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v’ Telescopes serves three main functions: (1) they are
light collectors. The simplest telescopes simply focus
light rays to a small area.; (2) Resolve light so that finer
details can be seen; (3) Magnification: making objects
look bigger (closer)

v Two main types: refractive and reflective
v' As we are observing objects at very large distances,

light can be assumed to come from infinity and can be
represented as parallel rays
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v For research telescopes or for astrophotography, we will place the
(e.g. photometer, spectrometer) at the location of the focal plane

v' For visual observations, we need an to properly collect the light
through the objective lens or the primary mirror into the eye
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© C.R Kitchin: Telescope and Technique

: Focal point of objective and eyepiece coincide
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v c1/o+1/i=1/f

Image
Object distance distance

Object point

«
Image point

where o = object distance from lens, i = images distance from lens, /' = focal length of lens
v’ Linear m m=-i/o0

where m > 0 if the image is erect,
im|>1 if enlarged

Reference: Optics by Hecht and Zajac (Addison-Wesley)



Il Telecscome OpHcs

v One of the most important number that characterize a
telescope is its focal ratio (or, f/ number)

Jfocal ratio = Focal length of primary

Aperture diameter of primary

v E.g. Telescope's aperture diameter = 5 cm
Focal length of primary = 25cm
Focal ratio = 25cm/5cm = 5 (a f/5 telescope)



B whnh =

FAST telescope (or, fast scope, <~ 6)

Small focal ratio (or, small f/ number)
So, short telescope for fixed aperture
Wide field of view (with same eyepiece)

Excel at low power (low magnification) views of
deep sky objects, e.g. galaxies, nebula, or open
clusters

F/4 Scope

H) o

- light cone

Adapted from:
http:/ /www.absolutebeginersastronomy.com/




SLOW telescope (or, slow scope, >~ 8)

Large focal number
Narrow field of field (with same eyepiece)

Good for high power (magnification), small field
observing, e.g. planets, double stars

Most large research telescopes are slow, e.g.
Hubble Space Telescope (f/24)

F/8 Scope

Adapted from:
http:/ /www.absolutebeginersastronomy.com/




Jo,=F and /=1,

Negative eye piece

Adapted from: Observational Astrophysics by Robert C. Smith

: Negative sign in formula dropped




Excit pupil

v The size of image of objective lens as seen by the
eyepiece is called the

v" All light passing through the objective must also pass
through the exit pupil

Eyepiece
Exit pupil

Objective

Adapted from: Telescope and Technique by C.R Kitchin

v . distance between eyepiece and exit pupil



Exit pupil

Adapted from:
Optics by Hecht and Zajac




v' Suppose D = diameter of primary/objective
d = diameter of exit pupil

Diameter of human pupil ~ 7 mm
Comfortable eye relief ~ 6 - 10 mm



v Any deviation from perfection of an image not due to
diffraction are known as aberrations

v There are six primary aberrations: Spherical
aberration, Coma, Astigmatism, Distortion, Field
Curvature, Chromatic aberration

v All, except the last one, affect both refractive and
reflective telescopes. Chromatic aberration affects only
refractive telescopes.



1, Sinerical

paraxial
Circle of least ray focus
Confugion T

: | Transverse
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Fay focus

t—Longitudional—!
Spherical
http:/ /hyperphysics.phy-astt.gsu.edu/hbase /hph.html faberration

v For made with surfaces, rays which
are parallel to the optic axis but at different distances from the
center fail fo converge to the same point.

v Effect is usually a 1%, or larger, difference in focal length
v' For mirrors,

instead of spherical (However, it is difficult to grind
parabolic shapel!)



Longitudinal and Transverse Spherical Aberration
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image shape: size o« ¢

A

Adapted from: _
Observational Astrophysics by Robert C. Smith

v For light rays entering the lens at an angle ( )

v'Coma is an effect where images of off-axis objects are displaced
by increasing amount away from optical axis.

v'Create trailing " " blur directed away from axis.

v'"May produce a sharp image in the center of the field, but become



Circular stars

Off-Axis Comatic Aberration
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Comet-shaped stars



3. Astigmatism

Adapted from:
Telescope and Techniques by C. R. Kitchin

Adapted from: Image to one side Circle of Image to the other
Hyper Physics concepts of the position of least confusion side of the position

http:/ /hyperphysics.phy-astr.gsu.edu/hbase/hph.html the circle of of the circle of

least confusion least confusion

v in horizontal and vertical planes

v' Only important for



inside focus —— focused — outside focus




Distoriiom

Undistorted Pincushion Barrel
Image Distortion Distortion

Adapted from: Hyper Physics concepts: http://hyperphysics.phy-astr.gsu.edu/hbase/hph.html thick double convex lenses

v" Usudlly seen in

v’ Differential transverse magnification for different distances of
image away from optical axis

v Explain why there is a practical limitation in the magnification
achievable from a simple magnifier.



9 Fleld Curvature
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Figure 1

Adapted from: Hyper Physics concepts: http://hyperphysics.phy-
astr.gsu.edu/hbase/hph.html

v The is not a plane, but a

v’ Flat detectors, e.g. CCD, will not be in focus over its
entire region



Gliromatic

v First, recall the physics of ( ):

“Input™ ray

reflected ray

n,smé =n,sino,

i-ﬁ' refracted ray
v =

Medium 2 B

where n;, n, are the of the two media



v' Index of refraction for most transparent materials are wavelength
dependent, i.e. n is a function of A

Q2,blue < QZ, green < QZ, red < q

"3 blue > nZ,green > nZ,rea’> "y

0, 1

| Crown|glass

Acrylic

v Chromatic aberration is the visual effect of N[ Futed quate
the wavelength dependent refraction O B e

Lol ool h ]

v BUT, light reflects all wavelengths of light 100 500 600 700
IdenTICG”y A, nm




Longitudinal and Transverse Spherical Aberration
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v Chromatic aberration greatly reduced (~10 times) by multiple lens
system, e.g. achromatic doublet

Crown

Low dispersion glass

v' Usually, two lens have same curvature and are cemented together

v Note: Same focal length for two wavelengths so that they can be corrected
simultaneously



SHIIET 6F BearTaions

Spherical Mono-chromatic (affects single wavelength
light), on- and off-axis

Coma Mono-chromatic, off-axis only
Astigmatism Mono-chromatic, off-axis only
Distortion Mono-chromatic, off-axis only

Field Curvature | Mono-chromatic, off-axis only

Chromatic Hetero-chromatic (affect multiple wavelength
light), on- and off- axis

Corrections: Most of the aberrations can be reduced (but
never totally removed) by using multi-lens system.



Gerrecting ComalFlele-Curvaiare Iype Aberratiions
Wit Deconvelviion

eptee Tl e i 28 L v Here's a stack of several
T AT e TR S calibrated images of NGC
R e 6992 (the Veil nebula):
: % . s B SE e
RES SIS
S : .~ o http://www.princeton.edu/~rvdb/images/deconv/deconv.html
R ... hitp//www.astrosurf.org/buil/us/iris/deconv/deconv.htm
L. " W T R S




Gerrecting ComalFlele-Curvaiare Iype Aberraiions
Wikl Decomvelyiion

Soegame eyt e sR s s v The  image  appears  soft
SSHae el e e s because it is slightly out of
focus (the  temperature
e dropped significantly over
e S the time frame during which
L the individual exposures were
SSRTE T taken).
9 = : Foa e




Correciing Comalrlelc-Curvaiure Ipe Aberraiions
Wity Dlecemveliion

v' With these values, the PSFs
for 100 bright stars in the
raw image are modeled as
follows:




Holé spragd fumetion - POF

urinanice Point Spread Function
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d function (A) and a line

ap1 ead funciton |I * . o |:1E|.I:ltl3|:1 From Smith I]. 08




ALFS imags 300015 RAF, 00 DCAR 3

PSF (pixels)

Typical ALIS background image with a few
selected stars magnified, showing the variation
of the PSF with image location.

Distance fro center (pixels)

Variation in widths of stars in ALIS images taken
with an optics with 90 degrees field-of-view.



Gerrecting ComalFlele-Curvaiare Iype Aberrations
Wit Deconvelviion

Sl s R S L v Implemented the Richardson -
AT lErrn TeTeRe femms s Lucy  deconvolution  algorithm
R e using this non constant model
for the PSF. The resulting
image after 10 iterations of the
algorithm is shown here:

L ytrihl At I E AN
. '_;'!“-_ o . _:.' i P s ':_‘ o A o
Lo i 1P BN e e i #e b L




Gorreeting ComalFleld-Curvaiure Iype Aberrations
Wity Deconveilution

v’ More iterations gives even
tighter stars but also begins
tfo look over processed.

Here's the result after 25
iterations:




Gorrecting Comaliele-Curvature Iype Averrations
Wik Dlecomyeltion

v’ A better approach is to
break the problem into two

g parts: (a) first, make the
stars round, and then (b)
G __ make the image sharper.
: The "rounding" step can be
done, for example, by doing
10 iterations with
“=1 v Then, the "sharpening" step
S S i can be accomplished
A Sl e e doing another 5 iterations
f dGanmeen e with the suggested settings
- minor radius = 0.9,

v' Here's the result:



I alsse Gortion [Saiacsts)

v Aberration overcome by having achromatic objective
lens and multi-lens eyepiece

v' Biggest refractor built: 1 m diameter (Yerkes)
v" Limitations for building bigger refractors:
1. Light absorption and chromatic aberration

2. Objective lens has to be supported at the edges
and they sag under their own weight (glass is a

fluid!)

3. To achieve large f/ number, telescope will be long
and requires massive support and domes



i eescape Comtiguration [ialiaciars)

v The biggest optical telescopes (~10 m diameter, Keck)
built in the world are reflectors

v Major advantages:

1.
2.
3.

No chromatic aberration
No spherical aberration (parabolic mirrors)

Mirror can be supported at the back, no huge
support structure needed

Improved technique on making big mirrors
(Aluminium-on-glass, recoating needed)



Newsomnianm

Paraboloidal
. primary mirror
Light from a distant object

Plane
secondary mirror

Eyepiece

To the eye _
Adapted from: Telescope and Technique by C.R Kitchin

v' The first working reflector (1668, 1 inch diameter)

v Eyepiece moved to the side of the telescope



Cassegirali

Paraboloidal I:I rl I-I-I a IH'_IlI'l

s econdany

/Mirmr

Cdetector

Birror —

Hyperboloidal

0

Focus

PSS

Adapted from Tumbling Stone general dictionary http://spaceguard.ias.rm.cnr.it/tumblingstone/dict.htm

v Basic configuration for most large research telescopes (e.g.
Hubble, Keck 10m, VLT 8.2m)

v’ Secondary mirror produces narrow cone of light

v' Can have large focal length compared to the physical length
of telescope (telephoto advantage)

v Small field of sharp focus (few arcminutes)




Rifiehey-Cliretien

Hyperboloidal

Frimary
- /Mirrn:ur
Secondary detector
Mirrar _ @
Hyperboloidal ; aOcLS
P

Adapted from Tumbling Stone general dictionary http://spaceguard.ias.rm.cnr.it/tumblingstone/dict.htm

v Variation of the Cassegrain
v Remove coma aberration

v  Good quality images over a larger field-of-view (10-20
arcminutes)



Gambined eifleetions
Sehmmieli Cammera

(Thin) Image surface,

. Primary mirror,
Correcting plate curved 4

spherical

A

0

detector

Adapted from Tumbling Stone general dictionary http://spaceguard.ias.rm.cnr.it/tumblingstone/dict.htm

v Advantage: Wide field-of-view (6-10 degree), good for sky surveying work
v Two major ones: Palomar, Siding Spring (1.2m)

v Disadvantage: felephoto disadvantage (long telescope length versus focal
length)



Sehmih-Cassearain

~— ™ Thin
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mirror
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Adapted from Tumbling Stone general dictionary http://spaceguard.ias.rm.car.it/ tumblingstone/dicthtm

v Compact design: compromise of large field-of-view
and long focal length

v Popular design for small telescopes, especially for
astro-photography
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Keplerian -
o B i

Eeplerian
Herschelian
Newtonian
Gregonan
Mersenne
Cassegrain
Ritchev-Chrétien
Dall-Kirkham
Schrudt

Bouwers-Maksutov

%
Herschelian

Primary Optics
Sphere or parabola
Off-axis parabola
Parabola

Parabola

Parabola

Parabola

Modified parabola
Ellipse

Asphenc refractor

Refractive meniscus

Cassegram
Ritchey-Chrétien,
Dall-Kirkham

Secondary Optic
None

None

Diagonal Flat
Ellipse

Parabola

Hvperbola
Modified hvperbola
Sphere

Sphere

Sphere




Mewy alevelepments of epiical faleseepes

oo One of the Segmented primary mirrors:

light primary mirrors

Large equivalent light

One of the

collecting area

mirrors

Incoming
light primary mirrors

Adapted from:
Telescope and Technique by C.R Kitchin

36 mirror segment (1.8m) equivalent of a single 10m mirror



Very Large aleseope

Primary mirror (8.2 m)

- \". :
AN~ Lateral support -
Y pad ! 1000

Figure 2

Tel QSCOPZ can correct fOI" any Figure 1. VLT primary mirror
deviation from its desired shape by
active real-time mechanical control
from behind the mirror

A total of 175
controlled actuators



VLT at Par
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VLT INSTRUMENTATION (1% light dates) Miaren 2008



Liquid Mirror:

v

v

v" Spin up liquid Mercury on parabolic

surface

Advantage: ~10 times cheaper
than conventional mirror.

Disadvantage: 1. Can only point
straight up! (that explains the
name); 2. Mercury is toxic

Rotate at period of ~8.5
second to get a thin (~2mm)
layer of Mercury




View of the primary mirror undergoing
initial tests using water.




¥ Telescope Moumnt

v Function: Support the optical components, point them
to a required position, and track the object as it
moves

v Two components: telescope tube, support for the
tube (mounting)

v" Actually, most research telescopes contain no tube
(open frame)
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v A mounting is very important for
observations
v Two main types: and

" Coordenadas ecuatoriales:
| Eje polar y eje de declinacion |
' Altazimut

Mount

Ecuatoriales |

Equatorial
Mount

Acimutales

| Coordenadas horizontales: |
"acimuty altura.




v" Two axes: (parallel Movermont G oton
to Earth's rotation axis) and around the  around the polar
declination axis
. . Rotation of
(perpendicular to polar axis) the Earth
v' Star tracking can be done <2
with only
rotating in opposite ~
direction of earth's rotation Declination

along polar axis

v' Disadvantage: expensive 1o
build,

Earth’s rotation
axis

Adapted from: Telescope and Technique by C.R Kitchin



A=l

GG

Used by all big (>4m) mfﬁfﬁ“‘;ﬂfe_
telescopes recently built azimuth axis e

of the

Symmetric gravity effects,
cheaper to build

. Altitud
Disadvantages: s

Movement
around the

To frack objects in the sky, [RINESE
need axes rotating at
different speed;

during
tracking need to be
overcome (by rotating Fo e rotation
cameras!); axis

) "near zenith

Adapted from: Telescope and Technique by C.R Kitchin



Montura tipo americano

Montura con el armazon




Vi Oloservaiary amd Oloservariory sike

v" All telescope can be benefited by placing in an
observatory (sometimes known as "the dome")

v’ Classic design: a hemispherical roof with a open slot,
rotating on a circular wall

v' Choosing "good sites” means that majority of world's
largest telescopes are located in a few places, e.qg.
Hawaii, Chile, Arizona, Canary Island, Mexico (OAN-
SPM)

v’ Criteria: away from light pollution, "clean” atmosphere
(low dust and water), height, accessibility, steady
atmosphere, ......
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Earth at Night Astronomy Picture of the Day
More information available at: ZMDNBWZT
e i nasagov/apod/ap001127 himl hitp/! Pt el o]

Finding map (for a place away from light pollution)



