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Course Outline

1. Beginnings:  Optics in the Ancient World and the Middle Ages;  Mirrors and 
Lenses

2. Renaissance and Pre-Renaissance developments.  The eye.  Early telescopes 
& microscopes.  Art and Optics.

3. Newton’s contributions leading to 18th and 19th Century developments in 
Optical instruments.

4. Modern Optics and the methods used to design and build them.  Lasers, 
fiberoptics, holograms, space telescopes, semiconductor lithography, gravity 
wave detectors, and the camera in your cell phone.
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More Craft than Science
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The Law of Reflection Was Known Since Ancient Times
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The Law of Reflection Was Known Since Ancient Times
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Hero of 
Alexandria
ca 10-70 CE

Mirror
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Start

End



The Law of Refraction Was Harder
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The Law of Refraction Was Harder
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Water

AIR

H2O

Air

45o

32o
~49o

Stray ReflectionDescartes’ Tennis Ball Model 
for Light Refraction



The Law of Refraction Was Harder
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Water

AIR

H2O

Air

45o

32o
~49o

Stray Reflection

sin AIR

sin H2O

= n
H2O

Snell’s Law:

1.333  for water
1.5 to 1.6  for glass
2.42 for diamond



Why Early Lens Instruments Were Poor
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“Perfect”
Lens

ca 1600 CE

Ideal 
Lens



Why Early Lens Instruments Were Poor
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Real Lens
ca 1600

“Perfect”
Lens

ca 1600 CE



Why Early Lens Instruments Were Poor:  2 Main Issues
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Stopping Down May Help
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Real Lens

Real Lens 
with 

Reduced 
Aperture

• Dim
• Slightly

Fuzzy
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Isaac Newton 
Sculpture 

Trinity College 
Chapel

Roubiliac
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Trinity College, Cambridge
Newton earns BA 1665
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The Great Plague 
of London
1665-1666
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Woolsthorpe Manor
60 miles North of Cambridge
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One project Newton started in 1666 
was to try to grind aspherical lenses to 

eliminate spherical aberration…

…but he soon got diverted onto a tangent.

Stourbridge Fair
Held every September in Cambridge

Vendors from all over Europe

Southwark Fair

William Hogarth, 1733

“in the beginning of the Year 1666 … I procured 

me a Triangular glass-Prisme, to try therewith 

the celebrated Phenomena of Colours.”



The First Experiment

3/14/2022 Opticks 3



The First Experiment
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Refractive Index Varies with Color
Newton called it

“Differential Refrangibility”
We call it 

“Dispersion”



Some time later, perhaps 1668…
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Newton’s Experimentum Crusis:  Artist’s Simplified Version  

Sascha Grusche
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Newton’s ‘Experimentum Crusis’:  Artist’s Simplified Version  

Sascha Grusche

Hole

Prism 1

Prism 2

Board
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Newton’s Notebook
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Newton’s Notebook

Lens

Sharp image of hole in window 
shade, not image of the sun!
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Newton’s Notebook

LensPrism

The First Spectrometer!
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Newton’s Notebook

LensPrism

Hole
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Newton’s Notebook

LensPrism

Hole

The First Spectrometer!
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When I understood this, I left off my aforesaid Glass works, for I saw, that the 

perfection of Telescopes was hitherto limited, not so much for want of glasses 

truly figured according to the prescriptions of Optick Authors, (which all men 

have hitherto imagined,) as because that Light it self is a Heterogeneous mixture 

of differently refrangible Rays. So that, were a glass to be exactly figured, as 

to collect any one sort of rays into one point, it could not collect those also into 

the same point, which having the same Incidence upon the same Medium are apt 

to suffer a different refraction.

‘A Letter of Mr. Isaac Newton, Professor of the 

Mathematicks in the University of Cambridge; 

containing his New Theory about Light and Colors’

Philosophical Transactions of the Royal Society
Feb 19, 1672
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Giving up on Lenses for Telescopes due to Chromatic Aberration,
Newton turns to Mirrors
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Newton turns to Mirrors
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Giving up on Lenses for Telescopes due to Chromatic Aberration,
Newton turns to Mirrors

3 Main Challenges:
1. Blockage Problem
2. Front Surface Mirror
3. Precise Grinding
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Giving up on Lenses for Telescopes due to Chromatic Aberration,
Newton turns to Mirrors

Add a diagonal 
mirror
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Giving up on Lenses for Telescopes due to Chromatic Aberration,
Newton turns to Mirrors

#2:  Newton’s Solution to Mirror Problem
Make mirrors of solid metal

Speculum -- Alloy of Tin, Copper, Silver
• Easy to grind
• Can be polished to a mirror finish
• Poor-ish reflectivity, tarnished quickly



3/14/2022 Opticks 3 Patricia Fara, Philosophical Transactions A (2015)

First 
Prototype 

built in 
1668

Second Version 
shown to 

Royal Society 
late 1671
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Replica of 
Newton’s 3rd

Reflecting 
Telescope

(~1672)
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Replica of 
Newton’s 3rd

Reflecting 
Telescope

(~1672)

Tiny size amazed  
the Royal Society
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Since Newton provided full details of the optical 
design, we can put it into a modern optical ray tracing 

model and see how it would have performed.
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Ray Trace Model of 
Newton’s 2nd Telescope
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Sky & Telescope (2019)

Modern high resolution image of Jupiter with the 4 Galilean moons.
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Sky & Telescope (2019)

The computed image Newton could have seen if he 
fabricated the optics accurately…
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Sky & Telescope (2019)

His image was inverted, so 
we have to flip this to 
compare with original.
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Sky & Telescope (2019)

Zoom in …
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“…and by degrees so far perfected an instrument … by 

which I could discern Jupiter's 4 Concomitants, and showed 

them diverse times to two others of my acquaintance. “ 
Newton’s letter to Royal Society  Feb 6, 1672

Brighten the image …

Note chromatic aberration, 
due to refractive eyepiece 

lens.
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‘A Letter of Mr. Isaac Newton, Professor of the 

Mathematicks in the University of Cambridge; 

containing his New Theory about Light and Colors’

Philosophical Transactions of the Royal Society
Feb 19, 1672

13 Pages

Finally, after showing his second 
Telescope to the Royal Society, Newton 

publishes his Experiments on Color

3 Results:
• Newton is elected to the Royal Society
• Starts a spirited exchange with critics,

especially Robert Hooke.
• The controversy sends him into a funk
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National Museum 
of Health & 
Medicine, 

Bethesda MD

Wikimedia

Robert Hooke
1635-1703

London
Polymath

Curator of Experiments at 
Royal Society

fsu Molecular Expressions
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Over 30 years later, after 
nemesis Hooke dies, 

Newton publishes Optiks
in 1704



“Crown Glass”
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But Newton made a serious mistake …
he thought that all optical media had the same dispersion

“Flint Glass”  (Leaded)



“Crown Glass”
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What if we combined a Convex Crown Glass lens
with a Concave Flint Glass lens?

“Flint Glass”  (Leaded)
High Index n, High dispersion



“Crown Glass”
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Weak “Flint Glass” Concave Lens  

High Index n, High dispersion

But what if we made the Concave diverging lens weaker?

Cemented Doublet
or

Achromat

Original focus 
of Crown lens

Resulting focus of 
Composite lens
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The Invention of the Achromatic Lens
Cemented Doublet

or
Achromat

Chester Moore Hall
English Lawyer and 
Amateur Optician

• Hall came up with the idea 
of the Achromat in 1729

• He needed
• a Crown glass (+) lens
• a Flint glass (-) lens

• Wanted to keep the 
invention secret.

• So he ordered each from a 
different Optician!

• But each Optician sub-
contracted the job to the 
same craftsman, one 
George Bass, who figured 
it out.

Bass later told an Instrument maker, 
John Dolland, about it.

Dolland patented the Achromat in 1758
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What about Spherical Aberration?

1.Use non-Spherical Surfaces

2.Use more Spherical surfaces
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Eyepieces of the 17th Century

Kepler  (1611) Huygens  (1664)

Ramsden  (1782)Dollond Achromat  (1757)

Adding more spherical surfaces could reduce
or minimize spherical aberration…
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Eyepieces of the 17th Century

Kepler  (1611) Huygens  (1664)

Ramsden  (1782)Dollond Achromat  (1757)

Nagler 2  (ca 1990)
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Some Eyepiece 
Designs

(Eye is to left)



S. Bedini (1966)
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Joseph von Fraunhofer
1787-1826 (age 39)

Optical Instrument Manufacturer

Vertically integrated 
manufacturer:

• Glass making
• Lens grinding
• Optical design
• Instrument design

& Scientist

JeffBaldwin.org

www.Fraunhofer.de

Optical Glass 
Furnace with 

Stirrer 
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Joseph von Fraunhofer
1787-1826 (age 39)

Optical Instrument Manufacturer

Vertically integrated 
manufacturer:

• Glass making
• Lens grinding
• Optical design
• Instrument design

& Scientist

Theodolite
Fraunhofer’s Institute

Need accurate Refractive 
Index measurements for glass



Slit
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The Prism Spectroscope

Sodium 
Lamp

Salt 
water

wick

OIL
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The Prism Spectroscope

Sodium 
Lamp

Salt 
water

wick

OIL



3/14/2022 Opticks 3

Fraunhofer Gesellschaft

Fraunhofer’s 
“Spectroscope”

Telescope
Did Fraunhofer really
invent the Spectroscope?

Theodolite

The surviving ones appear to be 
missing the collimator section.  
But he must have used one….
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Artistic Imagining
of Fraunhofer  

demonstrating 
his Spectroscope

…without  a 
Collimator or 

Source!
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Then in 1814 Fraunhofer directed Sunlight into his Spectroscope

These dark lines are now 
called ‘Fraunhofer Lines’

There are thousands of them
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There was no photography –
so  Fraunhofer drew and colored the spectrum he saw by hand

Fraunhofer Gesellschaft 
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He tabulated over 500 of the dark lines, and gave names to many of them

nm
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Then he compared the Solar spectrum to the Sodium Lamp Spectrum

Sodium Lamp

nm
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Then he used several lines to measure Refractive Index of his glasses

Sodium Lamp

nm

F D1 C

nF = 1.52238 nD = 1.51673 nC = 1.51432
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Then he used several lines to measure Refractive Index of his glasses

Sodium Lamp

nm

F D1 C

nF = 1.52238 nD = 1.51673 nC = 1.51432

Hydrogen
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Fraunhofer’s  1824 
“Dorpat Refractor”

9.5 Inch (24 cm) Objective
4 m Focal Length

Used to discover Neptune

now at University of Tartu
Estonia

Wikimedia

All these developments allowed 
Fraunhofer’s Institute to build superior 

telescopes, of larger and large sizes.
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Smiths Illustrated 
Astronomy (1848)

“Merz and Mahler”
11 Inch Refractor

1848

Cincinnati Observatory
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Smiths Illustrated 
Astronomy (1848)

“Merz and Mahler”
11 Inch Refractor

1848
Cincinnati Observatory

The Engineer
May 13 1870

Newall Refractor
25 Inch

Built 1862-1870

Installed in 
Gateshead, England

Donated to Cambridge 
University ~1885

Used until 1930’s
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Smiths Illustrated 
Astronomy (1848)

“Merz and Mahler”
11 Inch Refractor

1848
Cincinnati Observatory

The Engineer
May 13 1870

Newall Refractor
25 Inch

Built 1862-1870

Installed in 
Gateshead, England

Donated to Cambridge 
University ~1885

Used until 1930’s

FullDome
Database



3/14/2022 Opticks 3

Yerkes Refractor
40 inch (102 cm)
19 m Focal Length

1897

Yerkes Observatory
Williams Bay, WI

U of Chicago

40” Achromatic Doublet  
made by Alvan Clark & Sons

in Massachusetts

500 Lb
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Yerkes Refractor
40 inch (102 cm)
19 m Focal Length

1897

Yerkes Observatory
Williams Bay, WI

U of Chicago

40” Achromatic Doublet  
made by Alvan Clark & Sons

in Massachusetts

500 Lb

Polishing one of the 
elements of the achromatic 

objective.
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Yerkes Refractor
40 inch (102 cm)
19 m Focal Length

1897

Yerkes Observatory
Williams Bay, WI

U of Chicago

40” Achromatic Doublet  
made by Alvan Clark & Sons

in Massachusetts

500 Lb
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Albert visits 
the Yerkes 
Refractor

May 6, 1921
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The UI 12 Inch 
Refractor

15 ft Focal Length

1896

Achromatic Doublet
(Flint in Front!)
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Jack Sparrow used state-of-the-art Refractive optics…

Pirates of the Caribbean  (Disney 2003)  Johnny Depp and Geoffrey Rush 



3/14/2022 Opticks 3Pirates of the Caribbean  (Disney 2003)  Johnny Depp and Geoffrey Rush 
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Most refractors were small terrestrial telescopes

at first constructed from cardboard tubes covered with Vellum ….

Greivenkamp & Steed, Proc SPIE Vol 8129 (2011)
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Most refractors were small terrestrial telescopes

then, from mid-18th century, of brass tubing

Dolland Terrestrial Refractor 
(19th Century)

HeritageAuctions.com

9-Draw Brass-Mahogany
Terrestrial Telescope

Brass Pocket Telescope

Sworders Auction House
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Terrestrial Refracting Telescope

Retina

Erector Group
Objective Eyepiece
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Terrestrial Refracting Telescope
Erector Group

Objective Eyepiece

… and reduce the excessive 
length of the terrestrial 

telescopes?
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Erecting with Mirrors
Erector Group

Objective Eyepiece

This would work, but a bit 
awkward
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REGULAR
MIRROR

REGULAR
MIRROR

Mirror Reflection 
flips the Parity from  

even to odd

Two Mirror Reflections flip the 
Parity back to even…

and so on.
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ROOF
MIRROR!

Roof Mirror

90o Top View of Roof Pair

2 Reflections 
means Even 

Parity
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R
O

O
F

M
IR

R
O

R
!

45o

90o

Roof Mirror
Top View of Roof Pair

2 Reflections 
means Even 

Parity



3/14/2022 Opticks 3

ROOF
MIRROR!

Roof Mirror
Top View of Roof Pair

2 Reflections 
means Even 

Parity
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Roof Mirror:   A Better Version
Top View of Roof Pair

2 Reflections 
means Even 

Parity

Roof Prism
or

Porro Prism
(1847)

Total 
Internal 

Reflection

No silver or other coating 
needed on reflecting 

surfaces!



A Pair of Porro Prisms performs an Inversion
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Porro Pair 
Erector
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Terrestrial Refracting Telescope:  A Compact Erector  

Retina

Erector Group
Objective Eyepiece

Porro
Pair

Modern Spotting 
Scope

Ricoh-PentaxHuge reduction in length
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Two of these make a Pair of Binoculars

Zeiss 8x (1897)

Greivenkamp & Steed, Proc SPIE Vol 8129 (2011)
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But plenty of Binoculars were built the old-fashioned way

Greivenkamp & Steed, Proc SPIE Vol 8129 (2011)

Galilean 
Opera 

Glasses

French Mid-1800’s 
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But plenty of Binoculars were built the old-fashioned way

Greivenkamp & Steed, Proc SPIE Vol 8129 (2011)

Field Glasses
French, English, German

Mid-19th Century to Early 20th

Twin Telescopes
Late 19th Century
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1817 Invention of the 
Kaleidoscope

καλός εἶδος σκοπέω

kalos eidos      skopeō

"beautiful”    “shape“ “to examine"

David Brewster
Scottish Physicist

(1781 – 1868)
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1817 Invention of the 
Kaleidoscope

καλός εἶδος σκοπέω

kalos eidos      skopeō

"beautiful”    “shape“ “to examine"

David Brewster
Scottish Physicist

(1781 – 1868)



View
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k

How a simple 90o

Kaleidoscope Works

With no mirrors installed…



View
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k

How a simple 90o

Kaleidoscope Works

This image formed 
2 different ways!



View
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k

How a simple 90o

Kaleidoscope Works

With only bottom mirror 
installed…



View
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k

How a simple 90o

Kaleidoscope Works

This image formed 
2 different ways!

With both mirrors 
installed…
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Brewster’s “Lenticular Stereoscope”
(1849)

ca 1870
Museo Scienza e Tecnologia Milano

WikiMedia

Stereo pair cards existed.  Brewster’s innovation  was 
to add lenses to make viewing much less painful.

Immediate sensation, 250 thousand units sold!
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Brewster’s “Lenticular Stereoscope”
(1849)

ca 1870
Museo Scienza e Tecnologia Milano

WikiMedia
Photonics.com

A cheaper version



3/14/2022 Opticks 3

Brewster’s “Lenticular Stereoscope”
(1849)

Museo Scienza e Tecnologia Milano

Martin 
Laroche

V & A 
Museum

ca 1850-1870
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Brewster’s “Lenticular Stereoscope”
(1849)

Museo Scienza e Tecnologia Milano

Photonics.com

ca 1850-1870
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Christiaan Huygens
1629-1695

Dutch Physicist

Built and 
demonstrated a 
Magic Lantern

ca 1659

Netscher
(1671)

Magic
Lantern

Huygens Sketch 1695



3/14/2022 Opticks 3

Christiaan Huygens
1629-1695

Dutch Physicist

Built and 
demonstrated a 
Magic Lantern

ca 1659

Netscher
(1671)

Magic
Lantern

Huygens Sketch 1695



Objective 
Lens

Slide
But without 

illumination, the 
image will be barely 

visible, if at all….
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Christiaan Huygens
1629-1695

Dutch Physicist

Built and 
demonstrated a 
Magic Lantern

ca 1659

Netscher
(1671)

Magic
Lantern

Huygens Sketch 1695



Objective 
Lens

Slide

Lamp

Adding a lamp makes center of 
slide image dimly visible…
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Christiaan Huygens
1629-1695

Dutch Physicist

Built and 
demonstrated a 
Magic Lantern

ca 1659

Netscher
(1671)

Magic
Lantern

Huygens Sketch 1695



Objective 
Lens

SlideCondenser
Lens

Lamp

Retro 
Mirror

Adding a Condenser lens to image 
lamp directly onto the Objective lens 

puts far more light on the screen, 
and illuminates the entire slide!

Adding a retro-mirror 
doubles the brightness.
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Christiaan Huygens
1629-1695

Dutch Physicist

Built and 
demonstrated a 
Magic Lantern

ca 1659

Netscher
(1671)

Magic
Lantern

Huygens Sketch 1695



Objective 
Lens

SlideCondenser
Lens

Lamp

Retro 
Mirror

All these elements were 
present in Huygens’ design
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Christiaan Huygens
1629-1695

Dutch Physicist

Built and 
demonstrated a 
Magic Lantern

ca 1659

Netscher
(1671)

Magic
Lantern

Huygens Sketch 1695



Objective 
Lens

SlideCondenser
Lens

Lamp

Retro 
Mirror

Huygens Sketch
ca 1659

Animation Slide 
Sequence 

Huygens did 
animation



How do we know
how old it is?

3/14/2022

Magic
Lantern

Oldest surviving 
Magic Lantern?

1720 or earlier

Jan van 

Musschenbroek
Dutch Instrument Maker

Museum Boerhaave
Leiden

from collection of
Prof Gravesande from Willem Gravesande's 1720 book

Physices Elementa Mathematica

de 
Luikerwaal Opticks 3



How do we know
how old it is?

3/14/2022

Magic
Lantern

Oldest surviving 
Magic Lantern?

1720 or earlier

Jan van 

Musschenbroek
Dutch Instrument Maker

Museum Boerhaave
Leiden

from collection of
Prof Gravesande from Willem Gravesande's 1720 book

Physices Elementa Mathematica

de 
Luikerwaal Opticks 3
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Magic
Lanterns
Evolve

www.magiclantern.org.uk/

“Bi-Unial”

http://www.magiclantern.org.uk/
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Magic
Lanterns
evoLve
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12 mm 
Aperture

LaNterna
Magica

Huygens

Frosted 
Light Bulb

20 mm 
Aperture

Condenser Lens 
35 mm FL

Transparent Slide
(Skull & Crossbones Inverted)

Objective Lens 
100 mm FL

Note that the 12mm Light 
Source should be roughly

imaged into the 20mm 
aperture at the Objective 

by the Condenser



What About Newton’s Reflecting Telescopes?
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Gregorian
James Gregory (Scottish) 1663 Optica Promota

M. Cassegrain  
Proposed ca 1663

Newton’s Solution 
built in 1668 Proposed, not built

Proposed, not built
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James Short
Edinburgh 
Instrument 

Maker

Made over 1300 
Telescopes
mid 1700’s

Mostly 
Gregorian

4.5 inch
Gregorian 
Reflector

(1737)
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James Short
Edinburgh 
Instrument 

Maker

Made over 1300 
Telescopes
mid 1700’s

Mostly 
Gregorian

4.5 inch
Gregorian 
Reflector

(1737)

Binocular Version
ca 1760
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Inventor of the Cassegrain 
Design:

Laurent Cassegrain 
Catholic Priest 
Chartre Region
(ca 1629-1693)

?

Journal des Scavans (1672)

Idea came to light only via 
another author who had heard 
about it, referred to originator 

only as M. Cassegrain.
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Meet the Herschels:  German-British Astronomers

William
1738-1822

Caroline
1750-1848 Science Photo 

Library

Brother & Sister
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They built over 60 complete Reflecting Telescopes and hundreds of mirrors,
from 6 inch to 49 inch diameter, beginning in 1774 

Science Museum 
Group (London)ca 1784 ca 1795?

Two examples of 
Herschel

6 1/8” Diameter
7 ft Focal Length

Newtonian Reflectors

Science Museum 
Group (London)

Used to Discover 
Uranus 1781? 

“Caroline’s 
Telescope”

Speculum Metal 
Mirrors
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They worked their 
way up to a

20 Foot Focal Length 
Reflector by 1783

A new Off-Axis design 
was used,
now called 

Herschel-Lomonsov

~ 18 “ Diameter



Wikimedia
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Science Photo Library
The Great Forty-Foot Telescope

constructed from 1785-89 at the 
Herschel Observatory in Slough, 

England

49 inch Speculum Mirror

It was a public sensation….

…but not very useful for Astronomy



Wikimedia
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Science Photo Library
The Great Forty-Foot Telescope

constructed from 1785-89 at the 
Herschels’ Observatory in Slough, 

England

49 inch Speculum Mirror
Tin-Copper-Arsenic

It was a public sensation….

…but not very useful for Astronomy

Science 
Museum 
(London)

The First Attempt



Wikimedia
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Science Photo Library
The Great Forty-Foot Telescope

constructed from 1785-89 at the 
Herschel Observatory in Slough, 

England

49 inch Speculum Mirror
Tin-Copper-Arsenic

It was a public sensation….

…but not very useful for Astronomy

Posterazzi
19th Century Engraving

Note 
eyepiece
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Leviathan of Parsonstown, Rosse 6 ft Telescope:  1845

William Parsons
3rd Earl of Rosse

Birr Castle
County Offaly, Ireland

Used for serious 
astronomy, visited by 

astronomers worldwide.
Could rotate East-West 

only slightly.
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Leviathan of Parsonstown, the Rosse 6 ft Telescope:  1845

William Parsons
3rd Earl of Rosse

Birr Castle
County Offaly, Ireland

Birr Castle
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Late 17th Century 
Compound Microscopes

Primitive Optics

Figures from Molecular Expressions
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18th Century 
Compound 

Microscopes
Little improvement 

in optics
Figures from 

Molecular Expressions
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19th Century 
Compound 

Microscopes
Major Optical 
Improvements

Lister 
Develops 

Achromatic 
Objective

Theory
(1826)

Figures from 
Molecular Expressions
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Evolution of 
Compound 

Microscopes

Edmund 
Optics

Objective

Eyepiece

Object

Real Image
By mid-20th Century
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• Laws of Reflection and Refraction

• Aberrations

• Newton

• Achromatic Lenses

• Fraunhofer

• Refractor Telescopes

• Toys

• Magic Lantern Projectors

• Reflector Telescopes

• Microscopes
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