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Telescopes serve two main 
purposes:

• To collect light
• To provide angular resolution



Angular Resolution
• Resolution: the ability to separate 2 nearby objects. 
• The resolution of a telescope is determined by the 

diameter of the telescope and the wavelength of the 
light. 

• θ=250,000 λ/d
– θ: resolution in seconds of arc
– λ: wavelength of light
– d: diameter of telescope

• Resolution of a 6 inch telescope is about 2 arcsec
• Human eye can resolve about 20 arcsec

Bigger is better (but θ is limited by the atmosphere)



Light Collection  - Telescopes

A telescope is a light collecting device
• A telescope of diameter d has an aperture of πd2/4 cm2.
• If this aperture is larger than that of your eye, more light 

is concentrated on your eye, and a faint object looks 
brighter.

• A 6” telescope collects about 900 times as much light as 
the naked eye.

• The 10 meter Keck telescope collects about 3x106 times 
as much light as the naked eye.

Bigger is better. 



Fundamentals of Astronomical Optics

• Optics is based on Snell's law: n sini = n' sini'
– n and n' are indices of refraction in two media
– i and i' are the angles the light ray makes with respect 

to the normal at the interface between the media. 
• In astronomical optics, we can make simplifying 

assumptions:
– all rays incident on the optics are parallel, and 
– all angles are small. 

• The latter assumption lets us replace sini with i. 
• In a reflecting system Snell's law still holds, with the 

value of the index of refraction n changing sign at the 
reflection.

(Reference: chapters 1-4 of Schroeder's Astronomical 
Optics)



Paraxial Optics
All optical systems have an axis of symmetry. 
• Objects that lie along the axis of symmetry are called paraxial. 
• The focal length f is the distance from the optical element where 

the rays focus. 
– The power P is defined as n'/s' - n/s = (n'-n)/R. 
– s and s' are the distances from the optical element to the source and 

the focus, respectively 
– R is the radius of curvature of the optical element. 

• For astronomical optics:
– s is infinite
– f=s'
– n'=-n
– P=2n/R = 2/R for objects in a vacuum (n=1) or air (nair=1.00029). 



A Basic Telescope

• Two optical elements
– Objective

• Convex to focus light

– Eyepiece

Yerkes Observatory 40” refractor



Two Mirror Paraxial Telescopes

• Common two mirror telescope designs:
– Cassegrain

• convex secondary mirror
• Secondary precedes focus

– Gregorian  
• concave secondary
• Images are not inverted
• Secondary post-focus

– Newtonian shown



Definitions

• D: diameter of primary mirror 
• k: ratio of ray heights at mirror margins. Generally the ratio of 

mirror diameters D2/D1

• r: ratio of radii of curvature of secondary to primary (R2/R1) 
• m: transverse magnification of secondary = -s'2/s2

• P: power 
• f1: The focal length of the primary mirror 
• β: back focal length of the primary. The focus is a distance β f1

behind the primary mirror. 
• F1 = f1/D1: the focal ratio of the primary mirror. 
• W = (1-k)f1: distance from primary to secondary mirror. 



Relations between parameters 

• m=r/(r-k); r=mk/(m-1); k=r(m-1)/m 
• (1+β)=k(m+1) 
• The power of the system: P=P1/m
• The focal length of the telescope: f = m f1

• The telescope (plate) scale: S = 206265/f 
arcsec/mm



Stops and Pupils

• The aperture stop determines the amount of 
light entering the system. This is often the 
diameter of the primary mirror.

• The field stop determines the size of the field of 
view. This is often set by the size of the detector.

• The entrance pupil is the image of the aperture 
stop formed by the entire optical system 
preceding the aperture stop.

• The exit pupil is the image of the aperture stop
formed by the optics following the aperture stop. 



Spherical Aberration
• A mirror that is a conic section is defined by r2-2RZ+(1+K)Z2=0

– r is the distance off-axis, 
– R is the radius of curvature at the vertex 
– K is the conic constant 

• 0 for a sphere 
• -1 for a paraboloid;  +1 for a hyperboloid 
• 0>K>-1 for an ellipse 

• Z is the optical axis
• the vertex is at r=0,Z=0. 
• Focal length f = R/2 - (1+K)r2/4R - (1+K)(3+K)r2/16R3 - ... 

– for a parabolic mirror (K=-1), f = R/2 for all paraxial rays. 
– for a spherical mirror f < R/2 for all off-axis rays.

• This is called spherical aberration: The paraxial rays do not all come to a focus at 
the same position.



Off-Axis Aberrations
Third order aberrations show up for non-paraxial rays. 

• Create a system in which the target (at an angle θ off-axis) is on-axis 
(z'), by translating (in y) and rotating (by the θ) the mirror

• Compares the two resulting images. The object is in focus at Z and 
Z' in the two systems. The difference in foci dZ is given by 
2 dZ = a1y3θ/R2 + a2y2θ2/R + a3y θ3.
Minimize dZ. The angular aberrations are 
d(dZ)/dy = 3a1y2θ/R2 + 2a2y θ2/R + a3θ3.
Third order aberrations are proportional to ymtn, where m+n=3. 

This all supposes that the 
focal plane is flat. Most 
detectors are indeed planar. 
Off-axis distortions can be 
reduced by employing a 
curved detector to 
approximate the true shape 
of the focal plane. 



Coma
d(dZ)/dy = 3a1y2θ/R2 + 2a2y θ2/R + a3θ3

• the y2θ/R2 term. 
• Paraxial rays focus inwards, giving a comet-like 

shape.
• Changes sign with angle 
• Proportional to f-2: bad in short focal length 

systems 



Astigmatism
d(dZ)/dy = 3a1y2θ/R2 + 2a2y θ2/R + a3θ3

• the y θ2/R term. 
• The focal lengths differ in the tangential and 
sagittal planes (the tangential plane contains 
the target and the optical axis). 

• Decreases more slowly than coma with 
increasing f. 



Distortion

d(dZ)/dy = 3a1y2θ/R2 + 2a2y θ2/R + a3θ3

• the θ3 term. 
• Affects position but not image quality. 
• depending on the sign of the coefficient:
– Pincushion distortions
– Barrel distortions 



Minimizing Aberrations
Consider a ray that hits the primary mirror at a distance y1, and reflects off the 
secondary mirror at a distance y2 from the optical axis.
• The path length travelled to the focus is z = z1 + z2

– z1: path length from the primary to the secondary 
– z2: path length from the secondary to the focus 

In a system that has no spherical aberration, you are free to change z1 and z2 so 
long as the sum z remains unchanged. 
• Consider a classical Cassegrain telescope with 

– a paraboloidal primary (K1=-1). 
– The secondary is hyperboloidal, with K2=- (m+1)2/(m-1)2, where m is the 

magnification of the secondary. 
• This telescope has no spherical aberration. 

– z1 = y12/2R1
– z2 = y22/2R2 + [1-(m+1)2/(m-1)2]y248R2

3

– z = y12/2R1 + y22/2R2 + [1-(m+1)2/(m-1)2]y248R2
3. 



Designing an Aberration-free 
Telescope

Define a mirror pair with conic constants K1 and K2.
• z1' = y12/2R1 + (1+K1)y14/8R1

3

• z2' = y22/2R2 + (1+K2)y24/8R2
3

• z' = y12/2R1 + y22/2R2 + (1+K1)y14/8R1
3 + (1+K2)y24/8R2

3

Zeroing dz (= z' - z) gives (unprimed -> Cassegrain)
• 1+K1 = k4/p3[K2 + (m+1)2/(m-1)2]

– k = y2/y1
– p=R2/R1

There are an infinite number of solution pairs (K1,K2).
–All the solutions have zero spherical aberration. 
–Some solutions will have zero coma, or astigmatism, or distortion. 
–One selects K1 and K2 on the desired optical quality and on ease of 
fabrication. 



Basic Telescope Types
• Dall-Kirkham: K1=-0.7696, K2=0. 

– Easily fabricated
– Large coma. 

• Ritchey-Chretien: K1=-1.02, K2=-2.4453. 
– No coma. 
– Hyperboloidal secondary is difficult to make. 

• Schmitt-Cassegrain: K1=0, K2=0. 
– Severe spherical aberration and field distortion
– Easy to fabricate. 
– No coma or astigmatism
– Uses a third optical element, 

a corrector plate, to retard the
wavefront and correct for
spherical aberration. 



Telescope Foci

• Prime Focus: No secondary. Small field of view. 
• Cassegrain: Secondary focuses behind primary. 
• Nasmyth: Flat mirror folds secondary focus to 

side.
Used at elevation axis of large alt-az telescopes. 

• Newtonian: Flat secondary focuses to side.
This is a folded prime focus. 

• Coudé: 3-5 mirrors focus light down polar axis of 
equatorial telescope. 



Prime Focus

Hale 200”
Mt Palomar, CA



Telescopic Foci



Alt-Az Telescope with Nasmyth Focus

Subaru 8m reflector
Mauna Kea



Telescope Resolution
• The spatial profile of the intensity of light passing through an aperture is the Fourier 

Transform of that aperture. 
• the intensity of the light, as a function of the off-axis distance θ from a slit is I = I0 sin2(u)/u2

– u = π D sin(θ)/λ, 
– D is the diameter of the aperture
– λ is the wavelength of the light. 

• I peaks at θ=0, and has nulls at sin(θ)=n λ/D, for all n not equal to 0. 



Telescope Resolution
• For a circular apertures, the spatial profile of the intensity is the Fourier transform of a circle. 
• The intensity of light is given by I(θ) = (π r2J1(2m)/m)2

– r is the radius of the aperture; D is the aperture diameter 
– m = π r sin(θ)/λ 
– J1 is a Bessell function of the first kind 

• J1(2m)/m has a maximum at m=0, and nulls at m=1.916, 3.508, 5.987, ... 
• For small θ, these nulls are at 1.220 λ/D, 2.233 λ/D, 3.238 λ/D, …
• Point source image: central source surrounded by progressively fainter rings, call Airy rings.
• An optical system that can produce diffraction rings (Airy rings) is diffraction-limited. 

Chandra HRC-S
at 0.277 keV
(C K-α)



Resolved Images

Laser

T Tauri (IRTF/NSFCam)



Resolution: Rayleigh Criterion
Rayleigh's criterion for the resolution of a lens (or a mirror):
• The peak of the second source lies in the first null of the first 

source, or the resolution R=1.220 λ/D radians. 
• Equal brightness sources separated by this distance will appear at 

two peaks, with a minimum ~74% of the peak intensity. 
• One can actually resolve (or separate) sources of approximately 

equal brightness that are closer than this. 

Dawes' criterion: one can resolve sources with a 3% drop between 
peaks; this gives a resolution about 80% of the Rayleigh criterion.
• Even closer equally bright sources will produce a non-circular 

central peak: so equally bright sources can in principle be detected 
to about 1/3 of the Rayleigh distance. 



Complications: Real Telescopes
• Real telescopes do not have purely circular apertures. 
• central obscuration: decreases the contrast between the 

central peak and the diffraction rings. 
• Supports for the central obscuration diffract light -> diffraction 

spikes



Telescope Mounts

Equatorial Altitude-Azimuth


