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Light Funnels and Time Machines
Outline

Å Part 1 (segments 1 and 2)

ï Setting Expectations, Part 1
ïWhy Telescopes?
ï Image Formation
ï Setting Expectations, Part 2
ï Telescope as a System

Å Part 2 (segments 3 and 4)

ï Optical Tubes
ï Eyepieces

Å Part 3 (segments 5 and 6)

ï Mounts
ï Finders
ï Telescope Alternatives

(Smart Telescopes, Binoculars)

ïWrap-Up
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Some bits will be skipped 
in the interest of time.

[ŀǘŜǊΣ ȅƻǳΩƭƭ ƎŜǘ ŀ ƭƛƴƪ ŦƻǊ 
a recording that covers 
the skipped details and 
examples.



Light Funnels and Time Machines
Segment 1

ÅSetting Expectations, Part 1
ïWhat you won't get from this presentation
ïWhat you will get from this presentation
ïMajor Parts of a Telescope
ïTelescope Alternatives

ÅWhy Telescopes?
ÅImage Formation
ïRay Diagrams
ïFocus
ïImage Formation
ïMagnification
ïFocal Ratio (f/ Number)
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Light Funnels and Time Machines
Segment 2

ÅSetting Expectations, Part 2
ïWhat views to expect

ïFactors affecting the view

ÅCharacteristics of the View
ïBrightness

ïContrast

ïField of View

ïMagnification

ïColor Accuracy

ïResolution

ïFlatness of Field

ïMiscellaneous Aberrations

ÅTelescope as a System
ïOptical Tube

ïEyepieces

ïMount

ïFinder

Telescope Workshop - W. Witt 7



Light Funnels and Time Machines
Segment 3

ÅCritical Component 1: Optical Tube

ïRefractors (dioptrics)

ïReflectors (catoptrics)

ïHybrids (catadioptrics)
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Light Funnels and Time Machines
Segment 4

ÅCritical Component 2: Eyepieces

ïEyepieces

ïRelated Components:

ÅBarlow Lenses (Teleconverters)

ÅFocal Reducers (Telecompressors)

ÅStar Diagonals

ÅFocusers
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Light Funnels and Time Machines
Segment 5

ÅCritical Component 3: Mount

ïAlt-Az Mounts

ïEquatorial Mounts

ïAssorted Properties of Mounts
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Light Funnels and Time Machines
Segment 6

ÅCritical Component 4: Finder

Å! bŜǿ hǇǘƛƻƴΥ ά{ƳŀǊǘέ ¢ŜƭŜǎŎƻǇŜǎ

ÅAnother Alternative: Binoculars

ÅWrap-Up

ïAdditional Equipment

ïTypical Upgrades (e.g. Filters)

ïEquipment Selection Criteria

ïLearning to Use Your Telescope
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Segment 1

Light Funnels and Time Machines
Telescopes, our Gateways to the Cosmos
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Light Funnels and Time Machines
Segment 1

ÅSetting Expectations, Part 1
ïWhat you won't get from this presentation
ïWhat you will get from this presentation
ïParts of a Telescope
ïTelescope Alternatives

ÅWhy Telescopes?
ÅImage Formation
ïRay Diagrams
ïFocus
ïImage Formation
ïMagnification
ïFocal Ratio (f Ratio)
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Setting Expectations
Part 1

Light Funnels and Time Machines
Telescopes, our Gateways to the Cosmos
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Setting Expectations
What you ǿƻƴΩǘ ƎŜǘ ŦǊƻƳ ǘƘƛǎ ǇǊŜǎŜƴǘŀǘƛƻƴΧ

Å¢ƘŜǊŜ ƛǎ ƴƻ ǎƛƴƎƭŜ άōŜǎǘ ǘŜƭŜǎŎƻǇŜέΦ
ÅThis presentation will not tell you what to buy.
ÅAnything that will sound like a recommendation is only 

an opinion.
ïhǇƛƴƛƻƴǎ ŀǊŜ ŎƘŜŀǇΤ ŜǾŜǊȅōƻŘȅΩǎ Ǝƻǘ ƻƴŜΦ
ïExamples of equipment in this presentation are not 

purchase recommendations or endorsements.

Å¢Ƙƛǎ ǇǊŜǎŜƴǘŀǘƛƻƴ ǿƻƴΩǘ ǘŜŀŎƘ ȅƻǳ ŜǾŜǊȅǘƘƛƴƎΤ ǘƘŜǊŜΩǎ 
always more to know.
Å¸ƻǳΩƭƭ ǎǘƛƭƭ ƘŀǾŜ ǘƻ ŎƘƻƻǎŜ ŀ ǘŜƭŜǎŎƻǇŜ ŦƻǊ ȅƻǳǊǎŜƭŦΦ
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Setting Expectations
What you will ƎŜǘ ŦǊƻƳ ǘƘƛǎ ǇǊŜǎŜƴǘŀǘƛƻƴΧ

Å¸ƻǳ ǿƛƭƭ ƭŜŀǊƴ ŀōƻǳǘΧ
ïthe parts of a telescope system.
ïhow telescopes work.
ïdifferent types of telescope (and ancillary equipment).
ïtradeoffs among different designs.
ïother factors that make for good or bad viewing.

Å¸ƻǳΩƭƭ ƎŜǘ ǎƻƳŜ ǇƻƛƴǘŜǊǎ ǘƻ ŀŘŘƛǘƛƻƴŀƭ ǊŜǎƻǳǊŎŜǎΦ
Å¸ƻǳΩƭƭ ƪƴƻǿ ƳƻǊŜ ǘƻΧ
ïtalk to others about telescopes.
ïhelp you choose and enjoy your own equipment.
ïŀǾƻƛŘ ǎǇŜƴŘƛƴƎ ƳƻƴŜȅ ƻƴ ƛǘŜƳǎ ȅƻǳ ŘƻƴΩǘ ƴŜŜŘΦ
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Setting Expectations
Major Parts of a Telescope (1)
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This presentation 
considers a telescope as a 
collection of four major 
components.



Setting Expectations
Major Parts of a Telescope (2)
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1. Optical Tube

ïOptical Tube Assembly

ïOTA

Optical Tube



Setting Expectations
Major Parts of a Telescope (3)
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2. Mount

ÅAnd the mount further 
ǎǇƭƛǘǎ ƛƴǘƻΧ

a) Head

b) Tripod

Head

Tripod

Mount



Setting Expectations
Major Parts of a Telescope (4)

Telescope Workshop - W. Witt 20

3. Eyepiece

4. Finder

Optical
Tube

Extra thingy is 
optional phone 
holder for simple 
photography.

Finder

Eyepiece



Setting Expectations
Telescope Alternatives: Binoculars

ÅBinoculars are an excellent 
alternative (or addition) to a 
telescope setup.

Å.ƛƴƻŎǳƭŀǊǎΧ
ïare great tools to learn the 

night sky.

ïare less expensive.

ïare more portable.

ïare easier to use.

ïhave larger fields of view.

ïŎŀƴΩǘ ǎŜŜ Ŧŀƛƴǘ ƻōƧŜŎǘǎ ƻǊ 
resolve small ones.
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Setting Expectations
¢ŜƭŜǎŎƻǇŜ !ƭǘŜǊƴŀǘƛǾŜǎΥ ά{ƳŀǊǘέ ¢ŜƭŜǎŎƻǇŜǎ

Å Recent years have brought new technology.

Å! άǎƳŀǊǘέ ǘŜƭŜǎŎƻǇŜΧ
ïƛƴǘŜƎǊŀǘŜǎΧ

Åtelescope optics (e.g. lenses).
Ådigital camera.
Åsmall computer.

ïautomatically finds and tracks
objects in the sky.

ï is controlled from a smart phone or tablet.
ïshows images on that phone or tablet.
ï tends to work well in light-polluted areas (e.g. cities).
ïdoes not provide first-person eyepiece views.

Å Smart telescopes do not replace but complement traditional, visual 
telescopes.
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Setting Expectations
²ŜΩǊŜ IŜǊŜ ŦƻǊ ±ƛǎǳŀƭ ¢ŜƭŜǎŎƻǇŜǎ

ÅThis presentation focuses on traditional 
telescopes for visual use.

Å¢Ƙƛǎ ŎƻƴǘŜƴǘΧ
ïalso lays a good foundation for telescopes used for 

astro-photography (a.k.a. imaging).

ïdoes not address astro-photography directly.

ÅIt does not go into great detail on binoculars or 
ǎƳŀǊǘ ǘŜƭŜǎŎƻǇŜǎΣ ŀƭǘƘƻǳƎƘ ǘƘŜȅΩƭƭ ōŜ ǊŜǾƛǎƛǘŜŘ ŀǘ 
the end.
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Setting Expectations
Use Other Resources

ÅTo choose a telescope, get in-person 
experience.

ÅVisit star parties and ask about the 
equipment.

Å/ƻƴǎƛŘŜǊ {W!!Ωǎ 
QuickSTARt ǇǊƻƎǊŀƳΧ
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Setting Expectations
Math Ahead!

Å5ŀƴƎŜǊΣ ǘƘŜǊŜΩǎ ǎƻƳŜ ƳŀǘƘ ŀƘŜŀŘΗ J

Å²ŜΩƭƭ ǳǎŜ ƳŜǘǊƛŎ ŀƴŘ
SAE/imperial units.

Å25.4 mm = 1 in
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Setting Expectations
¢ƘŜǊŜΩǎ ŀ [ƻǘ !ƘŜŀŘ ς 5ƻƴΩǘ tŀƴƛŎ

ÅThe following content will introduce a lot of terms and 
details.

Å5ƻƴΩǘ ǿƻǊǊȅ ŀōƻǳǘ ǊŜƳŜƳōŜǊƛƴƎ ŜǾŜǊȅǘƘƛƴƎ ǾŜǊōŀǘƛƳΦ

ÅFocus on gaining a conceptual understanding!

Å¸ƻǳΩƭƭ ōŜ ŀǊƳŜŘ ǿƛǘƘ ƛƴŦƻǊƳŀǘƛƻƴΣ ǎƻ ǘƘŀǘ ǘƘŜ ŦǳǘǳǊŜ 
will make more sense.
ïDiscussions with folks who already know telescopes.

ïReading product descriptions and specifications.
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Why Telescopes?

Light Funnels and Time Machines
Telescopes, our Gateways to the Cosmos
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Why Telescopes? (1)

¢ƻ Ǝƻ ŦǊƻƳ ǘƘƛǎ ǾƛŜǿΧ¢ƻ ǎƻƳŜǘƘƛƴƎ ƭƛƪŜ ǘƘƛǎΧ
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Why Telescopes? (2)

What functions does a telescope perform?

Magnify

¢ǊǳŜΣ ōǳǘ ǘƘŀǘΩǎ ƴƻǘ ƛǘǎ Ƴƻǎǘ ǎƛƎƴƛŦƛŎŀƴǘ ŦǳƴŎǘƛƻƴΦ

Collect Light

To make faint objects appear brighter!
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Collecting Light

ÅYour eye has a small 
opening, the pupil, to 
collect light.

ïIn bright light:
2 mm diameter όҒ оκон ƛƴύ

ïIn darkness:
8 mm diameter όҒ оκу ƛƴύ

ïVaries with person/age

ÅYou need a light funnel!
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Funnels for Your Eyes (1)

Binoculars
and

telescopes

are light funnels!
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Funnels for Your Eyes (2)

ÅOpening (aperture) of different light 
funnels:
ïBinoculars (for astronomy):

50 to 100mm
ïTelescopes:

Å70mm
Å100mm (4in)
Å250mm (10in)
ÅƻǘƘŜǊΧ
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Making a Light Funnel (1)

ÅImagine parallel rays from an object far away.

ÅThe light shines into an eye.

ÅNot all rays can enter the small pupil.
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Light rays from distant object



Making a Light Funnel (2)
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ÅInsert a lens into the light path.

(This lens is a convex lens.)

ÅThe lens will bend or refract the light rays.



Making a Light Funnel (3)
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f

Light rays focused by lens

ÅThe lens refracts (bundles) the light to a focus.

ÅEach lens has a specific focal length, f. 

focal point
focal length

focal distance



Making a Light Funnel (4)
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Å¢ƘŜ ŦƻŎǳǎŜŘ ǊŀȅǎΧ

ïŘƻƴΩǘ ƭƛƴŜ ǳǇ ƭƛƪŜ ǘƘŜ ƻǊƛƎƛƴŀƭ ǊŀȅǎΦ

ïǿƻƴΩǘ ŦƻǊƳ ŀ ǇǊƻǇŜǊ ƛƳŀƎŜ ǘƻ ǘƘŜ ŜȅŜΦ

ÅThe light funnel is not complete.

f



Making a Light Funnel (5)
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f1

ÅWith a second lens, the rays return to their 
original, relative alignment.

ÅThe light bundle is squeezed and funneled into 
the eye.

f2



Making a Light Funnel (6)
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f1

ÅThe diameter of the big lens (the objective 
lens) sets the aperture.

f2aperture

objective lens
(telescope tube lens)

ocular lens
(eyepiece lens)



Making a Light Funnel (7)
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f1 f2

aperture

Å¢ƘŜ ƭŀǊƎŜǊ ǘƘŜ ŀǇŜǊǘǳǊŜΧ

ïthe more light gets collected and funneled.

ïthe brighter the image seen by the eye.



Light Funnel Size / Aperture Spec

ÅAperture is typically 
specified by its diameter 
(D).

ÅLight gathering power 
ǎŎŀƭŜǎ ǿƛǘƘ ǘƘŜ ŀǇŜǊǘǳǊŜΩǎ 
area (A).
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aperture aperture diameter aperture area



Area of a Circle
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aperture diameter
(D)

aperture area
(A)

aperture radius
(r)
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Aperture Scaling Example
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D = 4
(linear units)

A = 12.6
(square units)

D = 5
(linear units)

A = 19.6
(square units)

ὃ “

ὃ “ “
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Ȣ

Ȣ
1.56
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From:

To:



Aperture Scaling Table (in)

Example:
Å Celestron Evolution 6 to 8

(6in to 8in)
Å 1.33x D
Å 1.78x A

Telescope Workshop - W. Witt 44

Scaling Up of Aperture Diameter

3 4 5 6 7 8 9 10 11 12

3 1.00 1.33 1.67 2.00 2.33 2.67 3.00 3.33 3.67 4.00

4 1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00

5 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40

6 1.00 1.17 1.33 1.50 1.67 1.83 2.00

7 1.00 1.14 1.29 1.43 1.57 1.71

8 1.00 1.13 1.25 1.38 1.50

9 1.00 1.11 1.22 1.33

10 1.00 1.10 1.20

11 1.00 1.09

12 1.00F
ro

m
 A

p
e

rt
u
re

 D
ia

m
e

te
r 

(i
n
)

To Aperture Diameter (in)

Scaling Up of Aperture Area

3 4 5 6 7 8 9 10 11 12

3 1.00 1.78 2.78 4.00 5.44 7.11 9.00 11.11 13.44 16.00

4 1.00 1.56 2.25 3.06 4.00 5.06 6.25 7.56 9.00

5 1.00 1.44 1.96 2.56 3.24 4.00 4.84 5.76

6 1.00 1.36 1.78 2.25 2.78 3.36 4.00

7 1.00 1.31 1.65 2.04 2.47 2.94

8 1.00 1.27 1.56 1.89 2.25

9 1.00 1.23 1.49 1.78

10 1.00 1.21 1.44

11 1.00 1.19

12 1.00F
ro

m
 A

p
e

rt
u
re

 D
ia

m
e

te
r 

(i
n
)

To Aperture Diameter (in)



Aperture Scaling Table (mm)

Example:
Å Explore Scientific AR102 to 127

(102mm to 127mm, 4in to 5in)
Å 1.25x D
Å 1.55x A
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Scaling Up of Aperture Diameter

50 60 70 76 80 85 90 102 115 127 130 152

50 1.00 1.20 1.40 1.52 1.60 1.70 1.80 2.04 2.30 2.54 2.60 3.04

60 1.00 1.17 1.27 1.33 1.42 1.50 1.70 1.92 2.12 2.17 2.53

70 1.00 1.09 1.14 1.21 1.29 1.46 1.64 1.81 1.86 2.17

76 1.00 1.05 1.12 1.18 1.34 1.51 1.67 1.71 2.00

80 1.00 1.06 1.13 1.28 1.44 1.59 1.63 1.90

85 1.00 1.06 1.20 1.35 1.49 1.53 1.79

90 1.00 1.13 1.28 1.41 1.44 1.69

102 1.00 1.13 1.25 1.27 1.49

115 1.00 1.10 1.13 1.32

127 1.00 1.02 1.20

130 1.00 1.17

152 1.00F
ro

m
 A

p
e

rt
u

re
 D
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m

e
te

r 
(m

m
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To Aperture Diameter (mm)

Scaling Up of Aperture Area

50 60 70 76 80 85 90 102 115 127 130 152

50 1.00 1.44 1.96 2.31 2.56 2.89 3.24 4.16 5.29 6.45 6.76 9.24

60 1.00 1.36 1.60 1.78 2.01 2.25 2.89 3.67 4.48 4.69 6.42

70 1.00 1.18 1.31 1.47 1.65 2.12 2.70 3.29 3.45 4.72

76 1.00 1.11 1.25 1.40 1.80 2.29 2.79 2.93 4.00

80 1.00 1.13 1.27 1.63 2.07 2.52 2.64 3.61

85 1.00 1.12 1.44 1.83 2.23 2.34 3.20

90 1.00 1.28 1.63 1.99 2.09 2.85

102 1.00 1.27 1.55 1.62 2.22

115 1.00 1.22 1.28 1.75

127 1.00 1.05 1.43

130 1.00 1.37

152 1.00F
ro

m
 A

p
e

rt
u

re
 D

ia
m

e
te

r 
(m

m
)

To Aperture Diameter (mm)



How to Brag about your Telescope

ÅLŦ ȅƻǳ ǿŀƴǘ ǘƻ ōǊŀƎ ŀōƻǳǘ ȅƻǳǊ ǘŜƭŜǎŎƻǇŜΧ

ï5ƻƴΩǘ ōǊŀƎ ŀōƻǳǘ ƳŀƎƴƛŦƛŎŀǘƛƻƴΦ

ïBrag about your aperture! (yes, size matters)

Å/ƻǊƻƭƭŀǊȅΥ 5ƻƴΩǘ ōǳȅ ŀ ǘŜƭŜǎŎƻǇŜ ǘƘŀǘ ŀǘǘŜƳǇǘǎ 
to sell you magnification.
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Back Away Slowly

Telescope Workshop - W. Witt 47



Light Funnels and Time Machines 
²ŀƛǘΣ ǿƘŜǊŜΩǎ ǘƘŜ ǘƛƳŜ ƳŀŎƘƛƴŜΚ

ÅLight travels at about 300,000 km/s.
ÅWhen we look at a distant object, we see how it appeared 

in the past.

ÅThe Whirlpool Galaxy (M51) is 23.5 million light years away.
ïLight that we see from it now

left there 23.5 million years ago.
ïWe see M51 now the way it appeared

23.5 million years in the past.

ÅThe JWST has looked almost
13.8 billion years into the past!
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Image Formation

Light Funnels and Time Machines
Telescopes, our Gateways to the Cosmos

Telescope Workshop - W. Witt 50



Focus and Magnification

ÅThe positions of the lenses determine 
whether the image is in focus (and provides a 
clear view).

ÅThe focused image may not be right side up.

ÅThe focal lengths of the lenses determine the 
magnification of the image.
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shortcut



Dummy slide as workaround
for PowerPoint slide transition bug.
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Focus and Magnification ς Details

ÅLots of ray diagrams will follow.

ÅRay diagrams can get complicated, so we may 
cheat a little in favor of a clearer story.

ÅOur focus is conceptual understanding.
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Focusing (1)
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f1

ÅEach lens, objective and ocular, has its own focal 
point.

ÅFor the eye to see a good image, the focal points of 
the two lenses must align.*

f2

objective lens

ocular lens

* With additional dependence on the 
distance to the target object and the 
ƻōǎŜǊǾŜǊǎΩ ŜȅŜōŀƭƭǎ ŀƴŘ ŎƻǊǊŜŎǘƛǾŜ ƭŜƴǎŜǎΦ



Focusing (2)

Telescope Workshop - W. Witt 55

f1

ÅObjective and ocular lenses are too far apart.

ÅEye sees image out of focus. L

f2



Focusing (3)
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f1

ÅObjective and ocular lenses are too close.

ÅEye sees image out of focus. L

f2



Focusing (4)
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f1

ÅFocal points are again aligned.

ÅBack to focus. J

f2



Focusing (5)

Å¢ƻ ŦƻŎǳǎ ŀ ǘŜƭŜǎŎƻǇŜΧ
ïthe distance between the objective and eyepiece 

lenses needs to be adjusted.
ïit has a knob to perform this function.
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fT fE

telescope tube lens
(objective lens)

eyepiece lens
(ocular lens)

lens-to-lens distance

end 
extra



Focusing (6)

ÅThe focusing knob 
ǇƘȅǎƛŎŀƭƭȅΧ

ïmoves the eyepiece 
assembly in or out.

ïshortens or elongates 
the lens-to-lens distance.
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Focusing 
Knob

fT fE

telescope tube lens
(objective lens)

eyepiece lens
(ocular lens)

lens-to-lens distance

Eyepiece 
Assembly
(ocular lens)

shortcut

Objective 
Lens



Image Formation (1)
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ÅEvery point of an object reflects (or emits) light rays
in many directions.



Image Formation (2)
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ÅEvery point of an object reflects (or emits) light rays
in many directions.

ÅFor analysis, we choose ǎǇŜŎƛŦƛŎ ǊŀȅǎΧ



Image Formation (3)

Telescope Workshop - W. Witt 62

ÅCƻǊ ǎŜŜƛƴƎ ǿƛǘƘ ǘƘŜ ƴŀƪŜŘ ŜȅŜΧ

ÅConsider rays from the top and bottom of the object, 
ǘǊŀǾŜƭƛƴƎ ǘƻǿŀǊŘǎ ǘƘŜ ŜȅŜΧ



Image Formation (4)
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ÅCƻǊ ǇŀǎǎƛƴƎ ƭƛƎƘǘ ǘƘǊƻǳƎƘ ŀ ƭŜƴǎΧ

Å/ƻƴǎƛŘŜǊ ŦƻǳǊ Ǌŀȅǎ ŦƻǊ ŀƴŀƭȅǎƛǎΧ



Image Formation (5)
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fobject 2.6 focal lengths away ( u = 2.6x fT )

image forms past focal point

ÅWith a lens in the light path, an inverted image forms.
Å¢Ƙƛǎ ƛƳŀƎŜΧ
ïis called the prime-focus image.
ïcould be projected onto a screen.
ïmay be funneled into an eye with a second lens.

light rays that left together
meet again here

prime-focus
image



Image Formation (6)
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fobject conceptually at infinity

all rays converge at focal point

ÅWith an object at infinity, its light rays would all meet 
ŀǘ ǘƘŜ ƭŜƴǎΩ ŦƻŎŀƭ ǇƻƛƴǘΣ ŦΦ

ÅBut nothing is really at infinity.

ÅEven in astronomy, objects are only very far away.



Image Formation (7)
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fobject near infinity

image forms almost right at the focal point

ÅFor an object far away, near infinity, a tiny image 
forms very close to the focal point, f.

continuation of ray after
long, intermediate distance



Image Formation (8)
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fTpretend real object is at infinity

pretend image forms
right at focal point

(good approximation of reality)
(image arrow not drawn to scale)

Å¸Ŝǘ ŦƻǊ ƻǳǊ ǇǳǊǇƻǎŜǎΧ
ïa diagram is impossible to draw to scale.
ïastronomical distances are virtually at infinity.
ïwe can simplify the story and pretend that the image always 
ŦƻǊƳǎ ǊƛƎƘǘ ŀǘ ǘƘŜ ǘŜƭŜǎŎƻǇŜΩǎ ŦƻŎŀƭ ǇƻƛƴǘΣ fT.



Image Formation (9)
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fT fE1

ÅTo funnel the image into an eye, put back the ocular, 
or eyepiece, lens.

ÅThe eyepiece has a focal length of fE1.

objective lens

ocular lens

The eye sees an inverted image.
drawing not to scale

image arrow not drawn to scale

end 
extra



Image Formation (10)

ÅAstronomical telescopes form 
inverted images.

ÅTelescopes for terrestrial use 
have extra erecting prisms.

ÅCƻǊ ŀǎǘǊƻƴƻƳȅΧ
ïwant to minimize number of 

optical elements.

ïǘƘŜǊŜΩǎ ƴƻ ǳǇ ƻǊ Řƻǿƴ ƛƴ ǎǇŀŎŜ 
anyway.
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true image

Inverted/rotated image

shortcut



Magnification (1)

Telescope Workshop - W. Witt 70

ÅRemember how the eye saw the original image.

ÅWhen lenses are in the light path,
the eye is not aware; it just receives the rays.



Magnification (2)
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²ƘŀǘΩǎ ǘƘŜ ŜǉǳƛǾŀƭŜƴǘ ƻŦ 
the yellow rays here?

?



Magnification (3)
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fT fE1

ÅCǊƻƳ ǘƘŜ ŜȅŜΩǎ ǇŜǊǎǇŜŎǘƛǾŜΣ ǘƘŜ Ǌŀȅǎ ŀǇǇŜŀǊ ǘƻ ŎƻƳŜ ŦǊƻƳ ǘƘŜ 
prime focus image.

Å This image appears as a larger version of the original.
Å The apparent image is inverted.

drawing not to scaleCǊƻƳ ǘƘŜ ŜȅŜΩǎ ǇŜǊǎǇŜŎǘƛǾŜΣ ǘƘŜ ƻōƧŜŎǘΩǎ 
rays (yellow) now appear to come from 
something larger (and upside down).



Magnification (4)
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fT fE1

ÅThe apparent size of the image is a function of the focal 
lengths.

ÅMagnification = fT / fE1 = 3



Magnification (5)
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fT fE2

ÅWith a different ocular (eyepiece) of focal length fE2Χ
ïwhere fE2 is larger than the prior fE1 (fE2 > fE1).

ï the image appears smaller, at lower magnification.

ÅMagnification = fT / fE2 = 2



Magnification (6)
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fT fE3

ÅUse another ocular with fE3,
where fE3 < fE1.

ÅThe magnification is now greater.

end 
extra



Magnification (7)

ÅMagnification is a
function of the focal
ƭŜƴƎǘƘǎ ƻŦ ǘƘŜΧ

ïtelescope (objective lens)

ïeyepiece (ocular lens)

ÅMagnification (a.k.a. Power) = fT / fE
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fT fE



Magnification (8)
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fT fE

Focal Length, fE (mm)

32 12

Celestron NexStar 8SE 2032 64x 169x

Explore Scientific ED102 714 22x 60x

Magnification Example

Magnification = fT / fE

telescope focal length divided by eyepiece focal length

Eyepiece (ocular lens)
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fT = 80in = 2032mm

fT = 714mm

More magnification is not always better.
Sometimes really low magnification is required.



Focal Ratio

ÅTelescopes have a property called the focal ratio 
(a.k.a. f-ratio, f-stop, f-number) written as f/N.
ÅThe focal ratio is the focal length fT divided by the 

aperture diameter: N = fT / D
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fT fEAperture (D)



Focal Ratio: Example (1)

ÅFocal Length, fT  = 700mm

ÅAperture Diameter, D = 100mm

ÅFocal Ratio (N) = fT / D
N   = 700mm / 100mm = 7 Ą f/7
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fT fEaperture (100)
(700)

drawing not to scale

shortcut



Dummy slide as workaround
for PowerPoint slide transition bug.
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Focal Ratio: Example (2)
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fT fE

aperture (125)

ÅFocal Length, fT  = 700mm

ÅAperture Diameter, D = 125mm (increased from 100mm)

ÅFocal Ratio (N) = fT / D
N   = 700mm / 125mm = 5.6 Ą f/5.6

(700)



Focal Ratio: Example (2)
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fT fE

aperture (125)

ÅAs aperture increased, the system went from f/7 to f/5.6.
ÅMore light reaches the eye.
ÅFor photography, an imaging sensor could collect light in less 

time (i.e. faster, e.g. 4 instead of 5 seconds).
" f/5.6 is a faster telescope than f/7.

(700)



Focal Ratio: Example (1)

ÅFocal Length, fT  = 700mm
ÅAperture Diameter, D = 100mm
ÅFocal Ratio (N) = fT / D

N   = 700mm / 100mm = 7 Ą f/7
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fT fEaperture (100)
(700)

(back to baseline)



Focal Ratio: Example (3)
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fT fEaperture (100)

ÅFocal Length, fT  = 560mm (decreased from 700mm)

ÅAperture Diameter, D = 100mm
ÅFocal Ratio (N) = fT / D

N   = 560mm / 100mm = 5.6 Ą f/5.6
ÅReducing focal length also produces a faster telescope?

(560)



Focal Ratio: Example (1)

ÅFocal Length, fT  = 700mm
ÅAperture Diameter, D = 100mm
ÅFocal Ratio (N) = fT / D

N   = 700mm / 100mm = 7 Ą f/7
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fT fEaperture (100)
(700)

(back to baseline ς one more time)



Focal Ratio: Example (1)
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fT

ÅIgnore the ocular lens.

Å/ƻƴǎƛŘŜǊ ƻƴƭȅ ǘƘŜ ƛƳŀƎŜ ǘƘŀǘΧ
ïis formed by the objective lens.

ïcould be captured by an image sensor.

ÅThis image is the prime focus image.

(back to baseline ς a different perspective)

(700)
prime focus image



Focal Ratio: Example (3)
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fT

Å As focal length (fT) is reduced, the image formed by the objective lens...
ï moves closer to the focal point.
ï becomes smaller.
ï concentrates the light more.

Å With light more concentrated, a sensor will capture the image in less time.
" f/5.6 is again a faster telescope than f/7.

new(560)

(a different perspective)

old image



Focal Ratio: Fast Scopes

ÅFocal ratios tend to vary between f/15 and f/5.
ÅA telescope with a lower focal ratio (e.g. f/5) is often 
ŎŀƭƭŜŘ ŀ άŦŀǎǘέ ǎŎƻǇŜΦ
ïAssume a fixed focal length, e.g. fT = 500mm
ÅWith aperture = 50mm " 500/50 " f/10
ÅWith aperture = 100mm " 500/100 " f/5
Å²ƛǘƘ ŀ ƭŀǊƎŜǊ ŀǇŜǊǘǳǊŜΧ

ïmore light is collected per unit time (e.g. per second).
ïlight is collected more quickly.
ïǘƘŜ ǎŎƻǇŜ ƛǎ άŦŀǎǘŜǊέΦ

ï²ƛǘƘ ŦƛȄŜŘ ŀǇŜǊǘǳǊŜΣ ǊŜŘǳŎƛƴƎ ŦƻŎŀƭ ƭŜƴƎǘƘΧ
Åconcentrates the prime-focus image more.
Åalso produces a faster scope.
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skip alt

end 
extra



Focal Ratio: Fast Scopes (alt 1)

Å¢ƘŜǊŜΩǎ ŀ ƴƻǘƛƻƴ ƻŦ άŦŀǎǘέ ǘŜƭŜǎŎƻǇŜǎΦ

ï¢ƘŜ ǘŜǊƳ άŦŀǎǘέ Ǝƻǘ ŀŘƻǇǘŜŘ ŦǊƻƳ ǇƘƻǘƻƎǊŀǇƘȅΦ

ïIn photography, a faster lens allows a picture to be 
taken with shorter exposure time.

ÅCƻǊ ǘŜƭŜǎŎƻǇŜǎΣ άŦŀǎǘέ Ŏŀƴ ōŜ ŎƻƴŦǳǎƛƴƎΦ

ïCƻǊ Ǿƛǎǳŀƭ ƻōǎŜǊǾƛƴƎΣ ƛǘΩǎ ƴƻǘ ǘƘŀǘ ƳŜŀƴƛƴƎŦǳƭΦ

ïFor astro-photography, it matters.
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Focal Ratio: Fast Scopes (alt 2)

Å Assume fixed focal length, fT = 500mm
ïAperture (D) = 50mm

Åfocal ratio = 500mm / 50mm = 10 " f/10

ïAperture (D) = 100mm
Åfocal ratio = 500mm / 100mm = 5 " f/5
ÅMore light collection due to larger aperture
" the faster telescope

Å Assume fixed aperture, D = 150mm
ïFocal length (fT) = 900mm

Åfocal ratio = 900mm / 150mm = 6  " f/6

ïFocal length (fT) = 600mm
Åfocal ratio = 600mm / 150mm = 4  " f/4
ÅLight is more concentrated for a prime-focus image sensor
" the faster telescope

ïThis case is less intuitive and not
very meaningful for visual observing.
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fT prime 
focus 
image



Focal Ratio: Depth of Focus
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ÅPhotographers will know the 
concept of depth of field (DoF).
ïhigh f-number " deep DoF
ïlow f-number " shallow DoF

ÅA related metric is depth of focus, 
ǿƘƛŎƘΧ
ïis more applicable to telescopes.
ïdepends on f-number like DoF.
ïŎŀǳǎŜǎ ǘŜƭŜǎŎƻǇŜǎ ǿƛǘƘΧ
Åhigher f-number to be more forgiving 

of lower quality eyepieces.
Ålow f-number to require better 

quality eyepieces.

f/22 " deep depth of field

f/1.8 " shallow depth of field



Image Formation: Review (1)

ÅA telescope produces an inverted image.

ÅCƻǊ ǘƘŜ ŜȅŜ ǘƻ ǎŜŜ ŀ ŎƭŜŀǊ ƛƳŀƎŜΧ

ïthe image needs to be in focus.

ïfocus is achieved when the distance between the 
ƭŜƴǎŜǎ ƛǎ άŎƻǊǊŜŎǘέ όƛΦŜΦ ǿƘŜƴ ǘƘŜ ŦƻŎŀƭ Ǉƻƛƴǘǎ ƻŦ ǘƘŜ 
objective and ocular lenses align).

ïevery telescope has a focusing mechanisms to adjust 
the length of the optical path between lenses.
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Image Formation: Review (2)

ÅMagnification is the ratio of focal lengths.
ïMagnification = fobjective / focular = fT / fE

ïFor a given objective lens, change oculars:
ÅSmaller focal length ocular (eyepiece) Ą higher mag
ÅGreater focal length ocular  Ą lower mag

ÅThe focal ratio or focal number measures the 
focal length relative to aperture size (diameter).
ïFocal number written as f/N
ïN = fT / D
ï[ƻǿŜǊ b ǊŜǇǊŜǎŜƴǘǎ ŀ άŦŀǎǘŜǊέ ǘŜƭŜǎŎƻǇŜΦ
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aƻǊŜ ŀōƻǳǘ ƻǇǘƛŎǎΧ
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https://www.miniphysics.com/ss-ray-diagrams-for-converging-lens.html

https://en.wikipedia.org/wiki/Refracting_telescope

Optics and ray diagrams can get complicated. 

More info and details are out there if you want 
them.

https://www.miniphysics.com/ss-ray-diagrams-for-converging-lens.html
https://en.wikipedia.org/wiki/Refracting_telescope


Segment 2

Light Funnels and Time Machines
Telescopes, our Gateways to the Cosmos
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Light Funnels and Time Machines
Segment 2

ÅSetting Expectations, Part 2
ïWhat views to expect

ïFactors affecting the view

ÅCharacteristics of the View
ïBrightness

ïContrast

ïField of View

ïMagnification

ïColor Accuracy

ïResolution

ïFlatness of Field

ïMiscellaneous Aberrations

ÅTelescope as a System
ïOptical Tube

ïEyepieces

ïMount

ïFinder
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Setting Expectations
Part 2

Light Funnels and Time Machines
Telescopes, our Gateways to the Cosmos
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Setting Expectations
The Bad News

bƻ ƳŀǘǘŜǊ ǿƘŀǘ ȅƻǳ ōǳȅΣ ȅƻǳΩƭƭ ƴŜǾŜǊ ǎŜŜ ǘƘƛǎ
with your eyes while looking through your telescope:
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Setting Expectations
The Reality

Å¢Ƙƛǎ ǘȅǇŜ ƻŦ ƛƳŀƎŜ ƳŀȅΧ
ïcome from larger, research-

grade telescopes.

ïbe from amateurs using 
complex imaging techniques.

ÅVisual, amateur telescopes 
will not show such detail or 
color. 

ÅLƴǎǘŜŀŘΣ ȅƻǳΩƭƭ ǎŜŜΧ
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M31 as it might appear in an amateur 
telescope under mediocre sky conditions.
M31 is really big; at high magnification, it does 
ƴƻǘ Ŧƛǘ ƛƴǘƻ ŀƴ ŜȅŜǇƛŜŎŜΩǎ ŦƛŜƭŘ ƻŦ ǾƛŜǿΦ

The Andromeda Galaxy (M31) made visible 
through a long-exposure photograph.



Andromeda: Setting Expectations
Image from a Research Scope or Camera
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U



Andromeda: Setting Expectations
View through Eyepiece on a Great Day
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V



Andromeda: Setting Expectations
View on a Good Day
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V
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Andromeda: Setting Expectations
View on a Bad Day

V



Setting Expectations
The View (3)

ÅBut our amateur telescope view is still great!

Å{ŜŜƛƴƎ ƭƛƎƘǘ ŦǊƻƳ ŦŀǊ ŀǿŀȅΣ ƭƻƴƎ ŀƎƻΧ

ïprovides a beautiful, visceral experience.

ïgives you a personal connection to the cosmos.
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What Makes for
Good Viewing and a Good Day?

ÅSize (aperture) and quality of telescope
ÅPosition of the object in the sky (near horizon or zenith)
ÅCharacteristics of viewing location
ïAltitude
ïLight pollution

ÅSeeing conditions
ïClarity of the air (amount of moisture, other particles in the air)
ïStillness of the air (degree of turbulence)

ÅTemperature of telescope versus environment
ïTelescope typically needs to cool to ambient temperature
ïWhile cooling, thermal air currents will degrade the view

ÅPhase of the Moon

Telescope Workshop - W. Witt 107



Sky Forecast for Astronomy

https://www.cleardarksky.com
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Transparency: estimate 
of water vapor in the air
Seeing: measure of air 
turbulence

https://www.cleardarksky.com/c/MorgHCAkey.html?1


Characteristics of the View

Light Funnels and Time Machines
Telescopes, our Gateways to the Cosmos
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Characteristics of View

ÅBrightness

ÅContrast

ÅField of View

ÅMagnification

ÅColor Accuracy

ÅResolution

ÅFlatness of Field

ÅMiscellaneous 
Aberrations
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The View: Brightness
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Larger telescope aperture makes the view brighter.

dimmer brighter



The View: Contrast
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Light pollution or poor-quality optical elements
(e.g. with internal reflections, scattering) reduce contrast.

lower contrast higher contrast



The View: Field of View
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smaller field

larger field
(not zoomed in)



The View: Magnification

lower magnification greater magnification
(zoomed in)
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The View:
Larger Field and Magnification

smaller field, lower magnification

larger field, greater magnification
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Magnification: How Much?

ÅMore magnification is not always better.
ï{ƻƳŜ ǎƪȅ ƻōƧŜŎǘǎΧ
Åare rather large.

Åneed low magnification for a good, complete view.

ïIncreasing magnification may make the view worse.
Ådimmer

Åmore blur (i.e. atmospheric disturbances more impactful)

ÅMagnification makes objects appear larger.

ÅHow large is large?
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Magnification: Object Sizes

Å{ƛȊŜǎ ƻŦ ǎƪȅ ƻōƧŜŎǘǎ ŀǊŜΧ

ïdescribed using angular dimensions.

ïmeasured in degrees (or arc minutes/seconds).

ÅThe sky, horizon to horizon,
is 180 degrees.*

ÅExample: Moon

ï½ degree (or 0.5°) of sky in size

ïtypical telescope view is around 80x magnification
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180 degrees

ϝ wŜŀƭƭȅΣ ƛǘΩǎ ŀ ōƛǘ ƳƻǊŜ ŎƻƳǇƭƛŎŀǘŜŘ ŘǳŜ 
ǘƻ 9ŀǊǘƘΩǎ ŎǳǊǾŀǘǳǊŜ ŀƴŘ ŀǘƳƻǎǇƘŜǊƛŎ 
refraction, but close enough.



Magnification: More Examples

ÅThe Pleiades, an open star cluster
ïalmost 2 degrees wide

ïgood magnification around 25x

ÅPlanets (e.g. Jupiter)
ïƛƴ ǘƘŜ ƴŜƛƎƘōƻǊƘƻƻŘ ƻŦ лΦлм ŘŜƎǊŜŜǎ όмл ǘƻ рлέύ

ïtypical magnification around 200x to 250x
Åless under poor seeing conditions

Åpossibly more during great nights
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Magnification and Field of View
Pleiades (M45) (1)
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Magnification and Field of View
Pleiades (M45) (2)
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Telescope:
Celestron NexStar 8SE (f=2032mm)
Eyepiece:
Celestron X-Cel LX 25mm (AFoV= 60deg)

Magnification:
2032mm / 25mm = 81



Magnification and Field of View
Pleiades (M45) (3)
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Telescope:
Celestron Omni XLT 120 (f=1000mm)
Eyepiece:
Celestron X-Cel LX 25mm (AFoV= 60deg)

Magnification:
1000mm / 25mm = 40



Magnification and Field of View
Pleiades (M45) (4)
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Telescope:
Explore Scientific ED102 (f=714mm)
Eyepiece:
Celestron X-Cel LX 25mm (AFoV= 60deg)

Magnification:
714mm / 25mm = 29



Magnification and Field of View
Pleiades (M45) (5)
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Telescope:
Explore Scientific ED102 (f=714mm)
Eyepiece:
Explore Scientific 30mm (AFoV=82deg)

Magnification:
714mm / 30mm = 24
plus larger field of view



Magnification and Field of View
Ring Nebula (M57) (1)
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Telescope:
Explore Scientific ED102 (f=714mm)
Eyepiece:
Explore Scientific 30mm (AFoV=82deg)

Magnification:
714mm / 30mm = 24



Magnification and Field of View
Ring Nebula (M57) (2)
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Telescope:
Celestron NexStar 8SE (f=2032mm)
Eyepiece:
Celestron X-Cel LX 25mm (AFoV=60deg)

Magnification:
2032mm / 25mm = 81



Magnification and Field of View
Ring Nebula (M57) (3)
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Telescope:
Celestron NexStar 8SE (f=2032mm)
Eyepiece:
Celestron X-Cel LX 12mm (AFoV=60deg)

Magnification:
2032mm / 12mm = 170



Magnification: Rule of Thumb

ÅTelescope aperture affects maximum usable magnification.
ïRule of thumb:
Å50x of magnification for every inch of aperture
Å2x of magnification for every mm of aperture

ï4in telescope Ą maximum magnification of 200x
ïActual limit also depends on quality of telescope

(and sky conditions).

ÅDƛǾŜƴ ǎƪȅ ŎƻƴŘƛǘƛƻƴǎΧ
ïmagnification tends to top out at 200 to 300x
ïon a really exceptional night, might make it to 400x

Å9ǾŜƴ ƭŀǊƎŜǊ ŀǇŜǊǘǳǊŜ ǘŜƭŜǎŎƻǇŜǎ ǿƻƴΩǘ Řƻ ōŜǘǘŜǊΦ
(but larger aperture allows views of fainter objects)
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The View: Color Accuracy

Photo of Jupiter
through an

11in aperture telescope.

Jupiter image
with significant

chromatic aberration.
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Color distortions, chromatic aberrations, degrade the view.



Chromatic Aberration: Sources

ÅChromatic aberration has multiple sources.
ïThe optical elements of the telescope. (more later)

ï¢ƘŜ ŀǘƳƻǎǇƘŜǊŜ ŎƻǳǇƭŜŘ ǿƛǘƘ ŀ ǘŀǊƎŜǘ ƻōƧŜŎǘΩǎ 
position.

ÅRemember prisms?
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Chromatic Aberration: Atmospheric

Å¢ƘŜ ŜŀǊǘƘΩǎ ŀǘƳƻǎǇƘŜǊŜ Ŏŀƴ ŀŎǘ ƭƛƪŜ ŀ ǇǊƛǎƳΦ

ÅThe closer an objects gets to the horizon, the 
more the light is refracted
and its component colors split.
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actual object

apparent object



The View: Resolution
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Larger aperture telescopes provide higher resolution views,
allowing more close stars to be split.

higher resolution view
two nearby stars can be split (i.e. seen separately)

lower resolution view
two stars blur into one



The View: Resolution Example
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Resolution

arc secondsdegrees

3 1.52 0.000422

4 1.14 0.000317

5 0.91 0.000253

6 0.76 0.000211

7 0.65 0.000181

8 0.57 0.000158

9 0.51 0.000141

10 0.46 0.000127

11 0.41 0.000115

12 0.38 0.000106A
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Resolution

arc secondsdegrees

50 2.32 0.000644

60 1.93 0.000537

70 1.66 0.000460

76 1.53 0.000424

80 1.45 0.000403

85 1.36 0.000379

90 1.29 0.000358

102 1.14 0.000316

115 1.01 0.000280

127 0.91 0.000254

130 0.89 0.000248

152 0.76 0.000212A
p
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The Double Double (Epsilon Lyrae, 5-star system, with 4 visible stars)

Epsilon2
нΦоέ όŀǊŎǎŜŎƻƴŘǎύ ǎŜǇŀǊŀǘƛƻƴ

Epsilon1
нΦрέ ǎŜǇŀǊŀǘƛƻƴ

This still blurs each star pair together.

The telescope needs to be here.

Need resolution of at least  
twice the separation to see 
the individual stars.



The View: Miscellaneous
Flatness of Field

ÅFlatness describes whether the inner and outer parts of 
the field of view can be in focus at the same time.

ÅFlatness is typically more of a concern for astro-
ǇƘƻǘƻƎǊŀǇƘȅΦ ό¢ƘŜ ŜȅŜ ƛǎƴΩǘ Ŧƭŀǘ ŜƛǘƘŜǊΦύ

Å²ƛǘƘƻǳǘ ǎǇŜŎƛŀƭ ƳŜŀǎǳǊŜǎΣ ŀ ǘŜƭŜǎŎƻǇŜΩǎ ŦƛŜƭŘ ƛǎ not flat.

ÅOptical elements may be added to create a flat field.

ÅaƻǊŜ ƻƴ ǘƘƛǎ ƭŀǘŜǊΧ
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More realistic given 
off-axis rays.



The View: Miscellaneous

ÅOptical systems may suffer from assorted 
other aberrations.
ïComa: stars near edges

of field look like comets

ïAstigmatism: vertical and horizontal axes
ŎŀƴΩǘ ŀŎƘƛŜǾŜ ŦƻŎǳǎ ŀǘ ǘƘŜ ǎŀƳŜ ǘƛƳŜΦ

ïSpherical Aberration: more later

ïhǘƘŜǊǎΧ

ïRefer to external resources for more info.
(https://en.wikipedia.org/wiki/Optical_aberration)
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left: coma effect
right: coma corrected

https://en.wikipedia.org/wiki/Optical_aberration


Telescope as a System

Light Funnels and Time Machines
Telescopes, our Gateways to the Cosmos
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Telescope System (1)

ÅA telescope is a system of 
parts with four critical 
components:
ïTelescope tube

Åoptical tube assembly
ÅOTA

ïEyepiece
ïMount

Åtripod (or equivalent)
Åmount head

ïFinder

Å Important sub components:
ïStar diagonal
ïFocuser

ÅAdditional items:
ïRed flashlight
ïPower supply
ïObserving chair
ïRollup table
ïSky maps

ÅComputer/tablet app
ÅPaper

ïDew prevention gear
ïOptical filters
ïCold weather gear

ÅWarm clothes
ÅHand and foot warmers
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Telescope System (2)
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Optical Tube

Head

Tripod

Mount



Telescope System (3)
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Optical
Tube Finder

Eyepiece

Star Diagonal

Focuser
Sky Safari

Optional phone 
holder for simple 
photography.



Telescope System (4)

ÅEach component (OTA, eyepiece, mount, 
finder) comes in various types.

ÅFor a telescope to provide a good, enjoyable 
viewing experience, all components must 
work well.

ÅIntroductory telescope kits often fall short in 
one or more of these areas.
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Telescope Types

ÅThree primary types of telescope optical tubes:
ïRefractors (a.k.a. dioptrics)

ïReflectors (a.k.a. catoptrics)

ïReflector/refractor hybrids (a.k.a. catadioptrics)

ÅEach type offers different tradeoffs.
ïAperture range

ïField of view and magnification range

ïImage quality

ïBulk and weight (and transportability)

ïCost
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Segment 3

Light Funnels and Time Machines
Telescopes, our Gateways to the Cosmos

Telescope Workshop - W. Witt 141



Light Funnels and Time Machines
Segment 3

ÅCritical Component 1: Optical Tube

ïRefractors (dioptrics)

ïReflectors (catoptrics)

ïHybrids (catadioptrics)
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Critical Component 1: Optical Tube
Refractors (dioptrics)

Light Funnels and Time Machines
Telescopes, our Gateways to the Cosmos
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Telescope: Optical Tube Assembly

ÅwŜƳŜƳōŜǊ ƻǳǊ ƻǇǘƛŎŀƭ ŦǳƴƴŜƭΧ

ÅThe light path consists of two parts:

ïOptical tube assembly (OTA, with the objective lens)

ïEyepiece (with the ocular lens)
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Optical Tube Assembly
(OTA)

Eyepiece



Refractor OTA (1)

ÅIn this diagram, the OTA focuses and funnels 
light using a lens.

ÅAn OTA that uses lenses is a refractor.
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EyepieceOptical Tube Assembly
(OTA)



Refractor OTA (2)
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Two refractors:
(including some of the other system components)



Refractor OTA (3)

Refractor diagram:
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Optical Tube Assembly (OTA)
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Notice something
about the objective lens?

https://starizona.com/tutorial/achromatic-and-apochromatic-refractor-designs/


Refractor Lens Structure (1)

ÅRemember chromatic 
aberration?

Å! ǎƛƴƎƭŜ ƭŜƴǎΧ
ïintroduces a prism 

effect.

ïŘƻŜǎƴΩǘ ŦƻŎǳǎ ŀƭƭ ŎƻƭƻǊǎ 
at the same point.

Å!ŘŘƛƴƎ ŀ ǎŜŎƻƴŘ ƭŜƴǎΧ
ïcan compensate.

ïcreates an achromat.
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Refractor Lens Structure (2)

Å.ǳǘ ŀŎƘǊƻƳŀǘǎΧ
ïmostly converge only the 

green and the red.

ïstill leave blue/purple at 
a different focal point.

ïmay produce images with 
a purple fringe.

Å!ŘŘƛƴƎ ŀ ǘƘƛǊŘ ƭŜƴǎΧ 
ïproduces an apochromat.

ïlargely eliminates 
chromatic aberration.
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apochromatic triplet



Refractor Achromat Correction (1)

ÅAchromat versus apochromat differences may not be 
ƴƻǘƛŎŜŀōƭŜΣ ōǳǘΧ
ÅSometimes an achromat may introduce distracting 

purple discoloration or fringing.
Å! άŦǊƛƴƎŜ ƪƛƭƭŜǊέ ƻǊ άŀǇƻέ ŦƛƭǘŜǊ Ƴŀȅ ōŜ ŀǘǘŀŎƘŜŘ ǘƻ ǘƘŜ 

eyepiece to correct (eliminate) the discoloration.
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Jupiter through
Apochromat

Jupiter through
Achromat (uncorrected)

Correcting Filter



Refractor Achromat Correction (2)

ÅA fringe killer filter works by discarding the 
purple light, so information is lost.

ÅAn achromat with filter will never be as good 
as a true apochromat.

Å.ǳǘΣ ŀƴ ŀŎƘǊƻƳŀǘ ǿƛǘƘ ŦƛƭǘŜǊ ŎŀƴΧ

ïperform well.

ïbe the perfect solution for some budgets.

Telescope Workshop - W. Witt 151



Refractor Optical Quality (1)

ÅThe optical quality of a refractor depends 
mostly on its lenses.

ïLens structure and shape

ïGlass type

ïOptical coatings

ÅOther factors contribute.

ïInternal tube structure

ïOverall build quality
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Refractor Optical Quality (2)

ÅLens structure
ïSinglet

ïDoublet (achromat)

ïTriplet (apochromat)

ÅGlass type
ïBasic (unspecified)

ïExtra low dispersion (ED)

ïFluorite

ïetc.

ÅLens shape
ïPrecision

ïUniformity

ÅOptical coatings
ïMinimize reflections

ïMaximize light transmission

Å Internal tube structure
ï Internal baffles / black paint

ïMinimize internal reflections 
and scattering of light

ÅOverall build quality
ïOptical alignment 

(collimation)

ïStiffness of tube
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Older vs Modern Refractors

ÅOlder (classic-style) 
ǊŜŦǊŀŎǘƻǊǎ ǘŜƴŘ ǘƻΧ
ïbe long, narrow tubes.
ïhave small apertures.
ïhave long focal lengths.
ïhave high f-numbers

(e.g. f/15).

ÅaƻŘŜǊƴ ǎŎƻǇŜǎΧ
ïhave lower f-numbers

(f/8 to f/6).
ï rely on lenses that are more 

difficult to make.
Ålarger diameter
Ågreater curvature
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60mm Aperture, f/15

80mm Aperture, f/6



Refractor Examples (1)
(Aperture 102mm)
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Celestron AstroMaster 102, f/6.5
$300

Explore Scientific AR102, f/6.5
Achromatic Doublet  $550

Explore Scientific ED102, f/7
Apochromatic Triplet  $1200

Stellarvue SVX102T, f/7
Premium Apochromatic Triplet  $3000

Note that scope options also differ in included 
accessories. Price examples from September 2019; price 
comparison for approximate reference only.
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AR102 $550

ED102 $1200

SVX102T $3000

ED127 $1900

AR127 $700

SVX127T $5000

Takahashi TOA-130NS $6300

Note that scope options also differ in included 
accessories. Price examples from September 2019; price 
comparison for approximate reference only.

Refractor Examples (2) 
(Aperture 102 ­ 127)



Refractor Attributes

Pros
ÅGreat for viewing planets
ÅModern, short focal 

length (low f-number) 
designs can provide wide-
field views (e.g. for large 
star clusters)

ÅOften preferred for 
imaging (i.e. astro-
photography)

ÅRelatively faster cool-
down

Cons
ÅPossible chromatic 

aberration (if not apochromat)

ÅLimited aperture
ï4in is common size
ï6in is typical max

ÅLenses can get heavy and 
expensive

ÅLow f-number designs 
may require higher-
quality eyepieces
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Critical Component 1: Optical Tube
Reflectors (catoptrics)

Light Funnels and Time Machines
Telescopes, our Gateways to the Cosmos
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From Lenses to Mirrors

ÅThe first telescopes ever built were refractors.

ÅLenses, especially large ones, can be difficult 
to make.

ÅMirrors offer an alternative.

ÅA curved mirror can focus light similar to a 
lens.
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Lens versus Mirror (1)
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f

f

ĕ Light focused by lens.

ē Light focused by mirror.
ē The ideal mirror shape 

is a parabola.



Mirror Shapes (1)

ÅA parabolic mirror will always bring parallel light 
rays to a focus.

ÅBut spherical mirrors are
easier (cheaper) to make.
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Mirror Shapes (2)

ÅWith a spherical mirror, light does not focus to a point.

Å! ǎǇƘŜǊƛŎŀƭ ƳƛǊǊƻǊ Ŏŀƴ ǎǘƛƭƭ Řƻ ŀ ŘŜŎŜƴǘ Ƨƻō ƛŦΧ
ïits curvature radius is large (i.e. the mirror is closer to flat).

ïits focal length is large (i.e. has a large f-number).
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High-Curvature (Large Aperture)
Spherical Mirror

Low-Curvature (Small Aperture)
Spherical Mirror

Parabolic 
Mirror



Mirror versus Lens

ÅCƻǊ ŀ ƎƛǾŜƴ ŀǇŜǊǘǳǊŜΣ ŀ ƳƛǊǊƻǊΧ

ïrequires less glass.

ïmay be less massive, therefore lighter.

ïonly has one surface that needs to be shaped.

Å.ŜŎŀǳǎŜ ƭƛƎƘǘ Ƨǳǎǘ ōƻǳƴŎŜǎ ƻŦŦ ǘƘŜ ƳƛǊǊƻǊΧ

ïǘƘŜǊŜΩǎ ƴƻ ǇǊƛǎƳ ŜŦŦŜŎǘΦ

ïǊŜŦƭŜŎǘƻǊǎ ŘƻƴΩǘ ǎǳŦŦŜǊ ŦǊƻƳ ŎƘǊƻƳŀǘƛŎ ŀōŜǊǊŀǘƛƻƴΦ
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ē Both sides need to be shaped.Only this side needs to be shaped. Ĕ



Reflector Design Challenges (1)

Å.ǳǘ ǘƘŜǊŜΩǎ ŀ ŎƘŀƭƭŜƴƎŜΧ

ÅWhere to put the ocular/eyepiece and the 
observer?
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Reflector Design Challenges (2)

Å²ƛǘƘ ŀ ǊŜŦǊŀŎǘƻǊΧ
ïthe light goes 

through the tube.

ïwe can easily 
observe from the 
back.

ÅA reflector needs 
ŀ ǘǊƛŎƪΧ

ÅThis reflector uses 
a flat mirror to 
bounce the light 
to the side.
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Reflector Design Challenges (3)

ÅThis reflector design is a Newtonian Reflector.
Å¢ƘŜ ŘƛŀƎƻƴŀƭΣ ŀΦƪΦŀΦ ǎŜŎƻƴŘŀǊȅ ƳƛǊǊƻǊΧ
ïforms a central obstruction.
ïblocks some of the incoming light.
ïreduces the effective aperture (typically by around 10%).
ïcauses some loss of image contrast due to diffraction effects.
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Reflector Design Challenges (4)

ÅThe secondary mirror needs to be held by something.

ÅThe support vanes, or spider, cause an optical effect.
ïLight diffracts around the vanes.

ïDiffraction spikes appear in the image (for bright objects).
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Different support vane structures cause different 
diffraction spike patterns.



Reflector Design Challenges (5)

Stars with dramatic diffraction spikes.
(Note the fainter stars have no visible spikes.)
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Newtonian/Dobsonian Reflectors (1)

ÅNewtonian reflectors may 
be installed on mounts 
similar to refractors.

ÅWith this setup, aperture 
size tends to be limited to 
about 8in.

ÅLarger-aperture reflectors 
come as Dobsonian 
telescopes.
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8in, f/4.9



Newtonian/Dobsonian Reflectors (2)

ÅThe Dobsonian ǘŜƭŜǎŎƻǇŜΧ
ï is a Newtonian reflector.

ï is mounted on a rotating base 
(like a Lazy Susan).

ïwas conceived by John 
Dobson in 1965.

Å¢Ƙƛǎ ŘŜǎƛƎƴΧ
ï is simple.

ï is relatively inexpensive.

ï is very popular.

ïallows for large-aperture 
amateur telescopes.

ï is occasionally home built.
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8in, f/5.9



Newtonian/Dobsonian Reflectors (3)

ÅThe optical tube does not 
really need to be a tube.

ÅNewtonian reflectors may 
use a truss-tube design.
ïQuick assembly / 

disassembly for transport
ïRelatively light weight even 

with large mirror

ÅBig Dobs need ladders to 
reach their eyepieces.
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20in, f/3.6



Newtonian/Dobsonian Reflectors (4)
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ÅAstronomers Without 
Borders offers this 
Dobsobian telescope.
ï130mm (5in) mirror

ïCollapsible (to 14.5in)

ï14lb weight

ïTabletop use

ÅIt is inexpensive and 
portable.



Telescope Collimation

ÅCollimation is the process of aligning the optical 
elements (lenses, mirrors), so that the light 
travels exactly as it should.
ÅNewtonian reflectors may require their primary 
ƳƛǊǊƻǊǎ ǘƻ ōŜ ŎƻƭƭƛƳŀǘŜŘ ŦǊŜǉǳŜƴǘƭȅ όōǳǘ ƛǘΩǎ ƴƻǘ 
that difficult).
ÅRefractors are

collimated at
the factor and
are typically
stable.
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Reflector Attributes

Pros
Å Allows large apertures
Å No chromatic aberration
ÅGood for viewing deep-sky 

(i.e. fainter) objects
Å Lighter and less expensive 

than refractors of same 
aperture

ÅOpen tube allows mirror to 
cool

Å Dobsonian telescopes tend to 
be light to transport and fast 
to set up.

Cons
Å Some aperture lost to central 

obstruction
Å Image affected by diffraction 

spikes
Å Can be bulky (possibly offset 

by truss design)
Å Low f-number designs may 

again require higher-quality 
eyepieces

ÅMay need ladder to reach 
eyepiece

ÅMay require frequent 
collimation (aligning of 
primary mirror)
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Critical Component 1: Optical Tube
Hybrids (catadioptrics)

Light Funnels and Time Machines
Telescopes, our Gateways to the Cosmos
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Cassegrain Design

ÅAnother type of 
reflector is a Cassegrain 
telescope.

Å! /ŀǎǎŜƎǊŀƛƴ ǎŎƻǇŜΧ

ïputs the eyepiece back 
at the end of the tube.

ïpasses the light through 
the tube three times.
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Cassegrain for Amateur Astronomy

ÅCassegrain telescopes come in several variants.
ÅTwo variants are common for amateur 

astronomy:
ïMaksutov Cassegrain
ïSchmidt Cassegrain (SCT)

Å.ƻǘƘ ƻŦ ǘƘŜǎŜ ǾŀǊƛŀƴǘǎΧ
ïuse spherical primary mirrors for simplicity.
ïadd correcting lenses (or corrector plates) to fix the 

spherical aberration.

ÅThe mirror/lens design makes them hybrids or 
catadioptrics.

Telescope Workshop - W. Witt 177



Maksutov & Schmidt Cassegrain (1)

ÅMaksutov Cassegrain
ïCorrector plate has a 

spherical shape.
ïThe secondary mirror tends 

to be directly silvered onto 
corrector plate.

ïDesign is often used for 6in 
scopes or smaller.

ÅSchmidt Cassegrain (SCT)
ïCorrector plate has special, 

aspheric shape.
ïSecondary mirror is attached 

to corrector.
ïDesign is typically used for 6in 

scopes or larger.
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Maksutov Cassegrain

Schmidt Cassegrain



Maksutov & Schmidt Cassegrain (2)
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Maksutov Cassegrain

Schmidt Cassegrain

5in, f/15

8in, f/10



Maksutov & Schmidt Cassegrain (3)

ÅCassegrain telescopes 
also have central 
obstructions.

ÅIn Maksutov and Schmidt 
ŘŜǎƛƎƴǎΧ
ïthe secondary mirror is 

held by the corrector.
ïno spider is needed.

ÅSome aperture and image 
contrast are lost to 
central obstruction.

ÅThe image does not show 
diffraction spikes.
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5in, f/15

8in, f/10



Glimpse into SCT
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SCT Optical Tube Examples
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Celestron C6  $840

Price examples from August 2024; price 
comparison for approximate reference only.

Celestron C8  $1350

Celestron C11
$3200

Celestron EdgeHD11
$4400

Celestron EdgeHD8  $1600

Celestron EdgeHD14
$7500



SCT Telescope Examples (1)
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Price examples from August 2024; price 
comparison for approximate reference only.
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SCT Telescope Examples (2)
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Price examples from August 2024; price 
comparison for approximate reference only.

CPC 800 GPS (XLT)
$2599

CPC Deluxe 800 (EdgeHD)
$3199

CPC Deluxe 1100 (EdgeHD)
$5099



SCT Telescope Examples (3)
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CPC Deluxe 1100 (EdgeHD)
$5099

CGX-L Equatorial 1100 HD
$6799

Price examples from August 2024; price 
comparison for approximate reference only.



Cassegrain Attributes

Pros
Å Allows larger apertures than 

refractors

Å Compact (short tube) for a given 
aperture

Å Lighter and less expensive than 
refractors at same aperture

Å No (or little) chromatic aberration
Å No diffraction spikes

Å Good for viewing deep-sky (i.e. 
fainter) objects

Å Often good general-purpose scopes

Cons
Å Compared to Newtonian reflector:

ï more complex design
ï more expensive
ï heavier (more glass)

Å Some aperture lost to central 
obstruction

Å Central obstruction reduces contrast 
somewhat compared to refractor

Å Field of view often too small for large 
objects

Å Closed-tube design tends to cause 
long cool-down period
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Critical Component 1: Optical Tube
Summary Comparison

Light Funnels and Time Machines
Telescopes, our Gateways to the Cosmos
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Optical Tube Types
Summary Comparison
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Refractor
ÅApertures up to 150mm (6in)
ÅQuite expensive and heavy at 

large aperture
ÅExcellent contrast, great for 

viewing planets
ÅMay suffer from chromatic 

aberration (if not apo)
ÅCan offer wide-angle views
ÅRelatively fast cool-down
ÅOften used for astro-imaging

Reflector (Newtonian)
ÅOften implemented using 

Dobsonian mount
ÅApertures up to 25in or greater
ÅSome aperture loss and image 

artifacts from central obstruction
ÅGood for viewing deep-sky objects
ÅNo chromatic aberration
ÅMay be bulky to transport
ÅOpen tube allows for mirror cool-

down

Hybrid (e.g. SCT)
ÅOffers larger apertures than 

refractors
ÅApertures up to 14in
ÅSome aperture and contrast loss 

due to central obstruction
ÅMore compact (shorter) than 

Newtonian reflectors
ÅAt given aperture, more 

expensive than Newtonian, less 
expensive than refractor

ÅTypically narrow field of view
ÅSlow cool-down



Segment 4

Light Funnels and Time Machines
Telescopes, our Gateways to the Cosmos
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Light Funnels and Time Machines
Segment 4

ÅCritical Component 2: Eyepieces

ïEyepieces

ïRelated Components:

ÅBarlow Lenses (Teleconverters)

ÅFocal Reducers (Telecompressors)

ÅStar Diagonals

ÅFocusers
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Critical Component 2: Eyepieces
(also Star Diagonals and Focusers)

Light Funnels and Time Machines
Telescopes, our Gateways to the Cosmos
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Telescope: Eyepiece

ÅLǘΩǎ ǘƛƳŜ ŦƻǊ ǘƘŜ ǎŜŎƻƴŘ ǇŀǊǘ ƻŦ ǘƘŜ ƻǇǘƛŎŀƭ 
ǇŀǘƘΧ

ÅThe eyepiece is much smaller than the OTA, 
ōǳǘ ƛǘΩǎ ƘŀƭŦ ƻŦ ǘƘŜ ƻǇǘƛŎŀƭ ǇŀǘƘΗ
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Optical Tube Assembly
(OTA)

Eyepiece



Eyepiece: Small but Mighty

ÅAn eyepiece is always an assembly of one or 
more lenses in a housing.

ÅJust like with objective lenses of refractors, 
eyepiece lenses and their configurations vary.

ïNumber and arrangement of lens elements

ïGlass type and optical coatings

ïOverall eyepiece build style and quality
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Eyepiece Properties

ÅMany different eyepiece designs 
exist (some examples on right).

ÅDifferent designs have tradeoffs 
ŀƳƻƴƎΧ
ïBarrel size

ïDesign complexity

ïFocal length

ïField of view

ïEye relief

ïExit pupil

ïTypes and amounts of aberration

ïPhysical size and weight

ïPrice
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Key Attributes

ÅBarrel size (does it fit your telescope?)
ÅFocal Length (fE):
ïDetermines magnification of image
ïRemember: magnification = fT / fE

ÅApparent field of view (AFOV): size of the image 
circle
ÅEye Relief: how close the eye has to be to the 

lens for the best view
ÅExit Pupil Size: size of the light bundle sent to the 

eye
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Barrel Sizes

ÅThree standard barrel sizes exist:
ï0.965in (24.5mm)
ÅRight in photo
ÅTypically used for inexpensive,

entry-level telescopes

ï1.25in (32mm)
ÅMiddle in photo
ÅMost economical size
ÅGood tradeoff point for amateur telescopes

ï2in (51mm)
ÅLeft in photo
Å2in barrel may allow for larger fields of view

Å1.25in to 2in adapters are commonly used.
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Field of View and Magnification

ÅLow to high 
magnification
(same field of view)

ÅSmall to large image 
circle / field of view
(same magnification)
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Field of View (1)

ÅAn eyepiece on its own has an apparent field of 
view (AFOV).

ÅThe AFOV combines with the telescope system to 
form the true field of view (TFOV).

ÅTFOV = AFOV / magnification

ÅThe AFOV of different eyepiece designs typically 
varies between 50° and 100°.

ÅBasic eyepieces have about 50° to 60° AFOV.
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Field of View (2)

Å Recall the angular sizes of some objects:
ïMoon   = 0.5°
ïPleiades (open cluster) = 2°
ïJupiter, Saturn  = 0.01°

Å For the Moon
ïAssume AFOV = 60°, Magnification = 80x
ïTFOV = 60° / 80 = 0.75° ! 0.5° Moon fits!
ïWith AFOV = 100°, mag could be 130x for same TFOV

Å For the Pleiades
ïAssume AFOV = 60°, Magnification = 25x
ïTFOV = 60° / 25 = 2.4° ! 2° Pleiades fits!

Å For Jupiter, Saturn
ïTFOV = 60° / 200  = 0.3°
ïTFOV is much larger than the planet ! Planet fits including its mons!
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Field of View (3)
Stellarium FoV Example: Moon
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f = 2032mm

f = 25mm, AFOV = 60°
Ĕ Mag = 81x, TFOV = 0.74°

(full moon fits)

f = 12mm, AFOV = 60°
Ĕ Mag = 169x, TFOV = 0.35°
(only partial moon visible)



Field of View (4)
Stellarium FoV Example: Jupiter

f=2032mm

f = 25mm, AFOV = 60°
Ĕ Mag = 81x, TFOV = 0.74°

f = 12mm, AFOV = 60°
Ĕ Mag = 169x, TFOV = 0.35°

f = 7mm, AFOV = 60°
Ĕ Mag = 290x, TFOV = 0.21°

(requires very good seeing conditions)
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Eye Relief and Exit Pupil (1)
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Å Below, eye relief is relatively large:
ïEye can be some distance from the lens.

ï Larger eye relief is required if the observer wears glasses.

Å Exit pupil is also relatively large:
ïLŘŜŀƭƭȅΣ ǘƘŜ ŜȄƛǘ ǇǳǇƛƭ ƛǎ ƳŀǘŎƘŜŘ ǘƻ ǘƘŜ ŜȅŜΩǎ ǇǳǇƛƭ ǎƛȊŜΦ

ï If the exit pupil is larger, light will be lost to the eye.

eye relief

exit pupil



Eye Relief and Exit Pupil (2)
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Å Eye relief is smaller: eye glasses may not fit

Å9Ȅƛǘ ǇǳǇƛƭ ƛǎ ǎƳŀƭƭŜǊΥ ǎƻƳŜ ƻŦ ǘƘŜ ŜȅŜΩǎ ǇǳǇƛƭ ŎŀǇŀŎƛǘȅ ƛǎ ǿŀǎǘŜŘ

Å If all else is equal, eye relief and exit pupil shrink as magnification 
increases.

Å The size of the exit pupil is the aperture divided by the 
magnification.

eye relief

exit pupil



Optical Imperfections

ÅEyepieces are subject to all types of possible 
optical imperfections.
ïImage may be sharp in center but blurry towards the 

edges.
ïContrast may be degraded (empty, dark space not as 

black as it could be).
ïhǘƘŜǊǎΧ

ÅAs with OTAs, lens precision, glass type, coatings, 
etc. all make a difference.
ÅHigh f-number telescopes (e.g. f/10) are more 

forgiving than lower ones (e.g. f/5).
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Physical Size and Price

ÅPhysical size and weight
ïEyepiece weights range from 0.1 lb to over 2 lb.
ïThe heavy ones tend to be the ones with wide AFOV 

and long focal lengths (i.e. overall wide field).
ïSome scopes (mounts) may not be able to hold 

eyepieces that are relatively heavy.

ÅPrice
ïThe range is huge: a few tens of dollars to a thousand 

dollars
ïSufficiently good eyepieces can typically be had for 

$50 to $100.
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Eyepiece Examples (1)
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ÅFocal Length 12mm
ÅAFOV  50°
ÅEye Relief 8mm (0.31")
ÅLens Elements 4
ÅBarrel  1.25in
ÅPrice  $30

ÅFocal Length 12mm
ÅAFOV  60°
ÅEye Relief 16mm (0.63")
ÅLens Elements 6
ÅBarrel  1.25in
ÅPrice  $80
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Eyepiece Examples (2)
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ÅAFOV 50°
ÅEye Rel. 8mm
ÅPrice $30

ÅAFOV 60°
ÅEye Rel. 16mm
ÅPrice $80

ÅAFOV 50°
ÅEye Rel. 8mm
ÅPrice $95

ÅAFOV 82°
ÅEye Rel. 12mm
ÅPrice $320

ÅAFOV 100°
ÅEye Rel. 15mm
ÅPrice $630Additional options for approximately 12mm,

including high-end Tele Vue as an upper bound.
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Eyepiece Examples (3)
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ÅFocal Length 26mm
ÅAFOV 62°
ÅEye Relief 19mm
ÅBarrel 1.25in
ÅWeight 0.5lb
ÅPrice $95

ÅFocal Length 25mm
ÅAFOV 100°
ÅEye Relief 14mm
ÅBarrel 2in
ÅWeight 2.5lb
ÅPrice $600

Lots of AFOV choices from, 
for example, Explore 
Scientific.
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