Kapitel 32 - Elektromagnetiska vagor
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Vagrorelseldra och optik

Kurslitteratur: University Physics by Young & Friedman

Harmonisk oscillator: Kapitel 14.1-14.4
Mekaniska vagor: Kapitel 15.1 - 15.8

Ljud och horande: Kapitel 16.1 - 16.9
Elektromagnetiska vagor: Kapitel 32.1 &4 32.3 & 32.4
Ljusets natur: Kapitel 33.1-33.4 & 33.7
Straloptik: Kapitel 34.1 - 34.8
Interferens: Kapitel 35.1 - 35.5

Diffraktion: Kapitel 36.1 - 36.5 & 36.7
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Electromagnetic waves
Maxwell’s equations

Maxwell's equations
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Electromagnetic waves
Maxwell’s equations

Maxwells equations
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E - the electric field intensity (N/C)
(I)E - electric flux (Nm?/C)
B - magnetic field strength (A/m)

(I)B - magnetic flux (T/m?)
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Electromagnetic waves
Maxwell’s equations

The implications of Maxwell's Equations for magnetic and electric fields:

1. A static electric field can exist in the absence of a magnetic field eg. a
capacitor with a static charge has an electric field without a magnetic field.

2. A constant magnetic field can exist without an electric field e.g. a conductor
with constant current has a magnetic field without an electric field.

3. Where electric fields are time-variable, a non-zero magnetic field must exist.

4. Where magnetic fields are time-variable, a non-zero electric field must exist

5. Magnetic fields can be generated by permanent magnets, by an electric
current or by a changing electric field.

6. Magnetic monopoles cannot exist. All lines of magnetic flux are closed loops.
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Electromagnetic waves
Maxwell’s equations

The speed of light from Maxwell's equations

E=¢B from Faraday's law
E=B/(sopoc) from Ampere's law
go 1S the permittivity in vacuum = 8 85 x 1012 F/m

Lo 1s the permeability in vacuum =126 x 10-¢ N/A2

| = 30X 10° m/s
€010

Permittivity: A mediums ability fo form an electric field in itself.
Permeability: A mediums ability o form a magnetic field in itself.
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Electromagnetic waves
Maxwell’s equations

The electromagnetic wave
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Electromagnetic waves
Maxwell’s equations

ZDiisle

Electromagnetic waves are produced by the vibration of charged particles.

An electromagnetic wave is a wave that is capable of fransmitting its energy
through a vacuum.

The propagation of an electromagnetic wave,
which has been generated by a discharging

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

down in the spark gap a magnetic
field is created that oscillates in a
horizontal plane.

The changing magnetic field, in
- turn, induces an electric field so
Dischorging ® Haid" that a series of electrical and
Ostiating e Electric 2 magneftic oscillations combine fo
Molecular Field produce a formation that
Dipole 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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Electromagnetic waves
Maxwell’s equations

Experiment that demonstrates how moving
charges creates an electromagnetic field
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Electromagnetic waves
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Electromagnetic waves

The electromagnetic spectrum
A=c/f

Wavelengths in m
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Electromagnetic waves

Wavefronts depends on the distance to the
source

i
Initially spherical

Vincent Hedberg - Lunds Universitet 14




Electromagnetic waves

A plane wave is a constant-frequency wave whose wavefronts are infinite parallel
planes of constant peak-to-peak amplitude normal to the phase velocity vector.

At a particular point and time all E and B vectors in the plane have the same magnitude.
No frue plane waves since only a plane wave of infinite extent will propagate as a plane
wave. However, many waves are approximately plane waves in a localized region of

space.

In a plane electromagnetic wave the E and B fields are perpendicular to the direction
of propagation so it is a transverse wave.

PHYSICS-ANIMATIONS.COM
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Electromagnetic waves
The wave function

The wavefunction
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Mechanical waves:
The wavefunction

_ (sinusoidal wave moving
Yk d) = Agosgm =) | g +x-direction)

: , v=A/T
Amplitude: A £-1/T

Wavenumber: k = 2Tt/A

Angular frequency: ®=2T/T

v=A/T=(2nk)/ (2R/®) = o/ k
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Electromagnetic waves
The wave function

The electromagnetic wavefunction

E(x, 1) = JEpaxcos(kx — wf)

ﬁ(x, t) = I?Bmaxcos kx — wt)

not the same




Electromagnetic waves
The wave function

E‘“(x, £) = JEmaxcos(kx — wt)

(x,t) = kBmaxcos kx — wt)

-~ 0O
n

Amplitude: E, . = ¢ B, .
Wavenumber: k= 27t/A
Angular frequency: ®=27C/T
=AM/ T=02nk)/(2Cr/®) = o /k

Vincent Hedberg - Lunds Universitet

19

Electromagnetic waves
The wave function

In a dielectric medium the speed of light is

smaller than ¢ |

Electromagnetic waves in matter:

c—ovV
Ko — W
€0 — €

Dielectric constant

K:S/SO

Relative permeability

Km:M/MO
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Electromagnetic waves
The wave function

Electromagnetic wave in vacuum

E=c¢B from Faraday's law ‘ 1

(’ =
V EQfL

E=B/(sopoc) from Ampere’s law

Electromagnetic wave in matter

E=vB from Faraday's law 1
L=

E=B/(epuv) from Ampere’s law Vep
i P

—— Permettivity Permabilit
€M A I|I’KK y y

C
v
V' Va0 \
Refractive index Dielectric constant Relative permeability

K=¢/¢g, Ko = W/ lg
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Electromagnetic waves
problems

Problem solving
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Electromagnetic waves
problems

A carbon dioxide laser emits a sinusoidal electromagnetic wave
that travels in vacuum in the negative x-direction. The wavelength
is 10.6 pm the E field is paral-
lel to the z-axis, with E;; = 1.5 MV/m. Write vector equations
for E and B as functions of time and position.

Epax 1.5 X 10° V/m

Enox=CB B = =50X 10T
max max . ¢ 3.0 X 10® m/s
k = 2rn/A k=2_1'r=27r—1‘ad_= 593 X 10° rad/m
A 106 X 10°m
c = w/k ® = ck = (3.00 X 10® m/s)(5.93 X 10 rad/m)
= 1.78 X 10" rad/s
E:: z~compohent ohly E)'(.r. 1) = I}\(l.s X 10° V/m)
B: y~component only X cos[(5.93 X 10° rad/m)x + (1.78 X 10 rad/s)t]

E(x,1) = I;Enmcos(k.r + wt) B(t 1) = j(5.0 X 1073 T)

X cos[(5.93 X 10° rad/m)x + (1.78 X 10 rad/s)t]

B(x, 1) = JBycos(kx + wr)
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Electromagnetic waves
problems

Visiting a jewelry store one evening, you hold a diamond up to
the light of a sodium-vapor street lamp. The heated sodium vapor
emits yellow light with a frequency of 5.09 X 10'* Hz. Find the
wavelength in vacuum and the wave speed and wavelength 1n dia-
mond, for which K = 5.84 and K;, = 1.00 at this frequency.

The wavelength in vacuum of the sodium light is

¢ 3.00 X 10® m/s 5
& = =589 X 10" m = 589 nm
f 509 x 10" Hz

/\-vacuum

The wave speed and wavelength in diamond are
¢ 300%10°m/s
Udiamond = \/KTIH = \W
Udiamond __ 1.24 x 10° m/s

Mismond =~ = T 0 1
244 X 1077 m = 244 nm

= 1.24 X 108 m/s
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Electromagnetic waves
problems

90.0-MHz radio wave (in the FM radio band) passes from vacuum
into an insulating ferrite (a ferromagnetic material used in com-
puter cables to suppress radio interference). Find the wavelength in
vacuum and the wave speed and wavelength in the ferrite, for
which K = 10.0 and K, = 1000 at this frequency.

" ¢ 3.00 X 10® m/s g
= —_— = = ¥ m
Ve £ 90.0 X 10° Hz

~3.00 X 10° m/s
Uferrite —
. \/ K.  \/(10.0)(1000)

3.00 X 10° m/s
90.0 X 10° Hz
=333 X 102 m = 333 ¢cm

= 3.00 X 10° m/s

Uferrite

)lferrite f
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Electromagnetic waves
Power & Intensity

Power & Intensity
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Mechanical waves:
Power & Intensity

. ik (instantaneous rate at which
The power in general: P=F-U  force F does work on a particle)

Wave power (P):
The instantaneous rate at which energy is transfered along the wave.

Unit: Wor J/s

Wave intensity (I):

Average power per unit area through a surface perpendicular to the wave
direction.

Unit: W/m?
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Sound - power & intensity

The bower in general: o (instantaneous rate at which
P J © P=F-0 506 F does work on a particle)

Wave power (P):
The instantaneous rate at which energy is transfered along the wave.

P(x.1) = Elxt)u,(xt) = —F » o

Wave intensity (I):
Average power per unit area through a surface perpendicular to the wave
direction.

Unit: W/m? =P/ Aez
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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: W or J/s

The Poynting vector (g):

Energy transferred per unit fime per unit area = Power per unit area.
Unit: W/m?

Intensity (I):

Average power per unit area through a surface perpendicular o the
wave direction = the average value of S.
Unit: W/m?
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Electromagnetic waves
Power & Intensity

PHYSICS-ANIMATIONS.COM

The total energy density
(energy per unit volume)
due to an electric and
magnetic field is

E=c¢B from Faraday's law | = | ¢~ eolio ——> B2: Eo Up E?

E=B/(eopoc) from Ampere’s law

1
U= §50<32 + f( VeomoE)* = eE? where E (x,1) = Epaccos(kx — wt)
20

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

Energy fransfer = energy transferred per unit time per unit area.

S = Power per unit area = Energy transfer = Energy flow

v
S =—E X B  (Poynting vector in vacuum)
e P o
C df H“
A " 1 - N
B *E Poynting S(x,t) = —E(x,t) X B(x, 1)
/ vector Ho
| - "
/0.._ A \j = g[.lﬁmax cos(kx — wt)] X [kBpaxcos(kx — wt)]
Z )E S N
7z B _ E B
| /<\ Se(x, 1) = /= cos?(kx — wt)
Stationary Wave front at time 7 *o
plane dt later

Amplitude = maximum energy transfer
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Electromagnetic waves
Power & Intensity

Intensity = the average value of S

SN, | -
Se(x, t) = /T eos?(kx — wt)
o

The average of cos?(x) = 1/2

2
s EmaJ\'Bmm( — Emax

I =8,

2 T 2poc
E=cB
o — L
Electromagnetic waves in matter: ! I
c= — > v =
V EQlo \/;
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Electromagnetic waves
problems

Problem solving
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Electromagnetic waves
problems

E = 100 V/m = 100 N/C. Find the value of B, the energy den-
sity u, and the rate of energy flow per unit area S.

Ko = 47 X107’ T-m/A
FHaxmum €, = 885X 10712 C2/N-m?
E 100 V/m =
B=—= : =833 % 107 T
¢ 300 X 10° m/s
= &l = B8 X 1072 CH/N-m?100 N/C)?
= 8.85 X 107® N/m* = 8.85 X 107 J/m?
P ST EB (100 V/m)(3.33 X 1077 T)
S=—EXB — > §S=—= =
Ho o 47 X 107" T+ m/A

= 26.5 V- A/m? = 26.5 W/m?

34
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Electromagnetic waves
problems

A radio station on the earth’s surface emits a sinusoidal wave with

Satellite

average total power 50 kW . Assuming that the trans-
mitter radiates equally in all directions above the ground (which is
= unlikely in real situations), find the electric-field and magnetic-field
amplitudes FE ., and By, detected by a satellite 100 km from the
Pesnsinirer ' antenna. o, = A7 X 1077 T~ m/A

The surface area of a hemisphere of radius r =
100 km = 1.00 X 10° m is

5

A = 2aR? = 27(1.00 X 10° m)? = 6.28 X 10'° m?

P 5.00 X 10* W _ 3
= — =796 X 1077 W/m®

2R 6.28 X 1010 m?

P
A

I=8y = l:.nuxzflzpl’ic- 50

E naxBmax Hm:\xz

i - - > Emax = V2p06Say
2o Zmoc = \V2(4m X 107 T-m/A)(3.00 X 10° m/s)(7.96 X 10 7 W/m®)

=245 X 102 V/m

I:['I'I.El.’t

=817x 1071 T

Brax =
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Electromagnetic waves
Momentum & forces

Momentum &
forces
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Electromagnetic waves
Momentum & forces

Kinematics
Impuls: J = /: SF dt

The Momentum-Impuls theorem: J = p, — p,

A change of momentum is equal to the
impulse.
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Electromagnetic waves
Momentum & forces

Electromagnetic waves carry momentum (p = E/c).

If the wave is absorbed or reflected this momentum is
transferred to the surface.

The momentum transfer creates a force ( F ) on the surface.

Radiation pressure (p,.q) = force per unit area ( p,..q = F/A).

S, I -
Drad = — = 2 (radiation pressure, wave totally absorbed)
c ;
28y 20 o
Drad = 2 = ry (radiation pressure, wave totally reflected)
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Electromagnetic waves
Momentum & forces

Crooke's radiometer

Radiation pressure or thermal effect ?
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Electromagnetic waves
problems

Problem solving
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Electromagnetic waves

P ¥, ML vt allid ” . = Sun sensor B
An earth-orbiting saiclhtc has solar energy—collecting panels with e
a total area of 4.0 m~ If the sun’s radiation is perpen- facing the sun) 4

dicular to the panels and is completely absorbed, find the average
solar power absorbed and the average radiation-pressure force.

The intensity / (power per unit area) is 1.4 X 10> W/m?.

Solar panels

7 . = — 3 2 2
Intensity = power per unit area: £ =14 = (1.4 X 10° W/m")(4.0 m?)
=5.6 X 10° W = 5.6 kW

|
P = —j“- & (radiation pressure, wave totally absorbed)

Prag = 1.4 X 103/ 3.0x108 =47 x 10 N/m2

F=pahA=(47X%X10°N/m?)(40m?) =19 X 10° N
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