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Course motivation

« This part of course Is to
provide basic theory and
training of llumination
design and analysis

Smurfit before and after using Reflex lamps
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Why illumination?

 \We need illumination for

— Better seeing

» For eye viewing

» For medical investigation (microscope)
— Fancy show (light show)
— Clear Indication

— Illuminator for non-self-luminous display (LCD/DMD)

e Maybe, much more important is for energy saving
— Better illumination design saves energy
— Better illumination analysis helps design
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 In the following, | only show two examples
which may be not so familiar to you

— It Is hoping that by these two examples, you
may appreciate the other important applications
of illumination which is also of commercial

values
e Illumination is NOT just limited to display
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A% Lumitex (Poly-Optical) fiber
optical illumination

Basic principle System configuration

Light Source —__
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_ Typical Woven
Fiker Weave Conatruction
Fiber Weave

fiylar Reflector-..
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f OPTICAL FISER
FILL THREAL

_IGHT EMIT TED
FACH PAMEL

Applications

i (]
B.'J'.'Bfan."»ﬁet Fhototherapy System

Lightat Surgical Light
Visw withowt LightMat View with LightAdat
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= Sunlight collector and room
Internal tllumination
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SUNLIGHT, FIBRES AND LIQUID OPTICS:
THE UFO PROJECT

UFO: universal fiber optics M Wllson et al

http://www.unl.ac.uk/LEARN/port/2000/ufo-pub/index.html
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« Before starting — something important should be
addressed

— Specifications

« The difference between imaging and nonimaging
optics

* From searchlight to edge ray principle

e Throughput estimate

e From single ray to ray bundle
— Lagrange invariant and etendue

« Radiometry and photometry
e More on illumination design
 Homework
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“** Before starting,

Something important that should be addressed

1. Optical design is highly application-driven
— to clarify the targets/goals of design Is most important

2. Optical design Is an engineering Issue

— Specification is most critical to success
e Itis important to have a list of performance request

3. Optical design is generally not a stand-alone
object
— Interface issues have to be included

4, Optical design has to be practical
— Tolerance has to be considered
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“% What are “Regquests’:
Specification and Performance

 Commonly, there are two different kinds of

requests before design
 Specification
* Performance

— These two items may be mixed

e In general,
— Specifications specify system
» Physical dimensions, weight, and so on
— Performances specify optical quality

However, you can’t find engineer’s specification in public.
So, what we can see is ...???
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Example: Sam Sung’s LCD TV
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You only can find some simple items here
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e Another Example:
Lumitex’s backlight module

* Fiber optics

High Brightness — You get the brightness of
electroluminescence (EL) — 30 Ft-L and more in many
applications — without the degradation in brightness
commonly associated with EL.

Longer Life — Durable fiber optic panel never needs
replacement. Remote light source offers 10,000 to
100,000 hours of useful life, and replacement is simple
and easy.

ILower Power — Requires less power than EL, CCFL,

or LED Array — as low as 10-20 mA at 2 VDC — and no
inverter. Lumitex fiber optic backlighting is so effective in
uniformly spreading out the light from a single LED that it
can cover up to approx. 4 inches (100 mm) in width and

10 inches (250 mm) in length. A single LED is typically
driven at 20-30 mA (and can be driven at as low as 10 mA)
and 2 to 4 VDC.

Compact Size — Panels are thin, as low as .013 inches
(0.33 mm), and remote light sources are smaller than many
EL or CCFL inverters.

Heat/EMI Free — Fiber optic panel generates no heat
or EMI.

Durable — Optical fibers are not affected by extremes in
humidity (0% to 100%) or temperature (-40° to +85°C).
Shock, vibration and hazardous environments do not pose
a problem.

Thin, Low Profile — Typical construction is 0.068
inches thick (1.7 mm). Thinner constructions are available.

Range of Colors — Standard LED colors include

YOU Only can flnd some Simple itemS here green, white, blue, red, amber and yellow-green.
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Design specification

e Back to engineer’s side, ...

— Specifications have to be different at different
levels

* In lab,
— Engineers has their specifications
— The specification should be complete
» tightest

 In market (to buyer)
— The specification should be clear and simple
— Specification is, in general, with only a few items
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Example of performance list

 There i1s no definitive format for the list.

|E) w2E w®EE :te:ﬁﬂcm }a‘s)\ﬂ_) fHBHQ) THRMD FEHD) WS SEE) Acobst

Packaging
Enviromental:
Numination:

Fadiometry issues (source)

Radiometry issues (imaging)

You may ask which one is important?

[ = = nv|%zﬁﬁi,|g@”]%‘?$ﬂiﬂﬁﬁ - 12 v|BIU|§§§|$|t——|EvQ
mE
HS | x v = |
4a|Blc|Dp] | i3 | G H | 1 | 7
_ 1 |Project (list the name of mstnm:lent)
_ 2 |Goal: (outline the goal)
3
4 assigned by: (work assigned by who)
_5 | developed by:
6
__ 7 |Optical System Basic Operation and Performance Specifications and Requirement
_8 | version:
.9 drfat hy: (date)
10|
_ 11 |item specification {unit) comments verification testing
’ 12 |Basic System Parameters
? Optical Performance
ELens System
i Sensor
5L
59
66
70
75
50

Schedule and Cost

\
Version 2008 (& -k L. 1)
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<% Specification list:

items on system

11 |item

12 |Basic System Parameters
13 object distance

14 tmage distatce

15 object to tnage total track

16| focallength
17 thumber (or numerical aperure]
18 entrance pupt diameter

19 wavelength band

20 wavelength weight for 3 to 5 A
21 full field of wew

20 magnification (if finite conjugate)
23 Zootn ratio (if Zoom system)

24 tmage sutface size and shape
20 detector type

b

Version 2008 (& -k L. 1)

specification (unit) comments verification testing

1. Review from source to image
2. Specify in module
3. ldentify the interfaces

F 9

Source Optics  Image plane/space

A EATERHLLA: PR RSEITIE A R throughtput) i 1

11A-16



<% Cont’d -1
Items on performance and lens system
11 |item specification (unit) comments verification

12 |Basic System Parameters
2 |Optical Performance

28
29
30
3l
32
33
34
35
36
37
38
39
40
4]

transtuission

relatrve dumination (vignettmg)
encttled energy

MTF as a finction of line parsfmm
distoration

field curvature

Lens System

nutnber of elements
matenals {glass versus plastic)

aspheric surfaces
diffractive surfaces

Coatiges

Version 2008 (4 A L)

1. Energy (throughput)
2. Quality

1. Materials
Source available
3. Technology available

N2
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“# Cont’d -2
Items on sensor and packaging

11 |item specification (unit) comments verification testing
12 |Basic System Parameters

27 |Optical Performance

35 |Lens System

42 |Sensor
j sensor type
44 full diagonal
45 number of pizels (horizontal) 1 | R €S po NSe
46 | mumber of pixels (vertical) 2. Acce ptance ang le
47 pizel pitch (horizontal)
43 pizel pitch (vertical)
49 Wyquest frequency at sensor, line pairsimim
50
51 |Packaging
52 object to image total track
53 entrance and ext pupil location and sze .
ol back focal distance 1 AI Ignment
55 ezt diameter E = -
— —— 2. (how to test with first-order optics)
57 weight
58

Version 2008 (4 A FfifL ) K ?%ﬂarﬁ}éilm t&'ﬁiﬁﬂﬁl@ﬁ%’é‘?% 3| (throughtput) fg,ﬂ 11A-18



<% Cont’d -3
items on environmental and 1llumination

11 |item specification (unit) comments verification testing
12 |Basic System Parameters

2 |Optical Performance

35 |Lens System

42 |Sensor

51 Packaging

549 |Enviromental:

] thermal soak range to perform over

6l therma, soak range to survive over -

62| vibration 1. Tolerance analysis

63 shock =

0! Other (condensation, humidity, sealing, etc.) 2 Temperature variation
65

66 |Mlumination:

b7 source type

— A Discuss later

Version 2008 (4 A FfifL ) K ?%ﬂarﬁ}éilm t&'ﬁiﬁﬂﬁl@ﬁ%’é‘?% 3| (throughtput) fg,ﬂ 11A-19



*# Cont’d -4

11
12
27
35
42
51
59
66
70
71

73
74
75
76
77
78
79
80
81
82
83
84

72|

Items on radiometry and schedule/cost

item

Basic System Parameters

Optical Performance

Lens System

Sensor

Packaging

Enviromental:

Tumination:

Radiometry issues {source)
relative dlurmnation
thyrnination method
veiling glare and ghost images

Radiometry issues (imaging)
transtission
relative illumination
stray light attentiation

Schedule and Cost
nunber of systemns recuired
inttial delivery data
target cost goal

Version 2008 (% & ’?ﬂ%’éﬂ%)

specification (unit)

coNnumnents verification

testing

Discuss later

Discuss later

Consider this always

SR LA L

“k 3] £l (throughtput) fthET

11A-20



RS
R

 |llumination is better to categorized as
“non-imaging optics”

— Although many imaging optics can be utilized
for illumination
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<% The differences between imaging
and non-imaging optics

Imaging optics Non-imaging optics

Basic Imaging quality > Irradiance (light distribution in illuminated area): (1)
concerns (how to achieve perfect imaging is first | uniform, (2) reshaping, (3) focusing

priority) » Throughput manipulation (optical energy relay)
Optics that Mostly refractive element Reflective element is most useful
utilized Handling specular rays (essentially Lightpipes that handle ray bundle are crucial

follow pure Snell’s law) Handling non-specular rays (scattering) bring more

advantages

Fresnel loss should be included in consideration

Input Planar object for imaging first, though A variety of sources with finite size and irregular
field depth is also concerned emitting distribution

Output Magpnification fitted to sensor Fitted to the illuminated area
Relative illumination is crucial for Light distribution per the request of specification

Imaging quality

Version 2008 (& 3k ?ﬂ%%ﬂ%) w ?—ﬁﬁﬂ?ﬁllA il ﬁlwﬁﬁ*ﬁf‘ 3l (throughtput) fﬁ[ﬂ 11A-22
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Schematic diagram of ray tracing

Imaging optics

»
‘ V

Image plane

Nonimaging optics
Jing op I[lluminated area

v e
“

‘ ]
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AN i
Example with condenser lens
0.4% condenser LUNITS: IM
FOCAL LENGTH = 1,912 NA = 0.3925 CE=: Loikin
LIS Transparency

—

T~/

Light source

"~ Entrance
pupil of

project lens

Version 2008 (& -k L. 1)

————

Lens: 0.4x condenser Z0om 1 of 1 ET] 1.212024
Ent beam radius 1.000000 Object height 0.500000 Primary wawln 0.5575&0
SRF RADIUS THICKHESS APERTURE RADIUS GLASS SPECTIAL
0EJ o.ooooo0 [ | e.zsozd4z [ ] o.sooo000 atr [ ] [wF]
o.ooo0000 [ | o.zooooo [ ] o.szoooo sr [ ] [LF]
2.635000 [ | o.4zaooo[ | 1.0s0000 quertz [2] [
-2.635000 | o.ozsooo[ | 1.0s0000 sr [ ] [
1.215000 [ | o.4s4po0[ | o.s10000 quartz [2] [
g.zes000 [ | z.z4ces2[ | o.s4o000 [ K| arr [ ] [
IMS o.oooooo [ | o.oooooo [ ] o.zooooo

(note that actually, this condenser is not good.)
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On searchlight

Where the film should be located?

’

This has been called as an
example of “searchlight”

) Nearly uniform

So, the film should

e be located as close
to the condenser
lens as possible as
one could

Version 2008 (& 3k ?ﬂm&ﬁ%) w %%%}EI%%MA: E&ﬁﬂﬂﬁl@ﬁ%ﬁ?% 3p]E! (throughtput) fﬁ[ﬂ 11A-25
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Extension to edge ray principle

Reflecting surface

source >&
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Through i
Throughput collected by p
the condenser: W/\ X
Assuming a Lambertian source: 1(6)=1,cosé T U
Q Omax
j'locostQ: jBAcos@(Zﬂsin g)do .,
) 9 o 7BASIN® 0. _sin?g
_ BASIN2 0. Efficiency: ~5a <790 max
Half-angle(gmax) Sin(gmax) NA=n* Sin(gmax) Efficiency Nearly 97% IOSS
10 0.1736 ~0.1736 (n~1) 3% —
20 0.3642 ~0.3642 (n~1) 11.69%
|I|]|:> 40 0.6427 ~0.64 (n-1) 41.31% We need another
60 066 OB (D) | 7499% tool to improve
the throughput!
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— Lagrange Invariant
from single ray to ray bundle

Axial ray
(marginal ray)
- a-ray

chief ray
n i n'i = n; n; (principal ray)

— o —+ - b-ray
57 j-1 =1 2) ) [Fl /

Lab = ny,u, —ny,u, = ﬁfjgﬁr

Object plane: L,,=ny,u, ‘ N

Check closely for the other planes.
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BHYCAREYIE L IR EEE R ERS SR EWHE L Lagange i
=25
Loy = mypglig = bty
HAHe bk FHARESR IR DS E « 1IFERE - 1EETE LREHEARS
Et25F » AiLAEEHY Lagrange P25,
Lap = My Yaplior = A gty
EEPREsE Bl Lagrange Pt tHF » Pkl !

N
Bagtl gy = R0,

1
B Ay

M= —=

k2 B,

B LR IR S 250 S 22 P AR SR B o ) B 2 PR YA o
(w0 P » B — RSO U B EISA SR SR « B » BIAER
ARELEREE R FLSE NP R T T R EALEY SRS
Lagrange FE AR T AT 48 B R RO — (B3 T (RIS 1Y
BRI S R PRSI upils) AOBIAE © B —{E5EE FRARAVEE  RE B
(throughput S — (B4 7L SR/ NG IR ARV E IR B -
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More on Flux and energy

oP
e The collected power 6P
02

OP oc 85 0
OP oc COS 6 :
SP oc SO B n: index

B: radiance if 8P is measured in watts
éP oC B B: luminance, if 6P is measured in visual unit

) SP = B xn?5SX2cosd

(the n? is introduced such that a connection to numerical aperture can be established

Version 2008 (& 4 Fi. ) K :?’F'eﬁ,%'ﬁﬁl%ﬁllk ﬂﬁﬁﬂﬁl@ﬁﬁ?% 3| &l (throughtput) fFf[g,T 11A-30
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Etendue

 Etendue and radiance

S(etendue) = n*6SX2 cos(H)

OP = B xn’SSX2cos(6) m=) P =Bx(etendue)

Examples of etendue:
. Into a cone with semi-angle 6.,

etendue = n°AS _[ cos(8)dQ = AS(nsind__ )* = AS(NA)?
. A small angle

etendue ~ N°ASAQ

Version 2008 (& 4 Fi. ) K :?’F'eﬁ,%'ﬁﬁl%ﬁllk ﬂﬁﬁﬂﬁl@ﬁﬁ?% 3| &l (throughtput) fﬁ[ﬂ 11A-31
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Etendue - meaning

o Etendue Is a geometrical factor

— examples
e ~ product of (source size) and (numerical aperture)?
* ~ product of (source size) and (solid angle)

e |lluminated Power = (source’s brightness)X(etendue)

— S0, as long as we can determine etendue and get
the source’s brightness data at hand, then we can
calculate the power over the illuminated surface

Version 2008 (4 A L) K %’F'eﬁ;ﬁl%ﬁllk ﬂﬁﬂﬂﬁl@ﬁ%&?% 1f|E! (throughtput) fFf[g,T 11A-32
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The importance of “etendue”

From paraxial optics,

we can deduce [y, d,n,
hl dl n2
AS, _d3 M,
AS, dZn?
AQ, d;
AQ, d?

||~ (etendue), = nSAS,AQ, = n’AS,AQ, = (etendue),

Key Result: etendue 1S an Invariant

(radiance of image of source) < (radiance of original source)

Version 2008 (& -3k ﬁm%ﬁ%) W %’;&E%&'ﬁﬁ%ﬁﬂk ﬂﬁﬂﬂﬁlﬁﬂgﬁlﬁ%é?% 1f|E! (throughtput) fﬁ[ﬂ 11A-33
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Application example

o Light-pipe
SHEPIP (etendue), = (etendue),

n:AS, sin® @, = n/AS, sin® g,

"\f =) N,R,sind, =nR, sin g,

R: radius — Ry sing, D
D: diameter R

out

. sIndg_, D.

In

Case illustration :

Given R, 6., 6, then possible illuminated area’s R, is automatically fixed. In
other words, using a larger output dimension of lightpipe is useless.
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Cont’d

o \What we happen if we just want to have a
larger illuminated area?

— Modify your deign of lightpipe
— Using etendue repeatedly to spatially homogenize the
brightness at the output of the pipe.

PO

« Be aware of that irradiance (power) is equal to the product
of “brightness” and “etendue.”

Version 2008 (% & ?ﬂm&ﬁ%) K %’F»%%&EF@%MA: E&ﬁﬂﬂﬁl@ﬁ%ﬁ?% 3p]E! (throughtput) fﬁ[ﬂ
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AN
Example: how etendue helps design
O | e, >ﬂ<@
\ J
N "
[llumination projection

Usually, the micro-display chip (LCD plate) has been selected.
We have two questions:

How the illumination source be selected?

How to couple the displayed image to be projected with
maximum efficiency?
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What etendue helps us In considering
the source?

etendue = n°AS _[ cos(8)dQ = AS(nsind__ )* = AS(NA)?

etendue ~ N°ASAQ

Consider object plane:
If AS Is large, then we need to have a large source

If AQ Is large, then we need to have light source with
bigger emitting cone

Now, we need to have a criterion to judge the etendue
Inside the system!!!
Determined by the LCD plate, here.
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Etendue estimate and application

Beam shaping
& homogenizing

Area A
Equivalently, an etendue

g
 romogenion . -
E, =7AsIN” 6,

How to match these two B A _ Ak (N 9
parts such that throughput — 4(|: #)2 — ( A9
loss can be minimized?

See next page
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Analysis

¢ Specification of A SXGA (1280x1024) micro-
display
»Pixel size=9 um
»H=2.4
»Or, be specified by the corresponding number
aperture R
QEtendue result amnaos s
e A=106 mm?
e Eo=14.5 mm2Sr <:| A small quantity

» What kind of source should be applied?

— Small etendue
» But, the opening of reflector is so large, i.e., wide incident NA

-> In other words, Short arc (point source) Is preferred
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Etendue estimate and pupil combination

Beam

{::} L(E) & homogenizing

How to match these two
parts such that throughput

Area A . - .
A loss can be minimized?

shaping

Angle is estimated from etendue _ _ _
\ :| h: Calculated based on pupil consideration
(Not simply the lens’ clear aperture)

»
»

&
< »

; tan(9,) = g

d: Known from specification

Version 2008 (& -k L. 1)
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On entrance pupil

Aperture stop e 'tp p'l
/ XIT pupl
4

/ o s Effective focal length f.
O

Entrance pupil

f

Location: Size: ] ;
- 1 _ 1 n 1 — M _ _p (M ' _p)
f da dp d dl
< < a a
1 1 1
=+ Pupil size = M*Stop size
N— feﬁ‘ d a d D N
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More on etendue

|t remains a nontrivial challenge to extend
the concept of etendue invariant to the
regime of physical optics

S(etendue) =n* -85 - X2 - cos(6)

P(v)ov
etendue

oV is the range of frequencies occupied by the photons

B(v)ov =
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Radiometry and Photometry
 Radiometry is the basis . Phqtometry IS a subset of
for all light measurements. radiometry.

— In radiometry, the detector
has a flat spectral response.

— In photometry, on the other
hand, the spectral response

— It is defined by the Institute
of Electrical and Electronics
Engineers (IEEE) as the

measurement of quantities useful to the visual system is
associated with radiant considered.
energy. e To accomplish that, the

— Not limited to any particular detector should be closely

matched to the spectral

spectrum response curve of the eye.

— Generally for instruments — Generally for visible light and
human uses
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Units and correspondences

A solid angle flux density
*Flux angular distribution
(assume the flux from a point source)

item meaning unit
1 | Flux The total power emitted by the source | lumen
(the power in radiometry)
2 | Intensity *The flux per unit solid angle Candela=lumex/stera

dian

3 | lHluminance

*The flux per unit area incident onto
the surface being illuminated

*The area flux density

*[00t-
Candela=Lumen/ft?

eLux=lumex/m?

4 | Brightness

Flux per solid angle per unit area
The area and solid angle flux density

Nit=candela/m?

Be careful about the limitation of these quantities!!

Version 2008 (& -k L. 1)
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TAA o _
Classification
Iltems we used (in source side): Iltem we used (on image side):
1. Brightness/ Radiance/luminance | | 1. Irradiance/llluminance
2. Flux (emitted) 2. Flux (flow into)
> 3. Intensity > 3. Intensity
Sefid angle 6Q

v

v

Surface (detection)

v

v

Vil i
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o 1 ' 1th i
irradianc\c-5 1 square meter Radiometric Units (Sl)
Ly radiant intensity
(1 Watt/sr)
radiant flux (Watt, power)
_ i isotropic
ESS;S;E{ \ f / radiation

— illuminance Photometric Units (SI)

\ (1 1m/m2=1 lux) 1 square meter
1 steradian is the unit of solid angle that / \

encloses a surface area on sphere equal to the square of the radius.

luminous intensity
(1 Im/sr=1 cd)

luminous flux (power)

\‘f isotropic
/ radiation

l[uminancs
(cd/m2, ni

Im/srxm?
xm?) 4
Lambertian Reflector 1 mefer \
1 steradian is the unit of solid angle that / \
( frOm CI’anOI’d) encloses a surface area on sphere equal to the square of the radius.
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Examples-- Used in Radiometry

1 | Total flux from a 100W incandescent 82 W

light bulb
2 | Typical He-Ne laser 5mW
3 | Radiant flux from a 40 W fluorescent 23.2 W
lamp
4 | Solar irradiance (in earth orbit) 1357 W/m?
5 | Terrestrial solar irradiance 600-900 W/m?
6 | Radiance of sun at its surface 2.3X107 w/(m? sr)
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Examples -Used in Photometry

1 | Total luminous flux from a 100 W light bulb 1740 Im
2 | Luminous flux from a 5-mW He-Ne laser 0.818 Im
3 | Luminance of a blackbody at 6500° K 3X10° cd/m?
Examples of [1luminance
Tux
Sunlight alone (maximum) 102,000 The sensitivity
Television stage 25,000 of some home
Skylight alone (maximum) 16,000 ‘*11';19'3 G{al:ﬂf“"is
0w = e To
Dull day ) ) ) 1,000 take pictures in
Merchandise display (indoors) 1,000  yight as low as
Recommended for reading S00 one Jux.
Public areas in buildings 200
An alder unit Moonlight 0.
iz the footcandle Starli !;Iht 0002
1 footcandle = 10.8 lux '
Frorm Williarmson & Currnins
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Basic theory

* The light flux emitted by a small plane
source

o Axial tHlumination from a finite circular
source

e Obligue illumination from a circular source
« Application examples
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AN i
Light flux: small plane source
/i Area S=

(assuming a
source of dipole
radiation, In
nature)

Version 2008 (4 A FfifL )

E= % (illuminance on the screen)

E— ABS (flux to small area S)

=
: ~  AB

Flux perunitareaatS F =—-
d
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y |
COnt d Flux into the conical shall
dF = (intensity) x (solid angle)

(AB:"’S 921 -sin - rdo)

rsin®

»  =7AB2sin@cosadd

;

" Flux into the solid cone of half angle 6

0
F :nABIZSin 6 coséd o = 7ABsIN? 6

example: semi-hemisphere F=7AB

If luminance B varies with the direction of

observation B(0) o
F = nAjZB(é’)sin 6 cosado = 7Z'Aj B(0)sin26d6
0 0
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Application

llluminance E

o
~. , Fallingfluxon A F=AE

How the plate A be a secondary light source?
What is the equivalent brightness B for A?

(consider a hemisphere)

Energy conservation KAE=nAB

m=) B=KE/r

You can apply this estimate to deduce “x” B, 3
brightness of successive illumination. B,

Version 2008 (% -5k FfffL. %) A SEARHLLA: IR S s (throughtput) ff F1
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Axial tllumination

Angle U’ [lluminance at E

Az 1 dE=(2mydy-B-cos’U")/I’
c y =XtanU'"

%\ dy = xsec®U"dU’
"""""" | = xsecU'

Angle U’

* xtanU "xsec?U'dU"cos?U"
x°sec’U"

Determination Umax when lens is used

Uma
E =28 j
0

Il]li> = nBU Tagsinu ‘cosU'dU"
0

fa 2
=zBsin“U__
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LA i _
Applications
B uﬂ:> = P R Under aplanatic lens
\' (i efenia (Abbe sine condition)
T k
From Kingslake E = 4Bsin2U :mB(l)z
max f

B B
A(f —number)®  4(f#)?

ook back to p.38 of this lecture note
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Obligue 1llumination

A very small circular source | yminance B

E, Normal intensity BdA

.............. ; Aea%S lluminance at Q: E;=BdA/x?

Eo Screen At P :

_source-...

_ BdAcos’¢ BdAcos® ¢

Aread,g ........ ‘_ ‘Q ’ |2 (X SEC ¢)2
X
B \ ~ BdAcos®¢ E cost
Angle ¢ ST Cesd

This has been called as the cos?* law
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ﬂz*ﬂﬁ E

0
CO nt ? d Area dS
Angle(x ...............
P
A finite circular source o \olQ
Aread -
Bcos’ a B X
dE, =—— " dA
X Angle ¢ :
, . ngle u
B {1 l+tan“ ¢ —tan“U
\/tan ¢+ 2tan® p(l—tan“U"') +sec* U"
= 7B -sin“U " cos ¢'[F'] [F’] U'=358deg.| 7.18 14.48
(f/8) (f/4) (/2)
I I $=0 deg. 1.000 1.000 1.000
20 1.000 1.007 1.027
[F,] |S ulncrease faCtOr” 30 1.002 1.013 1.052
40 1.004 1.018 1.076
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* The basic theory shown above Is basically
for dipole-radiation light source

— The key feature is the dropping of intensity in
Inverse proportion to the square of distance

* You may need to modify the factor of distance for
different kind of light source

« Extension to different light source B(6) can
be done straightforwardly
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Inserting a lens element

Fi. TracePro Expert

dit  View Bt Define  Analvsiz Eeports Tool: Macmoz  Window  Help

Lens Element... | | | | | J k |H| E ? |k?| | |%|E

Fresnel Lens...
EEﬂEIﬂJ:II... x.TI"Lz >|<.z \Ex z_T z_>|< T'{:|5L=|\"| II)|:3’I||E [ I:'| E|.|
Tube. ..
Baffle Vane. ..
Primitive 3olid...
Part...
s,
Lens | Aperturs | Obstruction | Position | Aspheric |
Units: |Radins vl Thickness: |1
Material
Catalog: |3CHOTT - | Name: |BEY -
Surface 1 Surface 2
[ Coylindrical [ Colindrical
Fadiuz: (0 Eadivz: |0
Be sure to check Cons [T || o[
f
(1) aperture ﬁ
Inzert Lenz | |

(2) obstruction
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Creating a Lambertian source (1)

Fi. TracePro Expert
File Edit View BOESS Define Analvsis Eeports Tools Meacros Window  Help

Lens Element .. o
LBt HE| 2| wle|e] o] M| £]] 21| DR(S
Eeflector... :J x_I,Tz Fr| Tl 2¥| 25 % | ﬁ-f‘| \'| E} | A | | L P| E| | | 4

Tube. ..

Primitive Solid...

Elock ]C}r]jnder."Cn:-ne] Tormsz ] Sphere ] Thin Sheet]
Width
X1 ¥l Z: |1
Center Position Eotation
Lo o
v o v o
A8 ([ z o
Select a surface of a i Degrss

b

block object as the
emitting source L
| |

Insert
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Creating a Lambertian source (2)

Surface 0

fi. Model:[Untitled1]

I Apply Properties

Importance Sampling I Bzt Bunface | Diffraction | Raxtrace Flag I
Mueller Matrixe | GradientIndex | Bulk Seattering | Tempersture |

Classand UserDats | RepTile |  Tempessture Distibution |
Material | Burface Surface Source I Frescription | Color

Material from <MNone= K“u\\ -Z//'f Source Type: |Flux ]
- Material name <None= ﬁ_}{x&x f/ Flse |1 Watts Total Rays: Imul
T | Total Power: il:l
;,/) TWawe, (om) | Teight | Power (1)
e 0.5461 1 0
e ;
.f/
T

Linglar ILmhertiﬁn ;1

papeTance Sampling)
Calenlate Power |

Lpply I

Select surface 0

Apply property with “surface
source” and take Lambertian

Version 2008 (& 5k FETiE )
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*__*___- TracePro Expert

Making ray tracing

File Edit ¥iew Tnsert Define MAnalve: Eeports Tools Macos  Window Help

EECEIFS

RRe|e|&I&| (& #| |t/

i Model: [Untifled1]

[ Object 1
Surface [

Material from <None:
‘. Matenal name =None=

I Apply Properties

Importance Sampling | ExitSurface | Diffraction | Reutrace Flag
Mueller Mateiw | GradientIndex | Bulk Scattering | Tempesature
Classand User Data. |  RepTile | Temperature Distibution
Material | Surface suiface Source | Prezcriphion | Color

Source Type: |Flu.:-: LI

Flu |1 Watts Total Rays: |1DD
Total Power: IU

TWave, (um) | Weight | Power (W
[1 o

0.5461

Angulax |Lamberﬁan ]
[~ Suppress random rays (Requires Source Importance Sampling)

Calculate Power |

o] A% 4w || DB 2] P B]=[+]T]
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Creating reflector

1. Creating a parabolic
reflector

2. Assigning inner surface as
perfect mirror

; nsert Reflector |
Surface |
:smiz 9 Compound Trough ] Rectangular Con.centfab:r1 Facetted Fim Ra}r1
. Entity 3 Cone |  3DCompowd |  Trough (Cylinder) |
- Conic Reflector
Material from <None= Shape: |Parsbolic Caleulate: iLengLI'l -
Material name <Nones
Thickness: (0.1 Length: |-
Hole radivs: [0 Dizaneter: |4
Focal length: |05
P ]
i~ Origin - Rotation
A o —
o iD Y. |0
T iD Z iD
in De grees
Insert | Modity |
X‘\df

I Apply Froperties

Tmportance Sampling | ExitSursce | Diffraction | Raytrace Flag |
Mueller Matrie | GradientIndex | Bulk Scattering | Temperature |
Classand UserDats | RepTile |  Temperaturs Distibution |
Material Suface ] Surface Source ] Prescription ] Caolox ]

Property Catalog: 1Defau.1t
Property Name: |Perfect birror

Mirror with 100% reflecta) F)

No Seatter

[E3[RANEY

MgF2
MgF2 Bingle Layer 4F.
Reference Data ] Mg
Mirror
[Type: Data Table, no p Perfect &beorber
- Reference Material —{Perfect Tranzmitter
st =
Angles messored in Af test 1 - _Jv
Angles are corrected by Snell's law and the refractive

index on etther side of the Surface Froperty. Select
meazured index reference of Surface Property data:
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Checking flux

"__1; TracePro Expert - [Fluox Report:[[Tntitled 2]]

| File Edit View Define Anshysiz ol

Tools Macror Window Help

-+ Material from <Nones
Material name <None>
= source
[+ emitting surface
+ - Surface 1
i+ Surface 2
& Surface 3
#- Surface 4
+ Surface §
Entity 5
Black
Material from <None»

+- Surface 1
- Entity 8
Lens
Material from S3CHOTT
Material name BET
Lens Data From TrecePro

Diwd| 8| /| &[ Eevte plo|s| @) k(M| 2] 2]\
:
BEE. | [RECHE ||| f~ | plalp|:
Drizplage fluz report weavelength totals
Object Wame Material Catalog | Materisl Property | Surface frea Mumber | Docident Abaorbed Lost (Al Types) Lost>Ezcaped Model | Lost-=Flux Threshold
Suface Name | Sudace Catalog | Surface Property | [oq mom] of raves | [watts] [watts] [weatts] [watts] [weatts]
reflector <None:= <None= 0.477911844512327 1]
Burface D Defanlt Perfect Mimor 21.323213025211 486 0. 4760965926007 3 I 0.44167167693845 0.44167167603845 0
Surface 1 Default <None= 1.4475424170074 |1 0.00091525182154121 0 0 a 1]
Surface 2 Default <Nang = 239216680507 |1 0.00091525182154121 0 0.00091525182154121 000091 525182154121 |0
mce <MNone= «Hone= 0.0035020375588962 |0
enitting surface | Defanlt <None s 004 a 0.0025880716722543 0 0.43361011368147 0.43861011368147 0
Eurface 1 Default zNone: 004 5 0.0021061310014817 0 0 I ]
Eurface 2 Default zNone: ooz 1 0.00012085352544042 0 0 I ]
Burface 3 Default <None= ooz 2 0.0010942830550224 0 0 I ]
Surface 4 Default <None= ooz 1 0.00016341079257112 0 0 a 1]
Surface 5 Default <Nang = ooz 1 0.000916024 38012238 |0 0 1] 0
rcomd enser BCHOTT BE7 013054531 202337 4 283064890 3904e-005
Eurface 0 Default <None= B4247770607004 | 253 [1.188505524020 56 o 0.099261 182035283 0.095169504 228478 0.00308167a0068102
Eurface 1 Default zNone= 5.2821853071798 | 207 0.18035071271638 o [1.0194930:2402430 0012353084 00370% [0.007144040006 37
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How to work on “design”

Never forget your handy calculator

— Try to use simple geometry and etendue to get some
estimate and even develop your program

— Mathematica is generally very helpful

Know very well, at least, one software, e.g.,
— ASAP (script)
— TracePro (macro: scheme)
(for verification)

Keep track of SPIE/SID and patents

 Focus on your work
—  Keep progress/growing with your job
— If you are a student, then do your homework solidly
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2% [Hlumination considerations on
source space for design

 What information
should we have? /
— Source /
e Spatial
distribution —
— Size
e Temporal —
characteristics -

-> Intensity and

?fCI’W‘;f Detection surfaces
ux

 Polarization _ _
Only one surface data is not enough, in general.

. Coherenci
CandEIa (d|Str|but|0n) plot Unless, you are considering

a point source only!!
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% lllumination consideration on
Image space for design

e \What information should we have?
— Irradiance requirement

 Flatness
— Detection schemes
Seen by eyes
* responses Seen by CCD detector
Seen by detector

Characterization:

how to characterize effectively may be most
crucial
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% lllumination consideration on
optics for design

e \What information should )
we have?

— Unlike typical lens system,
scattering may be another
very crucial factor Opal glass

— Good knowledge of lens (ground glass)

design is still helpful
6668

— Good knowledge of
(geometry) is very helpful Commercial condenser

reflective surface

(From Edmund)
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In terms of “Module”

Source Image

Throughput consideration:

Numerical aperture (1) Input port
FOV (2) Exit port

Acceptance angle

Check carefully about pupils
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AN _
Calculation example
Projection device screen
reﬂéor Condenser
h d
\ fl I m M — Screen — screen
sourc-e . hfilm d film
I[llumination based on Kohler scheme . . .
. , | N _
Source brightness (luminance): B q r :

Source area: A screen film

Throughput consideration
1. Why reflector is necessary?
2. What cause throughput loss?

Version 2008 (& A iffine ) ARG LLA: P SLRERIGE LR B (throughtput) ff BT
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Conclusions

e There remains a lot of issues In radiometry
and photometry; but a summary of useful
tools has been illustrated here.

e Most iImportant thing is to learn how to
estimate throughput

« As an ending of this first lecture, it may be
useful to remind you one thing that often
mixed with illumination — “vision”

— Hopefully, you can see the world is larger than
you expect
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Something beyond 1llumination

Thinking About Vision, Color and Displays

Checker-shadow illusion:
The squares marked A and B
are the same shade of gray.

Look at A and B
How different?

Edward H. Adelson From Louis Silverstein
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Cont’d 1

Look at the inside

Simultaneous Contrast — The Effects of the
bal‘ Visual Surround on Percerved Brightness

From Louis Silverstein
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Cont’d 2

|:|II'i-'l-l.-ltl'lL‘H!!lﬁl?]lHllTlll 1 ) 4 2 47 0 ¥R OB WIS RITNAENDN DR

EE.

[

B oW .

A
L]
e
"
E
r
Le
n
L}
4
K
L

R e ama e mEA R =

R - =

i

I 3 3 4 % & 7 B YoM H B 1y F i KTOWmE M HR

Simultaneous Contrast — The Effects of the
Visual Surround on Perceived Brightness = Lauie Slvas e

ook at the pattern

Version 2008 (& 3k ’%ﬁ%%ﬂ%) w ?—Fﬁﬂ?ﬁllA PRI Mﬁ.ﬁ? 3l (throughtput) I'FHE,T 11A-73



RS
R

COnt’d 3 ook at lines

Are the horizontal lines parallel or do they slope?  From Louis Silverstein
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Cont’d 4

Look at the circles and arrows
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[llusory Blue Square Muller-Lyre Illusion

From Louis Silverstein
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Cont’d 5
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Look at white dots
Inside

Count The Black Dots R
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Cont’d 6 .

ook at how
background
being
separated
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What is inside HE 4 APy o T e
From Louis Silverstein
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Cont’d 7

Keep staring at the black dot. After a while
the gray haze around 1t will appear to shrink.

From Louis Silverstein
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Cont’d 8

Look at inside

From Louis Silverstein
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Cont’d 9
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Look at the pattern

From Louis Silverstein
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Look at the pattern

From Louis Silverstein
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Cont’d 11

Look at the line

From Louis Silverstein
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Cont’d 12

Look at the circles

From Louis Silverstein
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References:

o Useful literatures can be found from
— Handbook of applied photometry,edited by C.
DeCusatis, (AIP Press, 1997)
 |f you want to know more basics, then try

— G. Brooker, “Optical practicalities: etendue,
Interferometry, fringe localization,” chapter 11,
“Modern Classical Optics,” (Oxford, 2003)

e Classical literature should be referred to

— R. Kingslake, “lllumination in optical images” chapter
5 in volume Il of “Applied Optics and Optical
Engineering,” ed. by R. Kingslake

* This is a very old reference but useful.
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Homework 1
1. Select a commercial condenser floct Screen (10X10 cmA2)
> If not available, set the re\?c osroume BK7
following I_ens // \< ;
2. Seta Lambertian source, 1 T
mm X 1mm / e
3. Calculate the throughput 2cm 10 em
efficiency of the lens .
4. Try to employ a reflector to EQCTlré:enter thickness)
. . . 1L.oCn
Improve the eff|C|ency (R: radius of curvature)
d Only a specular reflector is CA: 254 cm
considered here (CA: clear aperture)
 Perfect reflector 1 , t(n—1)
5. Verify by TracePro simulation # =% = (N~ )[_1_ cren ]
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Homework Z/ﬁ/ﬁ

Planar emitter Z

e Consider two tubes as with the following specification
e 1.0X1.0X1.0 cm”3 (a cube) (wall thickness 0.1 mm)

o 2.0X2.0X5.0 cm”3 ( a rectangular tube) (wall thickness 0.1 mm)
— Assume all walls with 1.0% absorption loss

— Assume that the two tubes are away from 2 cm and one
planar Lambertian light source (1X1 cm”2) right on the
surface of the first cube with total 1.0W emission power

Qlight emitting area can reflect rays but with 30% loss

dYou are asked to estimate the throughput right after first cube

dYou are asked to figure out at least three different ways of
coupling solution such that the light can be relay to second
tube and then estimate the throughput right after the second
tube

Version 2008 (& 4 Fi. ) K :?’F'eﬁ,%'ﬁﬁl%ﬁllk ﬂﬁﬁﬂﬁl@ﬁﬁ?% 3| &l (throughtput) fFf[g,T 11A-86



RS
R

Homework 3

e This homework Is rather advanced

 In the book of G. Brooker, a lengthy discussion, that
Illustrated in several exercises and even several sections,
shows how to extend the concept of etendue to physical
optics and to improve the design of interferometer . It is
known that a light beam can be decomposed into

longitudinal and transverse modes. You are asked to
deduce the following relation:

etendue
12

(number of transverse modes occupied)=

G. Brooker, Modern classical optics, Oxford, (2003)
See chapter 11
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