Review: Basic Concepts

Simulations

1. Radio Waves http://phet.colorado.edu/en/simulation/radio-waves

2. Propagation of EM Waves http://www.phys.hawaii.edu/~teb/java/ntnujava/emWave/emWave.html

3. 2D EM Waves http://www.falstad.com/emwavel/




Maxwell’ s Equations

Gauss’s law

B-dA =0 Gauss’s law for magnetism

—— Faraday’s law
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The Fundamental Ideas of Electromagnetism

Gauss’s law: Charged particles create an electric field.

Faraday’s law: An electric field can also be created by a changing magnetic
field.

Gauss’s law for magnetism: There are no magnetic monopoles.
Ampere-Maxwell law, first half: Currents create a magnetic field.
Ampere-Maxwell law, second half: A magnetic field can also be created by a
changing electric field.

Lorentz force law, first half: An electric force is exerted on a charged particle
in an electric field.

Lorentz force law, second half: A magnetic force is exerted on a charge mov-
ing in a magnetic field.



Electromagnetic Waves

Maxwell, using his equations of the electromagnetic field,
was the first to understand that light is an oscillation of the
electromagnetic field. Maxwell was able to predict that

e Electromagnetic waves can exist at any frequency,
not just at the frequencies of visible light. This
prediction was the harbinger of radio waves.

e All electromagnetic waves travel in a vacuum with
the same speed, a speed that we now call the speed
of light
1
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1. A sinusoidal wave with frequency f and
wavelength A travels with wave speed v

em*

Y Wavelength A

E()\ E\

=4 Bt

2. E and B are
perpendicular to
each other and to - i
the direction of 3. E and B are in phase.
travel. The fields That is, they have
have amplitudes matching crests,

E, and B, troughs, and zeros.
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Properties of Electromagnetic Waves

Any electromagnetic wave must satisfy four
basic conditions:

1. The fields E and B and are perpendicular to the
direction of propagation v, .Thus an
electromagnetic wave 1s a transverse wave.

2. E and B are perpendicular to each other in a manner
such that E < B 1s 1n the direction of v,

3. The wave travels in vacuum at speed v, = ¢

4. E = cB at any point on the wave.



Properties of Electromagnetic Waves

The energy flow of an electromagnetic wave is described
by the Poynting vector defined as
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The magnitude of the Poynting vector is
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The intensity of an electromagnetic wave whose electric
field amplitude is E is
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EXAMPLE: The electric field of a laser beam

A helium-neon laser, the laser commonly used for classroom
demonstrations, emits a 1.0-mm-diameter laser beam with a
power of 1.0 mW. What is the amplitude of the oscillating electric
field in the laser beam?

MODEL The laser beam is an electromagnetic plane wave.

soLVE 1.0 mW, or 1.0 X 1077 J/s, is the energy transported per
second by the light wave. This energy is carried within a 1.0-mm-
diameter beam, so the light intensity 1s

P P 10X107°W
[=—=—= - = 1270 W/m?
A @’ w(0.00050 m)

We can use Equation 35.37 to relate this intensity to the electric
field amplitude:

oo 2 \/ 2(1270 W/m?)
! (3.00 X 108 m/s)(8.85 X 10712 C%/Nm?)




Radiation Pressure

It’ s interesting to consider the force of an electromagnetic
wave exerted on an object per unit area, which is called
the radiation pressure p__ . The radiation pressure on an
object that absorbs all the light is

energy absorbed
Ap = gy (E = pc)

PIA 1 )
= — = Ap (energy absorbed)/Ar P

- oA P
¢ ¢ At c C
where P is the power (joules per second) of the light.
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where [ is the intensity of the light wave. The subscript on
p,.q IS important in this context to distinguish the radiation

pressure from the momentum p.



Example Solar sailing

A low-cost way of sending spacecraft to other planets would be to
use the radiation pressure on a solar sail. The intensity of the sun’s
electromagnetic radiation at distances near the earth’s orbit 1s
about 1300 W/m?. What size sail would be needed to accelerate a
10,000 kg spacecraft toward Mars at 0.010 m/s*?

sOLVE The force that will create a 0.010 m/s*> acceleration is
F = ma = 100 N. We can use Equation 35.39 to find the sail

area that, by absorbing light, will receive a 100 N force from
the sun:

¢cF  (3.00 X 10°m/s)(100 N)

I 1300 W /m> =23 X 10"m°

A =




Polarization & Plane of Polarization

(a) Vertical polarization

e Plane of
E / polarization
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A Polarizing Filter

The polymers are parallel to each other.

Polaroid
The electric field Only the cofnponent of
of unpolarized light E perpendicular to the
oscillates randomly polymer molecules

in all directions. 1S transmitted.



Malus’ s Law

Suppose a polarized light wave of intensity /, approaches a
polarizing filter. ¥ is the angle between the incident plane of
polarization and the polarizer axis. The transmitted intensity
is given by Malus’ s Law:

L =l cos0 (incident light polarized)

If the light incident on a polarizing filter is unpolarized, the
transmitted intensity is

| I 510 (incident light unpolarized)

In other words, a polarizing filter passes 50% of unpolarized
light and blocks 50%.



Intermediate/Advanced Concepts



Wave equations in a medium

The induced polarization in Maxwell’s Equations yields another term in
the wave equation:

PE E 0’E 1 0°E
=0 2 2 A2 =0
Z at aZ A% at

This is the Inhomogeneous Wave Equation.

The polarization is the driving term for a new solution to this equation.

) 82E 0 I’E 1 82E_0
0z E)t dz° ¢ ot
Homogeneous (Vacuum) Wave Equation
E(z,t)=Re{E "™ 2 . .
_ 2{Eoei(kz—wt) _l_E’(:e—i(kz—a)t)} nz — — ,Ll —

= E, | cos(kz—ax) Vo He& v



Propagation of EM Waves

VxE = —68_]’3 where E = iEO ei(k-r—o)r)
S 0
2 —=Vx=ikx and LE—Z.(I)
ot
—B= lk x E

Q)

Vectors k, E, B form a
right-handed triad.

Note: free space or 1sotropic media only



Polarization and Propagation

In 1sotropic media .

) s planar wavefront
(e.g.free space, X
K -r = const.
amorphous glass, etc.)

k-E=0
e Kk LE electric field vector E

More generally,
k-D=0

(reminder : 1n

wave-vector k

v

anisotropic media,
e.g.crystals, one
could have

E not parallel to D)



Energy and Intensity

| S S=ExH
Summary (free space or isotropic media) E S LE B — ngoE B
| . 2 : Ky
S=—Ex B’ ”S” - Cg()”E” Poynting vector S so 1n free space
Ky
1 t+T S H k
<HSH> = ? MSHdZ Irradiance (or intensity) S has units of W/m?
! B SO 1t represents
energy flux (energy per
* Poynting vector describes flows of E-M power unit time & unit area)

* Power flow is directed along this vector (usually parallel to k)
* Intensity is average energy transfer (i.e. the time averaged Poyning <sin2 (kx— a)t)>

vector: I=<S§>=P/A, where P is the power (energy transferred per |
second) of a wave that impinges on area A. = <cos2 (kx— a)t)> =3
o 6 e By oo | ooy 123985
(S)=1=(E(¢t)xH(¢))] S E = (E’+E) |haleV] Alnm]
-3
cg, =2.654x107A4/V example =1V / m h = 1.05457266 %10 Js
[=2W/m




Linear polarization (frozen time)
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Linear polarization (fixed space)
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Circular polarization (linear components)
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Circular polarization (frozen time)
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Circular polarization (fixed space)

rotation ~  _— __ _{__ _
direction -7 .-~ " T Sse.
P RN N
’ Ez=0,~0) "~
N
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Linear versus Circular Polarization

(@)

(b)

Electric field
‘|| Magnetic field

direction of
propagation

direction of
propagation

A

Electric
Fields .
A Note the 90°

", phase difference
If this wave were approaching

an observer, its electric

vector would appear to be

rotating counterclockwise.

This is called right -

circular polarization.

S y




Methods for generating polarized light

A Methods for Achieving

g:g‘;g“,f;;‘;’,‘:;ig"e Polarization of Light
scatter no energy along h Light polanized in perpendicular planes
the dipole axis. \ axhibits different refractive indices in
some crystalline materials - a property
'\T g 10 > called birefringence. Prisms can be
A designed to use total internal reflaction

to eliminate one of the planas.
Birefringence
Nicol prism

Scattering  90°

The reflection coefficient for light @
polarized in the plane of incidence

is zero at the Brawster angle, leaving

the reflected light at that angle linearty

Reflection "\ 1 polarized. Electrons in the material act
like dipole radiators and transmit no

anergy along their vibration axis.

http://hyperphysics.phy-astr.gsu.edu/hbase/phyopt/polar.html



Polarization by Reflection

http://hyperphysics.phy-astr.gsu.edu/hbase/phyopt/polar.html

The reflection coefficients are
different for waves parallel and
1 perpendicular to the plane of

et 100%
incidence.
Brewster 1 - Reflected intensity
o ' Angle | for rays parallel
| x +~ and perpendicular
\ — % to the plane of
& incidence.
=
S0 o
-
— @
o
I
L
(-
When light is incident at the Brewster 1 0% ;
angle, the reflected light is linearly 0° 30° 60° 90°

polarized because the reflection

L . Brewster
coefficient for the Il component is zero.

Angle



Malus’s Law

\

unpolarized light  polarizer linear polarized light  crossed

I = %C(‘oEé cos® 8 = I cos” .

Polariser Axis
.
.

Analyser
E.sing LS

Polarizer

E,cosé@



Where is the turtle?




Polarized sunglasses

;u—u-“m.-', -
2. @ 5
light
unpolarized attenuated
illumination
polarizer crossed
analyzer
polarized polarized
illumination reflected light

direct
reflection

» O

&\f"‘u“%,
e s

polarized
detected
light

crossed
analyzer

npolarized
diffuse light

0 diffuse
reflection

absorption of direct reflection

diffuse reflections passing




Brewster Angle

Incident ray Reflected ray
(unpolarised) (polarised) 6, + 6, = 90°

ny sin (fy) = nosin () ,

nysin () = ngsin (90° — ) = nycos (0g) .

n
g = arctan (—2) ,

n

Refracted ray
(slightly polarised)



Polarization by scattering (Rayleigh scattering/Blue Sky)

FIGURE 8.36 Scattering of unpolarized light by a molecule.

FIGURE 8.35b



Circularly polarized light in nature

Fig. 1. Photographs of
the beetle C. gloriosa. (A)
The bright green color,
with silver stripes as seen
in unpolarized light or with
a left circular polarizer. (B)
The green color is mostly
lost when seen with a right
circular polarizer.
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Morphology and microstructure of cellular pattern of C. gloriosa

-

3D box slze: 25 x 25 x 6 um




Quarter wave plate

Linear
polarization

Circular
birefringent polarization




Half wave plate

A/2 plate

Linear
polarization

Linear (90°-rotated)

birefringent polarization
12 plate



Quiz for the Lab — Bonus Credit 0.2 pts

birefringent mirror
/4 plate



Polarization: Summary

j}ﬁ E= Exe"51fc+Eye"§%_\ /\ V' E
v
Iingar pglarization right circular left circular left elliptical
y-direction polarization polarization polarization
Phase difference = Phase difference =

Phase difference = Q9
900 (1/2, \/4) 1800 (1, A/2)

LA LA
Ex Ex £ A

Z Z x{! 0 0 0 )

z

\
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Polarization Applets

e Polarization Exploration

http://webphysics.davidson.edu/physlet resources/dav optics/Examples/polarization.html

* 3D View of Polarized Light

http://fipsgold.physik.uni-kl.de/software/java/polarisation/index.html




Reflection and Transmission @ dielectric interface

A cos 61




Beyond Snell’s Law: Polarization?

[nterface

~

=4(e




Reflection and Transmission (Fresnel’s equations)

Can be deduced from the application of boundary conditions of EM waves.
An online calculator is available at

http://hyperphysics.phy-astr.gsu.edu/hbase/phyopt/freseq.html

z i - E,. _n cost, —n, cos O,
B, oo | e, B, E. n.cosd. +n, cosd
Interface - x 0i 1L ! ! ! !
f E,, 2n. cos o,
f = —
Ey ), n,cos0 +n, coso,
y N . E, | n,cost —n, cosb
B = (e -

TR T, Ey )~ n,cos, +n,cosb,
o E, | 2n, cosb,
==t =

E, n.cost +n, coso,




Reflection and Transmission of Energy @ dielectric interfaces

Recall Poynting vector definition:

IS] =@§HEH2

different on the two sides of the interface

2
CV‘&Clllllll Cvacuum R _ ( & J _ rz
n; n, Ly,
\ 2
M cos o, [EOT J _ 1,cos0, .
n.cost \ E, n. coso,




Reflection and Transmission (Fresnel’s equations)

Can be deduced from the application of boundary conditions of EM waves.

ﬁi i{r E ; EOI
o o " = —
k, 1
sy 3 E,
Interface X ! 1L
. EOr
[ = 7
07 /|
E, E,
_ EOr
»>({® - ’/|‘|
1 k, o B, - EOi |
Interface fx
Py
EOr
=7

n.cos@ —n, coso

n.cos@ +n coso,

2n. cos o,

n.cosd, +n, coso

_ n,cost) —n, cos b,

n,cos6. +n coso,

2n. cosd.

n.cost +n. cosd



Reflection and Transmission of Energy @ dielectric interfaces

Recall Poynting vector definition:

IS] =@§HEH2

different on the two sides of the interface

2
CV‘&Clllllll Cvacuum R _ ( & J _ rz
n; n, Ly,
\ 2
M cos o, [EOT J _ 1,cos0, .
n.cost \ E, n. coso,




Energy Conservation

o n. cos 6 |

R+T =1, ie. r?+ — tr? =1
n,cos 0.
AcosGi Acoser




Normal Incidence

;o= Eo;-} _n cos . —n, cos b, Note: independent of polarization
E, ), ncost, +n cosb,
- E_J _ 2n, cos 0, 6. =0 and 6, =0 o= = n,—n,
E, ), n,cos 6 +n, cosb, I [ no+ o,
= EO,J =n,cos(9,.—n,.cosé?, Co_ 2n,
E, ;o cos@ +n cosd, 1 I —n, .
- &J _ 2n, cos b,
E, n,cosd +n cosb, 7
R, =R = T
n, +n
4dn.n
T, =T i



Reflectance and Transmittance @ dielectric interfaces

(a) 1.0
= )
=3  k
s = 05k ny =1.5
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