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Chapter 1

wave optics

1.1 Law of Reflection

This refers to the principle that the incoming light and outgoing light have a same angle according to the
optical axis.

1.2 Fermat’s Principle
This is based on that the time taken for a light path to travel should be in the least time, thus:

it

=0 (1.1)

This will show the law of reflection.

1.3 Law of Refraction (Snell’s Law)

This states that:

n1sinf; = ng sin 6y (1.2)

1.4 Total Internal Reflection

This happens when the incident angle is same or greater than 6.. 6. can be calculated by:

6. = arcsin <nQ> (1.3)

ni

And thus this only occurs when ny < n; since the inside arcsin should not be greater than 1.

1.5 Numerical Aperture (NA)

This describes the acceptance angle of optical fibers.

NA =sinf, = \/n? — n3 (1.4)

9



10

CHAPTER 1. WAVE OPTICS

1.6 Fermat’s Principle for Inhomogeneous Media

The Optical Path Length (OPL) is defined as:

OPL—/AB
5(/AB

Firstly, the differential path length is ds = /22 + 92 d7.

-
d dr
Example

T 27 7ILEAEE S, EIOEWE ERENELS (JBITXK

n(r)ds

And the OPL has to be stationary:

n(r) ds) =0

Now using a new alphabet L = n(r)v/7r - 7
Ldr

The Euler-Lagrange equation applies:
d

dr

oL
O

oL

_aix_o

Which leads to the ray equation:

(1.5)

(1.6)

n MEC). BWEERTRINS VIR Z

EZET, BIFL nly) B y FHICKET2ELET (@ AAICIE—E), ZOEE, HEHREOD ¢

B E S50 5N

LA

ds nyds T Oz
nld x ITRFELBWO T, F41E 0 TF,
d dx

(W) =0 =

Late

1.7 Mirrors

1.7.1 Plane Mirrors

Magnification of a plane mirror is:
o himage

hobject
The sign convention is:
e Plus for upward accroding to the optical axis

e Minus for downward according to the optical axis

(1.10)
%fz—i (1.11)
(1.12)
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1.7.2 Concave Mirrors

If we define OF as the distance from the intersection of the optical axis and the mirror to the intersection of
light paths:

0FR<11>f (1.13)

"~ 2cos(a)

And this is the focal length of the concave mirror. R is the radius of the mirror, « is the angle between the
optical axis and either of the mirror-light path intersection points.

And in the paraxial limit,

R
f= 3 (1.14)
Or re-writing
R
=R[l - —— 1.15
f=Rl= (1.15)

1.7.3 Imaging Equation & Magnification for cacave mirror:

object .
-/
y - 6\ ﬂ |

A : B /

< b :

<+ I :

| /
= 1
itz |
g ; : ( )
The magnification:

o (1.17)

hobject g
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e gis + if th object is on the front of the mirror(where the light comes from)

e g is - if the object is on the back of the mirror

o b is + if the formed image is on the front of the mirror (real image)

e b is - if the formed image is on the back of the mirror (virtual image)

e Negative M means the image is inverted.

o Positive M means the image is upright.

Object Distance Image Characteristics Image Position
g>2f Real, inverted, smaller Between f and 2f
g=2f Real, inverted, same size At 2f

f<g<2f Real, inverted, larger Beyond 2f

g=1f Image at infinity At infinity

g<rf Virtual, upright, larger Behind mirror

1.7.4 Parabolic Mirros

Magnification
|m| <1

|m| =1

|m| > 1

N/A

|m| > 1

= 1.18
V=1 (1.18)
This final equation describes a parabola with its focus at (0, p)
1.8 Prism
1.8.1 Deflection Angle
0=aj +as —y=ay +arcsin (nl sin (’y — arcsin (W)>) — (1.19)
ng ni
The minimum deflection angele of an isosceles prism
57nin =2a — Y (120)
1.8.2 Dispersion
The refractive index is Larges at small wave length.
dn . .
T 0 Normal dispersion (1.21)
dn . .
— >0 Anomalous dispersion (1.22)

dX
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1.8.3 The hange o fthe deflection angle with refractive index
s 2sin(2)

== (1.23)
dn 1 —n?sin*(3)
using
ds  dddn
i 1.24
d\  dnd\ ( )
We obetain
do _ 2sin(3) dn (1.25)
dX : dX '
1 —n2sin®(3)
The longest wavelength is deflected the least.
1.9 Lenses
1.9.1 SPherical surface
Light emerging from a point a on the optical axis:
\%
6
a
n (o)
Ng — N1 ni
0y = - —0 1.26
2 TLQR Y %) ! ( )
which is linear in y and 6;.
(.
92)
Y v
a

Consider light originating from a point at distance y from the optical axis.
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Imaging equation for a curved surface

ni n2 Ny — Ny n2

add = = = 1.2
a b R f (1.27)
The focal length:
R
f=2 (1.28)
no — N1

1.9.2 Thin lens

@

n

The simplication used in thin lens theory allows us to trat all refraction as occurring on a single plane,
Principle Plane.

Imaging Equation for Thin lens

-+ - — - =) == 1.29
a + b ny (R1 R2 f ( )
Lensmaker equatin( the focal length of a thing lens)
R
f= 43! 1712 (1.30)

(TLQ — nl) RQ — R1

1.9.3 Sign convention of a,b,R;,R, for thin lens & spherical lens
Spherical lens
o object distance a is positive if it is on the side of the incoming light.
o Image distance b is positive if it is on the side of outgoing light(so the opposite side of incoming light)
e b is negative if it on the side of incoming light.
e R is positive if the center of curvature is on the outgoing light side.
¢ R is negative if the center of curvature is on the incoming light side.
Thin lens
« a is positive for the object side(Left, or incoming light side)
e b is positive for the image side(Right, or outgoing light side)
e if b < 0 then virtual image, if b > 0 then real image
e Ry is positive(if The center of curvature is on the outgoing light side))

e R is negative(if The center of curvature is on the incoming light side)



1.9. LENSES 15

About f
o >0 then conversing lens (Convex lens ()

e f<0 then diverging lens

1.9.4 Bessel’s method
Overview

Bessel’s method provides an accurate way to measure the focal length (f) of a converging lens.

Methodology
1. Fix the distance (D) between the object and the screen.
2. Move the lens to find two positions where a sharp image is formed on the screen.

3. Measure the displacement (d) between these two lens positions.

Derivation
Using the thin lens equation and the geometry of the setup:

1 1 1
Lens Equation: — = —+ —
a

f b
Total Distance: D =a-+b

where a is the object distance and b is the image distance.

The object distances for the two distinct positions (a1, as) are related to D and d by:

D+d D—d
a; =——— and ag=———

2 2

Bessel’s Formula

Substituting these values back into the lens equation yields the final formula for the focal length:

D% — g2
F=2 (1.31)

Advantage

This method is generally more accurate than standard measurements because it eliminates the need to
determine the exact object (a) or image (b) distances relative to the optical center of the lens. It only
requires measuring the fixed distance D and the lens displacement d.

1.9.5 Magnification of a lens

M — himage _ _9 — f (132)

e M <0 = reversed image

e M >0 = upright image
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This can be used for Paraximal approximated cases and Thin lens.
Object Position | Image Characteristics | Magnification (M) | Image Type
a<f Upright and magnified M >0 Virtual
f<a<2f Reversed and magnified | M < —1 Real
a=2f Reversed, same size M=-1 Real
a>2f Reversed and shrunk —1<M<O0 Real
a=f Appears at infinity M = -

1.9.6 Thick lens

Two principle planes.

Matrix Optics

principle plane H;
principle plane H;z

()

(1 d
w=lp
1 0
M=, w
L no
1 0
M = _(n2—mi1)  ny
n2R no
(1
M= | Y
f
1 0} [1 tH 1 0}
M= ns—niy ne ni—ng ni
.1%2”1 TTj 0 1 Rlnzz no

- D)

WAVE OPTICS

(Free space)

(Planar interface, Refraction at a flat interface)

1.9.7 Imaging Equation for thick lens

(Spherical Boundary)

(Thin Lens)

(Thick Lens)

(1.33)

(1.34)



1.9. LENSES 17

d
o T S
hy
B
S K S ,
a h b
The location of the two principle planes:
(n—-1)fd
hi = ———>5"— 1.35
! TLRQ ( )
(n—1)fd
hy = ———F"— 1.36
2 an ( )
Lens type:
bi-convex plane-convex convex-concave
bi-concave concave-bi asph;rical lens

Figure 8: Different lens types.

(a) Convex plane thick (b) Convex plane thin (c) Bi-concave lens
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1.9.8 Human’s eye’s refractive power (the unit is diopters(D))

Front focal length : f;
Back focal length : fo

1
P=z= 1/0.22m ~ 45.45D (1.37)

1.9.9 Resolution Limit of the eye

The resoltuion of the eye is limited by diffraction and the spacing of photoreceptors.

the Minimum angle of resolution:

1.22)
= (1.3)
D is the diameter of the pupil.
so = 25cm  This is the "range of clear visual sight” (1.39)

objects within this range can be observed under a visual angle ¢

h
€) X~ tan(eo) = ;0 (140)

................................ ey L

object

50

1.9.10 Evaluating the refractive error

refractive error R : ) )

B frequired factual

R

(1.41)

1.9.11 Angular magnification

ABEYVIE ARICBVWTRIRTRICUERMNED 2AE (o) & HBEZBEL CRICENEDDAE (¢)
DEEELTEREND,
_ tan(e) e

~ tan(eg) €

(1.42)
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1.9.12 Magnifying glass

: imageB #

object A" e
f
L 2 b
B S0 So
V===
b A a
Using the imaging equation % = % + %
V= So(b _ f)
bf

1.9.13 Two lens system

The total f for two thin lens system:

1 1 1 D

F R R Tif

The total Magnification This applies to all types of lens

D is the separation distance of the two lenses

Mtotal = M1M2

1.9.14 THe maginification of lens - eyepiece system

V= flens

B feyepiece

1.9.15 Light Gathering power

. . . . D?
A telescope with an aperture diameter D collects light proportional to ™~

19

(1.43)

(1.44)

(1.45)

(1.46)

(1.47)

(1.48)
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1.10 Imaging errors

1.10.1 Chromatic Aberration

Chromatic Aberration are based on the fact that light of different color has a different speed of propgation
and thus also a different refractive index As the refractive index for shorter wavelength is typically higher,
we expect that the blue color has a shorter focal distance than the red color.

A

1=
y J;

This may be corrected by using a system of two lenses as below(Achromatic lenses).Achromatic lenses are
constructed by cominig two lenses with different optical properties. Biconcave lens has higher dispersion.

L L

For a system of two lenses in contact:

1
7 =(n1—1)p1 + (n2 — 1)p2 (1.49)
And we require two of this (red and blue light) to be identical. After some calculation:
Ry Va(nir — 1)
— =142 = 1.50
Ry Vi(ng, — 1) (1.50)

1.10.2 Spherical aberration

The spherical abberation arises due to the fact that we have always considered a simplification of the angluar
functions to their first order Taylor series expansion. An optical aberration where rays passing through a
lens at different distances from the optical axis focus at different points along the axis, with rays through the
outer regions of the lens focusing closer to the lens than rays passing near the center.

1.10.3 Field Curvature

1. Basic Phenomenon: Curved Image Plane

We usually expect a flat object to form a sharp image on a flat sensor. However, due to this aberration, the
focal points form a curved surface rather than a flat plane.

2. Cause: Relation to Spherical Aberration

This is linked to how focal length changes based on the height h of rays from the optical axis. Because the
rays do not meet on a single flat plane, the image surface becomes curved. This specific curved surface is
called the Petzval surface.
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3. Meridional vs. SagittalMeridional:

Rays passing through the vertical cross-section of the lens (the plane containing the optical axis and the
object point).Sagittal: Rays passing through the horizontal cross-section (the plane perpendicular to the
meridional plane).

1.10.4 Coma

1. When it occurs (Conditions) This aberration occurs with off-axis rays (light entering at an angle) rather
than parallel rays. It primarily affects objects located away from the center of the image.

2. Appearance Light fails to converge into a single point. Instead, it forms a comet-shaped blur with a bright
head and a diffuse tail (hence the name ”"coma”).

3. Cause Rays passing through the edges (periphery) of the lens experience a different magnification compared
to those passing through the center.

4. Severity The effect worsens with increased distance from the optical axis and larger apertures. It is
particularly problematic for wide-angle or large-aperture lenses.

1.10.5 Astigmatism

An optical aberration where rays from an off-axis point source focusing in two perpendicular planes (merid-
ional and sagittal) have different focal lengths, resulting in image points that appear as ellipses oriented either
horizontally or vertically, depending on the observation plane.

1.10.6 Cushion Distortion

Cushion Distortion (also called Pincushion Distortion) - An optical aberration where straight lines appear to
bow inward toward the center of the image, like the sides of a cushion or pincushion. This type of distortion
is typically seen in telephoto lenses and makes the center of the image appear to be pinched inward.

1.10.7 Barrel Distortion

Barrel Distortion - An optical aberration where straight lines appear to bow outward from the center of the
image, like a barrel shape. This type of distortion is common in wide-angle lenses and makes the center of
the image appear to bulge outward.

1.11 Rainbow, single drop analysis

¢ =48 —2a (1.51)
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8= arcsm(n"““‘ sin()) (1.52)
water
¢ = 4arcsin( Hair sin(a)) — 2 (1.53)
Nwater

The color of the rainbow is the result of the fact that the maximum deflection angle depends on the color
of the light due to the dispersion Rainbows form because light rays cluster at specific maximum deflection
angles, creating intensity peaks for each color. While the interior appears white due to overlap, these peaks
separate the colors at distinct viewing angles (e.g., red at 42°) for the observer.

1.11.1 Primary and Secondary Rainbows

Primary rainbows result from a single internal reflection, while secondary rainbows involve two, causing them
to be dimmer and have reversed colors. The dark region separating the two bows is known as Alexander's
dark band.

1.12 Wave Optics

1.12.1 Wave equation

What is wave? A wave corresponds to a physical quantity which oscillates in space and time. Its energy
current density is related to the square magnitude of the amplitude.

Wave equation

2
v - L0 1.54
c2 ot?
Where the laplace operator V2
02 0? 0?

The wave equation is a linear differential equation, which implies that the superposition priciple holds. If uq
and ug are solutions of the wave e.q., then any linear combinaton

u(r,t) = aquy (r,t) + agus(r, t) (1.56)

is also a solution.

1.12.2 Monochromatic wave

It consists of a single frequenct w, no phase disturbances, and inifinete in time.

u(r,t) = a(r) cos(wt + &(r)) (1.57)

The wave can be represented in complex form:(Complex wave function)

Ulr,t) = a(r)e!@+M) = U(r)et (1.58)
The complex wave function satisfies the same wave equation.

The Helmholtz equation, which describes the spatial behavior of monochromatic wave

V2U(r) + k*U(r) = 0 (1.59)
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where k = % is the wave number. Complex-real wavefunction Relation

w(r,t) = REU(x,t) = %[U(r,t) U, 8)] (1.60)

1.12.3 Intensity of waves
I(r,t) =2 < u?(r,t) > (1.61)

I has the unit of % Or
I(x) = [U(r)]? (1.62)

1.12.4 Optical Power P of a wave

P:/Al(r,t)dA (1.63)

1.12.5 Wave fronts

They are surfaces in space where the phase is constant.

o(r) = const. (1.64)

Typically, this constant is chosen to represent poins of maximum spatial amplitude

¢(r) = 2mq q is an intenger (1.65)
The direction normal to these wavefronts

_vp (22 90 90

n points in the direction of wave propagation

1.12.6 Plane waves

A plane wave represents a fundamental solution of the homogeneous wave equation. In its complex form, it
is expressed as:

Ulr,t) = Ae~ ket (1.67)

The wavefron of a plane wave:

k-r=2rq+arg(A) (1.68)

In the vacuum, the wave vectore k = kg is real valued.

kOI
ko = | koy (1.69)
ka
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1.12.7 Dispersion Relation

A plane wave is defined as U(7,t) = Aei@t=F7)  The phase ¢ is:

—

(T t) =wt — k-7

To find the velocity, we differentiate the phase with respect to time and set it to zero (% =0):

d - - dr
Solving for the velocity v = ‘fl—’: along the direction of propagation (E)

v =

d
k

For light in a vacuum (v = ¢), we obtain the dispersion relation:

w = cok
1.12.8 In a Medium
The frequency doesnt change, but
P G R (1.70)
n n
1.12.9 Snells law
nlkosinﬁl = ngkosinﬁg (171)
klsinﬁl = kgsinGQ (172)

which means that the component of the wavevector parallel to the interface is conserved.

1.12.10 Spherical waves
Wavefronts forming spherical surfaces, [k||r| = kr = const.

Source at rg

7ik‘!‘7r0‘ Twt 1 73
e e .
|r — 1o (1.73)

the 1/(r — rg)is for energy conservation.

The intensity follows a 1/r? law.

1.13 Interference

When two wave solutionsU; (r), Uz(r), their superposition gives:

U(r) = Ui(r) + Ua(r) (1.74)
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The intensity:
I=|Ul?
= ‘Ul + U2|
= ‘le|2 + |U2‘2 4+ Uy xUs + U Uy

Indivisual intensity: I; = |U;|?

Complex wave amplitude in polar form, separating its magnitude and phase:
U = /Le' (1.75)

The total intensity:(Interference formula)

I=1+ I+ 2y Iscos(¢p2 — 1) (1.76)

The last term is so called the interference term, which can be positive or negative.

L =1=1I

I:::416cos2(f%?) (1.77)

¢ Maximum intensity at A¢ = 27n, Constructive interference

o Zero intensity at A¢ = (2n + 1)7, Destructive interference

1.13.1 Phase difference related to path difference between two waves.
A¢ = kAs + Ady (1.78)
AS represents the OPL!!!

EAs — 2w As

(1.79)

1.13.2 Coherence

1. Basic Formula for Phase Difference

Ad = kAs + Ay

Meaning: Determines the ”phase shift (A¢)” between two waves.Terms:kAs: Shift due to optical path
difference (k: wavenumber, As: distance difference).A¢g: Initial phase shift at the source.Key Point: For
stable interference (Coherence), A¢ must remain stationary over time.

2. Time Evolution of Phase Difference (Frequency Mismatch)

AQZS = 27T(I/2 — Vl)(t — to)
Meaning: If frequencies (v1,2) differ, the phase difference drifts over time, disrupting stability.

3. Definition of Frequency Bandwidth

vy =1y — Av/2
vy =1y + Av/2

Meaning: Defines two frequencies separated by a bandwidth Av around a center frequency vy.
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4. Phase Drift Relation

A¢p =21 AvAL
Meaning: The phase shift A¢ is proportional to the bandwidth Av and elapsed time At. A broader spectrum
causes faster dephasing.

5. Coherence Time

1

T Av

Meaning: The time limit 7. during which the wave remains synchronized.Logic: Defined as the time required
for A¢ to drift by 27. Larger Av (e.g., white light) results in a shorter .

7. = At

6. Coherence Length

L.=cr,

Meaning: The maximum distance over which the wave maintains coherence (phase correlation).

1. Temporal Coherence
¢ Definition: Phase correlation of a wave with itself at different times.
o Key Factor: Spectral purity (bandwidth Av).
« Formula: 7. ~ 7> (Coherence time is inversely proportional to bandwidth).

o Properties: High for monochromatic light (single frequency); low for broad spectrum sources (e.g.,
thermal light).

2. Spatial Coherence
e Definition: Phase correlation between distinct points in space.

¢ Key Factor: Physical size of the source.

o Properties: High for point sources (size = 0); low for extended sources (e.g., fluorescent lights).

1.13.3 Interferometers

The phase difference between two light beames:

2m
A¢ = T(nlLl — ’I’LQLQ) (180)
L1 Ly are the physical path lengths
Constructive interference (bright fringes):
A¢p =2mm where m=0,1,2,3.... (1.81)
interference (dark fringes):
Ap=(2m+1)r where m=0,1,2,3.... (1.82)

To obtain stable interference fringes, the ”coherence” (the degree of phase correlation) of the light is crucial.
The optical path difference (OPD) between the two light beams must be shorter than the coherence length
of the light source.
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Laser: Highly suitable as an interferometer light source due to its long coherence length (ranging from
several meters to several kilometers).

White Light: Generally unsuitable except for specific applications because its coherence length is
extremely short (only a few micrometers).

1.13.4 Michelson Interferometer

Mirror 1
_

Laser Beam

7.3\
N~~~

Interferogram

Mirror 2

Laser
Beam

Splitter

Screen

The optical path difference:

2(Ly — Ly) (1.83)

the distance from the beam splitter to the fixed mirror as L, and the distance to the movable mirror as Lo

The phase difference

A(b _ 47T(L2)\7 Ll) (184)

Measurement of Gas Refractive Index with Michelson Interferometer

Objective: To measure the refractive index of a gas.

Principle: The interferometer detects changes in optical path length caused by variations in refractive
index, rather than geometric distance.

Setup: A transparent gas cell of length L is placed in one arm. Gas (ngqs) is injected into the initially
evacuated cell (nygequm = 1).

Path Length Change: The presence of gas increases the optical path. Since light traverses the cell
twice, the total change is 2(ngqs — 1)L, resulting in a fringe shift.

Calculation: The refractive index is determined by the formula:

mA
Ngas = 1+ ﬁ

Where:
— m: Number of shifted bright fringes
— A Wavelength of the light source
— L: Length of the gas cell
Example: With a HeNe laser (A = 632.8 nm) and a 10 cm cell, a shift of 20 fringes yields n ~ 1.000063.

Applications: Its high sensitivity to pressure, temperature, and composition makes it ideal for gas
sensing and environmental monitoring.
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1.13.5 Mach-Zehnder Interferometer

Beamsplitter

Laser Mirror
- O Interference

Fringes
Screen e
Mirh |:| \ |]
Sample Beamsplitter
27
A¢ = T(’nlLl — ’I’LQLQ) (185)

1.13.6 Application: Electro-Optic Modulators in Photonic Integrated Circuits

Pockels effect 1
An = %ngrE (1.86)

E is the ecternal field 5
A = %Am (1.87)

1.13.7 Sagnac Interferometer

Basic Principles and Characteristics While Michelson interferometers and Mach-Zehnder interferometers
detect "differences” in optical path length or refractive index, the Sagnac interferometer is specialized for
detecting "rotation”.

Main Applications Due to this unique characteristic, it is used as the fundamental technology for high-
precision fiber optic gyroscopes employed in aircraft, spacecraft attitude control, autonomous driving systems,
and similar applications.

Mechanism (Light Path) A light beam is split into two parts, which travel in opposite directions—clockwise
and counterclockwise—along the same closed loop path, and are recombined after completing one circuit.

Rotation Detection Mechanism When the interferometer is stationary, both light beams travel exactly the
same distance. However, when the interferometer itself is rotating, the light traveling in the same direction
as the rotation must travel a longer distance because the goal (recombination point) is moving away, while
the light traveling in the opposite direction travels a shorter distance. Rotation is measured by utilizing the
change in interference caused by this effective path difference.

1.13.8 Derivation and Application in Fiber-Optic Gyroscopes

1. Derivation: Time Difference
Counter-propagating beams in a rotating loop experience a time difference due to the rotation:

4AQ
=2

AT

c
where A is the area, ) is the angular velocity, and c is the speed of light.

2. Sagnac Effect: Phase Shift
This time difference translates into a phase shift, which is the fundamental principle of rotation sensing:

_ 8mAQ
T Xe

A¢
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The shift is proportional to the area (A) and rotation speed (2), and inversely proportional to wave-

length (A) and light speed (c).
3. Key Insight: Shape Independence

The sensitivity depends only on the enclosed area A. The specific shape of the loop (circular, square,

or irregular) does not matter.

4. Practical Implementation

To enhance sensitivity, fiber is wound into a coil with N turns. This multiplies the effective area:

A=N-A4

Modern devices use thousands of turns to detect minute rotations.

5. Advantages and Applications

Fiber-optic gyroscopes have no moving parts, are robust against temperature and vibration, and offer

high sensitivity. They are essential for inertial navigation in aircraft and spacecraft.

1.14 Double Slit Interference

1.14.1 Two point sources

The Fraunhofer Approximation(Far field L >> d and L >> y,)

Path difference As = dsin(6)

Phase difference A¢ = Q%As = zi/\d sin(#)

e d is the separation between the two solutions
e theta is the angle from the central axis to the observation point

The exact path difference

d
A8=T2—T1=\/L2+(yp+2)2—\/L2+(yp—

o L is the screen distance

e yp is the hieght of the observed point.

(1.88)

(1.89)

(1.90)
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1.14.2 INterference Conditions for buouble slit

Bright fringes, constructive interference

A
sin(fy,) = my m= 0,£1,£2, ...

Destructive fringes

sin(6,,) = (m +

)

m=0,+1,£2, ...

N =
Ul >

e m = 0 order is the central maximum, 6 = 0

. . A
» The angular spacing between fringes scales as 5

1.14.3 Intensity Distribution

The screen is at distance L from the slits.
0= arctan(%)

y is the position on the screen from the center. For small angle y << L,

sin(f) ~ tan(f) = %

The total intensity at any point on the screen

ord
=1+ I+ 2L Tcos(Ag) = I, + Lo + 2/T1 I cos(% sin(0))

When .[1 = IQ = Io

d
1(6) = 41, cos2(”T sin(6))
=—> Maximum Intensity is 41y and minimum I,,in = 0

1.14.4 Resolution

Rayleigh Criterion, Angular resolution

1.22)
Ormin = N D is the diameter of the aperture

Abbe Diffraction limit, Spatial resolution

A A

dmin = 2nsin(f) 2NA

WAVE OPTICS

(1.91)

(1.92)

(1.93)

(1.94)

(1.95)

(1.96)

(1.97)

(1.98)

NA is the numerical aperture n sin(theta), and theta is half-angle of the cone of light collected by the objective

Too improve resolution
¢ Smaller wavelength
e Larger Aprtures d
e Higher NA
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¢ Rayleigh Criterion is used for telescpe, Camera. It measures the angle

o Abbe DIffraction limits is used for microscope. and for observing virus/micro stuffs, knowing the
resolution in spatial term(like nano meters) is more preffered.

1.14.5 Fresnel Double Mirror

Fresnel double mirror experiment uses two tilted plane mirrors to create virtual images of a light source,
producing an interference pattern on a screen. It makes two coherent sources from a single original source.

The Fresnel biprism creates two coherent light sources by refracting light from a single source through two
thin prisms joined at their bases. This elegant experiment demonstrates the wave nature of light, as the wave
propagates through both paths of the biprism, interfering with itself.
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1.14.7 Basic Principle of Thin Film Interference

The path difference

2n9d
As = coZ(QB) — 2dtan(p) sin(«)

_ 2nd 2nd sin?(3)
o cos(f) B cos(3)

= 2nd cos(f) = 2dy/n? — sin?(a)

General ohase difference for thin films

Ao = ?Asﬂ (1.99)

Where As = \/m, d is the film thickness, alpha is the incident angle.

1.14.8 Normal incidence : &« =0

The path difference As = 2nd (1.100)

2 4mnd
The phase difference A¢ = %an + 7= 7T/\n

o For constructive interference A¢ = 27m, where m = 1,2,3,..

o (1.101)

o For destructive interference A¢ = (2m — 1)7, where m = 1,2,3,..

1.14.9 Thickness for constructive interference
_ 2m — 1
T 4n

d A (1.102)

m = 1727377 ”

Minimum thickness for constructive interference Setting m =1, givesd = ﬁ,know as quarter wave film.
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1.14.10 Fixed thickness, understanding colored films

Wavelenths showing Constructive interference

4dnd
A7naw =
2m —1

m =1,2,3,,, determies which wavelengths are enhanced.

1.14.11 Anti-Reflection Coating
Nair < Ncoating < Nglass

and

A

4ncoating

d

1.14.12 Newton Rings

(1.103)

(1.104)

(1.105)

BEeRE

Refraction at the curved surface does deflect the beam slightly, but if we stay close to the axis of the spherical
surface (where r < R, with being the radius of curvature), we can neglect this effect

A
As=2d+ =
s + 5
For destructive, dark rings
2 1
N ¥ %
2d = mA

(1.106)

at d=0,m=0 we obeserve dark spot at the center where the surfaces touch m = 0,1,2,3

r? = d(2R — d)
sinced << R, r? ~ 2dR
r2
d=—
2R
Newton Rings Formula The radius of the m-th dark ring:
Tm = VMAR

(1.107)

(1.108)

(1.109)
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1.14.13 Multiple Wave Interference with Constant Amplitude

Consider M waves, each with the same amplitude but with successive phase differences. The total amplitude

U=Ui+Up+ ..+ Uy (1.110)

Neighboring waves have a constant phase difference Aphi. The p-th wave amplitude

U, = /Tpe! =DA% (1.111)

The total amplitude:

1—hrM 1—¢
U:m(1+h+h2+ ..... +hM71):\/E :\/E: :l_ew (1112)

Multiple Beam Interference Formula, Equal amplitudes

.2
MA@p/2
[ = 1,5 (MAG/2) (1.113)
sin“(A¢/2)
First minimum at A¢ = 2M’T,As M increases, the peaks become sharp, well defined, and narrow.

The first minimum occurs at an angle given by:

A

. 1.114
A (1.114)

Sin<9minimum) =

This is why diffraction gratings can resolve spectral lines that are extremely close in wavelength—a capability
essential for spectroscopy

1.14.14 Application: Diffraction Gratings
BETHEFIE. HEMD (ER) ST 2O DRBBELGHFRFD—DOTT,

BfE d CIWATEETARDFITIRA U w b (8) [CHhZEYTCET, TNENDOI) Y SO SELIHENTSHL
AW FEOAEICH B WK (AT MNUR) Z1EDEHLUEXT, COBEIEROIXLTRAED £T

sin(fy,) = mj)\
(ZZT\mCKﬁ IR dIFR Yy ~NERTY)
BFEQEE (OfFEE) AUy bR M NEZWEE, XOE—7Fm<aDEd, InicLh, odbh
IMNTERDER %ﬂtmi%% 175827 (%8B Resolving Power R) D\& & 0D £9,
R=mM

%@éﬂ&*ﬁz%%DMﬂI@&@F*zz SE. ERAE TZEE (XYY hOIOY) ) e TRE (BIRE O
M) ICBESHZ TEZTWET, HE: RBIEA U T, FRENDLTD (Av 32) BaD M ED
EhHLHELET,

Up(t) _ UOeiQﬂ'(Vo—i-(p—l)Al/)t

INSORETNTRLEDES L, (= LMD ) B EICRNET, REE—E TR

2(mApt
<\%%tt%uﬁ@uiﬁo?NT@&@@M#MDﬂ%(uﬂmgwmoE\#ﬁMﬁme1%®
E—oEELET, MmOTEN YL AN EZIESD »* T—REHL —%— (Mode-locked lasers) ** “°.
BUREL O L & WS e bisdiTicfEh i TWE 9,
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1.14.15 Wavevector Representation: A Powerful Geometric Insight

—MRRG RIS F DI dsind =\ &, Kk 2> TESHWAET, kb OCORENRT ML)« HDKE
ICXIS (k=2r/A) K (BFORENT ML)  BFOBEOHER 4 XL (K =2r/d) Znickb, =
FY Y TIIg ksing =K EWSTICRD £9, Ihid, TEORBOEBERH N KFORBE—BT 5,
CEERBRLET,

1.14.16 Multiple Wave Interference with Decreasing Amplitude

Multiple Beam Interference and Airy Function

When light reflects repeatedly within a cavity (such as a partial reflector), the amplitude decreases with each
reflection due to transmission. Letting the initial amplitude be U; = /I, the second wave Us is expressed

as:
U, = hU;

where h is the coefficient defined as:

h = re'®?
Here, |h| = 7 < 1 represents the reflection coefficient, and €!~? is the phase factor due to the optical path
difference.

Intensity and Energy Conservation
While amplitude scales by r, intensity I scales by r2:

IQ = |U2|2 = |hU1|2 = 7’2]1

Defining Reflectance as R = |r|?> and Transmittance as T, energy conservation (assuming no absorption)
implies:

R+T=1

Superposition and the Airy Function

Summing the infinite series of reflected waves (Us = h%Uy, ... ):
U=Ur+Us+Us+---=I(1+h+h*+...)
Taking the limit as the number of reflections M — oo, the geometric series sum yields:
R Y.

C1—h  1—reidd
The total intensity I = |U|? is calculated as:
1 Iy
I=|UP? =1, =
U] OI1—7eiBd)2 (1 —7)2 + drsin®(Ag/2)

Rearranging this gives the Airy Function:

1

I:Ima:c D)
1+4 (L) sin?(A¢/2)

where the parameters are defined as:

1
Max Transmission Intensity: I, = lo———=
(1—r)?
Finesse: F' = v
1—7r

Finesse F' is a critical metric for cavity performance. As the reflectivity r approaches 1, F' increases, causing
the transmission peaks to become extremely sharp (narrow bandwidth).
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1.14.17 Fabry Perot Interferometer

d
—
‘\ /%tltzrfrze’zd’

ynr3) ﬂotll‘/zrl r2e i
LN
y/
As—" - ﬂotﬂz
l

AO ASZ

mirror mirror

Light with amplitude Ag enters, the first transmitted wave has amplitude:

Uy = Agtits (1.115)

t1,to are the transmission coefficients of the first and second mirror. The second one:

Uy = Aotitariree’® = Urrirge’® (1.116)

The phase shift between successive reflection:

2rAs  2m2dcos(0)

= = 1.117
o="" . (1.117)
r = r1re The resulting itensity Distribution
I 1
I=UP=-—2 0 (1.118)

I1—reid (1 —7)2 + 4rsin®(3Td cos(6))

1.14.18 Finesse and Spectral Properties

/1
1—1r

F =

TIZT. r=rire 1E 2 DOED RIMEEDIE Tféf Bk REER (r) N1 I D<IFE 74 %2 F‘ODﬂE
IERERDES, 70 RADNBWVIEE, TH gociué&ﬁ%@t INE (v —FI) 2D
ESCS
HNEOEEFET DBICELZMBEOITNE, ADBROESFETT, MEED (EEICAHT 25
“60=0):
4rd

Ad= 3=
CCTAdITEBOBOEM,. NIERE T, BOEOEF: FBEANFERICERD BOHED) DL, MEEH
o2 DEHIZICRDEZ=TY,

A¢ =m2r
(m [FEH) TOROKER: LRROFHENS. BBE—7 13D EE Ay FRDELSITKRED XTI,
2

m
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Free Spectral Range: FSR [0 & 5% (Transmission) & — 7[R TOFEREO - & T, JhldfE,
EBERBOEES THERRTERT, RRTKRIHE: H2HE—7 (m&\EH) cROE—T (m+15F
BH) OREDETY,

Am
OA=n = A = 2
R TR T HE: BN TORRIE—EICRD ET,
(SV:llm_H_—Vm:%

FSR |d. THFDRDORBDONERE D @< BBRDIRREXFTE28EERL T,

Spectral Resolution Ot —7Dig ((HEDNE  FWHM) [CE DN T, & d s WRNVIEREDEZEWN
RSN ERLET,

BEDH: HE (BRAREDFD) (L7865 EZOBRELFUTOATEHRENET,
1 1 1

T 2 1+ (LPAR,
IR (FWHM) OB SFLE RN CHET 2 . E—2 ORISR Av ERO LS ICKE 0 £,

. _dv

A= FT T

CNlE. FSR (bv) # 7« %A (F) TEI-lcbDONE— T DIRICH D & #EKRL T,

TA4RAF. TE=7 DR & TE—7 0D ) OFEELTERLET I ENTEET, (The spectral
resolution of a Fabry-Perot interferometer is determined by the width of the interference peaks) ~7 + A D
EF:

e ov A

T A AN
Resolving Power T A5t hDEalani#ae ) R Td, i
R=mF

R CT, Bk COEMNAAEWNEE, FFEISOVEEDNE T ARIAL

CCTmlIETSOXRE, F 74
DREE) HNEWC EEERLE T,

DHDELTRNT 28] (5
1.14.19 Ring Pattern Formation

When a Fabry-Perot interferometer is used with an extended monochromatic light source and appropriate
optics, it produces a characteristic ring pattern:
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1.14.20 Huygens Principle

1%
every point on a wavefront acts as a source of secondary spherical wavelets that spread out in the forward

direction

This principle provides a powerful method for analyzing wave propagation and explains various wave phe-
nomena such as reflection, refraction, and diffraction.

this phenomenon can be described using our earlier treatment of multi- wave interference. Consider M
spherical wave sources arranged along the x-axis at z=0, each separated by a small distance d from its
neighbor.

At a point fat away from the sources, the phase difference:

2md sin(6)

Ao = 1.119
6= (1.119)
where theta is the angle relative to the z axis(the forward direction)
The superposition of these results in an intensty pattern:
.2 wd sin(0)
sin® (M ——*
1(0) = IO% (1.120)
sin? (Ze2n9) )

1.14.21 Single Slit Diffraction

|~
AT

Ab - e

MAb=b M EOROTEDONEBERT 5, BEFTOLSICRD T,

sin? (M’TfAb sin(6))

sin® (T2 sin(0))

HEOZ )y MMERHOBROEXED TIEABEHENTY, £ T KWROHE M #EREX (M — c0) 5
fRfRAE & D FET,
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r="sin(@) B & RFUTOLSITHRD £,

A

; sin?(z)
sin?(2z/M)

and in the approximation:

Intensity goes to zero at

%b sin(f) = mm
sin(f) = m% (m & 0 DI DEEEY)

1.14.22 Circular Aperture

For a circular aperture, the diffraction pattern follows a more complex mathematical form involving Bessel
functions. The intensity distribution is given by:

B (UME) OAIE: BEATHICRDMEIF. Ny LEHOMEIC LD ERED TT L 1\ z; =1.227
52 M\ zy =2.237 B 1 /D

27R
r1 =1227 = T sin(6;)

) A
sin(6y) = O.61E
This is the first minimum of the diffraction pattern.

Airy disc The central bright region up to this first minimum is known as the Airy disc, and in microscopy,
this defines a resolution element or resel.

1.14.23 Application: Diffraction Grating
g b DXy D, R d TN EILATWSEEEEZ LT,
Intensity of a diffraction grating

10) = 1 sin( %2 sin 6) ’ sin( 24 sin 6) ’
- 75 sin 6 sin(Z¢ sin )

A

B2 U ~eliriEa ZEXYU Y MTHFE
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1.14.24 Properties of the Diffraction Pattern

The intensity pattern consists of main maxima, called diffraction orders, characterized by integer numbers.
The central peak is the Oth order peak, the first main peak to the right is the 1st diffraction order, and so
on.

A i) = (Main) £— 27 O ICIE. N -2 BoO/hE/aE—72 (210K, secondary peak) & N —1 {&
DWW (/)" minima) NFEL £,

FTE—IOME: THEONENAEOIGED L EEISKOENET,

dsin(f) = mA

—~

m: EH)
AUy g (b)) DFE: AUy MEb Z/NE<{TDHE, BR Yy MNalifdig (T RXO—7F) HAHD X
o B 1INDAIE sin(d) = A\/b TREDET, XUy hU(N) OFE: AUy NN ZIEvT &
E—73E0<BRDERT, E—T7DNBIFEDD FEAN, E—VBEORIBROHNEZ, TE—TD
B RBTcdh, DI BEED P ELET,

DI EREE (Spectral Resolution) /LG4 FE N\ & N\ Z ENCITHEEICKEI TE 20 E WD IEIZT

al

L\_‘\

) %82 Resolving Power (R) D =:

(m: EHTRE, N: XU v hE)

TINA -2 7 =B TS F (The Debye-Sears Effect) #7IER0/E AU w k- Tld/a <. EEICE->T
Eein s BT, ICDOVWTOHRBETY, RIE: SHGEE OKPHZR) CBERzET & &
EOBRZRNECERT, INHPEFREOFPANLBELEEH, KT L TEITEFOLSICIRSEVNET,
WFOERE: BEORENZDOERERTFELR 4 ICEDET,

VUsound

F

d= Aacoustic =

(Vsound: BE, F: BIRDBER)

1.15 Diffraction in Applications

1.15.1 Rayleigh’s Criterion for Resolution

Ad_® l et

Py’

Two point sources are considered just resolvable when the principal maximum (center) of one Airy pattern
coincides with the first minimum (dark ring) of the other.

—INETDEE 6
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EE D GEE R OREMRON (LYX) 282 (KR N MMELEH/Y —> 0, Fih SRIDE
BETOAERUTORXTERENET,

sin(6y) = 1.22%

(1.22 [ENYEILEEH J, OFRFWOTEORICHET 2R TI)

AEHAVNS WGE (sinf~0). LY ZADNSERETOREE b o358, RE L CODEAIEERIEE Ax |£
KOLDICETFET,

o, A0

1=
INSHAEDLESE A \ "

MAEE LD Ad BEHIEOETE M =b/g (g |3DHhEL V ZDER) &d 58 EEOMELTO
BB Ad |2 Ad= Ax/M & 53570

1.22)b 9 Ag

Ad = =1.22—
D D

= \

CIT LYyXolseRT THOK (NA)) EEALET,

NA = nsin(a)
(n [FIEBOREITE, o FLYANKZWMDIADER/RKAEDFD) LY XDER D EWDIAHA o DEF
fRI D~2gsm( ) EHFEDEH. e Ad DIVUTRAL FT,
Ad—1.92 Ag ~0.61A

2gsin(a)  sin(a)
BITE n #FZEL CNA ZES &, B NALTY —DOeEEDhE 51 E= 9, Two incoherent

pomt sources can be resolved when their minimum separation Ad satisfies:

0.61)
Ad > 58

1.15.2 Abbe’s Criterion

While Rayleigh's criterion applies to incoherent light sources where intensities add directly, Ernst Abbe
developed a complementary theory for coherent imaging in the context of microscopy /&&i d DESEIC K -

THHAEITT DAE 0 IFLLTOITHREWNET,
dsinf = A\

L > XDED AHRSE 1 /)\@Tﬁtﬁ\b/x\ﬂ AND eI, @?ﬁﬁﬂ 0L > XDOERIDAHE o LIT
T%%M\%b\%@i? (sinf < sina), U FU J\@#T%éx@

dsina = A\

NA =nsina 2 HWD &
A A

nsina  NA

S5l ROBABEZAVWTEAMA ORI EZB D AT RBEGEHE T TIE. D@EEIF 2EM LTS
B, LIF DL SI2720 3, According to Abbe’s theory, the minimum resolvable spacing microscope is:

A
2NA

Ad =

Ad =
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1.16 Fresnel Zones

source

P T L L LI T L TTTT! FRPE PR SRR SRR 1

CHAPTER 1.

ro |SERAEEEL. m (EFEHCT The regions between 7, 7,41 is called fresnel zones. [

mBEEE m+1EEH) HoDNIE. KEEDN A2 (MEED 7) I[85, BV EHELEWERT

A 2
pzn: <r0+m2) *7’3

m2\?

P2, = romA +
For rg > A,

Pm =/ mroA

£V =V O Apy 5. DB SERDEL L TERSNET,

Apm:perl_pm:\/TO)‘(Vm'i_ —\/’I’H)

WAVE OPTICS

ao>v—y (f:

CORENS. m NRE s GMAICIT) 1L V—YDRIEHR B >TnWd 2 eEpbhbERT, 7L
I —=>DEY = (18 App) (&, BVAIRICE < SEDOMENIHEIE (180 . 7 V7 Y) IndXHE
CEICRY o cBiE TR LRI, InE AT (half-period zones) & HIFOET, 18 Ap,, ZF D0 &
DOV —VWREIONSDALIFITERET 2E, FOHRTOMBEEF OIS 7 FTEHLLET, o' REL
EhtEsE RINMNUIZEESE), BRICEADESDITTIED D FEAN, Xy i~ (EK) OiREEEAO

L 5T, HEIAREONDRSAZFEET,

1.16.1 Fresnel Zone Plate

T — > FaE: AL HSER transparent,

B — 8 FOHASER blocking (F/ODEERZT T D),
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EELDHETH. ERTCOENDRIEIFRICFESNFTT,
TLRIV=>TL—KrE BEOL Y XDMEZ BN, HDWEMEGIZBE CEEICRD XY,

X SIERGEE: X I BIC L ABITENIET I/ NS W, BEOL VY XTI EHRITFSNnET A, D
e, BITERET LY —> 7L — AN EIX T,

BT A BCTEWED, O )00 NS TOEN IFEDhNET,

1.16.2 Diffraction Integral

Fresnel-Kirchhoff diffraction integral
A S P(e,y) KB B2IRE U, 13, BOELOTATOEDSOEFS5EES L TROET,

U, = // %e*i’"dmd”g

Uy: BIOEADAGTE OIRIE, Us(z,y) = Up(x, y)e'@¥)r: FAH EORD SBA R E TDRRAE, e~k BoEf
rEA T I L AHOZAE, C: ERIEF (Obliquity factor), C = @ EIN, ENES AR
FIELET,

7 L XRILiEf (Fresnel Approximation)

[El3ri&7 \i& ** 5% (Near field) ) ** TRIET 2O DEBFIETT, j‘z/ﬁﬁZ/]Uf/ﬁ\BﬂU#E e
WHBEWGEICAWER T, i r 2 “IHER GABL. (HEIEIC REERNLZEY (22,¢?) MELHBHET
T\%%bi@“o 7 L IEBD:

; —ikzo ; , .
U('rl?yl)ZO) = Ze)\ 2 // .'I/' y e 220 (:c +y ) k(ajm +yy )dl'dy
20

BAHOPIC e ) LS ZROMEENEEN TN B DI T,
727 2iRk—7 7 =il (Fraunhofer Approximation)

ClifiED % ** TE5% (Far field) ) ** TR T HLOHDMAYUFETT, X7 U—UDNIERITEL (5 D
REW) HBARICEREEINE T, AOBORE SICHENTERENTEWOH. BN ZROMHIE = &
(1) TEFRT, &

1
zo > X(l'z + y2)
7TV IR— B
jo—tkz0 i ’ ’ ik ’ ’
U(JII,yI, ZO) _ Z€>\ZO e szo (z"%+y"?) // Us(x’y)e%(zac +yy )dl'dy

AR e @) & \SIBEOMABEORICRD . HEAKBICEHEICHRD £,
what are the letters?

Us: FOSRADASSE DIRIE, Usg(z,y) = Uo(z,y)e @)y EﬁDi@,ﬁb\%ﬁfﬁiﬂﬁi?@ﬁﬁ%ﬁo e~tkr. PEEE
rEAE S EICESMEDOZYE, C: ERIATF (Obliquity factor), C = @ EIN. O ENEDS AR
HIELET,

Fresnel Number
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remdsWEnlcs =A% (oo iR—T77—) L THh>TEWh 2 ZERMICHR T S/ Dig
BT, BREE As OERH,NSENM. BOTA b, WEAN B D Z#HWTUTOLSICERESNE
9., T L XL
b2
F=3p

IEREF <l 770 VR—7 70 (BAH%F) Frl: 70 VAT GAFES) F>» 10 80485 OF
ELUTDOIEMND LD BEEENTER)

INEXR®D[RE (Babinet’s Principle) 7\ () OBRICHDFL (B0 AU v kezDon
Bz UclEfiii) (& EAGBICENWTRUBREDORIF/NG —>Z21F5, ** EWSRIEBTY,

HEFRONICEBIREE Uy, ©ORERROICLDIREZT Uy &9 55, MEZRET A HQRVKE (BEZE
D Uy) 127D FES,
Un+Ug =Uy

EHBOLHLL (BWED) TE Uy~ 0 EHBREDD,
U~ —-Uy
EIRD. BEIIRIEOZERODTELIRDET, HERDI:
In = |Up* = [Uaf* = I

(Fer2 L. e EDRzfR<)

Babinet's principle states that the far-field diffraction intensity distribution of complementary apertures is
identical. This means that an opaque object and its complementary aperture (where the object is replaced
by a transparent region and vice versa) produce the same diffraction pattern in the far field.



Chapter 2

Electromagnetic Optics

INETORE GRPDEZE, KENTE) TEHBALENBL SBRZRSLHIC, KeBHKE L TH
F# L &9, Geometrical Optics GRAJEF): Ka TR (Ray)) &L Tl REPEIT AL 9 DN
TSP I ERAI T E 1 A, Wave Optics (RENEF): & A5 — R (Scalar Wave)) & L Tl +
BPEZFRALET. LU, XDORD (R)) . XHWMEE ESHAFREYT D (BIFEROYIERN
oR) |dEAA T E EH e Electromagnetic Optics (BRI TF): Sk TEEE (Electromagnetic Wave) &
LTHRWET, BS (E) £B5 (B) DT MLEBWSZ & T BHRPRFADER & OAEEER% Tt
TEERT,

EBRAA: 2 MORIRZBLEOBELZHERL I,

1 B DRI T, BHOREBAEZ/HEDOHE B EBE) KRELET,

2 WMEORIMERUAM (BE) ICT D KIFEBLRENERICED T,

2 MEDRHAREZERT 55 OKF) [CTDE, REFEOIKADRT CEX).

fEam: CO ERICKZTHT ENTES) CWOIFFRF KPR AT K TEARL, BEDOIRE A M Z
RO Y RJUR (Vectorial Wave) T4 & & zrlHL TWET, CNZ{RE (Polarization) & IFUE T,
2.0.1 Electromagnetic Spectrum

BWRFOERIE AT —J)L7 U — (Scale-free); T3, 2FD. BRINZL > THYIRENFIZEDD £
Ao

2.0.2 Maxwell Equations

HORZDZEBNELRT DO DERARKTT, CCTCRBEFZEE p=0 BRABE T =00
(Vacuum) EF%%K?? ME.1 (70 XDEH] - B35): BHDIR (EE%) b\fdb\ﬁﬁgo

\
/l

it
H

V-E=0
ME.2 (170 RADZEE - #35): WKBHmT (£//R—JL) [FFEELEV,
V-B=0
ME.3 (7 7 57 —O%R): G5 0BEZ A BEDREE £,
" OB
V x E = ~
MEA (7> R—)L - X2 X7 )LDER]): BSORBEZEHOES DBz £ 8,
OF
V x B Ho€o—~ ot

45
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€0 IFEZEDFHEEZ (electric permeabilities). po (&5 %2 DFEHZE (magnetic permeabilities) T,
The displacement current

NI )E. FuNR—)LOFRCHITDEFE (AT OMERE, BERASATN TWRWEFRT
DWZDOFE) BERT DHHIC, BuUEMRE WO S EEBAL XU,

OE
ot

CNIIERICEBEDBENT 2ERTIEH D T AN, BHORBEINHGZFSE WO CEREAL
BEELEI, INICEKD, BEIKOFENERNICTFE NI U,

Jp = €4~

2.0.3 Deriving the Wave Equation
ME.3 (77 27—k OiddEEs (rotation, Vx) & & D FE T,

VX(VXE):—Q £

A1 MEA4 AR A L THiEE B AL L=,

—

EIENRT MV OESR VX (VX E)=V(V-E)-AE (E:ARBZT7ZY7>v Vv?) 2@8ELET,
B52hTlE V-E=0780DT,

V x (VxE)=—-AE
InozHFEDED e, KB (Wave Equation) HME 5N E T,

S O*E

AE — HOGOW = 0
(FHEOEXNEIS B I DWTHMNIIEET)
Speed of light

== 299,792,458 m/s
v/ Ho€o /

2.0.4 Michelson-Morley Experiment

— -

3 = 2L
\ T = c2-v2
A
4 o
L \
II
v
L L
Tie— Y=o
i J \ c-v ctv
Lichtquelle / oo I :
O x ;
L 1
LA} [
T ik
L4 ] [

s Ankunft d
A nkunft der
Ankunft der v 2l
Wellenberge ‘-\;‘) Wellenberge
und Wellentiler 1 X und Wellentaler
i “‘/ beiv >0

beiv=0 3
RV s
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1887 . KA A HEBEEEZ 5N TWe "TT—7 )L (Ether)) DFEZERALT 2 HITITONICER T,
EHN TR BN T —FTI)ILOFEERE v TEWTWSERET D&, KOETARE FNICEBKRHH

T, KOEFERE T ICE AT b\ibé zt@f?é” I—TIRICFTREERB: T = L + L = 25
T—TIVRICEEREERE: T = S BEZE GIL) -
Lv
AT~ -~

SR TR X LIdEillenFEzttA cl/ic (Null result), B3 T—7 LSS TES . D742
A NS K BFHRAANEERR CEREAZDRIE) ~DOEFEINEL T,

2.0.5 Plane waves
W RROEANGEE LT, FEEEEZET,

E(7,t) = Ege!Fm=en
INERBHFELICAAT D E, ALY FRE (Helmboltz Equation) HEShE T,

AE(7) + t—jﬁ(f’) =0
N AT )VTRRICTEROBREBEHAT 5o ATORZBRMEENENNE T, K (Transverse Wave):
B% E. W% B. BB MLk GETAM) BINTHEWIERLET,

k1E kLB ELB

RIBOBEMR: B CWIZOARESIFLITORRTHEIENTWET,

L1 .
|Bo| = —|Eo|
C

2.0.6 Spherical Waves

THEIFEBEENGETILTTIA. EEOMEBHNLGHR (RIEREPRFRE) NSEFREENEEL £,
B REIIEREO “FEICKHAIL TRELET (1/r2), ik NIRRT Y VI A E XA S —HE
EEH U fAVW LRI NET,

U(’F) — %efikr

=77% (Far-Field): JORD S T2 ICREN R (r>> A) Tl EKOKEIZBANICTFEHEARBT &
MNTE, BFERBITETAAICT L TEE (KR IR XD,

2.1 Polarization of EM Waves

The polarization of an electromagnetic wave is defined by the direction of its elecric field vector in our
laboratory frame.

The discovery of Polarization prooved that Light is not Longtudinal Wave like sound, but Transverse Wave.
SInce Longtudinal Wave can not make Polarization happen.

FEDRIIREIZ. BIFNT MLOHD OIRIBEMEEICL > TRED XY, J I Tl KD 2 HAICED
EARTE UL %%E%MT@&D CERLET,

s

_ E_'Oei(wtsz)
CZT, Eyldx s y BDICHETCEET,

Eo = Eoué, + Eoyé,
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2.1.1 Linearly Polarized waves

Light is called linearly polarized if the electric field vector oscillates in a single plane during light propagation

Stz D E y DN (F142>0) Mi-TWadI &,
Ex — an:ei(wtfk:z)

Ey — Eoyei(wtfk:z)

x MIAEZEDNBZWNCH, B ENIENT MLE—EOABEZR > TLXTERBLE T, A& n®X (n-
polarization) & HIFIENE T (J[RF EHXDHEOERDOXIRG E THA), £ RIEHR (Polarizer) Z i &
ETCRBICARTERT,

2.1.2 Circularly Polarized Waves

™Y
< //“
////1//’“

In circular polarized light, the end of the electric field vector describe a circle around the propagation direction.
This means the elecric field vector is rotating around the propagation direction.

ESER
e 2 DDHDDIREHIE L W (Eop = Eoy)o
o 2 DD DREIC £m/2 (90°) OAIEENH 5

E, = EOIei(wt—kZ)

Ey — EOxei(wtfk‘z:t%)

AR (Right Circularly Polarized): o_ @Y & BIFIEILF 9,
fEFARYE (Left Circularly Polarized): oy @Yt & BIFIEILE T,
AR 1/4 FF (Quarter-wave plate) 75 & DR FE N F R FHWMETT

2.1.3 Elliptically Polarized Waves

RO —MRNBRIDORETY, BHOLmMEBZmEET,

Stk RIBNERE D (Eog # Eoy). DOMEE §=0,— 0 NMERTHD5HH
2

E, = EOIei(wtfkerrtSl)
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Ey _ Eoyei(wtfkrquég)

BROI: BEOMINIU T O TRENET,

E,\? ( E, )2 2F, B, )
+ == — cos(d) = sin“(d
( EOI ) EOy EOzEOy ( ) ( )

BHOEEA/ U I TOXTEHESNET,

2By, Ey,

tan(2\]:j) = m
z Y

cos(0)

2.2 Unpolarized Light

KBEHP LED DL SIC, BEHERY MLAST VI ACEEHL, H5DD /RO NHEECEETNTND
RRET T, {RIE (Degree of Polarization, P): i HIICIRIE L TWAIKICDWT, [OlEnd SfRNTF =@ L
ERDBREZIL TERINET, . .

P max — 4min

Ima:r + Imzn
TR NE S P=0 (Inae = Imin) T3 @725 P=1 (Inin =0)

2.2.1 Analyzing Polarization & Law of Malus

The polarization state of light is analyzed with the help of polarizers. 18T Id. FFED A\ (FEEH) D
BEH D DHEEY 7)Y —DREZRICLET, INSIEEAM (Anisotropic) MENSIFSIL T L
ENCI

AET 2BI5%E E. BIETFOBBMABEDERMNT MLk &, £ T D& BBERDES E, 5. AFHEBEHOD
"5952 (Projection) | & 740 &, . .
E,=(E-é,)é, = Ecos(0)é,

CITOE AHBHZORE AR CRATOEHE DAKTT,

|aw of Malus

JDORBRE I [FEBHOIRIED 2 FICHHILXT (I < |E|?). LEROXOMAZ 2 FI 5T ET. BHEILDR
ENEHINET,
I, = Iy cos*(6)

INMN Y 2 ADFERTY,

=0 D= FEEIRA (100%).

0 =45° D= BEL 50% ([C/3 5 (cos?45° = 0.5)
f=90° DE=E. WEF0ICRED (BRLTWSEH),

2.2.2 The Three Polarizer Paradox

RARDEICEZE "0V $20TIEABL THE (NI MUEDOBOEL)) ZF>TWblex
NI BLBHITI,

2 MDIZE: RAMEE=E (0° & 90°) ICRLEd &, KHIFEDFHEA (ExxZ=T)L),

3MEZEIEA: 0 2 OBIC, BhE 45° [THBIT 2 3 B ORI E AT T, R K1 EDLDICH
NnZEI,

EBHOES: RYDORICIR (0°) Z@ > fotid. BEBIRILR (90°) IS L THAZRFEERTAD. 45° O
RIARICIT L TR E R > TWET, 45° DRIERZTESD & BEHNT LA 45° D AMRIC "5 (B
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EF)l cNFET, D 45° DL RED 90° DRARICH U TERDZER DL DICBEICH, XhhES
L&Y,

I L DA &AM REELLT DL SICRD ET,

Ifinar = Io x cos®(45°) x cos?(45°) = Iy x 1 X 1_ D
2 2 4
ClEr g DRI EBIEERZ > T, HDOREBZHR T H2EETT,
Polarization State Observed Intensity Behavior
-Linear Varies from maximum to complete extinction
(zero)

Circular Constant intensity (no variation with rotation)
Unpolarized Constant intensity at 50% of incident
Elliptical Varies between max and min, but never reaches

zero

T4 (Interference): B9 DIRIEA IS 5L A,
Itotal = |-E11|2 + ‘-E2|2 = 2IO

2.3 Energy Transport and Momentum Transport of EM waves

2.3.1 Energy Transport

BROEDEANGHER, TEETEHFABCIXILF—ZER) J&TY, st CIET 2D
FBHEZDLDOTIEHBL, COITXRILF—TY, #HEFEHMSONH NS, BUKEHLDDITRILF
— (IR F—RE) FUTOLSICEESNET T, BED T X)LF—EE (Energy density of the electric
field):

1

We = §€0E_1 . E
W50 T %)L+ —FE (Energy density of the magnetic field):
1 . -
Wy, =—B B
240
INsSzaEtT o, BRKOMTIRILF—FE w EBDET,
1 1
W = We + Wy, = *60E2 +-—B?
2 2410

x BERCEIBEOKOMEBICLD w=¢E? EBMETERITD, I TEF—BREZBNTERZEDE
¥

o

232 2. RAVT142T - RVKMNILVEIXRILF—RFEH (Poynting Vector and
Energy Conservation)

HDHWEV ORICHEIIXIILF-—DREECBICHLHE. TOIRILF—RBENTOTLLD
M2 TZRILF—REFA ICEDE BloftndREZE > TANANHTWSIEI TT, COIRILF
—DORNEFRINT NLERAS YT >0 - X )L (Poynting Vector, §) &MU ET, BEHODZE 2 7:
IRNE-BEOBEEL @ 2580, ¥I 2V )LARs (8 v 8 2a8x) &N MLAR
V- (HxE)#FBLTEETZE. UTO NEHOARR NESNET,

dw

— 4+V-§5=0
ar
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CITEIND § DERIIUTO®ED TT,
S=ExH
(X FBZENOBRR B = poH #AWVT §= LEx B) MENEWK: B85 FE W5 H ONETHD.
BUEN TR F—EBEIARERE S (BAEE - BURHESLOOTRLF—) 2RULET, 6L
BARE ] NMFET 256 (BEZTHRWES). ELLTD R4 > 7 4 > 7 DFEE (Poynting theorem) |
NEJRRENFTT, g
w

2 iv.§=_E.F
a " J

DD ~E-7 i BENBREICKHL T cHE (Va2 LARBREICLZTRILFHE) #RLET,

2.3.3 Intensity and Measurement

RAVF AT - RINLOAES §=|8| IF. BUEBELEBAREYT 2 TRILE—0FHN (W/m?) THO.
Inp TEOEE, ([CHEHLET,
S=ceE?=1

BESEHNERICNSE D:

FEDRBIREIIIFEBICE L (~ 10 Hz) /26, BE DK L2 (Photodetector) (& E DO IREN (I (F3ETE
TEFTh, BEBIUET 2D, KD 1 FAHAICDIcS TIEFS (Time average)) C9. FHIK
E = Eycos(wt — k- 7) DIFE. cos? DERIFAN 1/2 (T35, BN FIREELTOLSICA

D ig_o 1
(I = EceoEg

2.3.4 Momentum Transport and Radiation Pressure

BRI T RILF—T217 T < NEBE (Momentum) ) HIEFVE T, CNICKD AT HTCD EFENE R
L F9, Nz 5T (Radiation Pressure) & 0 E 9 BHE 05 H: B HEER O W2 = p2c? +m2ct
ICBENT, T ) FEEm=07R20D7T, BFHE p EIXRILFT— W OBERIFLITOLSICARD T,

W
p=—

c

INZ BTG - BAKEGED TEZ DL, BMEE proag (D + BB BRA YT 42T - XTI KLD
RES S ZHAVWTERETEY, BICHU>ROEN: BOMEICL > TEANEDLD £T,
Y (Perfect absorption):
BLWEDLSICHEZZRLICRINT 2558, KOEMENZOEELHLD T,

S
Prad = —
(&

T [ (Perfect reflection):
BOLSICHZRIRRTIHZE, EBHEBORIE TA\>T< 25 + TBaRSd D, T2EICREDHRT,

25
Prad = —
¢
BERNBEZS ! P
pressure = — (2.1)
A A
AW = SAAt  —s Force— 2P — 54 (2.2)

At c



52 CHAPTER 2. ELECTROMAGNETIC OPTICS

2.3.5 Microscopic Picture of Dielectric Response
MEBENBHRICESRIVT 20 EEET 2cHD, RFLANILOETILTT,

2.3.6 Single Atom Response
Electron Cloud (B8 F%E): [RFZOED IC—IRICnHT 2BETDEM,
Restoring Force (12707/7): EFTEERFENINICESIC, TTICRS S & T 257,
%¥%<¥%a>@%ﬁﬁgpiu?@gocaoiﬁo
3q
4ra’

COBEATICLD . BLHSDEH r ICHAIT 2B Br) ML, CThANRROLSABETHELT
T EE

-1 4q -
ks 2.3
47T6() a3 (2:3)

|5 D73153 (Atomic Polarizability)
NEH BB N, RFAENCSVWBINICRS (DY 5) NERIERETT,

Induced Dipole Moment (FHE MR TE£— A > M) NHEZICL > T T TR ENAFAOFLN T, U
LBEIHBRD

Electronic Polarizability (5 0103): o CEREND. [FFORO LW &,

The displacement d which conpansates Eeyternat With the atom’s internal restoring fore, creates a Dipole
moment

ﬁ: qJ: aEew
T, PBE o [FRFORIE (@®) ICHAILET,

a = drega®

2.3.7 Macroscopic Description of Dielectric Materials
DBBE P IZIRTHE N SHLZDE—X Vb §gOETT,
P =Ny
DIRIC LD MEOFKEAICIFFREE SR E (Surface charge density) o DV HRILE T,
op=P- -0 (A FREDERNT L)
Fro. PIEH IR TR WGP Tl MBENENICHEE EHE (Volume charge density) p, 0V LU &9,

pp=—V-P

BERZE (Electric Displacement Field)
Electric Displacement Field (B2 8% ): D
Free Charges (EHBEM): pro NN SREATNCD . BEFZHIT D ER,

ﬁﬁtﬁﬁj%*$?®ﬁ@X@iWVAE—W?'E\%%%ﬁpw:WﬁP%ﬁkbiﬁﬁﬁét\E
BB o R ICKET 22U VRSB ShET,

—

5:60E+.ﬁ
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IRFFEILE (Linear Dielectric Response)
Z < OYETIE, DBIEEZICEHL T,
FAEA:
Electric Susceptibility (75525 5): x,
Permittivity (5% ): €
Dielectric Constant / Relative Permittivity (F0E55EE): €.
#= . )
P =¢eyxE
CNICEDBREEIFIUTOLSICETERT,

—

D=¢E =e(1+x)E

CCTHHERIE 6 =14x TT

2.3.8 I39IVR - EY YT 1 DEMFER (Clausius-Mossotti Relation)

DK o) EXVORBE (HFEEBEX ) 220 CERBATY, i BENSVWYEST
‘XU 2 BPTES (Local Field) By, 1. AAESH S DFEBEHZ EIFELD T (ARDRFH

zoORg (4
&, HDIRETH
SOFEBEZT510H), #:
&—1 Na
e +2 3¢

2.3.9 Maxwell’s Equations in Matter

. 9B
VxE ~
(7727 —DEA] I ZE{b7RL)
V-D=p;
(A 2D%EE BB OHIHKTE)
- 9D -
(7> =)L DIKE - ZAIETT 0D/ot & E&D)
V-B=0

(S BT D)

2.3.10 B AER (Constitutive Relations):
MEOHEZ RIRT 2R T,
D=¢E
B = pH = po(1+ xm)H
C CC X |E Magnetic Susceptibility (#4163) T,

53
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2.3.11 MEHDKENEH (Wave Propagation in Non-conducting Matter)
KEARHERE: NIV )VARADNSEINE T,

2 LOE
V°E 22 0
AERE v [FFEEXREBWETREDET,
e
FH&E:Refractive Index (JEHT): n, #: SRR (p, = 1) DIFE
n =/
BERA Y N YEICAS EER MNEEMLEITH. BEEE (Frequency) w (T2 L F=H A
A= &, w=—7
n

2.3.12 HFHELBT—R  ADJEH (Negative Refraction)

BEHDZWN TEAORBITE, Z/HOANTIYWE (AT UTI) ICOWTOERTY, & FEX ¢,
EBWE p, NERFICE (Negative) TH55HE, WER: BITE n HNEICED, AXILOZEIDFEER L T,
FNTBE DRI &S lEwEAmICHND F9,

0= e

2.3.13 BOEREYEPDIRILF— (Energy Flow)
KA T 4> - AT L (Poynting Vector): T J)LF—DifinzaFzd N7 kL § TF,
S=ExH
TUWHREE: EOBFEABFOPERTIE, TRILF—DfNn (§) SROETAR CREANT ML k) A
WREICED FRT,
S o —k
DED. EDOLFERICEATWSESICREZTH, IRILF—IFERBITRANTWSIRETT,

2.3.14 XY TYUTILDRH (Metamaterial Realization)
BARAFRICIIFELBWN TEADBHWE, BEZESP > TELIDNEWVWSEIM T,

ATy U 7RSS (Split-Ring Resonators, SRR) 2B D U > 7 (CUA G & AN joi@sihcd, (b
W U IOMAAN (A2 F 05V L) YNAHDNAYT oY (Fv /(T C) DREERZL.
FETE DJEIRE wo THIRI D LC EIEE L THBEL 9,
1
wo = —

VvLC
BOBEWRDAER: ANEWIHICH L THIRZR T & FEDERES CEMSEHE (Effective Permeabil-
ity) p(w) DEHFNEICED TT,
Fuw?
wi — w? —iyw
HIREEE wo DDLU FOEKEE T, DROTEICLID AN EDEZINDETET, InicLDH. ALK
ICEDOENERZERLF,

wlw)=1+
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2.3.15 Interaction Model & Approximations

HHEICAET B & HDEY (Electric field) NNRTFHDFEER F (FICETF) ZREI[NDFT, D
WRZLMT D/, 2 DDEZEBAE (Approximation) ZFHWET,

WiF371L (Dipole Approximation): FJ 432D FE (A ~ 500 nm) (FFEFOY X (=0.1nm) £0DHES
M KEWEH, BTFEERICEWTESRIE T—HKTHd) EHBLET,

E(7,t) ~ E(t)
[EF5a L (Local Field Approximation): &84 DR FIC{EFT 285 1d. WE2EOERNEES (Macro-
scopic field) & |FIFFL LW EAHELET,

The equation of motion for the electron displacement vector follows:

F4 oF 4+ wii = E(t)

a
m
B PR 7

= (Damping): oF (FEECOIETLICHAY)

17077 (Restoring Force): wgi (JNF DI wo [SHIEERET)

The solution

HEERJEHTE (Complex Refractive Index)
BFDOENMICEDBREINDBINBFE—AY MNME p=grft) &R0 BAAEEH D OXRFE— X
~ kT B0 (Polarization) P I FO L SlckanEd (N EBETHEE),

. N2 1 . .
P=Ngi(t) = 2 E(t) = coxE(1)

m wi —w?—iwo

M5 BREAE (Susceptibility) x MWERMICE D ENMDET, TRICHEWN EBITEn 68X
BELUTEESNES,

n=+y1+x~n,—ik
Lecture / — M CB2 & 510, EREBIFEOEL n, M x FUTOLSICHTMICBIET (4= N
E LT EH (Real part) n,: EITEDDEL CELEROZIL) ZIBWET,

wg — w?

=1+A
M + (W — w?)? + w202

20 (Imaginary part) x: ORI ZENE T,

ow

=A
& (W2 — w?)2 + wlo?

2.3.16 MRINESUANILE « R—=)LDEA (Absorption & Lambert-Beer Law)

ERBITROER & (&, ADVDETZLET 2BEORE (T 2R LRI, 2 ARICESFEEDE
BT OLSICRRIBEZRSE £,

—

E(Z) _ Eoez(kz—wt) — Eoe—zwteznrkoz e—RkoZ
=IE
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KORE I ZEBORBO—FEICHAT 20, BBl 2 & HITEREIIITRD LET, TRATVAL
N - AN—)L®D;=Al (Lambert-Beer Law) T4,

I1(z) = Ipe™**
e a [TV E (Absorption coefficient) Td Dk ELUTOERICH D E T,
4
a = 2kok = %

EBRRGRE (BF oM7) Tld. IIEE (Absorbance) A HVEE ¢ ICHHIT 550 A =ecL BEVEN
ENCR

2.3.17 Dispersion: Phase & Group Velocity

JBITERDEEL n, DEAREICKEFT DI EICL D JEDOEREICIE 2 DOBENE U FRT, AHHRE (Phase
Velocity): K DESRE,

v =—
Ny

FHRE (Group Velocity): R (T NO—2F) OEDRE, BEROEREICHILLET,

dw c
Vg = — =

R

2.3.18 Normal & Anomalous Dispersion

JEITER O E R B dn, /dw I DR 2 DOMEIFICHES I E T, (EF 080 (Normal Dispersion):
dne >0 (2l &ET%zét@<ﬁ)ﬂ&W#%m<&§hLm)itFﬁYm {7BHWBEDIRD
¢L\T§“ B0 T XLTENEDFRNHE D RKE HNDIBR, HIFEFKEDL SN BB TESN R
9, EEEL (Anomalous Dispersion): = < 0 FRHNE WG SJEITENME B LHRR T, BE RN
HIBOBERTOHREELTT, TINE—7 O TEITENZMICHD T 2585 TI,

2.3.19 BAEEHEE (Superluminal Group Velocity)
RESBEE (RINE—2 M) Tl FEEORRE vy h"ER ¢ ZHBA S (HBHWIEICRED) &WnS
BERICRTLHRINEIDEFXRT,
lvg] > ¢
LU, cnidExtiEm (RRZE) EFBLET A, VIENHER: KRIHL CEE (RIICL 2 AT

NLDZEAL) 3278, KRROE—TVHBDOREMNT FLOBERED ¢ 2B 51T TY, RRFE: EEOD
BWPIXRINF—DmERE (EERE) FEIC ¢ LTTI,

2.3.20 77V¥—RX - 70—=v EDBERN (Kramers-Kronig Relations)

HRE (Causality) & WO EAWRRIED 5, BREZEK (XCFEIFTER) ORMEFEAIFE W ITHILTE
B BOERICE > TR T SN TWS 2 EABEINET,

oo / /
m@g_lzzp/ WEW) o
0

= W2 — 2

COBRIE. TR (EE) 1P DBATICEHT E (FE) NEET D) EWSYIBNAMEZRL T
WET, E%ﬁ%ﬁ(b%\?%ﬁﬂ%ﬂ%ﬁﬁ?tgé@j@ COEFHNERICLDHDTT, INIFERBRT—%
DEGEF v I, AHTONEELISS S —H=HET SERICEBICERATTY,
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2.4 Reflection and Refraction of Electromagnetic Waves

2.4.1 Effect of the Refractive Index

I TlE. BEOEN TEWYE (Slab) ) BB T ABRIC. EDLDICETHHEHBALTWET, I
SEFDHKDEBEENE LD, MENENS Z &EOEBI/BETILTY,

SFELE (Plane wave) DNES Az OEWYIEICAST L 9,
ERHTOES B, I L, BITEn OYEFRZES EAMEENZL L £,

E = Eoe—i(wt—kz—(n—l)kAz)
INEEETLE, ABOXL §=kn—-1)Az ZAVWTUTOLSICEITET,
E=¢"E,

o ANV (ENIERITE ) SREL. BHEHDT = —/ER (Taylor expansion) e ~ 1+ 2 = fIF
LET,

k2(n —1)2Az2

e tk(n—1)Az 1 _ ik(n —1)Az — 5

ZOIIE, FBEEBOESH TTOR, & "EICK > TEUTGENRES (90 EMMEN T NI OMT
FEDHEERLTWET, UHEL (Phase delay): DL ERDY A IV ITH k(n—1)Az KT ENE
¥, #&I@ (Amplitude): < DIMNTHDLFT, TBHEnfcI-REZOTHEDIKRFET 271 5D
DTY)

The total field behind the thin slab therefore is

E(2) = Ege“%) —ik(n — 1) AzEge!@t—F) (2.4)

2.4.2 REEBITO—MEAEEIR (General Description of Reflection and Refraction)

Lt

¥

—

Einc — E’Iei(wItfl_C‘["F)
Eref _ E‘Rei(th—ER~F)

Etra — E’Tei(thflgT-’F)
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Polarisation Decomposition

p-polarisation s=polarisation

Ri

S
unpolarized
beam

o p-polarized light: electric field is in the plane of incidence (given by the k-vector and the surface
normal), also called transverse magnetic (TM)

o s-polarized light: electric field is perpendicular to the plane of incidence, also called transverse electric
(TE)

2.4.3 E5R%EH (Boundary Conditions)

EREE D OAEH (Normal component) /49 230 7™ 2 D%&E (Gauss's law)
R X /NSBEE (EWRYy I R) 22, ZOXKATENI LT (7]
h— 0 @@@%HQ% . AEOFSIEEA. FEETHROELTAIED X9, &R

\}4

Dy — Dy =0y

C T oy (FEHKRABEAE (Surface charge density). 1B%. #EiFA (FEXR) FALOERTIE o =0
IANONEN Dy =D5,. DFED e B =e ks ERDERT,

EY5 E 0TS (Tangential component) (FH T 25: 7 7 55 — 048] (Faraday’s law) V x E = —8—3
B K BREZZCCRARDIN—TZ2EZX, #EHPLET (Ah—TADEE]), JL— 7’@@%\%t
MISED T & & IOHRALEFEOICRD T, &R

By = By
DERD. BHOERN D FIRFR T ** #EiE (Continuous)** TH O, Z{LLFH A,
W35 DI 21 (Magnetic Field)

Bi3% Dok = H O)E%f/r?ﬂ/\j\ A= LR E (R, FREENEE (Surface current density) K £V 511
I BRI ERE T,
Hy = Hy
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HERZE B OREHS V-B=0 & D, SKEHA TR ICER T,

By =By

2.4.4 R EEIT (Reflection/Refraction) - BIRB EKRBMDES (matching)
INSDEREFMEEB/ITIeHIC. ROBEHREAPMDE S HEINEDEBEXT,

[E R # %5 (Frequency Matching): SRS TIC (TNTOEE ¢ T) BILT HcdHITid. A - &E7 -
FEEOIRENBUSE U TRITNIERD £ A,

Wy = WR = W
71E#£ 4 (Phase Matching): BREUNT N TCOBF (RE LOMR 7)) CHILT 2/0ICiE, MEE k-7
N—ET oBENHD X, L 3
kr-F=kp-7=kp 7

AZ ) DER] DB (Derivation of Snell’s Law): FFe DAERE DN S, FREICTATE TR ORI D
NMRESNDZENDbMD ERT,

krsin(0;) = kgsin(fg) = kr sin(67)
255 D3%8l] (Law of Reflection): [7 U BB P TIEFE k A= S ERAU (k; = kg) 50D T
0, =0r

(ANBAE=59A) AXJLDER (Snell’s Law): ERSBEE/MTIE k=nky (ko IFEZHRDREE) 2D T,

nikosin(0;) = nako sin(67)
INeBBL T, BABBITOEINESNET,

ny sin(f;) = ny sin(f7)
%%???T\77X71hﬁ&ﬁ&M5%%%@@5\Mt%ﬁ&<ﬁé&%@@ﬁ@%%ﬁ§§ﬁé

\ o

2.5 Fresnel Equations

2.5.1 Reflection

BCs 12 JCIdES (Electric Field) & 45 (Magnetic Field) D) T, ERMEDESR (157 —7 ¢
—R) IEEVWT, INSOEDIRENDENSETNIEED FEA, INEES (Matching) EFUERT,
V=)L IBFROMAI T, BFD HERED (AICFTRED) ) [ERTRINIERD ZEA (RAUEICE
%)o
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2.5.2 s {@) (s-polarized light)
EFe: ASE (ASROERIMESE) 1T L T, BIFHNEE (Perpendicular) ICHREIL TWLWEXTT,

ADEBROEZ 7 B (E) IRFANCTITROT, ZOFRFTEREHN 'Er+ Egr=Er) MEXFTT (L
AR, R: &Y, T: FEi8), 835 (B) FEWTWSIcH, ITA Y (cos) 2> THAZTEDERT, IS
I AR E LT e, REMRE r, BYRED T,

7 L ZIUIREL (s IR D [ 51): The Resnel Coefficient For the Reflection of s polarized light

Er nicosf; —ngcosbr

re = — =
B n1 cos Oy + ns cos O

T BEE §RAETT, ZORE s BESENSWRETENERLET,

The Fresnel Coeflicient for the transmission of spolarized light

Er 2n4 cos(0r)
—_— = ts 2.
Er  nycos(0r) 4+ ngcos(fr) (2:5)

2.5.3 S polaized light
Ef: ABEICH LT, BHDFAT (Parallel) ICHREIL TWLWEHH T,

XDOEHDEZ F: CESIFES (B) MEWTWSH, BEHEDRELADLEICIT 1Y (cos) HEITA
DERI, HICHIE (B) I$EICTATICARD X, 7L RIVRE (p RICDRE):

Er ngcosfy —nqcosfr

L nq cos O + no cos O

Er 2n1 cos(6r)

=L _ —t
Er  njcos(fr)+mnocos(d;) "

(2.6)

2.5.4 ZEKIMNSHTIANDORE EAMIME (Air to Glass)

EFEMEVYE (Zxn=1 hoaWWWE (HZ7ZA n=15) "HAHPAST—XTT,
FIAH®D >+ > (Phase Jump):

s R WICAAED « (180 &) INET (IUDABITE > TRET 54 A—),

p Rt BEICL > TEHNEDLDFT,

7 12— % —F5 (Brewster Angle): 5 HEDAFAICHENT, pRADKFANEA (r, =0) [0 E
ERS
Bk COBETRILIKIE, BRIC s RIEDHICED T,

no

tanfg = —
ni

YIERIEE: MEBENOREF (dipole) NMFES SNSNKIH. BRFIFZOMREN AW (M) ICIXBHIK
RS BWEH, RETRANDRSEHEZDHRRTI,

2.5.5 HIADSER[NDRE : £R5t (Total Internal Reflection)

SEFWIC, BIRESSVWIED SEVWYEASIHED T — XTI, BRFA (Critical Angle): H2AE ¢
RS, AN (BRAD ICHSNR<RDET, I sinfe = 22 2RE: BFEALDEIAHT S
ELIE100% BTSN E T, a2 5T (Total Internal Reflection) &ITONE 9, MHHMRED A= = (4
|T\ :1 tfdtoi?o
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2.5.6 T/\XvE> KK (Evanescent Wave)

EREHNERETNDEE M (ZBRED) ODBEHBIFESB>TVWSDTLLESIN?EIF TBelcEO; ©
EHDFEA, BER: BROT CAMRICIE, BEEEE S ICEHBEHENICHEET S RHAHUFE PNEEL
T, INMZIN\RYEY MEEFOERT, BEWHE: @REOEHT TIE, BEIOEHENT L (K
DEHATT 2RI NT ML) B EE (Imagmary) CIRDET, MBEOAERICENT e O k HEH
(la) ICRDE e EWSECHRD, Zhid BRELU OEFT . it » SHICEBINSRD, &
ZrERKLES, ZDOF:

x

Etrans xe ?

G FRER, BRANPSDODIDNHE S/ A—NLTEIIERLET) IGA: CORETRILF—2EOX
FAD SEICHIOYER (A APHiigns) ZaDF6&, TRILF—N ThyZIL) LTHIMEDD
Y, Nl TIRF MRS E TR NE T,

FEZ y=0& U, ADNAFTE (zy FHE) NZEH HE ( I ) HhoEeE 2 JBITE ny < my) N
7\%@ 0; TAHFITBHELET, COEE, HE 2 (y>0) BT 2EBEHDE J% Et IFLLT DO TEREN
ESEI

Et _ EOte—Byei(kzz—wt)

ZT. BADEEKI iL/{TO)LDT? IRMEIA (e~ ) RELS DRy & &DICHEHFHICTA=EL &
? {HBIA (eitker—wt)): AR ST2AM (2 AR ICEET REXRLET, BAREH g LTOR TS

AB5NET,
2
B = k‘t\/(&) Sil’l2 91 -1
Ty

T k=2 [ TEBRIDKHKETT,

BHIDEBIE, AXIIOENEERFOFHICER L, KEARRX CFEKEE) ICRAT DI ETED
nxE9,

AR DERIDHRR

:X*w@%%ggyzﬁ;O\Eﬁ%@urmwxmazgﬁm@ﬁﬁoﬁ%iﬁgé&%%#«@>@)
Tﬁ%ﬁm&>1t@ét®\mwﬂil%%i\%ﬁ®ﬁﬁ0ﬂ%?ﬁbiﬁho

BRIATIVDEA
:cosby = /1 —sin? 0, DEFRREAND & IL—hDFENEICR D, cosby, (FHEEELDFET,

2
cosf; = :|:Z\/<E> sin?6; — 1
N

IR ICIRIEDMER RICHEB U R WE (y = 0o TRIET ) 2R IO, FE5aBYIGRO £ T (Hecht
DRI TIFEHEN ¢ DI/WITHEKFLEIN, BRELU THRBEZESET),

FEEADRA

FBE A TEN B, = EOte’(kt o) RELET, BENY MLk ERAOERT B E k7= Ky (x sin 0y +
ycosty) D ET, INIC LD sinb, (EH) & coshy (WEZED =RAT D&, UABEBEOHRICERD
BRI NIRNET,

eikt(msin9t+y(:|:i‘/...)) _ e—kt%/...eiktmsin&

NnicE D BERBETRUEANMZoNET,



62 CHAPTER 2. ELECTROMAGNETIC OPTICS

BIRINRYEY MRICEUATOL S BYENREENBDXT

o RMEK (Surface Wave) : KOEMHEE CKE) FFREICHLU TEE (r=—FE0HE) THO. KIFFE
umofﬁﬁiﬁoﬂﬁﬁbﬂn%ﬁﬁaiixwi HEOEBA (FEIRA VT4V IRTNLDOFR

HARE D FE0), BHEHRE: REh S KREEDER (1R AK. Penetration depth) TIRIEITA
FlcrOlcao=E éE@“ Ny XILEHE (72X KL — /3/1&%) : TRy Y NENFEYT 258,
GFEDT <) | %‘J@F?ﬁy@mb\ﬁ SO THE ANFDREN Th X)) L TEBTHIRR
NI DFEd, CNIEFETHFICRITS ?\/*)Wﬂ%i*ﬂﬂb??@@ KT 714 IN—=DHT T —Plaitz
Y- ETINAS N TWES,

2.5.7 &E (Intensities)

RAYT 1420 « R KL (Poynting Vector):
1
HrHo
R BROED BAISEICRUEEE AT 2 TRIILF— ((T—) DREEREEERLET, x: SME
EWo T E & HOMAICEBERAR (DEDENEDAM) ICTRXILF—IAND I EZRLTVWET,
BEOE (FEE) ICEWT, E=vB (v 3T DOYWERDNIR) B=pH (p|3BZWE) OBRICHDIC6H.
Hz%zf%&%%@i%hi?ovzyé\S:Ej%:%;e:qmm e =n? GERMAEDHE

The magnitude of the Poynting vector is therefore given by

S=ExH-= (E x B) = e,eqv*(E x B)

S = e eou| E|? = negc| E?

The intensity is then obtained from the integration over one cycle of oscillation, which finally results in
1 .
I= §NGOC|E |2

K5% (Reflectance, R):
BHIC RARBOENED 2 FTY, I R=|r?

EIBFE (Transmittance, T):

B IR 2 F (f2) THBD FRA. BFICL > TE—ADAS WEE) HEb27t. BT
BnECd, =

T =

ng cos O |t|2
nq cos O

TR F—REFA: BIRDBWGE, REKREFEBRONINT 1 ICBDET,

R+T=1

2.5.8 Electromagnetic Waves in Metals

BE, s (J2R8E) TREBENLCEFOAZEZTIN. BICIIBERICET S ** ERETF
(Free Charges / Free Electrons) ** D\F/t L &9, Cnhvl (BEOE) c@<MEAFRAL. BFE DR
PEREAHELET,

FITO—F: XA )ARAEZEER DD, =7 0Aa8Ea5 ** 5EEIH (Dielectric Function)
¥k EBHT LT & T SROXEFHMBEZRLFET,
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2.5.9 RIL—FTET I/l (Drude Model)

BFIBHKEOES (B) ICL> TRESXSNEIHN BFZ (BF) FHRL TRELET, TNk **
FE# (Damping / Resistance) ** & L TIRKWET, RFANOEBEF RV, TLOMNBICRS ST 5 BT
T DIEVDOHIEFH- T,

E#HHEX (Equation of Motion):

& dF

dt2 + mel— pri —eﬁoeth

2

IS (m, L) I

FRIE (mI9E): BEEIETL, T (J > ) [dEZEE Z = U, #2085 (Relaxation time, 7) D (T =1/7)
<Y,

ANIE (—eEget): X DBEBIC & DEEN,

&

o

RIL—FFEBBDEL (Derivation of the Drude Dielectric Function)

SOORBETOHEZ, XUABYEOME FEX) ICEALIT,

ZUDEHE: LEOEFHHEAEHNT, BEFOERMUTFZKDET,

ﬁ:jf@l (Polarization, P): BAAEHDDBEGWNBFE—X VY~ TY, BHABFHEA N 95 &,
P=—Ner &30 FXT,

:%FEESBTQ (€,): BREE D = c0erE = E + P OBBRZRVNT, BRNICUTOEEARNESNE
o [BEE] RIL—FTDFEEH:

w2

) =1- 5"
CTEEGT D w, lF. BECEOMBERDSIERICEELR/NTA—FTT,
75 AN EEE (Plasma Frequency, wp):
Ne2
€0Me

INIFBFERNRE T 2EEDRKE T, £ < DEEBTIEFEMR (UV) BIEICHD £T,

Wp =

2.5.10 BEREITRELEEZE (Complex Refractive Index & Conductivity)
HFHME (BIFX) CBIME (BEX) FEEICBRL TVET,

#EFEHT (Complex Refractive Index, n):
n=mn, —IiK

Z28L (ng): SCOMAERE O OED RS ) ([CBIR L £ 9, 280 (s, Kappa): 120 F#%0 (Extinction Coefficient)
EBFEN, KON (TRILF—E%) 2R LET,

EEF (Conductivity, 0): A —LADEKR j=cE HNSEHNET, RIL—FTFIL Tl SEM CLoEs)
TOEBXREFEEHIFEODOVWTED, AFAENSERBOBILCEDERZFSLENTEET,

j=0E = Nev

where we explicitly wrote the current density on the right side. Following this relation, the conductivity is
obtained as
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2.5.11 Reflectivity of Metals

BEEBEFZFILTNEDTL £ 5D 7 REE (Reflectivity, R): 7 L XI)LORKICLD . EFEn 5
SHETEFY,

n—1/2
n+1
Fiw < wp, (AIRARE): 2L OB TE T IANBEER S DEVWERHK T, FEEFHOESTNEIC

D, REENZIF 1 (100%) ICHRhET, CNHAEBRBEROBERTY, w > w, (%ﬁ%%ﬁ@?j): N Eﬂ
B KHEBIT LD ET,

2.5.12 FHEREREMRE (Dispersion Relation & Skin Depth)
HER (Dispersion Relation):

k2 = 7267‘(&))
TIARBEEEEDEVNGE (w <wp) BE k IFEBICEDET, INIIENIRBILANSHED T, 1B
BHEICRET S 2R ﬂi?ib F9 (T/\x vt~/ Evanescent Wave) .
RREIRSE (Skin Depth, §):
HHEBERANS ENISVWDREETRATESNEZRTIBIETT,

EEIE TOMIEBL § o 1/y/w AIRSEIRIE T, REORS EDITHNE 10 nm (F/ A— L) BETY, €D
Jch, BOEREBRTENEBS T, AEFRICHRDET, hld "BHEY—ILR) P TREWDR (BANE
EUMANRWIER) ) OREBERDET,

2.5.13 7S XEZY R (Plasmonics)
ERBETOENIRSY (X7 XEY) CXOBEERZRSIGEANH T,

BEXRE /7 XEY (Localized Surface Plasmons, LSPs):

B /HiF (PROWMAIF) ROBEFIREITT, HEDEDIE®REE - TINL XTI,
Bl xR/ —NCHD T2 7)LTXD (Lycurgus Cup)) &, F/RFEEATWSICH, REDETIE
k. BELTIIRICRA T,
KETZXEVYKRZ YU MY (Surface Plasmon Polaritons, SPPs):
TREFBHEDRFREZLDEK T,

JHA: IBREDRBITERZACICIER ICHRIR 2D, /A A>T — (Biosensing) 72 & ICHIBENERT (FFE
DHFHNL DN el EZBHNTES),

The dispersion relation for SPPs is given by:

w €Em€d
kspp = —4 | ———
c\ en +e€q

where €, and €4 are the dielectric functions of the metal and dielectric, respectively. This unique disper-
sion relation allows SPPs to concentrate light into subwavelength volumes, enabling applications in sensing,
waveguiding, and imaging beyond the diffraction limit.
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2.6 Anisotropic Materials

2.6.1 Light propagation

INFE TR > TECEAMEMEL (Isotropic materials) Cld, KXDREIZH 5D DS AR T—E LI, LH L.
ERREDLZ L DOYEBEL *»* AN (Amsotroplc) ERFS, KOECAHRPRADAEAEICE > THEFHN
BHEBENELET, WIBNA A= /— KT 37)5 TFL VS \? (Ethene, CoHy) ** ZHIICE 2 £,
KB D _E#EE (Double bond) | IPTT@??W BHENIND & BFIFEFEOT L AR (Polarlzatlon)
MARELARD i? BICEBAMRTIEFEIEICC @D ET, B @E (Electronic Polarizability, a) :
FICL > TETDOIHEVYIT INRRDCH, DBEFEQRDIEN (RAHT—) TlEZR ﬁﬁfﬁfli%ﬁ
> FYYI (Tensor) & L CTio>mENHDET,

2.6.2 FEEXRTVYVI & EEER (Dielectric Tensor and Principal Coordinate

System)
NEDINEZIF T o C, HEE (Dielectric constant, €) PEITE (Refractive index, n) &7 >V LT/
NDEI,
ERFELEHZOBR
BE, BREE D D S EBIF E T TN, BAUMBETET VL § ENLTEIINS D, —mRIC
D & EEZVPATICAD EF A

—

D=5 E

2.6.3 FEEtEZR (Principal Coordinate System)

BYREIRR (F#) 22N E, 0T VYILIERAfLEn, AENBEICRD I, JDEFRTDH
BERTVYIBULTDLSICRDET,
@ = ( 622 )
B2

Ch = EBIFE (Principal refractive indices) |dFEFEDOF IR CEHE =159,

Ny = (273
InlcE D AR ZEITERBAAE (Index Ellipsoid) & U CHERE(LTE5d,

An optical axis is now a propagation direction for which the refractive index does not depend on the direction
of the electric field. For a biaxial material, there are two distinct directions for propagation, while there is
only one for uniaxial.

2.6.4 IRILF—ODRNEMEDERI (Energy Flow vs Phase Propagation)
EHUMBRICH T 2REERNTRVWRRO -0, HOREIESHA (WEEE) ) & TTxILF—
HEG TR BRERE) ) NN &TT,
EBANY ML (Wavevector, k)

AEDED ARER L ET, KE (Wavefronts) ICXTL TEETT,

A>T 14 vI~R%T ML (Poynting vector, S) :
TRILF—DFNZHAERLET, §=Ex H CEHXINET,



66 CHAPTER 2. ELECTROMAGNETIC OPTICS

BEELBER:
RAAMEBEN T D & E NPT TRV, k& §HFTICRDETA, § (TRILF—DFN) &
P < HHE (k-surface) (CXT L TEELRABIGEHAF T, CNH. RN 2 DICohNSERELD ?7
2.6.5 #HEERDXNINYE & %E (Symmetries: Uniaxial and Biaxial)

EFERDEICE > T, MEIELTO LS IcpfEashEd, —ehiES% (Uniaxial Material) :

n1:n27én3

1 DD ** J 58 (Optical axis) ** 25 =9, —#MFiESE (Biaxial Material) :

ny # ng # ng
2 DDHFEERFLEET,

2.6.6 EBEE—R: BXREEENR (Normal Modes: Ordinary and Extraordi-
nary rays)

HAEABICHIED EE RAREBEZEZ TICEMRTELD2RFEDRALAR (BEE—K) N2 OFELE
I, BIHR (Ordlnary ray, o-ray) : BITENAMICES T —E (n,) DD, BHIFEFTHEH (CrFEhe &
TAMEZEOH) ICEBETT, /\%JH? (Extraordinary ray, e-ray) : JEITENTRICE > TZ(ET S (n,)
M. BHIFEFTHRNICKAZR/HEERT, FRDRELEIFE. N5 2 D0FE—RNDERAEDLEE L TERFES
nNEIH. ZNEFNOERE (BIFEX) NESH. T 2ICONTRILRENZ(L L £

2.6.7 k HIE CR¥ANZT MILBEE) &52EBEfR (The k-surface)

WOREMEBE LS =, AJREAEEANY ML E OESNHEHEL k &M Ed, cniEv o 2
To)LAREANSEINFTT, EHOMEE: LTOXZEFRKLE LET,

-

k x (E X E) + w2u060<a>ﬁ =0

INDS k= {ky, ko, ks} ICBET 2 ARKNESNET, —HMERRDOSE k%ﬁi%?@QO@/ B
(E) DNSRDERT, RE: B (oray) TG, BHE: EENR (eray) ICTHIL. D 2 DOEMIE
ITEAMNHKZFITT, COARTIE, BHEEEERROEREN L FT,

2.6.8 EREIT (Birefringence)

FHNRAEMBHCART T 5 & BARIREBBENR CENRDELDCH, HRD 2 ABICHHNDIRRT
ERS

RR:

F#EA (Calcite) B EEBL TN FERLE “HICRXFET,

YIEHELK:

2 ODF— ROWHIFEITOEFFEAZTHA, ITXILE—DFN R4V T 1o IRT KL S HELS
HE 7z feh, E—LADNEBRICOBEL 9,

e FH :

fmAt —L271) w4 — (Polarizing beam splitters), 7/ 7> - b AV VT U X LS T+ 5 AT XA
RE,
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2.6.9 FERIR (Wave Retarders)

BENTZHNEL T, KORICREZIRIET 2R T TT, BAREEELROREE (BITEE ne—n,) =
FAL T, [IfHZE (Phase shift, A¢) =40 =tFE7,

HEEDR:
ESdOfESREBE-SlcEE=DOMNEEIFLITO®BD T,

2
Ap = (ne — no)kod = %T(ne —ny)d

(2 Z Tk FEZEFTOFEE)

1/4 RRIR (Quarter Wave Plate, QWP)
#ee: BRI AR (Fldzod) Z#LEI,
St EEN 1/2 (90 F) [CB5ESICESZHELET,

= NE=

1/2 IRRHR (Half Wave Plate, HWP)

HWeE: BfEIEOmEZhlinctvEd,

Fth: UAZEN © (180 &) 22 & DICLET,

ClE5: P L THE 0§ TASULLLERRBICE. XFEHORNRIC 20 ZJEEL THFSNET, &

INE S \

d=—2
2(ne — ny)

2.7 Optical Activity and Rotatory Dispersion

FI OAFERESE BEODTA URHEZEEEE 5 (rotate the plane of polarized light) | HZ D &
ETT, CNIFBERBA2YIBIRRTIFBL, D FHESELOBEAERICE2ETFNFEN - BURFHNERDERE
/(\§>O

2.7.1 BHEISFHRAHZ=ZIL : BFE—AY NOHEE

HHFZ )L F (Chiral molecules) (3R EER D EDLBRWAT) CHAEHT & HFNICLTO 2 D
DE—AVKIHBTEINFET,

BT — A >k (Electric dipole moment, p)
WA+ — A >~ (Magnetic dipole moment, )

L% KOBFZIEELNM T DHZ ., BGISHA BT DOHEFLELEI M. FIIaTTIEINSD T
% (Coupled)) L. T TR LEEEANEENF T,

i=aFE +GB
7 =GE + 8B
I THREBIILIT DED TY
a: Electric polarizability tensor (85,705 > L)

B: Magnetic polarizability tensor (%5707 > L)
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N =]

G: Mixed electric-magnetic polarizability tensor (FE5, - W SUR ST >V L)

A

E, B: StDOEIS WS

%E@ﬁ TGl FONBATFICEWTDOARGFAELET, 2D GHNFET DI EH. KRICEHRAET
5 THERIT, OBEEDRKEGRD £,

2.7.2 HEEFTEZDEFHEIR Circular Birefringence (FIEET)

EiFf®Y (Plane-polarized light) (&, #FH9&H L OEBRIIC, £E1D & HB0 D 2 DOMFESE (Circular
components) DERHDOET &L TF \ﬁfFT =FT,

Eplane = Liright + Eleft

BEDNE G OEEICLD. pFIFEAOARAICT L TERZINEERLET, CNICED. FAFN
ZNOFEHTE (Refractive indices) [CENEL FT,

AR (ng) CEARK (n) OEITEZLTOLSICEEARL TWET,

2rN
nrp = Ng + T (GI - iG//)
o
2t N
nrp =ng— T (Gl - iG”)
No

no: “FHIEHTE (Average refractive index)N: 70 F#0% £ (Number density of molecules)G', G": G DZEES &
FE &R
lieXA (Rotation Angle)

EADEFTRICENHD (np #£ngr) 12D, ADYETZED CRIEEHEELET, BURSHLDD
Ol#ERA o XA TORXTEINET,

_ 472N o
/\no

ZOAMNS. TRAEABIETKE X ICREAIL. BEDBEROEE & ICHAT DD ET

2.7.3 E2FHEHER Quantum Mechanical Foundation

NOOARIINTG A= THD GlE. =707 L 7TlE TETE® (Electronic transitions) ) (CHIE L
¥9, chzxIELTomh Td,

hzwo —Tm((0]|n) - (nl0))

CDORFEBICEE T, ITD 3 DOBERZZEODIFTVWET,
« BTBE (wno): HERE |0) HSTEIRE |n) ~NOBBI X)L+ —
. EFOZRMEE: EXWEFBLE AV (0|n) CHSWBFEZE— XV K (n|i|0) DIE,

e NFDFZUT 4: INS2DDEF—XYMPEXETT. KEARMNDERD (NUDIILBERDE
ENHD) HBAICOH G NIFEOICRDET
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2.7.4 v MR EFEREKFH The Cotton Effect (Av M VR)

fEHEF DR EICE > T2 L ET (JeH 9 E Optical Rotatory Dispersion), #F1C. 73 F AV e & Y g
DR (RIN®) HETIE 'Oy bR EFIEN2BELEESHERLET, JNEFLTD 2 DDIED

MM T,
A B3
Ch=2 et L ey

J

% 118 (Normal dispersion): WUNTEH SEEN/CIEE TOBE Oer nilz= L F9,
25 2 18 (Anomalous dispersion): WUEE (N;) (I CEZ(ICELIETY,
IRR DKL

BFEBROERICAD &, MEAERBMICIEARL, FENREITDIEEIZHDET B TS X
MEXAFANBET D), Inzdy bk >Hlifg (Cotton curve) EMFOE T, I NIdmF O ILARLE
(Conformations) W& FREEZFANDCHD@REY —)LeaDFET,

2.7.5 WHEKBRICETZT—ARXY T+ Sugar Solutions
WiED FI3TER3*= (Asymmetric carbon centers) & i 5., NKF/EEHTZRLET, BFOBE K EMHAE
T2 BFIIUTOLSE T8 AR (Helical path) ) &S kN E T,

\Ijelectron (t) = Z Ci\Iliei(E'F_Wt+¢i)

ETEEELD 3 DOERMWIEKBRZELHNEDVWTHELSNAHRIF. LITD 3 DOMEDHEAED
TTT,

MEARAF D08 (Wavelength-Dependent Rotation): 5 U\J8 (J2 =) [d7r0vE (REE) LD 6= [
L Ed, Inld = EER)L—7 D3 (Modified Drude equation)** [C4f LV E T,

K a b
ZITab IEFEREERLICHERTYT,

W88l (Differential Scattering): KR & ICOEIANRES/cH. HEL SNLHMBE § HIRRS EICER
D igio
O(A) x a(X)

INICED, TTDOLSICENEENICHBESNE T,

ZEHELANE (Multiple Scattering Effects): JCIAR N TRIEDEE S NI, BELEDBE FTDORHIC
TENWET,
Licatterea(N) = I(A)e PV1 — =7V

pu(N): Y FR%8 (Absorption coefficient)o (N): BIELFRZL (Scattering coefficient)l: Wi

2.7.6 REMREIHNA Temperature Effects & Applications
REIC, REDXFERICTEZSAET,
NFOERE: 7, = 4’”77"T (KHE n VRE T ITHFE)

3k
BCEED 3 Fa: N; o e~ Fi/keT (/T\Jb\/7/ DIV SBEICE > TR FORRDEHNEDLDCH. B S
R D §1 TENGHESRETOEX EERD

NBEAELZILLUET) INBHE: choeDERIE. RY
(=T ILOEE) 73&?77/@3%%&@9?“&?
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2.8 Dipole Radiation

2.8.1 1. IEEBFEICKLDEZDRALE (Electric Field of an Accelerated Charge)
T T EEROR (OF) (38K (Transverse wave) DM 7). £ LT TED L SIC U TEFDIERD
BEZES DO ZRAPHICHBL TWET,

BEQRIV b

BROCBREDRR: ERAEINcEWSBERIE. HE e TUIMEDD = A

BHO H#hAD (Kink)) : BEHNE O TEIEL TWeBOBESIE, IMIICAA > TWET, BRHNE
B At 72T IDEL TORE u 2157/ %, SREHL TR O ICRELZELET, EOEAIE UMD
D) FFER MEfIZ 0 IChHd; EB->TWET, — A, A< DEIZE (MAIoMORW) & MEREid 0
ICHB) EM->TWET, D2 DDBIGZE DR Czsh, BIKR (Field line) 1& > )L (%)) DMEE T
NN DRBNGHDET, O THNEND ) CENIWMEINLSEHZDOHD T,

HDEH:

BHEOEENSY WEHD) EL & FIRD (—0OV%) E OEXRIE REZPHNEER (RERDOD
L) DEUTOXSICRED T,

E,  uit aiAt-t  ayr
E) T eAt T eAt T 2

ZTT t=r/c (BERATIET2HE) 2MOELL, B RBEOS—OVORE (H920RE) 75
L, THBIH, INSERAEDE L EUTOBERRNESNET,

4meqr?

. auq
4dmegcr

E, =

o BBEEFIE: BEOEHE 1/r2 THRERLZIH. BHBHIE 1/r TARLET., b BHROED
EXRTREIERTY,

o AM: COBFIEIMAICET 551 (Tangential) ZREIWTH D ETAHRICKT L TEE () T,
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282 IRILF—DOHRNhERAI>YT 1> - RI KM (Energy Flow & Poynting
Vector)

IMREBFENENLEITOTRILF—2ZRERT 20 ZHE LT,
KA VT« > - N L (Poynting vector): BEIHD T xI)LF—DfinaEkd N7 hL § T,
§-LBx5
Ho

WS DRI IRAEICH L CEERZAR (0=90°) TROEBIMF SN, MEAE (0 =0°) (ICEFK
HENnEFthA, INidsin®?0 DEICIENET,

B E CHi% B (= Efc) DBREARAT 2L LLFORICBDET,

q%a?sin? 0
16m2eqc3r2

S(r,t) =

(x /— FAOEBRTLEBIET 5 CORICARDET) InzBREzIDEORELETES ([ [ Sd4)
95T, MBAT/NTU— (Total Power) NMS5NE T,

2.8.3 F7—EF7DARN (Larmor’s Formula):

R ROV FILREF OIS T M T RILF— T,

2 2
p=1¢
6mepcd

2.8.4 IREIMUBF &L A YJ—FE (Oscillating Dipole & Rayleigh Scattering)

BENNKOLSICIREIL TWAHE (RFNNERITTHEREIISNTWDHEERE) #EZEXIT, N
ZAREDNAR T (Oscillating Dipole) & IO &9,

o Wl E— Ak (Dipole Moment): p = gz
o IRE): (UEB x NERH w TRENT D L=, IEEF a = —w?x ERD. IEREE W? ITHHIL £9,
FIFEDBHDORIC, IERE axw? ZRATDE, MESNDZBHIEUTOLDICHEDET BAG),

E(r,t) « W2 P gilkr—wt)
r

The intensity radiated by an oscillating dipole:

1(6) = MWQQ—mf@) (2.7)

32m2¢epc?

Radiated Power:

b W (%) el

T 12mepcd T\ A 12meg

(radiated power of an oscillating dipole)

LY —&# (Rayleigh Scattering):
BR: KOER N LDHT > &/NEWRIFIC L S8EL

i N — RO AEICKEHAILET (PxA™), BV WK CEELELY) [E "W CEEN
B XDHW 10 EZ@< i cndlcn, BEECRAZET, "WYH: YAHRKEAI AT ZzR B
WISy, EVWHIFEE S NE>TLEWN, 8ELENIC < WHRWEE T REF T,
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285 Z—HELEXFYTY7IL (Mie Scattering & Metamaterials)
WO ZAnKE o lizar. ALIWEYEICDOWTORINTT, Mie Sccatering

o MIFDOUAXdNER N EFERENENULE (d>N) ODHEICERINET,

o LAU—BELOLSBEBEMABITIEAL, Ny LB E 22 CEMOBERICED XTI,

o MELDBENERICHEDKEF LG ADIcoH, B OKENAEWN) FACRZET,
Metamaterials

o BRRICEBWEBZR DL SICATIHICHE SNBETI,

e 5FEIE (Permittivity, €) iAW (Permeability, p) & B EHICIKES 2R M E L THEITE 9,

o BDFEITE (Negative refractive index): < 71IC & D 584 L > X (Perfect lens) 3% 81~ >k (Cloaking)
D& DRIGADPIREICIR D FI

2.9 Black Body Radiation

FAETSY (Black Body Radiation) (&, 27 /1% (Quantum Mechanics) DFLE D= - T & 73 - 72185
TOWmDTEERFETY,

YIRS OMKE: 19 HiCR. MIBFELEERE K > IEN 5 HD0E (BROK) DAY N %5
LESEULFELEA HEYIEF (Classical Physics) DEfm ClEFGBATEEzEATLU,

EHNFEEL (Ultraviolet Catastrophe): i@ cdh s 'L+ —  I—V ZDEE] #HAWS & kg (F
BE) BNE<ad (=RENMECRS, EARBEEL L) KON T, REITXIILF—HEBRICE->TL
EoEWDS, ERBEEFEISABENEIME LT,

To VDRSS N WU A - STV (Max Planck) 1&, TTRILF —(EEFEHRMETIER < BB
MRy (BF  Quanta) &L TIRSES, CWSEMNBRREEAL. COBBZMALE L, InH
E=hy CWORZBAOEREERD, CIDSTEH B (757 EE / Planck’s constant) HVAE F 11 &
L7,

2.9.1 FEEEFILERY 7DEAI (Blackbody and Kirchhoff’s Law)
£9. BENLGEWRETHS TR2E 2ERLET,

FR (Blackbody): AT 2 I NTOMHF T TZRICKINL (RELEW) ., NDOZDRE TCORKDBHZ
TOERBREMED C &, TOMEANRY MUIZEE (Temperature) DM TAKTE L. YMEDME ICIFKF
LERE A,

FILemRy 7DER (Kirchhoff’s Law)
MEDBTHEIRREICH D &=, LUTOBERIEDIIEERT,

Ef =A,S:

E} (Spectral Emissivity / 70 CEIE): ZAKRED S W S 6 T 1)L+ —,
A, (Absorptivity / IRINVE): WANRINT 2 TRI)LF—0DEIE (0 15 1 DfF),
S (Spectral Radiancy of ideal black body / M8H)7a D DI MEHEE): BAN ST £5/00 —,

Interpretation:

TR CIRINS RS, L<BHT 2METH D (A, NREWFTE B BREWV)), BEDOEFE, INTD
HEPNT Dlcth A, =1 R0 ZTOWHIFIERIVEAIE S) £BDET,
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L AU —®DII71A (Leslie Cube): KEIOME (RED, BHINLERAE) 2 ZEALABICEHZ AN, K
HEUNELUCER, AURETORMARBICL > THHENELD, TIARVWHIFEMHNOBRWN &%
FIAFLE LT,

2.9.2 E—REEDEH (Derivation of Spectral Density of Modes)

Iﬂ<Qmw>@¢ EDLSBBHIE O8) NEETEDNEEZEZT, ENEBEO L SRERTHN
L B CEBSIEEOICR ST, EFEK (Standing Wave) ULDNEFLETEEE A,

1 RTDHE

RE a DEOFRTOEERDEME. BEE k, ETHEUTDOLOICBDFT,

oT

k,=— (0=1,2,3..
L )

3 XITDZE R REs (Cavity Resonator)
— a DIUFHEDEAEER D& WENT Bk DRBEDNEEH n,m,0 EBVNTERESNET,

nm mm oT
kx = ) ky = ’ kz =
a a a

BIREH w SRBOBR w =clk| £D. FENBRBBUILITOLSICHD XY,

o= (2) (2 ()
T— ND# =2 A % (Counting Modes)

kEZE (n,m,0 ZElE T2520) ICRWT, ¥R RDIRODEFEBEEZEZ DT, HDIRPH v £ TOE
—REN ZEBELET, n,mo>0 DB (B 1 REOH, IREHAED 1/8) ZEZ. = SICHKITITRL
(mmumm>#2@%@ét@2Puiﬁ

BAMERED 12D D7) e — REE (Spectral Density of Modes) dn(v) [dLLT O L SICa D £9 (5 HEIE
3/ —hCcHBBD., KOPEZHA L TROFTT ),

2
dn(y):&r—gdu
o
Inid, HREHM v BNECBBIFE. BETELRD/INY—> (E—R) 0N 2 FICHHIL T2
A Ltj& RLUE I,

And we have

_a

S, = g (2.8)
293 LAY— - I—YXDEA] (Rayleigh-Jeans Law)
HEYIBZ O TO—F TY,

L ECE] (Equipartition Theorem): 44 ﬁﬁﬁ%? . BVFETIRREICH S 1 DDOTE—R (BEE) Hih
FHIRIILF =W, FUTOLSICEA5NET,
W,(T) = kgT
(CC°C kg ldMILY < > E# / Boltzmann constant)
NEFFEDE-—RBEZRETEDES &, DT RILF—EE spectral energy density (B ALAIEDH /o
D, BRSNS DD TRILF—)w, NMESNET,
%w_%”@mu

C0

R IREIE v NMEWL CEEARV) SETEERESVWETH v A= D EITRIF—IEEKX
ICHEBLUTLENET EAEB), INPEHERBORFTU I,
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2.9.4 TS DEA (Planck’s Law)
Tooo TRILF=D e EWSEBEA Ty R) TUDMPOERD ENBWEIRELF U,
/=R TE2BOO7 TAO=TFAEN SN TWET D, I TIEHET I (Statistical Mechanics) (C &2
MPEFLCRET, TXIIF—EMN E, =nhv (n=0,1,2...) ERENTHDELET, RILYT VD
BICES & HDE—RPNTRILF— nhy ZRDHERIE P(n) x e ™w/keT 30 FT, INZzAWTE
PIRILF—W, 25185 & !

= hv

W, = chv/ksT _ |

CHNUFIR—A - 7+ 354 4375 (Bose-Einstein Statistics) [CHI KT S/ T,

2.9.5 TSV OBHRAR

T-—RBE (LiFEBELUE 8”” . FEREOFH TR F—FHITEbEET,
w(v, T)dv = 8”2” 1 dv

3 ehv/kpT 1

Nz N FRTODIBAIBE (Spectral Radiance) S*(A\,T) ICE#T £ & UTOAEZLEAICED R
ER
2hc? 1

ST = N5 ehe/MksT _ |

oG, BEETRLA Y~ Y=Y XOFEIC—BL. SAKTEEOICIERT 520, RRER=
TEICHRBELE U,

2.9.6 TV UEHMDAE (Measuring Planck’s Constant)

EE/—hTIE LY —Hm AW FETE (Photon Counting) 1€ £ 2 BIEENEN SN TWET,

hc PX
P=N-— = h=—-—"F
A Ne

P: L—YH—DNXT— X FREN: 1 BHcD DT ¢ FRERICIE APD (FINT>Yx - T b5TA
dA—R) AW TCE—XTEEHL., TOMANEER ORF7Y vofmiky) #FBLCUELEXT,

2.9.7 BEEYZEAEINA (Related Laws and Applications)
22777y - NILYY Y DEH (Stefan-Boltzmann Law)
T2V DREDRRTENT HE. MBHFILRILF— ELRED 4 FITHAIL FT,
E=oT*
(e 32777y WRILYNVEH) ICHEM: KEEHRDFHE, KBEORIEE (K 5778K) H 5. HIIR
ICE<TxILF— (191361 W/m?) ZEfE %9,
D1 —>DZEfIB] (Wien’s Displacement Law)
BEI AN MLE =7 (&KMB) IC35RE Apae (& BEICRHEAILET,

(b = 2898um - K)

)\ma:v =

N| <

Bk RENESWEE, BFRENZHXOBIEEF - IF< CRENE) 8D REMEVERSEFC CRED
&< BOFET,
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2.10 The Wave Character of Particles, Electron diffraction and de
brogile wavelength

2.10.1 The Wave Character of Particles & de Broglie Wavelength

JL + & 7 (Louis de Broglie) |4, ™ £1/]% (Classical Mechanics) & D& F £ 7 /L (Quantum
Model) z flE =& L/,

K+ DEH)E (Momentum of a particle):
BE m. BE v CEIKHFOEFHE p IROLSICKENFT,
p=m-v

e DEHE (Momentum ofaphoton) HOEBFETIL (FPA>YYadAY Hr@}%uﬁﬁ) TlE, SFDIEE)
BIEITOVIER A (R h) EFRE E(RCIERE N ZAVWTROLSICEITXT,

h

N O D1rae (De Broglie’s Hypothesis):
N O THMFOEEFEDHERAKICEERTES ) SREL. L2 DOREHFAL THFDEE A
ZEBEHULERUTS

A=

BETR)LF— & OFRK (BH) EBRTCIIERE v KD DHEHTX)LF— (Kinetlc Energy, Ekm) DFHVA
E-HELrIWeD, REERLET., HBRAZOEBH T RILF—(F Epypn = tmo? = p TY, JIh
SEEIE p SR T HE

= \/ZmEkm

INEERORITKRATEE, BRABR -7 D’fﬁﬁ (de Broglie wavelength) DTS 511 &9,

h
Vv 2"’nElmn

ORI, TIRNTOYEILEE L TOME R+ & KFO &M / Wave-particle duality) ZR D) &L\ D
FWMARERET U

2.10.2 TIERFDINE Accelerating Charged Particles

R FORENEZ AT 5 ICId. iFZERICIEL ORRZR U, SRPBARLNILICT 2HENHD
ESE

747 (Electron Gun)

JJ. LAYV YUDNEALUCEE T, UTORBTEFZIEL T,
21k (Cathode) & [51R (Anode) DEICEL (BlIZE) ZMNTET,
CDBFEICK > THEU 5%E (Electric Field) NNEF &R L 9,
TR F—DEHEA

BIEUICE>TET (Bfie) WE2ILXIF—Fe- U TT, INHNIRNTCEHLRILF— Epp KD
HEdHE LITOBERMNAKDIIEFE T,
Ekin:e'U
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2.10.3 TEYY=H—Y—DEER Experiment by Davisson and Germer

1926 F. N - JO4 OREE RBIICAR L CBENEERBR T, Zv I IILERICETEZETT. KEE
DIFSRTH L[0T (Diffraction) = &8 L & L /2,

EROFRIECADEH

I MEBEU 2> TBFORREABELET, RECOR  TOMERON A = S0 I
Epin = eU ZfRAL XT,

il

me: B DEZE (Electron mass)

% (Elementary charge)

A

-
E5)
h: 7= > 7 7E# (Planck’s constant)

COHFE. TREBE U D EANIE EADIFE. KRR X35 <AED VU ICRIEAITS)) CezBERLE
ERS

o

N

2.10.4 73 v DiEA (Bragg’s Law)

BRSO T (Lattice planes) T/& 879 2 OEN @O G S (EFH T4 / Constructive interference)
ZHIFLUT ORBIICHEVWE T,

2dsinf =n- A
d: 15 AR (Distance between lattice planes)
0: A3I7 (Angle of incidence) x — C CTOD 9 |& HE@EFEEE—LADGTH, TT,

n: X# (Order of the maximum)

2.10.5 BEFHELCDFDEIT Atomic and Molecular Diffraction

BT (BHT) LI TH EDKRER TRETF) » 97 TERSMENIERSNTWET, #F/ KT
2 DOBINET SN TWET,

[RFEH (Atomic Diffraction) 9F[E#T (Molecular Diffraction)

2.11 Matter Waves

B [0l#T (Electron diffraction) 7% & DIRRICE D NFNEOHEBER DO EMEREINE LI, Iz
R T BT, RIEN (BHEOR) AU LS5 TFEK (Plane waves)) D Z{RE (Ansatz) 94
ENBIRHET,
2.11.1 FEK
Em ORFD 2z ARICHED & = ORENBIH (2,t) FATOLSICEINET,

W(zt) = C - eilt—k2)
ZZT R T7OMDBRAZCTANT, RFOIRINF—CEFHEERD/NTA—F EFEVDITET,
BH) T 7)LF — (Kinetic Energy): Egi, = hw
EHIE (Momentum): p = hk
INoeRATDE, KBBBEIEUTOLSICHEITERT,

W(z,t) = C - en(Ft=p2)
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TERDMERER © 781 (Dispersion)

C Z T AEEE (Phase velocity, vpn) 1€ D WTEZE T AAEREIZK DL (G148) HED RS T op, = £
TEHR=NFTT,

KX (BHOR) D6 ERFORRIE—E (o) BROT, DBULH D T A (dvpn/dw =0).
WMEROBE: BENTOIRILF—E E= £ TF, INERORICEHRT 2 &
__(hk)2  hk?

CNZEBWTIERELZETET 5 & ¢

B
PREE T R T 2m
— 77 KIFOEFDOEE (Classical particle velocity, v,) |d

_nk

UV, =
P m

3=

T vpp, = 2vp EBD KOESREDPNFORSEDHEDCE>TLRWET, Fic, WERIEDE
(Dispersion) = /5, FRICK > TREINZE DD, B—DVHEKE TN T (ZEICBAELCEL) =
EULLERTEEEA,
2.11.2 D x—7/X v~k (Wave Packets / Wave Trains)
FHERIFEZEEICHERICEADN > TLEVWEIT D, EEONFIE THTE (Localized)y L TWERT, £I T,
HEND LT OERBLEROFEEZEREDE S (Superposition) < & T HLGICEEZEREES
=TTy OFR) ** ZEDET,
2.11.3 EhEbtox
H/EDEERD E UTEAETRT ELITOXRSICERDFT,
ko+Ak/2 ‘
¢@¢y:/ C(k)e =) gk
ko—Ak/2

22T Ck) IFRESHTY,

2.11.4 #ZEE (Group Velocity)

HREEORIBORAS)DBEET 2 RE ZEORE (vy) PO FE T, 58D E S T4 (Constructive interference)
MR BEMIE. (EOEMNBNWC ETY, FIEE ky AR wy NoDITNEEZ fcEE !

dwt—kz)=0 = dw-t—dk-z=0
I SERERENEMET

Vg=— = —

t  dk
FIFEONHERN w =1 % k THHL THRLET,
d(%j_@%_hk

’Ug:% _7:’()])

T 2m m
BEGHR: D —T7 /Ty hDRERE v, (3. RIFORE v, EXRIC—HLET, INICLDH, Tz —
TIRTy NMERFOEENE RS 5 DIC ﬁb?ﬂmégtb%ﬂPOi?
Eai))

RICIE 2 DRSNS D,
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(AERE vy, KD Tl DEDES, BE—0, ECETHHRK (FEIR) DBE.
DEENRDEEZDHDTY,

| &

Uph =

WER TIE vpp, = 2£ = Ly, EBD RFOREDFEDICUAESIBE, E5IC v 13 k ITRET B2
8L (Dispersion) ﬁ\ﬁb B—DVEET i?ﬁ?%ﬁb< IR TEZR,

WREBRE o, | BRD "8 HETES

RRORB DR eBERAEDETEELLCKRZFS, ZOBRBEIES RS HERE TH S,

do d (W)hk

KA TS o

FEREIRTFORS EBLRIC—HT 2,

]
R vy TR v,
B ROLORS RRERDES
WTEEE B2 x (E5) v (=5

BRCZDNFDEEZEL R TDRIBTHD, a2l —FT 4 VY A—FARANEDEND

2.11.5 —ERBEDY z—T /N7 v b (Constant Amplitude Wave Packets)

HHEBEICT B0, 55 KKBE Ak DR TIEIE Ck) H—ETH 5 & R L I-5E8 DRI T,
BERE - RETTA5—BE (wk) ~wo+v,(k— ko) LTHAETS &, RBBEIEUT ORI D
-

w(z,t) - A(Z’t)ei(wot*ktoz)

C T, KR (Envelope) A(z,t) 1 Sine BI# ((sin)/z OFF) 15D ET

A(z,t) x , fclclbu=vgt—2z

u

CDREENSLITOZ ENbHDET !
RRDOFNNE u=0FBDE 2z =v5t TEENT D,

RRDZEENNE Az &FRE CEBIE) DI Ak ICISEDBERNH S (Az = 4r/Ak)e CNDTEEMER
EOHFRIBAERTT,

2D - —T )7 v (Gaussian Wave Packets)

—EMRBD/NT Y NERBERG T KO- (ﬂm@d\é’fd;ﬁih MWEU D, KDYBENICBRBAD
A 5345 (Gaussian distribution) & #xiE(CHWNE T, IRIEDH

kg)?

C(k) = Clho)e™ 7ae*

EEDIEND (Spreading of Wave Packet) /17 284w EDISEHEZETE T £ &0 FHROIE o(t) (£
BEEHITEN TN ZENDMDET,

At \2
) =ooy/14 [ —
o(t) = oo\ 1+ <2m08>

oo: FHADIE t: FBKFE m: BEEK: BEDH DR T OREIE. BEHIEDICONTHERICL D ZEEK
ICIED > TWEFT (FPF ), BOWRIFITZE, FWBIOBRAEWNEE, EAMND £,
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2.11.6 MEFEDHEETRIERIR (Statistical Interpretation of Matter Waves)

N7 X RV (Max Born) [C X DRES NI, EFHFORANLAEINTT, HEEEE (Probability
Density) KBIEEH (2, t) BRIZEEER T 2YIBE TIIE <, ZDORIMED TN ThiF7%Z ZDIHFPFIC
RBHIEXRTE, 2k L FY,

P(z,t)dz = |¢(2,t)*dz

|| HEEXEZERH, BICEHTIFETT, R (Normalization) ¥ FIF2ZEED & I MCIFTFEL
BINEESRWH, 2EETOEROEFHE 1ICBDERT, INZT8BIEHEEFUERT,

+oo
/ (=, )2 = 1

B RTTDHZE FWEED [[[|[¢PdV =1 2D FT)

BIRDORA >

FIFIE—R (z,9,2) ICFEET DD TIELEL, FROFICHE ST TEWIFTT (Smeared) ) FEL TWET,
FEROFRODTHFNEDON DEENRES VT,

2.11.7 HIE & DER (Relation to Measurement)
COWERE DAE) 27 5BEBICEINBE ek LET,
RIERT: RIFIFIAND R > cEREDTETDIREE (Superposition) ,
AE: BAlZ1T5 & KBIEHIE—RIC TUHE (Collapse)s L &I,
AER: MESNIAIEZ DI, BUBRREUTEDDIBROET,

2.12 Heisenbergs Uncertainty Relation

EBFNZICHBITL2RLERAND DEELRRED—DTT,

HEABGZ: Wi MugE, & NEFE; 0L 5740 AWCET (Complementary) RYIEE7Z. FFRFICH
ROBETHET 22 EIFNAETHD ENWSRIETT,

B DME (Wave-like nature): Z1UIERIEZR DMEENEICL DD TG MWENFD NEELTOHE
ICEHET 5. BAROREANGZMHE T,

2.12.1 Position-momentum uncertainty

O ZALE T K48 (Derivation with Gaussian Wave Packet)

hi+7%. fIE CRENBMEL L DER (Wave packet)) &L TEXET,

REZEF D 75:

RE Kk CEENE p=hk ICHIG) ORHEE Ck) 20 XAnm (EEAH) SIRELERT,

C(k) _ C(ko)e—(k—k0)2/2Ak2

2T, [T DIEEE(R 7 (Standard Deviation) T3,
B ZEE AN DZ A (Fourier Transform):
UBZEE TOREBIE ¢(2,t) & KENHE Ck) D7 —UIRBETEI6NET,
+oo
W(z, t) _ C(ko)e—(k—ko)2/2Ak2 eilkz—wt) gp.

—00
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AERR (t=00cZ): COMNERFET &, NBEZE TOREEE |¥(2,0)]> &FIATANMHICR
nEY,
[0(2,0)2 = (2w AR?) 12 . =Bk
No CNZREREDK Az TEET D&, UTORELBERIEINET,
1

A= 98k

SHEER (t=0 D),
COEHEHET DL WBLHTOREEE [p(z, 02 b AT IAHIAD £T,

0(2,0)> = (2rAK2) =12 . =K
CNEBEREON A TEET 5E, LTOEEREFSEINET,

LD Az & AR DBEFEHNS. ULTOBENESNE T,

1
Az Ak = =
z- Ak >

JIT BEECFBOBRRA p=nhk (L7I2A>T Ap=hrAk) 25 & BROBAEEERED

ICED XY, .
Az~Ap:Az-hAk:§

Inh\ AT7ABERICE T 2RNOMEEEETYT, —MROICIEUTOARFLTERENET,

A2~Ang

Bl 1 By MC L SEFEHET (Electron diffraction at a single slit) B £ —ANME b D AU k7 #EiE
IT2502EAET, UBEDOMEEN: AUy NZBD/csdH, BEFOMBEDOMEEMIIAY v MEICED
EE
Az =b
EFBOMEEN: XUy hE@B5Z ETRIfTAEE. BFIIAE  TENDEIT, INICLDEFHE p,
ICTNEEMENE LD T,
Ap, ~ psin 6

BRI BHTOH bsing =X &, K- JOA KK A=h/p ZilHEDES &,

wp N_ . hp_h
Ap, = p =P T =
BRELT, BEUTOXISICED ET,
Ax-Apzer%:h

RFZBEHER CHREY %50, X Ot F) ZETIREDHD T, UEDOKEE: XOKR X XYL v
ADHOA a lc &> TRFDDEE (T7U—T 4 AV DER) ICHRENET,

Az ~

sin «v

EHEOE: RFIENFEERL., KFHPBELSNSRISESHEZRITMO T3 (AT U3R), £
DAFEEMEIFLLT CIlenE 7,

h
Ap, ~ X sin o
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B InoziilabEd e, PROEHIREICADTT,
Azx-Ap, ~h

x BRANZEUTMNEBE Az 2 EITLSETDHE. XFOEHENER. Ap, NAELB-TLES
N RATUDNEELET, P13 AT v E—AD T T AR (Gaussian Beam Waist) L — T —JF (T
BITFE—LDEXEEND DEFRL, NMEEEREO—HITT, E—LTTIN (w): ROEKSNIHE
DO¥E (MEBEOMNMEEME Az IS0 o [ENNDA (0): E—LDEND CEBIZEDOTETEME Ap ICKIL) .
BEfR=L:

w0'9Z%

E—LZ/NES<RESETD (wp Z/NELTD) &0 BAMICE—LDIEND B 9 IFRELBDET,

2.12.2 IRILF—ELRHEORHEEM (Energy-time uncertainty)
MNEBEEEHELIS TR TIRILF—) & KB OBICEbRKROTEEENFEL ET,
S (Derivation)

R/ REE X, B w (ZXRIF— E=ho ICHI0) ICDOWTHEALET,

W(z,t) = /C(w)ei(“’t_kz)dw

UE - EFED S EAKROBFNER (T7—UIZBMOME) IC&D, UTOBERINENINET,

AE-At>h

BHEMNRER S

B IRLF—ZERITCAUEL LS ETNERVERIRRE At MOETH D, HICRWERB At UHTE
T‘b@h\ﬁ%@lk)bﬂe FTREESHNRELBEDET,

71l 10 B2 (Spontaneous Emission): ISR D R 7 Ed ¢ THTEZRHT 656, ©DTXRILF—
(R BUiRIE) IR IC—ETIdR <, 1B AE~h/T ZF/F5FT,

B 2 RAERF (Vlrtual Partlcles) ETHOE®m I, FERICHEVWEE At THNIF, TRILF—(REFH]
%E&’D THIF (BT BEFNLRE) DA BRI 2 ENFSNETT (AE~R/AL,

IRARB 72 EEIR (Modern Interpretations) /\-7 2 > ~NJL7 DHY DR E . AOEFHFICE T HERIC
EEVNH D ET,

HITEIC £ 51 EL (Measurement Disturbance - Old View): DEIETANNREZEH T HSAMEEIC/ES ) &0
SINAEYNILT DEFOEER (Y RF\HEEOFIEE), CNIRBERNTIN, BATEATERCES
NTWET,

&5 DOME (Intrinsic Property - Modern View): MEE M (EAIE & (ZEERIC, EFREZOHONED
EBEOHETT, BTN TR CLTRRensLLE 7—U1fm®ﬂ%m@ LT IBECEBE
(pHDWERHEETXILF—) ZRAKIC—RICED S I EIFRERIC BE T,

K DNEEME (Preparation Uncertainty): & ARICIERBREREBZF > TH, TEEMHERZES L
SREFREE THEH (1FR)) 962 EBHITFE T\%é&b\5@$ﬁ?¢o

2.13 The Structure of Atoms and the Bohr Model

SHI4A—ROBRFERICEVWT, BFIE VWES<EWREFE & TAABEFE, TERSNhTWET &
BNANDFE U, GHEYEBEZ CIEFOREMEZHRATERRNENS /TR I X (FFH) NMEUELU.

| DIERL (Atomic Structure):
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|77 1% (Nucleus):

A ZFFEBITNST W (Re <107 m) A\ BRFEEOKERZ LD, EOEBER (Q=2-¢) ZFHLEFET,
FE 7 (Electron Cloud):

RFZDOBEIED 1012 ~ 10 FOLEAD ZHERIH. BEENOFSRIBERTE2FLENENTT,
LEVED )T Ry 7 2 (Stability Paradox):

HUEFHERLE (Static) LWL, BEBSAH (/—0AV35hH) THICSIEFEon. BFIFENTLE
WET,

H UBETHIUES) (Motion) L TWLWLIE, HELER IS (Classical Electrodynamics) D=8 LD IR £
B B B & LT bTI*)bi’ TRV, RRNICICIRIEIRICE T L TLER ST T,

ULHALUIREDODRFELEL TWERT, CNEAT DICTIFET T (Quantum Mechanics) DEANMNET
L7ze

2.13.1 EFHENZERENMEIRILIOFREEERE (Quantum Origin of
Stability & Heisenberg’s Uncertainty Principle)

BEBFRFEFLICELATBVDON? ZOEZIE UBEEHEDMEE L) ICHD XTI, BF =L
BRI LIAD LS T2 EBHENEAL., TORERELDESHTRILF—DIBINN. BHEXIICLD
SIHEHDESDTY,

& & EHE D IETME (Position-Momentum Uncertainty):
KRRFOEFNF¥RE o OBHICHDET D E, UEBEONEEN Ar FUTOLSICEFTHRT,

Ar <a
INA BN DAEFEERBICK D, BESDOAEENE Ap ICIETRNMELFT,

Apzﬁ
a

LIehi > T, EBRDEHE p AR EDLIDREESTHAIMENH D T,

S
vV
SIS

TxI)LF—D5EE (Energy Considerations):
CDOEFHEOFHKID S, R/NDEB) T R)LF— (Kinetic Energy) DVRE D £,

2 2
o h
2m — 2ma?

Ekin =

—h. FENT v LT ZJLF — (Electrostatic Potential Energy) (&0 F DD 9,

e2

Eppp = ———
p drega

LT, 2ITRILF— EGFUTOHDOLSICEBDET,

2 2
> ¢
~ 2ma?  4rmeqa

EEREDEL (Finding the Ground State):
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RFETRIINF—DRNCRDRETZELET, 2TRILF—ZHFE a THOLTOEBLZET. &
ETDHEEKRDET,

Nz alc DWW &0 BIVFER apmin DREDET, INHIR—7 ¥4 (Bohr Radius) ap &—H L &
ER

47T€0h2 .

Amin = = Qg

me?
CORFDR/NTZILF— By (&) 72— A - T2JLF— (Rydberg Energy) & 70 £9,

me4

2.13.2 [REFAXRY ML (Atomic Spectra)

BFEIBEOERDOA UMK - HEET. #NETESEICEBD/INY —> (ART NL) ZHFEE
4, CNIERTROIEIF—IERN TIEAWC ExmREBL TWET,

#R A7 )L (Line Spectra):
TUX LB & SR e T BEDABICKE VR (TRIHR) iR WR (BiR) NBNET,
JULN —371 (Balmer Series):1885 . /UL Y —dKEDHANRYT MLALTOEAICHES C &2 HR

LELk,
1 1 1
v ()

T Ry ld) 2 — REAUTEH (Rydberg Constant). ny,ng |$EE T,
JVULN =37 (Balmer Series): ny = 2
(PIAEJE5EE) & >R (Lyman Series): ny =1

(52/R5EE) /Uy & = >RSI (Paschen Series): ny = 3 (FR/MRED)

2.13.3 7R—7 + EF )L (The Bohr Model)

IR R=7E BEFHNHEOE (F#8) OAZEDIENTE, ZOPE L TRITRILF—%
MEETICEET 2 EWSETIINZRELE L,

IS & HDo# D & (Force Equilibrium):

B (BEE m.) DETFTZ (BEm, DOEDZEISRICENT, HEEE (Reduced Mass) p = FIWNTED
mUFET,

Me - My,

= ~ Me
Me + My,

BOAHET—AYH ROA) OHDEVDS !

v 1 Ze?

r dmey 12

£ 715 (Quantization Condition):

M=V EBTFENTFELTRITTRIPERE (Matter Wave) & U THIEZ X Ulc, BUENLEL THRET
ZICIE. BBEOHENR - TONRROBEHE TRINIERD ZA (EBRDOER).

2mr =n- Ap



84 CHAPTER 2. ELECTROMAGNETIC OPTICS

T Ap=h/(w) BDOT, BFOERE v [FUTOLSICHEETNET,
-h

v =

27rw“

PBEFRETRILF—DEF: RE v DRZEHDHDEVDORITHAAT B & BB BIEFE r(n) D
ErnxEd,
- goh? n? - n?

v =z ~ %7
O CCn ld T E T2 (Principal Quantum Number) 9, F/c. 2T x/)LF— E(n) bAKRICEF LN
ESEI

4 52 2
__ﬁgé;__=ﬂ
E(n) = 852h2 n2 Ry n2

INE. n WRENIEIRIILF—DEFES (RORODELMNESEWN) &ZzBKRULETD,

B EJEDIE (Transitions):

BFABNTRILE AL (B) HSEVER (B) NEDE, ZOEHDIRILE—%ROHLTF (Photon)
ERHELET,
hv = B, — E;

INNSBMNLEEROHIFE. /LY —DHETRIC—H LTI,

L 2 (1L _ 1
v ()
2.13.4 WN—7 VY >N¥—Tz)Lb - EF)L (The Bohr-Sommerfeld Model)

R—7 - EFILEEEL. BANEDENRNDEER ANLETILTT,

fEFEE (Elliptical Orbits): FIEVE 1 T <, BHMEZBEAL L, INICKDIBREFHNE
AShFLle (FUEFHIL WIEFH m 72E),

DIV Yy N —=T )L DEFIENE (Wllson—Sommerfeld Quantization Rules): — 1t = 1 /o & E)
Ep EERqICHU TUTOBAN T TV ERDOBRBICEDEVNDIEHTT,

]{Pidqi =n;h

AR AT N URROBHIEE (Fine Structure) (—ARICEZ 2N EEFHDHL TSI E) BREZHHAT
EDEDICBEDFHLI,

2.13.5 7527 + NLYDRER (Franck-Hertz Experiment)

BTFOIRIIF—EMHNATROIRD (BB THLD EH, HTIERL TBFDOEZE, k- TEEERA
L7cREB T,

EROMHHEM: KIBEAKDOF TCEFZMREEFT, BEZ LT TWC L BFOEHTRILT— Ey=eV
HIBIL £ 9,

HUEETZE EIFEME TS TRILF—HMEVE | BEFIEKIRRF & HMEEZ (Elastic Collision) L. TRJLF
—ZFEAERFVWERA (BRIIIEN, TXILF—DREDEE KR TE 4.98V) [ELLEK  BFIE
MIRRFICTRILF =2 52 Tl = ¥ 2 IFE T2 (Inelastic Collision) Z 42 L &9,

B BT IRILF—ZRS5/H, BANRBMICTND ZT, NN 49V SECEBPMICRDRENE
gio
E2 — E1 =49 eV

IhNiE. KIBFEFH 4.9V EVWSHEDOIRIILF—UHRITES AW (=TX)F—ELANEBFLENT
Wg) &=L E LT
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2.14 The Schrodinger Equation
FEE (Plane Waves): (11 E TOEZR TR /c Y(x,t) = A-eikz=wt) C\WSETYT, INIFEANRET
I ZEDERICEN > TV, BEDHBAICHELET S THF, 2RI DITIFTBEL TWEE A,

B (Wave Packets): I F D& S IC TZZBEMIC/FHE (localized) 1 UfciRREZE R I /oo, BHDVEIKE
Bhebtlc TER) CWSHREBATDINENHD T,

2.14.1 KEKE>21L—FT 1 v AH—ABKDEH (Derivation of Time-Dependent
Schrodinger Equation)

HHENTXILF—REFN: 2TX)F— B F BT RILFT— Byp ERT VI VIILTRILFE— By (F
fold Viz) OFMTT,

»?
E=— V
2m + (x)

(p: EENE, m: BE)

SBE T DEA (Operators): SWEIRIH ¢(x,t) = Aer =B DEASE(IC, YEEBAUTOUNEETICE
SHAFd, THIF— (Energy): E — ihd EHE (Momentum): p — —ifi-Z

s> 2 L—7 v > /— 51220 (Time-Dependent Schrédinger Equation): &l 0EE T4 T %)L+ —
REONICEAT S5 & TEHNMET,

L0 h? 92

oD BB ERLET,
B8 1E (L 2 y): BET R)LF S, WENREMICE SEN2IERELXT,
BN 218 (V(z)y): KT Y v LT RILF =5, ANIKEERICE SEET 2N ERLET,

2.14.2 TEYa21L—712H—AERK (Stationary Schrédinger Equation)
ITRILF=—DHEEL TWDRE (EBRE) 2EZAET,
ZHO B R T PSS RERDICHTET (x,t) = p(x)e PR
EH: cnzBBEERGEARIVICRAT S &, LAOKBMONS ENHTEEXT,
—%887221# +V(z)y = Ey
NN TEBYaL—T v H-HERX TY,

B CNIFAFICB T 2L LRILY FIET (Helmholtz equation) ([CILTEH D, XS HD "TEMEK
(standing wave) | @& LU X T, RTFOIRILF—ELANRORG (BT ICRLEBAZHAT LA T,

2.14.3 EHRFEMH (Boundary Conditions)

HEAE R RIS/ SRITNERS5RWN 3 DDERAETT,

B BB (z) I E T THEHETRITNIEER SR,

BONE: TD 1 RS 2 HEFHTRITNIBESE,

ZEVRES: BENMERKICASBVWES, [|w(@)|?dr < co TRIFIIFRS A,
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2.14.4 RTV I v )LEEE | 7 v 78 (A Potential Barrier / Step)
Region 1 - z < 0:
In the first region where V' = 0, the stationary Schrodinger equation is:

h? 92
2m 022

U(x) = Ey(x)

The solution is a combination of incoming and reflected waves:
1/11(1‘) _ Aeikx + Be—ikx
where k = vV2mE/h
Region 2 - z > 0:
In the second region where V' = Vj, the Schrédinger equation becomes:

n? 92
2m 022

Y+ Voy = Ey

The solution here is:

where a = /2m(Vy — E)/h

To connect these solutions, we need two boundary conditions at x = O:

a(z) = Ce™ + De™ "

1. The wave function must be continuous:

A+B=C+D

2. Its derivative must be continuous:
ik(A— B) =«a(C — D)

The case FE < 1}

In the case F <V}, « is real and we set C' = 0 to prevent ¢ diverging as x — oo. The boundary conditions
give:

p-kta,
ik — «
2ik

D= A
ik — «

The wave function in region 1 (z < 0) is:

_ +ikx ik + —ikx
wl(x)A<e —1—7“6_&6 >

The reflection coefficient, comparing reflected and initial wave intensities, is:

_[Bre7®T2 ikt al® 1
C|A-etikz2 T ik —af2

R

This shows total reflection, as expected for £ < V. However, quantum mechanics reveals that particles still
penetrate slightly into region 2 (z > 0).
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The case E >V

When E > Vj, particles can classically enter region 2 with reduced kinetic energy Fi;, = E— V. In quantum
mechanics, a becomes imaginary, so we define a real wave number:

\/m(E-Th)
K=l = ————=.
h
which means now that « = —ik. The wave function in region 2 becomes:

¢2($) =C - efimn +D- e+imc7
with 1 (z) unchanged from before.

The boundary conditions at x = 0 require:

—-A+B=C+D

0 0
P V1@ =0) = o-ds(z =0)
s ik(A — B) = —irC + irD.

Since no wave reflects from infinity, C' = 0. This gives:

k—k
B = A

k+k

2k
D:

k+k

resulting in:

Pi(z) = A (e+ikaz + :;:e—ikw)
2k

k+k

+ikx

¢2($) = A

REEFEE: BAFUDNSHEEERD D & RERE R EFEBRAT HMEoNETY, RFFRE: R =

ool = pmml, CHIERFEORB RS (ng,ny) BOXDRFROR (TLRLORD—H) &2

CHURELTLET, BBRM: T = ik,

RE: BICR+T=11EDIIEFT, TRILF—DIEE V) OO ERFNBA. E=V, CRLIC
MEtEnET,

2.15 Potential barriers and wells

HEERDEETIF. BEFNFICRBTL2NFORSAEWEGLRT S Va2 L —T7 > H—FHEZ (Schrodinger
equation) | DWWTHRILCILNET,
W o?
—%@1# +V(x)y = Ey
CORZEB DT, FEBEE o(z) DB T NELIT O 3 DDEFEH (Boundary Conditions) MEZ
CIRDFET,

EH7E % (Continuity of Wave Function): JEBIEIH o (x) |4 & & TH&Ew Tl Id A sm0n ORI TN
70,
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W5 DERFE (Continuity of First Derivative): JEBIBI4 D —XEEIH 0L £3EFG o f B s (8
SMTDIEN D),

“FEPIMES (Square Integrable): i D{FMEFIIARETH DD, [|¢(z)|*dr < oo T T NEA G D,

2.15.1 IRTFVIvILEEE b RILFR (Potential Barrier & Tunneling Effect)
Tl BROB e &3 V) EFORT VYV IVEBEICARNT 2R TEEZET,
V(r)
Vo
RERONE P SRR
Be thr T Cestil Bk
Aeikw S De-az A.Feikx
g
a

7815 1 (Region 1, x < 0): [EEEDFHI, AHDKERIENFL, 1 = Ae'*® + Be ke

7815 2 (Region 2, 0 < z < a): [EEENEE, TRILF—NEEE L DEWGS (E < V). BEHEHVICHE - 18
KT S T2 D, by = Ce®™® + De ™ (ZCTa=+/2m(Vy—E)/h)

7813 3 (Region 3, x > a): EEOME I S|, FEEDHNFIE, by = A'etk®

2.15.2 ~2XJLRE (The Tunneling Effect)

HEAFTIE, TXIILF—DNEELDEWNF (E < W) FEEZHZ snEtthA, LML, EFAFET
TEBBREHMNEENTEOICARS T, B 3 AEAET & TEENIRICADRT, Iz bR
REWFUOFERT,

EREH (=0 x=0a Ty & dyp/de HVER) T HWTGEY A2 E 8 < C & T B8 1%%1 (Transmission
Coefficient) T HVEN I E T,

HEEERD
A’
T(E = |—
(E,a) A

2 1

o V2 .
]. —+ WS_E) Slnh2 (aa)

PR (BENEVWECIEEWVWES aa > 1):

COHNE, BEEDIE @ PEE o (TRILF—EITKF) DMER S &, EREFIEHBHRWICHL T 252
ExmRLTWET,

HI57%1® (Resonant Transmission):

ITRILF—DEELDSVNGE (B> V) Tb, REDEIDHBREND D TITH. FEDEH (BERN
TENEMRZES L DBEM A =2a/m) TERENEOICAD, F@EN 1 (T =1) ICBEZBEBRHMVES
hijo

2.15.3 MYFRILMRODIGA (Applications)

aEEA k2 )LIERER (Scanning Tunneling Microscopy, STM):

OSBRI ZEREKREIGED . ZDOBICHAN S ~ > ZJLE (Tunneling Current) 2 8E L £,
BISERREICN LU THEBBEHMICEIT 2720, RFLNILOBRETEREOMNZB®RILTERI,
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BRI (Field Emission Microscopy):

EERRAICBRVNER F 2t de. MTYI v LEBEN=ZAFICETL L. |BEFH Y RILNR THEBAK
HEnxd,

COROENEE j137 70 7— - /— R\ LD (Fowler-Nordheim equation) Tt S5 9,

B F? (_4\/%&/2)

1% Sahg P 3heF

BARE F ICRRET 5O TY,

2.15.4 HEEHFPRRT > ¥l (Potential Well with Infinite Depth)

K, MFEBEOEBICHALADS RV Vv LHF, 2E2 %7, BROBHBETILA. HAOHM
RIDERKDIRT > 2w )L (V = 00) DHBETI,

L‘—{:T})

0 43

HERS BR (¢ =0,0) CEOICAZRENG D10, ERRICADET,

nmwx

Y(x) = Asin (—)

a

TR F—ELDETL: ,
n?m2h

TR F—LEGENREZENY. RORODME (BERRY) a0 ET, £fc, HFOE a BENFET
FILF—FERIZIEND ET,

2.15.5 ARHFBKRT> Y +¥IL (Potential Well with Finite Depth)

Vi),

- ﬂ;;? it ;"2

KOBENBETILEL T REHER (Vo) DHFZEZFTY (HFOHF —a/2<z<a/2 TV ==V
NTV =0, REREE (Bound States, E < 0) TRJLF—HE (FRORSLDE LA ADRT >
vILEDIEL) DREETTY,

FRDOIMATIOREN BB ESIEHBIHMNTRRL X9 (e~ll),
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R RIERREOHIIEBIRTYT (BEHF CERELBLR), HENRT SOOI DT HE. RERRE
MNEFEELEWEEDHDET,

IRIINF—REMIBEARTN (V77081 E) 2 ETREDET, RBWHFEDOHZE OB
UFodED T9,
n2n2h?

E,~-Vy+ —n
s 2ma?

EFHAUAHE (Quantum Confinement)

FEBEF T (BFRYN) BETE VA XaZd /A—NLA—F—ICTZHIET, BEFORES
L £ I,

AN EDDETRIF N E, NEDDH, HhI 6 (FR) 2T XA THETEET,

BELIRRE (Scattering States, £ > 0)
FIFONHRICES T, ALH SR TEDBEE 2RETT,
HHEAFTIEFZOERRBBIT 2L TIN, EFANFTIEIEBRU T HNMREILET,

BEDIRLE—TEBAEN 1 RN ETH, FNLATR—BRESNET FHEO LEBALTL
BICE NI DETRENRE 2. BFAZFEDRKTT),

FBRBDOT (E > 0)
2

-1
_ Vo .2 (@
T = (1+4E(E+V0) sin (h 2m(E+V0)))

2.16 The harmonic oscillator

1. HEANRSFERTIOvIL

Classical Harmonic Oscillator & Potential

9. BEFNRICADHNIC, RFEOHBEBREDETILEBRDEMNBIRENIC DWW TN TWET,

$AFIRT> >+ )l (Harmonic Potential):
NRDESIE, FEUBNS ALNIEXL 2FETOMBICRZES ET2AME AT ATY, RTY
PH I IERIF— Epoy IR (2 RBEED DEICEDET,
1
Epot = 51)3;2

CZTDRNREBDESBEHTI, W FFRTYIvILOEE (M) TRESNnNdid. Bz I
e L7170 (Restoring force) & 730 £,

F = —grad(Epo) = —Dzx

E—RAIRT> ¥ I)L (Morse Potential):
EBRDORFOFOREEIE. BEMBBIREID BEMTT, RFIMIADETELERVRFDINEE. Bin
DEBENINET, NELDERICKTONE-ART Y2 v LTI,

Epor = Do(1 — e m)2 _ D,

re: “PHEUE (Equilibrium position). =5 Z & L /o727 ElFEEL

JEl (Approximation): “FEE r, O <T< T/E RENT DG HICENIE. COEMLT— RT
Vv LB BMREIRT Y v )L (BYER) &L QREBITE 9,
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2. EFNZRRNIRE FORE

Quantum Mechanical Harmonic Oscillator Setup
HHNFPTIE F=ma ZMEEIH. EFHF TR Y2l —T v v A—FREAZTNET,

Yalb—7 a4 vH—AER (Schrédinger Equation):
MIRT > > v )L iDa? ZF DR FICNT 5 HEATT,

h? o? 1
— 5oz V(@) + gme’e?P(z) = Ey(z)

TIT FBHw CER D OB w=/Djm EBLTVET,

3. ERTTIL & HHEEEED

Dimensionless Variables & Asymptotic Behavior
CDEHLHN AR TR fcoHIc, PRI RETVWET,

ERITTEH (Dimensionless Variable):

WEER (RSPIRILF—) ZMOBRVEH ¢ (VY —) & CAEALTREI Y FUSEET,

mw 2F
VR YT

INick D FREIXFLLTDLS ICEMftanE I,

02 9 B
57521/)(5) F(C =) =0

BHEZE) (Asymptotic Behavior):
£ PIEBICAE N (FOHSEBENR) B TEESBRBNEELET, D& X R o ~ 29 &
RO FDEIEH T AEBROEICIED £,

(&) oc et/
g, BAACTTIETFENTOEFREXRIEOICADLS (R THD) JEARIETDHHICNE
BRI TI,

4. TIE—FZEREETFE

Hermite Polynomials & Quantization
WEBMDILZE ¢(€) = HE)e 82 REL TEOARRICRAT Z &, ED DI H(E) ICIT 25712
ANESNET,

IILE—bHP AR (Hermite Differential Equation):

0’H OH

CDITIER DM H, (&) [d T )L =— ~ZIE5 (Hermite Polynomials) & IT(d1 &% FEDZIENICAD FT,
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RBEHF EFTEYD (Power Series & Termination):
H() = Y apth SO ek &0 REDEICLLT O#{bsl (Recursive equation) 1V D 175 F 9,

2% — (C —1)
Q42 = (

k+2)(k+1)"

CINREBERA VY ENTT, BLIDOEEMERICKH & FEBEHIIHKBEL TLIVWET WENICH
DB, HBIBEBEDWIENICERZFD/IZOICIE. COMEAE N TR D SKRITNIEBRD FEA (B
BREERICH D), ZDDICEATFALOICAED, DEDHBEH 0 (0,1, 2...) 1T L TUTOEREH
NETY,

2n—(C—-1)=0

COEENRBEFL S, TXILF—DROROCDELIERNZWN & (EF) NEIMNET,

5. IRIVF—EBEEERIRILF—
Energy Eigenvalues & Zero-Point Energy

FROFH C=2n+1 Z2ITRIIF—DORICRT &, BARBRIRILF—ELOAINESNET,
IXIF—EEE (Energy Eigenvalues):

1
En:hw<n+2) (n=0,1,2,...)

ITRILF—IFEBR (hw 92) ICLTFRT,

EBHITRILF¥— (Zero-Point Energy):
n=0 (RHITRILF—IEWNKREE) TH, TXILF—FEOLED TFA,

1
Eo = iﬁw

I AHEEMEIRIE (Uncertainty Principle) IC K 265DTY, KFNTRICELET S ((NEHBEFEHIE
E9 D) JLlFFsnNBncd, BENBETH > THHRFIFTIC HR5LT) WET,

6. IRENRAE S EREE
Wavefunctions & Probability Density

BRI HEBEROTIELITO L SICED £,
U () = Ny Hy (€)e /2
{E L2 (Normalization Constant) N,,: 2 Z2R COFEMEED A% 1109 2 /2 0 DR,
IRk
e n=0 (BERE): HYXEHR (EEHH) OF. FLICWIEENIREE .
e n>0 (FIEKRE): TIL=— hZBEAOREN END, EOLER (B OEHIIEZ TWEFET,

Ay

[

7. NISERE

Correspondence Principle
ETNHFEHENFZORREICOVTORERRCI .
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ISR (Correspondence Principle):
BFH n HEBICRKEWN (n>1) BMETE. BEFHFOBREIERNZOH/RITSADC EVWSRIETY,
HEEREEDEL:

o MHLAF: IRD FIdim> C TREMNE OISO, IRICVWBSRENRL, B TRONDERINRAKR
ICaDET (Paz) o zg—5)o FOERCBEDEE 2O THERIENTT,

« BTAY (n=0) EETT, POLCVIEENBRAT, BT ELTADET., Chiditnne
FHRTT,

o EFNE (n—large): n HRE B2 & KBBHEHHML IRBL TITH. 20 FEONLGHE, =
Boe, HHAZD EASHNMEN DHIC—EMLTVERT (M4 DFHA),

8. XFEDFFOY— (HUYF7rE—-L)
Analogy to Gaussian Beam Optics

B#%ic. COBFAROHEAN., @< OnHTHd L ——HK2), THEENDIEVWSEHWETT,

EEREN A2 (Paraxial Wave Equation):
L = =@ ENETKRTFERI AT,

u  0%u . Ou
@ + 87y2 +2Zk£ — kz(JCQ ~|—y2)u =0

CORIF RE¥al—T 1 v A—AREAEHZNICEFAUEZL TWET,
o SDETHIA z & K5 ¢
o E—LADIE & RHH w

I)ILZ—b - HUYFPYE—R (Hermite-Gaussian Modes):

ETAFTO TR F—HG [THIHTDEDN, XFTlE TE—LDT—RK GER), Icabxd, ik
PEFRICTIILE—RZEAEADIBEBH TRINET,

Umn X Hp (0 ) Hp (- .. )6*(z2+y2)/w2

INICED. L= —XOMEFIR (TEM T—K) BNRESNET,

2.17 Angular Momentum and Spherical Potentials

1. BWFRT > 2 v )L EJRFHEALR (Spherical Potentials & Atomic Units)

INET FEOFRORTFRE) (1 RTNBBEEZR > TEE L. I TE 3 RITDIEENBRTE
TIANEMHET,

BRI (Spherical Symmetry):

MRTFYow )LV BNRENS DR r 2T ICKEL. BE () IKTKFELBRWEBDZ & TY, KERT
ICRITDBEFNRC LT —AVARENTNICH=DET,

V) = —% GGEEINES)
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[RFHEALFR (Atomic Units):
JRFYBEZ TCHBEZEREICT S DITEONDEMARTY,
o TXJLF—DEAL /\— K — (Hartree, Ha)

1 Ha ~ 27.211 eV

o EEDHAL JN— 7 H4E (Bohr radius, ag)

lag ~ 0.529 A

X—%5—DEE (Noether’s Theorem):
WIMEDN D B & CAICIEREFN D D) EVWSYEBFOEXNRIETT,

HOMHIE (Rotational Symmetry) — f1EE) % O {R77 (Conservation of Angular Momentum)
D&, MNIMBIRT VY v )R>k KRRFRE) TlE. BEHENFRICEELRRIZRLL
F,

2. EFHZEICETBEETF (Operators)
BFNHETIR. MEPEFHELEOYBER Hy TEAL DEREF BEHICEFRIS2DD)) «LTb
NEY,
FERERF:
o & (Position): & ORENEIIC z 28T D)
o EHHE (Momentum): p = —iﬁ% (WA LT —ih ZENT5)

« J\=JL k=7 (Hamiltonian / Energy): H = —%VQ +V (T XRILF—ITI)

IJ)LX— M (Hermiticity):

VEELAELLONT TEH CRSRINIERDERBA, TOD, MEEICHIET 2EET A 1FLL
TOII—hEAZEHLLET,

Q/WMWM=/MWWM
CnickoT. HEE (EEE) NEMTHDE L ARESNES,

3. BB & HifFE (Eigenvalues & Expectation Values)
EHfEAER (Eigenvalue Equation):

HLEET AR Y IHERAS U S TTOBROEREICRZ5E.FDEH o % EEE (Eigenvalue).
BA%40 7 [EE B3% (Eigenfunction) & 0N E 7,

Ay = arp
HEAT- e E=ICESNDBEIE. 20 TBEE, 27T,

HAf¥{E (Expectation Value):
BUREBICHZ2RICH L AESHELZT o>l E EDFHETT, L5 (A) TREINET,

= /_C: w*/h/) dx
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BEBREICE T D RHEEME:

95

AIEET A DEBRE ¢ CH2E= MFEOES D= (RERN) F€0OIcH0 £, 58 Ay = ap

ZNONEN
)=a, (4%)=ad"
2> < >2 — CL2 _ a2 =0

(4
o =(4
HELTHRTRLE o HMESNET,

DED, EBEREICHDEEIE. WDOH
4. RPF ERETHIRE (Commutators & Uncertainty Principle)
2 ODYEET TREIC, FEICHETES2NESHEHET HEEERY—ILTT,

RIF (Commutator):
2 ODEET A B DIEBFEAZZ (3IEELILHDTYT,

[A,B] = AB — BA

LW (Do not commute):
[A, Bl #0 Di5A. F0 2 DOYBEIFERICEREL EZREEET A,

l: (iEEZEEE T A MBI f(2) 2o CFIET D&
il =2 (~ingl) = (<ingwor(o)

BOWMHRR Z(af) = f+28L #ES &,

X

= —ihm% +ih <f + xZﬁ)
— inf ()

LT, UTOERZGEELGRERNEIN T,

[Z,p] = ih

N EYRILY OFRFEE R (Heisenberg Uncertainty Principle):
THALURWERFONRT I, AEBEDRANFEL £J,
h

0z0p 2 5

5. EhEbE EHEIE (Superposition & Measurement)

ERAHEDIRE (Superposition State):
—IRDOLENBEIE U (&, BB ¢, DELEDETEITEI,

U = chwn

T |eal? 13, BMIE LT & = CEEE ap 185N DMK (Probability) £ LT,

IRENRADUNHE (Collapse):

AEZIT > TE ap, BB SNERE. KEBEHIERSDEDREL S, TOEBEIRE ¢, NE—

£ e LET,

i

=7,

o

T
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6. AEEIEEE T (Angular Momentum Operator)
Haginak (KmRT) 2B <HERDONAEFHETI,

E&:
HHNFDO L=rxp ICHIHL T, EFNFTEIAEDE TERNET,
L= —ih(rx V)

B DR
TANRKDOESICEAT &, ERONMEENET,

KRR (Commutation Relations):

AEEHEOHNETIIARLF A (BARFICHE TERW, FIZIE [Ly, L) Z5TBT2EUTOLSIC
BOET (HHOBE) ) o
(Lo Ly) = LoLy — LyL,
CNEFHETBE, 2 EHPENET, o )
(L., Ly) = ihL.
BRIC. [Ly, L] = ihly, L2, Ly] = ihly, 720 AEEBHEDHE (z,y,2 HH) ZEKICERICAD &
i CEET A,

7. AEEEDETFL (Quantization of Angular Momentum)

BABTRARCUETEEEAN, BEHRORESD 2% (1) & 1 20Oiy (BEIF L) FAKIIC
AEPIRETY (MY B/cdd), INZEM< L 2 DDEFHENBENE T,

A EFH (Azimuthal Quantum Number) I:

AESBOARE S & RELET, A
L2V = R+ 1)Y™

1=0,1,2,... (B#) COLICHLLT, s#E (1=0). p#&E (I=1). d#:8 (1=2) EFENET,

BKETFE (Magnetic Quantum Number) m:
BEFED : iAMDY (BF) ZTARAELET,

L.Y™ = hmy;™

mld =l D5 +Hl FTOEHE= D FET Q2+ 1 EDRE), 4 1=1 (p $118) DIFE. m=-1,0,+1 D
3 DON e (IBR) b FET,
ot

KERBETFO &S HBREHAR T, BFOREIEITRLE—I TR, BEFROAZE (1), & (2
DAZE (m)) I©&>THESN. RORODE BFSNE) LHARNBNT EADADET,
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2.18 Parametric Downconversion

2.18.1 1. /NG XA KUY I TAZEHE (Parametric Downconversion: PDC)
N BIRILF—DNF 12D BIXLF—DONTF 2 DICHHT DHERTY,
EAXBR:
o IRV ¥ (Pump Photon): A5d &5 T %)L+ —DH T,
o YJ'FILY (Signal Photon) & 74 KZ—3 (Idler Photon): 7% L CTAFiL/c 2 DOET 2L

F—AF
o FEIRFEAER (Nonlinear Crystal): < DIERNE C 25507445 (Fl: BBO #5&% - N—% - JUU ™
Lo RL—R),

MIBWBRE: B%. XRLTREEFRALITADL, HEOKET T BERIEAFHR) ICXD WL
OR> ) DPBEOEFERS IO TO|REBINF/CAN (7 FIL - FART—) Z2EAHLET, D
TOtRE TEFLONKTX ZEDREL —MHVBTTETI,

2.18.2 2. FEIRFEHFEDEMR (Nonlinear Optics Primer)
BE. MEOHBR (BEXKNARD) FEZICHAILEITH. BOANAS EZDOHAIBEEIBENET,
BRIC K B: WEDONI P(t) [£FS B(t) DSt ckandd,
Pt) = eco(xVE(@t) + XPE*(t) + XPE3(t) +...)
o €o: BEDFHEE (Vacuum permittivity)o
o xW: MREEAZSE (Linear susceptibility). fEIT374 & ICER L 59,
o x?: 2 NDOIFFHFE 3 (Second-order susceptibility), < 41h' PDC #5| =i 9 ES/AIE T,

BESHEIEZ 20D CREEOEL) : ER2HICER YT (p). 277 (s). 714 RT— (i) D3 DD
EHWFET DEERAFTT, 2BHEZNSDERGLE T,

Etotal = Ep + Es + Ei

& 2XROIE E? ([CRAL TERT D&, BRABERBOS CESIE) N T=%xd, PDClcE>T
BERDIF, RRHERENESOAES WARIE, T, flZIE. E, ORYT) & EX (VT FILDER
H%) OBEZETEIL. ROLSBRIREHEZIFEET,

Wnew = Wp — Ws
TRILF—REL (BR) (XD wy —ws =w; EBDCH. CODMOIRENT T 1 K5 —JEF U EKE
EREET, DD Ry THESTFILKOEBERN. 74 Ro—K(zBREEEs TR (V—X),) &
LTEI<DTY, CNAMEEBIEOABETY
2.18.3 3. (UIHESTRM (Phase Matching Condition)
HFWDBELHKET DcoHICE, "TTRILF—REFA) & NEFEREN OMAEBLCITBHENHD
ENCRN
A. TXRILF—RTZFHI (Conservation of Energy)
IR TIHFOIRILF =M VT FIETFA RT—ICpRENET,

hwp = hws + hw;
(h ZBET 2 EREBEOAICAED FT)

Wp = Ws + Ww;
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B. EEIE{R7FHI (Conservation of Momentum)
fE@mP O THEL TROE DD DEMA T, [IHES (Phase matching) & 6 (ENF T,

—

ky, = ky + ks

W‘l

ZTTkIF )@%\7#»(W@ﬁ%ﬁwmﬁmw‘@ﬁoﬂﬁ@k%éwwﬁﬂéﬁ (n (SEHTE) DT
CORSERZEZEBALTEICESRAISNET,

np(wp)wp = Ns (ws)ws +n; (wi)wi

BE: VEOHE ?ﬁ nEKOE (AKRE) ICL>TERD (DEDHD) o, BEIEIDERMAZMWICT
DIFHEETT, ZT MEET) CWSHBZER OERZEN. AEPRAZHEL Tn Z22F<ED
@i?

2.18.4 4. Type-I & Type-II D& (Type-1 vs Type-II PDC)
RAEBEAE BT LODREE EDRBAR) ORAEDEICE ST, 20051 FiehfEansd,

Type-I PDC: > 7 F)LETART—DNEURLEZTRFED, Hl: R (EFE KR e) — V7 )L (BHE
o) + 71 RZ7— (BXK o), T:e—o0+0

Type-Il PDC: > 7 F)L&ET7 A4 RS —HNERT DREZRD, fl: RVT (EEAFe - >0 FI)L (B
BHiRe) + F7ART— (BHiR o). ElFZDi, He—e+o
Type-1I IECEFDEFHDODNDER:

Type-II Cl& ﬁfahm DT FINETART—DRILZDHEHIR (D—) [t EnET, 2D
2 DM — /b\fxb%% () TlE, EB550—UhSEEXTFHIXANDEEFA, <D XA
MOMEN) EVWSIRRN, EFNAERELEEEHHLET,

RR COEFIREIELLTDLDICRDET,

V) = —=(|Hs, Vi) + €'*|Vs, Hy))

7
o [Hs,Vi): Y7 FILHVKTE (H), 74 RS—NEE (V) DIEH%E DR,
o Vs, Hy): Y7 FIAEEB (V). 74 R5—hKF (H) DRHAEZDORE,

COREEF, THEVDORT ) & 'VEHORY) PNAIBICELDE>TEEL TR, Billdsx7TLE
ESNTEE > TWEH A,

2.18.5 5. EFH DN (Quantum Entanglement)

ERFE: 2 DORTFTORENEIIL TR TE=T. RADRERENE DR ADREZEIREICRES 2MME
<9,

EPR /XS RY I RERIVDEIR: 7 Va5 vold. BadBEnicaORENERICRE2D(1EE
ALV (RREQERER) ) ELT BFAREARTETHD. WADMSEL TRN-ZEH (Hidden
Variable); D'\H 5H U DERZAD TWBIFTLEFRLE UL (BRAEEM. LML, Y3 > NJLiE,
HU TBNES DNEAET 745, AERROERIEHLBRFME (NLOTRER) 28I RN &2
FRICRUE Uz,
2.18.6 6. CHSH AFI (CHSH Inequality)
NIVDAERXEEZBTRIIL YT WEIC Lizdh CHSH &R T,
BE: 7R (A) ERT B) BNENENHKTFTEZITED., BAEMELET,

e AIEAE: 7 XIE 04 D0y, NI 0 D 0 ZROET,
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o HITEHER: A BIX+1 Fl2ld -1 DEEEDET,
B E: H2BERETCOT ) XERTDFEROBEDFIIE (18E) % E(0a4,0p) & LFET.

REnfcEB8eER (HHiR) ORRA:
MENCEH N ICE > THEENDONLDRES TV ERETDE. RDE S TEZEFT,
S = E(a,b) — E(a,t') + E(d’,b) + E(d’, V)
HHB TR COLIBEBNIEEHZREL TH, D S OIEMEIX 2 UTICRDZ2ENHD £,

|Sclassical‘ S 2

EFNZOFA:

ETNFE FICHEDONIRRE) 2> (IR TS &. RBLAERE (B £AEZ 225 909 57) IC
BWT, CDBEIF 2 ZBAFT,
|Squantum| = 2V2 ~ 2.828

CD2/2 EVWSE (FLILY YRR (&, HHNBREFRTH S 2 ZHEICI > TWET, RBREEN 2
HBADIEHERNT ZET, BNEERIGEFEEET. EFARDODRNEL W (REBITH TIERLY)
CENEEBAENE T,

BEOREL: SELAZRECTE. FPURERTOHEHMNEVEWCEESNLET (F:0°,45° &
22.5°,67.5°), CNICLDIEE E #8 AL - 8L T 2BAEDEEEDHL. S DEEZAELET,
2.18.7 F&®
Z D Lecture / — &, LITORNT BEOWIE, Hhe T8FHFORO) NEEBAL TWET,

o FEIRHE (PDC): HELER T 1 DOHT7 2 DICHE =T L,

o REA: 2O IXILF—EEHE (EEE) NMREFESN D,

o EFIREOEMR: Type-Il PDC O A4 FHL T RANEZRDE -/ THDNkEE, 21F2,

. #F (CHSH): (FSnfc b ONAFHEFE > THERAEL, HayiEs (Bnicf) s
TERVERDRS ($>2) ERRT 2,

2.19 The Quantum Zeno Effect

2.19.1 BEAELEENER (Introduction and Historical Background)

7t/ 2aE (Quantum Zeno Effect, QZE) & (&, "L ELEFRICH L CAEEICEN CIE) =175
E. TOROKREZE (FBEPER) NMIHEcngd, EWSIBRTT,

ZEIOHFE: 5T v DOAFELL 7O /> (Zeno of Elea) I[CEBA TWET, E/VDINT Ry
9 R (Zeno’s arrow paradox): A TWLEEH L —HZTOENEELL TWd, BLELTWLS
FEOER CHERSEE. REBIENTERWET L, EWDWHRTY, INZEEFHFICHTIE
&, "RAICL > TEFROKEHRE (1) ZHRESED) LWSEMErSANTFsNE LT,

FEsE: /<> (von Neumann) O#EADOMT /G EICHZIIR o E Ueh 1977 Flcy 53— - X5 )L
~+ > (George Sudarshan) & /77 « 77 - = X7 (Baidyanath Misra) |C & > TIEZICanss S, BRAT
snxEL,

2.19.2 EFHEAPEM EEH (Theoretical Framework)
TR BADPWHC L TENELED D DD, EEOHAZANTHALET,
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AT 7 1 EPRE L RERE

HEEFHRINPIRE ¢ [CHBELET, BEAt LHRBLIEORE v@) E. Yal—FT+ vH—
77250 (Schrédinger equation) (T > T2 L ET, JD &=, Y 2F I "HHEPRRE DX T E > TW
DHER (AFMER)) P(t) (3. PIHPRE CBERBEORED TERD (NE)) OMRIMED 2 FTRSN
ESCIR

P(t) = [{volv (1))

ATy 7 2 BRKEATOEY (717 —EH)

SLTEWERE ¢ ICBWNT, CDORESR P(t) 2 7 1 7 — R (Taylor series) L Tl T 2 & BUFOL ST
DERI, . P

(t) ~1— 7z
T, 17 |FE/ VA (Zeno time) EHEN S, DV AT ABBORFERE T, EELOF, EX
DFADREED 2 T (#2) ICHAIL TWDHRTT,

ATy 7 3 HELRATEICLZIME

CIT, GEEEAT OFIC. BB r=T/N TNEBOUEZTS>ELET, 1 BIOAES &lc T LN
PHREICR S CRET & NEOMET NT THIPREICE X DHEKIE, 1 BOEFHETD N EIC

NnZET,
T 2
b (N)
ATy 7 4 EBHAEDER
BEBE N ZEREA (N o 00) 0T 2. DENIEIEREILET2MBEEDET,

N
PN(T) =~

lim Py(T) =1

N—o00

COMBETIIHERIE 1 IGEDEET, 2FDH. EmICER UK R0, VX7 AFHHPREN SR U
TEELBW (RfEenD) WSO HENERIMESNET, INDEFE/ VMRDEKRTT,

2.19.3 XLt : BRI DEXPERIEIER (Gradual Polarization Rotation)

SCBFE/VHREBASNBHE LT, RHRICL BHOMEE, B0 EIH. THIEFABNICR,
LIBRTY,

« BFE/ VMR ZlbE TED D) R,
o RADEE: Ze 5 HR,

RIEARDE

K DRIt T 90 & (71'/2) LEss T WGEEEXET, N ORI (Polarizers) 2 R L. €N E 1A
@Ftﬁ#bﬁf T IDAEZISLTRELET, 1 KOz EBT iR (F8 $>iuﬁw)
TRENFTT, bf:b%? N WINTZBET DHERELULTOLDICED T,

o \12N
P = [ ()]

AIFEE# (WE) N #3808 BARS EOAEZEI/NSLBD, COERZ1ICnIEE9 (100% D
JehvEB L. DO 90 Bl L FY), Inid. REZFEET 2D TIEE < KEH (Adiabatic-like)
IC. DFEDV AT ANEIVICEBH TCED L DICD > D EREAT(LSETWEHITT,



2.19. THE QUANTUM ZENO EFFECT 101

2.19.4 HrEAERE & ERFERAIE (Adiabatic Evolution and Gradual Measurements)
FREDRIERDOAIE, EFNFICHIT 2MEFE (Adiabatic evolution) &L/ FFEZ > TWET,

BT#ERE (Adiabatic theorem): A7 AD/\ =)L~ =77 (TR)LF—EE) Z+0lcho D2l
BN, YATLEZOEBEREBICET S F X, REORICEHEL TREEZZZ TWC EWSEET
3—0

BRI DB, FEEHE/N\ =)L~ =7 OZAL Tld7m < TEMENA S 58E (Sequential projective mea-
surements)] C9 A\ D UIDOEE CAEDEE) Z0liS ¥4 & T BEAREZENOAMANEL
CENTEDRETHRELUL TWET,

2.19.5 RERERECEEDIR (Experimental Results and Current Research)

o RPIDREEE: 1990 F. %/ (Itano) 5 AR SN U A A Y (Beryllium ions) %
WT. SEEAED %MW@EV%W%U?é t%@@?aﬂﬁ@ FIFLE U T,

o W/ VMR (Anti-Zeno Effect): D70 T EUAOMAEDEIFIC L - TlE FICHEPZE
MREETLUERSIBEREHKRNE LI

o WFA: I TId. EFEIE (Quantum computation) ([C&EIF LT —fHlEv. T OE—L YA (EF
IRREDIRE) ORENC AN TWET,

2.19.6 A : ®ET « A7L A (Liquid Crystal Displays - LCD)

xS/ — N T BDRO MR OERENLER OB LT VA ATy N - ZXNT v (Twisted
Nematic, TN) R&T « A S LADNET 5N TWET,

BE

2 DT XERDET 72 (Liquid crystal molecules) ' 90 £ 12 UL /CIRNEFEER O & S 7afEiE & 1F
STWET,

[FE (BER - BRTR)

HNAFT D& BRDTORUNITHA> T, XDRIEAEHN D> D& B, hdL5IC 90 ElLlEx
LET, chnlcEh, BTS2 MNEBDREREEB TS, BEIFEL <D ET (RIEROZEHENER
ER UNR A BN TR TEIREL TWET),

BB (BEENR - BRR)

BEZMNTDE BREADTFHNESZABICEI L, RUNEBENRITET, T2 E00ENIECS5T. 2/
BRI TN T Ay I Sn, BEEBEDET,

CORBDEMFIZ, BEFE/ VR (BOESE) T, BENGRCLE (Z(EOFHFE) DRWE
PER>TWNET,
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