PHY 203: Physics of Light and Color
The Wave Nature ofLight
Read Chapter 5 of the text and work out # 6 page 124
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Huygens Principle and Diffraction

Huygenso pr

Every point on a wave

front acts as a point "
ource

source; thevavefront o

as it develops is S

tangent to their

envelope
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Huygenso
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Huygens Principle and the Law of Refraction
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Huygens Principle and the Law of Refraction

Huygenso principle can al
refraction.

As the wavelets propagate from each point, they
propagate more slowly in the medium of higher index of

refraction.

This leads to a bend In teevefrontand therefore In
the ray.



HuygengPrinciple and the Law of Refraction

In going from one medium to the other thequency of
the light does not change, but the wavelength does as |
travels into a new medium.

Ay vt v, Ny A
Aot v M An = n

Another way to find out which is faster red or blue light in a material



HuygengPrinciple and the Law of Refraction

Highway mirages are due to a gradually changing inde;
of refraction in heated air.

Direct ray

Ray directed
/ / / slightly downward

1/

Observer

O)—— ~~ B\\ r——

1
(b) oM here
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Interference Y o u n [goakbde-Slit Experiment

If light Is a wave, Interference effects will be seen, wher
one part ofvavefrontcan interact with another part.

One way to study this is to do a douislé experiment:

This is what we see

‘\\
Sun’s : %Sl ‘) —
rays > = —~
: = y
—_ ) ©
Viewing screen Viewing screen Viewing screen
(a) (particle theory (actual)

prediction)



Interference i Y o u n [goakde-Slit Experiment

Rays S, |f I|ght IS a wave,
] ) there should be an
>< Interference
i S, ) pattern.

Screen

Wave fronts
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Interference Y o u n [goakbde-Slit Experiment

The interference occurs because each point on the screen is not
same distance from both slits. Depending on the path length
difference the extra distance =, dd,, the wave can interfere
constructively (bright spot) or destructively (dark spot).

Bright

_(constructive Eiirsl:ructive
interference) interference)
Bright (constructive
interference)
T
————— d
v
Extra distance \*Extra distance
EA = %)\
l I A L L g =d sinf
Screen Screen | Screen
(a) 0 =00 (b) (c) (d)
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Make sure you see the extra distance. This extra distance eguas=dd sinQ).

Bright (constructive
interference)

Screen
(a)g=0°

AU

Bright
(constructive
interference)

Extra distance
=A

(b)

Screen

Dark
(destructive
interference)
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Interferenca Y o u n@pobse Slit Experiment

We can use geometry to find the conditions for constructive
and destructive interference:

The extra distance =,d d,
d,T d; =d sinQ)

If d sin(q) = integer multiple of a whole wave lendththen we have

constrictive interference; — -
constructive

dsinf = mA, m=20,12-- interference
(bright)

If d sin(q) = odd integer multiple of a half wave lengty then we have
destructive interference: — —

destructive
dsinf = (m + %)A m=20,1,2, - interference
(dark)




max
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Interferencel Y o u n [goakbde-Slit Experiment

Between the maxima and the minima, the interference
varies smoothly.

Constructive

interference =5 2 1 0\ 1 2 3

(b)

Copyright © 2005 Pearson Prentice Hall, Inc.

Destructive
interference



Central, m=0

l

This is what we see

Constructive m=23

interference

Destructive
interference
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The Visible Spectrum and Dispersion

Wavelengths of visible light: 400 nm to 750 nm

Shorter wavelengths are ultraviolet; longer are infrared

-— |
A I % i I I % { I
400 nm 500 nm 600 nm 700 nm
f | | | |
7.5 X 1014 Hz 6 X 1014 Hz 5 X 1014 Hz 4 X 1014 Hz
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The Visible Spectrum and Dispersion

The index of refraction of a material varies somewhat wi
the wavelength of the light.

1.7+
- Silicate flint glass
Fq;g 1.6 C ‘*
= I Borate flint glass
= - Quartz
§ - Silicate crown glass
o1.5
o= n
w
1.4
400 500 600 700
Wavelength (nm)
Violet Blue Green Yellow Orange Red
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The Visible Spectrum and Dispersion

This variation Iin refractive index is why a prism will split
visible light into a rainbow of colors.

Wall or
screen
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The Visible Spectrum and Dispersion

Actual rainbows are created by dispersion in tiny drops
water.

Sunligh

These two rays are
seen by observer
(not to scale)

Green

Red Sunj Ight Blue

Violet

Violet

Red

(a)
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The positions of the
fringes can be
measured vertically
from thezerothorder
maximum

y=Ltand® Lsind

Assumptions
L>>d

d>>o-

tand® sind

Sy

r

d 0

~

Source

dis small and therefore the

A

0O

>

>

Viewing screen

approximation tamf© sind can be

used



Interference Equations approximations ..

A For bright fringes (use sin(d ) = M &/d)

/L o o
ybright:Fm’m:O’ 17 2

A For dark fringes (use sin (d 4,,) =&(M + ¥2)/d)

_ /L é_ lCN) _ o o 7///,'"ﬁr
ydark_ m-i__o ’m_Ol 11 2 g ///
d¢ 2=+
0 ;
)
f—\\ v
)\
\er7\0
i o5 \
l =5 \\ 0
= Sz:\/‘a/
Source
< L >
| Viewing sc



Q1. Supposéhe viewing screen in the
figure is moved closer to the double slit.
What happens to the interference fringes?

I. A plane wave is incident
on the double slit.

i\» v hchil}d each slit.
Viewing screen 3
1)) ﬂgggggﬂl‘l‘ms\
)T
|] |] Dauble:s e double i
/ 3. The waves interfere in::lhc
Laser beam region where they overlap.
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2. Waves spread out

4. Bright fringes occur where
the antinodal lines intersect U

the viewing screen.

1. They get brighter but otherwise do not change.

2. They get brighter and closer together.
3. They get brighter and farther apart.

4. They get out of focus.

5. They fade out and disappear.

e |
o

m=4
m=3
m=2
m=1
m=20
m =1



Q1: Supposéhe viewing screen in the figure
is moved closer to the double slit. What
happens to the interference fringes?

I. A plane wave is incident

on the double slit.

A

o ¥

Viewing screen

Double slit

I

Aser beam
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2. Waves spread out
behind each slit.

00 [N

1)) ""‘"”A"MW

Top view of
the double slit

3. The waves interfere in the
region where they overlap.

4. Bright fringes occur where

the antinodal lines intersect L

the viewing screen.

1. They get brighter but otherwise do not change.

‘/2. They get brighter and closer together.
3. They get brighter and farther apart.
4. They get out of focus.
5. They fade out and disappear.

EJi

m=3

m=2

m=1

m=10

m =1

m=2

m=3

m=4



Q2: Lightof wavelength/ ; illuminates a double slit, and interference
fringes are observed on a screen behind the slits. When the wavelength is
changed td ,, the fringes get closer together. How largé,iselative to/ ;?

,l:"—ﬁr
/L " /’//
— — 0 o ///
Yoight =——mM ,m=0,°1," 2 y "
d s, I /
\ -~
—> L 7
s
1 (2 = \ ¥

: \
J \ 0
£ _/5/

Source

Viewing screen

1./,is larger thar! ;.
2./, 1s smaller thar ;.
3. Cannot be determined from this information.



Q2: Lightof wavelength/ ; illuminates a double slit, and interference
fringes are observed on a screen behind the slits. When the wavelength is
changed td ,, the fringes get closer together. How largé.iselative to/ ;?

/L oa o
ybright:Fm1m:O; 1,° 2

1./, is larger than ;.
v/ 2./,is smaller than/,.

Source

A—

0

3. Cannot be determined from this information.

Viewing screen



Q3: Whatwas the first experiment to show that light is a wave?

1. Youngo0s double slit exrg
2. Gali l eodbs observation
3. The MichelsorMorley interferometer

4. The PoundrRebkaexperiment

5. Milli kanodos o1l drop ex]



Q3: Whatwas the first experiment to show that light is a wave?

V1. Youngds double slit exf
2. Gali l eodbs observation
3. The MichelsorMorley interferometer
4. The PoundrRebkaexperiment
5. Milli kanodos o1l drop ex]



Q4: Whats adiffraction gratindg?

1. A device used to grate cheese and other materials
2. A musical instrument used to direct sound
3. A plaque with a tiny circular aperture

4. An opague objects with many closely spaced slits
5. Diffractiongratings? | never heard of it.



Q4: Whats adiffraction grating?

1. A device used to grate cheese and other materials
2. A musical instrument used to direct sound
3. A plaque with a tiny circular aperture

/4. An opaque objects with many closely spaced slits
5. Diffractiongratings? | never heard of it.



Tricky

A pair of screens are placed 13.7m apart. A third order fringe
IS seen on the screen 2.50cm from the central fringe. If the
slits were cut 0.0960 cm apadetermine the wavelength of
this light. Roughly what color is it?

So Given: The double slit formula
L=13.7m /L o
m:3 ybright:Fm ,m:O, 1, 2

y = 2.50cm = 0.0250 m
d = 0.0960cm = 9.60x1Om




Tricky: If a yellow light with a wavelength of 540 nm
shines on a double slit with the slits cut 0.0100 mm apart,
determine what angle you should look away from the
central fringe to see the second order fringe?

|: constructive :|
dsin 0 = mA, m=0,1,2,-- interference n=2
(bright) i
;iiﬁ_ | =5 r.:=n
d.sin(g) = m/ .
0.00007* sin(g) = 2* 540x10°°
sin(q) = 2*540x10°°
0.00001
sin(g) =0.108

g =6.2°



Let us try a simulation of the double slit experiment.
Just select below right click and open hyperlink

http://www.colorado.edu/physics/2000/schroedinger/twglit2.html

Let us try a movie of the double slit experiment.
Just select below right click and open hyperlink

http://video.google.com/videosearch?hl=en&g=double+slit+examples&um=1&ie=UTF
8&sa=X&oi=video_result_group&resnum=4&ct=title#hl=en&g=double%20slit%20exam
ples&um=1&ie=UTF-8&sa=X&oi=video_result_group&resnum=4&ct=title&start=10


http://www.colorado.edu/physics/2000/schroedinger/two-slit2.html
http://video.google.com/videosearch?hl=en&q=double+slit+examples&um=1&ie=UTF-8&sa=X&oi=video_result_group&resnum=4&ct=title

Diffraction by a SingleSlit or Disk

Light will also diffract around a single slit or obstacle.

Shadow N
Solid
Bright d
Spot —
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Diffraction through a single slit

Diffraction refers to the spreading or bending of waaesind edges.

______
......
______

g- ]
Lt

i
*

e E +4+4

Condition for minimum
asinB=ma

maD
y = a

orderm Herea=d,and D=L

The fringe pattern formed by a single slit consistakérnate
brightand dark fringes and the fringes faalgayfrom the centre.



Diffraction by a SingleSlit or Disk

The resulting pattern of light and dark stripes is called a
diffraction pattern.

This pattern arises because different points along a slit
create wavelets that interfere with each other just as a

double slit would. .
Intensity




Diffraction by a Single Slit or Disk

The minima of the singislit diffraction pattern occur whe

dsin 6 = mA, m=1,23, -




Q1. Light of wavelength oadPphasses thr
diffraction pattern isobserved on a screen that is very far from the silit.

Which of the following will give the greatestcrease in the angular width of

the centraldiffraction maximum?

A. Doubletheslitwidtd and doubl e the wavelengtl

B. Doubletheslitwidtd and hal ve the wavel en

C.Halvetheslitwidtd and doubl e the wavel en
dsm(q)elm/
m/.L
d

D. Halve theslitwidtd and hal ve

y:




Q1. Light of wavelength oadPphasses thr
diffraction pattern isobserved on a screen that is very far from the silit.

Which of the following will give the greatesicrease in the angular width of

the centraldiffraction maximum?

A. Doubletheslitwidtd and doubl e the wavelengtl

B. Doubletheslitwidtd and hal ve the wavel en

C. Halve the slitwidthd and doubl e the wavel en h

D. Halve the slitwidtd and hal ve t QNSaIQ/(%)I eng e
- m/.L
y_—

d




Tricky: For a single slit experiment apparatus

determine how far from the central fringe the

first order violet (& = 350nm)
700nm) colors will appear if the screen is 10 m

away and the slit is 0.050 cm wide.

______

s =m |

______
et
I

- m/.L

& Condition for minimum

1*350x10°°*10 || [gsin6-mA

0.0005 L
y _ 0007m order m

______

y

|1—Q.—|r|
i

o] ++++444144

and



Try it ..

You can actually do the single slit experiment wherever you are right
now!

Hold two of your fingers very close together; there should be only the
tiniest little gap between them that you can barely see through. Look
towards a light source, a light bulb, through the gap in your fingers. In
the gap between your fingers you should see very faint gray lines that
run parallel to your fingers... these are the destructive interference
"dark" fringes!



Let us try this single slit patterns generator

http://lectureonline.cl.msu.edu/~mmp/kap27/GaryDiffraction/app.htm


http://lectureonline.cl.msu.edu/~mmp/kap27/Gary-Diffraction/app.htm

Diffraction Gratings

i

Note d is the distance between 5
two adjacent lines ¥

el el Sl Sl D

A




Like the double slit arrangement but with a
much greater number of slits; rulings,
sometimes as many as several 1000 per
millimeter

Light passed through the grating forms
narrow interference fringes that can be
analyzed to determine the wavelength

As the number of rulings increases beyond
2 the intensity plot changes from that of a
double slit pattern to one with very narrow
maxima(called lines)surrounded by
relatively wide dark regions

- N

Intensiny

m =)

1

73

o

o
'

ro

| m =1

(h)

no



To |)0inl P

' on viewing
0"~ screen

Note d is the distance between
two adjacent lines

Path length

‘ difference

l NG between adjacent rays
B syt s

Principal maximaincident angle is zero
where all waves interfere constructively are
found with what is now a familiar procedure:

deind =mA  form=0,1,2,...

eachm represents a different line and the
Integers are calledrder numbers

2-slit and 5slit diffraction of red laser light


http://upload.wikimedia.org/wikipedia/commons/4/46/Diffraction2vs5.jpg

Example: Adiffraction grating has 300 lines per mm. When i
iIs illuminated normally by light of wavelength 530 nm, what
the angle between the first and second order maxima?

deind =mA  form = O,’],Z,_“ We need to figure out d

There are 300 lines per mm. So there are 300000 lines per meter.
So d =1/300000 = 0.00000333 = 3.33Xfrikter

d.sin@) =m/  Form =1, we have 333 0° sing) = 1x5304.0°
sin@) =0.159
qg=9.1%

d.sin@@) = m/ For m =2, we have 3.33x.0°.sin(g) = 2x5304.0°°
sin@@) =0.318
g =1854°

So the angle between the first and the second order maxima is 18.54€.15 = 9.39



Diffraction Grating

The maxima of the diffraction pattern are defined by

A
Sinf):mjﬁ m = 0,1, 2,

1 Creen Light hlue
WA -] o 1l 2 e
ke Diark bhue F;fm 4 order
Light blue
Dratl blue Fed 1%t Ot
(Green
Light blue
Drarlk hlue

Central
undeviated
AT TTOT




Diffraction Grating

The maxima of the diffraction pattern are defined by

: mMA
Sin 0 = g m = 0,1, 2,
m=?2 m=2m=]1 m=l m=0 m=1 m=1m=2 me=2
700 400 700 400 Both A 400 700 400 700
nm nm nm nm nm nm nm nm
(a)
m=72 m=1 m=0 m=1 m=72
Rainbow Rainbow White Rainbow Rainbow
(fainter) (fainter)
(b)
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The Spectrometerand Spectroscopy

A spectrometer makes accurate measurements of
wavelengths using a diffraction grating or prism.

Source

Grating

Collimator

7\
) U

L

Telescope

Eye
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The Spectrometerand Spectroscopy

The wavelength can be determined to high accuracy by
measuring the angle at which the light is diffracted.

ad .
A= —sIné
m

Atoms and molecules can be identified when they are
In a thin gas through their characteristic emission
lines.



Interference by Thin Films

Another way path lengths can differ, and waves interfer
IS If the travel through different media.

If there Is a very thin film of materiala few
wavelengths thick light will reflect from both the
bottom and the top of the layer, causing interference.

This can be seen in soap bubbles and oll slicks, for
example.



Interference by Thin Films

Incident

light -~

Consider @hin film of gasoline
floating on a thick layer of

water.

. =100
ngir = 1.00

It turns out that when light p
coming from a smaller index of
refraction (Rair) to a larger Rgasoline = 1.40 f
iIndex of refraction (fyasoling
and getgeflected, there will X
be what is called phase change.

But when light coming from a  #water = 133

larger n to a smaller n, there

will be no phase change.




Reflection at the boundaries

n

Small ne ==

n2>n1

N Largern

e ——

(a) /\/\

Reflect from medium withtnigher
n,>n, phasechange bybyad=/ / 2

(half wave length)

See the difference
Between the waves

(b)

Largern 1y

—

n2<n1

\/\/ Small n

VAV

Reflect from medium with lower n,
<n,A nophase changeby d=0



Interferencdoy Thin Films

Incident

Ray 1 will experience a gt ‘é‘"

The phase change ik/2 Phase change =~ =\

Ray 2 will not
experience a
Phase change

The phase chang

It turns out that when light
coming from a smaller index of
refraction (Rair) to a larger
Index of refraction (fyasoling

and gets reflected, there will be n.j. =1.40
what is called phase change.

But when light coming from a

larger n to a smaller n, there

will be no phase change. Ao = L3

= 1.00

Mair




Interferencdoy Thin Films

Incident

n= E Ray 1 will experience a ght ’é}
Phase Chan e b /2 ............................................
v ge by N
V= / f _ Ray 2 will not
—/ f The phase change ik{2 experience a
- Phase change
C ngi, = 1.00
. -~
n= i — /air
R [ B4 f
X / gasoline “gasoline
f
/ — / air Ayater = 1.33
gasoline

n



Interferencdoy Thin Films

Incident

light -

Ray 1 will experience a
/ Phase Change bylz ..............................................

/ — " air >
gasoline Ray 2 will not
n The phase change k{2 experience a
Phase change
For constructive interference
ngi, = 1.00

[ ,

2t + gaSO“ne: /gasolinGZ/ gasoline'3/ gasoling**** 'l

Azazoline = 1.40 f

For destructive interference

gasoline _ s
21+ ==/ gasoline _2 / gasoline 2 / gasoline**** Mygter = 1.33




Interference by Thin Films

A similar effect takes place when a shallowly curved

piece of glass is placed on a flat one. When viewed frc
above, concentric circles appear that are called

Newt onds rings.
\A BD

(a)
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Interference by Thin Films

One can also create a thin film of air by creating a wedg
shaped gap between two pieces of glass.

FA

A E ﬂ](; (a)
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Interference by Thin Films

Problem Solving: Interference

1. Interference occurs when two or more waves arrive
simultaneously at the same point in space.

2. Constructive interference occurs when the waves are in phase

3. Destructivanterference occurs when the waves are out of
phase

4. An extra halfwavelength shift occurs when light reflects from a
medium with higher refractive index.



Thin Film of Air, Wedgeédshaped

: /.
Constructive 2t+ ;” =/_..20 ;.3 4 s....

1 3 5

Destructive 2.t + L =1 g = = i e Radius of the first ring
2 2 2 2
2t + /air :§/air
2 2
—_ /air
Fringe Spacingy 2
i t /air
: tanq = __ =
______________ v y 2y
{
/
____ U \ —
2tang

glass




Example 1: Two rectangular pieces of plane glass sit one atop another on a flat table. £
thin strip of paper is placed between the edges of the glass pieces so that there is a ve
small wedge of air between them. The glass pieces are then illuminated at normal
incidence by 546 nm light from a monochromatic light source. Interference fringes are
formed with 15.0 fringes per centimeter. Find the angle of the wedge.

4
Radius of the first, or Ath ring
wedge /.
.g 2t +—- :§/air
fringes 2 2
g - 2t=/_ ,0r
y th fringe + ~ Dair
2t =m/
Suppose there are 15 fringes in one cm, so hemag, = _ 2t
where d = (1/15) cm. Keep the units straight. m= 7

S

t
; md 2t 1

tan@) =

tan@) = 7.5i 5460 “cm=0.000409
cm

g =0.0235



A Interference in an air wedge between two glass plates:
ARay 1: reflected at A (no phase change)
ARay 2: travels path ABC (phase changeofp = atlBj 2

Y Differenceis ABC = 2t -1 /2 (it qis small).

A Constructive interference:
2t-12=ml Y 2t=(m+1/2)
h A Destructive interference:
2t +1/2 = (m+1/2)i Y 2t =ml

A Distance x,, from line of contact to mth dark fringe:
Since 2t,, =ml and x,, =t (L/h) then:
Xy = (Ml /2)(L/h)



Polarization

Light is polarized when its
electric fields oscillate in a
single plane, rather than Iin
any direction perpendicular
to the direction of
propagation.

(a)

(b)
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Polarization

Polarized light will not be transmitted through a polarize
film whose axis is perpendicular to the polarization
direction.

VAN | VA g | =

(@) (b)
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Polarization



