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Electromagnetic waves

The electromagnetic wave consists of an electric
and a magnetic field.
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Electromagnetic waves

O Electromagnetic waves are produced by the movement of charged particles.
0 An electromagnetic wave is capable of transmitting energy through a vacuum.

An electromagnetic wave can be generated by a

discharging capacitor or an oscillating molecular dipole. As the current oscillates up and

down in the spark gap a magnetic

(f\\‘ field is created that oscillates in a
— I‘\ A Electromagnetic horizontal plane.

Wave

The changing magnetic field, in
turn, induces an electric field so
that a series of electrical and

z magnetic oscillations combine to

R Magnetic

Discharging eld
Spark or Vectors

Oscillati
Mgcllgt‘:)til‘leg? iachNo produce a formation that
o vectors , propagates as an electromagnetic
The field is strongest at 90 degrees to the moving wave.

charge and zero in the direction of the moving charge.
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Hertz experiment
demonstrated how
moving charges
creates an

electromagnetic
field

https://www.youtube.com/watch?v=9gDFll6Ge7qg
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Electromagnetic waves

The electromagnetic spectrum
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Electromagnetic waves

Wavefronts: surfaces with constant phase
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Electromagnetic waves
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depends on the
distance to the
source / /
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Initially spherical
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Electromagnetic waves

O Electromagnetic waves are transverse because PHYSICS-ANIMATIONS. Gy
the E and B fields are perpendicular to the
direction of propagation.

O A plane wave is a wave with constant frequency
whose wave fronts are infinite parallel planes
with constant peak-to-peak amplitude.

O At a certain point and time, all the E and B
vectors in the plane are of the same size.

O Completely flat waves do not exist because only
an infinitely large wave can be flat. But many
waves are approximately flat in a localized area
of space.
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Electromagnetic waves

For flat electromagnetic waves, one can find relations between the
magnitude of the magnetic and electric fields from two of Maxwell's

equations:

£ a5 dd

}gB.d :].L0<ic+€0 th> 1 (Ampere’s law) | Flat wav> E —

€oMoC
c = The speed of light.
e = Permittivity: A mediums ability fo form an electric field in itself.

L = Permeability: A mediums ability o form a magnetic field in itself.
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Electromagnetic waves

The speed of light from Maxwell's equations:

E=c¢B from Faraday's law

E=B/(sopoc) from Ampere’s law
go 1s the permittivity in vacuum = 8 85 x 10-12 F/m
Lo is the permeability in vacuum = 1.26 x 106 N/Az2

c — —\/— = 3.00 X 10%m/s
€oM0
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Electromagnetic waves: The wavefunction { i

The wavefunction
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Electromagnetic waves: The wavefunction (-

The electromagnetic wavefunction
for sinusoidal waves

E(x, 1) = JEacos(kx — wf)

E(x, t) = I;Bmaxcos(kx — wt)

~_

Not the same k
(one is a direction vector and
the other is the wave number)




Electromagnetic waves: The wavefunction (.

E(x, t) = JEpaxcos(kx — wf)

§(x, = kBmaXcos kx — wt) X / T
Amplitude: E, . =¢ Bmax / \ - 1/7T

-~ 0O
|

Wavenumber: k = —

A

Angular frequency: w = Z?n

=A/T=2n/k)/ (2T/®) = © / k
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Compare wavefunctions

Mechanical waves

v(x, t) = Acos(kx — wt)
Amplitude: A

Wavenumber: o = 2=

Angular frequency: w = —

v=A/T=w0n/k
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Electromagnetic waves
E‘(x, £ = B e CORF — 1)
ﬁ(x, 1) = I;Bmaxcos(kx — wt)

Amplitude: E, . = C B,

k=2

A

Wavenumber:

Angular frequency: w = 2%

c=A/T=w0/k
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Electromagnetic waves: Wavefunction

In a dielectric medium the speed of light is

smaller than c |

Electromagnetic waves in matter:

cC—3>V
o — K

o —>'G

Dielectric constant
K = / 80

Relative permeability

szu/uo
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Electromagnetic waves: Wavefunction

Electromagnetic waves in vacuum

E=cB from Faraday's law it 1
E=B/(esopoc) from Ampere’s law Veono
- Elfc’rgorgagr}e’ric waves in matter
= ¥ rom raraday s law o8
E=B/(epnv) from Amperi's law @ \/le_‘gj ::::;:\l::;
1
Cmp=2 _ KK, =VEK | >, = &

S

Refractive index Dielectric constant Relative permeability
K =e/¢, K = W/ W
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Electromagnetic waves: Power & Intensity

Power and
Intensity

Blue Laser
Power =1 W

"“'-4 %'
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Electromagnetic waves: Power & Intensity

Total energy density (u):
Energy per unit volume due to an electric and magnetic field. Unit: J/m3

Power (P):

The instantaneous rate at which energy is transfered along a wave.
Unit: Wor J/s B

The Poynting vector (S):

Energy transferred per unit time per unit area = Power per unit area.
Unit: W/m2

Intensity (I):

Average power per unit area through a surface perpendicular to the

wave direction = the average value of S.
Unit: W/m?
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Electromagnetic waves: Power & Intensity

Energydensity (energy per . B2 PHYSICS-ANIMATIONS.COM
. uE == _SOE uB =

unit volume) due to an 2 ' 2u

electromagnetic field. /

Faraday's law: E :ﬁCB > B2= €, U, E?

C=

1
V €ty

= €0E” + —( VeoE)” = o>  where E (X, t) = Epaxcos(kx — wi)
N \
Energy E-field Energy B-field

Conclusions: The electric and magnetic fields carry the same amount of energy.
The energy density varies with position and time.
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Electromagnetic waves: Power & Intensity

O Energy transfer = energy transferred per unit time per unit area.
0 S = Power per unit area = Energy transfer = Energy flow

2 — j [ -
S=—FEXB (Poynting vector in vacuum)
c dt e
(F Sinusoidal waves:
, ArE Poynting <9 i 12 B
&, Veﬁtor S{x. 1) MOE(x, t) X B(x,t)
/O“'" A \§> — %[}Emaxcos(kx — wt)] X [kBpaxcos(kx — wt)]
0
z "
/ B E B
_ /< \/ S.(x, 1) = /= cos?(kx — wt)
Stationary Wave front at time A MO
plane dt later /

Amplitude = maximum energy transfer
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Electromagnetic waves: Power & Intensity

Intensity = the average value of S E= cB

EmameaX

Mo

Sx(x, t) = cos?(kx — wt)

The average of cos?(x) =1/2 —

Electromagnetic waves :lo_;\u 1 1
. . L — >l =
In matter: SR V €oro Vep |
21
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Electromagnetic waves: Summary

SUMMARY

Electromagnetic waves
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Electromagnetic waves: Summary

ﬁ(x, £ = JE o COslkr — i)

Wavefunction: R A
B(x,t) = kBp.ccos(kx — wt)

Speed of light:

. 1 2 B?
Energy density: Up = 5305 Up = -
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Electromagnetic waves: Summary

Power per unit area: S, (x,1) = 2S,, cos?(kx-wt)

Intensity =
Average power per unit area.

_ EmaxBmax . Emax2 . 1 2

Sav — = 2poC = EEOCEmax
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Summary of wave functions

String: y(x,t) = Acos(kx-ot) y(x,1) = 2Asin(kx)sin(ot)
Sound: y(x,t) = Acos(kx-mt) P(X,T) = Prmax Sin(kx-omt)
EM waves: E(x,T) = E . cos(kx-mt) B(x,t) = B, ,cos(kx-mt)

Power functions

String: P(x,t) = 2P, sin’(kx-ot) P, = % w(wd)?v = %\/,u_F(wA)Z

Sound: P(x,1) = 2I sin?(kx-wt) I =2p(wA)?v =3 [pB(wA)? = p;ﬂ;f - anp_B
EM Waves: S (x,1) = 25, cos2(kx-ot) | Say = 222 = P2 = 2 e0cEpng,”
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