Course Updates

Reminders:
1) Assignment #11 > due Wednesday
2) This week: Electromagnetic Waves + ...

3)In the home stretch... [review schedule]



Maxwell’'s Equations (integral form)

Name Equation Description
Gauss’ Law for - Q Charge and electric
Electricity j E.-dA="% fields
€0
Gauss’ Law for R Magnetic fields
Magnetism j B-dA=0
dod Electrical effects
Faraday’s Law f§ E.di=—"—8B from changing B
dt field

Ampere’s Law

(modified by
Maxwell)

Magnetic effects
from current and

Changing E field




Maxwell's Equations

James Clerk Maxwell (1831-1879)
* generalized Ampere's Law

 made equations symmetric:
- a changing magnetic field produces an electric field
- a changing electric field produces a magnetic field
- Showed that Maxwell's equations predicted
electromagnetic waves and ¢ =1/eg,

Unified electricity and magnetism and light.

All of electricity and magnetism can be summarized by
Maxwell's Equations.



Electromagnetic Waves in free space

A remarkable prediction of Maxwell's eqns is electric &
magnetic fields can propagate in vacuum.

Examples of electromagnetic waves include; radio/ TV waves,
light, x-rays, and microwaves.



On to Waves!!

* Note the symmetry now of Maxwell’s Equations 1n free
space. meaning when no charges or currents are present

|E-dA=0 [B-dA=0
=S dCDB ~ dd
§Ed| ——T §B-d|=,u080 qt
* Combining these equations leads to wave equations
for E and B, e.g., ﬁzE ] A°E. )
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1 &°h

ox: V2 ot
has a general solution of the form:
h(x,t) =h (x—vt)+h,(x+vt)
where h, represents a wave traveling in the +x direction
and h, represents a wave traveling in the -X direction.

* A specific solution for harmonic waves traveling in the
A

* The one-dimensional wave equation:

dir ctlo h
ﬁ<(x 3 cos (kx —a)t) <t i A
X
k = 27 w=2rf —2—7T .
A T A =amplitude
A =wavelength
V= Af = o f =frequency
K v = speed

k = wave number



Motion of wave (e.g. to right)

Transverse Wave:

Wave Velocity:



Question 1

* Snapshots of a wave with angular
frequency @ are shown at 3 times:

y = sin(kx- wt)
y = sin(kx+omt)
y = cos(kx+mt)




Question 1

* Snapshots of a wave with angular
frequency @ are shown at 3 times:

y = sin(kx-at)

y = sin(kx+omt)

y = cos(kx+mt)

 The t =0 snapshot = at t =0, y = sinkx

e Att=n/2w and x=0,
e Att=n/2w and x =0,

=y =sin(-n/2) =-1
=y =sin(+n/2) = +1

j— - = - o - - - -

BB




Question 2
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* Snapshots of a wave with angular |
frequency @ are shown at 3 IR
times: : .
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* In what direction is this wave traveling? i | : |
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Question 2

* Snapshots of a wave with angular
frequency w are shown at 3 times:
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y = sin(kx-at)

y = sin(kx+omt)

y = cos(kx+mt)

BB

* In what direction is this wave traveling?
+ X direction -x direction

R e R

[

* We claim this wave moves in the -x direction.
 The orange dot marks a point of constant phase.

e |t thus moves in the -x direction as time increases!!



Velocity of Electromagnetic Waves
* We derived the wave equation [ J°E, J°E, ]

for E, (Maxwell did it first, in o2 Mo
N1865'1} : 2 2
« Comparing to the general wave equationd”h _ 1 2°h

ox* v ot?

es 1n free

=3.00x10°m/s=c

 This value 1s essentially 1dentical to the speed of light
measured by Foucault in 1860!
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PROPERTIES of ELECTROMAGNETIC WAVES

Electromagnetic Spectrum
Visible Ligh e
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E & B 1n Electromagnetic Wave

e Plane Harmonic Wave:

E, =E, s?n( kz — wt) where @ = ke
B, = B, sin(kz — wt)

C

4 _
Y
>|B, is in phase with E, »>|B,=E,/cC

>The direction of propagation Sis given by the cross product

§=éxb
where (é,ﬁ) are the unit vectors in the (E,B) directions.
(Ex By) (Ey, -By)




Question 3

* Suppose the electric field in an e-m wave 1s given by:
E =-y E, cos(—kz + wt)

+ z direction -z direction



Question 3

* Suppose the electric field in an e-m wave 1s given by:

E =-Vy E, cos(—kz + wt)

+ z direction

-z direction

 To determine the direction, set phase=0: —kz+wt =0

e Therefore wave moves in + z direction!

 Another way: Relative signs opposite means + direction



Question 4

* Suppose the electric field in an e-m wave 1s given by:
E =-y E, cos(—kz + wt)

Which of the following expressions describes the magnetic field
associated with this wave?

B, =-(E./c) cos(kz +aw t)
B, = +(E_./c) cos(kz -w 1)
B, = +(E./C) sin(kz -@ 1)



Question 4

* Suppose the electric field in an e-m wave 1s given by:

E=—y E, cos(—kz + wt)

 Which of the following expressions describes the magnetic field
associated with this wave?

B, =-(E./c) cos(kz +w t)
B, = +(E,/c) cos(kz -wt) )
B, = +(E,/c) sin(kz -@ 1)

 Bis in phase with E and has direction determined from: b=8§xé
* At t=0, z=0, E, =-E,

-Thereforeatt O 2=0, b:§ é: X(— J)_| ]
B=+1—cos(kz-aot)




Question 5

a) along the x-axis
b) along the z-axis

c) along the y-axis



Question 5

a) along the x-axis

@long the z@

c) along the y-axis




Note: the direction of propagation Sis given by the cross product

§=6xb
where (é,ﬁ) are the unit vectors in the (E,B) directions.

In this case, direction of S is x and direction of E€is y

(%= yx]




Properties of electromagnetic waves (e.g., light)

Speed: in vacuum, always 3¢108 m/s, no matter how fast the
source is moving (there is no “aether”!). In material, the
speed can be reduced, usually only by ~1.5, but in 1999 to
17 m/s!

Direction: The wave described by cos(kx-wt) is traveling in
the +X direction. This is a “plane” wave—extends
infinitely iny and Z..



Plane Waves

* For any given value of z, the magnitude of
the electric field 1s uniform everywhere in
the X-y plane with that z value.

X



Waves Carry Energy

Total Energy Density
U= E'HEE

Average Energy Density

<u> = %E”Eﬂz
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PHOTONS

We believe the energy in an e-m wave is carried by photons

Question: What are Photons?
Answer: Photons are Photons.

Photons possess both wave and particle properties
Particle:

Energy and Momentum localized
Wave:

They have definite frequency & wavelength (fA = c)

Connections seen in equations:
E = hf q Planck's constant

p = h/A h=6.63¢>* J-s

Question: How can something be both a particle and a wave?
Answer: It can't (when we observe it)

What we see depends on how we choose to measure it |

The mystery of quantum mechanics: More on this in PHYS 274




For next time

e Homework #11 due Wed.

* One more session on EM Waves, and then on to optics




