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6 Light of frequency filluminating a long narrow slit produces a
diffraction pattern. (a) If we switch to light of frequency 1.3f, does
the pattern expand away from the center or contract toward the
center? (b) Does the pattern expand or contract if, instead, we sub-
merge the equipment in clear corn syrup?

7 At night many people see rings (called entoptic halos) surround-
ing bright outdoor lamps in otherwise dark surroundings. The rings
are the first of the side maxima in diffraction patterns produced by
structures that are thought to be within the cornea (or possibly the
lens) of the observer’s eye. (The central maxima of such patterns
overlap the lamp.) (a) Would a particular ring become smaller or
larger if the lamp were switched from blue to red light? (b) If a lamp
emits white light, is blue or red on the outside edge of the ring?

8 (a) For a given diffraction grating, does the smallest difference
AA in two wavelengths that can be resolved increase, decrease, or
remain the same as the wavelength increases? (b) For a given
wavelength region (say, around 500 nm), is AA greater in the first
order or in the third order?

9 Figure 36-33 shows a red line and
a green line of the same order in the
pattern produced by a diffraction
grating. If we increased the number
of rulings in the grating—say, by
removing tape that had covered the outer half of the rulings—
would (a) the half-widths of the lines and (b) the separation of the
lines increase, decrease, or remain the same? (c) Would the lines
shift to the right, shift to the left, or remain in place?

10 For the situation of Question 9 and Fig. 36-33, if instead we in-
creased the grating spacing, would (a) the half-widths of the lines and
(b) the separation of the lines increase, decrease, or remain the same?
(c) Would the lines shift to the right, shift to the left, or remain in place?

Figure 36-33 Questions 9
and 10.

11 (a) Figure 36-34a shows the lines produced by diffraction
gratings A and B using light of the same wavelength; the lines are
of the same order and appear at the same angles 6. Which grating

Problems

has the greater number of rulings? (b) Figure 36-34b shows lines of
two orders produced by a single diffraction grating using light of
two wavelengths, both in the red region of the spectrum. Which
lines, the left pair or right pair, are in the order with greater m? Is
the center of the diffraction pattern located to the left or to the
right in (c) Fig. 36-34a and (d) Fig. 36-34b?
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(a) (b)
Figure 36-34 Question 11.

12 Figure 36-35 shows the

bright fringes that lie within 4
the central diffraction enve-
lope in two double-slit dif-
fraction experiments using
the same wavelength of light.
Are (a) the slit width a, (b)
the slit separation d, and (c) the ratio d/a in experiment B greater
than, less than, or the same as those quantities in experiment A?

Figure 36-35 Question 12.

13 In three arrangements you view two closely spaced small
objects that are the same large distance from you. The angles that
the objects occupy in your field of view and their distances from
you are the following: (1) 2¢p and R; (2) 2¢ and 2R; (3) ¢/2 and R/2.
(a) Rank the arrangements according to the separation between
the objects, greatest first. If you can just barely resolve the two ob-
jects in arrangement 2, can you resolve them in (b) arrangement 1
and (c) arrangement 3?

14  For a certain diffraction grating, the ratio A/a of wavelength to
ruling spacing is 1/3.5. Without written calculation or use of a cal-
culator, determine which of the orders beyond the zeroth order ap-
pear in the diffraction pattern.

@ Tutoring problem available (at instructor's discretion) in WileyPLUS and WebAssign

SSM  Worked-out solution available in Student Solutions Manual

»— e Number of dots indicates level of problem difficulty

WWW Worked-out solution is at

. . http://www.wiley.com/college/halliday
Interactive solution is at

& Additional information available in The Flying Circus of Physics and at flyingcircusofphysics.com

Module 36-1 Single-SIit Diffraction
*1 @ The distance betw n the first and fifth minima of a single-
slit diffraction pattern i mm with the screen away from

the slit, when light of wave ength,ls used. (a) Find the slit
width. (b) Calculate the angle 0 of the first diffraction minimum.

*2 What must be the ratio of the slit width to the wavelength for a
single slit to have thé diffraction minimum at 6 =

*3 A plane wave of wavelength 590 nm is incident on a slit with a
width of @ = 0.40 mm. A thin converging lens of focal length +70 cm
is placed between the slit and a viewing screen and focuses the
light on the screen. (a) How far is the screen from the lens?
(b) What is the distance on the screen from the center of the dif-
fraction pattern to the first minimum?

*4 In conventional television, signals are broadcast from towers
to home receivers. Even when a receiver is not in direct view of a

tower because of a hill or building, it can still intercept a signal if
the signal diffracts enough around the obstacle, into the obstacle’s
“shadow region.” Previously, television signals had a wavelength of
about 50 cm, but digital television signals that are transmitted
from towers have a wavelength of about 10 mm. (a) Did this
change in wavelength increase or decrease the diffraction of the
signals into the shadow regions of obstacles? Assume that a
signal passes through an opening of 5.0 m width between two
adjacent buildings. What is the angular spread of the central dif-
fraction maximum (out to the first minima) for wavelengths of
(b) 50 cm and (¢) 10 mm?

*5 A single slit is illuminated by light of wavelengths A, and A,
ch so that the diffraction minimum of the A, component
minimum of the A, component. (a) If
0 nm, what is A,? For what order number m,, (if any) does a



minimum of the A, component coincide with the minimum of the
A, component in the order number (b) m, = 2 and (¢) m, = 3?

*6 Monochromatic light of wavelength’is incident on a
narrow slit. On a screen away, the distance between the
second diffraction minimum and the central maximum is

(a) Calculate the angle of diffraction 6 of the second minimum.
(b) Find the width of the slit.

*7 Light of wavelenthnm is incident on a narrow slit. The
angle between the‘ diffraction minimum on one side of the
central maximum and the minimum on the other side is .
What is the width of the slit?

*8 Sound waves with frequency

3000 Hz and speed 343 my/s diffract / Speaker
through the rectangular opening of |ff

a speaker cabinet and into a large

auditorium of length d = 100 m. The

opening, which has a horizontal

width of 30.0 cm, faces a wall 100 m ' d !
away (Fig. 36-36). Along that wall, Figure 36-36 Problem 8.
how far from the central axis will a

listener be at the first diffraction minimum and thus have difficulty
hearing the sound? (Neglect reflections.)

Central
axis

*9 ssM ILW A slit 1.00 mm wide is illuminated by light of wave-
length 589 nm. We see a diffraction pattern on a screen 3.00 m
away. What is the distance between the first two diffraction minima
on the same side of the central diffraction maximum?

10 @ Manufacturers of wire (and other objects of small
dimension) sometimes use a laser to continually monitor the
thickness of the product. The wire intercepts the laser beam, pro-
ducing a diffraction pattern like that of a single slit of the same
width as the wire diameter (Fig. 36-37). Suppose a helium-neon
laser, of wavelength 632.8 nm, illuminates a wire, and the diffrac-
tion pattern appears on a screen at distance L = 2.60 m. If the
desired wire diameter is 1.37 mm, what is the observed distance
between the two tenth-order minima (one on each side of the
central maximum)?

Wire-making
machine

Wire
He-Ne
laser
Figure 36-37 Problem 10.
Module 36-2 Intensity in Single-Slit Diffraction

°11 A 0.10-mm-wide slit is illuminated by light of wavelength
589 nm. Consider a point P on a viewing screen on which the dif-
fraction pattern of the slit is viewed; the point is at 30° from the
central axis of the slit. What is the phase difference between the
Huygens wavelets arriving at point P from the top and midpoint of
thesslit? (Hint: See Eq. 36-4.)

*12  Figure 36-38 gives a versus the sine of the angle #in a single-slit dif-
fraction experiment using light of wavelength 610 nm. The vertical axis
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scale is set by @, = 12 rad. What are @ (rad)
(a) the slit width, (b) the total num- %
ber of diffraction minima in the pat-
tern (count them on both sides of
the center of the diffraction pat-
tern), (c) the least angle for a mini- | Lsino
mum, and (d) the greatest angle for ~ 0 05
aminimum? Figure 36-38 Problem 12.

*13 Monochromatic light with wavelength 538 nm is incident on a
slit with width 0.025 mm. The distance from the slit to a screen is 3.5
m. Consider a point on the screen 1.1 cm from the central maximum.
Calculate (a) @for that point, (b) @, and (c) the ratio of the intensity at
that point to the intensity at the central maximum.

*14 In the single-slit diffraction experiment of Fig. 36-4,let the wave-
length of the light be 500 nm, the slit width be 6.00 um, and the view-
ing screen be at distance D =3.00m. Let a y axis extend upward
along the viewing screen, with its origin at the center of the diffraction
pattern. Also let I, represent the intensity of the diffracted light at
point P at y = 15.0 cm. (a) What is the ratio of I, to the intensity /,, at
the center of the pattern? (b) Determine where point P is in the dif-
fraction pattern by giving the maximum and minimum between
which it lies, or the two minima between which it lies.

15 ssm www The full width at half-maximum (FWHM) of a
central diffraction maximum is defined as the angle between the two
points in the pattern where the intensity is one-half that at the center
of the pattern. (See Fig. 36-8b.) (a) Show that the intensity drops to
one-half the maximum value when sin? a = o%/2. (b) Verify that @ =
1.39 rad (about 80°) is a solution to the transcendental equation of
(). (c) Show that the FWHM is Af = 2 sin~!(0.443\/a), where a is the
slit width. Calculate the FWHM of the central maximum for slit width
(d) 1.00A, (e) 5.00A,and (f) 10.0A.

°e16 Babinet’s principle. A
monochromatic beam of paral- P
lel light is incident on a “colli-
mating” hole of diameter x > A. T
Point P lies in the geometrical — «
shadow region on a distant i
screen (Fig. 36-39a). Two dif-
fracting objects, shown in Fig.
36-39b, are placed in turn over

the collimating hole. Object A is (a)
an opaque circle with a hole in
it, and B is the “photographic
negative” of A. Using superpo- N
sition concepts, show that the
intensity at P is identical for the

two diffracting objects A and B.

*17 (a) Show that the values
of a at which intensity maxima
for single-slit diffraction occur can be found exactly by differenti-
ating Eq. 36-5 with respect to @ and equating the result to zero, ob-
taining the condition tan a = «. To find values of « satisfying this
relation, plot the curve y = tan « and the straight line y = « and
then find their intersections, or use a calculator to find an appro-
priate value of « by trial and error. Next, from & = (m + %) r, de-
termine the values of m associated with the maxima in the single-
slit pattern. (These m values are not integers because secondary
maxima do not lie exactly halfway between minima.) What are the
(b) smallest « and (c) associated m, the (d) second smallest « and
(e) associated m, and the (f) third smallest « and (g) associated m?
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(b)
Figure 36-39 Problem 16.
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are each 46 um and the slit separation is 0.30 mm. How many
complete bright fringes appear between the two first-order minima
of the diffraction pattern?

*37 In a double-slit experiment, the slit separation d is 2.00 times
the slit width w. How many bright interference fringes are in the
central diffraction envelope?

*38 In a certain two-slit interference pattern, 10 bright fringes lie
within the second side peak of the diffraction envelope and diffrac-
tion minima coincide with two-slit interference maxima. What is
the ratio of the slit separation to the slit width?

*39 Light of wavelength 440 nm passes through a double slit,
yielding a diffraction pattern whose graph of intensity / versus an-
gular position 6 is shown in Fig. 36-44. Calculate (a) the slit width
and (b) the slit separation. (c) Verify the displayed intensities of
the m = 1 and m = 2 interference fringes.

Intensity (mW/cm?)
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6 (degrees)
Figure 36-44 Problem 39.

*40 @ Figure 36-45 gives the pa- B (rad)
rameter § of Eq. 36-20 versus the g

sine of the angle #in a two-slit inter-

ference experiment using light of

wavelength 435 nm. The vertical axis

scale is set by B; = 80.0 rad. What are |
(a) the slit separation, (b) the total 0.5
number of interference maxima .

(count them on both sides of the Figure 36-45 Problem 40.
pattern’s center), (c) the smallest angle for a maxima, and (d) the
greatest angle for a minimum? Assume that none of the interference
maxima are completely eliminated by a diffraction minimum.

Lsing

*»41 @ In the two-slit interference experiment of Fig. 35-10, the slit
widths are each 12.0 um, their separationis 24.0 um, the wavelength is
600 nm, and the viewing screen is at a distance of 4.00 m. Let /, repre-
sent the intensity at point P on the screen, at height y = 70.0 cm. (a)
What is the ratio of I, to the intensity /,, at the center of the pattern?
(b) Determine where P is in the two-slit interference pattern by giving
the maximum or minimum on which it lies or the maximum and mini-
mum between which itlies. (¢) In the same way, for the diffraction that
occurs,determine where point Pis in the diffraction pattern.

*242 @ (a) In a double-slit experiment, what largest ratio of d to a
causes diffraction to eliminate the fourth bright side fringe?
(b) What other bright fringes are also eliminated? (c) How many
other ratios of d to a cause the diffraction to (exactly) eliminate
that bright fringe?

43 ssm www (a) How many bright fringes appear between

the first diffraction-envelope minima to either side of the central
maximum in a double-slit pattern if A = 550 nm, d = 0.150 mm,
and a = 30.0 um? (b) What is the ratio of the intensity of the third
bright fringe to the intensity of the central fringe?

Module 36-5 Diffraction Gratings

*44 —%GE Perhaps to confuse a predator, some tropical gyrinid
beetles (whirligig beetles) are colored by optical interference that
is due to scales whose alignment forms a diffraction grating (which
scatters light instead of transmitting it). When the incident light
rays are perpendicular to the grating, the angle between the‘
order maxima (on opposite sides of the zeroth-order maximum) is
aboutin light with a wavelength of What is the grating
spacing of the beetle?

45 A diffraﬁion gratingmm wide has rulings. Light of

wavelength nm is incident perpendicularly on the grating.
What are the (a) largest, (b) second largest, and (c) third largest
values of @ at which maxima appear on a distant viewing screen?

*46 Visible light is incident perpendicularly on a grating with
rulings/mm. What is the longest wavelength that can be seen in the
order diffraction?

°47 ssm ILW A grating has 400 lines/mm. How many orders of
the entire visible spectrum (400—700 nm) can it produce in a dif-
fraction experiment, in addition to the m = 0 order?

*48 A diffraction grating is made up of slits of width 300 nm with
separation 900 nm. The grating is illuminated by monochromatic
plane waves of wavelength A =600 nm at normal incidence.
(a) How many maxima are there in the full diffraction pattern?
(b) What is the angular width of a spectral line observed in the first
order if the grating has 1000 slits?

49 ssmMm Www Light of wavelength 600 nm is incident normally
on a diffraction grating. Two adjacent maxima occur at angles given
by sin # = 0.2 and sin 6 = 0.3. The fourth-order maxima are missing.
(a) What is the separation between adjacent slits? (b) What is the
smallest slit width this grating can have? For that slit width, what are
the (c) largest, (d) second largest, and (e) third largest values of the
order number m of the maxima produced by the grating?

*50 With light from a gaseous discharge tube incident normally
on a grating with slit separation 1.73 um, sharp maxima of green
light are experimentally found at angles # = =17.6°,37.3°, —=37.1°,
65.2°, and —65.0°. Compute the wavelength of the green light that
best fits these data.

51 @ A diffraction grating having 180 lines/mm is illuminated
with a light signal containing only two wavelengths, A; = 400 nm
and A, = 500 nm. The signal is incident perpendicularly on the
grating. (a) What is the angular separation between the second-
order maxima of these two wavelengths? (b) What is the smallest
angle at which two of the resulting maxima are superimposed?
(c) What is the highest order for which maxima for both wave-
lengths are present in the diffraction pattern?

52 @ A beam of light consisting of wavelengths from
460.0 nm to 640.0 nm is directed perpendicularly onto a diffrac-
tion grating with 160 lines/mm. (a) What is the lowest order that is
overlapped by another order? (b) What is the highest order for
which the complete wavelength range of the beam is present? In
that highest order, at what angle does the light at wavelength (c)
460.0 nm and (d) 640.0 nm appear? (¢) What is the greatest angle
at which the light at wavelength 460.0 nm appears?

*53 @ A grating has 350 rulings/mm and is illuminated at normal



incidence by white light. A spectrum is formed on a screen 30.0 cm
from the grating. If a hole 10.0 mm square is cut in the screen, its
inner edge being 50.0 mm from the central maximum and parallel
to it, what are the (a) shortest and (b) longest wavelengths of the
light that passes through the hole?

*54 Derive this expression for the intensity pattern for a three-slit
“grating”:
I=1351,(1 + 4 cos ¢ + 4 cos® ),

where ¢ = (27d sin 6)/A and a < A.

Module 36-6 Gratings: Dispersion and Resolving Power
°55 ssM ILW A source containing a mixture of hydrogen and
deuterium atoms emits red light at two wavelengths whose mean is
nm and whose separation is nm. Find the minimum
number of lines needed in a diffraction grating that can resolve
these lines in the first order.

*56 (a) How many rulings must wide diffraction grating

have to resolve the wavelengths 415.496:and 415.487 nm in the second
order? (b) At what angle are the second-order maxima found?

*57 Lightat wavelength nm from a sodium lamp is incident per-
pendicularly on a grating with ¢ Orulings over width What
are the first-order (a) dispersion D and (b) resolving power R, the sec-
ond-order (c¢) D and (d) R,and the third-order (e) D and (f) R?

*58 A grating has rulings/mm and is mm wide. |a) What is

the smallest wavelength interval it can resolve in the d)order at
A =nm? (b) How many higher orders of maxima can be seen?

°59 A diffraction grating with a width of 2.0cm contains
1000 lines/cm across that width. For an incident wavelength of
600 nm, what is the smallest wavelength difference this grating can
resolve in the second order?

°60 The D line in the spectrum of sodium is a doublet with wave-
lengths 589.0 and 589.6 nm. Calculate the minimum number
of lines needed in a grating that will resolve this doublet in the
second-order spectrum.

°61 With a particular grating the sodium doublet (589.00 nm and
589.59 nm) is viewed in the third order at 10° to the normal and is
barely resolved. Find (a) the grating spacing and (b) the total width
of the rulings.

*62 A diffraction grating illuminated by monochromatic light
normal to the grating produces a certain line at angle 6. (a) What is
the product of that line’s half-width and the grating’s resolving
power? (b) Evaluate that product for the first order of a grating of
slit separation 900 nm in light of wavelength 600 nm.

*e63 Assume that the limits of the visible spectrum are arbitrarily
chosen as 430 and 680 nm. Calculate the number of rulings per mil-
limeter of a grating that will spread the first-order spectrum
through an angle of 20.0°.

Module 36-7 X-Ray Diffraction

°64 What is the smallest Bragg angle for x rays of wavelength
30 pm to reflect from reflecting planes spaced 0.30 nm apart in a
calcite crystal?

*65 An x-ray beam of wavelength A undergoes first-order reflection
(Bragg law diffraction) from a crystal when its angle of incidence to a
crystal face is 23°, and an x-ray beam of wavelength 97 pm undergoes
third-order reflection when its angle of incidence to that face is 60°.
Assuming thatthe two beams reflect from the same family of reflecting
planes, find (a) the interplanar spacing and (b) the wavelength A.
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*66 An x-ray beam of a certain wavelength is incident on an NaCl
crystal, at 30.0° to a certain family of reflecting planes of spacing
39.8 pm. If the reflection from those planes is of the first order,
what is the wavelength of the x rays?

*67 Figure 36-46 is a graph of intensity versus angular position 6
for the diffraction of an x-ray beam by a crystal. The horizontal
scale is set by 6, = 2.00°. The beam consists of two wavelengths, and
the spacing between the reflecting planes is 0.94 nm. What are the
(a) shorter and (b) longer wavelengths in the beam?

Intensity

0 9&
6 (degrees)

Figure 36-46 Problem 67.

*68 If first-order reflection occurs in a crystal at Bragg angle 3.4°,
at what Bragg angle does second-order reflection occur from the
same family of reflecting planes?

*69 X rays of wavelength 0.12 nm are found to undergo second-
order reflection at a Bragg angle of 28° from a lithium fluoride
crystal. What is the interplanar spacing of the reflecting planes in
the crystal?

*70 @ In Fig. 36-47, first-order re-
flection from the reflection planes
shown occurs when an x-ray beam of
wavelength 0.260 nm makes an angle
0= 63.8° with the top face of the o
crystal. What is the unit cell size a,?

*71 www In Fig. 36-48, let a beam
of x rays of wavelength 0.125 nm be
incident on an NaCl crystal at angle
0 = 45.0° to the top face of the crys-
tal and a family of reflecting planes.
Let the reflecting planes have sepa-
ration d = 0.252 nm. The crystal is
turned through angle ¢ around an
axis perpendicular to the plane of the
page until these reflecting planes
give diffraction maxima. What are
the (a) smaller and (b) larger value
of ¢ if the crystal is turned clockwise
and the (c) smaller and (d) larger
value of ¢ if it is turned counter-
clockwise?

X rays
P !

<~ Gy —

[ )
Figure 36-47 Problem 70.
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Figure 36-48 Problems 71
and 72.

*72 In Fig. 36-48, an x-ray beam of wavelengths from 95.0 to 140
pm is incident at § = 45.0° to a family of reflecting planes with spac-
ing d = 275 pm.What are the (a) longest wavelength A and (b) associ-
ated order number m and the (c) shortest A and (d) associated m of
the intensity maxima in the diffraction of the beam?

*73 Consider a two-dimensional square crystal structure, such as
one side of the structure shown in Fig. 36-28a. The largest interplanar
spacing of reflecting planes is the unit cell size a,. Calculate and
sketch the (a) second largest, (b) third largest, (c) fourth largest, (d)



