DIFFRACTION

36.1.

36.2.

36.3.

36.4.

36.5.

IDENTIFY: Use y=xtan@ to calculate the angular position € of the first minimum. The minima are located by
Eq.(36.2): sinf = m—/1, m==1, £2,... First minimum means m=1 and sind, =A/a and A=asiné,. Use this
a

equation to calculate A.
SET UP: The central maximum is sketched in Figure 36.1.

EXECUTE: y, =xtan6),
tan g, = RiN

T y= 1.35mm .
L35X107 m _ ) 6255107

2.00 m
6,=0.675x107 rad
X
Figure 36.1

A=asing =(0.750x10"° m)sin(0.675x10~ rad) = 506 nm

EVALUATE: 6, is small so the approximation used to obtain Eq.(36.3) is valid and this equation could have been
used.

. mA
IDENTIFY: The angle is small, so y, =x—.
a

SETUpP: y =10.2 mm

xA - aﬁ _ (0.600 m)(5.46x107" m)
a Y 10.2x107° m

EVALUATE: The diffraction pattern is observed at a distance of 60.0 cm from the slit.

=3.21x10"° m.

EXECUTE: y =

IDENTIFY: The dark fringes are located at angles € that satisfy sin@ = m—/l, m==%1, £2, ...
a

SETUP: The largest value of [siné)| is 1.00.

: ) 10~
EXECUTE: (a) Solve for m that corresponds to sin@=1: m= 2= 0.0666x10 " m =113.8. The largest value m

A 585%x10”° m
can haveis 113. m==x1, £2, ..., £113 gives 226 dark fringes.

585%10”° m
0.0666x107° m

EVALUATE: When the slit width a is decreased, there are fewer dark fringes. When a < 4 there are no dark
fringes and the central maximum completely fills the screen.

(b) For m==113, sin¢9=i113[ ]:i0.9926 and 6 =183.0°.

. . . mi . .
IDENTIFY and SET UP:  A/a is very small, so the approximate expression y, = R— is accurate. The distance
a

between the two dark fringes on either side of the central maximum is 2y, .
_ AR (633x10”° m)(3.50 m)
T4 0750107 m

EVALUATE: When a is decreased, the width 2y, of the central maximum increases.

EXECUTE:

=2.95x10"° m=2.95 mm. 2y, =5.90 mm.

.. . mA
IDENTIFY: The minima are located by sinf =—
a

SETUP: a=12.0cm. x=40.0 cm.

36-1



36-2

Chapter 36

36.6.

36.7.

36.8.

36.9.

9.00 cm
12.00 cm
So the distance from the central maximum to the first minimum is just y, =xtan 8 =
(40.0 cm)tan(48.6°) =145.4 cm.

EVALUATE: 2A/a is greater than 1, so only the m =1 minimum is seen.
IDENTIFY: The angle that locates the first diffraction minimum on one side of the central maximum is given by

. . . . (A .
EXECUTE: The angle to the first minimum is € = arcsin (— = arcsin
a

] =48.6°.

sin@ = i The time between crests is the period 7. f = % and A= ? .
a

SET UP: The time between crests is the period,so T=1.0h.
1 v _ 800 km/h

EXECUTE: (a)lez—:l.Oh". A=—=————=800km.
T 10h f 1.0h

(b) Africa-Antarctica: sin@ = M and 6=10.2°.
4500 km

Australia-Antarctica: sin@ = M and 9=12.5°.
3700 km

EVALUATE: Diffraction effects are observed when the wavelength is about the same order of magnitude as the
dimensions of the opening through which the wave passes.

IDENTIFY: We can model the hole in the concrete barrier as a single slit that will produce a single-slit diffraction
pattern of the water waves on the shore.

SET UP:  For single-slit diffraction, the angles at which destructive interference occurs are given by siné), = mA/a,
wherem=1,2,3, ....

EXECUTE: (a) The frequency of the water waves is f=75.0 min~' =1.25 s~ =1.25 Hz, so their wavelength is A = v/f =
(15.0 cr/s)/(1.25 Hz) = 12.0 cm.

At the first point for which destructive interference occurs, we have

tan 6= (0.613 m)/(3.20 m) = 6= 10.84°. a sin 8= A and

a = A/sin 6= (12.0 cm)/(sin 10.84°) = 63.8 cm.
(b) First find the angles at which destructive interference occurs.
sin & =2A/a =2(12.0 cm)/(63.8 cm) — 6, = +22.1°
sin & =3A/a =3(12.0 cm)/(63.8 cm) — 6; = +34.3°
sin 6, = 4A/a = 4(12.0 cm)/(63.8 cm) — 6, = +48.8°
sin 6 =5A/a =5(12.0 cm)/(63.8 cm) — 6 = £70.1°
EVALUATE: These are large angles, so we cannot use the approximation that 6, =~ mA/a.

IDENTIFY: The minima are located by sin8 = M . For part (b) apply Eq.(36.7).
a

SETUP: For the first minimum, m =1. The intensity at 8 =0is 1.

EXECUTE: (a) sind="% —§in90.0°=1="% -2 Thus a=1=580 nm=>5.80x10~ mm.
a a a

(b) According to Eq.(36.7),

1 _ [sin[za(sing)/A]|" _[sin[z(sinz/4)] 2_0128
I, | maGsing)/A | | zGinz/a)y [T

0

sin[(iz/Z)(siniz/4)
(m/2)(sinz/4)

2
1
EVALUATE: If a=A/2, for example, then at 6 =45°, m = { ]} =0.81. As a/ Adecreases,
0

the screen becomes more uniformly illuminated.
IDENTIFY and SET UP: v = fA gives A. The person hears no sound at angles corresponding to diffraction

minima. The diffraction minima are located by sin@ =mA/a, m==%1, £2,... Solve for 6.

EXECUTE: A=v/f =344 m/s)/(1250 Hz)=0.2752 m; a=1.00 m. m=%1, 8 =%16.0°%;, m =22,

6 =133.4° m =23, §=255.6° no solution for larger m

EVALUATE: A/a=0.28 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 A/a<<1.
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36.10.

36.11.

36.12.

36.13.

IDENTIFY: Compare E, to the expression E =E,_, sin(kx—at) and determine k, and from that calculate A.

f =c/ A. The dark bands are located by sin8 = m—/l
a

SETUP: ¢=3.00x10° m/s. The first dark band corresponds to m=1.
. 2 2r 2 -
EXECUTE: (a) E=E , sin(kx—ax). k=—=>A=—=———-—-=524x10"m.
A k 1.20x10'm
8
fAl=c=f =£:M:5.73x10” Hz.
A 524x107'm

A _5.24><10'7 m
sin@ sin 28.6°

(©) asin@=mA(m=1, 2, 3, ...). sin6, :ﬁ%:ﬁ% and 6, =+74°.
. X m

=1.09%10"° m.

(b) asinf=4. a=

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

IDENTIFY and SET UP:  sin@ = A/a locates the first minimum. y = xtané.

EXECUTE: tané = y/x=(36.5cm)/(40.0 cm) and 6 = 42.38°.

a = A/sinf = (620x107° m)/(sin 42.38°) = 0.920 #m

EVALUATE: 6=0.74 rad and sin8 =0.67, so the approximation siné = 8 would not be accurate.

IDENTIFY: The angle is small, so y, = xm—;t applies.
a

SETUP: The width of the central maximum is 2y, so y, =3.00 mm.

-7
EXECUTE: (a) ylzﬁja:ﬁ:(ZSOm)(S.OOle m):4.17><10*‘ m.
a Y 3.00x10"m
-5
(b) a= A ZS0MEO0XI0TM) _ 150102 g0 em,
» 3.00x10™ m
-10
(© a=t 20 m)(s.ooilo ™ _ 417x107 m.
" 3.00x10° m

EVALUATE: The ratio a/A stays constant, so a is smaller when A is smaller.

IDENTIFY: Calculate the angular positions of the minima and use y = xtan@ to calculate the distance on the
screen between them.

(a) SET UP: The central bright fringe is shown in Figure 36.13a.

EXECUTE: The first

minimum is located by

T sing, =—=
|, — a
w —2y1 B
633%x10”° m
0.350%10° m
6,=1.809x10" rad

=1.809%107

Figure 36.13a
y, = xtan 6, = (3.00 m)tan(1.809x 10~ rad)=5.427x10" m
w=2y, =2(5427x10" m)=1.09x10 m=10.9 mm
(b) SET UP: The first bright fringe on one side of the central maximum is shown in Figure 36.13b.
EXECUTE: w=y,—y,

y, =5.427x107 m (part (a))
sin 6, _ 2 _3618%10°
a

0,=3.618x10"" rad
y,=xtand, =1.085x10 m

Figure 36.13b
w=y,—y =1.085x10" m-5.427x10" m =5.4 mm
EVALUATE: The central bright fringe is twice as wide as the other bright fringes.
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. 2
36.14. IDENTIFY: [=]; (%j . B= 2T”czsin@ .
SET UP: The angle 6 is small, so sinf =tanf = y/x.
—4
EXECUTE:  fi= 2 ing~ 200y o ZAES0A0 M) | 550 1),
A A x (620107 m)(3.00 m)
-1 -3
(@) y=1.00x10"m: 2 = 1320m )A00x107m) _ ;4
2 2
. 2 . 2
e, sin(3/2) ) _ Io(sm(0.760)) _0.8221,
£/2 0.760
-1 -3
(b) y=3.00x10"m: 2 = 1320m )G00x107m) _, ¢
2 2
. 2 . 2
=g [ SNB2) _ Io(sm(2.28)) =0.1111,.
B2 2.28
-1 -3
(© y=5.00x10"m: B - 1520m IG.00x107m) _, o
2 2
. 2 . 2
SO IO(S‘“G'SO)j =0.02591,.
£/2 3.80
7
EVALUATE: The first minimum occurs at y, = & = (6.20x10 m}£3.00 m) =4.1 mm . The distances in parts (a)
a 450107 m
and (b) are within the central maximum. y=5.00 mm is within the first secondary maximum.
36.15. (a) IDENTIFY: Use Eq.(36.2) with m =1 to locate the angular position of the first minimum and then use

y=xtan@ to find its distance from the center of the screen.
SET UP: The diffraction pattern is sketched in Figure 36.15.

sinf, =—=
a

540%10™° m
0.240x10™ m
6,=2.25x10" rad

=2.25%10""

Figure 36.15

y, = xtan 6, = (3.00 m)tan(2.25x10 rad) =6.75x10~ m =6.75 mm

(b) IDENTIFY and SET UP: Use Eqs.(36.5) and (36.6) to calculate the intensity at this point.
EXECUTE: Midway between the center of the central maximum and the first minimum implies

y= %(6.75 mm) =3.375x10~ m.

—3
tam9:X=w=l-125><10’3; 6=1.125x107 rad

x 3.00 m
The phase angle £ at this point on the screen is
2r

B= (2—”)asin9 = —J)(O.240X10’3 m)sin(1.125x107 rad) = 7.
A 54010~ m

Then 1:10[&;?2/2

? inz/2)
] = (6.00x10° W/mz)(%]

/2
I :(izj(&OOxlO“’ W/m?) =2.43x10"° W/m?.
V4

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 35.23.



Diffraction 36-5

36.16.

36.17.

36.18.

IDENTIFY: In the single-slit diffraction pattern, the intensity is a maximum at the center and zero at the dark
spots. At other points, it depends on the angle at which one is observing the light.

SET UP: Dark fringes occur when sin 8, = mA/a, where m = 1, 2, 3, ..., and the intensity is given by
. 2 .

I, sinp/2 , where /3/2:”asme.
B2 A

EXECUTE: (a) At the maximum possible angle, 8= 90°, so
Mpax = (asin90°)/A4 = (0.0250 mm)/(632.8 nm) = 39.5

Since m must be an integer and sin &must be < 1, m,, = 39. The total number of dark fringes is 39 on each side of
the central maximum for a total of 78.
(b) The farthest dark fringe is for m = 39, giving

sin@y = (39)(632.8 nm)/(0.0250 mm) = 649 = +80.8°

(c) The next closer dark fringe occurs at sinf;g = (38)(632.8 nm)/(0.0250 mm) =65 = 74.1°.
The angle midway these two extreme fringes is (80.8° + 74.1°)/2 = 77.45°, and the intensity at this angle is ] =

. 2 . . o
1, sin /2 _where /2= zasin@ _ 7£(0.0250 mm) sin(77.45°)
B2 A 632.8nm

gives I =(8.50 W/mz){

=121.15 rad, which

sin(121.15rad)
121.15rad

EVALUATE: At the angle in part (c), the intensity is so low that the light would be barely perceptible.
IDENTIFY and SET Up:  Use Eq.(36.6) to calculate A and use Eq.(36.5) to calculate I. € =3.25°,

B =56.0rad, a=0.105x10"° m.

2
} =5.55x 10 W/m*

(a) EXECUTE: S = (%”]asine )

_ 2zasin® _ 27(0.105%10”° m)sin3.25°

A =668 nm
B 56.0 rad
_(sinpr2Y _ (4 . . . . .
(b) I= IO(—,B/2 ] IO[ﬁz j(sm(ﬁ/Z)) 1, —(56.0 rad)’ [sin(28.0 rad)]” =9.36 %1071,

EVALUATE: At the first minimum f =27 rad and at the point considered in the problem S =17.87 rad, so the
point is well outside the central maximum. Since /3 is close to mz with m =18, this point is near one of the
minima. The intensity here is much less than /).

IDENTIFY: Use S =2—§asin9 to calculate /3 .

SETUP: The total intensity is given by drawing an arc of a circle that has length E; and finding the length of the
chord which connects the starting and ending points of the curve.

E 2
EXECUTE: (a) f= ﬁsinﬁ _2ra A 7. From Figure 36.18a, 7—>=E, = E, =—E,).
A A 2a 2 V4
2Y 4
The intensity is 1 = (—j I, =—>=0.405I,. This agrees with Eq.(36.5).
T V3
27a . 27a A . . . . . . .
b) f= Tsm 0= 4 =27m. From Figure 36.18b, it is clear that the total amplitude is zero, as is the intensity.
a
This also agrees with Eq.(36.5).
E 2
(©pf= %sin& = @2—1 =37z. From Figure 36.18c, 371'7” =E,=>E, = 3—E0. The intensity is
a T

2
1 :(ij I,= izlo. This agrees with Eq.(36.5).
3z o
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36.19.

36.20.

EVALUATE: In part (a) the point is midway between the center of the central maximum and the first minimum.
In part (b) the point is at the first maximum and in (c) the point is approximately at the location of the first
secondary maximum. The phasor diagrams help illustrate the rapid decrease in intensity at successive maxima.

[ S

@) () ©
Figure 36.18

IDENTIFY: The space between the skyscrapers behaves like a single slit and diffracts the radio waves.

SETUP: Cancellation of the waves occurs when a sin 8=mA, m =1, 2, 3, ..., and the intensity of the waves is
. 2 .

given by I, sin /2 , where f/2= zasing .
B2 A

EXECUTE: (a) First find the wavelength of the waves:
A=c/f=(3.00 x 10° m/s)/(88.9 MHz) = 3.375 m

For no signal, a sin 8= mA.

m = 1:sin 6, = (1)(3.375 m)/(15.0 m) = 6, = +13.0°

m = 2:sin 6 =(2)(3.375 m)/(15.0 m) = 6, = +26.7°

m = 3:sin 6= (3)(3.375 m)/(15.0 m) = 6= +42.4°

m = 4:sin 6,=(4)(3.375 m)/(15.0 m) = 6,= +64.1°

. 2 . . o
®) I, sin /2 . where /2= masin@ _ 7(15.0m)sin(5.00°) 1217 rad
B2 2 3.375m
. 2
1=(3.50 W/mz){M} =2.08 W/m’
1.217 rad

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.

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

. 2
SETUP: The double-slit factor is I, =1, [cos2 %J and the single-slit factor is I = (%J .
EXECUTE: (a)d sinf=mA = sin@= mA/d.
sin@, = A/d, sin@, = 2A/d, sin6; = 34/d, sin6, = 44/d
(b) At the interference bright fringes, cos’@2 = 1 and /2 = ra jné’ = ”(d/i) sin6 .
At 6, sin 6, = A/d,so f/2= M = /3. The intensity is therefore
inB/2Y inz/3Y
[1 :Io(COSZQ\J s = 10(1)[81117[ j =0.684 Iy
2 B2 zl3
At 6, sin 6, =24/d, so f/2= w =2m/3 . Using the same procedure as for 6, we have I, =

sin27z/3
I (D ————
oo( 12

At 6, we get /2=, which gives I; = 0 since sin 7t = 0.

2
] =0.171 I,

sindx/3
4z /3

(c) Since d = 3a, every third interference maximum is missing.
(d) In Figure 36.12c in the textbook, every fourth interference maximum at the sides is missing because d = 4a.

2
At 6, sin 6,=4Md, so f/2=4x/3, which gives I, = IO( ] =0.0427 I,
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36.21.

36.22.

36.23.

36.24.

EVALUATE: The result in this problem is different from that in Figure 36.12c because in this case d = 3a, 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 because the first diffraction minimum is reached sooner, and the decrease
in intensity from one interference maximum to the next is faster for a = d/3 than for a = d/4.

(a) IDENTIFY and SET UP: The interference fringes (maxima) are located by dsin@=mA, with

2
. N . . . i 2 . 2 .
m=0, £1, £2, .... The intensity / in the diffraction pattern is given by I = 10(81215 2/ j , with = (%)asm .

We want m =23 in the first equation to give & that makes I =0 in the second equation.
. . 2
EXECUTE: dsin@=mA gives f= (%)a(%} =273ald).

I =0 says sinfr2

=0 so f=2x andthen 27 =27 (3a/d) and (d/a)=3.

(b) IDENTIFY and SET UP:  Fringes m=0, 1, £2 are within the central diffraction maximum and the m =13
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 f=47.

2z o (27m) (md)_ _
ﬂ—(7jasm9—( 7 ]a( y J—Zizm(a/d)—er(mB)

Then B =4x says 47 =2x(m/3) and m=6. Therefore the m =24 and m=+5 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.
IDENTIFY and SET Up: Use Figure 36.14b in the textbook. There is totally destructive interference between slits
whose phasors are in opposite directions.
EXECUTE: By examining the diagram, we see that every fourth slit cancels each other.
EVALUATE: The total electric field is zero so the phasor diagram corresponds to a point of zero intensity. The
first two maxima are at ¢ =0 and ¢ =7, so this point is not midway between two maxima.
(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
dsin@=mA so sin@=mA/d. Solve for 6.

A 580x10° m

EXECUTE: 1st order maximum: m =1, so sinf=—=—+———"—=1.094X 107; 6=0.0627°
d 0530x10” m

. 2 _
2nd order maximum: m =2, so s1n9:7/1:2.188><10 3 0=0.125°

sin /2
B2

2
(b) IDENTIFY and SET UP:  The intensity is given by Eq.(36.12): I =1,cos*(¢/ 2)( j . Calculate ¢ and

B ateach 6 from part (a).

EXECUTE: ¢= (%)sin& = (%)(%ﬂj =27mm, so cos’(¢/2)=cos’(mm)=1

(Since the angular positions in part (a) correspond to interference maxima.)
A= (L;nljsinﬂ - (@)(%’Ij = 2am(ald) = mzﬂ(mj = m(3.794 rad)

A 0.530 mm
. 2
Ist order maximum: m=1, so [ =1,(1) sin@.79472) rad | _ 0.2491,
(3.794/2) rad
. 2
2nd order maximum: m=2, so I = Io(l)(M] =0.02561,
3.794 rad

EVALUATE: The first diffraction minimum is at an angle @ given by sin@=A4/a so 6 =0.104°. 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 /.

IDENTIFY: A double-slit bright fringe is missing when it occurs at the same angle as a double-slit dark fringe.
SET UpP:  Single-slit diffraction dark fringes occur when a sin 6 = mA, and double-slit interference bright fringes
occur when d sin 8= m’ L.
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36.25.

36.26.

36.27.

EXECUTE: (a) The angles are the same for cancellation, so dividing the equations gives

dla=m'Im= m'Iim=7T= m =Tm
Whenm =1, m" =7, whenm =2, m" =14, and so forth, so every 70 bright fringe is missing from the double-slit
interference pattern.
EVALUATE: (b) The result is independent of the wavelength, so every 7" fringe will be cancelled for all
wavelengths. But the bright interference fringes occur when d sin 8 = mA, so the location of the cancelled fringes
does depend on the wavelength.
IDENTIFY and SET UP: The phasor diagrams are similar to those in Fig.36.14. An interference minimum occurs
when the phasors add to zero.
EXECUTE: (a) The phasor diagram is given in Figure 36.25a

3
4l‘ AZ ® I
=
1@
Figure 36.25a

There is destructive interference between the light through slits 1 and 3 and between 2 and 4.
(b) The phasor diagram is given in Figure 36.25b.

D E—

3 e—>, ¢-7
1—>2
Figure 36.25b

There is destructive interference between the light through slits 1 and 2 and between 3 and 4.
(c¢) The phasor diagram is given in Figure 36.25c.

1
— >
4T /2 ¢ =32
<« A 4
3
Figure 36.25¢

There is destructive interference between light through slits 1 and 3 and between 2 and 4.

EVALUATE: Maxima occur when ¢ =0, 27, 47, etc. Our diagrams show that there are three minima between
the maxima at ¢ =0 and ¢ =2x. This agrees with the general result that for N slits there are N —1 minima
between each pair of principal maxima.

IDENTIFY: A double-slit bright fringe is missing when it occurs at the same angle as a double-slit dark fringe.
SETUP:  Single-slit diffraction dark fringes occur when a sin € = mA, and double-slit interference bright fringes
occur when d sin 8= m’ A.

EXECUTE: (a) The angle at which the first bright fringe occurs is given by

tan 6, = (1.53 mm)/(2500 mm) = 6, = 0.03507°. d sin 6, = A and

d = A(sin6)) = (632.8 nm)/sin(0.03507°) = 0.00103 m = 1.03 mm

(b) The 7" double-slit interference bright fringe is just cancelled by the 1* diffraction dark fringe, so sin8y; = Va
and Sin@. = 7TA/d

The angles are equal, so Va = 7TA/d — a = d/7 = (1.03 mm)/7 = 0.148 mm.

EVALUATE: We can generalize that if d = na, where n is a positive integer, then every n” double-slit bright fringe
will be missing in the pattern.

m,A . .
4~ and the two-slit interference maxima are located

IDENTIFY: The diffraction minima are located by siné =
a

by sinf = mT;L 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.

3cm

90 cm
A 500 nm

sin@  sinl.91°

34 3(500 nm)

Double-slit bright fringe: dsin@ =34 and d = ——="""——2=4.50x10" nm =45.0 ym (separation) .
sinf  sinl.91°

SET UP: The pattern is sketched in Figure 36.27. tan8 =

,s0 8=191°.

EXECUTE: Single-slit dark spot: asin@=4 and a= =1.50x10* nm =15.0 gm (width)
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36.28.

36.29.

36.30.

36.31.

36.32.

EVALUATE: Note that d/a=3.0.
Missing

e o e o %03 CHl.%i e o

90cm
~

/
6/

a a

ld—>|
Figure 36.27

IDENTIFY: The maxima are located by dsin@=mA .
SET UP: The order corresponds to the values of m.
EXECUTE: First-order: dsing, = 4. Fourth-order: dsiné, =44 .

dLM = ﬂ, sin@, =4sin 6 =4sin8.94° and 6, =38.4°.

dsing, A

EVALUATE: We did not have to solve for d.

IDENTIFY and SET Up:  The bright bands are at angles 6 given by dsiné=mA. Solve for d and then solve for &
for the specified order.

EXECUTE: (a) 6=78.4° for m=3and A=681nm, so d =mA/sin@=2.086x10"* cm

The number of slits per cmis 1/d = 4790 slits/cm

(b) Istorder: m=1, so sin@=A4/d =(681x10~ m)/(2.086x10° m) and #=19.1°

2nd order: m=2, so sin@=2A/d and 6=40.8°

(c) For m=4, sinf@=4A4/d 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.
IDENTIFY: The bright spots are located by dsinf =mA .

SET UP: Third-order means m =3 and second-order means m=2.

mA mA,  mA
EXECUTE: ——=d =constant, so ——=—""_
sin@ sin@,  sin@,
sing, =sin@| ™ || 2 | = sin6s.00)( 2 [ 2290M) _ 345 and 6, =20.2°.
A 3 JL700 nm

EVALUATE: The third-order line for a particular A occurs at a larger angle than the second-order line. In a given
order, the line for violet light (400 nm) occurs at a smaller angle than the line for red light (700 nm).

IDENTIFY and SET UP:  Calculate d for the grating. Use Eq.(36.13) to calculate & for the longest wavelength in
the visible spectrum and verify that € is small. Then use Eq.(36.3) to relate the linear separation of lines on the
screen to the difference in wavelength.

EXECUTE: (a) al:(L em=1.111x10" m
900

For A =700 nm, A/d =6.3x107% The first-order lines are located at sin@ =A/d; sin® is small enough for
sin@ = @ to be an excellent approximation.
(b) y=xA/d, where x=2.50 m.

The distance on the screen between 1st order bright bands for two different wavelengths is Ay = x(A4)/d, so
Al=d(Ay)/x=(1.111x10" m)(3.00x107 m)/(2.50 m)=13.3 nm
EVALUATE: The smaller d is (greater number of lines per cm) the smaller the AA that can be measured.
IDENTIFY: The maxima are located by dsind=mA .

1

—————=286x10°m
3.50x10° m

SETUP: 350 slits/mm = d =
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-7
EXECUTE: m=1: 6,, =arcsin (gj = arcsin(‘“)o>< 10 m] =8.05".

2.86x10° m

-7
.00 = arcsin[gj = arcsin[w] =14.18°. A6, =14.18°-8.05°=6.13°.

2.86x10° m
-7
m=3: 6,, =arcsin 3 = arcsin w =24.8°.
d 2.86x10" m

-7
6,,, = arcsin 34 = arcsin w =47.3°. A6, =473°-24.8°=22.5°.
d 2.86x10" m

EVALUATE: A@ is larger in third order.

36.33. IDENTIFY: The maxima are located by dsin@=mA .
SETUP: d=1.60x10"° m

m[6.328x107" m]

. (mA .
EXECUTE: @ =arcsin (—) =arcsin <
d 1.60x10™° m

]: arcsin([0.396]m) . For m=1, 6, =23.3°. For

m=2,6,= 52.3° . There are no other maxima.

EVALUATE: The reflective surface produces the same interference pattern as a grating with slit separation d.
36.34. IDENTIFY: The maxima are located by dsin@=mA.

SETUP: 5000 slits/cm = d = % =2.00x107° m.
5.00x10° m
. —6 . °
EXECUTE: (a) A= dsin@ _ (2.00x10 1m)s1nl3>.5 — 467107 m.
-7
(b) m=2: 6= arcsin(m—/lj = arcsin w =27.8".
d 2.00x10™ m
EVALUATE: Since the angles are fairly small, the second-order deviation is approximately twice the first-order
deviation.
36.35. IDENTIFY: The maxima are located by dsin@=mA .
SETUP: 350 slits/mm = d = % =2.86x10"° m
3.50x10° m
20x107
EXECUTE: @ =arcsin (m—/i) =arcsin M(lm) =arcsin((0.182)m) .
d 2.86x10"° m

m=1: §=10.5°% m=2: 6=213°% m=3: §=33.1°
EVALUATE: The angles are not precisely proportional to m, and deviate more from being proportional as the
angles increase.

36.36. IDENTIFY: The resolution is described by R = A_ﬂ/l = Nm . Maxima are located by dsinf =mA .

SETUP:  For 500 slits/mm, d = (500 slits/mm)~" = (500,000 slits/m)™" .

A 6.5645x10"m

- — 1820 slits.
mAA 2(6.5645%107 m—6.5627x10 "7 m) .

EXECUTE: (a) N =

(b) @=sin"' [%ﬂ] = 6, =sin"'((2)(6.5645%x 107" m)(500,000 m™")) = 41.0297° and

0, =sin™'((2)(6.5627 x1077 m)(500,000 m™)) =41.0160°. A& =0.0137°
EVALUATE: dcos@ df=A4/N , so for 1820 slits the angular interval A& between each of these maxima and the
A 6.56x107 m

Ndcos@ (1820)(2.0x10°° m)cos41°
separation of the maxima for the two wavelengths and 1820 slits is just sufficient to resolve these two wavelengths
in second order.

36.37. IDENTIFY: The resolving power depends on the line density and the width of the grating.
SET UP: The resolving power is given by R = Nm = = /AL

EXECUTE: (a) R = Nm = (5000 lines/cm)(3.50 cm)(1) = 17,500
(b) The resolving power needed to resolve the sodium doublet is

R = V/AA = (589 nm)/(589.59 nm — 589.00 nm) = 998

first adjacent minimum is A@ = =0.0137". This is the same as the angular
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so this grating can easily resolve the doublet.
(¢) ) R = A/AA. Since R=17,500 when m =1, R =2 x 17,500 = 35,000 for m = 2. Therefore

AA = /R = (587.8 nm)/35,000 = 0.0168 nm

Amin = A +AA=587.8002 nm + 0.0168 nm = 587.8170 nm
(i) A =1-AA1=587.8002 nm—0.0168 nm =587.7834 nm

‘max

EVALUATE: (iii) Therefore the range of resolvable wavelengths is 587.7834 nm < A < 587.8170 nm.

36.38. IDENTIFY and SET UP: ﬁ =Nm

A 587.8002 nm _587.8002 N 3302 slits

EXECUTE: N = = = =3302 slits. =2752
mAA  (587.9782 nm —587.8002 nm) 0.178

120cm  1.20cm cm
EVALUATE: A smaller number of slits would be needed to resolve these two lines in higher order.
36.39. IDENTIFY and SET UP: The maxima occur at angles € given by Eq.(36.16), 2dsin@ =mA, where d is the
spacing between adjacent atomic planes. Solve for d.
EXECUTE: second order says m=2.
_ mA _2(0.0850x10"" m)
2sin@  2sin21.5°
EVALUATE: Our result is similar to d calculated in Example 36.5.
36.40. IDENTIFY: The maxima are given by 2dsin@=mA, m=1,2, ...
SETUP: d=3.50x10""m.
2dsin@

m

=2.32x10"" m=0.232 nm

EXECUTE: (a) m=1land A= =2(3.50x107"" m)sin15.0°=1.81x107"" m=0.181 nm . This is an x ray.

2d [3.50x107"° m]

doesn't have any solutions for m > 3.
EVALUATE: In this problem A/d =0.52.

—10
(b) sinﬁzm(i):m(W]zm(O.ZS%). m=2:0=31.1°. m=3: 6=50.9°. The equation

36.41. IDENTIFY: Rayleigh's criterion says sind = 1.22%

SET UP: The best resolution is 0.3 arcseconds, which is about (8.33x107°)° .

1224 1.22(5.5x10" m) _
sin@  sin(8.33x107°)
EVALUATE: (b) The Keck telescopes are able to gather more light than the Hale telescope, and
hence they can detect fainter objects. However, their larger size does not allow them to have greater
resolution—atmospheric conditions limit the resolution.

EXECUTE: (a) D= 0.46 m

36.42. IDENTIFY: Apply sin6 :1.22%.

SETUp:  6=(1/60)°

1224 1.22(5.5x107" m)
sind  sin(1/60)
EVALUATE: The larger the diameter the smaller the angle that can be resolved.

EXECUTE: D= =231x10" m=2.3mm

36.43. IDENTIFY: Apply sinf= 1.22%.

SET UP: 9:%, where W =28 km and 4 =1200 km. @is small, so sin@=8.

1.224

sin@

6
—12045 —122(0.036 m)w ~1.88m
w 2.8x10° m

EVALUATE: D must be significantly larger than the wavelength, so a much larger diameter is needed for
microwaves than for visible wavelengths.

EXECUTE: D=

36.44. IDENTIFY: Apply sin9:1.22%.

SETUP: @issmall, so sin@~6=1.00x10" rad.

Dsind DO _ (8.00x10° m)(1.00x10™)
122 122 1.22

EVALUATE: A corresponds to microwaves.

EXECUTE: A= =0.0656 m = 6.56 cm
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36.45.

36.46.

36.47.

36.48.

36.49.

36.50.

IDENTIFY and SET UP:  The angular size of the first dark ring is given by sin6, =1.224/D (Eq.36.17). Calculate

6,, and then the diameter of the ring on the screen is 2(4.5 m)tan6,.

620x10”° m
7.4x10° m

The radius of the Airy disk (central bright spot) is 7= (4.5 m)tan 8, =0.462 m. The diameter is
2r=0.92 m=92 cm.
EVALUATE: A/D =0.084. For this small D the central diffraction maximum is broad.
IDENTIFY: Rayleigh’s criterion limits the angular resolution.
SETUP: Rayleigh’s criterion is sin 8= 6= 1.22 A/D.
EXECUTE: (a) Using Rayleigh’s criterion

sin@~ 6= 1.22 A/D = (1.22)(550 nm)/(135/4 mm) = 1.99 x 10~ rad
On the bear this angle subtends a distance x. 8 = x/R and

x=R6O =(11.5m)(1.99 x 107 rad) = 2.29 x 10~ m = 0.23 mm

(b) At 122, D is 4/22 times as large as at f/4. Since @is proportional to 1/D, and x is proportional to 6, x is
1/(4/22) = 22/4 times as large as it was at f/4. x = (0.229 mm)(22/4) = 1.3 mm
EVALUATE: A wide-angle lens, such as one having a focal length of 28 mm, would have a much smaller opening
at f/22 and hence would have an even less resolving ability.
IDENTIFY and SET UP: Resolved by Rayleigh’s criterion means angular separation & of the objects equals
1.224/D. The angular separation € of the objects is their linear separation divided by their distance from the
telescope.

EXECUTE: sin6, = 1.22( ] =0.1022; 6,=0.1024 rad

250%10° m " . . . 7
EXECUTE: 6= —_— where 5.93x10"" m is the distance from earth to Jupiter. Thus € =4.216x10"".
5.93x10" m
A 1.224 1.22(500x107° m)

=145m

Then #=1.22— and D= -
D o 4.216x10°

EVALUATE: This is a very large telescope mirror. The greater the angular resolution the greater the diameter the
lens or mirror must be.

Tes

IDENTIFY: Rayleigh’s criterion says 6, = 1.22% .

SETUP: D=720cm. 6 = 2 , where s is the distance of the object from the lens and y =4.00 mm .
s

-3 —2

Exgcute: 2 :1.221 . D _ (4.00x10 m)(7.2(())><10 m)

s D 1.224 1.22(550x10™ m)
EVALUATE: The focal length of the lens doesn’t enter into the calculation. In practice, it is difficult to achieve
resolution that is at the diffraction limit.
IDENTIFY and SET UP: Let y be the separation between the two points being resolved and let s be their distance
from the telescope. Then the limit of resolution corresponds to 1.22% =2,
S

EXECUTE: (a) Let the two points being resolved be the opposite edges of the crater, so y is the diameter of the
crater. For the moon, s =3.8x10° m. y=1.224s/D.

=429 m.

Hubble: D =2.4 mand A=400nm gives the maximum resolution, so y =77 m

Arecibo: D=305mand A=0.75m; y:l.l><106 m

(b) s= % Let y =0.30 (the size of a license plate). s=(0.30m)(2.4 rn)/[(l.22)(400><10’9 m)] =1500 km.

EVALUATE: D/ A is much larger for the optical telescope and it has a much larger resolution even though the
diameter of the radio telescope is much larger.

IDENTIFY: Apply sinf = 1.22%.

SETUP: @is small, so sin@ =@ . Smallest resolving angle is for short-wavelength light (400 nm).

-9 .
EXECUTE: az1.2zi=(1.22)w=9.61x10-8 rad, 9= 10:000mi e Ris the distance to the star.
D 5.08m
o2 10.000mi _ 16,000km _

6  9.6x10™rad
EVALUATE: This is less than a light year, so there are no stars this close.
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36.51.

36.52.

36.53.

IDENTIFY: Let y be the separation between the two points being resolved and let s be their distance from the
telescope. The limit of resolution corresponds to 1.22 /D =y/s .

SETUP: 5=4.281y =4.05x10"° m . Assume visible light, with 4 =400m .
EXECUTE: y=1224s/D=1.22(400x10" m)(4.05x10' m/(10.0 m) = 2.0x10° m
EVALUATE: The diameter of Jupiter is 1.38%x10® m, so the resolution is insufficient, by about one order of
magnitude.
IDENTIFY: If the apparatus of Exercise 36.4 is placed in water, then all that changes is the wavelength

, A
A->A==.

n
SETUP: For y << x, the distance between the two dark fringes on either side of the central maximum is
D'=2y" . Let D=2y be the separation of 5.91x10™* m found in Exercise 36.4.
, 2xA 2 D 591x10°
Exgcure: 2y =24 J2¥A D _SOXI0TM 4y 10 m =444 mm.
an n 1.33
EVALUATE: The water shortens the wavelength and this decreases the width of the central maximum.
. 2

(a) IDENTIFY and SET UP: The intensity in the diffraction pattern is given by Eq.(36.5): 1 =1, ( sin Z/ZJ , where

2 1
p= 7 |asin@. Solve for @ that gives [ =—1,. The angles 6, and 6_ are shown in Figure 36.53.
ﬂ, 2 0 +

EXECUTE: [ =lIO SO sinfr2 L
2 B2 2
sinx 1
Let x= f£/2; the equation for x is —— =—==0.7071.
q x "
Use trial and error to find the value of x that is a solution to this equation.
X (sinx)/x
1.0 rad 0.841
1.5rad 0.665
1.2 rad 0.777
l.4rad  0.7039
1.39rad 0.7077; thus x=1.39 rad and #=2x=2.78 rad
AG=6,-6|=26,
sin@, = i =
2ra
A(2.78 rad —0.4425 A
a\ 2rxrad a

Figure 36.53

(i) For %: 2, sinf, = 0.4425(%] =0.2212; 6, =12.78% A@ =20, =25.6°
(ii) For %: 5, sinf, = 0.4425(%) =0.0885; 6, =5.077° A6 =26, =10.2°
(iii) For % =10, sin, = 0.4425(%) =0.04425; 0, =2.536% A@=20,=5.1°
(b) IDENTIFY and SET UP:  sin§, zg locates the first minimum. Solve for 6,.

1
EXECUTE: (i) For % =2, sin6,=—:6,=300°% 26, =60.0°

(i) For %:5, siné), =é;eo =11.54° 26,=23.1°
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36.54.

36.55.

36.56.

36.57.

(iii) For % =10, sinf, = (%);00 =5.74% 26, =11.5°

EVALUATE: Either definition of the width shows that the central maximum gets narrower as the slit gets wider.
IDENTIFY: The two holes behave like double slits and cause the sound waves to interfere after they pass through
the holes. The motion of the speakers causes a Doppler shift in the wavelength of the sound.
SETUP: The wavelength of the sound that strikes the wall is 4 = A, — v,T,, and destructive interference first
occurs where sin 8= A/2.
EXECUTE: (a) First find the wavelength of the sound that strikes the openings in the wall.
A== v T, =vif,—vlfs = (v —v)lf, = (344 m/s — 80.0 m/s)/(1250 Hz) = 0.211 m

Destructive interference first occurs where d sin 8= A/2, which gives

d= A2 sin6) =(0.211 m)/(2 sin 12.7°) = 0.480 m
(b) A= v/f= (344 m/s)/(1250 Hz) = 0.275 m

sin@= A/2d = (0.275 m)/[2(0.480 m)] — 0= +16.7°
EVALUATE: The moving source produces sound of shorter wavelength than the stationary source, so the angles at
which destructive interference occurs are smaller for the moving source than for the stationary source.
IDENTIFY and SET UP:  siné = A/a locates the first dark band. In the liquid the wavelength changes and this
changes the angular position of the first diffraction minimum.

. ﬂv . iqui
EXECUTE: sin6, =—; sinf,, = L
a a

sin@. .
Ao = A (‘—j =0.4836

sin air

A=A, /n (Eq.33.5), 80 n= A, /A =1/0.4836=2.07

EVALUATE: Light travels faster in air and » must be >1.00. The smaller 4 in the liquid reduces @ that located
the first dark band.

IDENTIFY: d= % , so the bright fringes are located by Lsing=4

N
SETUP: Red: %Sin Az =700 nm . Violet: %Sin A, =400 nm .
EXECUTE: % = Z 6, -6,=15°—>6, =6, +15°. w = z Using a trig identify from Appendix B,
sing, 4 sin 8, 4

sin 6y cos15°+cosby sinl3 =7/4. cos15°+cot8, sin15°=7/4.

sin 6,

tané, =0.330= 6, =18.3%°and 6, =6, +15°=18.3°+15°=33.3°. Then %sin&R =700 nm gives

L O =2 33'_39 =7.84x10’ lines/m = 7840 lines/cm. The spectrum begins at 18.3° and ends at 33.3" .
700nm  700x10~ m
EVALUATE: As N is increased, the angular range of the visible spectrum increases.
(a) IDENTIFY and SET UP: The angular position of the first minimum is given by asin&=mA (Eq.36.2), with

m=1. The distance of the minimum from the center of the pattern is given by y = xtané.

. A 540x10° m
sinf=—=—-———
a 0360x107 m
y, = xtan @ =(1.20 m)tan(1.50x10~" rad) =1.80x10~* m =1.80 mm.

(Note that & is small enough for 8 =sin@ = tan @, and Eq.(36.3) applies.)
(b) IDENTIFY and SET UP:  Find the phase angle § where I =1,/2. Then use Eq.(36.6) to solve for 6 and

y = xtan @ to find the distance.

=1.50x107%; §=1.50x10"" rad

1
EXECUTE: From part (a) of Problem 36.53, I = EIO when £ =2.78 rad.

B= (2—”]asin0 (Eq.(36.6)), so sind = ﬁ
A 27a

BAx  (2.78 rad)(540x10™" m)(1.20 m)
27a 272(0.360x10° m)
EVALUATE: The point where I =1,/2 is not midway between the center of the central maximum and the first

=7.96x10" m=0.796 mm

y=xtanf = xsinf =

minimum; see Exercise 36.15.
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36.58.

36.59.

36.60.

. 2
sin . . . S . . . .
yj . The maximum intensity occurs when the derivative of the intensity function with

IDENTIFY: [= IO(

respect to ¥ is zero.

SET UP: M:cos;/. i(ljz_i
dy dy\y) r

. 2 . . .
EXECUTE: ﬂzloi(smyj :Z[Smyj[cosy—smyjzo. cosy smy = ycosy=siny =>y=tany.
dy “dy\ vy y \r 7 y 7

(b) The graph in Figure 36.58 is a plotof f{y)= y—tany. When f(y) equals zero, there is an intensity

maximum. Getting estimates from the graph, and then using trial and error to narrow in on the value, we find that
the three smallest ¥ -values are ¥ =4.49 rad 7.73 rad, and 10.9 rad.

EVALUATE: ¥ =0is the central maximum. The three values of ¥ we found are the locations of the first three
secondary maxima. The first four minima are at ¥ =3.14 rad , 6.28 rad, 9.42 rad, and 12.6 rad. The maxima are

between adjacent minima, but not precisely midway between them.
Gamma minus
tangent gamma

10.0 “ \
8.0 \\
6.0 \ e \
\
4.0
. \
\
2.0
\
0.0 \ Gamma
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0
Figure 36.58
IDENTIFY and SET UP: Relate the phase difference between adjacent slits to the sum of the phasors for all slits. The
phase difference between adjacent slits is ¢ = %sin& = 27df when @ is small and sin@ = 6. Thus 6= j—i
V1

EXECUTE: A principal maximum occurs when ¢ =¢ . =m2z, where m is an integer, since then all the phasors

add. The first minima on either side of the m™ principal maximum occur when ¢ = ¢ s =m27x+(27/N) and the

phasor diagram for N slits forms a closed loop and the resultant phasor is zero. The angular position of a principal

+

]¢max. The angular position of the adjacent minimum is 8 ;in=( A j¢ in®

maximum is 6 = —_—
( 2rd

27d

()0 20 ) 2200 2
2rd N 2xd )\ N Nd

9 ;liﬂ: (i](¢max - 2—”) = 9 - i
2rd N Nd

The angular width of the principal maximum is &

+ p—
min min~

2
—fi, as was to be shown.

EVALUATE: The angular width of the principal maximum decreases like 1/N as N increases.

IDENTIFY: The change in wavelength of the H,, line is due to a Doppler shift in the wavelength due to the motion
of the galaxy.

SETUP: From Equation 16.30, the Doppler effect formula for lightis f, = /C —v Is-
c+v

EXECUTE: First find the wavelength of the light using the grating information.
A =dsin 6, = [1/(575,800 lines/m)] sin 23.41° = 6.900 x 10~ m = 690.0 nm

Using Equation 16.30, we have f, = fﬂ f; - In this case, fg is the frequency of the 690.0-nm light that the
c+v

cosmologist measures, and fs is the frequency of the 656.3-nm light of the H,, line obtained in the laboratory.
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36.61.

36.62.

36.63.

36.64.

1=(ful f)
(fR—fS)Z ¢. Since f4 = ¢, f= ¢/A, which gives fi/fs = Ay/Az. Substituting this into the
L+(fel £5)

2
1_[15] 1_[656.3 an
=M 6900mm) (5 66,108 nys) = 1501 x 107 ms,
A (656.3 nmj
1+ = I+ —
e 690.0 nm
which is 5.00% the speed of light.
EVALUATE: Since v is positive, the galaxy is moving away from us. We can also see this because the wavelength
has increased due to the motion.
IDENTIFY and SET UP: Draw the specified phasor diagrams. There is totally destructive interference between
two slits when their phasors are in opposite directions.

EXECUTE: (a) For eight slits, the phasor diagrams must have eight vectors. The diagrams for each specified
value of ¢ are sketched in Figure 36.61a. In each case the phasors all sum to zero.

(b) The additional phasor diagrams for ¢ =37z/2 and 37 /4 are sketched in Figure 36.61b.

Solving for v gives v =

equation for v, we get

3z hY/2 r . . 3z
For ¢ = R o= i and ¢ = R totally destructive interference occurs between slits four apart. For ¢ = >
totally destructive interference occurs with every second slit.
EVALUATE: At a minimum the phasors for all slits sum to zero.

YY

™~
e

VAINE

AA

N

VAN

@ ®)
Figure 36.61
IDENTIFY: Maxima are given by 2dsind=mA .

SET UP: d is the separation between crystal planes.
0.125 nm
2(0.282 nm)
Form=1:0=12.8°m=2:0=263°m=3:0=41.7°,and m=4:6 = 62.4°. No larger m values yield answers.

EXECUTE: (a) 6 =arcsin (r;—jj = arcsin(m J =arcsin(0.2216m).

4
V2
So for m=1: 8=18.3°, m=2: 0 =38.8°, and m=3: §=70.1°. No larger m values yield answers.
EVALUATE: In part (b), where d is smaller, the maxima for each m are at larger 6

IDENTIFY and SET UP: In each case consider the relevant phasor diagram.

EXECUTE: (a) For the maxima to occur for N slits, the sum of all the phase differences between the slits must
add to zero (the phasor diagram closes on itself). This requires that, adding up all the relative phase shifts,

(b) If the separation d =

, then @ = arcsin [\/Em/i
a

] =arcsin(0.3134m).

N¢ =27m, for some integer m . Therefore ¢ = MTm for m not an integer multiple of N, which would give a

maximum.

(b) The sum of N phase shifts ¢ = MTm brings you full circle back to the maximum, so only the N —1 previous

phases yield minima between each pair of principal maxima.

EVALUATE: The N —1 minima between each pair of principal maxima cause the maxima to become sharper as N
increases.

IDENTIFY: Set d =a in the expressions for ¢ and £ and use the results in Eq.(36.12).

SET UP: Figure 36.64 shows a pair of slits whose width and separation are equal
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36.65.

36.66.

36.67.

EXECUTE: Figure 36.64 shows that the two slits are equivalent to a single slit of width 2a .
o= %sin 6,s0 f= Z_TSin 6 = ¢. So then the intensity is
) . 2 ) .2 ’
I=1,c08(B/2) sin (ﬂ/22) i (2sin(B/2) cz:os(ﬂ/Z)) _ 1, sin 2ﬂ _, sin fﬂ /22) . where §
(Bl2) B B (B12)

which is Eq. (35.5) with double the slit width.
EVALUATE: In Chapter 35 we considered the limit where a <<d . a > d is not possible.

_J _ 27 (2a) G

né,

Figure 36.64

IDENTIFY and SET Up:  The condition for an intensity maximum is dsin@=mA, m=0, 1, £2,... Third order

means m =3. The longest observable wavelength is the one that gives € =90° and hence 6=1.

EXECUTE: 6500 lines/cm so 6.50x10’ lines/m and d = ;5 m=1.538x10° m

6.50%10

dsing _ (1.538x107° m)(1)
m 3

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

A= =5.13x107 m=513 nm

IDENTIFY and SET UP: As the rays first reach the slits there is already a phase difference between adjacent slits of

M. This, added to the usual phase difference introduced after passing through the slits, yields the
condition for an intensity maximum. For a maximum the total phase difference must equal 27zm .
EXECUTE: Md;in o + Md;in d =27m=>d(sin@+sin@) =mA

1

6.00x10° m™'

(b) 600 slits/mm =>d = =1.67x10"° m.

For &' =0,
m=0: @=arcsin(0) =0.

—7
m=1: @=arcsin i = arcsin w =22.9"
d 1.67x10™° m

m=—1: 8= arcsin(—gj = arcsin(—%] =-22.9"
For 6’ =20.0°,

m=0: @=arcsin(—sin20.0") =-20.0".

6.50x107" m

m=1: @=arcsin <
1.67x10° m

—sin 20.0”] =2.7T.

6.50x107 m
1.67x10° m

EVALUATE: When & >0, the maxima are shifted downward on the screen, toward more negative angles.

m=-1: 6= arcsin[— —sin 20.0”] =-47.0".

IDENTIFY: The maxima are given by dsin@=mA. We need sinf = m?/l < lin order for all the visible

wavelengths are to be seen.
1

———————=1.53x10" m.
6.50x10’ m

SETUP: For 650 slits/mm = d =
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EXECUTE: /, =4.00><10_7m:m=l:%=0.26;m=2:%=0.52;m=3:%=0.78.

A, = 7.00x10"m:m=1: % =046;m=2: % =092;m=3: % =1.37. So, the third order does not contain the violet

end of the spectrum, and therefore only the first and second order diffraction patterns contain all colors of the spectrum.
EVALUATE: @ for each maximum is larger for longer wavelengths.

IDENTIFY: Apply sin9=1.22%.

SETUP: @ is small, so sinﬁz%, where Ax is the size of the detail and R=7.2x10° ly. 11y=9.41x10"> km. A=c/f

5 8
EXBCUTE:  sin 9= 1292 2 A% | o _122AR _ (1.22)cR _ (1.22)(3.00><}o km/s)(7.2><£0 ) _ 506 1.
D R D Df (77.000x10° km)(1.665x10° Hz)

(9.41x10" km/1y)(2.06 1y) =1.94x10" km.
EVALUATE: A=18 cm. A/D is very small, so %is very small. Still, R is very large and Ax is many orders of

magnitude larger than the diameter of the sun.
IDENTIFY and SET UP:  Add the phases between adjacent sources.

EXECUTE: (a) dsin@=mA. Place 1* maximumat o or 8§=90". d =A. If d <A, this puts the first maximum
“beyond e.” Thus, if d <A there is only a single principal maximum.

(b) At a principal maximum when 6 =0, the phase difference due to the path difference between adjacent slits
dsin@

is® = 271'[ j . This just scales 2zradians by the fraction the wavelength is of the path difference between

adjacent sources. If we add a relative phase J between sources, we still must maintain a total phase difference of

zero to keep our principal maximum.
q)palh ié‘z(): M:ié‘ or 0=Sin_l (ﬁj
A 2rd

0.280m

() d= =0.0200 m (count the number of spaces between 15 points). Let 8 =45". Also recall fA=c, so

5 =+ 272(0.0200 m)(8.800x10° Hz)sin 45°

max 5 =12.61 radians.
(3.00x10° m/s)

EVALUATE: & must vary over a wider range in order to sweep the beam through a greater angle.
IDENTIFY: The wavelength of the light is smaller under water than it is in air, which will affect the resolving
power of the lens, by Rayleigh’s criterion.
SET UP: The wavelength under water is 4 = Ay/n, and for small angles Rayleigh’s criterion is 6= 1.22A/D.
EXECUTE: (a) In air the wavelength is Ay = ¢/f = (3.00 x 10° m/s)/(6.00 x 10" Hz) = 5.00 x 10~ m. In water the
wavelength is 4 = Ay/n = (5.00 X 107 m)/1.33 = 3.76 x 10~ m. With the lens open all the way, we have D = /2.8 =
(35.0 mm)/2.80 = (0.0350 m)/2.80. In the water, we have

sin @~ 6= 1.22 /D = (1.22)(3.76 x 10" m)/[(0.0350 m)/2.80] = 3.67 x 10~ rad
Calling w the width of the resolvable detail, we have

0=w/R — w=RO= (2750 mm)(3.67 x 10~ rad) = 0.101 mm
(b) 0= 1.22 /D = (1.22)(5.00 x 107" m)/[(0.0350 m)/2.80] = 4.88 x 10~ rad
w = RO= (2750 mm)(4.88 x 10~ rad) = 0.134 mm

EVALUATE: Due to the reduced wavelength underwater, the resolution of the lens is better under water than in air.
IDENTIFY and SET UP: Resolved by Rayleigh’s criterion means the angular separation & of the objects is given
by 6=1.221/D. 6=y/s, where y=75.0 m is the distance between the two objects and s is their distance from

the astronaut (her altitude).

EXECUTE: 2 :1.22%

N
D _(50 m)(4.00x10~ m)
1224 1.22(500x10” m)

EVALUATE: In practice, this diffraction limit of resolution is not achieved. Defects of vision and distortion by the
earth’s atmosphere limit the resolution more than diffraction does.

=4.92x10° m =492 km
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IDENTIFY: Apply sinf = 1.22% .

SETUP: @is small, so sinf = % , where Ax is the size of the details and R is the distance to the earth.

11ly=9.41x10" m.
DAx _ (6.00x10° m)(2.50x10° m)

EXECUTE: (a) R= =1.23x10" m=13.1ly

1224 (1.22)1.0x107° m)
-5 15
(b) Ax= 1'22’“{ _ (1:22)1.0x10 m)(f.gz )OAIXIOT m/1Y) _ 4 ¢410% km . This is about 10,000 times the
Um

diameter of the earth! Not enough resolution to see an earth-like planet! Ax is about 3 times the distance from the
earth to the sun.
(1.22)(1.0x107° m)(59 1y)(9.41x10" m /1y)

; =1.13x10° m =1130 km.
6.00x10° m

(c) Ax=

Ax _ 1130km
D 1.38x10° km

planet
EVALUATE: The very large diameter of Planet Imager allows it to resolve planet-sized detail at great distances.
IDENTIFY and SET UP:  Follow the steps specified in the problem.

EXECUTE: (a) From the segment dy’, the fraction of the amplitude of E, that gets through is

Eo(dy j:dE:Eo(dy jsin(kx—at).
a

a

=8.19x107; Ax is small compared to the size of the planet.

(b) The path difference between each little piece is

y'sin @ = kx=k(D -y’ sin 8) = dE = Eqdy sin(k(D — y’sin @) — ). This can be rewritten as
a

dE = Eody (sin(kD — ar) cos(ky’ sin @) +sin(ky” sin @) cos(kD — ax)).
a

(c) So the total amplitude is given by the integral over the slit of the above.

—af2

e ["a-b [ “//22 dy’ (sin(kD — @r) cos(ky’ sin 8) +sin(ky’ sin 8) cos(kD — ax)).
a Y-a

But the second term integrates to zero, so we have:

. ;. a/2
E=L0ingep - an) | “//22 dy (cos(ky'sin 6)) = E, sin (kD — ) K—Sm(ky o Q)H
a —aq,

kasin6/2 )| -
= E =E;sin(kD — ar) w = E, sin(kD — ar) Sin(ﬂ-a(.Sin 9)/1) '
ka(sin@)/2 za(sin@)/A

sin[...]

(]

(d) Since [ < E*=1= 10[

At6=0, =1= E = E,sin(kD — o).

. . 2 .
sin(ka(sin 6)/2) | J sin(f/2)
ka(sin 6)/2 ‘B2
EVALUATE: The same result for /(6) is obtained as was obtained using phasors.

IDENTIFY and SET UP:  Follow the steps specified in the problem.
EXECUTE: (a) Each source can be thought of as a traveling wave evaluated at x = R with a maximum amplitude

2
j , Where we have used [, = Eg sin?(kx — o).

of E,. However, each successive source will pick up an extra phase from its respective pathlength to point

d sin 6

P.¢:27r(

d sin @, is of the wavelength, A . By adding up the contributions from each source (including the accumulating

j which is just 27z, the maximum phase, scaled by whatever fraction the path difference,

phase difference) this gives the expression provided.
(b) " ** " = cos(kR — et + ng) + i sin(kR — cx + ng). The real part is just cos (kR — ax + ng). So,

N-1 N-1
Re {Z E()ei(kR'””+"¢)} =" E,cos(kR — ax + ng). (Note: Re means “the real partof . ...”). But this is just

n=0 n=0

E,cos(kR— ar) + E cos(kR — ax + @) + E, cos(kR — ax + 2¢) +---+ E  cos(kR — ax + (N —1)¢)
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Chapter 36
N-1 . N-1 . . . . N-1 . oo . N-1 . N-1 xN_l
(c) ZE() et(kkfwwrw)) — E() Zeftwl e+them¢) — Eoet(kkfwz) Zem:ﬁ. zem:ﬁ — Z(ew))n. But recall zxn — .
n=0 n=0 n=0 n=0 n=0 n=0 x—1

iNg

iINg/2 o iN$/2 —iNg/2 iINg/2 —iNg/2
_ 6147(6147_6!(/)) l¢_ei¢)

_ = NDer2 (e
ewﬁ _l ew)/Z(ew)/Z _ e—z¢/2) (el¢/2 _ e—z¢/2)

. Nolo eiNtl7 -1

Let x=¢s0 »_(e")" =———(nice trick!). But
i¢ _ l
n=0 €
Putting everything together:
Nl iNOI2Z _ —iNI2
ZE IR-ar+n9) _ [ Qi(kR=ar+(N-1p/2) (e —€ )
o€ =Ly 2 _ipl2

n=0 (e —e )

:Eo[cos(kR—at+(N—l)¢/2)+isin(kR—at+(N—l)¢/2)]{COSN¢/2+lsmNWz_COSNWZHSH}NWZ}

cos@/2 +ising/2 —cos@/2 +ising/2

Taking only the real part gives = Ecos(kR —art + (N — l)¢/2)w =E.
sing/2
in* 2 . .
d I= | E jv =1, % (The cos® term goes to 1 in the time average and is included in the definition of 7;.)
sin
LB
0 .

sin®(2¢/2) _ 1,(2sing/2cos¢/2)?
sin’¢/2 sin’@/2

=41, cos’ g Looking at Eq.(35.9),

EVALUATE: (e) N=2. =1,

2 ’
I} o< 2E; but for us I, o Ey =1_0_
2 4

IDENTIFY and SET UP:  From Problem 36.74, I =1,——;
sin“¢/2

. Use this result to obtain each result specified
in the problem.

=N. So limI=N’I,.

EXECUTE: (a) }pirr(}l - % Use I'Hopital's rule:  lim sin (N9/2) =1lim [N_/Z]M

9-0  sing/2 -0\ 1/2 ) cos(¢/2) 90
. ) . . ) 2
(b) The location of the first minimum is when the numerator first goes to zero at %an =7org,, = WE The

. . . - . 1
width of the central maximum goes like 2¢,. , so it is proportional to A
N¢ . . .. .. . . .
(c) Whenever Y =nm where n is an integer, the numerator goes to zero, giving a minimum in intensity. That is,
. .. 2nr .. . . s .
I is a minimum wherever ¢ = N This is true assuming that the denominator doesn’t go to zero as well, which
occurs when §= mz, where m is an integer. When both go to zero, using the result from part(a), there is a
maximum. That is, if ﬁ is an integer, there will be a maximum.

(d) From part (c), if % is an integer we get a maximum. Thus, there will be N —1minima. (Places where % is

not an integer for fixed N and integer 7 .) For example, n =0 will be a maximum, but n=1,2..., N —1 will be

minima with another maximum at n=N.

(e) Between maxima % is a half-integer multiple of ﬁ(i.e. %, 37”, etc.)j and if N is odd then
sin®(Ng/2)
sin’¢/2
EVALUATE: These results show that the principal maxima become sharper as the number of slits is increased.

—1,s0l =1,



