Chapter 33
Interference and Diffraction

Conceptual Problems

*1 °

Determine the Concept The energy is distributed nonuniformly in space; in some regions
the energy is below average (destructive interference), in others it is higher than average
(constructive interference).

2 .
Determine the Concept Coherent sources have a constant phase difference. The pairs of
light sources that satisfy this criterion are (b), (c), and (e).

3 °

Determine the Concept The thickness of the air space between the flat glass and the lens
is approximately proportional to the square of d, the diameter of the ring. Consequently,
the separation between adjacent rings is proportional to 1/d.

4 o0
Determine the Concept The distance between adjacent fringes is so small that the
fringes are not resolved by the eye.

5 o0

Determine the Concept If the film is thick, the various colors (i.e., different
wavelengths) will give constructive and destructive interference at that thickness.
Consequently, what one observes is the reflected intensity of white light.

*6 °

(a) The phase change on reflection from the front surface of the film is 180°; the phase
change on reflection from the back surface of the film is 0°. As the film thins toward
the top, the phase change associated with the film’s thickness becomes negligible and the
two reflected waves interfere destructively.

(b)  The first constructive interference will arise when t = A/4. Therefore, the first band
will be violet (shortest visible wavelength).

(c) When viewed in transmitted light, the top of the film is white, since no light is

reflected. The colors of the bands are those complementary to the colors seen in reflected
light; i.e., the top band will be red.
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7 .
Determine the Concept The first zeroes in the intensity occur at angles given by
sin @ = A/a. Hence, decreasing a increases #and the diffraction pattern becomes wider.

8 .
Determine the Concept Equation 33-2 expresses the condition for an intensity maximum i
slit interference. Here d is the slit separation, 4 the wavelength of the light, m an integer, ¢
the angle at which the interference maximum appears.

Equation 33-11 expresses the condition for the first minimum in single-slit diffraction.
Here a is the width of the slit, A the wavelength of the light, and & the angle at which the
first minimum appears, assuming m = 1.

9 .
Picture the Problem We can solve d sin@ = mA for #with m = 1 to express the location
of the first-order maximum as a function of the wavelength of the light.

The interference maxima in a dsind=mA

diffraction pattern are at angles & where d is the separation of the slits and
given by: m=0,12, ...

Solve for the angular location & of 0 =sint i

the first-order maximum : ! d

Because lgreen light < Ared light- ngeen light < Hred“gm and (a) is correct.
*10 o

Determine the Concept The distance on the screen to mth bright fringe is given by

AL . . . . .
Vo = m? ,Where L is the distance from the slits to the screen and d is the separation of

the slits. Because the index of refraction of air is slightly larger than the index of
refraction of a vacuum, the introduction of air reduces A to A/n and decreases yn,. Because
the separation of the fringes is ym — Ym_1, the separation of the fringes decreases

and| (b) is correct.

11 -

(a) False. When destructive interference of light waves occurs, the energy is no longer
distributed evenly. For example, light from a two-slit device forms a pattern with very
bright and very dark parts. There is practically no energy at the dark fringes and a great
deal of energy at the bright fringe. The total energy over the entire pattern equals the
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energy from one slit plus the energy from the second slit. Interference re-distributes the
energy.

(b) True
(c) True
(d) True
(e) True

Estimation and Approximation

*12 .

Picture the Problem We’ll assume that the diameter of the pupil of the eye is

5 mm and that the wavelength of light is 600 nm. Then we can use the expression for the
minimum angular separation of two objects than can be resolved by the eye and the
relationship between this angle and the width of an object and the distance from which it
is viewed to support the claim.

Relate the width w of an object that
can be seen at a height h to the tana, = F
critical angular separation o:

Solve for w: w=htane,
The minimum angular separation o _1922 A
of two point objects that can just be & =Lee

resolved by an eye depends on the
diameter D of the eye and the
wavelength 4 of light:

Substitute for « in the expression A
for w to obtain: w = htan 1.225

In low-earth orbit;

w = (400 km)tan(1.22 000nm
smm

j =58.6m

Because the width of the Great Wallis about 5 m, a naked eye would not
be able to see it from the moon.

At a distance equal to that of the distance of the moon from earth:
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600nm
5mm

w=(3.84x10° m)tan(1.22 ): 56.2km

Because the width of the Great Wallis about 5 m, a naked eye would not
be able to see it from the moon.

13 -
Picture the Problem We can use sind :1.22%t0 relate the diameter D of the opaque-

disk water droplets to the angular diameter & of a coronal ring and to the wavelength of
light. We’ll assume a wavelength of 500 nm.

The angle @subtended by the first . A
diffraction minimum is related to S'n9:1'225
the wavelength A of light and the

diameter D of the opaque-disk water

droplet:
Because of the great distance to the A
cloud of water droplets, 0~ 1-225
0<<1and:
Solve for D to obtain: D= 1.2221
)

Substitute numerical values and 1.22(500 nm
evaluate D: D =%= 3.50 gm

10°x

180°

14 -

) . A .
Picture the Problem We can use sin & :1.223”'[0 relate the diameter D of a

microsphere to the angular diameter ¢ of a coronal ring and to the wavelength of light in
water.

The angle @ subtended by the first . A A
diffraction minimum is related to sing = 1_223.1 - 1'225
the wavelength A, of light in water

and the diameter D of the

microspheres:

Because 0<< 1: 0 z1.22i
nD
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Substitute numerical values and 1.22(632.8nm
evaluate @: 0~ 1.C§3(5ym) ) =0.116rad
=| 6.65°

5 -

. . A .
Picture the Problem We can use siné =1.226t0 relate the diameter D of a pollen

grain to the angular diameter & of a coronal ring and to the wavelength of light. We’ll
assume a wavelength of 450 nm for blue light and 650 nm for red light.

The angle @ subtended by the first . A

diffraction minimum is related to 5|n€:1.225

the wavelength A of light and to the

diameter D of the microspheres:

B << 1:

ecause 0 z1.22i
nD

Substitute numerical values and 1_22(650 nm) I

evaluate @for red light: Ores 25um 3:17>10 " rad
=|1.82°

Substitute numerical values and 1,22(450 nm) 5

evaluate &for blue light: Oone =~ 25 um = 22010 "rad
=|1.26°

*16 e

Picture the Problem The diagram shows the hair whose diameter d = a, the screen a
distance L from the hair, and the separation Ay of the first diffraction peak from the
center. We can use the geometry of the experiment to relate Ay to L and a and the
condition for diffraction maxima to express @in terms of the diameter of the hair and the
wavelength of the light illuminating the hair.

Relate &to Ay:
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Solve for Ay: Ay = Ltan @

Diffraction maxima occur where: asind=(m+1)1
wherem=1, 2, 3, ...

Solve for @ to obtain: stinl{(mjﬁ)/q
a
Substitute for @in the expression for 1
Ay to obtain: Ay = Ltan{sin‘l[@}}

For the first peak, m = 1. Substitute numerical values and evaluate Ay:

Ay = (10 m)tan{sin‘l{(“%)(632'8nm)}} ~[136cm

70 pm
Phase Difference and Coherence

17 -
Picture the Problem A path difference Ar contributes a difference 6 given

by o = £360° .
A

€)] Relat_e a path difference Ar to a 5= £36Oo 1)
phase shift o'
Solve forAr: Al = %

360°
Substitute numerical values and Ar = (280°)(600nm) _ 300nm
evaluate Ar: 360°
(b) Stfbstitute numerical values in 5=3000M 00 350
equation (1) and evaluate &: 800nm

18 -

Picture the Problem The wavelength of light in a medium whose index of refraction is n
is the ratio of the wavelength of the light in air divided by n. The number of wavelengths
of light contained in a given distance is the ratio of the distance to the wavelength of light
in the given medium. The difference in phase between the two waves is the sum of a 7
phase shift in the reflected wave and a phase shift due to the additional distance traveled
by the wave reflected from the bottom of the water—air interface.



(a) Express the wavelength of light
in water in terms of the wavelength
of light in air:

(b) Relate the number of
wavelengths N to the thickness t of
the film and the wavelength of light
in water:

(c) Express the phase difference as
the sum of the phase shift due to
reflection and the phase shift due to
the additional distance traveled by
the wave reflected from the bottom
of the water—air interface:

Substitute for N and evaluate o

*19 e
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n:£:500nm: 376nm
n 1.33
4
N:£:2x10 cm: 530
A, 376nm
o0=0 +0

reflection additional distance traveled

=7r+%27r=7r+277N

n

1023

5 = nrad+27(5.32rad) = | 11.67 rad

or, subtracting 11.6zrad from 12 rad,

o=|0.4rrad

Picture the Problem The difference in phase depends on the path difference according

to 0= %3600. The path difference is the difference in the distances of (0, 15 cm) and

(3 cm, 14 cm) from the origin.

Relate a path difference Ar to a
phase shift &

The path difference Ar is:

Substitute numerical values and
evaluate &

0= £360°
A

Ar =15cm —/(3cm)’ + (14cm)?
=0.682cm

~0.682cm
1.5¢cm

o 360° =| 164°
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Interference in Thin Films

20 -

Picture the Problem Because the mth fringe occurs when the path difference 2t equals m
wavelengths, we can express the additional distance traveled by the light in air as an mA.
The thickness of the wedge, in turn, is related to the angle of the wedge and the distance
from its vertex to the mth fringe.

The first band is dark because the phase difference due to reflection by the

a
@ back surface of the top plate and the top surface of the bottom plate is180°

(b) The mth fringe occurs when the 2t=mA
path difference 2t equals m
wavelengths:

Relate the thickness of the air wedge _t _
O0=—=t=x0

to the angle of the wedge: X
where we’ve used a small-angle
approximation to replace an arc length by
the length of a chord.

Substitute to obtain: 2X0 =mA
Solve for 9: gzm_ﬂziﬂ
2X 2 X
Substitute numerical values and 0 E i (700 nm) _[175x10 " rad
evaluate @ 2cm
*21  ee

Picture the Problem The condition that one sees m fringes requires that the path
difference between light reflected from the bottom surface of the top slide and the top
surface of the bottom slide is an integer multiple of a wavelength of the light.

The mth fringe occurs when the path 2d=mi = d = mi
difference 2d equals m wavelengths:

Because the nineteenth (but not the

N4 N4
s (m-$)7 <d<(m+$)>
twentieth) bright fringe can be seen, 2 2



the limits on d must be:

Substitute numerical values to
obtain:

22 e
Picture the Problem The light reflected
from the top surface of the bottom plate
(wave 2 in the diagram) is phase shifted
relative to the light reflected from the
bottom surface of the top plate (wave 1 in
the diagram). This phase difference is the
sum of a phase shift of z (equivalent to a
A2 path difference) resulting from
reflection plus a phase shift due to the
additional distance traveled.

Relate the extra distance traveled by
wave 2 to the distance equivalent to
the phase change due to reflection
and to the condition for constructive
interference:

Solve for m:

Substitute numerical values and
evaluate m:

23 e
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where m =19
(19_%) 5902nm <d < (19 +%) 5902nm
or

5.46 um < d <5.75 um

2t+11=4,24,34,...

2t :(m+%)/’t wherem=0,1,2,...and A

is the wavelength of light in air.

_2t 1 _202r) 1_4r 1
A 2 A 2 A 2
where r is the radius of the wire.

m:w_lz 166

600 nm 2

Picture the Problem We can use the condition for destructive interference in a thin film
to find its thickness. Once we’ve found the thickness of the film, we can use the
condition for constructive interference to find the wavelengths in the visible portion of
the spectrum that will be brightest in the reflected interference pattern and the condition
for destructive interference to find the wavelengths of light missing from the reflected
light when the film is placed on glass with an index of refraction greater than that of the
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film.
(a) Express the condition for

destructive interference in the thin
film:

Solve for A:
Substitute for the missing
wavelengths to obtain:

Divide the first of these equations by
the second and simplify to obtain:

Solve for m:

Solve equation (1) for t:

Substitute numerical values and
evaluate t;

(b) Express the condition for
constructive interference in the thin
film:

Substitute for A’ to obtain:

A+ =130,

or
2t =1"24"31,...
or
2t=mA' = mi (1)
n

wherem=1,2,3, ... and A is the
wavelength of the light in the film.

St

2nt
m+1

450nm = % and 360nm =

nt
450nm ;o m+1

360nm  2nt m
m+1

m =4 for A =450nm

_mA

t=—-
2n

= M = 600nm
2(1.5)

2t+1 0 =222, 34',...

or

20=2232,52,..=(m+)1 ()
where A is the wavelength of light in the
oilandm=0,1, 2, ...

A
2t = (m +%)F

where n is the index of refraction of the
film.
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Solve for A: P 2nt
m+3
Substitute numerical values and . 2(1.5)600nm) _1800nm
simplify to obtain: m+3% m+3%
Substitute for m and evaluate A to obtain the following table:
m 0 1 2 3 4 5
A(m) | 3600 1200 720 514 400 327

1027

720 nm, 514 nm, and 400 nm.

From the table, we see that the only wavelengths in the visible spectrum are

(c) Because the index of refraction
of the glass is greater than that of the or
film, the light reflected from the
film-glass interface will be shifted
by 1 A (as is the wave reflected

A
2t = (m +%)F

from the top surface) and the filmandm=0,1, 2, ...
condition for destructive

interference becomes:

Solve for A: A= 2nt
m+3
Substitute numerical values and simplify to , _ 2(1.5)(600 nm) _ 1800nm
obtain: m+1 m+31
Substitute for m and evaluate A to obtain the following table:
m 0 1 2 3 4 5
A (hm) 3600 1200 720 514 400 327

where n is the index of refraction of the

720 nm, 514 nm, and 400 nm.

From the table we see that the missing wavelengths in the visible spectrum are

24 e

Picture the Problem Because there is a + A phase change due to reflection at both the

air-oil and oil-water interfaces, the condition for constructive interference is that twice
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the thickness of the oil film equal an integer multiple of the wavelength of light in the
film.

Express the condition for 2t =424, 34,...
constructive interference: or
2t=mA" ()
where A" is the wavelength of light in the oil
=1,2,3, ...
Substitute for A’ to obtain: o%t=m i
n
Solve for t: . ma
2n
Substitute numerical values and _ (2)(650 nm) B
t=-—-~-—-2%=|533nm
evaluate t: 2(1.22)
25 e

Picture the Problem Because there isa 54 phase change due to reflection at both the

air-oil and oil-glass interfaces, the condition for constructive interference is that twice the
thickness of the oil film equal an integer multiple of the wavelength of light in the film.

Express the condition for 2t=2"2434,..=mA" (1)
constructive interference: where A is the wavelength of light in the oil
andm=0,1,2,...
Substitute for A’ to obtain: ot—m A
n

where n is the index of refraction of the oil.

Solve for A . 2nt

Substitute for the predominant 2nt 2nt
P 690nm == and 460 nm =

wavelengths to obtain: m m+1

Divide the first of these equations by 2nt

the second and simplify to obtain: 690nm _m _m+l

460nm  2nt m
m+1



Solve for m:

Solve equation (1) for t:

Substitute numerical values and
evaluate t:

*26 e
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m=2for A =690nm

(M
2n

t= M =|476nm
2(1.45)

Picture the Problem Because the index of refraction of air is less than that of the oil,
there is a phase shift of zrad (3 1) in the light reflected at the air-oil interface. Because

the index of refraction of the oil is greater than that of the glass, there is no phase shift in
the light reflected from the oil-glass interface. We can use the condition for constructive
interference to determine m for 4 = 700 nm and then use this value in our equation
describing constructive interference to find the thickness t of the oil film.

Express the condition for
constructive interference between
the waves reflected from the air-oil
interface and the oil-glass interface:

Substitute for A' and solve for A to
obtain:

Substitute the predominant
wavelengths to obtain:

Divide the first of these equations by
the second to obtain:

Solve for m:

Solve equation (1) for t:

Substitute numerical values and
evaluate t:

2t+1 2 =222, 34',...

or

2t=22 3250, =(m+H)1 ()
where A" is the wavelength of light in the
oilandm=0,1, 2, ...

. 2nt1
m+3
700nm = 2" 2nd 500nm = 2™
m+3 m+3
2nt

700nm  m+3 m+3

500nm  2nt  m+i
m+3

m = 2for A =700 nm

t=(2+%) =| 603nm
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Newton’s Rings

*27 oo

Picture the Problem This arrangement is essentially identical to a "thin film”
configuration, except that the "film” is air. A phase change of 180° (4 A ) occurs at the

top of the flat glass plate. We can use the condition for constructive interference to derive
the result given in (a) and use the geometry of the lens on the plate to obtain the result
given in (b). We can then use these results in the remaining parts of the problem.

(a) The condition for constructive
interference is:

Solve for t:

(b) From Figure 33-39 we have:

For t << R we can neglect the last
term to obtain:

Solve forr:

2t+1 1 =4,21,34,...

or

2t=12,32,52,..=(m+1)A

where A is the wavelength of light in air and
m=0,1,2, ..

t= (m+%)§,m:0,1,2,... 1)

r’+(R-tf =R?
or
R2=r?2+R*-2Rt+t?

R? ~r®+R*-2Rt

r=| 2Rt @)

(c)| The transmitted pattern is complementary to the reflected pattern.

(d) Square equation (2) and
substitute for t from equation (1) to
obtain:

Solve for m:

Substitute numerical values and
evaluate m:

r’=(m+1)RA
_r1
" RA 2
2
e (2cm) 1

(1om)(590nm) 2
and so there will be| 68 |bright fringes.
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(e) The diameter of the m™ fringe is: D=2r=2,/(m+3$)RA

Noting that m = 5 for the sixth D= 2\/(5 +%)(1o m)(590 nm)
fringe, substitute numerical values

and evaluate D:

=|1.14cm

The wavelength of the light in the film becomes 4, /n = 444 nm. The
(f) | separation between fringes is reduced and the number of fringes that will
be seenis increased by the factor n=1.33.

28 e
Picture the Problem This arrangement is essentially identical to a "thin film”
configuration, except that the "film” is air. A phase change of 180° (4 A ) occurs at the

top of the flat glass plate. We can use the condition for constructive interference and the
results of Problem 27(b) to determine the radii of the first and second bright fringes in the
reflected light.

The condition for constructive 2t+34A=24,24,34,...
interference is: or
2t=14,32,52,..=(m+1)A

where A is the wavelength of light in air and

m=0,1,2,...
Solve for t: t:(m+%)§,m=0,l,2,...
From Problem 27(b): r=+2tR
Substitute for t to obtain: r=,(m+4i)AR
The first fringe corresponds to r=4(520nm)(2m) =| 0.721mm
m = 0:
The second fringe corresponds to r=42(520nm)(2m) = 1.25mm

m=1:
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29 e
Picture the Problem This arrangement is essentially identical to a "thin film”
configuration, except that the "film” is oil. A phase change of 180° (3 A ) occurs at lens-

oil interface. We can use the condition for constructive interference and the results from
Problem 27(b) to determine the radii of the first and second bright fringes in the reflected
light.

The condition for constructive 2t+1 0 =222, 34',...

interference is: or
20=1430,52..=(m+ 1)1
where A is the wavelength of light in the
oilandm=0,1, 2, ...

Substitute for A" and solve for t: t— (m +%)i m=012,..

where A is the wavelength of light in air.

From Equation 33-29: r=+2tR
Substitute for t to obtain: AR
r=.(m+1)=
n
The first fri
e first fringe corresponds to . \/E (520nm)(2m) _[0535mm
m = 0: 2 1.82
Th [
e second fringe corresponds to . \/E (520nm)(2m) ~0.926mm
m=1: 2 1.82

Two-Slit Interference Pattern

*30 -

Picture the Problem The number of bright fringes per unit distance is the reciprocal of
the separation of the fringes. We can use the expression for the distance on the screen to
the mth fringe to find the separation of the fringes.

Express the number N of bright N 1)
fringes per centimeter in terms of Ay
the separation of the fringes:

Express the distance on _the screen to Yo =m AL g Yo = (m+1) AL
the mth and (m + 1)st bright fringe: d



Subtract the second of these
equations from the first to obtain:

Substitute in equation (1) to obtain:

Substitute numerical values and
evaluate N:

31 -
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AL
Ay ==
Y=
N=d

AL

Imm

N=——— =1833cm™

(600nm)(2m) all

Picture the Problem We can use the expression for the distance on the screen to the mth
and (m + 1)st bright fringes to obtain an expression for the separation Ay of the fringes as
a function of the separation of the slits d. Because the number of bright fringes per unit
length N is the reciprocal of Ay, we can find d from N, 4, and L.

Express the distance on the screen to
the mth and (m + 1)st bright fringe:

Subtract the second of these
equations from the first to obtain:

Solve for d:

Because the number of fringes per
unit length N is the reciprocal of Ay:

Substitute numerical values and
evaluate d:

32

Picture the Problem We can use the
geometry of the setup, represented to the
right, to find the separation of the slits. To
find the number of interference maxima
that can be observed we can apply the
equation describing two-slit interference
maxima and require that sin@< 1.

Because d << L, we can
approximate siné as:

Yo =mEEand ., = (1)

d
AL
Ay =2=
=4
d=2t
Ay
d = NAL

d =(28cm™)(589nm)(3m) =] 4.95mm

i, = 0.82 m

0
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Solve for d to obtain: d ~ _/1 )
sing,
From the right triangle whose sides sin g, = 0.82m _ 0.06817
are L and y, we have: \/(12 m)? +(0.82mY
Subst_itute numerical values in d ~ 633nm _[9.20m
equation (1) and evaluate d: 0.06817
(b) The equation describing two-slit dsind=mAi,m=0,12,...

interference maxima is:

Because sind < 1 determines the d=mA
maximum number of interference
fringes that can be seen:

Solve for Mmpay: m_ :%
Substitute numerical values and _9.29m _ 14 because m must be
evaluate Mpyy: ™ 633nm
an integer.
Because there are 14 fringes on N=2m,_ +1=2(14)+1=| 29

either side of the central maximum:

33 e
Picture the Problem We can use the equation for the distance on a screen to the mth
bright fringe to derive an expression for the spacing of the maxima on the screen. In (c)
we can use this same relationship to express the slit separation d.

AL

(a) Express the distance on the y =m % and y_,, = (m +1)?

screen to the mth and (m + 1)st

bright fringe:
Subtract the second of these Ay = & 1)
equations from the first to obtain: d

Substitute numerical values and Ay = (500 nm)(l ) =|50.0 um

evaluate Ay: lcm
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Not with the unaided eye. The separation is too small to be observed with

(b)
the naked eye.

(c) Solve equation (1) for d: d = AL
Ay

Substitute numerical values and evaluate d: (5001nm)(1m) _T0500mm
mm

34 e

Picture the Problem Let the separation of the slits be d. We can find the total path
difference when the light is incident at an angle ¢ and set this result equal to an integer
multiple of the wavelength of the light to obtain the given equation.

Express the total path difference: Al =dsing+dsing,
The condition for constructive Al =mA

interference is: where m is an integer.
Substitute to obtain: dsing+dsing, =mA

Divide both sides of the equation by
d to obtain:

sing+siné, :mT/I

*35 oo
Picture the Problem Let the separation of the slits be d. We can find the total path
difference when the light is incident at an angle ¢ and set this result equal to an integer
multiple of the wavelength of the light to relate the angle of incidence on the slits to the
direction of the transmitted light and its wavelength.

Express the total path difference: Al =dsing+dsing
The condition for constructive Al =mA

interference is: where m is an integer.
Substitute to obtain: dsing+dsingd=mA

Divide both sides of the equation by

sing+sin@ = mA
d to obtain: d
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Set =0 and solve for A:

Substitute numerical values and
simplify to obtain:

Evaluate A for positive integral values of m:

_dsing
m

A

1=

(2.54m)sin30° _1.25,m

m

A (nm)

1250

625

417

AW (N~ |3

313

m

the electromagnetic spectrum.

From the table we can see that 625 nm and 417 nm are in the visible portion of

36
Picture the Problem The diagram shows
the two speakers, S; and S,, the central-
bright image and the first-order image to
the left of the central-bright image. The
distance y is measured from the center of
the central-bright image. We can apply the
conditions for constructive and destructive
interference from two sources and use the
geometry of the speakers and microphone
to find the distance to the first interference
minimum and the distance to the first
interference maximum.

Relate the distance Ay to the first
minimum from the center of the
central maximum to 6 and the
distance L from the speakers to the
plane of the microphone:

Solve for y to obtain:

Interference minima occur where:

Solve for @ to obtain:

aabing
i '}
H
|\
|
[
/| \ i
[N
/ N
AN
/ | \
-L—’d—-%"
S S,
tanﬁzl
L
y=Ltané

dsin@ =(m+1)1

wherem=0,1,2,3, ...

H:Sin‘l[
d

(3

|

M)
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Relate the wavelength A of the . Vv
sound waves to the speed of sound v T

and the frequency f of the sound:

Substitute for A in the expression for ) 1
6o obtain: g =sin™ (m+3y
: df
Substitute for @in equation (1): 1
y = Ltan<sin™ M )
df

Noting that the first minimum corresponds to m = 0, substitute numerical values and
evaluate Ay:

Yistmin = (1m)tan{sin‘{((%)(3ﬂ} =[0.365m

5¢m)(10kHz)
The maxima occur where: dsind =mA
wherem=1, 2, 3, ...
For diffraction maxima, equation (2) mv
becomes: Ay = L tan sinl{—f}
a

Noting that the first maximum corresponds to m = 1, substitute numerical values and
evaluate Ay:

5cm)(10kHz)

Vistmox = (1m)tan{sin‘l{((l)(34ﬂ} ~[0.943m

Diffraction Pattern of a Single Slit

37 .
Picture the Problem We can use the expression locating the first zeroes in the intensity
to find the angles at which these zeroes occur as a function of the slit width a.

The first zeroes in the intensity sing =2

occur at angles given by: a

Solve for 6: 0 = sin ij
a

a) Fora=1mm:

@ 0 =sin" 600nmj =| 0.600 mrad
1mm
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b) F =0.1 :
(b) For a mm 0 =sin?t 600nm =| 6.00mrad
0.1mm
F =0.01 :
(c) Fora mm 0 =sin? _600nm. =| 60.0mrad
0.01mm
38 o

Picture the Problem We can use the expression locating the first zeroes in the intensity
to find the wavelength of the radiation as a function of the angle at which the first
diffraction minimum is observed and the width of the plate.

The first zeroes in the intensity sing = A

occur at angles given by: a

Solve for A A =asind

Substitute numerical values and A =(5cm)sin37° =| 3.01cm
evaluate A:

*30 e

Picture the Problem The diagram shows the beam expanding as it travels to the moon
and that portion of it that is reflected from the mirror on the moon expanding as it returns
to earth. We can express the diameter of the beam at the moon as the product of the beam
divergence angle and the distance to the moon and use the equation describing diffraction
at a circular aperture to find the beam divergence angle. We can follow this same
procedure to find the diameter of the beam when it gets back to the earth. In Parts (c) and
(d) we can use the dependence of the power in a beam on its cross-sectional area to find
the fraction of the power of the beam that is reflected back to earth and the fraction of the
original beam energy that is recaptured upon return to earth.

/_\"‘--..__H‘H
/N T

D’ [ Idmil'mr D

/ —a

(a) Relate the diameter D of the D@L
beam at the moon to the distance to

the moon L and the beam

divergence angle &



The angle @ subtended by the first
diffraction minimum is related to
the wavelength A of the light and the
diameter of the telescope opening
dtelescope by

Because #<< 1, sin@~ @and:

Substitute for @in equation (1) to
obtain:

Substitute numerical values and evaluate D:

1.22(500nm)

Interference and Diffraction

sing =1.22 A

telescope

A

0~1.22

telescope

12214
d

D

telescope

={1.53km

D =(3.82x10°m)

6in

(b) The portion of the beam
reflected back to the earth will be
that portion incident on the mirror,
so the diffraction angle is:

The beam will expand back to:

Substitute numerical values and evaluate D':

2.54cm Im
X - X

1.22(500nm)

in 10%cm

A

0~1.22

mirror

D' :L{l.ZZ 4 }

mirror

=| 459m

D' =(3.82x10°m)

20in

(c) Because the power of the beam
is proportional to its cross-sectional
area, the fraction of the power that
is reflected back to the earth is the
ratio of the area of the mirror to the
area of the expanded beam at the
moon:

2.54cm Im
X -

X 2
in 10°cm

T 2
E — M — deirror — (dmirror )2
P Aoeam E D2 D
4

1039
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Substitute for D to obtain:

Substitute numerical values and evaluate
P'/P:

(d) The angular spread of the beam
from reflection from the 20-in
mirror is given by:

The diameter D’ of the beam on
return to earth will be:

Letting P’ represent the power

intercepted by the telescope, we
have:

Substitute for D" and simplify:

E_ dmirror _ dmirrordtelescope ’ (1)
P 1.22L2 1.22LA
d

telescope

P’ (20in)(6in)(2.5i4r,]ijz

P |1.22(3.82x10° m)(500nm)

=[1.10x10"'
9~122 4
D ~122L 2
T 42
E _ Atelesc0pe _ Zdtelescope
P' Abeam ED|2
4
2
= M
DI
P _ Qo | 0
P’ 1.22L4

Multiply equation (2) by equation (1) and simplify to obtain:

PP P 1.22L1

EE _ E _ (dtelescoped mirror jz[d

Substitute numerical values and evaluate
P"/P:

2 4
mirrordtelescope — d mirrordtelescope
1.22L4 1.22L4

P (20in)(6in)(2.5i¢:]ijz

P |1.22(3.82x10° m)(500nm)

=[1.21x10™
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Interference-Diffraction Pattern of Two Slits

40 -

Picture the Problem We need to find the value of m for which the mth interference
maximum coincides with the first diffraction minimum. Then there will be

N = 2m—1fringes in the central maximum.

The number of fringes N in the N =2m-1 )
central maximum is:

Relate the angle &, of the first

SRR . sing, =
diffraction minimum to the width a
of the slits of the diffraction grating:
Express the angle 4, corresponding .
i e sing, =—
to the mth interference maxima in
terms of the separation d of the slits:
Because we require that 6, = 6y, we mi_4
can equate these expressions to d a
obtain:
Solve for and evaluate m: m = d _oa _ 5
a a
Substitute in equation (1) to obtain: N = 2(5)_1 = @
Ifd = na: m:E:E:n
a a
and
N=|2n-1
41 e

Picture the Problem We can equate the sine of the angle at which the first diffraction
minimum occurs to the sine of the angle at which the fifth interference maximum occurs
to find a. We can then find the number of bright interference fringes seen in the central
diffraction maximum using N = 2m-1.

(a) Relate the angle &, of the first
diffraction minimum to the width a
of the slits of the diffraction grating:

sing, _A
a
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Express the angle & corresponding

o ) sing, =
to the mth fifth interference maxima
maximum in terms of the separation
d of the slits:
Because we require that &, = Gy, 54 _4
we can equate these expressions to d a
obtain:

: dmm
Solve for and evaluate ma: g — d _ 0 ~[20.0m
) )

(b) Because m = 5: N :2m—1:2(5)—1:@

42 oo

Picture the Problem We can equate the sine of the angle at which the first diffraction
minimum occurs to the sine of the angle at which the mth interference maximum occurs
to find m. We can then find the number of bright interference fringes seen in the central
diffraction maximum using N =2m-1.

The number of fringes N in the N=2m-1 (1)
central maximum is:

Relate the angle é of the first

. . .. . sing, =
diffraction minimum to the width a
of the slits of the diffraction grating:
Express the angle &, corresponding _
. . . sin em -1

to the mth interference maxima in
terms of the separation d of the slits:
Because we require that &, = 6, we mi_4
can equate these expressions to d a
obtain:

: d
Solve for m: m=2

a

Substitute in equation (1) to obtain: No2d
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Substitute numerical values and N = 2(0.2 mm)_1: 39
evaluate N: 0.01mm
*43 e

Determine the ConceptPicture the Problem There are 8 interference fringes on each
side of the central maximum. The secondary diffraction maximum is half as wide as the
central one. It follows that it will contain 8 interference maxima.

44 oo

Picture the Problem We can equate the sine of the angle at which the first diffraction
minimum occurs to the sine of the angle at which the mth interference maximum occurs
to find m. We can then find the number of bright interference fringes seen in the central
diffraction maximum using N = 2m—1. In (b) we can use the expression relating the

intensity in a single-slit diffraction pattern to phase constant ¢ = %asm @ to find the

ratio of the intensity of the third interference maximum to the side of the centerline to the
intensity of the center interference maximum.

(a) The number of fringes N in the N =2m-1 (1)
central maximum is:

Relate the angle é, of the first

R : sin6, =
diffraction minimum to the width a
of the slits of the diffraction grating:
Express the angle 4, corresponding _
. . . sin em -1
to the mth interference maxima in
terms of the separation d of the slits:
Because we require that &, = 6, we mi_4
can equate these expressions to d a
obtain:
Solve for m: —
a
Substitute in equation (1) to obtain: No2d
a
Substitute numerical values and N = 2(0.15mm) 1o @
evaluate N: 0.03mm
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(b) Express the intensity for a

single-slit diffraction pattern as a
function of the phase difference ¢:

Form=3:

Substitute numerical values and
evaluate ¢

Solve equation (2) for the ratio of I3
to lq:

Substitute numerical values and
evaluate I4/lp:

sinig)
=1, 2
(;qﬁ] @

where ¢ = 2Tﬁasin 0

sin 4, _3
d
and
p= 2—ﬁasin 6, = Z—Ea(%j = 67:(3
A A \d

461 0.03mm ) 67
0.15mm 5

I sin%qﬁ}2

1

IO 2

[ 1(6x)]’
| Slna ?
—|—2\3 /) _To285

13
3
205

Using Phasors to Add Harmonic Waves

45 .

Picture the Problem Chose the coordinate
system shown in the phasor diagram. We
can use the standard methods of vector
addition to find the resultant of the two

waves.

The resultant of the two waves is of
the form:

Express R in vector form:

Find the magnitude of R:

E = Rsin(at +6)

R=2i-3]

R=4/(2) +(-3) =3.61

5
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Find the phase angle o between

- 2 o= tan‘l(_—?’j = -56.3°
Rand E, : 2

Substitute to obtain: E =| 3.61sin(wt —56.3°)

*46 o
Picture the Problem Chose the coordinate system shown in the phasor diagram. We can
use the standard methods of vector addition to find the resultant of the two waves.

The resultant of the two waves is of E= Rsin(a)t +0 )
the form:
Express the x component of R: R, =4+3c0s60° =5.50
Express the y component of R: R, =0+3sin60° = 2.60
Find the magnitude of R : R = \/(5.50)2 +(2.60) =6.08
Find the phase angle &between R
- P . d S=tan| 2L |=tan™ 2607 _ 25.3°
Rand E,: R, 5.50
Substitute to obtain: E =| 6.08sin(awt + 25.3°)

Remarks: We could have used the law of cosines to find R and the law of sines to
find &.

47 oo
Picture the Problem We can evaluate the expression for the intensity for a single-slit
diffraction pattern at the second secondary maximum to express I, in terms of I,.

The intensity at the second sinlg ?
secondary maximum is given by: I, =1 14
2
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At this second secondary maximum:

Substitute for ¢ and evaluate I:

48 e

where

2r .
=—asing
¢ A

aﬁnezéz
2

and

¢=2—”(%) =57

) (57[} ?
Sin 7
I, ——=| =] 0.01621,

Picture the Problem We can use phasor concepts to find the phase angle din terms of
the number of phasors N (three in this problem) forming a closed polygon of N sides at
the minima and then use this information to express the path difference Ar for each of
these locations. Applying a small angle approximation, we can obtain an expression for y
that we can evaluate for enough of the path differences to establish the pattern given in

the problem statement.

Express the phase angle &in terms
of the number of phasors N forming
a closed polygon of N sides at the
first minimum:

Express the path difference Ar in
terms of sin@ and the separation d
of the slits:

Solve fory:

For three equally spaced sources,
the phase angle corresponding to the
first minimum is:

5=2%
N
Ar =dsiné

or, provided the small angle approximation
is valid,

a0
L

where L is the distance to the screen.

L
=—Ary=—>9>
Y =a Ym0
5:2—” and Ar:i§:%l
3 27



Substitute to obtain:

The phase angle corresponding to
the second minimum is:

Substitute to obtain:

The path difference corresponding
to the fourth minimum is:

Substitute to obtain:

Continue in this manner to obtain:

(b) ForL=1m, A=5x10"m, and d

=0.1 mm:

49 oo
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SOR

5:5(2—71 and Ar = A o
2\ 3

22

27

d{ 3 3d

L2

When the path difference is 4, we have an
interference maximum.

-t %)k

3 3d
yo = 124578,
3d
2Y min = 2B00nm)am) _=a
3(0.1mm)

Picture the Problem We can use phasor concepts to find the phase angle &in terms of
the number of phasors N (four in this problem) forming a closed polygon of N sides at the
minima and then use this information to express the path difference Ar for each of these
locations. Applying a small angle approximation, we can obtain an expression for y that
we can evaluate for enough of the path differences to establish the pattern given in the

problem statement.

Express the phase angle din terms
of the number of phasors N forming
a closed polygon of N sides at the
first minimum:

Express the path difference Ar in
terms of sing and the separation d
of the slits:

5=
N
Ar =dsiné

or, provided the small angle approximation
is valid,
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Solve fory:

For four equally spaced sources, the
phase angle corresponding to the
first minimum is:

Substitute to obtain:

The phase angle corresponding to
the second minimum is:

Substitute to obtain:

The phase angle angle
corresponding to the third minimum
is:

Substitute to obtain:
Continue in this manner to obtain:

(b) ForL=2m, A=6x10"m,
d=0.1mm,andn=1:

For two slits:

ForL=2m, 1=6x10"m,
d=0.1 mm,and m=0:

ar=¥
L

where L is the distance to the screen.

dl4 4d
A
o=rmand Ar=—29=3%1
2r
L(A AL
= gls)- @5

n=-5(2]-e%

dl 4 ad
Yomin =n—l",n =1,2,3,5,6,7,9,...
4d
2y = 2(600nm)(2m) _Te00mm
4(0.1mm)
2y - 2(m+1)AL
d
Zymin :wzlzlomm
0.1mm

The width for four sources is half the width for two sources.
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Picture the Problem We can use sin @ = A/ato find the first zeros in the intensity

pattern. The four-slit interference maxima occur at angles given by
dsind=mA,m=0,12,.... In (c) we can use the result of Problem 49 to find the

angular spread between the central interference maximum and the first interference
minimum on either side of it. In (d) we’ll proceed as in Example 33-6, using a phasor
diagram for a four-slit grating, to find the resultant amplitude at a given point in the
intensity pattern as a function of the phase constant ¢, that, in turn, is a function of the
angle @that determines the location of a point in the interference pattern.

(a) The first zeros in the intensity
occur at angles given by:

Solve for @:

Substitute numerical values and
evaluate @:

(b) The four-slit interference
maxima occur at angles given by:

Solve for G,:

Substitute numerical values to
obtain:

Evaluate g, form=0, 1, 2, and 3:

(c) From Problem 49 we have:

sin6’:i
a
6=sin? ij
a
0 =sin" 422;:“} 0.242rad

dsin@=mAm=0,12,..

0, =sin™ m_/l}

9, =sin™ M} = sin"(0.08m)
6 um

6, =sin*[0(0.08)]=[ 0 |
6, =sin*[1(0.08)] = | 80.1mrad
0, =sin"*[2(0.08)] = | 0.161rad
6, = sin*[3(0.08)] = 0.242rad

where & will not be seen as it coincides
with the first minimum in the diffraction
pattern.

Hmin = M
4d
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Forn=1:

(d) Use the phasor method to show the superposition of four waves of the same amplitude

0.0200rad

A, and constant phase difference 6 = 27”d sin @.

Express A in terms of 6" and 6"":

Because the sum of the external
angles of a polygon equals 2

Examining the phasor diagram we
see that:

Eliminate « and solve for 6" to
obtain:

Because the sum of the internal
angles of a polygon of n sides is (n —
2)r:

From the definition of a straight
angle we have:

Eliminate ¢ between these equations
to obtain:

A=2(A,cos5" + A cosS"') (1)

20+36 =2rx

o' =

Nw
(%)

39+25" =37

p-8'+5=nr

<2

Il
N

(S %)



Substitute for " and J" in equation
(1) to obtain:

Because the intensity is proportional
to the square of the amplitude of the
resultant wave:

Interference and Diffraction

A=2A(cos25+cosis)

| =4l,(cos25+cosis)

1051

The following graph of I/, as a function of sing was plotted using a spreadsheet

program. The diffraction envelope was plotted using m

sinig

[ :42[
3¢

0

2
j , Where

2T . . .
¢= Tasm 6. Note the excellent agreement with the results calculated in (a), (b), and
(©).

18 —e— intensity ||
16 - —
14 ¢ - === diffraction ——
12 a % envelope
&
10 & %
11, 8 s %
¢

6 Y 4 “.

£ %
4- £ %
2 A l A
0 4 n‘d w w k’
-2 ‘ ‘ : : :

-0.3 -0.2 -0.1 0 0.1 0.2 0.3
sin(theta)
51 00

Picture the Problem We can find the
phase constant 6 from the geometry of the
diagram to the right. Using the value of ¢
found in this fashion we can express the
intensity at the point 1.72 cm from the
centerline in terms of the intensity on the
centerline. On the centerline, the amplitude
of the resultant wave is 3 times that of each
individual wave and the intensity is 9 times
that of each source acting separately.

- L =25m—m

¥y 172cm

RN
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(a) Express o for the adjacent slits: S= Z—ﬂd sin@

For small angles, siné~ tan@: y

sin@ ~tan @ = =
L

Substitute to obtain: 5= 2ndy
AL
Substitute numerical values and _ 27(0.06mm)(1.72¢cm)
evaluate o' (550nm)(2.5m)
= 3—” rad = 270°
2

The three phasors, 270° apart, are

shown in the diagram to the right.

Note that they form three sides of a

square. Consequently, their sum, R=4
shown as the resultant R, equals the

magnitude of one of the phasors.

o

/
A

(b) Express the intensity at the point | « R?
1.72 cm from the centerline:

Because |y oc 9R?: I R? I,

—= =>l=—

I, 9R? 9
Substitute for I, and evaluate I: | = O.OS\S;V/m2 _ 556 mW/m?
*52 o000

Picture the Problem We can use the phasor diagram shown in Figure 33-26 to determine
the first three values of ¢ that produce subsidiary maxima. Setting the derivative of
Equation 33-19 equal to zero will yield a transcendental equation whose roots are the
values of ¢ corresponding to the maxima in the diffraction pattern.

(a) Referring to Figure 33-26 we see ¢=37
that the first subsidiary maximum

occurs when:

A minimum occurs when: ¢=4r
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Another maximum occurs when: ¢=>57
Thus, subsidiary maxima occur ¢=02n+1)r,n=123,..
when: and the first three subsidiary maxima

are at ¢ =37, 57, and 7.

(b) The intensity in the single-slit sin %¢ 2
diffraction pattern is given by: =1, 14
2

Set the derivative of this expression equal to zero for extrema:

d_'zmo[s‘“Wj[wcos;qﬁ—;sin;qﬁ

} = 0 for relative maxima and minima

2
d¢ ¢ (3¢)
Simplify to obtain the transcendental tanig=1¢
equation:
Solve this equation numerically (use ¢ =| 2.867,4.927,and 6.947

the "Solver” function of your
calculator) to obtain:

Remarks: Note that our results in (b) are smaller than the approximate values found
in (a) by 4.80%, 1.63%, and 0.865% and that the agreement improves as n
increases.

Diffraction and Resolution

53 o
Picture the Problem We can use

0 =1.22% to find the angle between the

central maximum and the first diffraction
minimum for a Fraunhofer diffraction
pattern and the diagram to the right to find
the distance between the central maximum
and the first diffraction minimum on a - L ——»
screen 8 m away from the pinhole.

(a) The angle between the central 9=1.22 i
maximum and the first diffraction '
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minimum for a Fraunhofer
diffraction pattern is given by:

i i 700 nm
Substitute numerical values and 0-122 _[854mrad
evaluate 9 0.1mm
(b) Referring to the diagram, we see y=Ltané
that:
Substitute numerical values and y =(8m)tan(8.54 mrad)=| 6.83cm
evaluate y:
54 .

Picture the Problem We can apply Rayleigh’s criterion to the overlapping diffraction
patterns and to the diameter D of the pinhole to obtain an expression that we can solve for
Ay.

thole

. O

-17!_4&‘

Rayl_elgh"s criterion is satisfied o, = 1.221
provided: D
Relate « to the separation Ay of the Ay

a, = T provided o << 1.

c

light sources:

Equate these expressions to obtain: Ay _ 199 A
L D
Solve for Ay: Ay=1. oo AL
D

Substitute numerical values and Ay =1.22 (700nm)(10m) _T854em

evaluate Ay: 0.1mm
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Picture the Problem We can use
Rayleigh’s criterion for slits and the
geometry of the diagram to the right
showing the overlapping diffraction
patterns to express x in terms of 4, L, and
the width a of the slit.

Referring to the diagram, relate «,
L, and x:

For slits, Rayleigh’s criterion is:

Equate these two expressions to
obtain:

Solve for x:

Substitute numerical values and
evaluate X:

56 -
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L
s

X
a, =—
L
A
a, =—
a
X_4
L a
AL
X=—
a

700 nm)(5m

= & = | 7.00mm

0.5mm

Picture the Problem We can use Rayleigh’s criterion for circular apertures and the
geometry of the diagram to express L in terms of A, x, and the diameter D of your pupil.

Your pupil

. y v
x

‘{-171_—-*

Referring to the diagram, relate o,
L, and x:
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For circular apertures, Rayleigh’s a, :1.221
criterion is: D
Equate these two expressions to X_ 1.22 A
obtain: L D
Solve for L: L= xD
1.224
Substitute numerical values and _ (112cm)(5mm) _[835km
evaluate L: 1.22(550 nm) :

57
Picture the Problem We can use Rayleigh’s criterion for circular apertures and the
geometry of the diagram to express L in terms of A, x, and the diameter D of your pupil.

Your pupil

- o, J/
X

S

Referring to the diagram, relate «, a. ~ X
L, and x: C L

. P A
F(?r c!rcu!ar apertures, Rayleigh’s a, =1.22%
criterion is:
Equate these two expressions to X_ 1.22 A
obtain: L
Solve for L: L= xD

1.224

Substitute numerical values and (6.5cm)(5mm)

L= =|484m
evaluate L: 1.22(550 nm)
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Picture the Problem We can use
Rayleigh’s criterion for circular apertures
and the geometry of the diagram to the
right showing the overlapping diffraction
patterns to express L in terms of 4, x, and
the diameter D of your pupil.

(a) Referring to the diagram, relate
o L, and x:

For circular apertures, Rayleigh’s
criterion is:

Equate these two expressions to
obtain:

Solve for L;

Substitute numerical values and
evaluate L:

Interference and Diffraction

_,.| T |..,_
.

t

Your pupil

s

(6mm)(5mm)

= =|49.2m
1.22(500nm)

(b)

Because L is inversely proportional to 4, the holes can be resolved better
with violet light which has a shorter wavelength.

59 oo

Picture the Problem We can use Rayleigh’s criterion for circular apertures and the

geometry of the diagram to obtain an expression we can solve for the minimum

separation Ax of the stars.

Your pupil

', Y

Ax

THI,H

1057
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(a) Rayleigh’s criterion is satisfied . = 1.221
provided: D

Relate « to the separation Ax of the
light sources:

AX
a, = T because ¢, << 1

Equate these expressions to obtain: AX _ 1.22 A
L D
Solve for Ax: Ax = 1'22%

Substitute numerical values and evaluate Ax:

15
(550nm)(4c.yx9'46i><10 mj
Ax=1.22 254(:;'3’ _[5.00x10°m
200in x 2>
1lin

*60 oo
Picture the Problem We can use Rayleigh’s criterion for circular apertures and the
geometry of the diagram to obtain an expression we can solve for the minimum diameter
D of the pupil that allows resolution of the binary stars.

Your pupil

i o J
Ax

THI,H

(a) Rayleigh’s criterion is satisfied a, = 1.221
provided: D
Solve for D: D= 1_22i



Substitute numerical values and
evaluate D:

Diffraction Gratings

61 -
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550 nm
1° 7 rad
X

3600" 180°
=19.89mm |=1cm

D=1.22

14" x

Picture the Problem We can solve d sin @ = mA for #with m = 1 to express the location
of the first-order maximum as a function of the wavelength of the light.

The interference maxima in a
diffraction pattern are at angles &
given by:

Solve for the angular location &, of
the maxima :

Relate the number of slits N per
centimeter to the separation d of the
slits:

Substitute to obtain:

Evaluate @, for A =434 nm:

Evaluate @ for A =410 nm:

*62

dsind =mAa
where d is the separation of the slits and m
=0,1,2, ...

0, = sin‘l(m—;t)
d

N=t
d
6, =sin"(mNA)

6, =sin*|(2000cm*)(434nm)|
=| 86.9mrad

6, =sin*|(2000cm™)(410nm))|
=| 82.1mrad

Picture the Problem We can solve d sin& = mA for A with m = 1 to express the location
of the first-order maximum as a function of the angles at which the first-order images are

found.

The interference maxima in a
diffraction pattern are at angles &
given by:

dsind =ma
where d is the separation of the slits and m
=0,1,2, ...
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Solve for A: P dsiné@
m
Relate the number of slits N per N = 1
centimeter to the separation d of the
slits:
Let m =1 and substitute for d to . dsing
obtain: N
Substitute numerical values and A= sin(9.72><10’2 rad) _T285nm
evaluate A, for 6, = 9.72 x107 rad: B 2000cm™ B
Substitute numerical values and A= sin(1.32><10‘1 rad) _658nm
evaluate 4, for 0, = 1.32 x107* rad: B 2000cm™ B
63 -

Picture the Problem We can solve d sin & = mA for #with m = 1 to express the location
of the first-order maximum as a function of the wavelength of the light.

dsind =mAa
where d is the separation of the slits and m

The interference maxima in a
diffraction pattern are at angles &

given by: =0,1,2, ...
Solve for the angular location &, of 0. =sint m_l
the maxima : m d
Relate the number of slits N per N — 1
centimeter to the separation d of the

slits:

Substitute to obtain:

Evaluate &, for A =434 nm:

Evaluate @ for A =410 nm:

6, =sin"(mNA)

6, =sin*|15000cm*)(434 nm)|
—0.7089rad =| 40.6°

6, =sin*|[15000cm* )(410 nm))|
=0.6624rad =| 38.0°
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64 o

Picture the Problem We can use the grating equation with sind= 1 and

m =5 to find the longest wavelength that can be observed in the fifth-order spectrum
with the given grating spacing.

The interference maxima are at dsind=mA, m=123,..
angles € given by:

Solve for A: P dsinég
m
Evaluate A for sind= 1 and 1
= 5: N
m /1:2:4000cm _'500nm
5 5
65 -

Picture the Problem We can use the grating equation to find the angle at which
normally incident blue light will be diffracted by the Morpho’s wings.

The grating equation is: dsind=mA
wherem=1, 2, 3, ...

Solve for @to obtain: ] _fmi}
f=sin"|—
. d
Substitute numerical values and evaluate i
o 6 =sin™ M =130.0°
| 880nm

66 oo
Picture the Problem We can use the grating equation to find the angular separation of
the first-order spectrum of the two lines. In (b) we can apply the definition of the
resolving power of the grating to find the width of the grating that must be illuminated for
the lines to be resolved.

(a) Express the angular separation in AO =659 — 0.,
the first-order spectrum of the two
lines:

i i : . mA
Solve the grating equation for & 0= Sm_l(_j

Substitute to obtain:
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. 4| m(579nm)

A@ =sin

2000cm™

Form=1:

AQ=sin"

2000cm™

(b) Express the width of the beam
necessary for these lines to be
resolved:

Relate the resolving power of the
diffraction grating to the number of
slits N that must be illuminated in
order to resolve these wavelengths
in the mth order:

Form=1:

Substitute in equation (1) to obtain:

Letting A be the average of the two
wavelengths, substitute numerical
values and evaluate w:

*Q7 oo

(1)(579nm)

ot m(577 nm)

1

2000cm™

=|0.0231°
1
2000cm™
w = Nd (1)
i =mN
AL
N
AL
_d
AL
(578 nm) L A
" 2000cm™ B

1.45mm

Picture the Problem We can use the grating equation d sin@d=mA,m=1,2,3,... to

express the order number in terms of the slit separation d, the wavelength of the light A,

and the angle 6.

The interference maxima in the
diffraction pattern are at angles &

dsind=mA,m=1,23,...
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given by:
Solve for m: Mo dsiné
A
If one is to see the complete sin@<1and m SE
spectrum: A
Evaluate Mpay: 1 1
-1 -1
m 4800cm _ 4800cm _ 298
A 700 nm

max

Because m_, =2.98, one can see the complete spectrum only for m=1and 2.

Express the condition for overlap: mA, >m,A,

Because 700 nm < 2 x 400 nm, there is no overlap of the second - order
spectrum into the first - order spectrum; however, there is overlap of long
wavelengths in the second order with short wavelengths in the third - order
spectrum.

68 oo

Picture the Problem We can use the grating equation and the resolving power of the
grating to derive an expression for the angle at which you should look to see a
wavelength of 510 nm in the fourth order.

The interference maxima in the dsind=mA,m=1,23,.. (1)
diffraction pattern are at angles 6

given by:

The resolving power R is given by: R=mN

where N is the number of slits and m is the
order number.

Relate d to the width w of the d= w
grating: N
Substitute for N to obtain: d= mw
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Substitute for d in equation (1) to
obtain:

Solve for 4:

Substitute numerical values and
evaluate @:

69 oo

Msin d=mA
R
0= sin‘l[R—/lj
w

5¢cm

. Sin_{(22,000)(510 nm) } _

13.0°

Picture the Problem The distance on the screen to the mth bright fringe can be found
using Y,, = mAL/d ,where d is the slit separation. We can use 6, = 1/Nd = Ay/2L

to find the width of the central maximum and the R = mN, where N is the number of slits
in the grating, to find the resolution in the first order.

(a) The distance on the screen to the

mth bright fringe is given by:

Substitute numerical values to
obtain:

Evaluate y; and y,:

(b) The angle G, that locates the
first minima in the diffraction
pattern is given by:

Solve for Ay:

Substitute numerical values and
evaluate Ay:

T
" d

or, because d = n?,
Y, =mniL

y,, =m(4000cm ™ )(589nm)(L.5m)

=(0.353m)m

y, =(0.353m)(1)=| 0.353m
and
y, =(0.353m)(2)=| 0.706 m
_ ANy
min Nd - 2|_
where Ay is the width of the central
maximum.
2LA
Ay = —2
y Nd
Ay = 2(1.5m)(589nm)

(8000 Iines)(

= [88.4 um

1
4000cm™
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(c) The resolution R in the mth order R=mN

is given by:

Substitute numerical values and R = (1)(8000) —1 8000
evaluate R:

70 e

Picture the Problem The width of the grating w is the product of its number of lines N
and the separation of its slits d. Because the resolution of the grating is a function of the
average wavelength, the difference in the wavelengths, and the order number, we can
express w in terms of these quantities.

Express the width w of the grating w = Nd
as a function of the number of lines
N and the slit separation d:

The resolving power R of the R= i —mN

grating is given by: AL

Solve for N to obtain: N = A
MAA

Substitute for N in the expression W= Ad

for w to obtain: mAA

Letting A be the average of the given wavelengths, substitute numerical values and
evaluate w:

1(519.313nm +519.322 nm)(

4 -1]
8400cm™ ) _ 3230m

2(519.322nm - 519.313nm)

*71 oo

Picture the Problem We can use the expression for the resolving power of a grating to
find the resolving power of the grating capable of resolving these two isotopic lines in the
third-order spectrum. Because the total number of the slits of the grating N is related to
width w of the illuminated region and the number of lines per centimeter of the grating
and the resolving power R of the grating, we can use this relationship to find the number
of lines per centimeter of the grating
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The resolving power of a diffraction
grating is given by:

Substitute numerical values and
evaluate R:

Express n, be the number of lines
per centimeter of the grating, in
terms of the total number of slits N
of the grating and the width w of the
grating:

From equation (1) we have:

Substitute to obtain:

Substitute numerical values and
evaluate n:

72 (13

A

R=——=mN 1
2] (1)
_ 546.07532
546.07532 —546.07355|
=|3.09x10°
N
n=—
W
N=R
m
R
n=—
mw
~3.09x10°

5.15x10%*cm™

Picture the Problem We can differentiate the grating equation implicitly to obtain an
expression for the number of lines per centimeter n as a function of cos@and d&/dA. We
can use the Pythagorean identity sin?0+ cos?6 = 1 and the grating equation to write cosé
in terms of n, m, and 4. Making this substitution and approximating d@/dA by AG/AL
will yield an expression for n in terms of m, 4, A4, and Aé.

(a) The grating equation is:

Differentiate both sides of this
equation with respect to A

Because n = 1/d:

dsind=mA, m=0,1,2,... (1)

%(d sin H)=:7(mi)

or

d cosed—ezm
dA

cos 0% =nm

dA



Solve for n to obtain:

Approximate d@/dA by AG/AA:

Substitute for cosé:

From equation (1):

Substitute to obtain:

Solve for n:

Interference and Diffraction

1 do
n=-—cos@d—
m dA
n :iA—ecose
m AA
n _14A0 1-sin? @
m AA

3 (480 nm + 500 nm

2

=|6677cm™

(b) Express My, in terms of d and

Amax.

Substitute numerical values and evaluate

Mmax-

2

N 500 nm —-480nm

1205 " rad
180°
d 1
mmax = =
A nA

1
M = (6677 cm (500 nm)

=6.677x10° m™

1067
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73 e
Picture the Problem We can use the
grating equation and the geometry of the
diagram to derive an expression for the
separation Ay =y, —V; of the spectral lines
in terms of the distance L to the screen, the
wavelengths of the resolved lines, and the
number of grating slits per centimeter n.
We will assume that the angle &, is small
and then verify that this is a justified
assumption.

(a) The grating equation is:

Assuming that & << 1 and
m=2:

Substitute to obtain:

Solve fory:

Letting the numerals 1 and 2 refer to
the spectral lines, express y, — yi:

Solve for d to obtain:

The number of lines per centimeter
n is the reciprocal of d:

Substitute numerical values and
evaluate n:

To confirm our assumption that
6 <<1, solve the grating equation
for &:

dsin@d=mA, m=0,1,2,...

sing, =~ tan, =1

y

d y_ mA
L
_mLA
Y=
mL
Ay=Y,—-Y, :T(iz _/11)
mL
d= A, -
T G
n= Yo=Y
mL(/Iz _/11)
N 8.4cm
~ (2)(8m)(590nm—520nm)
=| 750cm™
6, :sin‘l[zd—’1 =sin™(2n)



Substitute numerical values and
evaluate 6:

Because & << 1:

(b) The separation of the
wavelengths is given by:

Form=1:

Ay = (1)8m)(750cm™)(590nm —520nm) =

Form=3:

Ay = (3)@m)(750cm™)(590nm —520nm) =

74 (1 1]

Picture the Problem We can differentiate the grating equation implicitly and
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6, =sin"[2(590nm)(750cm* )

=8.86x10%<<1

sing, =~ tan @, = 6, , as was assumed

above.

mL
Ay = —
y d(

4.20cm

12.6¢cm

/12 _21) = an(/lz _21)

approximate d@/dA by A@/AZ to obtain an expression A@ as a function of m, n, A4, and
cosé. We can use the Pythagorean identity sin?6+ cos’6 = 1 and the grating equation to
write cosdin terms of n, m, and A. Making these substitutions will yield the given

equation.
The grating equation is:

Differentiate both sides of this

equation with respect to A:

Because n = 1/d:

Solve for n to obtain:

Approximate d@/dA by AGIAA:

dsin@=mA, m=0,1,2,...

;—;L(d sin6)=:7(mz)
or
d cosed—g =m

dA

cos 0% =nm
dA

1 do
n=-—cosfd—
m dA
nziA—ecose
m AA

1)
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Solve for AG:

Substitute for cos@:

From equation (1):

Substitute to obtain:

AD = nmAA
cosd
AD— nMAA

\J1-sin? 6
sinQ:mT/?“: nmA

nMAA

V1-n’m?A?

AG =

Simplify by dividing the numerator and denominator by nm:

AL

AL AL

AQ = =

i 1_n2m2/12 \/:I.—nzmzﬂ,2 \/ 1 _ZZ
nm

75 00

n’m?

Picture the Problem We can use the grating equation and the geometry of the grating to
derive an expression for ¢, in terms of the order number m, the wavelength of the light A,

and the groove separation a.
(a) The grating equation is:

Because ¢ and 4 have their left and
right sides mutually perpendicular:

Substitute to obtain:

Solve for ¢y:

(b) Form = 2:

dsind=mA, m=0,1,2,.. (1)
6 = ¢,
dsing, =mAi

4, - sin”| @0

10,000cm™

=| 64.2°
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76 o00
Picture the Problem We can follow the procedure outlined in the problem statement to
obtain R = /A4 =mN.

(a) Express the relationship between ¢ Ar = 4= 27Ar

the phase difference ¢ and the path 2r A A
difference Ar:

Because Ar = dsiné: b= ZZd sing

(b_) Differentiate this expression dg _ d | 27 sing | = oS0
with respect to @to obtain: dé de| A A

Solve for d¢: 27

dg=| ——cos@do
4 A

(c) From (b): dg - 29
27d cosd
Substi in:
ubstitute 27/N for d¢ to obtain 40 - A 33-30
Nd cos &
(d) Equation 33-27 is: dsind=m4,m=0,1,2,...
Differentiate this expression i[d sin ] = i[m/%]
implicitly with respect to A to
obtain: or
d cos ed—e =m
di
S in:
olve for d@ to obtain 4o - mdA 33.31
dcosd
(e) Equate the two expressions for d@ A _ mdA
obtained in (c) and (d): Ndcosd dcosd
Solve for R = A/AA: A
R=|—=mN
di
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General Problems

*T7 e

Picture the Problem We can apply the condition for constructive interference to find the
angular position of the first maximum on the screen. Note that, due to reflection, the
wave from the image is 180° out of phase with that from the source.

(a) Because Y, << L, the distance Yo = L6, (1)
from the mirror to the first
maximum is given by:

Express the condition for dsind=(m+4)4,m=0,1,2,...
constructive interference:

Solve for 6: H:Sinl[(m+%)i}
d
i i = : . A
For the first maximum, m =0 and 9, =sin 1[(%)_}
d
Substitute in equation (1) to obtain: o = Lsin‘l[(%)i}
Because the image of the slit is as . 600 nm
. . Yo =(@m)sin?| (2)
far behind the mirror’s surface as 0 22 2mm
the slit is in front of it, d = 2 mm. 0.150
Substitute numerical values and =[ 0.150mm
evaluate yo:
(b) The separation of the fringes on Ay = AL
the screen is given by: d
The number of dark bands per = 1 d
centimeter is the reciprocal of the Ay AL
fringe separation:
Substitute numerical values and = 2mm —[333x10°m™
evaluate n: (600nm)(Lm)

78 e
Picture the Problem The light from the radio galaxy reaches the radio telescope by two

paths; one coming directly from the galaxy and the other reflected from the surface of the
lake. The latter is phase shifted 180°, relative to the former, by reflection from the surface
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of the lake. We can use the condition for constructive interference of two waves to find
the angle above the horizon at which the light from the galaxy will interfere
constructively.

Telescope

- Ap

Because the reflected light is phase Ar = (m + %),1
shifted by 180°, the condition for

e . wherem=0,1, 2, ...
constructive interference at point P

is:
Referring to the figure, note that: . . [ Ar

sSinf~— = @=sin""| —

d

Substitute for Ar to obtain: . Sin‘l[(m + %)g}
Noting that m = 0 for the first 1(20cm
interference maximum, substitute 6, = Sin‘{ 2 ( )} =5.00x103rad
numerical values and evaluate &: om

79 .

Picture the Problem We can use the
condition determining the location of
points of zero intensity in a diffraction
pattern to express the location of the first
zero in terms of y and L. The width of the
central maximum can then be found from

Ay = 2y.

Express the horizontal length of the Ay =2y 1
principal diffraction maximum on

the screen:

Referring to the diagram, relate the tan @ = Yy

angle @ to the distances y and L:
or, because 4 << 1, tand~ sind and
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sing ="

L
The points of zero intensity for a asind=mA,m=12,..
single-slit diffraction pattern are
determined by the condition:
Substitute for siné to obtain: ay _ mA

L

Solve fory: y= m AL

a
Substitute for y in equation (1): Ay = 2m AL

a

At the flrsF dlffl‘aC'[IOI']. minimum, m Ay =2(1) (700nm)(6m) _168cm
= 1. Substitute numerical values and 0.5mm
evaluate Ay:
80 -

Picture the Problem We can use the Rayleigh criterion to express « in terms of A and
the diameter of the opera glasses lens D and the geometry of the problem to relate «; to
separation y of the singer’s eyelashes and the observation distance L.

Aperture of
opera glasses

?47 L 4--|

The critical angular separation, a =1 22&
according to Rayleigh’s criterion, is: ‘ D
Given that o << 1, it is also given o ~ y

by: CL
Equating these two expressions Y_ 1 ZZi
yields: L
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Solve for D to obtain: D- 122/1_L
y
Substitute numerical values and D—122 (550nm)(25m) _336mm
evaluate D: 0.5mm
81 -

Picture the Problem The resolving power of a telescope is the ability of the instrument
to resolve two objects that are close together. Hence we can use Rayleigh’s criterion as
the resolving power of the Arecibo telescope.

Baylelgh’s criterion for resolution a =1.22

A
is: D

Substitute numerical values and _ 3.2cm
a, =122 =
evaluate o: 300m

0.130 mrad

*82 oo
Picture the Problem Note that reflection
at both surfaces involves a phase shift of 7
rad. We can apply the condition for 7 /

. . . Air
destructive interference to find the
thickness t of the nonreflective coating. f 7 Coating

A = 600 nm

Glass

The condition for destructive A
2t = (m + %)icoating = (m + %) -

interference is: Neoating
. A
Solve for t: t= (m + %) air
2r‘Icoa'[ing
=0 600 nm
Evaluate t for m = 0: t= (%) —[115nm

2(1.30)
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83 e
Picture the Problem The Fabry-Perot
interferometer is shown in the figure. For
constructive interference in the transmitted
light the path difference must be an integral
multiple of the wavelength of the light.
This path difference can be found using the
geometry of the interferometer.

Express the path difference between
the two rays that emerge from the
interferometer:

For constructive interference we
Require that:

Equate these expressions to obtain:

Solve for a to obtain:

84 oo

Picture the Problem The gaps in the
spectrum of the visible light are the result
of destructive interference between the
incident light and the reflected light.
Noting that there is a zrad phase shift at
the first air-mica interface, we can use the
condition for destructive interference to
find the index of refraction n of the mica
sheet.

Because there is a 7z rad phase shift
at the first air-mica interface, the
condition for destructive

interference is:

Solve for n:

For A =474 nm:

\\—-ﬂ— a —-_
72
Ar :ﬁ
coséd

mA = 28
cosd
a= M coséd
2
Air Mica

2t=mA_. = m@,m =1,2,3,..

mica

n

n=m-a 1
o 1)

2t = (474nm)m

/1

Air
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For A =421 nm: 2t = (421nm)(m+1)

Equate these two expressions for 2t m =8 for A=474 nm
and solve for m to obtain:

Substitute numerical values in = 474nm 158
equation (1) and evaluate n: 2(1.2um) =
85 e

Picture the Problem Note that the light
reflected at both the air-film and film-lens Air

interfaces undergoes a zrad phase shift.

We can use the condition for destructive

interference between the light reflected

from the air-film interface and the film-lens z

interface to find the thickness of the film.

In (c) we can find the factor by which light -— f ——
of the given wavelengths is reduced by this

film from | oc cos® 6.

a) Express the condition for Aai
(@) p_ . 2t:0n+%pﬂm:(m+%}iL
destructive interference between the n
light reflected from the air-film wherem=0,1, 2, ...

interface and the film-lens interface:

Solve for t: A
t=(m+35)2-
e
Evaluate t for m = 0: t:[ij 540nm _ 97 8nm
2) 2(1.38)
(b) Solve equation (1) for A 4. an
alr m +%
Evaluate A, form = 1: A = 2(97.81nm1)(1.38) —-180nm
T2

No; because 180 nm is not in the visible portion of the spectrum.

(c) Express the reduction factor f as f =cos’1s5 )

1077

Lens

M)
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a function of the phase difference 6
between the two reflected waves:

Relate the phase difference to the
path difference Ar:

Because Ar = 2t:

Substitute in equation (2) to obtain:

Evaluate f for A =400 nm:

Evaluate f for A =700 nm:

86 oo
Picture the Problem As indicated in the
problem statement, we can find the optimal
size of the pinhole by equating the angular
width of the object at the film and the
angular width of the diffraction pattern.

Express the angular width of the a
distant object at the film in terms of
the diameter D of the pinhole and
the distance L from the pinhole to
the object:

Using Rayleigh’s criterion, express
the angular width of the diffraction

f =cos?’| 127

= cos?

1:400 =

400 nm

S{zyz (1.38)(97.8 nm)}

=|0.273

. _Cosz[zn(l.ss)(gmnm)}
400 —

700 nm

=|0.124

20 = b =40 _Db
L 2L
A
O . =122—
diffraction D
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pattern:

Equate these two expressions to D —1.92 A

obtain: 2L D

Solving for D yields: D=+v2.44/L

Substitute numerical values and D= \/2.44(550 nm)(10cm)
evaluate D: _[0366mm

*87 ee

Picture the Problem We can use the geometry of the dots and the pupil of the eye and
Rayleigh’s criterion to find the greatest viewing distance that ensures that the effect will
work for all visible wavelengths.

Dots of paint

Referring to the diagram, express 0~ Q

the angle subtended by the adjacent

dots:

Letting the diameter of the pupil of a =1 221

the eye be D, apply Rayleigh’s
criterion to obtain:

Set 0= o to obtain: d_194
D=L
Solve for L: . bd
1.224
Evaluate L for the shortest L= (3mm)(2mm) _123m
wavelength light in the visible 1.22(400nm) '

portion of the spectrum:
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*88

Picture the Problem It is given that with one tube evacuated and one full of air at 1-atm

pressure, there are 198 more wavelengths of light in the tube full of air than in the
evacuated tube of the same length. We can use this condition to obtain an equation that
expresses this difference in terms of L, A,, and A,. We can obtain a second equation

. A . . .
relating Ay, n, and 4, (4, = =2 ) and solve the two equations simultaneously to find n.
n

(a) The wavelengths are related by:

The number of wavelengths in
length L is the length L divided by
the wavelength. Thus:

Substitute for Ay

Solve for A, to obtain:

Substitute numerical values and
evaluate n:

Py

" n
L L 108

n 0
Nt L _1gg

A A

g, e

n=1+1908 282" | _ 70002916

0.4m

(b) Replace 198 with 198 + 0.25 and assume that the uncertainties in L and A, are

negligible:

n:l+/1—L°(198J_rO.25):

89
Picture the Problem We can use the
condition that determines points of zero
intensity for a single slit diffraction pattern
and the geometry of the slit and screen
shown in the diagram to derive the given
width of the central maximum on the
screen.

(a) The points of zero intensity for a
single-slit diffraction pattern are
given by:

1.0002916 + 0.0000004

—| = |-—
.

\

\

Lt
=\
~ \

Screen —

asin@d=mAm=123,.. 1)



Relate the half-width y of the
diffraction pattern to ¢ and L.:

Because #is very small,
tand ~ singdand:

Substitute for sin@ in equation (1)
to obtain:

Solve fory:

The width of the central maximum
(m=1)is:

(b) Set a = % and simplify to

obtain:
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tan@ ==

i<

sinezl
L

2AL

2L
T2LA
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