The Evolution of the Early Refractor 1608 - 1683
Chris Lord
Brayebrook Observatory 2012
Summary
The optical workings of the refracting telescope were very
poorly understood during the period 1608 thru' the early
1640's,
even
amongst
the
cogniscenti.
Kepler
wrote
Dioptrice in the late summer of 1610, but it was not
published until a year later, and was not widely read or
understood.
Lens
grinding
and
polishing
techniques
traditionally used by spectacle makers were inadequate for
manufacturing telescope objectives.
Following the pioneering optical work of John Burchard von
Schyrle, the artisanship of Johannes Wiesel, and the
ingenuity
of
the
Huyghens
brothers
Constantijn
and
Christiaan,
the
refracting
telescope
was
improved
sufficiently for resolution limited by atmospheric seeing
to be obtained.
Not until the phenomenon of dispersion was explained by
Isaac Newton could the optical error chromatic aberration
be understood. Nevertheless Christiaan Huyghens did design
an eyepiece which corrected lateral chromatic aberration,
although the theory of his eyepiece was not made known
until 1667, and particulars published posthumously in 1703.

Introduction
This purpose of this paper is to draw together the key elements
in the development of the early refractor from 1608 until the
early 1680's. During this period grinding and polishing methods
of object glasses improved, and several different multi-lens
eyepiece arrangements were invented. Those curious about the
progress of telescope technology during the C17th, be they
researchers, collectors, may find this paper useful.
The emergence of the refracting telescope in 1608, so simple a
device that it could easily be copied, in all likelyhood had its
origins almost two decades beforehand. 14
Hans Lipperhey's patent application to the Dutch States General
only makes reference to an invention for seeing afar. However
because Galileo either recreated or copied a facsimile of the
Dutch telescope, and published astronomical discoveries made
shortly thereafter, the lens arrangement is known with
reasonable certainty. 15
Galileo claimed to have reinvented the Dutch telescope based on
the principles of refraction 1. Yet it is evident judging from
his description of how he imagined it worked, he did not
understand the optical principles.

"Let ABCD be the tube and E be the eye of the observer. Then if
there were no lenses in the tube, the rays would reach the
object FG along the straight lines ECF and EDG. But when the
lenses have been inserted, the rays go along the refracted lines
ECH and EDI; thus they are brought closer together, and those
which were previously directed freely to the object FG now
include only the portion of it HI. The ratio of the distance EH
to the line HI then being found, one may by means of a table of
sines determine the size of the angle formed at the eye by the
object HI, which we shall find to be but a few minutes of arc.
Now, if to the lens CD we fit thin plates, some pierced with
larger and some with smaller apertures, putting now one plate
and now another over the lens as required, we may form at
pleasure different angles subtending more or fewer minutes of
arc, and by this means we may easily measure the intervals
between stars which are but a few minutes apart, with no greater
error than one or two minutes. And for the present let it
suffice that we have touched lightly on these matters and
scarcely more than mentioned them, as on some other occasion we
shall explain the entire theory of this instrument."
(As noted by Albert van Helden 1 Galileo never published a theory of his telescope)

Galileo had a quite confused notion of how his telescope
functioned. The reason "plates" or stops as we refer to them,
were necessary was because his objectives had severely turned up
edge owing to the method of grinding and polishing spectacle
lenses at the time. So severe was the turned up edge, the lens
surfaces were aspherical, rather than spherical. The longer the
lens was polished the more steeply aspherized it became. Only
the very central portion of the objective was polished within
the Rayleigh criterion.2
Refractor types

fig 1

The Dutch or Galilean refractor is an afocal optical system
(fig.1). A first order principal planes ray trace shows how the
negative eye lens intercepts rays focused by the objective
before the prime image is formed, and causes them to diverge as
a parallel beam. It is not a fully functional telescopic system
because, although there is an entrance pupil defined by the
source at the objective, there is no defined exit pupil.
The image formed on the retina is erect, but what the eye
perceives is not a real image. It is a virtual image that hangs
in object space behind the eye lens, and is consequently
vignetted. The apparent field of view is tunnel-like and the
real field of view tiny.
Contrary to popular misconception the Dutch refractor can be
used to project a real image. Both Galileo and Scheiner 3 did so
when drawing sunspots, and the artist Claude Mellan is presumed
to have used the same technique to produce plates of the Moon in
the late 1620's. 19 (see IMSS 2009, Galileo: the cosmos through the telescope)

Solar image projected using a replica of Old Discoverer

Johannes Kepler worked out the principles upon which the Dutch
telescope functioned, during the summer-early autumn 1610, and
published his work as 'Dioptrice' in September 1611. 4
Because Kepler worked from first principles he understood a
fully functional telescope had to have both an entrance and an
exit pupil, and that only an afocal system in which the
objective produced a real image, could satisfy this condition.

fig 2

Because the Keplerian, or astronomical refractor has a real
prime image and an exit pupil, the field is much wider than the

Dutch refractor and also unvignetted. Unfortunately the retinal
image is inverted. (fig.2)
Kepler realised this would be a drawback, despite the much more
commodious field of view, so advocated a three lens telescope
comprising a single lens erector and a single eye lens. (fig3a)

fig 3a

Kepler's refractor was first adopted by Scheiner around 1617-18
and his three lens refractor about 10 years later. The reason
either were not more widely adopted at the time, was because of
the poor quality of both objective and eyepiece lenses. The
concave eyelens of the Dutch telescope was much thinner than the
equivalent Keplerian convex, and consequently less likely to
contain impurities, bubbles or straie. (fig3b)

fig 3b
(Bi-convex objective of Galilean or Dutch refractor by French optician Pierre Dujardin c1620.
It is full of striae, bubbles & blebs. The edge is rough ground and has been cut out with pincers.
The Ronchigram reveals a strong turned up edge, only the inner 5/8-inch fulfills the Rayleigh criterion.
ref 5 )

The Dutch telescope when used in projection also gave an erect,
albeit reverted image, so that the motion of the spots across
its disc was the same as when observed directly, which solar
observers preferred.
The first telescope makers to master the art of grinding and
polishing suitable objectives that did not need stopping down to
the extent of Galileo's, were Francesco Fontana of Naples,
Eustachio Divini of Rome, Giuseppe Campani also of Rome and
Johannes Wiesel of Augsburg. These craftsmen could grind thinner
form objectives with longer focal lengths that afforded markedly
higher magnifications.
However the three lens refractor suggested by Kepler was never
seriously adopted. Scheiner claimed to have tried it in the midlate 1620's and Fontana is reputed to have tried it without
success. The reason, we now know, is unacceptable chromatic
aberration, both transverse and longitudinal. Transverse or

lateral chromatic aberration, largely produced by the eyepiece,
is much more noticeable at higher powers (by the standards of
the 1630's - 40's) because the image is magnified by differing
amounts at different wavelengths. The resulting coloured fringe
seen around the image blurs definition.5
Of course telescope makers knew nothing of the underlying cause
of colour error. Descartes produced an inadequate description
purporting to explain the coloured fringes produced by refractor
images, but they are way off the mark. His theory of colours
being caused by corpuscular rotation of light particles became
hopelessly conflated with his far better comprehension of
spherical aberration, but his solution, hyperbolic lenses,
impossible to achieve.6
(cited by King, H.C. History of the Telescope, p67, ref p91 - Descartes, R, 1650,
Principia Philosophiae, iii, p 64.)

Colour error caused by refraction of light through a lens was
not to be correctly examined and evaluated until the mid
C18th.16
What concerned telescope makers during the mid thru' late C17th
was their usefulness for both day and night viewing. Progress in
this direction, in tandem with novel objective polishing
methods, arose north of the Alps.
In 1645 John Burchard von Schyrle published 'Oculus Enoch et
Eliae Sive Radius Sidereomysticus'.7 The work is that of a
Capuchin monk known more widely as Anton Maria Schyrleus de
Rheita. Schyrleus de Rheita invented a two lens compound
eyepiece, and three, four and five lens refractors that could be
used as either terrestrial (day) or astronomical (night)
telescopes, and advocated those wishing to purchase such
refractors to order them from the Augsburg instrument maker
Johannes Wiesel.
Immediately prior to Schyrleus' work, we know Keplerian or
astronomical refractors were being used in the north of England,
because William Gascoigne had fabricated a two jawed wire
measuring device operated by a screw thread, that was placed at
the prime focus of his telescope, the highly magnified view of
which was sharply focused against the telescopic image.8 Only a
refractor with an exit pupil can be used in such a fashion.
Gascoigne's work came to light decades later when it was
published by Hevelius in 1662. Robert Hooke subsequently worked
out from the written description what Gascoigne's micrometer
must have looked like (fig4):

fig 4

The moving wire micrometer was re-invented after Gascoigne's
untimely death (at the Battle of Marston Moor, on 2nd July 1644). Firstly by
Adrien Azout, made known to the Royal Society in a letter sent
on 28th December 1666 to Henry Oldenburg its first secretary.
Subsequently by a student of Hevelius, Gottfried Kirch who
invented the circular, i.e. position angle micrometer in 1679.
Returning to Schyrleus de Rheita. The significance of his
contribution to refracting telescope objective lenses lay in his
trial and error development of a new way of lens working and
polishing.

Prior to Schyrleus de Rheita, lens makers used rough cast iron
form tools, and deer skin or hide laps. Schyrleus experimented
successfully with accurately turned and ground iron tools and
thin paper laps. In doing so his lenses did not exhibit
pronounced turned up edge and did not require stopping down by
trial and error using star images to gauge the widest useful
aperture. In his book, volume four, is a diagram of a large lens
grinding and polishing machine with instructions on how to make
one like it.
Prior to 1640 refractor objectives did not exceed 1.5 inches,
and were typically only 1-inch or less. It was not possible to
obtain magnifications exceeding 20X to 40X. The Dutch refractor,
had a minute field of view at such powers, and was impractical.
The Keplerian or astronomical refractor after 1640 came into its
own. A telescope furnished with an objective between 2-inches
and 4-inches aperture, having a focal length exceeding 10 to 50
feet, could provide magnifications between 60X and 140X.
Lenses made by Torricelli, Divini & Campani 9 south of the Alps
and Johannes Wiesel 10 north of the Alps, were amply good enough
to resolve to the limit imposed by atmospheric seeing,
approximately 2 to 4 arcsecs. Prior to that no refractor had
resolving power finer than ≈10 arcsecs.
What did Schyrleus de Rheita's lens arrangements comprise?
Firstly his two lens compound eyepiece which has a wider useable
field than the Keplerian (fig5).

fig 5

It comprises a pair of equi-convex lenses of equal focal length
separated by slightly less than their focal lengths, producing
an inverted image with less lateral colour error than a
Keplerian of equal power.
Next de Rheita's four lens telescope, with a two lens erector
and a Keplerian eyepiece. The erector could be removed,
converting the refractor into an astronomical telescope. This is
the basis of the so-called 'Day & Night' telescope (fig6).

fig 6

Then we have the five lens telescope:

fig 7a

comprising a two lens erector matched to a two lens compound
eyepiece. Each lens has the same focal length, and the lens
spacings are equal to their focal lengths (fig7a).
Because the third lens in the eyepiece section lies at the focal
plane of the second erector lens, any dirt or defect would be
thrown into sharp focus, so the lens arrangement was altered
slightly:

fig 7b

The erector and third lens could be removed, leaving a Keplerian
astronomical telescope (fig7b).

fig 7c

Campani adopted a three lens erecting eyepiece similar to de
Rheita's four lens telescope, with a two lens erector and a
Keplerian eyepiece, equal focii, and double focii separation.
Campani's telescopes were sometimes supplied with a high power
version giving twice the magnification in which the second and
third lens (comprising the erector) were separated by the sum of
their focii, the second lens having twice the focal length of
the third. (fig7c).21
Four and five lens refracting telescopes were to be the mainstay
of telescope makers for the next hundred years. Undoubtedly the
best commercially successful refractors of this type were made
by Joahnnes Wiesel. Subsequently many instrument makers turned
their hand to making the same types of refractor. 11
Huygens' improvements to the early refractor
Christiaan Huygens is famous for developing the wave theory of
light and the inelastic medium through which it purportedly
propagated, the 'Luminiferous Aether'. Of equal importance is
the work he did with his brother Constantijn, grinding and
polishing objectives of enormous focal length, used in his
Aerial telescopes. Similar telescopes with an open lattice
framework were made by Hevelius. Both improved upon the lens
grinding and polishing machine devised by Schyrleus de Rheita. 17
(see "Christiaan Huygena and his telescopes", Peter Louwman, Louwman Collection of
Historic Telescopes, Wassenaar, The Netherlands.)

Christiaan Huygens also published scaling rules for the
astronomical refractor, by which, using lenses of small radius
of curvature, the problem of dispersion could effectively be
removed. 12
(see for example "Huygens and the improvement of the telescope" Huygensweb - Dutch
History of Science Centre)

Christiaan
Huygens'
scaling
rules
for
the
astronomical
telescope; from Thomas Dick, 'The Practical Astronomer' p65
(table 1):
"The focal length of the astronomical telescope must be
increased in proportion to the square of the increase of their
magnifying power; so that, in order to magnify twice as much as
before with the same light and distinctness, the telescope must
be lengthened four times; to magnify 3 times as much, 9 times;
and to magnify 4 times as much, 16 times...." and so on.
These refractors were not diffraction limited in the sense of

meeting the Rayleigh criterion.

table 1

Taking the Conrady limit for depth of focus:

& for Borosilicate crown:

longitudinal chromatic aberration:

& taking:

from which, when:

This figure is slightly higher than that adopted by Huygens,
FL = 41.4 D^2. (where D is the aperture in inches)
However the magnifying power was also governed by the aperture.
From Huygens' table M = 37.2 D, and of course, because the focal
length increased as the square of the aperture, the focal ratio
was directly proportional to the aperture, N = 41.4 D.
In other words, unlike the achromatic refractor whose objective
focal ratio is approximately N = 2.8 D, & the highest useful
magnification
is
x50/inch,
a
simple
refractor's
highest
magnification was determined by both the focal length &
aperture.
So for instance Hevelius' 150 foot refractor would have had an
object glass about 6".5 aperture & a magnifying power
approximately X245. The lens focal ratio would have to be f/270!
Whereas a crown-flint achromatic doublet would have to be only
f/18, a tube length 141 feet shorter.
I have added the FoV column based on a Keplerian eyepiece
apparent field of view (FoV) 15º or 900'arc. Hevelius' 150'
telescope, used with a Keplerian eyepiece would have had a FoV
of only 3'.7arc, and a field diameter of 1".94. However Hevelius
reputedly used a Galilean eyepiece, in which case the FoV would
have been a minute 1".3arc & a field dia. 0".023. This is
clearly an impossible configuration. Even with a Keplerian
eyepiece, which Hevelius would have been obliged to use, the
field diameter required the open framework tube to be held
straight to 1 part in 936. If this straightness ratio was not
met the 150' refractor would be uncollimated, effectively
performing off axis, and the highly magnified image marred by
lateral colour error.
It is commonly stated the reason the long refractor developed

was in order to reduce chromatic aberration to an acceptable
visual limit. Undoubtedly increasing the focal ratio and
magnifying power of the simple refractor using Huygens' scaling
rules follows from the need to obtain a colour fringe free
image, as I have shown. table 1 However no astronomer or telescope
maker understood the nature of chromatic aberration prior to
Isaac Newton's discovery of prismatic dispersion, and the true
nature of white light, following experiments conducted between
1666-72, published in his Optiks 1704 a year after Hooke's
death. Descartes' explanation of colour, following a mechanical
principle, and not recognizing either wavelength or wavelength
dependence of the speed of light in a transparent medium
(Descartes
considered
the
transmission
of
light
to
be
instantaneous), precluded any progress in understanding the
cause of colour fringing. 6
What motivated astronomers to build ever longer refractors was
in order to obtain ever higher magnifications. Throughout the
C17th it was not comprehended that resolving power was
proportional to aperture. It was presumed resolving power was
related to prime focus image scale. Although high magnifications
could be obtained, it was the object glass that was doing most
of the magnifying. For instance, Hevelius' 150' refractor, had a
focal length of 1800" which of itself gave X180 prime focus
magnification. The Keplerian eyepiece, being 7".4 focal length,
only magnified X1.4, giving an combined magnification of X245.
This is why, prior to the C19th, the performance of telescopes
was expressed by their focal lengths rather than their objective
apertures.
Compare to an equivalent 6" f/18 crown-flint doublet. The
objective focal length is 108", hence the objective magnifying
power is only X10.8. In order to obtain a magnification of X245,
the eyepiece must magnify the prime image X22.7.
The magnifying powers of object glass and eyepiece are much
better balanced in the achromatic than the simple refractor.

chart 1

I have plotted magnification and field of view in arcmins
against objective focal length in inches up to 120" or 10'. At
10' focal length the Keplerian refractor affords a small yet
tolerable FoV 14'.2arc, whereas the Galilean refractor has an
intolerable FoV only 1'2arc. Beyond 10' focal length the
Galilean refractor is hopelessly impractical. For his 70' & 150'
refractors Hevelius must have used a Keplerian eyepiece, or
given the 1673 completion date of the 150', probably a Huygenian
(chart 1).
The next significant improvement to the refractor was also made
by Christiaan Huyghens, around the mid to late 1650's. His work
was made known to the Royal Society in 1662, but the particulars
of his work were not generally known until after his death in
1695. The original 1666 manuscript Dioptrica Oeuvres complétes
was not published until 1703. 12
The Huyghenian eyepiece comprises a pair of convex lenses (they
can be any shape, but plano-convex is the most common, plano
towards the eye): (fig8)

fig 8

The Huyghenian eyepiece nowadays is dismissed as third rate,
possessing poor eye relief and a cramped field of view. This is
the legacy of Victorian telescope makers who insisted on making
ever higher power versions, to which it is singularly unsuited.
When the design is considered in the context of the long focus
refractor of its day, it is revealed to be the work of genius.
It is not merely an extrapolation of Schyrleus de Rheita's two
lens compound eyepiece.
Christiaan Huygens was primarily interested in increasing the
magnifying power of his refractors. To obtain higher powers
meant using ever longer focal length objectives because
shortening the focal length of the eyepiece produced more colour
error. Despite his work on refraction Huyghens didn't know what
caused colour error. But like every other worker in the field,
he knew short focal length lenses produced more of it.
The problem obviously was using a Keplerian eyepiece with a very
long focal length objective resulted in a fairly modest field of
view, which made the telescope awkward to point and track a
planet or star.
Huyghens' ingenious solution lay in interposing a positive lens
immediately in front of the objective's focal plane. This had
the effect of greatly reducing the effective focal length of the
objective, but because the lens lay close to the objective's
focus, colour error was not significantly increased. The
reformed image behind the second lens was then highly magnified
by a positive eye lens. The effect of the second or 'field' lens
was, in reducing the effective focal length of the objective, to
greatly widen the real field of view, and ensure it was
unvignetted.
But Huygens lens arrangement also produced a solution to lateral
colour error, in which red and blue images have different sizes.
Huygens was unaware of this property, which was only discovered
by George Biddell Airy in the 1820's. Airy worked out that if
the separation of the field and eye lens was half the sum of
their focii, the different coloured images were of equal size. 18
His final piece of genius was to also provide a correction for
variation of magnification with ray height, or coma. The ratio
of the focal lengths of field and eye lens is equal to the
fourth root of the eyepiece magnification.
The one drawback of the Huygenian eyepiece is the location of
the field stop, between the field and eye lenses. This makes it
awkward to introduce a wire micrometer, and even if one did
manage to do so, the wires would be marred by false colour.
I have calculated the parameters of a Huygenian eyepiece matched
to Hevelius' 150' refractor, assuming a field stop 3".7 across.
The apparent field of view at x245 would be 28º and the real FoV
6'.8 arc, roughly twice the field given by a Keplerian.
It might seem reasonable to assume from the different eyepiece

configurations described, it was the eyepiece which was evolving
rather than the objective. Until the invention of the Huyghenian
eyepiece,
and
both
Hevelius's
and
Huyghens'
very
long
telescopes, refractors were sold with fixed lens arrangements
and magnifications. Interchangeable eyepieces of differing
powers became the norm, apart from the Hevelius and Hughens
refractors, only after the Dollonds invented the achromatic
refractor in the mid C18th.
Lens arrangements that could have been devised yet weren't
Schyrleus de Rheita came very close to devising the Pancratic or
terrestrial eyepiece eventually made by the Dollonds over a
century later. 13

fig 9

The curious feature about the Pancratic eyepiece are the chief
ray crossing points that always remain close to the optical axis
regardless of the ray height. This enables small aperture stops
to be fitted between the erector lens pair, and in front of the
field lens and eye lens, which provides a very dark night time
backdrop to the field of view. Stray light can be effectively
prevented from entering the field lens. The erector could be
removed and the eyepiece section refocused, for use as an
astronomical telescope (fig10). The Pancratic eyepiece came into
use in the early 1770's and is still used to this day. (fig9)

fig 10

It is also very curious nobody thought of the two lens Ramsden
eyepiece before Jesse Ramsden, after whom it is named, invented
it in 1782. Huyghens' two lens eyepiece is a much more complex
design. (fig11)

fig 11

Curiously nobody thought of combining a negative and a positive
lens to increase the effective focal length of the objective,
reduce
its
colour
error,
and
increase
the
effective
magnification.(fig12)

fig 12

Had this been done successfully, during the C17th, as it was in
the 1830's, refracting telescope technology may well have taken
a somewhat different turn, although it would not have led to
shorter tube lengths.
The one remaining and rather obvious two lens combination is the
telecentric amplifier, similar to the Barlow lens, with the
added benefit the chief ray remains parallel to the optical axis
regardless of the rayheight. A telecentric amplifier could have
enabled shorter tube lengths at higher magnifications. (fig13)

fig 13

It also makes one wonder, if having devised 4 & 5 lens
refracting telescopes, it would not occur to use a compound
eyepiece comprising a pair of convex lenses with a concave lens
in between. Such an arrangement is depicted below. There is
little additional colour error introduced by the field lens and
that of the eye lens is compensated by the negative erector
lens. The field lens greatly widens the field of view. The three

lens positive - negative - positive eyepiece also has an
accessible focal plane, and is free of lateral colour, so the
wires of a micrometer would be sharply defined. And of course
the image is erect. Such a telescope would have afforded high
magnification with a far shorter tube length, and be useful for
terrestrial observation. (fig14)

fig 14

Conclusion
The lens arrangements employed in refracting telescopes during
the C17th increased in sophistication from the inadequate Dutch
telescope thru' the Keplerian or astronomical telescope thru'
various forms of 'Day & Night' telescope.
Whilst it is unthinkingly presumed to be an inevitable
development given the evolving state of the art, this is not
actually so. Had the telecentric amplifier been thought of the
focal length race would have been pointless, and it would have
leant itself admirably to the Huygenian eyepiece.
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