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- Telescopes

¢ See how radiation is brought to a focal plane
¢ Basic technique is reflection off curved surfaces

¢ Different techniques and materials at different
frequency or wavelength.
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Historical introduction

In July of 1609, Galileo Galilei developed the first astronomical
optical telescope. His telescope is formed by the combination c
a concave and a convex lens, today known as the Galileo
telescope system. The front convex lens is called an objective
because it is close to the object being viewed and the rear
concave lens is called an eyepiece because it is closest to the
observerodos eye.




Historical introduction

In 1611, Johannes Kepler invented another type of longer
telescope comprising two convex lenses, known as the Kepler
telescope system. The Kepler telescope forms an upside down

iImage, but with a slightly larger field of view.




Kepler'stelescopeand Chromatic
Aberration

Thesharpnesef the image irkKepler'selescopeas
limitedby the chromati@berration introduce@y the
norruniform refractive properties of the objective len:
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Kepler'stelescope and Chromatic

Aberration
=

The only way to overcome this limitatM@sto create objectives with
very long focal lengths.




Historical introduction

In 1668, Sir Isaac Newton invented and built the first reflecting
telescope. The telescope uses a concave primary mirror and a
flat diagonal secondary mirror.

Mewton-Teleskop
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Historical introduction

Advantages of the Newtonian design:

They are free of chromatic aberration found in refracting telescopes.

Newtonian telescopes are usually less expensive for any given aperture
than comparable quality telescopes of other types.

Since there is only one surface that needs to be ground and polished intc
complex shape, overall fabrication is far simpler than other telescope
designs.

A short focal ratio can be more easily obtained, leading to wider field of
view.

The eyepiece is located at the top end of the telescope. Combined with
short fratios this can allow for a much more compact mounting system,
reducing cost and adding to portability.



Simple reflecting telescopes

At wavelengths from radio to ultkaolet, most
telescopes are simple dishes made of wire mesh
(low frequency radio); metal plates (high frequency
radio); glass covered with a deposit of gold
(infracred); silver (optical and neanfrared) or
aluminium (optical and ultkaolet). Often there

are overcoatings to enhance reflectivity and protect
the reflecting surface.




Simple reflecting telescopes
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Simple reflecting telescopes

o
2 V4 - Paraboloidal reflector
brings all rays to focus
\ o at the same point on the

optical axis, and
eliminates spherical
aberration.
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Most telescopes at radio, IR, optical and UV wavelengths a
based upoparaboloidareflectors




Diffraction and Spatial resolution

DiffractionThrough a Singlglit (due to the wave
nature light):

narrow shit broad slit
broad sprmd.ing
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Diffraction and Spatial resolution

_
4 Haunhofediffraction at an aperture:
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Diffraction and Spatial resolution

S =
4 Image of a narrow slit:



Diffraction and Spatial resolution

The intensity at a point within the image:
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where

dis the angle to the normal from the slit;

ais the slit width;
|, andlare the intensities within the image on the normal and at an
angledto the normal from the slit, respectively.



Diffraction and Spatial resolution

The intensity at a point within the image:
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Diffraction and Spatial resolution

All astronomical observations at wavelengths from
mid-frequency radio to Xay use telescopes, which
are a means of bringing a parallel beam of light
from a distant source to a focus. The majority of
telescopes have a circular aperture.

We consider here diffraction of light by a circular
aperture.



Diffraction and Spatial resolution

Each element of a circular
aperture presents a phase
difference with the ray

passing through point A of

the aperture. The path
, , difference is:
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Diffraction and Spatial resolution

Summed amplitude from all elements is a double
Integral over the aperture of the input amplitude
times this phase difference. This is done Iin polar
co-ordinates irKitchermpp 65-68 or here:
http://cnx.org/content/m13097/latest/




Diffraction and Spatial resolution

Answer IS:
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wherem =(“ 1 O E¥ ),
d is the angle to the normal from theerture,
| is the radius of thapperture

J, Is a Bessdlnction othe firstkind of order unity.



Diffraction and Spatial resolution

Besselunction: -
III.B-;
III.E%

0.4

0.2 /\ /\ /
O] 2\ 4 /6 8 m 2 14 WEE 20
0.2

Thefirst zero of the Bessel functlon occurs at
m= 1.916, or for smald:

d @1.22 &/ d (radians)
d = 2 r is the diameter of the aperture




Diffraction and Spatial resolution

Airy disk:

Two distant point sources through a circular
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Diffraction and Spatial resolution

The fundamental limit to the spatial resolution of a
circular aperture telescope is set by the size of the
Airy diffraction pattern, but in practice the
resolution is often worse than that, particularly at
wavelengths shorter than £ Causes are:

Distortion of thavavefrontby the atmosphere (seeing);

Imperfections in manufacture or support of the
reflecting surface

Aberrations.



Aberrations In reflecting telescopes

Spherical aberratio® caused by different parts of the mirror
bringing rays to focus at different points on the optical axis.

Comaad teardrop or comet shaped aberration proportional to
the square of the distance of the image off axis.

Astigmatismo cylindricalwavefrontdistortion resulting in an
ellipticity of the image which is orthogonal on different sides
of focus. Can occur-@xis if the mirror is stressed, off axis it
results from magnification at the secondary (i.e. if final focal
length>> primary focal length) and is proportional to the
square of the distance of the image off axis.

Curvature of the field of the image



Aberrations In reflecting telescopes

Spherical aberratio® caused by different parts of the mirror
bringing rays to focus at different points on the optical axis.




Aberrations In reflecting telescopes

Comad teardrop or comet shaped aberration proportional to
the square of the distance of the image off axis.




Aberrations In reflecting telescopes

Astigmatisma cylindricalwavefrontdistortion resulting in an
ellipticity of the image which is orthogonal on different sides of
focus. Can occur-@axis if the mirror is stressed, off axis it results
from magnification at the secondary (i.e. if final focal lemrgth
primary focal length) and is proportional to the square of the
distance of the image off axis.

Inside focus Outside focus




Aberrations In reflecting telescopes
_

i Curvature of the field of the imagé
Barrel andPincushiondistortionsof the image
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Optical configuration

Here ooptical 6 does not mean waz
configured to accept rays oadiation.

PrimeFocuso detector or receiver is at the focus of the
paraboloidalreflector

Cassegraim a convexhyperboloidalsecondary mirror
or reflector is used tbring therays to a focus below a
hole in the primary.

Gregoriand the secondary is now a concave elliptical
mirror or reflector above the primary focus. Disadvantag
IS less compact th&@assegrain

Nasmytho like Cassegraimexcept that a folding flat is
added above or below the primary



Optical configuration
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Optical configuration

Schematic of e

Cassegrain

Opt|Ca| /_,// Hyperbolic /,-”‘
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Optical configuration
S =

Schematic of K Both mirrors, a primary and a secondary, are hyperbolic.

Ritcheg 4 Designed to eliminate comus providing a large field

Chretien of view compared to a more conventional configuration.
telescope

4 But more expensive.

Ritchey-Chretién-Cassegrain-Teleskop
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Optical configuration

Schematic of
Nasmyth
telescope

P!

P2

P

There is no hole in the primary mirror.

The eyepiece or instrument does not need to move with t
telescope. This has significant advantages for heavy
Instruments typically used at research observatories.

Most modern research telescopes can be configured intc
Nasmyth telescope.




Aberrations In reflecting telescopes

Cassegrairsystem witharaboloidal primary

provides
restricts t

RitcheyC

nerfect images eaxis, but offaxis coma
ne useful field of view.

nietienoptical system where the primary

IS deepened into a hyperboloid, and a stronger
hyperboloid is used as the secondary, allows the
coma and astigmatism to be balanced over a wide

fleld



Wide Field telescopes

_
/On-axisimage / On-axis image
@—— Image  off- axis @/ s
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Cassegraioptics with RitcheyCh®t 1 en opt
paraboloidaprimary hyperboloidal primary

Image quality onand offaxis



Optical configuration

Radio telescopes are most commonly prime focus
occasionallyCassegrainGregorian orNasmyth

Optical telescopes are most commda@dgsegrain

of different typesmostlyRitcheyChretienpften
configurable with interchangeable top end.



Examples of Cassegrain radio
antennas

The 32m
Radio
Telescope at
Cambridge




Examples of Cassegrain radio
antennas

The 70 meter
dish at Jet
Propulsion
Laboratory
(JPL)
Goldstone

antenna
complex.




Examples of large Ritch&Chrétien

telescopes
_

Hubble Space
Telescope
(2.4-m)




Examples of large Ritch&Chrétien
telescopes




Examples of large Ritch&Chrétien

telescopes
_

The four 8.2

M teleSCopes [ e — «
comprisingthes=— === e
Very Large

Telescope in

Chile




Examples of large Ritch&Chrétien

telescopes
_

The 10.4 m
Gran
Telescopio
Canarias at
Roque de los
Muchachos
Observatory




Examples of large Ritch&Chrétien
telescopes

The Nordic
Optical
Telescope
(2.5m)




Examples of Nasmyth telescopes

The 6m
alt/az
mounted
telescope
(RUESED)




Examples of Nasmyth telescopes

The 6m
alt/az
mounted
telescope
((RUESIEY




Examples of Nasmyth telescopes
_

The 6m
alt/az
mounted
telescope
((RUESIEY




Practical telescope configurations

Mechanical mounting

In the past optical telescopes were mounted in an
equatoriatonfiguration, where one axis points at the
north or south pole, and the other axis was horizontal ai
perpendicular to the polar axis. In this configuration the
telescope needs to be driven at a constant angular
velocity about the polar axis to compensate for the
rotation of the earth and track a source.



Practical telescope configurations

Anequatorial mounting An alt-azimuth mounting




Practical telescope configurations

All large radio telescopes, and most modern optical anc
Infrared telescopes are mounted inattudeazimuth
configuration. Here the axes are vertical and horizontal,
which is mechanically simpler and cheaper to construct
track a source across the sky, both axes need to be driv
at variable angular velocity, but with modern computers
this is possible and cheap compared with the difference
In the mechanical cost.



Maintaining figure and alignment

In order to maintain the image quality at the limit
set by diffraction (or the atmosphere) it is importar
to:

maintain the paraboloidal figure of the primary
reflector

maintain the alignment of the optical axes of the
primary, secondary and any tertiary reflector with
power (i.e. noiflat)

maintain the relative orientation of the reflectors, i.e
they must not tilt with respect to each other.

If you do not do this you get aberrations (coma and astigmatisi



Homologous deformation (radio
telescopes)

Any telescope designed to operate at a wavelengt
a-should have its surface manufactured to a
tolerance ofef 20 to maintain diffraction limited
performance, and in the case of a radio telescope
to maintain efficiency.

It should maintain this accuracy as its orientation
changes, I.e. as It tracks a source across the sky.

Mechanically this is possible for small steerable
dishes (10 metres diameter or less) but difficult for
larger structures.



Homologous deformation (radio
telescopes)

Strictly what is required is not thats its figure shou
not change with orientation, but that its figure
should remain a paraboloid of rotation.

Large radio telescopes are designed to deform bu
to remain paraboloids.

The Effelsberg 100 metre diameter steerable dish
deforms by up to 6cm, but remains a paraboloid tc
< 0.4 mm, so it performs to specification at
wavelengths as short as 1cm




Radio telescope performance

Radio telescope performance in terms of
maintaining the figure is usually limited by thermal
expansion effects and by wind. For this reason
many modern higltequency radio telescopes are
not made from steel or aluminium, but from more
exotic materials such as Carbon Fibre or other
composite materials.



Radio Telescopes




Lovell telescope afodrell bank
_




ParkesRadio telescope, Australia

bo
right in 1969. Whats the
difference?




Arecibo radio telescope, Puerto Rico




Arecibo radio telescope, Puerto Rico
_

Arecibo Telescope




Areclibo receilver dome
I e

Inside Dome

rays from primary
reflector




Optical telescopesactive mirror
support

In an optical telescope the primary reflector is
usually a zero expansion glass surface coated wit
a reflecting metal. In small telescopes this can be
rigid and maintain its structure.

In larger telescopes the deformations are modelle:
as a function of telescope attitude, and a series of
pneumatic or hydraulic actuators are used to appl
the correct force at each point on the mirror to
make sure the shape Is maintained.



Optical telescopesactive mirror

SUEBOH
T

TheVLT
primary mirror
support,
showing 150
actuators
arranged in
Six concentric

rings.




