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1 Introduction To The Basics Of Optical Telescopes

1.1 What is a telescope ?

An astronomical telescope is an instrument used for focusing light from planets, stars and galaxies
so that images of these objects can be inspected or measured.We shall refer to light that comes
from any astronomical object (whether it is a planet, or a star, or a cloud of interstellar gas, or
a galaxy), as \starlight". Planets, stars, galaxies will bereferred to collectively as \astronomical
objects" or just \objects". \Light" will start o� referring to visible light but later in this lecture
will also include electromagnetic radiation at all wavelengths.

An astronomical telescope has 4 key performance requirements:

� Light gathering power . Planets, stars and galaxies are faint. It's hard or impossible to see
them in the day time. Even at night, starlight is extremely faint. But ... starlight is falling
all over the Earth and being absorbed by the ground or the ocean: you can see this from
the following very simple argument: you can goanywherein Cape Town, or the Western
Cape or South Africa or Africa or the Earth and still see starswhen you look up at night.
This means that starlight reaches you wherever you are. If you could only \gather up" all
the starlight that is falling everywhere, the objects whichemitted that light (planets, stars
and galaxies) would be clearer, and the measurements you make on them would result in the
best signal-to-noise and be more accurate. Gathering up thefalling starlight can be done by
building a telescope with the largest lens or mirror to collect and focus the starlight before
it hits the ground.

� Image quality. It's no good gathering up starlight unless you can focus it into decent
looking images (more on this later). So the lenses or mirrorsyou use in a telescope have to
be very high quality optics, and are therefore very expensive.

� Field of view . Many kinds of astronomical observations require measurements of many
stars or galaxies in the same small area of the sky. If the telescope can form a good quality
image of all of them at the same time, measurements can be madeat the same time (if the
measuring instrument is designed to have the capability). So a telescope should ideally be
able to deliver as wide a �eld of view as possible.

� Pointing and tracking. A telescope needs to be able to point anywhere in the sky, and
once it is pointed at some object, it has to track the object, because the stars, like the Sun,
rise in the East, move across the sky, and set in the West.

In short, if a telescope has a large \objective" lens or \primary" mirror, it will gather up more
starlight; if its image quality is good, the objects will be more distinct; if the �eld of view is large,
more objects can be seen or measured at the same time; and pointing and tracking are essential
to the basic operation of a telescope.

The earliest telescopes were quite small, and astronomers used to look at astronomical objects
with their eyes, sometimes making sketches of what they saw.With the invention of photography
in the late 19th century, a piece of photographic �lm could beplaced at the focus of the telescope
and a photograph of the sky could be recorded. Since the \electronic age" in the last half of the
20th century, it has been possible to attach more and more complex equipment on to telescopes to
make measurements of astronomical objects. Such equipmentis referred to as an \instrument".
It is possible to attach di�erent instruments to the same telescope to make di�erent kinds of
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measurements.

Some instruments just record images of astronomical objects like photographic �lm, but electron-
ically and therefore with much greater e�ciency. Instruments which do this can be thought of as
very sophisticated digital cameras. Other instruments split the starlight up into its constituent
colours (or wavelengths) and make measurements of the amount of light at each wavelength.
This is known as spectroscopy and is one of the major tools of the astronomer. Spectrographs or
spectrometers, instruments that carry out spectroscopy, are usually characterized by theirspec-
tral resolution . Other instruments measure the polarization of starlight. Other instruments
are designed for \high-speed" imaging or spectroscopy which enables the astronomer to obtain
a rapid sequence of images or spectrograms of objects that change very quickly (on time scales
of seconds or less). Most instruments these days can make measurements of many objects in the
�eld of view of the telescope.

Figure 1: Schematic of the atmospheric transmission as a function of wavelength.

1.2 Atmospheric transmission

The earliest telescopes were \visual" or \optical" telescopes intended to be looked into. As
a result, modern observational astronomy developed as an optical science. The technological
developments of the 20th century dramatically changed this. With the invention of electronics,
developments in radar led to the discovery of extra-terrestrial radio sources (the Sun and the
galactic centre) and the development of radio astronomy. The discovery of X-rays and the rest
of the electromagnetic spectrum in 20th century physics led, often accidentally, to observational
astronomy covering the whole electromagnetic spectrum. There is essentially no wavelength at
which you will not �nd some kind of astronomical object emitting radiation. Most objects emit
only over a limited range of wavelengths (usually determined by the temperature of the object,
with hotter objects emitting at shorter wavelengths). However, some objects, such as quasars,
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emit radiation at all wavelengths from X-rays to radio.

The plot above shows the transmission of the Earth's atmosphere across the electromagnetic
spectrum. While some wavelengths (such as the optical) reach the ground, large parts of the elec-
tromagnetic spectrum are absorbed by the Earth's atmosphere and astronomical objects emitting
at these wavelengths are not detectable (at these wavelengths) from the ground. However, at
those wavelengths which do not reach the ground, it is possible to study astronomical objects
using telescopes and instruments on board satellites. Observations of objects emitting radiation
at ultraviolet, X-ray and 
 -ray wavelengths (including some of the most interesting objects in the
universe such as quasars and black holes) can only be carriedout using satellites such as IUE,
ROSAT, EUVE, IRAS, HST (and many others).

Infrared astronomy su�ers greatly from absorption by the earth's atmosphere as well as a very
large thermal background. Placing infrared telescopes in space solves this problem, but even
ground-based telescopes at high altitude observatories and/or in very dry locations on the ground
can make very useful observations at infrared wavelengths.

1.3 Units

The basic unit of length in physics is the metre { in the case ofvisible light, the units usually
used are nanometres (10� 9m), so that visible light is about 400 { 700 nm.

However, in astronomy, many other units are used { partly as amatter of historical inertia, but
mainly for reasons of convenience. We thus have, for example:

� Optical { �Angstrom ( �A) . Traditional optical range unit (10� 10m)

� Infrared { Micron ( � m) . Near infrared � 1 { 5 � m.

� Radio { mm \microwave" .

� Radio { cm . eg. 21cm line of neutral Hydrogen.

� Radio { Frequency/Hertz (Hz) . eg. 21cm = 1420 MHz.

� X-ray, 
 -ray { Energy (eV) . eg. 1 KeV = 2.4 � 1017 Hz = 12.4 � 10� 10m

2 Telescope Optics

Our attention in this section will be con�ned to optical telescopes. Infrared and ultraviolet
telescopes are su�ciently similar in concept to optical telescopes that they can be thought of
as variations on the optical telescope. X-ray and radio telescopes require radically di�erent
approaches to their design.

This section assumes knowledge of undergraduate basic optics from �rst year physics { re
ection,
refraction, dispersion, di�raction, interference and so on. A brief recap of some of the key concepts
will, however, be given.

2.1 A Recap Of Basic Geometrical Optics

A telescope is an optical system. Optical systems receive light from \objects" (not necessarily
astronomical objects - in this section, any everyday item like a face or a vase or a pen is regarded
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Figure 2: Light from an object goes through an optical systemwhich forms an image of the object.

Figure 3: Optical systems form images by means of a 1-to-1 mapping between points on the object and points on
the image.

as an object). The optical system then \transforms" this light into an image of the object. Fig.
2 illustrates this \optical functional 
ow".

What exactly is this \transformation" of the light? In the mo st general terms, it is a mapping
of light rays emanating from any given point on the object to the samepoint on the image. Fig.
3 illustrates this. Light rays, shown by the arrowed and dotted lines, leave the point at the top
of the arrow labeled \object" in Fig. 3. The lens takes each ofthose light rays and bends them
so they land up at thesamepoint on the image. If one selected another point on the object, the
lens would again bend the light rays so they land up at the the same point on the image (but
obviously a di�erent point on the image to that shown in Fig. 3). This 1-to-1 mapping of points
on the object to points on the image is an essential feature ofa useful optical system. If the light
rays from a given point on an object ended up at di�erent places on the image, the image would
be horribly blurred and it wouldn't be recognizable.

Fig. 4 shows a more accurate layout, with distances governedby the lens equation from under-
graduate physics:

1=u+ 1=v = 1=f

In Fig. 4, u is the distance from the object to the lens, v is thedistance of the image from the
lens, and f is the focal length of the length, one of the key properties of a lens.

In the case where the object is at in�nity, it is easy to see from the lens equation that the image
is formed at a distance from the lens equal to the focal length(see Fig. 5).
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Figure 4: Object, lens and image for �nite separations.

This is exactly the situation with astronomical telescopesbecause even the Moon, the nearest
astronomical object, is so far away it is e�ectively at in�nity (from the point of view of the
optics of astronomical telescopes). For this reason,all the light rays from any point on an
astronomical object arrive at the Earth parallel to each oth er.

Figure 5: Lens and image in the case of the object at in�nity.

Fig. 5 is therefore the basic optical layout for an astronomical telescope. A lens, known as the
Objective Lens, gathers up light in proportion to its area, and focuses the light to form an image
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of astronomical objects at the focal point of the lens.

Telescopes which use lenses to focus the light are called \refracting telescope" because the basic
mechanism is that the lens focuses the light using refraction. There are a number of disadvantages
of refracting telescopes:

� The lens has to be supported around the edge (like spectacles). As lenses became bigger
and bigger (to gather up more starlight), the weight increased as the cube of the size, so
supporting the lens became harder and harder, and requires more expensive mechanical
engineering. The largest refracting telescope which has been made has an objective lens of
40 inches (� 1 metre) in diameter.

� The refractive index of the glass used in the lens is dependent on wavelength (or colour).
The focal point for blue light is di�erent to that for red ligh t, and so star images in refracting
telescopes show coloured rings.

� Refractors tend to be very long for a given size of objective lens, which makes the mechan-
ical structure as well as the dome housing the telescope muchlarger, and therefore more
expensive.

To overcome these problems, \re
ecting telescopes" were developed. These are instruments in
which the objective lens of the refractor is replaced by a mirror, called the \primary mirror".
Mirrors can be supported from the back and are therefore ableto be made much larger than
lenses (the largest astronomical telescope mirror from a single piece of glass so far made is 8
metres in diameter). Mirrors focus light of all wavelengthsat the same point, and for a given
mirror size the focus is closer to the mirror than in the case of the refractor. Thus, all the problems
of the refractor mentioned above are solved by re
ectors. All modern astronomical telescopes are
re
ectors. Fig. 6 compares the optical layout of refractingand re
ecting telescopes.

The only signi�cant disadvantage of re
ecting telescopes is that the image is formed on the same
side of the mirror as the object and therefore equipment to record the image or instruments to
make measurements obscure some of the incoming starlight. The fraction can, however, be quite
small: about 10 per cent or possibly even less.

The \light gathering power" of telescopes is therefore dependent on the size of the objective lens
(for refractors) or primary mirror (for re
ectors). But wha t about image quality? Looking back
at Fig. 3 and the associated explanation, it is clear that images are \sharpest" ifevery light ray
emitted from any point on the object landsexactlyon the same place in the image. Whether or
not this happens is dependent on the shape of the lens or mirror. In the case of lenses, it also
depends on the refractive index of the glass. When the light rays donot form a \perfect" image,
the optical system is said to su�er from \aberrations", which is the next topic we will consider.
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Figure 6: Optical layout of refractors and re
ectors.
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2.2 Aberrations

The history of telescope development and indeed much of modern telescope design is substantially
a�ected by optical aberrations and trying to minimise them.

2.2.1 Chromatic aberration

We �rst consider an aberration we have already discussed andis associated only with refracting
telescopes.Chromatic aberration occurs in lenses (not mirrors) because blue light is refracted
more than red. The focus for blue light is slightly closer to the lens than for red light (Fig. 7).

Figure 7:

Chromatic aberration can be corrected using (for example) two di�erent kinds of glass { with
di�erent refractive indices { to form an achromatic doublet . This will perfectly correct the
problem at two di�erent wavelengths, and much reduce (although not eliminate) the e�ect at the
other wavelengths.

Table 1: Values of sin� and the �rst three expansion terms.

� sin � � � � � 3=3! � � � 3=3! + � 5=5!
10� 0.17365 0.17453 0.17364 0.17365
20� 0.34202 0.34907 0.34198 0.34202
30� 0.50000 0.52360 0.49968 0.50001
40� 0.64279 0.69813 0.64142 0.64280

2.3 The Seidel Aberrations

Refractors have other aberrations in addition to chromaticaberration. Re
ecting telescopes also
su�er from these aberrations.

In elementary geometrical optics, the formation of images by a lens or a mirror can be worked
out by considering light rays travelling through the optical system at a small angle relative to the
optical axis of the system. Such light rays (paraxial rays ) allow us to make the approximations
sin � = � ; cos � = 1. This results in �rst order or Gaussian theory, where optical elements are
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essentially perfect, and gives, for example, the lens equation mentioned above, as well as other
useful relations describing the properties of the image.

If, instead of approximatingsin � by � , further terms from the Taylor series expansion of the sine
function are included:

sin � = � �
� 3

3!
+

� 5

5!
�

� 7

7!
� ::::::::

the aberrations can be calculated.

It is easy to see from Table 1 that inclusion of only the secondterm on the right-hand side of the
equation will result in a quite close �t to the \exact" result . Use of the� 3 term results in third
order theory and enables determination of theSeidel aberrations (Fig. 8).

Figure 8: The �ve Seidel aberrations.

2.3.1 Spherical aberration

Spherical surfaces are easy (and therefore cheaper) to �gure. However parallel light (from as-
tronomical objects) striking the outer part of a spherical lens { or mirror { focuses closer to
the lens/mirror than light striking the inner part (Fig. 9). For a lens, spherical aberration can
be removed by designing an achromatic doublet so that the spherical aberrations cancel. For a
mirror , the problem is eliminated if a paraboloidal rather than a spherical shaped mirror is used.
What is the di�erence between these two kinds of mirror? If concave spherical and parabolic
mirrors have the same curvature in their middles, at the edges the parabolic mirror will be \bent
away" from the optical axis, compared to the spherical mirror.

Fig. 10 shows a technically more accurate description of spherical aberration. The \marginal"
rays (furthest from the optical axis) come to focus closer tothe lens or mirror than the paraxial
rays (closest to the optical axis). The \circle of least confusion" is where the image of a point is
smallest (an ideal optical system would have a circle of least confusion of zero diameter).
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Figure 9: Spherical aberration in a spherical mirror illuminated by parallel light.

Figure 10: Spherical aberration.

Figure 11: Simulation of the e�ect of spherical aberration on the image, passing through focus.

Fig. 11 shows the e�ect of passing through focus in a spherically aberrated optical system. Best
focus is in the second row of \blobs" and the appearance on either side of focus is di�erent.

Although parallel light incident on a spherical mirror produces spherical aberration, light ema-
nating from a point at the centre of curvature of a spherical mirror forms a perfect image back
at the centre of curvature, free of spherical aberration. Similarly, a parabolic mirror produces a
perfect image when illuminated with parallel light, but light emanating from a point at its centre
of curvature forms a spherically aberrated image (at the centre of curvature). Any optic can

12



therefore exhibit spherical aberration. Spherical aberration is not just associated with spherical
mirrors or lenses.

Figure 12: Schematic illustrating coma.

Figure 13: Simulation of the e�ect of coma on the image, passing through focus.

2.3.2 Coma

Images formed fromo�{axis rays, are distorted (quite badly for paraboloids!). Coma can be
understood by thinking of images from circular annuli on themirror of successively larger radius
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(Fig. 12). Light from the di�erent annuli combine to form an elongated image (\comet-like" =
coma or comatic images). Fig. 13 shows the e�ect of passing through focus in a comatic image.

The further the object is from the optical axis, the worse is the coma. This, along with astigma-
tism (see next subsection), limits the useful �eld of view ofmost astronomical telescopes. Field
correcting lenses can be used to increase the �eld of view by reducing the e�ect of coma.

Figure 14:

Figure 15: Simulation of the e�ect of astigmatism on the image, passing through focus.
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2.3.3 Astigmatism

Astigmatism (like coma) is an o�-axis aberration su�ered byall lenses and mirrors. Fig. 14 shows
the e�ect. Light from an object not on the optical axis of the lens or mirror strikes the lens or
mirror and comes to focus in di�erent locations depending onwhat part of the optic the light is
incident on.

Astigmatism has a very characteristic appearance when passing through focus. On one side of
focus, the image is elongated in one direction. At focus, theimage is more or less circular. On
the other side of focus, the image is also elongated but the axis of elongation rotates by 90o. Fig.
15 illustrates this e�ect. Again, the addition of �eld correcting lenses can signi�cantly decrease
the e�ect of astigmatism.

Figure 16: Field curvature.

Figure 17: Field distortion.

In the days of glass photographic plates, it was possible to force a plate to curve into the shape
of the curved focal surface. With modern solid state detectors, a telescope might need expensive
\�eld-
attening" optics to operate over a \wide" �eld.
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2.3.4 Field curvature

In the absence of spherical aberration, coma and astigmatism, the focal surface of a spherical
mirror or lens will lie on a paraboloidal surface called thePetzval surface . Fig. 16 illustrates
the surface for di�erent �eld points being imaged by a lens. The focal surface is curved towards
the lens. In the case of a concave mirror, the focal surface iscurved away from the mirror. If
astigmatism is present, the curvature will be more severe than the Petzval surface.

2.3.5 Distortion

Even if it is possible to get rid of \point" source aberrations { the on-axis spherical aberration
and the o�-axis coma and astigmatism {and the �eld curvature, an optical system can still su�er
from distortion. This is e�ectively a slight variation in magni�cation across the �eld and results
in the well-known \barrel" and \pincushion" distortions (Fig. 17).

2.4 Summary

The above constitute the major aberrations which are important in astronomical telescopes. In
the next section, we will describe all the various kinds of telescopes showing how they attempt
to overcome aberrations and maximize both the telescope's light gathering power (by using the
largest primary mirror) and its �eld of view.
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3 Telescope basics

3.1 Scale

Recall that we said that all astronomical objects are from the point of view of telescope optics
at in�nity. The telescope thus distinguishes between di�erent astronomical objects from their
angular direction in the sky (their di�erent Right Ascension and Declination).

The image of the sky is formed at a distancef from the telescope primary mirror (f is the focal
length). We de�ne a fundamental property of a telescope called the plate scale or, simply, the
scale as the relationship between the angular scale on the sky and the corresponding linear size
at the focal plane of the telescope { which would normally be on the detector (photographic �lm,
electronic detector). The scale is usually expressed in arcseconds/mm and is given, from simple
geometry, by:

The scale s = 206265=f

where s is in arcsec/mm, and the focal length of the telescope, f , is in mm. The factor of 206265
comes from the fact that there are� 206265 arcseconds in a radian.

Example: at the prime focus of a 4m telescope with an f/3 primary,

focal length; f = f ratio � aperture = 12m = 12000mm

so,
scale = 206265=12000 = 17:2 arcsec=mm

Let a be the "aperture" of the telescope, which almost always means the diameter of the primary
mirror. A second very important parameter of a telescope is its focal ratio. This is de�ned as the
ratio of its focal length to its aperture:

focal ratio = F = f =a =
focal length

aperture

3.2 Light-gathering power

The Light-gathering power of a telescope is simply its ability to collect light. Leta be the
"aperture" of the telescope, which almost always means the diameter of the primary mirror. As we
have seen already, this is one of the most important attributes of a telescope. The light-gathering
power is therefore proportional to the collecting surface area of the primary mirror, or a2. Thus
the brightness, B, of the image of an astronomical object in the focal plane of the telescope is:

B � a2

If we compare the SAAO 1m telescope to the human eye (with a maximum aperture � 8mm),
the relative light gathering power will be (1000=8)2, or a factor of nearly 16000.
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3.3 Speed

It is also interesting to consider the \speed" of a telescope. This is a parameter �rst realised to be
important in the era when photographic �lm (or \plates") was the prime detector in astronomy:
the more concentrated were images of extended objects, the faster it was possible to obtain good
quality photographs of the sky.

For an extended object (such as a galaxy) the more the image isspread out by the optics (i.e.
the smaller the \scale" of the telescope), the less will be the brightness in energy/unit area on
the detector. The speed of a telescope is therefore:

S � (a=f )2 � (1=F2)

and depends only on the focal ratio of the teescope.

A small f-ratio means faster speed because of a brighter image (for an extended source). It thus
means shorter exposure times to measure a certain brightness of object. It also means that the
scale of the telescope is smaller.

Thus small F-ratio telescopes are called \fast" telescopes.

3.4 Resolving power

We have seen that parabolic mirrors \perfectly" focus parallel light from a given star. How big,
in reality, is the image in the telescope? If light behaved exactly like it is assumed to do in
geometrical optics, the answer would be zero. However, light has a \wave nature" and this limits
the resolution of a telescope.

Light passing through a circular aperture su�ersFresnel di�raction , so that even an in�nitely
small point source will show a somewhat di�use image with an interference pattern { the di�rac-
tion pattern.

Figure 18: Di�raction pattern produced by a circular apertu re. The central spot is the Airy disk .

In astronomy, the radius of the �rst minimum in the di�ractio n pattern is referred to as theAiry
disk . The angular radius is given by:

� = 1:22
�
a
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Actually sin � , but we can write sin � = � because the angles are very small. And the linear
radius is:

� = 1:22 f
�
a

with, as before,f = focal length and a = aperture, and � = wavelength of the light

Example: For white light (� � 5600�A = 5.6 � 10� 5cm, given a lens of diameter 4cm and a focal
lenght of 30cm, the Airy disc has an angular radius:

1:22 �
5:6 � 10� 5

4
= 1:71 � 10� 5 radians = 3:5 arcsec

and a linear size of:
30 � 1:71 � 10� 5 = 5:1 � 10� 4 cm:

For a point source (star), the central disk is thus� 0.01mm in diameter.

Two sources are said to be resolved (Rayleigh criterion ) when the peak of the central maximum
of one falls on the �rst dark ring of the other.

Figure 19:

The minimum resolution of a telescope in the optical (say 5600�A) is then:

� min = 1:22
�
a

(radians) =
1:22 � 206265 � 5:6 � 10� 5

a (cm)
=

14:1
a(cm)

(arcsec)

This is the di�raction-limited resolution of a telescope. It is attainable for space-based
telescopes and for radio telescopes. As we will see presently, atmospheric turbulence (\seeing")
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prevents optical telescopes attaining di�raction limitedimaging of astronomical objcts.

Examples: SAAO 1m telescope � � 0.14 arcsec
Human eye � � 50 { 60 arcsec
Jodrell Bank 75m � � 9 arcsec (at� � 20cm)

Figure 20: Demonstration of Airy disk/difraction-limited resolution with various sizes of objective/primary mirror .
From left { 13 cm, 50 cm, 2.4m and 5m.

A couple of other image e�ects are worth noting here:

� Images of bright stars will often show di�raction \spikes" (see �gure) from the \spider"
which support the secondary mirror.

� Bright images on photographic plates often show halos due tohalation { internal re
ection
of scattered light within the (photographic) glass plate.

Figure 21: Optical e�ects from bright images { di�raction an d halation.

3.5 Seeing

In the previously given examples, we have seen that a small aperture (4 cm) will result in
di�raction-limited resolution of several arcseconds, whereas for even a modest-sized 1m telescope,
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this �gure is near to 0.1 arcsecond. However, light from astronomical objects has to pass through
the Earth's atmosphere to reach ground-based telescopes; this atmosphere degrades images before
they reach the telescope. The size of the degradation, in good sites for astronomy (semi-deserts),
is of the order of an arcsecond. Thus di�raction-limited resolution is not attained by earth-based
telescopes in the optical. Radio telescopes are usually di�raction-limited because they operate at
so much longer wavelengths. (Actually, \Adaptive Optics" is a very complex technology which
has developed over the last 10-20 years to try and measure andcorrect for the turbulence in the
earth's atmosphere). Let's look at the problem in more detail.

Light entering the atmosphere travels through increasingly denser, higher pressure air which, in
the lower few kilometers of the atmosphere, also increases in temperature. Since refractive index
is a function of density and temperature for a given wavelength, the refractive index increases
nearer the ground. This e�ect is systematic and therefore essentially predictable. However,
the atmosphere also contains random and unpredictable turbulent and thermal variations which
introduce lateral variations in refractive index on a timescale up to 200 Hz.

Figure 22:

Figure 23: Repeated short (2 millisecond) exposures of Aldebaran. The speck at the head of the arrow is roughly
the size of the di�raction-limited image.

These variations distort the plane wavefront which arrivesabove the atmosphere and can produce
the same e�ect as transient lenses and prisms { refraction, di�raction and dispersion (Figs. 22
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and 23). The most common of these distortions cause \ripples" in the refractive index which
are comparable to the telescope aperture and cause brightness and colourscintillation of star
images { what is seen as \twinkling" of the star by the naked eye.

The distortion of a plane wave by the e�ects described above {the scintillation of the image of a
point source such as a star { shows, on a very short time-scale(� 100 Hz) a pattern of \speckles"
in which the speckles are of the order of the Airy disk in size.A longer exposure adds all these
speckles into a much larger image than the di�raction-limited image and this is usually called the
seeing disk .

Figure 24: Schematic showing the e�ects of di�raction and seeing on stellar images.

In summary, as shown in Fig. 24, an ideal (but unphysical and therefore non-existent) telescope
focusing light taking into account only geometrical opticswould produce an in�nitely small and
in�nitely bright image of a star in its focal plane.

In reality, the wave nature of light produces images which have a �nite size determined by the
di�raction limit of the telescopes. Space-born telescopes, small optical telescopes and radio
telescopes have attained di�raction limited performance.

Ground-based optical telescopes of aperture larger than 10cm do not attain di�raction lim-
ited imaging (unless they are fortunate enough to have complex and expensive adaptive optics
systems).
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4 Telescope con�gurations

We use telescopes because they give us:

� Light collecting power (light \bucket").

� The use of modern detectors (including even the photographic plate) allow us to store or
\integrate" photons for many minutes.

� The use of larger apertures gives us better resolving power.

Recall that for many purposes, magni�cation is unimportant{ stars are e�ectively point sources,
so magnifying them just magni�es the seeing disk. Telescopes give us the ability to resolve {
spatial resolution, spectral resolution and time resolution.

4.1 Refracting telescope

The earliest telescopes (eg. of Galileo, 1609; Kepler 1610)used lenses and are calledrefracting
telescopes or refractors . The text-book optical arrangement for a simple refractor is shown in
the �gure.

Figure 25:

This arrangement shows an eyepiece (not to scale), with which the image formed by the objective
lens can be viewed.

Recall the disadvantages of refractors:

� It is di�cult to make large optically accurate lenses.

� It is di�cult to support large lenses adequately at the edges, and such lenses are quite thick
in the middle (and so, very heavy).

� Chromatic aberration is a problem in a single lens.

� Glass absorbs light { especially in the ultraviolet (a disadvantage not mentioned before).
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� Refractors are physically long

The 40-inch (1m) refractor of the Yerkes Observatory was thelargest ever built (see Fig. 26).

Figure 26: The Yerkes 40-inch (1m) refractor. Very long.

As we have seen, modern professional optical telescopes arere
ectors and solve the above prob-
lems:

� Re
ectors are easier to �gure accurately (to better than� );

� They only need to be �gured on one surface, not two (as for a lens);

� They can be supported from the back, and therefore more evenly and satisfactorily;

� They can be given high re
ectivity, so light losses are small;

� No dependence of the optical performance on wavelength

We dispense with refractors and henceforth only consider re
ectors.

4.2 Prime focus and Newtonian re
ectors

The simplest ree
ecting telescope has a single optical element, the primary mirror, with the focal
plane at the prime focus of the mirror, and a focal length given by:

f = R=2
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Figure 27: Prime and Newtonian foci.

where R is the radius of curvature of the mirror. See Fig. 27. The shape of the primary mirror
must be paraboloidal to avoid spherical aberration.

A variation on the prime focus is theNewtonian arrangement, which has a simple \
at" to move
the focus out to one side of the telescope. The �rst re
ectingtelescope was designed by Newton
in 1670.

These systems can be quite fast - typically around f/5 or so.

Figure 28: The Anglo-Australian 3.9m Telescope (AAT).

A disadvantage, as noted already, is the location of the focus \in the way" of the incoming
starlight. Prime focus observing used to require an observers \cage" (and so was suitable for
only the largest telescopes) (see Figs. 28 and 29). With increasing automatic and remote control
(using �bre optics), this is no longer true.

The Newtonian focus is popular for small, amateur instruments, but professional telescopes avoid
the additional 
at mirror (which also obscures the incomingstarlight).
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Figure 29: The prime focus \cage" of the Anglo-Australian Telescope.

Figure 30: The Cassegrain re
ector.

4.3 The Cassegrain Con�guration

The Cassegrain con�guration adds a \secondary" mirror to the parabolic primary (Fgi. 30).
The secondary mirror is located inside prime focus, and intersects the beam from the primary
before it reaches the prime focus. The telescope thus has a much shorter physical length. The
secondary mirror is a convex hyperboloid and is not trivial to �gure. The beam re
ecting o� the
secondary passes through a hole in the primary to the Cassegrain focus. The beam is narrower
than the beam re
ecting o� the primary, and is therefore slower. Typically f-ratios are f/12 to
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f/20.

Modern telescopes, as noted already, are equipped with a variety of instrumentation which is
located in the focal plane (labeled \Image" in Fig. 30). A TV camera replaces the eyepiece to
allow remote control of the telescope.

4.4 Fields Of View

The �eld of view of the various con�gurations is generally set by requiring that geometrical optics
aberrations are insigni�cant compared to atmospheric seeing image degradation.

The most important optical aberrations limiting the �eld of view are coma and astigmatism, of
which coma is the most signi�cant. It also turns out that the useful �eld of view of a prime focus
paraboloid is the same as that of a Cassegrain con�guration using the same primary mirror. The
useful �eld of view is shown in Table 2 as a function of the F-ratio of the primary mirror.

Table 2: Useful Field Of View Of Telescopes With Paraboloidal Primaries.

F-ratio Field
(arcmin)

4 1.4
8 5.7
10 8.9

The following techniques can increase the useful �eld of view of prime focus and Cassegrain
telescopes:

� The Ritchey-Chr�etien telescope has a con�guration which looks like a Cassegrain tele-
scope with 2 mirrors. However, the primary mirror is nearly,but not quite paraboloidal in
shape. This, along with a suitably designed secondary mirror, allows the �eld of view to be
expanded to� 40 arcmin. Such systems are called \aplanatic" .

� Field Corrector Lenses . By adding 3 lenses near the prime focus of a Ritchey-Chr�etien
primary, or a similar system to a paraboloidal primary, it ispossible to expand the �eld of
view to as much as 1-2 degrees. The lenses do no focusing so chromatic aberrations are well
controlled; they simply correct for coma and astigmatism. Lens �eld correctors can also be
added near the focus of Cassegrain systems with similar improvements to the �eld of view.

4.5 Gregorian re
ector

The Gregorian re
ector is a variant on the Cassegrain layout devised by James Gregory. It
has never really been popular because the long focal length {due to the secondary mirror
being outside prime focus { requires a long telescope tube (with potential 
exure problems) and
therefore a relatively large dome (Fig. 31).

4.6 Schmidt camera

Increasing the �eld of view to several degrees was made possible with the invention of the Schmidt
telescope (Fig. 32).

Bernhard Schmidt's (1930) telescope has a spherical primary. If the aperture stop is at the centre
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Figure 31: The Gregorian re
ector.

of curvature of the primary, it \looks" the same to stars coming from all directions (no coma and
astigmatism). The only problem is spherical aberration (which is equally bad at all �eld angles).
Using an aspheric corrector plate at the centre of curvatureof the primary, it was possible to
correct the spherical aberration and attain �elds of view ofseveral degrees.

Figure 32: The Schmidt camera.

The Schmidt camera combines the advantage of relatively aberration-free images with a wide
�eld-of-view. The SAAO 1m telescope has a �eld-of-view of a few arcminutes, whereas a Schmidt
with comparable aperture (such as the ESO, Palomar or AAO 1.2m Schmidts) will typically have
around a 5� � 5� usable �eld.

The focal plane of a Schmidt is curved, so detectors need to becurved to �t this plane. In the
past, photographic plates were the typical Schmidt detector, and these would be mounted on a
former to bend them to the shape of the focal plane. Modern practice is to use a �eld 
attening
lens near the focal plane, with adjustment of the position and shape of the corrector plate to
compensate for the additional spherical aberration and coma arising from the inclusion of the
�eld lens.

Schmidts are usually fast { f/2 to f/2.5. \Super Schmidts" can be as fast as f/0.8 with �elds of
7� or 8� square.
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Figure 33: Schematics for Schmidt and Maksutov re
ectors (left) and a photo of the Anglo-Australian Schmidt
telescope (right).

4.7 Maksutov

Maksutov telescopes are very compact, wide-�eld systems with a fast spherical primary. A \shell-
shaped" corrector lens with spherical surfaces corrects for the primary's spherical aberration in
much the same way as the corrector plate of the Schmidt. A well-designed Maksutov is virtually
free from coma, spherical aberration and astigmatism, but the strong curvature of the corrector
lens sets a limit on the size.

Figure 34: The Maksutov telescope.

4.8 Nasmyth focus

The Nasmyth focus uses a single 
at to send light down one axis of rotation. Use of this focus
is common on alt-az mountings. With a 
at which can rotate through 180� , two Nasmyth foci
can be used, one on each side of the telescope (Fig. 35). A minor disadvantage is that the �eld
rotates, but this can be corrected by rotating the detector at the same rate.
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Figure 35: Schematic of the Keck 10m telescope showing the Nasmyth focus.

4.9 Summary

Fig. 36 shows a summary of the di�erent telescope con�gurations discussed so far.
Of course, di�erent con�gurations can exist in the same telescope structure. A telescope might be
used at prime focus, at Cassegrain focus (with the insertionof a secondary mirror), or at Coud�e
or Nasmyth foci (with the insertion of suitable tertiary mirrors). This has the advantage that
di�erent instruments can be left permanently on the telescope with the various mirrors being
used to select the desired instrument (Fig. 37).
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Figure 36: Summary of di�erent telesecope con�gurations.
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Figure 37: Schematic of possible Keck con�gurations.
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