PHY 712 Electrodynamics
9-9:50 AM Olin 103

Plan for Lecture 16:

Read Chapter 7

1. Plane polarized electromagnetic waves

2. Reflectance and transmittance of electromagnetic
waves — extension to anisotropy and complexity
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PHY 712 Sprin ecture 16
7 [Fri:01/30/2015  Chap. 3 Cylindrical and spherical geometries a7 02102/2015
8 |Mon: 02/02/2015 [Chap. 4 Multipole analysis #8 0210472015
9 \Wed: 02/04/2015 Chap. 4 Dipoles and dielectrics # 02106/2015
10 Fri: 02/06/2015 Chap. 4 Dipoles and dielectrics #10 02/09/2015
11 Mon: 02/09/2015 Chap. 5 Magnetostatics #11 02/11/2015
12 Wed: 02/11/2015 Chap. 5 Magnetostatics #12 02/13/12015
13 Fri: 02/13/2015 Chap. 5 Magnetostatics #13 02/16/2015
14 Mon: 02/16/2015 Chap. 6 Maxwell's equations #13 02/18/2015
15 Wed: 02/18/2015 Chap. 6 Electromagnetic energy and force #15 02/20/2015
16 [Fri: 02/20/2015  (Chap. 7 Electromagnetic plane waves #16 021232015
‘ 17 Mon: 02/23/2015 Chap. 7 Dielectric media #7 02125/2015

18 Wed: 02/25/2015 Chap. 7 Complex dielectrics #18 0212772015
19 [Fri: 02/27/2015  (Chap. 8 Wave guides

Mon. 03/02/2015 |APS Meeting  Take-home exam (no class meeting)

Mon. 03/04/2015 |APS Meeting  Take-home exam (no class meeting)

Mon. 03/06/2015 |APS Meeting _ Take-home exam (no class meeting)
[ Mon. 03/09/2015 [Spring Break
[ Wed. 03/11/2015 |Spring Break
[ [Fri. 03113120156 Spring Break

20 [Fri: 02/27/2015  Chap. 8 Wave guides

PHY 712 Sprin

Maxwell’s equations

For linear isotropic media and no sources: D=¢E; B=uH
Coulomb's law: V-E=0

) JE
Ampere-Maxwell's law: VXB—,ugE:O

Faraday's law: VxE+% =0

No magnetic monopoles: V-B=0
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Analysis of Maxwell’'s equations without sources -- continued:
Coulomb's law : V-E=0

Ampere-Maxwell'slaw: VxB-—ue % =0
Faraday's law : VXE+ 2—]; =0
t

No magnetic monopoles: V-B=0
VX(VXB*#E%)Z*VZB*/!&‘@(VXE)
t

ot
o'B
=-V’B+ue—==0
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Analysis of Maxwell’'s equations without sources -- continued:
Both E and B fields are solutions to a wave equation:

1 0°B
2
VB 7!
2
vﬁz-%%f:o
v t
where vzzczmsi
ue n’

Plane wave solutions to wave equation :
B(r, t) = %(Boeik"‘i”‘ ) E(r, t) — m(EOeik-r—iwt )
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Analysis of Maxwell’'s equations without sources -- continued:
Plane wavesolutions to wave equation :

B(r, l‘) = ER(BOeik-r-iwt ) E(r, l‘) _ ER(EOeik'r_iwt)

2 2
K [wj (a’) wheren = |24
v ¢ HoEy

Note: ¢, 4, n, k can all be complex; for the moment we will
assume that they are all real (no dissipation).

Note that E and B are not independent;

from Faraday's law: VxE+ %3 =0
_kxE; nﬁxEO

c
alsonote: k-E,=0 and k-B,=0
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Analysis of Maxwell’'s equations without sources -- continued:
Summary of plane electromagnetic waves :

B(l‘, t) = U{[”kxEoeik.rz‘axJ E(l‘, t) _ ER(EOeik.r,,m )
C

2 2
K[ = (Qj = (%J wheren=_ [£- andk-E,=0
v c Ho&y

Poynting vector and energy density:
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Reflection and refraction of plane electromagnetic waves at a
plane interface between dielectrics (assumed to be lossless)

pe
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Reflection and refraction -- continued
In medium g'e":

we E E(r,f)= ER(E'O e"«*’(”"z"”’))
e B )= Rk (1) = ()
: In medium e :
E,(r)= m(EO,e’f“(”*"”’))
B,-(l‘,t): gf(i xE, (r,t) = yeﬁi xE, (r,t)
E, (1, 1)= (g, ¢ 1)
B,(r,7)= gRR B, (r,t) = [1iek o X E 5 (r,1)




Reflection and refraction -- continued

Snell's law - - matching phase factors at boundary plane :
r=xX+yy+0z

K'r = xsiné

K, r=xsini=k, - r =i=R

n'k'r=nk,-r = n'xsiné=nxsini

Snell'slaw: n'sin@ =nsini
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Reflection and refraction -- continued

Continuity equations at boundary with no sources :
V-D=0 V-B=0

VxH—a—D:O V><E+6—B:0
ot ot

Matching field amplitudes at boundary plane:
D-z, B-Z continuous

Hxz,Exz continuous
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Reflection and refraction -- continued
7 Matching field amplitudes at boundary plane

D-Z continuous:
is@m+EM)2:5Eyi

B-z continuous:

n(lA(‘. xE,, +k, XEOR)-i =

nK'E',; 7

ExZ continuous:

A Te s
(Eo, +E0R)><z =E'xz
HxZz continuous:

ﬁ(ﬁi xE,, +ﬁR xEOR)xi:l'l;'xE'O‘xi
u u
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Reflection and refraction -- continued

s-polarization — E field “polarized”
perpendicular to plane of incidence
ExZ continuous:

% (B, +E,)x2=Exi

HxZ continuous:

l(l%,. xE,, +12R XEOR)xi :%ﬁ'xE'Oixi

ncosifﬁyn'cosé’

0R _ u E, 2ncosi
Ey ncosi+ - n'cos Ey

neosi+ - n'cosd
!

Note that: n'cos@=+n"—n’sin’i
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Reflection and refraction -- continued

p-polarization — E field “polarized”
Z parallel to plane of incidence

D-z continuous:
3 (B, +E,)2=¢FE z

HxZ continuous:

ﬁ(f(i xE,, +ﬁR xEOR)xi =i'12'xE'0ixi
M H

ﬁyn’cosifncosﬁ , .
Epp _ 4 o _ 2ncosi
E, . E, 1 .
0i ’un'cosz+n0059 0i L'n'cosz+ncos6’

1

Note that: n'cos@=+n"—n*sin’i
2/20/2015
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Reflection and refraction -- continued

Reflectance, transmittance :

RoSet B[ g 82 _|Bn coso
S,-2 | E, S,-Zz |E,| n u' cosi
Notethat R+T=1




For s-polarization

ncosi—* n'cos 0 , .
o' E', 2ncosi

Lo _ Lo _
17

Ey ncosi+ﬁ'n'c059 Ey ncosi+-n'cos
u u

Note that: n'cos@=+n"—n’sin’i

For p-polarization

ﬁ'n'cosi—ncosﬁ '
Ep _u E' -

E, . E, .
0i ﬁyn‘cosuncos@ 0i ﬁ'n'coancosH
U

Note that: n'cos@=+n"—n’sin’i
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Special case: normal incidence (i=0, 6=0)

H n'—n
2n

Ep _ 4 ﬂ:

Hopin Eo ﬁ' n'+n
H

oy

0i

Reflectance, transmittance :
2

2 ﬁ'n'fn
R:ﬁ H
Eqy ﬁ'n'+n
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Multilayer dielectrics ~ (Problem #7.2)

ny n, ng
k; ke L
_— _—
P
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Extension of analysis to anisotropic media --

y
/k:
Ay H&
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Consider the problem of determining the reflectance from
an anisotropic medium with isotropic permeability i, and
anisotropic permittivity £,x where:

k., O 0
k=| 0 K, 0
0 0 «

By assumption, the wave vector in the medium is
confined to the x-y plane and will be denoted by

o0, .. .
k, =—(nX+n,y),where n, and n, are to be determined.
c

The electric field inside the medium is given by:

. N
i—(n.x+n,y)—iot

E=(EX+EY+E17Z)e°
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Inside the anisotropic medium, Maxwell’s equations are:
V-H=0 V-k-E=0
VxE—iouH=0 VxH+ivegk-E=0

After some algebra, the equation for E is:

2
K,—n, nn, 0 E,
2
nn,  K,-n, 0 E, |=0.
2, 2
0 0 K. —(n;+n) )\ E,

From E, H can be determined from

. . o iZnoxen, y)-ior
H=— {Ez(nyx -ny)+(En, — Exnv)z} e
HoC '
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The fields for the incident and reflected waves are the
same as for the isotropic case.

@ A A
k;, =—(siniXx +cosiy),
c

@, .. o~
k,; =—(siniX—cosiy).
c

Note that, consistent with Snell’'s law: 7, = sini
Continuity conditions at the y=0 plane must be applied for
the following fields:

H(x,0,2,0), E.(x,0,2,0), E.(x,0,2,7), and D, (x,0,z,0).

There will be two different solutions, depending of the
polarization of the incident field.
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Solution for s-polarization

E=E=0 =n=x -
H 1 . . i%](n(x+ntv)fin)l
= —{E__ (nyx—nxy)} e
HoC
E, must be determined from the continuity conditions:

E,+E,=E. (E,—Ej)cosi=E.n, (E,+E,)sini=En,

) .
i—(nx+n,y)—iot
c

E=E 7e

E, _cosi—n,

E, cositn,
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Solution for p-polarization .
2 y 2
E =0 =un= K“ (x,, — 1)
»

o
R K.n. . i—(nx+n,y)-iot
E=Ex[x—” XyJef .

Kyl

E Kk . iZnxeny)-ior
H=—"%"—"7%¢° .
HyC 1,

E_ must be determined from the continuity conditions:

K K.,

(E,—E,)cosi=E, (E,+E,))= nXX E. (E,+E,)sini= E..
v v
E0 K, cosi-n,
FO - K. COsi+n, ’
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Extension of analysis to complex dielectric functions

For simplicity assume that 2 = g,

Suppose the dielectric function is complex :

. £ . :
E=¢g,+ig; L =(ny+in,f =a+if
€y
1/2 1/2
Vo' +p +a Vo'l + 7 —a
Ny =| ——F n=——---
2 2

E(r, t) R (Eoeﬁfv(nﬁ I‘*L‘Y)): R (Eoeii—“(npﬁ rfcr)>7%n,f(.r
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