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Why does aberration occur in curved mirrors and lenses?
What are the ways to avoid aberration in a mirror or lens?

Why is a spherical mirror a poor choice for a telescope used in astronomy?

AP wnh P

. What is the relationship between the locations of an object and its image formed by a lens or mirror?

GAberrations

An imperfection or distortion in an image is called an aberration. An aberratidmegaroduced by a

flaw in a lens or mirror, but even with a perfect optical surface some degree of aberration is
unavoidabl e. To see why, consider the mat hem
that the depth of t hparediod, anddy Sirics onlg aiflatvnérorices sasisfiya | |
this shallowmirror condition perfectly, any curved mirror will deviate somewhat from the
mathematical behavior we derived by assuming that condition. There are two main types of
aberration in curvedirrors, and these also occur with lenses.

An object on the axis of the lens or mirror may be imaged correctly, baksffobjects may be out

of focus or distorted. In a camera, this type of aberration would showfupzasessor warping near

the sices of the picture when the center was perfectly focused. An example of this is shown in figure
a), and in that particular example, the aberration is not a sign that the equipment was of low quality
or wasnot right for t heofjrym@to flatten a pasotamie wview;anrthei n e
limit of a 360degree panorama, the problem would be similar to the problem of representing the
Earthdés surface on a flat map, which candt be
The image may be sharp when thgjeat is at certain distances and blurry when it is at other
distances. The blurriness occurs because the rays do not all cross at exactly the same point. If wi
know in advance the distance of the objects with which the mirror or lens will be used, than we
optimize the shape of the optical surface to mak®dns images in that situation. For instance, a
spherical mirror will produce a perfect image of an object that is at the center of the sphere, because
each ray is reflected directly onto the radaleng which it was emitted. For objects at greater
distances, however, the focus will be somewhat blurry. In astronomy the objects being used are
always at infinity, so a spherical mirror is a poor choice for a telescope. A different shape (a

parabola) idetter specialized for astronomy.



a) This photo was taken using a "fish-eye
lens," which gives an extremely large field

of view.

b) Spherical mirrors are the cheapest to
make, but parabolic mirrors are better for
making images of objects at infinity. A
sphere has equal curvature everywhere,
but a parabola has tighter curvature at its
center and gentler curvature at the sides.

spherical

¢) Even though the spherical mirror (solid
line) is not well adapted for viewing an
object at infinity, we can improve its
performance greatly by stopping it down.
Now the only part of the mirror being used
is the central portion, where its shape is
virtually indistinguishable from a parabola
(dashed line).

One way of decreasing aberration is to use a stiwtheter mirror or lens, or block most of the light

with an opaque screen with a hole in it, so that only light that comes in close to the axis can get
through. Either \ay, we are using a smaller portion of the lens or mirror whose curvature will be
shallower thereby making the shallemirror (or thinlens) approximation more accurate. Your eye
does this by narrowing down the pupil to a smaller hole. In a camera, shaitkar an automatic or



manual adjustment, andar r owi ng the opening is <called fs
stopping down is that light is wasted, so the image will be dimmer or a longer exposure must be used.
What | would suggest you take awawrh this discussion for the sake of your general scientific

education is simply an understanding of what an aberration is, why it occurs, and how it can be

reduced, not detailed facts about specific types of aberrations.

331%

d) The Hubble Space
Telescope was placed into orbit
with faulty optics in 1990. Its
main mirror was supposed to
have been nearly parabolic,
since it is an astronomical
telescope, meant for producing
images of objects at infinity.
However, contractor Perkin
Elmer had delivered a faulty
mirror, which produced
aberrations. The large photo
shows astronauts putting
correcting mirrors in place in
1993. The two small photos
show images produced by the
telescope before and after the
fix.

Selected Vocabulary

focal length ........ a property of a lens or mirror, equal to the distance from the lens or mirror to the

image it forms of an object that is infinitely far away

Notation

| the focal length

o PR the distance of the object from the mirror
o [T the distance of the image from the mirror
[0 R the focal angle, defined as 1/f

(o R the object angle, defined as 1/d,

o the image angle, defined as 1/d;

Other Terminology and Notation

f>0 i describes a converging lens or mirror; in this book, all focal lengths are positive, so

there is no such implication
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F<Oiiiiin, describes a diverging lens or mirror; in this book, all focal lengths are positive

M<O..ooeeeeees indicates an inverted image; in this book, all magnifications are positive

Summary
Every lens or mirror has a property called the focal lengtich is defined as the distance from the
lens or mirror to the image it forms of an object that is infinitely far away. A stronger lens or mirror
has a shorter focal length.
The relationship between the locations of an object and its image formed by ar lemrror can
always be expressed by equations of the form

RS N [ N, 0

—-= _gm_

The choice of plus and minus signs depends on whether we are dealing with a lens or a mirror,
whether the lens or mirror is converging or diverging, amether the image is real or virtual. A
method for determining the plus and minus signs is as follows:
1. Use ray diagrams to decide whethgrand, , vary in the same way or in opposite ways.
Based on this, decide whether the two signs in the equatioheasame or opposite. If the signs are
opposite, go on to step 2 to determine which is positive and which is negative.
2. If the signs are opposite, we need to decide which is the positive one and which is the
negative. Since the focal angle is never negatheesmaller angle must be the one with a minus sign.

Once the correct form of the equation has been determined, the magnification can be found via the

equation
M=d
do
This equation expresses the idea that the entire hwadd is shrunk consistentlyn all three
dimensions.
Problems

1 Apply the equatioM = di/d, to the case of a flat mirror.
2 Use the method described in the text to derive the equation relating object distance to image
distance for the case of a virtual image produced by a convergiray.m

3 (a) Make up a numerical example of a virtual image formed by a converging mirror with a



certain focal length, and determine the magnification. (You will need the result of problem 2.) Make
sure to choose values ob dndf that would actually prodeca virtual image, not a real one. Now
change the location of the objea&tlittle bit and redetermine the magnification, showing that it
changes. At my local department store, the cosmetics department sells mirrors advertised as giving ¢
magnification of5 times. How would you interpret this?

(b) Suppose a Newtonian telescope is being used for astronomical observing. Assume for simplicity
that no eyepiece is used, and assume a value for the focal length of the mirror that would be
reasonable for an amateimstrument that is to fit in a closet. Is the angular magnification different

for objects at different distances? For example, you could consider two planets, one of which is twice

as far as the other.

(SESN

4  (a) Find a case where the magnification of a cumvador is

infinite. Is the angular magnification infinite from any realistic

o

viewing position? (b) Explain why an arbitrarily large magnificatir
canot be achieved by hadi ng a y sm
5 The figure shows a device for constructingalistic optical Problem 5.
illusion. Two mirrors of equal focal length are put against each o

with their silvered surfaces facing inward. A small object placec

the bottom of the cavity will have its image projected in the

above. The way it works is thate top mirror produces a virtue o

image, and the bottom mirror then creates a real image of the vi

image. (a) Show that if the image is to be positioned as shown, ¢

mouth of the cavity, then the focal length of the mirrors is relate

the dimen®n h via the equation

Restate the equation in terms of a single variabfeh/f, and show

that there are two solutions for x. Which solution is physice

consistent with the assumptions of the calculation?

6 A concave surface that reflects sound wavesazanust like

a converging mirror. Suppose that, standing near such a surface

are able to find a point where you can place your head so that y®usblem 8.

own whispers are focused back on your head, so that they sound loud to you. Given your distance tc
the surface, what is the surface's focal length?

7 Find the focal length of the mirror in problem 5 of chapter 1.



8 Rank the focal lengths of the mirrors, from shortest to longest.

9 (& A converging mirror is being used to create a virtual image. What is the adnge
possible magnifications? (b) Do the same for the other types of images that can be formed by curved
mirrors (both converging and diverging).

10 (&) A converging mirror with a focal length of 20 cm is used to create an image, using an
object at a distancaf 10 cm. Is the image real, or is it virtual? (b) How alfou20 cm andl, = 30

cm? (c) What if it was divergingmirror withf = 20 cm andal, = 10 cm? (d) A diverging mirror with

=20 cm andl, = 30 cm?

Three stages in the evolution of the eye. The flatworm has two eye pits. The nautilus's eyes are pinhole

cameras. The human eye incorporates a lens.

x v 7 g
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What is the design flaw of the vertebrate eye?
What does the eye have in common with optical devices based on refraction?
How can we measure the density of an unknown sample of gas by optical means?

What is the index of refraction?

o M 0w b

Does refraction depend on the color of light?
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Refraction

The structure of an eye is fundamentally dictated by physics, and i* ==~
arisen separately by evolution soneere between eight and 40 time

depending on which biologist you ask.
We humans have a vess of the eye that can be traced back to g
evolution of alights ensi ti ve HfAeye spoto

invertebrate. A sunken pit then developed so that the eye would

receive light from one direction, allowing the organism to tell wh

N ™

thelight was coming from. (Modern flatworms have this type of ey

The top of the pit then became partially covered, leaving a hole,adorA human eye.

even greater directionality (as in the nautilus). At some point the cé gpyic

became filled with jelly, and this jelly fitlg became a lens, resulting nerve

in the general type of eye that we share with the bony fishes and
vertebrates. Far from being a perfect device, the vertebrate e
marred by a serious design flaw due to the lack of planninc
intelligent design in eslution: the nerve cells of the retina and tl
blood vessels that serve them are all in front of the-bghtitive cells, et
blocking part of the light. Squids and other mollusks, whose € Socs
evolved on a separate branch of the evolutionary tree, have a Ridf anatomy of the eye.

sensible arrangement, with the ligggnsitive cells out in front.

Refraction

The fundamental physical phenomenon at work in the eye is that \
l i ght crosses a boundary bet we

jelly), part of its energy is refleae but part passes into the ne\é\s A simplfied  optical

medium. In the ray model of light, we describe the original ray dggram of the eye. Light rays
are bent when they cross
splitting into a reflected ray and a transmitted one (the one that fy@tsthe air into the eye. (A

) . little of the incident rays'
through the boundary). Of course the reflected ray goes in a direti@ryy goes into the reflected

N . : ther than th
that is diffeent from that of the original one, according to the rulestr% Ssr;ﬁtegrimo?r?e ey(;)ones

reflection we have already studied. More surprisirdglyand this is the



crucial point for making your eye focus light the transmitted ray
is bent somewhat as well. This bending phenomenonaliedc 91:

refraction. The origin of the word is the same as that of the wi '
medium 1

medium 2

Aifracture, o i .e., the ray is
that | ight rays are not physi
Refraction occurs with all waves, not flight waves.

The actual anatomy of the ey®, is quite complex, but in essence
is very much like every other optical device based on refraction. "Ihe

d) The incident, reflected, and

rays are bent when they pass through the front surface of the)ey@ansmitted (refracted) rays all
lie in a plane that includes the

Rays that enter farther frothe central axis are bent more, with thermal (dashed line).
result that an image is formed on the retina. There is only ' Incident ray febscted ray
slightly novel aspect of the situation. In most hurbarit optical

devices, such as a movie projector, the light is bent as it passes madium 1

lens, behagain as it reemerges, and then reaches a focus beyorjgie i
| ens. I n the eye, however, t
are only refracted once, on entering the jelly, and never em
again.

A common misconcept i oeyeiswhattddes of

. e_) The angles d; and d, are
the focusing. All the transparent parts of the eye are made of faéthyed to each other, and also

_ . . . . depend on the properties of the
similar stuff, so the dramatic change in medium is when a ray Crogga@Snedia. Because refraction

time-reversal  symmetric,
g is no need to label the

where nearly all the redction takes place. The lens medium diffefdys With arrowheads

from the air into the eye (at the outside surface of the cornea). Tq'f%'l

only slightly in its optical properties from the rest of the eye, so v
ar \\~°

little refraction occurs as light enters and exits the lens. |&hs, ‘

whose shape is adjusted by muscles attached to it, is only mear = \

220K fine-tuning the focus to form images of near or far objects. f) Refraction has time-reversal

. . ) symmetry. Regardless of
Refractive properties of media whether the light is going into

out of the water, the
ionship between the two

that just as with reflection, the new, bent part of the ray lies in §f'es is the same, and the ray
is closer to the normal while in

same plane as themal (perpendicular) and the incident rd), the water.

What are the rules governing refraction? The first thing to observé)(;igt

I f you try shooting a beam of I ight at the bo
find that regardless of the angle at which you send in the beam, the part of the beam in the water is

10
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always closer to the normal line). 't doesnoét matter i f the ray
refraction is symmetric with respect to tisreversalf).
If, instead of water and air, you try another combination of substances, say plastic and,gagline
youoll find that the rayodés angle with respect
the other. Also, we find that if substance A has rays closer to normal than in B, and B has rays closer
to normal than in C, then A has rayss#r to normal than C. This means that we can-oadér all
materials according to their refractive properties. Isaac Newton did so, including in his list many
peculiarsubstancesSeveral general rules can be inferred from such a list:
1 Vacuum lies at onend of the list. In refraction across the interface between vacuum and any
other medium, the other medium has rays closer to the normal.
1 Among gases, the ray gets closer to the normal if you increase the density of the gas by
pressurizing it more.
1 The refactive properties of liquid mixtures and solutions vary in a smooth and systematic
manner as the proportions of the mixture are changed.
1 Denser substances usually, but not always, have rays closer to the normal.
The second and third rules provide ushwa& method for measuring the density of an unknown
sample of gas, or the concentration of a solution. The latter technique is very commonly used, and the
CRC Handbook of Physics and Chemistry, for instance, contains extensive tables of the refractive

propeties of sugar solutions, cat urine, and so on.

Snell's law

The numerical rule governing refraction was discovered by Snell, who must have collected
experimental data something like what is shown on this graph and then attempted by trial and error to
find the right equation. The equation he came up with was
i Q&g
i Q&

WEEi BRE O

The value of the constant would depend on the combination of media used. For instance, any one o
the data points in the graph would have sufficed to show that the constant was 1.3 fewaterair
interface (takinguir to be substance 1 and water to be substance 2).

Snell further found that if media A and B gave a consikagtand media B and C gave a constant

Kgc, then refraction at an infecce between A and C would be described by a constant equal to the
product,KAC = KagKge.

11



This is exactly what one would expect if the constant depended on

u

= 807 the ratio of some number characterizing one medium to the
@ 707 . . . .
g 60 - number characteristic of the second medium. This number is
@ N . . . . .
= jg ODoooOC called theindex of refractionof the medium, written a® in
] ] a
% 30 OOOO equations. Since measuring the angles would only allow him to
O 201 © . . - . .

10- Doo determine theatio of the indices of refraction of two media, Snell

o}
0 had to pick some medium and define it as having n = 1. He chose
0 10 20 30 40 50 60 70 80 90
Bajr {degrees) to define vacuum as having n = 1. (The index of refraabioair at

g) The relationship between the

: . normal atmospheric pressure is 1.0003, so for most purposes it is a
anales in refraction.

good approximation to assume that air has n = 1.) He also had to
decide which way to define the ratio, and he chose to define it so that media with their rays closer to
the nomal would have larger indices of refraction. This had the advantage that denser media would

typically have higher indices of refraction, and for this reason the index of refraction is also referred

to as the optical density. Written in terms of indices & f r acti on, Snel |l 6s equ
i Q&g £g
i Q&F EF

but rewriting it in the form
ngsin ¢ nksin F
[relationship between angles of rays at the interface between media with

indices of refraction nand n; angles are defined with respect to the normal]

makes us less likelytget t he 16s and 206s gani xpelo plpe rsemd ml

212% law.
self-check A
@ What would the graph look like for two substances with the same index of refraction?
2 Based on the graph, when does refraction at an air-water interface change the direction of a

ray most strongly?

Finding an angle using Snell's law example 1

3 A submarine shines its searchlight up toward th
in the figure?

3 The tricky part is that Snell's law refers to t

a very common mistake. The beamisat an angl e of 30 A with respec

12



Let's refer to the air as medium 1 and the water as 2. Solving Snell's

law for d 1, we find

d, = sin'l(—f:sindz).

As mentioned above, air has an index of refraction very close to 1, and

water's is about 1.3, sowe findd, =40A. The angle A. 50

G

The index of refraction is related to the speed of light. h) Example 1.

What neither Snell nor Newton knew was that there is a very simple interpretation of the index of
refraction. This may comas a relief to the reader who is taken aback by the complex reasoning
involving proportionalities that led to its definition. Later experiments showed that the index of
refraction of a medium was inversely proportional to the speed of light in that meSiinice. ¢ is
defined as the speed of light in vacuum, and n = 1 is defined as the index of refraction of vacuum, we
have

n=-
[h= mediumdébs index of refraction, v = speed of
Many textbooks start with this as the definition of the index of refraction, although that approach
makes the quantityosy, andimaesstodentswhndering oy chawasmysadt e
rather than v/c. It should also be noted that measuring angles of refraction is a far more practical

method for determining n than direct measurement of the speed of light in the substance of interest.
106G

G

A mechanical model of Snell's law

Why should refraction be related to the speed of light? °

mechanical model shown in the figure may help to make this n

plausible. Suppose medium 2 is thick, sticky mud, which slows di medium 2

the car. The car's right wheets the mud first, causing the right sic medium 1

of the car to slow down. This will cause the car to turn to the ri

until is moves far enough forward for the left wheel to cross into '

mud. After that, the two sides of the car will once again be movin 5

the same speed, and the car will go straight. i 61

Of course, light isndt a car . iWhmyechsibalomolledof a b e

refraction.

13



resembling a @l eft Aiftarale the meahanital madel gduld predictehatla? o
motorcycle would go straight, and a motaie seems like a better approximation to a ray of light
than a car.The whole thing is just a model, not a description of physical reality

motion of
wave 2

j) A derivation of Snell's law.

A derivation of Snell's law

However intuitively appealing the mechanical model may be, light is a wave, and we sbaising
wave models to describe refraction. I n fact
concepts. Figure j shows the refraction of a water wave. The water in the upper left part of the tank is
shallower, so the speed of the waves is slothiere, and their wavelengths is shorter. The reflected
part of the wave is also very faintly visible.
In the closeup view on the right, the dashed lines are normals to the interface. The two marked
angles on the right side are both equal tpand tke two on the left to ».
Trigonometry gives

sin ;=a&/h and

sin. ,=a/h
Eliminating h by dividing the equations, we find

OEL ig

OEF 1F

14
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The frequencies of the two waves must be equal or else they would get out of step,=sbaaye
know that their wavelengths are proportional to their velocities. Combédihg v wi /hdivesee U 1
U /nlso we find

OET
which is one form of el l 6s | aw.

Ocean waves near and far from shore example 2
Ocean waves are formed by winds, typically on the open sea, and the wavefronts are perpendicular
to the direction of the wind that formed them. At the beach, however, you have undoubtedly
observed that waves tend come in with their wavefronts very nearly (but not exactly) parallel to the
shoreline. This is because the speed of water waves in shallow water depends on depth: the
shallower the water, the slower the wave. Although the change from the fast-wave region to the
slow- wave region is gradual rather than abrupt, there is still refraction, and the wave motion is

nearly perpendicular to the normal in the slow region.

Color and refraction

In general, the speed of light in a medium depends both ongtieim and on the wavelength of the
light. Another way of sayingitisthat medi umés i ndex of refraction
why a prism can be used to split up a beam of white light into a rainbow. Each wavelength of light is

refracted through a different angle.

How much light is reflected, and how much is transmit ted?

Earlier, we developed an equation for the percentage of the wave energy that is transmitted and the
percentage reflected at a boundary between media. This was only done in the case of waves in on:
dimension, however, and rather than discuss thehtdetdimensional generalization it will be more
useful to go into some qualitative observations about what happens. First, reflection happens only at
the interface between two media, and two media with the same index of refraction act as if they were
a sirgle medium. Thusat the interface between media with the same index of refraction, there is no
reflection, and the ray keeps going straight. Continuing this line of thought, it is not surprising that
we observe very little reflectiost an interface between media with similar indices of refraction.

The next thing to note is that it is possible to have situations where no possible angle for the refracted

ray can satisfy Snel |gsefinaw. Solving Snell &s

15



k) Total internal reflection in a
fiber-optic cable.

®

) A simplified drawing of a
surgical endoscope. The first
lens forms a real image at one
end of a bundle of optical fibers.
The light is transmitted through
the bundle, and is finally
maanified by the evepiece.

m) Endoscopic images of a
duodenal ulcer.

Fsin’( —isin o)

and if n_is greater thananthen there will be large values of for

which the quantity (#iny)sin_ is greater than one, meaning that
your calculator will flash an error message at you when you try to
take tle inverse sine. What can happen physically in such a
situation? The answer is that all the light is reflected, so there is no
refracted ray. This phenomenon is known tmdal internal
reflection,and is used in the fibaptic cables that nowadays carry
almost all longdistance telephone calls. The electrical signals from
your phone travel to a switching center, where they are converted
from electricity into light. From there, the light is sent across the
country in a thin transparent fiber. The light isnad straight into

the end of the fiber, and as long as the fiber never goes through any
turns that are too sharp, the light will always encounter the edge of
the fiber at an angle sufficiently oblique to give total internal
reflection. If the fiberoptic able is thick enough, one can see an
image at one end of whatever the other end is pointed at.
Alternatively, a bundle of cables can be used, since a single thick
cable is too hard to bend. This technique for seeing around corners
is useful for making sulgy less traumaticlnstead of cutting a
person wide open, a surgeon <can
and insert a bundle of fib@ptic cable (known as an endoscope)
into the body

Since rays at sufficiently large angles with respect to the normalbeaompletely reflected, it is

not surprising that the relative amount of reflection changes depending on the angle of incidence, and

308k

Discussion Questions

is greatest for large angles of incidence.

A What index of refraction should a fish have in ordebé invisible to other fish?

B Does a surgeon usiag endoscope need a source of light ingide body cavity? If so, how

could this be done without inserting a light bulb through the incision?

C A denser sample ofgas has a higher index of refractitian aless dense sample (i.e., a sample
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under lower pressure), but why would it not make sense for the index of refraction of a gas to be

proportional to density?
D The earth's atmosphere gets thinner and thinner as you go higher in altitude. If dighy of

comes from a star that is below the zenith, what will happen to it as it comes into the earth's

atmosphere?
E Does total internal reflection occur when light in a denser medium encounters a less dense

medium, or the other way around? €@nit occurin eithercas®

X v 7 o0
0)

1 OH Odzd §
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Does the bending of the ray serve to minimize the time required to get from a point A to point B?

1
2. What is total internal reflection?

3. What fact are advanced technologies such as fiber optics based on?
4

What is refraction?

1. A converging lens forms an
image of a candle flame.
2. Adiverging lens.

Lenses

Figuresn)1 andn)2 show examples of lenses forming images. There is essentially nothing for you to
learn about imaging with lenses that is truly new. You already know how to construct and use ray
diagrams, and yourlow about real and virtual images. The concept of the focal length of a lens is the
same as for a curved mirror. The equations for locating images and determining magnifications are of
the same form. Il tds really | useston afewgenampldsi Then o
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following selfchecks and discussion questions will get you started.

self-check B

(1) In figures n)1 and n)2, classify the images as real or virtual.

%)) Glass has an index of refraction that is greater than that of air. Consider the topmost ray in
figure n)1. Explain why the ray makes a slight left turn upon entering the lens, and another
left turn when it exits.

3 If the flame in figure N)2 was moved closer to the lens, what would happen to the location of

the image.

Discussion Questions

A In figures n)1 and n)2, the front and back surfaces are parallel to each other at the center of the
lens. What will happen to a ray that enters near the center, but not necessarily along the axis of the
lens? Draw a BIG ray diagram, and show a ray that comes from off axis.

B Suppose you wanted to change the setup in figure n)1 so that the location of the actual flame in
the figure would instead be occupied by an image of a flame. Where would you have to move the
candle to achieve this? What about in n)2?

C There are three qualitatively different types of image formation that can occur with lenses, of
which figures n)1 and n)2 exhaust only two. Figure out what the third possibility is. Which of the
three possibilities can result in a magnification greater than one?

D Classify the examples shown in figure 0) according to the types of images delineated in the

previous discussion question.

0) Two images of a rose created
by the same lens and recorded
with the same camera.

" - A, | NN PR -

E In figures n)l and n)2, the only rays drawn were those that happened to enter the lenses.

Discuss this in relation to figure 0).
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F In the right-hand side of figure 0), the image viewed through the lens is in focus, but the side of
the rose that sticks out from behind the lens is not. Why?
G In general, the index of refraction depends on the color of the light. What effect would this have

on images formed by lenses?

G
The Lensmaker's Equation

The focal length of a spherical mirror is simpl2, but we cannot expect the focal length of a lens to

be given by pure geometry, since it also depends on the index of refracti@lehs. Suppose we

have a lens whose front and back surfaces are both spherical. (This is no great loss of generality
since any surface with a sufficiently shallow curvature can be approximated with a sphere.) Then if
the lens is immersed in a mediumthvian index of refraction of 1, its focal length is given

approximately by
— SV R n-t
f=1n- 1INzl
wheren is the index of refraction and and ¢ are the radii of curvature of the two surfaces of the
| ens. This is known as the |l ensmaker s equat
memorization. The positive sign isatswhen both surfaces are curved outward or both are curved

inward; otherwise a negative sign applies. The proof of this equation is left as an exercise to those

readers who are sufficiently brave and motivated.

The Principle of Least Time for Refraction D

We have seen previously how the rules governing strlilghimotion of "—”
I A - »
light and reflection of light can be derived from the principle of le: : e

time. What about refraction? In the figure, it is indeed plausible thatpt)h%he radii of curvature

bending of the ray serves to minimizhe time required to get from ?ppearmg, in  the
ensmaker's equation.

point A to point B. 7

If the ray followed the unbent path shown with a dashed line, it wc

have to travel a longer distance in the medium in which its spee faster ™
slower. By bending the correct amount, it can reduce thendsiahas to

cover in the slower medium without going too far out of its way. It is t

t hat Snell 6s | aw gives exactly

required for light to get from one point to another. The proof of this f&BCtThe principle of least
time applied to refraction.
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is left as an exeise.

Summary

Selected vocabulary

Refraction ..................... the change in direction that occurs when a wave encounters the interface
between two media
index of refraction ......... an optical property of matter; the speed of light in a vacuum divided by the

speed of light in the substance in question

Notation
[ [T the index of refraction

Refraction is a change in direction that occurs when a wave encounters the interface between twc
media. Together, refraction and reflection account for the basic principles behind nearly all optic
devices.
Snell discovered the equation for refraction,
ngsind¢= n/AindF
[angles measured with respect to the normal]
through experiments with |ight rays, l ong bef
proven based on the geometricah&eor of waves. Here n is the index of refraction. Snell invented
this quantity to describe the refractive properties of various substances, but it was later found to be
related to the speed of light in the substance,
n=-
where cisthe speeddflght i n a vacuum. I n gener al a mat e
different wavelengths of light.
Any wave is partially transmitted and partially reflected at the boundary between two media in which
its speeds are different. It is not partanly important to know the equation that tells what fraction is
transmitted (and thus refracted), but important technologies such as fiber optics are based on the fac

that this fraction become=rofor sufficiently oblique angles. This phenomenon ignefd to as total

1306(|nternal reflection. It occurs when there is
Problems
1 Suppose a converging lens is constructed of a type of plastic whose index of refraction is less
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than that of water. Hidfeventwfiit is placedurederwatenr? s 6 s b e hav
2 There are two main types of telescopes, refracting (using lenses) and reflecting (using
mirrors). (Some telescopes use a mixture of the two types of elements: the light first encounters a
large curved mirror, and thegoes through an eyepiece that is a lens.) What implications would the
color-dependence of focal length have for the relative merits of the two types of telescopes? What
would happen with white starlight, for example?
3 Based on Snel | 0s oflghwpassextproughithe edgds wf arcenyesying
lens are bent more than rays passing through parts closer to the center. It might seem like it should b
the other way around, since the rays at the edge pass through legss glasso ul dndét edhey
less? In your answer:

A Include a ray diagram showing a huge clapeview of the relevant part of the lens.

A Make use of the fact that the front and b:

the front and back surfacase always paralleldoes6t f ocus | i ght at all

doesndét make wuse of this fact, your ar gume

A Make sure your argument still]l wor ks even i
4 When you take pictures with a camera, the distancedesthe lens and the film has to be

adjusted, depending on the distance at which you want to focus. This is done by moving the lens. If
you want to change your focus so that you can take a picture of something farther away, which way
do you have to move ¢éhens? Explain using ray diagrams. [Based on a problem by Eric Mazur.]

5 (a) Light is being reflected diffusely from an obj@d®00m under water. The light that comes

up to the surface is refracted at weaaérinterface. If the refracted rays all app&aicome from the
same point, then there wildl be a virtual I ma
position, which will be visible to an observer above the water. Consider three rays, A, B and C,
whose angles in the water with respecttbh@ normal are ; = 0. 000 A, 1. 000A
respectively. Find the depth of the point at which the refracted parts of A and B appear to have
intersected, and do the same for A and C. Show that the intersections are at nearly the same deptt
but not quite. [Check: Theifference in depth should be about 4 cm.]

(b) Since all the refracted rays do not quite appear to have come from the same point, this is
technically not a virtual image. In practical terms, what effect would this have on what you see?

(c) In the case wherthe angles are all small, use algebra and trig to show that the refracted rays do
appear to come from the same point, and find an equation for the depth of the virtual image. Do not
put in any numerical values for the angles or for the indices of refinaét just keep them as
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symbols. You will need the approximation sina t aa , which is valid for small angles
measured in radians.

6 The drawing shows the anatomy of the human eye, at twiCe optic
nerve

size. Find the radius of curvature of the outer serfaicthe cornea by
measurements on the figure, and then derive the focal length of-th
cornea interface, where almost all the focusing of light occurs. You
need to use physical reasoni ng
the case where theigonly a single refracting surface. Assume that-

retina
index of refraction of the corads essentially that of water.

comea

7 When swimming underwater, why is your vision made mucn e
clearer by wearing goggles with flat pieces of glass that trap air behind

them? [Hnt: You can simplify your reasoning by considering the special case where you are looking
at an object far away, and along the optic axis of the eye.]

8 The figure shows four lenses. Lens 1 has two spherical surfe ; 5 3 ;
Lens 2 is the same as lens 1 bunhéd around. Lens 3 is made t

cutting through lens 1 and turning the bottom around. Lens 4 is n

by cutting a central circle out of lens 1 and recessing it.

(a) A parallel beam of light enters lens 1 from the left, parallel to

axis. Reasoningbasedn Snel | 6s | aw, will pgpdaggmgbeam emergi
lens be bent inward or outward, or will it remain parallel to the axis?

Explain your reasoning. As part of your answer, make an huge drawing of one small part of the lens,
and apply Snel hogs Retall that rays ardberit imore if theyeconfe to the interface at
a larger angle with respect to the normal.

(b) What will happen with lenses 2, 3, and 4? Explain. Drawings are not necessary.

9 Prove that the principwe of | east time | ea
10  An object is more than one focal length from a converging lens. (a) Draw a ray diagram. (b)
Using reasoning like that developed in chapter 3, determine the positive and negative signs in the
equation /= & N/ di (c) The images of the rose section 4.2 were made using a lens with a
focal length of 23 cm. If the lens is placed 80 cm from the rose, [tateage.

11 An object is less than one focal length from a converging lens. (a) Draw a ray diagram. (b)
Using reasoning like that developeddhapter 3, determine the positive and negative signs in the

equation /= & N/ di (c) The images of the rose in section 4.2 were made using a lens with a
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focal length of 23 cm. If the lens is placed 10 canfrthe rose, locate the image.
12 Nearsightd people wear glasses whose lenses are diverging. (a)Draw a ray diagram. For
simplicity pretend that there is no eye behind the glasses. (b) Using reasoning like that developed in
chapter 3, determine the positilvea dfthafecglat i v
length of the lens is 50.0 cm, and the person is looking at an object at a dist&80d&cof, locate

the image.

13 Two standard focal lengths for camera lenses Sremm

(standard) and 28 mm (widmgle). To see how the fochkngths .
relate to the angular size of the field of view, it is helpful to visual

things as represented in the figure. Instead of showing many

coming from the same point on the same object, as we normall

the figure shows two rays from two difémt objects. Although the ‘

lens will intercept infinitely many rays from each of these points,

have shown only the ones that pass through the center of the lens, so Problem 13
that they suffer no angular deflection. (Any angular deflection at the

front surface othe lens is canceled by an opposite deflection at the back, since the front and back
surfaces are parall el at the |l ensds center.)
at the edges of one 3bm-wide frame of film; that is, they shovine limits of the field of view.
Throughout this problem, we assume thaisdmuch greater thady. (a) Compute the angular width

of the cameradbés field of view wingeapprokimaianstd wo
find a simplified equatiofor the angular width of the field of view,, in terms of the focal lengtff,

and the width of the filmy. Your equation should not have any trig functions in it. Compare the
results of this approximation with your answers from part a. (c) Suppose that we are holding constant
the aperture (amoumtf surface area of the lens being used to collect light). When switching from a
50-mm lens to a 28nm lens, how many times longer or shorter must the exposure be in order to
make a properly developed picture, i.e., one that is not undewerexposedBjased on a problem

by Arnold Arons.]

14 A nearsighted person is one whose eyes focus light too strongly, and who is therefore unable
to relax the lens inside her eye sufficiently to form an image on her retina of an object that is too far
away.

@) Draw a ray dagram showing what happens when the person tries, with uncorrected vision, to

focus at infinity.
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(b) What type of lenses do her glasses have? Explain.

(c) Draw a ray diagram showing what happens when she wears glasses. Locate both the image
formed by the glassesd the final image.

(d) Suppose she sometimes uses contact lenses instead of her glasses. Does the focal length «
her contacts have to be less than, equal to, or greater than that of her glasses? Explain.

15 Diamond has an index of refraction of 2.42, and p&the reason diamonds sparkle is that

this encourages a light ray to undergo many total internal reflections before it emerges. Calculate the
critical angle at which total internal reflection occurs in diamond. Explain the interpretation of your
result Is it measured from the normal, or from the surface? Is it a minimum, or a maximum? How
would the critical angle have been different for a substance such as glass or plastic, with a lower
index of refraction?

16 Fredds eyes ar e a bdseas5.0cmfFm,ed holds aonagnityingi glass witha s
a focal length of 3.0 cm at a height of 2.0 cm above a flatworm. (a) Locate the image, and find the
magnification. (b) Without the magnifying glass, from what distance would Fred want to view the
flatworm  see its details as well as possible? With the magnifying glass? (c) Compute the angular
magnification.

17 Panel 1 of the figure shows the optics inside a pair of binoculars. They are essentially a pair of
telescopes, one for each eye.

1 | D

/eyepiece

Porro
prisms

objective 4-{{
Problem 17.

But to make them mercompact, and allow the eyepieces to be the right distance apart for a human
face, they incorporate a set of eight prisms, which fold the light path. In addition, the prisms make the
image upright. Panel 2 shows one of these prisms, known as a PorroThresfight enters along a
normal, undergoes two total internal reflections at angles of 45 degrees with respect to the back
surfaces, and exits along a normal. The image of the letter R has been flipped across the horizontal

Panel 3 shows a pair of thepesms glued together. The image will be flipped across both the
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horizontal and the vertical, which makes it oriented the right way for the user of the binoculars.

(@) Find the minimum possible index of refraction for the glass used in the prisms.

(b) For a mé&erial of this minimal index of refraction, find the fraction of the incoming light that
will be lost to reflection in the four Porro prisms on a each side of a pair of binoculars. In real, high
quality binoculars, the optical surfaces of the prisms hatieeflective coatings, but carry out your

calculation for the case where there is no such coating.

This image of the Pleiades star cluster shows
haloes around the stars due to the wave
nature of light.

1 OH Odzd j
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What is diffraction?
What are the restrictions, preventing the study of diffraction?
What is the correspondence principle? Who formulated it?

Who was the first to create wave theory of light?

o M w b

. Who proved theoretically that light was an electromagnetic wave?

“Wave Optics

Electron microscopes can make images of individual atoms, but why waltdedight microscope

never be able to? Stereo speakers create the illusion of music that comes from a band arranged i
your | iving room, but why doesndét the stereo
manufacturers investing billions oblliars in equipment to etch chips withrays instead of visible

light?
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The answers to all of these questions have to do with the subject of wave optics. So far this book has
discussed the interaction of light waves with matter, and its practical appix#abd optical devices

like mirrors, but we have used the ray model of light almost exclusively. Hardly ever have we
explicitly made use of the fact that light is an electromagnetic wave. We were able to get away with
the simple ray model because the dtsunf matter we were discussing, such as lenses and mirrors,
were thousands of times larger than a wavelength of light. We now turn to phenomena and devices

106 that can only be understood using the wave model of light.

G
Diffraction

Figurea) shows a typicaproblem in wave optics, enacted wi

water waves. It may seem su
pattern like figureb), but the pattern would only be that simple
the wavelength was hundreds of times shorter than the dis
between the gaps in tiarrier and the widths of the gaps.

Wave optics is a broad subject, but this example will help u

pick out a reasonable set of restrictions to make things nfdr this view from overhead, a
straight, sinusoidal water wave

manageable: encounters a barrier with two
gaps in it. Strong wave vibration
(1) We restrict ourselves to cases in which a wave trauvglsurs at angles X and Z, but
. ) ) . . there is none at all at angle Y.
through a uniform mediungncounters a certain area in which thenhe figure has been retouched
. . . from a real photo of water waves.
medium has different properties, and then emerges on the qiﬂ%rémy, the waves beyond the
barrier would be much weaker
than the ones before it, and they
2) We assume that the incoming wave is a nice tidy-siM@ul)d therefore be difficult to
see.

wave pattern with wavefronts that are lines (or, in thres

side into a second uniform region.

dimensgons, planes).
(3) In figure a) we can see that the wave pattern immediat
beyond the barrier is rather complex, but farther on it sorts it

out into a set of wedges separated by gaps in which the wat e =

still. We will restrict ourselves to studying ehsimpler wave

patterns that occur farther away, so that the main questiom)ahis doesn't happen.

interest is how intense the outgoing wave is at a given angle.
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The kind of phenomenon described by restriction (1) is ca

diffraction. Diffraction can be defined as the belma of a wave
when it encounters an obstacle or funformity in its medium. In
general, diffraction causes a wave to bend around obstacles
make patterns of strong and weak waves radiating out beyon(
obstacle. Understanding diffraction is the tcehproblem of wave
optics. If you understand diffraction, even the subset of diffrac
problems that fall within restrictions (2) and (3), the rest of ws
optics is icing on the cake.

Diffraction can be used to find the structure of an unkno

.c) A practical, low-tech setup for
bserving diffraction of light.

diffracting object: even if the object is too small to study wi
ordinary imaging, it may be possible to work backward from
diffraction pattern to learn about the object. The structure c
crystal, for example, can be determined from isay diffraction J
pattern.

2098 _ .
Diffraction can also be a bad thing. In a telescope, for example,

waves are diffracted by all the parts of the instrument. This == -

cause the image of a star to appear fuzzy even when the focu
been adjusted correctly. By understandiiffraction, one can learn
how a telescope must be designed in order to reduce this préble
essentially, it should have the biggest possible diameter.

There are two ways in which restrictig®) might commonly be
violated. First, the light might be a ntixe of wavelengths. If we

simply want to observe a diffraction pattern or to use diffraction af @he bottom figure is simply a
opy of the middle portion of the
technique for studying the object doing the diffracting (e.qg., if t{%gp)éne, scaled up Eyafactor of
All the angles are the
Physically, the angular
pattern of the diffraction fringes
can't be any different if we scale
A second issue is that light from sources such as the sun brod knd e-by the same factor,
|l eaving &/ d unc

lightbulb does not consist of a nice neat plane wave, except over

object is too small to see with a microscope), then we can pasé";ﬁ;g

light through a caired filter before diffracting it.

very small regions of space. Different parts of the wave are out of step with each athtbe amve
is referred to amcoherentOne way of dealing with this is shown in figue
After filtering to select a certain wavelength of red light, we pass the light through a small pinhole.
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The region of the light that is intercepted by the pinli®lso small that one part of it is not out of

step with another. Beyond the pinhole, light spreads out in a spherical wave; this is analogous to what
happens when you speak into one end of a paper towel roll and the sound waves spread out in al
directionsfrom the other endBy the time the spherical wave gets to the double slit it has spread out
and reduced its curvature, so that we can now think of it as a simple plane wave.

If this seems laborious, you may be relieved to know that modern technologyugiea easier way

to produce a singlevavelength, coherent beam of light: the laser.

The parts of the final image on the screen in ¢ are called diffraction fringes. The center of gach frin

is a point of maximum brighess, and halfway between two frasgis a minimum.

Discussion Question

A Why would x-rays rather than visible light be used to find the structure of a crystal?
Sound waves are used to make images of fetuses in the womb. What would influence the

choice of wavelength?

G

1354

Scaling of Diffraction

This chapter has fAopticso in its title, so it
involving water waves. Water waves are certainly easier to visualize, but is this a legitimate
comparison? In fact the analogy works quite well pdeshe fact that a light wave has a wavelength
about a million times shorter. This is because diffraction effects scale uniformly. That is, if we
enlarge or reduce the whole diffraction situation by the same factor, including both the wavelengths
and thesizes of the obstacles the wave encounters, the result is still a valid solution.

This is unusually simple behavior! Of course water waves and light waves differ in many ways, not
just in scale, but the general facts you will learn about diffraction@pkcable to all wavesMany

of the important applications are to light waves, and you would probably have found these much
more difficult without any background in optics.

Another way of stating the simple scaling behavior of diffraction is that thechithn angles we get
depend only on the unitless rago/, wiherea-is the wavelength of the wave and d is some dimension

of the diffracting objects, e.g., the centercenter spacing between the slits in figae If, for

instance, we scale up ba#and d by a factor of 37, the ratie / wall be unchanged.
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The CorrespondencePrinciple

The only reason we dondét wusually notice diffr

deal with objects that are comparable in size to a wavelengtiisibte light, which is about a

millionth of a meter. Does this mean that wave optics contradicts ray optics, or that wave optics

sometimes gives wrong results? No. If you hold three fingers out in the sunlight and cast a shadow

with them,eitherwave opics or ray optics can be used to predict the straightforward result: a shadow

pattern with two bright lines where the light has gone through the gaps between your fingers. Wave

optics is a more general theory than ray optics, so in any case where rayiopiadid, the two

theories will agree. This is an example of a general idea enunciated by the physicist Niels Bohr,

called thecorrespondence principlevhen flaws in a physical theory lead to the creation of a new

and more general theory, the new themwyst still agree with the old theory within its more restricted

e) Christiaan Huygens (1629
- 1695).

1874

self-check A

area of applicability. After all, a theory is only created as a way of
describing experimental observations. If the original theory had not
worked in any cases at all, it would never haveobex accepted.

In the case of optics, the correspondence principle tells us that when
ald is small, both the ray and the wave model of light must give
approximately the same result. Suppose you spread your fingers and
cast a shadow with them using a cohéldght source. The quantity

ald is about 1d, so the two models will agree very closely. (To be
specific, the shadows of your fingers will be outlined by a series of
light and dark fringes, but thengle subtended by a fringell be on

" the order of 19 radians, so they will be invisible and washed out by

the natural fuzziness of the edges of-shadows, caused by the

finite size of the sun.)

What kind of wavelength would an electromagnetic wave have to have in order to diffract

dramatically around your body? Does this contradict the correspondence principle?
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Huygens' Principle

Returning to the example of douksbt diffraction, f), note the

strong visual impression of two overlapping sets of conceng®
semicircles. This is an example ldfu y g &nmaiple, named after
a Dutch physicist and astronomer. (The first syllable rhymes w

Aboy. 0) Huygensd principle st

down into many small sidey-side wave peaksg), which then :“"‘:—‘*

spread out as circular ripsieh), and by the principle of f) Double-slitdiffraction.

the same result as allowing the wave to propagate forwaid,the i;ﬁffszff:ffffiffiifffffffffifff
case of sound or light waves, which propagate in three dimensi::i.Tf;.;IZZtti::iiiiiiiiiiiii:Ziii:::

often imagine things in two dimensions for simplicity. gsssmasacecooooo “reeseenaaae m

A

In doubleslit diffraction the application oHu y g e n s 6 isPgd) A wawefronpchn ®e analyzed

. . . . by the principle of
visually convincing: it is as though all the sets of ripples have be@grposition, breaking it down

into many small parts.

blocked e&cept for two. It is a rather surprising mathematical fa
however, thaHuygen® P r igives th@ riglet result in the case ¢ TR
an unobstructed linear wavé) and i). A theoretically infinite

h / If it was by itself, each of the

number of circular wave patterns somehowfoon to add togther parts would spread out as a
. ) ] ) ) circular ripple.

and produce the simple linear wave motion with which we are

familiar.

Since Huygen$ Pr i isceaquvhlent to the principle of
superposition, and superposition is a property of waves, WB@Hﬁgg?g nel\j\f)wat,heefronrtipples
Huygens had created was essentially the first wave thddigho.

BHowever, he imagined light as a series of pulses, like hand claps, rather than as a sinusoidal wave.
The history is interesting. Isaac Newton loved the atomic theory of matter so much that he searched
enthusiastically for evidence that light wdscamade of tiny particles. The paths of his light particles
would correspond to rays in our description; the only significant difference between a ray model and
a particle model of light would occur if one could isolate individual particles and sholigtitdtad
figraininesso to it. Newt on never did this, s o
IS more accurate to say he was one of the builders of the ray model.

Almost all that was known about reflection and refraction of light coelthterpreted equally well in
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terms of a particle model or a wave model, but Newton had one reason for strongly opposing
Huygensd wave theory. Newton knew that waves
difficult to observe, so Newton beliedehat light did not exhibit diffraction, and therefore must not

be a wave. Although Newtondés criticisms were
nationalistic dispute between England and continental Europe, fueled by English resevenent
Leibnizdés supposed plagiarism of Newt onds ca
prestige and political prominence tended to discourage questi

of his model.

Thomas Young (1773829) wa the person who finally, a hdred
years laterdid a careful search for wave interference effects w
light and analyzed the results correctly. He observed delible
diffraction of light as well as a variety of other diffraction effect

all of which showed that light exhibited wave interferendedt$,

short. The crowning achievement was the demonstration by
experimentalist Heinrich Hertz and the theorist James CI
Maxwell that light was aelectromagnetiovave. Maxwell is saidat

have related his discovery to his wife one starry evening and

her that she was the only person in the world who knew —— =

starlight was. k) Double-slit diffraction.

. . . XYZ
Double-Slit Diffraction 44

—
-

Let 60s now asSaliyzedi ddullkcéi on ‘ Huyg
principle. The most interéag question is how to compute th |

angles such as X and Z where the wave intensity is at a maxirn

and the ibet ween angles like Y wWH&% fiHuyp&nsSmini
XYz

measure all our angles with respect to the vertical center line o 1 I’

figure, which was theriginal direction of propagation of the wave e

If we assume that the width of the slits is small (on the order of

wavelength of the wave or less), then we can imagine only a si

set of Huygens ripples spreading out from each one, I. White liics

. . m) Constructive interference
represent peaks, black ones troughs. The only dimension of 4Bgy the center-line.

31



diffracting slits that has any effect on the geometric pattern of the
overlapping ripples is then the centefcenter distance, d, between
the slits.

We know from our discussion of the scalingdiffraction that there

must be some equation that relates anangleliteo t he r at i c

a/ d zz

If the equationfor ;- depended on some ot her
d &/, then it would change when we scaled A and d by the same
factor, which would violate what we know about the scaling of
diffraction.

Along the cental maximum line, X, we always have positive waves
coinciding with positive ones and negative waves coinciawt
negative ones. (I have arbitrarily chosen to take a snapshot of the

pattern at a moment when the waves emerging from the slit are

experiencig a positive peak.) The superposition of the two sets of

n) The waves travel distances ripples therefore results in a doubling of the wave amplitude along
L; and L, from the two slits to

get to the same point in space, this line. There is constructive interference. This is easy to explain,
at an angle 0 from the center

line. because by symmetry, each wave has had to travel an equbén
of wavelengths to get from its slit to the center line, m: Because both
sets of ripples have ten wavelengths to cover in order to reach the
point along direction X, they will be in step when they get there.
At the point along direction Y shown in tlsame figure, one wave
has traveled ten wavelengths, and is therefore at a positive extreme,

5 but the other has traveled only nine and a half wavelengths, so it at a

0) A close-up view of figure n,

showing how the path length |ine experience no wa& motion.
difference L 8 L'is related to d

and to the angle d But the distance traveled does not have to be equal in order to get

negative extreme. There is perfect cancellation, so points along this

constructive interference. At the point along direction Z, one wave has gone nine wavelengths and
the other ten. They are both at a positive extreme.
self-check B

245%

At a point half a wavelength below the point marked along direction X, carry out a similar

32



analysis.

To summarize, we will have perfect constructive interference at any point where the distance to one

slit differs from the distance to the other slit by an integer rrrobwavelengths. Perfect destructive

interference will occur when the number of wavelengths of path length difference equals an integer

plus a half.
m=031 Now we are ready to find the equation that predicts the angles of the

maxima and minima. The waves trad#ferent distances to get to

the same point in space, n. We need to find whether the waves are in

phase (in step) or out of phase at this point in order to predict
whether there will be constructive interference, destructive
interference, or something between.

One of our basic assumptions in this chapter is that we will only be

dealing with the diffracted wave in regions very far away from the

object that diffracts it, so the triangle is long and skinny. Most real
world examples with diffraction of dht, in fact, would have

p) Cutting d in half doubles the triangles with even skinner proportions than this one. The two long

angles of the diffraction fringes. . L .
sides are therefore very nearly parallel, and we are justified in

-Illlllll- drawing the right triangle shown in figure o, labeling one leg of the
-]“"_ right triangle as the diffence in path lengthl, & L', and labeling

Double-slit  diffraction  the gcute angle as. (In reality this angle is a tiny bit greater than the
patterns of long-wavelength red

light (top) and short-wavelength one labeled in figure n.)

blue light (bottom). ) ) ] .
The difference in path length is related to d anoly the equation

—sin

Constructive interferaze will result in a maximum at angles for whickL L' is an integer number
of wavelengths,

[condition for a maximum

LoL'" = _ _
m is an integer]

Here m equals O for the central maximufnfor the first maximum to its left, +2 for the second
maximumont he r i ght , et c. Putting all . t,ore 1 ngredi e

[condition for a maximum

m is an integegr
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Similarly, the ondition for a minimum is

[condition for a minimum;

m is an integer plus]

That is, the minima are about halfway between the maxima.
As expected based on scaling, this equation relates angles to the unitlesf&sl ra&lternatively, we
could say that we have proven the scaling property in the special case of-slauliféraction. It
was inevitable that the result would have these scaling properties, since the whole proof was
geometric, and would have been equally valid when enlarged or reduced on a photocopying machine!
Counterintuitively, this means that a diffracting edij with smaller dimensions prodsca bigger

249K diffraction patternp).

Double-slit diffraction of blue and red light example 1
Blue light has a shorter wavelength than red. For a given double-slit spacing d, the smaller

value of a/d for leads to smaller values of sin , and therefore to a more closely spaced set

of diffraction fringes, (g)

The correspondence principle example 2
Let's also consider how the equations for double-slit diffraction relate to the correspondence
principle. When the ratio a/d is very small, we should recover the case of simple ray optics.
Now,ifed d i s small , sin d must be small as wel |
fringes will be small as well. Although we have not proven it, the central fringe is always the
brightest, and the fringes get dimmer and dimmer as we go farther from it. For small values
of a/d, the part of the diffraction pattern that is bright enough to be detectable covers only a
small range of angles. This is exactly what we would expect from ray optics: the rays
passing through the two slits would remain parallel, and would continue moving in the 0 =0
direction. (In fact there would be images of the two separate slits on the screen, but our

analysis was all in terms of angles, so we should not expect it to address the issue of

whether there is structure within a set of rays that are all traveling in the = 0 direction.)

Spacing of the fringes at small angles Example 3
At small angles, we can use the approximation sin d & 0, which is valid if d is measured in

radians. The equation for double-slit diffraction becomes simply

whichcanbe sol ved for d to give
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d =
The difference in angle between successive fringes is the change in 0 that results from
changing m by plus or minus one,

al —=
For example, if we write 07 for the angle of the seventh bright fringe on one side of the
central maximum and Og for the neighboring one, we have

ds'l' d7:—-—

and similarly for any other neighboring pair of fringes.

Although the equatior{d = sin /m s only valid for a double slit, it is can still be a guideotar
thinking even i f we are observing diffraction
(1) large values oé/d lead to a broad diffraction pattern, and

(2) diffraction patterns are repetitive.

In many cases the equation looks just k= sin /m but with an extra numerical factor thrown in,

and withd interpreted as some other dimension of the object, e.g., the diameter of a piece of wire.

X v 11 ]

§)
1 OH Odzd j
102Hdlj o uvjCMmkj 1 thojlsr d0 MdzjHkshdj otftshr :

1. Will there be diffraction patterns, if a single slit is wider than the wavelength of light?
2. What scientific example of single slit diffraction can be shown by optical telescopes?

3. How can we justify the principle of least time based on the wave model of light?
G
Repetition

I
——)

| - — Suppose we repta a double slit with a triple slit). We can think

d d

. . of this as a third repetition of the structures that were present in the
r A triple slit.

double slit. Will this device be an improvement over the double slit

for any practical reasons?
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a 5.25\ 4,75\
4.02\

Il I B N N e .
C

A B A B Cc

s) 1. There is a bright central maximum. 2. At this point just off the central maximum, the path lengths traveled
by the three waves have changed.

The answer is yes, as can bewhasing figures). For ease of visualization, | have violated our
usual rule of only considering points very far from the diffracting object. The scale of the drawing is
such that a wavelengths is one cms)h, all three waves travel an integer numbiewavelengths to

reach the same point, so there is a bright central spot, as we would expect from our experience with
the double slit. In figure)2, we show the path lengths to a new point. This point is farther from slit

A by a quarter of a wavelengthna correspondingly closer to slit C. The distance from slit B has
hardly changed at all. Because the paths lengths traveled from slits A and C differ from half a
wavelength, there will be perfect destructive interference between these two waves. Thiébre is s
some uncanceled wave intensity because of slit B, but the amplitude will be three times less than in
figure s)1, resulting in a factor of 9 decrease in brightness. Thus, by moving off to the right a little,
we have gone from the bright central maximtana point that is quite dark.

Now let's compare with what would have happened if slit C had been covered, creating a plain old
double slit. The waves coming from slits A and B would have been out of phase by 0.23
wavelengths, but this would not have caisery severe interference. The point in figsi)2 would

have been quite brightly lit up.

To summarize, we have found that adding a third slit naradowen

the central fringe dramaticallyThe same is true for all the other

fringes as well, and sincedtsame amount of energy is concentrated

in narrower diffraction fringes, each fringe is brighter and easier to

t) A double-slit diffraction
see}).
pattern (top), and a pattern

made by five slits (bottom) This is an example of a more general fact about diffraction: if some
feature of the diffracting object is repeated, the locations ef th

maxima and minima are unchanged, but they become narrower.
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Taking this reasoning to its logical conclusion, a diffracting object with thousands of slits would

produce extremely narrow fringes. Such an object is called a diffraction grating.

230&

G
Single-Silit Diffraction

If we use only a single slit, is there diffraction? If the slit is not wide
compared to a wavelength of light, then we can approximate its
behavior by using only a single set of Huygens ripples. There are no
other sets of ripples to add tq &o there are no constructive or

destructive interference effects, and no maxima or minima. The

_ — _ result will be a uniform spherical wave of light spreading out in all
u) Single-slit diffraction of water

waves. directions, like what we would expect from a tiny lightbulb. We

— could call this a diffraiton pattern, but it is a completely featureless

v) Single-slit diffraction of red
light. Note the double width of

the central maximum. wavelength of the light, as other diffraction patterns could.

one, and it could not be used, for instance, to determine the

All of this, however, assumes that the slit is narroempared to a
wavelength oflight. If, on the other hand, the slit is broader, there

: will indeed be interference among the sets of ripples spreading out
( from various points along the opening. Figujeshows an example

w) A pretty good simulation of With water waves, and figusg with light.

the single-slit pattern of figure

u, made by using three motors gelf-check C

to produce overlapping ripples

from three neighboring pointsin  How does the wavelength of the waves compare with the

the water. . Ce g
width of the slit in figure u?

We will not go into the details of the analysis of singfi¢ diffraction, but let us see how its
properties can be related to the Wgé&nowebased ont hi I
scaling arguments that the angular sizes of features in the diffraction pattern must be related to the

wavelength and the width, a, of the slit by some relationship of the form

z

_Z.

This is indeed true, and for instance the angle between the maximum of the central fringe and the
maxi mum of the next f r iScaljng arguments wileneveripaducedagtarsaa | s
such as the 1.5, but they tell us that the ansmest involvesfa, so all the familiar qualitative facts

are true. For instance, shorigavelength light will produce a more closely spaced diffraction
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anttern.
196
An important scientific example of sing#dit diffraction is in telescopes.

Images of indridual stars, as in figur), are a good way to

examine diffraction effects, because all stars except the sun are so

far away that no telescope, even at the highest magnification, can

i mage their disks or surface features. Thus
image must be due purely to optical effects such as diffraction. A

prominent cross appears around the brigtgestand dimmer ones

surround the dimmer stars. Something like this is seen in most

X) An image of the Pleiades star
cluster. The circular rings
there were two perpendicular struts or supports. Light diffracégeind the bright stars are due
to single-slit diffraction at the
around these struts. You might think that diffraction could ineuth of the telescope's tube.

telescope photos, and indicates that inside the tube ofldsedpe

eliminated entirely by getting rid of all obstructions in the tube, but

the circles around the stars are diffractiofiees arising from

singles|l it diffraction at the mouth of the teles
we have not even talked about diffraction through a circular

opening, but the idea is the same.) Since the angular sizes of the

diffracted images depend os¥a, the only way to improve they a ragio telescope.

resolution of the images is to increase the diameter, a, of the tube.

This is one of the main reasons (in addition to kg&thering power) why the best telescopes must be
very large in diameter.

Doubleslit diffraction is easier to understand conceptually than sislifeiffraction, but if you do a
doublesilit diffraction experiment in real life, you are likely to encounter a complicated pattern like
figure )1, rather than the simpler or®2, you were expecting. This because the slits are fairly

big compared to the wavelength of the light being used. We really have two different distances in our
pair of slits:d, the distance between the slits, amdthe width of each slit. Remember that smaller
distances on thebgect the light diffracts around correspond to larger features of the diffraction
pattern. The patterh thus has two spacings in it: a short spacing corresponding to the large distance

2041(d, and a long spacing that relates to the small dimengion

self-check D

What would this imply about radio telescopes as compared with visible- light telescopes?
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