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Presentations:

Electromagnetism: History
Electromagnetism: Electr. topics
Electromagnetism: Magn. topics
Electromagnetism: Waves topics
Capacitor filling (complete)
Capacitor filling (partial)
Divergence Theorem

E-field of a thin long charged wire
E-field of a charged disk

E-field of a dipole

E-field of a line of dipoles
E-field of a charged sphere
E-field of a polarized object

E-field: field energy

Electromagnetism: integrations
Electromagnetism: integration elements
Gauss’ Law for a cylindrical charge
Gauss’ Law for a charged plane
Laplace’s and Poisson’s Law

B-field of a thin long wire carrying a
current

B-field of a conducting charged
sphere

B-field of a homogeneously
charged sphere
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Electromagnetic Waves

Contents:

1.

G S

6.

Gauss’ and Faraday’s Laws for E (D)-field
Gauss’ and Maxwell’s Laws for B (H)-field
Maxwell’s Equations and The Wave Equation
Harmonic Solution of the Wave Equation

Plane waves
1) orientation of field vectors
2) complex wave vector
3) B - E correspondence

The Poynting Vector and Intensity
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1. Gauss’ and Faraday’s Laws for E

\.. ‘ E/v Gauss’ Law :

s QlcY - ﬁE-dS=g—1ojvjjpdv=g—1ojvjjdive.dv

/ / \ divE = £ Div = micro-flux per

€y unit of volume

Faraday’s Law :

d
6@ Vind:_a.‘;jB.dsziEn.dl:J;ertE'dS
e

(OtE — ~ dB  Rot = micro-circulation
~ gt per unitof area



2. Gauss’ and Maxwell’s Laws for B

B
) / Gauss’ Law :
/

N A f{Beds =[[[divB.dV =0
S V

//7:0'\/ div B =0

Maxwell’s Fix for Ampere’s Law :

: : d

J Bedl = odS+¢&,u,— || EedS
i ﬂo_‘!l oo dt _U

L
i dE

S rot B = 1]+ &0 14 dt

. dD
rotH=J; +—
I dt ’
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3. Maxwell’s Equations and Wave Equation

V.E:ﬁ VXE——d—B VeB=0 VxH = Jf _|_d_D
Eo dt dt
In vacuum (p=0and j=0): VeE=0
VxVxE——de—B:——(V B)=...
dt
d° D d° E
=l —(VXH)— — My —— a2 oluo 2 dzE
3 } V°E =&,
VxVxE=-V’E+V(VeE)=-V’E dt’
This i1s a 3-Dimensional Wave Equation ]
General form: 2 O°A 1 0°A V=
v = velocity: VA e T T \ €0l

v=2.99... x 108 m/s = light velocity
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4. Harmonic Solution of theWave Equation

E may have 3 components: E, E, E,

2
VZE = d’E Choose X-axis//E = E,=E,=0
oty — 2 . : .Y z
dt’ (“Polarization direction” = X-axis).
X Propag-

Question: Does a plane-wave

expression for E, satisfy the m m Hﬁ%

wave equation?

E, = E,,exp{i (wt-kz)} : / W W ;

E,, = amplitude + polarization vector;
+Z-axis = direction of propagation

NB. E, has a similar form for all y-values !! (like rolling sea wa\ées)
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4. Harmonic Solution of the

Wave Equation: Plane Waves

) d°E E may have 3 components: E, E, E,
VE=¢,u,— Choose X-axis // E = E,=E,=0
t (Polarization direction = X-axis).

Does a plane-wave expression for E, satisfy the wave equation?

Ex = EXO EXp{i (a)t-kz)} ; " _
E., = amplitude + polarization vector; = Propag

+Z-axis = direction of propagation m m ”ﬁ%
Insertion into wave equation: / \LU/ W Z

O°E, O°E,
0z° “oblo 52 ot? k=wl/c=2n/A

— — k = wave number ; 4 = wavelength
kE, = «? E, =(a?Ic?)E : )
I % Ho @ Ex =(IC)E (in 3D-case: k = wave vector )




5. Plane waves (1): orientation of fields

Suppose: E /I x-axis; X Propag-
.. propagation // +z-axis: k//e, ation
. E,=E expi (at-kz) Il )
. E,=E,=0
\Y/
Question: what is direction of B ? H z

0
Remember: divszoA:an + A +5AZ
ox oy 0oz

In div and rot: only 6/0z # 0 , due to: exp I (wt-kz) !
(1)divE=0 =-ike,, E=0 =EDL.LE,

2)divB=0 = -ike, H=0 =H,BLe,
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5. Plane waves (1): orientation of fields

Suppose: E /I x-axis; X Propag-
.. propagation // +z-axis: k//e, ation

. E,=E, expi (wt-kz) Il )
. E,=E, =0 y :

divE=0 S EDLe, é@ H
divH=0 S HB Le,

What 1s mutual direction of E,D and H,B ?

Remember: e e e,
In div and rot: only 6/6z# 0 , rntxX=vxX=& £ Z
due to: exp 1 (wt-kz) ! X X X
X y
(3) rot E = - dB/dt = -k e, XE = -louH —EDLHZB

(4)rotH=j;+dD/dt = -ike,xH = oE+iweE =E,D L H,B
Js= ot
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5. Plane waves (1): orientation of fields

Suppose: E /I x-axis; X Propag-
.. propagation // +z-axis: k//e, E ation
. E,=E expi (at-kz) Il )
y H 2
(1) divE =0 Conseguences:
(2) div B = 0 (1)+(2):Eand H Le,

(3)+(4):E L H
(3) rot E = - dB/dt

If E chosen // x-axis, then H,B // y-axis
(4) rot H = j; + dD/dt
js = oE H,B also harmonic: B, = B, exp I (wt-kz)

11
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5. Plane waves (2): complex wave vector

Suppose: E /I x-axis; X Propag-
.. propagation // +z-axis: k// e, E ation
. E,=E, exp i (at-kz)

(3)= -ik &,XE = -iouH
(4)= -ik e, xH = oE+iweE
_—ike,xH —ike,x(ke,xE) and with: +ik* E

E : : _
o +iwe (c+ice)au  €X&XE=-E (0 +iwe).au

ik*=(ot+iws).con > k complex: k = kg, + ik,

exp (-1kz) = exp (-1kg. 2) . exp (k;, 2)
-

harmonic k<0 : absorption

. >() : amplification (“laser”) *



5. Plane waves (3): B-E correspondence

Suppose: E // x-axis; B // y-axis; X Propag-
.. propagation // +z-axis: k// e, E

. E,=E o exp 1 (wt-kz)
. By =By exp I (at-kz)

Faraday: rot E = - dB/dt

e, € & ; (0e,
2 2 2 = B, €, -2 E =—5B, =>—KkE), =-aB,,
. 0 0 Oe, P
Result: E, =—B, =cB,
K
Maxwell (for j=0): rot H = dD/dt: Maxwell equations are

similar result (partly) redundant.
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6. The Poynting vector S and Intensity

Definition (for free space) : S=ExH \1 E
Direction of S : // k / ? \lf
Ve S = V’(EXH) = Ho(VxE) = Eo(VxH) =
: 1 0B® &, 0E° :
= He(-dB/dt) - Ee(j:+dD/dt) =- — —Eej,
2u, ot 2 ot

Integrate over wave volume V (with surface A) and apply Divergence Theorem

ﬁSodA:jﬂ(VoS) dv=—%%jﬂ{i—:+50E2}dv—jﬂ(onf)dv

Outflux of energy Loss of Electromagnetic Joule heating
[J/s] = [W] field energy [J/s] losses [J/s]

S = energy outflux per m? = Intensity [W/m?] 14
FdM
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The end
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