Summary of Beam Optics

Gaussian beams,

waves with limited spatial extension perpendicular to
propagation direction,

Gaussian beam is solution of paraxial Helmholtz
equation,

Gaussian beam has parabolic wavefronts, (as seen in
lab experiment),

Gaussian beams characterized by focus waist and
focus depth,
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General Optics
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ElectroMagnetic waves

2 light is a wave of electric and magnetic fields,
2 electric and magnetic fields are vectors — polarization,

2 microscopic nature of the refractive index, from atomic dipoles,
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11.
12.
13.

Introduction to modern photonics (Feb. 26),

Ray optics (lens, mirrors, prisms, et al.) (Mar. 7, 12, 14, 19),

Wave optics (plane waves and interference) (Mar. 26, 28),

Beam optics (Gaussian beam and resonators) (Apr. 9, 11, 16, 18),

Electromagnetic optics (reflection and refraction) (Apr. 23, 25, 30),
Midterm (May 7-th),

Fourier optics (diffraction and holography) (May 2, 9),

Crystal optics (birefringence and LCDs) (May 14, 16),
Waveguide optics (waveguides and optical fibers) (May 21, 23),
Photon optics (light quanta and atoms) (May 28, 30),

Laser optics (spontaneous and stimulated emissions) (June 4),
Semiconductor optics (LEDs and LDs) (June 6),

Nonlinear optics (June 18),

Quantum optics (June 20),
Final exam (June 27),

i,
{fugarﬁester oral report (July 4),
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Maxwell's equations

2 Faraday’s law:

0
VxE=—-——B
. ot
2 Ampére’s law:
0
VxH=—D+J
. gt T

2 Gauss’s law for the electric field:
V- D = P,
2 (Gauss’s law for the magnetic field:

a:r*‘} %}I%ﬁ VB:O,

b F
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Plane electromagnetic waves

2 Maxwell's equations in free space, there is vacuum, no free charges, no currents,
J — p — O’

9 poth E and B satisfy wave equation,

0°E
2F _
V°E = 60#0@;
2 we can use the solutions of wave optics,
E(r,t) = Epexp(iwt)exp(—ik-r),
B(r,t) = Bogexp(iwt)exp(—ik -r),
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Elementary electromagnetic waves

9 The k, Bg, and Eq are standing perpendicular on each other,

kxB=-—2E  kxE=uwB,
2 light is a TEM wave,

Direction of Propagation i K
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Poynting’s theorem

2 Poynting’s theorem is the law of power conservation for electromagnetic fields,

o 1 o 1 oP )
V- (ExH + —(ZeE*)+ —(ZuogH Y+ E- — + H- —(uoM)+E-J=0.
(B X H) + 22 (5e0k™) + o= (Grol™) + B~ o+ H - =2 (no M) +

2 for the linear constitutive law, E - 22 — 2 (LegxeE?),

9 then the Poynting’s theorem for the linear, isotropic medium becomes,

9
V(B x H) + o (we +wm) + B J =0,

where we = $eE? and wp, = 3 pH2.

2 Or write the Poynting’s theorem in integral form,

o
S ot Jv 1%
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Energy density and intensity of a plane wave

2 energy density: u = ug + up,

€0 -2 1 2
ug = — |E|7, ugp = —|B|~,
E 2|| B 2,u0| |

2 for |Bo| = |Eol/c,
1
210C2

€
u=—=E]? +

2
. B2 = colEP?

energy is carried in equal parts by magnetic and electric field,

2 energy flow:

: 1
Poynting vector : S=—E X B,
MO

in the direction of k,

time average: I = (|S|), (times longer than optical cycle)

2
E|

intensity for a plane wave, I = EI” 'where no = \/eo/ﬂo ~ 377¢2, is the

_ 2n0
impedance of vacuum,

AR EERG

ignal Tsing Hua University

| Optoelectronic, 2007 — p.9/41




Maxwell's equations in a medium

O O 0 ©

-.m‘:bﬁ]l 3 ﬁ_gf

al Teing Hua Un

electronic polanzation

107 m

¥

atom E

electron cloud displaced by Ar,
atomic dipole: p = qAr

many atomic dipoles in a medium will sum up to a larger dipole,

this sum of dipoles is measured by P, dipole moment per volume,

P= Np,

ére N is the atomic number density.
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Maxwell's equations in a medium

9 Total electron charges @,

Q = —%PdA,
— —///V-Pdv, Gauss theorem,
[ ] ]

2 p=-V- P,

2 time dependent polarization creates also current,

J = Ngqv,

YRALERD dt’ -

ational Teing Hua University
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Maxwell's equations in a medium

V(ie-E) = -—-V-P,
OP OE
VxB = — —
O o1 + €o Lo EY

2 electric flux density, D,
D =¢eE+P,

polarization density, P,

2 magnetic flux density, B,
D = poH+ M,

magnetization, M,
2 both P and M are vector fields,

2 we will deal mainly with nonmagnetic media, M = 0,

A FERE
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Types of polarization

electronic polarzation
>
E

impartant systems with
extended electronic wave
functions

molecules writh T orbitals

uuuuuuuuuuuuuuuuuuuuu

onentational polarization

E >

important for polar
systems, molecules
with dipole moment

1.8 D
example: water 1
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Types of polarization

molecular deformation

lonic polarzation

E

important for ionic crystals important for flexible systems
polymers ...

VAL HEELG

Matignal Teing Hua University

| Optoelectronic, 2007 — p.14/41




Dielectric media

2 linear: a medium is said to be linear if P(r,t) is linearly related to E(r, t), this is
important for superposition (no superposition possible in a nonlinear medium),

2 nondispersive a medium is said to be nondispersive if
P(t) = E(2),
medium responds instantaneously (idealization, since polarization is never really

instantaneous),

2 homogeneous: a medium is said to be homogeneous if the relation between P and
E are not a function of r,

2 isotropic: a medium is said to be isotropic if the relation between P and E are not a
function of direction P||E, example for anisotropy: birefringence,

A FERE
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Simple media

Constitutive relation: B = yuH and D = ¢E.
D =¢E+ P =¢€E,

where D is the electric flux density (C'/m?), E is the electric field strength (V/m), and P
is the dipole moment density (C/m?).

2 Jinear: P = eoxE, where € is the permittivity (F'/m), x is the electric susceptibility,
2 isotropic: x(z) = x(y) = x(2).
2 homogeneous: x(r) is independent of r,

2 dispersion-free media: x(w) is independent of w

Material equations: D = ¢E, where

9
mn
pe = poeo(l+ x) = =

A FERE
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Model for the polarization response

spring

2 damped harmonic oscillator

d?z dz
a2 —|—ad— + wiz = —E(t)

2 assume E(t) = Epexp(—iwt), and x(t) = zoexp(—iwt), then

1 q
z(t) = w2 — jwo — w? EEOS),
0

2 electronic dipole, p(t) = qz(t), and the polarization, P(t) = NqAx(t) = egxE(?),

where x is a complex number,
=lEe T = - A il
£ - r iy . .
VE 208 Féquedla have usually multiple resonances,

Mational Teing Hua Uniw
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More general

Ng? 1
€E0M Wj — WO — W
2 Quantum mechanics,
=25 b
W) =
X €om = wjz — iwoj — w?
where f; is the oscillator strength,
2 redefine,
2
1%
0
V) =
x(¥) = xo 1/8 — V2 4 vAv
2 = +ix", where
2(,,2 2
vy (vg — ve)
X'(v) = Xxoo—o 2°
(vg —v%)? + (VAv)
SR . N y B V%VAV L on f .
TAZAEAS XV T NG Ay CorenEenneton
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Consequences of the simple model

real
- Imaginary !L -
0 20 40 B0 80 100 0 20 40 80 80 100

frequency frequency

2 complex susceptibility, x = x’ + 7x”,

e = eo(l+ Xx),
9 Helmholtz equation still valid but
TAIHEELE k=wemo? = ko(1+x)"/? = ko(1+x' +ix")"/?,
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Relation to refractive index

2 plane waves: exp(—ikz),

simplify

0% w
)
C

k‘: — 71— =
1] 7,2 n

2 refractive index is now also a complex number,

2 plane waves,
exp(—ikz) = exp(—zﬂz)exp(—%),

2 intensity,
I  |exp(—ikz)|? = exp(—az),

where « is absorption coefficient,
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Absorption coefficient

2 plane waves, exp(—ikz) = exp(—ifBz)exp(—7),

2 intensity, I oc |exp(—ikz)|? = exp(—az), where « is absorption coefficient,

intensity decays exponentially

intensity, amplitude
=)
e

firt
':_'l:l
=]
Bl
el
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Weakly absorbing media

2 weakly absorbing media: x' <« 1, x” < 1,
2 dispersion:
/

X
~ 1 —
n(v) + 5

phase velocity is a function of frequency, typically n decreases with increasing
frequency

2 absorption:

a~ —kox”,

absorption is a function of frequency, characteristic for the material,

A HERE |
Watianal Teing Hua University spectrograph, pulse compression
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Absorption and Dispersion

materials are not transparent to all optical wavelength

i S BN O 3
Mu:rrasuum fluundu HEF?_
s i SES S h
Calcium fluoride CaF»

5 1 ] P A S

Banﬁm 1||.n:|r-:le EIaFE

S e e 1 .;..-.ﬁ e e
= e y - 1
ot S R e S F

Quartz 502
x s i' i 1 r-r-n

LI"u" fused silica Si0;

T S8 (R S S A -
IR fused silica '-:rlﬂa

b i e S ) 1

Glassfﬂ-ﬁ 7] R
KFTICCI7N,

T D T ot B
Germaniurn Ge

Elnc 5-1.I|f|l1E Ens

| T | ¢ STERCR T A
'.'.‘-alhum ar'samda Gaﬁua

Eurn: :r.elemde InEu

S St iR

..... LA
Eal:hml.m hE||l.IrII:|-B CdTe
i) O DTS AR

2 3 4 5 7 10 20
Wavelength {um)

VHZEERE

Mational Teing Hua University

| ' | Optoelectronic, 2007 — p.23/41




Kramers Kronig Relation

2 absorption and dispersion are always related

X (v) = %/OOO ()

87
52 _ 12

o= [T O,

— S
T v2 — g2 7

2 group velocity,

2 large g—g always with large «,

R HE ARG
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Slow-light

« Electromagnetically Induced Transparency (EIT)
— Formation of dark state by intense pump in a three-level

SYStEI‘I’I — 3 Ahzorption Fefractive Index
—— 2=
|1=
e -
£ il

« Population Oscillation
— Absorption dip generated by coherent beating between  Speciral hole

pump and probe in a two-level system ﬁ‘hsanRE&acﬁve I dex
| 4

o
&
Probe
A | T
— 1= . .
il
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Reflection, Refraction, and TIR

Transmuitted
(refracted) light

", . Evanescent wave
= ——*
= 1 . !
- 1
0,16, :
Inecident Beflectad
light light
] Transmitted wave
n
2
i f=00°
i 7" FE., Evanescent wave
i
' 1
x wmto paper i ny > Ny
EH S Incident Reflected Incident Reflected
Y 2 e e . wave
Mational - wave wave oV II
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EM wave approach

I

¢ svanescent wave

x into paper

Incident Reflected Incident Reflectad
wave wave wave wave

2 Consider a plane wave with its electric field polarized parallel to the surface of an
interface between two media, (transverse electric, or TE, wave),

(1
Ein = 2E e kT

9 the tangential £ and E must be continuous at z = 0. This implies ,

HZFEERG Y =k = k.,

Mational Teing Hua University

phase matching,
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EM wave approach

9 The consequence is Snell’s law,
/pp1€1 8in01 = (/u2€e2 sin f2.

9 At y < 0, the superposition of the incident and reflected waves is,

)

B, = [Eil)e—jkél)y + E(_l)e_'_jk?gl)y]e_jkzz

2 from Faraday'’s law,

(1)
H, = _ky_[ES)e—jké”y _ E(_1>e+jk§”y]e—jkzz7

w1

where

(D =
i/ \/6_1 cos by = YV,
Wit 1

< @ 54 % 93 tt?e characteristic admittance by medium 1 to a TE wave at inclination 6, with respect
Lo BLE S ~ e
sananat g s v@trge o direction. The inverse of Yo(l) IS the characteristic impedance Z(gl).
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EM wave approach

9 At y > 0, the transmitted waves is,
B, — Ef)e—jkf)ye—jkzz,

with the z component of the H field,

(2)
H, = Ry Ef>e_jk?(f)ye_jkzz,
W2

with the characteristic admittance in medium 2,

(2)
k
\/— cos by = Y0(2>.

2 Continuity of the tangential components of £ and H requires the ratio

ZE—&
H,

=7 @ 2 4 % th BB continuous. Z is the wave impedance at the interface.

Mational Tsing Hua University
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EM wave approach

2 Aty =0,

1) (1)
mELTTET

0 (1) (1) 0
E} EY
9 The quantity,
r=2-
LBy

IS the reflection coefficient.

R HE ARG
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EM wave approach

2 For E(_l)/ESrl),

2 1
1) _ 25" — 23"
29+ 701

using Snell’s law,

\/1—sin291—\/1—sin29161“1\/62“1

() _ 212V €1p2
v/ 1 —sin? 6, —I—\/l—sin291€1“’1\/€2“’1
eopz \/ e1po

2 The density of power flow in the y direction is
1 1 1
SRelE x H']-§ = —_Re[E,H.] = §YO(1>\E$)|2(1 — 02y,

Thus |T'|? is the ratio of reflected to incident power flow.

A FERE
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Fresnel’'s equations: TE

2 for TE waves, F | , the reflection coefficient,

E(_l)(O) B V1 —sin?6; — \/1—sin2912z;\/25;

BR0)  VI=sin?05 + /1 sin? 0 2k, [

€212 €112

r =

cos 01 — [n? — sin? 01]1/2

cos 01 + [n2 —sin? 01]1/2’

where n = 22 = (E—f)l/Q, and the transmission coefficients,

ni

2cos 0
cos 01 + [n2 —sin? 61]1/2’

t, =

2 relations between reflection and transmission coefficients,

r,+1=t],

R HE ARG
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Fresnel’'s equations: TM

2 for TM waves, E”, the reflection coefficient,

\/1—sin291—\/1—sin291€1“’1\/61“’2

. eapa \/ eap1
| _ . ;
v/ 1 —sin? 6, —|—\/1—81n201;z;\/;l’ﬁ
n? — sin? 01]1/2 — n2cos 6
[n2? —sin? 61]1/2 + n2 cos Oy’
, 2n cos 01
| —

n2 cos 01 + [n? — sin? 01]1/2°

2 relations between reflection and transmission coefficients,

7| —l—’nt” =1,

R HE ARG

Mational Teing Hua University
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Reflection and transmission, n; > ns,

Magnitude of reflection coetficients Phase changes in degrees

A 0, A

<« TJIR——>

0.9
0.8
0.7
0.6
0.5

0.4
0.3

s

2 .. —
02 N -120 —
0.1 —_
0 Frrrrrrprrrgt -180 | L ritr1rlr1rri
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Incidence angle, 6; Incidence angle, 6;

2 0. is the critical angle for total internal reflection,
2 thereis a phase change for TIR,

] 9 for 0; = 90, there is a phaseshi ft for the reflection TE wave even r = 1,
R HAEEARS

s A6 TM waves, the reflection can be zero at the Brewster’s angle, 6,
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EM wave approach: TM

{é,‘j}_lﬁf

Mational Tsing Hua University

Consider a plane wave with its magnetic field polarized parallel to the surface of an
interface between two media, (transverse magnetic, or TM, wave),

at y < 0, the superposition of the incident and reflected waves is,

4 (1)

Hw = [H—(i_]-)e_]k}?gl)y +H(_1)€+J vy y]e—jk}zz7
from Ampére’s law,
(1)
b, = k [H(1> ) H(l) —|—]k:() ] —jkzz.
WEq

At y > 0, the transmitted waves is,
H, — H<+2>e—jk;2>ye—jkzz7

with the z component of the FE field,

(2)
JoR B () emityygmika
WE9
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EM wave approach: TM

9 with the characteristic admittance of the traveling TM wave,
Yo = =€ = et
ky [ cos 0

2 continuity of the tangential components of £ and H requires the ratio

b,
Hy

A

to be continuous. Z is the wave impedance at the interface.

9 at y = 0,
(1) (1)
Lo Hy —Ho T )
g L og@) 0
10+
2 The quantity, I' = — Z—J_r’ IS the reflection coefficient.

R HE ARG
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EM wave approach: TM

2 For E(_l)/ESrl),

2 1
1) _ z§? — 7§V
29+ 701

using Snell’s law,

\/1—sin291—\/1—sin29161“1\/61“2
€241

)  _ €242
v/ 1 — sin? 6, —I—\/l—sin291z;Z;\/;Zf 7
_ [n? —sin? 61]'/2 — n? cos 61
B [n2? —sin? 01]1/2 4 n2 cos
o= 2n cos 61

n2 cos 1 + [n2 — sin? 01]1/2’

2 TM waves can be transmitted reflection-free at a dielectric interface, when
w1 = po = uo, for the angle 6, = 6g, the so-called Brewster angle,

R HE ARG

-1 €2
Mational Teing Hua University QB - tan -

61-
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Total internal reflection

2 |f medium 1 has a larger value of . /p€, optical denser, than medium 2, Snell’s law
fails to yield a real angle 62 for a certain range of angle of incidence.

for u1 = p2 = po,

. €2
sinf, =,/ — = .
€1 ni

n2

2 When no real solution of 05 are found, the propagation constant must be allowed

to become negative imaginary,

k,(f) _ k;1)7 kg(/2) _ —ja(Q).

Yy
In this case,
BT+ k) = B2 ~ [ay)? = &P poea,
and
VALAERS 52 = \/w2poer + [aP2.
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Total internal reflection

2 In the case of a TE wave, the transmitted fields become,

E:c — E(Q) _a ye ]k z

(2)

(@7
H = 1% g
WO

_('_2) —a( )ye jkzz.

2 The wave impedance, —FEy/Hy,

1 1 )
wpo BY + BY) _ Jwpo _ )
kél) E_(|_1) . E(_l) 043(12)

9 The characteristic impedance of medium 2 is now imaginary, Z(()Q)) = jXéQ), with
XSQ) real.

R HE ARG
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Total internal reflection

2 Then the reflection coefficient, I' = E(_l)/Egrl),

BV ix® _ 70

r) — — ,
Eil) jX52)+Z(()1)

2 T | = 1, and the magnitude of the reflected wave, W, equals to the magnitude
of the incident wave, Eﬂrl).

2 Aty <0,

B, = Eil)[e—jkél)y_i_Iw(l)e—l—jkyy]e—jkzz,

— 2e_j¢E§Ll) Cos(kél)y — qb)e_jkzz,

where ¢ = — 1 arg(I'(1)), is the Goos-Hanchen shift.

R HE ARG
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Goos-Hanchen shift

g

W

E,,

¥ # Transmitted wave
AL

Evanescent wave

x into paper ny > n,

Incident Eeflected Incident Reflectad
wave wave wave wave
—®Ey

I;";} '—'; _'_,f_ ’% j}— I'_Ii'.f,
=] = -'|‘] “n :]r'
Mational Teing Hua University -'r
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