DIFFRACTION

36.1. IDENTIFY: Use y=xtané to calculate the angular position & of the first minimum. The minima are
located by Eq. (36.2): sinf = m—ﬂ, m==£1,£2,... First minimum means m =1 and sin6, = A/a and
a

A =asin 6. Use this equation to calculate A.
SET Up: The central maximum is sketched in Figure 36.1.

EXECUTE: y; =xtan6,
tan 6, ==
T_\'1= 1.35 mm X
1.35%107° m
2.00 m
6,=0.675x107 rad

=0.675x107°

Figure 36.1

A=asin@, =(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.

36.2. IDENTIFY: The angle is small, so y,, = xm—l.
a

SETUP: y»;=10.2 mm

_ x4 _(0.600 m)(5.46x10~" m)

" 10.2x107 m
EVALUATE: The diffraction pattern is observed at a distance of 60.0 cm from the slit.

EXECUTE: y, e =3.21x107 m.
a

36.3. IDENTIFY: The dark fringes are located at angles € that satisfy sin= m—ﬂ, m=%x1, %2, ...
a

SET UP: The largest value of |sint9| is 1.00.

-3
EXECUTE: (a) Solve for m that corresponds to sinf=1 m= a_ w =113.8. The largest

A 585x107 m
value m can have is 113. m==1, £2,..., £113 gives 226 dark fringes.
585x10™ m
0.0666x107> m

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

(b) For m=%113, sin6':i113[ ]:i0.9926 and 6 =183.0°
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36-2 Chapter 36

36.4. IDENTIFY and SET UP: A/a is very small, so the approximate expression y,, = Rm—/1 is accurate. The
a

distance between the two dark fringes on either side of the central maximum is 2y;.

-9
EXECUTE: y = AR _ (633x10"" m)(3.50 m)

a 0.750x10 m
EVALUATE: When a is decreased, the width 2y, of the central maximum increases.

=2.95x107 m=2.95 mm. 2y, =5.90 mm.

36.5. IDENTIFY: The minima are located by sinf = m_/?,
a

SETUP: a=12.0 cm. x=8.00 m.

EXECUTE: The angle to the first minimum is @ = arcsin i = arcsin 2-00em. =48.6°.
a 12.00 cm

So the distance from the central maximum to the first minimum is just
y; =xtanf = (8.00 m)tan(48.6°) =+(9.07 m).
EVALUATE: 2A/a is greater than 1, so only the m =1 minimum is seen.
36.6. IDENTIFY: The angle that locates the first diffraction minimum on one side of the central maximum is

. . . . . 1
given by sinf = i The time between crests is the period T f = T and A=
a

SET UP: The time between crests is the period, so 7=1.0 h.
1 1 v 800 km/h

EXECUTE: (a) f=—=——=10h"". 1=— =800 km.
T 1.0 f 10n7!
(b) Africa-Antarctica: sinf = 800 km. and 6=10.2°
4500 km
Australia-Antarctica: sin@ = 800 km and 6 =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.

36.7. 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
sin6,, =mAla, where m=1,2,3, ....

EXECUTE: (a) The frequency of the water waves is f =75.0 min~! =1.25 s7' =1.25 Hz, so their
wavelength is 4 =v/f =(15.0 cm/s)/(1.25 Hz) =12.0 cm.

At the first point for which destructive interference occurs, we have
tand =(0.613 m)/(3.20 m) = € =10.84°. asinf@ =1 and

a=A/sin@ =(12.0 cm)/(sin 10.84°) = 63.8 cm.
(b) First find the angles at which destructive interference occurs.
siné, =24/a=2(12.0 cm)/(63.8 cm) — &, =+22.1°
sin; =3A/a =3(12.0 cm)/(63.8 cm) — 6; =+34.3°
sin@y =44/a =4(12.0 cm)/(63.8 cm) — 6, = +48.8°
sinfs =5A/a =5(12.0 cm)/(63.8 cm) — 65 =+70.1°
EVALUATE: These are large angles, so we cannot use the approximation that 8,, = mA/a.

36.8. IDENTIFY: The angle is small, so y, =xm—/l applies.
a

SET Up: The width of the central maximum is 2y;, so y; =3.00 mm.
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36.9.

36.10.

36.11.

36.12.

_xA_(250 m)(5.00x10~ m)

EXECUTE: (a) R ; =4.17x10™* m.
a i 3.00x10° m
-5
) a=%- (2'50;:))55'(1)8210 M) 4 17x102 m=42cm.
N1 .00x m
-10
© a=- (2'50;“())25-01%:10 ™) _417%107 m.
N .00x m

EVALUATE: The ratio a/A stays constant, so a is smaller when A is smaller.
IDENTIFY and SET UP: v= f1 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, §=%16.0° m =12,
0=133.4° m =43, €=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.
IDENTIFY: Compare E, to the expression E, = E ., sin(kx—arf) and determine £, and from that
calculate A. f'=c/A. The dark bands are located by sin@ = m_ﬂ

a
SETUP: ¢=3.00x10% my/s. The first dark band corresponds to m=1.

EXECUTE: (a) E =E_,, sin(kx — ax). k=2—”:>ﬂ=2—”=%=5.24x10’7 m.
2 k 120x10" m™
8
f/1=c:>f=5=M=5.73x1014 Hz.
A 524x107"m
-7

) asinf=A a=—2_ =210 M 400 106 m,

sin@ sin 28.6°

-7

(©) asin@=mA(m=1,2,3, ... sin@, =22 =321 M 40— is0

a 1.09x107° m

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

IDENTIFY and SET UP: sind = A/a locates the first minimum. y = xtané.
EXECUTE: tan@ = y/x =(36.5cm)/(40.0 cm) and 8 = 42.38°.
a=A/sinf=(620x10~" m)/(sin 42.38°) = 0.920 #m
EVALUATE: 6=0.74 rad and sin@d=0.67, so the approximation sin& = 8 would not be accurate.
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 36.12a.
EXECUTE: The first minimum is located by

A 633x107° m

singy =2 =" L
a 0.350x10~ m

6, =1.809x107° rad

=1.809x107

T—"! 2
w=12y

Figure 36.12a

y=xtan6, =(3.00 m)tam(l.809><l()73 rad) = 5.427%10° m
w=2y, =2(5.427x107> m)=1.09x10"> m =10.9 mm
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36-4 Chapter 36

(b) SET UpP: The first bright fringe on one side of the central maximum is shown in Figure 36.12b.

EXECUTE: w=y, -

y; =5.427x107> m (part (a))

. 2 .
sin 6, _2 _3618%10°
a

6, =3.618x107 rad
! . y, =xtanf, =1.085x107 m

Figure 36.12b

w=y, - =1.085x107 m—5.427x10 m=5.4 mm
EVALUATE: The central bright fringe is twice as wide as the other bright fringes.

36.13. IDENTIFY: The minima are located by siné = m_/l For part (b) apply Eq. (36.7).
a

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

EXECUTE: (a) sin@="2 —5in90.0°=1="2 =2 Thus a=4=580 nm =580x10~* mm.
a a a

(b) According to Eq. (36.7),

1 _[sin[za(sin6)/A]|” _ [sin[z(sin z/4)] 2_0 s
I, | maGsin®)/A | | #sinz/a)y |7

EVALUATE: If a =A4/2, for example, then at 6 =45°, i = {w

1 (7/2)(sin 7w/ 4)
decreases, the screen becomes more uniformly illuminated.

2
} =0.65. As a/l

. 2
36.14. IDENTIFY: Izlo[smgif)j . ,B=27”asin6.

SET UP: The angle € is small, so sinf = tan8 = y/x.
_2may _ 272(4.50x10~* m)

A x (620107 m)(3.00 m)
B (1520m~)(1.00x107> m)

y=(1520m™")y.

EXECUTE: f= 2%sin o

a) y=1.00x10" m: = = =0.760.
(@ y 2 2
. 2 . 2
=T=1I, sin(5/2) =1, 5in(0.760) =0.8221,
B2 0.760
-1 -3
(b) y=3.00x107 m: B 2 (1520m )B00x1077m) _,
2 2
sin(82)Y  (sin(2.28)
= 1=1| 22| =1, =222 = 01114,
B2 2.28
-1 -3
(© y=5.00x10" m: B 2 1320m E00xI07m) _ 5 o
2 2
sin(82))" . (sin(3.80) )
=1=1, =1, : =0.02591,.
B2 3.80
—7
EVALUATE: The first minimum occurs at y; = A% _ (6:20x10 m)§3.00 m _ 4.1 mm. The distances in
450107 m

parts (a) and (b) are within the central maximum. y =5.00 mm is within the first secondary maximum.
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36.15. (a) IDENTIFY: Use Eq. (36.2) with m =1 to locate the angular position of the first minimum and then use
y=xtané to find its distance from the center of the screen.

SET UP: The diffraction pattern is sketched in Figure 36.15.

-9
sinelzizmzz_%xl(ﬁ
a 0.240x10™ m

6, =2.25x107 rad

Figure 36.15

¥ =xtan6, =(3.00 m)tan(2.25x 1073 rad) =6.75 %10~ m=6.75 mm
(b) IDENTIFY and SET UP: Use Egs. (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.
Y _3375x10° m

X 3.00 m
The phase angle S at this point on the screen is

tan @ = =1.125%107;0=1.125x10"> rad

B= [2—”j asin@= L(o.zm %107 m)sin(1.125x107> rad) = 7.
A 540x107° m

. 2
Then / =10[S‘z/ﬂ2/ 2} =(6.00x107 W/mz)(

sinz/2 Jz
z2 )

I= [12) (6.00x107° W/m?)=2.43x10"° W/m?.
T

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 35.22.

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

B2

EXECUTE: f= 27”asin¢9= (

. 2
SET UP: Izl{w} where ,B=27ﬂasin9.

#} (0.0290 x 10~ m)sin1.20° = 7.852 rad.
X m

. 2 . 2
I=1, sin(f/2) =(4.00x10~° W/m?) sin(3.926 rad) =1.29%10"° W/m?2.
B2 3.926 rad

EVALUATE: The intensity is less than 1/30 of the intensity of the light at the slit.
36.17. IDENTIFY and SET UP: Use Eq. (36.6) to calculate A4 and use Eq. (36.5) to calculate /. 8 =3.25°,

B=56.0rad, a=0.105x10" m.
(a) EXECUTE: ,Bz(%r)asiné’ SO

_2zasin® _ 27(0.105x10° m)sin3.25°
B 56.0 rad

A =668 nm
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sin g2 Y 4 4
. 2 . 2 -5
(b) 1 =IO (WJ =IO [FJ(SIH(ﬁ/Z)) =10 W[sm(280 rad)] =9.36x10 10

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

36.18. IDENTIFY: Use ,B:z%sinﬁ to calculate f.

SET UP: 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.

27a . 2 . E 2
EXECUTE: (a) f= 4 ing = 2za & = 7. From Figure 36.18a, 7—2=E, = E,=—E,.
A A 2a 2 V4
2V 4l
The intensity is [ = (—j Iy = —20 =0.4051,. This agrees with Eq. (36.5).
a /4
2ra . 2ma A . .. . . .
) = 7s1n49 = 4 =2z. From Figure 36.18b, it is clear that the total amplitude is zero, as is the
a
intensity. This also agrees with Eq. (36.5).
2ra . 2 . E 2 . o
(©) f= 4 ing = 27a 34 =37. From Figure 36.18¢,37—2=E, = E, =—EF,. The intensity is
A A 2a 2 kY4

2
I= [%} Iy = #IO. This agrees with Eq. (36.5).
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.

(@) (b) ()

Figure 36.18

36.19. IDENTIFY: The space between the skyscrapers behaves like a single slit and diffracts the radio waves.
SET Up: Cancellation of the waves occurs when a sin@=mA, m=1, 2, 3, ..., and the intensity of the

sin /2
B2

EXECUTE: (a) First find the wavelength of the waves:

A=clf =(3.00x10° m/s)/(88.9 MHz) =3.375 m

For no signal, a sin€ =mA.

m=1: sing =(1)(3.375 m)/(15.0 m) = 6, =£13.0°

m=2: sin6,=(2)(3.375 m)/(15.0 m) = 6, =126.7°

m=3: sind;=(3)(3.375 m)/(15.0 m) = 65 =+42.4°

m=4: sinf,=(4)(3.375 m)/(15.0 m) = 6, =164.1°

zasin@

2
waves is given by IO( j , where /2=
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. 2 . . o
(b) Io(smﬂ/Z} . where ﬂ/zzﬂasmez 7(15.0 m)sin(5.00 )=l.217 rad
p2 A 3.375m
. 2
[=(3.50 Wim?)| 0217 13d) |7 e \wim?
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.

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

SET Up: The double-slit factor is Ipg =1, (cos2 ﬂ) and the single-slit factor is Iqg :[

sin /2 ?
5 .

B2
EXECUTE: (a) dsin@=mA = sinf=ml/d.

sin6, = A/d, sin@, =24/d, sin6y =31/d, sin6, =4A/d

zasin® _ 7(d/3)sin@

(b) At the interference bright fringes, cos’ @¢/2=1 and B/2= g 7

At 6, sin6 =A/d, so p/2=

. 2 . 2
L=1, (cosz QJ(MJ = 10(1)(sm al 3) =0.684 1,

w = /3. The intensity is therefore

2 B2 /3
At 0y, sinf, =21/d, so (/2 :w =2r/3. Using the same procedure as for 6, we have
. 2
sin27/3
I, =11 =0.1711,.
2 =1y )( a3 j 0

At 65, we get /2 =7, which gives I3 =0 since sin 7 =0.

sin47x/3
4r/3
(¢) Since d =3a, every third interference maximum is missing.

2
At 0,, sin 6, =44/d, so B/2=4r/3, which gives I, = 10[ j =0.0427 1,

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

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

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

. 2
sin /2 . with
p/2

2 . . . . . .
pB= (7”] asin@. We want m =23 in the first equation to give 6 that makes / =0 in the second equation.

m=0, £1, £2, .... The intensity / in the diffraction pattern is given by [ = IO[

EXECUTE: dsin@=mA gives = (27”) a[%} =27(3a/d).
I1=0 says s1rg/52/2 =0 so f=2x andthen 27 =2x(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 =23 fringes coincide with the first diffraction minimum. Find the value of m for the fringes that
coincide with the second diffraction minimum.
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EXECUTE: Second minimum implies f=4r.

p= (27”) asin@= [27”] a(m?lj =27mm(ald) = 27(m/3)

Then B =4x says 47 =2x(m/3) and m =6. Therefore the m =+4 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.
36.22. 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 ¢ =, so this point is not midway between two maxima.
36.23.  (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@d =mA/d. Solve for 6.

-9
EXECUTE: 1st order maximum: m =1, so sinf = i = M

- 5 =1.094x107; 6=0.0627°
d 0.530x107 m

2nd order maximum: m =2, so sin¢9=2d—/1=2.188><10_3; 0=0.125°

sinf3/2

2
. Calculate
B2

(b) IDENTIFY and SET UP: The intensity is given by Eq. (36.12): 1 =1, cosz(¢/2)[
¢ and B ateach @ from part (a).

EXECUTE: ¢= [%} sin@= [%} (m?/l] =27m, so cosz(¢/2) = COSZ(mﬂ') =1
(Since the angular positions in part (a) correspond to interference maxima.)

B= [Zﬂ)sme = (ﬂ](ﬂj =2zm(ald) = mZﬂ'(mj = m(3.794 rad)
A A d 0.530 mm

. 2
Ist order maximum: m =1, so I =1 (l)[w] =0.2491,
(3.794/2)rad

. 2
sin3.794 rad) —0.02561,

3.794 rad
EVALUATE: The first diffraction minimum is at an angle 8 given by sin@ = A/a so € =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 ;.

2nd order maximum: m=2, so [ =1, (1)(

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

. 2
SET UP: I=lo(cos2g) {M} , Where ¢:%sin0 and ,B=27ﬂasin€.

2| pn
EXECUTE: tan@= % =1.200x1072, @ is small, so siné = tan@.
9= %sin@ _2 206'21()1213;: ™) (1 200%10°%) = 8.4956 rad.,
B =2%sin€= 2”(506"8‘141213: ™) (1.200x107%) =5.7611 rad.

sin2.8805 rad
2.8805

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

2
I=(5.00x10"* W/m?)(cos4.2478 rad)z[ } =8.06x107 W/m>.
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36.25. IDENTIFY and SET UP: The phasor diagrams are similar to those in Figure 36.14. in the textbook. An
interference minimum occurs when the phasors add to zero.
EXECUTE: (a) The phasor diagram is given in Figure 36.25a.

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.

I—! ¢=u
fe—C

Figure 36.25b

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

I
¢

4T /? b = 372
y

Figure 36.25¢

There is destructive interference between light through slits 1 and 3 and between 2 and 4.
EVALUATE: Maxima occur when ¢ =0, 27z, 4, etc. Our diagrams show that there are three minima
between the maxima at =0 and ¢ =2x. This agrees with the general result that for NV slits there are
N —1 minima between each pair of principal maxima.

36.26. IDENTIFY: A double-slit bright fringe is missing when it occurs at the same angle as a double-slit dark
fringe.
SET Up: Single-slit diffraction dark fringes occur when a sin@ = mA, and double-slit interference bright
fringes occur when d sin@ = 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°. dsin6, = 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
sin Gy = A/a and sin 6. =7A/d

The angles are equal, so A/a =7A/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.

36.27. IDENTIFY: The diffraction minima are located by sin@=—49= and the two-slit interference maxima are
a

located by sin8 = m71/1 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

0cm

SET Up: The pattern is sketched in Figure 36.27. tan6 = , so @=1.91°.
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A 500nm
sind sinl.91°
34 3(500 nm)

Double-slit bright fringe: dsin@ =34 and d =—— -
sind  sinl.91°

EXECUTE: Single-slit dark spot: asinf=A4 and a = =1.50x10* nm=15.0 um (width)

=4.50x10* nm=45.0 Mm (separation).
EVALUATE: Note that d/a =3.0.

_ Missing
{ 3cm ,|.
. e " e |I<_c e 7l s e
4

90cm
N

Figure 36.27

36.28. IDENTIFY: The maxima are located by dsin@ =mA.
SET UP: The order corresponds to the values of m.
EXECUTE: First-order: dsiné, = A. Fourth-order: dsin8, =4A.

dsinby, 84 G0, — 4sin@, = 4sin8.94° and 6, = 38.4°.

dsing, A

EVALUATE: We did not have to solve for d.
36.29. IDENTIFY and SET UP: The bright bands are at angles 6 given by dsin@=mA. Solve for d and then

solve for @ for the specified order.

EXECUTE: (a) 6=78.4° for m=3 and A =681 nm, so d =mA/sin6=2.086x10~* cm

The number of slits per cm is 1/d = 4790 slits/cm.

(b) st order: m =1,s50 sin@ = A/d = (681x10™° m)/(2.086x107° m) and 6=19.1°

2nd order: m=2,s0 sin@=2A/d and 6 =40.8°

(¢) For m=4,sin@=4A/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.
36.30. IDENTIFY: The bright spots are located by dsin@ =mA.

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

EXECUTE: —— =d =constant, so M = M
sin@ sing, siné,

sing, =sin6, ™ || A =(sin65.0°)(zj[400 nmj=o.345 and 6, =20.2°.
m, \ A 3 )L 700 nm

EVALUATE: The third-order line for a particular 4 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).

36.31. IDENTIFY and SET UP: Calculate d for the grating. Use Eq. (36.13) to calculate 8 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) d =[L) em=1.111x10" m
900

For A =700 nm, A/d = 6.3x1072. 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 first-order bright bands for two different wavelengths is
Ay =x(AN)/d, so Ad=d(Ay)/x=(1.111x107 m)(3.00x10™> m)/(2.50 m)=13.3 nm.
EVALUATE: The smaller d is (greater number of lines per cm) the smaller the A4 that can be measured.
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36.32.

36.33.

36.34.

36.35.

36.36.

IDENTIFY: The maxima are located by d'siné =mA.

SETUP: 350slits/mm = d=— - —286x10°m

3.50x10° m~!

-7
4.00><10_6m —2.05°.
2.86x10™" m

EXECUTE: (a) m=1: Oy, = arcsin(gj = arcsin[

-7
0700=arcsin(ij=arcsin w =14.18°. A =14.18°-8.05°=6.13°.
d 2.86x1070 m

—7
3»(4.00><10_6 m)_ o, e
2.86x10% m

(b) m=3: 6, =arcsin (%j = arcsin[

-7

100 = arcsin(ﬂj = arcsin[wJ =47.3° A6 =47.3°-24.8°=22.5°.
d 2.86x107° m

EVALUATE: AG@ is larger in third order.

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

calculate the line density of the grating.

SET UP: The line density in lines/cm is 1/d, with d in cm. The bright spots are located by d'sin &= mA,

m=0, £1, £2, ....

EXECUTE: (2) d = mA :(1)(632.8><10‘9 m)

=2.07x10° m=2.07x10"* cm. é = 4830 lines/cm.

sin@ sin17.8°
-9
(b) Sin9=%ﬂ=m[%sz(0.3057). For m=12, @=+37.7°. For m =23, 6 =+66.5°.
07%x107° m

EVALUATE: The angles are large, so they are not equally spaced; 37.7°# 2(17.8°) and 66.5°# 3(17.8°)

IDENTIFY: The maxima are located by d sinf =mA.

SETUP: 5000slits/em = d =——=2.00x10 m,

5.00x10° m™!
dsin® _(2.00x107° m)sin13.5°
1

7
2(4.67x10 m)j e

EXECUTE: (a) A= =4.67x107 m.

2.00x107% m

EVALUATE: Since the angles are fairly small, the second-order deviation is approximately twice the first-
order deviation.
IDENTIFY: The maxima are located by dsin8 =mA.

SETUP: 350slits/mm = d =——~2.86x10° m

3.50x10° m~!

(b) m=2: 6= arcsin(m?ﬂ'j = arcsin[

m(5.20x107" m)

2.86x10° m
m=1.60=10.5% m=2: 0=213° m=3:60=33.1°.
EVALUATE: The angles are not precisely proportional to m, and deviate more from being proportional as
the angles increase.

EXECUTE: 6= arcsin[m?;tj = arcsin[ J = arcsin((0.182)m).

IDENTIFY: The resolution is described by R = é = Nm. Maxima are located by dsin@=mA.

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

A 6.5645x107" m
mAA  2(6.5645%107 m—6.5627x10"" m)

EXECUTE: (a) N = =1820 slits.
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. 1 mA .- _ -

(b) §=sin 1(’”7) = 6, =sin"'((2)(6.5645x1077 m)(500,000 m™")) =41.0297° and

6, =sin"1((2)(6.5627x1077 m)(500,000 m™")) = 41.0160°. A@=0.0137°

EVALUATE: dcos@d6=A/N, so for 1820 slits the angular interval A@ between each of these maxima

-7
and the first adjacent minimum is Af= A = 6.56x 106 o =0.0137°. This is the
Ndcos€ (1820)(2.0x107° m)cos41°

same as the angular 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 == A/AAL.

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 =A/AA = (589 nm)/(589.59 nm — 589.00 nm) = 998
so this grating can easily resolve the doublet.
(¢) (i) R=A/AA. Since R=17,500 when m =1, R =2x17,500=235,000 for m = 2. Therefore
AA=A/R =(587.8 nm)/35,000 =0.0168 nm
Anin = A+ A4 =587.8002 nm +0.0168 nm =587.8170 nm

(ii) Apax =A4— A4 =587.8002 nm —0.0168 nm = 587.7834 nm

EVALUATE: (iii) Therefore the range of resolvable wavelengths is 587.7834 nm < A < 587.8170 nm.
36.38.  IDENTIFY and SET UP: Ai/l =Nm

EXECUTE: N = A = 587.8002 nm _587.8002 3302 slits.

mAA  (587.9782 nm —587.8002 nm) 0.178

_N 380 275251&.

1.20cm 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 6 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.

-9
__mA_200.0850x10 " m) _, 5510710 11 = 0.232 nm
2sin @ 2sin21.5°

EVALUATE: Our result is similar to d calculated in Example 36.5.
36.40. IDENTIFY: The maxima are given by 2dsind=md, m=1,2,...

SETUP: d=3.50x10""" m.

2dsin@ -10 . ° ~10 S
EXECUTE: (a) m=1and A= =2(3.50x107"" m)sin15.0°=1.81x10""" m=0.181 nm. This is an
m
X ray.
. A 1.81x107"° .
(b) sind = m[—j =m| =222 L 0(0.2586). m=2: 9=31.1°% m =3 6=50.9°. The equation
2d 2[3.50%x107"" m]

doesn’t have any solutions for m > 3.

EVALUATE: In this problem A/d =0.52.
36.41. IDENTIFY: The crystal behaves like a diffraction grating.

SET Up: The maxima are at angles € given by 2dsin8=mA, where d =0.440 nm.

EXECUTE: m—1. 4= 24sinf

=2(0.440 nm)sin39.4° = 0.559 nm.

EVALUATE: The result is a reasonable x ray wavelength.
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36.42.

36.43.

36.44.

36.45.

36.46.

36.47.

IDENTIFY: Apply sinf = 1.22%.
SET UpP: 6 =(1/60)°

-7
1.221 _ 1.22(?.5><10 m) —231x10™ m =23 mm
siné sin(1/60)°

EVALUATE: The larger the diameter the smaller the angle that can be resolved.

EXECUTE: D=

IDENTIFY: Apply sin6=1.22%‘

SErUp: 6 :%, where W =28 km and £ =1200 km. @ is small, so sin& = 6.

1.2x10° m

_1224 =1.22/1%=1.22(0.036 m)—==— T —1.88m
2.

sin@

EXECUTE: D 3
&x10" m

EVALUATE: D must be significantly larger than the wavelength, so a much larger diameter is needed for
microwaves than for visible wavelengths.
IDENTIFY: The diameter D of the mirror determines the resolution.

SET UP: The resolving power is €., = 1.22%.

res

55010~ m
2.0%x107% m

EVALUATE: The Hubble telescope has an aperture of 2.4 m, so this would have to be an enormous optical
telescope!
IDENTIFY and SET UP: The angular size of the first dark ring is given by sing, =1.224/D (Eq. 36.17).

EXECUTE: The same 6, means that A = % D, =D, % =(8000x10° m){

Tes
1 2

Jz 220 m.

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

620x10~° m
74x107° m
The radius of the Airy disk (central bright spot) is » = (4.5 m)tan g, = 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.
SET Up: Rayleigh’s criterion is sin 8 =~ 8 =122A/D.
EXECUTE: (a) Using Rayleigh’s criterion
sin@ = 6 =1224/D = (1.22)(550 nm)/(135/4 mm) =1.99x10~> rad
On the bear this angle subtends a distance x. 6= x/R and

x=RO=(115m)(1.99x10~ rad) =2.29%x10~*m = 0.23 mm
(b) At f/22, Dis 4/22 times as large as at f/4. Since 6 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/2 and hence would have an even less resolving ability.

EXECUTE: sin6, = 1‘22[ J =0.1022; 6, =0.1024 rad

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.

3
EXECUTE: 6= %, where 5.93x10'! m is the distance from earth to Jupiter. Thus
93x% m
6=4.216x10"".
A 1224 1.22(500x1077 m)

Then 9:1.225 and D =145m

0 4.216x1077
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36.48.

36.49.

36.50.

36.51.

36.52.

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

. . A
IDENTIFY: Rayleigh’s criterion says 6, = 1.225.

SerUp: D=720cm. &

) s = Z, where s is the distance of the object from the lens and y =4.00 mm.
s

-3 —2
Expeurs: Y1 A oo YD _(400x107 m)(7.20x10"* m)

s D T 1222 1.22(550%107° 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

. . . A
distance from the telescope. Then the limit of resolution corresponds to 1.22 — = Y
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=1224s/D.

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

Arecibo: D=305m and A=0.75m; y=1.1x10°m

=429 m.

(b) s= % Let y=0.30m (the size of a license plate).

5 =(0.30 m)(2.4 m)/[(1.22)(400x10~° 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 sin¢9=1.22%.

SET UP: @ is small, so sinf = 6. Smallest resolving angle is for short-wavelength light (400 nm).
400x10~° m 10,000 mi
5.08m
10,000mi _ 16,000 km
&  9.6x10"rad
EVALUATE: This is less than a light year, so there are no stars this close.

IDENTIFY: We can apply the equation for single-slit diffraction to the hair, with the thickness of the hair
replacing the thickness of the slit.

EXECUTE: 6= 1.22% =(1.22) =9.61x10 % rad. 6= , where R is the distance to

the star. R= =1.7x10"! km.

SET UP: The dark fringes are located by siné = mi The first dark fringes are for m=%£1. y=Rtané is
a

the distance from the center of the screen. From the center to one minimum is 2.61 cm.
y _2.6lcm

-9
EXECUTE: tanf =2 = —0.02088 so 9=120°, q=_2_ - 0328x107"m
R 125cm sin@ sinl1.20°

EVALUATE: Although the thickness of human hairs can vary considerably, 30 #m is a reasonable

=30.2 yum.

thickness.
IDENTIFY: If the apparatus of Exercise 36.4 is placed in water, then all that changes is the wavelength

/1—>/1’=£

n
SET UP: 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 _2xA_ D _591x10° m

an n 1.33
EVALUATE: The water shortens the wavelength and this decreases the width of the central maximum.

EXECUTE: 2y, =4.44x107 m =4.44 mm.
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36.53. 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 6, =mA/a, where m=1, 2, 3, ..., and the intensity is given by
. 2 .

I sin /2 . where B/2= 7zas1n49'
B2 A

EXECUTE: (a) At the maximum possible angle, =90°, so
= (asin90°)/4 =(0.0250 mm)/(632.8 nm) =39.5

Since m must be an integer and sind must be <1, m

mmax
max =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 639 = (39)(632.8 nm)/(0.0250 mm) = ;9 =+80.8°
(c) The next closer dark fringe occurs at sinfs5 =(38)(632.8 nm)/(0.0250 mm) = 655 =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 . . R
I =10(5111,3/2) . where /2= masing _ 7z(0.025(;31r21n;)sm(77.45 )
.8 nm

=121.15 rad, which gives

sin(121.15 rad)
121.15rad

EVALUATE: At the angle in part (c), the intensity is so low that the light would be barely perceptible.
36.54. 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.

SET Up: The wavelength of the sound that strikes the wall is A= A4, —v,T;, and destructive interference

2
I=(8.50W/m2){ } =5.55%10~* W/m®.

first occurs where sin@ = A/2.

EXECUTE: (a) First find the wavelength of the sound that strikes the openings in the wall.

A=Ay =TI, =vify —vfy = (v—v)/f, = (344 m/s —80.0 m/s)/(1250 Hz) = 0.211 m. Destructive interference
first occurs where d sin 8 = 4/2, which gives d = A/(2sin6)=(0.211 m)/(2 sin 11.4°)=0.534 m.

(b) A=v/f =344 m/s)/(1250 Hz) = 0.275 m. sinf = 4/2d =(0.275 m)/[2(0.480 m)] — & =£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.

36.55. 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.

. S Laui siné: .- in21.6°
EXECUTE: = sin @y, :h; sin Giquiq :M~ Ariquid = Aair — | g ¢ 0.5953 Ay;.-
a a sin@,;, sin38.2°
A
Aiiquia = Air/n (EQ. 33.5), 50 1= A/ Ayigquia = Wgﬂm =1.68.

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

36.56. IDENTIFY: d= %, so the bright fringes are located by %siné’ =1

SETUP: Red: %sin Ag =700 nm. Violet: %Sin Ay =400 nm.

Execute: (a) SO =7 g g0 221005 6 =6, +21.00. SO FT2L0D T 0 trig identity
sing, 4 sin 6y, 4
from Appendix B gives sinfy c0s21.0%+ cosfy sin21.0 =7/4. c0s21.0°+cotb,sin21.0°="7/4.

sin @y,

1
tanfy =0.4390=> 6 =23.7° and 6 =0y +21.0°=23.7°+21.0°=44.7°. Then —sin 6 =700 nm
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gives N =0 __sin 44'79 =1.00x10% lines/m =1.00x10* lines/cm.
700nm  700x10™" m
(b) The spectrum begins at 23.7° and ends at 44.7°.
EVALUATE: As N is increased, the angular range of the visible spectrum increases.
36.57.  (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.
. 40x107° _ .
sing=2 =M ~1.50x1073; 6=1.50x1073 rad
a 0360x10 m
y; = xtand = (1.20 m)tan(1.50x10~ rad)=1.80x10~> m=1.80 mm.
(Note that @ is small enough for & =~sinf = tand, 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 8
and y=xtané to find the distance.
. 1
EXECUTE: Eq. (36.5) gives that / =EIO when f=2.78 rad.
2 . .
B= (—ﬂ-) asin® (Eq. (36.6)), so sinf = ﬁ
A 27wa
-9
J = xtan@ = xsing = O _ (278 1ad)(540x10 3m)(1'20 M) _7.96x107* m=0.796 mm
2ra 27(0.360x107° m)
EVALUATE: The point where / =,/2 is not midway between the center of the central maximum and the
first minimum; see Exercise 36.15.
N
36.58. IDENTIFY: [=], (Mj . The maximum intensity occurs when the derivative of the intensity function
/4

with respect to ¥ is zero.

SET UP: M:cosy_ i(ljz_L
dy ar\y) ¥

. 2 . . .
EXECUTE: £=Ioi[wj =2(smy](cosy_sm7J=Q cosy_s1n7:> ycosy=siny = y=tany.
dy Cdyl 7y y Lr 7 y o7

(b) The graph in Figure 36.58 is a plot of 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 y -values are y =4.49 rad 7.73 rad, and 10.9 rad.

EVALUATE: 7y =0 is 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 ft-
8.0
b N T N T
vy IARE N L W SN N 1 M e

2.0

0.0

. - : : ; : : Gamma
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0

Figure 36.58
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36.59.

36.60.

36.61.

IDENTIFY and SET UP: Relate the phase difference between adjacent slits to the sum of the phasors for all

2md 27d@

slits. The phase difference between adjacent slits is ¢ = 7sin9 =~——— when @ is small and sin@ = 6.

Thus €= ﬂ
27d

EXECUTE: A principal maximum occurs when ¢ =¢,, =m2x, where m is an integer, since then all the

phasors add. The first minima on either side of the m™ principal maximum occur when

o=¢ ﬁm= m27 £ (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 maximum is €= [%} @max- The angular position of the
TT

adjacent minimum is Hfmn= [%} @ rinin-

ol o)) )02
27d N 2rwd/\ N Nd

e_min: (L) (¢max _z] =0- i
2nd N Nd

The angular width of the principal maximum is 6, — 6 .= —fl, as was to be shown.
EVALUATE: The angular width of the principal maximum decreases like 1/N as N increases.
IDENTIFY: Heating the plate causes it to expand, which widens the slit. The increased slit width changes

the angles at which destructive interference occurs.
(2.75%1073/2)

SET Up: First minimum is at angle € given by tané = 0,620

. Therefore, @ is small and the

. mA . . . . 2xA L
equation y,, =x— is accurate. The width of the central maximum is w=——. The change in slit width
a a

is Aa =aoAT.

2xA .
%da =-Yda. Therefore, Aw = ~YAa. The equation for thermal

EXECUTE: dw= 2x/1[—d—621] =—
a a a a

expansion says Aa =aoAT, so Aw=—-woAT =—(2.75 mm)(2.4x10~> K~1)(500 K) =—-0.033 mm. When

the temperature of the plate increases, the width of the slit increases and the width of the central maximum
decreases.
EVALUATE: The fractional change in the width of the slit is (0.033 mm)/(2.75 mm) = 1.2%. This is small,

but observable.

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 ¢ =37/2 and 37/4 are sketched in Figure 36.61b.

For ¢ = ST”’ o= STE, and ¢ = 7%, totally destructive interference occurs between slits four apart. For

3z . . .
o= > totally destructive interference occurs with every second slit.

EVALUATE: At a minimum the phasors for all slits sum to zero.
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A A -
A =%
» Y
Y ! -
_ 3w _ 5w — 3w _ 1T
(f} = —4 l',b - T (t‘ 2 ¢ 4
C)) (b)
Figure 36.61
36.62. IDENTIFY: The wavelength of the helium spectral line from the receding galaxy will be different from the
spectral line on earth due to the Doppler shift in the light from the galaxy.
24,
SETUP: dsinf=mA. sin,, = 22"“’ - SN Gy jaxy = %. $iN Byy1axy = SIN HIab[ A J The Doppler
galaxy
c—v . c 1 I [e=v . . .
formula says fi =,/——fs. Using f =—, we have — =—,/——. Since the lab is the receiver R and
c+v A A A VNe+v
. . c+v
the galaxy is the source S, this becomes A, = Agaaxy [—.
c—v
, , / , 2.998x10" 2.65x10’ o
EXECUTE:  $in 8,y =sinby, ety sm(18.9°)\/ 998 08 ms +2.65x 07 ms which gives
c—v 2.998x10° m/s —2.65x10" m/s
Ogataxy = 20.7°.
EVALUATE: The galaxy is moving away, so the wavelength of its light will be lengthened, which means
that the angle should be increased compared to the angle from light on earth, as we have found.

36.63. 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 8 =1.
EXECUTE: 9200 lines/cm so 9.2x10° lines/m and d = ! s m= 1.087x107° m.

9.2x10
. -6
4=4sind _ (1'087X130 MW _ 3 6107 m =360 nm.
m
EVALUATE: The longest wavelength that can be obtained decreases as the order increases.
36.64. IDENTIFY and SET UP: As the rays first reach the slits there is already a phase difference between adjacent

slits of @ 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.

27d si 27d si . .
EXECUTE: ﬂd;m 0 + ﬂd;m i =27m = d(sin@+sin@)=mA

1
6.00x10° m™!

(b) 600 slits/mm = d = =1.67x10° m.

For &' =6°,
m=0: @=arcsin(0) =0.

-7
m=1: 6= arcsin(ij =arcsin w =22.9°.
d 1.67x10"m

-7
m=-1: 0= arcsin(—iJ =arcsin —M =-22.9°
d 1.67x10°m
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For 6 =20.0°,
m=0: @ =arcsin(—sin20.0°) =-20.0°.
6.50x107" m

m=1: @=arcsin 5
1.67x10" m

sin 20.0°j =2.71°.

6.50x10" " m
1.67x10°m

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

m=—1. 8= arcsin[— sin 20.0°] =-47.0°.

36.65. IDENTIFY: The maxima are given by dsinf =mA. We need sinf = m7/1 <1 in order for all the visible

wavelengths to be seen.

SETUP: For 650 slits/mm = d = ————1.53x10" m.

6.50x10° m~!

EXECUTE: /4 = 4.00x10 " m:m=1: % =0.26;m=2: 27/11 =0.52;m=3: % =0.78.

A= 7.00x10 m:m =1: % =0.46;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.

36.66. IDENTIFY: Apply sin€=1.22%.

SETUpP: @is small, so sind = %, where Ax is the size of the detail and R =7.2x10° ly.

11y=9.41x10"2 km. A=c/f

5 8
Expcure: sing— 20 o A% n L L22AR _ (122)cR _ (1.22)(3.00% 310 km/s)(7.2><190 ly)
D R D Df (77.000x10° km)(1.665 x 10° Hz)

(9.41x10'? km/1y)(2.06 ly) =1.94x10"* km.

=2.06ly.

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.
36.67. IDENTIFY and SET UP: Add the phases between adjacent sources.

EXECUTE: (a) dsin@=mA. Place® maximum at eo or 8=90°. d = A. If d <A, this puts the first

maximum “beyond oo.” 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

dsin 0) . This just scales 27 radians by the fraction the wavelength is of the path

slits is D,y = 275[

difference between adjacent sources. If we add a relative phase & between sources, we still must maintain
a total phase difference of zero to keep our principal maximum.

q)path i5:03w=i50r9:sin_l(ﬁj
A 2nd

© d= 0.280 m

=0.0200 m (count the number of spaces between 15 points). Let = 45°. Also recall
fA=c,s0
272(0.0200 m)(8.800x10° Hz)sin 45°

(3.00x10% m/s)
EVALUATE: J must vary over a wider range in order to sweep the beam through a greater angle.

Omax =%

max =12.61radians.
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36.68.

36.69.

36.70.

36.71.

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 A= 4y/n, and for small angles Rayleigh’s criterion is € =1224/D.

EXECUTE: (a) In air the wavelength is 4, = ¢/f = (3.00x10% m/s)/(6.00x10'* Hz) =5.00x10”7 m. In

water the wavelength is A = Ay/n =(5.00% 107"m)/1.33=3.76x10""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

sinf ~ 6 =1.22A/D = (1.22)(3.76x10™" m)[(0.0350 m)/2.80] = 3.67x10™° rad.
Calling w the width of the resolvable detail, we have

0 =w/x > w=x6= (2750 mm)(3.67 X 10_5rad) =0.101 mm
(b) 6=1.224/D =(1.22)(5.00x10~"m)/[(0.0350 m)/2.80] = 4.88x10™> rad

w=x60= (2750 mm)(4.88><10_5 rad)=0.134 mm

EVALUATE: Due to the reduced wavelength underwater, the resolution of the lens is better under water
than in air.
IDENTIFY: The diameter D of the aperture limits the resolution due to diffraction, by Rayleigh’s criterion.

SET Up: Rayleigh’s criterion says that ., = 1.22%. D=4.00mm. 6, = X, where s is the altitude and
s

y=65.0 m.
EXECUTE: Combining two equations above gives Lo .22%.
S
_yD _ (65.0 m)(4.00x107 m)
1.224 1.22(550x10~° m)

EVALUATE: This is comparable to the altitude of the Hubble telescope.
IDENTIFY: The resolution of the eye is limited because light diffracts as it passes through the pupil. The
size of the pupil determines the resolution.

=3.87x10° m =387 km.

SET UP: The smallest angular separation that can be resolved is 8,

= 1.22%. The angular size of the

object is its height divided by its distance from the eye.
50x10°° m

102 =2.0x107* rad.
X m

EXECUTE: (a) The angular size of the object is 6 =
A {550><10‘9 m]

=1.222=122 : =3.4x10"* rad. 6<86,
D 2.0x107° m

res

6,

) es so the object cannot be resolved.

() 6, =L and y =56, =(25cm)(3.4x107* rad) =8.5x10™> cm =85 ym.
S

(¢) =6,,,=3.4x 10 rad =0.019°=1.1 min. This is very close to the experimental value of 1 min.

(d) Diffraction is more important.

EVALUATE: We could not see any clearer if our retinal cells were much smaller than they are now
because diffraction is more important in limiting the resolution of our vision.

IDENTIFY: The liquid reduces the wavlength of the light (compared to its value in air), and the scratch
causes light passing through it to undergo single-slit diffraction.

ir

SET UP: siné = i, where A is the wavelength in the liquid. n= %

a
EXECUTE: tanf = (22.4/2) cm and 6=20.47°
30.0 cm
. 6 . o _7 Ayir 612 1nm
A=asin@=(1.25x10"" m)sin20.47° =4.372x10"" m=4372 nm. n= =————=140.
A 4372 nm

EVALUATE: »n>1,as it must be, and n =140 is reasonable for many transparent films.
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36.72.  IDENTIFY: Apply sin€=1.22%.

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

1ly=9.41x10" m.
DAx _ (6.00x10° m)(2.50x10° m)

EXECUTE: (a) R= =1.23x10"" m=13.11y

1222 (1.22)(1.0x107° m)
-5 15
®) Ax=1.2lz)/ue=(1.2z)(1.0><10 m)(146221y)(9.41><10 1Y) _ 4 5ax10° ke, This is about 10,000
Um

times the 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 ly)(9.41x10" m/ly)

) =1.13x10° m =1130 km.
6.00x10% m

() Ax=

Av _ 1130km
Dyjanet 1.38x10° km

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

36.73. IDENTIFY and SET UP: Follow the steps specified in the problem.
EXECUTE: (a) From the segment d)’, the fraction of the amplitude of E|, that gets through is

Eo[dy ] :dE:EO(dy ]sin(kx—a)t).

a a

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

(b) The path difference between each little piece is

V'sin@ = kx=k(D—-)"sin0) = dE = Msin(k(D — 3’ sin@) — ax). This can be rewritten as
a

dE = M(sin(kD — ax)cos(ky’ sin @) + sin(ky” sin 8) cos(kD — ax)).
a

(¢) So the total amplitude is given by the integral over the slit of the above.
al2

=E=["" aE= Ey [ “ fz @’ (sin(kD — ax) cos(ky’ sin @) + sin(ky” sin ) cos(kD — ar)).
—d a —da

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

. , . al2
£=205in(kD ) dy'(cos(hy?sin ) = Ey sin(kD - a;z){[—sm("y sin g)ﬂ
a —a

kasin6/2 /|,
— E = E, sin(kD— x) sm(ka(.sm 8)/2) _ By sin(kD — x) sm(im.(sm 6)/4) '
ka(sin6)/2 a(sin@)/4)
At 6=0, S‘[n[' ) _ 1= E= B, sin(kD - ox)

sin(ka(sin0)/2) | [(sin(B2)
ka(sin 8)/2 o pr
EVALUATE: The same result for /(8) is obtained as was obtained using phasors.

36.74. 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

2
(d) Since / o< E* = [ = IO[ J , where we have used /) = Eg sin’ (kx — o).

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

dsin 6) which is just 27, the maximum phase, scaled by whatever fraction

pathlength to point P. ¢ = 271'(
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the path difference, d sin@, is of the wavelength, A. By adding up the contributions from each source
(including the accumulating phase difference) this gives the expression provided.
(b) g kR-wttnf) _ cos(kR — ax + n@) + i sin(kR — @t + ng). The real part is just cos(kR — ax + ng). So,

N-l N-1
Re{ > Eoe’(kR_w”"m} = X E, cos(kR — wx + ng). (Note: Re means “the real part of....”). But this is just
n=0 n=0

Eycos(kR— axt) + Eqycos(kR — et + ¢) + Eycos(kR — axt +2¢) +---+ Eycos(kR — ax + (N —1)@)
N-1 . N-T P . N-T . ® N-1
(©) Y EO el(kaaJt+n¢) _ EO 3 e it e+them¢ — Eoet(kawt) 3 e’”¢. Y em¢ =3 (el¢)ﬂ. But recall
n=0 n=0 n=0 n=0 n=0
N-1 N
Y =2

n=0 X —

T Putting everything together:

_ ING/2 __~iN§/2

Nzl £ oi(kR-atnp) _ p ikR-ar+(N-1)p/2) (¢ 2O
0® = Lol T e —iglay

n=0 (e =e7)

:Eo[cos(kR—at+(N—1)¢/2)+isin(kR—a)t+(N—1)¢/2)]{COSN¢/2+SinN¢/2_COSN¢/2+iSinN¢/2}

cos@/2+ising/2 —cos@/2 +ising/2

Taking only the real part gives = E, cos(kR — ax + (N —1)¢/ Z)M =E
sing/2

sin?(Ng/2)
sin?(¢/2)

2
definition of /. ) ;o< 70.

d I= |E |§V =1 . (The cos® term goes to % in the time average and is included in the

.2 . 2
sin” (2¢/2) = fo(2sing/2c0s¢/2) =41, coszg. Looking at Eq. (35.9),

EVALUATE: (e¢) N=2. =1,

sin’ @/2 sin’ @/2
2
I’y o< 2E§ but for us I, o L =1—0.
2 4
sin?(Ng/2)

36.75.  IDENTIFY and SET UP: From Problem 36.74, I =1, . Use this result to obtain each result

sin’ @2
specified in the problem.

EXECUTE: (a) lim/ —>9. Use 1’Hopital’s rule: lim
9—0 0

sm.(N¢/2) ~ fim N/2 \cos(N¢/2) - N So
$—0  sing/2 #—0

1/2 ) cos(¢/2)
lim 7 = NI,
¢—0

. - . N 2r
(b) The location of the first minimum is when the numerator first goes to zero at 7¢min =T Py =——

The width of the central maximum goes like 2¢,,;,, so it is proportional to %

No

(c) Whenever 5 T nzr where n is an integer, the numerator goes to zero, giving a minimum in intensity.
. . .. 2nrw .. . . s
That is, / is a minimum wherever ¢ = N This is true assuming that the denominator doesn’t go to zero
4

as well, which occurs when 5 =mm, 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.
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(d) From part (c), if % is an integer we get a maximum. Thus, there will be N —1 minima. (Places where

n is not an integer for fixed N and integer n.) 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 ﬂ(i.e.,%,%etc.) and if N is odd then

sin?(N¢/2)

sin? @12
EVALUATE: These results show that the principal maxima become sharper as the number of slits is
increased.

—1,s01 = I,
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