University Physics with Modern Physics
Fifteenth Edition

UNIVERSITY|
P HYS IC S I  with MODERN I’H\'QI(,TS

Chapter 36
Diffraction

AND
FREEDMAN

Copyright © 2020 Pearson Education, Inc. All Rights Reserved



Learning Outcomes

In this chapter, you’ll learn...

* how to calculate the intensity at various points in a single-
slit diffraction pattern.

» what happens when coherent light shines on an array of
narrow, closely spaced slits.

* how x-ray diffraction reveals the arrangement of atoms in a
crystal.

* how diffraction sets limits on the smallest details that can
be seen with an optical system.

* how holograms work.
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Introduction

* Flies have compound eyes with
thousands of miniature lenses, each only
about 20 um in diameter.

* Due to the wave-nature of light, the
ability of a lens to resolve fine details
improves as the lens diameter D
Increases.

- Each miniature lens in a fly’s eye has
very poor resolution, compared to those
produced by a human eye, because the
lens is so small.

- We’'ll continue our exploration of the
wave nature of light with diffraction.
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Diffraction

. According to geometric optics, Geometric optics predicts that this situation
. . should produce a sharp boundary between
when an opaque object is placed Pt o

between a point light source and solid shadow. * DOESN'T
a screen, the shadow of the > )W HAPPEN
: That’s NOT what AR
object forms a perfectly sharp really Happens!
line. .
Point Area of !
- However, the wave nature of light e (uminatifig
causes interference patterns, *—> >
which blur the edge of the & .
eometric <
shadow. /| shadow

o _ _ Straightedge . |
 This is one effect of diffraction.

Screen
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In Fig. 36.1, both the point source and the screen are relatively close to the obstacle
forming the diffraction pattern. This situation is described as near-field diffraction or
Fresnel diffraction, pronounced “Freh-nell” (after the French scientist Augustin Jean
Fresnel, 1788-1827). By contrast, we use the term Fraunhofer diffraction (after the
German physicist Joseph von Fraunhofer, 1787-1826) for situations in which the source,
obstacle, and screen are far enough apart that we can consider all lines from the source to
the obstacle to be parallel, and can likewise consider all lines from the obstacle to a given
point on the screen to be parallel. We’ll restrict the following discussion to Fraunhofer dif-
fraction, which is usually simpler to analyze in detail than Fresnel diffraction.



Diffraction and Huygen's Principle

 This photograph was made by (a)
placing a razor blade halfway
between a pinhole, illuminated by
monochromatic light, and a
photographic film.

* The film recorded the shadow cast
by the blade.

* Note the fringe pattern around the
blade outline, which is caused by
diffraction.
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Figure 36.2 Anexample of diffraction.
(a) (b)

--Photograph of a razor blade illuminated by monochromatic
light from a point source (a pinhole). Notice the fringe
around the blade outline.

Enlarged view of the area outside
the blade’s geometric shadow.
A\

Position of geometric shadow




Diffraction from a Single Slit @of2

(a) PREDICTED OUTCOME:
Geometric optics predicts that this
setup will produce a single bright
band the same size as the slit.

i
e

Parallel-ray monochromatic
light
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Figure 36.3 (a) The “shadow” of a horizontal slit as incorrectly predicted by geometric optics.
(b) A horizontal slit actually produces a diffraction pattern. The slit width has been greatly exaggerated.

(a) PREDICTED OUTCOME: (b) WHAT REALLY HAPPENS:
Geometric optics predicts that this In reality, we see a diffraction ===
setup will produce a single bright - pattern—a set of bright and

band the same size as the slit. dark fringes.

/
/

/
_——

—

Parallel-ray monochromatic
light



Diffraction from a Single Slit 2of2

(b) WHAT REALLY HAPPENS:
In reality, we see a diffraction
pattern—a set of bright and
dark fringes.
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Fresnel Diffraction by a Single Slit

(a) A slit as a source of wavelets (b) Fresnel (near-field) diffraction
We divide the slit into If the screen 1is close,
imaginary strips parallel the rays from the
to the slit’s long axis. different strips to a

N point P on the screen

Slit are not parallel.

width

Each strip is a source of
Huygens’s wavelets.

/

Plane waves
incident on the slit Screen
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Figure 36.5 Side view of a horizontal slit. (a)
When the distance x to the screen is much
greater than the slit width a, the rays from

a distance a/2 apart may be considered ¥ %

parallel.

a L X

For the two strips shown, the path difference to P is (a/2) sinf.
When (a/2)sinf = A/2. the light cancels at P. This is true for the
whole slit, so P represents a dark fringe.

(b) Enlarged view of the top half of the slit

e () 15 nsually very small, so we can use the

a 8 approximations sin# = # and tanf = 6.
5 “»:»l]% 2} :\/ Then the condition for a dark band is
|
- ma
$+ |e ’1\ Yin x—=
1 a
—sinf
Dark fringes Angle of line from center of slit to mth dark fringe on screen
o H
single-slit 4 mA
. _ = 1 5 g
diffraction: sinfl = - (m = 1, +2, £3,... ) (36.2)

R :
Slit width® Wavelength



With light, the wavelength A is of the order of 500 nm = 5 X 10”7 m. This is often
much smaller than the slit width a: a typical slit width is 10 2e¢m = 10~* m. Therefore
the values of # in Eq. (36.2) are often so small that the approximation sinf = 6 (where ¢
is in radians) is a very good one. In that case we can rewrite this equation as

f=— (m= *1 *+2,

[+

3,...) (for small angles @ in radians)

Also, if the distance from slit to screen is x, as in Fig. 36.5a, and the vertical distance of
the mth dark band from the center of the pattern is y,,, then tanf = y,,/x. For small # we
may also approximate tan# by # (in radians). We then find

mA
Ym =X~ (for y,, <<= x) (36.3)

Figure 36.6 Photograph of the
Fraunhofer diffraction pattern of a
single horizontal slit.

< m= 3
< m=2

< = 1

< = 1
< m= -2

<= m=—3



EXAMPLE 36.1 Single-slit diffraction

You pass 633 nm laser light through a narrow slit and observe the dif-
fraction pattern on a screen 6.0 m away. The distance on the screen be-
tween the centers of the first minima on either side of the central bright
fringe is 32 mm (Fig. 36.7, next page). How wide is the slit?

IDENTIFY and SET UP This problem involves the relationship between
the positions of dark fringes in a single-slit diffraction pattern and the slit
width a (our target variable). The distances between fringes on the screen
are much smaller than the slit-to-screen distance, so the angle # shown in
Fig. 36.5a is very small and we can use Eq. (36.3) to solve for a.



EXECUTE The first minimum corresponds to m = 1 in Eq. (36.3).
The distance y; from the central maximum to the first minimum
on either side is half the distance between the two first minima, so
¥; = (32 mm)/2 = 16 mm. Solving Eq. (36.3) for a, we find

xA  (6.0m)(633 X 1077 m)
aqa=—=

— =24 % 10%m = 0.24 mm
Vi 16 X 107 m

EVALUATE The angle 6 is small only if the wavelength is small
compared to the slit width. Since A = 633 nm = 6.33 X 107" m and
we have found a = 0.24 mm = 2.4 X 10~* m, our result is consis-
tent with this: The wavelength is (6.33 < 1077 m)/(2.4 X 1074 m) =
0.0026 as large as the slit width. Can you show that the distance
between the second minima on either side is 2(32 mm) = 64 mm,
and so on?



Fraunhofer Diffraction by a Single Slit

(c) Fraunhofer (far-field) diffraction (d) Imaging Fraunhofer diffraction
If the screen 1s distant, A converging lens images a
the rays to P are Fraunhofer pattern on
approximately parallel. H a nearby screen.

Converging

cylindrical lens

Screen
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Locating the Dark Fringes

 Shown is the Fraunhofer diffraction
pattern from a single horizontal slit.

* It is characterized by a central bright
fringe centered at 6 = O, surrounded by
a series of dark fringes.

» The central bright fringe is twice as
wide as the other bright fringes.

Dark fringes, Angle of line from center of slit to mth dark fringe on screen
single-slit i _ m/\ﬁ _
diffraction: sinf) = 7 (m — —l—_l, i_2, i3, cee )

4

Slit width”™  Wavelength

* Video Tutor Solution: Example 36.1

@ Pearson

L B

I <—

P <— /71
-

Copyright © 2020 Pearson Education, Inc. All Rights Reserved


https://mediaplayer.pearsoncmg.com/assets/_video.true/secs-yf-vts-ex36-1

Intensity in the Single-Slit Pattern @of2

* We can derive an expression for
the intensity distribution for the
single-slit diffraction pattern by
using phasor-addition.

* We imagine a plane wave front
at the slit subdivided into a large
number of strips.

At the point O, the phasors are
all in phase.

H Strips within slit
N
Slit
width: | | | s L X0
a
A4 P
H Distant screen

Plane waves
incident on the slit

At the center of the diffraction pattern
(point Q), the phasors from all strips within the
slit are in phase.

< E

| 0 g
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Figure 36.8 Using phasor diagrams tc
find the amplitude of the E field in sin
slit diffraction. Each phasor represents
E field from a single strip within the s
(a)

H Strips within slit
Slit
width

H Distant screen
Plane waves

incident on the slit

(b) At the center of the diffraction pattern
(point O), the phasors from all strips within
slit are in phase.

() Phasor diagram at a point slightly off th
center of the pattern; f = total phase differ
between the first and last phasors.

""’ﬁ B

(d) As in (c). but in the limit that the slit is
subdivided into infinitely many strips

C
Eq
: B
2
Bl 5 & s
e 2
S 3
@%é\“ YL
A Eo B




Intensity in the Single-Slit Pattern of2

 Now consider wavelets arriVing (c) Phasor diagram at a point slightly off the
from different Stl’ipS at point P center of the pattern; 8 = total phase difference

between the first and last phasors.

- Because of the differences in
path length, there are now
phase differences between
wavelets coming from adjacent
strips.

* The vector sum of the phasors
IS now part of the perimeter of a
many-sided polygon.

@Pearson
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Ep of the resultant electric field at P is equal to the chord AB, which is 2( Ey/B) sin(B/2).
(Note that B must be in radians!) We then have

sin(3/2)
B/2

The intensity at each point on the screen is proportional to the square of the amplitude
given by Eq. (36.4). If I is the intensity in the straight-ahead direction where # = 0 and
B = 0, then the intensity / at any point is

_[sin(B/2)
= "”[ B2

Ep =Ej (amplitude in single-slit diffraction) (36.4)

2
] (intensity in single-slit diffraction) (36.5)



Intensity Maxima in a Single-Slit
Pattern

- Shown is the intensity versus angle ~ “ 1= oo
In a single-slit diffraction pattern. daluoy S
I = 0.04721,
* Most of the wave power goes into —1
. . I 0
the central intensity peak (between =5 L
the m = 1 and m = -1 intensity —_—
minima). =3
Angle of line from center of slit to position on screen
i S B { [ma(sin6) /A] }2
single-slit == M= P
diffgraction - : 7;61(5111 0) / A v

Intensity ath = 0 Slit width Wavclcnglh

* Video Tutor Solution: Example 36.2
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https://mediaplayer.pearsoncmg.com/assets/_video.true/secs-yf-vts-ex36-2

(a)
1 = 0.00831,

I = 001651,

| I = 0.0472I,
. m=1
q_ """"
e 0
eem—l I=Io
e m=—1
—->.
m=—2
m = —3

(b)




The dark fringes in the pattern are the places where I = 0. These occur at points for
vhich the numerator of Eq. (36.5) is zero so that B is a multiple of 27r. From Eq. (36.6)
his corresponds to

inf
asmY — m (m= £1,*£2,...)
A
A
sin9=% (m=*1,+2,...) (36.8)

Intensity Maxima in the Single-Slit Pattern

We can also use Eq. (36.5) to calculate the positions of the peaks, or infensity maxima,
and the intensities at these peaks. This is not quite as simple as it may appear. We might
expect the peaks to occur where the sine function reaches the value = 1—namely, where
B = T, =3, * 54, orin general,

B= t(2m+ )= (m=0,1,2,...) (36.9)



Width of the Single-Slit Pattern @orz

* The single-slit diffraction pattern depends on the ratio
of the slit width a to the wavelength A.

« Below is the pattern when a = 4.

If the slit width 1s equal to or narrower than the
wavelength, only one broad maximum forms.

I l | | 0
—-20°  —10° 0° 10° 20°
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(a)a= A (b)a = 5A (¢)a = 8A

If the slit width is equal to or narrower than the The wider the slit (or the shorter the
wavelength, only one broad maximum forms. _wavelength), the narrower and sharper_
1 { .+ is the central peak. K

1 I I I
=200 -10° 0° 10° 20° —20° 107 0° 10° 20° -20°  —10° 0° 10° 20°



Width of the Single-Slit Pattern oz

* The single-slit diffraction pattern depends on the ratio of
the slit width a to the wavelength A.

- Below are the patterns when a =54 (left) and a =84
(right).
(b) a = 5A () a = 8A

The wider the slit (or the shorter the
,wavelength), the narrower and sharper_
I+ is the central peak. '

—20° —10° 0° 10° 20°
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EXAMPLE 36.2 Single-slit diffraction: Intensity |

(a) The intensity at the center of a single-slit diffraction pattern is I,. What is
the intensity at a point in the pattern where there is a 66 radian phase differ-
ence between wavelets from the two edges of the slit? (b) If this point is 7.0°
away from the central maximum, how many wavelengths wide is the slit?



EXAMPLE 36.2 Single-slit diffraction: Intensity |

(a) The intensity at the center of a single-slit diffraction pattern is [,. What is
the intensity at a point in the pattern where there is a 66 radian phase differ-
ence between wavelets from the two edges of the slit? (b) If this point is 7.0°
away from the central maximum, how many wavelengths wide is the slit?

EXECUTE (a) We have 3/2 = 33 rad, so from Eq. (36.5),

{sin(33 rad)
=h|—3

2
= (92 % 1079,
33 rad } ® Mo

(b) From Eq. (36.6),

B 66 rad

a
- = = = 86
A 2wsin@ (27 rad)sin7.0°

For example, for 550 nm light the slit width is @ = (86)(550 nm) =
47 % 107 m = 0.047 mm, or roughly%mm.



EXAMPLE 36.3 Single-slil diffraction: Intensity |l

In the experiment described in Example 36.1 (Section 36.2), the inten-
sity at the center of the pattern is [;. What is the infensity at a point on
the screen 3.0 mm from the center of the pattern?



EXAMPLE 36.3 Single-slil diffraction: Intensity |l

In the experiment described in Example 36.1 (Section 36.2), the inten-
sity at the center of the pattern is [;. What is the infensity at a point on
the screen 3.0 mm from the center of the pattern?

EXECUTE Referring to Fig. 36.5a, we have y = 3.0 mmand x = 6.0 m,
so tanf = y/x = (3.0 X 107 m)/(6.0m) = 5.0 X 107, This is so
small that the values of tan#, sin#, and # (in radians) are all nearly the
same. Then, from Eq. (36.7),

wasin®  w(24 X 107 m)(5.0 x 107%)
A 633 % 107 m -
sin 0.60

N ”( 0.60

0.60

2
) — 0.89],



Two Slits of Finite Width @ o2

Figure (a) shows the intensity in a
single-slit diffraction pattern with slit
width a.

The diffraction minima are labeled by
the integer my = +1, +2, ... ("d” for
“diffraction”).

Figure (b) shows the pattern formed
by two very narrow slits with distance
d between slits, where d is four times
as great as the single-slit width a.

[13L)
I

is for “interference.”

@ Pearson

(a) Single-slit diffraction pattern for a
slit width a

e 0
mg=-2 mg=-1 0 my=1 my=2

(b) Two-slit interference pattern for narrow
slits whose separation d is four times the
width of the slit in (a)

1

0

m=—8m=—4 0 m=4m=38
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Figure 36.12 Finding the intensity
pattern for two slits of finite width.

(a) Single-slit diffraction pattern for a
slit width a

myg=-2 mg=—1 0 my=1 my=2

(b) Two-slit interference pattern for narrow
slits whose separation d is four times the
width of the slit in (a)

Iy

]
m=—-8m=—4 0 m=4m=38
(c) Calculated intensity pattern for two slits

of width @ and separation d = 4a. including
both interference and diffraction effects

Calculated
intensity

“Envelope” of
intensity function

(d) Photograph of the pattern caleulated in (c)

» o

For d = 4a. every fourth interference maximum
at the sides (m; = T4, =8, ...) is missing.



Two Slits of Finite Width ¢ o2

. Figure (C) shows the pattern from two (c) Calculated intensity pattern for two slits

of width a and separation d = 4a, including

SlitS Wlth Wldth a, Separated by a both interference and diffraction effects
distance (between centers) d = 4a.

“Envelope” of
intensity function

» The two-slit peaks are in the same fﬂf;‘;:;‘fd
positions as before, but their intensities
are modulated by the single-slit 0
pattern, which acts as an “envelope”
for the intensity function.

d) Photograph of the pattern calculated in (c)

Ford = 4a, ev en fourth mteitclenw maximum
at the sides (m; = T4, T8, ...) is missing.

* Figure (d) shows the pattern, which is
both from diffraction and interference.

Copyright © 2020 Pearson Education, Inc. All Rights Reserved



Several Slits

- Shown Is an array of eight | ‘
narrow slits, with distance | .
d between adjacent slits. | -\
 Constructive interference |
occurs for rays at angle 6 [ G — .
to the normal that arrive at |
point P with a path
difference between Ly
adjacent slits equal to an *qé(\
integer number Of Maxima occur \\.'.hcrc the path difference for
Wavelengths_ adjacent slits is a whole number of wavelengths:

dsinf = mA.
dsinfl = mA (m=0,%1, %2, ...)

@Pearson
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Interference Pattern of Several
Slits @ o)

 Shown Is the result of a N = 8: eight slits produce taller, narrower
detailed calculation of maxima in the same locations, separated by
: : seven minima.
the eight-slit pattern. /
* The large maxima, called \ 64loﬂ \

principal maxima, are in
the same positions as for
a two-slit pattern, but are
much narrower.

M_M__MLMO

m = —1 m =0 m =1

@Pearson
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Interference Pattern of Several
Slits oy

» Shown is the result for 16 N = 16: with 16 slits, the maxima are even
slits. lal!lc_l' and narrower, with more intervening
minima.

* The height of each principal  ______ |
maximum is proportional to I N
N 2, so from energy
conservation, the width of
each principal maximum
must be proportional to %

@Pearson
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The Diffraction Grating

An array of a large number of parallel G/'
slits is called a diffraction grating.

Y

Y

In the figure, GG’ is a cross section of a
transmission grating.

Y

Y

The slits are perpendicular to the plane
of the page.

Y

Y

The diagram shows only six slits; an
actual grating may contain several
thousand.

----- Wavelength

(m=0,%1,%2,...)

Angle of line from center of slit array to mth bright region on screen

o
S
o
.
.
s*

Intergsnty maxima, etng = mE
multiple slits: %

Video Tutor Solution: Example 36.4

@ Pearson
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https://mediaplayer.pearsoncmg.com/assets/_video.true/secs-yf-vts-ex36-4

EXAMPLE 36.4 Width of a grating spectrum

The wavelengths of the visible spectrum are approximately 380 nm
(violet) to 750 nm (red). (a) Find the angular limits of the first-order vis-
ible spectrum produced by a plane grating with 600 slits per millimeter
when white light falls normally on the grating. (b) Do the first-order
and second-order spectra overlap? What about the second-order and
third-order spectra? Do your answers depend on the grating spacing?

Copyright © 2020 Pearson Education, Inc. All Rights Reserved



EXAMPLE 36.4 Width of a grating spectrum

The wavelengths of the visible spectrum are approximately 380 nm
(violet) to 750 nm (red). (a) Find the angular limits of the first-order vis-
ible spectrum produced by a plane grating with 600 slits per millimeter
when white light falls normally on the grating. (b) Do the first-order
and second-order spectra overlap? What about the second-order and
third-order spectra? Do your answers depend on the grating spacing?

EXECUTE (a) The grating spacing is

d=————9#—=167 x 10°
600 slits/mm m

We solve Eq. (36.13) for 6:

mA
8 = arcsin——
d

Then for m = 1, the angular deviations 6, and 8, for violet and red
light, respectively, are

380 x 1077

By = arcsin(i_sm) = 13.2°
1.67 > 10" m
750 % 1077

Oy = arcsin(i_sm) = 26.7°
1.67 > 10" m

TNV YIIYlIL Y Ve UTT WU ourn Education, InC
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(b) With m = 2 and m = 3, our equation # = arcsin(mA/d) for
380 mm violet light yields

(2(380 % 1077 m))
arcsin| —— | = 27.1°
1.67 % 107%m

3(380 < 1077 m))
——— | =43.0;
1.67 X 10°m

()

B3 = arcsin(

For 750 nm red light, this same equation gives

_ (2(750 x 1077 m)
O = arcsin| ———————— ] = 63.9°
1.67 X 10" m

>
T
I

, (3(?50 % 1077 m)
=arcsm| —m—————

= arcsin(1.35) = undefined
1.67 % 10°m ) (1.33)

Copyright © 2020 Pearson Education, Inc. All Rights Reserved



The Reflection Grating

* The rainbow-colored reflections from the
surface of a DVD are a reflection-grating
effect.

* The “grooves” are tiny pits 0.12 mm
deep in the surface of the disc, with a
uniform radial spacing of 0.74 mm = 740
nm.

 Information is coded on the DVD by
varying the length of the pits.

* The reflection-grating aspect of the disc
IS merely an aesthetic side benefit.

@ Pearson
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Resolution of a Grating Spectrograph

In spectroscopy it is often important to distinguish slightly differing wavelengths. The
minimum wavelength difference A that can be distinguished by a spectrograph is
described by the chromatic resolving power R, defined as

R = AL (chromatic resolving power) (36.14)

Copyright © 2020 Pearson Education, Inc. All Rights Reserved



Diagram of a Grating Spectrograph

@ Light from telescope
is sent along fiber-optic
cables (not shown) and
emerges here.

@ An electronic detector
(like the one in

a digital camera)
records the spectrum.

@ Light strikes concave
mirror and emerges as a
beam of parallel rays.

@ Light passes through diffraction grating.

@ Lenses direct @ Concave mirror
diffracted light onto a reflects light to a
second concave mirror., focus.

Copyright © 2020 Pearson Education, Inc. All Rights Reserved



Resolution of a Grating Spectrograph

* In spectroscopy it is often important to distinguish slightly

differing wavelengths.

- The minimum wavelength difference A4 that can be
distinguished by a spectrograph is described by the

chromatic resolving power R.
* For a grating spectrograph with a total of N slits, used in the

m™"order, the chromatic resolving power is:
A

R=—=Nm
A

@Pearson
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From our discussion in Section 36.4 the mth-order maximum occurs when the phase
difference ¢ for adjacent slits is ¢ = 2arm. The first minimum beside that maximum oc-
curs when ¢ = 2mm + 27/N, where N is the number of slits. The phase difference is
also given by ¢ = (2mdsinf)/A, so the angular interval df corresponding to a small in-
crement d¢ in the phase shift can be obtained from the differential of this equation:

_ 2mdcos B do
Bl A

When d¢p = 27/N, this corresponds to the angular interval df between a maximum and
the first adjacent minimum. Thus d# is given by

d¢

2_qr _ 2mrdcos B db dcosd db — i
N A or cos =N

Now we need to find the angular spacing df/ between maxima for two slightly different
wavelengths. The positions of these maxima are given by dsinf = mA, and the differen-
tial of this equation gives

dcost df = m dA

According to our criterion, the limit or resolution is reached when these two angular spac-
ings are equal. Equating the two expressions for the quantity (dcos#é df), we find

i = mdA and i = Nm
N dA

Copyright © 2020 Pearson Education, Inc

. All Rights Reserved



X-Ray Diffraction

* When x rays pass through a crystal, the crystal behaves
like a diffraction grating, causing x-ray diffraction.

(a) Basic setup for x-ray diffraction
Some x rays are scattered as they pass
through the crystal, forming an interference
pattern on the film. (Most of the x rays pass

straight through the crystal.) |
%
Thin !
Lead crystal
screen %

X-ray beam

* Video Tutor Solution: Example 36.5

Detector
sensitive
to X rays

@ Pearson

(b) Laue diffraction pattern for a thin section
of beryl crystal
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https://mediaplayer.pearsoncmg.com/assets/_video.true/secs-yf-vts-ex36-5

Figure 36.21 Model of the arrange-
ment of ions in a crystal of NaCl (table
salt). The spacing of adjacent atoms is
0.282 nm. (The electron clouds of the
atoms actually overlap slightly.)

Chloride
ions

Figure 36.22 A two-dimensional model of scattering from a rectangular array. The distance between
adjacent atoms in a horizontal row is a; the distance between adjacent rows is d. The angles in
(b) are measured from the surface of the array, not from its normal.

(a) Scattering of waves from a rectangular array (b) Scattering from adjacent atoms in a row (c) Scartering from atoms in adjacent rows
Interference from adjacent atoms in a row is Interference from atoms in adjacent rows is
— Incident plane waves constructive when the path lengths acosé, constructive when the path difference
and acos 8, are equal, so that the angle of 2dsin# is an integer number of
incidence 8, equals the angle of reflection wavelengths, as in Eq. (36.16).

(scattering) ..

acos, acos#,

Scatterers (e.g., atoms)

@Pearson Copyright © 2020 Pearson Education, Inc. All Rights Reserved



A Simple Model of X-Ray Diffraction

Incident plane waves

 To better understand x-ray
diffraction, we consider a
two-dimensional scattering
situation.

* The path length from source
to observer is the same for
all the scatterers in a single
row if 6,=6,=6.

Bragg condition
for constructive

interference R
from an array: 2dsinf = mA*
A

Distance between
adjacent rows in array ... Wavelength

(m=1,2,3,...)

Angle of line from surface of array to mth bright region on screen

o*
.
o®
.
.

@ Pearson
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CAUTION Bragg reflection is really
Bragg interference While we are using
the term reflection, remember that we are
dealing with an interference effect. The
reflections from various planes are closely
analogous to interference effects in thin
films (see Section 35.4).

Figure 36.24 The British scientist
Rosalind Franklin made this groundbreak-
ing x-ray diffraction image of DNA in
1953. The dark bands arranged in a cross
provided the first evidence of the helical
structure of the DNA molecule.

(a) Spacing of planes is d = a/V/2. (b) Spacing of planes is d = a/V3.
[ k 7
1

—a—

=

N

Copyright © 2020 Pearson Education, Inc. All Rights Reserved



EXAMPLE 36.5 X-ray diffraction

You direct a beam of 0.154 nm x rays at certain planes of a silicon crystal.
As you increase the angle of incidence of the beam from zero, the first
strong interference maximum occurs when the beam makes an angle of
34.5° with the planes. (a) How far apart are the planes? (b) Will you find
other interference maxima from these planes at larger angles of incidence?
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EXECUTE (a) We solve Eq. (36.16) for d and setm = 1:

mA - (1)(0‘]54 nm)

4= 5Gn8 2sin3ase

= 0.136 nm

This is the distance between adjacent planes.

(b) To calculate other angles, we solve Eq. (36.16) for sin@:

mA 0.154 nm
2d ~ "'2(0.136 nm)

sinf = = m(0.566)

Values of m of 2 or greater give values of sinf greater than unity, which
is impossible. Hence there are no other angles for interference maxima
for this particular set of crystal planes.
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TEST YOUR UNDERSTANDING OF SECTION 36.6 You are doing an x-ray diffraction exper-
iment with a crystal in which the atomic planes are 0.200 nm apart. You are using X rays of wave-
length 0.0900 nm. What is the highest-order maximum present in the diffraction pattern? (i) Third;
(11) fourth; (i1i) fifth; (iv) sixth; (v) seventh.

I (ii) The angular position of the mth maximum is given by Eq. (36.16), 2dsinff = mA. This gives
m = (2dsin@)/A. The sine function can never be greater than 1, so the largest value of m in the
pattern can be no greater than 2d/A = 2(0.200 nm)/(0.0900 nm) = 4.44. Since m must be an
integer, the highest-order maximum in the pattern is m = 4 (fourth order). Them = 5, 6,7, . ..

maxima do not appear. HIMSNY
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Circular Apertures

« The diffraction pattern formed by a circular aperture
consists of a central bright spot surrounded by a series of
bright and dark rings.

6, is the angle between the center of
the pattern and the first minimum._

Airy
Y disk
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Diffraction by a Circular Aperture

* The central bright spot in the
diffraction pattern of a circular
aperture is called the Airy disk.

Airy disk

* We can describe the radius of the
Airy disk by the angular radius 6, of
the first dark ring:

Angular radius of first dark ring = angular radius of Airy disk
Diffraction by a 4 P
circular aperture: sin 91 = 1.22—
D “**Aperture diameter

Wavelength

@Pearson
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The diffraction pattern formed by a circular aperture consists of a central bright spot
surrounded by a series of bright and dark rings, as Fig. 36.25 shows. We can describe the
pattern in terms of the angle 8. representing the angular radius of each ring. The angular
radius 6 of the first dark ring is given by

Angular radius of first dark ring = angular radius of Airy disk

Diffraction by a & Py
) J v

circular aperture: sinﬂl =122— e sl (36.17)

D - Aperture diameter

The angular radii of the next two dark rings are given by

sinf, = ‘?.23i sinf; = 3.24i (36.18)
D D

The central bright spot is called the Airy disk, in honor of Sir George Airy (1801-1892),

who first derived the expression for the intensity in the pattern. The angular radius of the

Airy disk is that of the first dark ring, given by Eq. (36.17). The angular radii of the first

three bright rings outside the Airy disk are

A A

A
sinf = 1.63— 2.68— 3.70— 36.19
sin D D D ( )
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vA camera lens with focal length f = 50 mm and maximum aperture
f/2 forms an image of an object 9.0 m away. (a) If the resolution is lim-
ited by diffraction, what is the minimum distance between two points
on the object that are barely resolved? What is the corresponding dis-
tance between image points? (b) How does the situation change if the
lens is “stopped down” to f/16? Use A = 500 nm in both cases.

EXECUTE (a) The aperture diameter is D = f/(f-number) =
(50mm)/2 = 25 mm = 25 X 10~ m. From Eq. (36.17) the angular
separation # of two object points that are barely resolved is

5500 % 10 m

A
f = sinf = 1.22— = 1.22"—————— = 2.4 X 107 rad
D 25 X 107 m
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EXECUTE (a) The aperture diameter is D = f/(f-number) =
(50mm)/2 = 25 mm = 25 X 10~} m. From Eq. (36.17) the angular
separation 6 of two object points that are barely resolved is

>< _9
6 = sing — 1208 = 120 x10 ' m

=24 % 10 rad
D 25 % 10 m

We know from our thin-lens analysis in Section 34.4 that, apart
from sign, y/s = y'/s’ [see Eq. (34.14)]. Thus the angular separations
of the object points and the corresponding image points are both equal
to . Because the object distance s is much greater than the focal length
f = 50 mm, the image distance s is approximately equal to f. Thus

We know from our thin-lens analysis in Section 34.4 that, apart
from sign, y/s = y'/s' [see Eq. (34.14)]. Thus the angular separations
of the object points and the corresponding image points are both equal
to #. Because the object distance 5 is much greater than the focal length
f = 50 mm, the image distance s is approximately equal to f. Thus

y

— —24x10° y=22%10%m=022mm
9.0m ’

vi

— =24 X107  y =12x 107 mm
50 mm

= 0.0012 mm = gz mm
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(b) The aperture diameter is now (50 mm)/16, or one-eighth as
large as before. The angular separation between barely resolved points
is eight times as great, and the values of y and y' are also eight times
as great as before:

y = 1.8 mm y' = 0.0096 mm = 35 mm

Only the best camera lenses can approach this resolving power.
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SUMMARY

Fresnel and Fraunhofer diffraction: Diffraction occurs when

Fresnel (near-field) Fraunhofer (far-
light passes through an aperture or around an edge. When the diffraction field) diffraction
source and the observer are so far away from the obstructing sur- U,‘_H
face that the outgoing rays can be considered parallel, it is called f:_::"‘
Fraunhofer diffraction. When the source or the observer is rela- -E:;::i:
tively close to the obstructing surface, it is Fresnel diffraction. =
Single-slit diffraction: Monochromatic light sent through a nar- . T

. . . . . sinf = — I = 0.0083[, _
row slit of width a produces a diffraction pattern on a distant a (36.2) I = 001651, m=3
screen. Equation (36.2) gives the condition for destructive in- — 41 42 +3 - I = 0.04721, m= f
terference (a dark fringe) at a point P in the pattern at angle 6. (o) = 6L 26 ) = _ g :; -
Equation (36.7) gives the intensity in the pattern as a function B sin[#ra(sin0)/A] ) 2 ::I 121 m=—1
of 6. (See Examples 36.1-36.3.) I=hy———— (36.7) m=—2

ma(sin@)/A
m= —3
Diffraction gratings: A diffraction grating consists of a large dsinf = mA (36.13) I ~
. . . _ Tt Tttt skt phts 256l
number of thin parallel slits, spaced a distance d apart. The con- (m=0,%1,%2 £3,...)
dition for maximum intensity in the interference pattern is the N =16
same as for the two-source pattern, but the maxima for the grat-
ing are very sharp and narrow. (See Example 36.4.) ; 5 ; ]
m=—-—1m= m =

X-ray diffraction: A crystal serves as a three-dimensional dif-
fraction grating for x rays with wavelengths of the same order

of magnitude as the spacing between atoms in the crystal. For

a set of crystal planes spaced a distance d apart, constructive
interference occurs when the angles of incidence and scattering
(measured from the crystal planes) are equal and when the Bragg
condition [Eq. (36.16)] is satisfied. (See Example 36.5.)

2dsinfl = mA
(m=1,273,...)

(36.16)

~

f

dsin

d
W
N

u
Y

o

sin#

Circular apertures and resolving power: The diffraction pat-
tern from a circular aperture of diameter D consists of a central
bright spot, called the Airy disk, and a series of concentric dark
and bright rings. Equation (36.17) gives the angular radius 8,

of the first dark ring, equal to the angular size of the Airy disk.
Diffraction sets the ultimate limit on resolution (image sharp-
ness) of optical instruments. According to Rayleigh’s criterion,
two point objects are just barely resolved when their angular
separation # is given by Eq. (36.17). (See Example 36.6.)

A
sinfy = 1.22 (36.17)
Ay disk — S




Diffraction and Image Formation

- Diffraction limits the resolution of optical @
equipment, such as telescopes.

» The larger the aperture, the better the
resolution.

* A widely used criterion for resolution of
two point objects, is called Rayleigh’s
criterion:

— Two objects are just barely resolved (that
IS, distinguishable) if the center of one

diffraction pattern coincides with the first
minimum of the other.

@Pearson
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Bigger Telescope, Better Resolution

« Because of diffraction, large-diameter telescopes,
such as the VLA radio telescope below, give sharper
Images than small ones.
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What Is Holography?

* By using a beam splitter and mirrors, coherent laser
light illuminates an object from different perspectives.

* Interference effects provide the depth that makes a
three-dimensional image from two-dimensional views.

Beam
splitter Photographic

Laser Alm

Reference
beam
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Viewing the Hologram

* A hologram is the record on film of
the interference pattern formed with
light from the coherent source and
light scattered from the object.

* Images are formed when light is
projected through the hologram.

» The observer sees the virtual image
formed behind the hologram.

Observer

' Real
image
Transparent

positive £
film L

o P

Virtual
Reconstruction image
beam
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An Example of Holography

» Shown below are photographs of a holographic image from
two different angles, showing the changing perspective.
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