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Course Qutline K

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

2. Renaissance and Pre-Renaissance developments, culminating in Newton’s
Opticks. The eye. Early telescopes & microscopes. Art and Optics.

3. 18th and 19t Century developments, including Maxwell and the modern
understanding of light.

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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“Want to Save $160,000? Don’t send your son
to college: slip him this book instead
It shc?ehorns an entire liberal arts educa;tion
into a cultural history of mirrors.”

New York Times Book Review



“Want to save $160,000? Don't send your son to col-
lege; slip him this book instead. It shoehorns an entire

liberal arts education into a cultural history of mirrors.” theltop ksc‘le;ce ,N TRO
hDOOKS O
THE NEW YORK TIMES BOOK REVIEW the year.” DUCT,ON TO
/V\ODERN
O P ' ,C S Making Everything

Grant R. Fowles

“One of

A HISTORY

of the

HUMAN LOVE

A F F A I R w i ZL h . Avoid common mistakes in working with
REFLECTION Lt 9

characteristics with simple calculations

Learn to:

« Use optics principles and devices properly

. Grasp the basic concepts behind lasers
and laser applications

Galen Duree, Jr., PhD
AUTHO R OF UNCOM MON G ROUND S S@Cond Ed'tlon Professor of Physics and Optical Engineering

Director, Center for Applied Optics Studies
Rose-Hulman Institute of Technology




Photography
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Silver Halide micro-crystals (Agl, AgBr, AgCl)
prepared in the dark are light sensitive
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The first Silver Halide Camera: Giroux Daguerreotype Camera (1839)

400 Francs
(6 months’ wages)
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Photographic Cameras

 Silver halides as light sensing media

* Lens similar to Camera Obscura or Magic Lantern, but
— Aperture a priority with initial slow photo plates

e Special requirements:
— Keeping all light out
— Shutter, adjustable time
— Focusing means — big deal

— High speed (large aperture, small f/Number)
* |ris diaphragm (variable aperture)

— Wide field angle



Blair Tourograph & Dry Plate Co. (1884)
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Focus by
observing
image on
ground glass
plate

3/21/2022
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Another Way of

Focusing: / >
Twin Lens Reflex
h
~ Ground
Glass

O J Mirror
Photo
O Plate

Shutter

Twin
Lenses

=

Focus

London Stereoscopic

Carlton (ca 1884)
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Another Way of
Focusing:

Twin Lens Reflex

3/21/2

Wikipedia

London Stereoscopic
Carlton (ca 1884)

Opticks 4

Twin
Lenses

Focus

Shutter

Ground
Glass

Mirror

Photo
Plate




Still Another Focus Method:

Single Lens Reflex (SLR)

Focusing and Film
Exposure Use the
same Lens.

A fold mirror quickly

swings out of the way
for the exposure.

3/21/2022

Pentaprism

(3 reflections) \

Eye
Lens

Field Lens
(Condenser)

Ground
Glass

—a

—c/?_

Objective Swing
Lens Mirror

Shutter -~ ' ' & Film
(or Sensor)

7Wikipedia

Opticks 4




Still Another Focus Method:
Single Lens Reflex (SLR)
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Pentaprism

(3 reflections) \

........................................................

Field Lens
(Condenser) \
Ground g : \:
Glass
Swing
Mirror

?
;

N

Eye
Lens

Objective
Lens

Shutter ¥

S

Film
(or Sensor)
Wikipedia
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Eye
Lens

Still Another Focus Method: Pentaprism
Single Lens Reflex (SLR) (8 reflections) ™,

Field Lens e O

(Condenser) \\\\k
Ground . .I *\:
Glass

Swing
Mirror

Objective Shutter 7 «  Film
Lens (or Sensor)

7Wikipedia
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Fixed Focus

The Kodak Camera

“You press the button,
zoe do the rest.”

OR YOU CAN DO IT YOURSELF.

The only camera that anybody
can use without instructions. As
convenient to carry as an ordinary
field glass World-wide success.

The Kodak s for sate by all Photo stock deaters.
Send  for the Primer, free.
The Eastman Dry Plate & Film Co.

Price, $25.00 — Loaded for 100 Pictures. ROCHESTER, N. Y.
Re-loading, $2.00.




Breakthrough:
The Petzval Portrait Lens

1840
st Large Aperture (f/3.6)
g Sy Exposure time reduced by 22x
Joseph Petzval The first fully
Viennese mathematically
Mathematician calculated lens design

Borrowed the services of
11 Artillery Gunners

for calculations
(Archduke Louis of Austria)
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Basic 19t Century ‘ |
Photography ﬁ

Lens Arsenal

Chevalier Achromat Landscape, 1839 ‘ \}

@ D Petzval Portrait, 1840

Dallmeyer Rapid-Rectilinear, 1866 ‘

g Z Z i Harrison & Schn-iiz-er Globe, 1862 Wikipedia

Steinheil Aplanat, 1866
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Example of a
Photographic Lens
Model in a Ray
Tracing Program
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W
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b : : 1 50 mm

3D Layout

DOUBLE GAUSS
3/11/2022
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/emax
Zemax OpticStudio 16 SP2

Double Gauss 28 degree field.zmx
Configuration 1 of 1
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3 Different
Field Points




The Calculation Proceeds
One Ray at a Time































What you actually may get.
Colors represent red, green
and blue light respectively.

Spot Diagram




The Calculated
Spot Size Varies

over the
Field of View
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As the Optical
Design is Refined,
Spot Sizes
Improve
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As the Optical
Design is Refined,
Spot Sizes
Improve
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0BJ: 0.00 (deg)
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As the Optical
Design is Refined,
Spot Sizes
Improve
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OBl: 0.00 (deg)

10000.00
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I
OBl: 0.00 (deg) OBl: 7.07 (deg) OBJ: 10.00 (deg)
As the Optical g
. . . o
Design is Refined, S i 1 1
. =
Spot Sizes =
Improve “IMA: 0.000 mm IMA: 12.298 mm IMA: 17.445 mm
OB): 12.25 (deg) OB): 14.14 (deg) OBJ): 15.81 (deg)
L L 3 -
IMA: 21.427 mm IMA: 24.805 mm IMA: 27.797 mm
0Bl: 17.32 (deg) OB): 18.71 (deg) OBJ: 20.00 (deg)
A & &
A
A i IMA: 30.511 mm IMA: 33.010 mm IMA: 35.333 mm
0\
3/21/2022 Spot Diagram
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Mechanical Calculators Eased the Burden

g ‘ é " :‘
£ abﬁbgggg h :
'|

o .-

4 :f.\
Marchant Model XL (1920’s) >
Marchant Figurematic Photos:
(1950’s) John Wolff
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Typical Recent Cell Phone Camera Lens Design

F/2.0 88° Field of View
6 Molded Plastic
Aspherical elements

- -
Eip=e s — 12
Z (P 2o = . MegaPixel
= | CMOS
‘ :; Sensor

{ 5 mm

3/21/2022 opticks4 JOO & Alisafaee, SPIE Optical Engineering (2020)






Wave Nature of Light

 Strong indications from the 17t Century

— Completely clear by the late 19t Century, with the
identification by Maxwell of light as essentially
Electromagnetic Waves

James Clerk Maxwell
Scottish Physicist
1831-1879

* Two Major Consequences:
— Diffraction - Light bends around corners

— Interference — Multiple waves can reinforce or cancel one another



Diffraction of Surface Waves in Water

*

3/21/2022 Opticks 4 Physics Stack Exchange



Geometric Diffracted
Image Image

Airy Disk

Light is a Wave — Diffracts and Spreads
when passing through apertures



‘Perfect’

Lens Geometric Diffracted

‘ M Image Image

Diffraction Spot Size Scales with Wavelength

- ® ®

Trantham & Reece (2015)



CD or DVD Player
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Diffraction Limited

CD or DVD Player S

Spot
faan
£\
\_Obj Lens
Red X Collimating
Laser e Lens
i Prism
’ .
Fay (Mirror)
\ 4
W
Light
Sensor

3/21/2022 ) Opticks 4 Britannica



Blu-Ray Player Allows Still Smaller Features

Spot size =800 nm

+
I ' t YPitch: Spﬁ}iZ&: ~250nm
Pitch: »‘
1600 nm ol t

Ieoo nm +—

780 nm

Hwu & Boisen, ACS Sensors (2018)
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KH-11 Spy
Satellite

Perigee
> 160 miles
Guaranteed to be
Diffraction
Limited

3/21/2022 Opticks 4



o - .‘ ik
corching and damage present 7 ;
#'on northem side of launch pad
J |
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3 5 » '
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3 - ; | service tower i :
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Damaged propellant Damaged Safir .
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reévealing the |
resolution of £ %




Resolution =~ 1.22 A h/D
~ b6 cm




Friends as they would
be seen by KH-11
from 160 miles above
on a clear day

Image Simulation: Diffraction Aberrations
|




Backyard Scene as it
would be seen by KH-11
from 160 miles above

Image Simulation: Diffraction Aberrations
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Boating World

Swimmers as they would
be seen by KH-11 from
160 miles above

Swimmers as they would
be seen from a drone
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Thin Film
Interference

Brocken Inaglory 2007
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ﬁ “ﬁ Thin Film Interference
cancel:
' |

T

-

. D=C

- What if we reduced the film
=15 1A to half a wavelength?

Filrn | 1 ‘

I

@
:
2

Air
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Thin Film Interference

ain, NO
RA;%\ecT‘on\
@ ﬁcm\ce\\

- q
n=1

n=1.5 17»

Any Multiple of a Ha|f Wave

film gives ze

ro Reflection
(wWith Ajr on both sides)

Opticks 4
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@ @ ﬁ What about a 3/4 Wave Film?

Maximum Reflection for

Yalh, %M\, 1% A etc.

(with Air on both sides)

Result depends on
* Physical film thickness
* Wavelength of light
* Angle of incidence

3/21/2022 Opticks 4



Multilayer Coatings Can Perform Wonders
* Anti-Reflection Coatings

Typically ~ 1/4 to 1/2 ,

=D
] ;2;; ) —)
=
= ] — T | . . .
E/;§§§s§; * High Reflection Coatings
P
P * 90% t0 99.999%
|
P e Dichroic Mirrors
Net = Tl e.g. Reflect Red, Transmit Blue
Reflection
e Narrow Band Interference
H | H | [H Filters
High Index Low Index .
Layers Layer A\
3/21/20222n5 n=2.35 MgF Opticks 4

n=1.38



Interference: Clash of Two Waves Usos:

* Precision Length
Measurements
Michelson Interferometer e \ersions can be used
to test optical surfaces
e Can measure Spectra of
P light sources via the
A Fourier Transform

=== Mirror 2

Light 4 Mirror 1
Source P

Beamsplitter ;
(Half silvered  : |

mirror)

M Do Observer

Albert Michelson
1852 — 1931
German-American
Physicist




The Michelson Interferometer

INFN: Instituto Nazionale di Fisica Nucleare



The Michelson Interferometer

For other
mirror
positions,
the waves at
the detector
add up—itis
bright.

INFN: Instituto Nazionale di Fisica Nucleare



Multibeam Interference: The Fabry Perot Interferometer Cavity

il il
N

Two parallel highly
reflecting mirrors
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Multibeam Interference: Spherical Fabry Perot Resonator and Lasers

Length L



Multibeam Interference: Spherical Fabry Perot Resonator and Lasers

Length L

Pump Energy In

LTl

T v

Gain Medium Laser Mode

100%
Mirror

Laser Output Laser

Beam
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LIGO Gravitational Wave

Detectors / Need to detect mirror motion
| Pk of ? few trillionths of the
End Mirror diameter of a proton!
100 kW ! Hanford, WA

\ Fabry-Perot

(also in

Cavit
Y Livingston LA)
mnput mirror
power recycling mirror \ , Fabry-Perot Cavity ) : o
Laser (1.06 um) \ f = B 4 km Vacuum

| . Tubein LA

22l / ™ input mirror End Mirror ' &
Beam Splitter T~ signal recycling mirror L

—K—| Photo Detector
3/21/2022 Opticks 4




LIGO Gravitational Wave

Detectors / Need to detect mirror motion
= f a few trillionths of the
T 0
End Mirror = diameter of a proton!
100 kW !

3
A’)‘

input mirror

\

power recycling mirror

Laser (1.06 pm)

N

25 W

/

™ npu
Beam Splitter T i

—K—| Photo Dete
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: X 40 kG Cavity Mirrors
| are Suspended by
4 tiny Glass Fibers

a&
Metal masses 2
(1st&2”d pendulums)< '&’ &
g . Extreme isolation
from environmental
vibrations is vital
Penultimate mass
(3¢ pendulum)/
A s
0.4 mm fused /; e ! Reaction
1 fib < - mass . .
e & The entire optical path

and mirrors are under
Test m£ ultrahigh vacuum

(4 pendulum)

=7

=2




The 25W Lase

r

|

-+ High Power

Oscillator

|

Reference

Diagnostic
Breadboard



512 | T T |
256 |- First Black Hole Merger Detection
o Sept 14, 2015
Sound Frequencies boosted to
< °*[  match human hearing
L 32}
> LIGO Hanford
-~ | | !
@ 512 | | !
-
g 256 [ Black Holes of
e in B 29 and 36 Solar
Masses Spiral In
64 | and Collide y
*[ LIGO Livi A AN M|
A : -
ivingston \ W \rNLV \ N
| | | |
(I 0.6 0.7 0.8 0.9 1.0

Time (sec) 7



National Ignition Facility
Lawrence Livermore National Lab

192 Giant UV Lasers --

all aimed at a 2 mm Target
containing Hydrogen Isotopes

3/21/2022 Opticks 4
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National Ignition Facility
Lawrence Livermore National Lab

Target chamber \

Switchyard

Diagnostic splntter Debris

Power
Elbow amplifier

mirror

Spatial fllter

Main
ampluf‘ er
Cavity
_-] /‘I mirror ‘\/
Deformable Spatial .
mirror filter Polarlzer Preampllf ier/Master Oscillator Diagnostic

systems
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National Ignition Facility
Lawrence Livermore National Lab

Target chamber \

Switchyard

Main
amplifier
Deformable

mirror _ Diagnostic

systems
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National Ignition Facility
Lawrence Livermore National Lab 30 ft target

3/21/2022 Opticks 4




National Ignition Facility
Lawrence Livermore National Lab

800 Lb Crystal of KDP

(Potassium Dihydrogen
Phosphate)

Used to Convert
Infrared Lasers
(1053nm) to
Ultraviolet (351nm)

300 of these crystals
were needed

3/21/2022




National Ignition Facility
Lawrence Livermore National Lab

The Hydrogen Target \
is held at the center §
of the sphere

on this arm

3/21/2022



National Ignition Facility
Lawrence Livermore National Lab

The Gold Hohlraum Cylinder

3/21/2022

The 2mm Hydrogen Fuel
ball is in the center
of the Hohlraum

Hohlraum with 192 Laser Beams

Opticks 4



National Ignition Facility
Lawrence Livermore National Lab

Encouraging experiment of Aug 8, 2021:

1.9 MJ of laser energy IN
1.35 MJ of fusion energy OUT (70% of “break-even”)

1.35 MJ would roughly bring a gallon of water to a boil!

Hohlraum with 192 Laser Beams

Berger et. al. (2019)

3/21/2022 Opticks 4



Silicon Wafers with
many “chips”, each
with billions of
transistors.

. The necessary tiny
| features are
patterned using
Optical
Lithography

TechPowerUp
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Photolithography Process * ST

Light Source

Photo
Mask

Condenser Optics

Mask (Reticle)

Projection Optics

Silicon
Wafer

3/21/2022

Wafer coated
with Photoresist

Mercury Lamps,
Lasers, Plasmas

Illumination is
Critical — Often
very complex

Usually 4x Larger
than circuit on chip

Refractive Lens or
Mirror System

Wafer is Patterned up
to dozens of times



Photolithography Profacs_ g Vionochromatic Mercury Lamps,

—Light Source Lasers, Plasmas

| Lf._l Photo lllumination is
| | | Mask Critical — Often
— very complex

Usually 4x Larger
than circuit on chip

Refractive Lens or

I_ P .

> Mirror System
Silicon | Wafer is Patterned up
Wafer wih PRaTTesrt to dozens of times




Photolithography Process gl Monochromaric

MAGIC
LANTERN

Netscher
1671

r?i@

Christiaan Huygens
1629-1695
Dutch Physicist

Built and
demonstrated a
Magic Lantern
ca 1659

Silicon
Wafer — hes

TIWVLUVI CJITJU
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Semiconductor Lithography:
The March to Shorter Wavelengths

Now 90’s 80’s 70’s

Trantham & Reece (2015)

60’s

| Ultra-Hi Voltage Mercury-vapor lamp

Leading edge Current technology

Plasma | Excimer Laser

Arz F2 ArF gﬂ’i’; e |
126Qm 157nm 193 nm <M

&

L TR

g-line
436nm

U N

AaeE '\ﬁ%ﬁw h%‘:::mm ‘k‘:mi:xm
™~ ~ — ~g
i A RS RNAC I R ARSI TSN, TANEIOE SRR TS,

ARATASERY



g-line
(436 nm)

i-line h-line
(365 nm)H (405 nm)

Semiconductor Lithography:

The March to Shorter Wavelengths e
E ‘ Lamp
Mg 90  80s 70 60" " UU ol
Wavelength (nm)
B\eed'mg | Ultra-Hi Voltage Mercury-vapor lamp
_Leading-edge Current technology i g-line
e 436nm

Plasma Excimer Laser

Tin Plasma 13.5 nm

f
f"l-:':-'
i \
A NECN

b N

T Ao NS BRR¥ORN BEEORE
Y ~ — ~g
A= SCSSCANN NN RSN EE TE MNEN® SEEsusm v
NARNDRR Credit: AllResist
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Example of a High Performance 4:1 Reduction Photolithographic Lens
(used with a 193nm Ultraviolet Laser Light Source)

Silicon

4x Wafer

Mask ([ ; - A >/

3/21/2022 Opticks 4



Photolithographic
‘Stepper’ Lens
4:1 Reduction

27mm Field
0.85NA
A 193nm

3/21/2022

What do these Photolithographic Lenses actually look like?

/~ Hopog

FIIIIaid

Zeiss Stepper Lens
4:1 Reduction
A 193nm

Price:
S Millions




Lenses Conk Out Below 200 nm -
elow 193nm We'll neeq
to use Mirrors|

ArF Laser Optical Glass Materials:
193nm¢ Transmission Thru 5mm

100%———————=
CaF, / | —= BOROFLOAT® |—
'," Fused Silica e N-BKT a

/ Si02 ] / —N{+
[ f w5270
! —— NBaFI0 [
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Lithography Tool i E
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The Tool Contains much more than just the Optics...
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The Bizarre Light Source for EUV
Lithography Starts with a tiny droplet
of liquid Tin moving at 180 mph

First, a pulsed CO, Laser is
fired...

30 um

Trumpf Lasers

)



Two CO2 laser pulses hit
each tin droplet.
First a small one to
deform the drop, then a
big one to blast it to
smithereens and generate
a hot plasma.

Trumpf Lasers



50,000 Tin drops per second are blasted,
producing an incredible average power of
250 watts of EUV light
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Fiber Optics

low refractive index

Network Academy.io

Single Mode Fibers
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Mount Wilson
Hooker Telescope
100 Inch (2.5m)
1917

Cassegrain
Equatorial Mount

Used by Edwin Hubble for
his famous observations
1920’s

World'’s largest until 1948

Mirror cast by Saint-Gobain

Now used for public viewing
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Mount Palomar

Hale Telescope

200 Inch (5.1 m)
1949

Parabolic Primary
Prime Focus or
Cassegrain

Equatorial Mount

Pyrex Mirror
(Corning Glass)

World’s largest until
1976

Still a research
instrument

Mirror blank:
20 tons
(15 tons after
grindi




Mount Palomar

Hale Telescope

200 Inch (5.1 m)
1949

Parabolic Primary
Prime Focus or
Cassegrain

Equatorial Mount

Pyrex Mirror
(Corning Glass)

World'’s largest until
1976

Still a research
instrument
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Mount Palomar

Hale Telescope

200 Inch (5.1 m)
1949

Parabolic Primary
Prime Focus or
Cassegrain

Equatorial Mount

Pyrex Mirror
(Corning Glass)

World'’s largest until
1976

Still a research
instrument
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Mount Palomar

Hale Telescope

200 Inch (5.1 m)
1949

Parabolic Primary
Prime Focus or
Cassegrain

Equatorial Mount

Pyrex Mirror
(Corning Glass)

World’s largest until
1976 -

Still a research
instrument

3/21/2022 i AN o S i Hale Observatories




Keck Telescopes
\YEERCGE

10 meter
1993-96

Cassegrain
36 Segment Mirror

Altazimuth Mount

e Zerodur glass hexagonal
segments actively
controlled

: Adaptlveﬂ) |;:$
e Stillamong World'’s PF
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WEBEB MIRROR
6.5 METERS

Hubble

—

The Verge




3 Mirror Anastigmat or Korsch Type Telescope
Primary
Nearly
Parabolic
Secondary Cassegrain Tertiary
Convex Focus Ellipsoidal
Hyperbolic \\\ 2
: @ —e e
= Tertiary Focal Plane
(Final Image)

Focus




3 Mirror Anastigmat or Korsch Type Telescope

Primary
Nearly
Parabolic
Secondary Cassegrain Tertiary
Convex Focus \ Ellipsoidal
Hyperbolic
. -1
Flat
Focal Plane

(Final Image)




Cassegrain

"~ Focus \

Tertiary
Ellipsoidal
(Bottom Cut Off)

w "

/

Focal Plane
(Final Image)



The Webb Telescope Recipe
131 meter effective focal length

F |

0 OBJECT

1
2 STOP
3
4
5
6

7 IMAGE

6 meter aperture

f/20
Surf:Type Comment
Standard -
Standard - plot begin
Standard - primary mirror
Standard *  secondary mirror
Standard - tertiary mirror

Standard = fine steering mirror

Coordinate Break =

Standard - image
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Radius
Infinity
Infinity

-1.568E+04
-1778.900
-3016.200

Infinity

-3040.463

Opticks 4

Thickness
Infinity
1.000E+04
-7169.000
7965.300
-1844.100
0.000
3027.612

Material

MIRROR
MIRROR
MIRROR
MIRROR

Semi-Diameter

Infinity
3332.260
3303.619

344.537
356.997
78.997
0.000
391.753

Conic
0.000
0.000

-0.997

-1.660

-0.659
0.000

0.000

.



The Webb Telescope

Calculated Image Spots
Across the Field of View
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.~~~ Diffraction ™,
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“~.__ Spot Size .~
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Me 0, O

M= 0, -0.0/06

Me 0, 0.076
0.152, 0.076
e 0.152, -0.076
-0.152, 0.076
4= -0.152, -0.076
0.152, 0

Ee -0.152, 0

Full Field Spot Diagram

3/5/2022
Units are pm.

Airy Radius: 25.98 um

Exaggerate : 3000.000

RMS radius : 3.3E+05

GEO radius : 5.2E+05 )

Scale bar : 1e+06 Reference : Chief Ray

_Zemax
Zemax OpticStudio 16 SP2

JWSTWebinarPart2_v01_BasicTMA.ZMX
Configuration 1 of 1




There are 3
different shapes of
mirror segments:
A, B, and C

All the B’s are

interchangeable,
etc.
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Each Mirror Segment
has 7 Nano- Positioning
Actuators on the Rear

Lightweighted
Beryllium Mirror

Actuators for 6 degrees of freedom rigid body motion

~ Actuator
development
unit

" Actuator for radius
of curvature adjustment

3/21/2022
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Science Instruments at the Focal Plane

Near Infrared Camera (U of Arizona)
2 Near Infrared Spectrographs (European Space Agency)

— Can simultaneously observe over 100 sources
Mid-Infrared (5-29 um) Instrument (ESA & JPL)

— Camera
— Spectrograph

Fine Guidance Sensor/Near InfraRed Imager (Canadian Space
Agency)



Integrated Science |
Module and Team
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Mid-Infrared Instrument
European Space Agency
& Jet Propulsion Lab
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Delivery to the
European Spaceport
in French Guiana
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NASA/ESA



Delivery to the
European Spaceport
in French Guiana

NASA/ESA



Delivery to the
European Spaceport
in French Guiana
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Delivery to the
European Spaceport
in French Guiana
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Our Excellent Trip to French Guiana 2010

ARSI Lo oot 1
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Setup and Launch
on Ariane 5

3/21/2022

NASA/ESA



Setup and Launch
on Ariane 5
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Setup and Launch
on Ariane 5
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Setup and Launch
on Ariane 5




Setup and Launch
on Ariane 5




Setup and Launch
on Ariane 5
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Setup and Launch
on Ariane 5







Lagrange Points

Semi-stable parking
spots in space fixed
relative to earth

L1, L2, L3
discovered by

Leonhard Euler
1750

Not to Scale!
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{alo” Orbit

\ ~ 6 months

A R A
Space Telescope 7’7 |

trajectory——

3/21/2«\Scientif'it American - o




The Webb Halo Orbit

Goddard Space Flight Center )



PRIMARY MIRROR SELFIE

Near Infrared Camera
with special pupil
imaging lens used for
engineering only

NASA JWST
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INITIAL ALIGNMENT MOSAIC

18 Images
of a single
star

NASA Blog



SEGMENT IDENTIFICATION MOSAIC

/ NASA Blog )
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/ ,G\\

o
4/

3/21/2022

Opticks 4

Alignment Sequence
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NASA Blog
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Diffraction at
mirror segment
| boundaries
produces the 3-
| fold diffraction
artifacts.

NASA JWST
3/21/2022
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