
Lecture notes 6: Telescopes for visible light

Astronomers use telescopes to collect radiation from astronomical sources and
to estimate their direction and structure as well as spectral and absolulte inten-
sities. The wide range of photon energies involved in astronomical observations
means that the telescopes are very di!erent in form depending on wavelength
band. We can subdivide telescope types roughly into four categories.

• detectors which sense the direction of arrival and energy of individual
(gamma-ray) photons

• non-focussing (X-ray) collimators which restrict the field of view of the
detector

• phased arrays, and pencily beam interoferometers (metre wavelength)

• reflecting or refracting telescopes which focus incoming radiation (all wave-
lengths exept gamma-rays)

Here we will concentrate on the latter category, and especially to those telescopes
used to observe visible and infra-red radiation.

The theoretical consideration of resolution that we discussed in previous
lectures is only applicable if the lens or mirror as well as the intervening at-
mosphere is of su"cient optical quality that the image is not already degraded
beyond the di!raction limit. There are many e!ects that will blir an image and
these are collectively known as abberations. With one execption they can all
e!ect images produced by both lenses or mirrors. The universal or monochro-
matic aberrations are konwn as the Seidel aberrations. The exception is chro-
matic aberration and the related second order e!ects of transverse chromatic
aberration and secondary color, and these only e!ect lenses.

Lenses

Snell’s law of refraction is a godd starting point for understanding lenses. Light
that fall on glass from air or vacuum with an angle of incidence !, propagates
into the galss and refracts towards the direction normal to the glass plane. The
relation between the angle of incidence and the angle of refraction is given by

sin "

sin "!
= n

where n is the index of refraction given by the ratio of the speed of light in
vacuum/air to the speed of light in glass, i.e. n = c/cg. Snell’s law implies that
a plane wave front in vacuum/air remains plane as light enters the glass. A
typical value for glass is 1.5, so the speed of light in glass is some 200 000 km/s.
Since the frequency of light does not change, this means that the wavelength of
light is shorter in glass than in vacuum.

An imaging lens is constructed so that the optical length i all rays is identical
even if the geometric distances are di!erent.
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Imaging properties

The relation between the distance from a thin lens to an object s and to the
image of the object s! is related to the focal length f of the lens by the thin lens
formula

1
s

+
1
s!

=
1
f

Note that a point infinetely far away is imaged at the focal point of the lens,
i.e. that for s ! " then s! = f .

In its simplest form an astronomical telescope consists of two parts, an ob-
jective and an eyepiece. The objective images the object one is studying, and
which is “inifinetely” far away (parallell rays in) on the focal point or focal plane.
This image is real, and can be seen if one places a screen in the focal plane.
An eyepiece beyond the focal point functions as a magnifying glass. These two
elements form the basic telescope.

We may use the thin lens formula to compute the magnification M of a
telescope (assuming small angles). Let the light of an object placed at an angle
" from the optical axis enter the entrance pupil, in this case the objective with
focal length fo, and be collimated by the eypiece placed at distance s = fo + fe,
where fe is the focal length of the eypiece, from the objective. Place the exit
pupil a distance s! from the eyepiece, and let h be the distance between the
center of the eyepiece and the height that the chief ray (ray that passes through
the center of the objective) passes through the eyepiece. Then defining the
magnification as the ratio between " and the angle observed in the exit pupil
"!, such that M = "!/", we have

tan " = h/s and tan "! = h/s!

and from the lens formula

1
s

+
1
s!

=
1
fe

! 1
s!

=
1
fe

# 1
fe + fo

Combining the above and using tan " $ " for small angles we find that the
magnification is given by

M = #fo

fe

where the negative sign means that the image is formed upside down.

Chromatic aberration

Chromatic aberration arises through the change in the refractive index of glass
or other optical material with the wavelength. Typical values for some optical
glasses are shown in table 1. The degree to which the refractive index varies
with wavelength is called the dispersion, and is measured by the constringence
#

# =
µ589 # 1

µ486 # µ656
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Refractive index at the specified wavelengths (nm)
Glass type 361 486 589 656 768

Crown 1.539 1.523 1.517 1.514 1.511
High dispersion crown 1.546 1.527 1.520 1.517 1.514
Light flint 1.614 1.585 1.575 1.571 1.567
Dense flint 1.705 1.664 1.650 1.644 1.638

Table 1: Index of refraction in various glass types vary as a function of wave-
lenght and are thus dispersive.

where µ! is the refractive index of the wavelenght $. The three wavelengths
that are chosen for the definition of # are those of strong Frauenhofer lines:
486 nm is H%, 589 nm are the D lines (Na), and 656 nm is H&. The glasses
listed above have constringence that varies from 57 fro crown glass to 33 for the
dense flint.

Figure 1: Chromatic aberration.

The e!ect of dispersion upon an image is to spread it out into a series of dif-
ferent colored images along the optical axis. Looking at this sequence of images
with an eyepiece, then at a particular point along the optical axis, the observed
image will consist of a sharp image in the light of one wavelength surrounded by
blurred images of varying sizes in the light of all remaining wavelengths. To the
eye, the best image occurs when yellow light is focused since it is less sensitive
to red and blude light. The spread of colors along the optical axis is called the
longitudonal chromatic aberration, while that along the image plane containing
the circle of least confusion is called the transverse chromatic abberation.

Two (or more) lenses can be combined to reduce the e!ect of chromatic aber-
ration. Commonly a biconvex crown glass lens is combined with a planoconcave
flint glass lens to produce an achromatic doublet. This can reduce the chromatic
dispersion by a factor 30. If the radii of the curved surfaces are all equal, then
the condition for two wavelengths, $1 and $2, to have coincident images is

2#µC = #µF

where #µC and #µF are the di!erences between the refractive indices at $1
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Figure 2: Schematic drawing of the Swedish 1-meter Solar Telescope tower with
the turret and vacuum system (center drawing). Details of the box holding the
field mirror and field lens are shown in A and the Schupmann corrector with one
lens and one mirror in B. The re-imaging optics, located on the optical table
and consisting of a tip-tilt mirror, an adaptive mirror and a re-imaging lens are
shown in C.

and $2 for the crown glass and flint glass respectively. More flexibility in the
design can be achieved if the two surfaces of the converging lens have di!ering
radii. Then the condition for achromatism is

|Rq | + |R2 |
|R1 | #µC = #µF

where R2 is the radius of the surface of the crown glass that is in contact with
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the flint lens and R1 is the radius of the other surface of the crown glass lens.

Schupmann achromat

Another interesting solution to the problem of acheiving an achromatic image
is the combination of a positive lens and a second negative lens in which case
one has an intermediate image and the final image is virtual. This is named a
Schumpman lens. The drawback of the virtual image location can be overcome
with teh help of a mirror. The collecting mirror is placed behind the negative
lens, which is used twice and therefore has less power than the negative lens in
the usual setup. There are few refracting telescopes in professional night time
astronomy, but the Swedish 1-meter Solar Telescope is a refracting telescope in
which a Schupmann achromot is used.

Seidel Aberrations

Figure 3: Spherical aberration.

Spherical aberration

A common and severe aberration of both lenses and mirrors is spherical aberra-
tion: annuli of the lens or mirror that are of di!erent radii have di!erent focal
lengths. For rays parallell to the optical axis this can be eliminated by deepen-
ing the sphere to a paraboloidal surface. It cannot be eliminated from a simple
lens without using aspheric surfaces, but can be reduced for a given focal length
by adjusting the shape factor q

q =
R2 + R1

R2 # R1

where R1 and R2 are the radii of the first and second surfaces of the lens
repectively. Judicious choice of surface radii in an achromatic doublet can lead to
some correction of spherical aberration while still retaining the color correction.

Coma

Coma in an optical system refers to an aberration which results in o!-axis point
sources such as stars appearing distorted. Specifically, coma is defined as a
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variation in magnification over the entrance pupil. Coma is an inherent property
of telescopes using parabolic mirrors, thus deepening a spherical mirror in order
to correct spherical aberration will introduce coma. It causes the images for
objects away from the optical axis to consist of a series circles that correspond
to teh various annular zones of the lens or mirror and which are progressively
shifted away from the optical axis. The severity of the coma is proprotional
to the square of the aperature. It is zero in systems that obey Abbe’s sine
condition

sin"

sin!
=

sin "!

sin!!

where the angles ", ! are the angles relative the optical axis of any two rays
as they leave the optical system and "!, !! the angles of the same rays as they
reach the image plane. In other words, the sine of the output angle should
be proportional to the sine of the input angle in order to satisfy Abbe’s sine
condition.

Figure 4: Angles used in describing Abbe’s sine condition.

Lenses in which both spherical aberration and coma are minimised at a single
wavelength are called bestform or aplanatic lenses.

Astigmatism

Astigmatism is an e!ect where the focal length di!ers for rays in the plane con-
taining an o!-axis object and the optical axis (tangential plane), in comparison
with rays in the plane at right angles to this (sagittal plane). It is possible to
correct astigmatism, but at the expense of introducing an aberration called field
curvature, i.e. that the surfaced containing the sharply focussed image is not
flat but curved. A system where a flat image plane is combined with corrected
astigmatism is termed anastigmatic.

Distortion

The final aberration is distortion, which is a variation in the magnification over
the image plane. A distorted system will deliver images that su!er pincushion or
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Image Barrel 
distortion

Pincushion 
distortion

Figure 5: Distortion

barrel distortion according to whether the magnification increases or decreases
with distance from the optical axis.

Zernike polynomials

Figure 6: The first few Zernike polynomials
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Circular wavefront profiles associated with aberrations may be mathemat-
ically modeled using Zernike polynomials. Developed by Frits Zernike in the
1930s, Zernike’s polynomials are orthogonal over a circle of unit radius. A com-
plex, aberrated wavefront profile may be curve-fitted with Zernike polynomials
to yield a set of fitting coe"cients that individually represent di!erent types of
aberrations. These Zernike coe"cients are linearly independent, thus individual
aberration contributions to an overall wavefront may be isolated and quantified
separately.

There are even and odd Zernike polynomials. The even ones are defined as

Zm
n (', () = Rm

n (') cos(m()

and the odd ones
Z"m

n (', () = Rm
n (') sin(m()

where m and n are non-negative integers with n % m, ( is the azimuthal angle
and ' is the normalized radial distance. The radial polynomials Rm

n are defined
as

Rm
n (') =

(n"m)/2!

k=0

(#1)k(n # k)!
k![(n + m)/2 # k]![(n # m)/2 # k]!

'n"2k

Practical telescopes

Even after a telescope design has been perfected in which one attempts to remove
as many of the abberations as possible from the list above, there remains the
task of physically producing the instrument specified. This must be done taking
into consideration what one actually needs to observe in order to meet a certain
scientific goals.

Manufacturing of lenses and mirrors is broadly similar: the surface is roughly
shaped by moulding or diamond milling. It is then matched to another surface
formed in the same material whose shape is inverse, called the tool. The two
surfaces are ground together with coarse carborundum or other grinding powder
between them until the required surface begins to approach its specifications.
The pits left behind are removed by a second grinding stage in which finer
powder is used. A third stage follows, and so on. As many as eight or ten such
stages may be necassary. When grinding pits are reduced to a micron or so in
size, the surface may be polished. Once the surface has been polished it can be
tested for accuracy of fit. A third stage termed figuring is often necassary when
the surface is not withing specification.

There are a number of tests that can determine the shape of a mirror’s
surface to within ±50 nm or better, such as Foucalt, Ronchi, Hartmann and
Null tests.
Epicyclic grinding
Stressed polishing
Numerically controlled diamond milling

The defects in an image that are due to surface imperfections on a mirror will
not exceed the Rayleigh limit if those imperfections are less than one eighth of
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the wavelength of the radiation for which the mirror is intended. The restriction
on lenses is about twice as large as those of a mirror since the ray deflection is
distributed over two faces.

The surface must normally receive its reflecting coating after production.
The vast majority of astronomical mirror surfaces have a thin layer of aluminium
evaporated on to them by heating aluminium wires suspended over the mirror
inside a vacuum chamber. Other materials such a silicon carbide are sometimes
used, especially for UV since the reflectivity of aluminium falls for < 300 nm.
Aluminium initially has a reflectivity of 90 %, but this will fall to 75 % in the
matter of months, hence realuminaization is need regularly. Mirrors coated with
suitably protected silver can acheive 99.9 % reflectivity in the visible, and this
may be required as the total number of reflections becomes large.
Coe!cient of thermal expansion
Rigidity of mirrors, thin mirrors and honeycomb mirrors
Rotating mirrors, bath of mercury

Designs

The commonest format for large telescopes is the Cassegrain system, although
most large telescopes can be usually be used in several alternative di!erent
modes by interchanging the secondary mirrors. The Cassegrain is based on a
paraboloidal primary and a convex hyperboloidal secondary. The major advan-
tage of the Cassegrain lies in tis telephoto characteristic, the secondary mirror
serves to expand the beam from the primary mirror so that the e!ective fo-
cal length of the whole system is several times the that of the primary. A
compact (thus cheap) mounting can thus be used to hold the optical elements
while retaining the advantages of long focal length and large image scale. The
Cassegrain is a$ited with coma and spherical aberration to about the same
degree as an equivalent Newtonian.

Figure 7: Cassegrain and Newtonian Designs

A great improvement of the Cassegrain can be acheived by a sligth alteration
to a Ritchey-Chrétien system. The optical arrangement is identical but for that
the primary mirror is deepened to a hyperboloid and a stronger hyperboloid is
used for the secondary. With this system both coma and spherical aberration
can be corrected and one acheives a aplanatic system.
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Corrector lenses just before the focus.
Another related telescope design is the Coudé system, which in e!ect is

a very long focal length Cassegrain or Ritchey-Chrétien whose light beam is
folded and guided by addtional flat mirrors to give a focus whose position is
fixed irrespective of the telescope position.
Nasmyth focus/system

The simplest of all designs is a mirror used at its prime focus. That is,
the primary mirror is used directly to produce the images and the detector is
placed at the top end of the telescope. The image quality of at the prime focus
is usually poor even a few tens of arcsec away from the optical axis because the
primary mirrors focal ratio may be as short as f3 or less in order to reduce the
instrument length. A system that is almost identical to the use of a telescope
at prime focus is the Newtonian. A secondary flat secondary mirror is used just
before the prime focus. This reflects the light beam to the side of the telescope
from where access to it is relatively simple. There is little advantage to this
design over use of the prime focus for large telescopes.

A Gregorian is simalar to the Cassegrain except that the secondary is a
concave ellipsoid and is placed after the prime focus.

Refactors (and the Swedish 1-meter Solar Telescope

Figure 8: Maksutov and Schmidt-Cassegrain Designs

The catadioptric (from catotropic, ie reflecting, and diotropic, ie refracting)
group of which the Schmidt camera is best known. A catadioptric system uses
both lenses and mirrors in its primary light gathering section. Very high degrees
of corrections of the aberrations can be acheived because of the wide range of
variable parameters that become available. The Schmidt camera cannot be used
visually since its foucs is inaccessible. One of the best modifications of this is
the Maksutov. A similar system is the Schmidt-Cassegrain telescope.

Mountings

The functions of a telescope mounting are to hodl the optical components in
their correct mutual alignment, and to direct the optical axis towards the object
to be observed.
Equatorial mounting
Alt-az mounting
Fixed position telescopes
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Coeleostat and heliostat

Future telescopes
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