Chapter 3 Plane EM Waves and Lasers in Distinct Media

3-1 Normal Incidence at a Plane Conducting Boundary

"'T a,=+z, a, =—:z
I _ —jBz
Reflected Ei (Z) - XEiOe
WAV o OH, Incident plane wave: E
By Perfect conductor r7 _ 8o Bz’
= 2 (2)=3- e
m
YO—fz N )
R g Reflective wave: E, (z) = xErOe’ﬂ‘Z ,
wave
H; ;:-
Medium 1 Medium 2 TOtal ﬁeld: El (Z) = Ei (Z) + Er (Z)
(o) = 0) (a;ﬂ o)

" Conducting boundary, .. E(z=0)=0=E, =—E, = E, (z) = —%E e

E\(2)=E,(2) + E,(2) = =%j2E, sin f 2

1 ~ I ~ E +jpz
Hr(Z):_anerr(z):y_lOe “ =9 - . . L E
7, T, H\(2)=H,(2)+ H,(2) = 522 cos j,z

Standing wave:
Zero (null) of E at fiz=-nx
Maximum of H at z=-n/l/2
Zero (null) of Hi at fiz=-2n+1)x/2
Maximum of E at z=-(2n+1)A/4

z=0

Eg. A y-polarized plane wave, f~100MHz, amplitude=6mV/m, propagates +x direction and

impinges normally on a conducting plane at x=0. (a) Write £,, H_, Er, H El, and H,.

1 1

(b) Determine the location nearest to the conducting plane when £,=0.

(Sol) @=27f =272x10°, B =2=27 M 12000, 4 =%, 4 -3
c 3 &
_ L 1 107 % & n 3 +jzix
(a) Ei(x):)”;6><1073e.3 ’Bi(x)zidniXE;(x)zéTe13" Er(x):_y6><10 e ’ H
m 4

_ 107t S 4 - = n. 5. 27
1"1r(36)=272 e ', Ei(x)=E(x)+E, (x)=-)j12x10 Sln(—3 x),
r

-4

27 27mx 3
— b) —=-7, x=—
cos(3x) (b) 3 5

_ _ _ 10
A (x)=H&)+H (x)=:2



Eg. A right-hand circularly plane wave represented by E(z)=E,(X— jp)e ”

impinges normally on a perfectly conducting wall at z=0. (a) Determine the
polarization of the reflected wave. (b) Find the induced current on the

conducting wall.

(Sol.) (a) E,(z)=(XE,, +JE, e, E,(0)+E, (0)=0= Ex=-Fo, Ex=jE,

. E (z) = (-XE, + JJE,)e’” is left-hand circularly-polarized and —z-propagated.

(b) J=a,x(H,-H,)=a,xH, (- Hy,=0), a,=2, a, =—=
—_ 1 I I _EO o) 5 ’.iﬂz r7 1 ~ I EO L ¥] o} Pz I 7 E A A - i
H(z)=—a,xE ==2@+e > H (z)=—a, xE, ==&+ e’ = ()= + )™ +e™)
un un ) 0 o
7 By oy oo ity it
J(z)=—(=x+ )" +e’")
n

3-2 Oblique Incidences at a Plane Conducting Boundary
Case 1 Perpendicular Polarization (TE):
a, =xsiné, +zcos@,, a, =xsinf —zcosH,

n

. . _=n —jp(xsin@;+zcos ;)
Incidence plane wave: E,(x,z) = yE, e ™

_ 1 . - E, . .
H.(x,z)=—[a, x E.(x,2)] = =2 (~Xcos @, + Zsin g, )e /1 snorzco®)

771 771 !\T‘c:'jliu{nnll

©E(x0)=E (x,0)+E, (x,0)=0, .. Ex=Eu, 0,~0;

I _ 5 —jfi (xsin ;,—z cos 6;) _ 1 . _ E. . . o .
E, (x,z)=—-YE e o H (x,2)=—[a, xE, (x,2)] = —> (~% cos 0, +Zsin @, ) A x0-zeox0)
1 1

Case 2 Parallel Polarization (TM): x4
a, =xsin6 +zcosb,, a, =xsinf. —zcosO, '

E Reflected " _E,
Incident plane wave: H,(x,z) = p—2 g /Alxsintirzcost)

m

E.(x,z)=-n,[a, x H,(x,2)] = E,,(Xcos§, — £sin @, )e /A1 snorzcost) -+

Medium | (S
{op = 0) r.:ﬁ_-_(:.‘_ P
=0

©E(x0)=E (x,0)+E, (x,0)=0, .. Ex=E, 0,~0;

— . .. » . _ E. . .
E (x,z)=—E,(%cos, —2sin,)e A28 " [ (x,z) = y—n'O e Arsindmzeost)
1



—j(6x+8z2)

Eg. A uniform sinusoidal plane wave FE,(x,y)= y10e in air is incident on

a perfectly conducting plane at z=0. (a) Find the frequency and wavelength of the
wave. (b) Determine the incident angle. (c) Find E“r (x,z) and H, (x,z) of the

reflected wave.

(Sol.) TE case:
9
@) p=6"+8= =L p=3x10°, =200 4 7%
v, 2 5

3 4,3 o
(b) tanf =—=6 =tan" (—) =37

4 4
(©) E, =-10=E,(x,z) =—10e/“%, :iam xE (x,z) = —L(ﬁ+i3)e-““—8z>

o 1275 5

3-3 Normal Incidence at a Plane Dielectric Boundary

E.(z)=XE e "

Incident plane wave: _ . E, _. » Reflected wave:
H,(z)= i
m
E (z)=XE,e"" E (z)=3XE e "
_ E .. Transmitted wave: § _ E .
H,(z) = —p=r e H,(2) =y e

m 7,

Continuity of tangential field component at z=0

Ey+E,,=E, E,= T = E;
E(0)+E,.(0)=E (0) g N 7, +1,
H,(0)+H, (0)=H,(0) | —(E,—E,)=—" E - 2n, P
m 2 o — Lo
n,+mn
E H —
Reflection coefficient: [=—% = - —% — 1, ~
i0 H, n,+m,
£ 5 E (z)= )ETEiOe_jﬂzz
Transmission coefficient: =—2 = e/ and 1+I=1 = TE, o b
E,  n,tm, H;(Z) =y—

m
Case 1 I'>0 (2>n1): Maximum at 2 1Zmax=-217 OF Zmax=-1A1/2=-n7/f1
Minimum at 251zmin=-(2n+1)7 or zZmin=-(2n+1)A1/4=-2n+1)7/2f:
Case 2 I'<O (2<m1): Max at zmax=-(2n+1)A1/4. Min at zmin=-n41/2

E
|E

max __ 1+|I_‘|
1]

Standing wave ratio (SWR): S =

min



Eg. What condition ‘E,‘ =|E,

occurs in normal incident case? And Standing

wave ratio =?

1, = -1, (not reasonable)

(Sol.) mamm| _| 2, | | 1, S=—11=3
‘772+771‘ ‘772"'771‘ 771:3772:>F:_59




3-4 Oblique Incidences at a Plane Dielectric Boundary
x4 Case 1 Perpendicular Polarization (TE):
oy a, =xsing, +zcosd,,

L3
Reflected
wave

a, =xsinf, —zcosd,_,

a, =xsin6, +zcosb,.

Incident

Incident plane wave:

o a,,
wave
E,
H ~ L
i _a —jp (xsin@;+zcos 6;)
Medium | | Medium 2 E.(x,z) = yE, e
(ery pr) | lE2s p2) E
= — ; ~ A . —j ino. 0. °
@0 H.(x,z) == (~Xcos @, + Zsin §,)e //Csndrzcos®)
U
T _ = —jBi(xsin@.—zcosb,)
Er(x’z)_yErue l
Reflected wave: 3§ _ E, B (xsing, —zcos6,)

H.(x,z)= (X¥cosd. +zsinb.)e

m

I _n —Jj B> (xsin6,+zcosb,)
E (x,z)=yE e’
Transmitted (refractive) wave: § _ E .
H (x,z) =—2(=Xcos @, + zsin @ )e /2=t ?
Up

E,(x0)+ E,(x0) = E, (x0)

Continuity of tangential field components at z=0=
H, (x,0)+H (x,0)=H, (x,0)

E. e

~ifsing, | g ifasing _ p ,ifysing
i0 r0

t0

1 o o E o
—(=E,, cosfe " L E  cos@.e ) = -0 cosf e
Th U

Bxsing = fxsinf = Bxsing , E+E,=E,

;@o ~E)c0st) =2 cos(

s

Sl g
NiA
= A and 14T 1=1..
T ErO ™ /Coset —Th /COSHI. Ezo 2772 /Coset
== , T, =—=
: E, n,/cost,+n,/coso, : E, 1,/cos0, +n, /coso,

Note: Snell’s Law holds only in case of lossless media.

. . l—pe, /e 1
Brewster angle: No reflection occurs when singy, = |—-12 2270 =
BL 1=(a4 / 11,)’ NI+ /1)

if e1=e2, pi#w2




(Proof) I''=0= 1, cos 8, =7, cosb,,

/e . 1—we,/ 1,6
cos, =4/1-sin” 6, = [1- n—sm 6 = " cosl, = \/ﬁcos&:mln@m_ S ] L.

n2 m NYTR l 1=(t /luz)z

—j(4x+3z)

Eg. A uniform plane wave Ei (x,z) = ybe in medium 1 (4&o,u0) is incident

on a plane of medium 2 (64£0/9,u0) at z=0. (a) Is it in perpendicular polarization
or parallel polarization? (b) Find the frequency and wavelength of the wave in
medium 1. (¢) Write down the reflected angle and the refractive angle of the

transmitted wave. (d) Write down the unit propagation vectors of the incident

wave da,, the reflected wave 4, , and the transmitted wave a,,, respectively. (e)

ni 9

Compute the reflection and the transmission coefficients. (f) Find Er(x,z) and
H . (x,z) of the reflected wave. (g) Find Et(x,z) and Flt(x,z) of the

transmitted wave.
(Sol.) (a) ¥ L xz— plane, ..Perpendicular polarization (7E)

) =443 =5= 2T o fude, = =2 =T f= 210"

0 ‘ |
(©) S%n O S =i:>sm6?, =és1nt9i =§, cosd, =i

sin @, g 3 4 5 5
d) a 4x+3z’ i - 4x—3z’ &m=3x+4z

Ho

S =60r,
(© = \ 4¢, "\ (64¢, /9) (6450/9)

772/0059 nl/cosﬁ 21, /cos 6, 18

_,T = —
772/cos«9 +771/cos«9 257 772/00549[+771/cosl9i 25

B Y S
(f) Er(xﬁz) =FL 'y6e J(4x=32) =—yge Jj(4x=3z)

7 1 = -7 A
H (x,z)=—(a, xE )= 35 4 45)e—43-32)
)= ) = 50s ¢ )

1

In Inedlunl = — | ()8 64 20
‘ ? 2 2 X : 0" —_—, = —

E A ]08 16
=7 e ‘ i zcos, A -j(4x+—z2)

t(X’Z) y6 JP(xsing,+zcosb,) =9 J 3

25

16

_ — —j(4x+—2)

Ht(x,z)=—l (ame,)=—27 (—fx if)e] 3
m, 1257° 5 5



Case 2 Parallel Polarization (TM):

a, =xsin@, +zcos6,, a, =xsinf —zcos6,
a, =xsin6, +zcosb,

Reflected

wave

Incident plane wave:

— E. L
_ ~™i0 _—jp(xsin@ +zcosb;)
H (x,z)=y—e "
1 )

E.(x,z) = E,j(Xcos @, — £sin @,)e /Fi(xsindirzcost)

Incident
wave

E (x,z2)=E, (Xcos@, +2sin )e /Atrsndzcosb)

Reflected wave: < _

Hr(x,z) = —j}he_jﬂﬂming,—zcos&r) ,

m

E (x,z)=E, (%cos@, — £sin @, )e /P2(xsnbirzcost)

Transmitted wave: A o) =5 E, g-iP(asindrzeosd)
t B
1,
. . i %
Continuity of tangential field components at z=0 = ﬂ = B 2 T
sing, B, v, n

E, _n COSH: —7 COS@i

(Ey +E,y)cost, =E, cost) L=

E, 0 + ) )

1 Eto N i0 7]2 COS A 7]1 COS i ’ and 1+ rll _ TH ) COS f

;(Eio _Ero)zn_ 2' _& _ 21, cosb, cos 6,
1 2 =

E, - n, cosd, +1, coso,

. i Il— el ue 1
Brewster angle: No reflection occurs when sin 0y = 2917 1%
I 2
1-(¢g /¢&,) J1+(g /&)

If=12= 6, =tan™ £ _tan™! (ﬂ) :
n,

&




—j(8x+62)

Eg. A uniform plane wave E,(x,z)=(-3%+42)e in air is incident on a

plane of medium (16&0/9,u0) at z=0. (a) Is it in perpendicular polarization or
parallel polarization? (b) Find the frequency and wavelength of the wave in
medium 1. (¢) Write down the refractive angle 6; of the transmitted wave. Is 6;
equal to the Brewster angle? (d) Write down the unit propagation vectors of the

incident wave a,, the reflected wave 4, , and the transmitted wave a

ni % nt 9

respectively. (¢) Compute the reflection and the transmission coefficients. (f) Find
E (x,z) and H (x,z) of the reflected wave. (g) Find Et (x,z) and H (x,z) of

the transmitted wave.

(Sol.) (a) H, = i(dm‘ x E) = —$5¢7/®*%) " Parallel polarization (TM)

o

(b) B, =8 +6 =10=27”=a; LoEs :>/1=%m

a)=3><109:>f=1—5><108
V2
(c) 6, :sinl(é), sin @, :;:i 50, =0,
1+ (5
&
in o, : .
s?n - = 8—2=£351n9t=£x§=§:>6’t:sm*1(§), cosH,zi
sin @, g 3 5 4 5 5 5
d) &ni=4x+3z’ i =0, &m:3x+4z
5 5
(&) 1, = Ho _ 1207 n, = Ho 907 —T _ 11,6086, —17, cos b, o
: & » (16&,/9) I 5, cos6, + 1, cosb, ’
. 2n, cos o, 3
H n,cosd +n cosd, 4

() E (x2)=H,(x,2)=0

) [ 1 4
(g) In medium 2, f, = w,|u, -§50 = ?0
—j(8x+22)

= A AN —jfB, (xsi z 9 I o
E, (x,z)=7,-(-3x+4Z)e iP(xsinGrzcosf) (—Zx+3z)e 3

— 1 - 1 1 8 —j(8x+£z) l —j(8x+£z)
H X, Z =—& x E =—_—Ae 3 =_A—e 3
(%, 2) 772( w ¥ E,) 907[( s ) v



Snell’s Law:

sinf, _ f
sind, f,

Y b &L [En and 9=6;
n, VvV 1 & €2
L £y
E. E.

r _1m,/cos60,—n,/cosf, n cos —n,cosd, sin(6, -0,)

s n,/cos6, +n,/cosb, - n, cos @, +n, cos 6, - sin(6, +0,)

2n, /cosé, 2n, cos O, _ 2co0s0,sin6,

T, = = =
Y m,/cosB, +n, /cos, n cosb +n,cosf,  sin(d, +6,)

_1myco80,—n,cos@, n /cos® —n,/cos, tan(6, —6,)

2n, cos 0,

- 1, cos O, +1n, cos 0, - n,/cos®, +n, /cos0, - tan(d, +0,)

2n, /cos 0, 2cos @, sin 6,

o=

Reflected wave

Miedisen |

med |G
=0

- 1, cos @, +n, cos b, B n,/cos®, +n, /cos 0, - sin(@, +6,)cos(6, - 6,)

The media are called right-handed materials in case &, u,
and n are positive. All the natural media are right-handed.
However, some artificial materials, such as a few photonic
crystals, may be left-handed. It implies that the effective

values of ¢, 1, and n are negative. The refractive angle 6, as

well as 6, is positive in case of obliquely-incident light passing the interface between
the distinct right-handed media. That is, the incident light and the transmitted light are

the opposite sides of the normal line of the interface.

Example of an obliquely-incident laser beam passing a slab made of left-handed

medium:




Eg. A light ray is incident from air obliquely on a transparent sheet of thickness d
with an index of refraction as shown in the figure. The angle of incidence is 6.
Find (a) 6 (b) the distance /; at the point of exit, and (c¢) the amount of the
lateral displacement /; of the emerging ray.

(Sol.) (a) s%n b — 1 =6 =sin" (Sln (91.)
sinf.  n N
(b) £1=dtan6?t: dsnlai

\Jn’ —sin’ 6,

2 .2 .
© t,=ft7+dsin@-G)= T8 | [ing cosd) —cosd sin] = dsing — 50804
n’ —sin’ § {7 —sir’

Rigid Body (sings).

Gin a body meet a body

Flyin’ through the air,

Gin a body hit a body,

Will it fly? and where?

Ilka impact has its measure,
Ne'er a ane hae |,

Yet a’ the lads they measure me,
Or, at least, they try.

Gin a body meet a body
Altogether free,

How they travel afterwards
We do not always see.

llka problem has its method
By analytics high;

For me, | ken na ane o' them,
But what the waur am 1?

by James Clerk Maxwell



3-5 Total Reflection and Critical Angle (0.)

In case of e1>¢2 (or n1>n2):

Reflected
o . 82 . n2 wave 2
Define critical angle as fc=sin~ (_|[—) =sin" (—), i
81 nl = !fz
. . gl . Incident
While i>0.= sinf, = | —sin6, >1 wave B4
82 Medium |

(€1, pg)

= cosf, =l-sin’ g, =+j /isin2 0, -1
&

. . _ _ el igesng s
a, =%sin@ +2cosf, , E, and H, oc e P70 .o /il — gmi o7t 5 () a5

le, . &, .
z—o, where a, =, [-2si’ @ -1 and B, =B, |~>sin6,
g &
1 1

Eg. An electromagnetic wave from an underwater source with perpendicular
polarization is incident on a water-air interface at ;=20°. Using u,=1 and &=81
for fresh water, find (a) critical angle 6., (b) reflection coefficient I'., (c)
transmission coefficient t., and (d) attenuation in dB for each wavelength into

the air.

(Sol) n, =7, =120z, n, :407”, 0, =20°, cosd, =/1—sin® 6, =/1-(9sin20°)

@ 6= ([Dyazses 0) 1 LTI s (6) g, =T, =189,

n,/cos6, +n,/cosb,
& .
(d) a,=p4,-|—sin’0 -1.
&
A _ A

Attenuation per wavelength is -20log e >** =159dB, where A2= =—

J81 9

Eg. ¢ of water at optical frequency =1.75¢, find 4 at a distance under water yields

an illuminated circular area of a radius »=5m.

(Sol.) €. =sin™ 1/# =49.2°, dtan49.2°=5=d =4.32m



Eg. For preventing interference of waves in neighboring fibers and for
mechanical protection, individual optical fibers are usually cladded by a material
of a lower refractive index, as shown in the figure, where n;>n;. (a) Express the
maximum angle of incident . in terms of no, n1 and n; for meridional rays
incident on the core’s end face to be trapped inside the core by total internal
reflection. (Meridional rays are those that pass through the fiber axis. The angle
0. is called the acceptance angle, sin(#.) is the numerical aperture (NA) of the
fiber.)

(Sol) sing="0sing,, p=2-¢>0, =sin"' () 7’*
" 2 n 4 o

2 .2
n n, sin” @
: _ "2 . _ _ 0
sinf, = —=<sing =cosg = |l -———*
n, n,

2 2 .2 2 2
n, n, sin” 6, )

—<l- > , sin@, <
n, n, 1y

, where no=1

Eg. Determine &1 such that light is confined within the rod.

(Sol.) sin@, >sing, = /i, 0, =2 -0 = cos, > /L...(n
€ 2 2
.2
sind, = | sing,..2) = [1-0% /i:gﬂznsmza
grl grl grl

Eg. Assuming &=4 for glass, calculate the percentage of the incident light power
reflected back by the prism.

(Sol)) 6. = sin”' \E =30°<45°, n,, =1207, 1, =607 Incident

light

2x 607 2 2x120x 4

z-azir— e T =7
P 1207 +60r 3

T Fism—ait 4 o
P 1207 +60r 3

5

2
1212

P64

2 6% 799,
81

total | 4|

4
3

T

Note: The depth of focus (DOF) of an optical imaging system is usually defined as
DOF=0.5)2/NA>.



3-6 Normal Incidence at Three-layer Dielectric Interfaces

In medium 1,

E, =R(E e +E ")

_ 1 A oy E,=T,-E.
H = y_(Eioe_jﬂlz _Eroejﬂlz) ’ o
s
In medium 2,
E,=XE," e’ +E, ) E,=3E, e
_ 1 v e C o In medium 3, { _ ES .
[_]2 :y_(E2 e JBa _E2 e./ﬁz ) H3 =7 3 e—]ﬂsz
7, UE

." Continuity of tangential field components at z=0 & z=d,

. E1(0)=E2(0), Hi1(0)=H2(0), E2(d)=E3(d), H2(d)=H3(d)

175 cosfB,d + jn, sin 5,d .- n, + jn, tan B,d
1, cos B,d + jn, sin f,d ’ 1, + jnstan Bod

E H Z,(0)—
= Effective reflection coefficient I'jy=—2 = - —% = () =7,
E, H, Z,(0)+n,

Define Z,(0)=n,

Eg. If no reflection occurs, find the relation among d, 1, 12, and 3.

Z,(0)—n L L
[, =0="2"—"=7,(15, cosf,d + jn, sin B,d) = 1, cos f§,d + j; sin 3,d)
| Z,(0)+n,
Sol.
( ) - 1y cosf,d =n, cos B,d N 1, =T, or {771 =T}
7, sinfod = mrysinf,d - |cosfd =0 sinf5,d =0
Case I: Case 2:
1, =JTh1; OF Ny = A1 1y I =1, 0rn =n;
nA
d = (2n +1) /12, n= 0,1,2,... d = 2 ’ n= 071729"'

(Quarter-wave impedance transformer)  (Half-wave impedance transformer)

Eg. A transparent dielectric coating is applied to glass (u.=1, &=4) to eliminate
the reflection of red light Ay=0.75um. Determine the required dielectric constant

and thickness of the coating.
(Sol) (@) n, =n, =120, n, =60r

2n+1 2n+1) 0.
,_771773 1207 1207 g =2, = \/_a’—(n+)ﬂ,2:(n+)-075,n=0,1,2,...

\/_ 4 4




3-7 Optical Theory of Multi-Layer Films

Lo E+E =E,+E,
Normal incidence: At z=0: , z=d:
mE, —nkE =nE, —n,E,’

{ E,e™ +E,'e™ = E,
—jkyd v Jkyd
n,E,e n,E,'e”™" =n,E,

(=)= n,
/ — jn,sin(k,d)  cos(k,d)

cos(k,d) — Jjsin(k,d) |: 1 ](E3

1 1 1
Or, [ }+ [ } '=M [ } -7, where k>=2nn2/\, I'=E\/Ei, ©==E3/E;
1 iy

— jsin(k,d) M. M
Optical transfer matrix: M = cos(k,d) n, :{M“ Mu}
— jn,sin(k,d)  cos(k,d) 2 2
:r:M“nl+M12n3n1—M21—M22n3 and 7= 2n,
M \n, +M,n;n + My +M,,n, M \n, +M,n;n + M, +My,n,
— jsin[k,d cos(@.
coslk,d cos(@,)] Jsinlk,d cos@)]

Oblique incidence: M= , where p=nacos0i

— jpsinlk,d cos(@)] coslk,d cos@,)]

(TE), or p=n2/cosfi (TM)
Anti-reflecting film: I'=0 and d=A4n2= M11=M2=0, M12=-j/n2, M21=-jn2

= Minsmi=-jn3ni/n2=M21=-jn2=> n2=/n,n,

Effective optical transfer matrix of n-layer film: M=M\M2Ms5... . Mh.

High-reflectance film: A stack of N alternate quarter-wave layers

of high index n» and low index »n; materials

. -,
-J -J -J -j] |ent o
0 0 0 0 "
M= n, n |- n | n |-= .
—jn, 0 -jn, 0O -jn, 0 -jn, 0O 0 (E)N

= (ny/n))™ L

- (”h/nz)ZN +1



Eg. Determine the effective reflectances of an eight-layer stack (/N=4) and
thirty-layer stack (N=15) of ZnS (n;,=2.3) and MgF; (n~1.35).
_(2.3/1.35)° -1 . (2.3/1.35)" -1

“Loaiasy) =049 0 i =[23iasyo o) =09

(Sol.) (a) |

Eg. The relation between the reflectivity and the incidence angle.

(s}

10

[NIBC]

A =240 nm
=05




3-8 Fabry-Perot Resonators

Fabry-Perot resonator: Lightwave is resonant between two parallel plates.

Path difference between two successive rays:
d
+
cosd cosé

Total output E-field:

-c08260 =2d cos@

4 4 Ett
E, =Ew+En'rr'e”’ + Ett'r’r? e’ +.. = ——— |
1—rr'e’

where 0=2kdcosb= dmd cos 0 is the optical phase

0
difference, and d is the thickness.
Total output intensity Fabry-Perot resonator:

I.T* B 1.T*

1

‘T 1-Re"[ (1— R)* +4Rsin*(5/2)

, Wwhere R=rr’, T=tr’, and

R+T+A(absorption)=1.

Transmittance of Fabry-Perot resonator:
I, o 1
I, (1-R)*> 1+ Fsin’*(5/2)

where

transmitted light

= a R)2 is called the coefficient of finesse.

It is a measurement of the sharpness of the

interference fringes. Note that F' becomes larger

wavelength

as well as R increases.

I 2
) e = T—Z occurs if 0 = dmnd cos 6 =2Nrx (or,f:i __ N ).
I (I-R) 0 A, 2ndcos@
I 2
(D min = T—Z occurs if 0 = dmd cos§ =Nr (or,f:i = N ).
; (1+R) Ay A, 4ndcos@
. Fabry-Perot Resonator can be used as an optical spectral analyzer.
Free spectral range in frequency: f,,, — fy = _c
2nd cos 6

Natural cleavage planes: Semiconductor lasers usually utilize the natural cleavage
planes as the both parallel mirrors of the Fabry-Perot resonator.

Miller indices: If a plane crossing (£,0,0), (0,4,0) and (0,0,/), then (k,h,l) is called
Miller indices of the plane. Note: (% ,h,0) denotes (-k,h,0), (k,z ,[) denotes (k,-h,l), etc.



Note: GaAs’s natural cleavage plane is (1,1,0)-plane. Si’s and Ge’s natural cleavage
plane are (1,1,1)-plane.

3-9 Introduction to Lasers

Stimulated emission: A photon induces an electron to

@ .
fall down from a higher-energy level to a lower-energy
MJ ﬁ level. And then it generates another photon with the
same wavelength and the same phase.
@
: Basic characteristics of lasers:
K"“‘*a.‘_\‘_“ 1. Alignment.

2. Small broadening angle.
3. Single wavelength.
4. High Coherence.

Lasing conditions:

e 1. Population inversion: A certain higher-energy level

has more electrons than a lower-energy level.
o)

*

o o o
',Pump
e 8 o 8 @




energy of
atom

ietime ~ 107 5 Eg. The energy-level system of a ruby laser: The
excited

ptoe) lifetime ~ 103 s

_________ 1° 1= 1* I* S

metastable
state

population inversion occurs between the metastable
state and the ground state.

ground
- 2. Pumping systems: Ultilizing current driving or
other methods to pump electrons from a lower-energy level into a higher-energy
level.

3. Optical resonators: The laser light traverses back and forth within an optical

resonator to generate the stimulated emission.

By== plane-paraliel Ry=e0
L

Ry=12  concentric (spherical)  Ry=L2

By=L confocal Ry=L

Application of lasers:

Laser Pointer Laser Pickup Head

Laser Sight/Collimation



Laser knife in surgery Laser acupuncture Laser acupuncture machine

Laser scanner and its applications

3-10 General Optical Resonators and Laser Modes

General laser resonator: Two mirrors with radii Ri

and R», separation L.

Stability condition: 0<(I1- R%)(l RS
1 2

I If a laser medium is situated within an unstable

resonator, no stable laser can emit.
n m Laser modes: TEMmn mode if m+1 spots in the horizontal

direction and n+1 spots in the vertical direction.




Gaussian beam (TEMgy mode): Fundamental laser mode in an optical resonator or a

lenslike medium.

L |r\-| plane

it

E:,ludw varizlions with =

2 2 2
VE1kE=0= (0 19,9 -+ O iihE=0.
ort ror oz* oz*

Let E=y(x,y,z)e’™ be a scalar field=> eV, 1//+§ [W'e ™ — jkye ™)+ kPye ™™ =0,

where y’=dy/dz. Assume ky >>y <<y =>\/*y-2jky =0.

Let y=Eoexp{-j[P(z)+ki*/2¢(z)]}, where r’=x*+)°.
Substitute y=Eoexp {-j[P(z)+kr*/2q(2)]} into \/Pw-2jky =0
= -(klq) *r*-2j(klq)- I*r*(1/q)’-2kP’=0

= (1/¢)*+(1/g)’=0 and P’=-j/q.

Let 1/g=s’/s = s=az+b, g=qo+z, and P’=-j/(z+q0) = P=-jln(1+z/qo).
Set go=jmwo’n/A and k=2xn/l=> y=exp{-j[-jIn(1+z/qo)+kr*/2(z+q0)]} =

jk 7zw0
} where R(z)= z{1+[ e ]},

E(x,y,z) E)_ CXE{_J[kZ_U(Z)] (x2 +)/2) [M/Z( ) ZR( )

g L1 A
w4 T RG) mw @

w(z)=w- {1+[ 5 ]} n(z)=tan (

At z=0, waist: w(0)=wo, R(0)=00, and 7(0)=0=> E(x,y,z=0)=Eoexp[-(x*+y*)/w¢?]
“

ol

Beam divergent angle of Gaussian beam: Gpeam=tan™[

=
r
M




Beam Shaper: Reshape laser beam and intensity distribution.

Transformation of the Gaussian beam propagating through an optical element—

ABCD law: =20+ 8
Cq, +D
ABCD matrix: It can be utilized

to describe a ray propagating

|: Fin, Fin :IJ Ray Transformation Dewvice ( Feut; ?’I'-:-ut]

4 B — | & £
|:I2 O
rout _ A B rin
'Zil'l IZDUt r‘out - C D r'in

: At Bt An Bn A2 BZ Al Bl
For cascade of n optical elements, =
C, D C, D, C, D,||C, D,

through an optical element

t t



:O s

n,

1 0
A B
Case 1 Ray passes a planar dielectric interface: {C D} n

(Proof) rout=rin, r*out/r*in=tanBout/tanOin = sinBout/sinOin=n1/n2

;#}'—‘"H
= 1] 4 B 1 O
== == = = = 0 ﬂ

TIIr ¢ D

nl 2 n,

o 4 B]_1 &
Case 2 Ray passes a dielectric of thickness d: c D = 0 n
1

(Proof) rout=rint(d/n)tanOin= rint(d/n)rin, r‘ou= r‘in

L

C D| o 1 D| |0 1]

1 0

A B
Case 3 Ray passes a thin lens of focal length f: {C D} = 1 1
f

(Proof) rout=rin, r‘out=tanBout = tanBin-rin/f=r in-rin/f

A B[00
“lc p| |- 1
f

4 B 1 0
=", 1 N | where
D

Case 4 Ray passes a spherical dielectric interface: {
n,R n,

R>0 if the surface is concave; R<O0 if the surface is convex.

(Proof) rout=rin, r‘out=tanfout = sinBout

S - = (m/n2)sinBint(1-m/ma)rin/R = (mi/na)tanGiH(L-mi/m)rn/ R
mEn (mi/n2)rinct(1-n1/n2) rin/R {A B} nln 7(1)
R L =(m/m)rint(1-m/n2) ri/R = —|ny—n  n
] C D R ",

Case 5 Ray is reflected by a spherical mirror: {C D} { 2 1}



Eg. Obtain the effective focal length of the thin lens system.  iomm - smun
—|

2mm

f=10mm

3

1 0 11 1 2
(Sol) Mi=Mr=| _ 1 ||, Mo=Ms= , Ma= ,
- E 01 0 1

Eg. Show that lens-maker’s formula l:(n—l)(_—l+i) s
f R R

‘RE where R1 or R»>0 if the surface is convex to right; otherwise, R
R L @ or R»<0.
1 0 1 0 1 0 1 0
(Proof) {Af Bt}: N | e N R e e s
C D] | R nR, n| | R, R f

1 -1 1
37—("—1)(RT1+R—2)

Eg. Consider a system of two closely-contacted thin lenses, of focal lengths f; and

1 0 1 0 1 0
f2, respectively. The ABCD matrix is |_ | 1 b 1= _(L +L) 1l
/> /i VIE

Hence the effective focal length f'is expressed by % = L

+—.
VA



P d] :; < d?. P Eg A Gau.ssian beam propagated a
: *-I....._____ distance 4 in free space and passed a
‘ | thin lens of focal length f. And then it
‘i traversed a distance d; in free space.
r Determine the ABCD matrix.

d2 d1d2

-2 d +d, -
(Sol.) {A’ Bf}:{l dz} b {1 dl} ;TR
¢, pflo )77 Yo 1] _L 4
/ /

Theorem The stable condition of an optical
resonator, composed of two spherical mirrors of

curvature radii Ry and R,, separation L, is

L L
0<(-—1--)<1.

1 2

2, 4

(Proof) One round trip:

2L 2L

[A B}_ 10 F L} 1o {1 L}_ vy Le-3)
=1 — 1 -2 2 2L -2L 2L 2L
€ Dl |p O Ug IO 1222 q_25 I-E1-20)
2 Rl R2 2 Rl R2

Characteristic polynomial is A>-(A+D)A+A4D-BC=\*-(A+D)\+1=0.

2
Stable resonator if [4[=1 and 1 is imaginary: (4+D)*4=0= _ZSZ_iL _4RL +;5€z =2
2

Sl:OS(l—%)(I—L)SI.

1 2

2 2
AL 4L+ 4L £4:>0£1—£—£+ L

Rl R’Z Rl RZ Rl RZ Rl R2

Eg. Show that the Fabry-Perot resonator is a stable resonator.

(Sol.) Ri=Ry=o0, (1- %)(1 - Ri) =1 fulfills the stable condition.

1 2



Eg. Consider two resonators: (a) Ri=5cm, R»=10cm, L=20cm. (b) R1=5cm,
R>=10cm, L=3cm. Which is a stable resonator?

(Sol.) (a) (1- RA)(I — Ri) =(-3)(-1)=3>1, .". It is not a stable resonator!
1 2

(b) 0<( - %)(1 — L) =(0.4)(0.7)=0.28<1, .". It is a stable resonator!

Eg. A Gaussian beam is focused by a

: \t f“’é £ : lens. The waist of Gaussian beam is
e f '|___‘—_—~—~—_,____ . .
2Wy [ % " 2w, 2wi, which is located on the surface

=] ____~—~—/—”_'—J_— : .
V\f# * of a lens of focal length f. Determine

f 2W2 the dimension of the waist 2w3 of the

output beam and its location /.
(Sol) At plane 1, Ri=on, = __J4 ___J*
g, R, mw, mw,

1 0 .
A B A B
AT U e B ) 1 1 :qzzaer—Jbz, where a=1/f,
Ciq, + D, +b

At plane 2, ¢>=

A B A, B 1 !
b=A/mw1’n. At plane 3,q3=2qz—+2 and { : 2}2{ }
C,q, +D,

—a_ jb
[ 2 2 2 2 /
:>q3=q2+l:>L=L— J/12: a +b a +b __ 1/12
I S Y | R A

a’+b* a’+b?

——= 7 <fand ws= JA ] mwn
@bty 1+ (A 7w )’

#0

w10 v IS, o the realistic focal length of a Gaussian beam is
X { \7 less than the ideal focal length of the lens.

2° -+ In case of very short A, wi= JA] mwn

oA,
tris e L+ (fA ) v’ n)

we must develop the short-A laser to read data stored in the high-density optical disk.
Otherwise, the long-A laser can not be focused within a small range to detect a small
pit. Thus conventional VCD/DVD utilizes red (650nm) but blu-ray DVD utilizes blue
light (405nm). By the same reason, we must utilize short-wavelength light to fabricate

the masks of the IC patterns comprising tiny devices.



3-11 Gratings and Photonic Crystals

Grating: Periodical structure for optical

diffraction.

Sharp Bends in PBG Waveguides

Maps onto the problem of 1D resonant election scattering

Q00 Band

& Shawn Lin (Sandia)
15 e L -I

1
i

: Pagy . 2 2 .
' " "l._c‘ i E k1 i

[

Hirior Yo
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Sharp 90 degree bend - o
100% transmission! Y W & M e e e

¥
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Eg. Comparison between 3 types of 90° bent
photonic crystal waveguides. (by K. -Y. Lee, C. -C.
Tsai 25(FEfE, T. —-C. Weng §55=3%, Y. —L. Kuo F2Zt
B, C. -W. Kao 5%&, K. -Y. Chen [EZT, and
Y. -J. Lin $#A52(0)

Marmalized fraguency=0.4

alA=04, we=0.5um

Meemalizod frequsncy=0.4 Mormalizad fraquancy=0.4
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