Chapter 35

C h a pte r Light as a Wave diffraction

Young'’s Interference
3 5 Interference and Double-Slit Intensity

Interference



Timeline of light: particle or a wave

Isaac Newton (1642-1727): Light is a stream of very small particles
emitted from source of light and travelling
in a straight line. (PARTICLE nature of light).

Christian Huygens (1629-1695): Observed when two light %\M
beams intersect they emerge
\ unmodified, he concluded that light is a
\ WAVE. Also, he derived laws of reflection,

refraction. | face

to surfa
Incidentray | Reflected ray
0,

L0

Medium 2

Surface

-




Timeline of light: Burial of light is “Particles only”
opinion
Thomas Young (1773-1829): double slit exp. (WAVE nature of light)

Augustin Fresnel (1788 -1827): Light is a transverse WAVE-light polarization.

James Maxwell (1831-1879): Employed Maxwell’s electromagnetic wave equations to
predict speed of light (WAVE).

Max Planck (1900): Derived correct blackbody radiation curve by assuming that atoms
emit light in quanta (discrete energy chunks)

Birth of Quantum mechanics
E = hv
h =6.63X10— 34 J.s (Planck’s constant)

Albert Einstein (1905): Photo-electric effect and Special theory of
relativity [ light is a stream of light quanta
of Planck’s frequency ]




35.2: Light as a Wave:

Huygen’s Principle:

a All points on a wavefront serve as point sources of spherical secondary wavelets.
After a time 7, the new position of the wavefront will be that of a surface tangent to
these secondary wavelets.

b d

. Wavefront at
Fig. 35-2 The propagation of a t=0

plane wave in vacuum, as portrayed
by Huygens’ principle.

New position
of wavefront
Cattime t= At



35.2: Light as a Wave, Law of Refraction:

Refraction occurs at the
surface, giving a new
direction of travel.

A, _ Incident wave

6, \AY’)I Air

Refracted wave Ao \
Glass

—

Vo

(a) (b) (o)

Fig. 35-3 The refraction of a plane wave at an air—glass interface, as portrayed by Huygens’
principle. The wavelength in glass is smaller than that in air. For simplicity, the reflected wave 1s
not shown. Parts (a) through (c) represent three successive stages of the refraction.
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35.2: Light as a Wave, Wavelength and Law of Refraction:

The difference in indexes
causes a phase shift

v
A, = A—. between the rays.
C
A ny
A, = —. - =
n > =
L]
- v
A L~
o/n : Fig. 35-4 Two light rays travel through
f=—=—=f two media having different indexes of

Aln A ' refraction.



35.2: Light as a Wave, Rainbows and Optical Interference:

Light waves pass into a water drop along the
entire side that faces the Sun. Different parts of

an incoming wave will travel different paths
/ A\ within the drop.

//Primary That means waves will emerge from the drop
i CHIRSE with different phases. Thus, we can see that at
Supernumerarles . . . .
some angles the emerging light will be in phase
Fig. 35-5 A primary rainbow and the and give constructive interference.
faint supernumeraries below it are due to
optical interference. The rainbow is the result of such constructive

interference.



IZ Checkpoint 1

The figure shows a monochromatic ray of light travel-
ing across parallel interfaces, from an original material
a, through layers of materials b and ¢, and then back
into material a. Rank the materials according to the
speed of light in them, greatest first.

b (leastn),c,a



Wavelength and Index of Refraction

monochromatic light have wavelength A and speed ¢ in vacuum and wavelength
A, and speed v in a medium with an index of refraction n. Now we can rewrite
Eq.35-1 as

A= A—. (35-5)

Ay = —. 35-6
.= (35-6)
This equation relates the wavelength of light in any medium to its wavelength in
vacuum: A greater index of refraction means a smaller wavelength.

Next, let f, represent the frequency of the light in a medium with index of re-
fraction n. Then from the general relation of Eq. 16-13 (v = Af), we can write

1%

f”_)t_n'

Substituting Eqgs. 35-3 and 35-6 then gives us

c/n c

Aln =T=ﬁ

fn=

where f is the frequency of the light in vacuum. Thus, although the speed and
wavelength of light in the medium are different from what they are in vacuum,
the frequency of the light in the medium is the same as it is in vacuum.



Phase Difference.

W
b The phase difference between two light waves can change if the waves travel

through different materials having different indexes of refraction.

To find their new phase difference in terms of wavelengths, we first count the
number N, of wavelengths there are in the length L. of medium 1. From Eq. 35-6,
the wavelength in medium 1is A,,; = A/n;;s0

L  Ln
/\nl A .

N, = (35-7)
Similarly, we count the number N, of wavelengths there are in the length L of
medium 2, where the wavelength is A,, = A/n,:

L L-n2

N, = = : 35-8
== (35-9)

To find the new phase difference between the waves, we subtract the smaller of
N, and N, from the larger. Assuming n, > n,, we obtain
_ Lny,  Ln L

) h = \ (n, — ny). (35-9)

NZ_N]

The difference in indexes
causes a phase shift
between the rays.

g

Y

 J
Yy

ny

-

Figure 35-4 'Two light rays travel through
two media having different indexes of
refraction.



Path Length Difference.

AL
T =0.1.2.... (fully constructive interference), (35—10)

and that fully destructive interference (darkness) occurs when

AL
T = 0.5,1.5,2.5, ... (fully destructive interference). (35—11)

Intermediate values correspond to intermediate interference and thus also
illumination.

ﬂ checkpﬂi"t 2 The difference in indexes
. R . causes a phase shift
The light waves of the rays in Fig. 35-4 have the same wavelength and amplitude and are between the rays.

initially in phase. (a) If 7.60 wavelengths fit within the length of the top material and 5.50
wavelengths fit within that of the bottom material, which material has the greater index
of refraction? (b) If the rays are angled slightly so that they meet at the same point on a ny
distant screen, will the interference there result in the brightest possible illumination,
bright intermediate illumination, dark intermediate illumination, or darkness?

ey

Yy
Yy

-1~

(a) top: (b) bright intermediate illumination (phase difference is 2.1 wavelengths)

N, = L _ Lnl.
/\nl A




Sample Problem 35.01

In Fig. 35-4, the two light waves that are represented by the
rays have wavelength 550.0 nm before entering media 1 and
2. They also have equal amplitudes and are in phase. Medium
1 is now just air, and medium 2 is a transparent plastic layer of
index of refraction 1.600 and thickness 2.600 um.

(a) What is the phase difference of the emerging waves in
wavelengths, radians, and degrees? What is their effective
phase difference (in wavelengths)?

KEY IDEA

The phase difference of two light waves can change if they
travel through different media, with different indexes of
refraction. The reason is that their wavelengths are different
in the different media. We can calculate the change in phase
difference by counting the number of wavelengths that fits
into each medium and then subtracting those numbers.

Calculations: When the path lengths of the waves in the two
media are identical, Eq. 35-9 gives the result of the subtrac-
tion. Here we have n; = 1.000 (for the air), n, = 1.600,
L =2.600 pm,and A = 550.0 nm. Thus, Eq. 35-9 yields

L
N, — N, = 7(”2 — ny)

2.600 X 10~ m
= 1.600 — 1.000
5500 X 107 m ¢ )

= 2.84.

(Answer)

Phase difference of two waves due to difference in refractive indexes

Thus, the phase difference of the emerging waves is 2.84 wave
lengths. Because 1.0 wavelength is equivalent to 277 rad an
360°, you can show that this phase difference is equivalent to

phase difference = 17.8 rad = 1020°. (Answel

The effective phase difference is the decimal part ¢
the actual phase difference expressed in wavelengths. Thu
we have

effective phase difference = 0.84 wavelength. (Answel

You can show that this is equivalent to 5.3 rad and abot
300°. Caution: We do not find the effective phase differenc
by taking the decimal part of the actual phase difference a
expressed in radians or degrees. For example, we do not tak
0.8 rad from the actual phase difference of 17.8 rad.

(b) If the waves reached the same point on a distant screet
what type of interference would they produce?

Reasoning: We need to compare the effective phase diffe:
ence of the waves with the phase differences that give th
extreme types of interference. Here the effective phase di
ference of (.84 wavelength is between (0.5 wavelength (fc
fully destructive interference, or the darkest possible resull
and 1.0 wavelength (for fully constructive interference, c
the brightest possible result), but closer to 1.0 wavelengtt
Thus, the waves would produce intermediate interferenc
that is closer to fully constructive interference —they woul
produce a relatively bright spot.



35.3: Diffraction:

Fig. 35-6 Waves produced by an os-
cillating paddle at the left flare out
through an opening in a barrier along
the water surface. (Runk Schoen-
berger/Grant Heilman Photography)

If a wave encounters a barrier that has an opening of
dimensions similar to the wavelength, the part of the
wave that passes through the opening will flare
(spread) out—will diffract—into the region beyond
the barrier. The flaring 1s consistent with the
spreading of wavelets according to Huygens
principle. Diffraction occurs for waves of all types.



wave wave

i

W | (;/x) )]]E}—E

a slit flares (diffracts).

35-2 Young's Interference I Diffracted A \ave passing through

The flaring is consistent with the spreading
of wavelets in the Huygens construction.
Diffraction occurs for waves of all types,
not just light waves. Figure below shows

waves passing through a slit flares. (@)  Screen

o ek e
Figure (a) shows the situation schematically i ))
for an incident plane wave of wavelength A o 1,
encountering a slit that has width a =6.0 A o \

and extends into and out of the page. The
part of the wave that passes through the slit
flares out on the far side. Figures (b) (with a
=3.0A) and (c) (a = 1.5A4) illustrate the main
feature of diffraction: the narrower the slit,
the greater the diffraction.

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.



35-2 Young's Interference

Figure gives the basic arrangement of Young’s experiment. Light from a distant
monochromatic source illuminates slit S, in screen A. The emerging light then spreads
via diffraction to illuminate two slits S; and S, in screen B. Diffraction of the light by these
two slits sends overlapping circular waves into the region beyond screen B, where the
waves from one slit interfere with the waves from the other silit.

R Max
\ \\
S Max

Incident
wave

)

A B C

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.

A photograph of the interference
pattern produced by the
arrangement shown in the
figure(right), but with short slits.
(The photograph is a front view
of part of screen C of figure on
left.) The alternating maxima
and minima are called
interference fringes (because
they resemble the decorative
fringe sometimes used on
clothing and rugs).

Courtesy Jearl Walker



35-2 Young's Interference

D

! (a) Waves from slits Sy and S,
: (which extend into and out of the
The AL shifts . )
e page) combine at P, an arbitrary
the other, which point on screen C at distance y
oelmmie: e from the central axis. The angle 6
interference. .
serves as a convenient locator
for P.
(b) For D >> d, we can approximate
rays rq and r, as being parallel, at
angle 6 to the central axis.

Incident
wave

O

(a) B

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.

‘l;t;i .‘ v I‘ ';j’(j,‘
“4" The phase difference between two waves can change if the waves travel paths of
different lengths.

The conditions for maximum and minimum intensity are

dsin 6 = mA, form=0,1,2,...

dsin0=(m+i;))\, form=0,1,2,...

Courtesy Jearl Walker



IZ Checkpoint 3

In Fig. 35-10a, what are AL (as a multiple of the wavelength) and the phase difference
(in wavelengths) for the two rays if point P is (a) a third side maximum and (b) a third
minimum?

(a) 3A,3:(b)2.5A,2.5

Path Phase
difference difference

2nd order maxima 2\ an
2nd order minima 1.5A 3
1st order maxima A 21
1st order minima 0.5A m
Central Maxima 0 0
1st order minima 0.5A 1
1st order maxima A 21
2nd order minima 1.5A 3

2nd order maxima 2A 4n

Courtesy Jearl Walker



Sample Problem 35.02 Double-slit interference pattern

What is the distance on screen C in Fig. 35-10a between
adjacent maxima near the center of the interference pattern?
The wavelength A of the light is 546 nm, the slit separation d
1s 0.12mm, and the slit—screen separation D is 55 cm.
Assume that 6 1in Fig. 35-10 is small enough to permit use of
the approximations sin # = tan # = 6, in which f is expressed
in radian measure.

KEY IDEAS

(1) First, let us pick a maximum with a low value of m to
ensure that it is near the center of the pattern. Then, from
the geometry of Fig. 35-10a, the maximum’s vertical distance
V.. from the center of the pattern is related to its angle #
from the central axis by

Ym_
=

(2) From Eq. 35-14, this angle # for the mth maximum is
given by

tan @ = @ =

. mA
sin f = @ = '

D |

Incident
wave

(a) B C

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.

Calculations: If we equate our two expressions for angle ¢
and then solve for y,,, we find

_ mAD
ym d -

(35-17)

For the next maximum as we move away from the pattern’s
center, we have

(m + 1)AD
Ym+1 = d :

(35-18)
We find the distance between these adjacent maxima by
subtracting Eq. 35-17 from Eq. 35-18:

AD
Ay = VYm+1 — Ym T T

(546 X 10~ m)(55 X 1072 m)
0.12 X 107 m

=250x10"m = 2.5 mm.

(Answer)

As long as d and #1n Fig. 35-10a are small, the separation of
the interference fringes is independent of m; that is, the
fringes are evenly spaced.

The AL shifts
one wave from
the other, which
determines the
interference.



Sample Problem 35.03

A double-slit interference pattern is produced on a screen,
as in Fig. 35-10; the light is monochromatic at a wavelength
of 600 nm. A strip of transparent plastic with index of refrac-
tion n = 1.50 is to be placed over one of the slits. Its pres-
ence changes the interference between light waves from the
two slits, causing the interference pattern to be shifted
across the screen from the original pattern. Figure 35-11a
shows the original locations of the central bright fringe
(m = 0) and the first bright fringes (m = 1) above and be-
low the central fringe. The purpose of the plastic is to shift
the pattern upward so that the lower m = 1 bright fringe
is shifted to the center of the pattern. Should the plastic be
placed over the top slit (as arbitrarily drawn in Fig. 35-
11bh) or the bottom slit, and what thickness L should it
have?

The difference in indexes
causes a phase shift
between the rays, moving
the 1A fringe upward.

| pm=1 |
i
H‘%mﬂ H‘ﬁ>ﬁ-])lfringe
r

m=1
1A fringe

(a) (b
Figure 35-11 (a) Arrangement for two-slit interference (not to scale).
The locations of three bright fringes (or maxima) are indicated.
(b) A strip of plastic covers the top slit. We want the 1A fringe to be
at the center of the pattern.

Double-slit interference pattern with plastic over one slit

Internal wavelength: The wavelength A, of light in a mate-
rial with index of refraction »n is smaller than the wavelength
in vacuum, as given by Eq. 35-6 (A,, = A/n). Here, this means
that the wavelength of the light is smaller in the plastic than
in the air. Thus, the ray that passes through the plastic will
have more wavelengths along it than the ray that passes
through only air—so we do get the one extra wavelength
we need along ray r, by placing the plastic over the top slit,
as drawn in Fig. 35-11b.

Thickness: To determine the required thickness L of the
plastic, we first note that the waves are initially in phase and
travel equal distances L through different materials (plastic

and air). Because we know the phase difference and require
L,we use Eq.35-9,

L
Nz - N1 = T(Hz - nl).

We know that N, — N, is 1 for a phase difference of one
wavelength, n, is 1.50 for the plastic in front of the top slit,
n; is 1.00 for the air in front of the bottom slit, and A is
600 X 107 m. Then Eq. 35-19 tells us that, to shift the lower
m =1 bright fringe up to the center of the interference pat-
tern, the plastic must have the thickness

AN, — Ny) (600 X 107 m)(1)
Ny, — Ny 1.50 — 1.00
=12X107°m.

(35-19)

L=

(Answer)



35-3 Interference and Double-Slit Intensity

If two light waves that meet at a point are to interfere clearly, both must have the
same wavelength and the phase difference between them must remain constant
with time; that is, the waves must be coherent.

Intensity
at screen /&U()
\/ | \/ : \/ \/ [ \/ | \/
4r 2r 4r
2 | 0 1 2
2 1 0 0 1 2
2. 2 1.5 | 05 0 0.5 1 L5 2 2.9

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.

¢

(two coherent sources)

21, (two incoherent

sources)

1, (one source)

m, for maxima
m, for minima

AL/A

A plot of equation below, showing
the intensity of a double-slit
interference pattern as a function of
the phase difference between the
waves when they arrive from the two
slits. /Iy is the (uniform) intensity that
would appear on the screen if one
slit were covered. The average
intensity of the fringe pattern is 2/,
and the maximum intensity (for
coherent light) is 4/,.

As shown in figure, in Young’s interference experiment, two waves, each with
intensity /,, yield a resultant wave of intensity / at the viewing screen, with

where

[ = 41, cos’ L ¢,

¢:

27rd
A

sin 6.

phase \ 27 [pathlength
difference/ ) \ difference /'




E, = E,sin wt (35-20)
and E, = E,sin(wt + @), (35-21)

where w is the angular frequency of the waves and ¢ is the phase constant of
wave E,. Note that the two waves have the same amplitude E, and a phase differ-
ence of ¢. Because that phase difference does not vary, the waves are coherent.
We shall show that these two waves will combine at P to produce an intensity /
given by

I = 41, cos 1 ¢, (35-22)
and that

2md

b = sin 6. (35-23)

Maxima. Study of Eci. 35-22 shows that intensity maxima will occur when

%d) = M. form=20,1,2,.... (35-24)

If we put this result into Eq. 35-23, we find

d
2mi = sin 6, form=20,1,2,...

or dsin 0 = mA, form =0,1,2,... (maxima), (35-25)

which is exactly Eq. 35-14, the expression that we derived earlier for the locations
of the maxima.
Minima. The minima in the fringe pattern occur when

p=(m+3)m form=0,12.... (35-26)
If we combine this relation with Eq. 35-23, we are led at once to

dsin=(m+2)A  form=0,1,2,... (minima). (35-27)



EX: An interference pattern is formed on a viewing screen when light of wavelength A = 500nm illuminates a double-slit
arrangement with slit separation d = 1500nm. As a multiple of Iy (the intensity due to either of the slits alone), what is
the intensity at angle 8 = 26.0° in the pattern?

solution:

The pattern is set up by the interference of the rays from one slit and the rays from the other slit. At any given point,
the phase difference is due to the fact that the rays travel along paths of different lengths. The phase difference ¢ in
radians is given by

b= (35.35)

where d sin Ois the path-length difference, which must be divided by A to get the phase difference in terms of

wavelengths and then multiplied by 2= to switch it to radians. The intensity is then given by

(1
I = 4Iycos” (5(/)) (35.36)

27(1500 nm)sin(26.0°)
500 nm

8.263 rad.

(Be careful about the calculator mode; the angle in the sine function is in degrees.) From Eq. 35.36, the intensity is then

I = A4lycos” (£8.263rad)

(Answer)
1.201 .

(Again be careful; this angle in the cosine function is in radians.) This intensity is an intermediate one because the

minima in the pattern have an intensity of /= 0 and the maxima have an intensity of I = 41.



35-4 Interference from thin films

When light is incident on a thin transparent film, the light Alr ng Alr
waves reflected from the front and back surfaces interfere.

For near-normal incidence, the wavelength conditions for : =
maximum and minimum intensity of the light reflected from ;

a film with air on both sides are

A
2L = (m + %) —_— form=0,1,2,... (maxima— bright film in air). E=/l—a
2 ',
Reflections from a
and thin film in air.
A
2L = m - form=20,1,2,... (minima—dark film in air).

n;

where n, is the index of refraction of the film, L is its thickness, and A is the
wavelength of the light in air.

If a film is sandwiched between media other than air, these equations for bright and
dark films may be interchanged, depending on the relative indexes of refraction.

If the light incident at an interface between media with different indexes of
refraction is initially in the medium with the smaller index of refraction, the
reflection causes a phase change of r rad, or half a wavelength, in the reflected
wave. Otherwise, there is no phase change due to the reflection. Refraction
causes no phase shift.



35-4 Interference from thin films

When light is incident on a thin transparent film, the light
waves reflected from the front and back surfaces interfere. Alr no Air
For near-normal incidence, the wavelength conditions for

maximum and minimum intensity of the light reflected from jl?S

. . . —
a film in air are 6
2L = (m + é) ni, form=0,1,2,... (maxima—bright film in air).
2 <—L—>
a n d Copyright © 2014 John Wiley & Sons, Inc. All rights resarve:t
Reflections from a
2L = m : - form=20,1,2,... (minima—dark film in air). thin film in air.
where n, is the index of refraction of the film, L is its thickness, and A is the
wavelength of the light in air. —
- Y AN
Before é k‘ , Interfaff Reflection Reflection phase shift After —>
<= —_— Off lower index 0 AV B
wﬁ JAN Off higher index 0.5 wavelength <+ 0
( d) Copyright © 2014 John Wiy & Sons, Inc. Al rights eserved. c:»pyﬁgm@z.mmnwu.,&sm, Inc. Allights md . -
The incident pulse in the lighter string.
The incident pulse is in the Only here is there a phase change,

denser string. and only in the reflected wave.



Important note:

For nearly vertical light rays

air n=1.00
iI soap n=1.33
air | n=1.00
Equation I Oor?2
m=0, |,2, ... phase shift phase shifts
. . t is the thickness = L
2nt = (m + %) A constructive  destructive
2nt = mA\ destructive constructive
%xg" 1) 1
ni n=1.2 n n=1.2
n2 n=1.3 n2 n=1.3
ni n=1.2 n3 n=1.4

ni<n2

(&)

ni<n2<n3 v v
o
< <

n3 n=1.4
n2 n=1.3
n3 n= 1 2

ni<n2<n3



Important note: For nearly vertical light rays

air n=1.00
iIsoap n=1.33
air n=1.00

|ZI Checkpoint 5
The figure shows four 1.5 1.5 1.4 1.3 l
situations in which L 1.4 1.3 1.3 14 L
light reflects perpen- 1.3 1.4 1.5 15 |
dicularly from a thin
film of thickness L, (1) (2) (3) (4
with indexes of refraction as given. (a) For which situations does reflection at the film
interfaces cause a zero phase difference for the two reflected rays? (b) For which situ-
ations will the film be dark if the path length difference 2L causes a phase difference
of 0.5 wavelength?

(a) 1 and 4:(b) 1 and 4



Sample Problem 35.05 Thin-film interference of a water film in air

White light, with a uniform intensity across the visible wave-
length range of 400 to 690 nm, is perpendicularly incident on
a water film, of index of refraction n, = 1.33 and thickness
L = 320 nm, that is suspended in air. At what wavelength A is
the light reflected by the film brightest to an observer?

KEY IDEA

The reflected light from the film is brightest at the wave-
lengths A for which the reflected rays are in phase with one
another. The equation relating these wavelengths A to the
given film thickness L and film index of refraction n, is
either Eq. 35-36 or Eq. 35-37, depending on the reflection
phase shifts for this particular film.

Calculations: To determine which equation is needed, we
should fill out an organizing table like Table 35-1. However,
because there is air on both sides of the water film, the situa-
tion here is exactly like that in Fig. 35-17, and thus the table
would be exactly like Table 35-1. Then from Table 35-1, we

see that the reflected rays are in phase (and thus the film is
brightest) when

odd number A

= X .
2L - -

which leads to Eq. 35-36:
2L = (m + 1) A :

My

Solving for A and substituting for L and n,, we find
2mL (2)(1.33)(320nm) 851 nm

1
m +§

m+ 3 m+3

For m = 0, this gives us A = 1700 nm, which is in the infrared
region. For m = 1, we find A = 567 nm, which is yellow-green
light, near the middle of the visible spectrum. Form = 2, A =
340 nm, which is in the ultraviolet region. Thus, the wave-
length at which the light seen by the observer is brightest is

A = 567 nm. (Answer)



Sample Problem 35.06 Thin-film interference of a coating on a glass lens

In Fig. 35-19, a glass lens is coated on one side with a thin
film of magnesium fluoride (MgF,) to reduce reflection
from the lens surface. The index of refraction of Mgk, is
1.38; that of the glass is 1.50. What is the least coating thick-
ness that eliminates (via interference) the reflections at the
middle of the visible spectrum (A = 550 nm)? Assume that
the light is approximately perpendicular to the lens surface.

KEY IDEA

Reflection is eliminated if the film thickness L is such that
light waves reflected from the two film interfaces are exactly
out of phase. The equation relating L to the given wave-
length A and the index of refraction n, of the thin film is ei-
ther Eq. 35-36 or Eq. 35-37, depending on the reflection
phase shifts at the interfaces.

Calculations: To determine which equation is needed, we
fill out an organizing table like Table 35-1. At the first inter-
face, the incident light is in air, which has a lesser index of
refraction than the MgF, (the thin film). Thus, we fill in 0.5
wavelength under r; in our organizing table (meaning that
the waves of ray r; are shifted by 0.5 at the first interface).
At the second interface, the incident light is in the MgF,,
which has a lesser index of refraction than the glass on the
other side of the interface. Thus, we fill in 0.5 wavelength
under r, in our table.

Because both reflections cause the same phase shift,
they tend to put the waves of r; and r, in phase. Since we
want those waves to be out of phase, their path length differ-
ence 2L must be an odd number of half-wavelengths:

o — odd number - A

2 n,

Air MgFo Glass
ny =100 ny=1.38 ng=1.50

Both reflection phase shifts
are 0.5 wavelength. So, only
the path length difference
determines the interference.

Figure 35-19 Unwanted reflections from glass can be suppressed
(at a chosen wavelength) by coating the glass with a thin
transparent film of magnesium fluoride of the properly chosen
thickness.

This leads to Eq. 35-36 (for a bright film sandwiched in air
but for a dark film in the arrangement here). Solving that
equation for L then gives us the film thicknesses that will
eliminate reflection from the lens and coating:

L:(m—l—%)

form=0,1,2,.... (35-38)

2n,’

We want the least thickness for the coating—that is, the
smallest value of L. Thus, we choose m = 0, the smallest pos-
sible value of m. Substituting it and the given data in Eq.
35-38, we obtain

A 550 nm

L= 4n,  (4)(1.38)

= 99.6 nm. (Answer)



35-5 Michelson’s Interferometer

Movable
An interferometer is a device that can be used to oL v
measure lengths or changes in length with great
accuracy by means of interference fringes. fpl e 2
In Michelson’s interferometer, a light wave is split into
. . M
two beams that then recombine after traveling along VAT T SN
. < — <
different paths. S Arm 1
The interference pattern they produce depends on the 5
. . Yy ,
difference in the lengths of those paths and the The interference
indexes of refraction along the paths. || e
depends on the
. T path length
If a transparent material of index n and thickness L is - difference and
in one path, the phase difference (in terms of @ e 'f;djx Ofta”_yl
. . . . \ insertea material.
wavelength) in the recombining beams is equal to .
Nm _ 2L _ 2LH . 35_41) opyrig ohn Wiley & Sons, Inc. All rights reserved.
A A
The number of wavelengths in the same thickness 2L of air before the insertion : . :
of the material is Michelson s_mterqume_ter, shovylng
N oo 2L 35.42) the path of light originating at point P
“ A of an extended source S. Mirror M

When the material is inserted, the light returned from mirror M, undergoes a  SPlits the light into two beams, which
phase change (in terms of wavelengths) of reflect from mirrors M; and M, back

oIn 2L 2L ) to M and then to telescope T. In the
Np=Ny=———-——=——-1 (33-43)  telescope an observer sees a patterr
of interference fringes.

where A is the wavelength of the light.



35 Summary

Huygen’s Principle

» The three-dimensional transmission
of waves, including light, may often
be predicted by Huygens’ principle,
which states that all points on a
wavefront serve as point sources of
spherical secondary wavelets.

Wavelength and Index of

Refraction

« The wavelength A, of light in a
medium depends on the index of
refraction n of the medium:

A= Eq. 35-6

in which A is the wavelength in
vacuum.

Young’s Experiment
* In Young'’s interference experiment,

light passing through a single slit
falls on two slits in a screen. The
light leaving these slits flares out
(by diffraction), and interference
occurs in the region beyond the
screen. A fringe pattern, due to the
interference, forms on a viewing
screen.

The conditions for maximum and
minimum intensity are

dsin 0 = mA, form=0,1,2,... Eq_ 35-14

(maxima—bright fringes),

dsinf=(m+3)A, form=0,12,... Eq. 35-16

(minima-—dark fringes),



35 Summary

Coherence

* If two light waves that meet at a
point are to interfere perceptibly,
both must have the same
wavelength and the phase
difference between them must
remain constant with time; that is,
the waves must be coherent.

Intensity in Two-Slit

Interference

* In Young's interference experiment,
two waves, each with intensity /,,
yield a resultant wave of intensity /
at the viewing screen, with

I=4I,cos’;¢,  whered = ): sin 6.

Eqgs. 35-22 & 23

Thin-Film Interference
* When light is incident on a thin

transparent film, the light waves
reflected from the front and back
surfaces interfere. For near-normal
incidence, the wavelength conditions
for maximum and minimum intensity of
the light reflected from a film of index n,
in air are A
2L = (m + 3) " form=0,1,2,... Eq. 35-36
(maxima —bright film in air),
form=0,1,2,...

A
2L =m—,
n;

Eq. 35-37

(minima-—dark film in air),

Michelson’s Interferometer
* In Michelson’s interferometer a light

wave is split into two beams that, after
traversing paths of different lengths, are
recombined so they interfere and form
a fringe pattern.



