Lecture contents

« Macroscopic Electrodynamics
— Propagation of EM Waves in dielectrics and metals
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Maxwell Equations

* Maxwell equations describing the “coupling” of electric and

magnetic fields
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V-D=q,,
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« Interaction with medium: in most simple cases linear isotropic :

Jd =cFE

» Polarization is linear function of electric field

 Interaction is scalar, local and synchronous
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Further in this section D ek
the “total’_’ Pemea‘?ility B = ILlH
and permittivity will be J=cE

used
PocE: D=E+4xP

D(r,t) = gE(r,1)
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Maxwell’s Equations for a Isotropic, Linear, Source-
Free, and Lossless Medium

0
Obviously, there must be a source for the . R .
field somewhere. VxVxE=V V-E —-V’E
However, we are looking at the properties ~ R
of waves in a region far from the source. -y 0 VxH - e 0°E

ot ot?
Wave equations for electromagnetic 0
Waves in a Simple, Source-Free, Lossless ~ - -
Medlum VXVXH:V H —V H
The wave equations are not_ mqlependent. 0 VxE 2H
Usually we solve the electric field wave —e = —pig——
equation and determine H from E using ot ot
Faraday’s law.
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Propagation of electromagnetic waves in an isotropic linear, source-

free, and lossless medium
Filed vs. position at a fixed time

Solution: plane monochromatic wave (equivalent to harmonic analysis) '\ A /\ f
— = ~dkr—iomt y
E I Eoe o,z

Note: in SI the vacuum constants are chosen: |¢ — 1 os v y) v v

\VHoo L,
0 2 4 6 8 10 12 14 16 18 20

With complex wavevector (propagation constant) in lossless medium.

Serves as dispersion relation in the medium : k% = ,uga)z
N : i 2 &
Or refractive index (in optics): n- =
Ho&p

The velocity of propagation (phase velocity) is determined solely by the V. = — = = _

A p
medium: v 9 K «/,ug n

Can also define wavelength A P _

Cw2r K
Strictly speaking, uniform plane waves can be produced only by sources of
infinite size.
However, point sources create spherical waves. Locally, a spherical wave
approaches a plane wave.
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Medium with low losses

—

Plane monochromatic wave : | = Eoe'kr—'@t

With complex wavevector (propagation constant) kz ~ 2
Serves as dispersion relation in the medium :

It is convenient to introduce dielectric function with real and imaginary ~ -
g(w) =g +l&,

parts:
£
We can introduce the loss tangent of the material : tans =22
&
Also complex refractive index (in optics):
a .
< : k=—n
N(w) =n+ix C

AN

Extinction ratio or
extinction index
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Some useful relationships (all material constants

depend on frequency !)
Wavevector can be also expressed through refraction and absorption (extinction) indexes:

K
—

2 _

% «/51 +&5
ﬁ — +«/31 + &2

In this case solution for a plane wave along z-direction is:

[0

Where absorption coefficient: | =2—«

C

Or extinction factor: Aty

A

Medium with no absorption:  n =c,/ug

and with low absorption:

or

=C /’lgl

it = O+ 1&, tan o

2 2

& =& N —« .o 1
or for u= =
o £, = 2NKE, V#Hoo
= k-vector )
_______ . Absorption
—lot—1——2-——2Z
E — E Oe C s C
' i ' ion-: — it X
is related to intensity reduction: | = e ™"
Snapshot of E,(z,t) at ot =0
Z: _ Cint. ;
K = O 0.4 2
E I-uxo.z
K =C 'Ll_z 0a
4g;
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Wave propagation

27T o
~ —i—nz——z

—

E=XE,e”e 4 2 4cc. t=0

Polarization \

<
N
Impedance of space: peto _ [#_1 | ronm
HO E n 80
Impedance of vacuum: o = Eo _ | _ 3770
0 lvacuum €o

Poynting vector (time-averaged EM power S 1 Re(E xH) {ﬂ}
2

flowing through unit area): m?

Intensity: | :<§‘ _ %\/E|Eo|2 g %intZ
y;
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Electromagnetic spectrum

A (M) f (Hz)
10?2 = cosmic radiation 1020
y -radiation
10-10 -+ X-ray | 1018
108 U.v. - 1016
10-6 —t= - 1014
.R.

104 -+ 10%2
102 Radar 1010

17T TVv-radio | 108

Visible light:
380 - 760 nm

violet
blue
green
yellow
orange
red

A (nm)

— 400

— 500

—+ 600

— 700

Optical communication

wavelengths
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Medium with any losses (all material constants depend on frequency !) 9

~ —
Maxwell equations in harmonic form in a VxE = —m),LlH
medium with conduction: 3 — S
J VxH =J+iwcE = o+iwe E :Ia)'/gE
V y E_»: O g — igz
V-H=0 where £, ==
(4]
s wi o OEf G ia 2(1_: ©
A 1D wave equations will look like: X E. =0 Wwith y=a+18=_|-guow’|1-1—
oz° " we
It is the same as before with substitution ~ _y2 5 k2
k-vector Absorption
The solution also looks the same: E Eoe_7 r= Eoe e 'ﬁ "e
with o Is the attenuation constant and has a=Re y =Re N_gﬂa} (1_iiﬂ {w}
units of nepers per meter (Np/m): s m
B is the phase or propagation constant and
has units of radians per meter (rad/m): B=Im y = m{\/_gﬂw (1 ,iﬂ {@}
e m

Note that in general for a lossy medium LB+ /ﬂg
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Medium with losses 10
> Y
«  After some long algebra: o= gﬂ{ll 1{&] 1L >0
2 Y
"
1 2
=0 au{—[ 1+(—j +1 >0
2 Y
« The impedance becomes complex: E f 17 @ ]
p p n=—= 4 — i = > i > ,8+I0(
H g Y a”+ f
For good dielectrics: 22 = 9 <1 For good conductors: &2 _ 9 >1
& wE & wE
2 # WDE P /Iug 2
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