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Introduction 
 
 
I would like to invite you all to enjoy the state-of-the-the-art material presented in 
these proceedings of the first European Illumination Optics Conference. 
 
When I was asked at SPIE Europe Optical Systems Design, Jena (2005) to chair a 
conference at Glasgow, Scotland in 2008, I agreed and suggested that we 
should have an Illumination optics conference. Illumination optics, although it has 
been around for many centuries as an engineering skill, has recently become of 
much more interest to many engineers and lighting practitioners especially due 
to the advances in light emitting diodes as illumination sources. The fairly recent 
development of both CAD and illumination design software, along with hollow, 
flexible and solid light transmitting waveguides and solid state illumination 
sources, has added new and exciting interest to illumination design. This 
excitement is embodied in the material you will find presented in this proceedings 
volume. The conference and session chairpersons, have received many 
compliments about the quality and value of the technical content of these 
presentations and I hope you will find the same to be true for you.  
 
It is my great pleasure to have brought this conference together along with my 
co-chair, session chairs and committee members and to have so many excellent 
speakers taking part. I would like to take this opportunity to thank my co-chair, 
Stuart David, and also the session chairs, John Koshel, Joshua Cobb, and Andreas 
Timinger, for their work in bringing together such a prestigious group of authors for 
this conference and hence for this volume. 
 
I wish you every success in understanding, further developing, and creatively 
utilizing the material in these proceedings for the enhancement it may bring to 
our global society, your particular area of vocational endeavour, and possibly 
yourself.  
 

Tina E. Kidger 
Stuart R. David 
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WELCOME

Firstly, thanks goes to SPIE,
the organizing committee, Chairs
and Co-Chairs of the Conference

for acceptance of this presentation
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INTRODUCTION

Before commencing with an outline of
the presentation an explanation of the

the definitions used throughout is given

Glasgow, Scotland, United Kingdom — 2nd September 2008 3
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DEFINITIONS

O Technology development is the progression over
time of manufactured optical components:
- Materials optical substrates
- Coatings multi-layer thin films
- Surfaces optical surface profiles

Optical design software is a tool to apply technology

Optical designer 'creates' the optics portion of the
of the optical system design utilizing optical design
software to apply technology

o FOV is Field of View & NA is Numerical Aperture

Glasgow, Scotland, United Kingdom — 2nd September 2008 4
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DEFINITIONS (Cont'd)
O Object is to the left and Image is to wavelength A(nm)

the right unless otherwise shown 4xlo
6O FlR

O Three wavebands discussed: I 5
- Infrared 0.7-1.5, 3-5 & 8-13pm 770

(700-1 500, 3000-5000 & 8000-13000nm) 622

597 o,.
- Visible 0.435-0.656pm RegionVisible

(435-656nm) Spectrum
I 492 Covered

- Ultraviolet 0.434—0.Ol3pm
(434.4-13.4nm) 390

J
,o_ IN

300
F LN

200

10

SPIEEumpe Glasgow, Scotland, United Kingdom — 2nd September 2008 5

!!OpticaI system design reliance on technology development!! ScotOptix

OUTLINE

• By way of mainly the US Patent database, examples
are given to illustrate the reliance of optical system
design on key technology

• The examples are categorized by waveband of
operation and partly chronologically

• Performance characteristics are not discussed but
all examples may be considered high performance
for their intended applications

Glasgow, Scotland, United Kingdom — 2nd September 2008 6
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WAVEBAND I
INFRARED

SPIEEumpe Glasgow, Scotland, United Kingdom — 2nd September 2008 7
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EXAMPLE 1.1
PETZVAL OBJECTIVE — SECURITY

Passively Athermalized System
EFL=5lmm F/1.5 FOVø=5 Naveband=8-13prn

EEL

SPIE Eumpe

Opt

US Pat. No.4,505,535 Al I.A.NeiI Mar.19, 1985

Glasgow, Scotland, United Kingdom — 2nd September 2008 8
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EXAMPLE 1.2a
ZOOM TELESCOPE — SECURITY

SPIE Eumpe

Opt Glasgow, Scotland, United Kingdom — 2nd September 2008 9
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EXAMPLE 1.2b
ZOOM TELESCOPE — SECURITY

Compact Mechanically Compensated Zoom System
Zoom Ratio=5x Exit Pupil 0=10mm & FOV0=7T Vaveband=8-13pm

IMAGE
SPACE 25

26
SCANNING

- SYSTEM
DETECTOR

High Efficiency Anti-Reflection

US Pat. No. U54,659,171 Al i.A.NeU Apr. 21,1987

Glasgow, Scotland, United Kingdom — 2nd September 2008 10
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EXAMPLE 1.3a
ZOOM TELESCOPE — SECURITY

SPIE Eumpe

Opt
25 2 27

Glasgow, Scotland, United Kingdom — 2nd September 2008 11
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EXAMPLE 1.3b
ZOOM TELESCOPE — SECURITY

Compact Optically Compensated Zoom System
Zoom Ratio=9x Exit Pupil 0=14.4mm & FOV0=6O Vaveband=8-13pm

SPIEEumpe
Opt Glasgow, Scotland, United Kingdom — 2nd September 2008 12

High Efficiency Anti-Reflection
Coatings Throughout

US Pat. No. 4,632,498 Al l.A.Neil Dec. 30, 1986

 
 

 
xvi



!!Optical system design reliance on technology development!! ScotOptix

EXAMPLE 1.4
OBJECTIVE — SECURITY

Passively Athermalized & Color Corrected Air Spaced Doublet
with Diffractive Surface

Naveband=8-13pm (possibly 3-5pm depending on materials)
ZnS GaAs I I5O-1OO mm

Ge

1

' SCANNING
SYSTEM

Diffractive DETECTOR

Surface
US Pat. No.5,504,628 Al J.F.Borchard Apr. 2,1996

Glasgow, Scotland, United Kingdom — 2nd September 2008 13
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EXAMPLE I .5a
ZOOM OBJECTIVE - SECURITY

LEt
oROLOO

SPIE Eumpe

Opt

LTh9MM

Glasgow, Scotland, United Kingdom — 2nd September 2008 14
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EXAMPLE 1.5b
ZOOM OBJECTIVE - SECURITY

Compound Zoom System
Zoom Ratio=180x EFL=6.7-l2Olmm F/2-5.84 FOVø=64.5-O.4

Navebands=3-5pm or 8-l3pm

US Pat. No.7,224,535 B2 I.A.NeiI May 29, 2007

STARING
ARRAY

DETECTOR

SPIE Eumpe

Opt Glasgow, Scotland, United Kingdom — 2nd September 2008 15

Multiple Aspheres Throughout
IMAGE

114

94 96

Zoom Groups on Each Side of an
Intermediate Image
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WAVEBAND 2
VISIBLE

SPIEEumpe Glasgow, Scotland, United Kingdom — 2nd September 2008 16
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EXAMPLE 2.1
COMPACT CAMERA ZOOM OBJECTIVE

- PHOTOGRAPHIC CONSUMER
Zoom Objective System with 2x Zoom Ratio

EFL=35.7-68.5mm F/3.5-6.8 lmageø=43.2mm Naveband=Visible
Zoom Group 2

Wariator) AspheresZoom Group I
(Compensator)

:

FILM OR
4— ELECTRONIC

DETECTOR

Focusing
either One or

Both Elements

US Pat. No.4,936,661 Al E.l.Betensky, M.H.Kreitzer &J.Moskovich Jun. 26,1990

SPIE Eumpe Glasgow, Scotland, United Kingdom — 2nd September 2008 17
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EXAMPLE 2.2a
TELEPHOTO OBJECTIVE — PHOTOGRAPHIC CINE

Passively Athermalized & Color Corrected System with Liquid Elements
EFL=693mm F/2.75 lmageø=28.9mm Naveband=435-656nm

47

481'' —C- 50

> ' 51 53

> —' —' ,—' ,—-'
t

FILM OR
ELECTRONIC

40 DETECTOR

Quintuplet
Liquid 2",, s 2 Focus Groups Provide

Close Focus Object/Image
Height Ratio <3:1

US Pat. No.5,638,215 Al l.A.Neil Jun.10, 1997

SPIE Etime Glasgow, Scotland, United Kingdom — 2nd September 2008 18Opt
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Abnormal Dispersion
Crown Glass with

Thermal Coefficient of
Refractive Index in

Opposite Direction from
Standard Glass

Liquid 2

SPIE Eumpe

Opt Glasgow, Scotland, United Kingdom — 2nd September 2008 19

EXAMPLE 2.2b
TELEPHOTO OBJECTIVE — PHOTOGRAPHIC CINE

Quintuplet

Liquid I

Al
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EXAMPLE 2.3a
MACRO FOCUS ZOOM OBJECTIVE

- PHOTOGRAPHIC CINE

SHORT
FOCAL

LENGTH

LONG
FOCAL

LENGTH

THROUGH ZOOM
(INFINITY FOCUS)

SPIE Eumpe

Opt Glasgow, Scotland, United Kingdom — 2nd September 2008 20
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EXAMPLE 2.3b
MACRO FOCUS ZOOM OBJECTIVE

- PHOTOGRAPHIC CINE
THROUGH FOCUS

(SHORT FOCAL LENGTH)

INFINITY
FOCUS

CLOSE
FOCUS

Close Focus Object/Image Height Ratio = 2.6:1 (At Long Focal Length)

SPIE Eumpe

Opt Glasgow, Scotland, United Kingdom —2nd September2008 21
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EXAMPLE 2.3c
ZOOM OBJECTIVE — PHOTOGRAPHIC CINE

Macro Focus Zoom System with 3.5x Zoom Ratio
EFL= 14.5-50mm F/2.2 lmageø=28.9mm Naveband=455-644nm

22

SI M

Z

porn Porn FOlD POTEP

SPACE

ID 20 8 40

FILM
DETECTOR

/ Aspheres
US Pat. No.6,122,111 Al l.A.Neil & E.l.Betensky Sep. 19,2000

SPIE Eumpe Glasgow, Scotland, United Kingdom — 2nd September 2008
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EXAMPLE 2.4a
ZOOM OBJECTIVE — PHOTOGRAPHIC CINE

LONG
FOCAL

LENGTH

SHORT
FOCAL

LENGTH

THROUGH ZOOM
(INFINITY FOCUS)

SPIE Eumpe

Opt Glasgow, Scotland, United Kingdom — 2nd September 2008 23
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EXAMPLE 2.4b
ZOOM OBJECTIVE — PHOTOGRAPHIC CINE

Compact Zoom Objective System with 4.7x Zoom Ratio
EFL= 19-90mm F/2.7 lmageø=27.8mm Naveband=455-644nm

ii 54

1 Fosrrnt Pow!R lOAbnomial
Partial Dispersiont ,tx r--

POWER rOWER WEGATEVE PoSrflVE pQwfl
POWER POWER

Glasses
0

20 3D

FILM OR
/ELECTRONIC

sAl DETECTOR
CInE
PLMIE

Aspheres
US Pat. No. 7,123,421 B1 J.Moskovich, I.A.NeiI &T.Vamanashi Oct. 17,2006

SPIE Eumpe Glasgow, Scotland, United Kingdom — 2nd September 2008 24
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EXAMPLE 2.5
OBJECTIVE - PHOTOGRAPHIC PROSUMER

Telephoto System with Diffractive Surface
EFL=780mm F/5.8 lmageø=43.2mm Naveband=435-656nm

US Pat. Pub. No. 2008/0088950 Al H.Endo Apr.17, 2008

SPIE Eumpe

Opt Glasgow, Scotland, United Kingdom — 2nd September 2008 25
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SHORT FOCAL
LENGTH

7mm

LONG FOCAL
LENGTH
2 100mm

THROUGH ZOOM
(INFINITY FOCUS)

20x
-

Thx
Zoom Ratio Zoom Ratio

SPIE Eumpe

Opt Glasgow, Scotland, United Kingdom — 2nd September 2008 26

EXAMPLE 2.6a
ZOOM OBJECTIVE - PHOTOGRAPHIC HDTV

+
IOPlnte•ate
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EXAMPLE 2.6b
ZOOM OBJECTIVE - PHOTOGRAPHIC HDTV

THROUGH FOCUS
(SHORT TO LONG FOCAL LENGTH)

SHORT FOCAL
LENGTH

CLOSE FOCUS

(I )H

\\
LONG FOCAL

LENGTH
INFINITY FOCUS

SPIE Eumpe

Opt

Close Focus Object/Image Height Ratio = 1.33:1 (At Long Focal Length)

Glasgow, Scotland, United Kingdom — 2nd September 2008 27
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EXAMPLE 2.6c
ZOOM OBJECTIVE - PHOTOGRAPHIC HDTV
Compound Zoom System with 300x Zoom Ratio

EFL=7-21 00mm F/2-1 3 lmageø= 11mm Naveband=Visible

ZL- l8Abnomial
_____ Partial Dispersion—

Glasses

QL n
IIj, ( 2 'r I

/.
çiJç /

I

RMED It MAO) FaIAL - I

Channel Prism

Aspheres Beamsplitter

US Pat. No.6,691,188 B2 E.l.Betensky, J.B.Caldwell, l.A.Neil &T.Vamanashi Nov. 1,2005

SPIE Eumpe Glasgow, Scotland, United Kingdom — 2nd September 2008
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WAVEBAND 3
ULTRAVIOLET

SPIE Eumpe Glasgow, Scotland, United Kingdom — 2nd September 2008 29
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EXAMPLE 3.1
PROJECTION RELAY LENS - MICROLITHOGRAPHIC

All Refractive Projection System
RELAY=5:1 NA=O.57 lmageø=31.2mm Navelengths=193, 248 & 365nm

US Reissued Pat. No. RE 37,846E H.Matsuzawa, M.Kobayashi, K.Endo &V.Suenaga Sep. 17, 2002

Glasgow, Scotland, United Kingdom — 2nd September 2008 30
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EXAMPLE 3.2
PROJECTION RELAY LENS - MICROLITHOGRAPHIC

Refractive/Reflective Projection System
RELAY=4: 1 NA=O.45 lmageø=3Omm Navelengths=24O-256nm

Plate
Beamsplitter

US Pat. No.4,953,960 Al D.M.Williamson Sep. 4,1990

Glasgow, Scotland, United Kingdom — 2nd September 2008

/
VERSION 1

Beamsplitter

f1G 2

Spherical Surfaces

(Larger NA possible
with Aspheres)

31
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EXAMPLE 3.3
PROJECTION RELAY OPTICS - MICROLITHOGRAPHIC

All Reflective Projection System
RELAY=4:1 NA=O.25 lmageø=3lmm Navelengths=13.4nm & <200nm

'8'
RaTtLE

04

SPIE Eump.
Opt

US Pat. No.5,815,310 Al D.M.Williamson Sep. 29, 1998

Glasgow, Scotland, United Kingdom — 2nd September 2008 32

MG

S V ?OWAFER

M2

6 Mirrors with 6 Aspheres
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WAVEBAND 4
MULTIPLE

SPIE Eumpe Glasgow, Scotland, United Kingdom — 2nd September 2008 33
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EXAMPLE 4.1
OBJECTIVE — SECURITY

Dual Naveband System
F/4.5(elev), F/i .5(azim) & F/2.3(average) FOVø=4O(elev.) & 53(azim.)

Navebands=Visible & 8-i3pm

SIDE VIEW

Aspheres

SPIE Eumpe

Opt

Ge
CCD STARING Beamsplitter

DETECTOR ARRAY
DETECTOR —25 mm

US Pat. No.5.847,879 Al L.G.Cook Dec. 8, 1998

Glasgow, Scotland, United Kingdom — 2nd September 2008 34
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EXAMPLE 4.2a
OBJECTIVE — SURVEILLANCE

Compact Multi-waveband Nide Angle Objective
FOV 150 800 x 360°

Navebands=Visible, 0.7-1 5pm & 3-Slim

3-Slim
Detector

Visible & 0.7-1 5pm
Detector

SINGLE SYSTEM

Light in

—10mm

Aspheres
ZnS Elements

Ligh<
FOV 150 800 x 360°

PATENT PENDING

SPIE Eumpe

Opt

ZnS
Beamsplitter

Glasgow, Scotland, United Kingdom — 2nd September 2008 35
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Blind
Region

PATENT PENDING

EXAMPLE 4.2b
OBJECTIVE — SURVEILLANCE

Region

SPIE Eumpe

Opt Glasgow, Scotland, United Kingdom — 2nd September 2008 36

Light!.

Light In
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ight

29

SPIE Etimpe

Opt

EXAMPLE 4.2c
OBJECTIVE — SURVEILLANCE
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QUAD SYSTEM

Unobscured
Global FOV
3600 x 360°
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OBJECTIVE — SURVEILLANCE
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KEY TECHNOLOGY
SUMMARY

WAVE BAN D

INFRARED VISIBLE ULTRAVIOLET MULTI

EXAMPLE 1.1 1.2 1.3 1.4 1.6 2.1 2.2 2.3 2.4 2.6 2.6 3.1 3.2 3.3 4.1 4.2

CIRCA 80's 80's 80's 90's 00's 90's 90's 00's 00's 00's 00's 90's 90's 90's 90's 00's

MATERIAL V V V V V V V V
COATING IV V VII VVVIVV
SURFACE VVVV V'VVVV IVV
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CONCLUSION
• Usually technology provides 'improvements'

but occasionally it is 'disruptive' in that it
dramatically changes the optical system design
such as enabling a new form of design

• In the specific case of disruptive technology
this usually appears to happen separately in
either materials, coatings or surfaces

• No apparent trend in technology development
except:

"Necessity is the mother of invention"
Plato c. 400 BC
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Wearable Lluspiays:
A Ranrie of Possihilities
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Augmented/Mixed Reality
Optical See-through
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Historical Notes
First graphics-driven HWD was developed by Ivan Sutherland in the 1960s.
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FOV vs. Resolution - Currently limited by microdisplays

A Main Desian Trade-off

Angle subtended by a pixel
Lu!' Human eye larcmin=

# of pixels
- rr&
Approacnes:
1) High-resolution area of interest or inset

2) Partial binocular overlap (tuning") /

3) Optical tiling (Kaiser, Sensics)
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an optical bench system
Featured in Scientific American, April2002
BaFliot et al., Presence 2000; Argotli et al., Computers & Graphics 2002
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Cakmakci Ozan, and Jannick Rolland, Head-worn displays, IEEE/OSA Journal of
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M-1IMI-'U - Fabric-tree, Mobile
Martins, Optics Express 15(22), 2007
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Cnmnrinn nf th APC czvcttpm with th
2D display system

Ta..anaa.. c......;..i Is...a ...f IflT fla,. flOI U OIJIJCOI III opc..IoI IaaUC LI' OLd I, IJCL. VU

Average time (sec) Average time (sec) Average time (sec)
Subject Experiment I Experiment 2 Experiment 3

ARC 2D ARC 20 ARC 2D
monitor monitor monitor

Expert 1 0 255 0.75 11.05 1.05 13.05

Expert 2 0 0.95 I .05 8.95 0.95 II .0

Expert 3 045 4.05 0.95 12.05 1.55 15.05

Expert4 0 3.95 0.55 14.95 1.05 14.05

txpert b U.bb Z.bb 1 .Ab 5.0 0.9 ThU

Expert6 0 3.45 1.40 9.0 1.55 13.0

.in ( 1' •'
Il

The individual dose beams are delivered to a patient in 30-40 seconds,
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Eyeglass Uisplay
Ozan Cakmakci, Kidger Scholarship 05
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Cakmakci & Rolland, Journal of Display Technology, (2006).
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Optical Surfaces whose Representations
I nnnl Raqic Fiinntinnc

We Pronose to Desian Freeform

(as Opposed to Global Polynomials)
• An optical surface can be represented as a

sum of basis functions

z(x,y) = q51(x,y)w1

• In matrix form

z=cDw

• To be invertible, Q must be positive definite.
equivalent to having positive eigenvalues.
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Results

Surface type Average MTF Max. Distortion

Anamorphic 26.5% 3.8%
asphere

X-Y polynomial 43.6% 2.65%

Zernike 42% 3.74%
polynomial _______ _______

Lin. Comb. of 60.5% 3.6%
Gaussians ___________

..'—'!——...——
,aKmaKci at a,., uptics cxprass ioçaj (ZUVO)

Revisitino the Dual-Element Desian:
PU P Size EXpaflSiOfl Cakmt :aL OApnI 2008)

May not be self luminous, thus ..:

would require illumination Hi •:

&%. W\\ .'—'.—

--
4: :iTi

Using a 16x16 set of basis functions.
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