Chapter 17
Wave Optics
Topics:
* Double-slit interference
* Diffraction gratings
* Thin-film interference
* Single-slit diffraction

* Circular-aperture diffraction

Sample question:

The vivid colors of this hummingbird’s feathers have a sheen unlike
that of ordinary pigments, and they change subtly depending on the
angle at which they’re viewed. How does light interact with the
feathers to produce this bright display?

Reading Quiz

1. All waves spread out after passing through a small enough
gap in a barrier. This phenomenon is known as

A. antireflection

B. double-slit interference
C. refraction

D. diffraction
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Answer Reading Quiz
1. All waves spread out after passing through a small enough 2. The wave model of light is needed to explain many of the
gap in a barrier. This phenomenon is known as phenomena discussed in this chapter. Which of the following
can be understood without appealing to the wave model?
A. single-slit diffraction
B. thin-film interference
D. diffraction C. sharp-ended shadows
D. double-slit interference
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Answer
2. The wave model of light is needed to explain many of the

phenomena discussed in this chapter. Which of the following
can be understood without appealing to the wave model?

C. sharp-ended shadows
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Water Waves Spread Out behind a Small Opening

A wave approaches
.+ @ NAITOW opening
from this side.

Barrier

The wave spreads out behind the opening.
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Barrier Barrier

The wave moves straight forward.
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Light Waves Also Spread Out Behind a Very Narrow Slit

25
&3 em

Viewing screen

The light
spreads out *----..,
behind the slit. %

0.1-mm-wide
slit in an
opaque screen

/r:cident laser beam
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Young’s Double-Slit Interference Experiment

(a) (b)

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

Viewing screen

2. Waves spread out

A behind each slit. ”
i m=2
The drawing is not to scale: “
the distance to the screen is m=1
actually much greater than ..., . ) )>> “
the distance between the slits. %, m = o Central
maximum
Double slit ) )> ~
m=1
Top view of m=2
the double slit ”
3. The waves interfere in the m=3
Thciderit Taser bedii region where they overlap. ;
4. Bright fringes occur where m=4
the antinodal lines intersect
the viewing screen.
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Analyzing the Double-Slit Experiment

Bright and Dark Fringes in the Double-Slit Experiment

y i i i
(@) (b) The fringe intensity Y 0, = m% m=0.1.2.3. ... a7.7)
Light waves meet The two paths have The screen is so far Fiec1e§ses‘becauserlth7.hght m
at P after traveling equal lengths from away compared to d Intensity from ACACUNE by 7 Angles (in radians) of bright fringes for
N = 5 s i . itself is not uniform. .., double-slit interference with slit spacing d
distances r, and r,. -, these points to the that these two paths 6 L
£ screen at point P. are almost parallel. 5 ‘
r lly = Ltan 0 y "
, Fringe 3
spacing Ay
~ 2 mAL
Fp——_ -1 ____ Ly =0 ! | W= m=01,23, a78)
Slit ;
Enlarged below spacing Dstits Central — 0 Positions of bright fringes for
il double-slit interference at screen distance
d maximum ; o 2 g L
The bright fringes -....... Y 3
Double Viewing 4 are equally spaced. 4
slit screen " This little segment is 5 WAL
Ar, the path-length 6 y=m+ S 0,1,2,3, ... (17.11)
difference. 7 a
Increasing Positions of dark fringes for double-slit interference
light intensity 0 Gopyright ©2007, Pearson Educaton, Inc. publshing as Pearson Adcison-Wesley.
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Example The Diffraction Grating
H H H H Nslits with  Spreading circular waves
Two narrow slits 0.04 mm apart are illuminated by light from a spacingd  DomsashaBhovedipmnd
HeNe |aser ()\ = 633 nm) . interfere.
. . . . A
A. What is the angle of the first (m = 1) bright fringe? =
B. What is the angle of the thirtieth bright fringe?
1
4
d
4
“.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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Bright Fringes for a Diffraction Grating

y
Screen
Ar = 1 between | dsin, =m\  m=0,1,23,... (17.12)
adjacent waves. Y2 .
& By Angles of bright fringes due to a
Grati k diffraction grating with slits distance d apart
rating Ly P ——
1
0
=y
! Ym = Ltand, (17.13)
H S~ Positions of bright fringes due to a
Ar = 2\ between r =Y, diffraction grating distance L from screen
adjacent waves Gopyright 2007, Pearson Education,Ic., publshing as Pearson Addison-Wesly
L
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The Intensity Pattern Due to a Diffraction Grating

Narrow, bright y
fringes. Most of
the screen is dark.

.
m=1
T -
- m=1
- m=2
o Light
Grating . tg i
mtensi
YN 0
— N2 | f
Imax =N 11 (1714)
Maximum intensity of a bright fringe QUS';DRATK
for a diffraction grating with N slits
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The Fringes Become Very Narrow as the Number of
Slits is Increased

50

=
I
(3]
=
I
S
=
I

IIJ\IIII

Light —— . ] ; ;
intensity 40 » 100 0 2500 0

As the number of slits in the grating increases, the fringes get narrower and brighter.
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A Diffraction Grating Splits Light into the Wavelengths
That Make It Up

Blue light has a longer
wavelength than violet,

and thus diffracts more.
—‘%

Grating ery=——r——"10
[ All wavelengths
overlap aty = 0.

]

. Light
intensity 0
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Thin-Film Interference

Air
1. Incident wave is Thin film ~ Glass
transmitted through the ~Index n
thin film and the glass.

— — -
AVAVAVAVAVAVAVAVAVIIIIIL
)\ /\ﬁlm

3. Part of the
transmitted wave

2. Part of the incident
wave reflects from the

first surface. =..., reflects from the
™., second surface. 3
NNININININNNNS
-~
4. The two reflected
waves overlap and &

Phase Changes Due to Reflection

Boundary

Index n, Index n,

Incident wave

Transmitted wave

Flip this around the
boundary to get the |
reflected wave with -
no phase change.

Case 1:n, > 1,

\/\/\ The reflected wave
does not have a

VAVAV/
/ phase change.
Reflected
- Waves | case 2: i L i
/\/\/\ The reflected wave
does have a phase
—i3 change.

L3,

The reflection with the phase change is
one half of a wavelength behind, so the

interfere. effect of the phase change is to increase
the path length by A/2.
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Analyzing Thin-Film Interference
A (MP - ] g .
2t = m— m=0,1,2,...) (I715) TACTICS BOX 17.1 Analyzing thin-film interference Exercise 10
n
o ‘ _ Follow the light wave as it passes through the film. The wave reflecting from
Constructive interference for O or 2 reflective phase changes .
o ) ] the second boundary travels an extra distance 2z.
Destructive interference for 1 reflective phase change
© Note the indices of refraction of the three media: the medium before the
film, the film itself, and the medium beyond the film. The first and third
may be the same. There’s a reflective phase change at any boundary
where the index of refraction increases.
2t = lm + L m=0,1,2,...) (17.16) @ If neither or both reflected waves undergo a phase change, the phase
2]n changes cancel and the effective path-length difference is Ad = 2¢. Use
Destructive interference for 0 or 2 reflective phase changes the version of Equations 17.15 and 17.16 for 0 or 2 reflective changes.
Constructive interference for 1 reflective phase change O If onfy one wave undergoes a phase change, the effective path-length
difference is Ad = 2t + ;A. Use the version of Equations 17.15 and
17.16 for 1 reflective change.
Copyright © 2007, Pearson Education, Inc., Publishing as Pearson Addison-Wesley. Sllde 171 9 Copyright © 2007, Pearson Education, Inc., Publishing as Pearson Addison-Wesley. Sllde 1 7-20




Checking Understanding

A film of oil (noi = 1.2) floats on top of an unknown fluid “X” (with
unknown index of refraction nx). The thickness of the oil film is
known to be very small, on the order of 10 nm. A beam of white
light iluminates the oil from the top, and you observe that there is
very little reflected light, much less reflection than at an interface
between air and X. What can you say about the index of refraction
of X?

A nk>1.2

B. x<1.2

C. «=1.2

D. There is insufficient information to tell.
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Answer

A film of oil (noi = 1.2) floats on top of an unknown fluid “X” (with
unknown index of refraction nx). The thickness of the oil film is
known to be very small, on the order of 10 nm. A beam of white
light iluminates the oil from the top, and you observe that there is
very little reflected light, much less reflection than at an interface
between air and X. What can you say about the index of refraction

of X?

B. x<1.2
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Single-Slit Diffraction

Light passing through a narrow slit spreads out
beyond the slit.

Secondary maxima

P A

Viewing screen

Central maximum

Distance L

7

/// Single slit

. / of width a
Incident light of

wavelength A
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Analyzing Single-Slit Diffraction

(a) Greatly magnified view of slit (b)
Initial R H
wave ) 1 5
front ) —
) a | 0=0
Slit width a — *
) |
s —

The wavelets going straight forward all travel

T It B h ikl the same distance to the screen. Thus they arrive
e wavelets from each point on the nitia in phase and interfere constructively to produce

wave front overlap and interfere, creating the central maximum,
a diffraction pattern on the screen.
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()

Each point on
the wave front
is 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: Positions and Intensities

Circular-Aperture Diffraction

[| Circular
aperture
(),,:pi p=123,... (17.19) KL
L “ UNEAR  INVERSE 0
Single Screen Angles (in radians) of dark fringes in B RIS \l _
2 single-slit diffraction, slit width a ) U .
slit p=8 ey —————— Diameter DI RSESS < N xS
Central ~
9, p= _T maximum
- = PAL
_ - . 3, ="— =1,2,3,... (17.20)
aI—=-——-\I——- ------ Width w e F %%
Positions of dark fringes for EE s
Central/ p= 1l \inglc—xhll(lll'!'rudmn,wrccndhlmwcl. Light
maximum intensity
p=
Light
. & . w= AL (17.21)
Intensity a
Width of the central maximum for single-slit diffraction — — = 2'44)\L
Iy e : w =2y = 2Ltanf, =~ = (17.23)
LINEAR INVERSE
< . 3 5 SR 2 p.38 p.118
Width of central maximum for diffraction
from a circular aperture of diameter D
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Checking Understanding Answer
The fringe pattern below could be due to The fringe pattern below could be due to
A. asingle slit or two slits.
B. ten slits. B. ten slits.
C. either two slits or ten slits.
D. either one slit or two slits.
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Checking Understanding

If the two slits shown are illuminated in turn by
a broad laser beam, which produces a wider
illuminated region on the screen at the right?

A. The 1-cm-wide slit.
B. The 2-cm-wide slit.

C. There’s no way to tell with the
information given.

Screen

398 Y

—
)

Answer

If the two slits shown are illuminated in turn by
a broad laser beam, which produces a wider
illuminated region on the screen at the right?

C. There’s no way to tell with the
information given.

Screen

N

398 Y

—
)
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Exercise
What is the diameter of an aperture for which the diffraction
central maximum is the same size as the geometric image of
the hole?
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