Plate I. The author's ti-inch fl9 telescope, fashioned in accordance with the instructions in this book. The instrument weighs
52 pounds, and cost less than 30 dollars.
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PREFACE
IN 1934, A SMALL GROUP OF YOUNG MEN, imbued with a mutual
interest in astronomy and a curiosity about the tools of the astronomer, organized themselves into the New York Telescope Makers
Association. With the erection of the Hayden Planetarium in 1935,
a new focal point of astronomical interest was created for the New
York metropolitan area. Shortly thereafter the telescope making
group became a part of the Amateur Astronomers Association, an
organization now of about 500 members, sponsored since 1927 by
the American Museum of Natural History. Facilities and space for
the telescope makers were provided in the basement of the Planetarium, where they began activities as the Optical Division of the
Amateur Astronomers Association. As such I learned of the group
and was privileged to become a member.
The Optical Division presently undertook classes in telescope
mirror making, an activity which had been expanding from earlier
beginnings at the Museum. With the advent of the war and the
absence of some of our most skilled and active members, your
author was asked to assist in carrying on with the teaching program,
and has continued in this capacity to the present time.
In these classes, numerous problems arose that interest but
perplex the tyro concerning the telescope and its parts, its functions
and its optics, its capabilities and its limitations, and other related
matters. The answers to many of these problems are as widely dispersed as amateur astronomers themselves, and are probably not to
be found in any single volume in the consecutive and integrated arrangement which would be most useful to the beginner. Hundreds
of mirrors in various stages of incompletion, made by amateurs
working independently at home, have been brought to the author
to have their ills analyzed.
In the light of these experiences, it seemed that the sort of servvii

ice and instruction rendered at the Planetarium might woIthily be
made available to a greater number of amateurs. Accordingly, a
series of articles on telescope making was prepared, and published
in Sky and Telescope. These articles were received with much favorable mention, and it was therefore decided to expand and publish them in book form. And so this volume was born. In it the
author has attempted to guide the novice past those pitfalls and
snares into which the untutored worker is likely to stumble. Some
new techniques are described, enabling excellent optical surfaces to
be fashioned in a shorter time than heretofore generally required.
The other par.ts of the telescope have not been neglected, and considerable study is devoted to the design of the various supporting
parts. Descriptions of simple pipe mountings of proven efficiency
are included. Endeavor has also been made to supply the answers
to many questions not elsewhere treated. Some of the diagrams
previously used have been redrawn and the number of illustrations
has been more than doubled.
We are indebted to Earle B. Brown, an associate in the Optical
Division, who read the original manuscript of the Sky and Telescope
series, and made many corrections and valuable suggestions. Acknowledgment must also be made to Charles and Helen Federer for
their patient help in the arrangement of the material and for the
order of presentation.
An expression of gratefulness is also made to the Amateur
Astronomers Association and its officers, and the members of the
Optical Division, all of whom by their interest and active support
have helped make this book possible.
ALLYN

New York, April IS, 1947
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STORY OF THE TELESCOPE
PRIOR TO THE TIME of the telescope, man's view of the celestial universe was woefully restricted when compared with what
now can be enjoyed on any clear evening with ordinary binoculars.
There were visible to him then only the naked-eye objects, the sun
and the moon, five of the planets, and on a clear night stars down to
Ilbout the 6th magnitude, some 2,000 in all.1 A few hazy spots
could also be seen, and there would be an occasional comet. Completel y unknown were the outer planets, satellites of the planets,
Saturn's rings, and infinite numbers of stars and galaxies.
Yet, working without optical aid, early observers managed to
make some amazingly accurate charts of the visible stars, and
amassed the observations from which the laws of planetary motion
were deduced. The principal instrument used in establishing star
and planet positions was the quadrant, a device having a graduated are, and a pointer that pivoted about its center. With it Tycho
Brahe (1546-1601), Danish astronomer, and one of the keenest of
all observers, was able to record the positions of stars to within
one minute of arc - about 1/30 the diameter of the moon. This

IThere are about 6,000 stars in the sky that are bright enough to be visible to
the average eye, but about half this number is contained in the celestial hemisphere that is below the horizon. Atmospheric haze obscures the fainter stars
lying close to the horizon, thus reducing the number visible at anyone time
to about 2,000. Some authorities place the figure at 2,500.

1
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was an amazing feat, wilen it is considered that olle minute of arc
is about the limit of visual acuity.
Then, in 1608, seven years after Tycho's death, the telescope W8!'
brought upon the scene by a Dutch spectacle maker, Jan Lippershey,
to whom its invention is credited.2 The invention marked one of
the great progressive triumphs of man, enabling him to reach farther
and ever farther out into space. It was not much of a telescope,
this first refractor, con'Jisting of two spectacle lenses perhaps an
inch in diameter, one convex and the other concave, and magnifying
possibly two or three times. Lippershey, whose name historians
spell in various ways, managed to combine two such instruments
inlo a unit, and thus also made the first binocular telescope.

The Galilean Telescope. Very soon, spectacle makers and
scientists up and down Europe, learning of Lippershey's invention,
were making similar instruments. Notable among the scientists
was Calileo Calitei, the great
Italian physicist and astronomer,
who fined a plano-convex and a
plano-concave spectacle lens into
opposite ends of a lead tube,
making a telescope that magnified
three times (Fig. 1). "They [the
objects] appeared three times
nearer and nine times larger in
surface than to the naked eye,"
wrote Calileo. He experimented
further and improved thilS ere~t
ing telescope as well as was pos·
sible with simple lenses. carrying
the· magnification up to 30 or
more. This was about the limit
of its usefulness, however, on ac·
count of the great reduction in
the size of its field of view.
Fig. 1. Galileo's telescopes.
2The invention of spectacles, which in the course of time led 10 the telescope,
WII3 due perhaps to one Signor Salvino Annato, according to an inscription on
his tomb: "Here lies Salvino Armato d'Armati of Florence, inventor of spectacles. May God forgive his sins.. The year 1317."

STORY OF THE TELESCOPE

3

The general arrangement of Galileo's telescope IS shown In
Fig. 2. Ordinarily, rays from a distant object AB would, after
refraction through the objective lens 0, meet to form an inverted
image ba in the focal plane, but by interposing the concave eye lens
/
A :-'-- ••
I

--=:::::~:':=~--""E3=?3'>~:
I
I

-:: -:::

~

-;:.":-::-;'-;'

I
I

B/~//

Fig. 2. Image formation in the Galilean (erecting) telescope.

E in front of that plane the rays are caused to become divergent,
as though they had proceeded from the points A'B', where a virtual
image of the object is formed. This image is erect and magnified;
the amount of magnification is the ratio of angle c' to angle c.
As the eye pupil can hardly embrace all of the rays emerging
from lens E, only part of the actual field shown can be utilized. Also,
the exit pupil (explained in Chapter IX) is located inside the instrument. The field of view thus depends on the size of the eye
pupil, and on the diameter of the objective lens. The Galilean telescope is found today in the form of opera and field glasses, but
employing quite moderate magnification: 2 to 3 power in the opera
glass, and 3 to 6 power in the field glass.
The Keplerian Telescope. An improvement on Galileo's telescope was made in 1611 by Johannes Kepler, a German astronomer
and former pupil of Tycho, who suggested that the converging rays
from the objective be allowed to come to a focus, and that the resultant image be magnified with a convex lens. Fig. 3 shows the
advantage of this new arrangement. The rays, upon emergence from

4
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the eye lens, are now converging; hence more of them and a wider
field of view can be taken in by the eye. Projected backward
through the eye lens, the rays appear to proceed from B'A', where
a virtual image, inverted and enlarged, is formed. As before, thE'

A'

Fig. 3. Image formation in the Keplerian (inverting) telescope.

amount of magnification is in the ratio of angle c' to angle c.
Considerably higher magnification can be had with this inverting
telescope.
But with increasing magnification, the inherent defects of
a lens, notably chromatic and spherical aberration (Figs. 4 and 5)
were likewise Increased. The aberrations could be diminished to
a considerable extent by lengthening the focus of the objective lens.
Consequently, in efforts to reduce these aberrations, enormous proportions were reached, instruments of 130 and ISO feet in length
being constructed. Lens diameters up to six inches and more were
attained. Non-spherical surfaces were also attempted in an endeavor to overcome spherical aberration. With these extremely
long telescopes, working fields of only two or three minutes of arc
must have been the rule. For comparison, the angular diameter of
the planet Jupiter (at closest opposition) is almost one minute of
are, so the trials and patience of these 17th-century astronomers
in aiming their exceedingly long instruments can be appreciated.
Magnification is a secondary consideration of the telescope;
its chief function is to collect light. The eye alone gathers a limited
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amount of light, hence the luminosity of an object determines its
visibility; also, the unaided eye can resolve only a limited amount
of detail. An objective lens of the same diameter as the pupil of
the eye would not improve vision, regardless of the amount of

~ENS

~~

---

AXIS

Fig. 4. Chromatic aberration in a convex lens. The amount
of "bending" undergone by a ray of light depends on the refractive index of the glass. As the index is different for different wave lengths, and greatest for the shortest waves, a refracted ray of white light is dispersed into its component colors,
blue being brought to a focus nearer to the lens than yellow or
red light.

magnification employed, except that through this enlargement the
detail in an object would be made more apparent. A I-inch objective lens, assuming it to be about 3% times the diameter of the
eye pupil (about seven millimeters at night), collects about 13 times
as much light, and correspondingly fainter objects become visible.
The amount of detail seen is also increased, due to the greater
aperture. So it is evident that the early observers needed larger
objectives for greater light-gathering and resolving power.
But since spherical aberration increases with the square of
the aperture, the only way in which it could be kept under control
was to lengthen the focus, but there was a practical limit to what
lengths could be handled. Moreover, a larger field of view was

---,~
AXIS

::::lI......

_

Fig. 5. Spherical aberration in a convex lens. Rays striking
the different zones of a convex lens having spherical surfaces
(or of a concave spherical mirror) are not brought to the same
focus, edge-zone rays intersecting the axis at a point nearer
to the lens (or mirror) than central-zone rays.
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greatly desired, and this could accrue only with the use of shorter
focal lengths. While spherical aberration could be pretty well
eliminated by the use of two suitably curved lenses of the same
kind of glass, there still remained chromatic aberration to be contended with.
In the hope of combining lenses of different glasses in such
a way as to overcome chromatic aberration, Sir Isaac Newton attempted to determine if refraction and dispersion3 were the same
in all optical media. Although his experiment was inconclusive,
from it Newton assumed that refraction and dispersion were proportional to each other, and he decided that nothing could be done
to improve the refractor. He therefore directed his energies to the
formation of images from concave reflecting surfaces, which are
perfectly achromatic.

The Gregorian Telescope. Practical experiments with reflectors
had already begun in 1639, but it was not until 1663 that they
gained any prominence. In that year a Scottish mathematician,
James Gregory, at the age of 24, published a treatise entitled Optica
Promota. In this he gave a description of a compound reflecting
telescope employing two concave specula {metal mirrors}. The
larger one was to be perforated, and to have a paraboloidal surface;
the smaller was to be ellipsoidal. 4 The arrangement is shown in
Fig. 6. Notice that the ellipsoidal mirror s is placed beyond the

M~_F$
\~><]

Fig. 6. Paths
of light rays in
the Gregorian
telescope.

SRefraction is the bending of a ray of light as it passes obliquely from oue
medium to another of different density; dispersion is the change in the amount
of refraction for light of various wave lengths.

4If an ellipse (see Fig. 34) is rotated about its major axis, the surface of
revolution thus generated is a prolate spheroid, but telescope makers commonly
use the general term ellipsoid for this figure. When an ellipse is rotated
about its minor axis, the surface of revolution is an oblate spheroid. If a
parabola or a hyperbola is rotated about its principal axis, the resulting surface
of revolution is a paraboloid or a hyperboloid.
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focal point F of the primary, which is also one of the foci of the
ellipsoid. From this position, the secondary mirror returns the
rays to form an erect image at its other focus I. High magnification
could be had with this instrument, the second reflection amplifying
the focal length of the primary in the ratio of Is to Fs. Construction
of the telescope was undertaken, but whatever chance it may have
had of performing creditably was lost by polishing the speculum on
a cloth lap - putty (tin oxide) being used as the polishing agent.
The unyielding lap was an insurmountable barrier to parabolizing,
interest apparently ebbed, and about 60 years were to elapse before
a workable model was finally produced.

Fig. 7. Paths of light
rays in the Cassegrainian telescope.

The Cassegrainian Telescope. Sieur Cassegrain, a Frenchman, in 1672 designed a second compound reflector, differing from
Gregory's in that it employed a convex secondary, to be of hyperboloidal figure, placed inside of the focus of the paraboloidal
primary (Fig. 7). The image formed at I in this case is inverted.
The amplification from the second reflection is, as in the previous
case, in the ratio of Is to Fs, and while the Gregorian is seen to he
capable of higher magnification, all that is necessary can be had
from the Cassegrainian, and it has the advantage of being a much
more compact instrument. Although little was heard of this telescope for the next two centuries, it is worth observing that it survived the Gregorian, and is still widely used in observatories. The
principal reason for its early lack of popularity was no doubt due
to the difficulty of giving a hyperboloidal figure to the secondary
mirror. This difficulty can be avoided by leaving the secondary
with a spherical figure and undercorrecting the primary.5 It is also
possible to leave the primary spherical, and to make all the correction at the center of the secondary, which will then have an oblate
spheroidal form.
~Scientific

American, June, 1938.

8

MAKING YOUR OWN TELESCOPE

The Newtonian Telescope. In 1668, Sir Isaac Newton designecl.
and COfl!;tructed a small reflector of the type so popular with
amateur astronomers today and which still bears his name. His
was not large. as we know telescopes loday, the effe<:tive aperture
of the concave speculum being about 1 1/3". The focal length was

Fig. 8. Model of a 2-inch reflecting telescope made by
Newton and presented by him to the Royal Society.

6", making the focnl ratio f/4.5. 6 To bring the light rays to a
convenient place for observation, a plane speculum was used for the
secondary reflection. This was placed at a 45° angle a shorl dis6The f/ number of a telescope mirror or lens ill the ratio of its fO(:al length
to its diameter. In the above case, th{' focal ieflRth of the mirror is 4.5 limes
its diameter. .II mirror of similar diameter but greall'r focal length would
lie said to have a higher focal ratio.
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tance inside the focus of the primary, where it could deflect the
rays out through an opening in the side of the tube. There the
inverted image was magnified with a plano-convex eyepiece of
about 1/6" focal length, giving a total magnification of about 36
diameters.
The plan of a modern Newtonian is shown in Fig. 9, and the
reflection of rays in Fig. 47. As with the compound telescopes, the
primary mirror must be a paraboloid, since a spherical surface
cannot reflect parallel rays, such as those from a star, to a single

Fig. 10. Reflection of
parallel light rays by:
a, spherical mirror; b,
paraboloidal mirror. The
center of curvature of
the spherical mirror is
at C.

b

focus. This is shown in Fig. lOa, where rays striking the edge
zones of a spherical mirror are brought to focus inside the focal
point of the central-zone rays.7 The paraboloid (Fig. lOb) is the
only surface that can bring parallel rays to a single focus.
Newton, according to his 0 pticks (1704), polished his specula
on pitch, using putty as the polishing agent. His methods were
ingeniously calculated to yield a spherical surface. and it is quite
probable that a close approach to that figure was attained. The
performance of a spherical mirror of the small proportions of
7A zone is defined as a ring on the surface of the mirror, all points of which
are equidistant from the center. It is often convenient, however, to regard a
zone as having a finite width, notably the central zone which, on a 6-inch
fiB, is substantially equal in width to half the radins of the mirror.
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Newton's was probably satisfactory despite the small amount of
spherical aberration present. Although Newton thought that his
mirror might fail of good definition, he "despaired of doing the
work" (parabolizing the speculum), yet he "doubted not but that
the thing might in some measure be accomplished by mechanical
devices."
Referring back to Fig. lOa, it might be concluded from a
study of the diagram that if the center of the mirror were properly
deepened, that is, given a shorter radius, or if the radii of the
outer zones were progressively lengthened, or if a little of each
were done, all the reflected rays could be brought to a common
focus. That is a practical solution, and the resulting surface in
each instance is a paraboloid. The standard practice is to deepen
the spherical mirror so that, for a 6-inch f/8 mirror, the making of
which is described in this book, the glass removed in the operation
is but half a wave length of light in thickness at the center. Incredible though it seems, this represents the difference between poor and
good definition.
The single-lens eyepiece of Kepler's had already been improved,
with the addition of another element, by Christian Huygens. a
Dutch astronomer and mathematician, about the year 1650. His
compound eyepiece is shown in Fig. 68. The field lens, like
GaIiIeo's concave lens, is placed before the focal plane of the
objective. As it is convex, however, it further converges the rays
to form a slightly smaller image in a new focal plane, which is
then magnified by the eye lens. Thus, a much wider field of view
is encompassed by the eyepiece.
Further Developments. In 1722, John Hadley, an English
mathematician, completed a Newtonian form of reflector (Fig. 11),
in which the mirror evidently was suitably figured. It was about
51!z" in diameter, and 62%" in focal length. With a mirror of
these dimensions, practically perfect definition could be realized if
the surface was given a spherical figure. (See the discussion on
surface tolerance in Chapter VI.) This instrument attracted considerable attention, and presently other l makers were turnin~ out
Newtonian reflectors, following Hadley's technique, which consisted
of removing the spherical aberration as it was revealed hy the exirafocal diffraction rings of a star image.
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Hadley then turned his attention to Gregory's design, and in
1726 he produced an instrument slightly over 2" in diameter and
12" in focal length. This proved 80 successful that construction
was undertaken by other opticians, or artists, as instrument maker!
and craftsmen appear to have been then known. Notable among
these was James Short, who made both Newtonians and Gregorians
in great numbers, from about 1732 to the time of his death in 1768.
Observatories purchased his larger instruments, a tribute to his
skill, and the smaller ones were marketed cmeRy among the aristocracy and those amateur astronomers of the day who could afford
them.
The principal attraction of the Gregorian design was the erect
image it gave, which made it suitable for terrestrial use. This cir-

Fig. 11. The first practical reRecting teletcope, made in 1722

by John Hadley.
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cumstance influenced its preference over the Newtonian, notwith·
standing the fact that its images must have been pretty dull. Well
into the 19th century, however, the Gregorian rode a wave of
popularity that no type of telescope has known, until overwhelmed
in comparatively recent years by the flood of amateurs who have
flocked to Newton's design.
From the time of the invention of the telescope, and the
startling discoveries of Jupiter's moons and the rings of Saturn,
interest in astronomy had become something infectious. Each new
discovery was accorded the widest publicity, stimulating a desire
among those of learning to gain at first hand a glimpse of these
celestial wonders. It was not practicable as yet for the average
individual to make his own speculum, but many contrived to fit
spectacle lenses into tubes, much as GaIileo had done some 150
years earlier. Those whose means permitted bought telescopes, and
envied was the gentleman who possessed one of three or four inches
aperture, by an "exclusive" artist. But, judged by present-day
standards, many of those reflectors were tiny. There is one
(maker unknown) in the Fugger Collection at Augsburg, barely
1" in diameter and 6" in focal length, that was concealed in a
walking stick! Eyepiece lenses of 1/6" or less in focal length were
quite common.
The metal used in those early mirrors was an alloy of copper
and tin, the usual proportion about 75 to 25, which could be given
a beautiful polish. But the metal was extremely hard to work, and
a prodigious amount of labor was involved in grinding and polish.
in'g the curve. To facilitate the work, the comparatively thin disks
were cast to the approximate curve, the hacks also being curved
to give uniform thickness and equalization of temperature effects.
Grinding was done on convex iron tools of similar radius, using
emery, and sometimes sand. Polishing was done on a pitch lap,
with rouge. Manufacturers usually devised their own machines
to do the work of grinding and polishing. Except where the utmost
perfection was imperative, figuring seems to have consisted for the
most part of a final brief variation of the stroke, in an unguided
attempt to concentrate the polishing at the center. Critical testing,
undoubtedly seldom indulged in on account of its laboriousness,
could as yet only be performed on a star. In reflective ability,
speculum was only about 60 per cent efficient, and the surface
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tarnished rapidly, effecting a further serious light loss. This meant
frequent repolishing, and repolishing meant refiguring.
It is interesting to inquire into the prices that were asked for
telescopes in that period, the latter half of the 18th century.
Listed below are prices and sizes of a few of the Gregorians made
by Short, selected from his catalogue. Newtonians in similar sizes
were priced only slightly lower.

Diameter
(inches)
1.1
1.9
4.5

Focal length
(inches)
3
7
24

6.3

36

18

144

Magnification

Price
(guineas) *

18
40
90·300
100-400
300-1,200

3
6
35
75
800

* An English gold coin, issued until 1813, equivalent to 21 shillings.

By the beginning of the 19th century, amateurs were able to
procure specula for the primary and secondary mirrors, for both
Newtonian and Gregorian designs. These could be had finished,
.ready for mounting, or as rough blanks to be ground and polished,
not at the amateur's discretion, but to the curve of the iron tools
furnished by the maker. Of course, the amateur had no means
of correcting the figures of his mirrors, or even of knowing what
they might be, the one reliable method of testing not being common
knowledge.

Herschel's Contributions. Despite the attendant difficulties,
a number of very large specula were made, some of the best by
William Herschel. Born in Hanover, Germany, Herschel settled
in England in 1757, where he became interested in astronomy and
later (1776) turned his attention to telescopes. Working entirel y
by hand, at first as an amateur, he practiced and developed his
technique on a great number of Newtonian telescopes, and learned
how to figure the mirrors far better than had any of his predecessors.
He performed the polishing in the conventional manner, with the
mirror on top, and used a sweeping, circular stroke for parabolizing.
Later, Herschel applied himself to the design now referred to
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