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Optical-infrared telescopes
Light collectors
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⇨ collects energy ( collector area)

⇨ image formation: angular resolution

 Increase in collecting area 

⇨ detection of fainter objects

⇨ better angular resolution

Main characteristics



Angular resolution

Is the capacity to resolve 
fine details.

The resolution is the 
smallest angle that could 
be discerned



Angular resolution: diffraction of a slit
⇨ Light diffraction imposes a limit on angular resolution

⇨ The diffraction pattern of a slit of width d is:

© Kitchin
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Angular resolution: diffraction of a slit



Airy disk: central disk 
defined by the first 
minimum

Angular resolution: diffraction of a 
circular aperture

Primeiro zero da 
função de Bessel

Le
ns

Diffraction pattern

Roy & Clarke



(c) Kitchin
Angular resolution: circular aperture

Airy function 
sets the 
resolution 
limit

First zero of 
Bessel function

Roy & Clarke
Note: r = d/2



The resolution limit is when the maximum of one Airy disk is 
over-imposed on the 1st minimum of the other image

Angular resolution: Rayleigh criterium

The first minimum occurs 
at a radius  [rad]:

(c) Kitchin

 = 1.22 λ /d

HST (2.4m)
~ 0,05”



Rayleigh vs. Dawes criteria
Rayleigh criterion:  = 1.220 λ / d
Empirical Dawes criterion ~10% lower

In practice both limits 
are difficult to reach 
due to imperfections of 
the instrument and the 
perturbations of the 
terrestrial atmosphere

Roth

FWHM = 
1.029 λ / d



Angular resolution: Rayleigh criterium

 [rad] = 1,22 λ /d

A telescope with d = 13,6 cm reaches in the 
optical an angular resolution of 1”, about the 

same than the limit imposed by the seeing (~ 1”)

For V = 540nm:
[”] = 0,136 /d[m]



 [rad] = 1,22 λ /d

In the K band (infrared), a telescope with d = 1 m 
reaches an angular resolution of 0,55”

For V = 540nm:
[”] = 0,136 /d[m] For K = 2,2μm:

[”] = 0,55 /d[m]

Angular resolution: Rayleigh criterium



Focus, focal plane, focal distance
F: focal distance, D: aperture of the lens/mirror
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Principal focus
(a.k.a. focal point)

focal length is the distance 
to image an object at infinity
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Principal axis

Lens axis

Focal length
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Focal ratio ≡ f-ratio ≡ f-number ≡ f/# = F/D
Short (low) f/ (e.g. f/5): faster: brighter: wider field of view
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Principal axis

Lens axis

Principal focus

Focal length

Focal ratio f/# = F / D
F: focal distance, D: aperture, focal ratio f/#
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Example: the 1,6m telescope at OPD has f/10 at 
the Cassegrain focus. Find the focal distance F
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Response: F/D = 10, D=1,6m  F = 16m

Focal ratio f/# = F / D
F: focal distance, D: aperture, focal ratio f/#

Lens axis

Principal focus



Focal plane & 
focal length (or 
focal distance)
study.com



Focal plane & 
focal length

mirror



Light gathering power (LGP)
LGP is the area of the objective

LGP = π (D/2)2 
Young person in 
darkness: de ~7mm

Ex. Telescopes 
relative to the eye:

10 cm: 200 times ! 

8m: 1.3x106 times !



Signal-to-noise (S/N) ratio, SNR

S/N = 2
Photometric simulation 
of stars observed with a 
signal-to-noise ratio 
ranging from 2:1 to 16:1

S/N = 4 S/N = 8 S/N = 16

Spectral lines 
detected 
with S/N ~ 10



Integration time
Joining the 4 ESO/VLT telescope (8m each) we can have a 
“super-VLT” with a diameter equivalent to 16m. If we can 
observe a galaxy in 1h with the super-VLT, how long 
would it take to achieve the same S/N if the observation 
is done with the 1,6m telescope at OPD?

Rpta: 100 hours. Considering 2h of observation at OPD (near 
the meridian) by night, the observation may take 50 nights …

t1 = (D2/D1)2 t2

t1 , t2 : observing time with telescopes of diameters D1 , D2



Physical size of the image

Image height Le
ns

F

D

Example: if F = 8m, estimate s for  = 1”

Physical size s of image  on the detector:

s = F tan ~ F 

s

Angular size of 
image in radians

Focal distance

ircamera.as.arizona.edu

1 rad = 206265”  s = 8m*1/206265 = 3,9 x 10-5 m = 39 μm



How large is the pixel of a CCD?

m

m

m

m
m



Physical size of the image, plate scale

Image height Le
ns

F

D

Plate scale p = d/ ds  = 1/F = 206265”/ F

Physical size s of image : s = F tan ~ F 

Focal ratio = F / D

s

Angular size of 
image in radians

Focal distance

ircamera.as.arizona.edu

IAG: f/13.5; D = 61cm. What is the plate scale?

F = 13.5 x 61cm = 8235 mm

p = 206265”/8235mm = 25”/mm = 0.5”/20μm (1mm=103 μm)



Field of view

Image height Le
ns

F

D

Plate scale p = d/ ds  = 1/ F = 206265” / F

s

Angular size of 
image in radians

Focal distance

ircamera.as.arizona.edu

Field of view  = s / F
s: size of the CCD
F: focal distance 



 Mechanical

⇨Lens must be supported on 
the edges. As there is no 
central support, it may get 
distorted

 Size of the tube

To diminish chromatic/spherical 
distortions, the focal distance 
must be large, increasing the 
cost. Example: huge domes

 Absorption by the lens

⇨Absorption of UV light

 Lens imperfections, air bubbles

Refractor telescopes: disadvantages

Longest refractor (1m) at Yerkes observatory



© Kitchin

Refraction index n(λ)  focal distance f(λ)

Refractor telescopes: chromatic aberration



⇨ Refraction index n(λ)  
focal distance f(λ)

⇨ Correction with 
“achromatic lens” by fusing 
lenses (doublets, triplets, etc): 
but correction is not perfect

Refractor telescopes: chromatic aberration

Separation d → add term: – d/(f1 . f2)



In an 
achromatic 

lens, 2 
wavelengths are 
brought into the 
same focus, here 

red & blue.

Sing
le 

len
s

(c) Adaptado por Jorge Meléndez. Fonte original:
https://en.wikipedia.org/wiki/Achromatic_lens#/media/File:Achromatic_focal_curve.svg



(c) https://en.wikipedia.org/wiki/Achromatic_lens#/media/File:Comparison_chromatic_focus_shift_plots.svg

Focus error for 4 
types of lens, 
over the visible 
& near infrared 
spectrum.



Disadvantages of refractors: coma
Coma can affect also reflector 
telescopes

Roy & Clarke

© Kitchin: The severity of the coma at 
a given angular distance from the 
optical axis is:

1/(f/#)2

In Newtonian reflectors a focal ratio of f8 or 
larger gives acceptable coma for most 
purposes. At f3, coma will limit the useful field 
of view to about 1’ of arc

Coma affects 
parabolic mirrors. 
The rays parallel to 
the axis of the 
parabola are OK, 
but if the rays strike 
at an angle, then 
there is coma



Disadvantages of refractors: astigmatism
Astigmatism
⇨ Rays that pass through the 
tangential (optical axis) & 
sagittal plane do not focus on 
the same point

⇨ Can affect also reflectors

Roy & Clarke



Other aberrations

 Distortion: 
variation of the 
magnification on 
the image plane

 Image curvature: flat 
object shows distorted 
image, i.e. focus is not on 
a plane



Reflector telescopes I

Objective: mirror

⇨Does not suffer 
chromatic aberration

⇨Newton’s mirror 
was spherical, but a 
parabola is preferred, 
because it focuses at a 
single point

“Invented” by Newton (1668)
At least the first working reflector



Spherical 
aberration

Parabolic 
mirror

Roy & Clarke

Spherical 
mirror 
(spherical 
aberration)



0 < e < 1

e = 1

e > 1





SmithTypes of focus: prime focus

P200 Palomar 
Prime focus: f/3,3 

Jesse 
Greenstein at 
prime focus cage



Anglo Australian Telescope



Image © 1997, text © 2010, Australian Astronomical 
Observatory, photograph by David Malin (himself 
inside the prime focus cage)



SmithPrime focus of Subaru (8m)

Subaru

f/1,8



http://oir.asiaa.sinica.edu.tw/subaru/pfs.php



DECAM installed (September 2013)

Prime focus of Blanco 
telescope (4m at CTIO)



DECAM
(Dark Energy Camera)

2,2° FOV (62 CCDs)
+ 12 CCDs (guiagem e foco)

f/2,7 primary



http://www.noao.edu/meetings/decam/media/DECam_Data_Handbook.pdf

4096 pix

2048 pi x

201 pix

153 pix



DECam
Fornax mosaic

© Dark Energy Survey Collaboration



NGC 1365 is a barred spiral galaxy around 60 million light years from Earth, located 
in the Fornax galactic cluster. 
© Dark Energy Survey Collaboration



Reflectors: Cassegrain focus

Primary: 
parabolic

Kitchin

Secondary: 
hyperbolic

⇨ adequate 
position to put 
instruments

⇨ compact 
telescope: 
secondary 
increases the 
focal distance of 
the telescope



Reflectors: Cassegrain focus

P200 
Palomar

Palomar 5m: Last 
big telescope of 
Cassegrain type

Primary: 
parabolic

Secondary: 
hyperbolic



Zeiss, OPD. 
Primary: parabolic, secondary: hyperbolic
A razão focal no foco Cassegrain é f/12,5 



Reflectors: Ritchey-Chrétien telescope

George Ritchey's 24-
inch (60cm) reflecting 
telescope, first RCT 
constructed in 1927

Secondary: 
hyperbolic

Primary: 
hyperbolic

Kitchin

Variation of Cassegrain with hyperbolic primary: better image quality



Reflectors: Ritchey-Chrétien telescope

SOAR: 4.1m,  f/16

Nasa

secondário 
hiperbólico

primário 
hiperbólico

 Cut through 
HST

HST: 2.4m, fsys=57.6m,  f/24 
(comprimento do telescópio 
é de 13m)

LNA: 1.6m,  f/10



Refletors: focos Nasmyth & Coudé

Big telescopes have Nasmyth focus for big 
instruments, except Gemini …

Nasmyth
⇨ telescope with alta-azimutal mount
⇨ flat mirror at the altitude axis
⇨ position of the focus is fixed: 
independent of the movement of the 
telescope
⇨ adequate for heavy instruments

Keck



Reflectors: Coudé focus

Smith

Coudé: similar to Nasmyth but for equatorial mount

Example: Coudé spectrograph at OPD

Declination 

axis Polar a
xis

Kitchin

Coudé 
focus



Reflectors: problems similar to those of 
refractor telescopes

 Spherical

 Coma

 Astigmatism

 Image curvature

 Distortion

Vignetting (is not a fault of mirror or lens. It arises 
because of uneven illumination on the image plane 
(obstruction of the light path by parts of the instrument)



Mounts: Equatorial

Birney

Pole



Mounts: Equatorial / German

Roy & Clarke

Pole



Mounts: Equatorial / Fork (Garfo)

Roth

Pole

Fork equatorial



2,2 m telescope at 
La Silla
Fork mount

© Fernando



Mounts: Equatorial / Horseshoe 
(Ferradura)

Pole

Palomar 200 (replica)

P
ole

Declin
atio

n

Old large telescopes 
(<=5m) have 
horseshoe mount



Mounts: Alta-azimutal
Zénite

Gemini North

⇨ common at all large telescopes

Altura

Azimute



SmithSubaru has Prime + Nasmyth + Cassegrain focus 

Subaru

Gemini has 
only 
Cassegrain 
focus 



The pointing and guiding are not perfect (in any mount)
⇨ mechanical flexure
⇨ errors in the gears (“engrenagens”)
⇨ Atmospheric refraction
⇨ Correction of the guiding is made by guiders & auto-
guiders  needed for long integrations



Other focus: Gregorian

Parab. Parab.

Hiperb. Ellipsoid.

Parabol. 
primary

Ellipsoidal 
secondary
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RC: primary and secondary hyperbolic



Other focus: Gregorian

Parabol. 
primary

Ellipsoidal 
secondary Magellan 6.5m telescopes
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Schmidt Camera (catadioptric telescope)

Parab.
Parab.

Hiperb. Ellipsoid.
Proposed by Bernhard Schmidt 
(1879 – 1935) in 1929

telescópio híbrido: 
lens+mirror

- espelho primário 
esférico (sem coma 
do parabólico)

- lente antes do 
primário corrige 
aberração esférica

- única aberração: 
curvatura de campo



Schmidt Camera (catadioptric telescope)
Proposed by Bernhard Schmidt in 1929

Spherical primary

Corrector lens

Photographic 
film

© Kitchin

Spherical primary
(spherical aberration) Spherical primary + lens

eliminates aberration

Figures from Smiley et al. 1936, PA 44, 415



The 48 inch (1,22m) Oschin Schmidt 
Telescope at the Palomar Observatory

Palomar Observatory Sky Survey: POSS
The Survey utilized 14-inch square 
photographic plates, covering about 6° of 
sky per side (approximately 36 square 
degrees per plate). November 11, 1949 to 
December 10, 1958.





http://stdatu.stsci.edu/cgi-bin/dss_form

The STScI Digitized Sky Survey



M31 from the 
Digitized Sky Survey, 
60 x 60 arcmin
 



Reflectors : mirror coating



Refletores: mirror coating
 Coating in the optical-UV: 
aluminum; infrared: silver m

icro.m
ag net.fsu.ed u/prim

er/li ghtandcol or/

Coating of the 0.6m 
telescope of Serra da 
Piedade at LNA

⇨ Silver was not 
much used in big 
telescopes, because 
the coating degrades 
quickly (months). 
Since 2004 Gemini 
introduced 
“protected” silver



Gemini S. 
primary

Coating 
chamber

Instruments

Ana (AGA5802 
student) in front of 
Gemini South

Gemini South : First large telescope with 
protected silver coating
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Protected silver coating

http://www.gemini.edu/node/16

Ag: better reflectivity and 
less emissivity in the IR

Only 50g of silver for 
coating of M1 at Gemini



Field rotation in 
AltAzimutal 
telescopes

NTT 3,6m telescope (La 
Silla, ESO). One of the 
first large telescopes 
with altAzimutal mount



One of the NTT field de-rotators at a Nasmyth focus
© Jorge M., La Silla, April 2012



The ISS (Instrument 
Support Structure) of the 
8m Gemini South is 
attached to the telescope 
via the Cassegrain rotator 
(de-rotator at Cassegrain 
focus)

(c) Images: Gemini Obs.
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