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Class Information

Time: Lecture M 1:20-3:10 PM (Engineering Building I Room 210, might
move to Room 201)
Lab Th 1:10-2:10 PM (TBA)
Instructor: Wei-Chih Wang
office: Delta 319
course website: http://depts.washington.edu/me557/optics (subject to change)
Suggested Textbooks:
- Applied Electromagnetism, Liang Chi Shen, Weber&Schmidt Dubury
- Fundamentals of Photonics, B. Saleh, John Wiley& Sons.
- Optical Methods of Engineering Analysis, Gary Cloud, Cambridge
University Press.
- Handbook on Experimental Mechanics, Albert S. Kobayashi, society of
experimental mechanics.
- Optoelectronics and Photonics: Principles and Practices, S. O. Kasap,
Prentice Hall.
- Fiber optic Sensors, E. Udd, John Wiley& Sons

- Selected papers in photonics, optical sensors, optical MEMS devices and,
integrated optical devices.
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Class information

e Grading
Homework and Lab assignments 80% (2 assignments and 2
design projects and 2 labs)

Final Project 20% (10% hardware, 10% final report+ final
presentation)

* Final Project:

- Choose topics related to simple free space optics design,
fiberopic sensors, waveguide sensors or geometric Moiré, Moiré
interferometer, photoelasticity for mechanical sensing or simple
optical design.

- Details of the project will be announced 1n mid quarter

- three to four people can work as a team on a project, but each
person needs to turn 1n his/her own final report (due last date of
the final’s week).

- Oral presentation will be held sometimes in week 17 (no ﬁnal)
W. Wang
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Week 1

Lecture notes can be downloaded from:
http://courses.washington.edu/me557/optics/
Reading Materials:

- Week 1 additional reading materials can be found:
http://courses.washington.edu/me557/readings/

Useful website:
http://refractiveindex.info/?shelf=organic&book=polycarbonate&page
=Sultanova

Website updated weekly, make sure you upload the latest lecture notes
and homework

Week 5 no class (attending conference that week)

There will be makeup classes on Thursday. I will let you know
Week 16 Mon (6/2, Final Presentation)

W. Wang 5
W.Wang



Objectives

The main goal of this course 1s to introduce the characteristics of
light that can be used to accomplish a variety of engineering tasks
especially in physical sensing and mechanical analysis.

Manipulate phase modulation for mechanical measurement:

monitoring changes in interference pattern due to a mechanical
modulation

WAV
sinA+sinB = 2sin(A+B)/2 *cos(A-B)/2

- MWVWN\M LetA=kxtot+d, k =2mn,/A
ang B = kxtm,t+ ¢, k,=2nn,/A 6
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Course Outline

GOALS: To develop student understanding of

Week 1-4 Ray-Optics Approach (Snell's law, Geometric optics, thin lens, matrix
method) and Light sources and photodetectors

Week 5-7 Electromagnetic-Wave Approach (wave equation, polarization,
diffraction, interference, grating)

Week 8-9 Electromagnetic-Wave Approach (wave equation, polarization,
diffraction, interference, diffraction grating, waveplate, Jones matrix)

Week 10 Optical Components (optical materials, coatings, filters, mirrors,
lenses, prisms and polarizing optics)

Week 11 light sources

Week 12 detectors

Week 13 Geometric Moiré: In-plane displacement measurement

Week 14 Geometric Moiré: out of plane displacement measurement

Week 15 Moire Interferometry: Interference and Diffraction, Grating fabrication

Week 16 Photoelasticity, Fiberoptic and polymer waveguide sensors

Week 16 Final project presentation

W. Wang 7
W.Wang



Electromagnetic Spectrum
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Spectrum of “optical” radiation

» Nomenclature:

— Visible light
— Infrared radiation (not infrared “light”)

— Ultraviolet radiation (not UV “light”)

« Ranges shown are approximate and somewhat arbitrary

visible light
ultraviolet
microwave infrared
X-rays
wavelength
Im lnllm 700nm 400nm Ipm
(red) (violet)

A

\4
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Infrared radiation

Approximate spectrum
— Imm (300 GHz) to 700nm (430 THz)

Meaning: below red (in terms of frequency)
Near infrared (closer to visible light)
Far infrared (closer to microwaves)

Invisible radiation, usually understood as
“thermal” radiation

Inm=10"m 1GHz=10° Hz, 1THz=10!> Hz

W.Wang



Visible light

Approximate spectrum
— 700nm (430 THz) to 400nm (750 THz)

Based on our eye’s response
From red (low frequency, long wavelength)
To violet (high frequency, short wavelength)

Our eye 1s most sensitive 1n the middle (green to
yellow)

Optical sensors may cover the whole range, may
extend beyond it or may be narrower

W.Wang



Ultraviolet (UV) radiation

Approximate spectrum
— 400nm (750 THz) to 400pm (300 PHz)

Meaning - above violet (in terms of
frequency)

Understood as “penetrating’ radiation

Only the lower end of the UV spectrum 1s
usually sensed

Exceptions: radiation sensors based on
10nization

W.Wang



SI multiple for hertz (Hz)

SI multiples for hertz (Hz)

Submultiples
Value SI symbol
1071 Hz dHz
102 Hz cHz
1073 Hz mHz
10°Hz uHz
10° Hz nHz
1002 Hz  pHz
100° Hz  fHz
1008 Hz  aHz
1021 Hz  zHz
10 Hz  yHz

CInhid¥prefixed units are in bold face.

Name
decihertz
centihertz
millihertz
microhertz

nanohertz

picohertz
femtohertz
attohertz

zeptohertz

yoctohertz

Multiples

Value

10! Hz
10> Hz
10° Hz
10 Hz

10° Hz
1012 Hz

1015 Hz
1018 Hz
102! Hz

10** Hz

SI symbol
daHz

hHz

kHz
MHz

GHz
THz

PHz
EHz
ZHz

YHz

Name
decahertz
hectohertz
kilohertz
megahertz

gigahertz

terahertz
petahertz
exahertz

zettahertz

yottahertz
14
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Difference between RF and Optical System

ncies

. ing freque
* Frequency, bandwidth Materials and operating

New metamaterial lens focuses radio waves | MIT News
; MIT News - Massachusetts Institute of Technology
Free Space Optics transceiver system

. . Brgg grating waveguide
Optical fiber
P W. Wang Metal waveguide Wikipedia

* Dielectric instead of metal materials (lower attenuation)

W. Wang 16
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Waveguide Structure

» Metallic waveguide (hallow metal
waveguide, coaxial cable, micro strip)

* Dielectric waveguide (optical fiber,
integrated waveguide)

W. Wang Optical fiber Coaxial cable 17

W.Wang



o
'o\Q o\‘\o

Dif er@fi@%s Between Metallic and
S50 “Dielectric Waveguides

o“é \0’&“
. <f@1fﬂ®ﬁleter wave frequencies and above, metal is not a good
A e\\igaﬁ%luctor so metal waveguides can have increasing
'«0‘“ ~“attenuation. At these wavelengths dielectric waveguides can
have lower losses than metal waveguides. Optical fiber is a form

of dielectric waveguide used at optical wavelengths.

* One difference between dielectric and metal waveguides 1s that at
a metal surface the electromagnetic waves are tightly
confined; at high frequencies the electric and magnetic fields
penetrate a very short distance into the metal (smaller the
skin depth). In contrast, the surface of the dielectric waveguide
is an interface between two dielectrics, so the fields of the
wave penetrate outside the dielectric in the form of an
evanescent (non-propagating) wave.

W. Wang 18
W.Wang



Field Confinement: Materials and Field Consideration

For >100GHz
For <1GHz For >1GHz
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Planar (slab) waveguides for Cylindrical optical fibers
integrated photonics (e.g. laser chips)

Parallel plate waveguide
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| | | Ex
. - X proiiential
Cladding i, |l |l | decay
1 1 t X
| | |
| |
Harmonic
Con I | variation z
| | |
| |
| | |
| - 1 Exponential
Cladding » | I -Jrl.iy

19

Actual propagation direction

Loss due to guided material

w.wang in propagation directi
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Material consideration: Why metal not a

ood conductor
Look up real part of di€lectric constant at higher frequency becoming

negative and how 1t affects field in propagation direction.
Metal: For highly conducting medium in high frequency, the k constantis

o

= w+/lE(1 )1/2~a)\/ﬁ(—jé)”2= wu(%)(l —J)

LI

negative Large and
plasmonic '°5SY

_]E

i i
L‘L it s
| il |
11 e |
LR -
S 2
ol

E(z,t)=Re{Ee’™} = xE cos(wt —@z)

Dielectric:  k =k — ja = wyEE(1- )" ~ wyRe(1-j 5 )

2we

71

Small and independent

w.wang positive of wavelength 20
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Material consideration: Why metal not a
good conductor

All these losses are in transverse direction

Metal: higher the frequency higher the attenuation

For highly conducting medium, o/we >>1, the k constant can be

simplify to — . \.\{\Ga\:\oﬂ
k =k — ja = wyEE(1—j =)~ w\TE(] i)m SinP Look up imaginary part of
dielectric constant at
higher frequency

o = wuos/2 ) :
becoming more lossy in

metal, but independent of
wavelengths in dielectric
material

Dielectric:  Independent of wavelength

For slightly conducting media, where o/we <<1, the constant k
can be approximated by

w.wang
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Penetration Depth
(dielectric and slight conductive)

According to Beer-Lambert lawType equation here., the intensity of an
electromagnetic wave inside a material falls off exponentially from the

surface as —az
‘ I(Z) = Ioe

If 3, denotes the penetratiomrwe have d,=1/o"'Penetration depth" is one term that
describes the decay of electromagnetic waves inside of a material. The above
definition refers to the depth 9, at which the intensity or power of the field decays
to 1/e of its surface value. In many contexts one is concentrating on the field
quantities themselves: the electric and magnetic fields in the case of
electromagnetic waves. Since the power of a wave in a particular medium is
proportional to the square of a field quantity, one may speak of a penetration depth
at which the magnitude of the electric (or magnetic) field has decayed to 1/e of its
surface value, and at which point the power of the wave has thereby decreased to

1/e or about 13% of its surface value:

_ 1 2,5 (slightly _ 2 (highly
% = a/2 o 20 conductive 5, =1/ “:\/ (w_,ua) =0 | conductive

Note that o is identical to thye skin depth, the Tatter term usually applying to
metals in reference to the decay of electrical currents or we only use

penetration depth to descrie the media
w wang 22
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Highly Conducting Media

For highly conducting medium, o/we >>1, the k constant can be
simplify to

k =k — ja = oyEE(1—j =) 2 ~wyEE( )= |op) (L = )

Ko
, 2 b ol
The penetration depth o, = /o = (w_ua) = 8“%“@(&}%[1“1‘) only for
highly conductive media. e “eq“e“cl
et
W wang ¢ = a)MG/Z 23




Skin effect in conductor

We can derive a practical formula for skin depth : 100 -
\\\ = =Mn-Zn =
10 < Al
\\ \ —i:tljeelﬂfio
5 2p 5 N\ Nl N || | —Fesi
— mm — —Fe-Ni
@) (poktr) M= oS = SHEST
™ \

Where 01 \\\\ \\\\“
8 = the skin depth in meters \§ \
u,-= the relative permeability of the medium 0.01 \\\

p = the resistivity of the medium in Q-m, also equal to the \\
reciprocal of its conductivity:p = 1/0 0001 N

(for copper, p = 1.68x1078 Q-m) 0001 001 01
f = the frequency of the current in Hz f (kHz)

=

10 100 1000

w wang 24



Metal Conductivity (o)

The common metals that have the highest resistivity (lowest conductivity) are:
1.Mercury

2.Stainless steel varieties

3.Titanium

4.Lead

5.Carbon

6.Carbon steel

7. Tungsten

The common metals that have the lowest resistivity (highest conductivity) are:
1.Silver

2.Copper

3.Gold

4. Aluminum

5.Zinc

6.Brass

7 Nickel

Keep in mind, too, that purity of the metals effects conductivity and it inverse property, resistivity.

w.wang
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Skin eftect

Skin effect is the tendency of an alternating electric
current (AC) to become distributed within a conductor
such that the current density is largest near the surface of
the conductor, and decreases with greater depths in the
conductor. The electric current flows mainly at the "skin"
of the conductor, between the outer surface and a level
called the skin depth. The skin effect causes the effective
resistance of the conductor to increase at higher
frequencies where the skin depth is smaller, thus reducing
the effective cross-section of the conductor. The skin
effect is due to opposing eddy currents induced by the
changing magnetic field resulting from the alternating
current. At 60 Hz in copper, the skin depth is about 8.5
mm. At high frequencies the skin depth becomes much
smaller. Increased AC resistance due to the skin effect can
be mitigated by using specially woven litz wire. Because
the interior of a large conductor carries so little of the
current, tubular conductors such as pipe can be used to
save weight and cost.

Distribution of current flow in a
cylindrical conductor, shown in
cross section. For alternatin
current, most (63%) of the
electric current flows between
the surface and the skin depth,
O, which depends on the
frequency of the current and
the electrical and magnetic
properties of the conductor

w wang 26



For Slightly Conducting Media

For slightly conducting media, where o/we <<1, the constant
k can be approximated by

Independent Of
wavelength

k=k<m=wﬁamﬁawzwﬁapgi)
Ny
Penetration depth|o, = 1/a. = % % (here we don’t have
skin depth, skin depth only refers to metal)
w wang 27
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Second Distinction: Field Confinement

For >100GHz
For <1GHz For >1GHz
7 - =) *"”; —— X
) =,
COAX  Twmax | Rectangular Finline y
. n .
Waveguide Curcula; 7 (x.y.2) ! (r. ¢, 2)
Waveguide (0, > 0y, n3) (> 1)
r—3x Planar (slab) waveguides for Cylindrical optical fibers

integrated photonics (e.g. laser chips)

Parallel plate waveguide

TE; TE, TE,
Cladding : :l ) ; R
| | { X
| | |
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‘are B | | FajelRlatile
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Cladding : | 1' .lji:._:l-:“mud
od "
nfined wave with Evanescent waves
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w.wang

W.Wang



T — —
— & 77 cez )
X —— NS — t_ — = S - o .
LR o B gy Wave leakage occurs as dictated by
T l the phase matching equation. The
% 1 P - extent of leakage depends on the
= l cladding material, which surrounds
T the core or guided material. In the
i case of metal, the leakage is rapidly
" - ~ absorbed, while in dielectric
y ) € = 7, S O . .
v e materials, it attenuates more
7 . gradually due to the matching of

71 » 5 & = J. w2 =  refractive indices

= 5 — - " el TTTR !‘ v :",fl [ S e L - L‘./"_?

_+ N - . r :

V) L “ T Je e > 4 ;_ * L
‘ g Str oot Y»'--:‘{_ , T EeYE v = (oD
S0 bs1vR T B s e <X b2 Le G o ide
| -
f"( W)€ rET rr !.:_ —
2 - v 4

k12:k1251n291’+klzcoszel, b, “.». =T

O

w wang




S

Losses due to real part
of ¢ at BC

Wave leakage occurs as dictated by
the phase matching equation. The
extent of leakage depends on the
Tt cladding material, which surrounds
-~ 1 ax’ - ' g the core or guided material. In the
e ; case of metal, the leakage is rapidly
absorbed, while in dielectric

1 AL 2 materials, it attenuates more
X 4 gradually due to the matching of
' refractive indices

Earlier attenuation is
due to resistivity
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Comparison of current free space and guide wave telecommunication

Difference between Fiber and Microwave

Specifications
Capacity

Cost

Deployment time

Terrain

Re-use

Climate effect

Regulation
W. Wang

Optical Fiber line
>100Gb/sec (depending on freq)

Costs as per feet or meter

It increases with distance and
vary linearly

The system will become more
costlier in difficult terrain region

Fiber once deployed can not be
re-located in most of the cases

Normally fiber is not influenced
except in the flood conditions

Needs right of ways and proper
infrastructure

RF wireless world

Microwave
in Gb/sec

cost per link, it is incremental
based on distance

Fast

Suitable for any terrain region,
Need to have Line of Sight
between two points(transmit and
receiver)

Microwave equipments can be
removed and re-located in other
regions if required

Microwave link is influenced by
climate, Adaptive modulation
coding (AMC) is used as
solution in changing channel
environment

requires spectrum regulation
31
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Optical System

* Free space Optics
* Guided Optics

W. Wang 32
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Optical MEMS (MOEM) and
Waveguide Integrated Optics

Waveguide Integrated Optics Optical MEMS

(what’s known as integrated optics in earlier day) (can be free space or waveguide)

Photonic integrated circuit include optical MEMS and

W, Wang . 1 - 33
waveguide integrated optics w. wang
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Nano optics

Diffraction lens

subwavelength-diameter optical Photonic bandgap Crystal

w.wang 34
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Photonics Opportunities

*Medicine-biomedical (laser surgery and in noninvasive diagnostic tools)
*Environmental (measure the pollutants in air and water)

*Energy (harness solar energy)

*Transportation (provides guidance, collision avoidance, and continuous
tuning of engines based on driving conditions)

*Defense (weapon guidance, remote sensing, image processing, and high-
energy laser operation)

*Computers and Communication and information technology (gathering,
manipulating, storing, routing, and displaying information)
*Manufacturing with photonics and test and analysis (industrial lasers that
cut, weld, trim, drill holes, and heat-treat products. inspection is
performed using spectroscopy, interferometry, machine vision, and image
processing)

*Consumer electronics (camera, cell phone, TV, monitor etc.)

W. Wang 35
w. wang
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Free Space Optics Application

W. Wang

36
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Photoelasticity

Department of Materials Science and
Metallurgy
University of Cambridge

The effect that an 1sotropic material can become birefringent

(anisotropic), when placed under stress 1s called photoelasticity.
Under compression — negative uniaxial crystal.

Under tension — positive uniaxial crystal.
Induced birefringence is proportional to the stress.

can be used to study stress patterns in complex objects (e.g.

bridges) by building a transparent scale model of the device.
W. Wang 37
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Photoelasticity effect

pr— [a]

Low load High load

(b]

University of Maryland

As the load 1s increased and new fringes appear, the earlier fringes
are pushed toward the areas of lower stress. With further loading,
additional fringes are generated in the highly stressed regions and
move toward regions of zero or low stress until the maximum load

is reached. The fringes can be assigned ordinal numbers (first,
W. Wagcond, third, etc.) 38
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3 - point
Flexure test

Loading Force
pin

| Specimen

Supporting pins

www substech.com

Annealed bar undergoing 3-point bending under a circular polariscope

W. Wang
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Annealed bar undergoing 3-point bending under a circular polariscope

W. Wang 40
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Phase shifter using Birefringent Material
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Moire

Moir¢ effect is the mechanical interference of light by superimposed

network of lines.

The pattern of broad dark lines that 1s observed 1s called a moir¢

pattern.
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Moire

In most basic form, Moiré methods are used to measure

Displacement fields; either

- in plane displacement Ml ayer

ceramic module

Printed
circuit board

N ~

R R

AR

U (or u,) displacement field of a ceramic ball grid array
package assembly, subjected to an isothermal loading

of AT = -60°C (cooling the specimen from 82°C to room

A

- out of plane

temperature).
Univ. of
Maryland
Moiré Fringes Superimposed
on Model Head
43
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Geometric Moireé

* P
I |
- Reference
I grating
() 10mm
2 e
Scale
Specimen
grating

f
V (or u,) displacement field of a deeply O
notched tensile specimen. The contour
W-Wandnterval is 50 um per fringe. 44



Geometric moiré

Sensitivity (No. of fringes
per unit displacement)

Contour Interval
(displacement/fringe
order)

Field of View

In-Plane

Less than 100 lines/mm

Greater than 10
micrometers

Large

Microscopic Moiré Interferometry

Sensitivity (No. of fringes

per unit displacement)

Contour Interval
(displacement/fringe
order)

Field of View
W.-Wang

4 8 lines/micrometer

208 to 20.8 nanometers

Microscopic (typically 50
micromters to 1 mm)

Moiré Interferometery

Sensitivity (No. of
fringes per unit
displacement)

Contour Interval
(displacement/fringe
order)

Field of View

2.4 lines/micrometer

417 micrometers

Small (typically 5mm to
50mm)

45
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Out of Plane

INFRARED FIZEAU
Shadow Moiré¢/Projection Moiré INTERFEROMETRY

Sensitivity (No. of fringes Sensitivity (No. of fringes

less than 100 lines/mm 200 to 400 lines/mm

per unit displacement) per unit displacement)

Contour Interval greater than 10 Contour Interval .

écilds:rlfcement/fnnge micrometers (displacement/fringe order) 2.5 o 5 micrometers

Field of View Large (up to 100 mm) Field of View Medium (5 to 45 mm)
W. Wang 46
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Digital Image Correlation

Material properties

DIC offers characterization of
material parameters far into the
range of plastic deformation. Its
powerful data analysis tools allow
the determination of the location
and amplitude of maximum strain,
which are important functions in
material testing.

Live image (left), maximum principal strain
(middle), principal strain (right) 47

W. Wang
W.Wang



Guide Wave and Devices

W. Wang 48
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Fiber optic and Waveguide
Sensors

Fiber optic Sensors

Ocenan optics

W. Wang

waveguide based optoelectronic
bio-sensor systems

Center for Bio-Optoelectronic Sensor
SystemsUniversity of lllinois ,

49
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Fiberoptic Sensors

Incident Light / _ ‘I Clad_ "\ Transmived Ligh
s e L VAN Ry

Reflected Light\

Incident Light
»
Reflected Li
Transmitted Light

A

Figure 3. Fiber Bragg grating,

e N\/ omp

3d8 coupler

Polarization .7
commler‘

" \Sensing fiber

Figure 11 Schematic of the sensor based on a Sagnac interferometer

M. Ramakrishnan, Sensor, 2016
W. Wang
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Figure 9. (a) One of the typical EFPI sensor design; and (b) schematic experimental arrangement for
the EPF1 sensor [70).
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Mechanically bended Optical fiber

Figure 14 Micro bend sensor concept [40].
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Figure 15. The emporal profiles corresponding to loading (a) and optical signal attenuation (b) [40]. 5 O
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Concept of Detecting Mo

TecH
Grati
Waveguide atings Output | ap
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MICRO
ragg grating Sensor TecH
L AB
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Devices for light technology and sensing
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MICRO

Elastomeric Bragg grating device

hPDMS
B grating

SU8 2002

{Agll\mc‘ H\r" WD ‘ Mag ‘ HFwY ‘ Date ‘Det MicTech
BEN| XL |5 kY [8.8 mm[4272 x| 28.7 um |03/27/07, 0:15| SE [ T
Cross-

section

tJ M\c| HV| WD | Mag ‘ HFWW ‘ Date Det MicTech
BN KL [3 kY [5.2 mm[4000x|30.7 um | 03/26/07, 23:58 | SE S L

DEPARTMENT OF MECHANICAL ENGINEER]NG
UNIVERSITY OF W ASHINGTON
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MICRO

Optical performance of grating sensor TrcH
L AB

Spectrum response

Waveguide output | | | | |
intensity profile 1520 1530 1540 1550 1560 1570

wavelength

DEPARTMENT OF MECHANICAL ENGINEERING ?&
UNIVERSITY OF WASHINGTON (’



Periodic Structure Sensors

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

Reference arm Phtonic crystal region
\ ﬂ
\ = Slot region

________ |IIIIIIIIIIIIIIIMIIIIIIIII
| Buried oxide

y :

/ o '\ Sisutstrate
~N
/ Sensible arm
Electrodes e

(a) (b)

MZI with slot Photonic Crystal waveguide (a)

and cross-sectional view (b). A, Troia
SEM micrographs of a photonic-crystal fiber

produced at US Naval Research Laboratory.
(left) The diameter of the solid core at the
center of the fiber is 5 ym, while (right) the
diameter of the holes is 4 ym

Technology based on low-loss periodic
dielectric materials.

Fig A examples of photonic-crystal fibers. (a) Bragg fiber, with a one-dimensionally
pechlW@B@oncentric layers. (b) Two-dimensionally periodic structure (a triangular 5 6
lattice of air holes, or “holey fiber”), confining light in a hollow core by a band gap. (c) Holey
fiber that confines light in a solid core by index guiding.
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MICRO
Everything is possible! T

LAB
Cloaking
Super lens (n=1)
Lossless

Zero refractive index
UFO?
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Stealth?
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_ MICRO
What’s a Metamaterial? 71y

— Alloy?
— Concrete?
- Artificially engineered materials §
V.G.Veselago (1968) Theory
J.B.Pendry (1996, 1998) —¢ (thin wires)
J.B.Pendry (1999) — (spiit-ring resonator) i
D.R.Smith (2000) LHM (combo)
* Applications |
— Wave manipulation: -n, cloaking, superlens, transformation‘
optics

 How to categorize it?
DEPARTMENT OF MECHANICAL ENGINEERING
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What is TeraHertz?

- (@‘?g Terahertz(THz) .4.

- -

Radio waves Micro waves THZ” Infrared UItl‘aVIolet X- rays
— A— A—-

107 10° 10°

Frequency (Hz)
THz radiation (EM wave)
— THz wave (0.1 THz to 10THz, 30m to 3mm)
— Non-ionizing & non-destructive (frequency is low)
— Penetrate most of dielectric material (abric, piastic or tissue)
— Several absorption lines for water
— Rotational & vibrational frequencies of most molecules

DEPARTMENT OF MECHANICAL ENGINEERING &\
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6G mobile communications success will depend
fundamentally on improved latency, higher data rates,

better quality of service and expanded system

capacity with THz waves central to realizing this
ambition. With frequencies extending from 0.1 to 10 THz
or wavelengths between 3 mm and 30 pm, THz
occupies the spectral region between microwaves and
optical waves. The prospect of large contiguous
frequency bands providing extremely high data transfer
rates in the Tbps range is making this a key research
area for next-generation 6G wireless communications.
Efforts to explore and unlock this frequency region
require an interdisciplinary approach demanding close
interaction between high frequency semiconductor
technology for RF electronics and alternative
approaches using photonic technologies. The THz
region shows great promise for many application areas
ranging from imaging to spectroscopy and sensing

MICRO
6G mobile communications TECH

Load-Salt Laser
TUMNET

RTD \ Multipbexer

DEPARTMENT OF MECHANICAL ENGINEERING
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M ICRO
UP-CONVERSION: ELECTRONIC THZ GENERATION AND ANALYSI?ECH

The “classic” approach has evolved tremendously.

Advantages:
- compact
- operated at room temperature

Load-Salt Laser
TUNNET

Disadvantages: #1D \ Mltiplexer
- cannot resolve bandwidth and efficiency limitations ; & O
- provide only limited frequency tuning Frequency (THz)

DEPARTMENT OF MECHANICAL ENGINEERING ?‘\
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MICRO

Rohde & Schwarz Equipmenty,,

L AB

Rohde & Schwarz to support 6G semiconductor,
device and circuit characterization research in
the mmWave and THz region. D-Band, with
frequencies from 110 to 170 GHz, is seeing a

strong research focus. =18 ~={ (a)R&S ZNA vector
2 network analyzer. (b)

R&S ZNA with MPI
TS150-THZ integrated
probe system for 330

Vector Network analyzer: sub-THz and THz using

vector network analyzers (VNASs) for device s |1 VBl GHz measurements

characterization with frequency converters to 1.1
THz.

External harmonic mixer: extend frequency range
support for signal and spectrum analyzers to D-Band
and other frequency bands up to 500 GHz

Frequency multipliers extend signal generator
frequency ranges to 170 GHz and beyond

Signal generation and analysis for the D-Band
spectrum is possible with transmit (Tx) and receive
(Rx) converters and antenna radiation performance FE170ST and FE170SR D-Band signal

measurements can be made using anechoic generation and analysis test setup.
o DEPARTMENT OF MECHANICAL ENGINEERING ?\
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MICRO

Rohde & Schwarz Equipmenty,,

VNA THZ MEASUREMENTS WITH METROLOGY-LEVEL ACCURACY

Measurements at frequencies up to 67 GHz are part of the standard repertoire of
network analyzers. However, tests in the mmWave and THz ranges are significantly
more demanding as they require external frequency converters. These frequency
extenders up-convert stimulus signals and down-convert response signals to
characterize devices operating at THz frequencies.

Characterizing active components in linear and nonlinear ranges requires a defined
input power at the probe tip. Since on-wafer power calibration is not possible, the
power at the wavequide output is calibrated by accounting for losses in
additional wavequides, 1 mm cables and the probe tip. For power sweeps and
compression point measurements, an integrated calibration routine in the R&S ZNA
compensates for mmWave converter nonlinearities, providing maximum measurement
dynamic range and reproducibility. The R&S ZNA uses system-integrated mmWave
converters with metrology-level precision.3 This allows active component
measurements to be as convenient at high frequencies as they are at lower
frequencies. Figure 1a shows a representative test setup with the R&S ZNA. Figure 1b
shows that test setup modified for 330 GHz wafer-level measurements.

WIDEBAND SIGNAL GENERATION AND ANALYSIS IN D-BAND

D-Band, with the prospect of several GHz of bandwidth, has become one of the focus
frequency bands for 6G research. Bottom figure shows a typical signal generation and
analysis setup supporting component and transceiver research in D-Band. The R&S
FE170ST transmitter front-end up-converts the modulated signals from the R&S
SMW?200A vector signal generator to the 110 to 170 GHz frequency range. The R&S
FE170SR receiver front-end down-converts the signals and transmits the intermediate
frequency (IF) to the R&S FSW signal and spectrum analyzer.

L AB

Fig. 1 (a)R&S ZNA vecto
network analyzer. (b)
R&S ZNA with MPI
TS150-THZ integrated
probe system for 330
GHz measurements

FE170ST and FE170SR D-Band signal
generation and analysis test setup.

UNIVERSITY OF W ASHINGTON
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Rohde & Schwarz

EXAMPLE: OTA TESTING OF A D-BAND ANTENNA

Figure shows a newly designed IMST D-Band lens-based leaky-
wave-fed antenna evaluated in a system using spherical near-field
scanning. The radiation pattern measurements were carried out in the
R&S ATS1000, which includes a distributed axis positioner. The DUT
could be used in 6G fronthaul point-to-multipoint scenarios. The
simplified feed structure consists of an elliptical lens made of low
permittivity (er = 2.34), low loss, high density polyethylene (HPDE) with
35 mm diameter (20 A at 170 GHz). The feed consists of a A/2 leaky
wave air cavity, excited by a WR6 waveguide. The radiation pattern can
be steered by displacing the feeder along the lens focal plane.

- For the receiver, the signal from the antenna is amplified in the
radio frequency (RF) stage. The output of the RF stage is one input
of a mixer. A Local Oscillator (LO) is the other input. The output of
the mixer is at the Intermediate Frequency (IF).

Equipmen’%ﬁﬁﬁ

L AB

Figure. Block diagram and measurement

setup of the spherical scanning system.
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THz Applications

* Nondestructive detection (NDT)

— THz image system
» Explosive detection
» Concealed weapons detection
* Moisture content
« Composite, structural defect, Coating thickness

« Spectrum measurement
— THz finger print
— Chemical analysis
— Skin cancer detection
— Molecular rotation, protein folding

Constraints:
Short working distance -low power

Resolution mited by pixel No. of bolometer based camera DEPARTMENT OF MECHANICAL ENGINEERING g\
UNIVERSITY OF W ASHINGTON (’




Fourier Optics

Study of classical optics using Fourier transforms, in which the wave is
regarded as a superposition of plane waves that are not related to any
identifiable sources; instead they are the natural modes of the propagation
medium itself.

« Spatial transformation

Some Fourier transform pairs
(graphical illustration)

function transform function transform
V€ 3oy

2
DELTA  FUNCTION ISOSCELES (Sln :)
TRIANGLE )
CONST,
f %
%
GAUSSIAN GA
1
4 7
£
2

SSSSSS
x
Jip
P

n
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MICRO
My Research oo

(Back to the Future) JAB
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My Research
LGERERERYISE)
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MICRO

Fourth dimension material ng

Transformation Optics

Exploring axis (axes) transformation and
computing

Temporal spatial materials and structures
Analog computing, electronic and structure

Meta structure and materials development

DEPARTMENT OF MECHANICAL ENGINEERING w‘\
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Demonstration of free space M.}‘é}ég

and Intrinsic sensors LAB

* Plexiglas (guide wave)
« Water bag (lensing, refraction)

DEPARTMENT OF MECHANICAL ENGINEERING &\
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History of Total Internal Reflectiom —E}ég

L AB

i

Water Light Guide
Saint Mary's University
Astronomy & Physics

* First demonstration of light remained confined to a
falling stream of water (TIR) in 1841 by Daniel
Colladon in Geneva.

 Demonstrated internal reflection to follow a specific
path to John Tyndall (1870 experiment in London).

DEPARTMENT OF MECHANICAL ENGINEERING g‘\
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- - ICRO
Take home Design Exercise .

(extra credit) LAB

* | want you to use something you have at
home to make it into some kind of optical
device.

(only if you turn in your design by next
Monday!!)

DEPARTMENT OF MECHANICAL ENGINEERING #\
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MICRO

My way of teaching Tfilé

Experiential learning- learning through
reflection on doing

Tactile learning!

How many people remember stuff you
learn from Physics class?

How many people actually apply what you
learn from your class to your everyday life
outside school?

DEPARTMENT OF MECHANICAL ENGINEERING &\
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MICRO

Experimental Learning Tfilé

“For the things we have to learn before we can do them, we
learn by doing them.”

— Avristotle, The Nicomachean Ethics

DEPARTMENT OF MECHANICAL ENGINEERING g‘\
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MICRO

Experimental Learning Tfi%

The general concept of learning through experience is
ancient. Around 350 BC, Aristotle wrote in the
Nichomachean Ethics "for the things we have to learn
before we can do them, we learn by doing them". But as an
articulated educational approach, experiential learning is of
much more recent vintage. Beginning in the 1970s, David
A. Kolb helped to develop the modern theory of experiential
learning, drawing heavily on the work of John Dewey, Kurt
Lewin, and Jean Piaget.

wikipedia
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MICRO

TrcH

L AB
The test of all knowledge is experiment.

Experiment is the sole judge of scientific “truth”....
There are theoretical physicists who imagine,
deduce, and guess at new laws, but do not
experiment; and then there are experimental
physicists who experiment, imagine, deduce and
guess.

- Richard Feynman, Feynman lectures on Physics
(Nobel Laureate)

DEPARTMENT OF MECHANICAL ENGINEERING #\
UNIVERSITY OF W ASHINGTON (’




MICRO
Show Videos of Previous Projects Tr

| LAB
* Previous year final project

* My lab:
http://depts.washington.edu/mictech/

* Fun Engineering Design Projects from
classes | taught in the past:

https://www.youtube.com/results”?search
qgquery=gnobal8

https://www.youtube.com/user/UWengr100
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MICRO

Software for ray and wave optics "ECH
AB

« Ray: COMSOL ray optics module,
QIOPTIQ, OSLO trace pro, Zemax

 Wave: COMSOL, Rsoft, Optiwave (mostly

FEM, FTDT)

Example of an
optical waveguide,
a wave propagates
around a ring and
interferes with a
wave propagating
in a straight

COMSOL waveguide
DEPARTMENT OF MECHANICAL ENGINEERING ¢_)
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Our way

» Solidworks + Ray Optics (Why?)
- RP our design!
- Edible Optics !
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Absolute and Relative M.}‘é}ég

Measurement LAB

Nothing is absolute in real life (everything is measured
on some reference and even the reference is based on
another reference or the reference is usually not stable).
so why bother to measure absolute value. So best way
to measure anything is look at the relative change
instead of absolute change.

‘||ﬁ| A ! "\
|,| |||| |'|
\JN\ «f J Hf y U U ! sinA+sinB = 2sin(A+B)/2 *cos(A-B)/2

i I i

Let A=k xto,t+ ¢, k,=2nn,/A

I
;u'-+E\|||||||

I Hf\ o |I|f|||||
HJI’M \ WL\ il L|l

B = kxto,t+ ¢, k,=2nn,/A
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Week 2 MICRO

Trcn
New Course Website: http://courses.washington.edu/me557/optics L AB
Reading Materials:
- Week 1 and 2 reading materials can be downloaded from :
http://courses.washington.edu/me557/readings/

Lab sign up (arrangement between you and TAs, general building Il
802, contact Bozen and Aditya for more information)

- Lab can be done in a small group (a group of 3 or
4 people), but lab report must be turn in individually.
Assignments are due two weeks after they are assigned.

Website updated weekly, make sure you upload the latest lecture
notes and homework

Week 17 Mon (6/9, Final Presentation) schedule to change

Design Project 1 assigned and due Week 6 (3/24)
No class on 3/17 (conference)
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Historical Perspective on Light
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What is Light?

Behave like mechanical particle (reflection,
refraction)

Behave like wave (interfere, diffract, partly
electric, partly magnetic)

Energy transfer between light and matter
(behave like particle with wavelike behavior)

DEPARTMENT OF MECHANICAL ENGINEERING é\
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What is Light? Micro

All the fifty years of conscious brooding have brought me no closer to the answer TECH
to the question, “what are light quanta?” Of course today every rascal thinks he L AB
knows the answer, but he is deluding (fooling) himself.

- Albert Einstein, 1951

Early days, a light beam was thought to consist of particles. Later, the
phenomena of interference and diffraction were demonstrated which
could be explained only by assuming a wave model of light. Much later, it
was shown that phenomena such as photoelectric effect and Compton
effect could be explained on if we assume a particle model of light.

* Ajoy Ghatak, Optics, Macgraw Hill, 2010

* The photoelectric effect is the observation that many metals emit electrons when light shines upon them. Electrons
emitted in this manner can be called photoelectrons. The phenomenon is commonly studied in electronic physics, as well
as in fields of chemistry, such as quantum chemistry or electrochemistry (Wikipedia).

* *Compton scattering is the inelastic scattering of a photon by a charged particle, usually an electron. It results in a
decrease in energy (increase in wavelength) of the photon (which may be an X ray or gamma ray photon), called the
Compton effect. (Wikipedia)
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Y MICRO

Animism TocH

Animism (from Latin: anima, 'breath, spirit, life') is the belief that objects, places, a‘\'dA\B
creatures all possess a distinct spiritual essence. Potentially, animism perceives all
things—animals, plants, rocks, rivers, weather systems, human handiwork, and
perhaps even words—as animated and alive. Animism is used in the anthropology

of religion as a term for the belief system of many indigenous peoples, especially in
contrast to the relatively more recent development of organized religions.

What does life want from us?

Wi N
Y L

v,
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Evolution: from
region to science
(due to our curiosity)
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Yin
Structure
Night
Cold
Earth
Moon
Slow
Humidity

Ascends energy

Fluids
Calm
Death

Aura ad Chi g

Function
Day
Hot
Sky.
Sun
Fast
Drynass
Descends energy
Energy
Expressive
Birth

If prediction of future going too far then we call it
science fiction but when technology catch up
later, then we start calling it visionary science.

The electromagnetic spectrum

Radiation

‘E“ EM
What fails: Not an exact SC'ence‘ DEPARTMENT OF MECHANICAL ENCINECRING
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Y MICRO

My interpretation of Science Tf‘jf;

We explain things and phenomena using the language and knowledge
available to us, often in ways that may seem strange to others but make
sense within our own understanding. To me, scientific explanation is a
human-made tool—like a structured language or system of
imagination—that helps us describe, communicate, and make sense of
the world. What we call science is built on observation and creative
thinking, but it is not absolute or fixed. Our scientific ideas evolve as
our understanding deepens and new discoveries emerge.
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Particle Model MICro
TecH

 Newton- argued that the geometric nature of the laws of |, AB
reflection and refraction could only be explained if light
was made of particles, which he referred to as
corpuscles, as waves do not tend to travel in straight
lines.

Corpuscular model:

Most important experimental facts which led to the early
belief in the corpuscular model of light were:

1. Redctilinear propagation of light which results in the
formation of sharp shadows (no diffraction)

- Assume light travel in straight lines
2. light could propagates in vacuum (sound can’t)
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MICRO
Corpuscular Model TecH

L AB
The corpuscular model is the simplest model of light. According to the
theory, a luminous body emits stream of particles in all direction.
Issac Newton, in this book Opticks also wrote,” Are not the ray of Ilght
every small bodies emitted from shinning substance?”

Based on this, light is assumed to be consisted of very small Sl
particles so that when two light beams overlap, a collision EiEemsn
between the two particles rarely occurs. Using this model, one can
explain the laws of reflection and refraction (Snell’s law):

-Reflection law follows considering the elastic reflection of a particle by
plane surface. N\ |
e

- Refraction law assume that the motion is confined to the xy plane.
The trajectory of particle is determined by conservation of x compone\nt\
momentum (component parallel to the interface, perpendicular to the

direction of propagation NN
FEPER ) A\ DEPARTMENT OF MECHANICAL ENGINEERING
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MICRO
* Wave Model i

« From 17t century on many scientists and physics and kAB
mathematician were able to use mathematical model to
explain a lot of these wave phenomena of light with its
expression.

Er> Electic Field
IO ’ g

Most accurate model so far to explain many things we

see in light. However, one misconception of all these

are these expression can explain everything about

light. The fact is that these wave equations are just

abstract Mathmatical model that helps explain when

light behave like wave or how it propagate in space or

how it interact with each other. ?‘
(J

DEPARTMENT OF MECHANICAL ENGINEERING
UNIVERSITY OF W ASHINGTON




. taﬂd
wao " Wave Model
(\)

S S.
Yo% of wave

ﬁ"stof"c L\ terms

sned N
«®"A"\Wave has a wavelength, a speed and a frequency.

Grimaldi- observe diffraction of white light through small aperture
quote, "light is a fluid that exhibits wave-like motion.” (1665)

Huygen- propose first wave model explaining reflection and
refraction(1678)

Young- perform first interference experiment could only be
explained by wave. (12.301). . %”WMH!DI' Ripple tank
Malus- observed polarization of light. (1802) = interference

Fresnel- gives satisfactory explanation of refraction and equation for
calculating diffraction from various types of aperture (1816)

Oersted- discover of current (1820)
Faraday- magnetic field induces electromotive force (1830)

Maxwell- Maxwell equation, wave equation, speed of EM wave
(1830)

Hertz- carried out experiment which produce and detect EM wave of

frequencies smaller than those of light and law of reflection which

can create a standi ng wave. DEPARTMENT OF MECHANICAL ENGINEERING #k
UNIVERSITY OF W ASHINGTON (’



*Wave-like Behavior of Light

wave length \

2\ wave crest
e.qg. sound wave

/ \ \ a8 \ water waves
> . .
/ light waves

wave trough

In 1672 Hooke suggested that light's vibrations could be perpendicular
to _the direction of propagation. Christiaan Huygens (1629-1695)
worked out a mathematical wave theory of light in 1678, and published it in
his Treatise on light in 1690. He proposed that light was emitted in all
directions as a series of waves in a medium called the Luminiferous
ether. As waves are not affected by gravity, it was assumed that they
slowed down upon entering a denser medium
DEPARTMENT OF MECHANICAL ENGINEERING ?(\J
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* Examples of Wave behavior

Diffraction Interference

wave fronts

P et
H Diffraction : spreading out of plane
ﬁ waves as they pass
through hole.
=

As the width of the slit becomes larger than
the wavelength the wave is diffracted less.

g
i
i
Wall
wi
2 hol

5F
2

-

* Huygen in diffraction of light (1600°s)- occurs when light passes through an obstruction
or an aperture.
*  Young- perform first interference experiment that could only be explained by wave.

(1800’s). Also proposed that different colors were caused by different wavelengths of light
DEPARTMENT OF MECHANICAL ENGINEERING )
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Light as EM Wave M ICRO
(Historic perspective) TECH

Leonhard Euler was also a supporter of wave theory. He argued in Nova theoria lucis et colorum (1746) L AB
that diffraction could more easily be explained by a wave theory. In 1816 André-Marie Ampere gav-
Augustin-Jean Fresnel an idea that the polarization of light can be explained by the wave theory if

light were a transverse wave. -

Linearly polarized ciculary polarized

Later, Fresnel independently worked out his own wave theory of light, and presented it to the Académie
des Sciences in 1817. Siméon Denis Poisson added to Fresnel's mathematical work to produce a
convincing argument in favor of the wave theory, helping to overturn Newton's corpuscular theory. By
the year 1821, Fresnel was able to show via mathematical methods that polarization could be explained
by the wave theory of light if and only if light was entirely transverse, with no longitudinal vibration
whatsoever.

The weakness of the wave theory was that light waves, like sound waves, would need a medium for
transmission. The existence of the hypothetical substance luminiferous aether proposed by
Huygens in 1678 was cast into strong doubt in the late nineteenth century by the Michelson—Morley
experiment.

Newton's corpuscular theory implied that light would travel faster in a denser medium, while the
wave theory of Huygens and others implied the opposite. At that time, the speed of light could not be
measured accurately enough to decide which theory was correct. The first to make a sufficiently accurate
measurement was Léon Foucault, in 1850.[36] His result supported the wave theory, and the classical
particle theory was finally abandoned, only to partly re-emerge in the 20th century.
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* MICRO

Traverse and Longitudinal Wave TECH
AB
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Light as EM Wave MICRO

~ (Historic perspective) 'Tig

In 1845, Michael Faraday discovered that the plane of polarization of linearly polarized light is rotated
when the light rays travel along the magnetic field direction in the presence of a transparent dielectric,
an effect now known as Faraday rotation. This was the first evidence that light was related to
electromagnetism. In 1846 he speculated that light might be some form of disturbance
propagating along magnetic field lines. Faraday proposed in 1847 that light was a high-
frequency electromagnetic vibration, which could propagate even in the absence of a medium
such as the ether.

Faraday's work inspired James Clerk Maxwell to study electromagnetic radiation and light.
Maxwell discovered that self-propagating electromagnetic waves would travel through space at
a constant speed, which happened to be equal to the previously measured speed of light. From
this, Maxwell concluded that light was a form of electromagnetic radiation: he first stated this
result in 1862 in On Physical Lines of Force. In 1873, he published A Treatise on Electricity and
Magnetism, which contained a full mathematical description of the behavior of electric and magnetic
fields, still known as Maxwell's equations. ﬁmm

In the quantum theory, photons are seen as wave packets of the waves described in the classical
theory of Maxwell. The quantum theory was needed to explain effects even with visual light that
Maxwell's classical theory could not (such as spectral lines).
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Y MiCRO
Wave-like Behavior of Light Tfilé

It was James Clerk Maxwell who showed in the 1800s that
light is an electromagnetic wave that travels through space
at the speed of light. The frequency of light is related to its

wavelength according to

_speed of light

T wavelength

y
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* _ MICRO
Electromagnetic Wave T
L AB

From the electromagnetic point-of-view, an atom is just an
electric or magnetic, polarizable dipole. Light is just an
electromagnetic wave

Electric dipole Magnetic dipole
p= qtf m=IA

wave length \

| 7\. | wave crest
e.g. sound waves

i / water waves
light waves
wave trough f
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MICRO

Electromagnetic Wave Tffé
A material is a collection of electric and magnetic dipoles.

Homogenization allows this collection to be continuous.
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MICRO

TECH
L AB

* Wave Model

There is not a satisfactory explanation that makes it easier to understand
how light, and electromagnetic waves propagate without a medium.

The mathematical concept of fields explains how the forces involved in
electrodynamics extend into _empty space, however, it does not really
explain_why it is the way that it is. If vou want to understand how
electromagnetic _fields work, I would say the best way to get this
understanding is to study electrodynamics and solve problems until you
get a feel for how things work. You have to get used to the idea of invisible
field lines extending out from charged objects and wrapping around
moving currents.
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Ti answer this question, we need to address a number of assumptions within it: MICRO

. EM (electromagnetic) waves are self reinforcing. A changing electric field induces a magnetic TECH

field. Meanwhile, a changing magnetic tield induces an electric field. When the electric field
“falls™, it creates a magnetic field. At the E field’s zeroth point, the magnetic field is at its peak. AB
Similarly for the magnetic field. That is, each one creates the other, like a see-saw. In addition, the
fields induced are at right angles to their changes, the result of which is a beam of EM radiation
traveling along through the universe (until it intersects with something). So, EM waves don’t
need any other particle to support them, a wave feeds off itself. , e

2. An electron carries a negative charge (the proton carries a positive charge). These particles have
an electric charge property. Because of this, they can interact with EM waves and affect
them. However, their presence is not required for the wave to propagate (see first
assumption).
What we call a vacuum (as in vacuum of space) is really not a vacuum. It is filled with a sea of
particles, real and virtual. Furthermore, it is layered with many fields: think of these fields as «
fluids (that’s what I’ll call them). There’s the electric fluid, the magnetic fluid, the weak
fluid, the strong, the quark fluid, and space-time.
A photon (or EM wave) is actually a wave moving through the electromagnetic fluid - just
like a water wave moves through the ocean (water fluid). So, the vacuum is not empty, EM
waves are self reinforcing, and electrons carry electric charge but are not the creators of the
electric field (although the bend it and the photons are the force carriers of that field).

So, what is light? What are photons? What are radio waves? Regardless of the total energy
transported, all are special aspects of electromagnetic waves that differ in their wavelength.
They remain invisible unless they interact with matter.

o#(‘_,‘
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* Wave and Quantum | 4.
'S k¢
b ¢ ¢ AP
*  When you think of light as a wave of E and B fields, I advice o Eosy S s
you to not think of them as photons or particles. But just S LT T
visualize circular waves in water. This 1s similar except for the
fact that it is in three dimensions and that the waves are not
through any medium but these 'fields'. So all you need is to
disturb a field, and you’ll always get a light wave just like when
u disturb water. . S
e It’s interesting that ficld lines are just a mathematical in’ (™ S,;ne)
convenience or abstract model invented by Faraday, and | {x ‘ (esindy,
are no more real in the physical sense than isob weather on %y A
maps or contour lines on rnapstter W e
Frequency gets higher a:tirr: ° = \ <.m \ Y/
gets smaller, we 9o qua = \ o
*  On the other hand. When you think of light as a photon, y sl
quantum. Here everything goes crazy. You no longer use o
fields. But purely use concept of energy, and discrete orbits (\SQ"E .

(Bohrs model) When electron falls from one discrete orbit to
another (and this is not a classical fall, fall, but a quantum fall,
Wheggg‘y;dgésappears from one orbit and appears in another). And WO

103
this leads to generation of photons, or light! O ge?



* MICRO

Difference between Light as photon and EM Wave

Electromagnetic radiation can be described in terms of a stream of

mass-less charge-less particles, called photons, each traveling

in a wave-like pattern at the speed of light. Each photon contains a

certain amount of energy. The different types of radiation are defined by : clnctio-Takl phaviza AZ thrasghtho ed

dis!( area, produces magnetic field vectors,

the amount of energy found in the photons (Eg= hC/A). (quantum) E AT, on the circumferenc that are oriented

clockwise rE!ativa to the change, AE. We

show A H thatintersects the X-axis.
—

N

Photons are particles forming the electromagnetic field and they are
also waves. Their de Broglie wavelength is the same that the one |
associated to their wavelength of the electromagnetic field. And the
electromagnetic wave propagates at the velocity of light as the

produces oscillating electric and magnetic fields, which travel at right E ElecticField

photons contained within the electromagnetic field. The movement r
angles to each other in a bundle of light energy called a photon i

AT
Q> -
In homogeneous, isotropic media, the oscillations of the two fields (E
and B) are perpendicular to each other and perpendicular to the
direction of energy and wave propagation, forming a transverse wave.

E(z,t)=XE cos(awt—kz)

Electromagnetic radiation is associated with those EM waves that are—>
free to propagate themselves ("radiate") without the continuing
influence of the moving charges that produced lﬁm, because they have

FAR FIELD

achieved sufficient distance from those charges.\Thus, EMR is

sometimes referred to as the far field DEPARTMENT OF MECHANICAL ENGINEERING
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Quantum Theory of Light T
L AB

Wave-Particle Duality of Light

Quantum theory tells us that both light and matter
consists of tiny particles which have wavelike
properties associated with them. Light is composed of
particles called photons, and matter is composed of
particles called electrons, protons, neutrons. It's only when
the mass of a particle gets small enough that its wavelike
properties show up.

For example, at

large quantum
Generally speaking, at lower SAN D= GO geq

TS T g number the physics
frequency it behaves like a S becomes to A1
wave, while at higher frequency AN~ DS :

Photon ‘ classical. Page 97
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it acts like a particles. Page 97
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Where does light come from?
(Quantum) Bl Toftemens  EETETH

— V| —

 The Sun, stars, etc..
* But how do they make light?

o [t all starts with ATOMS

* A nucleus surrounded by electrons that
orbit.

 Like the planets in the solar system,
electrons stay 1n the same orbit, unless...

W. Wang 107
W.Wang



Where does light come from?
(Quantum)

. . ) / //- N ’ \r:

Electrons get kicked into a s \/\g&

different OI'b it '.‘\ \ ‘.\\ l‘\i"’] /J ;’I‘I j‘| E, -E, -
. \‘\\ \\ \,‘_\.____) / ) /;_f

This doesn’t happen very often A

in solar systems, but it doesin 4 - o

atoms AN

If you add energy to an atom —{» | —~
(absorbs), the electrons will —]
jump to higher energy orbits. |

When atom cools (energy Examples of Light absorption of

releases), electrons jump back a photon to raise atom or
. . molecule to higher energy
to original orbits.

levels and emitting a photon
As they jump back, they emit and instead relaxes to the lower
light, a form of energy energy state 108
W.Wang




Photons

According to quantum physics, the energy of an electromagnetic wave is
quantized, i.e. it can only exist in discrete amount. The basic unit of energy for an
electromagnetic wave is called a photon. The energy E of a photon is proportional
to the wave frequency f,

Excited Ground
state state

410 nm
6 —

5

2
2

434 nm

486 nm

4 —_— 2

656 nm
—_—

Intensity (counts)

T EEEEEEEN

YyYyy ..

- - ]
Energy Energy Energy Ieve' 4 a0 600 700 800 %00 1000 280 280 480 580 a0 a0 880 1 09
absorbed emitted ' Wessngth am)

H
£
a
T
E}
I
E}
3
2

W.Wang






 Light is part of the electromagnetic spectrum

* Visible light is not inherently different from the other parts of
the electromagnetic spectrum with the exception that the
human eye can detect visible waves

« A stream of photons which are massless particles each
travelling with wavelike properties at the speed of light

DEPARTMENT OF MECHANICAL ENGINEERING f‘\
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Wavelength ()
0% 10% 40 107 407 100 10° 10" 107 10T 10f 10 10f 107

uammaltary[ * Ry ] W avialet Infrared Microwases Radio Waves

The Visible Speciiam

wltiandnlel  sialet Blue fecen yellow ied indrared

A00 Ll L 540 580 oo
Wawelength [nem)

The electromagnetic spectrum can be divided into several wavelength (frequency)
regions, among which only a narrow band from about 400 to 700 nm is visible to the
human eyes. Note that there is no sharp boundary between these regions. The
boundaries shown in the above figures are approximate and there are overlaps
between two adjacent regions. oo,

*Visible Light: This narrow band of .ytraviolet: 3 to 400 nm

‘Microwaves: 1 mm to 1 m wavelength. The ferl(;a;trer;?tnjt(l)% nrrr?d(l\e/litcl)(l)gt) tgxgebr:)ﬁ *X-Rays:
microwaves are further divided into different 108 to 10" m

frequency (wavelength) bands: (1 GHz = 10? 700 nm (redz' The various color .Gamma Rays: 10-'" m
Hz) components of the visible spectrum (10 pm) or lower

‘Radio Waves: 10 cm to 10 km wavelength. i
- P band: 0.3 - 1 GHz (30 - 100 cm) f,j!velfnuggm’egigg:.m the  Tollowing 5
« Lband: 1-2GHz (15-30cm) . Red'610;700nm !
« Sband:2-4GHz (7.5-15cm) ' :
« Chband:4-8GHz(3.8-7.5cm) |
« Xband:8-12.5GHz (2.4-3.8cm) !
« Kuband: 12.5-18 GHz (1.7 - 2.4 cm) :
« K bandw#8g 26.5 GHz (1.1 - 1.7 cm) |

- Ka band: 26.5 - 40 GHz (0.75 - 1.1 cm)

i « Orange: 590 - 610 nm
! *  Yellow: 570 - 590 nm
| « Green: 500 - 570 nm

! * Blue: 450 - 500 nm

I * Indigo: 430 - 450 nm

: *  Violet: 400 - 430 nm W.Wang



Periodic Table . .. . w w e
of Elements B [c[u o]

Matter 1s composed of atoms,
1ons or molecules and it 1s light’s

interaction with matter which : Y L e
gives rise to the various =~ T —
phenomena which can help us P el P
understand the nature of matter. ] Y] | K

The atoms, 1ons or molecules
have defined energy levels
usually associated with energy
levels that electrons in the matter
can hold. Light can be generated
by the matter or a photon of li
can interact with the energy P
levels in a number of ways. ||

Example of light
transmission spectrum in
Low iron glass

Example of light
absorption spectrum 1

Isotopes of Hydrogen; Hellum, Lithium and Sodium
n=3

n=2
‘/fv.vm,ﬂ—u

n=1 "¢

. AE = hv
+Ze

\!
sa 5 functio® of W
rgy !
ous, e¢

Bohr’s model of
Hydrogen atorhl 3

W.Wang

W.Wang . . 2 002 -
Mercury emission

spectrum

@ Neutron @Proton Electron
©2001 How



MICRO

Third Rock from the Sun 7

L AB
 Light (energy) and Matter
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TECH
L AB

Quantum Theory

The theory of special relativity was the first part of the

revolution in 20th century physics. It was also found that
Classical mechanics is not correct when particles move at high
speed (<speed of light).

The second part of the revolution was the formulation of the
theory of quantum mechanics. Its origin lay in the study of the
radiation emitted by hot bodies and in the photoelectric

effect. f f

In the following section we will discuss blackbody radiation,
photoelectric effect, Compton’s scattering, Bohr’'s “hydrogen”

model, to wave-particle duality and correspondence principle
DEPARTMENT OF MECHANICAL ENGINEERING g‘\
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Radiation emits or absorbs by hot bodiegMICRO

* The foundation of the Planck’'s quantum theory is a TECH

theory of black body radiation.
« Black body is defined as an jdeal svstem or object

that/absorbs and emité all the em radiations that is
inqj)q\edﬁ on It.
e“erg\l_‘“e;‘g;lgg electromagnetic radiation emitted
) magne“c by the black body is called black body
radiation.
* In an ideal black body, incident light is
completely absorbed.
.* Light that enters the cavity through the
small hole is reflected multiple times
- blackbody  from the interior walls until it is
completely absorbed.

DEPARTMENT OF MECHANICAL ENGINEERING g&
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Why is the distribution of thermal radiation among theMICRO
various wavelengths the same for all bodies at a given Trcy
temperature?

= The spectrum of electromagnetic radiation emitted
by the black body (experimental result) is shown in
figure 1.

Intensity

400 700

Blackbody radiation 1s a theoretical concept in quantum mechanics in
which a material or substance completely absorbs all frequencies
of light or represents a conversion of a body's internal energy into
electromagnetic energy. Because of the laws of thermodynamics, this
ideal body must also re-emit as much light as it absorbs. Although
there 1s no material that can truly be a blackbody, some have come
close. Carbon in its graphite form is about 96% efficient in its

absorptlon Of hg ht' DEPARTMENT OF MECHANICAL ENGINEERING g‘\
UNIVERSITY OF W ASHINGTON (’
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TrcH

Blackbody Radiation e

Wein's displacement law: wavelength at which the energy density is a
maximum is related to the temperature.

Ao T = 0.00298m * K

= The spectrum of electromagnetic radiation emitted
by the black body (experimental result) is shown in

figure 1.

Wein’s radiation law: valid at short wavelengths. I[\
1 ___Experimental
-y result

-5
B AA \
uﬂ' — = ' \\ Rayleigh - _
\ﬁ'eans theory __ Classical
\ g physics
W \’W|en s theory

e /AT
XN

Intensity

Rayleigh-Jeans law: valid at long wavelengths

Figure 1 : Black B

u = C/l_4
Planck simply combined these two conditions into one
AL

and obtained a new radiation formula: _
e AT — 1 = o
DEPARTMENT OF MECHANICAL ENGINEERING ¢J
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Example

The peak in the radiation from the sun occurs at about 500 nm.
What is the sun’s surface temperature, assuming that it
radiates as a blackbody.

Solution:

From Wein's law

7 =0.00298/500x10~" =5800 K

In comparison, the temperature of the filament of an
incandescent bulb is about 2000 K.
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Blackbody Radiation Tffé

As the temperature decreases, the peak of the black-body radiation curve moves to
lower intensities and longer wavelengths. The black-body radiation graph is also
compared with the classical model of Rayleigh and Jeans

The type of light produced by an object will depend on its temperature, so let's 81T h A_ 5
digress slightly to investigate what " “temperature" is. Temperature is a =
measure of the random motion (or energy) of a group of particles. Higher hc / AKT 1
temperature (T) means more random motion (or energy). _

"_ The "Ultraviolet
. Catastrophe"

Classical theary (5000 K)

Radiation

.
. Rayleigh-
s Jeans Law
-
.

\\
| e N

NN

Spectral radiance (kW - sr* - m=2 - nm™")

Radiation
Formula

i)
0 2000 4000 BOOD  BOGD 10,000 12,000 14,000 16,000 18,000 20,000

Wavelength of radiation in nm
15

Wavelength (um)

Blackbody radiation at a As the temperature decreases, the peak of the black-body radiation curve
moves to lower intensities and longer wavelengths.
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blackbody radiation from sun detected byﬂ\%gég

a spiral antenna
P L AB

Blackbody radiation curve at diff. Temperatures Power received by the antenna

—300K

—1000 K
—2000 K
—3000 K
—4000 K

—5000 K
—6000 K

0 10 20 30 40 50 60 70 80 90 100 110 R T TR TR
Frequency (THz) Frequency (THz)

“’A
E
=
=
=
2
®
c
]
o
>
2
o
c
w

Receive power (P_ ) (uW)
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MICRO

Plank’s Radiation Tfilé

Planck determine the number of ways a given total energy
could be distributed among a fixed number of the
oscillators in the black body to calculate the entropy of the
system. Total energy of the oscillators is divided into
energy “elements” of size E. He found that he can obtain
the same expression provide et E=hf, where f is the
frequency and h is a constant. The earli ditation

AN o= AN

equation becomes: Srh1-5 oD Cfies

14/1_5 U = — EAN— SN
— nc
Uy = -3 ‘ e /AT — 1 Photon

., e AT —1 : ..
Where it flelde the complete spectrum of the cavity radiation.

DEPARTMENT OF MECHANICAL ENGINEERING a‘\
UNIVERSITY OF W ASHINGTON (’




: ., MICRO
Einstein’s Quantum o

Hypothesis LAB

Einstein proved that Planck’s radiation law could be derived if the energy
of each individual oscillator is quantized in steps of hf. In the nth

“level”, the energy is

E=nh’xf =nhxC,j A

Einstein’s hypothesis implies that an oscillator can emit or absorb
radiation only in multiples of hf.

“jection of a
electro

Although Planck had introduced the constant h, the idea that the energy

of an oscillator is really qguantized came from Einstein.
DEPARTMENT OF MECHANICAL ENGINEERING a»\
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Example

A block of mass 0.2 kg oscillates at the end of a spring (k=5
N/m) with an amplitude of 10 cm. what is its “guantum

number’ n? Generally speaking, at lower frequency it
behaves like a wave, while at higher frequency it
Solution: acts like a particles.

E=1kA*=0.025]

For example, at large quantum
number the physics becomes
/ — (0.8 Hz Py

classical.
72' m

n=FE /hf =107 (extremely large)

Under what condition the quantum effect becomes
significant? E small, f high.
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Einstein’s Quantum M.}‘éfég

Hypothesis LAB

« Einstein hypothesis was more or less ignored since few
scientists were concerned with the problem of cavity
radiation. However, by 1908 most physicists had
become aware of the drastic disagreement between the
prediction of classical physics and the radiation curve at

short wavelength.

Wavelength of radiation in nm
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Einstein’s Quantum HypothesisM%CRO
ECH

Photons
* In 1905, Albert Einstein proposed that light comes in
bundle of energy] (light is transmitted as tiny
particles), called photons.
Is defined as a particle with zero mass

consisting of a quantum of electromagnetic
radiation where its energy is concentrated.

Quaﬁgum means “fixed amount”
\

AN
AN~ AN
SN~ SN

Photon

PARIVEN (P MECCANCE G&
UNIVERSITY OF WASHINGTON (’




Einstein’s Quantum HypothesisMicko

« According to this assumptions, the guantum E of
the energy for radiation of|frequency f |is given

by
il

where h:Planckconstant =6.63x10 * J s

T — Planck’'s quantum
theory

Excited Ground

state state

410 nm
6 —_—

5

434 nm
—

486 nm

4

656 nm
3 —

YYYyY .-

Energy level

Energy Energy
absorbed emitted

Photoelecti efiect Bohr’s model of hydrogen
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In summary

Planck’s Quantum

~ Iheo'w N

Classical theory
EM Theory

Energy of the e.m radiation is

Key points #2

Exciea  Ground
state state

e fimg
P
4 T
==

o Fhﬂtﬂn

gtrgn NO

nergy of the e.m radiation is
ontinpusly.

hter object is MO
arily more
o

. . E level of
quantised. (discrete) o and
@‘;u SAnARIooN (TS
A o it
.Emax = hf —Wo much T
ol =hf-Wo  inanll
—_#o[exV=(Fof iJ-Wo]_>
Energy of e.m radiation

depends on its frequency or

wavelength

nergy of e.m radiation does
ot depend on its frequency

Key points #1

E = hf

The EM radiation emitted by the black body is
discrete nackets of energy known as quanta..

| E-! lassical

:kbﬂ k, =Boltzman' s constant
T - temperatur e

Applie

E of
H
S
g
x B
: | 000K
NG
o5
LI | 000K
i
H
i ‘»_____
! .

£ .
o all mechanical and classical equations
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MICRO

Photoelectric Effect Tfilé

The work of Young and Fresnel had converted the scientists from the
corpuscular theory to the wave theory of light. Maxwell predicted that
light is an electromagnetic wave and Hertz' experiment was its
crowning glory.

Ironically, the very experiment that demoMIight is_an

electromagnetic wave also Whe first evidence of its
corpuscular nature.

Hallwachs found that when a zinc plate is illuminated with ultraviolet
light, it becomes positively charged, and in some alkali metals, visible
light can produce this emission of electrons, now called the
photoelectric effect.
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Orbital frequencies of electrons Trcn
L AB

No field applied Static field applied

Let’s first consider the impact of a fixed electric field. That is, light of zero
frequency. What will happen? If the field is weak, the atom’s (positive) nucleus
will be pulled in one direction, and it’s electrons in the other. The result would

be an electron in an elliptic orbit.

Now consider the impact of a low-frequency wave, i.e. light with frequency lower than
the electron’s orbital frequency. As it impacts, the wave pushes the electron ‘to-and-
fro’: sometimes in the same direction as what the electron is moving, and other times
in the opposing direction. Or if you prefer, sometimes pushing it toward the nucleus

and other times away.

As a result the orbit is shaken up but not enough for it to break. Once the incoming
wave stops, the orbit returns to its previous circular path.

DEPARTMENT OF MECHANICAL ENGINEERING #\
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Orbital frequencies of electrons Trcn
L AB

No field applied Alternating field applied

Now consider the situation where the input frequency matches the orbital frequency. Initially there might
be some ‘confusion’ as the incoming wave pushes and pulls in the opposing direction to what the electron is
moving. But after a short while the orbit will *‘phase lock’ or synchronize with the incoming wave.

The situation is now somewhat different from the preceding example. Here the incoming wave pulls on the
electron in an outward direction (away from the nucleus) during both ‘halves’ of the orbit.

The incoming wave in how at the ‘natural frequency’ of the electron’s motion. Just
like the wine glass, the orbit experiences so much force it is ‘'shattered’. Or rather,
the electron is pulled away from the nucleus where the attractive force is reduced.

At this point the existing speed of the electron takes over and enables the electron to fly fully away from
the nucleus. The atom is ionized. From an observer’s viewpoint it might appear that the incoming wave
ionized the atom because the light's frequency had the right ‘energy’. But in reality it did so because it
matched the frequency of the orbit.
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TECH
L AB

Orbital frequencies of electrons

Incoming wave matches Electron is ejected.
frequency of innner shell Quter orbitals drop down.

is higher than the orbit
shouldn’t be able to eject the

similar situation. There are inner electrons orbiting
high frequency wave comes in, the outer electrons might not be very affected. But the\inner ones will be.
When an incoming wave matches the natural frequency of an inner electron, that electron will be ejected.

So how does this affect the outer electrons? There are\two possibilities to consider. The first is that, in the
process of being ejected, the inner electrons would pass through the orbits of the outer electkons. This might
destabilize their orbits to the point that they also got ejected.

The second and more likely scenario is that once the inner electrons got ejected, the outer electrons would drop
in altitude to fill the newly vacated orbit space. Once there, the electron that took up the old orbit would have
the frequency of the incoming wave. It too would be ejected and another electron would drop to fill that
vacancy. This process would continue until electrons of (originally) lower frequency (and higher altitude) were

also ejected. DEPARTMENT OF MECHANICAL ENGINEERING g'\
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Orbital frequencies of electrons Tec

Incoming wave matches Electron is ejected.
frequency of innner shell QOuter orbitals drop down.

Thus a high frequency corresponding to an electron in an inner orbit ends up ejecting all the electrons
from the outer orbits.

Another thing that should be apparent is that higher frequencies correspond to higher orbit

speeds. And so an electron ejected from a higher orbit speed should be expected to leave the material
surface faster. This is consistent with the observation that higher frequencies eject electrons at
higher energies (speeds).

It should also be noted that this ejection process would be quite fast. I.e. it should happen within a few
cycles of the incoming wave. So to us it would appear instantaneous. This is consistent with the
observation that the photoelectric effect is immediate and doesn’t require a build-up of energy before
an electron is ejected.
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™ o rticle with Wave-Like Behavior o

Photoelectric Effect

At this point you may think
that it's pretty obvious that
light behaves like a wave.

So, why how do we know
that light is really composed
of particles called photons?
Support for this idea comes
from an experiment that is
called the photoelectric
effect.

MICRO

Light

Photoelectric effect ‘ AB
L . ®

‘L .. " .. 9
&
% ,

#ofex Vs= (#of hf-Wo) -

i ___ Lightis shown on a metal and
after a certain binding energy
i5 overcome, an electron is
emitted from the metal.

doesn't change, kinetic ¢nergy doesn’t
change)- it will not speed up

When light intensity increased (brighter light-
more photons), the Kinetic energy of the
emitted electron djd not change, however, it
varies with wavelength! The numbers of

electrons instead incrﬁase%! So ener%%
conservad #(“_,
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P Light can strike the surface of some metthxB
1 a) E=h =h~ = photon energy . ,
M f = frequency of em radiation /incoming light CaUS|ng an electron to be eJeCted

Photoelectric Exp

xu7_l:n1 E,=hf KE=Eqw K-E,,m:l,mvi,‘.\: maximum kinetic energy of . . .
S s 00T e i 1 © No matter how brightly the light shines,
1} o o Ve = Maximum speed of the photoelectron . . .
i 7,/ ‘?fg?/ e NOT specd of ight electron are ejected only if the light has
,,f% LL"‘ f% sufficient energy (w,) (sufficiently short
Gv:l’l

Photoelectric effect I

. wavelength)

Photoelectron is proportional to the fﬁfﬁl‘;“m . FW\ * After the necessary energy (Wo) Is reached,
ey NN the current (# of electrons emitted per

clecirons depends an e lgh source T second) increases as the intensity
wavelength and the plate material, ©

but not ntensity of he source. ) . brightness) of the |I9ht increases (# of

— PE needed to stop electron from moving in Exp

Sodium - . .
Number ef Photons p i El
Photoslecc curen ectron’s KE
= Show only iughest energy electrons ~  [NNEEEEEEEENNENN | ey = -
ks Graphs 3 =L € (hf WO)/(V+
[¥] Current vs battery voltage (Tl /M Whel‘e WO: llVO
s Voltage.V maximum kinetic

1 energy of the
£ | J Ll electrons depends on
€ L] ! , 2 5 - o the light source
ghafnadfe 1 22 wavelength and the
plate material, but not

Photoelectyic current,

't

[ Gurrent vs light intensity

v/ , d intensity of the
VHV = .(hf'Wo)/e source.

; S V= min.voltage needed=s -

| |——tT* to stop eleciron from K.Emax = hf —Wo

rrensi i oV = hf—Wo Photoelectron is
S moving ) proportional to

® Hofex V=(Hof hf-Wo)  heiniaencty
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Photoelectric Exp Tfilé

Different materials (intensity and wavelengths are fixed):
Neagative of

Current varies with materials Wo Stopping voltage

Energy (speed\0 ron/ goes up so are ->¢eV) — KE{énSmm if same
material)

Quantization of energy (photon in pocket of i :
oscillating energy or quantization of energy level 2 @ EPARTMENT OF MECHANICAL ENGINEERING é
in matter).
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Photoelectric Exp Tech

L AB

2. Different intensity (fixed material and wavelength):  Nesatveof
opping voltage

- Current increases with itensity /
- | of stay the same so are ->eV)— KE

_(constant if sam{
.material)

e.00v
- = -
000 075 150 235 300
. Frequency (x10"15 Hz)

eavency (A3 1)
) »
K.Emax = hf —Wo For single electron

eV =hf-Wo
#of ex V.= _#of hf-Wo)

For all electrons generated by photons

Increase intensity only increase number of  DEPARTMENT OF MECHANICAL ENGINEERING &.\

electrons or photons with same energy pocket or

— UNIVERSITY OF W ASHINGTON




Wk MICRO
Photoelectric Exp Tech

L AB

3. Different wavelengths (fixed material and intensity): — Neagaiveof
opping voltage

- Current decrease§ with increases inversely with wavglength
- Energy (spee ~\ ‘-- ron also varies so are -> eV) KE

Sodium v
O ly highest energy electrons
urr tery voltage

(constant if san|
" material)

ﬂl Current. 0.882
opping voltage

Q-

# K. Emazx ECad) — W For single electron
eV = hf -Wo
For all electrons generated by photons

#of ex V= (# of hf-Wo)
AN
AN~ S NS
SZ Sl - ooy is o Function of frequency in both matter  DEPARTMENT OF MECHANICAL ENGINEERING a»\
and photon
— UNIVERSITY OF WASHINGTON (’
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*  Erom Photoelectric Exp Teo

L AB

- Energy is a Function of frequency in both matter and
photon.

ge hel?

- Quatization of energy (photon in pocket of oscillating
energy or quantization of energy level in matter).

E=nhxf=nhxCjA

- Increase intensity only increase number of electrons or
photons with same energy pocket or Ie\é_el.

e- S
o -
- G|
O N~ | G-

Photon Photon

DEPARTMENT OF MECHANICAL ENGINEERING g‘\
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Photoelectric Exp M%‘]féﬁ

L AB

)‘(.Enm = hf —W“
eV. =hf -W,
v W

e e

y =mx + ¢
(W > Wy, |

W, = f,|
‘fm > for ‘

Photon must have sufficient energy to allow electron to overcome its thread hold
energy (wo) to break free, here it shows each wavelength of light has its own curve
to excite its energy band of electrons in matter so electron will have different KE

Photoelectyic current,/ Lo =i =W, maximum kinetic

energy of the
Intensity 2x - ’ , electrons depends on
& ~ o the light source
wavelength and the
plate material, but not
intensity of the
source.

Intensity 1x

ol = hf_W,, Photoelectron is
proportional to

#ofex V=(#of hf-Wo) e iight intensity
When intensity of the specific wavelength of photon increases, we don'’t see
the speed of electron increases. Instead, the numbers of electrons with

same energy (1/2mv?) actually are created ang dss e SR SR G INEERING
increases (# of electrons /sec) UNIVERSITY OF WASHINGTON (‘J
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Photoelectric Exp Summary Tfi%

1.This experiment shows that Einstein’s photoelectric equation is correct!!!.

certain energy (wo- work function-threashod energy needs to be overcome
before electron is release: a function of plate material also a function of
frequency) must be reach before electron will be generated and it’s
proportional to intensity (number of photons and its energy E=nxhxf) in this
case it’s discrete # of photons x(hf) and we get discrete # of electrons, but
KE max of each electron will varies with photon’s frequencies (wavelengths)

(they were found experimentally

and a function of wavelengths)

DEPARTMENT OF MECHANICAL ENGINEERING a&
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Photoelectric Exp Summary Tﬁi

2.Here are more details on the equations relating to the concept we just
described- Light can strike the surface of some metals causing an electron
to be ejected

* (a)No matter how brightly the light shines, electron are ejected only if
the light has sufficient energy (w,) (sufficiently short wavelength)
(where wo- work function-threashod energy needs to be overcome
before electron is release: a function of plate material also a function
RGO IERAERPIKE max of each electron will varies with photon’s

(b) After the necessary energy (w,) is reached, the current (# of
electrons emitted per second) increases as the intensity brightness)
of the light increases (# of photons)

DEPARTMENT OF MECHANICAL ENGINEERING a‘\
UNIVERSITY OF W ASHINGTON (’




From magazine

Physicists had discovered that a chunk of metal becomes positively charged when it is
bathed in visible or ultraviolet light. They called this the "photoelectric effect".

The explanation was that atoms in the metal were losing negatively-charged electrons.
Apparently, the light delivered enough energy to the metal to shake some of them loose.

But the detail of what the electrons were doing was odd. They could be made to carry more
energy simply by changing the colou of light. In particular, the electrons released from a metal
bathed in violet light carried more energy than electrons released by a metal bathed in red
light.

This doesn't make much sense if light is simply a wave.

You usually change the amount of energy in a wave by making it taller — thin
destructive power of a tall tsunami — rather than by making the wave itself longer or shorter.
Each quantum packs a discrete energy punch

By extension, the best way to increase the energy that light transfers to the electrons should
be by making the light waves taller: that is, making the light brighter. Changing the
wavelength, and thus the color, shouldn't make as much of a difference.

Einstein realized that the photoelectric effect was easier to understand by thinking of light in
terms of Planck's quanta.

He suggested that light is carried in tiny quantum packets. Each quantum packs a discrete
energy punch that relates to the wavelength: the shorter the wavelength, the denser the
energy punch. This would explain why violet light packets, with a relatively short wavelength,
carried more energy than red light packets, with a relatively longer one.

« Generally, Einstein’s photoelectric equation;
E=W,+KE,_,

=mx+c

f1KEyt]

DEPARTMENT OF MECHANICAL ENGINEERING
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* The phutnelectric effect is the emission of electrons
from the m when electromagnefic
radiation of enough frequency falls/strikes/
incidents /shines on it.

- A photoelectron is an electron ejected due to
_photoeléctric effect (an electron emitfed from
the surface of the metalwhen light strikes its surface).

em radiation %‘%‘ f.ﬁLphutuelectrun

Free electrons

DEPARTMENT OF MECHANICAL ENGINEERING a&
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* The photoelectric effect can be measured using a TECH

device like that pictured in figure below.

Cathode (emitter
or target metal)

[}

LS
i
o
-
i

ag(coll

photpelectron

A power supply ml

|[1] (=i
- +

The photoelectric effect’s experiment

DEPARTMENT OF MECHANICAL CNGINCERIN g
UNIVERSITY OF WASHINGTON (’

/\R:_ﬁfg;e.m. radiation (incoming light)

« A negative electrode (cathode or target metal or

L AB

amitter) and a positive electrode (anode or
collecior) are placed inside an evacuated glass
tube.

» The monochromatic light (UV- incoming light) of

known frequency is incident on the target metal.

« The incoming light ejects photoelectrons from a

target metal.

* The photoelectrons are then attracted to the

collector.

» The result is a photoelectric current flows in

the circuit that can be measured with an ammeter

* When the positive voltage (potential difference)
is increased, more photoelectrons reach the
collector , hence the photoelectric current also
increases.

 As positive voltage becomes sufficiently large, the
photoelectric current reaches a maximum
constant value I, called saturation current.

Saturation current is defined as the maximum
constant value of photocurrent in which when
all the photoelectrons have reached the
anode.

=



MICRO

» When the voltage is made negative by reversing TECH
the power supply terminal as shown in figure LAB
below, the photoelectric current decreases since
most photoelectrons are repelled by the collector
which is now negative electric potential.

Cathode (emitter ' jf"fe.m. radiation (incoming light)

or target metal)

* Ifthis reverse voltage is small enough, the fastest
electrons will still reach the collector and there will
be the photoelectric current in the circuit.

+ I the reverse voltage is increased, a point is

de(collector)
glass

reached where the photoelectric current reaches @)

zer0 - no photoelectrons have sufficientkinetc ~~ Photgelectron

energy to reach the collector. HEU‘EI‘SiI‘Ig EDWEI‘
* This reverse voltage is called the stopping } @ Sl |EE I !QI‘ITIII‘IE

potential , V.

V,is defined as the minimum reverse potential (voltage) ".ﬂ dEtE‘ﬂ'ﬂ I ne thE
needed for electrons from reaching the collector. , pEI'"HE rsup p' stopping po E‘E n [ | ﬂn
+ By using conservation of energy : rhea stat
(loss of KE of photoelectron = gain in PEj; ‘ ‘ Ii
KE,, = ¢V, —,\ ' |
eV =—mv| 2
e

DEPARTMENT OF MECHANICAL ENGINEERING a&
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Einstein’s theory of Photoelectric Effect Trcn

According to Einstein’s theory, an electron is L AB
ejected/emitted from the target metal by a

collision with a single photon.

« In this process, all the photon energy is
transferred to the electron on the surface of metal
target.

e Since electrons are held in the metal by attractive
forces, some minimum energy,W, (work function,
which is on the order of a few electron volts for

most metal) is required just enough to get an

electron out through the surface.

DEPARTMENT OF MECHANICAL ENGINEERING a&
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« If the frequency f of the incoming light is so low Tech
that is hf < W, , then the photon will not have L AB

enough energy to eject any electron at all.
Different metal has different Wo
o If hf > W, , then electron will be ejected and
energy will be conserved (the excess energy
appears as kinetic energy of the ejected electron).

e This is summed up by Einstein’s photoelectric
equation, [, _w | ¢ E Where W,= hv,

m ax

.. | ] !
// 'J":-f = H'Illrl} + E ”“'rmn_

/

,:':
)
[
e 8 -
e e & ‘- I—

DEPARTMENT OF MECHANICAL ENGINEERING | &x
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Pﬂ.l.’
ﬂf% é hf% .

L [We L Iwﬂ
Metal ) I Metal ':u!
Electronis |, . 1 > Electron is _ ‘
emitted hf :“f“ # E”“1|11;Lx E‘jECtEd, hf “/”
> W,
hf
IWu
Metal *@

No electron is ejected.! hf < W,

DEPARTMENT OF MECHANICAL ENGINEERING g&
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E=W +K.E

"'\-\.
oty

Einstein’s
photoelectric
equation

max|

, 1 ) :
h:f = IH'{[] + ; MV iy - i

E=h = h% = photon energy

f = frequency of em radiation /incoming light

] g . ; :
K'EHIHI = ; mv, .= maximum klnEtlc Energy ﬂf

ejected electron.

v, = maximum speed of the photoelectron

L]
e

Eventually will find Max is speed of light

DEPARTMENT OF MECHANICAL ENGINEERING a&
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L= WH T K'Em;l.'-; hf = H{[J _|_lm'“"rrﬂiﬂ_‘I }H{r B hf” - z_i T‘]i:iH
. | o B

2

W = the work function of a metai.
= the minimum energy required (needed) to
eject an electron from the surface of
target metal.

/, = threshold frequency.
= minimum frequency of e.m. radiation
¢ | required to eject an electron from the

= 2, | surface of the metal.

A .= threshold wavelength.
= maximum wavelength of e.m. radiation
required to eject an electron from the

surface of the target metal.
DEPARTMENT OF MECHANICAL ENGINEERING ‘ ¢,}
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» Generally, Einstein’s photoelectric equation;

There is a critical frequency for each )
metal, f, , below which no electrons are ‘ E H{J T K E

emitted. This tells us that the kinetic . o
energy is equal to the frequency of the E max B = Wu
light times a constant (i.e., the slope of . Lj

= — Inear
the line). That constant is called Planck's K 'fELJn ax hf Wn ,
Constant and is given the symbol equatlon
h=06.626 x "1'0'34 Js.

T max }1 =mx4+c
BE W, =hf,

max

Jc T K' EHF{H' T

cs G\eﬁrom the experiment, the kinetic energy
Y= ('\e? of emitted electron shows that it varied
with the frequency of the light (f Jand
this changed the kinetic energy of the
emitted electron (K.E,,,,)

DEPARTMENT OF MECHANICAL ENGINEERING | g&
UNIVERSITY OF WASHINGTON (’
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In terms of stopping voltage Graphs in Photoelectric Effect T
KE =hf-W B ECH
eV =hf -W, L AB

Stopping
potential is like
the energy
level

Stopping potential is
minimum voltage

needed from stopping
electron from reach
anode. W,

{J

DEPARTMENT OF MECHANICAL ENGINEERING | a&
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Ultraviolet light of wavelength 207 nm causes photoemission

from a surface. The stopping potential is 2 V. Find the work
function in eV; (b) the maximum speed of the photon electrons.

Solution:

6.626x107* x3.0x10°°
207x107 x1.6x107"
—6-2=4 ¢V

(b) %mvim =el,=>v = 1/2€V0 =18 %10 m/s
m

DEPARTMENT OF MECHANICAL ENGINEERING | a&
UNIVERSITY OF WASHINGTON (’
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K.E

max

V=2 f-

E.?

—hf—W,
€ Vt - hf H.J:.

W,

{.I‘

y =mx + ¢

| [

/}/,

E
///;

.

\\\

EK‘G
g

/|

Variation of stopping voltage V, with frequency f of
the radiation for different m#tals but the intensity

is fixed.
Stopping voltage.,V,

/

W

s

T0E

/; hf /e = same

-frequency, f
v _;'*-fm f 02 *a .
o2 F\)"\Cﬁ_iyu e f” W > Wy, |
exia\S [fm > for ‘
Wo =nf,

MICRO

TECH
L AB
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Variation of photoelectric current 1with voltage V for
the radiation of different intensities but its ion of

it nsity 1S a \::Ur\Ct
frequency and metal are fixed.

increase
equency and \ﬂ_
\a\\\/ show : fr t?\ number of e and

exee"™“Bhotoelectyic current, i joc '] e pendent of bias
yelocity

e when
K.Emax = hf Wo Inlﬂnsll'; 2X \/O\tag X
, reach Ma
% ol = f?f' WO et
f o ©

>

Reaching 1

satuaration

*Voltage,V Just show
very predsg

1s fixed so more e ~e= (V+Vs)*(0.1)
more intensity eV/ |

., ~em.radiation (incoming light) | Ay jmportant feature of this experiment is that the electron is emitted

USSR z NSicracion) from the metal with a specific kinetic energy (i.e. a specific speed). (if

51 — velocity doesn't change, kinetic energy doesn’t change)
photgelectron s A

) When light intensity increased (brighter light), the kinetic energy of the

emitted electron did not change! The numbers of electrons instead

!I power supply
o |||||F — increased! So energy conserved!

DEPARTMENT OF MECHANICAL ENGINEERING
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Notes:

Classical physics

Light intensity , 7 = 2"o'9Y

time xarea

Quantum physics

rightintensity, 77— vmoer of pholons

time x area

Light intensity= number of photons

Light intensity 1
number of photons 1
number of electrons 1
current 1

(If light intensity 1, photoelectric current 1). |

DEPARTMENT OF MECHANICAL ENGINEERING | a&
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Variation of photoelectric current i with voltage V
for the radiation of different frequencies but its
intensity and metal are fixed.

Photoelectric current, | joc |

‘VEE > V4

TR Voltage,V

K'Emnx - hff N H{J

eV, =hf -W, jT V",T
W,

DEPARTMENT OF MECHANICAL ENGINEERING | a&
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Variation of photoelectric current 1 with voltage V
for the different metals but the intensity and
frequency of the radiation are fixed.

Photoelectfic current, ; 1 %1

Voltage,V

War > W

Psf > Vs.?

DEPARTMENT OF MECHANICAL ENGINEERING | g&
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EXPLAIN the failure of classical theo

to justify the

photoelectric effect.

1. MAXIMUM KINETIC ENERGY OF PHOTOELECTRON |

KE of electron nota

Clasiccal prediction Experimental

The higher the
intensity, the

greater the energy

imparted to the
metal surface for
emission of
photoelectrons.
*The higher the

intensity of light the

greater the kinetic
energy maximum
of photoelectrons.

Result

Very low intensity
but high
frequency
radiation could
emit
photoelectrons.
The maximum
kinetic energy of
photoelectrons is
independent of
light intensity.

intensity put frequen
prighter object is

Modern Theor{ necessarly mo"

ember that ap
Rem € s on the wa

Based on Elnsiﬁ&iuéncy) on‘y g
phntaelectrlc

|'|un e h—r
The maximum Kifetic
energy of photoelectron
depends only on the
light frequency .
The maximum kinetic
energy of
photoelectrons DOES
NOT depend on light
intensity.

DEPARTMENT OF MECHANICAL ENGINEERING
UNIVERSITY OF W ASHINGTON




2. EMISSION OF PHOTOELECTRON ( energy )

Clasiccal Experimental Modern Theory
prediction Result

Emission of Emission of When the light frequency is
photoelectro photoelectrons greater than threshold
ns occur for occur only frequency, a higher rate of
all when photons striking the metal
frequencies frequency of surface results in a higher
of light. the light rate of photoelectrons
Energy of exceeds the emitted. If it is less than
light is certain threshold frequency no
independent frequency photoelectrons are
of which valueis emitted. Hence the
frequency. characteristic  emission of photoelectrons

of the material depend on the light

being frequency.

illuminated.

DEPARTMENT OF MECHANICAL ENGINEERING
UNIVERSITY OF W ASHINGTON
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3. EMISSION OF PHOTOELECTRON ( time )

Clasiccal prediction Experimental Modern Theory
Result

Light energy is spread  Photoelectrons The transfer of

over the wavefront, the are emitted photon's energy to
amount of energy from the an electron is
Incident on any one surface of the  instantaneous as its
electron is small. An metal almost energy is absorbed
electron must gather instantaneously in its entirely, much

sufficient energy before after the like a particle to
emission, hence there is surface is particle collision.
time interval between illuminated, The emission of
absorption of light even at very photoelectron is
energy and emission. low light immediate and no
Time interval increases intensities. time interval
if the light intensity is between absorption
low. of light energy and
emission.
DEPARTMENT OF MECHANICAL ENGINEERING #J
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| 4. ENERGY OF LIGHT

Clasiccal
prediction

Energy of light
depends only
on amplitude
( or intensity)

and not on
frequency.

Experiment Modern Theory

al Result

Energy of
light
depends
on
frequency

According to Planck's
quantum theory which is

E=hf
Energy of light depends
on its frequency.

" W W
/)
/hf/e=same

frequency, f

DEPARTMENT OF MECHANICAL ENGINEERING | a&
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« Experimental observations deviate from
classical predictions based on Maxwell's
e.m. theory. Hence the classical physics
cannot explain the phenomenon of
photoelectric effect.

« The modern theory based on Einstein’s
photon theory of light can explain the
phenomenon of photoelectric effect.

It is because Einstein postulated that light is
quantized and light is emitted, transmitted
and reabsorbed as photons.

A

DA~ DA~
SAN— SO~

Photon

DEPARTMENT OF MECHANICAL ENGINEERING | a&
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SUMMARY : Comparison between classical physics
and quantum physics about photoelectric effect experiment

Feature Classical physics Quantum physics

Threshold An incident light of any | To eject an electron, the
frequency frequency can eject incident light must have a
electrons (does not frequency greater than a
has threshold certain minimum value,
frequency), as long as | (threshold frequency) , no
the beam has sufficient | matter how intense the
intensity. light.

Maximum kinetic Depends on the light |Depends only on the light
energy intensity. frequency .
of photoelectrons

Emission of There should be some Electrons are emitted
photoelectrons delaysto emit spontaneously.
electrons from a metal
surface.

Energy of light Depends on the light Depends only on the light
intensity. frequency .

DEPARTMENT OF MECHANICAL ENGINEERING | ax
UNIVERSITY OF WASHINGTON (’




MICRO
Compton Effect Teon

The striking successes in blackbody radiation and the photoelectric effect were still not L AB
sufficient to convince some scientists of the validity of the quantum concept. Compton

found further evidence for the photon concept while he was studying the scattering of X

rays by graphite. He found that the scattered radiation had two components: one at the
original wavelength and a second at a longer wavelength.

he derivation of Compotn’s scattering:
Classically an electromagnetic wave
carries moment given by p=E/c

Conservation of energy:

hf =hf'+K; K =(y—Dmy*

Conservation of linear momentum:

JJ(CPA —cpy) =K

|K* +2Km c* = p?

[p‘_ D p,=pycos@+ pcosg (p, — Py ) +2(p, —p,)me = p
-lpy :0=p,sinf-psing

For known X ray frequency and final particle momentums

= (p; —pycost) +(p,sinf)” =p We can further solve these two equations.

(p,— Py cosO)’ +(p,sind)’ =p’
(p, —pl): +2(p, —p,)mye =p’

Further solving these two equations, we obtain
(p;—ps)me=p,p,(l—cost)
1 1 1
- = (1-cos8)
Py Py MyC

= ni=L oo T OF MECHANICAL ENGINEERING a'\
h | ()

— =0.00243 nm is called Compton wavelength. NIVERSITY OF W ASHINGTON
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The Periodic Table, Bohr’s Atomic Model, and the TECH

Discovery of the Nucleus
"y LAB

The understanding of atomic structure evolved with key discoveries. In 1911, Ernest
Rutherford, through his famous gold foil experiment, discovered the nucleus— a dense,
positively charged core at the center of the atom. This overturned the earlier "plum
pudding" model and led to the nuclear model of the atom.

Building on Rutherford’s work, in 1913, Niels Bohr introduced the Bohr atomic model,
which described electrons orbiting the nucleus in distinct energy levels. This model
helped explain periodic trends, such as valency and reactivity, by linking electron
arrangements to chemical behavior.

How did the periodic table come about? Who created it? The periodic table was
developed to organize elements based on their properties and atomic structure. The
first widely recognized version was created by Dmitri Mendeleev in 1869. He arranged
elements by increasing atomic mass and grouped them based on similar chemical
properties, even predicting the existence of undiscovered elements. Later, Henry
Moseley refined the table by organizing elements by atomic number, which forms the
basis of the modern periodic table.

DEPARTMENT OF MECHANICAL ENGINEERING &\
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®» Hydrogen Spectrum Tech

L AB

In 1862, Anders Angstrém discovered three lines and later on found the
4th line (the 4101.74 violet line). By 1871, he measured all four
wavelengths to a high degree of accuracy.

This next diagram is a photograph of a more complete hydrogen
spectrum:

H,, HB’ Hy, and Hj are the official
designations for the 4 lines of the
visible portion of the spectrum.
All the other lines to the left of
these four are in the ultraviolet
portion of the spectrum and so
would not be visible to the eye.
However, they can be
photographed, as they were here.

410174 434047

486133 6562852
The left edge ends at a wavelength of 4000 Angstréms and the

right edge ends at 7000 Angstréms.

Hp DEPARTMENT OF MECHANICAL ENGINEERING é\
UNIVERSITY OF W ASHINGTON (’
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, | |
» Balmer’s Principle TECH
AB
The visible spectrum of hydrogen consists of four lines. In 1884,

Balmer, a Swiss mathematics teacher, found that these wavelengths (in
nm) could be represented by a single formula

2
A, = 364.56——
ik n2 — 4

An equation that relates wavelength to
a phOtOH’S electronic transitions The Balmer series of hydrogen as seen by a

1 low-resolution spectrometer. n2 to nl

1 / A =R ( — ) L. Schawlow, Stanford University

nflnal nlznltlal In the simplified Rutherford Bohr model of
the hydrogen atom, the Balmer lines result
from an electron jump between the second
energy level closest to the nucleus, and
those levels more distant. Shown here is a
photon emission. The 3—2 transition

n — inﬁnity tO n :2 Balmer emiSSion depicted here produces H-alpha, the first line

of the Balmer series. For hydrogen (Z = 1)
R=1.0974x 10" m’! of wavelengh 656 rm (o8).
DEPARTMENT OF MECHANICAL ENGINEERING #\
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» Atomic Model TecH

AB
In the 19th century, there was considerable chemical and L
physical evidence for the existence of atoms, but nothing
was known about their structure. In 1909, Rutherford
studied the scattering of alpha particles by a very thin gold
foil as shown below.

Ruthrtford found that about one in
eight thousand of the a particles was
scattered through angles larger than
A 90°. The “*head-on’ collision allows

Niostalpha parices us to obtain an estimate the size of
the nucleus. Ruthrtford’s work on a
particle scattering established the
existence of the nucleus.

IlllCleuSEPARTMENT OF MECHANICAL ENGINEERING a‘\
UNIVERSITY OF W ASHINGTON (’




Bohr’s Model M—Eﬁﬁ

In 1913, Bohr presented a model of the hydrogen atom, which has onej-AB
electron. Bohr stated two postulates:

1. The electron moves only in certain circular orbits, called
stationary states. This motion can be described classically.

v’ ke’
mvy e
Force =—
].1 I.q-
1, ké° ke
Energy E=K+U =—mv" ———
2 r 2r

2. Radiation occurs only when an electron goes from one

allowed orbit to another of lower energy. The radiated frequency is
hf=E_-E,, where E_, and E_ are energies of the two states.

DEPARTMENT OF MECHANICAL ENGINEERING a‘\
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Bohr’s Model

What is the stationary states? We need a quantum condition that
restricts the allowed values of the orbital radius. It was realized only
later that this is a fundamental aspect of quantum theory, and so it
serves as our “third” postulate:

3. The angular momentum of the electron is restricted to integer
multiples of h/2Tr.

1, ke’ n'h’
Energy —mv~ = ==
2 2F mke

The total energy of the nth orbit 1s
mk’e’ 1 13.6

B, =————— — eV
2h? 2

DEPARTMENT OF MECHANICAL ENGINEERING a‘\
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Bohr’s model Predict Energy Level Diagram fOTECH

L AB

Hydrogen Correctly

Bohr’s theory correctly predicted the
frequencies of the H,, it provided no
information regarding relative
intensities of the lines or the spectra
of multi-electron atoms. Later
show n that Bohr’s theory has been

replaced by quantum mechanics. T Excited  Ground
. 410 nm
second and third postulates —_ s

remain valid, but the picture of an 486 nm
electron in well-defined

orbit is not correct (heidenbger
theory).

656 nm
E—

n=2

Bohrs’ mode of hyd rogen Energy Energy Energy level

absorbed emitted

DEPARTMENT OF MECHANICAL ENGINEERING
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Atoms and Electrons

There are many different kinds of atoms, one for
each type of element, There are 118 different
known elements that make up every thing!

Each atom has a specific number of el

114

electrons, protons and neutrons. But no
matter how many particles an atom has, the
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same as the number of protons. If the numbers
are the same, the atom is called balanced, and it ",

Mon-metals

is very stable.

Sometimes atoms have loosely attached
electrons. An atom that loses electrons has
more protons than electrons and is positively

charged. An atom that gains electrons has more

negative particles and is neqgatively charge. A

"charged" atom is called an "ion."

W. Wang
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MICRO

Wave-Particle Duality of Light T

L AB

« Wave nature: Young’s double-slit interference and single
slit diffraction.

Particle nature: Photoelectric effect (shows phonons and
electrons are particle function of wavelength) and
Compton scattering (show direction of impingement
affects the wavelength emission).

Light exhibits a wave-particle duality. Depending on the
experiment performed, it will behave either as a particle, or

as a wave. Generally speaking, at lower frequency it
behaves like a wave, while at higher frequency it acts like
a particles.
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MICRO

Wave Mechanics Tﬁi

Partly success: Bohr’s theory was successful in explaining the spectrum
of hydrogen. However, it could not predict the relative intensities of
spectral lines or explain why, with increased resolution, some lines were
found to consist of two or more finer lines.

More findings: Sommerfeld refined Bohr’s theory by incorporating Special

relativity and the possibility of elliptical orbits. with the
addition of two new quantum numbers, the Bohr-Sommerfeld theory
accounted for many features of spectra and showed how the periodic
table is built up in a systematic way.

Proper foundation: The rules that were used had no proper foundation and had
limited explanatory power. Radical reform was needed in quantum theory.
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MICRO

De Broglie Waves ng

De Broglie put forward an astounding proposition that “nature is
symmetrical”’. Einstein had shown that a complete description of cavity

radiation requires both the particle and wave aspects of cavity
radiation.

De Broglie guessed that a similar wave-particle duality might apply
to material particles. That is, matter may also display
wave nature. He used a combination of quantum theory and special

relativity to propose that the wavelength, A, associated with a
particle is related to its linear momentum, p=mv, by

h
1=-
p
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De Broglie Waves

The physical significance of the “matter wave” was not clear,
but he gained courage from the following demonstration. In
the Bohr's model, the angular momentum of the electron
is quantized:

nh
mvir=—=>2m =nAi
2

\g__g,//

This looks like the condition for a standing wavel

Stationary orbits: Only those orbits that can fit an integral
number of wavelengths around the circumference are
allowed.

When a particle of mass m and
charge q is accelerated from rest
by a potential difference V, its
kinetic energy is given by
K=p%/2m=qV. The de Broglie
wavelength takes the form

- h h
A=—=—T—e
P +2mgV

Davisson studied the scattering of
electrons off nickel surface, reported
the curious result that the reflected
intensity depends on the orientation of
the sample. Why? Matter wave.

Electrons were produced by a heated filament, accelerated

by a potential difference, V, and then directed at the Ni
target.

X-ray diffraction like: If the electrons had interacted with the
atoms on a one-to-one bhasis, this would have produced
random scattering. The pronounced reflections implied that
the electrons were interacting with an array of atoms.

By an analysis similar to that for X-ray,
it is found that the angular positions of
the diffraction maxima are given by

Dsing=nA

Where D is the spacing between

atoms, which in the case of nickel is g -
0.215 nm. A diffraction pattern
produced by 0.07-eV
neutrons passing
through a polycrystal-
line sample of iron.

DEPARTMENT OF MECHANICAL ENGINEERING
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Wavelike behavior is exhibited by all
elementary particles.




What is the de Broglie wavelength of (a) an electron
accelerated from rest by a potential difference of 54 V,
and (b) a 10 g bullet moving at 400 m/s?

Solution:

5 -34
— 6.626x10 =0.167 nm

p o N2meV  [(2x9.11x107 x1.6x107 x 54

5 -34
h_06626x10 " ., e 10 m

2 0.01x400

There is no chance of observing wave phenomena, such
as diffraction, with macroscopic objects.
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- : - MICRO
Schrodinger's Equation "

(Wave function) LAB

When Schrodinger realized that Einstein took the matter wave
seriously, he decided to look for an equation to describe these

matter waves.

The derivation of Schrodinger’s equation is not straight forward.

A simplified discussion can be based on the wave equation.
. &’y 1é&%
wave equation — T =0
cx~ V- ol

general solution v(x,t) =y (x)sin of

time - independent

matter wave

Schrodinger's Eq.
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Schrodinger’s Equation

> T
+-m(Eﬂ { )1,;/:0
ﬁ-

This is the one-dimension time-independent Schrodinger
wave equation. The wave function y(x) represents stationary
states of an atomic system for which E is constant in time.

How can a continuous description lead to discrete quantities,
such as the energy level of the hydrogen atom?

The boundary condition.

UNIVERSITY OF W ASHINGTON
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: MICRO
Wave Function Teci

Schroding’s success in tackling several problems confirmed that the LAB
# wave mechanics was an important advance. But how was the “wave
associated with the particle” to be interpreted?

De Broglie suggested that the wave might represent the particle
- itself.

Schrodinger believed that a particle is really a _group of waves, a
wave packet.

Einstein though the intensity of a light wave at a given point is a
measure of the number of photons that arrive at the point. In other
word, the wave function for the electromagnetic field determines
the probability of finding a photon.

By analogy, Born suggested that the square of the wave function tells
us the probability per unit volume of finding the particle. Born’s

interpretation of the wave function has now been generally accepted.
DEPARTMENT OF MECHANICAL ENGINEERING #J
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Wave Function

The square of the wave function tells us the probability per
unit volume of finding the particle.

v dV = probability of finding a particle with a volume dV
The quantity w2 is called the probability density.

Normalization: Since the particle has to be found somewhere,
the sum of all the probabilities along the x axis has to be one:

fx W (x)dx =1

A wave function that satisfies this condition is said to be
normalized.
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Wave Function

The classical physics and special relativity are based on the
principle of determinism.

Quantum mechanics correctly predicts average value of
physical quantities, not the result of individual measurements.

diffraction interference
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Application of Wave Mechanics: MICR0
Particle is a box Trci

Consider a particle of mass m that
bounces back and forth in a one-
dimensional box of side L. The
potential U is zero within the box and
infinite at the wall.

0
>
ow

wave equation +k*y =0, wherek =~+/2mE /h

-

ox-

solutions wix) = Asin(kx + ¢)

. . nm
boundary condition  (x)= Asm(T). n=1, 2, 3....

The quantized energy level:
B=""  a=i%i
8mL”

The first three wave functions and nrnhahilitv deneities

w(x):.isin(%). n=1ly 2; 3. = L—" L‘_'

yfz(.\‘):_-l‘)sinl(%). =l 2. 3. %

AA han.

L AB

The wave length has to satisfy standing wave condition
k=2xlA=nmll, A=2LIn

From de Broglie's equation, we can derive the momentum
and find out the velocity.
_h_nh _ nh

> Y =

=mv ==
4 A 2L 2mlL

The particle’s energy, which is purely kinetic, K=1/2mv2, is
thus also quantized.

I’

7

.= = =123,
8mL”

An electron is trapped within an infinite potential well of length
0.1 nm. What are the first three energy levels?

Solution:

L=01nm=1x10"m

2(6.626x107)? )
£, =2 0000 ) 2 6.03x107)1=37.70% eV
8(9.1x10°1)x10"

E =377eV, E, =151eV, E, =339eV
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N | MICRO
Application of Wave Mechanics: TrcH

Finite potential well LAB

Consider a particle of mass m that
bounces back and forth in a one
dimensional box of side L. The potential

U is zero within the box and infinite at

the wall.

g, -~

o w oW
L +k3u/ =(0.or Y
ox~ ox

+K’y =6

wave equation

where & =+/2mE /hor K = \."rEm(L-" —E)/h

= Aexp(Kx) ¥<0
w(x)i= Bexp(ikx)+ Cexp(—ikx) 0<x<L
= Dexp(—Kx) L<x
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Application of Wave Mechanics: M%Ség

Barrier Penetration: Tunneling |3

When a particle with energy E encounters a potential
energy barrier of height U (>E), what would happens?

Partly reflected and partly transmitted (tunneling).

x=0 r=L

Examples: Tunnel diode, Josepheson junction, and
scanning tunneling electron microscope.

Can we reproduce such effect in classical electromagnetism?
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The wavelength of a wave can be specified precisely only if
the wave extends over many cycles. But if a matter wave is
spread out in space, the position of the particle is poorly
defined. Thus to reduce the uncertainty in position of the
particle, Ax, one can propose many wave length to form a
reasonably well-localized wave-packet.

Consider the electron diffraction by a
single slit.

We know that the position of the first
minimum is given by

. A A A
smf=—=—=Av=—
a Ay s &

Ap, = psiné

= AyAp, = h

A finer slit would locate the particle more precisely but lead
to a wider diffraction pattern---that is, to a greater
uncertainty in the transverse momentum.

Heisenberg Uncertainty PrincipIeMICRO

TrcH

From the de Broglie matter wave relation, we see that a
spread in wavelengths, A%, means that the wave packet
involves a spread in momentum, Ap. According to the
Heisenberg uncertainty principle, the uncertainties in
position and in momentum are related by

AxAp > h

It is not possible to measure both the position of a particle
and its linear momentum simultaneously to arbitrary
precision.

For a wave packet, the uncertainty relation is an intrinsic
property, independent of the measuring apparatus.

The Heisenberg uncertainty principle also applies to other
pairs of variables.

AxAp, >h,  AyAp, >h, AzAp. > h

Among the most important are energy and time:
AEAt>h

To minimize the uncertainty in measuring the energy of a
system, one must observe it for as long as possible.

The energy of a system can fluctuate from the value set by
the conservation of energy---provided the fluctuation occurs
within the time interval specified bv above Ea.

DEPARTMENT OF MECHANICAL ENGINEERING
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MICRO
Wave-Particle Duality T

L AB

Let’'s reconsider Young's double-slit experiment, but now
conducted with electrons.

Let us say that w1 is the wave function that applies to the
passage of an electron through slit S1 whereas 2 applies
to slit S2. When both slits are open, the distribution will
display the familiar interference fringes.

-

V/JZ‘W1+W3

=y, +yy + 2y, cosg

v
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MICRO

Atoms and Solids Tfii

The theory of quantum mechanics has been applied with great success
to a wide variety of phenomena. To specify the state of the electron, we
need the principal quantum number, n, the orbital quantum number, I,
and the orbital magnetic quantum number, m, In addition, particles
have an intrinsic spin angular momentum that is specified by a spin
magnetic quantum number, m..

Pauli Exclusion Principle: No two electrons in an atom can have the
same four quantum numbers.
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Quantum numbers for the M.}‘é}ég

hydrogen atom JAB

.2 4 3 . X
E :_”“{ e 136 -y  Pprincipal quantum number, #
! 200’ n’

L=yi(t+Dh orbital qguantum number, /
(=0,12,...(n-1)

orbital magnetic quantum
number, m,
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Summarize What 1s Light

Behave like mechanical particle (reflection,
refraction)

Behave like wave (interfere, diffract, partly electric,
partly magnetic)

Energy transfer between light and matter (behave
like particle with wavelike behavior)

W.Wang



Light as particle

* A photon 1s like a particle, but 1t has small
mass

* Think of a photon as a grain of sand.

* We see so many photons at the same time 1t’s
like seeing all the sand on a beach; we don’t
notice the single grains

 When 1t hit a reflective surface, 1t reflects like
particle and when it travel through different
optical medium, 1t refract to different angle.

W. Wang 200
W.Wang



Light as a wave

But sometimes light acts like a wave
A wave has a wavelength, a speed and a frequency.

We’ll learn more about wave behavior when we talk
about polarization, interference and diffraction

All light travels same speed (in vacuum, index
independent of wavelength)

Wavelength gets shorter as frequency goes up (C=fA)

W. Wang 201
W.Wang






Light as a photon

Particle with zero mass
Particles which have wavelike properties

Consisting of a quantum of electromagnetic radiation
where energy 1s concentrated

The energy goes up as frequency goes up (E=hxf =hxc,/»

Color depends on frequency 1in nonvacuum medium (=
hxf =hxCJ/M\)

W. Wang 203
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Double Slits Mystery

Behave like Wave

Wave say light interfere going through double slits

w.wang 204
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Double Slits Mystery

Behave like particle

Single photon experiment shows photon do collect through gap!!!

w.wang 205
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Double Slits Mystery

If ohoton was only a particle In reality

However, if photons are continuously firing, we see particle do
behave like wave meaning interference starts to show up.

w.wang 206
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Double Slits Mystery

When we observe it then

Continuous electrons firing

The moment light interact with someway by any particles, which is the only way
we can detect light

w.wang 207
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Double Slits Mystery

[n reality when we are not observing ‘

The moment light interact with
someway by any particles, which
1s the only way we can detect light,

no other way to observe i, it starts of particle or wave (Every time

wave of
probability rather than discrete

to behave differently. it asked, it gives definitive

answer 1t was detected at
specific location).

w.wang

W.Wang



w.wang

Harmonic theory

Harmonics occurs on a bounded string,
what mechanism drive it 1s unknown
This applies to all form of energy and
particles (e.g. electrons)

209
W.Wang



Particles have wavelengths

Atoms and molecules have been Shown to have wavelengths

w.wang 210
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MICRO
Week 3
TecH
Course Website: http://courses.washington.edu/me557/optics L AB

Reading Materials:
- Week 3 and 4 reading materials can be found:
http://courses.washington.edu/me557/readings/

Design project 1 _is due 3/24. Prepare a 5 minutes PowerPoint
presentation for the third hour and also send me an electronic copy of the
PowerPoint slides and memo for the project (send me the PPT and
memos electronically to abong@uw.edu).

First part of the Lab 1 starts this week (after the lecture)
- Do problem 4 in assignment before doing lab 1.

Monday sometimes might be three hours if we need to finish up the
lecture that week, but most of the time is 2 hours.

HW1 assigned, due on 3/31

Useful website:
http://refractiveindex.info/?shelf=organic&book=polycarbonate&page=Sultanova
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MICRO
Three Models Tecn

L AB
« Geometric Optics: Explain light and matter

iInteraction using mechanical model and assume
light as a small non interfering particles.

EM wave: Explain light and matter interaction
using wave theory and assume light as a wave
and matter consists of array of electric and
magnetic dipoles.

Quantum: Explain light matter interaction in atomic
level and assume light as a particle with wavelike
behavior.
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MICRO
Corpuscular Model fish

L AB
The corpuscular model is the simplest model of light. According to the
theory, a luminous body emits stream of particles in all direction.
Issac Newton, in this book Opticks also wrote,” Are not the ray of light
every small bodies emitted from shinning substance?”

Based on this, light is assumed to be consisted of very small
particles so that when two light beams overlap, a collision
between the two particles rarely occurs. Using this model, one can
explain the laws of reflection and refraction (Snell’s law):

-Reflection law follows considering the elastic reflection of a particle by y
plane surface.

- Refraction law assume that the motion is confined to the xy plane.
The trajectory of particle is determined by conservation of x Compone\nt\
momentum (component parallel to the interface, perpendicular to the
direction of propagation)
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: MICRO
Electromagnetic Wave "

From the electromagnetic point-of-view, an atom is just an L AB
electric or magnetic, polarizable dipole. Light is just an
electromagnetic wave

A material is a collection of electric and magnetic
dipoles. Homogenization allows this collection to
be continuous.

Electric dipole Magnetic dipple
p=go m=IA

wave length \

N | - Wave crest
' e.g. sound wave

/\ o . water waves
. light waves

wave trough j

Abstract Mathmatical model that helps explain when light behave like
wave or how it propagate in space or how it interact with each other
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Quantum Theory of Light T

L AB
Wave-Particle Duality of Light

Quantum theory tells us that both light and matter
consists of tiny particles which have wavelike
properties associated with them. Light is composed of
particles called photons, and matter is composed of
particles called electrons, protons, neutrons. It's only when
the mass of a particle gets small enough that its wavelike
properties show up.

For example, at

- - | large quantum
Generally speaking, at lower F— SO0 % gbq N
; ; AT AP @ number the physics
frequency it behaves like a _ o
SAAA— AN becomes to
Photon ‘ classical.

wave, while at higher frequency
it acts like a particles.
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In summary

Planck’s Quantum

~ Iheo'w N

Classical theory
EM Theory

Energy of the e.m radiation is

Key points #2
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Key points #1

E = hf

The EM radiation emitted by the black body is
discrete nackets of energy known as quanta..
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This week

* Ray optics
- law of reflection (introduction and derivation)
- mirrors (derivation of different reflective surface
and structure)
- paraxial approximation, mirror equation
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Geometric Optics

W. Wang 231
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Light rays and light waves

We can classify optical phenomena into one of three
categories: ray optics, wave optics, and quantum optics.

Wave front

Wave from the bubble Light rays and wavefronts

232
W.Wang



Geometric construct of a light
ray we can 1llustrate propagation,
reflection, and refraction of light

- \
Paralled incident rays - ’H
Optical_ +> _o—— |
XS . -;:_:- = '\-\.'_\_—__—.:-:-_ .
o H.-\--\--H"'
j Prism
a b C

Light as a particle

Typical light rays in (a) propagation, (b) reflection, and (c) refraction

Geometric optics is also called ray optics. Light travels in the form of rays. Ray optics only
concern with the location and direction of light rays.
Geometric optics completely ignore the finiteness of the wavelength (independent of 33

W.Wang



Index of Refraction

In a material medium the effective speed of light 1s slower and 1s
usually stated 1n terms of the index of refraction of the medium.
The index of refraction 1s defined as the speed of light 1n vacuum
divided by the speed of light in the medium.

Fast Slow
Medium Medium
Smaller index %

of refraction <= =

; depends on the change
in index of refraction.
\ R HyperPhysics
Photon .
Photon 1n
In fixste
second matter
matter

1

Speed of light in a medium,v = —

p f lig r_”f
Speed of light in a vacuum,c =

p flig e

L VHE
Refractive index,n = = /U, €
VHoCo o 34

W.Wang



Speed of light as a function of wavelength and frequency:

C,=A,f =speed of light in vacuum = 3x10° m/s

Since C =C, /n,

then/1=]cc Co _ 2o

Noted: frequency stays the same, but wavelength
changes when going through different medium

w.wang 235
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The indices of refraction of some common substances

Vacuum 1 000 Ethyl alcohol 1.362

Air 1 000277 Glycerine 1.473
Water 4/3 Ice 1.31
Carbon disulfide 1.63 Polystyrene 1.59
Methylene iodide 1.74 Crown glass 1.50-1.62
Diamond 2417 Flint glass 1.57-1.75

The values given are approximate and do not account for
the small variation of index with light wavelength which 1s
called dispersion (n = function of wavelength).

(useful link for indices of different materials:
http://refractiveindex.info/?shelf=organic&book=polycarb
onate&page=Sultanova

w.wang 236
W.Wang



The 1indices of refraction of some common substances

Vacuum 1.000 Ethg] alcohol 1.362

Air 1.000277 Glycerine 1.473
Water 4/3 Ice 1.31
Carbon disulfide 1.63 Polystyrene 1.99
Methylene iodide 1.74 Crown glass 1.50-1.62
Diamond  2.417 Flint glass 1.57-1.75

The values given are approximate and do not account for the
small variation of index with light wavelength which is called
dispersion (n = a function of wavelength).

4

n=n’+n” =n +k = real n + 1imaginary n (extinction coefficient) »3-

W.Wang



+ Optical constants of Fused silica
(fused quartz)

i — S—polarized
0.8 — P-polanzed
— non-pol{ 51 ¢°
e = S-polarized: 0.10818
1.3650 pm : '
n= ) 4461796625343 = 0.6 P-polarized: OiOO] 28
1.45 Y - non-polarized: 0.05473
@ 0.4
o
1.42
0.2
]
1.4 Aﬂ[
0 L 2

20 30 40 50 60 70 80

i
o

Angle of incidence, deq.

Wavelength, pm

http://refractiveindex.info/?shelf=organic&book=polycarbonate&page=Sultanova

Index in wave theory, a function of wavelength,
polarization and also angle of incident as well
as B.C. and EM properties of the materials 238
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[i]

Optical constants of (C16H1403)n (Polycarbonate, PC)

Zhang et al. 2020: n,k 0.4-20 um

Derived optical constants

Relative permittivity (dielectric constants)

€, = 2.5241
€, = 0.0000015252

- ) Absorption coefficient

a=0.10053 cm™
Chromatic dispersion
dn/dA = -0.087500 pm"?

Group index
ng =1.6412

=
8

Wavelength, pm
n k [JLogX (JLogY [JeV

Complex refractive index (n+ik) @ 600nm
Refractive index

n=1.5887

Extinction coefficient

k = 4.8000e-7

http://refractiveindex.info/?shelf=organic&book=polycarbonate&page=Sultanova

In wave theory, the refractive index is a function of wavelength,
polarization, the angle of incidence, boundary conditions, and the

wwangelectromagnetic properties of the materials.

239
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gpolarization (TE):

l_Rl — /’llktz ]’}
:u2kz
P polarization (TM):
We get, I+ Ry =1,
k
I=Ry = L 1y
YL

W. Wang

:u2kz T lulktz
2
]'} — ll’lsz
:u2kz T lulktz
R” — g2kz B glktz
ngZ + glktz
2
Iy = ks

240



+ Method for achieving polarizing light

TE and TM mode reflection and transmission coefficient:

If we put n,=n,sin6,/sinO, (Snell’s law and
multiply the numerator and denominator by

. _ Mucos 0; — ny cos b, (1/n,) sin®,
" nycosb; +nsycosb,’
2n, cos b, sin(6; — 6,)
ts — . . ’ T'b- —_— . .
ny cos &; + ns cos 6, sin(6; + 6;)
ry = ny cos 6 — ny cos b ’ - 2sin6,cos0;
ny cos b; + n, cos b, “ 7 sin(6;+6,)
b= 2n, cos b; If we do likewise with the formula for P the result is
P no cos @; + n; cos b, casily shown to be equivalent to
tan(6; — 6;)

ry, = .
" tan(6; + 6,)

. 2sin6,cos6;
W. Wang sin(6; + 6,)cos(6; - 6,) 241




Geometric Optics

We define a ray as the path along which light energy is transmitted from one point to
another in an optical system. It represents location and direction of energy transfer and
direction of light propagate. The basic laws of geometrical optics are the law of reflection
and the law of refraction.

Law of reflection: |6 | = |0,
Snell's law, or the law of refraction: n;sinB, = n.sino,.

If not being reflected or refracted, a light ray travels in a straight line.

C=d/t=C/n=d_ /nt=>d_ =nd
The optical path length of a ray traveling from point A to point B 1s defined as ¢, times the
time t it takes the ray to travel from A to B = nd (assume n=1 in air or vacuum).

Assume a ray travels a distance d, in a medium with index of refraction n, and a distance d,
in a medium with index of refraction n,,. C=C/n=d/t
0

The speed of light in a medium with index of refraction n is ¢/n. The travel time from A to

B therefore is "

t=nd,/c,tndy/c, [ vy |y

The optical path length is OPL =n d, + n,d,. v=cin, |d2 242
: W.Wang



Light and matter

 When light hits something (air, glass, a green wall, a
black dress), 1t may be:

* Transmitted and refracted (if the thing 1s transparent)
» Reflected or scattered (off mirror or raindrops)
xAbsorbed (off a black velvet dress, not 1n ray theory)

« Often 1t’s some combination. Take a simple piece of
paper: you can see some light through, white reflects,
black print absorbs.

W. Wang 243
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Reflection 1s a function of surface condition:

ANA\Y —

The waves can pass through the object

n
1
W |R| —1 The waves can be reflected off the object.

n, Specular reflection
W The waves can be scattered off the object.
< Surface
I'OllghIlCSS Diffusion or spread reflection
\\\\ i reial The waves can be absorbed by the object.
NN

Loss due imaginary part of n

The waves can be refracted through the object.
Ilo\\\\ nl\_F n, "

W.Wang



+ Geometric Optics

wavelength

Wave front = wave crest ///'\/
To describe the light as ray, we nee W

borrow some of the properties from wave
equation:

Wavefronts: a surface passing through
points of a wave that have the same phase
and amplitude

Spherical wave | D

plane wave B
Rays (wave vector): a ray describe the Sa— =l T
direction of the wave propagation. '
vector perpendicular t

W. Wang




Most of what we need to know about geometrical optics can be summarized in two rules:
1) the laws of reflection : |6_| = |6;|
2) The law of refraction: Snell's law, or the law of refraction: n.;sinf, = n,sing,.

Wave
vectors

refraction of a wave from an
interface between two dielectric
media

wave vector and wave front of a
wave being reflected from a

plage mirror

W.Wang






[Law of Reflection

eincident mVinc= mVreerct

0

reflected Law of Reflection. H,hc,-denf = Qf@f//eded

The angles of incidence, 0 and reflection, 6 are defined to be

reflected?

incident?’

the angles between the incoming and outgoing wave vectors respectively
and the line normal to the mirror. The law of reflection states that &,
O 10000 - This is @ consequence of the need for the incoming and outgoing
wave fronts to be in phase with each other all along the mirror surface.
This. plsg the equality of the incoming and outgoing wavelengths is 243
sufficient to insure the above result. W.Wang
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Borrow Geometric Optics

wavelength

Wave front = wave creﬁ//'\/%
To describe the light as ray, w - \ -

to borrow some of the properties A
from wave equation: T

Wavefronts:|a surface passing trough
points of a wave that have the same

phase and amplitude/v o —aa
fmq\ti

Rays (wave vector)] a ray describe = Rays

the direction of the wave Ry

propagation. A ray is a vector
perpendicular to the wavefront

w.wang




Reflectance (%)

Different Mirror Reflectivity

Comparison of Gold Coatings

(Unpolarized, 45° AOI)

95+

904

854

804

754

704

65

——-M01 Standard Protected Gold
——-M02 MIR-Enhanced Gold
= -M03 Unprotected Gold

——-L01 Laser Line Unprotected Gold

0.2

1
Wavelength (pm)

20

Reflectance (%)

954
90+
85+
80+
754
704
65+

60

Thorlab mirrors

W. Wang

R = 1!

Comparison of Silver Coatings

(Unpolarized, 45° AOI)

——-P01 Protected Silver
——-P02 Protected Silver
——-AG Ultrafast Silver

0.2

1
Wavelength (pm)

Reflectance (%)

Comparison of Aluminum Coatings
(Unpolarized, 45° AOI)

85 1 ——-F01 UV-Enhanced Aluminum

——-G01 Protected Aluminum

804

75+

70

0.2 1 10 20
Wavelength (um)
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*

ave
Relate particl® toW
e

A=AB
AA’ = AB/sin(0,)

Ay sin(0;) = Ay sin(OR)

So

0,_0,

Law of Reflection

[LLaw of Retlection »

X\

VX

(|
[ /]
/)

7
ok

A °

=+

B 'gi

- Green — incident wave fronts

Red — reflection wave fronts

Assume 100%

R Reflection!!!

Not true
0,

Ripple tank exp:
showing wave fronts
going and reflect off
the wall 251
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. . Assume 100%
Looking at two consecutive wave Reflection!!!

fronts at the interface: Not true

For the incident wave

Green — 1ncident wave fronts
252

W.Wang



Assume 100%
Retlection!!!
Not true

Looking at two consecutive wave
fronts at the interface:

For the reflection wave

Red — reflection wave fronts
253

W.Wang



Assume 100%
Reflection!!!

Looking at two consecutive wave
Not true

fronts at the interface:

When combine together, we see
they share the same interface A A’

Green — 1ncident wave fronts

Red — reflection wave fronts 254

W.Wang



Assume 100%
Reflection!!!
Not true

For the incident wave

AA’ = AB/sin(0))

Green — 1ncident wave fronts
255

W.Wang



For the reflection wave )u=A'B’ Assume 100%
Reflection!!!

Not true

AA’ = A’B’/sin(0y)

Red — reflection wave fronts

256
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Assume 100%

A=AB
AA’ = AB/sin(0,) Reflection!!!
de=A'B’ Eot true

AA’ = A’B’/sin(0y)

collision, all wave will bounce back the
same way,

Since AA’= AB/sin(0,) =A’B’/sin(0y)

and A, sin(0)) = A; sin(0g)

Then 0. 0 Green — incident wave fronts
[="R Red — reflection wave fronts

Law of Reflection W.Wang



Assume 100%
Reflection!!!
Not true

A’

Since AA’= AB/sin(0,) =A’B’/sin(4

and A, sin(0,) = Ag sin(0g)
) C Co Ao
since A = =nf 7
Green — incident wave fronts
Then Red — reflection wave fronts
Law of Reflection -
.Wang



KE,+Pe = KE+Pe; Conservation of energy)

P.=P (Conservation of momentum)

KE= %2 mV?
P=mV

V=1L (speed of light) _

A= 2n/k, or A= 2n/K: (wavelength in term of wave
vector)

k =k, nsin@ (wave vector or propagation constant)

Use P=mV => 2rflk, = 2nflk; => Kk, = k;
Or use both energy and momentum to get both x and y
components and you will get the 0,_0;

omV. 2= Yo mV2

W. W,
"9 mV._sin0, = mV,sinb;

mV.

inc™

Light

= mvreflect

0000

|\\\\\\\\\\\]

Mirror

Law of Refiection. 6, yent

= gref//ecz‘ed

259
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Light reflecting off of a polished or mirrored surface obeys the law of reflection:
the angle between the incident ray and the normal to the surface is equal to the
angle between the reflected ray and the normal.

Precision optical systems use first surface mirrors that are aluminized on the
outer surface to avoid refraction, absorption, and scatter from light passing
through the transparent substrate found in second surface mirrors.

When light obeys the law of reflection, it is termed a specular reflection. Most
hard polished (shiny) surfaces are primarily specular in nature. Even transparent
glass specularly reflects a portion of incoming light.

Diffuse reflection is typical of particulate substances like powders. If you shine a
light on baking flour, for example, you will not see a directionally shiny
component. The powder will appear uniformly bright from every direction.

Many reflections are a combination of both diffuse and specular components.
One manifestation of this is a spread reflection, which has a dominant directional
component that is partially diffused by surface irregularities (surface roughness)

260

W.Wang



Plane Mirror

ray tracing
Reflecfion

L Image is leff-
e R Image right reversed

2,7 7 / /// e
s / ///// ,
R-L ) ) Virfual

W.Wang



Recap
Geometric Optics

« Geometric optics 1s also called ray optics. Light travels in
the form of rays. Ray optics only concern with the
location and direction of light rays.

» Geometric optics completely ignore the finiteness of the
wavelength (independent of \)

Most of what we need to know about geometrical optics can
be summarized in two rules:

1) the laws of reflection : |0.| = |6]

2) The law of refraction: Snell's law, or the law of
refraction: N,sind;, = n,sino,.

w.wang 262
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Curved Mirrors

The 1deal shape for a
“converging mirror” 1s
that of a parabola.
Parabolic mirrors do not
produce spherical
aberrations; all incident
rays parallel to the
principal axis (optial axis)

converge at the focus.

w.wang

spherical mirror

on

LS

i

-,

parabolic mirror

_ K
s

/V

& J N

¥
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Curve Mirrors

Parabolical mirrors: main purpose focusing all incident rays
parallel to its axis to a single point. Using in telescope for
light collecting element or reflector in flashlights.

Elliptical mirrors: reflects all rays emitted from one of its two
foci. The distances traveled by the light from two foci along
any of the paths are all equal.

Elliptical and Parabolic Reflectors

(b) Parabolic

a ocus 7 | m
e
FigurW. Wang a Wavefronts
Elliptical Reflector

Parallel

264
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Geornretric Cotics

How to nmake

Assume parallel rays Concave Spherical

Close to the axis so all Mrror
Rays approximately focus . .

o approximatel ~parabolic mrror
to a single point f at
aistance R/2 from

mirror center.

[ =R/27

Using paraxial

Approximation,

Spherical mirror
Has a focusing property

Paraboloidial mirror and imaging property like that of elliptical mirror.
W.Wang



Paraxial Approximation

* Mirror 1s much larger than incoming rays
(very large mirror curvature)
« Ray makes small angles with mirror axis

(ray propagating really close to optical axis)

) | 2 {
= W /\

If a spherical mirror
If spherical mirror is relatively P Rays make small

| oy 1s small compared angle with mirror
arge compared with its curvature R : .

f o el don’t £ with 1ts radius of axis

of radius, parallel rays don’t focus /oo parallel

on a common point. rays are focused to 266

a common point. W.Wang



Derivation of Spherical Mirror Equation

e Please read the hand written lecture notes
on reflection and refraction in week1 for

mirror equation derivation:
depts. Washington.edu/me557/reading/reflection+refraction.pdf

1/z,+1/z, =1/f ' _
1/p+1/q =1/f r c B N

Spherical mirror equation

Relates image length with focal and object length
w.wang 267

W.Wang



How do we get f=R/27? sphevica ¥ Con e mgé%*{#(‘({edw
Spherical mirro equation? Rag
1/p+1/q =1/f 5 tars =+
i U S e Bz
N i K pspune oot
.lV\UM 3 / R / afmxm (;;“(
i Dotted line normal to the . it b
\;_bj:ﬁf:i% curve surface é‘—.l Rogy ok 7 . ‘:,:T
% posits 1 Ty 40 4md « ﬁ'e(uhﬂslr lbe+weow - 62 reriecton
o)éar a\s-hm, \ gy d stuae ¥ \q,c’uﬁ m
= Ll eb\ﬁ
6" = in terms of
incident and
Assume 100% Et
Reflection!!! _
Not true |
::—'
e
-6, = 6 +8
- 6,= + e =
e TL — A= 6 = == @2
-0 = B» (Supplementary Angles)
(Sup&lementary Angles) \
‘ N
O = -6 o i R o -
¥ — 6 g (-6, ) g
= = = (- o
’ -6 = &+ +6,
. e L O~ O, +6

w.wang
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; e
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< | (re o | B
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d
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1/p+1/q =1/f

Spherical mirror equation

Focal length of the curve sgiyror
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Concave Spherical Mirror

Law of Reflection

W. Wang 270
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Concave Spherical Mirror

Reflection Cect h
Magnification i Real
M = h/h = -g/p ;ﬁm@e#

Vi=lp+1/q
JR=1p+1/q

Spherical mirror
equation

p= object length
q = 1mage position

W.Wang



Convex Spherical Mirror

Object
.
Spherical mirror
equation
1/f= 1/p + 1/
/| Fl= 1p -1/1q]| e
' NIV -g
M=h7/h=lqlp Virtua
Image

W.Wang



Why Mirrors?
Reflected light preserves many or most of thijitIWactenstlcs of the
original light (minimum dispersion effect normal or paraxial!!)
Most mirrors are designed for visible light; however, mirrors designed for other

wavelengths of electromagnetic radiation are also used (e.g. metal, Silicon,
multilayer dielectric mirror)

Curved mirrors produce magnified or diminished 1mages or focus light or simply
distort the reflected image.(e.g. image reduction or magnification, reduce focal
length, funny mirror)

Allow long working distance in a limited space.

Cumdensing omics

Allow light to change direction = :—CE C[— - %

o, . Polesizer
Allow Beam splitting (how?) e~ s SO
Cloeain Dignics - _'::E:_-_-__:_:? = "-.ll__||:-I.|:|l|'.':- 1
Minimized dispersion and heat effect el . B
"om @ N J——xg iy
T os m3 \‘m Lo __——"'f.,.l i
(e n m_"“j-“; i
ki N e W
oz Grwing -'}U = l_J_I-— e
X \ Thihkd = ¥ o Csdusleal les, U= 31K aom
Multiple-output multivariate optical computing for
C 4 spectrum recognition 274

multi-beam transmission hologram with a single object beam W.Wang



Application

 Laser cavity end mirrors (especially high
power laser such as Co, laser excimer laser)

* Hot and cold mirrors, ., B [

e Thin-film beam splitters

e Coatings on modern mirror shades

* Telescope and Camera lenses

- eae

W. Wang CoZ2 laser
Parabolic mirrors used in beam expansion and convergence ~curved mirrors

Silicon zinc selenide o
pper mirrors

W.Wang



OPTO-ELECTRONIC
20TH ANMIVERSARY

Product Type Part Number

Reflective
Mirror

Reflective
Mirror

Reflective
Mirror

Reflective
Mirror

Reflective
Mirror

Reflective
Mirror

Reflective
Mirror

Reflective
Mirror

w.wang

RSI-0.75-3

RSI-1-3

RSI-1.1-3

RSI-1.5-4

RSI-2-5

RSI-2-9.5

RMO-0.75-3

RMO-1-3

Wavelength
(nm)

10600
10600
10600
10600
10600
10600
Polished

Surface

Polished
Surface

Material

Silicon

Silicon

Silicon

Silicon

Silicon

Silicon

Molybdenum

Molybdenum

Dia (mm)

19.1

25.4

27.9

38.1

50.8

50.8

19.0

254

Co2 laser Flat Mirror

ET (mm)

3.0

3.0

3.0

4.0

5.1

9.5

3.0

3.0

276
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Co2 laser cavity mirrors

WAVELENGTH
—_.—
OPTO-ELECTRONIC

20TH ANNIVERSARY

Reflectivity

2;;:““ ;?:;Lber Xilv)elength Material Dia(mm) ET (mm) Radius (%)
Rear Mirror RSI-1-4.5- 10600 Znse 25.4 4.5 3M Concave >99.7%
3MCC
Rear Mirror RSI-1-4.5- 10600 Znse 25.4 4.5 5M Concave >99.7%
SMCC
Output 0CZ-0.5-2- 10600 ZnSe 12.7 2.0 Plano 80+/-3%
Coupler 80%R
Output 0CZ-0.5-3- 10600 ZnSe 12.7 3.0 Plano 92+/-3%
Coupler 92%R
Output 0CZ-0.75-2- 10600 ZnSe 19.1 2.0 Plano 70+/-3%
Coupler 70%R
Output 0CZ-0.75-3- 10600 ZnSe 19.1 3.0 Plano 85+/-3%
Coupler 85%R
Output 0CZ-0.75-2- 10600 ZnSe 19.1 2.0 5M Concave 95+/-3%
Coupler 95%R-
SMCC
Output 0CZ-20- 10600 ZnSe 20.0 3.5 3M Concave 85+/-3%
Coupler 85%R-
3MCC
Output 0CZ-25-3- 10600 ZnSe 25.0 3.0 Plano 70+/-3%
Coupler 70%R
w.wang 277
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WAVELENGTH
OPTO-ELECTRONIC,
20TH ANMIVERSARY
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Mirror Systems for Telescope Applications

Instruments which use only mirrors to form 1mages are called
catoptric systems, while those which use both lenses and mirrors
are called catadioptric systems (dioptric systems being those with
lenses only).

W. Wang 279
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Catoptric Systems

Mirror
Instrument Instrument
Concepls Concepts
Telescopes: \ Telescopes:
Newton's Newton's
Telescope Telescope
‘ ' = e Gregory's
Gregory's
——4< - | e
' Cassegrain
Cassegrain Telescope
Telescope l
Schmidt-
Schmidt- C in
Ci grai
Cassegrain
Cassegrain Matsutov
Matsutov
Mirror
Mirror Instrument
Instrument Concepts
Concepts
\ Telescopes: ) BnG
Newton's Telescope
Telescope
Gregory's
— o e— Gregory's Telescope
Telescope
Cassegrain
Cassegrain Telescope
Telesc
s Schwarzchild
Schmidt- Microscope
C ain
hyperphyics
Cassegrain Yperphy
Matsutov

Catoptric systems are those which use only mirrors for
image formation. They contrast with catadioptric systems
which use both mirrors and lenses and with pure dioptric

sxvstems which use only lenses.
W. Wang 280
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Catadioptric Systems

Mirror Mirror
Instrument Instrument
Concepts Concepts
Telescopes: Telescopes:
AV \ Newton's Newton's
\ Telescope Telescope
- - - - - Gregory's _ Gregory's
Telescope Telescope
I Cassegrain Cassegrain
4 “omf Telescope Telescope
Schmidt- Schmidt-
Cassegrain Cassegrain
Cassegrain Cassegrain
Matsutov Matsutov

hyperphyics

Catadioptric systems are those which make use of both lenses
and mirrors for image formation. This constrasts with catoptric
systems which use only mirrors and dioptric systems which use
only lenses. (i.e. Nikon 500mm mirror lens)

W. Wang 281
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Mirror Lens
(Reflex Lens)

Reduce Lens length
Simpler lens design

’ Nikon 500mm

Tokina 300mm

W. Wang 282
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Mirror Lenses

-
®

Contax Zeiss 500mm {8 — Sigma 600mm {8 — Canon 100-400 mkll f4-5.6

w.wang 283
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Different Types of Mirrors

Sales & Service: +886-2-2508-4977

Experience | Soiutions Quick Quotes  ContactUs Investors Yy Cart

Search Keyword or Model# n PRODUCTS ¥ RESOURCES v SOLUTIONS v  SUPPORT ¥ COMPANY

ﬂ " Products / Optical Mirrors

Optical Mirrors & |
Advanced Coatings on High Quality Substrates

Mirrors are probably the most commonly used optical elements in your lab, and their gquality,

performance, and reliability are key to the success of your experiment. That's why we provide a variety of

mirrors so you can be assured to find what you need.

View: (8 All Brands () {U]Nﬂw Focus () QD Riewport.

*\)-x. ? v J ( )
¢ 2%y B W “0 Y N\ L@

Broadband Broadband Metallic Laser Line Mirrors Ultrafast Mirrors Parabolic Mirrors Retroreflectors
Dielectric Mirrors Mirrors

W. Wang 284
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Dielectric Mirrors

Broadband Dielectric Mirrors

Dielectric mirrors offer higher reflactivity over a broad spectral range of up to several hundred nanometers.
Their coating is more durable making them easier to clean and more resistant to laser damage.

Ultra-Broadband Zerodur Borofloat 33 ValuMax ValuMax Square
Dielectric High Broadband Broadband Broadband Broadband
Reflector Mirrors Dielectric Mirrors Dielectric Mirrors Dielectric Mirrors Dielectric Mirrors
-
Elliptical High Performance Ultra-broadband D-Shaped
Broadband SuperMirrors Dielectric Mirrors Broadband
Dielectric Mirrors Dielectric Mirrors

A dielectric mirror, also known as a Bragg mirror, is a type of mirror composed of multiple thin layers of
dielectric material, typically deposited on a substrate of glass or some other optical material. By careful
choice of the type and thickness of the dielectric layers, one can design an optical coating with specified
reflectivity at different wavelengths of light. Dielectric mirrors are also used to produce ultra-high reflectivity
mirrors: values of 99.999% or better over a narrow range of wavelengths can be produced using special
techniques. Alternatively, they can be made to reflect a broad spectrum of light, such as the entire visible range
or the spectrum of the Ti-sapphire laser. Mirrors of this type are very common in optics experiments, due to
improved techniques that allow inexpensive manufacture of high-quality mirrors. Examples of their applications
include laser cavity end mirrors, hot and cold mirrors, thin-film beamsplitters, and the
coatings on modern mirrorshades.

w.wang 285
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Example of a dielectric mirror

485-700nm

Model

Wavelength Region
Wavelength Range
Mirror Shape
Substrate Size
Material

Coating Type
Surface Quality
Surface Flatness
Coating Code
Angle of Incidence
Clear Aperture
Reflectivity
Thickness
Thickness Tolerance
Diameter Tolerance
Chamfers

Chamfers Angle/Tolerance

Diameter

CleaningN_Wang

Newport Broadband SuperMirror,

100

Ve AN~ N
0 oS/ A
25.4mm, Ref>99.9%, 0-45 Deg AOI, ool \\
¥ 997
3996
é 99.5
2 99.4
10CMO0SB. 1 % o0s SB.1
VIS 99.2 45° VIS
99.1 I N~
485-700 nm 99 4 N
042 046 05 054 058 062 066 0.7 0.74 / X
Round Wavelength (um) ‘ \
225.4 mm \
Jo Typical
UV Grade Fused Silica 91:3 7 ) /
Broadband IBS Coating 99.8 , =
20-10 scratch-dig % oo
M10 at 632.8 nm § o |
SB.1 S = vis
0_450 99.1 ', }
99
>central 50% of diameter 042 046 09 &2;';2?,, 8,::,2) 066 07 074
R, R;>99.9% @ 485-700 nm The 10CMO00SB.1 is a Broadband Super Mirror, 25.4 mm in diameter,
6.35 mm 6.35mm thick, and coated to have a reflectivity of > 99.9%, 0-45 °, from
+0.38 mm 485 to 700 nm.
+0/-0.1 mm Broadband SuperMirrorsTM are extremely high performance dielectric
£0.25 mm mirrors. They are produced with ion beam sputtered (IBS) coatings on
450+ 150 superpolished fused silica substrates to achieve very low scatter and
5.4 mm absorption. These mirrors have reflectivity greater than 99.9%,

, . . independent of polarization, at any angle of incidence from 0-45°.
Cleaning techniques specifically

developed for ultra high performance 786
optics may be used by qualified

personnel
W.Wang



Optical constants of Fused silica
(fused quartz)

1

— S—polarized

— P-polanzed

~— non-pol{ 51 6°

v S-polarized: 0.10818

¢ 06 P-polarized: 0.00128
non-polarized: 0.05473

0.8

1.3650 pm
n = 1.4461796625343

~ g
@ 04
[«
0.2
=}
{/’F—H
L 2

0
0 10 20 30 40 50 60 70 80

-
(¥

i
o

Angle of incidence, deg.

http://refractiveindex.info/?shelf=organic&book=polycarbonate&page=Sultanova

287

W. Wang
W.Wang



Metallic Mirror

Broadband Metallic Mirrors

Metzllic coated mirrors are good generzl-purpose mirrors because they can be used over a very broad
spectral range from 450 nm to 12 pm. However, their softer coating makes them more susceptible to

damagea.

Zerodur Borofloat 23 ValuMazx Float Glass Utility ValuMax Square
Broadband Metallic Broadband Metallic Broadband Metallic Broadband Metallic Broadband Metallic
Mirrors Mirrors Mirrors Mirrors Mirrors

’ r;— \ J ‘\

Float Glass Square Pinhole Free Elliptical Concawve D-Shaped

Broadband Metallic Broadband Metallic Broadband Metallic Broadband Metallic Broadband Metallic
Mirrors Mirrors Mirrors Mirrors Mirrors

Mirror made of very thinly coated metal deposition
made of aluminum coating (reflectivity of 87% to 93%)
or silver mirror coating (reflectivity of 95% to 98%) and
gold coating (" 95%) in visible band is used. Most
W. Wang commonly used mirrors. 288
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Example of a metallic mirror

Newport General Purpose Silver Coated
Mirror, 1.0 in., 450 - 12,000 nm

Model

Wavelength Region
Diameter

Mirror Shape
Material
Wavelength Range
Surface Quality
Surface Flatness

Clear Aperture

Damage Threshold

Thick_ﬁﬁs Wang

5103

Broadband

1.00 in. ( 25.4 mm)
Round

Borofloat® 33
450-12000 nm
25-10 scratch-dig
M10 at 632.8 nm

>central 80% of diameter

30 kW/em? (cw), 0.5 J/em?
(10-ns pulse)

0.32 in. ( 8.0 mm)

The 5103 General Purpose Silver Coated Mirror can be used over a
broad spectral range with better than 95% reflectivity from 450 nm to
beyond 12 pm. It's proprietary silver-based coating makes this 1.0
inch (25.4 mm) diameter mirror highly reflective from 0° to 45° and
virtually insensitive to polarization. Protective dielectric coatings
make it resistant to tarnish and oxidation. Plus it has minimal phase
distortion, so it is useful for ultrafast-pulsed applications with
Ti:Sapphire and other lasers.
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[ aser Mirrors

Laser Line Mirrors

Owr laser line mirrors are highly efficient reflectors ocptimized for 2 narrow wavelength range.

Zerodur Laser Line Borofloat 32 Laser Elliptical ND:YAG Long Lived Deep
Dielectric Mirrors Line Dielectric Laser Line UV Excimer Mirrors
Mirrors Dielectric Mirrors

(

High Energy
Excimer Laser
Mirrors

W. Wang

-

High Energy
ND:YAG Laser
Mirrors
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Example of a Laser mirror

Newport Femtosec Optimized Silver
Mirror, 0-45° AOI, 25.4 mm, 600-1100 nm

Model

Wavelength Region
Diameter

Mirror Shape
Material
Wavelength Range
Surface Quality
Surface Flatness

Clear Aperture

Damage Threshold

Thick_ﬁﬁs Wang

5103

Broadband

1.00 in. ( 25.4 mm)
Round

Borofloat® 33
450-12000 nm
25-10 scratch-dig
M10 at 632.8 nm

>central 80% of diameter

30 kW/cm? (cw), 0.5 J/cm?
(10-ns pulse)

0.32 in. ( 8.0 mm)

The 10B20EAG.1 Femtosecond Optimized Silver Mirror is 25.4 mm in
diameter, 6.35 mm thick, and broadband optimized for 540 - 1100 nm.
This ultrafast mirror is designed for zero to 45 degrees angle of
incidence for S and P polarization. The absolute value of GDD
(Group Delay Dispersion) is an astounding less than 5 fs from 550 to
1050 nm. Ideal for use with ultrashort pulse lasers, this high
reflectance beamsteering mirror gives R>99% 600-1000 nm at 0 deg
AOI, Rp>98.5% 580-1000 nm at 45 deg AOI and Rs>99% 540-1000
nm. Careful thin film coating design and advanced coating processes
result in a mirror with maximum reflectivity and bandwidth with
minimum effect on pulse dispersion.

2901
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Group Delay Dispersion

The group delay dispersion (also sometimes called second-order dispersion) of an optical element is the

derivative of the group delay with respect to the angular frequency, or the second derivative of the change
in spectral phase: )
&

aTg
ole) = de da’

It is usually specified in fs? or ps?. Positive (negative) values correspond to normal (anomalous) chromatic
dispersion. For example, the group delay dispersion of a 1-mm thick silica plate is +35 fs? at 800 nm (normal
dispersion) or —26 fs? at 1500 nm (anomalous dispersion). Another example is given in Figure 1.

If an optical element has only second order dispersion, i.e., a
frequency-independent D, value, its effect on an optical pulse or
signal can be described as a change of the spectral phase:

bp@)= 2 (e @)

1500

1000
oo
ot

=500 -

where w, is the angular frequency at the center of
the spectrum.

group delay dispersion {fs~2)

-1000

NOte that the group delay dlSperSIOn (GDD) always _15010000 lleZD 10I40 IDIE.D lleSD 11IDD 11IZD 11I40 lllﬁﬂ 11ISD 1200
refers to some optical element or to some given wavelength (nm)
length of a medium (e.g. an optical fiber). The GDD Figure 1: Wavelength-dependent group delay
per unit length (in units of s2m) is the group velocity dispersion of a Gires—Tournois interferometer
dispersion (GVD). made of a 5-um thick silica layer on a high
reflector.
W. Wang 292
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Other Types of Mirrors

Other types of reflecting device are also called "mirrors".

Acoustic mirrors are passive devices used to reflect and perhaps to focus sound waves. Acoustic mirrors were used
for selective detection of sound waves, especially during World War I1. They were used for detection of enemy
aircraft, prior to the development of radar. Acoustic mirrors are used for remote probing of the atmosphere; they can
be used to form a narrow diffraction-limited beam.  They can also be used for underwater imaging.

Active mirrors are mirrors that amplify the light they reflect. They are used to make disk lasers.  The amplification
is typically over a narrow range of wavelengths, and requires an external source of power.

Atomic mirrors are devices which reflect matter waves. Usually, atomic mirrors work at grazing incidence. Such
mirrors can be used for atomic interferometry and atomic holography. It has been proposed that they can be used for
non-destructive imaging systems with nanometer resolution.

Cold mirrors are dielectric mirrors that reflect the entire visible light spectrum, while efficiently transmitting
infrared wavelengths. These are the converse of hot mirrors.

Corner reflectors use three flat mirrors to reflect light back towards its source, they may also be implemented with
prisms that reflect using total internal reflection that have no mirror surfaces. They are used for emergency location,
and even laser ranging to the Moon.

Hot mirrors reflect infrared light while allowing visible light to pass. These can be used to separate useful light from
unneeded infrared to reduce heating of components in an optical device. They can also be used as dichroic
beamsplitters. (Hot mirrors are the converse of cold mirrors.)

Metallic reflectors are used to reflect infrared light (such as in space heaters or microwaves).
Non-reversing mirrors are mirrors that provide a non-reversed image of their subjects.

X-ray mirrors produce specular reflection of X-rays. All known types work only at angles near grazing incidence,
and only a small fraction of the rays are reflected.l’ See also X-ray optics.

W. Wang 293
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Reflecting Prisms

Schmidi-Pechan Prism

I: - :."“uh I- - "y
"‘-.5_ -
N i |
H"‘x = ___q:'-
- I H""ﬂ. - y T
o b
#_,-" 4 Tarmn
_a ‘
Parro Prism Total Porro- Abbe Prism
nternal
reflection
fu

Penta Prism fu

Usiwgwemgm as mirror. Using total
reflection to avoid dispersion

g

Roof Penta Prism

Al
.
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alter the direction of light beams, to offset

the beam, and to rotate or flip images
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Acoustic Mirror

WWI rconnasant acoustic mirror built as
early warning system for aircraft attacks

The British built an impressive system of
acoustic mirrors for coastline defense along
the English Channel before World War II.
These mirrors consisted of large structures
built of concrete. There were several
different shapes as the British
experimented with the best design, but
each shape reflected sound waves and
focused them in a particular area where a
microphone or human listener could be
located.

Photo by flickr user tobyct used under Creative Commons License
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Active Mirror

N Amplifier Disks Heat Sink or

BeamlIn | Heat Exchanger High Reflectivity
\‘ \' Coating
\\ ""\. ;II i . \ \ \ / Thickness L j"—
AV \ f \ |
\/ eaed AV Y
AN fXTN VY \
v/ \,l' '-.\."\ \

f  Beam Out

le— Damete& Gain Medium Disk

Antireflective
Coalting

Hr%

One type of solid-state laser designed for good power scaling is the disk
laser (or "active mirror"). Such lasers are believed to be scalable to a
power of several kilowatts from a single active element in continuous-wave
operation. Perhaps, the expectations for power scalability of disk lasers is a
little bit exaggerated: some of publications in favor of disk laser just repeat
each other; compare, for example and these articles differ with only
titles[neutrality is disputed].

Amplified spontaneous emission, overheating and round-trip loss seem to
be the most important processes that limit the power of disk lasers. For
future power scaling, the reduction of the round-trip loss and/or combining
of several active elements is required.

w.wang

Pump

ZII1IIIII1IILIIII1III’
Heatsink

Nd or Yb

fiber coupling

ow 10w Laser Diode

f GRIN SDL 3450-P5
" NAE:YVO 4 crystal

(Nd: 3 at.%)
t=0.1 or 0.2 mm

TE Cooler

Solidstate laser

laser
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Non- reversing Mirror

A non-reversing mirror (sometimes
marketed as a true mirror) 1s a mirror that
presents its subject as it would be seen
from the mirror. A non-reversing mirror
can be made by connecting two regular
mirrors at their edges at a 90 degree angle.
If the join 1s positioned so that it 1s
vertical, an observer looking into the angle
will see a non-reversed image. This can be Comparison of the images of an ordinary

seen in public toilets when there are mirror (left) and the first type of non-
mirrors on two walls which are at right reversing mirror (right)

angles. Looking towards the corner, such
an 1image 1s visible. The problem with this

a big line down the middle interrupting the ™ S
image. However, if first surface mirrors % %

are used, and care Is taken.tc.) set the angle ordinary mirror (left) and two perpendicular
to exagplyRfjdegrees, the join can be made irrors forming the first type of nons?

invisible. (wkipedia) reversing mirror (right) W.Wang



One-Way Mirror

The secret 1s that it doesn't. A
one-way mirror has a reflective
coating applied in a very thin,
sparse layer -- so thin that it's
called a half-silvered surface.
The name half-silvered comes
from the fact that the reflective
molecules coat the glass so
sparsely that only about half the
molecules needed to make the
glass an opaque mirror are
applied. At the molecular level,
there are reflective molecules
speckled all over the glass in an
even film but only half of the

glass is covered. (Howstuff
work\slg' Wang

Airport
security
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One Way Mirror

The gIaSS IS Coated Wlth, Or haS Reflectance, Tranmittance and Absorption of Aluminum on BKT glass
encased within, a thin and almost- 0 )
transparent layer of metal (usually o1

™+
B F
50 ¥
0 3
w i
el

aluminum). The result is a mirrored
surface that reflects some light and is
penetrated by the rest.

R, T, &in % (vis)

A true one-way mirror does not, and e
cannot, exist.[2] Light always passes Film Thickness )
exactly equally in both directions. The optical properties of the mirror can be tuned by changing the

. . . ) thickness of the reflecting layer.
However, when one side is brightly lit

and the other kept dark, the darker side gy
becomes difficult to see from the il
brightly lit side because it is masked by .
the much brighter reflection of the lit
side. It may be possible to achieve
something similar by combining an
optical isolator layer with a traditional Example o with and
one-way mirror, which would prevent ¢ . imco One-Way Mirror without mirror window
lightvaeaaing from one direction. Window Films film 299

(Wikipedia) W.Wang




Other neat Mirror Tricks

Perpendicular One wav mirror,  Funny mirror
mirrors At .

Electrode

Continuous mirrer
{smooth phase contrel)

Mirrer
Actuator Facesheet
Array /
h Electrode

Spatial Light Medulator
{uncoupled control)

ylindrical mirror
300

Deformable -
mirrorsw.wang T
(adaptive optics) =i DLP
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Design project 1

Design a mirror system to focus, diverge or collimate an incident
beam or create some interesting magic tricks or illusion or
something you can think of. Please use ray tracing technique to
illustrate your concept. (if you have absolute no 1dea what to do,
let me know. I have ideas I like you to try)

Use single or combination of mirrors to create the design.
Grades depending on your creativity and effort you put into your
design.

Show all calculation and design.

Please follow the Memo requirement instruction for the Memo
preparation:

Due on 3/20/23 Monday (powerpoint, memo and hardware)

W. Wang 301
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Summary

 Introduction to light
— Some basic concept of particle and wave
behavior
- quantum theory
* Ray optics
- terminology
- law of reflection (introduction and derivation)
- Different optical reflective surfaces and structure
and application (e.g. flat mirror, curve mirrors,

w.v1)€ Way mirror, prism, active mirror etc.) 302
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Quote of the week

old Russian proverb:

Proverb rhymes in Russian — Doveryai.

It wasn’t Reagan who came up with it, but Reagan learned of the Russian
proverb when he was preparing for talks with Soviet leader Mikhail
Gorbachev. Reagan’s adviser on Russia’s affairs, Suzanne Massie,
suggested the president learn some Russian proverbs to amuse his
counterpart. Turns out, Reagan liked “trust, but verify” the best..

Reagan’s favorite cliché. IMF treaty.
W. Wang 303

W.Wang



MICRO
Week 3
TecH
Course Website: http://courses.washington.edu/me557/optics L AB

Reading Materials:
- Week 3 and 4 reading materials can be found:
http://courses.washington.edu/me557/readings/

Design Project 1 is due on 3/24. Prepare a 5-minute PowerPoint
presentation for the third hour and send me an electronic copy of both the
PowerPoint slides and the project memo. Please email the PPT and

memo to
First part of the Lab 1 starts this week (after the lecture)
- Do problem 4 in assignment before doing lab 1.

HW1 assigned, due on 3/31

Monday sometimes might be three hours if we need to finish up the
lecture that week, but most of the time is 2 hours.

Useful website:

http://refractiveindex.info/?shelf=organic&book=}po| carbonate&page=Sultanova
DEPARTMENT OF MECHANICAL ENGINEERING ¢_)

UNIVERSITY OF W ASHINGTON




MICRO
TrcH

Design a mirror system to focus, diverge or collimate an LAB
iIncident beam or create some interesting magic tricks or illusion

or something you can think of. Please use ray tracing

technique to illustrate your concept. (if you have absolute no

idea what to do, let me know. | have ideas | like you to try)

Use single or combination of mirrors to create the design.
Grades depending on your creativity and effort you put into your
design.

Show all calculation and design.

Please follow the Memo requirement instruction for the Memo
preparation:

Design project 1

Due on 3/29 Monday (PowerPoint, memo and hardware)

DEPARTMENT OF MECHANICAL ENGINEERING g‘\
UNIVERSITY OF W ASHINGTON (’




This Week

* Ray optics
- law of refraction (introduction and derivation)

- Lenses (derivation of different refractive surface
and structure)
- Focal length, Diopter, Effective focal length,

Numeric aperture, f-number, Acceptance angle,
Depth of Field, circle of confusion, Depth of Focus

- Matrix optics
* Non Ray Optics
- Beam width

- Performance factors

W. Wang 306
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Recap
Geometric Optics

« Geometric optics 1s also called ray optics. Light travels in
the form of rays. Ray optics only concern with the
location and direction of light rays.

» Geometric optics completely ignore the finiteness of the
wavelength (independent of \)

Most of what we need to know about geometrical optics can
be summarized in two rules:

1) the laws of reflection : |0.| = |6]

2) The law of refraction: Snell's law, or the law of
refraction: N,sind;, = n,sino,.

w.wang 307
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Recap

Index of Refraction

In a material medium the effective speed of light 1s slower and 1s
usually stated 1n terms of the index of refraction of the medium.
The index of refraction 1s defined as the speed of light 1n vacuum
divided by the speed of light in the medium.

Fast Slow
Medium Medium
Smaller index e

of refraction 4RI

The amount of bending

; depends on the change
| in index of refraction.

\ R HyperPhysics
Photon .
In first Photon in
maﬁ/g-rWang second matter

1
Speed of light in a medium,v = —
p f lig r_”f
Speed of light in a vacuum,c =
p flig e

L VHE
Refractive index,n = = U, €
NI " o8

W.Wang



Speed of light as a function of wavelength and frequency:

C,=A,f =speed of light in vacuum = 3x10° m/s

Since C =C, /n,

then/1=]cc Co _ 2o

Noted: frequency stays the same, but wavelength
changes when going through different medium

w.wang 309
W.Wang



The 1indices of refraction of some common substances

Vacuum 1.000 Ethg] alcohol 1.362

Air 1.000277 Glycerine 1.473
Water 4/3 Ice 1.31
Carbon disulfide 1.63 Polystyrene 1.99
Methylene iodide 1.74 Crown glass 1.50-1.62
Diamond  2.417 Flint glass 1.57-1.75

The values given are approximate and do not account for the
small variation of index with light wavelength which is called
dispersion (n = a function of wavelength).

4

n=n’+n” = n +k = real n + imaginary n (extinction coefficient) 1o

W.Wang



Optical constants of Fused silica
(fused quartz)

1
— S—polarized

— P-polanzed
~— non-pol{ 51 6°

0.8

S-polarized: 0.10818
c 06 P-polarized: 0.00128
non-polarized: 0.05473

1.3650 pm
n = 1.4461796625343

~
v 0.4
0.2
(]
{/ﬂ.
L J

0
0 10 20 30 40 50 60 70 80

Angle of incidence, deg.

Reflectance

i
o

http://refractiveindex.info/?shelf=organic&book=polycarbonate&page=Sultanova
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Recall Geometric Optics

wavelength

Wave front = wave crest —
/] \/
To describe the light as ray, we nee >y<__/

borrow some of the properties from wave

equation:

A
D .\‘\'{IYI"
Wavefronts: a surface passing through < fronts .
points of a wave that have the same phase -
and amplitude "

Rays (wave vector): a ray describe the =
direction of the wave propagation. ' ineis |
vector perpendicular t wavefront |

W. Wang




Earlier Law of Reflection »,

A=AB
AA’ = AB/sin(0,)

A sin(0)) = Ay sin(

So

0,_0,

W. Wang 313
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[Law of Refraction

n n

Refracted
beam

Reflected
beam

Incident

Dielectric
beamn

material

Snell’s Law: n, sino. = n sinf3

W. Wang
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Recall Geometric Optics

wavelength
P

Wave front = wave crest
/] \/
To describe the light as ray, we nee >y<__/

borrow some of the properties from wave

equation:

A
D .W.n'r-
Wavefronts: a surface passing trough points - fronts
of a wave that have the same phase and S
amplitude "

Rays (wave vector): a ray describe the =l T
direction of the wave propagation. '
vector perpendicular t wavefront

W. Wang




[Law of Retfraction

Since ng>n,, the speed of light in the right-hand
medium (Vy) 1s less than 1n the left-hand medium
(V). The frequency (f) of the wave packet doesn't
change as it passes through the interface, so the
wavelength (Ay) of the light on the right side 1s
less than the wavelength on the left side (A)).
Recall -> V(4 ) =C, /n(A)= A/ n(A), where C,, A

are speed and wavelength in vacuum.

The side AC 1s equal to the side BC times sin0, . However, AC 1s also equal to 24, ,
or twice the wavelength of the wave to the left of the interface. Similar reasoning
shows that 2 , twice the wavelength to the right of the interface, equals BC times
sin@y . Since the interval BC 1s common to both triangles, we easily see that

A, sind,
A, sind,

W. Wang 316
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Wavefront Continuity

AC=2A1 = B(Csm&y
) > p — £,>\;Q - BCsm P
Reflection o
- There te'e
is ighored \
" QAL S
here!! S ==
. Nz SME T
! — e
’::ISIng PtOIGLn 7S el bl ol Look at these three wave fronts
eorem an
Trigonometric _, ;:R: ;:I
Ratios or FINER RS M
- L-T - —
- Lz »
Inverse 1 5 =3 &7
Trigonometric PR - S 7';:&{ -
Functions -
sub @& mMmto D
/ G ———
2 S @ e -
o _\.) :/71 ’} . E—_—r‘ {—"1 :__1_5 ;‘ 771 \:\77_ _}' ﬁ&ﬁlvé‘k;?
— — E_:o" — 3,]\/)67,/2_7 LA_i_._f -
TR +
lag of refactos
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MICRO

Corpuscular Model Tffg

The corpuscular model is the simplest model of light. According to the
theory, a luminous body emits stream of particles in all direction.
Issac Newton, in this book Opticks also wrote,” Are not the ray of light
every small bodies emitted from shinning substance?”

Based on this, light is assumed to be consisted of very small
particles so that when two light beams overlap, a collision
between the two particles rarely occurs. Using this model, one can
explain the laws of reflection and refraction (Snell’s law):

-Reflection law follows considering the elastic reflection of a particle by y
plane surface.

- Refraction law assume that the motion is confined to the xy plane.
The trajectory of particle is determined by conservation of x Compone\nt\
momentum (component parallel to the interface, perpendicular to the
direction of propagation)

DEPARTMENT OF MECHANICAL ENGINEERING
UNIVERSITY OF W ASHINGTON




Conservation of Momentum

Going from Maxwell’s equations for classical fields to
photons keeps the same mathematical form for the
transverse components for the k-vectors, but now
interprets them in a different manner. Where before
there was a requirement for phase-matching the
classical waves at the interface, in the photon picture
the transverse k-vector becomes the transverse
momentum through de Broglie’s equation

p=nhk

Therefore, continuity of the transverse k-vector is
interpreted as conservation of transverse momentum
of the photon across the interface. In the figure the
second medium is denser with a larger refractive index
n2 > n1. Hence, the momentum of the photon in the
second medium is larger while keeping the transverse
momentum projection the same

n,siné, =ngSin o5

W. Wang

e i
‘:?9?5 pxlil"_:

N ——

Momentum \ Fast Medium

Slow Medium

_ Momentum 2
91

There are many ways to solve the law
of reflection and refraction as you will
see later using wave equations as well

319
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Conservation of Energy and Momentum

KE,+Pe,= KE+Pe; Conservation of energy)

P =P, (Conservation of momentum)

KE= 72 mV?

P=mV -

V=1L (speed of light)

A= 2n/k, or A= 2n/k; (wavelength in term of wave
vector)

k =k, nsin® (wave vector or propagation constant)

Use P=mV => 2rflk, = 2nf/k; => Kk, = k;

Or use both energy and momentum in_horizontal
direction because that’s only direction momentum is
conserved no vertical we will get  n;sing, =ngsinés

W. Wang
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Fast Medium
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Slow Medium
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% Momentum 2
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Refraction/Retlection at different
interfaces

Medium 1 Ordinary Refraction
ny = 1.0

)

Medium 2 LAB

n,sin6, =ngsindg
W. Wang 321
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Recap
Spherical Boundary and Lenses

Refractfion Spherical Surface
o
l p
e S ~37 g
{\ 28 Y d /' /\ £ 7 IH / b/

n,sin §,= n, sin 8, k/ﬂ‘//"

n,8,~n,8,

nidoc + 3) = n, (3= ¥ IT- H -0 —
no+n, y=(n,-n)f3

n,d/p + n,d/q = (n, -n,/) d/R

n/p+n,/q=I(n,=n,) /R

Curve surface refraction formula W.Wang



(law of refraction)

>

Curve refraction surface formula S Lt
7, 5 NE, — P15 nE

g = image positiom

Vgt e " £
/ Fi™n £ 2 = & ra

2, ) : A .. & ), Incident ray - Refracted ray
-1 A
supplementary angles ’/:. ( t“‘[ + L\/,‘ ) },/ ;}\ \‘: | ld . -”/ - ir‘
What are we deriving: Fooon
Curve surface refraction formula S I tarv Angl
upplementary Angles
n/ p+n,/q=I(n,-n) /R I

sum of the other two angles is m—(one angle)

B3 = - of- 3 4

»
2 TT-&8.14
£ — >
- -
¥
/] :
\ ‘{“ t {1 Y L: o oV Lk
/
B L -

2 Uy bl or drs Tolk 323
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Biconvex spherical lens

We use curve refraction surface formula Paraxial approximation
/b, -n/q,= (n-1)/R, and Ravs travel close to optical axis
n/p,+ 1/, = (1-n)/R, sin® ~ Om and thin lens approximation

We get 1/p + 1/q = (n-1) (1/R, - 1/R, )

Please read the hand written 1/f=(n-1(1/R; = 1/R, )
derivation for more detail: 1/p+1/q=1/F

http://courses.washington.edu/me557 Len's Maker Equation for biconvex lens
/readings/reflection+refraction.pdf




Paraxial Approximation

* Lens 1s much larger than incoming rays

* Ray makes small angles with optical axis
sinb ~ 0

W. Wang 325
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Thin Lens Approximation

* Assume lens 1s very thin (almost no
thickness), therefore we can 1gnore ray
propagating inside the lens.

W. Wang 326
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W. Wang

F p= cbject length
q

- . = image position
(¢ prComvex. |ens))

TL\-’H@ j€n5 4ffraxmm—h’m g

—_ Léng ,;Q 455 um U-vl/a 'rblr'h sC 41‘10( W= |
B (jmwe +rg mﬁ WFQj&%wj imsiloe |
+Hre (ens I

Incident rays which travel through the focal point will
Ay lﬁmmﬂntbclemmdmvelrnlhlbthemvizm' i
= - - ra 2 s 12 Fllm.

(actual in thick lens)

N
/

( bramaave lens )

: )
Vi f!’“’-‘j | Wlagp Y‘eaﬁ o L\jc"( T Incident rays traveling parallel o the principal axis will

refract through the lens and diverge, never intersecting.

(actual 1in thick lens)
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~ L (0
£ C
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Reflection 1s 1gnored

Reflectance {96)

R
el b e ——

---____---'_____-—————r-- .

=

: - 3 : : '
Qi 450 S00 550 00 G50 HO0
Wavelength (Am)

» Assume reflection between air and glass 1s
small (~ 4% 1n visible range)

W. Wang 328
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Derivation of Lens Equations

e Please read the hand written lecture notes
on reflection and refraction in week1 for

lens equation derivation:
depts. Washington.edu/me557/readings/reflection+refraction.pdf

W. Wang 329
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Back side ot the lens
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W. Wang

. Incident beam is
I+ P = 2% colimgded

e 48 ' = f and 1/q = (1) (1/R, - 1/R,
z0 koF=f Foal

Principle axis

sub nte () (et
i)
= (=71-( ) > - JI
\'\ (i ( R Qe_ 4}} ——J\%) /
; Fulal
p q f

For thin lens only

Len’s Maker Equation for biconvex lens 332
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W. Wang

Thw Llens (Relae £, p, 7 1o m)

|
o o i 15
.5_‘ — '{P + g
1 E4F |
37 Tpg
Seve Xy :’F S £zFPm
:__PL__ e f’:m - j,’_”_’__. =
g Pt~ P(lm) Al ;s
= Pm(t)M)
Cltwm)>
— Pm(tE)
Cltm)?
= In(Ptf) - .
Cltm)* C)
- 1% )
Gmbon ¢ @ 4@) m12+ 7, )

_ m (11¢&)

Pm
AW e = PlHw) =(P1F)«g)

CiHw )
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Image plane and Focal point

Y

Depth of field:

Focal plane ~ image plane|

Image plane is same as focal plane
but not the same as focal point

Example of an image
plane getting closer and
closer to focal point when
objechisyryving further
and further away

Eocal point
T

e
i
H|

Red- image rays

Object Distance: 100 in
age Plane' Separation: 128 in

- “Focal
—i s G|
I [T

»

Green- focal rays

Image plane is where we can see the
Focused image not at focal point!

335
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Difference between Camera Lens and Our Eye

Assume we have a camera with 50mm fixed (prime) lens and we like to

find out how far the lens needs to move from film plan when the object

moves from infinity to 100cm away from lens
We know object at infinity:

/V

intersecting

lines from the
object top and « ¥ :
bottom point

When object move to 100 cm: :

Depth of
= | >—< Field Target
{

[smfiE cwrvabtueEs L@ FL#H |

W. Wang . | Mg g Jeuc #a ey =

Film plane is fix




image length move when object moves

W. Wang 337
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Special Camera
(Lens doesn’t move, image “film”
plane moves)

Contax AX
- Lens doesn’t move
- Film plane moves

“::_Hh"-\. [ I\'\\‘
~d L\
/ \f“‘ L\

W. Wang 338






1=f —
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S 515164«( .
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et
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ML BT AR |
I

our eye lens' curvature change

sc focal length change :
'

_L? (_-Lrlc-(_{- wmoves cleoser ;, howd dees ere

C\_dr_J WL o 1o SCO ‘&M.Aai (_,{(--u ) | |r \/

—
,.___‘7—‘——"."’.

NEWL 7-7/71" f ”:@
-

For eye image plane is fixed so we change
Lens curvature change to change the focal

length
W. Wang
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How the eye focuses light

For the eye, light from distant objects is focused onto the retina at the
back of the eye. The eye is about the size of a table tennis ball, so the
focal length needs to be about 2.5 cm. About 70% of the bending of light
takes place as it enters the cornea and the aqueous fluid. This bending is
possible because of the curve of the cornea as well as the change in
refractive index as light moves from air into the cornea and then into the
aqueous fluid between the cornea and the iris. Air has a refractive index
of 1.00, and the aqueous fluid behind the cornea has a refractive index of
1.33. If the change in refractive index was not as great, the light would
not bend as much.

This becomes noticeable if you try to look at something when you are
under water. Things appear out of focus because the cornea is designed
to work with light passing into it from air rather than from water. Wearing
swimming goggles under water allows the layer of air to be present.

Behind the aqueous fluid is the second lens system. It consists of a
convex lens that is soft and pliable. The ciliary muscle is a circular ring of
muscle that attaches all the way around the lens. This ciliary muscle can
change the shape of the crystalline lens by stretching it at the edges. It is
attached to the lens by zonules (ligament fibres that can be tight or
loose).

When you are looking at a near object, the lens needs to become more
rounded at the central surface in order to focus the light rays. This ability
to change focus for close-up objects is called accommodation.

How the eye focuses light

~Relaxed ciliary muscle

/)' e
I
+ Distance focus

—— .

.~ Contracted ciliary muscle

) e SUSpensory ligament

Close focus

Science learning Hub

341
W.Wang



Two totally opposite theories for accommodation

There are two main theories for how the lens
changes shape.

*Helmholtz theory — proposed in 1855. When
the ciliary muscle contracts, all

zonular tension is reduced. This permits the . : ¢
central lens surface lens to become rounder=="m=:~__ atory musce 4
(increases its focusing power). Whenthe =~ L R >:_

ciliary muscle relaxes, all zonular tension is oot beometon

increased, causing the lens to flatten ensonin Central part o
(decrease in optical power). mor st
*Schachar mechanism — proposed in 1992. |
When the ciliary muscle contracts, equatorial 1 \ T
zonular tension is increased. This causes the {
central lens surface to become more steeply sccammodatd s
rounded (increases central optical power). ’ y
When the ciliary muscle relaxes, equatorial Science learning Hub

zonular tension is reduced, causing the
central lens surface to flatten (decrease in
optical power). 342
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Dial Vision

w.wang 343
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Electro wetting Lens

~

voltage on

insultation

T T\

1+ window

y Y v

window—

insultation

The contact angle of a two-fluid interface
with a solid surface is determined by the
balance of the forces at the contact point.
In electrowetting the balance of forces at
the contact point is modified by the
application of a voltage between a

conducting fluid and the solid surface.
344
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Recap
Spherical Boundary and Lenses

Refractfion Spherical Surface
o
l p
e S ~37 g
{\ 28 Y d /' /\ £ 7 IH / b/

n,sin §,= n, sin 8, k/ﬂ‘//"

n,8,~n,8,

nidoc + 3) = n, (3= ¥ IT- H -0 —
no+n, y=(n,-n)f3

n,d/p + n,d/q = (n, -n,/) d/R

n/p+n,/q=I(n,=n,) /R

Curve surface refraction formula W.Wang



Lens bounded by spherical surface and flat surface
Refraction

Spherical Surface

n/p+n,/q=(n,=n,) /R

W.Wang



Flat Refracting Surface

n/p+n,/q =0

R>>>

g=-(n,/nJp
f=infinity

W.Wang



=

Caustic curve

Nonparaxial rays do not meet at the paraxial focus.
W. Wang 349
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Biconvex spherical lens

We use curve surface refractive formula Paraxial approximation
Vp;-n/g, = (n-1)/R, and Rays travel close to optical axis
n/p,+ 1/, = (1-n)/R, sin® ~ Om and thin lens approximation

We get 1/p + 1/q = (n-1) (1/R, = 1/R, )

Please read the hand written 1/f=(n-1)(1/R, = /R, )
derivation for more detail: 1/p+1/g=1/f

http://courses.washington.edu/me557 Len’s Maker Equation for biconvex lens
/readings/reflection+refraction.pdf




[hin Lens
The Thin Lens Fguation:

Vi=Tp+ 1/7q
Lateral Magnification:
M =h',/h
M=-q/p
Focal length in terms of M:
f=pM/(T+M) |
= M{p+q)/(1+MF nandou for erivation
= (+q)/(M+2+1/M)
Object to image distance in terms of M:

p(1+M) = (p+q)

W.Wang



Different Types of Lenses

Lt

biconvex  plano-  plano- concave  positive negative
convex concave meniscus meniscus
Double
concave
W. Wang 352

W.Wang



ey = Meniscus positive [ [~
Plano-convex G“‘“a p N -

Sharp curve

Shallow curve

Double-convex " Meniscus negative 4(1

— S ¢ylindrical L
Plano-concave j Y A4S ~
g

- K Don’t clean the
lens with lens
W, Wang tissue paper! s

W.Wang



Cleaning Procedure

A \
vy \
- \
a g < 5
—#'\-\."
N

ol e .

f ) )

j/f \
W. Wang 354
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Lens Terminology

e, —>
A >
O—= Vi) V2 iz O
< B
+—FFD—» +—BFD—
e f > p f > The following definitions refer to the

singlet lens diagram shown left. In the paraxial limit, however, any optical system can be reduced to
the specification of the positions of the principal

1;1r0nt Focal Point: Common focal point of all rays B parallel to optical axis and travelling from right to left.
F\r/;nt Vertex: Intersection of the first surface with the optical axis.
Fsiist Principal Surface: A surface defined by the intersection of incoming rays B with the corresponding outgoing rays focusing at F1.
FI—iIrlst Principal Point: Intersection of the first principal surface with the optical axis.
éffective Focal Length: The axial distance from the principal points to their respective focal points. This will be the same on both sides of the system provided the system
begins and ends in a medium of the same index.
FFD
Front Focal Distance: The distance from the front vertex to the front focal point
gick Focal Point: Common focal point of all rays A parallel to optical axis and travelling from left to right.
};;ik Vertex: Intersection of the last surface with the optical axis.
Ssezcond Principal Surface: A surface defined by the intersection of rays A with the outgoing rays focusing at F2.
Szelé%nd Prino\i}v_l mhbtersection of the second principal surface with the optical axis. 355
Back Focal Distance: The distance from the back vertex to the back focal point.

W.Wang



Principle Focal Length

 Principal focal length of a lens 1s
determined by the index of refraction of the
glass, the radi1 of curvature of the surfaces,
and the medium in which the lens resides.

W. Wang 356
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Diopter

A dioptre (uk), or diopter (us), 1s a unit of
measurement of the optical power of a lens
or curved mirror, which 1s equal to the
reciprocal of the focal length measured 1n
meters (that 1s, 1/meters). It 1s thus a unit of
reciprocal length. For example, a 3-dioptre
lens brings parallel rays of light to focus at
1/3 metre. A flat window has an optical
power of zero dioptres, and does not
converge or diverge light.

W. Wang wikipedia 357
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ENCAVE Ry= R

TYPE ORIENTATION

R1=_R

ool s) e

Thick Lens

-1

F.

|:2|:I'| -1] _t.in —1?]"
nR*

R.

— |:2|:I'| —1:| _ tgl:l'l _1?‘|-|
nR*

FFD

f=infinity

f= infinity




Lens and Aperture

Lens aperture-

diameter of the lens




Camera Lens Aperture

Wide Open Aperture

How Aperture Works ©2011 HowStutforks

B siower M
Q0000000

EXAMPLE F-STOP

Stopped Down Aperture e Near  Focal Distant
I Focus Limit Point Focus Limit

b

Camera
5 Lens  Aperture

R

Legend - =
—> Light Rays ‘:_‘ - —
—— Optical Axis - o
- o - -
=== Best Focus Point =1 | 3 = o

= Diaphragm

Like pargxal effect Make ~"® | Near Focal _Distant
. : arig Focus Limit  Point Focus Limit 360
Image more clear more focus

W.Wang



F-number and Numerical Aperture of Lens

The f-number (focal ratio) 1s the ratio of the focal length f of the

lens to its clear aperture ¢ (effective diameter). The f~number defines
the angle of the cone of light leaving the lens which ultimately forms
the image. This 1s important concept when the throughput or light-
gathering power of an optical system i1s critical, such as When focusing
light into a monochromator or projecting a high povsé@sﬁ‘m«age ):

s f&i
e v\%ﬁisﬁ“\eioe&
< o
f-numbel' — f/ (I) S N %Od&\\ \06(6
v Sy Y Q{\ &0\)&\6{\%\
% ‘&\\6 \6‘

Numeric aperture 1s defined as sine of ﬂl@g@aﬁﬁe 0 made by the margmal

ray with the optical axis: }<* f /
i w\bi)/rzfy ] L 6
NA = sin0 ~ ¢/(2f)=1/(2f-number) r \

L

- \
ACCCptaIlCC angle In the paraxial approximation  lens
>> '
W. Wang because >>> ¢, otherwise, ap erture 361

tanO = ¢/(21) W.Wang



Numeric Aperture and Magnification

lens lens £
- = =

|

e>ﬂ/\e\

®

"L two planar concave lenses

Object side Image side
NA = sinf = ¢/2f NA’=sin0’ = ¢/2f
2f sind = ¢ 21" sinB’ = ¢

f°/f = sin6/s1in@’ = NA/NA’ = m

Magnification is ratio of the numerical apertures on object and image sides. This result is
useful because it is completely independent of the specifics of optical system. Use in

determining the lens diameter involving aperture constraints.
W. Wang 362
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Coupling light into optical fiber

lens Acceptance angle
o | [ (-
Ligmce ' Optical fiber
’ . %oupled from

q=10mm Big area into small area. The light
source needs a shorter focal length lens
and fiber needs a longer focal length
lens

p = 100mm

Using lenses’ F# and NA for light coupling

W. Wang 363
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Multi wavelength

(ray OptiCS) Ideal beam (A - 0)

Ideal situation 7
For ray, you can find the estimated focal length,
image length and image side based on
objective length and size, but not the beam
width at focus.

YyYy1rzy
\\\:/
§:
;

thermal source

Multi wavelength Focused image of

(EM theory)
Focusing an incoherent light - _'{_ 7

Single wavelength
(EM theory)
Focusing a laser light

A
~1.27— -
\ d

laser |-+ —-t+—-¥A4 - — — ~—

Reversibility — o o
d~1272> ). approximately — Diffraction limit

W.Wang




Beam optics
(EM theory)

4
» Diameter of focus spot: W, =—A//9).f/9=F#

(a)

(b)

Depth of focus:

Magnification:

—_—

Focal
point

— = Geometric optics focus

depth of focus

—_—
\ Focal /

L

— /Wave optics focus

Fundamentals of Photonics, B. Saleh, John Wiley& Sons.

_ 2
M = L|
p—f
Above equations
derived based on
p = object length lens properties

D,,, = depth of focus
D,, = depth of field

¢ = effective diameter = lens diameter
f= focal length

365
F# = F-number W.Wang



Beam spot size

Relative beam width

VVS - //LR 0 at focal length based
— > on original beam
VVO 7T VVO width at object length

Where W, = beam spot size at focus, W, = beam spot size,
A= operating wavelength, R = radius of curvature

W. Wang 366
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Image plane and Focal point

Depth of field:

Focal plane ~ image plane

Eocal point
T

Example of an image plane

getting closer and closer to focal

point V\%e

further an

n@bject is moving
(y\%ﬂﬂer away

Object Distance: 1000 in
" to | lan

Image plane is same as focal plane
but not the same as focal point

Image plane is where we can see the
Focused image not at focal point!

»

Most of the time, the object we are
observing is much longer than focal
length... so image length~ focal length

367
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Depth of Field
.. (camera)

@ 100mm 2.8

100mm f8

@ 100mm f 22
By Nevit Di_lm_en.

d with per

R
Focal plane

Small aperture

Large aperture

Same focal length different aperture

W. Wang

Function of focal length and aperture

e

"Sharp in fecus

All
lenses

at 1/2

*Sharp in focus

*Gharp in fecus
Focal plane

200mm

Same aperture but different
focal length

368
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Depth of Focus and Depth of Field

oS (beam optics)

0\\@* o@\‘?o\ The depth of focus, D, is the extent of the region around the image plane in which the
\ 6\0\\@ image will appear to be sharp. This depends on magnification, M.

C*
D. =—NZ2* D =2M2CD2f#/f2

Using beam at foci

« The depth of field , D, is the range of distan&® along the optical axis in which the specimen

can move without the'i 1maae appearing to lose sharpness. This obviously depends on the
resolution of the lens system. C*

= — = 2CD2f#/f2
Bob

* Both depth of field and depth of focus are strongly dependent on changes in aperture

(hence the semi-angle effective diameter 3,,=¢) and working distance (C*) = conjugate
g  of circle of confusion. "

Assume point source and single pixel detection  ~Bepth of field Depth of focus

|\D‘ FN’W%\\\\% |
_ ob
Far point Hear point _
e | <«
Boh |

C*=CD/f $'_~—:'“_'='° — T 5"
ta\K—as:\:\‘,\ of/ | ______%L//[‘;-g

i deP :
JoualWy whet Bfwith o plan object

Fermissible
circle
of confusion

C

9 :
caﬂ\e‘a’ e S\ m“a\\\j no " Rear qFru:-nt”-:Iepth F;':';'t depth H?‘E‘Tf depth the depth of focus is symmetrical about the
“e\d nl us depth of field ot ToEus oT Tacus image plane; with the second, the depth of focus
c \a X of field |4 et - is greater on the far side of the image plane,
\ fo d Sub ject distance :_g Ilmage distance though in most cases the distances are
mO\'e Z approximately equal.
D Image plane

f used here as imaae lenath p!!! W.Wang

Using beam at foci Image appeared near image plane










Circle of Confusion

Image plane
rJIjT’ _rL‘
Small boy

Geometric Distortion
Spherical aberration |
(drastic case when pergolas
fisheye is used)
W. Wang g Pincushion Figure 6 Barrel 372

Distortion in image plane W.Wang



Circle of Confusion

u berratiqp (LSA)
The term circle of confusion is applied more generally, to the size Oé %‘Lﬂé
the out-of-focus spot to which a lens images an object point. t 1

Caustic ¢urve

ransverse spherical

In idealized ray optics, where rays are assumed to converge to a point Aberration (TSA)
when perfectly focused, the shape of a defocus blur spot from a lens In a perfect lens L, \all the
with a circular aperture is a hard-edged circle of light. A more general . 3Ys pass through a focal

: i i point F. However at other
blur spot has soft edges due to diffraction and aberrations (Stokseth distances from the lens the

1969, 1317; Merklinger 1992, 45-46), and may be non-circular due to  rays form a circle. Lens or
the aperture shape. Therefore, the diameter concept needs to be
carefully defined in order to be meaningful. Suitable definitions often
use the concept of encircled energy, the fraction of the total optical
energy of the spot that is within the specified diameter. Values of
the fraction (e.g., 80%, 90%) vary with application.

In photography, the circle of confusion diameter limit (“CoC”) for the Beam spots hear focus
final image is often defined as the largest blur spot that will still be
perceived by the human eye as a point. The circle of confusion
(CoC) 1s used to determine the depth of field, the part of an image that
1s acceptably sharp; ; the range of object distances over which objects
appear sharp is the depth of field (“‘DoF”’). The common criterion for
“acceptable sharpness™ in the final image (e.g., print, projection

screen,vawehgctronic display) is that the blur spot be indistinguishable

f . 373 CoC depends on the resolution of thecamera system.
rom a point. W.Wang

I (o
P g ofoge P i of nage







Conjugated of Circle of Confusion

* Back project the image onto the plane in focu

qg=-mp, = pM/(1+M)

— Depends on magnifi cation fact0r if m=1/4 =>h ’/h— C/C

Circle of /:C_
confusion ¢

C*/D=C/t
C*=CD/t

e C*
Image want Dg = 5 D = 20D/
plane For camera, image plane 4_H—’ ob
is really close to the focal
plane so focal length is
used to approximate the 375

W. Wang image distance
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Hypertfocal Distance

* In optics and photography, hyperfocal distance is a distance beyond which all
objects can be brought into an "acceptable" focus. There are two commonly
used definitions of hyperfocal distance, leading to values that differ only
slightly:

» Definition 1: The hyperfocal distance is the closest distance at which a lens
can be focused while keeping objects at infinity acceptably sharp. When the
lens 1s focused at this distance, all objects at distances from half of the
hyperfocal distance out to infinity will be acceptably sharp.

» Definition 2: The hyperfocal distance is the distance beyond which all objects
are acceptably sharp, for a lens focused at infinity.

» The distinction between the two meanings is rarely made, since they have
almost identical values. The value computed according to the first definition
exceeds that from the second by just one focal length.

« As the hyperfocal distance is the focus distance giving the maximum depth of
field, it 1s the most desirable distance to set the focus of a fixed-focus
camera.ll]

W. Wang 377
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Hypertfocal Distance

Case 1: For the first definition,

H = (P/fc) +f

where
H is hyperfocal distance
f is focal length
f# is f-number ( /¢ for aperture diametezr o )

c is the circle of confusion limit oh
Case 2: For any practical f-number, the added :0/2
focal length is insignificant in comparison with | !
the first term, so that

H = (f/fic)
378
W. Wang . . .
(thin lens approximation)
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Der1ving Depth of Field

* Circle of confusion C, magnification m=D/f

» Simplification: S=¢/D

 Subject distance D, focal length £, f-number {#, effective

 As usual, similar triangles:

C*=CD/f

¢

Use the two similar triangles, divide adjacent over opposite si

we get: ‘A
d, D

fdl D_dl

d,(f?/(f#))+ CD

CD ~ f/(f#) =

D

W&b -y

A Sa

| dy /C*=(D-d; )/ B

CDf/(f#)

D

CD*

D I T I

f# cD?

T T YT it 71«:0

Thie ratio is to show
how object can be
captured by the
aperture of the Lens
system 379

W.Wang




Der1ving Depth of Field

__f#CD? L _2fHCD?
V7 f2 4 fH#CD 27 f2_ f#CD
2f#CD?f?
Dop =dy +dy = f4— f#H2C2D2

The depth of focus
is greater on the far
side of the image
plane, though in
most cases the
distances are
approximately
equal.

NAZ?C?D? term can often be neglected when DoF is small
(conjugate of circle of confusion is smaller than lens aperture) Then

_2f#CD?

ob — fz

Equation only works for
regular lens, not micro
or macro lens

Image ——~
plane

380
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Depth of Field

D
< > Function of focal length and aperture
@ 100mm f 2.8
B I_
"Sharp in fecus
@ 100mm f 22 All
By Nevit Dilmen. lenses

d with per

Focal plane at 12

Sharp in focus

*Gharp in fecus

Focal plane

30mm 200mm

Large aperture Small aperture

Same focal length different aperture

2f#CD?
ob = f—z Depth of field P
/. Same aperture but different

NA = sinf = ¢/(20)= Wfocal length 381
Dop=2CD?/(¢f)

W.Wang




DoF and Aperture -

Maximum Blur Allowable
To Obtain Desired Resolufion

* http://www.juzaphoto.com/eng/articles/depth_of field

- Larger the f#, longer
the D,

-Longer the focal length,
shorter the D,

2f#CD?

NA = sin6 = ¢/(2f)=1/(2f-number)

Don=2CD*/(¢f)
W. Wang f28 /32 <« f-number 382

Depth of field

W.Wang



Wide Open Aperture

_

f

Stopped Down Aperture

R

Aperture

©2011 HowStufflorks

How Aperture Works

OOOOOOOO

EMH PLE F- STDP

Mear

Focal

Focus Limit  Point

-

]

Legend
—> Light Rays
—— Optical Axis
=== Best Focus Point
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Combinationsoflenses

Mgnification
d=q,+p;
f fZ

M=MM,=(-q,/p)-q/p,)

W.Wang



Combinationsoflenses

M=MM,=1(-q,/p)q/p,)

W.Wang



Effective Focal Length

The expression for the combination focal length is the same whether lens separation
distance (d), defined as the distance between the secondary principal point H," of the
first (left-hand) lens and the primary principal point H, of the second (right-hand) lens, is
large or small or whether the focal lengths f; and f, are positive or negative:

Sz
Si+fi-d

This may be more familiar in the form

f:

T_1 1

S o -

1 el
S A B AR

Notice that the formula is symmetric with the lenses (end-for-end rotation of the
combination) at constant 4.
W. Wang 386
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Matrix Optics

y A
/}]}VL 91 y2 B 92
Optical system -
Input (y,, 9,) P Y Output (y,, 6,)

Matrix optics is a technique for tracing paraxial rays. The rays are assumed to
travel only within a single plane (as shown in yz plane)

-A ray 1s described by its position y and its angle 6 with respect to the optical axis.
These variables are altered as the ray travels through the optical system, where
The system can be represent by a transfer function like matrix to represent the
relation between (y,, 0,) and (y,, 0,) as,

Yo |_ A By | Where A,B,C,D are elements
W. Wang C D | 6 | characterizes the optical sysiem

92
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Matrices of Stmple Optical Components

Free-space propagation

nvill

d
<

»
»

vt

Refraction at a spherical boundary

W. Wang

1 0
—(n,—n) n
n,R n,

Refraction at a planar boundary

A

n, n,
_ 0
M = O ﬂ
|
Transmission through a thin lens
T
U — 7 Convex £> 0
Concave £ <0
- 0
M — _l 1
i f | 388
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Matrices of Stmple Optical Components

Reflection from a planar mirror Reflection from a spherical mirror

7 < 2 .- 91 7 \\\\\\\\Tzzz//

Concave R<0
Convex R>0

1 O _ _
M = 1 O
0 1 M = 2 i

R

AN

Work only for simple refraction and reflection

W. Wang 389
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Free-space propagation

V20,

y1917*/|,1
P d »

) _ A B || »n Vo= Yy +d 0,
92 C D 91 # 92 - 91

W. Wang 390
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Transmission through a thin lens

.9 \;A < 2,9,
|

U - Convex > 0
f Concave f<0

il |4 Bln V2= P
6, |C Do | =p 0=/

W. Wang 391
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Matrices of Cascaded Optical Components

W.Wang



Cascaded Matrices

BEE B

M=M, **e*s M, M,

Show opticlab and oslo software

W. Wang 393
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Example of Collimator

EOC
A. T 7
Figure 13, 2-D path of light via Convex-Concave lens ' | |
combination '|| |
Assuming both of the lenses are thin lenses, the govern | | _|
equations for this collimator are: . i __|ﬁi

|
[
I 1 1 1 | [
—+—=—=m-1)(—-—) (R;:+R,:-) L]

P 0O R R, E

Q —

1 , = . |

O-D=f,= 1 1 <R3:—R4:+> «— D —!

n—1)(—-—
(n—=1)( R R, )

There are two more design rules to follow:
1. H/2>Rcone , where H the height of the lens, Rcone the radius of the diverged beam

2. H/W is relatively big to qualify thin lens, where H the height of the lens, w 1s the thickness of the
lens

" Then, by defining the P, D and one of the focal lenghth(or radius), the other focal length will be
determined.

Another approach to address the problem is by using ray-transfer matrics. The detail was addressed as
following:

W. Wang 394
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1 /o S
s .
f *[1 dl\J
B 1 _L(l_d2) l_d2 0 1
f2 fl fZ f2
4 a’2+a,’1(1—d—2
F S
1 1 d d d d d
_ __1_ 2 1_ 2 1 1 _ 2
f2 fl( fZ) f2 f2 fl( fZ)
_4 d2+dl(l—£
:|=M*|:yl:|= S S *|:y1:|
o7 1 1 d d d 4 d []g
/o Ko T fo fo K S

d d
(1 _f_21) *y +(d,+d(1 _f_zl))gl
d, d, d, d

1 1 d
Wewvara (I =2y, +0(1-L 4 4 T
W=+ A== (25 39
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To be collimated beam, 62 must equal 0 for any input angle 01,
which means:

Let y1=0
pa-dr_b _d _d,_
fz f2 fl fz
Lyl d dg d
fo fo /i S
= Ny = hdy =N, — fod +did, =0
1
f=(n_1)(1_1)
Rl R2
W. Wang 396
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Lenses and Mrrors
Summary:

- Lateral Magnification M = h/h = -g/p
* Mirror Equation:
Vo + /g =2/R=lf
« The object-image relation for a curved surface:
n, /P +n>/q=[n, /R
« Len’s Maker equation.
V= n-D(l/R, -1/R)
« Thin Lens Equation.
Vo + g =1/f

W.Wang



Terminology

Focal length: distance between the lens and the image
sensor when the subject 1s 1n focus

Diopter: 1/ focal length measured in meters

Effective focal length: focal length of an optical system
Numeric aperture: NA = sin0 = ¢/(2)=1/2f-number
Acceptance angle: 0

f-number: 1/¢

Depth of Field: range of distance along the optical axis in
which the specimen can move without the image appearing
to lose sharpness

Depth of Focus: region around the image plane in which

the image will appear to be sharp
W. Wang 399
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Performance factors

Diffraction effect

Aberrations- Spherical (geometry), chromatic (wavelength)
Astigmatism

DOUBLE 3TAR AT THE RAYLEIGH LIMIT wi/dm DIFFERENTIAL
COma ABERRATION-FREE ABERRATION-FREE
CLEAR 0.33D OBSTRUCTED

AWYERAGE  BRIGHT AYERAGE  BRIGHT

Field curvature
Chromatic distortion

SPHERIC AL ABERRATION
SPHERICAL ABERRATION 0% sy

0425 COMA 042 % COMA

0.37 & ASTIGMATISM

0.37 % ASTIGMATISM

W. Wang 400

Examples in telescope lens
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Diffraction effect

Rayleigh criterion- spatial resolution is limited by diffraction.

Assume two separate point sources can be resolved when the center of the airy
disc from one overlaps the first dark ring in the diffraction pattern of second one

eR (angular separation between two images Unresolved

Resolved Rayleigh
Aperture
diameter

Criterion

Line resolution

y= A f/ d (single slit)
y=1.22) f/d (circular slit

<+

- .

d)R smallest resolvable spot size

- sin®B -122::

| - / \ "
Or= 2. 1/ d B | 0.= 2442 fld

Circular aperture

&

dp= 2.54A f/d (Gaussian beam)
Single slit

dg represents the smallest spot size that can be achieved by an optical system

with a circular or slit aperture of a given f-number (diffraction-limit spot size) W
.Wang



Diffraction—limited spot size

As we will see later when we derive irradiance distribution in the diffraction
attern of a slit is defined as
P 1=1_[2],(8)/8]?

m values for: Where 0 = ndsinO/maA

Minima Maxima
1 1.220 1.635
2 2.233 2.679
3 3.238 3.69

Circular aperture

mA

d
d = aperture didmeter

sinf =

Since m=1.22 for

st .
v=[ M for maxima and minima _L‘/ 1 min.
’ d : < .
} sin® = 1.22A/d
| e

Relative

Intensity Relative Relative

0.0175 Intensity Intensity

00042 (00078 I‘) — @ ~sind -0 NA=SIn0 =¢/2f= 1/2f-number

for small angles 6

eV

Please read the hand written derivation for more detail:

http://courses.washington.edu/me557/readings/reflection+refraction.pdf

W. Wang 402
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L Example of Diffraction Effect i
e “".

Rayleigh criterion- spatial resolution is limited by diffraction. Pow:

0 ]
Object 2
1224 22/1 122) i v =
(b)

Assume two separate point sources can be resolved when the center of the airy
disc from one overlaps the first dark ring in the diffraction pattern of second one

6 Unresolved
Aperture R Resolved Rayleigh  Just
diameter or Criterion  resolved
slit width NETI
d \ '. :' Tha‘,’s Why ga : h
i pe resolVeC
full angular : aller featu

width of the
central lobe of th
Airy disk,

\ Since thisis the radius of the Airy disk,

é%
the resolution is better estimated by the eR (angu|ar Separation between two
/ D=f . diameter R images)
ind, = L sin®_,=122 A
e d R d
Resolvable line resolution (I)R: 27\, f/ d y= 1 22}\“ f/d
Resolvable line resolution —
y= 1.27) f/d (Gaussian beam) NA= My ¢r= 2.44M 1/d
Single slit ' NA=0.611ly

Og represents the smallest spot size that can be achieved by an optlcal sggt%ﬂllar ape45t3u re

with a circular or slit aperture of a given f-number (diffraction-limit spot size) ™ S\';;’ \;;’IZf- /2fnumber
ang



Circle of Least Confusion

Diffraction effects from wave optics and the finite aperture of a lens determine the
circle of least confusion

Recall

CAUSTIC EFFECT

For infinite object
distance

fo¢  f* _2naf?
d, fitd, *

C

NA = sin@ = ¢/(2) = 1/2f#

d,

In an imperfect lens L, all the rays do not pass through a focal point. The smallest
circle that they pass through C is called the circle of confusion

W. Wang 404
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Vision affected by Spherical
Aberration and Coma

W. Wang

405
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Spot Size limited by Spherical Aberration

« Spot size due to spherical aberration is  0.067f/f-number?

Longitunial spherical
Aberration (LSA)

- %T

Caustic curve Transverse spherica
Aberration (TSA)

LSA x tan(u)= TSA
W. Wang 406
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Aspherical lens

BPrinciple of aberration from a | BPrinciple of aberration from
spherical lens . an aspherical lens

If lens is
infinitely thin
then we won't
have this
problem

Spherical lens Asphencal lens

Canon)

With the spherical lens, rays coming from the lens periphery form the image
before the ideal focal point. For this reason, the spherical aberration (blurred
image) occurs at the center portion of the image formed. With the aspherical

lens, on the contrary, even the rays coming from the lens periphery agree on

the focal point, thus forming a sharp image.
W. Wang 407
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Example of Aspheric Lens

Edmund Optics 25mm Dia x 12.5mm FL
Uncoated, Ge Aspheric Lens

Type of Optics DCX Lens
Diameter (mm) 25.0
Diameter Tolerance (mm) +0.0/-0.1
Clear Aperture (%) 90
Effective Focal Length EFL
12.5
(mm)
Numerical Aperture NA 1.00 aspheric lenses have a more complex front surface that gradually
Back Focal Length BFL (mm) 11.61 changes in curvature from the center of the lens out of the edge
Center Thickness CT (mm) 4.24 of the lens
Center Thickness Tolerance ;o Spheric Lenses Aspheric Lenses
(mm) '
Surface Quality 60-40 A=
Surface Accuracy, P-V (um) 0.3 - ,,___,J ]
Centering (arcmin) 3-5 B i
Edges Diamond Turned | |
Coating Uncoated
Focal Length Specification 4 R N
Wavelength (pum) 7 optestans — Optical axis
—> —— Best focus point

. — —— Best focus poaint —
Substrate Germanium (Ge) = = ’
f/# 0.5 — : / — \

. — - I -
Type Aspheric Lens - < - _ J
Wavelength Range (um) 2-14 3 \ 3
Wavelength Range (nm) 2000 - 14000 — —

%
R Compliant
WS. Wang omplian 408
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ENCAVE Ry= R

TYPE ORIENTATION

R1=_R

ool s) e

Thick Lens

-1

F.

|:2|:I'| -1] _t.in —1?]"
nR*

R.

— |:2|:I'| —1:| _ tgl:l'l _1?‘|-|
nR*

FFD

f=infinity

f= infinity




Coma

In spherical lenses, different parts of the lens surface exhibit different degrees of
magnification. This gives rise to an aberration known as coma. Even if spherical
aberration is corrected and the lens brings all rays to a sharp focus on axis, a lens may
still exhibit coma off axis. As with spherical aberration, correction can be achieved by
using multiple surfaces. Alternatively, a sharper image may be produced by judiciously
placing an aperture, or stop, in an optical system to eliminate the more marginal rays.

positive transverse coma l

—

I A wavefront with coma

Melles Griot

410
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Wave front distortion by Spherical
Aberration and Coma

PEAK-TO-VALLEY (P-V) ERROR

REFEREMCE SPHERE
— [—

-- - - WAVEFRONT
WAVEFRONT DEVIATIOM
>, T M oerica a0 .
" DIFFERENCE N
‘ 3 (OPD) %
: | \
; ! :'
DEFOCUS SPHERICAL ABERRATION
W. Wang

COMA
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Astigmatism

When an off-axis object is focused by spherical lens, the natural asymmetry leads
to astigmatism. The amount of astigmatism in a lens depends on lens shape. The
figure 1llustrates that tangential rays from the object come to a focus closer to the
lens than do rays in the sagittal plane. When the image 1s evaluated at the tangential
conjugate, we see a line in the sagittal direction. A line in the tangential direction 1s
formed at the sagittal conjugate. Between these conjugates, the image is either an
elliptical or a circular blur. Astigmatism is defined as the separation of these
conjugates.

o sagittal image
tangential image (focal line)
(focal line) :
principal ray
tangential plane
|
- i i
sagital plane | -
An astigmatic wavefront
optical system paradal Melles Griot
focal plane
W. Wadtgct point 412
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Astigmatism means that the cornea is oval
like a football instead of spherical like a
basketball. Most astigmatic corneas have
two curves - a steeper curve and a flatter
curve. This causes light to focus on more
than one point in the eye, resulting in
blurred vision at distance or near.
Astigmatism often occurs along with
nearsightedness or farsightedness.

Astigmatism usually occurs when the front
surface of the eye, the cornea, has an
irregular curvature. Normally the
cornea is smooth and equally curved in
all directions and light entering the cornea
is focused equally on all planes, or in all
directions. In astigmatism, the front surface
of the cornea is curved more in one
direction than in the other. This
abnormality may result in vision that is
much like looking into a distorted, wavy
mirror. The distortion results because of an
inability of the eye to focus light rays to a
point.

W. Wang

=@ Point of Focus

Focal Point

1 Normal Eye |

sciera

Focal Point

With Astigmatism (same focus clarity)
One eye: 45 degrees
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Research Topics: Wave front
Correcting Lens or mirrors

* Active Aspherical or Achromatic Lens

aberratio -\

How to do it with
lens then if you
can’t have your
actuator in the

back?
Defo rmable ‘ Air Iage
W. Wang MIrrors 414
(adaptive optics)

W.Wang




Spatial Light Modulator

* LC based (correcting phase shift by index
change)

ITTTE

o] - o Y ¥ _H = =
=1 =1 =i 2Z M =m0 0

W a=m =M = 2= a=0
= sEM 4= s=m =N

= w=ll
sEm s=m s=Em S=N I
SEN g=m SEN

Figure 5. Experimental results, (a) The images acquired with
the normal (without SLM) optical system at various object
locations (b) the phase mask patterns at the SLM (c) The
images acquired with our adaptive focal length systems.

Indian Journal of Science and Technology, Vol 9(48),
415

w.wang
W.Wang



W. Wang

[.ens Materials

Material Usable Transmission Range Features
BKT Excellent all-around lens materal with broad
transmission and excellent mechanical properties
High-refractive-index flint glass provides more
LaSFNS powver with less curvature
SE11 High-refractive-index flint glass provides more
powver with less curvature
A good compromise between Righer index
F2 and acceptable mechanical properties
Hak1 Excellent all-around lens material, but has weaker
chemical characteristics than BK7
Optical-Quality o -
Synithetic Material provides good UV transmission and
Fused Silica supenior mechanical performance
(DO5FS)
;J;F%raqe Material id llent LA [ d
mithetic aterial provides excellent LWV transmission an
Fused Silica UVGSFS superior mechanical performance
Oﬂ&cal Crown Lowver tolerance glass for mirmor substrates and
G noncitical applications
Low-expansion Excellent thermal stability, homogeneity, and low
borosilicate cost. [deal for high-temperature windows, mimce
glass (LEBG) substrates, and condenser lenses
Excellent mechanical and thermal characteristics.
sapphire SAPPHIRE Ideal material for optical windows.,
Calcium This popular LY excmer laser material & used for
Flucride CALCIUM FLUORIDE win lenses, and mirmar substrates

a5 10

WAVELEMGTH IN mm

416
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BK7 Glass

Abbé Constant: 64.17
Density:2.51 g/cm3

Young's Modulus: 8.20 x 10° dynes/mm?

Poisson's Ratio: 0.206

Coefficient of Thermal Expansion (-30° to +70°C): 7.1 x 10-6/°C
Coefficient of Thermal Expansion (20° to 3000°C): 8.3 x 10%/°C

Stress Birefringence, (Yellow Light): 10 nm/cm

Homogeneity within Melt: £1x10-4
Striae Grade (MIL-G-174-A): A
Transformation Temperature: 557°C
Climate Resistance: 2
Stain Resistance: 0
Acid Resistance: 1.0
Alkali Resistance: 2.0
Phosphate Resistance: 2.3
Knoop Hardness: 610
Dispersion Constants:

B, =1.03961212

B, =2.31792344x10-"

B, = 1.01046945

C, = 6.00069867x10-3

C, =2.00179144x102

C, = 1.03560653x102

W. Wang

PERCENT EXTERNAL TRAMSMITTANCE

100

90

B0

0

G0

50

40

30

20

10

0

400 BOOD 1200 1600 2000 2400
WAVELENGTH IN NANOMETERS

External transmission for 10-mm-thick BK7 glass

3200
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Optical Lenses

| enses -

Choose Newport Precision Lenses for a Wide Variety of
Applications i

Newport's precision lenses are made from materizls such as BK7, fused silica, IR grade calcium fluorida,

and zinc selenide. We offer Spherical, Aspheric, Cylindrical, Achromatic, Objective; Miniscus, and Micro

Lansas.

View: @ All Brands O [U]New Focus () QRO Riewport.

|

]
E R
\ h | 0 \h Y \ & B = - -
( - R
Spherical Lenses Achromatic Lenses Aspheric Lenses Cylindrical Lenses Objective Lenses

W. Wang

A
..nﬁ?ﬁ%

Micro Lenses
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Aspherical Lenses

Aspheric Lenses

Luarries

Blue Laser Colimatbag
Asphirie Lo

EBsask Forms Aspharic
[ ]

and Fotuses Assersila

HGES I, Ack pewiric Lirtas Lansar L Coated
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Aapharic Lertses

Plana- Gz (K
Axleia
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Actromatic Linsas

W. Wang E .
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Aciphiaric Condartr
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Calbraton Grade

Prechs on Azpt 13
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L Tiol Pl thind
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(1M} Al Liriai
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Bsprric Lifis

Gradhmt ndie (GRIM)
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Aspherical Lens

Aspheric Lenses

Cur apheric lenses are ideal for light collection, projection, illumination, detection, and condensing
applications.

¢C.re &

Aspheric Precision Aspheric Molded Glass ZnSe Infrared Compact Aspheric
Condenser Lenses Lenses Aspheric Lenses Aspheric Lenses Lenses

Aspheric Lenses are used to eliminate spherical aberration in a range of
applications, including bar code scanners, laser diode collimation, or OEM
or R&D integration. Aspheric lenses utilize a single element design which
helps minimize the number of lenses found in multi-lens optical
assemblies. Said another way, unlike conventional lenses with a spherical
front surface, aspheric lenses have a more complex front surface that
gradually changes in curvature from the center of the lens out of the edge
of the lens. This reduction in total element count not only helps decrease
system size or weight, but also simplifies the assembly process.
Integrating aspheres into an application such as focusing the output of a
laser diode may not only decrease total cost, but may also outperform
4s¥8hblies designed with traditional spherical optical lenses. 420
W.Wang



Example of Aspheric Lens

Edmund Optics 25mm Dia x 12.5mm FL
Uncoated, Ge Aspheric Lens

Type of Optics DCX Lens
Diameter (mm) 25.0
Diameter Tolerance (mm) +0.0/-0.1
Clear Aperture (%) 90
Effective Focal Length EFL
(fam) 12.5
Numerical Aperture NA 1.00
Back Focal Length BFL (mm) 11.61
Center Thickness CT (mm) 4.24
Center Thickness Tolerance £0.10
(mm)
Surface Quality 60-40
Surface Accuracy, P-V (um) 0.3 Spheric Lenses Aspheric Lenses
Centering (arcmin) 3-5
Edges Diamond Turned y | i |
Coating Uncoated _— —
Focal Length Specification 4 7 ' _ |
Wavelength (pm)
Substrate Germanium (Ge)
f/# 0.5
Type Aspheric Lens
Wavelength Range (pm) 2-14
Wavelength Range (nm) 2000 - 14000
Compliant

Rfwang
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Chromatic Aberration

" Chromatic aberration

Chromatic aberration of a single lens causes different
wavelengths of light to have differing focal lengths

Solutions:

Diffractive optical element with
complementary dispersion
properties to that of glass can be
used to correct for color aberration

W. Wang

BK7 Glass

Wavelength, . um =

Achromatic doublet

For an achromatic doublet, Above with correction

visible wavelengths have Below without correction

approximately the same focal

length wikipedia
422
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Achromatic Lens

Achromatic Lenses

Our achromatic lenses are computer designed to effectively minimize spherical aberration and coma when

operating at infinite conjugate ratio, yielding smaller focused spot sizes.
Chromatic aberration

Mear IR Achromatic Broadband UV-VIS Visible Achromatic
Achromatic Lenses Aspherical Lenses Achromatic Lenses Doublet Lenses

Achromatic Lenses are used to minimize or eliminate chromatic aberration. The
achromatic design also helps minimize spherical aberrations. Achromatic Lenses
are ideal for a range of applications, including fluorescence microscopy, image
relay, inspection, or spectroscopy. An Achromatic Lens, which is often designed by
either cementing two elements together or mounting the two elements in a housing,
creates smaller spot sizes than comparable singlet lenses.

W. Wang 423
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Example of Achromatic Lens

Newport Broadband Achromatic L
12.50 mm, 40.00 mm EFL, 360 nn

n m - (T,+(T,
e ﬂ
g | 1
\_\\1\
Model PACI2AR.15 — Ll oy
Lens Shape Plano-Convex l . /R \g]
1

Antireflection Coating 345-700 nm / R,
Lens Material N-FK5 & F2 - SR—
Diameter 0.49 in. ( 12.5 mm)
Effective Focal Length 40.0 mm
Surface Quality 40-20 scratch-dig Typical
Center Thickness 5.5 mm 2.0 — T ‘
T, 430 mm AR.15
Lens Type Achromatic Doublet :_é‘ 15— Broadband UV-VIS [ |
BFL 37.61 mm o AR COahng

]
/# 32 S
R 24.47 mm % 1.0 |—

-—
R, -19.17 mm (&}

Q
R, -50.19 mm S=

2 0.5 -’
Clear Aperture 11.50 mm oc Y-
Chamfers 0.25 mm
Chamfers Angle/Tolerance 45° 0
Center Thickness (T,) Tolerance +0.1 mm 200 300 400 500 600 700
Edge Thickness (T,) Tolerance Reference W

avelength (nm
Focal length tolerance +2% g ( )
Weitfahg ARIS 424

T, 3.50 mm
T, 2.00 mm

W.Wang



Achromatic Lenses

Achromatic Lenses

TECHSPEC TECHSFEC® TECHSPEC" TECHSPEC"
Achromatic Lens Kits Aspherized Achramatic Broadband AR Coated C-Mount Achramatic
Lenses MNegative Achromatic Palrs
Lenses

TrECHSPEG" TrECHSPEG"
Germaniem Infrarcd (TR Hastings Triplet Infrared (18} Achromatic Large Precisior
Hytrid Aspheric Lenses Achromatic Lenses Lenses Achramatic Lenses

e

FTECHSPELG" FTECHSPELE"

EA MgF; Coated Mounted Achiramatic Hourted Adhromatic
Achromatic Lenses Lens Fairs Lens Pairs Kits
TECHSPEC TECHSFEC TECHSFEC Frastie Hybrd Acylinder
Lerses
Maumnted Mear-1R [MIR) Hear-IR (MNIR) Mear-UY {HUV}
Achromatic Lens Fairs Achromatic Lenses Achromatic Lenses

FTECHSPELG"

Plastic Hyhrld Aspheric Frecsion Aspherlzed mE: UV-to-MIR Carrected
Lenses Achromatic Lonses ackromatic Lenses Triplet Lenses
TrECHSPEC
VIS O° Coated I vis-MIR Coated I r~G-28AR Coated
Achromatic Lenses Achromatic Lenses Achromatic Lenses
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Anti-Retlection Coatings

P )
¥ - 1 3

Without anti-reflection With anti-reflection
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Geometric Optics

We define a ray as the path along which light energy is transmitted from one point to
another in an optical system. It represents location and direction of energy transfer ad
direction of light propagate. The basic laws of geometrical optics are the law of reflection
and the law of refraction.

Law of reflection: [0 | = |0,
Snell's law, or the law of refraction: n;sin®, = n,sino,.

If not being reflected or refracted, a light ray travels in a straight line.

The optical path length of a ray traveling from point A to point B is defined as ¢ times the
time it takes the ray to travel from A to B.

Assume a ray travels a distance d, in a medium with index of refraction n, and a distance d,
in a medium with index of refraction n,,.

The speed of light in a medium with index of refraction n is ¢/n. The travel time from A to
B therefore is A
t=nd/c +n,d,/c. w=oiny |y

The optical path length is OPL =n d, + n,d,.
\

v=duz ds 427
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Anti-Reflection Coatings

Anti-reflection coatings work by producing two reflections
which interfere destructively with each other.

cos (wt+k(0)) -,

’.:.::..:.‘.:1::“;.’ .............. \Q-."-.:::::i‘
‘ T mbannawd
Reflections out of phase
€« e —
L, 1 gttty iy | M OOOOOOOOOOOOO - Ssgrevee

cos (wt+k (2t))

bbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbb

)

s

Thickness =t =A/4n

w.wang

_TU phase cha

1 = 27n(2t)/A

i

OPL=nt = nL=(A/4)

k=27tn/A
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Antirefelction coating

thim

alr filrm glass . OPL
ftg=1.00 i fi=1.32 interfere destructively
 — -
L —t——
—
wavelength = A L -
resultant reflected
Intensity = zero
T
EII:EFﬂEI
W. Wang v 429
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Multi-Layer Anti-Reflection

Y

Typical
Material
MgF2
n=1.38
Optimum coating

Ncoating= ~Nglass

W. Wang

Coatings

o
[
o[>

o
o[>

NN, —Cef Ny N, Ny —CeF
12 3 1 'y Nz 3
n=1.65 A n=1.65
MgF2 or MgF2 Zros; or
n=1.38 Al20z n=1.38 n=2.10  Al,0z
> n=1.76 n=1.76
= Ng Optimum coating
2
nz
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Micro Lenses

mico lenses are commonly used for laser collimating and focusing, laser-to-fiber coupling, fiber-to-fiber
coupling, and fiber-to-detector coupling.

p

o e
5 - N \g\“:‘\ﬁé}\\i
AL )
Gradient Index Spherical Ball Microlens Arrays
Micro Lenses Micro Lenses
.4
W, =ZA(f 1 p); f 1§ = FH
T
1/f=(n=-1)(1/R, - 1/R,)
W. Wang 7/’0 * 7/q: 4 431
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Example of Micro Lens

Newport Spherical Ball Micro Lens, 1.0
mm 0.55 mm FL, 0.05 mm WD, Uncoated

Model
Lens Shape
Diameter

Lens Material

Antireflection Coating

Effective Focal Length

Working Distance
Clear Aperture
Diampeter r;l;;olerance

LB1

Ball

0.04 in. (1.0 mm) ~ ¢
Grade A LaSF N9

Uncoated

0.55mm<« [EEn-lll_ttlin-l)‘ B

0.05 mm
0.8 mm = o

+1 um



Micro Lens: Spherical ball lenses for fiber coupling

Spheres are arranged so that fiber end 1s located at the focal points.
The output from the first sphere is then collimated. If two are
Aligned axially to each other, the beam will be transferred from one

focal point to another.

W. Wang 433
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F-number and Numerical Aperture of Lens

The f-number (focal ratio) 1s the ratio of the focal length f of the

lens to its clear aperture ¢ (effective diameter). The f~number defines
the angle of the cone of light leaving the lens which ultimately forms
the image. This 1s important concept when the throughput or light-
gathering power of an optical system i1s critical, such as when focusing
light into a monochromator or projecting a high power image.):

f-number = {/¢

Numeric aperture 1s defined as sine of the angle made by the marginal

ray with the optical axis: }<* f —|
¢2=y /
NA = sin0 = ¢/(2f)=1/2f-number r <N
f
Acceptance angle lens
W. Wang aperture 434
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GRIN Lens

Gradient index micro lenses represent an innovative alternative to conventional
spherical lenses since the lens performance depends on a continuous change of the

refractive index within the lens material.

1. GRIN objective lenses with an angle of view of 60° are produced in standard
diameters of 0.5, 1.0 und 1.8 mm. Typical object distances are between 5 mm and

infinity.

2. Instead of curved shaped surfaces only plane optical surfaces are used which
facilitate assembly. The light rays are continuously bent within the lens until finally

teWamgfocused on a spot.
W.Wang



Ray in Inhomogeneous Medium

Transmilled

Incident -/{

In an inhomogeneous medium, the

refractive index varies in a continuous o Medium | Layer | Layer 2)., i
. . 1 2 ) ot
manner and, in general, the ray paths Radraciive { L TT
are CurVed' ne n na :/ _‘ ’
At each interface, the light ray ’ , - Massiy
. . A & Substrat
satisfies Snell‘s law and one obtains: >-> . .
/.- Layer Layer
. . . m~-1 m
n, sinb,= n, sinf,=n; sinB; =........
ﬁ, ln-ﬁl:‘:;‘-n!

Thus, we may state that the product
Ray bend along layered structure gradually

n(x)sinf(x)= n(x)sin¢(¢) changing index

CLADDING

Disparsion

Refractive Index ng
Refractive Index ng Refractive Index nq Higher Order Made

Lower Order Mode / / e e e e [V,
/ ' CLADCING

n

o

Input

. Culpit Example of rays travel inside a graded
m _ _ index multimode fiber
AW, Wang "o Dispersion 436
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Inferior Mirage

&
cooL RIR /
.
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halt pad ™ atl
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Qe L
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Due "W 152
. A\CCSH N
mndic
color®
w.wang

The photograph was taken by Professor
Piotr Pieranski of Poznan University of
Technology in Poland; used with
permission from Professor Pieranski.
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Total Reflection

- -~

A[r : /,, : \\\
Critical angle Tatalintemal
| / reflection \
n2 : II l \\
n, "
Water
n, sin,= n, sin@, n,;>n,
0,=90° g O.=6=sin —=
n
W. Wang 1 438
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1
-9
0-8
n 7
q, \J.T
© loe
s los —R
S loa — S
S 03
m f\.")
o1
O 1 || I 1
10 10 30 50 70 Q0
Angle 6; (deg)
n1 = 1.49 n2 = 1
< > < >

graph of the reflectance R for s- and p-polarized light as a function
ofn,, n,, and 0, Nyerylae = 1-488 => O itical = 42.4°
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The usual form of the inferior mirage is shown in the figure. The air is normal except for a
thin heated layer, so the rays are mostly straight lines, but strongly curved upwards in the
heated layer. An object AB appears to the observer at O reflected at A'B', inverted and below
the horizon, in front of the shining pool that is the reflection of the sky. Except for inversion,
the object 1s not distorted. Note that the rays to the top and bottom of the object are crossed.
This crossing is necessary to produce the reflection. The object AB is also visible by direct
rays in the normal way. It is not very unusual to see such inverted images, but in many cases
there is nothing to be imaged, so just the shining pool of the sky is seen. The inferior mirage
with this geometry is frequently seen while driving in the summer, and cars ahead may be
seen reflected in it. It can also be seen on walls exposed to the sun by placing your eye close
to the wall. Dark rocks on a sandy plain can appear to be vegetation around open water, the
classic desFrt mirage of fable.

n (P, T)=1+0.000293 x (P/Po) (To/T)
Wher¢ Po =atmospherically pressure, To is the standard temperature at 3000K \

n, '

n, sin,= n, sin0,

n

B

1~ Ny

o

&

n, —»
T,.T;son.>n,
w.wang

heated Iayerj

——

C—

Inferior Mirage

—

—_

___jr'ﬂl.

I

(e.9.T4=47°C and T,=67°C, 0iticas =89.68°)

Eye at that angle
will see mirage

Total
reflection
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Earth Atmosphere Model resen

Research
Metric Unils Center

For h > 25000 (Upper Stratosphere)
= -131.21 + .00299 h

~11.388
p - 2488 - [ Lot ]

For 11000 <h < 25000 (Lower Stratosphere)
T = -56.46

b = 2265 » e (173~ 000157 h)

-t

For h < 11000 (Troposphere)

I Not PV =nRT

p = density:'(kglcu m) o } T = temperature (°C)
= § * 273.1

p = pressure (K-Pa) o= [ s ) h = altitude (m)

w.wang 441
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graph of the reflectance R for s- and p-polarized light as a function
Ofnl? ,, and e1 Diesert air — 1.0039 => 6critical = 838°
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Stooping
n, sin@,= n, sinB, N> n,

n

i n (P, T)=1+0.000293 x (P/Po) (To/T) T 1

Where Po =atmospherically pressure, To is the
standard temperature at 3000K

no

T2> T 1 Stooping

A less common variant of the inferior mirage is shown at the right, which is known as
stooping. The observer at O sees a reduced image A'B' of an object AB against the sky.
The curvature of the rays is greatly enhanced in this diagram to show what is
happening. Note that there are no direct rays in this case, and no reflection, since there
are no crossed rays. The erect image A'B' is all that is observed. The point P is observed
on the horizon, and objects further away are invisible, as below the horizon. The
curvature of the rays for this phenomenon 1s induced by an abnormal density aloft, as
by a cold layer on top of a warm surface layer. Since the change in density 1s not large,
this 1s a subtle effect, but one that should exist rather commonly, but in amounts too
small to be perceived without careful observation and comparison of far and near
objects. A distant object will seem to be smaller with respect to a nearby object than it

normally is, and the horizon will draw in, making the earth seem smaller.
W. Wang 443
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Super Mirage

' n (PT)=1+0.000293 x (P/Po) (To/T) .
Where Po =atmospherically pressure, To is the
standard temperature at 3000K

Superior Mirage Ny ‘
Warrn e

n, sin@,= n, sinB, Ny4<n,
T Ty

n{<n,

The superior mirage occurs under reverse atmospheric conditions from the inferior
mirage. For it to be seen, the air close to the surface must be much colder than
the air above it. This condition is common over snow, ice and cold water surfaces.
When very cold air lies below warm air, light rays are bent downward toward the
surface, thus tricking our eyes into thinking an object is located higher or is taller in
appearance than it actually is. Figure on the above is adapted from
http://www.islandnet.com/~see/weather/elements/mirage1.htm
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LO Oming huiarizon

n, sin@,= N, sinB,  N,> N,

n ]
* n (PT)=1+0.000293 x (P/Po) (To/T) | 1
Where Po =atmospherically pressure, To is the n |
standard temperature at 3000K 2
T 1> T2 Looming

The diagram shows ray conditions in a superior mirage, in the phenomenon known as
looming. Ray curvature 1s again greatly enhanced to make clear what 1s observed. The
horizon is seen apparently above the horizontal, so the earth seems to be saucer-
shaped, and the horizon 1s distant. An object AB appears as an enlarged erect image
A'B'. As in stooping, there is no direct view with straight rays. This figure assumes
that the density gradient is uniform from the surface up, giving approximately circular
rays. A very strong general inversion, as above snow-covered ground in cloudy
weather, may produce looming, which lends a very mysterious appearance to the
landscape. It may be possible to see objects that are normally hidden behind obstacles
appear above them and looking closer.

W. Wang 445
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Why a GRIN ?

* Conventional designs
— Conical elements
— Aberrated lenses

— Diffractive

* GRIN design

— Well suited for small-diameter designs
— Allows back-focal offset, unlike conical element
— Simpler alighment than multiple lens solutions

— Lower dispersion than diffractive axicon

W. Wang 446
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GRIN Lenses

n(r) = n (1-Ar?/2)

n, -- Index of Refraction at the Center
r -- Diameter of Grin Lens
A -- Gradient Constant

P

The quadratic n(r) results in a sinusoidal ray
Refractive > NI path
index

P =2m/A%>

For length L = P/4 => quarter pitch lens

= P/2 => ', pitch lens
W. Wang 447
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GRIN Lenses

........................ N \
.............................................................................................. /
0.23P 0.25P 0.29P
e e < ------------------------------------------------ \
N N /]
W. Wang 0.5P 0.5P 143
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GRIN Lens

0.25 pitch

——%

SN

Light exiting a fiber can be collimated into a parallel beam when
the output end of the fiber is connected to the GRIN lens. (0.25P)

W. Wang 449
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GRIN Lens

Focusing of the fiber output onto a small detector or focusing of
the output of a source onto the core of a fiber can be
accomplishing by increasing the length of the GRIN lens to 0.29
pitch. Then the source can be moved back from the lens

and the transmitted light can be refocused at some point
beyond the lens. Such an arrangement is useful for coupling
sources to fibers and fibers to detectors.

0.29 pitch

W. Wang 450
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Example of Grin Lens

NewPort Plano-Angled Gradient Index
Micro Lens,1.8mm,.46 NA,1300nm,0.23

Pitch

Model
Lens Shape

Diameter

Lens Material

Antireflection
Coating

Working Distance
Clear Aperture

Diame\tﬁgn
Tolerance ¢

LGI1300-1A
Plano-Angled
0.07 in. ( 1.8 mm)

SELFOC® radial
gradient index
oxide glass

1300 nm

0.26 mm

Central 70% of
diameter

+0.005/-0.010 mm

(a) GRIN
Optical fiber 2we 2w A B
Sl I
s

- — LR VIR (R I AREEVRE) LR (RN
et % P e )Tl o )o | H v o 1)o k
1% 313 =y s n, \-gsin(gh)  cos(gh) LY "
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e _ (B y2 g Y YA
»,[[m . y (n.g)’]ngl_l zna-,xmw"]
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3 g sin’(gh )+ (% V(n cos(gl,) - m,gf, sin(gl,)f
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Research Project: How to make
an active tunable lens

W. Wang 452
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Diftractive Lens

Using Diffractive grating lens instead of
refractive lens

Size reduction

Diffraction grating can be used to introduce
corrections, rather than create aberrations

§211d 0 IAILOVH4AIQ

b |
(=]
o
(=]
L=]
=
w
w
)
=
=

Connon DO Diffractive Optics Lens
(shown here 70-300mm DO lens)
Photokina 2000 exhibition in Cologne

W.Wang ~ & 453
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Notice prims is used
Fresnel Lens again here for
refracting light into
: : : : different directions
Using grating to simulate the refractive lens » T .
effect (e.g. flash light, slde projector lens)

The Fresnel lens reduces the amount of
material required compared to a
conventional lens by dividing the lens into a
set of concentric annular sections. An ideal
Fresnel lens would have an infinite number

Close-up view of a flat
Fresnel lens shows

of sections. In each section, the overall Cross section of a coneentric creles on
. . nventional spherical
thickness is decreased compared to an conventional sphercal - race o
. . . . plano-convex lens of wikipedia
equivalent simple lens. This effectively equivalent power
B ISL TS -

divides the continuous surface of a standard
lens into a set of surfaces of the same
curvature, with stepwise discontinuities
between them.

=0 Zone1 Zone2 ... Fone 246
f

n M b kinoform surface with
guadratic blaze profile

efficiency = 100%

2n ’—H_‘ ’_LLI c) four level binary profile
efficiency = 81%

Fresnel lens design allows a substantial o
. . . In d) two level bi_njr[lwaruﬂle
reduction in thickness (and thus mass and  cjose-up view of a flat

VOWIW«‘aﬁ§ the materials) Fresnel lens shows catings 454
concentric circles on the 9 9

surface W.Wang




Beam Reduction and Expander

&
4

An anamorphic prism. The output beam is Grating
substantially narrower than the input beam

Xi

Pump
beam

An anamorphic prism pair with refractive index of 1.5,
where Brewster's angle is used on one side of each prism, a’i’:ﬁ K
and normal incidence on the other one. Two parallel beams 9, gj} E
passing through the prisms are shown. Their distance D W
changes, and likewise their beam radii in the direction of

Solid-state
the plane are changed. The prism pair thus works as a USROG
beam\ﬁwgﬁger if the input beam comes from the left side. Long-pulse tunable laser 455
Of course, e beam radius in the direction perpendicularto ~ ©Scillator utilizing a multiple-

the drawing plane is not changed. prism beam expander W.Wang



Diffractive Lens

t=focal length | f B
P= lf = lens power Principal focal v

Front view Side view

Multiples lenses

" Fresnel
Lens

Recall »

Cutaway illustration of Fresnel’s
lighthouse-lens system.

Some of the prisms in a Fresnel lens refract the
light, allowing it to pass through in the desired
e fiirection. Some of the prisms reflect the _|ig|'|_t
e internally off one face, completely changing its
course before it exits.

approximate 9 I 7
square-wave o =
— | | o [— <\ K s
sin(wt) /
/ Reflecting

ﬁ\</\/‘h)/\)/\/\/su\‘3wm:

S e i = MUItlpleS pl’isms
1 '\/‘\/\/'\/\ﬁi{/\/‘\/ sin(7-wt) /7

Square wave

456

W. Wang T+ 0 h

d=distance between sources M u Itl ple Sl ItS W_Wang



1 D Daiffractive Grating

Five Slit Diffraction

Single slit
envelope

355
N .
N oo L
. P .
. . - - o g ,re
b3 .
" ® L I E
. . o | e o Ty
. . . slr
Py
..... ;-
..... T
s s s = = B ern
b L
PRI TR P
b .

------

.....

Slit separation d ~ slit width a
W. Wang 457
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Cannon Diffractive Lens

A single diffraction grating (left) creates a lot of

superfluous light which degrades the final image.

By combining two gratings (right), Canon has
overcowe\Wasngroblem.

Chromatic aberration, where light of different
wavelengths comes to a focus at different positions on
the optical axis, is a characteristic of both conventional
glass elements (left top) and the Multi-layer Diffractive
Optical (DO) Element (left bottom). However, the DO
element focuses the wavelengths in a reverse order to
conventional optical elements. By combining a DO
element with a conventional element (right), chromatic
aberration can be eliminated.

458
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Things needed for Planar Lens
or Diffraction Lens Design

* Application
* Lens system
e Ray transfer matrix analysis (e.g. ZMAX)

« Fabrication and testing (optical
components)

* Optical performance test: line resolution,
distortion, MTF, etc.

W. Wang 459
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Week 9

* Course Website: http://courses.washington.edu/me557/optics
« Reading Materials:
- Week 9 reading materials are from:
http://courses.washington.edu/me557/readings/
« HW 2 due week 11
* Design Project 2 assigned: Prism Design due Monday Week 13
* Final project meeting (week 14)
* Discussing proposal ideas Week 12

W. Wang 460
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This week

« Review light as a wave, Maxwell equation,
wave equation, Boundary condition, phase
matching condition (law of reflection and
refraction), reflection refraction coefficient

 Diffraction and interference and grating

e Prims

W. Wang 461
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MICRO

Electromagnetic Wave Tfffé

* Electromagnetic waves are created by the vibration of an
electric charge. This vibration creates a wave which has
both an electric and a magnetic component

Looking at a fix point of
B ﬁeld along the Wire From the Faraday-Leniz Law, the positive

. change, AT, through the blue disk area
The Biot-Savart Law says a vertical 3 produces electric field vectors, AE , on the
dowrward [upward) cumant produces a = circumference that are oriented clockwise
wertical cylinder of magnetic fisld vectors, B. relative to the magnetic change, AE. We show
A horizontal cross-section produces a circle Ay E“‘ the intersections of AF with the X-axis.
whosa magmetic field vectors ars

F i "1..\"

x'l\Air 1s not vacuum

a5~ go\i“t"sﬁeemmgtive

AE

DEPARTMENT OF MECHANICAL ENGINEERING | g‘\
UNIVERSITY OF W ASHINGTON (’




Maxwell Equations piterenial form

— OB
Faraday’s Law VxE=——

Ampere’s Law VxH

Gauss’s Law for Ve 3 =0

f iﬁ*}\.ﬂ Magnetism
§7 e ,
o Gauss’s Law for
FOR Electricity VeD=p
E = Electric Field (V/m) p = charge density (c/m?) i = electric current (4)
B = Magnetic flux density(Web/m?, T) &, = permittivity J = current density(A/m?)
D = Electric flux density (c¢/m?) U, = permeability c = speed of light

W. Wang__ ) o 463
H = Magnetic Field (A/m) @, = Magnetic flux (Web) P = Polarization



From Ampere’s and Faraday's law and a vector calculus identity,

Vx(VxE)=V(VeE)—V*E , Wave equation

becomes | v2E 4 o’y g, E =0

We consider the simple solution where E field 1s parallel
to the x axis and 1ts function of z coordinate only, the
wave equation then becomes,

0°E

X

= +o’u s E. =0

A solution to the above differential equation is

Wave equation in free space . _jkz
based on above condition E=xE o€

Substitute above equation mnto wave equation yields,

W. W Ek ‘+w° us)E =0 ‘ (dispersion a%lélation)




Trigonometric Functions in Exponential Function vs.
Terms of Exponential Functions Trigonometric and

Hyperbolic Functions

: g% — g 21

sinx = CSCAX= —

2% X _ g—ix

it | —ix 5 ix _ . X _ :
& te _ " =cosx+ismnx ¢” =cosh x+sinh x

Cosx = — seCx= ————

2 e

X —ix
tan x = il cot x = z(e e )
i( #% 4 e—:‘x) oX _ g—ix Remember e.xponentla.l term can be put
in terms o trigonometric function

Hyperbolic Functions in Terms of
Exponential Functions

. eX—o % 2
sinh x = csch x = - -
2 " —e
X —X
e” +e 2
coshxr= —m8— sech x = - -
2 e" +e
gt —o X e* 42 %

tanh X = ﬁ Coth X = ﬁ
W. Wang e” te e —e 465



Let’s transform the solution for the wave equation into real
space and time, (assume time harmonic field)

E(z,t) =Re{Ee’™} =

k = 2n/A, where k = wave number

Image we riding along with the wave, we asked what

xE cos(wt—kz)| I .
t H

> Z

Velocity shall we move in order to keep up with the wave,
The answer 1s phase of the wave to be constant
wt - kz = a constant

The velocity of propagation is therefore given by,

W. Wang

e _
dt

@
V=—=
k

1
VﬂOEO

(phase velocity)

466



Poynting’s Theorem

For a time —harmonic electromagnetic wave, the power density
per unit area associate with the wave 1s defined in complex
Representation by vector S,

Electromagnetic waves transport
energy through empty space, stored
in the propagating electric and
magnetic fields.

S=E x H* (W/m2)

Magnetic field
aaaaa tion is
perpendicular

1o electric field. |

Or / A single-frequency electromagnetic
wave exhibits a sinusoidal variation

/ of electric and magnetic fields in
ace. hyperphysics

S ExB lE@ — ‘E(ﬁ’ ) h d
= — Intensity)|/ ( P) = ——|where z, = air impedance

— [Heo
€o
Use Ampere’s law and electric elasticity equation

W. Wang 467




Time average pontying vector <s> 1s defined as average of the
Time domain Poynting vector S over a period T=27/m.

<8>= [ den (3,2 0)% H(x 3,20
270

(or) <S§ >=%Re{ExH}

W. Wang 468



Boundary Conditions

Tangential Components:

Faraday’s Law, | 5« (El _Ez) =0

Ampere’s Law ﬁX(HZ _Hl) =J,

Normal components:

Gauss Law of Magnetism (B,—B,)ein=0

Gauss Law of Electricity ( D1 — Dz) Y= 0

n y
n
oy
: ] A HT*/W
k] > >
H2 \ X
)
n y
n
€1 I w
Tttt ottt —*
\ X
€, [

On the surface of a perfect conductor, £, = 0 and H,= 0

W. Wang
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Polarization

Let’s assume the real time-space £ vector has x and y components:

E(z,t)=acos(wt—kz+ ¢ )x+bcos(wt—kz+¢,)y

E,/E, =Ac

linearly polarized: ¢, —¢, =0..0orx

W. Wang —
E a 470




Reflection and Transmission (TE, S wave, 1)

Fresnel Equation

Ly, €, 1 n,, €, N, Negative sign means
positive propagating
RE, _ o Tk 2 direction

H' = (i, +2h,) =L X Y,

A — jkpex—jk
Ef :yTone JKtxX—JKtzZ

/@\/\'et

E" = yR E —Jkpxx+ jhyz2

Z
6
i _ N —jk . x—jk,z
E =yE e e
H' = (-x%k,_ + 2k, )—=2 0 o Jkixx=jkizz
WL
- R;=reflection coefficient
H' = (<&k, + 2k,) Do g bamiksz Ry=reflection cocfficient
a),ul T ,=transmission coefficient

TE = tr\ja\llnsvverse electric, perpendicularly polarized (E perpendicular to plan of hr%?ldent)
ang



If neither two are perfect conductors, J.=0, then boundary
conditions requires both the tangential electric-filed and
magnetic-field components be continuous at z =0 thus,

—Jjkyx — jkyxx —jk
e "+ Re /' =Tem (E component)
A k » k.
Lo My Tr2 Rt — T T/t (B component)
o o oL,

For the above equations to hold at all x, all components
must be the same, thus we get the phase matching condition:

k.,=ksint, =k =k sml =k, =k sino,

From this we obtain law of reflection:

0, =0. Since k =k, because k> =k’ = e =k

And Snell’s Law: 1, =Cy 1€ _“r
n, sing, =n, sinb, “

1
W. Wang ¢ 472
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Pictorial explanation

Recall the phase map 1n the ray optics at z =0, all
phase 1n x direction must be the same:
cion 1

Because Ax(E —E,)=0 mp E,e /5% { RE e JFrs* = T,E, e TFtxX

We know ¢..= ¢,,=¢,, therefore kx=k.x =k,x for any x at z=0.

Then — Qi — — ' _ _ : and 1+ R;=T
k g—ksmﬁi =k, =k.sinb. =k, =k, sinb, c

W 473

473




Mathematic explanation

._.‘)-:. 7

: The ratson j* becdurs [lo PP Fo sl
Has to be some  ginse fand [ Veoe Pl
the same 4 " s adeviies Waw  shedd
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»
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|
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X
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I
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If neit
cond(

z = impedance

=7 = /Pe‘_ .

W. Wang

a7

Lir TR

ner two are perfect
ctors, J.=0,

™

# ’
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el 1oy - 1D

Do the same r:]fecsgity ,
derivation like o . cm - s e | square of
TE for TM to — [

get the TM

polarization R

an T 1t R
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Here we verfy the two laws in the ray theory:
1) the laws of reflection
2) The law of refraction.

_ n, sind, =n, sind,
gi _ (91”

k.=ksint. =k =k smb =k, =k sin0,

W. Wang 478



To Find Reflection and Transmission Coefficient, substitute solution
for E, E', EY, into wave equation
VE' + 0’ 1E =0

VE. +0°u6E, =0

VE'+ 0 ,6,E' =0
We find,

k2 +k2=ki=k> +k,.
2,72 _ 72
k' +k, =k;
Using phase matching condition, we get, R - ok, — ik,

1+R =T, tok. + ik,
—
I_Rl — /’llkl‘Z ]’} ]'} — Z/lekz
/Ll2}%2 /Ll2}%2 _F'/llkaz

W. Wang 479



Reflection and Transmission (TM, P wave)
Hl’ 819 nl Hz, 82, Il2
E = (—)/(\Ik _ 2k )RZIHO —Jkpxx+ jkyzz
rx WE, X
HY = );]}lHoe—jktxX—jktzZ
H' = yR”H _Jerx"‘]krzz

Lo

N

Z
9
A Utto —jkpx—jkizz
—(xk —zk,)——>e "
E' = (Gk Ho g itox-shez v
z . .
e, R,= reflection coefficient
Hi = )A/ H o itz T,= transmission coefficient

™ " t\r/\e/msverse magnetic, parallel polarized (E parallel to plan of 1nc1dent) 450
ang



Substitute solution for E!, E', Ef, into wave equation

R, = 6;2}%2 __‘6ﬁ}%nz
We get, 1+ R, =1) ! &k _+éek,
&k
I-R, =—-ET, — T, = 265k,
5;2 z 6;2}%2 _+'é;1}%tz

W. Wang 481



No one is born hating another
person because of the colour of his
skin, or his background, or his
religion.

- People must learn to hate, and if
they can learn to hate, they can be

~; naturally to the human
_ heart than its opposite.
| Nelson Mandela

W. Wang 482



Week 12

* Course Website:
http://courses.washington.edu/me557/optics

« Reading Materials:

- Week 12 reading materials are from:
http://courses.washington.edu/me557/read ¥
* Problem solving HW 2 Due Week 14
* Please finish your Lab 1 this week
* Please start lab 2 next week
* Prism Design project due week 14
* Discuss Final Project Proposal (this Friday)
* Proposal due next Monday (Week 13)

* Waad project presentation 1s Monday afternoon week 1483



[Last week

» Reflection and refraction using wave theory
* Critical and Brewster’s angles

 Diffraction, Interference and grating

W. Wang 484



This week

* Prism

* Birefringent materials
* Phase plate

* Light Coupling system

W. Wang 485



Evading Radar Coverage

Making a plane non-detectable by
Conventional RADAR

In different
-terrain

-Weather (temperature, rain,
and snow...)

-Altitude (lower or higher)

corvette
W. Wang

Sea Shadow B2



Radar Jamming Planes
electronic warfare)

Northrop Grumman EA-6B Prowler

EA-18G Growler

replacement




Prism

* Dispersing white light

* Deflect and steering light

* Mirrors

* Beam expander and reducer

* Used in coupling light into integrated optical system
* Beam splitter and combiner

* Polarizer and phase shifter

W. Wang 488
W.Wang



Dispersion Prisms

A light beam striking a face of a prism at an angle 1s partly reflected
and partly refracted. The amount of light reflected is given by
Fresnel’s equations, and the direction of the reflected beam 1s given
by the law of reflection (angle of incidence = angle of reflection).
The refracted light changes speed as it moves from one medium to
another. This speed change causes light striking the boundary
between two media at an angle to proceed into the new medium at a
different angle, depending on the angle of incidence, and on the ratio
between the refractive indices of the two media (Snell's law). Since
the refractive index varies with wavelength, light of different colors
is refracted diffferently. Blue light 1s slowed down more than red

light and will therefore be bent more than red light.
W. Wang 489
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In 1672 Newton wrote “A New Theory about Light and Colors” in which he said that

the white light consisted of a mixture of various colors and the diffraction was color
dependent.

+sin '{rﬁnﬂ’ [H |A)” —sin’ '9.1]--" —cosasind, [—a

Color 4, (nm) v [THzf

Red 780 - 622 84— 482

Orange 22 - 597 482503

Yellonw 507577 503 -520

Gireen 577 - 492 520-610

Glass [n=1.5] Blue 492-455  610- 659
Ail' [n=1‘0] Violet 455 - 390 659 - TH9

Il nm=10m, 1 THz=10""Hz

OPTICKS:
ll-';l.‘-l.llhli

s RPPRACTEL
EPLEYIONG el COLOLIRLS

LIGHT
Twe TREATISES

( Fi

- . : . . S— - s Isaac Newton
http://phvsics.nad.ru/Phvsics/English/index.htm Returs to Table of Content [ RN 1542-1727
W. Wang 490
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Ray angle deviation and dispersion through a prism can be
determined by tracing a sample ray through the element and

using Snell's law at each interface. W »
right, the indicated angles are giveN

np
0, = aIC‘an(— sin 9.3)

nq

91 a — 9’
nq

6, = alcqm(— sin 91)
o

92 = 9{ —

8\

©

All angles are positive in the direction shown in the image. For a prism in air n =n,~1.

Defining n=n,, the deviation angle o is given by

| _ an
8 =6+ 6y =0+ a.rc.mn(n. sin [a- — arcsin (— sin HD)D —Q
n

If the angle of incidence 0, and prism apex angle oo are both small,

arcsinx
deviation angle 6 to be approximated by

d~ 0y —a+ (n. [(a - l9.3)]) =fh—a+no—0=(Mn-1)a.

n

sinf! ~

~ x 1f the angles are expressed in radians. This allows the nonlinear equation in the

and

The deviation angle depends on wavelength through », so for a thin prism the deviation angle

varies W‘% E}zr&]fgvelength according to
5(\) = [n(\) — 1]a

491
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Reversable

W. Wang

Dispersing White Light

White
screen
Least deviation
> *|Red R|700 nm
= #|Orange|O
o Yellow |Y|500 nm
Ao e -
— #|Green |G 500 nm
A »|Blue |B
d"au\\\ te|Indigo |I
®Viag m “ts|Violet |V|400 nm
°n
P Q_ R ]
0|S

Recombination o
WS

g
8 Forrry 5
we —_—
" /second
Dispersion prism
Q@  Firstprism R P

Screen

492
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Direct vision spectroscope

Three prism arrangement, known as a
double Amici prism, consists of a
symmetric pair of right angled prism
of a given refractive index, and two

right angled prisms of a dmem\\

refractive index in the middle. It ha:

the useful property that the center I -
wavelength refracted back into the 740\\\?\ j i‘
direct line of the entrance beam (ex \§7

credit). The prism assembly is thus a | |
direct-vision prism, and is commonly Isosceles triangle
used as such in hand-held spectroscopes.

W. Wang 493
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Dispersing Prisms (continue — 1)

Amici Prism
e
i =
Amici-Prismen Amici Prisms
365 M
—Z s L o' (O
655 nm

Giovanni Amici
(1786-1863)

305 mm
0% am
4538 mm
436 mm
54 om

&5 mm

ERE

GR=

02

"
ao®
33"
=
Har

Disperse at different angle. Based on
wanwghgs we know what wavelength

494
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Dispersion Angles

* Dispersion angle can be optimized by either
base angle of prism, incident angle or
refractive index of the prism.

W. Wang 495
W.Wang



Abbe Pl‘ism me\e‘

This is a right-angled prism with 30°-60°- e F
90° triangular faces. A beam of light is R
refracted as it enters face AB, undergoe
total internal reflection from face BC,
and is refracted again on exiting face AC:
One particular wavelength of the li¢
exits the prism at a deviation angl

exactly 60°. This is the minimum \
possible deviation of the pffsm, all | . 60°
other wavelengths being deviated by .
greater angles. By roj.a‘gr/gthe prism é\
around any point O on the face AB, the —
wavelength which is deviated by 60° can i ———
be selected. Thus, the Abbe prism is a B -
type of constant deviation dispersive _ _ ~
n,sind,=n,sino,

PrisWiWang T T 496 |
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Abbe Number

Dispersion can be fine-tuned by selecting Glass Refractive  Abbe

. . . . Formula Index Number
glasses with the appropriate refractive index

.o . . . Fused Quartz 1.4585 67.8
characteristics for a particular application. In
general, the dispersion properties of various BK7 1.5168 6417
glass formulations are compared through Abbe gig()::far‘“m 1.5411 59.9
numbers, which are determined by
measuring the refractive indices of specific Light Flint 1.5725 42.5
reference wavelengths passed through th.e. Dense Flint | .
glass. Abbe numbers for popular glasses utilized Glass ' '
in prism construction are listed in Table 1. As is
evident from examining the table, lower Abbe Extra Dense . .o, o 32.20

. . . lint Glass
numbers refer to higher dispersive power,

translating into a greater angular spread of
colors in the emerging light spectrum.

Very Dense

Flint Glass 1.728

28.41

The Abbe number, VD(Variation of refractive index versus wavelength), , of a material is defined as

-1
V_.r_;= nD

nEg — g '
where 7., np and ny are the refractive indices of the material at the wavelengths of the Fraunhofer
C, Dy, and F spectral lines (656.3 nm, 589.3 nm, and 486.1 nm respectively). (see how dispergyge

the material 1s)
W.Wang



Pellin-Broca prism

This is similar to the Abbe prism but consist of a
four-sided block of glass with 90°, 75°, 135°,
and 60° angles on the end faces. Light enters
the prism through face AB, undergoes total
internal reflection from face BC, and exits
through face AD. The refraction of the light as
it enters and exits the prism is such that one
particular wavelength of the light i 30

co/r ~ 71
exactly 90 . As Ism is rotated around a
point O, one-third of the distance along face

BC, the selected wavelength which is deviated

by 90° is changed without changing the

geometry or relative positions of the input and Dispersion in space with selective angle
output beams. It is commonly used to separate

a single wavelength from a light beam

containing multiple wavelengths. Thus, this

IS a twoe of constant deviation dispersive prism. 408
Wang

O
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Beam Detlector

k- field

apphied

— 1]
Top electrode \

Monochromatic
input light
(a) (b)
1RY 1Y 200V 00V
(C)
Electro-optical (EO) scanner
W. Wang W. Wang 499
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What other ways can you come
up with Beam deflector designs?
(extra credit)

* Mechanical

* Electromagnetic means?

* Multiprisms?

W. Wang 500
W.Wang



Reflective Prisms
(Mirror)

Reflective prisms utilize the “internal reflection” at the
surfaces. In order to avoid dispersion, light must enter and
exit the prism orthogonal to a prism surface. If light inside the
prism hits one of the surfaces at a sufficiently steep angle, there
1s total internal reflection, and all of the light 1s reflected in
accordance with the law of reflection (angle of incidence = angle
of reflection). This makes a prism a very useful substitute for a

planar mirror in some situations because it also has no
dipersion but still absorption loss ( € is complex)

Thus, reflective prisms may be used to alter the direction of light
beams, to offset the beam, and to rotate or flip images.

W. Wang 501
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Reflecting Prisms

- N "
NEDA
b ! b,
N\ T
>4
_a
Porro Prism
fu
oL
'

Using prism as mirror. Using total reflection
or mtetal Badings to avoid dispersion

Porro-Abbe Prism

Schmidi-Pechan Prism

Penta Prism fu

T

Roof Penta Prism

Al
.

502

alter the direction of light beams, to offset
the beam, and to rotate or flip images

W.Wang



Total Reflection

- -~

A[r : /,, : \\\
Critical angle Tatalintemal
| / reflection \
n2 : II l \\
n, "
Water
n, sin,= n, sin@, n,;>n,
0,=90° g O.=6=sin —=
n
W. Wang 503
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Reflecting Prisms

W. Wang

Prism deviation
Direct vision
Image orientations - - o displacement
i %mm 457 deviation
H 207 deviarion
inverted i — 180° deviation
RX dH O A Y X All kinds of mirrored

Right Handed Parity (RH)

Left Handed Parity (LH)

Invert — Image flip about a horizontal line R => K

Hevert —Image flip about a vertical line. R = ¥

An inversion plus a reversion is equivalent R —2> ¥
to a 180° image rotation; no panty change.

images

14

504
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Single right-angle triangular prism

The right-angle triangular prism is the simplest type of optical
prism. It has two rightangled triangular and three rectangular
faces. As a reflective prism, it has two modes of operation.

1. The light beam enters orthogonal to one of the small
rectangular faces, is reflected by the large rectangular face,
and exits orthogonal to the other small rectangular face. The
direction of the beam is altered by 90°, and the image is
reflected left-to-right, as in an ordinary plane mirror.

2. The light beam enters orthogonal to the large rectangular
face, is reflected twice by the small rectangular faces, and
exits again orthogonal to the large rectangular face. The
beam exits in the opposite direction and is offset from the
entering beam. The image is rotated 180°, and by two
reflections the left-to-right relation is not changed (see figure
to the right). In both modes, there is no dispersion of the
beam, because of normal incidence and exit. As the critical
angle is approximately 41° for glass in air, we are also
guarant@edothat there will be total internal reflection,
since the angles of incidence is always 41°.

fs [

‘\B“‘

Pt Prism

505
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Combinations of right-angle
triangular prisms

In the simplest configuration, the two
prisms are rotated 90° with respect to
each other, and offset so that half of their
large rectangular faces coincide. Often,
the two prisms are cemented together, and
the sharp ends of the prisms may be
truncated to save space and weight. The
net effect of the configuration is that the
beam will traverse both prisms through
four reflections. The net effect of the
prism system 1s a beam parallel to but
displaced from its original direction, both
horlz\g\)/_%g%y and vertically.

506
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dispersion.

Porro prism are used in pairs

Porro Prism il =0y
in binoculars

Double Porro Prism

L e ()

W. Wang

Porro prism is a right-angle
prism in which the light enters
and exits normal to the large
rectangular phase preventing

mazio Pormo
l?'lIlHa'll?B;

Porro prism are
Sfabricated with
rounded corners to
save space and
weight.

507
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Combinations of right-angle
triangular prisms

An alternative configuration 1s
shown 1n the figure to the right. The
exits beam again travels in the same
direction as the input beam, but 1s
offset in the horizontal direction.

fs K

In the configuration, the image
rotated 180°, and given the even
number of reflections, the
handedness of the i1mage 1s

unqp@grged. o8

W.Wang



Reflecting Prisms

A Porro-Abbe prism is sometimes
called a double right angle prism.

Thor-1ere)

Two of the are used to make an
erected system for telescopes and
some binoculars..

Porro-Abbe Prism

ap l‘l-,'

Ernst Karl
Abbe
T1840-1905

509

W. Wang
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Truncated right-angle prism

A truncated right-angle (Dove) prism may be used

to invert an image. A beam of light entering one of

the sloped faces of the prism at an angle of

incidence of 45°, undergoes total internal

reflection from the inside of the longest (bottom)

face, and emerges from the opposite sloped face.

Images passing through the prism are flipped, and
because only one reflection takes place, the fn
image's handedness 1s changed to the opposite y
sense. Dove prisms have an interesting property

that when they are rotated along their longitudinal

axis, the transmitted image rotates at twice the rate

of the prism. This property means they can rotate

a beam of light by an arbitrary angle, making Differential
them useful in beam rotators, which have interference

icati ‘ ' contrast
applwg\g\llgr%s in fields such as interferometry, 510

astronomy, and pattern recognition.
W.Wang



W. Wang

In the Dove Prism for a rotation of 0 around optical axis we

| obtain a 2 O image rotation.

Double Dove Prisms

511
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Rhomboid Prism

The Rhomboid Prism

deviates the light, but does S e
not change the angle even 1,‘ (C:'L?‘

if the prism is rotated
about all axes.

Y

il [ gy =44
-——b.—-
[ Ml M- 141)

(a) The Rhomboid Prism
(b) and its mirrors
equivalent

Both displace the optical
axis without deviation or

reorientation of the
image.

periscope

512
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Pechan Rotator Prism

Croms-Sections siww of Tha AC00 3§34

Pt prpmr ety yakle T g bowe L e

e corrwa Wk Ve mmmmnl
sncouarn hslze (F U flicie Bemingiien T T4 18 ahurrrae allSy
el B2 ey eowcion

:ml'-t:’- qulm
] g Ll L m'-l e ave coabed
Mirs
| s |

513
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Reflecting Prisms

Ernst Karl
Abbe
1840-1905

Abbe-Koenig Prism i

The Abbe-Koenig prism is a reflecting prism used to rotate

the image by 180° is used in binoculars and some telescopes.
The prism is named after Ernst Abbe and Albert Koenig.

Kiziia Ph

%

W. Wang
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Pentaprism

In a pentaprism the light beam enters orthogonal to one

of the two orthogonal rectangular faces, is reflected by

the two neighboring faces, and exits orthogonal to the

face that 1s orthogonal to the entry face. Thus, the

direction of the beam is altered by 90°, and as the beam

1s reflected twice, the prism allows the transmission of =
an image through a right angle without inverting it. et G
During the reflections inside the prism, the angles of
incidence are less than the critical angle, so there 1s no
total internal reflection. Therefore, the two faces have |
to be coated to obtain mirror surfaces. The two o
orthogonal transmitting faces are often coated with an *f
antireflection coating to reduce reflections. The fifth

face of the (90°, 112.5°, 112,5°, 112.5°) prism 1s not

used, but truncates what would otherwise be a sharp

angle of 25° joining the two mirror faces. This fifth Same direction image
face 1s usually smaller than the two mirror faces, in
orde¥tdVR¥the mirror faces receive all beams entering 515

the input face. W.Wang



Reflecting Prisms

Penta Prism is a five (penta) sided prism that
deflects the light by 90° without inverting or
reversing it. The two reflecting sides are mated\
(mirrors).

It is used for range finding, alignment, surveying
optical tooling.

Penta Prism

In the RoofPenta Prism one of the reflecting
surface is replaced by a “roof™ constitute of two

surfaces that intersect at an angle of 90°. f |
The reflecting sides are coated (mirrors). =

It is used in the viewfinder of a single lens | A3
reflecting camera. >

W. Wang 516
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Roofed Pentaprims

A roofed pentaprism is a
combination of an ordinary
pentaprism and a right-angle
triangular prism. The triangular
prism substitutes one of the
mirror faces of the ordinary
pentaprism. Thus, the
handedness of the image is
changed. This construction is
commonly used in the viewfinder
of single-lens reflex cameras.

Nikon F3 prims

W. Wang ) ,
viewfinder

517
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Roof Prims

Reflecting Prisms

N

Amici-roof Prism

Glovanni Amici
{1786-1863)

binoculars

A roof prism is a combination of two right angled
triangular prisms. It consists of a simple right-angled
prism with a right-angled “roof” prism on its longest
side, as shown in the figure to the left. Total internal N
reflection from the roof prism flips the image laterally, — "
while the handedness of the image is unchanged. It is
used to deviate a beam of light by 90° and
simul\;@_%é%sly inverting the image, e.g., as an image _
erection system in the eyepiece of a telescope.

Roof
Prisms

Focusin
Len 2

i

Objective
5



Reflecting Prisms

rner rner R r

The Corner Cube has three mutually perpendicular
surfaces and a hypotenuse face. The light enters
through the hypotenuse is reflected by each of the
three surfaces in turn and emerges through the
hypotenuse surface parallel to the entering ray.

Carl Zeiss Prism System

The system is composed by three
single prisms which invert and rotate
the image, but does not deviate the line
of sight. The line of sight is displaced by
a distance depending on the relative
position of the first and second prism.

W. Wang

Carl Friedrich Zeiss
{1816-1888)

22

519
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Schmidt Rotator Prism (Folded Dove Prism)

W. Wang 520
W.Wang



Mirror Application

Fibier Spocer GRIN Lens Prisrm

OCT beam bending mirror

Nikon F3 prims
viewfinder  Roofed pententaprim

521
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Beam Reduction and Expander

&
4

An anamorphic prism. The output beam is Grating
substantially narrower than the input beam

Xi

Pump
beam

An anamorphic prism pair with refractive index of 1.5,
where Brewster's angle is used on one side of each prism, a’i’:ﬁ K
and normal incidence on the other one. Two parallel beams 9, gj} E
passing through the prisms are shown. Their distance D W
changes, and likewise their beam radii in the direction of

Salid-state
the plane are changed. The prism pair thus works as a gain medium
beam\ﬁ(%aﬂsr if the input beam comes from the left side. Lon.g-pulse _t_upable |aser £00
Of course, the’beam radius in the direction perpendicularto ~ ©Scillator utilizing a multiple-

the drawing plane is not changed. prism beam expander W.Wang



Prism

* Dispersing white light

* Deflect and steering light

* Mirrors

* Beam expander and reducer

* Used in coupling light into integrated optical system
* Beam splitter and combiner

* Polarizer and phase shifter

w.wang 523
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Prism Coupler

One of the ways to coupl the ligh into the wavegulde is to utllize a prism.

The prsim coupler allows light to be coupled at an oblique angle. For this to happen, the compo-
nents of phase velocities of the waves in the z direction be the same in both the waveguide and the

incident beam
Two main mechanisms in creating coupling:

1. Evanescent wave
2. Coupling length is long enough (w/2)

kn; \O y X
Iy .

Pm ~ Knysiny,,

Z

Mg

Thus, a phase-matching condition must be satisfled in z direction, which requires « Tangential E fields are
continuous!!!

B,=kn,siny=kn,sin®, - Elcnlsmem Index inside waveguide n, > air n, 0, always 90°

’ Check out the

However, we know for a wavegulded mode, Bm > kny , this leads to the result that sin E]m >1, derivation on
T evanescent \gayer

One solutlon to the problem of phase matching Is to use a prism. _ . :
B,=Kn,siny,=kn,sinB W.Wang




g T y . | - b e Sh or phase matching
"4’ oy — condition

X
Axes labels are
different from last page
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Prism Coupler

If prism spacing is small enough so that tail of waveguide modes overlap the tall of the prism
mode, there 1s a coherent coupling of energy from prism mode to the mth waveguide mode when

0, Is choosen so trhat p, = g, (phase matching condition based DE@EM Is contious). The

condition for matching of the P terms is given by \,eq tangentialh

n ¥ * I

= == X
n

Change air with high index material s%j 90° angle can be used tf/ coupled the light in

B _ E_ﬂn sin B = B (hypothetically speaking), but in reality is using evanescent wave that
i po m

}%,_1 il matches waveguide evanescent wave

y

a single prism can be used to couple to many different modes by merely ng the angle of
incidence of the optical beam.

The modes in the waveguide are only weakly coupled to the'mode In the prism. Hence, negligible
o)
perturbation of the basic mode shapes occurs. Of course, the condition PR s

iy \N\“

re KeW W

mdes and propagating modes (9\ z
- N 4

ns

= = asin — exipt also we can generate = L
B i 0 e HF evanescent wave for coupling! Ts e ) ()
"2
L] / 4

B

'60 1
must be satisified ifjtotal Internal reflection Is to occur in the prims jwhere 6 . 1s the critical angle.
W. Wang 528
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Fig. 7.6. Diagram of an attcmpt 10

8 nhhiqoely enuple hght into a wave-
\ i oiide through 1ts surface

=
]
I e S 'H"'N-.J

X : : _ :
Make sure beam width after refraction < prism’s base width
e il
Angle creates total internal m
reflection inside prism —
> L = WI/cosb,,
Z
n f _L 1'g
Fig. 7.7. Diogram of
) a prism compler. The
Ng clocinie ficld distn-
butions of the prism
|"I3 T mode and the m — 0
—_— and s — 1 waveguide
B modes in the x dircc-
W. Wang | Lo are shown 529
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This condition for complete coupling assumes that the amplitude of the electric field 1s uniform
over the entire width W of the beam. In praticial case this Is never frue. Also the trailing edge of
the beam must exactly intebrsect the righ-angle comer of the prism. If the Intersects too far to the
right, some of the Incident power will be either reflected or transmitted directly Into the

wavegulde and will not enter the prism mode. If the beam is Incident too far to the left, some of
the power coupled Into the waveguide will be coupled back out into the prsim.

W. Wang 530
W.Wang




«5%e=" Coupled-Mode Theory

\NIEEER Y
2N &N
W™ '\‘!‘

| o \ \ \ n/2 phase shift in distance L
| ) o ) ) BN \ |
Peak to dip (/2) F'/ ',\I«/ '/(} s —— *\} |
7 f- _ pr _ > rd
f J f ( ¢ \E
| | vanescent

* L *l
waves

v L
kL=".  pnas® gnift\0
2

K : Coupling efficient (overlap integral

between the prism mode and the waveguide mode)

L = i — T
cosB 2«

For a given L, the coupling coefficient required for complete coupling:

0
e 705 Tm See next page for

W. Wang derivation 531
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Because of the size of the prism, the Interaction betwen prsim and wavegulde mode can occur

only over the length L. The thoery of weakly coupled mode indicates that a complete interchange
of energy between pahse matched modes occurs If the Interaction length in the z direction satifies

the relation
T‘E_
ki = 5

where k 1s coupling coefficient. The coefficlent depend on nl, np and n2, which determine the
shape of the mode tails and on the prism spcaing.

The length required for complete coupling is glven by

W

L= cnsﬂm

For a given length, the coupling coefficient required for complete coupling is thus given by

W. Wang 532
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Why prism coupler?

The advantage of prism coupler is that it can be use as an input and output
If more than one mode is propagating in the guide, light is coupled in and out at
specific angles corresponding to each mode.

If a gas laser is used, the best method for coupling is using either prism or grating
coupler

Disadvantage is is that mechanical pressure must be applied to prism during
each measurement sot hat spacing between prism and waveguide remains
constant to get consistent coupling coefficient.

Other disadvantage is prism coupler index must be greater than the waveguide.

Another disadvantage is that the incident beam must be highly collimated
because of the angular dependence of the coupling efficiency on the lasing mode.

W. Wang 533
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For most semiconductor waveguides, g, ~ kn,->
Difficult to find prism materials

Table 7.1, Practical prisn materials for beam couplers

Muterial Approximae Wavzlength
relractive index  ringe

strontioem Dtanadt

2.3 visiblz = near 1R
Rutile 2.5 visible = newr IR
Germiaium 4.0 IR

Higher the n, better because larger the range or smaller the 6,

F

L
FIJ
A’\QY "

w.wang Ag 534
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Beam Splitters

A
40

1 .
1 7/
1 ’
1,7 o o
»
-, - -
- -}
- -
- _ -
- _ -
— S
. g
B Fl - L)
'." Ed i
1L LT :.-:'||
!
% |
I'n

3 -

;
Aluminum coated beam splitter. Cub e b

. Index matching
Beam Splltter adhesive between

-Broadband two prisms

Reflective

Beam splitter

-Specific operating wavelength
-Split ratio L.
-45° incident angle -Split ratio

-Unsually unpolarized -Polarized or

W. Wang nonpolarized 535
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A third version of the beam splitter is a dichroic mirrored prism assembly which uses
dichroic optical coatings to divide an incoming light beam into a number of
spectrally distinct output beams. Such a device was used in multi-tube color television
cameras, in the three-film Technicolor movie cameras as well as modern, three-CCD
cameras. It is also used in the 3 LCD projectors to separate colors and in ellipsoidal

reflector spotlights to eliminate heat radiation.

Mirror

Bﬂgg Relay Lens

B

DM: Dichroic mirror

BPI
552/45 nm

390/40 nm

Relay Lens |

(=)

30Hz, 337 nm,
800 ps

370 nm 415 nm 515 nm 610 n

BP: Bandpass filter

DiaT 629/53 nm

Qo

SIF

28m

s

Data acquisition system

:'I r Pre-amplifier :l:

8 GSfs, 3 GHz BW

(st

MCP-PMTI

un Y., Opt. Lett., 2008)

Beam splitters are also used in stereo photography to shoot stereo photos using a single
shot with a non-stereo camera. The device attaches in place of the lens of the camera.
Some argue that "image splitter" is a more proper name for this device. Beam splitters
with single mode fiber for PON networks use the single mode behavior to split the
beam. The splitter is done by physically splicing two fibers "together" as an X.

W. Wang
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Other way to create the split or
filtering?

Can 1t be done ?
» Use total reflection angle

» Use Brewster angle (polarization
dependent)

W. Wang 537
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Beam Splitters

Beamsplitters

Our optical beam splitters are made from high grade glass materials with laser grade surface flatness and
surface quality for tighter tolerance on the splitting ratio.

View: @] All Brands :_*. '[U]NBW Focus r:_"l ﬂ‘} Renwport.

e,
S
. LA 'L"El.
.~ i S
1t S

Cube Beamsplitting Beam Samplers Polka Dot Terahertz Visible
Beamsplitters Optics Beamsplitters Broadband
Beamsplitters

W. Wang
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Examples of Cubic Beam Splitters

W. Wang 539
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Birefringence

Birefringence 1s the optical property of a material having a refractive index that
depends on the polarization and propagation direction of light.[1] These optically
anisotropic materials are said to be birefringent (or birefractive). The birefringence
is often quantified as the maximum difference between refractive indices exhibited
by the material. Crystals with asymmetric crystal structures are often birefringent.
as are plastics under mechanical stress (e.g. polycarbonate) or naturally created
chiral nematic structure (e.g. cellophane)

Birefringence is responsible for the phenomenon of double refraction whereby a

ray of light, when incident upon a birefringent material, is split by polarization cellophane
into two rays taking slightly different paths. This effect was first described by the
Danish scientist Rasmus Bartholin in 1669, who observed 1t[2] in calcite, a crys — §™

Inclined

having one of the strongest birefringences. However it was not until the 19th
century that Augustin-Jean Fresnel described the phenomenon in terms of
polarization, understanding light as a wave with field components in transverse
polarizations (perpendicular to the direction of the wave vector).

(wiipedia)
W. Wang 540

W.Wang



Birefringence

o 5. ¥
. L ‘.-.‘__‘_'..\;\..__:‘__‘__ optic axls ‘- 7
.“.... 4 % & /‘
Sy - 2 :.‘:A o aa ¢ ¢ k. /
WA o
A calcite crystal laid upon a graph paper with

blue lines showing the double refraction

Doubly refracted image
as seen through a
calcite crystal, seen
- through a rotating
polarizing filter
illustrating the opposite
polarization states of the
two images 541
W.Wang

Incoming light in the parallel (s)
polarization sees a different
effective index of refraction
than light in the perpendicular
(p) polarization, and is thus
refraﬂ%% a different angle.




Beam propagation in anisotropic crystals

Optic axis of a crystal is the direction in which a ray of transmitted
light suffers no birefringence (double refraction). Light propagates

along that axis with a speed independent of its polarization

/ _ Depending on the
Z (Optic axis) . . .
" cut, polarization will
I '|‘ '

If wave coming in Inclined come out at different
optical axis, then both ~ plare angles

x and y components
are in ordinary
direction so there is
no refractive index =x’
difference.

However, if the light beam is not parallel to the optical axis, then, when
passing through the crystal the beam is split into two rays: the ordinary
and extraordinary, to be mutually perpendicular polarized.

W.Wang



Uniaxial and Biaxial Crystal and

A crystal which has only one optic axis is called uniaxial crystal. An
uniaxial crystal is isotropic within the plane orthogonal to the optical axis of
the crystal. A crystal which has only two optic axis is called biaxial crystal.

Z (Optic axis)

_ n,
Inclined ,

plane

x=x’

The refractive index of the ordinary
ray is constant for any direction in
the crystal, and of the extraordinary

ray iS_Variab|e an.d dgpends onthe A biaxial crystal is an optical element which
direction. In a uniaxial crystal for has two optic axes. However, these optical
the direction parallel to the optical  directions and refractive indices are
\571V>_<|\/SV§F99 refractive indices are different from the crystallographic axes gg
equal. the nature of the crystal system.




What is the Difference Between Uniaxial
and Biaxial Crystals”?

Uniaxial vs Biaxial Crystals

A uniaxial crystal is an optical element that has a single A biaxial crystal is an optical element that has two optic
optic axis. axes.

Negative Form

A negative uniaxial crystal has the refraction index of o-ray

(n,) larger than that of the e-ray (ne). A negative biaxial crystal has its 3 closer to y than to a.

Splitting the Light Beam

When a light beam passes through a uniaxial crystal, the When a light beam passes through a biaxial crystal, the
light beam splits into two rays named as ordinary ray (o- light beam splits into two rays being both are extraordinary
ray) and the extraordinary ray (E-ray). rays (e-rays).

Positive Form

A positive uniaxial crystal has the refraction index of e-ray

(n,) is smaller than that of the e-ray (ne). A positive biaxial crystal has its 8 closer to a than to .

Quartz, calcite, rutile, etc. All the monoclinic, triclinic an orthorhombic crystal systems

W. Wang 544



Uniaxial crystals

Z (Optic axis)

The refractive index of the ordinary ray
is constant for any direction in the Inclined
crystal, and of the extraordinary ray is e L
variable and depends on the direction. \
In a uniaxial crystal for the direction .
parallel to the optical axis the refractive ,
indices are equal.

Positive Negative
birefringence birefringence

BBO is negative uniaxial crystal

Fast and Slow Axis

Direction having a low refractive index is the fast axis; at right angles to it is the
¥loAais, with a high index of refraction. 545



Momentum Conservation

Spontaneous
Parametric ke ki
Downconversion
Kpump
s (signal)
Pump )
Ener_gy_cggge_rvatlon
o,
Nonlinear i (idler) Qpymp
1@ crystal I O

Ppump = Ps T O;
k, =k +k
N,®,=2NmCOSO
for og = w,/2

n,=N,COSH;

For collinear down-conversion the index
of refraction at wavelengths differing by a
factor of two must be equal. For isotropic
material it is impossible, but by using
birefringent material we can achieve this
condition via the different indices of
refraction of orthogonal linear

po\y@r\i,gg}]téons.
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Uniaxial crystals at 590 nm

Material
barium borate
BaB,0O,

beryl
Be;Al(SiO;3)6
calcite CaCO,
ice H,O
lithium niobate
LiNbO,

magnesium
fluoride MgF,
quartz SiO,
ruby Al,O4
rutile TiO,
sapphire Al,O4
silicon carbide
SiC
tourmaline

(complex
silicate )

zircon, high
ZrSiO,

zircon, low

W, VEES,

Crystal system n,

Trigonal

Hexagonal

Trigonal
Hexagonal

Trigonal

Tetragonal

Trigonal
Trigonal
Tetragonal

Trigonal

Hexagonal

Trigonal

Tetragonal

Tetragonal

1.6776

1.602

1.658
1.309

2.272

1.380

1.544
1.770
2.616

1.768

2.647

1.669

1.960

1.920

1.5534

1.557

1.486
1.313

2.187

1.385

1.553
1.762
2.903

1.760

2.693

1.638

2.015

1.967

-0.1242

-0.045

-0.172
+0.004

-0.085

+0.006

+0.009
-0.008
+0.287

-0.008

+0.046

-0.031

+0.055

+0.047

Wallaston
polarizer made
of an uniaxial
crystal calcite
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Biaxial Crystal

A biaxial crystal 1s an optical
element which has two optic
axes. When a light beam passes
through a biaxial crystal, the
light beam splits into two
fractions, being both fractions
are extraordinary waves (two
e-rays). These waves have
different directions and different
speeds. The crystalline structures
such as orthorhombic,
monoclinic, or triclinic are
biaxial crystal systems.

W. Wang

The Refractive Indices for a Biaxial Crystal are
as follows:

1.The smallest refractive index 1s o (the
corresponding direction 1s X)

2. The intermediate refractive index 1s [ (the
corresponding direction 1s Y)

3.The largest refractive index 1s 7y (the
corresponding direction 1s Z)

The Indicatrix of a Biaxial
Crystal. (Indicatrix is an
imaginary ellipsoidal surface
whose axes represent the
refractive indices of a crystal
for light following different
directions concerning the
crystal axes)

548
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Biaxial Crystal

However, these optical directions and refractive indices are different from
the crystallographic axes on the nature of the crystal system.

*Orthorhombic crystal system —optical directions correspond to crystallographic
axes. Ex: X,Y or Z directions (o, B and vy refractive indices) may parallel to any
of the crystallographic axes (a, b or ¢).

*Monoclinic crystal system — one of the X, Y and Z directions (o, B and vy
refractive indices) is parallel to the b crystallographic axis while other two
direction 1s not parallel to any crystallographic direction.

*Triclinic crystal system —none of the optical directions coincide with
crystallographic axes.

There are two types of biaxial crystals such as, negative biaxial crystal and
positive biaxial crystals. Negative biaxial crystals have their B closer to y than
to a. Positive biaxial crystals have their B closer to o than to v.

W. Wang 549
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Biaxial crystals, at 590 nm

Material Crystal system
Borax

Na,(B,05)(OH),-8( Monoclinic
H,0)

cpsom Monoclinic

saltMgSO,-7(H,0)

mica,
biotiteK(Mg,Fe)
3AISi

30

10(F,OH)

2

Monoclinic

mica, muscovite
KAL(AIS1;0,,)(F, Monoclinic
OH),

olivine (Mg,

Fe),Si0, Orthorhombic

perovskite CaTiO;  Orthorhombic

topaz

ALSiO,(F,OH), Orthorhombic

Ulexite
NaCaB;O4(OH)*5( Triclinic
W. WEH

1.447

1.433

1.595

1.563

1.640

2.300

1.618

1.490

g

1.469

1.455

1.640

1.596

1.660

2.340

1.620

1.510

1.472

1.461

1.640

1.601

1.680

2.380

1.627

1.520
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What 1s the Difference Between Uniaxial and
Biaxial Crystals?

Uniaxial vs Biaxial Crystals

A uniaxial crystal is an optical element that has a single optic

axis A biaxial crystal is an optical element that has two optic axes.

Negative Form

A negative uniaxial crystal has the refraction index of o-ray (n,)

[ IY T Ie— A negative biaxial crystal has its B closer to y than to a.

Splitting the Light Beam

When a light beam passes through a uniaxial crystal, the light When a light beam passes through a biaxial crystal, the light
beam splits into two rays named as ordinary ray (o-ray) and the beam splits into two rays being both are extraordinary rays (e-
extraordinary ray (E-ray). rays).

Positive Form

A positive uniaxial crystal has the refraction index of e-ray (n,) is

sl e bt 6 fhe 557 () A positive biaxial crystal has its  closer to a than to v.

Quartz, calcite, rutile, etc. All the monoclinic, triclinic an orthorhombic crystal systems
W. Wang 551
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Calculating Characteristics of Noncollinear Phase Matching
in Uniaxial and Biaxial Crystals
N. Boeuf, D. Branning, |I. Chaperot, E. Dauler, S. Guérin, G. Jaeger, A. Muller, A. Migdall
Originally published in: Opt. Eng. 39(4), 1016-1024 (April 2000).

http://units.nist.gov/Divisions/Div844/facilities/cprad/index.html
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Liquid Crystal

Liquid crystals have the ordering properties of solids but they flow like
liquids. Liquid crystalline materials have been observed for over a century but
were not recognized as such until 1880s. In 1888, Friedrich Reinitzer
(picture) is credited for the first systematic description of the liquid crystal
phase and reported his observations when he prepared cholesteryl benzoate, the
first liquid crystal.

Liquid crystals are composed of moderate size organic molecules which tend to be elongated, like a
cigar. At high temperatures, the molecules will be oriented arbitrarily, as shown in the figure below,
forming an isotropic liquid. Because of their elongated shape, under appropriate conditions, the molecules
exhibit orientational order such that all the axes line up and form a so-called nematic liquid crystal. The
molecules are still able to move around in the fluid, but their orientation remains the same. Not only
orientational order can appear, but also a positional order is possible. Liquid crystals exhibiting some
positional order are called smectic liquid crystals. In smectics, the molecular centers of mass are arranged
in layers and the movement is mainly limited inside the layers.

DS
AN :‘
(ANQAY,
/4 M\
y¥ 4 J §
S$A 553
4\
a b c
W. Wang Isotropic Smectic Nematic chiral nematic
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Liquid Crystal
Liquid crystals consist of molecules — often rod-shaped — that
organise themselves in the same direction but are still able to
move about. It turns out that liquid-crystal molecules respond
to an electrical voltage or thermal energy, which changes their
orientation and alters the optical characteristics of the bulk
material.

CB-5 molecule size ~ 20nm

Microscopic images of LC
w.wang 554



Reorientation of the molecules in electric fields

As a result of the uniaxial anisotropy, an electric field experiences a different dielectric constant when

oscillating in a direction parallel or perpendicular to the director. The difference is called the dielectric
anisotropy. If the dielectric constant along the director is larger than in the direction perpendicular to it,
one speaks of positive anisotropy.

Due to the anisotropy, the dielectric displacement and the induced dipole moment are not parallel to the
electric field, except when the director is parallel or perpendicular to the electric field. As a result, a torque
is exerted on the director. For materials with positive anisotropy, the director prefers to align parallel to
the electric field. Liquid crystals with a negative anisotropy tend to orient themselves perpendicularly to
the electric field.

The effect of an electric field on a liquid crystal medium with positive anisotropy is illustrated in the
pictures below. Originally the orientation is almost horizontal. When an electric field with direction along
the blue arrow is applied, a torque (represented in green) rising from the dielectric anisotropy, acts on the
molecule. The torque tends to align the molecule parallel to the field. When the field strength is increased,
the molecule will reorient parallel to the field.

N -

Situation in electric field

Original orientation

lg”
W. Wang 555
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Optical birefringence

Optical waves can also reorient the liquid crystal director in an analogue manner as the electrically
applied fields. In a display this can be neglected, since both the optical dielectric anisotropy and the
intensity of the optical fields are typically much lower than those used in the static case. Therefore
the optical transmission is mostly independent of the director calculations.

Z (Optic axis)

) n,
Inclined

plane

x=x'

To understand the influence of birefringence on the propagation of light through a liquid crystal, the
light must be represented by an electric field. This electric field is described by a wave vector in each
point. At a certain time and location, the direction and the length of the vector correspond with the
direction and magnitude of the electric field. For a plane wave propagating in a specific direction, the
electric field vector in an 1sotropic medium describes an ellipse in the plane perpendicular to the
propagation direction. This ellipse represents the polarization of the light. Some special cases are the
linear polarization and the circular polarization where this ellipse is distorted to a straight line or a
perfect circle. Generally each ellipsoidal polarization can be decomposed as a superposition of linear
polarizations along two perpendicular axes. In an isotropic medium, both linear polarizations move
with the same speed. The speed of the wave i1s determined by the refractive index of the medium.

W. Wang 556
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For the uniaxial liquid crystal medium, an electric field feels a different refractive index when it oscillates
in the plane perpendicular to the director or along the director. This uniaxial anisotropy of the refractive
index is called birefringence. Birefringence allows to manipulate the polarization of the light propagating
through the medium.

The elliptical polarization of light entering a liquid crystal medium must be decomposed into two linear
polarizations called the ordinary and the extra-ordinary mode. Along these two directions, the two linearly
polarized modes feel a different refractive index. Therefore, they propagate through the liquid crystal with
a different speed as illustrated in the picture below.

Z (Optic axis)

Inclined
plane

/\ 7 |
KN \J

Light propagation in a birefringent medium = v

In the isotropic medium, the two parts propagated with the same speed. Combining them back together
will result in the same polarization ellipse as the original. In birefringent media, the different speed of the
ordinary and extra-ordinary waves results in a phase difference between the two modes (= retardation). At
the end of the medium this phase difference between the two oscillations will result in a different

2 avgy

Light propagation in an isotropic medium

W. Wang 557

W.Wang



Application

Birefringence 1s used in many optical devices. Liquid crystal displays, the most
common sort of flat panel display, cause their pixels to become lighter or darker
through rotation of the polarization (circular birefringence) of linearly polarized
light as viewed through a sheet polarizer at the screen's surface. Similarly, light
modulators modulate the intensity of light through electrically induced
birefringence of polarized light followed by a polarizer. The Lyot filter 1s a
specialized narrowband spectral filter employing the wavelength dependence of
birefringence. Wave plates are thin birefringent sheets widely used in certain
optical equipment for modifying the polarization state of light passing through it.

Birefringence also plays an important role in second harmonic generation and
other nonlinear optical components, as the crystals used for this purpose are
almost always birefringent. By adjusting the angle of incidence, the effective
refractive index of the extraordinary ray can be tuned in order to achieve phase
matching which 1s required for efficient operation of these devices.

W. Wang 558
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Application
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Polarizing Prims

Polarizing Prisms

o-ray

air-gap

A Glan-Foucault prism deflects polarized light
fransmitting the s-polarized component.

The optical axis of the prism material is
perpendicular to the plane of the diagram.

e-ray

I.\l.':'r'rh.'l'll
Iy

W. Wang

ar-gap

A Glan-Taylor prism reflects polarized light
af an internal air-gap, transmitting only
the p-polarized component

The optical axes are vertical in the plane of
the diggram.

A Glan-Thompson prism deflects the p-polarized
ordinary ray whilst transmitting the s-pelarized
extraordinary ray.

The two halves of the prism are joined with
Optical cement, and the crysial axis are
perpendicular 1o the plane of the diagram.

560
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Nicol Prisms

Polarization can be achieved with crystalline materials which have a different index of
refraction in different planes. Such materials are said to be birefringent or doubly refracting.

The Nicol Prism is made up from
two prisms of calcite cemented
Nicol Prism with Canada balsam. The
ordinary ray can be made to

Fioaiization by Biniiinoance totally reflect f}ff the prism
or double-refraction boundary, leving only the

Calcite (CaCO3) extraordinary ray..

_@ Micol Polarizing Prism

M!:t’lw—

Figure 3

1.4864

I"I'::I = 1.6584

htip.//hyperphysics.phyv-astr. gsu.edw'hbase/hframe.html
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Nicol Prisms

Polarization can be achieved with crystalline materials which have a different index of
refraction in different planes. Such materials are said to be birefringent or doubly refracting.

Nicol Prism

Polarization by birefringence
or double-refraction

Calcite (CaCO3)

O

Ng = 1.4864
Npalsam = 1.526
".3 = 16584

The Nicol Prism is made up from
two prisms of calcite cemented
with Canada balsam. The
ordinary ray can be made to
totally reflect off the prism
boundary, leving only the
extraordinary ray..

562
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A Nicol prism is a type of polarizer, an optical device used to produce a polarized beam of light from an unpolarized
beam. See polarized light. It was the first type of polarizing prism to be invented, in 1828 by William Nicol (1770—
1851) of Edinburgh. It consists of a rhombohedral crystal of Iceland spar (a variety of calcite) that has been cut at an
angle of 68° with respect to the crystal axis, cut again diagonally, and then rejoined as shown using, as a glue, a layer
of transparent Canada balsam.

Unpolarized light enters through the left face of the crystal, as shown in the diagram, and is split into two orthogonally
polarized, differently directed, rays by the birefringence property of the calcite. One of these rays (the ordinary or o-
ray) experiences a refractive index of n, = 1.658 in the calcite and it undergoes total internal reflection at the calcite-
glue interface because its angle of incidence at the glue layer (refractive index n = 1.55) exceeds the critical angle for
the interface. It passes out the top side of the upper half of the prism with some refraction as shown. The other ray (the
extraordinary ray or e-ray) experiences a lower refractive index (n, = 1.486) in the calcite, and is not totally reflected
at the interface because it strikes the interface at a sub-critical angle. The e-ray merely undergoes a slight refraction, or
bending, as it passes through the interface into the lower half of the prism. It finally leaves the prism as a ray of plane
polarized light, undergoing another refraction as it exits the far right side of the prism. The two exiting rays have
polarizations orthogonal (at right angles) to each other, but the lower, or e-ray, is the more commonly used for further
experimentation because it is again traveling in the original horizontal direction, assuming that the calcite prism angles
have been properly cut. The direction of the upper ray, or o-ray, is quite different from its original direction because it
alone suffers total internal reflection at the glue interface as well as a final refraction on exit from the upper side of the
prism.

Nicol prisms were once widely used in microscopy and polarimetry, and the term "using crossed Nicols" (abbreviated
as XN) is still used to refer to the observing of a sample placed between orthogonally oriented polarizers. In most
instrurwpvv 5}9 ever, Nicol prisms have been replaced by other types of polarizers such as Polaroid sheets arg%g}lan—
Thompson prisms.

W.Wang



Glan-Taylor prism (Brewster angle)

A Glan—Taylor prism is a type of prism which is used
as a polarizer or polarizing beam splitter. - It is one of
the most common types of modern polarizing prism. It
was first described by Archard and Taylor in 1948.

The prism is made of two right-angled prisms of
calcite (or sometimes other birefringent materials)
which are separated on their long faces with an air
gap. The optical axes of the calcite crystals are
aligned parallel to the plane of reflection. Total
internal reflection of s-polarized light at the air-gap
ensures that only p-polarized light is transmitted by
the device. Because the angle of incidence at the
gap can be reasonably close to Brewster's angle,
unwanted reflection of p polarized light is reduced,
giving the Glan—Taylor prism better transmission than
the Glan—Foucault design. Note that while the
transmitted beam is 100% polarized, the reflected
beam is not. The sides of the crystal can be polished
to allow the reflected beam to exit, or can be
blackened to absorb it. The latter reduces unwanted

Fresnel reflection of the rejected beam.
W. Wang

j O-Tay ar-gap

A variant of the design exists called a Glan—laser prism.
This is a Glan—Taylor prism with a steeper angle for the cut
in the prism, which decreases reflection loss at the expense
of reduced angular field of view.  These polarizers are also
typically designed to tolerate very high beam intensities,
such those produced by a laser. The differences may include
using calcite which is selected for low scattering loss,
improved polish quality on the faces and especially on the
sides of the crystal, and better antireflection coatings. Prisms
with irradiance damage thresholds greater than 1 GW/cm?

are commercially available.
564

W.Wang



Glan—-Thompson prism

A Glan—-Thompson prism is a type of polarizing
prism similar to the Nicol and Glan—Foucault prisms.
It consists of two right-angled calcite prisms that are
cemented together by their long faces. The optical
axes of the calcite crystals are parallel and aligned
perpendicular to the plane of reflection. Birefringence
splits light entering the prism into two rays,
experiencing different refractive indices; the p-
polarized ordinary ray is totally internally reflected
from the calcite-cement interface, leaving the s-
polarized extraordinary ray to be transmitted. The
prism can therefore be used as a polarizing beam
splitter. Traditionally Canada balsam was used as the
cement in assembling these prisms, but this has
largely been replaced by synthetic polymers.
Compared to the similar Glan—Foucault prism, the
Glan—Thompson has a wider acceptance angle, but a
much lower limit of maximum irradiance (due to
optlc%_ %gr}gge limitations of the cement layer).

\ﬂtl'l'li.:ﬂ[
G-ray
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Glan—Foucault prism

A Glan—Foucault prism (also called a Glan—air prism) is a type of prism which
is used as a polarizer. It is similar in construction to a Glan—Thompson prism,
except that two right-angled calcite prisms are spaced with an air-gap instead of
being cemented together.[1] Total internal reflection of p-polarized light at the
air gap means that only s-polarized light is transmitted straight through the
prism.

Compared to the Glan-Thompson prism, the Glan—Foucault has a narrower
acceptance angle over which it will work, but because it uses an air-gap rather
than cement, much higher irradiances can be used without damage. The prism
can thus be used with laser beams. The prism is also shorter (for a given usable
aperture) than the Glan—-Thompson design, and the deflection angle of the
rejected beam can be made close to 90°, which is sometimes useful. Glan—
Foucault prisms are not typically used as polarizing beamsplitters because
while the transmitted beam is 100% polarized, the reflected beam is not. :j*

ray

1T-&F
- O-ray alr-gap

The Glan—Taylor prism is very similar, except that the crystal axes and
transmitted polarization direction are orthogonal to the Glan—Foucault design.
This yields higher transmission, and better polarization of the reflected light.[2]
Calcite Glan—Foucault prisms are now rarely used, having been mostly
replaced by Glan—Taylor polarizers and other more recent designs.

Yttrium orthovanadate (YVO4) prisms based on the Glan—Foucault design

have superior polarization of the reflected beam and higher damage threshold,

compared with calcite Glan—Foucault and Glan—Taylor prisms.[3] YVO4

prism¥VardV@idge expensive, however, and can accept beams over a very limited 566
range of angles of incidence. W.Wang



Wollaston Prisms

Polarization can be achieved with crystalline materials which have a different index of
refraction in different planes. Such materials are said to be birefringent or doubly refracting.
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Wollaston Prism

William Hyde
Wollaston
1766-1828
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Wollaston prism

A Wollaston prism is an optical device, invented by
William Hyde Wollaston, that manipulates
polarized light. It separates randomly polarized or
unpolarized light into two orthogonal linearly
polarized outgoing beams.

The Wollaston prism consists of two orthogonal \[\_ =l I
calcite prisms, cemented together on their base

(traditionally with Canada balsam) to form two — T__
right triangle prisms with perpendicular optic axes. J,
Outgoing light beams diverge from the prism,
giving two polarized rays, with the angle of \
divergence determined by the prisms' wedge angle

and the wavelength of the light. Commercial prisms

are available with divergence angles from 15° to
about 45°.

W. Wang 568
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A Nomarski prism is a modification of the Wollaston prism

Nomarski prism

A Nomarski prism is a modification of the Wollaston prism that is used
in differential interference contrast microscopy. It is named after its
inventor, Polish physicist Georges Nomarski. Like the Wollaston
prism, the Nomarski prism consists of two birefringent crystal wedges
(e.g. quartz or calcite) cemented together at the hypotenuse (e.g. with
Canada balsam). One of the wedges 1s identical to a conventional
Wollaston wedge and has the optical axis oriented parallel to the
surface of the prism. The second wedge of the prism 1s modified by
cutting the crystal in such a manner that the optical axis 1s oriented
obliquely with respect to the flat surface of the prism. The Nomarski
modification causes the light rays to come to a focal point outside the

body of the prism, and allows greater flexibility so that when sett}ug_\L\

the microscope the prism can be actively focused.

Ordinary Extraordinary
Ray Ray

ORN |

(e.g. Canada balsam) N |Ce Vld eO:




Rochon prism

A Rochon prism 1s a type of polariser. It 1s made
from two prisms of a birefringent material such
as calcite, which are cemented together.[1]

The Rochon prism was invented by and 1s named
after Abbé Alexis Marie Rochon. It is in many
ways similar to the Wollaston prism, but one ray
(the ordinary ray) passes through the prism
undeviated. The Sénarmont prism is similar
but transmits the s-polarized ray undeviated.
In both the Rochon and the Sénarmont prisms
the undeviated ray is ordinary on both sides of
the interface. Rochon prisms are commercially
available, but for many applications other
polarisers are

W. Wang

Unpolansed

Extraordinary
Ray

H

Optical axis
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S¢énarmont prism

The Sénarmont prism is a type of polariser. It is made from two prisms of a
birefringent material such as calcite, usually cemented together.[1] The Sénarmont
prism is named after Henri Hureau de Sénarmont. It is similar to the Rochon and
Wollaston prisms.

In the Sénarmont prism the s-polarized ray (i.e., the ray with polarization direction
perpendicular to the plane in which all rays are contained, called the plane of
incidence) passes through without being deflected, while the p-polarized ray (with
polarization direction in the plane of incidence) is deflected (refracted) at the
internal interface into a different direction. Both rays correspond to ordinary rays % § I

Extraordinary
Ray

o—o—p
Ordinary

Ray

(o-rays) in the first component prism, since both polarization directions are
perpendicular to the optical axis, which is the propagation direction. In the second
component prism the s-polarized ray remains ordinary (o-ray, polarized
perpendicular to the optical axis), while the p-polarized ray becomes extraordinary
(e-ray), with a polarization component along the optical axis. As a consequence,
the s-polarized ray is not deflected since the effective refractive index does not
change across the interface. The p-polarized wave, on the other hand, is refracted
because the effective refractive index changes upon changing from o-ray to e-ray.

D\

The Sénarmont prism is similar in construction and action to the Rochon prism, as

in both polarizers the ray that is not deflected is the o-ray after the internal

interface, while the deflected ray is the e-ray. However, in the Rochon prism, it is

the p-polarized ray that remains an o-ray on both sides of the interface, and is

therefore not deflected, while the s-polarized ray changes from o-ray to e-ray and

is therefore deflected. 571
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Dichroic Prisms

A dichroic prism is a prism that splits light
into two beams of differing wavelength
(colour). A trichroic prism assembly
combines two dichroic prisms to split an
image into 3 colours, typically as red,
green and blue of the RGB colour model.
They are usually constructed of one or
more glass prisms with dichroic optical
coatings that selectively reflect or transmit
light depending on the light's wavelength.
That is, certain surfaces within the prism
act as dichroic filters. These are used as
beam splitters in many optical
instruments. (See: Dichroism, for the

etynw_lw%é)f the term.)  wikipedia

-

F

A trichroic prism assembly
572
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Application

VR
\

\

F)
One common application of dichroic prisms is in some camcorders andhigh-quality
digital cameras. A trichroic prism assembly is a combination of two dichroic prisms
which are used to split an image into red, green, and blue components, which can be
separately detected on three CCD arrays.

A possible layout for the device is shown in the diagram. A light beam enters the first
prism (A), and the blue component of the beam is reflected from a low-pass filter
coating (F1) that reflects blue light (high-frequency), but transmits longer wavelengths
(lower frequencies). The blue beam undergoes total internal reflection from the front
of prism A and exits it through a side face. The remainder of the beam enters the
second prism (B) and is split by a second filter coating (F2) which reflects red light but
transmits shorter wavelengths. The red beam is also totally internally reflected due to
a small air-gap between prisms A and B. The remaining green component of the
beam travels through prism C.

The trichroic prism assembly can be used in reverse to combine red, green and blue
beams into a coloured image, and is used in this way in some projector devic:e537.3

AsseerYiVeagg{Nith more than 3 beams are possible.
W.Wang



Thin Film Beam Splitters

Beamsplitting Optics

Our standard beamsplitters are designed to provide generzl purpose laser beamsplitting and combining for

visible through near infrared applications.

Broadband
Dielectric
Beamsplitters

Laser Line Non-
Polarizing Plate
Beamsplitters

W. Wang

Ultrashort Pulse
Beamsplitters

uv Plate
Beamsplitters

Ultrafast Laser
Harmonic
Beamsplitters

IR Plate
Beamsplitters

High Energy
Nd:YAG Laser
Harmonic
Beamsplitters

Pellicle
Beamsplitter

High-Energy
Nd:YAG Laser 50
Percent
Beamsplitters
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Example of Dielectric Thin Film Beam Splitter

Newport N-BK7 Broadband Dielectric
Beamsplitter, 50.8mm, A/10, 480-700 nm

Model

Material

Diameter
Antireflection Coating
Angle of Incidence

Surface Quality
Damage Threshold

Efficiency

Clear Aperture
Coating Code
Wedge

Thickness
Thickness Tolerance
Diameter Tolerance
Chamfers

Chamfers Angle/Tolerance

Cleaning

W. Wang

20B20BS.1

Grade A N-BK7
2.00 in. ( 50.8 mm)
480-700 nm

45°

15-5 scratch-dig

500 W/cm2 CW, 0.5 J/cm? with 10 nsec
pulses, typical

R, <0.75% @ 400-700 nm
> central 80% of diameter
BS.1

30 +15 arc min

0.37 in. ( 9.4 mm)

+0.38 mm

+0/-0.13 mm

0.38-1.14 mm face width
45° +15°

Non-abrasive method, acetone or
isopropyl alcohol on lens tissue

recommended see Care and Cleaning of

Optics

Reflectance (%)

Typical

N |

70 . .

BS.1
60
458
40
45P
30 '\
20 Recommended \
Wavelength Range
10
400 500 600 700 800

Wavelength (nm)
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Thorlab uncoated Thin film Pellicle Beam Splitters

*Eliminates Ghosting

*No Chromatic Aberration with Uncollimated Beams
*Uncoated for Beam Sampling or Coated for Beamsplitting
*ersions Available for Wavelengths from 300 nm to 5 ym

8:92 (R:T) Pellicle Beamsplitters, Uncoated: 400 - 2400 nm  § P
Specification Y e
Membrane Material Nitrocellulose ' '
Membrane Thickness 2 pm, 5 uym for 300-400 nm Version

Index of Refraction (nd) 1.5 (@ 550 nm)

Surface Quality 40-20 Scratch-Dig

Transmitted Wavefront Errora A/2 (Typical)
Reflected Wavefront Errora <A (Typical)

Frame Thickness 3/16" (4.8 mm)

Inner Diameter, I.D. @1/2" Size: @1/2" (12.7 mm)
@1" Size: 31" (25.4 mm)

@2" Size: @2" (50.8 mm)

Outer Diameter, O.D. @1/2" Size: @0.75" (19.1 mm
1" Size: @1.38" (34.9 mm)

2" Size: @2.38" (60.3 mm)

Mounting Hole Spacingb &1/2" Size: 0.63"
@1" Size: 1.19" (30.2 mm)

]

Beamsplifter—___~ -
Coating Pellicle Beamsplitter

8:92 Uncoated Reflectance

——P-Pol.
Unpol.
— S-Pol.

IAVAN

300 600 900 1200 1500 1800 2100 2400
Wavelength (nm)
8:92 Uncoated Transmission

Reflectance (%)

100

@2" Size: 2.19" (55.6 mm) S
Temperature Range -40 to 70 °C 5 90
a.Angle of Incidence = 450 [
b.Denoted by "A" in the figure to the right £ 80
E i ——P-Pol
Pellicle beamsplitters display sinusoidal oscillations F 70 Unpal
when plotting the splitting ratio as a function of 65+ . . , _Sm.‘ .
wavelength. This is caused by thin film interference 300 600 900 1200 1500 1800 2100 2400
effects. In the plot above, the shaded region Wavelength (nm)

represents the specified operating range.

W.Wang



Thorlab coated Thin film Pellicle Beam Splitters

45:55 (R:T) Pellicle Beamsplitters, Coating: 300 - 400 nm

*Eliminates Ghosting

*No Chromatic Aberration with Focused Beams
*Minimal Change in Optical Path Length
*@1/2", @1", and @2" Versions Available
*Surface Quality: 40-20 (Scratch-Dig)

45:55 Coating for 300 - 400 nm Reflectance
100

— P-Pol

o~ —— Unpol

§ 80 11 — spo

o

o

8

o

@

=

)

14
0 . ; . ; ; : r v r
250 275 300 325 350 375 400 425 450 475 500

Wavelength (nm)
W. Wang

Transmisslon (%)

BP145B5

45:55 Coating for 300 - 400 nm Transmission

100

——Pp-PolL
—— Unpol
80 4| —s-,ol

60 4

20

0

N

W

v\f\/\f\/ :

~

250 275 300 325 350 375 400 425 450 475 500

Wavelength (nm)
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Cleaning Procedure
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Polka Dots Beam Splitter

Polka Dot Beamsplitter 45” Angle of Incidence

&9

A
Light :.’ i
Source 45° 50% of UV, VIS and IR .... &
! b'.'o.‘.o.. -
Transmission AL .'..°

Sy ®
50% of LV, e
ViSand IR | Reflection

The metal coating is applied in a regularly repeating array, which lends the beamsplitter its
"polka dot" appearance, as shown to the right. Light is reflected by the metal-coated portion of
the beamsplitter and transmitted through the uncoated portion of the beamsplitter. To maximize
the reflected intensity, light should be incident on the coated side of the beamsplitter. The
square dots have 0.0040" (100 um) [UVFS, B270, and CaF,] or 0.0042" (107 ym) [ZnSe] sides.

The spacing between the dots is 0.0022" (56 um) [UVFS, B270, and CaF,] or 0.0018" (46 ym)
[ZnSe] in all directions.

Polka dot beamsplitters are typically used at a 45° angle relative to the incident beam as shown
in the diagram above. Our polka dot beamsplitters transmit 50% + 5% (x10% for ZnSe) when a

beam \Iﬁ Wa%egr than 2 mm in diameter.

579
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Pellicle mirror

A very thin half-silvered mirror used in photography is often
called a pellicle mirror. To reduce loss of light due to
absorption by the reflective coating, so-called "swiss cheese"
beam splitter mirrors have been used. Originally, these were
sheets of highly polished metal perforated with holes to
obtain the desired ratio of reflection to transmission. Later,
metal was sputtered onto glass so as to form a discontinuous
coating, or small areas of a continuous coating were removed
by chemical or mechanical action to produce a very literally
"half-silvered" surface.

W. Wang 580
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Light transmission for different substrate

+50:50 Beamsplitting Over Broad Transmission Range
°UVFS: 250 nmto 2.0 ym

°B270: 350 nm to 2.0 pm

°CaF2: 180 nm to 8.0 ym

°ZnSe: 2.0to 11.0 ym

*Four Substrate Options: UV Fused Silica, B270 Glass,
Calcium Fluoride (CaF2), or Zinc Selenide (ZnSe)

W. Wang 581
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Example of Polka Dots Beam Splitter

UV Fused Silica Polka Dot

Beamsplitters: 250 nm - 2.0 ym

Specifications

Available Sizes

Beamsplitting Ratio

Minimum Beam Diameter

for 50/50 Split
Material

Wavelength Range

Coating Pattern

Clear Aperture

Thickness

Dimensional Tolerance

W. Wan

Angle of Incidénce

1", 92", or 1" Square

50% £ 5%

2 mm

UV Fused Silica

250 nm - 2.0 um

Square-Coated Apertures
0.0040" (100 pum) Sides,
0.0022" (56 um) Spacing

>90% Diameter (Round
Optics)
>90% Length and Height
(Square Optics)

1.5 mm (Nominal)

+0.0/-0.5 mm

0 to 45°

%

UVFS Polka Dot Beamsplitters, 0° or 8° AOI

2600

50.0
47.5
45.0 +
42.5 -
40.0
37.5 ——Reflectance, 8° AOI
Transmission, 0° AQI
35.0 LI R L IR LR AL I R IR
200 600 1000 1400 1800 2200
Wavelength (nm)
UVFS Polka Dot Beamsplitters, 45° AOI
50.0
47.54
45.0
R 42,5
40.0
37.54 —— Reflectance, 45° AQI (Unpolarized)
Transmission, 45° AOI (Unpolarized)
35.0

200

T T T 1 T T T
600 1000 1400 1800

Wavelength (nm)

———
2200

2600

BPD254S-FS

BPD254-FS
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GLAN THOMPSON PRISMS
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W. Wang

Polarizations Prisms Overview
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Glan-Ta Glan-Thompson Prism N I —
Polarizing Prism
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( Dual Side Windows )

Polarizing Prism

httn: dwww.unitedervstals. com/POverview. himl
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Polarizations Prisms Overview

AS o

Lippich Prism

> otar.tig Soueiee

AN

Senarmont Prism

hitp: //www.unitedcrystals.com/POvegpiew. himl

W. Wang
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Design Project 2

Using combination of prisms for optical beam
manipulation:

Spectrometer (dispersing light, birefringent effect)
Sterecoscope (3D 1maging)

Image coupling or anything you can come up with
Show all calculation and design.

Please follow the Memo requirement instruction
for the Memo preparation:

http://courses.washington.edu/me557/optics/memo.doc

W. Wang 587
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Design Project 2

 This time do some literature search for ideas

* | like to see more sophisticated design and
put more effort into your presentation and
memo write-up

W. Wang 588
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Design Project 2
(Alternative)

Utilizing any of the wave theory concepts we
have shown so far, such as polarization,
complex refractive index, epsilon, interference,
diffraction, phase and group velocity,
dispersion, etc., design an optical device or
demonstrate a concept 1n this project. This will
be given a higher grade than if you just use the
prism design.

W. Wang 589



[.ist of 1deas

» Cutting crystal differently to create different
interferometer system or beam spliter, light
dispersion (e.g. larger dispersion angle)

» Using Liquid Crystal- heat trigger, pressure,
electric or magnetic trigger

* Dispersing light for telecommunication

» Using prism to split and disperse light
(multiplexing)

» Polarization, phase plate
* Intgrterometer (e.g. polarimetric interferometgy)



Encryption system

1. Creating an analog or digital encryption machine using different wavelengths of light, where each
wavelength represents an alphabet, binary, octal, or hexadecimal code. You could use a prism to disperse light
and adjust the prism's rotation to receive different wavelengths (we'll discuss optimizing this dispersion angle
in class).

2. Using polarizers as a method of encrypting the signal. Different angles would provide different codes or
alphabetical characters, and only by aligning the input and output correctly could one decipher the codes or
characters. You could even use two polarizers to increase the complexity.

3. Utilizing the Brewster angle to encrypt images. Only when viewed at that specific angle would the image be
visible or reflected in that particular polarization.

4. Employing lenses to encrypt signals into the Fourier plane, making it difficult for people to discern the
content. Then, you could use the same lens to expand the image back and decrypt it.

5. Using interference to create holograms to encode any message or image desired. By taking a picture of the
hologram and shining a reference beam, line, or grid pattern, you could retrieve the original message. This
could be a fun experiment—I've actually made a business card using this method before. I can show you,
perhaps using geometric mirrors.

W. Wang 591



Birefringent FTS

» Using birefringent effect to create
interferometer

 Interferometer 1s used to lower the
frequency so we can observed these high

frequency signal in lower frequency 1n time
or space domain.

W. Wang 592
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Polarizer

Polarization states are linear, circular and elliptical according to
The path traced by electric field vectors in a propagating wave train.

- Quartz (e.g. calcite),

- Polarized by reflection (Brewster angle from glass)

- metal film

- Dichroic (sheet-type polarizers are manufactured from an organic
materials embedded into a plastic. When stretched, aligning molecules
and causing them to be birefringent, and then dyed. Dye molecules
selectively attach to aligned polymer molecules, so absorption is high
in one and weak in other. (Polaroid)

w.wang 593
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Polarizer

The second meaning of dichroic refers to a material in which light in different
polarization states traveling through it experiences a different absorption
coefficient. This is also known as diattenuation. When the polarization states in
question are right and left-handed circular polarization, it is then known as circular
dichroism. Since the left- and right-handed circular polarizations represent two
spin angular momentum (SAM) states, in this case for a photon, this dichroism
can also be thought of as Spin Angular Momentum Dichroism.

In some crystals, the strength of the dichroic effect varies strongly with the
wavelength of the light, making them appear to have different colours when
viewed with light having differing polarizations.[dubious — discuss] This is more
generally referred to as pleochroism,[2] and the technique can be used in
mineralogy to identify minerals. In some materials, such as herapathite
(iodoquinine sulfate) or Polaroid sheets, the effect is not strongly dependent on
wavelength.

594
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Retarders

A retarder, or waveplate, is an optical device that resolves a light wave
into two orthogonal linear polarization components and produces a
phase shift between them. The resulting light wave generally is of a
different polarization form.

|deally, retarders do not polarize, nor do they induce an intensity
change in the light beam. They simply change its polarization form.
Retarders are used in applications where control or analysis of
polarization states is required.

¢ = 2mnd /2

W. Wang 595
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Retardation plates

Retardation plates or phase shifters, including 7 or 72 wave plates,
Are usually used primarily for synthesis and analysis of light
In various polarization states.

When combine with polarizer, it either rotates the polarization or
change linear polarized light into circularly polarized light.

-

W2 H@"I’.’P.'r{ﬂﬁ w4 Then '-_';.'.;';"m'r.'
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Let’s assume the real time-space £ vector has x and y components:

E(z,t)=acos(wt—kz+ ¢ )x+bcos(wt—kz+¢,)y

E /E, =Ael ,
linearly polarized: ¢, —¢,=0..0rx E, =+(—)E,
a

circularly polarized: ¢, —¢ = i% A |

Elliptically polarized: ¢, — ¢, = anything..except..0, ﬂ,i%
E
— = b = anything

W. Wang E X a 597
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Half wave plate
A retarder that produces a A/2 phase shift is known as a half wave
retarder. Half wave retarders can rotate the polarization of linearly
polarized light to twice the angle between the retarder fast axis and the
plane of polarization.

Placing the fast axis of a half wave retarder at 45° to the polarization
plane results in a polarization rotation of 90°. Passing circularly polarized
light through a half wave plate changes the "handedness" of the
polarization.

HRotated
Clutput
Polarization

Linear Polarizer

&, Polarization rotation with a half wave plate
W. Wang 598
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Quarter waveplate

If the orthogonal electric field components are equivalent, a phase
shift /4 in one component will result in circularly polarized light.
Retarders that cause this shift are known as quarter wave retarders.
They have the unique property of turning elliptically polarized light into
linearly polarized light or of transforming linearly polarized light into
circularly polarized light when the fast axis of the quarter wave plate at
45° to the incoming polarization plane. (Light polarized along the
direction with the smaller index travels faster and thus this axis is
termed the fast axis. The other axis is the slow axis).

=

|
o]
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Jones Vectors

A monochromatic plane wave of frequency of w traveling in z direction is
characterized by
E =a_ ¥ (10)
E = &%
Yy ay
of x and y component of the electric fields. It is convenient to write these complex
quantities in the form of a column matrix

E (11)

2 .
Total intensity is 1 =(E,|" + Ey‘ y/2n  Usetheratio a,/a,

and phase difference ¢y —@,.  to determines the orientation and

W_svhvgﬂ%e of the polarization ellipse 600
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Jones matrix

Consider the transmission of a plane wave of arbitrary polarization through an optical system
that maintains the plane-wave nature of the wave, bu alters its polarization, the complex
envelopes of the two electric-field components of the input £, £;, and those output

waves, E,,, E,, can be express by weighted superposition,

E2x _ Tll Ti2 Elx |:> J2:TJ1 (12)

3 2y I 21 I 22 3 ly
Linearly polarizer  Polarization rotator Wave retarder
1 0 cosf —sind L0 Fast axis
_ _ T = T Along x axis
0 0 sinf  cosé 0 e
Linearly polarized along  Rotate linearly polarized light I'= /2 quarter wave retarder
X axis By an angle of 0 I'=n  half wave retarder
I' = 2nmtd/A where d 1s thickness
w.wang of birefringent material 601
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Plane Polariscope

Linear poalrizer

/</ - Model location T—{O O}
1o 1

Analyzer M
Linear polarizer

T 1 O
W. Wang - 0 O 602
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Circular Polariscope

Axis of polarization

4

. Light source
) {o o}
T =

slow axis

fast axis

0 1

Linear poalrizer
Ya wave plate

Axis of polarization Model location T = |:1 ij:|
0 o
a wave plate M )
Analyzer
Linear polarizer T — 1 O,
1 0 0 /'
o wars TTMTTJ, 00 o3
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Filters
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Dichroism

In optics, a dichroic material 1s either one
which causes visible light to be split up into
distinct beams of different wavelengths
(colors) (not to be confused with dispersion),
or one 1n which light rays having different
polarizations are absorbed by different
amounts. wikipedia

W. Wang 605
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Filter

Neutral density- decrease intensity (broadband, metallic)
Interference filter — utilizing etalon created by thin layer(s) of
dielectric or metallic coating to selectively filter certain

Wavelength (narrow band)

Gel film— usually braodband, either passband or lowpass or highpass

Filter
Red ‘ Red
Green | Green
Blue
W. Wang 606
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Transmission: Beer-Lambert or Bouger’s Law

Absorption by a filter glass varies with wavelength and filter thickness. Bouger’s
law states the logarithmic relationship between internal transmission at a given
wavelength and thickness.

log(T4) / dy = log(T2) / d;

Internal transmittance, 1, is defined as the transmission through a filter glass
after the initial reflection losses are accounted for by dividing external
transmission, T, by the reflection factor Pg-

= itted
T, = T/ Pd of lig fran 1.3“ .
nange 10 intens!ty \ate pon ot which
The 1aw that the (\:o\ng substance ! Jiam 2 co f(.m; © Also
nrough a0 BSOS corbing M gt of the 1
the thickness 0 ple and the W2
s
ﬁds on thy \ W
ff:wn as La Hert's 1a
W. Wang o7
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Example

The external transmittance for a nominal 1.0 mm thick filter
glass is given as T, , = 59.8 % at 330 nm. The reflection
factor 1s given as P; = 0.911. Find the external transmittance
T, , for a filter that 1s 2.2 mm thick.

Solution:

T 0=11,/Py4=0.598/0911=0.656
Ty, = [T, oJ2¥10=10.656]>2=0.396
T,,=1,, *P;=(0.396)(0.911)=0.361

So, for a 2.2 mm thick filter, the external transmittance at 330
nm would be 36.1%

W. Wang 608
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Beer—Lambert law

The absorbance of a beam of collimated monochromatic radiation in a homogeneous
isotropic medium is proportional to the absorption path length, /, and to the concentration, c,
or — in the gas phase — to the pressure of the absorbing species. The law can be expressed
as:
P!
, A
A= logm(F) =¢ccl

A

or
P,=P] 107!

where the proportionality constant, €, is called the molar (decadic) absorption coefficient.
For / in cm and ¢ in mol dm 3 or M, ¢ will result in dm= mol "'¢cm ! or M c¢cm ~!, which is
a commonly used unit. The SI unit of € is m 2 mol ~!. Note that spectral radiant power must
be used because the Beer—Lambert law holds only if the spectral bandwidth of the light is
narrow compared to spectral linewidths in the spectrum.

See: absorbance, extinction coefficient, Lambert law

W. Wang 609
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Transmittance and Absorbance

A spectrophotometer is an apparatus that measures the intensity, energy carried by the radiation per unit
area per unit time, of the light entering a sample solution and the light going out of a sample solution. The
two intensities can be expressed as transmittance: the ratio of the intensity of the exiting light to the
entering light or percent transmittance (%7). Different substances absorb different wavelengths of light.
Therefore, the wavelength of maximum absorption by a substance is one of the characteristic properties of
that material. A completely transparent substance will have /, = [, and its percent transmittance will be
100. Similarly, a substance which allows no radiation of a particular wavelength to pass through it will
have [, = 0, and a corresponding percent transmittance of 0.

Transmittance
T=1/1,
% Transmittance: % T =100 T
Absorbance
A =1og10 (/,/1))
A =1og10 (1/T) = -log10 (T)
A =1og10 (100/%T)
A=2-10g10 (%T)
Transmittance for liquids is usually written as: T = //I,=10-% =10%/"
Transmittance for gases is written as T = I/l = 109/ = e9IN
W qn%)hqe the intensity (or power) of the incident light and the transmitted light, respectively. 610
Absorba

ce for liquids is written as A = -log10 = (//1,)
Absorbance for gases it is written as A" = -In(//1,) W.Wang



Anti-Retlection Coatings

P )
¥ - 1 3

Without anti-reflection With anti-reflection
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Anti-Reflection Coatings

Anti-reflection coatings work by producing two reflections
which interfere destructively with each other.

ccccc T
'::-----::l.c.’ ............ ‘...l.':---.ln...'.\n
. -

I

4_ . Consemmune®
- Reflections out of phase _ TU phase change

W. Wang 612
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Antirefelction coating

alr
H,;,:'I.EI'U'

 —
i — -

thim
fillm

wavelength = A

W. Wang

I

physical
thickness

glass
n=152

W teg, the optical
thickness (ni) = A/4,
then reflections
interfere destructively

resultant reflected
Intensity = zero
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Multi-Layer Anti-Reflection

Y

Typical
Material
MgF2
n=1.38
Optimum coating

Ncoating= ~Nglass

W. Wang

Coatings

o
[
o[>

o
o[>

NN, —Cef Ny N, Ny —CeF
12 3 1 'y Nz 3
n=1.65 A n=1.65
MgF2 or MgF2 Zros; or
n=1.38 Al20z n=1.38 n=2.10  Al,0z
> n=1.76 n=1.76
= Ng Optimum coating
2
nz
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Long pass Dichroic Mirrors/Beamsplitters

Sea
B¥(0) $ Dollar ¥ ENGLISH

Eﬂﬁﬁﬁ : +B86 (02) 66303922 / ASIAETHORLABS.COM
Create am Account | Log Im

Products Home Rapid Order Services The Company Contact Us My Thorlabs
ﬁ:>:=0|gtica| Elements ==0ptical Mirrors =»Dichroic Mirrors / Beamsplitters ==Longpass Dichroic Mirrors/Beamsplitters 9
Chat

Longpass Dichroic Mirrors/Beamsplitters

Related ltems
Shortpass Dichroic Mirrors

Cutoff Wavelengths from 425 nm to 1800 nm o e e
>85% Absolute Transmission in Band Dichroic Cage Cube Holding
>90% Absolute Reflectance in Band B 6

Durable Hard Coatings

DMLFP350R
e

DMLPSETL DMLPE3S DMLP1300T

Fluorescence Imaging Filtars
Filter Mounts

Dichroic Mirror Cage Cube

W. Wang 615
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Example of Dichroic Mirrors/Beamsplitters

Thorlab Longpass Dichroic
Mirrors/Beamsplitters: 490 nm Cutoff
Wavelength

DMLP490T

Specification:

DMLP490, 45° AOI Unpolarized Light
100

Cutoff Wavelength 490 nm (transmission)
Transmission Band (Tabs > 85%, Tavg > 90%) ]
510 - 800 nm <
Reflection Band (Rabs > 90%, Ravg > 95%)

380 - 475 nm

404

204

0 I ) T ¥ ¥ I
300 400 500 600 700 800 900 1000

Wavelength (nm)

W. Wang 616
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Dichroic Mirrors

Harmonic separators are dichroic beamsplitters used to reflect one wavelength
and to transmit the others. Reflectance is higher than 99.5% for the wavelength
of interest and transmittance is at least 90% for the rejected wavelengths. The
rear surface of harmonic separators is antireflection coated.

100 1M
L ™ N

|
A
80 |

w
(4]

w
o

a0 |
[

" ap ||
I|
20 \
5
G =z

820 860 0o B0 880 10200 1080 1100
790 810 980 1020 1060 Wavelength, nm

Wavelength, nm

Percent transmission

o = N W

031-6800. HR>99.5@1064 nm,
HT>95%@808 nm, AOI=0°

EKSMA OPTICS offers BK7 dichroic
= Laser Damage Threshold: >2J/cm2, 8 ns mirrors for fast off-the-shelf delivery.

pulse, 1064 nm typical for BK7 substrates; Available substrate types of Non-Standard
>5J/cm2 8 ns pulse, 1064 nm typical for ~ BK7 Dichroic Mirrors are Concave/Convex,
UVFS substrates Plano/Concave, Plano/Convex and Plano.

» Backwsige antireflection coated: R<0.5% 617

= Parallelism: 30 arcsec W.Wang



Phase Shifter

A beam splitter that consists of a glass plate with a reflective

dielectric coating on one side gives a phase shift of 0 or m,

depending on the side from which it is incident (see figure). s el Eoe et
Transmitted waves have no phase shift. Reflected waves

entering from the reflective side (red) are phase-shifted by =,

whereas reflected waves entering frorhhe\glass side (blue) +7 +0)

have no phase shift. This 1s due to the Fresrle\kcqua\ti(:\l;sw,l
according to which reflection causes a phase shift only whe
light passing through a material of low refractive index is
reflected at a material of high refractive index. This is the case
in the transition of air to reflector, but not from glass to

reflector (given that the refractive index of the reflector 1s in
between that of glass and that of air). B N < Nretioctor=Ngrase

This does not apply to partial reflection by conductive
(metallic) coatings, where other phase shifts occur in all paths
(reflected and transmitted).

E, = RE,e/krx*

n

+0

E, = TE e JkuxX

W. Wang 618
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Difference between reflection, phase shifting,
backward travelling wave and phase conjugated wave

Fresnel Equation

Hi» €1, 1y Mo, €2, Iy Negative sign
E, ke means p93|t|v§ _
= (Xk,, + Zk,.) " X /propagatlng direction
1 E 2

2 A — jk - Jjk
Et. ,:,A;F:y‘TlEoe JKtx X— JKtz Z
E" = );R[Eoe_jerx"'jkrzz BT T A AN

",

. . E., i
‘o (-ik, + Zk,x>@fw s
2

R=reflection coefficient

T,=transmission coefficient
TE = transverse electric, perpendicularly polarized (E perpendicular to plan of incident)

H' = (=xk_+ 2k) £,

e*.l'kxx*.szz

WH

E; = E e JkixX=JkizZ

b r— 0 . s .
- Phase shifting: R=-1 =>E, =Oe_jk7‘xx+jklzz gy

3 ' )
- Plain reflection and transmission: k,,= k;, and n = positive, E,= RE, e /krx*+JkizZ [ = TE e~JRktxX~JkizZ
- Backward travelling wave: n = negative, E; = E,e /kux*~JkizZqnd E, =

A—~s
TE - =
- Phase conjugated wave: E; = E, e ~JKkix*~JkizZ O f

ol
- e e
-

<0

- r = EO ‘
W. Wang .
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Phase Conjugated Mirror

Phase conjugation is a physical transformation of a wave field where

the resulting field has a reversed propagation direction but keeps its
amplitudes and phases
A | k,.=-k, ___a
| g— v — f*\i’ e " A i
( ional mirroi ’hase conjugate mirror
Figure 1: The wave reflects differently from PCM than from an ordinary
mirror.|5|
» E; = E e Jkux—ikizz=0 => f = F_e~Jkrex+ikizz+0
w.wang

621
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Phase Conjugation

INCIDENT REFLECTED REFLECTED
WAVE S~ WAVE WAVE

INCIDENT
WAVE

CONVENTIONAL MIRROR PHASE CONJUGATE MIRROR

(a) (b)
DOUBLE
DISTORTION
S 'n,:’ - ') r‘: . E F.
QL::' \‘J [/ ‘_:
e‘_':__ ‘r._ ? |
» P ! %
/s ." “2 ] 1
1 7 - b
‘_E\ "". V H _._.,' f
3 y - 1 - [
- . - ! I 7
CONVENTIONAL UNDISTORTED PHASE
MIRROR WAVE CONJUGATE
(c) (d) MIRROR

FiG. 1. Reflection from conventional and phase conjugate mirrors.

—The secret is that the reflected wave is the complex coniugate of the incident wave so that a

wave of the form E = |g(r)|cos(wt — k- r — @(r)) is reflected as

E* = |e(r)|cos(wt + k- r + @(r)) = |e(r)|cos(—wt — k- — @(r)).

Thus as well as reversing the direction of light, a phase conjugate mirror also

reverses its phase
w.wang 622

W.Wang



if a hologram made by the superposition of a reference wave and a coherent wave reflected

from a subject is illuminated from the back by a reference wave in the opposite direction

(conjugate) to the original reference wave, a single real image is produced which is the

complex conjugate of the beam originally reflected from the subject.

This type of real-time holography is more completely and correctly described in non-linear
optical terms as four-wave mixing.'” Within this framework, when three coherent optical beams
MMthcal medium, it is possible to generate a fourth coherent

relative angles of the beams. Waves E
E,and E, may be regarded as inducing in the medium an electrical polarization which oscillates

with a frequency of w, = (@, + W, — w;). This polarization radiates a wave at the same
frequency wy,, with a phase @4 = (@, + @, — ¢3) and in the direction ol the wave vector
124—1 (ki + ko — k3).

DEGENERATE FOUR WAVE MIXING
(DF WM)

E1 and E2 are Pump

e waves
Incident £, S
wave NONLINEAR MEDIUM

conjugated < e B

wave ’ LN

-7
% 0 L -

FiG. 2. Degenerate Four Wave Mixing. E; and E; are pump waves. E; is a probe wave and E, the
generated phase conjugate wave.

For the setup depicted in Fig. 2, all three frequencies are chosen identical (degenerate) and the
counter-propagating pump waves are conjugates of each other (so that &, = —k; and

®; = —@,). Thus the generated wave travels in the direction ky = —k; with a phase ¢4 = @3

and so 18 the conjugate of E3
W. Wang 623
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Phase Conjugation

The general concept of phase conjugation is very simple — the phase of the
incident light gets conjugated on reflection. To describe this let us define 2 the
incident wave in the direction é., with:

Es(z,y,2:t) = Eo(z,v, 2) el (®@v2)—wt) 4 o0 (1)

where ®(x,y,2) = kz + ¢(x,y, 2) is the dependance of the space component of
the wave’s phase. The ¢(z,y, 2) describes the distortion of the wave front (its
phase) by the medium while passing through it. We can now rewrite this as:

Es(z,y,2;t) = Eo(z,y, z) e/ F=H¢(=82) =0t 4 e

—iwt (2)
= As(z,y,2) € +c.c.

where we have defined A3 as the complex amplitude of the incident wave. Now
we can write the reflected wave in the same way, while taking into account
also that its phase gets conjugated. This means that both components of the

w.wang 624
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propagation vector will change in sign as k — —k and the same for its phase
distortion: ¢ — —. Reflected wave is then:

E4(z,y,2;t) = Eo(z, v, 2) e —2(@:y:2)—wt) 4 o6
= Eo(z,y, 2) e-Fz—¢@v:2)) g—ivt 4 6 (3)
= Ay(z,y,2) et L ce.
where we have again defined A4 as the complex amplitude of the wave. Com-

paring the two expressions we see that Ay = A3. To better understand this, it
is worth writting down the real parts of the waves:

Re[E4(z,y,2;t)] = 2 Egcos(kz + p(z,y, 2) + wt)
= 2 Egcos(—(—kz — p(z,y, 2) — wt)) (4)
= 2 Egcos(kz + p(z,y,2) — w(-1))) .

Thus we see:
Re[Es(z,y, 2;t)] = Re[E3(z,y,2;—t)] . (5)

From this, we can interpret the reflected wave as the incident wave, reversed as
a_ wave going back in time. exactlv following the path it previously took. If we

» illuminate such mirror with light from a point source. the reflected light will not.
expand after reflection, but rather focus back to its source.

w.wang 625
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4 wave mixing

1 o
E == [Ege'(_k'r_“') -+ (r.(:]
2 1 o
£ = L B .o
ident wave iy
=) (fb = % |:E261.(—k.1-_wt) i c.c]
(= (3)
T Z ‘?T(‘/ 1 i(kz—wt)
[E..e'(_"*_w” +(:.(:] kﬂ 83 = ‘5 [EJG G C.C]
A [
== Ey= = [E4e'(_kz_“’t) - c.c]

& = % [Ele‘(E'F'”') + c.c]

2

E1 in incident and E2 are pump wave, where E 3 and E4 are wave generated in Z direction.

Nonlinear polarization terms is the source of E 3 and E4

w.wang

626
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4 wave mixing

Nonlinear polarization effect

Er (51 + & + &+ 84)
Nonlinear polarization 1 g
= 5 [Ele“("”" S c.c]
\ Py = eox P E}
. &g = % [Eze'i('i”:'?"”t) + c.c]
N = €X'\ & +E+E+E)°
1 (koo
oo _ 1 ~ am 5-; [Bye'® 70 + c.c]
Pyp = §€0X(3) [GElEgEge"(_"'z_wt) + c.c]

- Sl

1 | &4 > [E'4ei(_kz_“’t) L c.c]
PI(\?I)J = §60X(3) [6E1E2E;€z(kz_{ut) -+ C.C] Z

+

Complex conjugate of E;Therefore it's important to find out the Nonlinear polarization terms of E; and E,
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Nonlinear Maxwell equations

This is the nonlinear Maxwell equation, the source term is that
last terms which we derived earlier. If E3 is the incident wave, we
have two other waves going opposite direction is generated

behave as a pump and mixing E1 E2 and E3 which give rise to Source term derived
another term E4 Gradient of E4 earlier
, . —
. 1 S o
Incident wave [82 =3 [E,c-t-*-r-*') + C.(‘] ]
1 ez
[83 = [E:;(f'“"“’” - (:.(.']] V284
)
L (3)
Py £
{84 = [Em'("k:"*") - ('.('}]
r S (

— 7 HocoX V?E EyEje k4wt ¢ c

[5: = % [ E, iEF-at) o c.c]] effect

i B ;
—Q’LkT; = —§M0€0X(3)w2E_1E2E3

: 1 ; i ra
PJE;}J = gE[]X(d} [GElEEE;ieL{ kasah) ar C.C]
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Nonlinear Maxwell equations

This is the nonlinear Maxwell equation, the source term is that last

terms which we derived earlier. If E3 is the incident wave, we have two

other waves going opposite direction is generated behave as a pump . .
and mixing E1 E2 and E3 which give rise to another term E4 Source term derived earlier

Gradient of E,

© 1 i(=k-F=uwt
Incident wave [52 = 5 [EacF ’“-"]]
=

1 . - -
' = = [R,pilkz=wt) ' C Y\ =
& 5 [E-"’ tc “]] V284 — 4 : < —i(kz+wt + e
— = \ -
I 02E |

Leisam—] (3)
oL v e

ﬁ Kerr
Q Ho
1 i(k-Fe-wt <
[El = § [E[e s t + C-C] Slmp Ty

to

3 L1
—Zugegx(3)w2E1 EgEge_"("”“"’) + c.c

L dE. 3 "
—2zk = —§uoeox(3)w2E1E2E -

1 (],
P}f i — gﬁ[))((a) [ﬁElEzEge"“'“’“’” + c.c]
w.wang 629
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>

Further simplify the last equation from previous page

dE;/ 3 X w?

Further simply by

—_— = == E\E>Eq
dz T
dE4 sub n for k etc.
dz
(3)
Coupling K :A/gx t
coefficient. ~4 nc
dFE,
» dz

Y

Exact the same way to derive E; as E,

w.wang

=|—ik(—ik") Ey

d’E, gt .dEg

dz2 | s dz
A

A°Es _

dz?

—|K[*E4

:

Second order differentiation

/ Solution is sinusoidal

FE4(z) = acos(

K

z) + bsin(|k|z) |

1
E; =

Once we find E4 we can find E3

dE,

(—ik) dz "k dz

B2 (z) = %In”—asin(lnlz) T bcos(|h:|zi
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Trigonometric Functions in Terms of
Exponential Functions

. AX _g—ix
SIn X = -
21
oX 4 aix
CoOsXx =
2
fx _ —ix
tan x = - :
i (e"x 4+ )
W. Wang

Exponential Function vs.
Trigonometric and Hyperbolic

Functions
21
CSCX = n
A% _ p—ix
2 e‘;x =cosx+isin x
SEC X = -
e:x +e—:x
i(ejx +e_jx)
cotx= -
A% pix

Hyperbolic Functions in Terms of
Exponential Functions

. eX—o %
sinh x =
2
e* 42 %
cosh x=
2
X —X
—e
tanh x = -
e” +e

2

csch x = . .
" —e
2

sech x = - -
" +e

X —X
" +e

coth x = - -
" —e

2

X

= cosh x +sinh x
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Fins a and b coefficients in the solution

Boundary condition
=0| | E3(0) = E3
= |
E, \
— =la cos(|k|L) + b\$ln(|&|[/) =0

x(?’) 1 I E4(L)‘\?then
= —btan( |&|DQ

Zi=() E3 )=E|’f|b=E§0

/ - aluy

/dz o d/z=/_3'HE3
0 1
E3(z) = —Iﬁ: [—asin(|k|z) -I—bcosﬁfﬂz) 632
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From last page, a and b were derived now we want to find E, and R”

f/A// 0= zi o tan(|x|L)

E4(z) = acos(|k|z) + bsin(|x|z)

~_ K

E4(Z)
—

This represents what E, is at Z=0:

Reflection coefficient at Z=0

L

-
= |2 (B - wn

/

From nonlinear Maxwell equation and wave equation and nonlinear
polarization equation, we derive the E4 and then E3* and also coupling
coefficient (in terms of E1 and E2) and also solution for E4 and E3*.

‘ Then we use the E4 as E3* and B.C. to find the a and b coefficient and
E3 and E4. Then substitute Z=0 on both E3 and E 4 to find reflecting
coefficient R at Z=0

E3(0) =

- /
2
E|’°|b = Ego
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3 xPw
K= - X
4 nc

E1 and E2 are

2 _ amplitude of this

| = ta112(|fg|[,) pump and if it's
strong and no
depletion of the
pump then E 1 E2
becomes constant

E\E,

Reflection coefficient

R=

| E4(0)
E5(0)

If |k|L > w/4 then R > 1, that means we have amplification. It is called the

amplifying mirror. [If |k|L = 7 /4, then R — ool that means we have reflected
signal without any input signal, it is called oscillation.

Key point is you can have a reflected wave just opposite phase. So this is really a
phase conjugated kind of wave just using this 4wave mixer. We can have the
conjugate wave or this conjugate wave to remove the distortion.

3 conditions: one is reflected, one is oscillated and one is amplified:

- Amplification is possible due to the pumping. This pumping basically gives rise
to the fact that some sort of amplification maybe possible

- If kI = pi/4 then R tends to infinity, we have some sort of wave without any kind

of input, so it's nothing but the oscillation
w.wang 634

W.Wang



At S b g
-

Propagateto
conjugate plane

>
/\“\/\R\/\\ e—iqfﬁ

Self-pumped phase conjugate mirror

¢ conjugate
Wavefront

e_'f@_j@ Wavfront with
zero phase
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Light Coupling System
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Fiber Direct Focusing

Bare fiber coupling

W. Wang 637
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Pigtailed and connectorized fiber optic devices
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Mechanical Splicing

Mechanical Splicin__

Mechanical Splicin‘:g_

Non-Adhesive
Mgchanical Splice

CamSplics x/)

.ﬂ;‘

W. Wang Bare Fiber to Fiber Connection 639
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Mechanical coupler

L\ “‘

\

SMA Fiber Optic Coupler

W. Wang 640
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Pigtail Grin Lens
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Tapered Mode Size Converters

e) i) a)

Fig. 7.12a-g. Lateral taper designs. a Lateral down-tapered buried waveguide. b Lateral
up-tapered buned waveguide. ¢ Single lateral taper transition from a nidege waveguide to
a fiber-matched waveguide. d Multisection taper transition from a ridge waveguide to a
fiber-matched waveguide. e Dual lateral overlapping burnied waveguide taper. £ Dual lateral
overlapping ridge waveguide taper. g Nested waveguide taper transition from a ridge wave-
alMd¥@ng fiber-matched waveeuide [7.25] © 1997 IEEE
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Fusion Splicer

OFTICAL FIBER

STATIOMNARY

* Connecting two bare fibers together
With. Mvasi< 0.3dB 643
W.Wang



Hasta Luego

W. Wang 644
W.Wang



