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Electric Potential and
Capacitance

tion with such conservative forces as the force of gravity, the elastic force

of a spring, and the electrostatic force. By using the principle of con-
servation of energy, we were often able o avoid working directly with forces
when solving mechanical problems. In this chapier we shall use the energy
concept in our study of electricity. Because the electrostatic force (given by
Coulomb's law) is ¢ vative, electrostatic phenomena can conveniently be
described in terms of an Mpownualenewﬁmcum This concept ena-
bles us to define a quantity called electric potential, which is a scalar function
of position and thus leads to a simpler method of describing some electrostatic
phenomena than the elec
tric field method, Although
the potential is clearly an
easier path for many prob-
lems, one often requires E.
In some sitwations, a knowl-
edge of E provides the sim-
plest path to calculation of
the potential. As we shall
see in subsequent chapters,

Theu:mcepl of potential energy was introduced in Chapter 7 in connee-

Jennifer is holding on toa B
charged sphere thot reaches o
potential of about 100 000
‘volts. The device that generates
this high potential is called o
Van de GraoHf generator, Why
de you suppase Jennifer's hair
stands on end like the needles.
of a porcupine? Why is it im-
portant that she stand en a
pedestal insulated fram
ground? [Courtesy of Hamy Leap
and Jim Lshman]

20.1 Potential Diffevence and Eleciric Potential

the concept of electric potential is of great practical value. For example, the mea-
sured voltage between any two points in an electrical circuit is simply the difference
in electric pnlenﬁal hetween the points.

This chapter is also concerned with the properties of capacitors, devices that
store charge, Capacitors are commonly used in a variety of electrical circuits. For
instance, they are used to tune the frequency of radio receivers, as filters in power
supplics, to climinate unwanted sparking in automobile ignition sys . and as
energy-storing devices in electronic flash units.

A capacitor basically consists of two conductors separated by an insulator. We
shall see that the capacitance of a given device depends on its geometry and on the
material called a dislectric, separating the charged conductors,

20.1 * POTENTIAL DIFFERENCE AND ELECTRIC POTENTIAL

When a test charge g, is placed in an electrostatic field E, the electric force on the
charge is g E. This force is the vector sum of the individual forces exerted on g, by
the various charges producing the field E. It follows that the force gE is consery-
ative because the individual forces governed by Coulomb's law are conservative.
When a charge is moved within an electric field at constant velocity, the work done
on g, by the electric field is equal to the negative of the work done by the external
agent causing the displacement. For an infinitesimal displacement ds, the work
done by the electric field is F-ds = 4,E- ds. This decreases the potential energy of
the charge-field system by an amount dU = — ¢,E. ds. For a finite displacement
of the test charge berween points A and B, the change in potential energy is

N
AU= U= U= —g, f E-ds [20.1]

The integral in Equation 20.1 is performed along the path by which g, moves
from A to B and is called cither a path integral or a line integral. Because the
force g E is conservative, this integral does not depend on the path taken be-
tween A and B.

The potential energy per unit charge, U/ g, is independent of the value of ¢,
and has a unique value at every point in an electric field. The quantity U/ g, is called
the electric potential (or simply the potential]. V. Thus, the electric potential at
any point in an electric field is

V=— [20.2]
%

Because potential energy is a scalar, electric potential is also a scalar quanuty.
The potential difference, AV = V, = V,, bewween the points A and B is de-

fined as the change in potential energy divided by the test charge gy
. Al 8.
AV=—=— E-ds [20.3]
N

Potential difference should not be confused with potential energy. The poten

tial difference is proportional to the potential cnergy difference, and we see from

559

* Change in potential energy

*  Potential difference between
twe points
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Chapter 20 Electric Potential and Capacitance

solution work would have to be done by an external agent to remove

W= V= (300 % 10°% C) (~6.20 X 10°V) the charge from P back 1o infinity
V= (8 (=62
= 189 % 10°%] 2 g
EXERCISE 3 Find the total potential energy of the system

The negative sign means that work is done by the field on the of three charges in the configuration shown in Figure 20.7h.

charge as it is displaced from infinity 1o P Therefore, positive ~ Answer —5.48 X 10°2] |
|
|
¥ ¥ |
~6.00 uC ~6004C
3.00m 3.00 m

4 4.00 m g - A.00 m
2.00 it L.00pC 200 4C
a ibh
Figure 20.7 (Example 20.5) (a) The elecric potential at the point ' due w the two point
charges g and g is the algebraic sum of the potentials due w the individual charges. (b) Whar

Is the potential energy of the system of three charges?

EXERCISE 4
potential difference between two points that are 1.0 em
¥=0atr= =) (#) 14X 1077V (b)

{a) Find the potential st a distance of 1.0 cm from a proton. (b) What is the
rd 2.0 em from a proton? (Take
? X 108V

Answer

20.4 - OBTAINING E FROM THE ELECTRIC POTENTIAL

I'he electric field E and the electric potential Vare related by Equation 20.3. Both

quantities are determined by a specific charge distribution. We now show how to

calculate the electric field if the electric potential is known in a certain region.
From Equation 20.3 we can express the potental difference dV between mwo

points a distance ds apart as

dV= —E-ds 120.14]

If the electric field has only ome component, E,, then E-ds = £, dx. Therefore,

Equation 20.14 becomes 4V = —E, dx, ;1
E, [20.15]

hat is, the elecric field is equal to the negative of the derivative of the electric
potential with respect to some coordinate. Note that the potential change is zero

20.4 Obtaiming E from the Electric Poiential
.
. .
0 o ‘
‘ | ] - - = -«
gk | i .
i ] 3K ]
¥ A
- 4 Y 4
{a) (b

Figure 20.8

(a} a uniform electric field produced by an infinite sheet of cha

Equipotential surfaces {dashed blue lines) and electric field lines (red lines) for

. and

e, (b} a point charg

() an electric dipole. In all cases, the equip tial surfaces are pr icutar to the electric field

lines at every point

for any displacement perpendicular to the electric field. This is consistent with the
notion of equipotential surfaces being perpendicular to the field, as in Figure 20.8a.

If the charge distribution has spherical symmetry, where the charge den-
sity depends only on the radial distance, r, then the electric field is radial.
In this case, E-ds = E, dr, and so we can express dV in the form dV = — [ dr.
Therefore,

dV
E, - [20.16]
dr
For example, the potential of a point charge is V = &g/ Because Vis a function

of ronly, the potential function has spherical symmetry. Applying Equation 20.16,
we =15 F
Note that the potential changes only in the radial
perpendicular to r. T
with the idea that equipotential surfaces are perpendicular to field lines. In this
Juipotential surfaces are a family of spheres concentric with the spheri-

= k.q/r", a familiar resul.

nd that the electric field due to the point ch:

direction, not in a direction

us, V(like £) is a function only of r. Again, this is consistent

case the

cally symmetric charge distribution (Fig. 20.8b). The cquipotential surfaces for the
clectric dipole are sketched in Figure 20.8¢,

CONCEPTUAL PROBLEM 3

Can electric field lines ever cross? Why or why not? Ca al surfaces ever

Why

eouipote

or why nor?

CONCEPTUAL PROBLEM 4

Su se vou know the value «

point. Can vou find the elec

that point from this ir ation?

567
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Computer-generated plot of the

electric potential associated with
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Chapter 20

It will also raise the potential of vour body to 20 (000 volis,
because you are in contact with the car. This is not a prob-
lem. If you step out of the car, your body at 20 000 volts will
make contact with the ground, which is at ground potential
of zero volts, As a result, a current will flow through your
body, and vou will likely be injured. Thus, it is best to stay in
the car until help arrives

The capacitor often remains charged long after the volage
source is disconnected. This residual charge can be lethal,
The capacitor can be safely handled after discharging the

o

Electric Potential and Capacitance

plates by short circuiting the device with a conductor, such
as a screwdriver with an insulating handle.

The capacitance of the device is measured by the electronics
in the stud finder. When a (dielectric) wooden stud is
brought into the electric field region, it has the same effect
as introducing a dieleciric berween the plates of a parallel-
plate capacitor—the capacitance changes. The stud finder
detects this change in capacitance and signals the presence
of the stud,

21

Current and Direct
Current Circuits

charges at rest, or electrostatics. We shall now consider situations in-

volving electric charges in motion, The term electric current, or simply
current, is used to describe the rate of flow of charge through some region of
space. Most practical applications of electricity involve electric currents. For
example, the battery of a flashlight supplies current 10 the lament of the
bulb when the switch is turned on. In these common situations, the flow of
charge takes place in a conductor, such as a copper wire. It is also possible
for currents 1o exist outside a
conductor. For instance, a
beam of electrons in a televi-
sion picture tube constitutes a
current,

In this chapter we shall
first define current and cur-
reni density. A microscopic de-
scription of current will be
given, and some of the factors
that contribute to resistance to
the flow of charge in conduc-
tors will be discussed. Mecha-
nisms responsible for the elec-
trical resistances of various

Thus far, our discussion of elecirical phenomena has heen confined to

Photograph of a carbon fila-
ment incandescent lamp. The
resistance of such a lomp is
typically 10 (1, but its value
changes with remperature.
Maost modern lightbulbs use
tungsten filaments, the resis-
tance of which increases with
increasing temperature.

urtesy of Contral Sciemtific Co. )
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TABLE 21.2
Critical Temperatures for
Various Superconductors

Material T (K)

YBa,Cu,0; a2
Bi-Sr-Ca-Cu-0 105
T-Ba-Ca-Cu-O 125
HgBa,CagCiey Oy 134
NbyGe

232
Nb,Sn 2105
Nb 9.46
Fb 7.18
Hg 415
sn 3.72
Al 119
Zn 0.88

Photograph of a small permanent
magnet levitated above a disk of
the superconductor YBauCuyO-,

which is at 77 K. This superconduc-

tor has zero electric resistance al
temperatures below 92 K and ex-
pels any applied magnetic field.
(Cotrtesy of IBM Reseurch Laboratory)

Chapter 21 Curvent and Direct Curvent Civeusts

Omne of the truly remarkable features of superconductors is the fact that once
a current is set up in them, it persists without any applicd voltage (because R = 0). In
fact, steady currents have been observed to persist in superconducting loops for
several years with no apparent decay!

An important recent development in physics that has created much excitement
in the scientific oumuumtyhasbmnmcthxumryot'hggh-tempcmumooppﬂ
oxide-based superconductors. The excitement began with a 1986 publication by
Georg Bednorz and K. Alex Miller, scientists at the IBM Zurich Research Labora-
tory in Switzerland, in which they reported evidence for superconductivity at a
temperature near 30 K in an oxide of barium, lanthanum, and copper. Bednorz
and Miiller were awarded the Nobel Prize in 1987 for their remarkable discovery.
Shortly thereafter, a new family of compounds was open for investigation, and re-
search activity in the field of superconductivity proceeded vigorously. In early 1987,
groups at the University of Alabama at Hunisville and the University of Houston
announced the discovery of superconductivity at about 92 K in an oxide of ytrium,
barium, and copper (YBa,CuyOy,). Late in 1987, teams of scientists from Japan and
the United States reported superconductivity at 105 Kin an oxide of bismuth, stron-
tium, calcium, and copper. More recently, scientists have reported superconductiv-
ity at temperatures as high as 125 K in an oxide containing thallium. At this point
one cannot rule out the possibility of room-temperature superconductivity, and the
search for novel superconducting materials continues, It is an important search
both for scientific reasons and because practical applications become more prob-
able and widespread as the cnnul temperature is med

An important and useful ion is sup gnets in which the
magnetic field strengths are :.bout ten times greater than thwc of l.he best normal
electromagnets. Such supercond Iy are being idered as a means

of storing energy. The idea of using ruperccmducung power lines for transmitting
power efficiently is also receiving some consideration. Modern superconducting
electronic devices consisting of two thin-film superconductors separated by a thin
insulator have been constructed. They include ic-field
measuring device) and various microwave devices.

ymeters (a

21.4 - A MODEL FOR ELECTRICAL CONDUCTION

The classical model of electrical conduction in metals leads to Ohm’s law and shows
that resistivity can be related to the motion of electrons in metals.

Consider a conductor as a regular array of atoms containing free electrons
(sometimes called conduction electrons). Such elecirons are free to move through
the conductor (as we learned in our discussion of drift speed in Section 21.1) and
are approximately equal in number o the atoms. In the absence of an electric field,
the free electrons move in random directions with average speeds on the order of
10° m/s. The situation is similar to the motion of gas molecules confined in a vessel.
In fact, some scientists refer to conduction electrons in a metal as an electron gas.

The conduction electrons are not totally free, because they are confined to the
interior of the conductor and undergo frequent collisions with the array of atoms.
The collisi are the predomi mech for the 1 ity of a metal at nor-
mal temperatures. Note that there is no current through a conductor in the absence
of an electric field, because the average velocity of the free electrons is zero. In

21.4 A Model for Electrical Conduction

ib)

Figure 21.9 (a) A schematic diagram of the random motion of a charge carrier in a conductor
in the abserice of an electric field. The drift velocity is zero. (b} The motion of a charge carrier
in a conductor in the presence of an electric field. Note that the random motion is modified by
the field. and the charge carrier has a drift velocity.

other words, just as many electrons move in one direction as in the opposite direc-
tion, on the average, and so there is no net flow of charge.

The situation is modified when an electric field is applied to the metal. In
addition to random thermal motion, the free electrons drift slowly in a direction
opposite that of the electric field, with an average drift speed of v, which is much
less (typically 107* m/s; see Example 21.1) than the average speed between colli-
sions (typically 10° m/s). Figure 21.9 provides a crude depiction of the motion of
free electrons in a conductor. In the absence of an electric field, there is no net
displacement after many collisions (Fig. 21.9a). An electric field E modifies the
random motion and causes the electrons to drift in a direction opposite that of E
(Fig. 21.9b). The slight curvature in the paths in Figure 21.9b results from the
acceleration of the electrons between collisions, caused by the applied field. One
mechanical system somewhat analogous to this situation is a ball rolling down a
slightly inclined plane through an array of closely spaced, fixed pegs (Fig. 21.10).
The ball represents a conduction electron, the pegs represent defects in the crystal
lattice, and the component of the gravitational force along the incline represents
the electric force, .

In our model, we shall assume that the excess energy acquired by the electrons
in the electric field is lost to the conductor in the collision process. The energy
given up to the atoms in the collisions increases the vibrational energy of the atoms,
causing the conductor to warm up. The model also assumes that an electron's
motion after a collision is independent of its motion before the collision.®

We are now in a position to obtain an expression for the drift velocity. When
a mobile, charged particle of mass m and charge ¢ is subjected to an electric field

"Because the collision process is randam, each collision cvent is idependent of what happened eartier

shahility of rolling a particular number

This is analogous 1o the random process of throwing a dic
on one throw is independent of the result of the previo:
throws to come up with that number, starting at any arbitrary time

wow. On the average, it would take six

607

B \ |

Figure 21.10 A mechanical sys
tem somewhat analogous o the
motion of charge carriers in the
presence of an electric field. The
collisions of the ball with the pegs
represent the resistance to the
ball’s motion down the incline
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v ng
as s

Figure 21.11 A circuit consisting
of a banery of E and resis-
tance R

tive charge flows in
the clockwise direction, from the
e to the positive terminal of
the battery, Points a and d are
grounded.

nega

This versatile cireuit enables the

experimenter i examine the
properties of circuit elements such

anil resistors and

Current and Direct Curvent Circuils

Chapter 21

CONCEPTUAL PROBLEM 4
S e ———

Why don’t the free electrons in a meral fall to the bottom of the metal due wo gravity? And
charges in a conductor are supposed to reside on the surface—why don’t the free electrons
all go w the surface?

21.5 + ELECTRICAL ENERGY AND POWER

If a battery is used to establish an electric current in a conductor, there occurs a
continuous transformation of chemical energy stored in the battery to kinetic en-
ergy of the charge carriers. This kinetic energy is quickly lost as a result of collisions
between the charge carriers and the lattice ions, resulting in an increase in the
temperature of the conductor. Thus, the chemical energy stored in the battery is
continuously transformed into thermal energy.

In order 1o understand the process of energy ransfer in a simple circus
sider a battery the terminals of which are connected to a resistor R, as shown in
Figure 21.11. (Remember that the positive terminal of the batery is always at the
higher potential.) Now imagine following a positive quantity of charge AQ around
the circuit from point a through the bauery and resistor and back 1o a. Point a is
a reference point that is grounded (the ground symbol is =), and its potential
is taken to be zero. As the charge moves from a to bthrough the battery the potential
difference of which is AV, its electrical potential energy increases by the amount
AQ AV, and the chemical potential energy in the bauery decreases by the same
amount. (Recall from Chap, 20 that Al = g AV) However, as the charge moves
from ¢ to d through the resistor, it loses this electrical potential energy during
collisions with atoms in the resistor, thereby producing thermal energy. Note that,
if we neglect the resistance of the interconnecting wires, no loss in energy occurs
for paths be and da. When the charge returns to point a, it must have the same
potential energy (zero) as it had at the start.®

The rate at which the charge AQ loses potential energy in going through the
resistor is

L "\—Q.w— TAV
At At T

where [is the current in the circuit. Of course, the charge regains this energy
when it passes through the battery. Because the rate at which the charge loses
energy equals the power P dissipated in the resistor, we have
P=TIAV [21.21]
In this case, the power is supplied 1o a resistor by a bauery.
21.21 can be used to determine the power trans!
carrying a current [ and ing a potential difference AV between its terminals.
Using Equation 21.21 and the fact that AV = IR for a resistor, we can express
the power dissipated by the resistor in the alternative forms

However, Equation

red from a

attery to any device

“Note that when the current reaches its steady-state value, there is mo change with time in the kinctic

energy associated with the curl

Principles of physics

bir Canms Demnand A

Lnar CAPOITIERE LAETEY QTG FEeT

[21.22)

The SI unit of power is the watt, introduce
a conductor of resistance R is also often referred 10 as an /*R loss

As we learned in Chapter 6, Section 6.5, the unit of energy the electric company
uses to caleulate energy consumption, the kilowat-hour, is the energy consumed
in 1 h at the constant rate of | kW. Because 1 W = 1 [/s, we have

in Chapter 6. The power dissipated in

1 kWh = (10° W) (3600 5) = 3.6 % 10°] [21.23]

_ Thinking Physics 3

When is more power being delivered to a lightbulb—just after it is murned on and the
glow of the filament is increasing or alter it
glow is steady?

been on for a few seconds and the

Reasoning Once the switch is closed, the line voluge is applied across the lightbulb,
As the voltage is applied across the cold fila
of the filament is low. Thus, the current is
is delivered to the bulb. As the fi L wi
falls. As a result, the power delivered 1o the bulb falls. The large current s
the beginning of operation is the reason that lightbulbs often fail just as they are
turned on as noted in Concepmual Problem 3.

1t when first turned on, the resistance
and a relatively large amount of power
Ip, its resi J

= TR Piic 4

Two lightbulbs A and B are connected across the same potential difference, asin Figure
21.12. The resistance of A is twice that of B. Which lightbulb dissipates more power?
Which carries the greater current?

Reasoning Beciause the voltage across each lightbulb is the same, and the power dis-
sipated by a conductor is P= (AV)?/R, the conductor with the lower resistance will
dissipate mare power. In this case, the power dissipated by B is twice that off A and
provides twice as much i TAV, we see that the

tination. Furthermore, because P
current carried by B is twice that of A.

Example 21.5 Electrical Rating of a Lightbulb

A lightbulb is rated at 120 V/75 W, which means itsoperating  Using A1

voltage is 120 V and it has a power rating of 75.0 W. The bulb AV
is powered by a 120V direct-current power supply. Find the R==—
current in the bulb and s resistance I
Selution Because the power rating of the bulb is 750 W and EXERCISE 5 Wha

the operating voltage is 120 V, we can use P AVio find at 1200V and 100 W

the current

P, 750 W
ey — 0.625 A
AV 120W

w

Favorite

IR, the resistance is calculated 1o be

T 062

would the resist

*  Power dissipated by a resistor

Batery

Figure 21.12

Physics 4)

(Thinking

120\

1

A

be in a lamp rated

Flag
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Chapter 21

Curvent and Direct Crarvent Circuils

The emf of a battery is the voltage across its terminals when the current is zero. That is,
the emf is equivalent to the open-circuit voltage of the battery.
The equivalent resistance of & set of resistors connected in series is

Ry= R+ Ryt Ry+oor 121.27)

The equivalent resistance of a set of resistors connected in paralle is given by

[21.29]

Complex circuits involving more than one loop are conveniently analyzed using two
simple rules called Kirchhoff's rules:

1. The sum of the currents entering any junction must equal the sum of the currents

leaving that junction,

2. The sum of the potential differences across the elements around any closed-circuit

loop must be wm

The first rule is a statement of conservation of charge; the second rule is equivalent wo
a sttement of conservation of energy.

When a resistor is traversed in the direction of the current, the change in potenial, AV,
across the resistor is — IR, If a resistor is traversed in the direction opposite the current,

AV=+IR

IF a source of eml is waversed in the direction of the emf {negati
n potential is + &, I it is traversed opposite the emf (positive 1o negative), the change

where (2 = CE is the maximum charge on the capacitor, The product RC s

constant of the circuit,
I a

capacitor is charged with a battery of emf & through
the capacitor and the current in the circuit vary in tme acce

rged capacitor s dischanged through a re

* 1o positive) the

resistance R, the charge on

B 1 the l'KpR‘. ons
gl = Q) - <V [21.33]
E
K = e b 21.34]

lled the time

nel current

nee R, the charge

decrease exponentially in time according to the expressions

nitial curren

[21.36]
121.37]

gl = Qe
He) = Fye ™

in the circuit and € is the inital charge on the ca-

where [ = Q/RC is th
pacitor
CONCEPTUAL QUESTIONS
1. In an analogy between automobile waffic flow and electrical

current, what would correspond o the charge 7 What
would correspone to the current I?

‘What factors affect the resistance of a conductor?

Iwo wires A and B of circular cross section are made of the

hs, but the resistance of

same metl and have equal leng
ater than that of wire B, What is the

» of their crosssectional areas? How do their radii com-

wire A is three imes

L|Use the atomic theory of matter to explain why the re
" tance of a material should increase as its temperature in-
CTEASES.

in how a current can persist in a superconductor with-
y applied voltage

|What would happen wo the drife velocity of the electrons in
a wire and to the current in the wire if the elecirons could

move freely without resistance through the wire?
If charges flow very slowly through a metal, why does it not

8
| o
|10
1.

require several hours for a light 1o come on when you throw
a switch?

. Ifvou were 1o design an electric heater using Nichrome wire

as the heating element, what parameters of the wire could
you vary (o meet a specific power output, such as 1000 W?
Car batteries are often rated in ampere-hours. Does this des-
ignate the ount of current, power, energy, or charge that
can be drawn from the banery?

How would you connect resistors so that the equivalent re
sistance is larger than the individual resistances? Give an
example involving two or three resistors.

How would you connect resistors so that the equivalent re-
sistance is smaller than the individual resistances? Give an
example involving mwo or three resistors.

|12 /Why is it possible for a bird to sit on a highvolage wire

16

. A series circuit con:

- If electrical power is

without being electrocuted?

A “short circuit” is a circuit containing a path of very low
resistance in parallel with some other part of the circuit
Discuss the effect of a short circuit on the portion of the
circuit it parallels. Use a lamp with ved line cord as an
example.

s of three identical lamps connected
toa hatiery, as in Figure Q21.14. When the switch S is closed
what happens (a) to the intensities of lamps A and B;
(b} 1o the intensity of I;unp( {€) to the current in the cir-
cuit; and (d) 1o the volage drop across the three lamps?
(e) Does the power dissipated in the circuit increase, de
crease, or remain the same?

Figure Q21.14

Two lightbulbs both operate from 110 V. but one
ther of 100 W. Which bulb
has the higher resistance? Which bulb carries il

power rating of 25 W and the

current?

ansmitted over long dist

resistance the wires hecomes significant. W

made of transmission would result in less en

current and low volt or low current and hig

Discuss

629

Conceprual (huestions

7. Two sets of Christmas tree lights are available. For set A,
when one bulb is removed, the remaining bulbs remain il-

Tum ed. For set B, when one bulb is noved, the

maining bulbs do not operate. Explain the difference in

wiring for the wo sets

18. Are the two headlights on a car wired in series or in parallel?

How can vou wll?
9. A ski resort consists of a few chair lifts and several intercon-
nected downhill runs on the side of a mountain, with a
lodge at the bouom. The lifts are analogous 1o baneries and
the runs
he in se
A jun

alogous o resistors, Sketch how two runs can
. Sketch how three runs can be in parallel. Sketch
ion of one lift and two runs. One of the skiers is
State Kirchhoff's junction rule and
Kirchhofl's loop rule for ski resorts.

carrying an altimeter

20. In Figure Q21.20, describe what happens o the lightbulb

after the switch is closed. Assume the capacitor has a large
capacitance and is initially uncharged, and assume that the
light illuminates when connected directly across the battery
inals

7 1

Switch o
g Bartery

Figure Q21.20

21. Figure Q21,21 shows a series connection of three lamps, all

rated at 120 V, with power ratings of 60 W, 75 W, and

Figure Q21,21  (Hemry Leap anid i Lehman)
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find that the source of all
magnetic fields is electric

The white arc in this phote-

‘graph indicates the cireular
path followed by on electron
beam moving in o magnetic
field. The vessel contains gos at
veory low prassure, and the
boam is made visible as the
eloctrons collide with the gos
‘atems, which in turn emit visi-
ble light. The magnetic field is
produced by twe coils (not
shown). The apparatus can
be used to measure the
charge :mass ratio for the elec:
tron. [Courfesy of CENCO)

Magnetism

22.1 Historical Overvieu: Magnets

current, whether it be the current in a wire or the current produced by the motion
of charges within atoms or molecules,

22.1 - HISTORICAL OVERVIEW: MAGNETS

Many historians of science believe that the compass, which uses a magnetic needle,
was used in China as carly as the thirteenth century B.C., its invention being of Arab
or Indian origin. The phenomenon of magnetism was known to the Greeks as early
as about 800 .. They discovered that certain stones, now called magnetite
(Fe,0,), auracted pieces of iron. Legend ascribes the name magnetite 1o the shep-
herd Magnes, “the nails of whose shoes and the tip of whose staff stuck fast in a
magnetic field while he pastured his flocks.” In 1269 Pierre de Maricourt mapped
out the directions taken by a needle when it was placed at a variety of points on the
surface of a spherical nawral magnet. He found that the directions formed lines
that encircled the sphere and passed through two points diametrically opposite
each other, which he called the poles of the magnet. Subsequent experiments have
shown that every magnet, regardless of its shape, has wo poles, called north poles
and south poles, which exhibit forces on each other in a manner analogous to elec-
trical charges. That is, like poles repel each other and unlike poles auract each
other. The poles received their names because of the behavior of a2 magnet in the
presence of the Earth's magnetic field. If a bar magnet is suspended from its mid-
point by a picce of string so that it can swing freely in a horizontal plane, it will
rotate until its “north” pole points to the north of the Earth and its “south” pole
points to the south, (The same idea is used to consiruct a simple compass.)

In 1600 William Gilbert extended these experiments to a variety of materials,
Using the fact that a compass needle orients in preferred directions, he suggested
that magnets are attracted 10 land masses. In 1750 John Michell (1724-1793) used
a tarsion balance to show that magnetic poles exert attractive or repulsive forees
on each other and that these forces vary as the inverse square of their separation.
Although the force between two magnetic poles is similar to the force between two
electric charges, an important difference exists. Electric charges can be isolated
(witness the elecuon and proton), whereas magnetic poles be isolated
That is, magnetic poles are always found in pairs. No matter how many times a
permanent magnet is cut, each piece always has a north pole and a south pole.
(There is some theoretical basis for speculating that magnetic monopoles—
isolated north or south poles—may exist in nature, and at pis to detect them
currently make up an active experimental field of investigation. However, none of
these anempts has proved successful.)

The relationship between magnetism and electricity was discovered in 1819
when, while preparing for a lecture demonstration, the Danish scier
sted found that an eleciric current in a wire deflected a nearby compass needle
Shortly thereafter, And Ampeére (1775-1836) deduced quantimtive laws of mag-
netic force between ¢ ing conductors. He also suggested that electric

st Hans Oer-

=N -Car

current loops of molecular size are responsible for all magnetic phenomena.
In the 1820s, further connections between electricity and magnetism were iden-
tified by Faraday and, independently, Joseph Henry (1797-1878). They showed

that an electric current could be produced in a circuit either by moving a magnet
near the circuit or by changing the current in another, nearby cireuit. Their ob-

servations demonstirated that a changing magneric field produces an electric field

637
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638 Chapter 22 Magmetism 222 The Magnetic Field 639

Years later, theoretical work by Maxwell showed that the reverse is also true: A
changing electric field gives rise to a magnetic field,

There is a similarity between electric and magnetic effects that has given rise
to methods of making permanent mag In Chapter 16 we learned that when
rubber and wool are rubbed tngc(.hcr. both bcmme charged. one pomnc!y and
the other nr:gam-cly Ina hion, an unmagnetized piece of
iron can be mag; d by stroki mmha gnet. M ism can also be induced
in iron (and other materials) by ‘other means. For cxample. if a piece of unmag-
netized iron is placed near a strong permanent magnet, the piece of iron eventually
becomes magnetized. The process of magnetizing the piece of iron in the presence
of a strong external field can be accelerated either by heating and cooling the iron
or by hammering.

Thinking Physics 1 M aT)

Gnahuunmmpmﬂumh,’uluha}ongmﬁmmadrmpmlhﬂm

used in your Boy Scout days. Does this pass work | (a) (b
An assortment of commercially B 3 e
available magnets. Some of the There is no pi with using the compass in A“"'"‘“'-_““’ north pole | Figwe 22.2 (a) Magnetic field paiterns surrounding a bar magnet as displayed with iron fil-
magnets are made of metallic al- of the magnet in the compass will be atracted to the south magnetic pole near the | ings. (b) Magnetic field patierns between unlike poles of two bar magnets, (c) Magnetic field
Iovs and others are ceramic com- north geographic pole, just as it was in the United States. m only dmm““ in the | pattern between like poles of two bar magnets, (Courtesy of Henry Laap and fim Lokman)
pones. (Courtexy of Central Scientific magnetic field lines is that they have an upward they
o) ' hmadnwnuarﬂtnmponelumthtﬂmted&am\imrmn;mﬂmmdmtﬂm.
however—it only displays the direction of the hon [ comp of the magneti © magnetic field in addition to the electric field. A magnetic field also surrounds any
ficld. © material with permanent magnetism

In order to describe any type of field, we must define its magnitude, or strength,
and is direction. The direction of the magnetic ficld, B, at any location is the
* direction in which the north pole of a compass needle points at that location. Figure
|
|

22.2 .+ THE MAGNETIC FIELD 22.1a shows how the magnetic field of a bar magnet can be traced with the aid of
a compass. Several magneuc field lines of a bar magnet waced out in this manner
In earlier chapters we found it convenient to describe the interaction between are shown in Figure 22.1b. Magnetic field patierns can be displayed by small iron
charged objects in terms of eleciric fields. Recall that an eleciric field surrounds filings, as shown in Figure 22,2,
| any electric charge. The region of space surrounding a moving charge includes a We can define a magnetic field vector, B (sometimes called the magnetic induc-

tion), at some point in space in terms of the magnetic force exerted on an appro-
priate test object. Our test object is taken to be a charged particle moving with a

velocity of v. For the time being, let us assume that no electric or gravitational fields

are present in the region of the charge. Experiments on the motions of various
( charged particles in a magnetic field give the following resulis:
\p * The magnetic force is proportional 1o the charge, ¢, and speed, v, of the

Qr SN iy : p . particle.

\ - o '\i_‘_‘_ _’) * The magnitude and direction of the magnetic force depend on the velocity *  Properties of the magnetic
of the particle and on the magnitude and direction of the magnetic field. force on a charge moving in a
- \ J * When a charged particle moves parallel to the magnetic field vector, the B field

w4 \Kx‘__ _// magnetic force, F, on the particle is zero
B

When the velocity vector makes an angle of # with the mag

tic field, the

magnetic force acts in a direction perpendicular to both v and B; that is, F
(a) (b) T
is perpendicular 1o the plane formed by v and B (Fig. 22.3a)
Figure 22.1 (a) Tracing the magnetic field lines of a bar magnet. (b} Several magnetic field * Then retic force on a positive charge is directed opposite the force on a
limes of a bar magmet. negatve charge moving in the same direction (Fig. 22.3b).
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Chapter 22 Magnatism

path of a particle for which the force is always perpendicular o the velocity is a circle.
Thus, the particle will follow a circular arc and exit the field on the other side of the
circle, as shown in Figure 22,5,

223 Magnetic Force on o Curvent-Carrying Conductor

EXERCISE 2 A proton moves with a speed of 25 % 10° m /s horizontally at right angles 1o
a magnetic field. What magnetic field is required to just balance the weight of the proton
and keep it moving horizontally? 4.08 X 107" T in the horizontal plane

Answer

- 22.3 - MAGNETIC FORCE ON A
Pl Al 2 CURRENT-CARRYING CONDUCTOR
. \ A charged particle moves in a circular path in the presence of a magnetic field applied

perpendicular to the particle’s velocity. Does the particle gain energy from the magnetic
field?

If a force is exerted on a single charged particle when it moves through an external
magnetic field, it should not surprise you to find that a current-carrying wire also
experiences a force when placed in an external magnetic field, This follows from

|
1 ! - the fact that the current represents a collection of many charged particles in mo-
T M tion; hence, the resultant force on the wire is due to the sum of the individual
1f a charged particle moves in a straight line through some region of space, can you say that forces on the charged particles. The force on the particles is transmitted to the
::::::: the magnetic field in that region is zero? *bulk” of the wire through collisions with the atoms making up the wire.
Before we continue our discussion, some explanation is in order concerning
Figure 22.5 (Thinking Physics 2) notation in many of our figures. To indicate the direction of B, we use the following
w convention, If B is directed into the page, as in Figure 22,7, we use a serics of blue
How can the motion of a charged particle be used to distinguish between a magnetic field crosses, which represent the tails of arrows. If B is directed out of the page, we use
and an electric field in a certain region? a series of blue dots, which represent the tips of arrows, 1f B lies in the plane of the
page, we use a series of blue field lines with arrowheads.
The force on a current-carrving conductor can be demonstrated by hanging a
W wire between the faces of a magnet as in Figure 22,7, where the magnetic field is ks i, L
Why does the picture on a television screen become distorted when a magnet is brought near directed .!m‘) the page. The wire deflects to the left or right when a current is passed l.mi:‘f:r:r:i::‘m::::::'::::nf
the screen? Caution: You should not do this at home, because it may permanently affect the through it, ductor in an external magnetic
elevision sot. Let us quantify this discussion by considering a straight segment of wire of ficd, Why does the bar swing into
length  and crosssectional area A, carrying a current. [, in a uniform external the magnet after the switch is
magnetic field, B, as in Figure 22.8. The magnetic force on the charge ¢ moving closed?  (Cruntesy of Henry Loap and
Excu'nple 22.1 A Proton Moving in a Magnetic Field " with the drift velocity v, is v, % B. To find the total force on the wire segment, Jim Lehman)

A proton moves with a speed of 8.0 x 10" m /s along the x
axis. It enters a region where there is a magnetic field of
magnitude 2.5 T, directed at an angle of 60° to the xaxis and
Iving in the ay plane (Fig. 22.6), Calculate the initial magnetic
force on and acceleration of the proton.

Solution From Equation 22.2, we get

F = quBsin #

= (1.60 % 107™ C)(8,0 X 10° m/s) (2.5 T) (sin 60F)
= 28X 102N

Because v X B is in the positive z direction (th
rule), and the charge is positive, F is in the posit =0
tion. x
The mass of the proton is 1.67 % 10°% kg, and so its initial ? E
randilead o kg Figure 22.6 (Example 22.1) The magnetic force F on a proton ——
acceleration is oz, : = 2 :
is in the positive z direction when v and B lie in the xy plane.
: y {a) (b) (
F 10714 N iy . 2
o= 1Tk SRR EXERCISE | Calculate the acceleration of an electron that Figure 22.7 A segment of a flexible vertical wire is sireiched between the poles of a magnet

maoves through the same magnetic field at the same speed as with the magnetic field (blue crosses) directed intwo th r. {a) When there is no current in

the proton. Answer 30 X 10'* m/s*

in the positive z direction

the wire, it remains vertical. (b) When the current i the wire deflects o the left

€} When the current is downward, the wire deflects 10 the right
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André-Marie Ampére (1775-
1836). a French mathematician,

chemist, and philosopher.
cmurtexy of AIP Niels Bohr Librar)

(Phots

Chapter 22 Magnetism

22.7 - AMPERE’S LAW

A simple experiment first carried out by Oersted in 1820 clearly demonstrates that
a current-carrying conductor produces a magnetic field. In this experiment, several
compass needles are placed in a horizontal plane near a long vertical wire, as in
Figure 22.18a. When there is no current in the wire, all needles point in the same
direction (that of the Earth's field), as one would expect. However, when the wire
carries a strong, steady current, the needles all deflect in a direction tangent 1w the
circle, as in Figure 22.18b, These observations show that the direction of B is con-
sistent with the right-hand rule described in Section 22.6.

If the wire is grasped in the right hand with the thumb in the direction of
the current, the fingers will curl in the direction of B.

When the current is reversed, the needles in Figure 22.18b also reverse.

Because the needles point in the direction of B, we conclude that the lines of
B form circles about the wire, as discussed in Section 22.5. By symmetry, the mag-
nitude of B is the same everywhere on a circular path that is centered on the wire
and lies in a plane perpendicular to the wire. By varying the current and distance
from the wire, one finds that B is proportional to the current and inversely pro-
portional to the distance from the wire.

227 Ampin'sLaw

[22.21)

ol
%B-d!zﬁ§di =3.—7—:t2m| ol
where § ds = 2aris the circumference of the circle
This result, known as Ampére's law, was calculated for the special case of a
circular path surrounding a wire. However, it can also be applied in the general
case in which a steady current passes through the area surrounded by an arbitrary
closed path. That is, Ampére’s law says that the line integral of B ds around any
closed path equals p,l, where [ is the total steady current passing through any
surface bounded by the closed path

$o-s

Ampére’s law is valid only for steady currents. Furthermore, even though
Ampére's law is true for all current configurations, it is useful only for calcu-
lating the magnetic fields of configurations with high degrees of symmetry.
(Recall that Gauss's law is useful only for calculating the electric ficlds of highly
symmetric charge distributions.) The following examples illustrate some symmetric
current configurations for which Ampeére’s law is useful.

o [22.22]

653

© Ampére’s law

Now let us evaluate the product B ds and sum the products B ds over the closed Example 22.5 The Magnetic Ficld Created by a Long Current-Carrying Wire
circular path ¢ "'_""d on the wire. Along this path, the vectors d‘.i"d‘n e P'lm“.d A long, straight wire of radius R carries a steady current arallel 10 ds at every point on this circle. Because the
at each point (Fig. 22.18b), so that B.ds = Bds. Furthermore, B is constant in 1, that is uniformly distributed through the crosssection of rrent passing through the plane of the circle is /,,
magnitude on this circle and is given by Equation 22.14. Therefore, the sum of the the wire (Fig. 22.19). Calculate the magnetic field a distance Ampeére's law applied to the crcle gives
products B ds over the closed path, which is equivalent to the line integral of r from the center of the wire in the regions r= R and &
B-ds, is r<R én ds=b’43xr\-‘ﬂ' = pod,
(for r= R)
i 2arr
) ¥ Now consider the interior of the wire—that is, Region 2—
Sy where r< R. Here the current [ passing through the plane
" of the circle of radius r< K is less n the total current
{ I,. Because the current is uniform over the crosssection
of the wire, the fraction of the current enclosed by the
™ circle of radius r < R must equal the ratio of the a T
1 enclosed by Circle 2 and the crosssectional arca of the
1 B wire.
I=0 H Figure 22.19  (Example 22. uf radine R !
cirrying a steady current £, uniformly distributee the ;,‘
(a) (b fey wire. The magnetic field ar any point ean be cileu Tom i
A 4 { Ampére’s law using a circular path of radius «, « entric with f r I
Figure 22.18 {a) When there is no current in the verucal wire, all compass necdles point in i wire T
the same direction. (b) When the wire carries a strong current, the compass needles deflect in a BN i the she Procedam sy Bl s ve apply Ani
direction tangent o the circle, which is the diree B due to the current. (¢) Circular mag- ire’s baw 16 Circle 2
netic field lines surrounding a currentcarrying conductor as displaved with iron filings. The | Solution In Region 1, where s for o 4
photograph was taken using 30 parallel wires each carrying a current of 0.50 A, (Henry Lenp and path of intcgr r# B.ds = B(®vr) = 12 (=1 )
fim Lahman) From symmetry, we see that B = :
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Figure 22.26

Classical model of a

spinning electron.

TABLE 22.1

Bohr magnetan +

Magnetic Moments of Some
Atoms and Ions (in Units

of Bohr Magnetons)

Atom
{or lon)

H
He
Ne
Fe
Co
Ni
Gd
v
Co="
Ni*
Fe*

Magnet Moment
per Atom
or lon (p/py)

Chapter 22 Magnetism

In most substances, the magnetic moment of one electron in an atom is can-
celed by that of another electron in the atom, orbiting in the opposite direction.
The net result is that the magnetic effect produced by the orbital motion of the
electrons is either zero or very small for most materials.

As mentioned earlier, an electron has another inwrinsic property called spin,
which also contributes to its magnetic moment. The spin of an clectron is a separate
angular momentum from its orbital angular momentum, just as the spin of the
Earth is scparate from its orbital motion around the Sun. One can model the elec-
tron as a sphere of charge spinning around its axis as it orbits the nucleus, as in
Figure 22.26. (This classical deseription of a spinning electron should not be taken
literally. The property of spin can be understood only through a relativistic model.)
This spinning motion produces an effective current loop and hence a magnetic
moment of the same order of magnimde as that due o the arbital motion. The
magnimde of the spin angular momentum predicted by quantum theory is

h

§=5=52720 X 1055

Every electron has an intrinsic magnetic moment associated with its spin with
the value

gﬂ=ﬁa=gmx 108/ [22.28]

In atoms or ions containing multiple electrons, the electrons usually pair up
with their spins opposite each other, an arrangement that results in a cancellation
of the spin magnetic moments, However, an atom with an odd number of electrons
must have at least one “unpaired” electron and a corresponding spin magnetic
moment. The magnetic moments of several atoms and ions are listed in Table 22.1.

Ferromagnetic Materials

Iron, cobalt, nickel, gadolinium, and dysprosium are strongly magnetic materials
and are said to be . Ferromagnetic substances, used to fabricate
permanent magnets, contain atoms with spin magnetic moments that tend to align
parallel 10 each other even in a weak external magnetic field. Once the moments
are aligned, the substance remains magnetized after the external field is removed.
This permanent alignment is due to strong coupling between neighboring atoms,
which can only be understood using quantum physics.

All ferromagnetic materials contain microscopic regions called domains,
within which all magnetic moments are aligned. The domains range from about
1072 10 10°* m* in volume and contain 10 "7 1o 107*! atoms. The boundaries
between domains having ditferent orientations are called domain walls. In an
unmagnetized sample, the domains are randomly oriented so that the net magnetic
it is zero, as in Figure a. When the sample is placed in an external
magnetic ficld, the domains tend to align with the field, which results in a mag-
tized sample, as in Figure 22.27h. Observations show that doma itially
ented along the external field grow in size at the expense of the less favorably
oriented domains. When the external field is removed, the sample may retain most

MO

of its magnetism.

Stmmary

A
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Figure 22.27 (a) dom orientation of ized substance. (b) When an
external magnetic field, By, is applied, the domains wend 1o align with the magnetic field.

The extent to which a ferromagnetic substance retains its magnetism depends
on whether it is classified as being magnetically hard or soft. Soft magnetic materials,
such as iron, are easily magnetized but also wend to lose their magnetism easily.
When a soft magnetic material is magnetized and the external magnetic field is
removed, thermal agitation produces dom motion and the material quickly re-
turns to an unmagnetized state. In contrast, hard magnetic materials, such as cobalt
and nickel, are difficult to magnetize but tend to retain their magnetism, and do-
main alignment persists in them after the external magnetic field is removed. Such
hard magnetic materials are referred 1o as permanent magnets. Rare-carth per-
manent magnets, such as samarium-cobalt, are now regularly used in industry.

Thinking Physics 6

Suppose an aluminum tube is filled with very fine iron filings. Each filing is in the form
of a sliver—long and thin. If the tube of Alings 1s sh at is the likelihood that
all of them will wind up aligned in the same direc the shaking is repeated
while the wbe is in a hood now that the filings
will be aligned? Is this a macroscopic analog 10 anything discussed in this section?

ong magnetic field Whai is the lik

Reasoning When the wibe is shaken outside of a magnetic field, the orientation of the
filings will be random—it is extremely unlikely that they will all be aligned in the same
direction. If the shaking occurs in a magnetic ficld, the Rlings, which become mag-
netized, can align with the field while they are momentasily airborne and frec to rotate.
Thus, it is likely that a large number of the filings will be aligned with the field after
the shaking. The filings are an analog to magnetic domains in a ferromagnetic material.
When the material is placed in a magnetic field, more domains end up aligned with
the field than misaligned, similar 1o the iron filings

SUMMARY

659

Oxygen, a paramagnetic substance,
is attracted to a magnetic ficld

The liquid oxygen in this photo-
graph is suspended berween the
poles of 3 permanent magnet.
Parar
ateans (or ions) that have perma-
nent magnetic dipe
These dipoles interact weakly with

wtic substances contain

mOoments,

each other and are randomly ori-
ented in the absence of an exuer-

nal o ic field. When the sub-

stance is placed in external

magnetic field, its atomic dipoles
tend 1o align with the field

(Courtesy of Leem Lev ks

The magnetic force that acts on a charge, ¢ moving with a velocity of v in an exiernal
magnetic field, B, is

F=gqvxB [22.1]
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662 Chapter 22 Magnetism

neuc field. You have two bars of iron in your possession:
One is magnetized, one is not. How could you determine
which is which?

19. A Hindu ruler once suggesied that he be entombed in a
magnetic coffin with the polarity arranged so that he would
be forever suspended between heaven and Earth. Is such
magnetic levitation possible? Discuss.

20. Should the surface of a computer disk be made from a hard
or a soft ferromagnetic substance?

21. The bubble chamber is a device used for observing tracks of
particles that pass through the chamber, which is immersed
in a magnetic field. If some tracks are spirals and others are
straight lines, what can you say about the particles?

22. The elecuon beam in Figure Q22.22 is projected w the
right. The beam deflects downward in the presence of a
magnetic field produced by a pair of current-carrying coils,
(a) What is the direction of the magnetic field? (b) What
would happen to the beam if the current in the coils were
reversed?

PROBLEMS

Figure Q22.22 Bending of a beam of electrons in a magnetic
field.  (Coertery of Central Scentific Comprany)

Section 22,2 The Magnetic Field

@I}rrﬂmine the initial direction of the deflection of charged
particles as they enter the magnetic fields, as shown in Fig-
ure P22.1.

Figure P22.1

2. A proton travels with a speed of 3.00 % 10° m /s at an angle
of 37.0° with the direction of a magnetic ficld of 0.300 T in
the positive y direction. What are (a) the magninide of the

: ¢ force on the proton and (b) its acceleration?

|3.|A proton moves perpendicular to a uniform magnetic field
B at 1.00 x 107 m/s and experiences an acceleration of
200 % 10" m/s* in the positive x direction when its

velocity is in the positive : direction. Determine the mag-
nitude and direction of the field.

. An electron s accelevated through 2400 V from rest and
then enters a region in which there is a uniform 1.70-T
magnetic ficld. What are (a) the maximum and (b) the
minimum values of the magnetic force this charge can ex-
perience?

. At the Equator, near the surface of the Earth, the magnetic

field is approximately 50.0 uT northward, and the electric
field is about 100 downward in fair weather. Find the
gravitational, electric, and magnetic forces on an electron
moving eastward in a straight line at 6.00 X 10° m /s in this
environment.
A metal ball having net charge @ = 5.00 uC is thrown out
of a window horizontally at a speed v = 20.0 m/s. The win-
dow is at a height & = 20.0 m above the ground. A uniform
horizontal magnetic field of magnitude B = 0.0100 T is per-
pendicular 10 the plane of the ball’s wrajectory. Find the
magnetic force acting on the ball just before it hits the
ground.

7. At the Fermilab accelerator in Batavia, Hlinois, protons hay-
ing momentum 4.80 x 107" kg,
orbit of radius 1.00 km by an upward magnetic ficld. What
is the magnitude of this ficld?

o

are held in a cireu

Section 22.3 Magnetic Force on a Current-Carrying
Conductor

B. A wire carries a steady current of 2.40 A A straight section
of the wire is 0.750 m long and lies along the x axis within
a uniform magnetic ficld, B = (1.60k) T. If the current is

in the positive x direction, whai is the magnetic force on
the section of wire?

0. 1A wire having a mass per umit length of 0.500 g /cm carries
a 2.00-A current horizontally to the south. What are the
direction and magnimde of the minimum magnetic field
needed to lifl this wire vertically upwar

14, In Figure P22,10, the cube is 40.0 cm o h edge. Four
straight segmenis of wire—ab, be, «d, and da—form a closed
loap that carries a current [ = 500 A, in the direction
shown. A uniform magnetic field, 8= 00200 T, is in the
positive y direction, Determine the magnitude and direc-
tion of the magnetic force on cach segment

Figure P22.10

T-\ strong magnet is placed under a horizontal conducting
ring of radius r that carries current [, as in Figure 22,11
If, at the ring's location, the magnetic field B makes an an-
gle Bwith the ve al, what are the magnitude and direction
of the resultant force on the ring?

Figure P22.11

12, An P carTying rent s
etic field, B 1 Figure

net magnetic force on the piszero

bitrarily shaped, clo

placed in a uniform external m

P22.12. Show that the
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Problems

Section 22.4 Torque on a Current Loop in a Uniform
Magnetic Field

13.A rectangular loop consists of N = 100 doscly wrapped
turns and has dimensions a = 0400 m and b = 0.300 m
The loop is hinged along the y axis, and its plane makes an
angle # = 30.0° with the x axis (Fig. P22.13). What is the
magnitude of the torque exerted on the loop by a unifc
magnetic field B = 0.800 T directed along the ¥ axis w
the current is 7 = 1.20 A in the direcoon shown? Whae is
the expected direction of rotation of the loop?

0,400 m

he bar magnet

sal length of
m. The
1 3.40-A cur

e of wire of mass 0,10

LOD m is user 0.1

ke @ sapuare

coil 15 h & horize

vitucle

0.0100 T. (a) Determine the plane of the coi
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