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Index of Refraction and Snell’s Law

n = c / v

Medium n at 590 nm
Vacuum 1

Air 1.000293
Water 1.3

Ice 1.3
Glass 1.4 - 1.6

Diamond 2.4Willerbrordus Snellius



Lenses

Lens focal length f:
Distance from center to focal point, 
for parallel incoming rays

Lens Equation: 1/f = 1/Dobject + 1/Dimage

But in astronomy, usually Dobject = ∞, so Dimage = f



Focal Ratio
Focal ratio = focal length / lens diameter = f/d
Usually written as “f/10”, “f/4”, etc.

When describing a lens, the diameter and the focal ratio (or focal length) are the two 
quantities to know.

f/10; “Slow” lens

f/1; “Fast” lens f/2.5



Ray Tracing
Follow rays from object, to image. Draw three rays from each point on the object:
1. From object, parallel to axis, through lens, though far focal point
2. From object, through close focal point, exiting lens parallel to axis
3. From object, through center of lens, straight line

You can trace as many rays as you like, but these are the basic three that you should 
do.



World’s Simplest Optical System

Pinhole Camera:

• Put film at focal plane

• Magnification = Di / Do (both arbitrary)

• Always in focus at all distances (no ‘focal length’)

But: It’s very dark, because a pinhole doesn’t let in much light. Low d, so very 
‘slow’ f/ratio.

Do

Di



Second-Simplest Optical System

Single-lens Camera

• Focuses at a distance Do

• Image created at focal plane

• Image can be recorded by film, or on screen, etc.

• Lets in much more light than pinhole camera



Simplest Telescope (‘Galilean’)

Your eye is not a camera or piece of film.

• Rays coming into your eye must be parallel

• Your eye then refocuses them on the retina

• Lets in much more light than pinhole camera: larger d

• Magnification: M = f1 / f2
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Siderius Nuncius (‘Starry Messenger’) G
Galileo 1610



Galilean Telescope (1610)

5 cm aperture
10x magnification



The number of the Fixed Stars which observers have been able to see without artificial powers of 
sight up to this day can be counted. It is therefore decidedly a great feat to add to their number, and to 
set distinctly before the eyes other stars in myriads, which have never been seen before, and which 
surpass the old, previously known, stars in number more than ten times.

It is a most beautiful and delightful sight to behold the body of the Moon… and consequently any one 
may know, with the certainty that is due to the use of our senses, that the Moon certainly does not 
possess a smooth and polished surface, but one rough and uneven, and, just like the face of the 
Earth itself, is everywhere full of vast protuberances, deep chasms, and sinuosities.

Then to have got rid of disputes about the Galaxy or Milky Way, and to have made its nature clear 
to the very senses, not to say to the understanding, seems by no means a matter which ought to be 
considered of slight importance. In addition to this, to point out, as with one's finger, the nature of 
those stars which every one of the astronomers up to this time has called cloud like, and to 
demonstrate that it is very different from what has hitherto been believed, will be pleasant, and very 
fine.

But that which will excite the greatest astonishment by far, and which indeed especially moved me 
to call the attention of all astronomers and philosophers, is this, namely, that I have discovered Four 
Erratic Stars, neither known nor observed by any one of the astronomers before my time, which have 
their revolutions round a certain bright star, one of those previously known,

All which facts were discovered and observed a few days ago by the help of a telescope devised by 
me, through God's grace first enlightening my mind. Perchance other discoveries still more excellent 
will be made from time to time by me or by other observers, with the assistance of a similar 
instrument, so I will first briefly record its shape and preparation, as well as the occasion of its being
devised,
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