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CHAPTER OUTLINE

23

Faraday’s Law and
Inductance
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four equations called Mux-

When a strong magnet is B
moved toword or away from
the coil attached to o galva-
nemeter, an eleckic current is
induced, indicated by the mo-
‘mentary deflection of the gal-
vanemater during the move-
ment of the magnet. (Richard
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23.1 Faraday's Laut of Induction 671

well’s sguations. Together with the Lorentz force law, which we shall discuss briefly,
they represent a complete theory for describing the interaction of charged objects,
Maxwell's equations relate electric and magnetic fields o cach other and to their
ultimate source: electric charges.

The phenomenon of elecromagnetic induction has some practical conse-
quences. One of the most important practical applications of electromagnetic
induction is the field of power generation. We shall describe an effect known as
self-induction, in which a time~varying current in a conductor induces an emf
that opposes the external emf that set up the current. This phenomenon is the
basis of a circuit element known as an inductor, which plays an important role in
circuits with time~varying currents. Finally, we shall discuss the energy stored in
the magnetic field of an inductor and the energy density associated with a mag-
netic field,

23.1 + FARADAY'S LAW OF INDUCTION

We begin by deseribing two simple experiments that demonsturate that an electric
current can be produced by a changing magnetic field, First, consider a loop of
wire connected to a galvanometer, a device that measures current, as in Figure 23.1.
If a magnet is moved toward the loop, the galvanometer needle deflects in one
direction, as in Figure 23.1a. If the magnet is moved away from the loop, the gal-
vanometer needle deflects in the opposite direction, 1 Figure 23.1b. If the mag-
net is held stationary relative to the loop, no deflection is observed. Finally, if the
magnet is held stationary and the coil is moved either toward or away from it, the

Galanomerer

(b
Figure 28.1 (a) When a n et is moved toward a loop of wire connected e rometer
the wimeter deflects 2 n. This v that rrent is ced in the 1) When
the m t is moved away from the loap, the gaha cter deflects in the opy irection
indicating that the induced current is opposite 1 1 i part (a)
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Michael Faraday (1791-1867)
Faraday was a British physicisi and
chemist who is often regarded as the
greatest experimental scientist of the
1800s. His many contributions o the
study of electricily include the inven-
tion of the electric motor, electric gen-
erator, and transformer, as well as the
discavery of eleciromagnetic induction
and the lows of electrolysis. By kind
permission of the President and Coun-
cil of the Royal Society)

Chapter 23 Foraday's Laur and Inductance

needle deflects. From these observations comes the conclusion that an electric
current is set up in the circuit as long as there is relative motion
between the magnet and the coil.'

These results are quite remarkable in view of the fact that a current is set up
in the circuit even though there are no batteries in the circnit! We call such a
current an induced current, and it is produced by an induced emf or generated
emf.

Now let us describe an experiment, first conducted by Faraday, that is illustrated
in Figure 23.2. Part of the apparatus consists of a coil connected 1o a switch and a
battery. We shall refer to this coil as the frimary coil of wire and to the corresponding
circuit as the primary circuit. The primary coil is wrapped around an iron ring to
intensify the magnetic field produced by the current through the coil. A second
coil, at the right, is also wrapped around the iron ring and is connected 1w a gal-
vanometer. We shall refer to this as the secondary coil and to the corresponding
circuit as the secondary circuit. There is no battery in the secondary cireuit, and
the secondary coil is not physically connected to the primary coil. The only purpose
of this circnit is 1o detect any current that might be generated by a change in the
magnetic field produced by the primary cireuit.

At first you might guess that no current would ever be detected in the secondary
circuit. However, something quite amazing happens when the switch in the primary
circuit is suddenly closed or opened. At the instant the switch is closed, the galva-
nometer deflects in one direction and then remrns w zero. When the switch is
opened, the gal ter defl in the opp direction and again returns to
zero. Finally, the galvanometer reads zero when a steady current exists in the pri-
mary circuit.

As a result of these observations, Faraday concluded that an electric current
can be produced by a changing magnetic field. A current cannot be produced
by a steady magnetic field. The current produced in the secondary circuit occurs
for only an instant while the magnete field acting on the secondary coil is changing.
In effect, the secondary circuit behaves as though a source of emf were connected
to it for an instant. It is customary to say that an emf is induced in the secondary

Galvanometer

Secondary
coil

Figure 23.2 Faraday's experiment. When the switch in the primary circut at the left is closed.
the galvanometer in the secondary creuit at the right deflects momentarily. The emf induced in
the secondary circuit is cansed by the changing magnetic field through the coil in this circuis

The magnitude of th rent depends on the particular resistance of the circuit, but the existence of

the current (o its algebraic sign) does not

B

23.1  Famday's Law of Induction

circnit by the changing magnetic field produced by the current in the primary
circuit.
In order to quantify such observations, it is necessary to define a quantity called
e flux. The flux associated with a magnetic field is defined in a similar
manner to the electric flux (Chapter 19, Section 19.8). Consider an element of
area dA on an arbitrarily shaped surface that is not closed, as in Figure 23.3. If the
magnetic field at this element is B, then the magnetic flux through the element is
B dA, where dA is a vector perpendicular to the surface the magnitude of which
equals the area dA. Hence, the total magnetic flux, @, through the surface is

lb,‘=J-l-.-M [23.1]
The SI unit of magnetic flux is the tesla-meter squared, which is named the weber
(Wh); 1 Wb =1T-m%

The two experiments illustrated in Figures 23.1 and 23.2 have one thing in
commaon. In both cases, an emf is induced in a circuit when the magnetic flux
through the circuit with time. In fact, a general statement summarizes
such experiments involving induced emis:

The emf induced in a circuit is directly proportional to the ume rate of
change of magnetic flux through the circuit.

This statement, known as Faraday's law of induction, can be written

g=-—2
dt

[23.2]
where @ is the magnetic flux through the circuit, given by Equation 23.1. The
negative sign in Equation 23.2 is a consequence of Lenz’s law and will be discussed
in Section 23.3. If the circuit 1s a coil consisting of N loops all of the same area and
if the flux threads all loops, the induced emf is

b
v—t

e dt

[23.3]

Suppose the magnetic field is uniform over a loop of area A lying in a plane as
in Figure 23.4. In this case, the flux through the loop is equal 10 BA cos 6; hence,
the induced emf is

d
E=——(BAcost)
di

: [23.4]

From this expression, we see that an emf can be induced in a circuit in several ways:
(1) the magnitude of B can vary with time; (2) the area of the circuit can change
with time; (3) the angle # between B and the normal to the plane can change with
time; and (4) any combination of these can occur

Examples 25.1 and

2 illustrate cases in which an emf is induced in a cireuit

as a result of a time variation of the magnetic field
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Figure 23.8 The magnetic flux
through an area clement dA is
given by B-dA = BdA cos 8 Note
that dA is perpendicular to the sur-

face.
* Faraday’s law
B
i

o

o
-

Figure 23.4 A conducting loop of
area A in s of @ uni-

hich is at

form

an angle @
loap
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A demonstration of electromag-
netic induction. An ac voltage is
applied to the lower coil. A voltage
is induced in the upper coil, as in-
dicated by the illuminated lamp
connected 1o the upper coil. What
do you think happens to the
Lamp's intensity a3 the upper coil is
moved over the vertical mibe?
{Conrtery of Central Scientsfic Company)

Chapter 23 Faraday's Law und Inductance

Thinking Physics1 = B il

Argentina has more land area (2.8 % 10° km?) than Greenland (2.2 % 10° km®). Yet
the magnetic flux of the Earth's magnetic field is larger through Greenland than
through Argentina. Why?

Reasoning There are two reasons for the larger ic flux through Greenland.
Gftmhndthmm'norﬁmﬂ]‘um]utluzrwamgncncp*lhanum
tina (latitude 20° south to 50° south). As a result, the angle that the magnetic field

lines make with the vertical is smaller in G Jand than in A The dat prod
in the definition of the magnetic flux an area i T this angle. The
second reason s also a result of Greenk: “s ity 10 & pole. The field

mglhlshrgﬂmdl:wumbydimmucpokrhmﬁmhcr&mthcpale Thus,
IBl in the definition of flux is larger for Greenland than for Argentina. These two
influences will dominate over the slightly larger arend'.trgenlim.

CONCEPTUAL PROBLEM 1
AT Y T ——

A circular loop is located in a uniform and constant magnetic field. Describe how an em(
can be induced in the loop in this sineation,

CONCEPTUAL PROBLEM 2
e DI SN

A spacecraft orbiting the Earth has a coil of wire in it. An astronaut measures a small current
in the coil, although there is no battery connected to it and there are no magnets on the
spacecraft. What is causing the current?

CONCEPTUAL PROBLEM 3
e gt

Suppose you would like to steal power for your home from the electric company by placing
a loop of wire near a transmission cable in order to induce an emf in the loop (an illegal
procedure). Should you orient your loop so that the transmission cable passes through your
loop or simply place your loop near the transmission cable?

Example 23.1 One Way to Induce an emf in a Coil

A coil is wrapped with 200 turns of wire aroundd the perimeter
of a square frame of sides 18 cm. Each wirn has the same area,
equal wo that of the frame, and the total resistance of the coil
15 2.0 {1, A uniform magnetic field is turned on perpendicular
to the plane of the coil. If the field changes linearly from 0
tw 0.50 T in a time of 0.80 s, find the magnitude of the in-
duced emf in the coil while the field is changing.

Solufion The area of the loop is (0.18 m)? = 0.0324 m*.
The magnetic flux through the loop at ¢ = 0 is zero, because

B = 0. At { = 0.80 5, the magnetic flux through the loop is
®y = BA = (0.50 T)(0.0324 m®) = 0.0162 Wb. Therefore,
the magnitude of the induced emf is

NA!I’, 200(0.0162 Wb — 0 Wh)

= 0805 =

(Note that 1 Wh/s = 1V.)

EXERCISE 1 What is the magnitude of the induced current
in the coil while the field is changing? Answer 20A

232 Motional emf

E le 23.2 An Exp

P

ially Decaying B Field

A plane loop of wire of area A is placed in a region in which
the magnetic field is perpendicular 1o the plane. The mag-
nitude of B varies in time according to the expression B =
By ™. That is, at ¢ = 0 the field is B,, and for 1 > 0, the field
decreases exponentially in time (Fig. 23.5). Find the induced 8
emf in the loop as a function of time.

Solution Because B is perpendicular 1o the plane of the &
loop, the magnetic flux through the loop at time (> 0 is

D, = BA= ABye "
The induced emf can be calculated from Faraday's Law, not-
ing that AK, and the parameter @ are constants.

b,

E=_d =—{_&,—r‘"= aABe ™

That is, the induced emf decays exponentially in time. Note
that the maximum emf oocurs at ( = 0}, where E,

mas

Figure 23.5 (Example &

675

Why is this true? The plot of £ versus ¢ is similar 1w the B
versus | curve shown in Figure 23.5,

r

3.2) Exponential decrease of the
magnetic ficld with tme. The induced emf and induced cur-
= aAR, rent have similar time variations.

EXERCISE 2 A flat loop of wire consisting of a single turn of crosssectional area 8.0 cm? is
perpendicular 10 a magnetic field that increases uniformly in magnimde from 0.50 T w0
250 T in 1.0 « What is the resulting induced current if the loop has a resistance of 2.0 {17
Nser BOO pA

23.2 + MOTIONAL emf

In Examples 23.1 and 23,2, we considered cases in which an emf is produced in a
circuit when the magnetic field changes with time. In this section we describe mo-
tional emf, which is the emf induced in a conductor moving through a magnetic
field.

First, consider a straight conductor of length £ moving with constant velocity
through a uniform magnetic field directed into the page, as in re 23.6. For
simplicity, we shall assume that the conductor is moving perpendicularly to the
ficld. The electrons in the conductor experience a force along the conductor of
F_ = gv X B. Under the influence of this force, the electrons move to the lower
end and accumulate there, leaving a net positive charge at the upper end. As a
result of this charge separation, an electric field is produced within the conductor.

The charge at the ends builds up until the magnetic force quB is balanced by the
electric force gE. At this point, charge stops flowing, and the condition for equilib-
rium requires that the electric force must balance the magnetic fore

gl = quid o1 E=uB

Because the electric field produced in the conductor is constant, it is related to the
n AV = E{, Thus,

potential difference across the ends according (o the rels

AV=Et = Bl

i
Figure 23,6 A suaight conduct
ing bar of length ¢ moving with a

h & uniform mag-
1 perpendicu-
il o Blvis
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Electromagnetic Waves

applica-
tions, such as radio and
television, and to the real-
ization that light is one
form of electromagnetic
radiation.

An old-style rancher in I

S5t Augustine Plains, New
Mexico, rides past ene of the
27 radio telescopes that com-
prise the Very Large Array
{VLA}. Arranged in o Y-shaped
configuration on a system of
railroad tracks, the radic tele-
scopes of the VLA capture and
focus sloctromagnetic waves
from space. (¢ Donny lehman)

24.1 Displacement Current and the Genevalized Ampére's Law

24.1 - DISPLACEMENT CURRENT AND THE
GENERALIZED AMPERE'S LAW

We have seen that charges in motion, or currents, produce magnetic fields. When
a current-carrying conductor has high symmetry, we can calculate the magnetic
field using Ampére’s law, given by Equation 22.22:

§ B:ds = p,l [22.22]

where the line integral is over any closed path through which the conduction
current passes, and the conduction current is defined by [ = dQ /dt. (In this sec-
tion, we use the term conduction current 1o refer to the current carried by charged
particles such as electrons in a wire or ions in an electrolytic solution.) We now
show that Ampére's law in this form is valid only if the conduction current is
continuous in space. M Il recognized this li ion and modified Ampere's
law to include all possible situations.

We can understand this problem by considering a capacitor being charged as
in Figure 24.1. When the conduction current flows, the charge on the plate changes,
but no conduction current passes the plates. Now consider the two
surfaces §; and S, in Figure 24.1 bounded by the same path P. Ampére's law says
that the line integral of B+ ds around this path must cqual g/, where 7is the total
current through any surface bounded by the path P.

When the path Pis considered as bounding S;, the result of the integral is
#f because the conduction current passes through S,. When the path bounds
Sy, however, the result is zero, because no conduction current passes through S,
Thus, we have a contradictory situation that arises from the discontinuity of
the conduction current! Maxwell solved this problem by postulating an additional
term on the right side of Equation 22,22, called the displacement current, /,, de-
fined as

D,
L=t [24.1]

Recall that @ is the flux of the electric field, defined as @ = [ E-d A.

As the capacitor is being charged (or discharged), the changing electric field
between the plates may be modeled as a current that bridges the discontinuity in
the conduction current in the wire. When the expression for the displacement
current given by Equation 24.1 is added o the right side of Ampére's law, the
difficulty represented by Figure 24.1 is resolved. No mater what surface bounded
by the path Pis chosen, some combination of conduction and displacement cur-
rent will pass through it. With this new term /,, we can express the generalized
form of Ampére's law (sometimes called the Ampére-Maxwell law) as'

dd,
Bods = p, (I+ L) = pyl + Fofa == [24.2]
1Serictly speaking, this expression is valid only in a vacun. If a magnetic material is present, a magnet-

lzing current must also be included on the right side of Equation 24.2 w0 make Ampére’s law fully
general
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& K
I 5
Figure 24.1 The surfaces S, and
8, are bounded by the same path
£ The conduction current in the
wire passes only through S,. This
leads to a contradiction in Am-
pire’s law that is resolved only if
one postulates a displacement cur-
rent through S,.

*  Displacement current

 Ampére-Maxwell law




Petitioner Intel Corp., Ex. 1038
[PR2023-00783




Petitioner Intel Corp., Ex. 1038
[PR2023-00783




Petitioner Intel Corp., Ex. 1038
[PR2023-00783




Petitioner Intel Corp., Ex. 1038
[PR2023-00783




Petitioner Intel Corp., Ex. 1038
[PR2023-00783




Petitioner Intel Corp., Ex. 1038
[PR2023-00783




Petitioner Intel Corp., Ex. 1038
[PR2023-00783




Petitioner Intel Corp., Ex. 1038
[PR2023-00783




Petitioner Intel Corp., Ex. 1038
[PR2023-00783




Malus’s law *

Chapter 24 Electromagnetic Waves

first polarizing sheet, called the polarizer, where the transmission axis is as indi-
cated. The light that is passing through this sheet is polarized vertically, and the
transmitted electric field vector is E,. A second polarizing sheet, called the ana-
hyzer, intercepts this beam with its transmission axis at an angle of # to the axis of
the polarizer. The component of E, that is perpendicular to the axis of the analyzer
is completely absorbed, and the component parallel to that axis is K, cos 6. We
know from Equation 24.18 that the transmitted intensity varies as the square of the
wansmitted amplitude, and so we conclude that the intensity of the transmited
(polarized) light varies as

1= I, cos 6 [24.29]

where J, is the intensity of the polarized wave incident on the analyzer. This ex-
pression, known as Malus's law, applies to any two polarizing materials the trans-
mission axes of which are at an angle of @ to each other. From this expression, note
that the tr itted i ity is a when the transmission axes are parallel
(8 = 0 or 1807), and zero (complete absorption by the analyzer) when the trans-
mission axes are perpendicular to each other. This variation in transmitted intensity
through a pair of polarizing sheets is illustrated in Figure 24.19.

Optical Activity

Many important applications of polarized hight involve matenals that display optical
activity. A substance is said 1o be optically active if it rotates the plane of polar-
zation of transmitted light. The angle through which the light is rotated by a
specific material depends on the length of the sample and on the concentration
if the substance is in solution. One optically active material is a solution of
the common sugar dextrose. A standard method for determini i
of sugar solutions is to measure the rotation produced by a fixed length of the
solution,

the conce

b} (4]
Figure 24.19  The intensity of light transmitted through two polarizers depends on the relative
orientation of their transmission axes. (a) The ran d light has maximum intensity when

the transmission axes are aligned with each other. (b) The transmitted light intensity diminishes
when the transmission axes are at an angle of 45° with each other. (c) The transmitted light

i5 when the axes are at right angles to each other.  (Hemry Lagp
and fim Lehman)

249 Polarization

{a) (b}

Figure 24.20 (a) Photograph showing strain distribution in a plastic model of a hip replace-
ment used in a medical research laboratory. The pattern is produced when the plastic model is
viewed between a polarizer and an analyzer oriented perpendicular 1o the polarizer  (Sopp S
1%81) (b} A plastic model of an arch structure under load conditions observed between two
crossed polarizers, Such patterns are useful in the optimum design of architectural components
(Peter ApmahamianScence Photo Litrary)

A material is optically active because of an asymmetry in the shape of its con-
stituent molecules. For example, some proteins are optically active because of their
spiral shape. Other materials, such as glass and plastic, become optically active when
stressed. Suppose an unstressed picce of plastic is placed between a polarizer and
an analvzer so that light passes from polarizer to plastic to analyzer. When the
analyzer axis is perpendicular to the polarizer axis, none of the polarized light
passes through the analyzer. In other words, the unstressed plastic has no effect on
the light passing through it. If the plastic is stressed, however, the regions of greatest
stress rotate the polarized light through the largest angles. Hence, a series of bright
and dark bands is observed in the transmitted light, with the bright bands corre-
sponding to regions of greatest stress.

Engineers often use this technique, called optical stress analysis, 10 assist in
designing structures ranging from bridges to small 1ools, A plastic model is built
and analyzed under different load conditions to determine regions of potential
weakness and failure under stress. Some examples of a plastic model under stress
are shown in Figure 24.20.

Thinking Physics 4

A polarizer for microwaves can be made as a gric
T apart, Is the electric field vector for mic

i of parallel metal wires about a cen-
wives ransmitted through this po-

larizer parallel to, or perpendicular to, the me ires?
Reasoning Electric field vectors parallel to the metal wires will cause electrons in the
metal 10 oscillate parallel 1o the wires. Thus, the energy from the waves with these

electric field vectors will be transferred to the me
and will eventually be transf

| by accelerating these electrons
gy through the resistance of the
metal. Waves with electric field vectors perpendicular to the metal wires will not be
able o accelerate electrons and will pass throug!

ed to internal en

T'hus, the electric field polarization
will be perpendicular 1o the metal wires
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Wavetrones

Figure 25.1 A plane wave propa-
1o the right. Note that the

rays, which always point in the di-

rection of wave motio

straight lines perpendicular o the

wave fronts,

Chapter 25 Reflection and Refraction of Light

it (the electron) had been struck by a particle. Yet this photon has wave-like char-
cs, because its energy is determined by the frequency (wave-like quantity).

In view of these developments, light must be regarded as having a dual nawre:
In some cases light acts like a wave and in others it acts like a particle. Classical
electromagnetic wave theory provides an adequate explanation of light propagation
and interference, whereas the photoelectric effect and other experiments involving
the interaction of light with matter are best explained by assuming that light is a
particle. Light is light, to be sure. The question, “Is light a wave or a particle?” is
inappropriate; in some experiments, we measure its wave properties; in other ex-
periments we measure its particle properties.

25.2 - THE RAY APPROXIMATION IN GEOMETRIC OPTICS

A wavefront is a surface over which the wave displacement has the same value. For
example, a point source of light waves generates spherical waves moving in all
directions. The wavefronts in this case are concentric spherical surfaces. One wave-
front is the surface where the wave displacement has its maximum value, corre-
sponding to the crest of the wave. In studying geometric optics here and in Chapter
26, we shall use what is called the ray approximation. To understand it, first note
that the of a given wave are straight lines that are perpendicular (o the wave-
fronis, as illustrated in Figure 25.1 for a plane wave. In the ray approximation, we
assume that a wave moving through a ti wravels in a ight line in the di-
rection of its rays.

If the wave meets a barrier mnwnmg a cire nl.u opening the diameter of which
ve 1o the w \r(‘l('nglh as in Figure 25.2a, the wave emerging from the
£ continues to move in a straight line (.np.m from some small edge effects):
approximation continues to be valid. If the diameter of the opening
of the clength, as in Figure 25.2b, the waves (and, as a conse-

H])(_'
hence, the ra

that the outgoing wave is noticeably diffracted. If the upuling is small relative 1o
the wavelength, the apening can be approximated as a point source of waves (Fig.
s, diffraction is more pronounced as the ratio d/A approaches zero.

- b
o+ et
It /
ot S
3 x i .
+ 4
; £ 558, W S Sl
1 i 2 .
Ladel d
L
- -
- -
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|ES] Wl 4 .
1
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h) (ch

Figure 25.2 A plane wave of wavelength A is incident on a barrier in which there is an opening
vable diffraction and the ray approxima-
es significant. (€) When A 2 d, the open-

of diameter o, (a) When A < 4, th e is almost no

by When A

m remains valid d, diffraction bec

1g hehaves as a point source emiming spherical waves

253 Reflection and Refraction

Similar effects are seen when waves encounter an opacque circular object. In this
case, when A < d, the object casts a sharp shadow.

The
Chapter
for the study of mirrors, lenses, prisms, and associated optical instruments, such as
d eyeglasses, We return 1o the subject of diffraction (where

approximation and the assumption that A <€ J are used here and in

which also deals with geometric optics. This approximation is very good

telescopes, cameras,
A = d} in Chapter 27.

25.3 - REFLECTION AND REFRACTION

Reflection of Light

Figure 25.3a shows several rays of a beam of light incident on a smooth, reflecting
surface. The reflected rays are parallel to each other, as indicated in the figure
Reflection of light from such a smooth surface is called specular reflection. If the
reflecting surface is rough, as in Figure 25.3b, it will reflect the rays in various
directions. Reflection from any rough surface is known as diffuse reflection. A
sur as long as the surface tions are small
compared with the wavelength of the incident light. Figure 3c and 25.3d are
photographs of specular reflection and diffuse reflection using laser light.
Consider the two types of reflection from a road surface that you observe when
vou drive at night. On a dry night, light from oncoming vehicles is scattered off the
road in different directions (diffuse reflection) and the road is quiwe visible, On a

ace behaves as a smooth surface
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By convention, the angles of incidence and reflection are measured from the nor-
mal to the surface rather than from the surface itself,

Figure 25.6 (a) A ray obliquely incident on an air-glass interface. The refracied ray is bent
toward the normal because 1, < v, All rays and the normal lie in the same plane, (b) Light
incident on the Lucite block bends both when it enters the block and when it leaves the block

734 Chapter'28 Reflaction and Rafracton of Light 25.3  Reflection and Refraction 735
e rainy night, all the little irregularitics in the road surface are filled with water, | "odent  Normil  Reflesed
! Because the water surface is quite smooth, the light undergoes specular reflection i
¢ and the glare from reflected light makes the road less visible. We shall concern i !
| ourselves only with specular reflection, and we shall use the term rnflection to mean | &
" | 5 r." specular reflection. o~
BEA Consider a light ray that is raveling in air and incident at an angle on a flat, Al v
1 smooth surface, as in Figure 25.4. The incident and reflected rays make angles of B %
* #; and 6}, respectively, with a line drawn normal to the surface at the point where
the incident ray strikes the surface. Experimenis show that the angle of reflection
Figure 25.4  According w0 the law equals the angle of incidence:
of reflection, #;, = #;. The incident Refracted
ray, the reflected ray, and the nor- nay
mal all lie in the same plane. 0 =8, 125.2] ; (@ )

(Henry Leap anid fim {ohman}

i

Example 25.1

Two mirrors make an angle of 120° with each other, as in
Figure 25.5. A ray is incident on mirror M, at an angle of 65°
to the normal. Find the direction of the ray after it is reflected

The Double Reflected Light Ray

Reasoning and Solution  From the law of reflection, we know
that the first reflected ray also makes an angle of 65° with the
normal. Thus, this ray makes an angle of 90° — 657, or 25°%,

from mirror M.

angle of 120° with each other

with the horizontal. From the tiangle made by the Rrst
reflecied ray and the wo mirrors, we see that the first
reflected ray makes an angle of 35° with My (because the sum
of the interior angles of any wiangle is 180°), This means
that this ray makes an angle of 55° with the normal to Ms.
Hence, from the law of reflection, the second reflected ray
makes an angle of 55° with the normal w M. By comparing
the direction of the incident on M, with its direction
after reflecting from My, we sce that the ray is reflected
through 120°, which corresponds to the angle between the
Mrrors.

Figure 25.5 (Example 25.1) Mirrors M, and M, make an

Refraction of Light

When a ray of light traveling through a transparent medium is obliquely incident
on a boundary leading into another transparent medium, as in Figure 25.6a, part
of the ray is reflected but part enters the second medium. The ray that enters the
second medium is bent at the boundary and is said to be refracted. The incident
ray, the reflected ray, and the refracted ray all lie in the same plane. The angle
of refraction, #, in Figure 25.6, depends on the properties of the two media and

on the angle of incidence, through the relationship

sinf, w
s = = = constant
sin 8,

[25.3]

where v, is the speed of light in medium 1 and v, is the speed of light in medium
2. The experimental discovery of this relationship is usually credited to Willebrord
Snell (1591-1627) and is therefore known as Snell's law.

The path of a light ray through a refracting surface is reversible. For cx-
ample, the ray in Figure 25.6 travels from point A to point B If the ray originated
at B, it would follow the same path to reach point A. In the latter case, however,

the reflected ray would be in the glass.

When light moves from a material in which its speed is high 10 a material in
which its speed is lower. the angle of refraction, #,, is less than the angle of inc-
dence, and so the refracted ray is bent toward the normal, as shown in Figure 25.7a
If the ray moves from a material in which it travels slowly to a material in which it
travels more rapidly, #, is greater than #,, and so the ray is bex ay {rom the
normal, as shown in Figure 25,7b.

Normeal Normal
6, >8, 0, <8y
@, G
3
Air Glass
Glass \ir
s e S
1
a (b
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nal

path i bent toward the

(b) When the beam moves |

m
glass into air, its path is bent away

from the normal
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Chapter 25 Reflection and Refraction of Light

25.4 -« DISPERSION AND PRISMS

An important property of the index of refraction is that its value in anything
but vacuum depends on the wavelength of light. This phenomenon is called dis-
persion (Fig. 25.12). Because n is a function of wavelength, Snell's law indicates
that light rays of different are bent at different angles when in-
cident on a refracting material. As we see from Figure 25.12, the index of refrac-
tion for a material decreases with increasing wavelength. This means that blue light
(A = 470 nm) bends more than red light (A = 650 nm) when passing into a re-
fracting material.

254 Dispervion and Prisms

White
light

To understand how dispersion can affect light, let us consider what happ
when light strikes a prism, as in Figure 25.13a. A single ray of hght that is incident
on the prism from the lefi emerges bent away from its original direction of travel
by an angle, 8, called the angle of deviation. Now suppose a beam of white light
{a combination of all visible wavelengths) is incident on a prism, as in Figure 25.13b.
Because of dispersion, the blue component of the incident beam is bent more than
the red component, and the rays that emerge from the second face of the prism
spread out in a series of colors known as a visible spectrum, as shown in Figure
25.14. These colors, in order of decreasing wavelength, are red, orange, yellow,
green, blue, indigo, and violet. Clearly, the angle of deviation, &, depends on wave-
length. Violet light (A = 400 nm) deviates the most, red light (A = 650 nin) deviates
the least, and the remaining colors in the visible spectrum fall between these ex-
remes.

The dispersion of light into a spectrum is demonstrated most vividly in nature
through the formation of a rainbow, often seen by an observer po 1ed between
the Sun and a rain shower (see page 730), To understand how a rainbow is formed,
consider Figure 25.15. A vay of light passing overhead strikes a drop of water in the
atmosphere and is refracted and reflected as follows. It is first refracted at the front
surface of the drop, with the violet light deviating the most and the red light the
least. At the back surface of the drop, the light is reflecied and returns 1o the front

Figure 25.12 Variation of index of refraction - -

with vacuum wavelength for three materials.

Crown glass

\ > Acrylic
1.44
Sihica
1.46 &
] oo i ) S B 1 i S
M 300 400 500 6 700

A nm

a) )

Figure 25.13  (a) A prism refracts single-wavelength light and deviates the light through an an-
gle &. (b) When light is incident on a prism, the blue light is bent more than the red. (¢) Light
of different colors passes through a prism and two lenses, As the light passes through the prism
different wavelengths are refracted at different angles.  (Daved Parker, SPL/Phots Retenrchers)

Increasing

..

Prism

{a) (14]

Figure 25.14 () Dispersion of white light by a prism. Beo

prism disperses the white hght into its various spectral components. (b) Different colors are re-

se n varies with wavelength, the

fracted ar different angles because the index of refraction of the glass depends on wavelength

Violet light deviates the most; red light deviates the least.  (Phatograph coustesy of Bawsch ane Lol

surface, where it again undergoes refraction as it moves from water into ar. The

rays leave the drap so that ik

gle between the incident white light and the most
intense returning violet light is 40°, and the angle berween the white light and the
Most intense retur

red light is 42° This small angular difference between the
returning rays causes us to see the rainbow

Thinking Physics 3
When a beam of light enters a glass prism, which has nonparallel sides, the rainbow of
color exiting the prism is a testimonial 1o the dig n ocourring in the glass. Suppose

a beam of light enters a slab of material with sides. When the beam exiis the

other side. waveling in the same direction as th al beam, is there any evidence

of dispersion?

741
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Chapter 25 Reflection and Refraction of Light

Transparent slab

Figure 35.16  (Thinking Physics 3)

Reasoning Due 1o dispersion, light at the violet end of the spectrum will exhibit a
larger angle of refraction on entering the glass than light at the red end. All colars of
light will return to the onginal diredion of propagation on refracting back out into the
air. Thus, the outgoing beam will be predominantly white. But the net shift in the
pasition of the violet light along the edge of the slah will be larger than the red light.
Thus, one edge of the outgoing beam will have a bluish tinge w it (it will appear blue
rather than violet, because the eve is not very sensitive to violet light), whereas the
other edge will have a reddish tinge. This effect is indicated in Figure 25.16. It is the
colored edges of the outgoing beam of white light that are the evidence for dispersion.

In dispersive materials, the angle of refraction for a light ray depends on the wavelength of
the light. Does the angle of reflection from the surface of the material depend on the wave-
length?

25.5 + HUYGENS'S PRINCIPLE

In this section, we shall discuss a geometric method proposed by Huygens in 1678,
which is useful for describing the wave properties of light. Huygens assumed that
light was some form of wave motion rather than a stream of particles. He had no
knowledge of the nature of light or of its electromagnetic character. Nevertheless,
his simplified wave model is adequate for understanding many practical aspects of
the propagation of light.

Huygens's principle is a geometric construction for determining the posi-
of a wavefront from a knowledge of an earlier wavefront. In Huygens's con-
struction,

256 Total Internal Reflection

A &
-
Old o—cd! New Ol New
wavefront wavefront wavelront wavefront
-
t
‘\.__\_\_
o B
At
{a) (b)

Figure 25.17 Huygens's construction for (a) a plane wave propagating o the right and (b) a
spherical wave.

all points on a given wavefront are taken as point sources for the production
of spherical secondary waves, called wavelets, that propagate outward with
speeds characteristic of waves in that medium. After some time has elapsed,
the new position of the wavefront is the surface tangent to the wavelets.

Figure 25.17 illustrates two simple examples of Huygens's construction. First,
consider a plane wave moving through free space, as in Figure 25.17a. At t = 0, the
wavefront is indicated by the plane labeled AA'. Each point on this wavefront is a
point source for a waveler. Showing three of these points, we draw circles, each of
radius ¢ Af, where ¢ is the speed of light in free space and At is the time of propa-
gation from one wavefront to the next, The surface drawn tangent to the wavelets
is the plane BE', which is parallel to AA'. In a similar manner, Figure 25.17b shows
Huvgens's construction for an outgoing spherical wave.

A convincing demonsi

ion of the existence of Huyge avelets is obtained
with water waves in a shallow tank (called a rigple tank), as in Figure 25.18. Plane
waves produced below the slits emerge above the slits as two-dimensional circular
waves propagating outward.

25.6 - TOTAL INTERNAL REFLECTION

An interesting effect called total internal reflection can occur when light travels
from a medium with a high index of refraction to one with a lower index of re-

fraction. Consider a light beam traveling in medium 1 and meeting the boundary

743

Figure 2518 Water waves in a

ripple tank, which demonstrates

Huygens's wavelets, A plane wave is

incident on a barrier with two

small openings. Each opening acts
a8 a source of circular wavelers

(Erich S¢
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Figure 25.22 Light rravels in a

curved transparent rod by multiple

internal reflections,

Surands of glass optical fibers are
used 10 carry voice, video, and data
signals in telecommunication net-
works. Typical fibers have diame-
tevs of 60 um. (0 Rickard Megna
1983, Fundamente! Photographs)

Chapter 25 Reflection and Refraction of Light

Fiber Optics

Another interesting application of total internal reflection is the use of glass or
transparent plastic rods to “pipe” light from one place to another. As indicated in
Figure 25.22, light is limited to traveling within the rods, even around gentle curves,
as the result of successive internal reflections. Such a light pipe can be flexible if
thin fibers are used rather than thick rods. If a bundle of parallel fibers is used to
construct an optical transmission line, images can be wansferred from one point
to another,

This technique is used in the industry known as fiber optics. Very litle light
intensity is lost in the fibers as a result of reflections on the sides. Any loss in intensity
is due essentially 1o reflections from the two ends and absorption by the fiber ma-
terial. Fiher optic devices are particularly useful for viewing an image produced at
an inaccessible location, Physicians often use fiber optic cables to aid in the diag-
nosis and repair of certain medical conditions, without the intrusive effects of major
surgery. For example, a fiber optic cable can be threaded through the esophagus
and into the stomach to enable the physician to look for ulcers. In this application,
the cable actually consists of two fiber optic lines, one to transmit a beam of light
into the stomach for illumination and the other to allow this light to be transmitted
out of the stomach. The resulting image can be viewed directly by the physician in
some cases but most often is displaved on a television monitor or captured on film.
The field of fiber optics is also finding increasing use in telecommunications, be-
cause the fibers can carry a much higher volume of telephone calls, or other forms
of communication, than electrical wires,

B e i

A beam of white light is incident on the curved edge of a semicircular piece of glass,
as shown in Figure 25,28, The light enters the curved surface along the normal, so it
shows no refraction. It encounters the straight side at the center of curvature of the
curved side and refracts into the air, The incoming beam is moved clockwise (so that
the angle # increases) such that the beam always enters along the normal to the curved
side and encounters the straight side at the center of curvature of the curved side. As
the refracted beam approaches a direction parallel 1o the straight side, it becomes
redder, Why?

Figure 25,28 (Thinking Physics 4) B

Summary

R ing When the outgoing beam approaches the direction parallel 1o the straight
side, the incident angle is approaching the critical angle for total internal reflection.
But there is diapem‘(m oceurring as the light passes through the glass. The index of
refraction for light at the violet end of the visible specirum is larger than at the red
end. Thus, as the outgoing beam approaches the suaight side, the violet light experi-
ences 1otal internal reflection first, followed by the other colors. The red light is the
last to experience total internal reflection, so, just before the outgoing beam disap-
pears, it is composed of light from the red end of the visible spec

An optical fiber consists of a transparent core, surrounded by a dadding, which is a
material with a lower index of refraction than the core. There is a cone of angles, called
the acceptance cone, at the entrance to the fiber. Incoming light at angles within this
cone will be ransmitted through the fiber, whereas light entering the core from angles
outside the cone will not be transmiued. Figure shows a light ray entering the
fiber just within the acceptance cone and experiencing total internal reflection at the
interface between the core and the cladding. If it is technologically difficult to produce
light entering the fiber from a small range of angles, how could you adjust the indices
of refraction of the core and cladding 1o increase the size of the acceptance cone—
would you design them to be farther apart or closer wgether?

Reasoning The acceprance cone would become larger if the critical angle (6, in the
diagram) could be made smaller. This can be done by making the index of refraction
of the cladding smaller. so that the indices of refraction of the core and cladding would
be farther apart

Jacket

| — Cladding

— 6 — Core

Figure 25.24 (Thinking Physics 5)

SUMMARY

In geometric optics, we use the ray approximation, in which we assume that a wave travels

through a medium in straight lines in the direction of the rays of that wave. We neglect

diffraction effects, which is a good approximation as long as the wavelength is short compared
with any aperre dimensions.
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Chapter 25 Reflection and Refraction of Light

The index of refraction of a material, n, is defined as

£
n=-

[25.4)

where ¢is the speed of light in a vacuum and vis the speed of light in the material. In general,

n is related 10 wavelength as

Ao

n= ==

5 [25.7]

where A; is the wavelength of the light in vacuum and A, is its wavelength in the material.
The law of reflection states that a wave reflects from a surface so that the angle of
reflection, 8], equals the angle of incidence, #,.
The law of refraction, or Snell’s law, states that

my sin O = ng sin fy [25.8]

Huygens's principle states that all poinis on a wavefront can be taken as point sources
for the production of secondary wavelets. At some later time, the new position of the wave-
fromt is the surface tangent to these secondary wavelets.

Total internal reflection can occur when light ravels from a medium of high index
of refraction to one of lower index of refraction. The minimum angle of incidence, 8, for
which total reflection occurs at an interface is

CONCEPTUAL QUESTIONS

sin #, =19
my

{where ny > ny) [25.5]

ra

. You can make a corner reflector by placing three flat mir-

rors in the corner of a room where the ceiling meets the
walls. Show that no matter where you are in the room, you
can see voursell reflected in the mirrors—upside down.

Several corner reflectors were left on the Moon's Sea of
Tranquility by the astronauts of Apollo 11. How can scien-
tists use @ laser beam sent from Earth even today to deter-
mine the precise distance from the Earth 1o the Moon?

The rectangular aquarium skesched in Figure Q25.3 con-

wins only one goldfish. When the fish is near a corner of
the aquarium and is viewed along a direction that makes an
equal angle with two adjacent faces, the observer sces two
fish mirroring each other, as shown. Explain this observa-
tion.

Er\s light travels from vacuum (n = 1) to a medium such
as glass (n > 1), does the wavelength of the light change?
Does the frequency change? Does the speed change? Ex-
plain.

5. Explain why an oar in the water appears bent.

|6.|Explain why a diamond loses most of its sparkle when sub-
merged in carbon disulfide and why an imitation diamond
of cubic zirconia loses all of its sparkle in corn syrup.

7. Alaser beam passing through a nonhomogeneous sugar so-
Tution follows a curved path, Expl

B. Light of wavelength A is incident on a shit of width o Under
what conditions is the ray approximation valid? Under what
circumstances does the slit produce enough diffraction to
make the ray appro

9. A laser beam (A

mation invalid?
2.8 nm) is incident on a piece of Lu-

cite, as in Figure Q25.9. Part of the beam is reflected and
part is refracted. What information can you get from this
photograph?

Light from a helium-neon laser beam
on a block of Lucite. The

Figure Q25.9

(A = 6328 nm, red fight) is incide
photograph shows both reflected and refracted rays. Can you
identify the incident, reflected, and refracted vavs®  (Henry Leape
and fim Lekmin)

&Z‘I'hc level of water in a clear, colorless glass is easily observed
with the naked eve. The level of liquid helium in a clear
glass vessel is extremely difficult 1o see with the naked eve
Explain.

11. Describe an experiment in which internal reflection is used
to determing the index of refraction of a medium,

[12.|Why does mond show flashes of color when observed

nder white light?

[13.] Explain why a diamond sparkles more than a glass crvstal of
the same shape and size

[14.]Why do astronomers looking at distant galaxies talk about
looking backward in time?

A solar eclipse occurs whe

th and the Sun. Use a di

of the Earth see a

eclipse, and most areas see no eclipse.

the Moon gets between the
am to show why some 2

1 eclipse, other arcas see a pa

PROBLEMS

16. Figure 25.15

18, How

749

Problems

Figure Q25.18  (lion Chappie TP

epresents sunlight striking a drop of water in
the atrmosphere. Use the laws of refraction and reflection
and the fact that sunlight consists of a wide range of wave-
lengths to discuss the formation of rainbhows.

17. Why does the are of a rainbow appear with red on top and

violet on the bottom?
it possible that a complete circle of rainbow can
sometimes be seen [rom an airplane (Fig. Q25.18)#

19. Under what conditions is a mirage formed? On a hot

day, what are we seeing when we observe “water on the
Toad™?

are sent through a glass prism and that Xis bent more than
¥. Which color travels more slowly in the prism?

Section 25.3 Reflection and Refraction

(Nate: In this section if an index of refraction value is not given,
refer 1o Table 25.1.)

I. A narrow beam of sodium vellow light with wavelength

BRY nm in vacuum is incident fram air onto a il water

surface at an angle & = . Determine the gle of re-
. and the wavelength of the light in witer
2 wavelength of red helium-neon laser light in air is
28 nm. {a) What is its frequency? (b) What is its wive-
length in glass that has an index of refraction of 1503
() What is s speed in the glass?
An underwater seuba diver sees the Sun at an apparent an

gle of 45.0° from the vertical. Where is the Sun actually?

L. A laser beam is incident at an angle of 30.0° to the vertical
onto a solution of corn syrup in water. If the beam is re-
fracted to 19.24° 10 the vertical. (a) what is the index of

n of the syrup solution® Suppose the light is red,

Find is

refras
with vacuum wavelength 632.8 nm
rngth, (¢) frequency, and (d) speed

(h) wave-
the solution

(n = 1.50) of thick-
ormal. Trace the

5. 1A ray of light strikes a flat block of g

ness 2 em at an angle of 30.0° witl
1 f the 2

dence and refraction at each surface

light beam through the glass ar

6. Light of wavelength 436 nm in air ters a fishbowl Rlled

glass wall of the

with water, then exits through the cr
container. What is the wavelength o ight (a) in the
water and (b) in the glass?
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Figure 26.7 Rays at large angles
Ire

sect the principal axis ar different
points, resulting in a blurred im-
age. This is called sphevical aberra-

fiem

Red, blue, and green light ravs are
reflected by a parabolic mirror
Note t

i the foc

point at which

e thr colors meet is whiwe

Ken Ky Fundamenis

he principal axis reflect from
a spherical concave mirror o inter-

Merrors and Lenses

Chapter 26

Figure 26.8 The image formed by a spherical concave mirror where the object O lies outside
the center of curvature €.

from Equation 26.1 and these resulis, we find that the magnification of the mirror
is

9
M=—=-2 26.2
h P ; .
We also note, from two other right triangles in the figure, that
h d 3
ana = F [} - m—
an a T-R an an a =%
from which we find that
1 126.3]
kK p-R ;
If we compare Equations 26.2 and 26.3, we see that
sl
- R P
Simple algebra reduces this to
[26.4]

This expression is called the mirror equation. 1t is applicable only 1o paraxial rays.
If the object is very far n the mirror—that is, if the object distance, p, is great
enough compared with R that p can be said to approach infinity, then 1/p = 0,
and we see from Equation 26.4 that ¢ = R/2. In other words, when the object
is very far from the mirror, the image point is halfway between the center of
curvature and the center of the mirror, as in Figure 26.9a. The rays are essen-
tially parallel in this figure because their source, the obj is assumed o be

very far from the mirror. In this special case, the rays focus at a point called the
focal point of the mirror, which is a distance f from the mirror, which we call
the focal length. The image forms at the focal point only if the incoming rays

26,2  Images Formed by Spherical Mirron 761

fa) by

Figure 26.9 () Light rays from a distant object (p = =) reflect from a concave mirror through
the focal poin, F. In this case, the image distance ¢ = R/2 = [ where [ is the focal length of the
mirror. (b) Photograph of the reflection of parallel rays from a concave mirror.  (Hewry Leap and
Jfim Lehman)

are parallel. The focal length is a parameter associated with the mirror and is

given by
R
f=5 [26.5] - Focal length
The mirror equation can therefore be expressed in terms of the focal length:
! + bt [26.6] Mi; i
= e X * Mirror equation
oA

Convex Mirrors

Figure 26.10 shows the formation of an image by a convex mirror—a mirror that
is silvered so that light is reflected from the outer, convex surface. Convex mirrors
are sometimes called diverging mirrors because the rays from any point on a real

* Figure 26.10 Formation of an image by a spherical convex mir-

A ror. The image formed by the real object is virtual and upright.
Back

From
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Convex cylindrical mirror: reflec-

tion of parallel lines. The image of

object in front of the mirror i

tual, upright, and diminished in
s Richard Megna 1990, Funda-
i Photographs)

Mirvors and Lerses

Chapter 26

TABLE 26.1 Sign Convention for Mirrors

pis + if the object is in front of the mirror (real object).
pis = if the ohject is in back of the mirror (virtual object).

g is + if the image is m front of the mirror (real image).
g is — if the image is in back of the mirror (virtual image).
Both fand Rare + if the center of curvature is in front of the mirror (concave mirror).
Both fand Rare = if the center of curvature is in back of the mirror (convex mirror),
1f M is positive, the image is upright.
1f M is negative, the image is inverted.

Note: p = ohject distance; g = image distance; R = radius of curva
M = magnification

ve, f= focal length;

object diverge after reflection as though they were coming from some point behind
the mirror. The image in Figure 26.10 is virtual rather than real because it lies
behind the mirror at the point at which the reflected rays appear (o originate. In
general, as shown in the figure, the image formed by a convex mirror is always
upright, virtual, and smaller than the object.

We shall not derive any equations for convex spherical mirrors. If we did, we
would find that the equations developed for concave mirrors can be used with
convex mirrors if we adhere to a particular sign convention. Let us refer to the
reg which light rays move as the front side of the mirror, and the other side,
where virtual images are formed, as the back side. For example, in Figures 26.8 and
26.10, the side o the left of the mirror is the front side, and that 1o the right of the
mirror is the back side. Table 26.1 summarizes the sign conventions for all the
Necessary ('!'l anuues.

Ray Diagrams for Mirrors

The positions and sizes of images formed by mirrors can be conveniently deter-
mined by constructing ray diagrams. These graphical constructions tell us the
overall nature of the image and can be used to check parameters calculated from
the mirror and magnification equations. To construct a ray diagram, we need to
know the position of the object and the location of the center of curvature. Three
rays are constructed as shown by the examples in Figure 26.11. All three rays start
from the same object point; in these examples, the top of the arrow was chosen.
For the concave mirrors in Figure 26.11a and b, the rays are drawn as follows:

* Ray | is drawn parallel to the principal axis and is reflected back through
the focal poi :

* Ray 2 is drawn through the focal point. Thus, it is reflected parallel o the
principal axis

* Ray 3 is drawn through the center of curvature, €, and is reflected back on
itself

Note that only two rays are needed in order o locate the image. The third ray
serves as a check on your construction. The image point obtained in this fashion
must always agree with the value of g calculated from the mirror equation.

26.2

Images Formed by Spherical Mirrors 763
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Principal axis
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Figure 26.11 Ray diagrams for spherical mirrors. Different colors are used for the three rays so
they can easily be follow (a) An object outside the ce

mirror. (b} An object be

ent the sph
al, upright image. (c) An object located anywhere
virtual, upright image

al concave
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768 Chapter 26 Mirmors and Lenses
1.50 1 1.00-—150 The negative sign indicates that the image is in the same me-
20an 7 —0em dium as the object (the side of incident light), in agreement
with our ray diagram. Being in the same medium as the ob-
q= —17.1em jeet, the image must be virtual,

Example 26.5 The One That Got Away

A small fish is ssimming at a depth 4 below the surface of a
pond (Fig. 26.16). What is the apparent depth of the fish as
viewed from directly overhead?

Solubi In this ple. the refi surface is flat, and
so Ris infinite, Hence, we can use Equation 26.10 1o deter-
mine the location of the image. Using the facts that n, =
1.33 for water and p = d gives

L = —
1 "lP_. I‘SS‘

= =0.750d

Again, because gis negative, the image is virtual, as indicated.  Figure 26.16  (Example 26.5) The apparent depth, ¢, of the
in Figure 26.16. The apparent depth is three fourths the ac-  fish is less than the wrue depth, . All rays are assumed 10 be
tal depth. paraxial,

26.4 + THIN LENSES

A wypical thin lens consists of a piece of glass or plastic, ground so that its two
surfaces are either segments of spheres or planes. Lenses are commonly used in

optical instruments, such as cameras, telescopes, and microscopes, to form images §

by refraction. The equation that relates object di and image di fora
lens is virtually identical to the mirror equation derived earlier, and the method
used to derive it is also similar.

Figure 26.17 shows sume representative shapes of lenses. Note that we have
placed these lenses in two groups. Those in Figure 26.17a are thicker at the center
than at the rim, and those in Figure 26.17b are thinner at the center than at the
rim. The lenses in the first group are examples of converging lenses, and those in
the second group are called diverging lenses. The reason for these names will
hecome apparent shortly.

As we did with mirrors, it is convenient to define a point called the focal point
for a lens. For example, in Figure 26.18a a group of rays parallel to the principal
axis passes through the focal point, F, after being converged by the lens. The dis-
ance from the focal point 1o the lens is again called the focal length, f. The focal
length is the image di that corresponds to an infinite object di
Recall that we are considering the lens to be very thin. As a result, it makes no
difference whether we take the focal length to be the distance from the focal point
to the surface of the lens or the distance from the focal point to the center of the

264  Thin Lenses

lens, because the difference in these two lengths is negligible. A thin lens has one
foecal length and fwo focal points, as illustrated in Figure 26.18b, corresponding 1o
parallel light rays waveling from the left or right,

Rays parallel to the axis diverge after passing through a lens of the shape shown
in Figure 26.18b. In this case, the focal point is defined as the point at which
the diverged rays appear to originate, labeled F in the figure. Figures 26.18a and
26.18b indicate why the names converging and diverging are applied to these lenses,

Consider a ray of light passing through the center of a lens, shown as ray 1 in
Figure 26,19, If we apply Snell's law ar both surfaces, we find that this ray is deflected
from its original direction of wavel by a distance of 8, shown in Figure 26,20, Here,
in order to avoid the complications arising from this deflection, we shall make what
is called the thin-lens aj ¢ The thickness of the lens is assumed to
be negligible. As a result, § becomes vanishingly small and we see that the ray
passes through the lens undeflected. Ray 2 in Figure 26.17 is parallel to the principal
axis of the lens (the horizontal axis passing through (), and as a result it passes
through the focal point, F, after refraction. The point at which these two rays in-
tersect is the image point.

We first note that the tangent of the angle a can be found by using the shaded
triangles in Figure 26.19:

=l

tan o

ar En o= ——
1

- ~
—f3
-
[ S
HOSR,
(@)
»

= =
- ¥ - -

& .t
s 1 o
- - T e S
¥ == F
- - F F ’,:v'.1
- “ r g § S

. % y 5
e

Figure 26.18  (l4t) Photwographs of the effect of converg
parallel rays.  (Hewry Loap and fim Lekman)  (right) The obj

g and diverging lenses on
ind image focal points of
{a) the biconvex lens and (b) the biconcave lens

769

§

1()

Figure 26,17 Various lens shapes:
{a) Converging lenses have a posi-
tive focal length and are thickest at
the middle. From left to right are
biconvex, comvex-concave, and
plano-convex lenses. (b) Diverging
lenses have a negative focal length
and are thickest at the edges. From
left 1o right are biconcave, convex-
concave, and plano-concave lenses.
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774 Chapter 26 Mirvors and Lenses 264 Thin Lenss 775

Exumpla 26.7 An Image Formed by a Converging Lens

Lens Near uee Far wree
A converging lens of focal length 10.0 cm forms an image of (b} No calculation is necessary for this case because we
an object placed (a) 30.0 cm, (b) 10.0 cm, and (c) 5.00 ¢ know that when the object is placed at the focal poing the
from the lens. Find the image distance and describe the im- image is formed at infinity. This is readily verified by substi-
age in each case. tuting p = 10.0 cm into the lens equation,
Soltion (x) The shin lens equ n, Equation 26,12, can be {c) We now move inside the focal point, 1 an ohject dis-
—
2x

M ¢ tance of 500 cm. In this case, the lens equation gives
used to find the image distance: 1 £

1
Image of G e _] __I__I
near tree 1 P 1 J 500em g 10.0 em
. 1 s 1 = 1 g=—10.0cm
| Figure 26.24 (Concepiual Problem 5) 300cm g 100em . = Yo i
M==-==-|—u]= g

¢ PIUAL P g= 15.0cm P ( 5.00 cm ) 2.00
e e —

-‘[Ihrli’“‘f'"f sign tells us that the image is real. The magni- 3,0 negative image distance tells us that the image is viral
fication is The image is enlarged, and the positive sign for M ells us
g 15.0 cm " that the image is upright, as in Figure 26.22h.
? 30.0 cm 0.500 Th(fw are two general cases for a converging lens. ‘v\'hu.n
the object distance is greater than the focal length (p > f),
Thus, the image is reduced in size by one half, and the neg- the image is real and inverted. When the object is between
ative sign for M tells us that the image is inverted. The sine the focal point and lens (p < f), the image is virtual, upright,
ation is like that pictured in Figure 26,22a. and enlarged.

Suppose you want to use a converging lens to project the image of two trees onto a screen.
One tree is at a distance x from the lens, the other is at 2x, as in Figure 26.24, You adjust the
screen so that the near tree is in focus. If you now want to move the screen so that the far
tree is in focus, do you move the screen toward, or away from, the lens?

CONCEPTUAL PROBLEM &
T T ———

Can a converging lens be made to diverge light if placed in a liquid? How about a converging
mirror?

Combination of Thin Lenses

If two thin lenses are used to form an image, the system can be weated in the
following manner. First, the image of the first lens is calculated as though the
second lens were not present. The light then approaches the second lens as #f it
had come from the image formed by the first lens. Hence, the image of the first
lens is treated as the object of the second lens. The image of the second lens is the
final image of the system. If the image of the first lens lies on the back side of the
second lens. then the image is treated as a virtual object for the second lens (that
is, pris negative). The same procedure can be extended toa system of three or more
lenses. The overall magnification of a system of thin lenses equals the product of the
magnifications of the separate lenses.

CONCEPTUAL PROBLEM 7
T T M T

Light 7“'"" a distant object A plastic sandwich bag filled with water can act as a crude converging lens in air. If the bag
brought into focus by two converg- is filled with air and placed under water, is it a lens? If so, is it converging or diverging?

ing lenses.  (Henry Loup and fim

Lehman)

CONCEPTUAL PROBLEM 8

s s et
Why does the focal length of a mirror not depend on the mirror material when the focal
length of a lens does depend on the lens material?

Example 26.6 The Lens Makers’ Equation

The hiconvex lens of Figure 26.25 has an index of refraction
of 1.50. The curvature of the front surface is 10 cm, and

Example 26.8 Where Is the Final Image?

Two thin converging lenses of focal lengths 10.0 cm and

2 105,00 com e 200 cm —f
that of the back surface is 15 cm. Find the focal length of the 20.0 cm are separated by 20.0 cm, as in Figure 26.26. An ob-
lens. ject is placed 15.0 cm o the left of the first lens. Find the
Saluti F h x Table 96.8 we find P ‘i position of the final image and the magnification of the
olution rom the sign conventions in Table 26.3 we fin i 5
= ! System,
that f = +10 cm and R, = — 15 cm. Thus, using the lens P R—0C, o - —
makers' equation, we have & "J/ Y Solution  First, we find the image position for the first lens
: 1 1 | | Fromt l Back | and neglect the second lens:
_._w,“(_,_) (15 1\(-—7— d
f Ry L10em —15¢em r. 1 | 1 1 WOem  f
Figure 26.25 (Example 26.6) This lens has two curved sur- | T W= a - 5 =
’ 3 = em 10,0 ¢
f= 12em faces with radii of curvatre B, and Ry, i ) I Figure 26.26 (Example 26.8) A combination of two converg:
@ = 30.0 cm ing lenses
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778 Chapier 26

Mirrors and Lenses

The focal length, £ of a thin lens in air is related to the curvature of its surfaces and 1o
the index of refraction, n, of the lens material by

o= (z-%) 26.13)

lenses have positive focal lengths, and diverging lenses have negative focal

lengths,

CONCEPTUAL QUESTIONS

1. Why do some emergency vehicles have the symbol
WA IIEMA written on the front?

|2.| The side=view mirror on late-model cars warns the user that
objects may be closer than they appear. What kind of mirror
is being used and why was this type selected?

3. Consider a concave spherical mirror with a real object. Is
the image always inverted? Is the image always real: Give

__conditions for your answersy,

“J Why does a clear stream always appear to be shallower than

it actually is?

|A person spearfishing from a boat sees a fish that s 3 m

from the boat at a depth of 1 m. In order 1o spear the fish,

should the person aim at, above, or below the image of the

fish?

Explain why a fish in a spherical goldfish howl appears

larger than it really is.

If a cylinder of solid glass or clear plastic is placed above the

words LEAD OXIDE and viewed from the side, as shown in

Figure Q26.7, the LEAD appears inverted but the OXIDE

does not, Explain.

Figure Q26.7  (Courtery of Henry Leap and fim Lohman)

-

.JA mirage is formed when the air gets gradually cooler as
the height above the ground increases. What might happen
if the air grows gradually warmer as the height is increased?
This often happens over bodies of water or snow-covered

_ground: the effect is called looming.

s, whether converging or dive
are always designed such that the middle of the lens

irves
away from the eve, like the center lenses of Figure 26.17a
and 26.17h. Why?

[10] Describe lenses that can be used o start a fire,

11. Explain this statement: “The focal point of a lens is the lo-
cation of the image of a point object at infinity." Discuss the
notion of infinity in real terms as it applies w object dis-
tances. Based on this statement, can you think of a guick
and dirty method for determining the focal length of a pos-
itive lens?

@(bmid.er the image formed by a thin converging lens. Un-
der what conditions is the image (a) inverted, (b) upright,
(c) real, (d) virtual, (e) larger than the object, and
(f) smaller than the object?

13. Discuss the proper position of a slide relative 1o the lens in
aslide projector. What type of lens must the slide projector
have?

14, Discuss why each of the following statements is true or false,
(a) A virual image can be a virmal object. (b) A virwal im-
age can be a real object. (c) A real image can be a virtual
object. {d) A real image can be a real object,

15, Discuss the type of aberration involved in each of the fol-
lowing situations. (a) The edges of the image appear red-
dish. (b) A clear focus of the image’s central portion cannot
be obtained, (c) A clear focus of the image's outer portion
cannot be obtained. (d) The central portion of the image
is enlarged relative to the auter portions.

16. In a Jules Yerne novel, a piece of ice is shaped 1o form a
magnifying lens to focus sunlight o start a fire. Is this pos
sible?

17. A solar furnace can be constructed by using a concave mir-
ror to reflect and focus sunlight into a furnace enclosure.
What factors in the design of the reflecting mirror would
guarantee very high temperatures?

[18.]A pinhole camera can be constructed by punching a small
hole in one side of a cardboard box. If the opposite side is
cut out and replaced with tissue paper, the image of a dis-
tant object is formed by light passing through the pinhole
onto the tissue paper (the screen). No lens is involved here.
In effect, the pinhole replaces the lens of the camera. Ex-
plain why an image is formed, and describe the natre of
the image.

| 19.11f you want 1o examine the fine detail of an object with a
magnifying lens of focal length 15 cm, where should the

ohject be placed in order 10 observe a magnified image of
the object?

Large telescopes are usually reflecting rather than refrict-
ng. List some reasons for this choice.

[B1JA classic science fiction novel, The Invisible Man, tells of
T a person who becomes invisible by changing the index of

PROBLEMS

Problems 779

refraction of his body to that of air. This story has been
criticized by students who know how the eve works; they
claim the invisible man himsell would be unable to see.
‘On the basis of your knowledge of the eye, could he see
oF not?

Section 26.1 Images Formed by Flat Mirrors

1. Does your bathroom mirror show vou older or younger than
your actual age? Compute an order-of-magnitde estimate
for the age difference, based on data that you specify.

In a physics laboratory experiment, a torque is applied 10 a
small-diameter wire suspended vertically under tensile
stress. The small angle through which the wire turns as a
consequence of the net torque is measured by ataching a

M

the mirror and onto a circular scale. Such an arrangement
is known as an optical lever and is shown from a top view
in Figure P26,2. Show that when the mirror turns through
an angle @, the reflected beam turns through angle 26,

i o

_ Reflected
beam

Incident
beam

Figure P26.2

|3, Determine the m m height of a vertical flat mirror in
which a person 5'10” in height can see his or her full image.

(A ray diagram would be helpful.)
I Two flat mirrors have their reflecting surfaces facing one
another, with the edge of one mirror
edge of the other, so that the angle b

1 contact with an

n the mirmors is
a, When an object is placed between the mirrors, a number
of images are formed. In general, if the angle o is such that
na = 36(0°, where » is an integer, the number of images
formed is » = 1. Graphically, find all the in
for the case n = 6 when a point object is berwe
rors (but not on the angle bisector).

itions
the mir-

A person walks into a room with two flat mirrors on opposite
walls, which produce multiple images. When the person is

5.00 fi from the mirror on the left wall and 10.0 fi from the
mirror on the right wall, find the distance from the person
to the first three images seen in the mirror on the left.

Section 26.2 Images Formed by Spherical Mirrors

6. A concave spherical mirror has a radius of curvature of
20.0 cm. Find the location of the image for object distances
of (a) 40.0 cm, (b) 20.0 cm, and (c) 10.0 em. For each case,
state whether the image is real or virmal and upright or
inverted. Find the magnification in cach case.

. A convex itors the aisles in a store, as in Figure
P26.7. The mirror has a radius of curvature of 0,550 m. Lo-
cate and describe the image of a customer 10.0 m from the
mirror, Determine the magnification

Figure P26.7 Convex mirrors, often used for security in depart-
ment stores, provide wide-angle viewing. (& Faul Sifoerman 1990,

Fundamenial Photographs)

8. A large church has a niche in one wall. On the floor plan it
iwon of radius 250 m. A

appears as a semicircular indenta

worshiper ds on the center line of © niche, 2.00 m out

trom its deepest point, and whispers a prayer. Where is the

m from the back wall of

sound concentrated afier reflec
the niche?
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