WAVES - LIGHT
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Light and the EM Spectrum
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Frequency and Light
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Speed of Electromagnetic Waves

In a vacuum All electromagnetic waves travel at:

c=299,792,458 m s1

c =3.00 x 108 m s’




Speed of Electromagnetic Waves

Quantity Symbol | Approximate value
Acceleration of free fall (Earth’s surface) g 9.8l ms—?
Gravitational constant G 6.67 X 10" Nm? kg2
Avogadro's constant Ny 6.02 x 10** mol—*

Gas constant R 8.31 JK~! mol!
Boltzmann's constant kg 138 x 10-23]JK-1!
Stefan-Boltzmann constant o 567 x 108 Wm—2K-*
Coulomb constant k 8.99 x 10° Nm?2C-2
Permittivity of free space &y 885 x 10-12C2N-'m~2
Permeability of free space Uy 4t x 10-"TmA-!
Speed of light in vacuum C 3.00 X 108 ms~!
Planck’s constant h 6.63 x 10-34]s




The sun is roughly 149,600,000 km from
Earth, how long has the light from the sun
been traveling before it gets here?

~ 3.00x108ms1

d
v = ?\t - g B 149,600,000,000 m
1%

t =499s = 8.31 min
e




Light Equation

You already know the wave speed equation

V=FA

Works the same for electromagnetic waves

c=fA




Electromagnetic Spectrum

Visible light is just part of the picture...
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Electromagnetic Waves

Electric
field

S

Magnetic field

?

Transverse

or

Longitudinal

Direction of
wave travel

?




Standing Waves in a Microwave

How far between antinodes of a 2450 MHz

standing wave in a microwave?
v=fA

v 3.00 x 108

f 2450 x 10°

= 0.12m




Standing Waves in a Microwave

How far between antinodes of a 2450 MHz
standing wave in a microwave?

v 3.00 x 108
)\:—:—:()12”]
f 2450 x 10°

0.12m :
: = 0.06 m

= 6Ccm

[OINT DET/ someenee SONT El

REQUENCY 2450MHZ

RTE.



Electromagnetic Spectrum

The Electromagnetic Spectrum

Penetrates Earth Atmosphere?

[y T ' | N

Wavelength (meters)

Radio Microwave Infrared Visible Ultraviolet X-ray Gamma Ray
103 102 105 5x10° 108 1010 1012

About the size of...
X ﬁ { ) ';‘/ @

Buildings Humans HoneyBee Pinpoint Protozoans  Molecules Atoms Atomic Nuclei
Frequency (Hz)
104 108 1012 1015 1016 108 1020




Not everything makes it to Earth
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CEININERY

Wavelength: 101 m | 1 pm



Wavelength: 1019 m | 10 nm




Ultraviolet

100 nm wavelength

UVC ras

Shortest

waves, usually

do not
netrate

the Earth’s
ozone layer

290 nm wavelength

UVB ravs

Lon: gr waves
- skin§s surface -
 @nause

UVA sy

320 nm wavelength

UV RAYS
AND THEIR
EFFECT ON SKIN

100 nm wavelength 290 nm wavelength 320 nm wavelength

Uv(

RAYS
100 nm — 290 nm 290 nm — 32

400 nm wavelength

400 nm wavelength

The wavelength of UV (ultraviolet) rays is measured in nanometers (or billionths of a meter), abbreviated as “nm.”"

Wavelength: 108 m | 10 nm




Visible Light

Wavelength: 0.5 x 1012 m | 500 nm


http://i.imgur.com/8cK0aVj.gif

Infrared

Wavelength: 10> m | 0.01 mm



Microwaves

Wavelength: 10°m | 1 cm
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Radiowaves

Wavelength: 103 m | 1 km
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Can you name them? You should.

n Radio
[} Microwaves L 5 B - |-
Infrared .
.. Higher Frequency
E Visible More Energy
E Ultraviolet
ﬂ X-Rays
E Gamma




Lesson Takeaways




Reflection & Refraction
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Reflection

Angle of Incidence = angleof Reflection

Normal Line (L to surface)

4




—————




Reflection

Virtual
R Image



Predict

Can this person see their feet in the mirror?

NO

If the angle of reflection equals the
angle of incidence, the light can never
reflect from their feet into their eyes




“Full Length” Mirrors

207 cm
Same mirror size
and placement for
any distance




Not every surface is a flat mirror

Even surfaces that seem nice and flat are often textured

N

Diffuse Reflection




Retro-reflective Mirrors

Light always reflects directly back to the source




Retro-reflective Mirrors




Colors

We perceive colors in objects depending on how different
wavelengths are reflected




Refraction

Bends because of a change in medium




Speed of Light

In a vacuum all electromagnetic waves travel at:

c=299,792,458 m/s=3.00x 10%m/s

Light slows down when it travels through different mediums

Air 2.999 x 108m s1
Water 2.256 x 108m st
Glass 1.974 x 108 m st




Index of Refraction =2 n

ﬂ — 2 Ny V>
n, v n, v,
1| Vacuum 3.00 x 108 m s 1
Alr 2.999 x 108 m s 1.0003 ~ 1
Water 2.256 x 108m st 1.33
2 Glass 1.974 x 108m s} 1.52




Try This

How fast does light travel through cubic zirconia (n = 2.15)7?

n, v, 215 3.00 x 108

v, =140 Xx 108 m s~




Refraction Boundary

faster

Bends toward the most

optically dense medium
normal line




Refraction Boundary

Bends away from the
least optically dense
medium normal line

faster




How Much Bend?

Air
n =

Larger difference
in index means
more bending at
boundary

What'’s the relationship between
index of refraction (n) and the
amount that light bends?

More to less
optically dense
will bend away

from normal



Lesson Takeaways




Snell’'s Law & Critical Angle
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Remember the Bend

faster




Remember the Bend

slower

n=1.33
n=1

faster




sin6,
sinf,

nq
np




IB Physics Data Booklet

Sub-topic 4.1 — Oscillations

Sub-topic 4.4 — Wave behaviour

n, sinf, v,

n, sinf; v

Sub-topic 4.2 — Travelling waves

c=fA

Sub-topic 4.3 — Wave characteristics

I o< A?
I ocx72

I = I,cos* 8

_AD
*Td
Constructive interference: path difference = nd

Destructive interference: path difference = (n + %))t

ny vy ny  sinb, v ny sinf,

n, v n, sinf; v, n, Ssinb,




Using Snell’s Law

While aiming at a marble at the bottom of a
fish tank filled with water (n, = 1.33), you point
so that you can measure the angle of your
incident rays. What is the angle of refraction?

ny sinf, v,

n, sinf; v,

4 n,sinf,
6, = sin

nz ) Where does it “appear” the marble is?

1sin(80°)
1.33

6, = sin™? ( ) = 47.8°




Try this...

If the light travels from air to diamond (n = 2.42) at an
angle of incidence of 34°, find the angle of refraction.

ny sinf, v, . _4 (m1Sind,
— = — =— 0, =sin
n, sinf; v,

0, = sin™1 (1Sif§5;4°>) = 13.4°




Refraction AND Reflection




Critical Angle

Critical Angle: ec Angle at which
6, =90° so no
light escapes

n, =1

Beyond the critical angle = total internal reflection




Remember the Bend

faster

n=1

/\ n=1.33
| slower




Critical Angle

Note: this only happens when transitioning
from more dense to less dense




Try This

What'’s the critical angle between glass and air?

nq Sinez

n, sinfy




Why does it matter?

Total Internal
Reflection

Fiber Optic Cables for transmitting
information-with light




Sample IB Question

A light ray is incident on an air—diamond boundary. The refractive index of
diamond is greater than 1. Which diagram shows the correct path of the light ray?

air \

A B.

alr
diamond
€ __.f..?’

~ diamond \

-

1
|
|
|
|
|
|
|
P I N
1
1
|
|
|
1
|

C. | D
|
|
air : air \—\
diamVi diamond
|
|
|
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Diffraction

IB PHYSICS | WAVES - LIGHT




Diffraction

as the wave goes through the same thing happens if
the gap it spreads out it goes around an obstacle




What would you expect?

You shine a light through two vertical slits in a barrier.
What is the resulting image on the screen behind?




Remember Interference?

Constructive Destructive




Diffraction

Destructive

Constructive

Destructive




Double Slit Experiment

screen with wave destructive
double slits front  interference

interference pattern  intensity
on screen  distribution curve

\

hght wave A\

)
X

light source /]

destructive interference @ constructive

constructive interference ® interference @ 2006 Encyclopadia Britannica, Inc.




Double Slit Experiment




Double Slit Experiment




Double Slit Experiment

et opssee




Double Slit Experiment

AD
> T

A 2 wavelength Itd




IB Physics Data Booklet

Sub-topic 4.1 — Oscillations

Sub-topic 4.4 — Wave behaviour

n, sinf, v,

n, sin#é;, v

Sub-topic 4.2 — Travelling waves

c=fA

D
T d

Sub-topic 4.3 — Wave characteristics

I o< A?
I ocx72

I = I,cos* 8

Constructive interference: path difference = nd

Destructive interference: path difference = (n + %))t

milli

micro

nano

m 10-3
Ml 10-6
n 10-°




Double Slit Experiment

As wavelength (A) increases,

mmmmm

1D WI S INCreases
¢ = = XXX

d As gap (d) increases,

I s decreases




Try This

Blue laser light of wavelength 450 nm is shone on two slits that are 0.1 mm
apart. How far apart are the fringes on a screen placed 5.0 m away?

A = 450 nm = 450 x 10° m - (450 % 1077)(5)

d=01Tmm=0.1%x 103 m S = (01 X 10—3)
=5m

’ s=0.02m

Would red laser light have fringes closer together or farther apart?

. As wavelength increases,

. Increasing .
=P | Wavelength fringes get farther apart




Lesson Takeaways




11

Polarization
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Light is a Transverse Wave

The wave travels to the right.

A

and aown. . 2
X )

This isn’t the whole story though...

When unpolarized, light can
be thought of as oscillating

at every perpendicular to

the wave's motion Diagram of a light ray
coming out of the page




Polarizers

Un olanzed
lL@th ?olmnzer

Electric field
\% /\ ogallmﬁong
Tmngmtggton Polarized
axle gt

Unpolarized light loses 50%
Intensity when passing
through a polarizer




Polarized Light

Nonpolarized light vibrates in all directions
Horizontal ond vertical components

‘)4‘5{ 4 ~Vertical component posses % -

.1 through first polarizer...
il .. And the second

Nerticol component g
es not pass thro i
this second mhmr - &

Heawitt, Conceptual Physics, Ninth Edition
Copyright © 2002 Pearson Education, Inc., publishing as Addison Wesloy, All nghts resarved ] Polarizers

Parallel

Polarizers
Crossed

Polarizer Orientation

Figure 2




Malus’ Law

Unpolarized

1‘g : Polarizer I Kbz e I -~ IO C 0 SZ 0

0 = angle between filters

Same thing as

I =1, (cosB)?




IB Physics Data Booklet

Sub-topic 4.1 — Oscillations

Sub-topic 4.4 — Wave behaviour

T=—

f
Sub-topic 4.2 — Travelling waves
c=fA

Sub-topic 4.3 — Wave characteristics

I o< A?

I ocx72

I = I,cos* 8

n, sinf, v,

n_z_sinﬂl_v_l
_AD
*Td

Constructive interference: path difference = nd

Destructive interference: path difference = (n + %))t




Loses Intensity Twice

Unpolarized

light Polarizer
» A A / Analyzer
\‘ ‘.-",‘,V
A 5N
} ‘ { ]
V v 4
Transmission Polll'ul:‘/lr(l { \.
axis 5 >
o)
-50%

I=IOCOS V)

50% loss when
unpolarized light
IS polarized

Equation calculates
loss through
subsequent filters




Angle Difference

The intensity of plane polarized light, at 40° to the vertical is /,. After passing
through an analyzer at 60° to the vertical, what is the intensity measured?

0 = 60° — 40° = 20°
I =1, cos?(20°) = 0.883 I,

t

88.3% of the original intensity




Sample IB Question

Polarized light of intensity |, is incident on a polarizing filter. The angle between the plane of
polarization of the incident light and the transmission plane of the polarizer is 6. Which graph
shows how the intensity | of the light transmitted through the polarizer varies with 67?

intensity 4

‘||' -

{1

0

()

il‘lt{.‘.l'lt'rit}-' A

,J' -

(¥

| >
ge angle O

I
gQe  angle

intensity 4
fl'.l B
0 : -
0 gOe  angle 6
intensity &
’Ir.rj 1T
0 . >
0 Qe angle®

i Sl
18 — oy 2
’ n

{

90° = Intensity = 0

cos? shape




Try this Calculation

After passing through one polarized filter, the intensity of vertically polarized
light is 60 W m~. What is the angle of the analyzer relative to the vertical if
the intensity observed is 20 W m=?

I =1, cos?0 20 = 60 (cos 8)?
I =1 2 _
o (cos0) 0 = cos ! % — B4 7°
Unpolarized
light Polarizer
¥ | > / Analyzer
\:;;gi;: / What was the intensity of
4 0 § the unpolarized light?
VV b Py
Tr.nmniss{m Poll.miimd % ‘i 120 W m_2
axis 1ght j

Loses 50% from first filter




This isn’t the only way

&



What about 3D Movies?

Types of 3D Glasses

@ %o

RedICyan PGo|Iar|zed Active Shutter

Each lens blocks a different image, so
each eye gets a different image which
the brain interprets as 3D
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