CHAPTER 24

Quick Quizzes

1. (b). The outer edges of the central maximum occur where sih6==*4/a. Thus, as 4, the

width of the slit, becomes smaller, the width of the central maximum will increase.

2. The compact disc. The tracks of information on a compact disc are much closer together
than on a phonograph record. As a result, the diffraction maxima from the compact disc
will be farther apart than those from the record.
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CHAPTER 24

Problem Solutions

AL AL AL
241 AYpgi= Yni1— Yn =F(m +1)—Fm =3

(6328x10° m )(500m )
= L =158x10%m =[158an
0200x 1073 m

242 (a) For a bright fringe of order m, the path difference is 6=mA, where m =0,1,2,.. At
the location of the third order bright fringe, m =3 and

5=31=3(589nm )=177x10> nm =|177 zm
(b) For a dark fringe, the path difference is & = (m + %) A, where m=0,1,2, ..

At the third dark fringe, m =2 and

5=(2+§]ﬁ,=§(589 nm ) =147x10° nm = 147 ym |

243 (a) The distance between the central maximum and the first order bright fringe is

AL
=——,0r

m=0 d

Ay = ybri;ht‘ 1~ Yorignt]

m=

AL (5461x10°m)(120m)

AL _262x10%m =[262mm
d 0250x10° m o

(b) The distance between the first and second dark bands is

Ay = ydaﬂ<|m:1 - yd(,m(|m:0 = % = as in (a) above.

Ay=

AL
244 From yda,k| = F[m +—3 , the spacing between the first and second dark fringes is

AL
93 _%) =g Thus, the required distance to the screen is

(Ay)d (400x10°m)(0300x10° m )

L=t T 460 10° m =[26tn |
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24.5

24.6

24.7

CHAPTER 24

(@) From dsné=m4, the angle for the m =1 maximum for the sound waves is

oafm ,1m(swnd 1 3HAm/s)|
f=sn (5’1) {d( f)}sn {OBOOm(ZOOOH }

(b) For 3.00-cm microwaves, the required slit spacing is

~ma  (1)(300an)

=—— =2 =|508an
snd sn362°

neo

(c) The wavelengthis A= ds ; and if this is light, the frequency is

1)(300x10° m/s
_c__me _ (1)(300~ i s I e
4 dsihé (100x10‘5m)sn362°

The position of the first order bright fringe for wavelength 4 is y, =—

(A4)L [(700-400)x10°m |(15m )

= =15x10%m =/15mm
: 030x10° 5x107m

Thus, Ay, =

Note, with the conditions given, the small angle
approximation does not work well. That is,
snd,tand,and 0 are significantly different.
The approach to be used is outlined below.

(@) Atthe m =2 maximum, 0=dsné=241,

(
or lzgshﬁsz y

)
2\ T ey

400 m
2| J(1000m )? +(400m )?

]: 557 m
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24.8

24.9

24.10

CHAPTER 24

(b) The next minimum encountered is the m =2 minimum; and at that point,

5=dsh9=(m +%)/1=g/1,

54) =sh’l(5(55'7 m))_ o770

sthl(—
o 2d 2(300m ) )
Then, y=(1000m )ten277°=524m ,

so the car must travel an additional | 124 m

For bright fringes, the path difference is 6 =dsn@=m 1.

mAi (1)(5756x10°m)

- =202x10°m =202 um
sho  sn(165) §

Thus, d=

The path difference in the two waves received at the home is 6 =2d, where d is the

distance from the home to the mountain. Neglecting any phase change upon reflection,
the condition for destructive interference is

§=(m +%)/1 with m=0,1,2,..,

o d=(042)2-4-300 550

Since the screen distance from the central maximum to the maximum of order m is

Yoright = %" m , the wavelength is given by

L Yad_ (340x10° m )(0500x10° m )

= =515x10" m =|515nm
mL ()(330m) *
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2411 The distance between the central maximum (position of A) and the first minimum is

ﬂ.L( ;j AL
y:F m+— =

1o 2d
AL (300m )(150m )
Thus, d=2—= =113 m
us 2y 2(20_0m)

2412 The path difference in the two waves received Cloud
at the home is 6 =2d-300 km wheredis
defined in the figure at the right. For minimum
cloud height and (hence minimum path
difference) to yield destructive interference, 150 KM—>'<—15.0 km

0=1/2 giving Transmitter Receiver

qnh:%[S0.0 km +%):15_1km , and

hyn =y —(150km )* = /(151 km )* - (150 km )* =[ 173 kn |

2413 Asshown in the figure at the right, the path
difference in the waves reaching the telescope is
s=d,—d, =d,(1-sha). If the first minimum .

' d
(5 =1/ 2) occurs when =250, then ; \

a=180°—(0+900°+ 0)=400°, and { h

S _(250m/2)
dz_l—s'na_l—s'n400°

Thus, h=d,sh250° =

=350m
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24.14 Light reflecting from the first surface suffers phase reversal. Light reflecting from the
second surface does not, but passes twice through the thickness t of the film. So, the
condition for constructive interference is

2t+ /1—2” =mA,,m=1,2,.., where 4, = n/io is the wavelength in the film.
filn
ng. t 4(1 11!
Then 2t— [m _12_) Ao or A= fin ©_ ( 33)( 5nm ) _ 612 nm
N g 2m -1 2m -1 2m -1

Of the possible wavelengths, only 4, =W, associated with m =1, is in the visible

spectrum.

24.15 Light reflecting from the upper surface undergoes phase reversal while that reflecting
from the lower surface does not. The condition for constructive interference in the
reflected light is then

2t+;t—2”=m/1n,or t:(m —%‘)%”:(m —%j 4o , m=1,2,3,.

N gt

For minimum thickness, m =1 giving

A 500 nm
=9 _ = -919 nm
4ng, 4(136)
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24.17

CHAPTER 24

Since N < Ngg < N, - light reflected from both top and bottom surfaces of the oil film
experiences phase reversal, resulting in zero net phase difference due to reflections.

The condition for constructive interference is 2t=mA_ =m (/10 / noi,) , so the thicknesses

that produce constructive interference for 640 nm light are

(;t ) (640 nm )
t—mL mL J or t=0,256nm ,512nm ,768 nm ,
2n0|I

The condition for destructive interference is 2t= (m +1 2) A, =(2m + 1)(10 / 2n0i,) , so the

thicknesses that produce destructive interference for 512 nm light are

t:(2m+l)[ /10] (2n+3)| 55 ) M =0:1.2:3-.

Mo
or t=102 nm , 307 nm ,512nm ,717nm ,...

Thus, the thickness that can simultaneously produce constructive interference for
640 nm light and destructive interference for 512 nm light is t= .

Light reflecting at the upper surface of the liquid layer experiences a phase reversal, but
light reflecting from the lower surface does not. Therefore, the condition for constructive
interference in the reflected light is

2t=[m +%jﬂ.n=(2m +1)

,where m=0,1,2,..
N gty

If A,=600nm , possible values for the thickness of the liquid layer are

t=(2m +1)

N ity

or t=(2m + 1)M

4(1756) =(2m +1)(854nm) m=0,1,2,..

That is,
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2418 Since Ny < Ny < N, 4, light reflected from both top and bottom surfaces of the oil film

experiences phase reversal, resulting in zero net phase difference due to reflections.
Therefore, the condition for constructive interference in reflected light is

(2 )
2t=mAi,=m 4o , Or t=mL 4 J where m =0,1,2, ..
N ity 2Ng,

Assuming that m =1, the thickness of the oil slick is

A 600 nm
=0—= =233 nm
a’znﬁm 2(129) -

24.19 There will be a phase reversal of the radar waves reflecting from both surfaces of the
polymer, giving zero net phase change due to reflections. The requirement for
destructive interference in the reflected waves is then

2t= (m +%jﬁn, or t=(2m +1)4/10 where m=0,1,2,...

N ity
If the film is as thin as possible, then m =0 and the needed thickness is

A, 300anm

4nﬁ|n 4(150) -

This anti-reflectance coating could be easily countered by changing the wavelength of
the radar —to 1.50 cm —now creating maximum reflection!

24.20 The transmitted light is brightest when the reflected light is a minimum (i.e., the same
conditions that produce destructive interference in the reflected light will produce
constructive interference in the transmitted light). As light enters the air layer from
glass, any light reflected at this surface has zero phase change. Light reflected from the
other surface of the air layer (where light is going from air into glass) does have a phase
reversal. Thus, the condition for destructive interference in the light reflected from the
air filmis 2t=mA,, m=0,1,2, ..

A A
Since A, =—2=—2-= ], the minimum non-zero plate separation satisfying this
Ng, 100
conditionis d=t= (1)ﬁ = nm _

2 2
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24.22

24.23

CHAPTER 24

(@) For maximum transmission, we want destructive interference in the light reflected
from the front and back surfaces of the film.

If the surrounding glass has refractive index greater than 1.378, light reflected from
the front surface suffers no phase reversal and light reflected from the back does
undergo phase reversal. This effect by itself would produce destructive interference,
so we want the distance down and back to be one whole wavelength in the film.
Thus, we require that

A 6563 nm
2t=1_ =4 1= 0 — =238 nm
n 0/ N OF 2N, 2(1378)

(b) The filter will expand. As t increases in 2ng, t=4,, so does| 4 Narease |

(c) Destructive interference for reflected light happens also for 4, in 2t=21,/ng, , or
Ao =Ng, t=(1378)(238 nm ) = (near ultraviolet)

Light reflecting from the lower surface of the air layer experiences phase reversal, but
light reflecting from the upper surface of the layer does not. The requirement for a dark
fringe (destructive interference) is then

2t=mA,=m {r/;t_o} =mA,, where m =0,1,2, ..

At the thickest part of the film (tz 200 um ), the order number is

2t 2(2.CX)>< 10°® m)
m=—mx—= =
Ay 5461x10°m

Since m must be an integer, m =7 is the order of the last dark fringe seen. Counting the
m =0 order along the edge of contact, a total of | 8 dark fringes| will be seen.

With a phase reversal upon reflection from the lower
surface of the air layer and no phase change for

reflection at the upper surface of the layer, the condition B
for destructive interference is

2t=mi,=m {i\ =m 4,, where m =0,1,2, ..
Moy
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Counting the zeroth order along the edge of Incident
contact, the order number of the thirtieth dark
fringe observed is m =29. The thickness of the air
layer at this point is t=2r, where r is the radius of
the wire. Thus,

204, 29(600x10°m )
4 4

=435 um

t
2

24.24

Glass

no phase reversal
phase reversal

air
| Glass |

From the geometry shown in the figure, R? = (R -9 + r?, or

t=R-JR?*-r
=30m —\/(BOm )’ ~(98x10°m)’
=16x10°m

With a phase reversal upon reflection at the lower surface of the air layer, but no
reversal with reflection from the upper surface, the condition for a bright fringe is

2t=[m +%j/1n =[m +%)ﬁ=[m +%)/10,where m=0,1,2,..
Nn..

ar

At the 50" bright fringe, m =49 and the wavelength is found to be

L2t _2(15x10-5m)
“ m+y2 495

=65x10" m =|65x 10? nm
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24.25 There is a phase reversal due to reflection at the bottom of the air film but not at the top
of the film. The requirement for a dark fringe is then

2t=mA, =mrf—°=m/10,where m=0,1,2,..

ar

At the 19" dark ring (in addition to the dark center spot), the order number is m =19
and the thickness of the film is

mi, 19(500x10°m )

== 5 —475x10° m =

24.26 With a phase reversal due to reflection at each surface of the magnesium fluoride layer,
there is zero net phase difference caused by reflections. The condition for destructive
interference is then

2t=(m +:—2Lj/1n =[m +i2Lj 4 , where m =0,1,2, ..

N i

For minimum thickness, m =0 and the thickness is

550% 10°° m)

t=(2m+1)4/1° =(1)( 2130 =996x10°m =996 nm |

N iy

24.27 There is a phase reversal upon reflection at each surface of the film and hence zero net
phase difference due to reflections. The requirement for constructive interference in the
reflected light is then

2t=mA,=m 4o ,where m=1,2,3,...
N gy

With t=100x10° an =100 nm , and N, =138, the wavelengths intensified in the
reflected light are
_ 2nﬁ|n t_ 2(138)(100 nm )

N , with m=1,2,3,...
m m

Thus, 4,=|276nm ,138nm ,920nm ... |

and ‘ none ofthese w avelengthsare n the visb ke spectrum
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24.28 As light emerging from the glass reflects from the top of the air layer, there is no phase
reversal produced. However, the light reflecting from the end of the metal rod at the
bottom of the air layer does experience phase reversal. Thus, the condition for
constructive interference in the reflected light is 2t= (m + %)/1

air*

As the metal rod expands, the thickness of the air layer decreases. The increase in the
length of the rod is given by

Ao

“ar a8

A
—At= 1) Zar _ 1) Zai
AL=|At=(m;+3) > (m o 2) 5
The order number changes by one each time the film changes from bright to dark and
back to bright. Thus, during the expansion, the measured change in the length of the rod
is

p) 500x10° m )

AL:(ZOO)?":(ZOO)( =500x10° m

From AL =L, (AT), the coefficient of linear expansion of the rod is

-5
Lo AL 500x10°m o e
L,(AT) (0100m )(250°C)

24.29 The distance on the screen from the center to either edge of the central maximum is

y=Ltanfd~Lsnf= L(%j

(6328x10°m )

| =211x10°m=211mm
10300 10° m

=(100m)

The full width of the central maximum on the screen is then

2y={422mm
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24.30 (a) Dark bands occur where smé=m (/1/ a) . At the first dark band, m =1 and the

distance from the center of the central maximum is
. A
y,=Ltanf~Lsnéf= L[gj

(6oox10 m

30 g0 19 ) ~225710° m <[220
X
(b) The width of the central maximum is 2y, = 2(2 25mm ) =

24.31 (a) Dark bands (minima) occur where sm@=m (/1/ a) . For the first minimum, m =1 and

the distance from the center of the central maximum is y, =Ltanfd~=Lsnéd= L(ﬂ,/ a) .
Thus, the needed distance to the screen is

. [ 075x10°®
L=y1(§)=(0.85x10 )L5875Xx109rr:1fm

(b) The width of the central maximum is 2y, =2(085mm )=

24.32 Note: The small angle approximation does not —>||«<=a=36.0cm =0.360 m
work well in this situation. Rather, you should ) "
proceed as follows. = h
o : ‘I
L e
At the first order minimum, sihé=/a or o Y
— :——\
() . (5000 =
_ -1 _ -1 _ bt
f=sn (;) =3shn [36.0 an ) =798 Central 'y; First Order
Maximum Minimum

Then, y,=Ltn0=(650m)®&n798°=0912m =[912an |
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24.33 The locations of the dark fringes (minima) mark the edges of the maxima, and the
widths of the maxima equals the spacing between successive minima.

At the locations of the minima, sng, =m (/1/ a) and

y, =Ltand, ~Lsnéd, =m {L(%ﬂ

500x10°m )
Losooxlo3

=m {(120

} =m(120mm)

Then, Ay=Am(120mm) and for successive minima, Am =1.

Therefore, the width of each maxima, other than the central maximum, in this interference
pattern is

w bth=Ay=(1)(120mm)=[120mm
24.34 At the positions of the minima, sng, =m (/1/ a) and
Y, =Ltng, ~Lsng, =m[L(4/a |
Thus, ;- ¥, =(3-1)| L(4/a) |=2[ L(/a)]

214 2(0500m )(680x10° m)

d a= = =227x10"*m =027 mm

and A = 500X 107 [0227mm |
1 1 .

24.35 The grating spacing is d= —————=m and dshéd=mA.

3660 T 366x10°

(@) The wavelength observed in the first-order spectrum is A =dsn@, or

_[ 1im j(lognm\ (10 nm ) .
“\3sex10/ 1m " L 66 )"

This yields: at 10.1°, 2=[479nm | at13.7°, 2 =| 647 nm

and at 14.8°, -
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24.37
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(b) In the second order, m =2. The second order images for the above wavelengths will
be found at angles 6, =sin™(21/ d) =sin[2sin6, |

This yields: for A =479nm , 6, = ' for A=647nnm , 6, = ;

and forﬂ:698nm,02=

(a) The longest wavelength in the visible spectrum is 700 nm, and the grating spacing is

d=1"" _167x10°mm =167x10° m
2 167x10°m |sh900°

Thus, mmax=d5"9000=( )9 ~238,
Ay 700% 10° m

so ‘ 2 com p Ete orders ‘ will be observed.

(b) From A=dsihn@, the angular separation of the red and violet edges in the first order
will be

_9 9
o= | iy B |y TOOXIOT | gl H00<107
d d 167x10° m 167x10° m

or A67=

lan  1m
4500 450 10°
between the given spectral lines will be

WEPS LML
d d |

The grating spacing is d= . From dsiné@=m 1, the angular separation

or

e Sh{m (656 1091m )(450% 105)]_Sh1[m (434x 1091m )(450% 10°)
m m

The results obtained are: for m =1,A0= ; form=2,A0= ;

and for m =3,A60= . Complete orders for m >4 are not visible.
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2438 (a) If d= % —667x10% an =667x10° m , the highest order of 2=500nm that can

be observed will be

dsihoo° (667x10°m |(1
Mnac =7 s 5oox10-9m) =133 or| 13 orders|

(b) If d=%=667x10‘5 an =667x107 m , then

dsihoo° (667x107" m |(1)

24.39 The grating spacing is d= 10 5 00x10% an =200x10° m ,and dsh@=mA gives

the angular position of a second order spectral line as

_ 21
sné= ﬁ or = Snl[—]
d d

For the given wavelengths, the angular positions are

2(480><10’9 m)
200x10°m

_ | 2(610x10° m )
=S
1 —6
200x10° m

}: 376° and 6, = shl{ }: 287°

If L is the distance from the grating to the screen, the distance on the screen from the
central maximum to a second order bright line is y=Ltan#. Therefore, for the two

given wavelengths, the screen separation is
Ay=L[tand, - tand,]

=(200m )[n(376°) - n(28.7°)| =0445m =| 445 an
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With 2000 lines per centimeter, the grating spacing is

d:i an =500x10“% an =500x10° m
2000

Then, from dsiné&=mA, the location of the first order for the red light is

sthl(M] =si11[(1)(640>< 10°m )]= 735°

d 500x10°m

The grating spacing is d—lﬂ— 10%m
SATNG SPacing 1 == 2780 ~ 2750

0= S'n‘l(m A/ d) , the angular positions of the red and violet edges of the second-order

=3636x10°m . From dsh&d=mA, or

spectrum are found to be

(2(700x10° m ))
= l[zj'redj :Sh—l ( — ) 222.650
3636x10° m

=1271°

-9
. 1[2,1va] =si’1’1(2 400x10° m ))
L 3636x10° m J

Note from the sketch at the right that y, = Ltan g,
and Yy, =Ltang,, so the width of the spectrum on
the screen is Ay=L(tanéd,-t@nd, ).

Since it is given that Ay=175an , the distance

from the grating to the screen must be

Lo Ay 3 1./75an
Bng,-tand, tan(2265°)-4an(1271°)
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1
24.42 The grating spacing is d= % =833x10* an =833x10°m

24.43

Using sn@= m—cf and the small angle approximation, the distance from the central

maximum to the maximum of order m for wavelength 1 is
y, =Ltanfd=Lsnf= (/1L/ d) m . Therefore, the spacing between successive maxima is

AY=Yp.1— Yy =AL/d.
The longer wavelength in the light is found to be

(Ay)d (844x10°m)(833x10°m )

Ao = = =| 469 nm
bng L 0150 m -

Since the third order maximum of the shorter wavelength falls halfway between the
central maximum and the first order maximum of the longer wavelength, we have

3ol [0+ 1) Apngl _(1] ~
sl _(OL3) B0 oy = (2 (409 rm ) <[ 782 |

Imm

The grating spacing is d= =250x10°mm =250x10° m

From dsn@=m4, the angle of the second-order diffracted ray is 6= Sh"l(Zﬂ,/ d) .

(@) When the grating is surrounded by air, the wavelength is A4 =4,/N,4 = 4, and

27 2(541x10°° m |
0,= shl[—“j =sh™ =| 256°
: d 250x10° m =
(b) If the grating is immersed in water,

A A
then A=A, 4y = ——=—2>—, yielding
Ny 1333

o[ 24, j‘ | 2(s41x10°m) |
fo=sh [ g )sn {(250x10-6m)(1333) =192
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m(A,/n
mj’“ = ( CCI)/ ),we have that nsné@= M4

constant. Therefore ‘ N4 SNG, =N, SN6G, I, or the angles of parts (a) and (b) satisfy

(c) From snf= = anstant when m is kept

Snell’s law.

24.44 When light of wavelength A passes through a single slit of width g, the first minimum is
observed at angle & where

She:% or sthl[g)

This will have no solution if a< A, so the maximum slit width if no minima are to be

seenis a= /4 =.
2445 (a) From Brewster’s law, the index of refraction is

n, =tng, = &n(480°) =| 111
(b) From Snell’s law, n,sind, = n, sné,, we obtain when 6, =6,
(n,shé.) ((100)5'[14800]
O,=sin'| —L | =snt| L —— | =| 20
2 L n, J 111

Note that when 6, =6,, 6, =900°-6, as it should.

24.46 Since the average value of 005’ @ is 1/2, the intensity of the light passed by the first

polarizeris L = k/2, where |k, is the incident intensity.

Then, from Malus’s law, the intensity passed by the second polarizer is

s - (§2orb

24.47 The more general expression for Brewster’s angle is (see Problem 51)
nd,=n,/n

(n,) 152
_ _ R L i 7 R | B
(@) When n,=100and n,=152, Hp =1an L_n J =1an (_1.00j _-56.7°

1
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(b)  When n,=1333and n, =152, 9p=1an-1{% =1an-1(11ﬂ _[488°
1

The polarizing angle for light in air striking a water surface is

0, = mnl{:—i - mnl[%] ~531°

This is the angle of incidence for the incoming sunlight (i.e., the angle between the
incident light and the normal to the surface). The altitude of the Sun is the angle between
the incident light and the water surface. Thus, the altitude of the Sun is

a=9000—9p=9000—531°=

The polarizing angle is 6, = n™ {&} =tan’ (%} =588°
1

When the light is incident at the polarizing angle, the angle of refraction is

6,=900°- 6, =900 -588 =312

The critical angle for total reflection is 6, = S'n'l(n2 / nl) . Thus, if 6,=344° as light

attempts to go from sapphire into air, the index of refraction of sapphire is

n, 100

Moo = Ny = ——2— = —
el T shng,  sh3dd

Then, when light is incident on sapphire from air, the Brewster angle is
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24.51 From Snell’s law, the angles of incidence and refraction are related by n,sné, =n,sné,.

If the angle of incidence is the polarizing angle (i.e., 6, = 6,), the angles of incidence and

refraction are also related by

0,+0,+90° =180°, or 6, =90°- 0,

Substitution into Snell’s law then gives

n,sng, = nzsh(90°—6’p)= n,cosd, or | @NG, =n,/n

2452 l=Loso = HZOOS{\EJ

v o) 157
U o) (]
A R

24.53 From Malus’s law, the intensity of the light transmitted by the first polarizer is
I, = L,aoS" 6,. The plane of polarization of this light is parallel to the axis of the first plate,
and is incident on the second plate. Malus’s law gives the intensity transmitted by the
second plate as I, = L, 00S* (6, — 6,) = |,005’ 0, oS’ (6, — 6, ) . This light is polarized parallel
to the axis of the second plate and is incident upon the third plate. A final application of
Malus’s law gives the transmitted intensity as

I;= LS (6, - 0,) = oos’ 6, oS’ (6, — 6,) oS’ (0, - 6,
With 6, =200°,6,=400°,and 6, = 600°, this result yields

I, =(100 units) s’ (200°) 0’ (20 0°) oS’ (200°) =| 689 uniits

24.54 (a) Using Malus’s law, the intensity of the transmitted light is found to be

1= L0 (45°) = b (YV2)", or [V, =12]
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(b) From Malus’s law, I/ 1,=00s’ 6. Thus, if I/ l,=1/3 we obtain

s’ 0=13 or 6=cos*(1/+/3)=[ 547"

2455 (a) If light has wavelength 4, in vacuum, its wavelength in a medium of refractive

index nis A=4,/Nn. Thus, the wavelengths of the two components in the specimen

are
Ay H461nm
A, ="0=""  —14137nm
Yo 1320
Ay 5461 nm
an 2 n, 1333 -

(b) The number of cycles of vibration each component completes while passing
through the specimen are

-6
v, o t_1000x10%m _,
4, 4137x10°m
-6
and N, = o100 5 pp
4, 4097x10°m

Thus, when they emerge, the two components are out of phase by
N, —N, =0024 cycks. Since each cycle represents a phase angle of 360°, they

emerge with a phase difference of

A¢=(0024 cycles)(360°/cycE) =

24.56 Bright lines occur at angles given by smé=m (l/ d) . Thus, if the m =4 bright line of

wavelength A, and the m =5 bright line of wavelength 1, occur at the same angle, we
have

sh0=5(%j =4[%j,or ,12=(gjzl=(g)(540 nm ) =| 432 nm |
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24.57 Dark fringes (destructive interference) occur where dsné = (m +1/ 2)/1 for m=0,1,2,..
Thus, if the second dark fringe (m = 1) occurs at

100°

0=(180m h)[mj =02300°, the slit spacing is

1\ 2 3 (546><10’9m) .
dz(m E) =(—; =156x10*m =[0156mm
- sno sin(0300°) 8 -

vmd=340m/s
f 2000Hz

24.58 The wavelengthis A= =0170m .

Maxima occur where dsiné=mAl, or st'n‘l[m (l/d)] for m=0,1,2,..

Since d=0350m , 4/d=0486 which gives §=si*(0486m )

For m =0,1,and 2, this yields| m axin aat0°,291° ,and 763" |

No solutions exist for m >3 since that would imply sné>1.
. - Y A
Minima occur where dsnég= (m + ]/2)/1 or 8=sn (2m + 1)2—d for m=0,1,2,..

With 4/d=0486, this becomes 6= sin™[(2m +1)(0243) ]

For m =0and 1, we find | m nim aat14.1° and 46 8° \

No solutions exist for m > 2 since that would imply sné>1.

24.59 The source and its image, located 1.00 cm below the mirror, act as a pair of coherent
sources. This situation may be treated as double-slit interference, with the slits separated
by 2.00 cm, if it is remembered that the light undergoes a phase reversal upon reflection
from the mirror. The existence of this phase change causes the conditions for
constructive and destructive interference to be reversed. Therefore, dark bands
(destructive interference) occur where

yzm(}tL/d) for m=0,1,2,..
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The m =0 dark band occurs at y=0 (i.e., at mirror level). The first dark band above the

mirror corresponds to M =1 and is located at

=250x103%m =[{250mm

L) (500x10°m }(100m )
yz(l)[sz 200x102 m

Assuming the glass plates have refractive indices greater than that of both air and water,
there will be a phase reversal at the reflection from the lower surface of the film but no
reversal from reflection at the top of the film. Therefore, the condition for a dark fringe is

2t=m4, :m(/‘to/nﬁm) for m=0,1,2,..

If the highest order dark band observed is m =84 (a total of 85 dark bands counting the
m =0 order at the edge of contact), the maximum thickness of the wedge is

m( \84(/1

) 2

When the film consists of water, the highest order dark fringe appearing will be

M, =21;w(n;'“) = 2(422,)

j 424,

Ga = 100

(1333\

0

Counting the zeroth order, a total of dark fringes are now observed.

From Snell’s law, n,sné, = n, sné,, the index of refraction of the glass block is

_n;shng,  (100)sn370°

2 =T = - =161
sndo, sn220°

The polarizing angle when light is incident on this block from air is then

o, e )15

292



24.62

24.63

CHAPTER 24

From Malus’s law, the intensity of the light transmitted by the first polarizer is

I, = L,aos’ 6,. The plane of polarization of this light is parallel to the axis of the first plate,
and is incident on the second plate. Malus’s law gives the intensity transmitted by the
second plate as I, = L, 00S’(6, - 6,) = |,005 9, oS’ (6, — 6, ) . This light is polarized parallel
to the axis of the second plate and is incident upon the third plate. A final application of
Malus’s law gives the transmitted intensity as

I, = Loos’ (6, - 0,) = Loos* 6, 00’ (6, — 6,) oS’ (0, - 6,)
(a) If 6,=45°,0,=90°,and 6, =0, then

I/ k= 00S’ 45° o’ (90° - 45°) cos’ (0° — 90°) = O
(b) If 6,=0,60,=45°,and 6, = 90°, then

I/ k=S’ 0° 00’ (45° - 0°) cos’ (90° - 45°) =[ 025

In the figure at the right, observe that the path difference Source Receiver
between the direct and the indirect paths is <«~—d/2 ‘}‘ d/72—>

§=2x-d=2\h*+(d/2)" ~d

With a phase reversal (equivalent to a half-wavelength
shift) occurring on the reflection at the ground, the condition

for constructive interference is J = (m +1/ 2) A, and the condition for destructive

X h X

interference is d=m A. In both cases, the possible values of the order number are
m=0,1,2,...

(@) The wavelengths that will interfere constructively are 4= p. . The longest of

+1/2

these is for the m =0 case and has a value of

A=25=4]h+(d/2)" - 2d
=4,(500m )*+(300m ) ~2(600m ) =[166m |

(b) The wavelengths that will interfere destructively are 4 =35/m and the largest finite

one of these is for the m =1 case. That wavelength is

A=5=2\*+(d/2)° ~d=2,(500m )* +(300m )* ~600m =[828m |
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24.64 There will be a phase reversal associated with 0
the reflection at one surface of the film, but no i
reversal at the other surface of the film. ‘|3If Y l%
Therefore, the condition for a dark fringe =

(destructive interference) is
( \ Glass, n
Y____. r--- _\J
/1 1 . 1
2t=mﬂ,n:mL J m :0’1,2,_. film, nfiim t{:
N fitn | Glass, n |

From the figure, note that R? = r* + (R -9 =  + R? - 2Rt+ € which reduces to
r’ = 2Rt~ t. Since t will be very small in comparison to either r or R, we may neglect the
term €, leaving r=+2Rt.

mA

For a dark fringe, t= so the radii of the dark rings will be

N gty

( ) mAR
e 2Rk sz: T2 for m=0,1,2, ..
2N g, N

R
(see Problem 64). Since R and A are

N gy

24.65 The radii of the dark rings are r=

unchanged when the air film is replaced by the liquid, and m =10 in both cases, we
have rng =mAR = anstant.

Thus, r,z-wi,n,-qu-lj =N

ar/

(r. ) 2
or n,mij:na-rL:“J :(1.00)(1222:] =

Ioud

24.66 (a) From Snell’slaw, n;sné=n,sn¢ with 6 and ¢ 0 L
defined as shown in the figure at the right. wcted
However, ¢=180°—(0+ f) so Snell’s law becomes ! : p—Ray
n,shé=n,sin| 180°—(9+ f) |. N2 |
' 2 [ ( '8)] ; Refracted
0 Ray
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Apply the given identity, realizing that

sih|—(0+p)|=-sn(6+p)
and cos —(0+ B) | = cos(0+ ) , to obtain

n, s &= n,[ sin(180°) cos(6 + B) — cos(180°)sin(6 + B) | = n, s (6+ p)
Apply the identity once again to get

n, sin @ =(n, cosp)sind+(n,sin B)coss,

or (n,—n,co0spB)sind=(n,sin B)cosd

n,sn g

Since sig/oosd=tand, this simplifies to | @BNf=———
n, —n,cosp

(b) If f=90°,n, =1,and n, =N, the above result reduces to
, which is Brewster’s law.

In the single slit diffraction pattern, destructive interference (or minima) occur where
sned=m (/1/ a) for m=0,+1,+2,... The screen locations, measured from the center of

the central maximum, of these minima are at
Y, =Ltang, ~Lsing, =m(iL/a)

If we assume the first-order maximum is halfway between the first- and second-order
minima, then its location is

v+, (1+2)(Aya) 3aL
2 2 2a

y

and the slit width is

_3,1|__3(500><10’9m)(1.40m)_ .
Ty T 2(300x10° m | =350x10* m =[0350mn |
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Phase reversals occur in the reflections at both surfaces of the oil layer, so there is zero
net phase difference due to reflections. The condition for constructive interference is
then

and the condition for destructive interference is

2t +2)2,(m 2 2] ®

nﬂn
Solving for the order number, m, in equation (1),

and substituting into equation (2) gives the film thickness as

A 500 nm
t= — = =|313
g, (1— ﬂda,k/gb@ht) 4(1.20)(1-500 nm /750 nm )

(@) Assuming that n>n, in the figure at the
right, Ray 1 undergoes a phase reversal as it
reflects at point A, but Ray 2 has no reversal
as it reflects at B. Therefore, the condition for
the two rays to interfere constructively is
that the difference in their optical path lengths nz=n
be an odd number of half-wavelengths,

or 5:(m +]/2)/10 form=0,1,2,..

ni
The difference in the optical path lengths is
5= n(ﬁJrﬁ)— n,AD = 2nAB-n,AD
But, AB= '_AE and AD =2AEsing,,so 5= ZE{ _n -n,sin 91J
sné, sné,
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Now, observe that

AE=tt@ané,, and n,siné, = nsind, (from Snell’s law)

—__sh «92\ __ont (1-sin®6,) = 2ntrosy,
sndo, 00sb,

Thus, o =2ntan 192{

The condition for constructive interference is then

2ntoosd, = (m +1/2) 4,

(b) When 6, =300°, then

0,= Sh{Mj = Shl(M] =212°
n 138

For minimum thickness, m =0 which gives a thickness of

(0+1/2)4, 590 nm
t 2noosf,  4(138)c0s212°

24.70 The indirect ray suffers a phase reversal as it
reflects from the mirror, but there is no reversal
for the direct ray. Therefore, the condition for d
constructive interference, with the two sources L
separated by distance 24, is T =" mirror
d

\

5:(2d)she=[m +—31 for m=0,1,2,..

The location of these maxima on the screen is given by
y, =Ltanfd~ Lsi’\e:/;—;(m +%)

For the first bright fringe, m =0, giving

a1 _,1|__(620><10‘9m)(120m)_ .
y_5[0+5)_ﬂ_ 4(25x10°m) =74x10°m <[74m |
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Answers to Even Numbered Conceptual Questions

10.

12.

14.

The wavelength of light is extremely small in comparison to the dimensions of your hand,
so the diffraction of light around obstacles the size of your hand is totally negligible.
However, sound waves have wavelengths that are comparable to the dimensions of the
hand or even larger. Therefore, significant diffraction of sound waves occurs around hand
sized obstacles.

The wavelength of light traveling in water would decrease, since the wavelength of light
in a medium is given by A=4,/n, where A, is the wavelength in vacuum and # is the

index of refraction of the medium. Since the positions of the bright and dark fringes are
proportional to the wavelength, the fringe separations would decrease.

Every color produces its own interference pattern and we see them superposed. The
central maximum is white. The first maximum is a full spectrum with violet on the inside
and red on the outside. The second maximum is also a full spectrum, with red in it
overlapping with violet in the third maximum. At larger angles, the light soon starts
mixing to white again.

(a) Two waves interfere constructively if their path difference is either zero or some
integral multiple of the wavelength; that is, if the path difference is mA, where m is an
integer. (b) Two waves interfere destructively if their path difference is an odd multiple of

one-half of a wavelength; that is, if the path difference equals (m -I—%] A=(2m + 1)% .

The skin on the tip of a finger has a series of closely spaced ridges and swirls on it. When
the finger touches a smooth surface, the oils from the skin will be deposited on the surface
in the pattern of the closely spaced ridges. The clear spaces between the lines of deposited
oil can serve as the slits in a crude diffraction grating and produce a colored spectrum of
the light passing through or reflecting from the glass surface.

Suppose the index of refraction of the coating is intermediate between vacuum and the
glass. When the coating is very thin, light reflected from its top and bottom surfaces will
interfere constructively, so you see the surface white and brighter. Once the thickness
reaches one-quarter of the wavelength of violet light in the coating, destructive
interference for violet light will make the surface look red. Then other colors in spectral
order (blue, green, yellow, orange, and red) will interfere destructively, making the
surface look red, violet, and then blue. As the coating gets thicker, constructive
interference is observed for violet light and then for other colors in spectral order. Even
thicker coatings give constructive and destructive interference for several visible
wavelengths, so the reflected light starts looking white again.

The reflected light is partially polarized, with the component parallel to the reflecting
surface being the most intense. Therefore, the polarizing material should have its
transmission axis oriented in the vertical direction in order to minimize the intensity of the
reflected light from horizontal surfaces.
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One way to produce interference patterns is to allow light to pass through very small
openings. The opening between threads in a tautly stretched cloth like that in an umbrella
is small enough for the effects to be observed.

Sound waves are longitudinal waves and cannot be polarized.
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Answers to Even Numbered Problems

10.
12.
14.
16.
18.
20.
22,
24.
26.
28.
30.
32.
34.
36.
38.
40.
42,
44.

46.

CHAPTER

(@) 177 um (b)
2.61m

1.5m

202 um

515 m

1.73 km

612 nm

512 nm

233 nm

290 nm

8 (counting the zeroth order)

65x 10° nm

99.6 nm

200x10°°C*

(@) 2.3 mm (b)
91.2 cm

0.227 mm

(@) 2 complete orders (b)
(@) 13 orders (b)
7.35°

469 nm and 78.1 nm

632.8 nm

38

147 ym

4.5 mm

10.9°

1 order

300
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48.

50.

52.

54.

56.

58.

60.

62.

68.

70.
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36.9°

60.5°

(@) 54.7° (b)
@ Vh=12 (b)
432 nm

maxima at 0°, 29.1°, and 76.3°
minima at 14.1° and 46.8°

113 dark fringes
(@ 0 (b)
313 nm

74 um

63.4°

54.7°

0.25

301

2 4

(©)

71.6°



