Electrodynamics

— Lecture E —

UNIVERSITY
OF TWENTE.

MESA+

INSTITUTE FOR NANOTECHNOLOGY!

Manfred Hammer, Hugo Hoekstra,
Lantian Chang, Mustafa Sefunc¢, Yean-Sheng Yong

Integrated Optical MicroSystems

MESAT Institute for Nanotechnology
University of Twente, The Netherlands

University of Twente, Enschede, The Netherlands — Courd@1@410(1), Block 1A, 2013/2014

* Department of Electrical Engineering, University of Twent P.O. Box 217, 7500 AE Enschede, The Netherlands
Phone: +31/53/489-3448 Fax: +31/53/489-3996 E-malil: mmear@utwente.nl

1


http://www.utwente.nl/ewi/ioms/members/scistaff/hammer.doc/
http://www.utwente.nl/ewi/ioms/members/scistaff/Hoekstra.doc/
http://www.utwente.nl/ewi/ioms/members/phdstudents/Chang.doc/
http://www.utwente.nl/ewi/ioms/members/phdstudents/Mustafa.doc/
http://www.utwente.nl/ewi/ioms/members/phdstudents/yong.doc/
http://www.utwente.nl/ewi/ioms/
http://www.mesaplus.utwente.nl/
http://www.utwente.nl/
mailto:m.hammer@utwente.nl
http://www.utwente.nl/
http://www.mesaplus.utwente.nl/
http://www.utwente.nl/ewi/ioms/

Course overview

Electrodynamics

A

B
C

I

Introduction, Maxwell equations, brush up on vector calsuDirac delta, potentials, Taylor expansion,
Fourier transform,

Maxwell equations, brush up on electro- and magnetostatnciltipole expansion

Maxwell equations, microscopic and macroscopic, timel-famquency domain,
differential and integral form, interface conditions, tanity equation,
energy and momentum of electromagnetic fields

Wave equation, plane waves, plane harmonic electromiagmaves, refractive index, polarization,
energy transport, spherical waves

Reflection and transmission at interfaces, lossy matenalge packets, dispersion,
phase and group velocity

Maxwell equations, vectorial and scalar Helmholtz equmat2D configurations (intermezzo),
mode problems, metallic and dielectric waveguides

Scalar and vector potentials, gauge conditions, retgosdezhtials, electric and magnetic dipole radiation
Special relativity; transmission lines



Reflection and transmission

... of plane waves kg
at (dielectric) interfaces.
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Plane of Incidence
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Griffiths, Fig. 9.14, page 387

e zr-y-plane: interface between regions 1, 2; linear homog..iswdia,
properties:e;, pj, nj = /€5, ¢ =c¢/n;, j=1,2.

e EXxpectation
A given incoming wave in region 1 generates

e areflected wave in region 1,
e a transmitted wave in region 2.

o Strategy
e write plane wave solutions of homogeneous ME for regions 1, 2
e piece these together at they-plane by interface conditions.



Reflection and transmission, ansatz

Ansatz Ki
e Incident:  Eq(r,t) = Ey g (k-7 — wlt),
e Reflected: Egr(r,t) = ERg g (kr -7 — “’Rt),
e Transmitted: Er(r,t) = Erg g (kr -7 — “’Tt),

kr L Ey, wi = ki€, kr L ERo, wr = krC1, k1 L E10, wr = kTC2.

C» Maxwell equations in regions 1, 2 are satisfied. . ).
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Plane of incidence

Interface conditions, formal

Va,yt (V).

Q wI = wR — wT — . kR
Klx = krz = ks =: kg,

kry = kry = kry =: ky.

&

Orient the coordinates such tha}, = &, = 0:

G ko = (o, 0, b),
kr = (ky, 0, k), ' O
kT — (kxaovaz)-

Plane of Incidence

@
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- Plane of incidencespanned by:; and the interface normal. .



Reflection and refraction

w w
kII—:konlsz, kT:—:konQ
k; Cq Co

G k1 = koni(siné,0,cos6y),

7
Vé

Plane of Incidence kr = koni (Sin 01,0, — cos 91)1

@ I{tT — ko?’LQ (sin 92, O, COS 92)

VI Y

e 0 =0r = 0;, angle of incidence= angle of reflection

e nisinfy = nysinfy, Snell'slaw, law of refraction



Reflection and transmission

Ky E,(r,t) = Ex ei (koni(sin 0y x + cos 0 z) — wt)

4 Epg€ (koni(sinfy x — cos by z) — wt)j
Plane of Incidence

T ST 7

. oo Ex(r,t) = Eqoé (kona(sin by x + cos bty z) — wt)
: 1 :
[ VXE:—,LLOILLH N Hj(): I{thEjO, j:I,R,T.
WHoH1,2
e Assume FEjy = EI()ey, Ero = ERgey, Etg = ETgey (Lecture F, 2-D TE)

s-polarization polarization ofE'; L plane of incidence.

Hyy =, /6—0 M Erp(—cosb1,0,sin6y), Hyo =, /6—0 it FERro(cosfy,0,sin6y),

Mo M1 Mo M1

Hrtg =, /6—0 2 Er1o(— cos fs,0,sin ).
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Reflection and transmission, fields

0 : )
Ei(r,t) = Ei <1> o (kom (sin 01 @ + cos 01 2) — wt)
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) o (kon1(sin 61  — cos 61 2) — wt)

@

Y

0 - :
EQ(T’,t) = ETO ( 1 ) el (kOnQ(Sln 92 T -+ cos 92 Z) — wt)

€0 N1
Hl(r,t) = 1/__EIO
Ko K1

( — C%S 01 ) o (kon1(sin 61 = + cos 01 2) — wt)
+ J2O M ey (CO%91 ) e (koni(sin 01 x — cos 01 z) — wt)

Y

€0 N2
HQ(’I",t) == — _ETO
V 1o p2

— C(())S 92 ) ei (kO’n,Q (sin 92 T -+ cos 92 Z) T wt) ]



Reflection and transmission, interface conditions

&

Plane of Incidence

®

VI Y

Interface conditionsat =0 (of = 0, Ky = 0):

1.) Hl continuous, Hi, = Hs,, Hi, = Ho,,
2.) B* continuous, popiHi, = popeHoas,

3.) El continuous, Ei, = Eop, Ei, = By,

4) DJ‘ continuous, coe1 1, = epea o,

C> Ero + Ero = Eo, E(l?m — ERO) cosf; = @ETO cos 0.

L1 2



Reflection and transmission, amplitudes

s-polarization,E L plane of incidence

241
ni cosy — —mno cos Oy

2 0
Y- Imesh pe gl i B®.
n1 cos 1 + —mns9 cos 65 ni cos 1 + —n9 cos Oy
2 2
p-polarization, E || plane of incidence (exercise)
M1
—n9 cos by — nycosby
() _ 2ny cos 01 () (p) _ M2 (p)
Lrg = [ Ly’ Egy = 1 I
—mng cos 01 + nq cos by —ng cos 01 + nq cos by
f42 2

2
e nisinfy = n9sinfy ~+= cosly = \/ — —% sin? 0.
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Fresnel equations

For ui, = uo, specifically forw € optical regime py = po = 1:
e S-polarization,E L plane of incidence

E(ng B 211 cos 61 Ef({s()) _ nypcostly —ngcos by

EI(S) n1 cos 01 + ny cos fy EI(S) n1 cos 61 + ng cos By
e p-polarization, E || plane of incidence

Eé%) B 211 cos 61 Egg _ ngcosthy —nycosbs

EI%)) " ngcosf] +njcosfy’ EI((I))) " ngcosf] +njcosfy’

Alternative form: eliminatey, no using Snell’s law.

At normal incidenced; = 6, = 0, (S)=(p):

Ero  2m Lro _ LN
’ EIO ni1 + nog .

EFro  n1+ne
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Transmittance and reflectance

L — — 1 k
e Power flow densityS for the plane waves:S = — i\EOP—.
2\ pop k
e Intensity I, power flow per unit area through the interface, normal
— 1 [ ege k
[=|S-e,|==,/—|FE|*|= e,
Lok k
C> I = L [0 |Fro|? cos 01, Iy _ 1 [«a |FERro|? cos @1, It = L [foe | Eo|? cos 6.
2V pop 2V pop 2V pop2
. o . I7 eafs1 | Eo 2 cos 65
e Transmittancel’, transmission coefficientl’ = — = ,
Iy user | Bl | cosby
. . In  |Egro|’
e ReflectanceR, reflection coefficient: R=—=|—|.
Iy Exg
e Powerbalance: [ =Ig +1It, R+T=1. (exercise)
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http://en.wikipedia.org/wiki/Fresnel_equations

Brewster’'s angle

e Reflectance for (p)-polarization:

2
Egg N9 cos 1 — nq cos 65

R(P) — Iz _ | Ero With

- I1 | Ep

EI((I;) ~ ngcosfy +njcosly’

e R®P =0 for 6; suchthatnycosf; —nycosfy =0

(exercise)
n2

C, R®P) = for 6; = #g with tanfg = —=,

ni
6. Brewster's angle

Unpolarized incidence afl; = 0g:

~~ The reflected waves are purely s-polarized,
p-polarized waves are fully transmitted.
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Total internal reflection

ni sin (91 = N9 sin 6)2

g . ni .
C» sin 0 = — sin 0;.

Plane of Incidence no

®

A ST A S o

ni > no. former reasoning fails fog; > 6. where L sin 0. =1.
12

n2

.. critical angle for total internal reflection,sin 6. = — .
ni

Incidence att; > 0.: (exercise)
e NoO transmitted propagating wave, evanescent fields inmegio
e the incident power is fully reflected back into region 1.
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http://en.wikipedia.org/wiki/Total_internal_reflection

Wave propagation in conductors

Specifically: homogeneous isotropic conductors, lineadime

Electric field drives the free currents:
Ohm'slaw J;=c¢FE, o: conductivityofthe material.

V-D=yp;, VXE=-B, V-B=0, VxH-=0¢E+D.

0} 0}
Q Yy — — —— . 7t —_ 7t e t—t .
P le pe(r,t) = pe(r o)eXp< 606( o))

assume ps(r,tg) =0 ~==  pe(r,t) =0 Vi.

V-E=0, VXE=—uuH, V-H=0, V xH=0E+ eE.
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Telegrapher equation

V- FEF =0, VXE:—,LLOILLH, V- -H =0, VXHZO‘E—I—GQGE
C» AFE — eo,uge,uE — ,LLO,LLUE =0, AH - eo,uoe,uI:I — ,LLO,LLO'H = 0,
Telegrapher equation

Frequency domainE(r,t) = E(r) e~ lwt,

2
~ W _ ~
C» AFE + (EE,LL + Iw,uo,u0> E =0.
2
Nonconducting mediar = 0, AE + (%eu) E =o.

2 2

Define € such that %m %equiwuoug, e f—et+i—

19%

G AR+ k2enE =0, Helmholtz equationg € C.
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Wave attenuation

-

AE+I€8€,LLE:O, ec C

solutions ~ € (Ko7z —wt)
with refractive index n = n' +in” = \/en € C,

d(konz —wt) _ d (kon'z — wt) e—kon"z

damped plane wawsolutions.

Issues:

penetration depth,

S andu decay withz,

still transverse waves,

E, H no longer in phase,

notions of wavenumbet C, wavelength, phase velocity.

)
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Localized waves

Plane wavesy(z,t) = e (kz —wi) present at alk.

Combine these intéocalizedfunctions

/f | (kz — wt)dk
wave equation — n® &° ¥ =0 requires w = @
1 8,22 c2 Ot? - d o on

Dispersive media e(w), pu(w) ~= n(w),
frequency / wavelength dependent refractive index.

w = ——, Solvefor w(k): dispersion relation

(1-D)

0= [ 1y =) g
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http://en.wikipedia.org/wiki/Dispersion_(optics)

Wave packets

/f | (kz —w(k)t) g

e Assumef(k) is sharply peaked arourig, (=~ weak localization oft’ vs. z)
such that onlyv (k) for k close tok, contribute; expand (k) aroundk:
dw cw

w(k) = w(kpy) + (k—kp) = = vg, group velocity

dk |, dk |,

G 0(z 1) = d(Fpz —w(kp)t) \if(z —ugt),
T(z — vgt) = / f(ky + q) €20z — Vet)gy

Wave packetVU(z,t): here a plane wavgk,, w(kp), modulated by an
envelopel that moves with velocity, in directionz.
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http://en.wikipedia.org/wiki/Wave_packet

Wave packets

U(z,t) = g (kpz — w(kp)?) U(z — vgt)

. : . kC
e Simplest caseno dispersionw(k) = —, n const.
n
dv ¢ w(k) . .
— = — = ¢, = —, phase velocity g = group velocityv,,
dkc n k

e Dispersive case:vy; = ——

e Group velocity, :
e velocity for energy transport of the wave packet,
e Vvelocity for signal / information transport,
e vy <C.

20



Upcoming

Next lecture:
e Maxwell equations, vectorial and scalar Helmholtz egumtio
e 2D configurations (examples),
e Mmode problems, metallic and dielectric waveguides (exaBs)pl

‘In what we trust...
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