson Ob-
servatory, The recent advances in our
knowledge of the atom and the conse-
quent complete transformation of spec-
troscopy from an empirical to a rational
basis greatly increase the possibilities
of analyzing starlight. In most of the
small-scale spectra photographed with
ordinary stellar spectrographs the lines
are so closely crowded together that they
cannot be separately measured. Witha
larger telescope we could push the
dispersion to the point attained by
Rowland in his classic studies of the solar
spectrum, and thus take full advantage
of the great possibilities of discovery
offered us by recent advances in physics,

\Y

These details are important because
they point directly to the type of tele-
scope required. It is true that in some
cases lenses may be used instead of con-
vex mirrors for enlarging the image; but
in our judgment the design should per-
mit observations to be made in the prin-
cipal focus of the large mirror, at a sec-

ondary focus just below the (pierced)
mirror, and at another secondary focus
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in a fixed laboratory. Tt should also be
possible to attach to the tube a large
Michelson stellar interferometer, ar-
ranged for rotation in position angle and
thus suitable for the measurement of
very close double stars,

A mounting designed by Pease of the
Mount Wilson Observatory meets these
requirements and is worthy of careful
consideration. It is large enough to
carry a mirror 25 feet in diameter, col-
lecting nine times as much light as the
100-inch Hooker telescope. It would
thus enlarge our sphere of observation
to three times its present diameter and
increase the total number of galactic
stars to three or four times that now
within range.

This, of course, is a tentative design,
subject to modification in the light of an
exhaustive study, Of all the optical and
mechanical problems involved only one
presents real difficulties, but there is no
reason to think that these cannot be
readily surmounted. This is the manu-
facture of the glass for the large mirror.

Our chief difficulty in the case of the
Hooker telescope was to obtain a suit-
able glass disc. The largest previously
cast was that for the 60-inch mirror of
our first large reflector. Thisis 8 inches
thick and weighs a ton. The 100-inch
disc, 18 inches thick, weighs nearly five
tons. To make it three pots of glass
were poured in quick succession into the
mold. After a long annealing process,
to prevent the internal strains that re-
sult from rapid cooling, the glass was de-
livered to us, Unlike the discs previ-
ously sent by the French makers, it con-
tained sheets of bubbles, doubtless due
in part to the use of the three pots of
glass, while but one had sufficed before.
Any considerable lack of homogeneity
would result in unequal expansion or con-
traction under temperature changes, and
experiments were, therefore, continued
at the glass factory in the Forest of St.
Gobain in the hope of producing a flaw-
less dise. As they did not succeed, the
disc containing the bubbles was given a
spherical figure and tested optically under
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a wide range of temperature. Its per-
formance convinced us that the disc
could safely be given a paraboloidal
figure for use in the telescope, where it
has served ever since for a great variety
of visual and photographic observations.

Recently, important advances have
been made in the art of glass manufac-
ture, and mirror dises much larger and
hetter than the 100-inch can now un-
doubtedly be cast. Pyrex glass, so use-
ful in the kitchen and the chemical lab-
oratory because it is not easily cracked
by heat, is also very advantageous for
telescope mirrors. Observations must
always be made through the widely
opened shutter of the dome, at tempera-
tures as nearly as possible the same as
that of the outer air. As the tempera-
ture rises or falls the mirror must re-
spond. The small expansion or con-
traction of Pyrex glass means that mir-
rors made of it undergo less change of
figure and, therefore, give more sharply
defined star images—a vitally important
matter in all classes of work, especially
in the study of the extremely faint stars
in the spiral nebule, for which Pease's
design is especially adapted.

Dr. Arthur L. Day of the Carnegie
Institution of Washington, working in
association with the Corning Glass Com-
pany, has succeeded In producing glass
with a higher silica content than Pyrex
and, therefore, with a lower coefficient of
expansion, Moreover, Dr. Elihu Thom-
son and Mr. Edward R. Berry of the
General Electric Company have re-
cently made dises up to 12 inches in di-
ameter of transparent fused quartz
(pure silica), which 1s superior to all
other substances for telescope mirrors.
The chief difficulty in the manufacture
of fused quartz has been the elimination
of bubbles. These would do no harm
whatever within a large telescope mit-
ror, provided its upper surface were
treed from them by a method proposed
by Dr, Thomson. In fact, the presence
of a great number of bubbles would be a
distinet advantage in reducing the weight
of the disc. As there is every reason to
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believe that a suitable Pyrex or quartz
disc could be successfully cast and an-
nealed, and as the optical and engineer-
ing problems of figuring, mounting, and
housing it present no serious difficulties,
I believe that a 200-inch or even a
300-inch telescope could now be built
and used to the great advantage of
astronomy.

Limitations of space have prevented
mention of many interesting matters of
detail. Tt goes without saying that all
questions relating to the optical as well
as the engineering design should be thor-
oughly investigated by a group of com-
petent authorilies, who should also in-
clude those best qualified to deal with
related problems involving the design of
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spectroscopes and the many other ae-
cessory Instruments required. As for
photographic plates, it is well known that
the power of photographic telescopes
could be materially increased by im-
proving their quality, so that no effort in
this direction should be spared.

Perhaps a word as to procedure may
be added., The first step should be to
determine by experiment how large a
mirror dise, preferably of fused quartz,
can be successfully cast and annealed.
Meanwhile all questions as to the final
design of the mounting and accessories
could be settled. With the completion
of the mirror dise the only uncertainty
would vanish and the optical and me-
chanical work could begin.

COUNSEL

BY DAVID MORTON

ET there be stillness now and let us make
No more a mournful music of her going;

We should be quiet a little for the sake
Of one whose quiet now is past our knowing.
Let uz remember only how the sound
Of all she said was like a string that played
Belind rude noises that had nearly drowned
Her wisdom and the music that it made.

There will come silent midnights for us ail,
When ended revels leave us lonely men,

And round our hearts a listening hush will fall,
And in that silence we may kear again

The grave and wise and quiet things she said,
And keed them closer, now thal she is dead.
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