Review problem

Chapter 17 page 575
#13.
A 1.0cm wide diffraction grating has 1000 slits.

It is illuminated by light of wavelength 550nm.
What are the angles of the first two diffraction
orders?



Review problem
Chapter 17 page 576. Problem 25

Solar cells are given antireflection coatings to
maximize their efficiency.....



Wave Optics

The wave model

Diffraction and interference

Double slit and grating interference
Index of refraction

Thin-film interference

Huygens’ principle

Single-slit and circular diffraction



What Is light?

* We know light is a small part of the
Electromagnetic spectrum, A=400nm-750nm

* Three models for light
 Wave model — light acts as waves
« Ray model — light travels in straight lines
* Photon model — light is made of quanta of energy




Interference of light

* Wave effects can be seen with light when we
look at the them with “small” probes.

 Light wavelength is 500nm. We can just see
the aspects of waves with instruments of
dimensions of 0.5mm (1000 wavelengths)

At larger dimensions, light acts as rays.



Young's double slit experiment

In 1801, Young showed light diffracted like
water waves. Difficult to do with sunlight and
cards in a darkened room.
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Fringes from the double slit

In Ch 16, we saw that

e constructive Interference occurs when the
waves align, or in phase.

e destructive interference occurs when the
waves are out of phase
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Light waves meet
at P after traveling
distances r, and r,.-.,

Enlarged below

Viewing
screen
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(b)

The two paths have The screen is so far
equal lengths from away compared to d
these points to the that these two paths
screen at point P. are almost parallel.

pain teng® [

Slit
spacing

“This little segment is
Ar, the path-length
difference.
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Light waves meet
at P after traveling
distances r, and r,. ..,

Enlarged below

L
Double Viewing
slit screen
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Dark fringe spacing

Path difference, Ar, atan
angle, e’ mUSt be a The two paths have The screen 1s so far

equal lengths from —— away compared to d

WhOIe num ber ~+ 1/2 Of these points to the that these two paths

screen at point P. are almost parallel.

wavelengths for o SAN
destructive interference: s

Slit
spacing

1 \d
Ar=m+— |4 |
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| Ar, the path-length i
\ - P
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Light waves meet
at P after traveling
distances r, and r,. ..,

Enlarged below

L
Double Viewing
slit screen
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Distance between fringes

Adjacent fringe spacings,

Y and y,..q

Vos— Y =
m+1 m d

(M+1-m)=

AL

Dark fringes are exactly half
way between the light fringes.

\\e can measure the
wavelength of light

The fringe intensity
decreases because the light
| intensity from each slit by
itself is not uniform.

Fringe
spacing Ay

are equally spaced.
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Diffraction grating

We can expand the 2 slit experiment to a
diffraction grating which has a lines ruled
every 1ym:
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N slits with  Spreading circular waves
spacing d from each slit overlap and
interfere.

"
.
.
.
-
-
0
0

“~The wave from each slit
Plane wave travels Ar = dsin@ farther
approaching than the wave from the

from left slit above it.
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Diffraction grating

N slits with  Spreading circular waves
ing d from each slit overlap anc

For constructive interference, ™
we need the light path
difference to be a whole
number of wavelengths

dsin@d =mA
m=01223....




Diffraction grating

We define the central fringe as the zero order,
and subsequent fringes as the m’th order

dSInH:“Iﬂ, | | ~ Screen
Grating t B |
m=0,1,2,3 A W
g A et e N
y =Ltand s o
L
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Intensity of fringes

* The fringes are better defined and brighter.

* The path length differences need to be closer to
get constructive interference

 The maximum intensity of the fringes Is related
to the intensity from a single slit, |, as:

N =10 N =50

-  E
2 - 7 7 | = -
i -
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Different wavelengths
diffracted at different
angles

Incident light

N\

Few um
A reflection grating can be made by cutting
parallel grooves in a mirror surface. These can
be very precise, for scientific use, or mass
produced in plastic.
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Index of refraction

Light slows down In
transparent materials /

\We define the index of

refraction as the ratio

W N—

Index of refraction is the ratio of the speed of light in a
vacuum to speed of light in the material. It is 1 for a
vacuum, and greater than 1 for materials.

\
Z
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Index of refraction

The frequency must stay the same, but as the
velocity changes, then wavelength must
change

1:material vacuum

/1 e, materlal Pa
material

/1 ﬂ“vacuum
materlal




A transparent material in which
light travels slower, at speed v = ¢/n

*

Vacuumn = 1

The wavelength inside the
material decreases, but the
frequency doesn’t change.
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Thin-film interference

Remember - waves get
reflected at a medium

change

25




Thin film interference

Boundary

Light will get reflected at Indexn, | Indexn,
Incident wave Transmitted wave
a boundary between two |

transparent media N\/\/WM/\/\/

kT2 e 00 not oy oo he
have a ph ase Change lI: \;uf x}f”I Case l:n. >n..

The reflected wave
When n,<n, we do have J\/\/\A/\ does not have a

hase change.
Reflected |2 e

a. phase Change WAVES | case 2: n, <n,.

’\/\/\ . The reflected wave
Remember n is larger /M sl bicnplas
for Slower materials The reflection w suh phase change is
half of : length bel 5o the

the path length by A/2. 3
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Thin film interference

Air

e Consider the boundaries | ....owei  Thinfim Glass

| throueh the Index n

for a thin film, width t, on a i i e s

Wi AARAAVIATT
Part of the light will get : i
reflected at the air-film, e e 1
and part reflected at the
film-medium

We can pick the film o
thickness so that the 2 waves overlgpand 7
reflections cancel et ssamnEson s e s .
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Thin film interference

 Due to the refractive

indices being different, we ...

can have either 0, 1 or 2
Inversions at the 2
reflections.

e |f there are O or 2
Inversions, the effective
path-length change is 2t

* |f there is 1 inversion, the
change is 2t+1/2 Ay,

mitted through the Indexn

film and the glass.

AVAVAVAVAVAVAVAVATILTL'

R “«—>
A A
film
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Thin film interference

* To get the reflections from the
2 surfaces to cancel, we need
the path difference to be a
whole + %2 number of
wavelengths

« For an O or 2 reflections
1
2t (m = —j/iﬁ,m
2

2t:(m+ 1) 4
2 )N

film
m=012,3...

Air
[. Incident wave is Thin film ~ Glass
Index n

transmitted through the
thin fils

the ¢l
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Thin film interference
To get the reflections from the || A [iii; Glass
2 surfaces to cancel, we need | e e B
the path difference to be a |

whole + Y2 number of AN\/\/\M/\N\/\/\/\

< /\ > : —
wavelengths
2. Part of the incident 3. Part of the

FOr 1 refIECthn wave reflects from the transmitted wave

first surface. ==+--..., reflects from the

second surface.
« %; V ‘;‘:’«7:?

2t 5 I I I 4. The two reflected
X7V A0 yviarlan « p —— *
n waves overlap and !

film interfere.
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Application of thin fllms

Many optical applications.

Only works for one wavelength,
but reflections for nearby
wavelengths are reduced. (We
see < 1 octave)

Depends on the ng,,,, but we need

to know If ItS > or < N .gium




Huygen's principle

« Each point on a wave front is the source of a
spherical wavelet that spreads out at the
wave speed.

« At a later time, the shape of the wave front Is
the line tangent to all the wavelets.

(a) Plane wave

= (b) Spherical wave
Initial
wave front ¢
\
k4
[)
Y )
Each of tl P} ['he wave front
nts is th at a later tim
irce of a P 1s tangent to all
pherical the let Th
. - 1S t
L‘]L‘ e
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History of Huygens’ principle

Also called Huygens-Fresnel principle

Developeo

in the 19t century to help

understand waves (not quantitative)

Developed when Newton'’s ideas that light is
corpuscles, not waves

The wavelets interfere, and the wave front is
the result of the constructive interference.
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(a) Greatly magnified view of slit
Secondary maxima

_7 X~

Initial
wave

Viewing screen
front

Central maximum Slit width a

Distance L

Wi Nt NG . NG, NS~

Single slit
of width a

g
«

The wavelets from each poiflt on the initial
wave front overlap and interfere, creating
a diffraction pattern on the screen.
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Single slit diffraction

* The Individual ®
wavelets can be A
thought of as ;
separate sources ‘ o

At =0, the light from | h

each wavelet adds

constructively to give
a bright central e e s
fringe. How oo N
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Single slit diffraction
(c)
* For situations where
6>0, we will calculate u/
the conditions where ointon ] 0
we get destructive the wave front
Interference 1s paired with

another point
)/ iy A distance a/2
» Divide the slitin half, ...
and consider the 2
rays from the edge

and midway

N EN
>
e

These wavelets all meet on the screen
at angle 6. Wavelet 2 travels distance
Ar , = (al2)sin0 farther than wavelet 1.
Copyright © 2007, Pearson Education, Inc., publishing as Pearson Addison-Wesley.
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Single slit diffraction

(c)
* For destructive
Interference, (dark
fringe) the path S
) Each point on
|ength Ar W|” be one [hu wave I‘r'om
half Wavelength 1s paired with

another point

b@tween 1 and ? distance a/2

away.

N EN

« Similarly, all other
pairs will be A/2 — for
3 & 41 and 5 & 6 These wavelets all meet on 1]“1@1‘1*0@11

at angle 6. Wavelet 2 travels distance
A;’[,, = (a/2)sin O farther than wavelet 1.
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Single slit diffraction

* If we consider more
wavelets along the
front, then when Ar=A/2,
every ray from the top
half of the slit will cancel
with a corresponding
wave from the bottom

half of the slit.

Ar = 2 sin i — it
2 2

(c)

Each point on
the wave front
1s paired with
another point
distance a/2
away.

N EN

These wavelets all meet on the screen
at angle 6. Wavelet 2 travels distance
Ar , = (al2)sin0 farther than wavelet 1.
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Each point on
the wave front
1s paired with
another point
distance a/2
away.

These wavelets all meet on the screen
at angle 6. Wavelet 2 travels distance
Ar,, = (a/2)sin@ farther than wavelet 1.
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Single slit diffraction

In general, the dark fringes
occur when y

a S in 9 A | Single Screen |
lit ‘
dark p . | p=2
p=1,2,3 e
Sk N4 T aI}:::Z:\I:———a —————— Width w
Central/ 1| p= 1l
9 << 1 maximum
p=2
ﬂ/ I Light
intensity 0

H p ) '
I N L4
d a r k Copyright © 2007, Pearson Education , Inc., publishing as Pearson Addison-Wesley.
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* We've calculated where
the dark fringes occur —
the light fringes are almost,
but not quite half way
between the dark fringes

* The central fringe Is twice
the width off subsequent

slits

* When a<A\, we do not get
diffraction

Single slit diffraction

Central
maximum

Light

intensity 0

)
>
arson Education, Inc., publishing as Pearson Addison-Wesley.

p=2

p=l—T

Width w

p:ll

p=2
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Width of the central peak

Using y=Ltan®, we find the
positions on the screen of
the dark fringes, and the
width of the central fringe:

pPAL

ydark 71

p=L123,...

W=Yy —-Y,
g
a

W

Central
maximum

Light

intensity 0
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p=2

p:lT

Width w

p:ll

p=2
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Structure In the double slit

diffraction
In the double slit experiment, we were really
seeing two diffraction patterns merged together.

The smaller the opening, the larger the effect

N VAV S’ ' 4'- k41 ¥
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Circular-Aperture Diffraction

For a pin-hole, we get diffraction in two
dimensions, sometimes called the Airy disk:

Diameter DI ;

[| Circular
aperture )
A
S
0 e
o= 3 S5
_-_"_':__I___{i\ _____
Central 4
maximum /\>
Light
intensity

p=3
p=2
p=lT
Width w
p:]l
p=2
p=3

44
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Circular-Aperture Diffraction

The dark fringes are now
shifted from the single slit

A
Hlslit &
aslit

For a pin-hole, diameter D,
we get a new factor of 1.22
from the geometry
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Circular-Aperture Diffraction

The width of the central maximum is then
2.44 4L
D

w=2y, =2Ltang, =

[| Circular
aperture NP =3
Y p=2
(//
01 puw=r AP ] T
| R s
Diameter D] -===-"1 T ___ Width w
Central \/ p=1 l
maximum /\> p=2
p=3
Light
intensity
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Summary

The wave model

Diffraction and interference

Double slit and grating interference
Index of refraction

Thin-film interference

Huygens’ principle

Single-slit and circular diffraction
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Homework problems

Chapter 17 Problems
42,55,57,60,70,73
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