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PEP 2016 Question Set - 8. Optics 2
A: Assignment type question
T: Tutorial type question

(32.12-A) An electromagnetic wave has a magnetic field given by B(x, t) = �(8.25 ⇥ 10�9

T )ĵ cos[(1.38 ⇥
104rad/x)x + !t]. (a) In which direction is the wave traveling? (b) What is the frequency f of the wave? (c) Write
the vector equation for E(x, t)

(32.14-T) An electromagnetic wave with frequency 65Hz travels i an insulating magnetic material that has
dielectric constant 3.64 and relative permeability 5.18 at this frequency. The electric field has amplitude
7.20 ⇥ 10�3

V/m. (a) What is the speed of the propagation of the wave? (b) What is the wavelength of the wave?
(c) What is the amplitude of the magnetic field?

(32.34-A/T) Consider a sinusoidal electromagnetic wave with fields E = E

max

ĵ cos(kx � !t) and
B = B

max

k̂ cos(kx � !t + �), with �⇡ < �  ⇡. Show that if E and B are to satisfy the Maxwell’s equa-
tions, then E

max

= cB

(

max) and � = 0. (The result � = 0 means that E and B are in phase)

(35.1-A) Two small stereo speakers A and B that are 1.5m apart are sending out sound of wavelength 36.6cm in all
directions and all in phase. A person at point P starts out equidistant from both speakers and walks so that he is
always 1.5m from speaker B. For what values of x will the sound this person hears be (a) maximally reinforced, (b)
is cancelled? Limit your solution to the case where x  1.5m.

(35.3-T) A radio transmitting station operating at a frequency of 115 Mhz has two identical antennas that
radiate in phase. Anteea B is 9.05m to the right of antenna A. Consider point P between the antennas and along
the line connecting them, a horizontal distance x to the right of antenna A. For what values of x will constructive
interference occur at point P.

(35.14-A) Coherent light that contains two wavelengths: 660nm (red) and 470nm (blue), passes through two
narrow slits that are separated by 0280mm. Their interference pattern is observed on a screen 4.2m from the slits.
What is the distance on the screen between the first-order bright fringes for the two wavelengths?

(35.22-A) Two slits spaced 0.0720mm apart are 0.8m from a screen. Coherent light of wavelength � passes
through the two slits. In their interference pattern on the screen, the distance from the centre of the central
maximum to the first minimum is 3.00mm. If the intensity at the peak of the central maximum is 0.0600W/m

2, what
is the intensity at points on the screen that are (a) 2.00mm and (b) 1.50mm from the centre of the central maximum?

(35.24-A) When viewing a piece of art that is behind glass, one often is a↵ected by the light that is re-
flected o↵ the front of the glass (called glare), which can make it di�cult to see the art clearly. One solution is to
coat the outer surface of the glass with a film to cancel part of the glare. (a) If the glass has a refractive index of
1.55 and you use TiO

2

, which has an index of refraction of 2.62, as the coating, what is the minimum film thickness
that will cancel light of wavelength 550nm? (b) If this coating is too thin to stand up to wear, what other thickness
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would also work? Find the three thinnest ones.

(35.31-A/T) A compact disc (CD) is read from the bottom by a semiconductor laser with wavelength 790nm
passing through a plastic substrate of refractive index 1.8. When pit and part from the flat region between the pits,
so these two beams interfere with each other. What must the minimum pit depth be so that the part of the beam
reflected from a pit cancels the part of the beam reflected from the flat region? (It is the cancellation that allows the
player to recognise the beginning and end of a pit.)

(35.41-A) Suppose you illuminate two thin slits by monochromatic coherent light in air and find that they
produce their first interference minima at ±35.09� on either side of the central bright spot. You then immerse these
slits in a transparent liquid and illuminate them with the same light. Now you find that the first minima occur at
±19.36� instead. What is the index of refraction of this liquid?

(35.43-A) Two radio antennas radiating in phase are located at points A and B, 200m apart. The radio
waves have a frequency of 5.80 MHz. A radio receiver is moved out from point B along a line perpendicular to the
line connecting A and B (line BC shown in the figure). At what distances from B will there be destructive interference?

(35.44-T) Two speakers A and B are 3.50m apart, and each one is emitting a frequency of 444Hz. How-
ever, because of signal delays in the cables, speaker A is one-fourth of a period ahead of speaker B. For points far
from the speakers, find all the angles relative to the centerline at which the sound from these speakers cancels.
Include angles on both sides of the centerline. The speed of sound is 340m/s.

(35.56-T) Figure shows an interferometer known as Fresnel’s biprism. The magnitude of the prism angle A
is extremely small. (a) If S

0

is a very narrow source slit, show that the separation of the two virtual coherent
sources S

1

and S

2

is given by d = 2aA(n � 1), where n is the index of refraction of the material of the prism. (b)
Calculate the spacing of the fringes of green light with wavelength 500nm on a screen 2.00m from the biprism. Take
a = 0.200m, A = 0.0035rad, and n = 1.50.

(36.2-A) Parallel rays of green mercury light with a wavelength of 546nm pass through a slit covering a lens
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3

with a focal length of 70.0cm. In the focal plane of the ones, the distance from the central maximum to the first
minimum is 10.5mm. What is the width of the slit?

(36.10-A) Light waves, for which the electric field is given by Ey(x, t) = E

max

sin
�
(1.4⇥ 107m�1)x� !t

�
,

pass throughout a slit and produce the first dark bands at ±28.6� from the centre of the di↵raction pattern. (a)
What is the frequency of this light? (b) How wide is the slit? (c) At which angles will other dark bands occur?

(36.12-T) Public radio station broadcasts at 88.9 MHz. The radio waves pass between two tall skyscrapers
that are 15.0m apart along their closest walls. (a) At what horizontal angles, relative to the original direction of the
waves, will a distant antenna not receive any signal from this station? (b) If the maximum intensity is 3.5W/m

2 at
the antenna, what is the intensity at ±5.00� from the centre of the central maximum at the distant antenna?

(36.17-A) A single-slit di↵raction pattern is formed by monochromatic electromagnetic radiation from a dis-
tant source passing through a slit 0.102mm wide. At the point in the patter 3.11� from the centre of the central
maximum, the total phase di↵erence between wavelets from the top and bottom of the slit is 57.4 rad. (a) What is
the wavelength of the radiation? (b) What is the intensity at this point, if the intensity at the centre of the central
maximum is I

0

?

(36.18-A) Parallel rays of monochromatic light with wavelength 579nm illuminate two identical slits and
produce an interference pattern on a screen that is 75.0cm from the slits. The centres of the slits are 0640mm apart
and the width of each slit is 0.434 mm. If the intensity at the centre of the central maximum is 3.5 ⇥ 10�4

W/m

2,
what is the intensity at a point on the screen that is 0.800mm from the central of the central maximum?

(36.20-T) Consider the interference pattern produced by two parallel slits of width a and separation d, in
which d = 3a. The slits are illuminated by normally incident light of wavelength �. (a) First we ignore di↵raction
e↵ect due the the slit width. At what angles ✓ from the central maximum will the next four maxima in the two-slit
interference pattern occur? (b) Now we include the e↵ects of di↵raction. If the intensity at ✓ = 0� is I

0

, what
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is the intensity at each of the angles in part (a)? (c) Which double-slit interference maxima are missing in the pattern?

(36.22-A) Laser light of wavelength 506nm illuminates two identical slits, producing an interference pattern
on a screen 88cm from the slits. The bright bands are 1.20cm apart, and the third bright bands on either side of the
central maximum are missing in the pattern. Find the width and the separation of two slits.

(36.24-A) Monochromatic light is at normal incidence on a plane transmission grating. The first-order max-
imum in the interference pattern is at an angle of 8.01�. What is the angular position of the forth-order maximum?

(36.30-A) A laser beam of wavelength � = 632.8nm shines at normal incidence on the reflective side of a
compact disc. (a) The tracks of tiny pits in which information is coded onto the CD are 1.60µm apart. For what
angles of reflection (measured from the normal) will the intensity of light be maximum? (b) On a DVD, the tracks
are only 0.740µm apart. Repeat the calculation of part (a) for the DVD.

(36.32-T) Di↵erent isotopes of the sam element emit light at slightly di↵erent wavelengths. A wavelength
in the emission spectrum of a hydrogen atom is 656.45nm; for deuterium, the corresponding wavelength is
656.27nm . (a) What minimum number of slits is required to resolve these two wavelengths in second order? (b) If
the grating has 500,000 slits/mm, find the angles and angular separation of these two wavelengths in the second order.

(36.37-A) Monochromatic light with wavelength 490nm passes through a circular aperture, and a di↵raction
pattern is observed on a screen that is 1.2m from the aperture. If the distance on the screen between the first and
second dark rings is 1.65mm, what is the diameter of the aperture?

(36.48-T) A loudspeaker with a diaphragm that vibrates at 1150 Hz is travelling at 95.0m/s directly toward
a pair of holes in a very large wall. The speed of sound in the region is 344m/s. Far from the wall, you observe that
the sound coming through the openings first cancels at ±12.7� with respect to the direction in which the speaker
is moving. (a) How far apart are the two openings? (b) At what angles would the sound first cancel if the source
sopped moving?

(36.58-T) If has been proposed to use an array of infrared telescopes spread over thousands of kilometres of
space to observe planets orbiting other stars. Consider such an array that has an e↵ective diameter of 600km and
observed infrared radiation at a wavelength of 10µm. If it is used to observe a planet orbiting the star 70 Virginis,
which is 59 light-years from our solar system, what is the size of the smallest details that the array might resolve on
the planet? How does this compare to the diameter of the planet, which is assumed to be similar to that of Jupiter
(1.4⇥ 105km)?

4

is the intensity at each of the angles in part (a)? (c) Which double-slit interference maxima are missing in the pattern?

(36.22-A) Laser light of wavelength 506nm illuminates two identical slits, producing an interference pattern
on a screen 88cm from the slits. The bright bands are 1.20cm apart, and the third bright bands on either side of the
central maximum are missing in the pattern. Find the width and the separation of two slits.

(36.24-A) Monochromatic light is at normal incidence on a plane transmission grating. The first-order max-
imum in the interference pattern is at an angle of 8.01�. What is the angular position of the forth-order maximum?

(36.30-A) A laser beam of wavelength � = 632.8nm shines at normal incidence on the reflective side of a
compact disc. (a) The tracks of tiny pits in which information is coded onto the CD are 1.60µm apart. For what
angles of reflection (measured from the normal) will the intensity of light be maximum? (b) On a DVD, the tracks
are only 0.740µm apart. Repeat the calculation of part (a) for the DVD.

(36.32-T) Di↵erent isotopes of the sam element emit light at slightly di↵erent wavelengths. A wavelength
in the emission spectrum of a hydrogen atom is 656.45nm; for deuterium, the corresponding wavelength is
656.27nm . (a) What minimum number of slits is required to resolve these two wavelengths in second order? (b) If
the grating has 500,000 slits/mm, find the angles and angular separation of these two wavelengths in the second order.

(36.37-A) Monochromatic light with wavelength 490nm passes through a circular aperture, and a di↵raction
pattern is observed on a screen that is 1.2m from the aperture. If the distance on the screen between the first and
second dark rings is 1.65mm, what is the diameter of the aperture?

(36.48-T) A loudspeaker with a diaphragm that vibrates at 1150 Hz is travelling at 95.0m/s directly toward
a pair of holes in a very large wall. The speed of sound in the region is 344m/s. Far from the wall, you observe that
the sound coming through the openings first cancels at ±12.7� with respect to the direction in which the speaker
is moving. (a) How far apart are the two openings? (b) At what angles would the sound first cancel if the source
sopped moving?

(36.58-T) If has been proposed to use an array of infrared telescopes spread over thousands of kilometres of
space to observe planets orbiting other stars. Consider such an array that has an e↵ective diameter of 600km and
observed infrared radiation at a wavelength of 10µm. If it is used to observe a planet orbiting the star 70 Virginis,
which is 59 light-years from our solar system, what is the size of the smallest details that the array might resolve on
the planet? How does this compare to the diameter of the planet, which is assumed to be similar to that of Jupiter
(1.4⇥ 105km)?
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EVALUATE:   2
2

c f
k k

ω π ω
λ

π
$ %$ %= = =& '& '
( )( )

 is an alternative expression for the wave speed. 

 
 32.11. IDENTIFY and SET UP:   Compare the ( , )y t

r
E  given in the problem to the general form given by  

Eq. (32.17). Use the direction of propagation and of 
r
E  to find the direction of .

r
B  

EXECUTE:   (a)  The equation for the electric field contains the factor cos( )ky tω−  so the wave is 
traveling in the -direction.y+  

(b) 5 12ˆ( , ) (3 60 10  V/m) cos[ (10.50 10  rad/s) ].y t ky t= . × − ×
r
E k  

Comparing to Eq. (32.17) gives 1210.50 10  rad/sω = ×  
8

4
12

2 2 2 (2 998 10  m/s)
2 so 1 80 10  m.

(10.50 10  rad/s)
c cf π π π

ω π λ
λ ω

−. ×
= = = = = . ×

×
 

(c)  

 

 ×
r r
E B  must be in the -directiony+  (the 
 direction in which the wave is traveling). 
 When 

r
E  is in the -directionz+  then 

r
B  

 must be in the -direction,x+  as shown in 
 Figure 32.11. 

Figure 32.11   

12
4

8
2 10.50 10  rad/s 3.50 10  rad/m.

2 998 10  m/s
k

c
π ω
λ

×
= = = = ×

. ×
 

5
max 3 60 10  V/m.E = . ×  

Then 
5

3max
max 8

3 60 10  V/m
1 20 10  T.

2 998 10  m/s
EB
c

−. ×
= = = . ×

. ×
 

Using Eq. (32.17) and the fact that 
r
B  is in the direcˆ on- ti+i  when 

r
E  is in the directˆ n,- io+k  

3 4 12ˆ(1 20 10  T) cos[(3.50 10  rad/m) (10.50 10  rad/s) ].y t−= + . × × − ×
r
B i  

EVALUATE:   
r
E  and 

r
B  are perpendicular and oscillate in phase. 

 32.12. IDENTIFY:   Apply Eqs. (32.17) and (32.19). /f c λ=  and 2 / .k π λ=  

SET UP:    max( , ) cos( ).yB x t B kx tω = − +  

EXECUTE:   (a) The phase of the wave is given by ,kx tω+  so the wave is traveling in the -direction.x−  

(b) 2 2 .fk
c

π π
λ

= =  
4 8

11(1 38 10 rad/m)(3 0 10 m/s) 6 59 10 Hz.
2 2
kcf
π π

. × . ×
= = = . ×  

(c) Since the magnetic field is in the -direction,y−  and the wave is propagating in the -direction,x−  then 

the electric field is in the –z-direction so that ×
r r
E B  will be in the -direction.x−  

max
ˆ ˆ( , ) ( , ) cos( ) .x t cB x t cB kx tω = +  = − +

r
E k k  

9 4 12 ˆ( , ) (8 25 10  T)cos (1 38 10  rad/m) (4 14 10  rad/s) .x t c x t− " # = − . × . × + . ×% &
r
E k  

4 12 ˆ( , ) (2 48 V/m)cos (1 38 10  rad/m) (4 14 10  rad/s) .x t x t! " = − . . × + . ×% &
r
E k  
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EVALUATE:   
r
E  and 

r
B  have the same phase and are in perpendicular directions. 

 32.13. IDENTIFY and SET UP:   c fλ=  allows calculation of .λ  2 /k π λ=  and 2 .fω π=  Emax = cBmax relates 
the electric and magnetic field amplitudes. 

EXECUTE:   (a) 
8

3
2 998 10  m/s so 361 m.
830 10  Hz

cc f
f

λ λ
. ×

= = = =
×

 

(b) 2 2  rad 0 0174 rad/m.
361 m

k π π
λ

= = = .  

(c) 3 62 (2 )(830 10  Hz) 5 22 10  rad/s.fω π π= = × = . ×  

(d) Eq. (32.18): 8 11
max max (2 998 10  m/s)(4 08 10  T) 0 0122 V/m.E cB −= = . × . × = .  

EVALUATE:   This wave has a very long wavelength; its frequency is in the AM radio broadcast band. 
The electric and magnetic fields in the wave are very weak. 

 32.14. IDENTIFY:   Apply 
m
.cv

KK
=  max max.E cB=  .v f λ=  

SET UP:   3 64.K = .  m 5 18.K = .  

EXECUTE:   (a) 
8

7

m

(3 00 10 m/s) 6 91 10 m/s.
(3 64)(5 18)

cv
KK

. ×
= = = . ×

. .
 

(b) 
7

66 91 10 m/s 1 06 10 m.
65 0 Hz

v
f

λ
. ×

= = = . ×
.

 

(c) 
3

10max
max 7

7 20 10 V/m
1 04 10 T.

6 91 10 m/s
EB
v

−
−. ×

= = = . ×
. ×

 

EVALUATE:   The wave travels slower in this material than in air. 
 32.15. IDENTIFY and SET UP:   v f λ=  relates frequency and wavelength to the speed of the wave. Use  

mn KK K= ≈  to calculate n and K. 

EXECUTE:   (a) 
8

7
14

2 35 10  m/s 3 35 10  m.
6 80 10  Hz

v
f

λ −. ×
= = = . ×

. ×
 

(b) 
8

7
14

2 998 10  m/s 4.41 10  m.
6.80 10  Hz

c
f

λ −. ×
= = = ×

×
 

(c) 
8

8
2 998 10  m/s 1 28.
2 35 10  m/s

cn
v

. ×
= = = .

. ×
 

(d) 2 2
m  so (1 38) 1 63.n KK K K n= ≈ = = . = .  

EVALUATE:   In the material  and v c f<  is the same, so λ  is less in the material than in air. v c<  
always, so n is always greater than unity. 

 32.16. IDENTIFY:   We want to find the amount of energy given to each receptor cell and the amplitude of the 
magnetic field at the cell. 
SET UP:   Intensity is average power per unit area and power is energy per unit time. 

21
0 max2 ,I cEε= / ,I P A=  and max max.E cB=  

EXECUTE:   (a) For the beam, the energy is 12 9 3(2 0 10  W)(4 0 10  s) 8 0 10  J 8 0 kJ.U Pt −= = . × . × = . × = .  
This energy is spread uniformly over 100 cells, so the energy given to each cell is 80 J. 
(b) The cross-sectional area of each cell is 2,A rπ=  with 62 5 10  m.r −= . ×  

12
21 2

6 2
2 0 10  W 1 0 10  W/m .

(100) (2 5 10  m)
PI
A π −

. ×
= = = . ×

. ×
 

(c) 
21 2

11
max 12 2 2 8

0

2 2(1 0 10  W/m )
8 7 10  V/m.

(8 85 10  C /N m )(3 00 10  m/s)
IE
cε −

. ×
= = = . ×

. × ⋅ . ×
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 35.1. IDENTIFY:    The sound will be maximally reinforced when the path difference is an integral multiple of 
wavelengths and cancelled when it is an odd number of half wavelengths.  
SET UP:    Constructive interference occurs for 2 1 ,r r mλ− = 0,  1, 2, .m = ± ± … Destructive interference 

occurs for 1
2 1 2( ) , 0, 1, 2 .r r m mλ− = + = ± ± … For this problem, 2 150 cmr =  and 1 .r x=  The path taken 

by the person ensures that x is in the range 0 150 cm.x≤ ≤  
EXECUTE:    (a) 150 cm (36.6 cm).x m− =  150 cm (36.6 cm).x m= −  For 0,1, 2, 3, 4m =  the values of x 
are 150 cm, 113.4 cm, 76.8 cm, 40.2 cm, 3.6 cm. 
(b) 1

2150 cm ( )(36.6 cm).x m− = +  1
2150 cm ( )(36.6 cm).x m= − +  For 0,1, 2, 3m =  the values of x are  

131.7 cm, 95.1 cm, 58.5 cm, 21.9 cm. 
EVALUATE:    When 116 cmx =  the path difference is 150 cm 113.4 cm 36.6 cm,− =  which is one 
wavelength. When 131.7 cmx =  the path difference is 18.3 cm, which is one-half wavelength. 

 35.2. IDENTIFY:    The sound will be maximally reinforced when the path difference is an integral multiple of 
wavelengths and cancelled when it is an odd number of half wavelengths. 
SET UP:    When she is at the midpoint between the two speakers the path difference 2 1r r−  is zero. When 

she walks a distance d toward one speaker, 2r  increases by d and 1r  decreases by d, so the path difference 
changes by 2d. Path difference mλ=  ( 0,  1, 2, )m = ± ± …  gives constructive interference and path 

difference 1
2( )m λ= +  ( 0,  1, 2, )m = ± ± …  gives destructive interference. 

EXECUTE:    340 0 m/s 1 45 m.
235 0 Hz

v
f

λ
.

= = = .
.

 

(a) The path difference is zero, so the interference is constructive. 

(b) Destructive interference occurs, so the path difference equals /2.λ 2
2

d λ
=  which gives 

1 45 m 36.2 cm.
4 4

d λ .
= = =  

(c) Constructive interference occurs, so the path difference equals . 2dλ λ= which gives 

1 45 m 72.3 cm.
2 2

d λ .
= = =  

EVALUATE:    If she keeps walking, she will possibly find additional places where constructive and 
destructive interference occur. 

 35.3. IDENTIFY:    Use c f λ=  to calculate the wavelength of the transmitted waves. Compare the difference in 
the distance from A to P and from B to P. For constructive interference this path difference is an integer 
multiple of the wavelength. 
SET UP:    Consider Figure 35.3 (next page). 

 

INTERFERENCE 

35 
  



© Copyright 2016 Pearson Education, Ltd. All rights reserved. This material is protected under all copyright laws as they currently exist. 
No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

35-1 

 35.1. IDENTIFY:    The sound will be maximally reinforced when the path difference is an integral multiple of 
wavelengths and cancelled when it is an odd number of half wavelengths.  
SET UP:    Constructive interference occurs for 2 1 ,r r mλ− = 0,  1, 2, .m = ± ± … Destructive interference 

occurs for 1
2 1 2( ) , 0, 1, 2 .r r m mλ− = + = ± ± … For this problem, 2 150 cmr =  and 1 .r x=  The path taken 

by the person ensures that x is in the range 0 150 cm.x≤ ≤  
EXECUTE:    (a) 150 cm (36.6 cm).x m− =  150 cm (36.6 cm).x m= −  For 0,1, 2, 3, 4m =  the values of x 
are 150 cm, 113.4 cm, 76.8 cm, 40.2 cm, 3.6 cm. 
(b) 1

2150 cm ( )(36.6 cm).x m− = +  1
2150 cm ( )(36.6 cm).x m= − +  For 0,1, 2, 3m =  the values of x are  

131.7 cm, 95.1 cm, 58.5 cm, 21.9 cm. 
EVALUATE:    When 116 cmx =  the path difference is 150 cm 113.4 cm 36.6 cm,− =  which is one 
wavelength. When 131.7 cmx =  the path difference is 18.3 cm, which is one-half wavelength. 

 35.2. IDENTIFY:    The sound will be maximally reinforced when the path difference is an integral multiple of 
wavelengths and cancelled when it is an odd number of half wavelengths. 
SET UP:    When she is at the midpoint between the two speakers the path difference 2 1r r−  is zero. When 

she walks a distance d toward one speaker, 2r  increases by d and 1r  decreases by d, so the path difference 
changes by 2d. Path difference mλ=  ( 0,  1, 2, )m = ± ± …  gives constructive interference and path 

difference 1
2( )m λ= +  ( 0,  1, 2, )m = ± ± …  gives destructive interference. 

EXECUTE:    340 0 m/s 1 45 m.
235 0 Hz

v
f

λ
.

= = = .
.

 

(a) The path difference is zero, so the interference is constructive. 

(b) Destructive interference occurs, so the path difference equals /2.λ 2
2

d λ
=  which gives 

1 45 m 36.2 cm.
4 4

d λ .
= = =  

(c) Constructive interference occurs, so the path difference equals . 2dλ λ= which gives 

1 45 m 72.3 cm.
2 2

d λ .
= = =  

EVALUATE:    If she keeps walking, she will possibly find additional places where constructive and 
destructive interference occur. 

 35.3. IDENTIFY:    Use c f λ=  to calculate the wavelength of the transmitted waves. Compare the difference in 
the distance from A to P and from B to P. For constructive interference this path difference is an integer 
multiple of the wavelength. 
SET UP:    Consider Figure 35.3 (next page). 
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 The distance of point P from 
each coherent source 
is Ar x=  and  

9 05 m .Br x= . −  

Figure 35.3   
 
EXECUTE:    The path difference is 9 05 m 2 .B Ar r x− = . −  

, 0, 1, 2, B Ar r m mλ− = =  ± ± … 
8

6
2 998 10  m/s 2 61 m.
115 10  Hz

c
f

λ
. ×

= = = .
×

 

Thus 9 05 m 2 (2.61 m)x m. − =  and 9 05 m (2 61 m) 4 525 m (1 305 m) .
2
m

x m
. − .

= = . − .  x must lie in the 

range 0 to 9.05 m since P is said to be between the two antennas. 
0m =  gives 4 525 m.x = .  
1m = +  gives 4 525 m 1 305 m 3 22 m.x = . − . = .  
2m = +  gives 4 525 m 2 61 m 1.915 m.x = . − . =  
3= +m  gives 4 525 m 3 75 m 0 61 m.x = . − . = .  
1m = −  gives 4 525 m 1 305 m 5 83 m.x = . + . = .  
2m = −  gives 4 525 m 2 61 m 7 135 m.x = . + . = .  
3m = −  gives 4 525 m 3 915 m 8 44 m.x = . + . = .  

All other values of m give values of x out of the allowed range. Constructive interference will occur for  
x = 0.61 m, 1.915 m, 3 22 m, 4 525 m, 5 83 m, 7 135 m, and 8 44 m.. . . . .  
EVALUATE:    Constructive interference occurs at the midpoint between the two sources since that point is 
the same distance from each source. The other points of constructive interference are symmetrically placed 
relative to this point. 

 35.4. IDENTIFY:    For destructive interference the path difference is 1
2( ) , 0, 1, 2, .m mλ+ = ± ± …  The longest 

wavelength is for 0.m =  For constructive interference the path difference is , 0, 1, 2,m mλ = ± ± …  The 
longest wavelength is for 1.m =  
SET UP:    The path difference is 110 m. 

EXECUTE:    (a) For destructive interference 110 m 220 m.
2
λ

λ= ⇒ =  

(b) The longest wavelength for constructive interference is 110 m.λ =  
EVALUATE:    The path difference doesn’t depend on the distance of point Q from B. 

 35.5. IDENTIFY:    If the path difference between the two waves is equal to a whole number of wavelengths, 
constructive interference occurs, but if it is an odd number of half-wavelengths, destructive interference occurs. 
SET UP:    We calculate the distance traveled by both waves and subtract them to find the path difference. 
EXECUTE:    Call 1P  the distance from the right speaker to the observer and 2P  the distance from the left 
speaker to the observer. 

(a) 1 8.0 mP =  and 2 2
2 (6 0 m) (8 0 m) 10 0 m.P = . + . = .  The path distance is 

2 1 10.0 m – 8.0 m 2.0 m.P P PΔ = − = =  
(b) The path distance is one wavelength, so constructive interference occurs. 

(c) 1 17.0 mP =  and 2 2
2 (6.0 m) (17.0 m) 18.0 m.P = + =  The path difference is 18.0 m –17.0 m 1.0 m,=  

which is one-half wavelength, so destructive interference occurs. 
EVALUATE:    Constructive interference also occurs if the path difference 2 , 3 , 4 , etc.,λ λ λ  and destructive 
interference occurs if it is /2, 3 /2, 5 /2,λ λ λ  etc. 

 35.6. IDENTIFY:    For constructive interference the path difference d is related to λ  by ,  0,1, 2,d m mλ= = …   

For destructive interference 1
2( ) , 0,1, 2,d m mλ= +  = … 
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 35.14. IDENTIFY:    For small angles: .m
my R
d
λ

=  

SET UP:    First-order means 1.m =  
EXECUTE:    The distance between corresponding bright fringes is 

9 3
3

(4 20 m)(1) (660 470) (10 m) 2.85 10 m = 2.85 mm.
(0 280 10 m)

Rmy
d

λ − −
−

.
Δ = Δ = − × = ×

. ×
 

EVALUATE:    The separation between these fringes for different wavelengths increases when the slit 
separation decreases. 

 35.15. IDENTIFY and SET UP:    Use the information given about the bright fringe and m
my R
d
λ

=  to find the 

distance d between the two slits. Then use 1
2sin ( ) , 0, 1, 2,d m mθ λ= + = ± ± … and tanθ=y R  to 

calculate λ for which there is a first-order dark fringe at this same place on the screen. 

EXECUTE:    
9

41 1
1 3

1

(3 00 m)(601 10  m)
, so 3 73 10  m.

4 84 10  m
R Ry d
d y
λ λ −

−
−

. ×
= = = = . ×

. ×
 (R is much greater than d, 

so m
my R
d
λ

=  is valid.) The dark fringes are located by 1
2sin ( ) , 0, 1, 2,d m mθ λ= + = ± ± … The first-

order dark fringe is located by 2sin /2 ,dθ λ=  where 2λ is the wavelength we are seeking. 

2tan sin .
2
Ry R R
d

λ
θ θ= ≈ =  

We want 2λ  such that 1.y y=  This gives 1 2
2

R R
d d
λ λ
= and 2 12 1202 nm.λ λ= =  

EVALUATE:    For 601 nmλ =  the path difference from the two slits to this point on the screen is 601 nm. 
For this same path difference (point on the screen) the path difference is /2λ when 1202 nm.λ =  

 35.16. IDENTIFY:    Bright fringes are located at ,m
my R
d
λ

=  when .my R=  Dark fringes are at 

1
2sin ( )d mθ λ= +  and tan .y R θ=  

SET UP:    
8

7
14

3 00 10  m/s 4 72 10  m.
6 36 10  Hz

c
f

λ −. ×
= = = . ×

. ×
 For the third bright fringe (not counting the central 

bright spot), 3.m =  For the third dark fringe, 2.m =  

EXECUTE:    (a) 
7

53(4 72 10  m)(0 860 m) 3 94 10  m 0 0394 mm.
0 0309 mm

m Rd
y
λ −

−. × .
= = = . × = .

.
 

(b) 
7

1
2 5

4 72 10  msin (2 ) (2 5) 0 0299
3 94 10  md

λ
θ

−

−

$ %. ×
= + = . = .' (' (. ×) *

 and 1 72 .θ = . °  

tan (86 0 cm) tan1 72 2 58 cm.y R θ= = . . ° = .  

EVALUATE:    The third dark fringe is closer to the center of the screen than the third bright fringe on one 
side of the central bright fringe. 

 35.17. IDENTIFY:    Use 2
0 cos ( /2)I I φ=  with 2 1(2 / )( ).r rφ π λ= −  

SET UP:    φ  is the phase difference and 2 1( )r r−  is the path difference. 

EXECUTE:    (a) 2
0 0(cos 32.5 ) 0 711 .I I I= ° = .  

(b) 65 0 (13/36) rad.. ° =  2 1( ) ( /2 ) [(13/36)/2 ] 13/72 86.3 nm.r r φ π λ π λ− = = = =  

EVALUATE:    360 /5φ = °  and 2 1( ) /5.54.r r λ− =  

 35.18. IDENTIFY:    path difference
2
φ
π λ
=  relates the path difference to the phase difference .φ  
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(b) 2 2
0 0 0

4 52 rad
cos cos 0 404 .

2 2
I I I Iφ ." # " #= = = .$ % $ %

& ' & '
 

EVALUATE:    1 2( )r r−  is greater than /2,λ  so one minimum has been passed as the receiver is moved. 
 35.22. IDENTIFY:    Light from the two slits interferes on the screen. The bright and dark fringes are very close 

together compared to the distance between the screen and the slits, so we can use the small-angle 

approximation. 1 2
2 ( ).r rπ

φ
λ

= −  The intensity is 2
0 cos .

2
I I φ" #= $ %

& '
 

SET UP:    The intensity is 2
0 cos .

2
I I φ" #= $ %

& '
 sin ,
2

dφ π θ
λ

=  but for small angles .
2

dy
R

φ π
λ

≈  

EXECUTE:   At the first minim, y = 3.00 mm and /2φ  = π/2. At y = 2.00 mm, which is 2/3 of 3.00 mm, 
/2φ  = (2/3)(π/2) = π/3 = 60°. Therefore the intensity at x = 2.00 mm is 

I = (0.0600 W/m2) cos2(60°) = 0.0150 W/m2. 
(b) Using the same reasoning as in (a), 1.50 mm is 12  of 3.00 m, so /2φ  = (1/2)(π/2) = π/4 = 45°. So 

I = (0.0600 W/m2) cos2(45°) = 0.0300 W/m2. 
EVALUATE:   As a check, we could first find λ  and then use it to find the intensities. At the first 
minimum, /2φ  = π/2 = πdy/R ,λ  which gives λ  = 2dy/R = 5.40 ×10–4 mm. Now use this to calculate the 

intensities using 2
0 cos 2

I I φ" #= $ %
& '

 and .
2

dy
R

φ π
λ

≈  

 35.23. IDENTIFY:    Consider interference between rays reflected at the upper and lower surfaces of the film. 
Consider phase difference due to the path difference of 2t and any phase differences due to phase changes 
upon reflection. 
SET UP:    Consider Figure 35.23. 

 

 

 Both rays (1) and (2) undergo a 180°  phase  
change on reflection, so there is no net phase  
difference introduced and the condition for  
destructive interference is 1

22 ( ) .t m λ= +  

 

Figure 35.23   

EXECUTE:    
1
2( )

;
2

m
t

λ+
=  thinnest film says 0m =  so .

4
t λ
=  

0
1 42
λ

λ =
.

 and 
9

70 650 10  m 1 14 10  m 114 nm.
4(1 42) 4(1 42)

t λ −
−×

= = = . × =
. .

 

EVALUATE:    We compared the path difference to the wavelength in the film, since that is where the path 
difference occurs. 

 35.24. IDENTIFY:    Require destructive interference for light reflected at the front and rear surfaces of the film. 
SET UP:    At the front surface of the film, light in air ( 1 00)n = .  reflects from the film ( 2 62)n = .  and 
there is a 180°  phase shift due to the reflection. At the back surface of the film, light in the film ( 2 62)= .n  
reflects from glass ( 1 55)n = .  and there is no phase shift due to reflection. Therefore, there is a net 180°  
phase difference produced by the reflections. The path difference for these two rays is 2t, where t is the 

thickness of the film. The wavelength in the film is 550 nm.
2 62

λ =
.

 

EXECUTE:    (a) Since the reflection produces a net 180°  phase difference, destructive interference of the 

reflected light occurs when 2 .t mλ=  550 nm (105 nm) .
2[2 62]

t m m! "
= =# $.% &

 The minimum thickness is 105 nm. 
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(b) 2 2
0 0 0

4 52 rad
cos cos 0 404 .

2 2
I I I Iφ ." # " #= = = .$ % $ %

& ' & '
 

EVALUATE:    1 2( )r r−  is greater than /2,λ  so one minimum has been passed as the receiver is moved. 
 35.22. IDENTIFY:    Light from the two slits interferes on the screen. The bright and dark fringes are very close 

together compared to the distance between the screen and the slits, so we can use the small-angle 

approximation. 1 2
2 ( ).r rπ

φ
λ

= −  The intensity is 2
0 cos .

2
I I φ" #= $ %

& '
 

SET UP:    The intensity is 2
0 cos .

2
I I φ" #= $ %

& '
 sin ,
2

dφ π θ
λ

=  but for small angles .
2

dy
R

φ π
λ

≈  

EXECUTE:   At the first minim, y = 3.00 mm and /2φ  = π/2. At y = 2.00 mm, which is 2/3 of 3.00 mm, 
/2φ  = (2/3)(π/2) = π/3 = 60°. Therefore the intensity at x = 2.00 mm is 

I = (0.0600 W/m2) cos2(60°) = 0.0150 W/m2. 
(b) Using the same reasoning as in (a), 1.50 mm is 12  of 3.00 m, so /2φ  = (1/2)(π/2) = π/4 = 45°. So 

I = (0.0600 W/m2) cos2(45°) = 0.0300 W/m2. 
EVALUATE:   As a check, we could first find λ  and then use it to find the intensities. At the first 
minimum, /2φ  = π/2 = πdy/R ,λ  which gives λ  = 2dy/R = 5.40 ×10–4 mm. Now use this to calculate the 

intensities using 2
0 cos 2

I I φ" #= $ %
& '

 and .
2

dy
R

φ π
λ

≈  

 35.23. IDENTIFY:    Consider interference between rays reflected at the upper and lower surfaces of the film. 
Consider phase difference due to the path difference of 2t and any phase differences due to phase changes 
upon reflection. 
SET UP:    Consider Figure 35.23. 

 

 

 Both rays (1) and (2) undergo a 180°  phase  
change on reflection, so there is no net phase  
difference introduced and the condition for  
destructive interference is 1

22 ( ) .t m λ= +  

 

Figure 35.23   

EXECUTE:    
1
2( )

;
2

m
t

λ+
=  thinnest film says 0m =  so .

4
t λ
=  

0
1 42
λ

λ =
.

 and 
9

70 650 10  m 1 14 10  m 114 nm.
4(1 42) 4(1 42)

t λ −
−×

= = = . × =
. .

 

EVALUATE:    We compared the path difference to the wavelength in the film, since that is where the path 
difference occurs. 

 35.24. IDENTIFY:    Require destructive interference for light reflected at the front and rear surfaces of the film. 
SET UP:    At the front surface of the film, light in air ( 1 00)n = .  reflects from the film ( 2 62)n = .  and 
there is a 180°  phase shift due to the reflection. At the back surface of the film, light in the film ( 2 62)= .n  
reflects from glass ( 1 55)n = .  and there is no phase shift due to reflection. Therefore, there is a net 180°  
phase difference produced by the reflections. The path difference for these two rays is 2t, where t is the 

thickness of the film. The wavelength in the film is 550 nm.
2 62

λ =
.

 

EXECUTE:    (a) Since the reflection produces a net 180°  phase difference, destructive interference of the 

reflected light occurs when 2 .t mλ=  550 nm (105 nm) .
2[2 62]

t m m! "
= =# $.% &

 The minimum thickness is 105 nm. 
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(b) The next three thicknesses are for 2,m = 3 and 4: 210 nm, 315 nm, and 420 nm. 
EVALUATE:    The minimum thickness is for 0 /2 .t nλ=  Compare this to Problem 35.23, where the 

minimum thickness for destructive interference is 0 /4 .t nλ=  
 35.25. IDENTIFY:    The fringes are produced by interference between light reflected from the top and bottom 

surfaces of the air wedge. The refractive index of glass is greater than that of air, so the waves reflected 
from the top surface of the air wedge have no reflection phase shift, and the waves reflected from the 
bottom surface of the air wedge do have a half-cycle reflection phase shift. The condition for constructive 
interference (bright fringes) is therefore 1

22 ( ) .t m λ= +  

SET UP:    The geometry of the air wedge is sketched in Figure 35.25. At a distance x from the point of 
contact of the two plates, the thickness of the air wedge is t. 

EXECUTE:    tan t
x

θ =  so tan .t x θ=  1
2( ) .
2mt m λ

= +  1
2( )
2tanmx m
λ
θ

= +  and 3
1 2( ) .

2tanmx m
λ
θ+ = +  

The distance along the plate between adjacent fringes is 1 .
2tanm mx x x
λ
θ+Δ = − =  1 0015 0 fringes/cm

x
.

. =
Δ

 

and 1 00 0 0667 cm.
15 0 fringes/cm

x
.

Δ = = .
.

 
9

4
2

546 10  mtan 4 09 10 .
2 2(0 0667 10  m)x
λ

θ
−

−
−

×
= = = . ×

Δ . ×
 The angle of the 

wedge is 44 09 10  rad 0 0234 .−. × = . °  
EVALUATE:    The fringes are equally spaced; xΔ  is independent of m. 

 

 
Figure 35.25 

 
 35.26. IDENTIFY:    The fringes are produced by interference between light reflected from the top and from the 

bottom surfaces of the air wedge. The refractive index of glass is greater than that of air, so the waves 
reflected from the top surface of the air wedge have no reflection phase shift and the waves reflected from 
the bottom surface of the air wedge do have a half-cycle reflection phase shift. The condition for 
constructive interference (bright fringes) therefore is 1

22 ( ) .t m λ= +  

SET UP:    The geometry of the air wedge is sketched in Figure 35.26. 

EXECUTE:    40 0740 mmtan 8 86 10 .
83.5 mm

θ −.
= = . ×  tan t

x
θ =  so 4(8 86 10 ) .t x−= . ×  1

2( ) .
2mt m λ

= +  

1
2 4( )
2(8.86 10 )mx m

λ
−

= +
×

 and 3
1 2 4( ) .

2(8 86 10 )mx m
λ

+ −
= +

. ×
 The distance along the plate between 

adjacent fringes is 
9

4
1 4 4

642 10  m 3 62 10  m 0 362 mm.
2(8 86 10 ) 2(8 86 10 )m mx x x

λ −
−

+ − −

×
Δ = − = = = . × = .

. × . ×
  

The number of fringes per cm is 1 00 1 00 27 6 fringes/cm.
0 0362 cmx

. .
= = .

Δ .
 

EVALUATE:    As 0t→  the interference is destructive and there is a dark fringe at the line of contact 
between the two plates. 
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 35.41. IDENTIFY:    The liquid alters the wavelength of the light and that affects the locations of the interference 
minima. 
SET UP:    The interference minima are located by 1

2sin ( ) .d mθ λ= +  For a liquid with refractive index n, 

air
liq .

n
λ

λ =  

EXECUTE:    
1
2( )sin

 constant,
m
d

θ
λ

+
= =  so liqair

air liq

sinsin .
θθ

λ λ
=  liqair

air air

sinsin
/n
θθ

λ λ
=  and 

air

liq

sin sin35 09 1 734.
sin sin19 36

n θ
θ

. °
= = = .

. °
 

EVALUATE:    In the liquid the wavelength is shorter and 1
2sin ( )m
d
λ

θ = +  gives a smaller θ  than in air, 

for the same m. 
 35.42. IDENTIFY:    As the brass is heated, thermal expansion will cause the two slits to move farther apart. 

SET UP:    For destructive interference,  sin /2.d θ λ=  The change in separation due to thermal expansion 
is 0 ,dw w dTα= where w is the distance between the slits. 
EXECUTE:    The first dark fringe is at d sin /2 sin /2 .dθ λ θ λ= ⇒ =  
Call d w≡  for these calculations to avoid confusion with the differential. sin /2 .wθ λ=  

Taking differentials gives (sin ) ( /2 )d d wθ λ=  and 2cos /2 / .d dw wθ θ λ= −  For thermal expansion, 

0 ,dw w dTα=  which gives 0
2

00
cos .

2 2
w dT dTd

ww
λ α λα

θ θ = − = −  Solving for dθ  gives 
0 0

.
2 cos

dTd
w
λα

θ
θ

= −  

Get 0 0 0 0: sin /2  2 sin .w wλ θ λ λ θ= → =  Substituting this quantity into the equation for dθ  gives 

0 0
0

0 0

2 sin
tan .

2 cos
w dTd dT
w

θ α
θ θ α

θ
= − = −  

5 1tan(26.6 )(2 0 10  K )(115 K) 0 001152 rad 0 066 .dθ − −= − ° . × = − . = − . °  
The minus sign tells us that the dark fringes move closer together. 
EVALUATE:    We can also see that the dark fringes move closer together because sinθ  is proportional to 
1/ ,d  so as d increases due to expansion, θ decreases. 

 35.43. IDENTIFY:    For destructive interference, 1
2 1 2( ) .d r r m λ= − = +  

SET UP:    2 2
2 1 (200 m) .r r x x− = + −  

EXECUTE:    
22 2 2 1 1

2 2(200m) ( ) 2 ( ) .x x m x mλ λ" #+ = + + + +$ %  

2
1 1

1 2 2
2

20 000 m ( ) .
( )

λ
λ

= − +
+

,
x m

m
 The wavelength is calculated by 

8

6
3 00 10 m/s 51 7 m.
5 80 10 Hz

c
f

λ
. ×

= = = .
. ×

 

0 : 761 m; 1: 219 m;  2 : 90 1 m;  3; 20 0 m.m x m x m x m x= = = = = = . = = .  
EVALUATE:    For 3,m =  3 5 181 m.d λ= . =  The maximum possible path difference is the separation of 
200 m between the sources. 

 35.44. IDENTIFY:    For destructive interference the net phase difference must be 180 ,°  which is one-half a 
period, or /2.λ  Part of this phase difference is due to the fact that the speakers are 1/4 of a period out of 
phase, and the rest is due to the path difference between the sound from the two speakers. 
SET UP:    The phase of A is 90° or, /4,λ  ahead of B. At points above the centerline, points are closer to  
A than to B and the signal from A gains phase relative to B because of the path difference. Destructive 
interference will occur when 1

4sin ( ) ,d mθ λ= + 0,1, 2, .m = …  At points at an angle θ  below the 

centerline, the signal from B gains phase relative to A because of the phase difference. Destructive 

interference will occur when 3
4sin ( ) , 0,1,  2, . .vd m m

f
θ λ λ= + = … =  
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 35.41. IDENTIFY:    The liquid alters the wavelength of the light and that affects the locations of the interference 
minima. 
SET UP:    The interference minima are located by 1

2sin ( ) .d mθ λ= +  For a liquid with refractive index n, 

air
liq .

n
λ

λ =  

EXECUTE:    
1
2( )sin

 constant,
m
d

θ
λ

+
= =  so liqair

air liq

sinsin .
θθ

λ λ
=  liqair

air air

sinsin
/n
θθ

λ λ
=  and 

air

liq

sin sin35 09 1 734.
sin sin19 36

n θ
θ

. °
= = = .

. °
 

EVALUATE:    In the liquid the wavelength is shorter and 1
2sin ( )m
d
λ

θ = +  gives a smaller θ  than in air, 

for the same m. 
 35.42. IDENTIFY:    As the brass is heated, thermal expansion will cause the two slits to move farther apart. 

SET UP:    For destructive interference,  sin /2.d θ λ=  The change in separation due to thermal expansion 
is 0 ,dw w dTα= where w is the distance between the slits. 
EXECUTE:    The first dark fringe is at d sin /2 sin /2 .dθ λ θ λ= ⇒ =  
Call d w≡  for these calculations to avoid confusion with the differential. sin /2 .wθ λ=  

Taking differentials gives (sin ) ( /2 )d d wθ λ=  and 2cos /2 / .d dw wθ θ λ= −  For thermal expansion, 

0 ,dw w dTα=  which gives 0
2

00
cos .

2 2
w dT dTd

ww
λ α λα

θ θ = − = −  Solving for dθ  gives 
0 0

.
2 cos

dTd
w
λα

θ
θ

= −  

Get 0 0 0 0: sin /2  2 sin .w wλ θ λ λ θ= → =  Substituting this quantity into the equation for dθ  gives 

0 0
0

0 0

2 sin
tan .

2 cos
w dTd dT
w

θ α
θ θ α

θ
= − = −  

5 1tan(26.6 )(2 0 10  K )(115 K) 0 001152 rad 0 066 .dθ − −= − ° . × = − . = − . °  
The minus sign tells us that the dark fringes move closer together. 
EVALUATE:    We can also see that the dark fringes move closer together because sinθ  is proportional to 
1/ ,d  so as d increases due to expansion, θ decreases. 

 35.43. IDENTIFY:    For destructive interference, 1
2 1 2( ) .d r r m λ= − = +  

SET UP:    2 2
2 1 (200 m) .r r x x− = + −  

EXECUTE:    
22 2 2 1 1

2 2(200m) ( ) 2 ( ) .x x m x mλ λ" #+ = + + + +$ %  

2
1 1

1 2 2
2

20 000 m ( ) .
( )

λ
λ

= − +
+

,
x m

m
 The wavelength is calculated by 

8

6
3 00 10 m/s 51 7 m.
5 80 10 Hz

c
f

λ
. ×

= = = .
. ×

 

0 : 761 m; 1: 219 m;  2 : 90 1 m;  3; 20 0 m.m x m x m x m x= = = = = = . = = .  
EVALUATE:    For 3,m =  3 5 181 m.d λ= . =  The maximum possible path difference is the separation of 
200 m between the sources. 

 35.44. IDENTIFY:    For destructive interference the net phase difference must be 180 ,°  which is one-half a 
period, or /2.λ  Part of this phase difference is due to the fact that the speakers are 1/4 of a period out of 
phase, and the rest is due to the path difference between the sound from the two speakers. 
SET UP:    The phase of A is 90° or, /4,λ  ahead of B. At points above the centerline, points are closer to  
A than to B and the signal from A gains phase relative to B because of the path difference. Destructive 
interference will occur when 1

4sin ( ) ,d mθ λ= + 0,1, 2, .m = …  At points at an angle θ  below the 

centerline, the signal from B gains phase relative to A because of the phase difference. Destructive 

interference will occur when 3
4sin ( ) , 0,1,  2, . .vd m m

f
θ λ λ= + = … =  
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 35.41. IDENTIFY:    The liquid alters the wavelength of the light and that affects the locations of the interference 
minima. 
SET UP:    The interference minima are located by 1

2sin ( ) .d mθ λ= +  For a liquid with refractive index n, 

air
liq .

n
λ

λ =  

EXECUTE:    
1
2( )sin

 constant,
m
d

θ
λ

+
= =  so liqair

air liq

sinsin .
θθ

λ λ
=  liqair

air air

sinsin
/n
θθ

λ λ
=  and 

air

liq

sin sin35 09 1 734.
sin sin19 36

n θ
θ

. °
= = = .

. °
 

EVALUATE:    In the liquid the wavelength is shorter and 1
2sin ( )m
d
λ

θ = +  gives a smaller θ  than in air, 

for the same m. 
 35.42. IDENTIFY:    As the brass is heated, thermal expansion will cause the two slits to move farther apart. 

SET UP:    For destructive interference,  sin /2.d θ λ=  The change in separation due to thermal expansion 
is 0 ,dw w dTα= where w is the distance between the slits. 
EXECUTE:    The first dark fringe is at d sin /2 sin /2 .dθ λ θ λ= ⇒ =  
Call d w≡  for these calculations to avoid confusion with the differential. sin /2 .wθ λ=  

Taking differentials gives (sin ) ( /2 )d d wθ λ=  and 2cos /2 / .d dw wθ θ λ= −  For thermal expansion, 

0 ,dw w dTα=  which gives 0
2

00
cos .

2 2
w dT dTd

ww
λ α λα

θ θ = − = −  Solving for dθ  gives 
0 0

.
2 cos

dTd
w
λα

θ
θ

= −  

Get 0 0 0 0: sin /2  2 sin .w wλ θ λ λ θ= → =  Substituting this quantity into the equation for dθ  gives 

0 0
0

0 0

2 sin
tan .

2 cos
w dTd dT
w

θ α
θ θ α

θ
= − = −  

5 1tan(26.6 )(2 0 10  K )(115 K) 0 001152 rad 0 066 .dθ − −= − ° . × = − . = − . °  
The minus sign tells us that the dark fringes move closer together. 
EVALUATE:    We can also see that the dark fringes move closer together because sinθ  is proportional to 
1/ ,d  so as d increases due to expansion, θ decreases. 

 35.43. IDENTIFY:    For destructive interference, 1
2 1 2( ) .d r r m λ= − = +  

SET UP:    2 2
2 1 (200 m) .r r x x− = + −  

EXECUTE:    
22 2 2 1 1

2 2(200m) ( ) 2 ( ) .x x m x mλ λ" #+ = + + + +$ %  

2
1 1

1 2 2
2

20 000 m ( ) .
( )

λ
λ

= − +
+

,
x m

m
 The wavelength is calculated by 

8

6
3 00 10 m/s 51 7 m.
5 80 10 Hz

c
f

λ
. ×

= = = .
. ×

 

0 : 761 m; 1: 219 m;  2 : 90 1 m;  3; 20 0 m.m x m x m x m x= = = = = = . = = .  
EVALUATE:    For 3,m =  3 5 181 m.d λ= . =  The maximum possible path difference is the separation of 
200 m between the sources. 

 35.44. IDENTIFY:    For destructive interference the net phase difference must be 180 ,°  which is one-half a 
period, or /2.λ  Part of this phase difference is due to the fact that the speakers are 1/4 of a period out of 
phase, and the rest is due to the path difference between the sound from the two speakers. 
SET UP:    The phase of A is 90° or, /4,λ  ahead of B. At points above the centerline, points are closer to  
A than to B and the signal from A gains phase relative to B because of the path difference. Destructive 
interference will occur when 1

4sin ( ) ,d mθ λ= + 0,1, 2, .m = …  At points at an angle θ  below the 

centerline, the signal from B gains phase relative to A because of the phase difference. Destructive 

interference will occur when 3
4sin ( ) , 0,1,  2, . .vd m m

f
θ λ λ= + = … =  
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EXECUTE:    340 m/s 0 766 m.
444 Hz

λ = = .  

Points above the centerline: 1 1 1
4 4 4

0 766 msin ( ) ( ) 0 219( ).
3 50 m

m m m
d
λ

θ
.# $= + = + = . +% &.' (

 0:m =  3 14 ;θ = . °  

1:m =  15 9 ;θ = . °  2:m =  29 5 ;θ = . °  3:m =  45 4 ;θ = . °  4:m =  68 6 .θ = . °  

Points below the centerline: 3 3 3
4 4 4

0 766 msin ( ) ( ) 0 219( ).
3 50 m

m m m
d
λ

θ
.# $= + = + = . +% &.' (

 0:m =  9 45 ;θ = . °  

1:m =  22 5 ;θ = . °  2:m =  37 0 ;θ = . °  3:m =  55 2 .θ = . °  

EVALUATE:    It is not always true that the path difference for destructive interference must be 1
2( ) ,m λ+  

but it is always true that the phase difference must be 180° (or odd multiples of 180°). 
 35.45. IDENTIFY and SET UP:    Consider interference between rays reflected from the upper and lower surfaces 

of the film to relate the thickness of the film to the wavelengths for which there is destructive interference. 
The thermal expansion of the film changes the thickness of the film when the temperature changes. 
EXECUTE:    For this film on this glass, there is a net /2λ  phase change due to reflection and the 
condition for destructive interference is 2 ( / ),t m nλ=  where 1 750.n = .  
Smallest nonzero thickness is given by /2 .t nλ=  
At 019.4 C, (584.0 nm)/[(2)(1 750)] 166 9 nm.t° = . = . 019.4 C, (584.0 nm)/[(2)(1 750)] 166 9 nm.t° = . = .  
At 176 C, (587.0 nm)/[(2)(1 750)] 167.7 nm.t° = . =  

0(1 )t t Tα= + Δ  so 
5 1

0 0( )/( ) (0.8 nm)/[(166 9 nm)(156.6C )] 3.1 10 (C ) .t t t Tα − −= − Δ = . ° = × °  
EVALUATE:    When the film is heated its thickness increases, and it takes a larger wavelength in the film 
to equal 2t.The value we calculated for α  is the same order of magnitude as those given in Table 17.1. 

 35.46. IDENTIFY:    The maximum intensity occurs at all the points of constructive interference. At these points, 
the path difference between waves from the two transmitters is an integral number of wavelengths. 
SET UP:    For constructive interference, sin / .m dθ λ=  
EXECUTE:    (a) First find the wavelength of the UHF waves: 

8/ (3.00 10  m/s)/(1575.42 MHz) 0.1904 m.c fλ = = × =  
For maximum intensity (  sin )/ ,d mπ θ λ π= so 

sin / [(0.1904 m)/(5.18 m)] 0.03676 .m d m mθ λ= = =  
The maximum possible m would be for 90 , or sin 1,θ θ= ° = so 

max / (5.18 m)/(0.1904 m) 27.2.m d λ= = =  
which must be ±27 since m is an integer. The total number of maxima is 27 on either side of the central 
fringe, plus the central fringe, for a total of 27 27 1 55+ + =  bright fringes. 
(b) Using sin / ,m dθ λ=  where 0, 1, 2, and 3,m = ± ± ±  we have 

sin / [(0.1904 m)/(5.18 m)] 0.03676 .m d m mθ λ= = =  

0 :  sin 0, which gives 0 .m θ θ= = = °  

1: sin (0.03676)(1), which gives 2.11 .m θ θ= ± = ± = ± °  

2 : sin (0.03676)(2), which gives 4.22 .m θ θ= ± = ± = ± °  

3: sin (0.03676)(3), which gives 6.33 .m θ θ= ± = ± = ± °  

(c) 2 2 2 2
0

sin (5.18 m)sin(4.65 )
cos (2 00W/m )cos 1.28 W/m .

0.1904 m
dI I π θ π
λ

$ %°& '= = . =( )* +
, - . /

 

EVALUATE:    Notice that sinθ  increases in integer steps, but θ  only increases in integer steps  
for small .θ  
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 35.54. IDENTIFY:    Assume that the glass is horizontal. The light that travels through the glass and reflects off of 
its lower surface interferes with incident the light that reflects off the upper surface of the glass. The glass 
behaves like a thin film. A half-cycle phase change occurs at the upper surface but not at the lower surface 
because nair < nglass. 
SET UP:    For constructive interference with this glass, 2t = 1

2( )+m ( )0 / .nλ   

EXECUTE:    (a) For the 386-nm light: 2t = 1
2( )+m [(386 nm)/n].  

For the 496-nm light: 2t = 1
2( 1 )+ +m [(496 nm)/n] = 3

2( )+m [(386 nm)/n]. 

Taking the ratio of these two equations gives 
1
2
3
2

386 nm 1.285.
497 nm

+
= =

+

m
m

 

Solving for m gives m = 3. Now find t using the equation for the shorter-wavelength light. 
2t = 1

2(3 )+ [(386 nm)/(1.40)] →  t = 620 nm. 

(b) Solving 2t = 1
2( )+m 0( / )λ n  for 0λ  gives 0λ  = 2nt/ 1

2( ).+m  The largest wavelength will be for  

m = 0, so 0λ  = 2(1.40)(620 nm)/ 1
2( )  = 3470 nm. 

EVALUATE:   Visible light is between approximately 400 nm and 700 nm, so the light in (b) is definitely 
not visible. According to Figure 32.4 in the textbook, it would be in the infrared region of the 
electromagnetic spectrum. 

 35.55. IDENTIFY:    There are two effects to be considered: first, the expansion of the rod, and second, the change 
in the rod’s refractive index. 

SET UP:    0
n
λ

λ =  and 5 1
0(2 50 10  (C ) ) .n n T− −Δ = . × ° Δ  6 1

0(5 00 10  (C ) ) .L L T− −Δ = . × ° Δ  

EXECUTE:    The extra length of rod replaces a little of the air so that the change in the number of 

wavelengths due to this is given by: glass glass 0air
1

0 0 0

2 2( 1)2n L n L Tn LN
α

λ λ λ

Δ − ΔΔ
Δ = − =  and 

6

1 7
2(1 48 1)(0 030 m)(5 00 10 /C )(5 00 C ) 1 22.

5 89 10 m
N

−

−

. − . . × ° . °
Δ = = .

. ×
 

The change in the number of wavelengths due to the change in refractive index of the rod is: 
5

glass 0
2 7

0

2 2(2 50 10 /C )(5 00 C /min)(1 00 min)(0 0300 m) 12 73.
5 89 10 mλ

−

−

Δ . × ° . ° . .
Δ = = = .

. ×

n L
N  

So, the total change in the number of wavelengths as the rod expands is 
12 73 1 22 14 0 fringes/minute.NΔ = . + . = .  

EVALUATE:    Both effects increase the number of wavelengths along the length of the rod. Both LΔ  and 

glassnΔ  are very small and the two effects can be considered separately. 

 35.56. IDENTIFY:    Apply Snell’s law to the refraction at the two surfaces of the prism. 1S  and 2S  serve as 

coherent sources so the fringe spacing is ,Ry
d
λ

Δ =  where d is the distance between 1S  and 2S .  

SET UP:    For small angles, sin ,θ θ≈  with θ  expressed in radians. 
EXECUTE:   (a) Since we can approximate the angles of incidence on the prism as being small, Snell’s law tells 
us that an incident angle of θ  on the flat side of the prism enters the prism at an angle of / ,nθ  where n  is the 
index of refraction of the prism. Similarly on leaving the prism, the in-going angle is /n Aθ −  from the normal, 
and the outgoing angle, relative to the prism, is ( / ).n n Aθ −  So the beam leaving the prism is at an angle of 

( / )n n A Aθ θ" = − +  from the optical axis. So ( 1) .n Aθ θ"− = −  At the plane of the source 0S ,we can calculate 

the height of one image above the source: tan( ) ( ) ( 1) 2 ( 1).
2
d a a n Aa d aA nθ θ θ θ" "= − ≈ − = − ⇒ = −  
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(b) To find the spacing of fringes on a screen, we use 
7

3
3

(2 00 m 0 200 m) (5 00 10 m) 1 57 10 m.
2 ( 1) 2(0 200 m) (3 50 10 rad) (1 50 1 00)

R Ry
d aA n
λ λ −

−
−

. + . . ×
Δ = = = = . ×

− . . × . − .
 

EVALUATE:    The fringe spacing is proportional to the wavelength of the light. The biprism serves as an 
alternative to two closely spaced narrow slits. 

 35.57. IDENTIFY and SET UP:    Interference occurs when two or more waves combine. 
EXECUTE:    All of the students now hear the tone, so no interference is occurring. Therefore only one 
speaker must be on, so the professor must have disconnected one of them. This makes choice (d) correct. 
EVALUATE:   Turning off one of the speakers would decrease the loudness of the sound, as was observed. 

 35.58. IDENTIFY and SET UP:    Constructive interference occurs when a wave crest meets another crest, and 
descructive interference occurs when a crest meets a trough.  
EXECUTE:   The students who originally heard a loud tone were at a point of constructive interference, so a crest 
from one speaker met a crest from the other speaker, and those who originally heard nothing were at points where 
a crest met a trough. Now the students who originally heard a loud tone hear nothing, so at their point a crest meets 
a trough. The students who originally heard nothing are not at a point where a crest meets a crest. Since the 
speakers (and students) have not been moved, their phase relationship has been changed, which is choice (d). 
EVALUATE:   Since a point of constructive interference was turned into a point of destructive interference 
by the phase change, the phase change must have been π or 180°, equivalent to one-half a wavelength. 

 35.59. IDENTIFY:    Moving one of the speakers increases the distance that its sound must travel to reach the 
listener. This changes the phase difference in the sound from the two speakers as it reaches the listeners. 
SET UP:    The movement of 0.34 m turned points of constructive interference into points of destructive 
interference, so that distance must be one-half of a wavelength. We use v f λ=  to find the frequency. 
EXECUTE:    /2λ  = 0.34 m, so 0.68 m.λ =   v f λ=  gives f = /λv  = (340 m/s)/(0.68 m) = 500 Hz, which 
is choice (c). 
EVALUATE:   If the professor moves the speaker an additional 0.34 m, the students will hear what they 
originally heard since that distance is a full wavelength. 

 35.60. IDENTIFY and SET UP:    Since ,v f λ=  reducing the frequency half increases the wavelength by a factor  
of 2. For constructive interference, the path difference is ,λm  where m = 0, 1, 2, 3, …, and for destructive 

interference the path difference is 1
2( ) ,λ+m  where m = 0, 1, 2, 3, … .  

EXECUTE:    The new wavelength λ  is twice as long as the original wavelength 0.λ  Students who heard 
a loud tone before were at locations for which the path difference was ,λ  2 ,λ  3 ,λ  4 ,λ  5 ,λ  … . But 
since the new wavelength is λ  = 02 ,λ  students who were at a path difference of 0λ  are now at a point 

where the path difference is /2,λ  and those where it was 03λ  are now where it is 3 /2,λ  etc. So all those 
students for whom the path difference was 0,λ  03 ,λ  05 ,λ  07 ,λ  … will hear nothing. For the students 

who are at points where the path difference was 02 ,λ  04 ,λ  06 ,λ  …, the path difference is now ,λ  2 ,λ  
3 ,λ  …, so they will still hear a loud tone. Therefore choice (c) is correct. 
EVALUATE:   Students at various points in between those discussed here hear sound, but not of maximum 
loudness. 
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EXECUTE:    (a) 
7

4
1 3

1

(2 50 m)(5 00 10 m) 4 17 10  m.
3 00 10 m

x x
y a

a y
λ λ −

−
−

. . ×
= ⇒ = = = . ×

. ×
 

(b) 
5

2
3

1

(2 50 m)(5 00 10  m) 4 17 10  m 4 2 cm.
3 00 10  m

x
a

y
λ −

−
−

. . ×
= = = . × = .

. ×
 

(c) 
10

7
3

1

(2 50 m)(5 00 10  m) 4 17 10  m.
3 00 10  m

x
a

y
λ −

−
−

. . ×
= = = . ×

. ×
 

EVALUATE:    The ratio /a λ  stays constant, so a is smaller when λ  is smaller. 
 36.9. IDENTIFY and SET UP:    v f λ=  gives .λ  The person hears no sound at angles corresponding to 

diffraction minima. The diffraction minima are located by sin / , 1, 2,m a mθ λ= = ± ± …  Solve for .θ  
EXECUTE:    / (344 m/s)/(1200 Hz) 0 2867 m;v fλ = = = .  1 00 m. 1,a m= . = ± 16 7 ;θ = ± . ° 2,m = ±  

35.0 ; 3, 59.3 ;mθ θ= ± ° = ± = ± °  no solution for larger m. 
EVALUATE:    / 0 29aλ = .  so for the large wavelength sound waves diffraction by the doorway is a large 
effect. Diffraction would not be observable for visible light because its wavelength is much smaller and 
/ 1.aλ =  

 36.10. IDENTIFY:    Compare yE  to the expression max sin( )ω= −yE E kx t  and determine k, and from that 

calculate .λ / .f c λ=  The dark bands are located by sin .m
a
λ

θ =  

SET UP:    83 00 10  m/s.c = . ×  The first dark band corresponds to 1.m =  

EXECUTE:    (a) max sin( ).ω= −E E kx t 7
7 1

2 2 2 4.488 10 m.
1 40 10 m

k
k

π π π
λ

λ
−

−
= ⇒ = = = ×

. ×
 

8
14

7
3 0 10 m/s 6.68 10  Hz.

4.488 10 m
cf c fλ
λ −

. ×
= ⇒ = = = ×

×
 

(b) sin .a θ λ=
7

74.488 10  m 9.38 10  m.
sin sin 28 6

a λ
θ

−
−×

= = = ×
. °

 

(c) sin ( 1, 2, 3, ).a m mθ λ= =   …  
7

2 7
4.488 10 msin 2 2
9.38 10 ma

λ
θ

−

−

×
= ± = ±

×
 so 2 73.2 .θ = ± °  

EVALUATE:    For 3,m =  ma
λ  is greater than 1 so only the first and second dark bands appear. 

 36.11. IDENTIFY:    Calculate the angular positions of the minima and use tany x θ=  to calculate the distance on 
the screen between them. 
(a) SET UP:    The central bright fringe is shown in Figure 36.11a. 

 

 

 EXECUTE:    The first minimum is located by  
9

3
1 3

633 10 msin 1 809 10 .
0 350 10 ma

λ
θ

−
−

−

×
= = = . ×

. ×
 

3
1 1 809 10 rad.θ −= . ×  

Figure 36.11a   
 

3 3
1 1tan (3 10m)tan(1 809 10 rad) 5 608 10 m.y x θ − −= = . . × = . ×  

3 2
12 2(5 608 10  m) 11.2 10  m 11.2 mm.w y − −= = . × = × =   

(b) SET UP:    The first bright fringe on one side of the central maximum is shown in Figure 36.11b. 
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 EXECUTE:    2 1.w y y= −  
3

1 5 608 10  m (part (a)).y −= . ×  

3
2
2sin 3 618 10 .
a
λ

θ −= = . ×  

3
2 3 618 10  rad.θ −= . ×  

2
2 2tan 1 121 10  m.y x θ −= = . ×  

Figure 36.11b   
 

2 3
2 1 1 121 10  m 5 608 10  m 5 6 mm.w y y − −= − = . × − . × = .  

EVALUATE:    The central bright fringe is twice as wide as the other bright fringes. 
 36.12. IDENTIFY:    The space between the skyscrapers behaves like a single slit and diffracts the radio waves. 

SET UP:    Cancellation of the waves occurs when a sin ,mθ λ= 1, 2, 3, ,m = …  and the intensity of the 

waves is given by 
2

0
sin /2 ,
/2

I β
β

" #
$ %
& '

 where sin/2 .aπ θ
β

λ
=  

EXECUTE:    (a) First find the wavelength of the waves: 
8/ (3.00 10 m/s)/(88.9MHz) 3.375m.c fλ = = × =  

For no signal, a sin .mθ λ=  

1 l

2 2

3 3

4 4

1: sin (1)(3.375 m)/(15.0 m) 13.0 .
2: sin (2)(3.375 m)/(15.0 m) 26.7 .
3: sin (3)(3.375 m)/(15.0 m) 42.4 .
4: sin (4)(3.375 m)/(15.0 m) 64.1 .

m
m
m
m

θ θ

θ θ

θ θ

θ θ

= = ⇒ = ± °

= = ⇒ = ± °

= = ⇒ = ± °

= = ⇒ = ± °

 

 (b) 
2

0
sin /2 ,
/2
β

β
" #
$ %
& '

I  where sin (15 0 m)sin(5 00 )/2 1.217 rad.
3 375 m

aπ θ π
β

λ
. . °

= = =
.

 

2
2 2sin(1 217 rad)(3 50 W/m ) 2.08 W/m .

1 217 rad
I .! "= . =# $.% &

 

EVALUATE:    The wavelength of the radio waves is very long compared to that of visible light, but it is 
still considerably shorter than the distance between the buildings. 

 36.13. IDENTIFY:    The minima are located by sin .m
a
λ

θ =  For part (b) apply 
2

0
sin[ (sin )/ ] .

(sin )/
aI I
a
π θ λ
π θ λ

$ %
= & '

( )
 

SET UP:    For the first minimum, 1.m =  The intensity at 0θ =  is 0.I  

EXECUTE:    (a) sin sin90 0 1 .m m
a a a
λ λ λ

θ = = . ° = = =  Thus 4580 nm 5 80 10  mm.a λ −= = = . ×  

(b) Using 
2

0
sin[ (sin )/ ]

(sin )/
aI I
a
π θ λ
π θ λ

$ %
= & '

( )
 gives 

2 2

0

sin[ (sin )/ ] sin[ (sin /4)] 0 128.
(sin )/ (sin /4)

I a
I a

π θ λ π π
π θ λ π π

$ % $ %
= = = .& ' & '
( ) ( )

 

EVALUATE:    If /2,a λ=  for example, then at 45 ,θ = °  
2

0

sin[( /2)(sin /4)] 0 65.
( /2)(sin /4)
π π
π π

" #
= = .$ %
& '

I
I

 As /a λ  

decreases, the screen becomes more uniformly illuminated. 

 36.14. IDENTIFY:    
2

0
sin( /2) .

/2
I I β

β
" #

= $ %
& '

 2 sin .aπβ θ
λ

=  

SET UP:    The angle θ  is small, so sin tan / .y xθ θ≈ ≈  
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Then 
2 2

6 2
0

sin /2 sin /2(4 00 10  W/m ) .
/2 /2

I I β π
β π

−$ % $ %= = . ×' ( ' (
) *) *

 

6 2 6 2
2

4 (4 00 10  W/m ) 1.62 10  W/m .I
π

− −# $= . × = ×& '
( )

 

EVALUATE:    The intensity at this point midway between the center of the central maximum and the first 
minimum is less than half the maximum intensity. Compare this result to the corresponding one for the 
two-slit pattern, Exercise 35.20. 

 36.16. IDENTIFY:    The intensity on the screen varies as the light spreads out (diffracts) after passing through the 
single slit. 

SET UP:    
2

0
sin( /2)

/2
I I β

β
" #

= $ %
& '

 where 2 sin .aπβ θ
λ

=  

EXECUTE:    3 o
9

2 2
sin (0 0340 10  m)(sin1 20 ) 9.43859 rad.

474 10  m
aπ π

β θ
λ

−
−

& '= = . × . =) *
×+ ,

 

2 2
5 2 10 2

0
sin( /2) sin(9.43859 rad)(1.04 10  W/m ) 2.23 10  W/m .

/2 9.43859 rad
I I β

β
− −# $ # $= = × = ×& ' & '( )( )

 

EVALUATE:   The intensity is less than 1/1500 of the intensity of the light at the center of the central 
maximum. 

 36.17. IDENTIFY and SET UP:    Use 
2 sinaπ

β θ
λ

% &= ' (
) *

to calculate λ  and use 
2

0
sin /2
/2

I I β
β

" #
= $ %

& '
 to calculate I. 

3 11 ,θ = . °  357.4 rad, 0 102 10  m.aβ −= = . ×  

EXECUTE:    (a) 2 sinaπ
β θ

λ
% &= ' (
) *

 so 

32 sin 2 (0 102 10  m)sin3 11 606 nm.
57.4 rad

aπ θ π
λ

β

−. × . °
= = =  

 (b) 
2

2 2 4
0 0 0 02 2

sin /2 4 4(sin( /2)) [sin(28 7 rad)] 2.07 10 .
/2 (57.4 rad)

I I I I Iβ
β

β β
−# $# $

= = = . = ×& '& ' & '( ) ( )
 

EVALUATE:    At the first minimum 2β π=  rad and at the point considered in the problem 18.3β π=  
rad, so the point is well outside the central maximum. Since β  is close to mπ  with 18,m =  this point is 
near one of the minima. The intensity here is much less than 0.I  

 36.18. IDENTIFY:    The intensity at the screen is due to a combination of single-slit diffraction and double-slit 
interference. 

SET UP:    
2

2
0

sin( /2)
cos ,

2 /2
I I φ β

β
# $% &= ' () *

+ ,- .
 where 2 sindπ

φ θ
λ

=  and 2 sin .aπβ θ
λ

=  

EXECUTE:    
4

38 00 10  mtan 1 067 10 .
0 750 m

θ
−

−. ×
= = . ×

.
 θ  is small, so sin tan .θ θ≈  

3
3

9
2 2 (0.640 10  m)sin (1.067 10 ) 7.4105 rad.

579 10  m
dπ π

φ θ
λ

−
−

−

×
= = × =

× 3
3

9
2 2 (0.434 10  m)sin (1.067 10 ) 5.0252 rad.

579 10  m
aπ π

β θ
λ

−
−

−

×
= = × =

×
 

2
4 2 2 5 2sin 2 5126 rad

(3.50 10  W/m )(cos3.7052 rad) 1.37 10  W/m .
2 5126

I − −." #= × = ×% &.' (
 

EVALUATE:    The intensity as decreased by a factor of almost a thousand, so it would be difficult to see 
the light at the screen. 
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Then 
2 2

6 2
0

sin /2 sin /2(4 00 10  W/m ) .
/2 /2

I I β π
β π

−$ % $ %= = . ×' ( ' (
) *) *

 

6 2 6 2
2

4 (4 00 10  W/m ) 1.62 10  W/m .I
π

− −# $= . × = ×& '
( )

 

EVALUATE:    The intensity at this point midway between the center of the central maximum and the first 
minimum is less than half the maximum intensity. Compare this result to the corresponding one for the 
two-slit pattern, Exercise 35.20. 

 36.16. IDENTIFY:    The intensity on the screen varies as the light spreads out (diffracts) after passing through the 
single slit. 

SET UP:    
2

0
sin( /2)

/2
I I β

β
" #

= $ %
& '

 where 2 sin .aπβ θ
λ

=  

EXECUTE:    3 o
9

2 2
sin (0 0340 10  m)(sin1 20 ) 9.43859 rad.

474 10  m
aπ π

β θ
λ

−
−

& '= = . × . =) *
×+ ,

 

2 2
5 2 10 2

0
sin( /2) sin(9.43859 rad)(1.04 10  W/m ) 2.23 10  W/m .

/2 9.43859 rad
I I β

β
− −# $ # $= = × = ×& ' & '( )( )

 

EVALUATE:   The intensity is less than 1/1500 of the intensity of the light at the center of the central 
maximum. 

 36.17. IDENTIFY and SET UP:    Use 
2 sinaπ

β θ
λ

% &= ' (
) *

to calculate λ  and use 
2

0
sin /2
/2

I I β
β

" #
= $ %

& '
 to calculate I. 

3 11 ,θ = . °  357.4 rad, 0 102 10  m.aβ −= = . ×  

EXECUTE:    (a) 2 sinaπ
β θ

λ
% &= ' (
) *

 so 

32 sin 2 (0 102 10  m)sin3 11 606 nm.
57.4 rad

aπ θ π
λ

β

−. × . °
= = =  

 (b) 
2

2 2 4
0 0 0 02 2

sin /2 4 4(sin( /2)) [sin(28 7 rad)] 2.07 10 .
/2 (57.4 rad)

I I I I Iβ
β

β β
−# $# $

= = = . = ×& '& ' & '( ) ( )
 

EVALUATE:    At the first minimum 2β π=  rad and at the point considered in the problem 18.3β π=  
rad, so the point is well outside the central maximum. Since β  is close to mπ  with 18,m =  this point is 
near one of the minima. The intensity here is much less than 0.I  

 36.18. IDENTIFY:    The intensity at the screen is due to a combination of single-slit diffraction and double-slit 
interference. 

SET UP:    
2

2
0

sin( /2)
cos ,

2 /2
I I φ β

β
# $% &= ' () *

+ ,- .
 where 2 sindπ

φ θ
λ

=  and 2 sin .aπβ θ
λ

=  

EXECUTE:    
4

38 00 10  mtan 1 067 10 .
0 750 m

θ
−

−. ×
= = . ×

.
 θ  is small, so sin tan .θ θ≈  

3
3

9
2 2 (0.640 10  m)sin (1.067 10 ) 7.4105 rad.

579 10  m
dπ π

φ θ
λ

−
−

−

×
= = × =

× 3
3

9
2 2 (0.434 10  m)sin (1.067 10 ) 5.0252 rad.

579 10  m
aπ π

β θ
λ

−
−

−

×
= = × =

×
 

2
4 2 2 5 2sin 2 5126 rad

(3.50 10  W/m )(cos3.7052 rad) 1.37 10  W/m .
2 5126

I − −." #= × = ×% &.' (
 

EVALUATE:    The intensity as decreased by a factor of almost a thousand, so it would be difficult to see 
the light at the screen. 
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 36.19. (a) IDENTIFY and SET UP:    The interference fringes (maxima) are located by sin ,d mθ λ=  with 

0, 1, 2, .m = ± ± …  The intensity I in the diffraction pattern is given by 
2

0
sin /2 ,
/2

I I β
β

" #
= $ %

& '
 with 

2 sin .aπ
β θ

λ
% &= ' (
) *

 We want 3m = ±  in the first equation to give θ  that makes 0I =  in the second 

equation. 

EXECUTE:    sind mθ λ=  gives 
2 3 2 (3 / ).a a d

d
π λ

β π
λ

$ % $ %= =& ' & '
( ) ( )

 

0I =  says sin /2 0
/2
β

β
=  so 2β π=  and then 2 2 (3 / )a dπ π=  and ( / ) 3.d a =  

(b) IDENTIFY and SET UP:    Fringes 0, 1, 2m = ± ±  are within the central diffraction maximum and the 
3m = ±  fringes coincide with the first diffraction minimum. Find the value of m for the fringes that 

coincide with the second diffraction minimum. 
EXECUTE:    Second minimum implies 4 .β π=  

2 2sin 2 ( / ) 2 ( /3).ma a m a d m
d

π π λ
β θ π π

λ λ
% & % & % &= = = =' ( ' ( ' (
) * ) * ) *

 

Then 4β π=  says 4 2 ( /3)mπ π=  and 6.m =  Therefore the 4m = ±  and 5m = +  fringes are contained 
within the first diffraction maximum on one side of the central maximum; two fringes. 
EVALUATE:    The central maximum is twice as wide as the other maxima so it contains more fringes. 

 36.20. IDENTIFY:    The net intensity is the product of the factor due to single-slit diffraction and the factor due 
to double slit interference. 

SET UP:    The double-slit factor is 2
DS 0 cos 2
I I φ" #= $ %

& '
 and the single-slit factor is 

2

SS
sin /2 .
/2

I β
β

" #
= $ %
& '

 

EXECUTE:    (a) sin sin / .d m m dθ λ θ λ= ⇒ =  

1 2 3 4sin / , sin 2 / , sin 3 / , sin 4 / .d d d dθ λ θ λ θ λ θ λ= = = =  

(b) At the interference bright fringes, 2cos /2 1φ =  and sin ( /3)sin/2 .π θ π θ
β

λ λ
= =
a d  

At 1 1, sin / ,dθ θ λ=  so ( /3)( / )/2 /3.d dπ λ
β π

λ
= =  The intensity is therefore 

2 2
2

1 0 0 0
sin /2 sin /3

cos (1) 0.684 .
2 /2 /3

I I I Iφ β π
β π

$ %$ % $ %= = =& '& ' & '
( ) ( )( )

 

At 2 2, sin 2 / ,dθ θ λ=  so ( /3)(2 / )/2 2 /3.d dπ λ
β π

λ
= =  Using the same procedure as for 1,θ  we have  

2

2 0 0
sin2 /3(1) 0.171 .
2 /3

I I Iπ
π

" #= =$ %
& '

 

At 3,θ  we get /2 ,β π=  which gives 3 0I =  since sin 0.π =  

At 4,θ  sin 4 4 / ,dθ λ=  so /2 4 /3,β π=  which gives 
2

4 0 0
sin4 /3 0.0427 .
4 /3

I I Iπ
π

" #= =$ %
& '

 

(c) Since 3 ,d a=  every third interference maximum is missing. 
(d) In Figure 36.12c in the textbook, every fourth interference maximum at the sides is missing  
because 4 .d a=  
EVALUATE:    The result in this problem is different from that in Figure 36.12c in the textbook because in 
this case 3 ,d a=  so every third interference maximum at the sides is missing. Also the “envelope” of the 
intensity function decreases more rapidly here than in Figure 36.12c in the text because the first  
diffraction minimum is reached sooner, and the decrease in intensity from one interference maximum to 
the next is faster for /3a d=  than for /4.a d=  
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 36.21. (a) IDENTIFY and SET UP:    If the slits are very narrow then the central maximum of the diffraction 
pattern for each slit completely fills the screen and the intensity distribution is given solely by the two-slit 
interference. The maxima are given by sind mθ λ=  so sin / .m dθ λ=  Solve for .θ  

EXECUTE:    1st order maximum: 1,m =  so 
9

3
3

580 10  msin 1.208 10 ;
0.480 10  md

λ
θ

−
−

−

×
= = = ×

×
 0 0692 .θ = . °  

2nd order maximum: 2,m =  so 32sin 2.417 10 ;
d
λ

θ −= = ×  0 138 .θ = . °  

(b) IDENTIFY and SET UP:    The intensity is given by Eq. (36.12): 
2

2
0

sin /2
cos ( /2) .

/2
I I β

φ
β

# $
= % &

' (
 

Calculate φ  and β  at each θ  from part (a). 

EXECUTE:    
2 2sin 2 ,d d m m

d
π π λ

φ θ π
λ λ

% & % &% &= = =' ( ' (' (
) * ) *) *

 so 2 2cos ( /2) cos ( ) 1.mφ π= =  

(Since the angular positions in part (a) correspond to interference maxima.) 
2 2 0.270 mmsin 2 ( / ) 2 (3.534 rad).

0.480 mm
a a m m a d m m

d
π π λ

β θ π π
λ λ

% & % &% & % &= = = = =' ( ' (' ( ' (
) * ) *) * ) *

 

1st order maximum: 1,m =  so 
2

0 0
sin(3.534/2)rad(1) 0.308 .
 (3.534/2)rad

I I I! "
= =# $

% &
 

2nd order maximum: 2,m =  so 
2

0 0
sin3 534 rad(1) 0 0117 .

3 534 rad
I I I.! "= = .# $.% &

 

EVALUATE:    The first diffraction minimum is at an angle θ  given by sin /aθ λ=  so 0 123 .θ = . °  The first 
order fringe is within the central maximum and the second order fringe is inside the first diffraction maximum 
on one side of the central maximum. The intensity here at this second fringe is much less than 0.I   

 36.22. IDENTIFY:    The diffraction minima are located by dsin m
a
λ

θ =  and the two-slit interference maxima are 

located by isin .m
d
λ

θ = The third bright band is missing because the first order single-slit minimum occurs 

at the same angle as the third order double-slit maximum. 

SET UP:    The pattern is sketched in Figure 36.22. 3.6 cmtan ,
88 cm

θ =  so 2.34 .θ = °  

EXECUTE:    Single-slit dark spot: sina θ λ=  and 

4506 nm 1 24 10 nm 12.4 m (width).
sin sin 2.34

a λ
µ

θ
= = = . × =  

°
 

Double-slit bright fringe: sin 3d θ λ=  and 43 3(506 nm)
3.72 10 nm 37.2 m (separation).

sin sin 2.34
d λ

µ
θ

= = = × =  
°

 

EVALUATE:    Note that / 3 0.d a = .  
 

 
Figure 36.22 

 
 36.23. IDENTIFY:    Knowing the wavelength of the light and the location of the first interference maxima, we 

can calculate the line density of the grating. 
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SET UP:    The line density in lines/cm  is 1/ ,d  with d in cm. The bright spots are located by 
sin ,d mθ λ=  0, 1, 2, .m = ± ± …  

EXECUTE:    (a) 
9

6 4(1)(632 8 10  m) 2 07 10  m 2 07 10  cm.
sin sin17 8
md λ
θ

−
− −. ×

= = = . × = . ×
. °

 1 4830 lines/cm.
d
=  

(b) 
9

6
632 8 10  msin (0 3057).
2 07 10  m

m m m
d
λ

θ
−

−

$ %. ×
= = = .' (' (. ×) *

 For 2,m = ±  37 7 .θ = ± . °  For 3,m = ± 66 5 .θ = ± . °  

  EVALUATE:    The angles are large, so they are not equally spaced; 37.7 2(17.8 )° ≠ °  and 66.5 3(17.8 ).° ≠ °  
 36.24. IDENTIFY:    The maxima are located by sin .d mθ λ=  

SET UP:    The order corresponds to the values of m. 
EXECUTE:    First-order: 1sin .d θ λ=  Fourth-order: 4sin 4 .d θ λ=  

4
4 1 4

1

sin 4 , sin 4sin 4sin8.01  and 33.9 .
sin
d
d

θ λ
θ θ θ

θ λ
= = = ° = °  

EVALUATE:    We did not have to solve for d. 
 36.25. IDENTIFY and SET UP:    The bright bands are at angles θ  given by sin .d mθ λ=  Solve for d and then 

solve for θ  for the specified order. 

EXECUTE:    (a) 77 4θ = . °  for 3m =  and 681 nm,λ =  so 4/sin 2 093 10 cm.d mλ θ −= = . ×  
The number of slits per cm is 1/ 4790 slits/cm.d =  

(b) 1st order: 1,m = so 9 6sin / (681 10  m)/(2 093 10  m)dθ λ − −= = × . ×  and 19 0 .θ = . °  
2nd order: 2,m = so sin 2 /dθ λ=  and 40 6 .θ = . °  
(c) For 4, sin 4 /m dθ λ= =  is greater than 1.00, so there is no 4th-order bright band. 
EVALUATE:    The angular position of the bright bands for a particular wavelength increases as the order 
increases. 

 36.26. IDENTIFY:    The bright spots are located by sin .d mθ λ=  
SET UP:    Third-order means 3m =  and second-order means 2.m =  

EXECUTE:    constant,
sin
m dλ
θ
= =  so r r v v

r v
.

sin sin
m mλ λ
θ θ

=  

v v
v r

r r

2 405 nmsin sin (sin65 0 ) 0 355
3 690 nm

m
m

λ
θ θ

λ

# $# $ # $# $= = . ° = .% &% & % &% &
' (' (' (' (

 and v 20 8 .θ = . °  

EVALUATE:    The third-order line for a particular λ  occurs at a larger angle than the second-order line. In a 
given order, the line for violet light (405 nm) occurs at a smaller angle than the line for red light (690 nm). 

 36.27. IDENTIFY and SET UP:    Calculate d for the grating. Use sind mθ λ=  to calculate θ  for the longest 

wavelength in the visible spectrum (750 nm) and verify that θ  is small. Then use m
m

y x
a
λ

=  to relate the 

linear separation of lines on the screen to the difference in wavelength. 

EXECUTE:    (a) 51 cm 1 111 10  m.
900

d −" #= = . ×% &
' (

 

For 2750 nm, / 6 8 10 .dλ λ −= = . ×  The first-order lines are located at sin / ;dθ λ= sinθ  is small enough for 
sinθ θ≈  to be an excellent approximation. 
(b) / ,y x dλ=  where 2 50 m.x = .  
The distance on the screen between first-order bright bands for two different wavelengths is 

( )/ ,y x dΔ = Δλ  so 5 3( )/ (1 111 10  m)(3 00 10  m)/(2 50 m) 13 3 nm.d y xλ − −Δ = Δ = . × . × . = .  
EVALUATE:    The smaller d is (greater number of lines per cm) the smaller the λΔ  that can be measured. 

 36.28. IDENTIFY:    The maxima are located by sin .d mθ λ=  

SET UP:    6
5 1

1350 slits/mm 2 857 10 m.
3 50 10 m

d −
−

⇒ = = . ×
. ×

 The visible spectrum is between 

approximately 380 nm and 750 nm. 
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the temperature of the plate increases, the width of the slit increases and the width of the central maximum 
decreases. 

EVALUATE:    The fractional change in the width of the central maximum is 0.020 mm 0.96%.
2.06 mm

=  This is 

small, but observable. 
 36.56. IDENTIFY:    The wavelength of the helium spectral line from the receding galaxy will be different from 

the spectral line on earth due to the Doppler shift in the light from the galaxy. 

SET UP:    sin .d mθ λ= lab
lab

2sin .
d
λ

θ = galaxy
galaxy

2
sin .

d
λ

θ = lab
galaxy lab

galaxy
sin sin .

λ
θ θ

λ

# $
= % &

% &
' (

 The Doppler 

formula says R S.
c vf f
c v
−

=
+

 Using ,cf
λ

=  we have 
R S

1 1 .c v
c vλ λ
−

=
+

 Since the lab is the receiver R and 

the galaxy is the source S, this becomes lab galaxy .
c v
c v

λ λ
+

=
−

 

EXECUTE:    
8 7

o
galaxy lab 8 7

2 998 10  m/s 2 61 10  m/s
sin sin sin(12.2 )

2 998 10  m/s 2 61 10  m/s
c v
c v

θ θ
+ . × + . ×

= =
− . × − . ×

 which gives 

o
galaxy 13.3 .θ =  

EVALUATE:    The galaxy is moving away, so the wavelength of its light will be lengthened, which means 
that the angle should be increased compared to the angle from light on earth, as we have found. 

 36.57. IDENTIFY and SET UP:    The condition for an intensity maximum is sin , 0, 1, 2,d m mθ λ= = ± ± …  
Third order means 3.m =  The longest observable wavelength is the one that gives 90θ = °  and hence 
sin 1.θ =  

EXECUTE:    9200 lines/cm  so 59 2 10 lines/m. ×  and 6
5

1  m 1 087 10  m.
9 2 10

d −= = . ×
. ×

 

6
7sin (1 087 10  m)(1) 3 6 10  m 360 nm.

3
d
m
θ

λ
−

−. ×
= = = . × =  

EVALUATE:    The longest wavelength that can be obtained decreases as the order increases. 

 36.58. IDENTIFY:    Apply sin 1 22 .
D
λ

θ = .  

SET UP:    θ is small, so sin ,x
R

θ
Δ

≈  where xΔ  is the size of the details and R is the distance to the earth. 

So 1.22 .x
R D

λΔ
≈  151 ly 9 41 10  m= . ×  and 10 µm = 1.0 ×10–5 m. 

EXECUTE:     
5 15

6
6

(1 22)(1 0 10 m)(59 ly)(9 41 10 m/ly)1.22 1 1 10 m 1100 km.
6 0 10 m

R
x

D
λ −. . × . ×

Δ = = = . × =
. ×

 

3
5

planet

1100 km 7.9 10 .
1 4 10 km

x
D

−Δ
= = ×

. ×
 So xΔ  is less than 1% of the diameter of the planet. 

EVALUATE:    The very large diameter of the array allows it to resolve planet-sized detail at great 
distances. 

 36.59. IDENTIFY:    The maxima are given by sin .d mθ λ=  We need sin 1m
d
λ

θ = ≤  in order for all the visible 

wavelengths to be seen. 

SET UP:    For 6
5 1

1650 slits/mm 1 53 10 m.
6 50 10 m

d −
−

⇒ = = . ×
. ×

The visible spectrum is approximately 

between 380 nm and 750 nm. 

EXECUTE:    7 1 1 1
1

2 33.8 10 m: 1: 0 247; 2: 0 494; 3: 0 741.m m m
d d d
λ λ λ

λ −= × = = . = = . = = .  


