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Goals for Chapter 21

To study electric charge and charge conservation

"0 see how objects become charged

To calculate the electric force between objects
using Coulomb’s law

To learn the distinction between electric force and
electric field

To calculate the electric field due to many charges

To visualize and interpret electric fields

To calculate the properties of electric dipoles
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Introduction

« Water makes life possible Y
as a solvent for biological
molecules. What electrical
properties allow it to do
this?

» We now begin our study . ﬁ,
of electromagnetism, one |

of the four fundamental
forces.

« \We start with electric
charge and look at electric
fields.
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Electric charge

« Two positive or two negative charges repel each other. A positive
charge and a negative charge attract each other.

* Figure 21.1 below shows some experiments in electrostatics.

(a) Interaction between plastic rods rubbed

on fur
Plain plastic rods neither
attract nor repel each
~ other ...

oo

Fur Plastic \/ N

... but after being

rubbed with fur,
the rods repel

each other.

(b) Interaction between glass rods rubbed
on silk
Plain glass rods neither
attract nor repel each
n Other ...

- fﬁ\* &
Silk Glass Dy

: ()(/C/ ... but after being
rubbed with silk,

the rods repel
each other.

(c) Interaction between objects with opposite
charges

The fur-rubbed plastic
rod and the silk-
rubbed glass rod

attract each
other .

0+ +,+ + +)

... and the fur and silk
each attracts the rod it

p ~rubbed.
it
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Laser printer

A laser printer makes use of forces between
charged bodies.

@ Laser beam “writes’” on the drum, leaving negatively ==~ »
charged areas where the image will be.

Rotating
imaging

’ Toner (positively charged)
@Wirc sprays ions onto drum, giving the drum

a positive charge.

@ Roller applies positively charged toner to drum.
Toner adheres only to negatively charged areas
+ of the drum “written” by the laser.

it to start the process over.

@ Fuser rollers heat paper so toner
remains permanently attached.

T T Paper (feeding to left)

---- @Wirc.\' spray a stronger negative charge
on paper so toner will adhere to it.
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» The particles of the atom
are the negative electron,
the positive proton, and the

uncharged neutron.

Protons and neutrons make
up the tiny dense nucleus
which is surrounded by
electrons (see Figure 21.3

at the right).

The electric attraction
between protons and

electrons holds the atom

together.

Electric charge and the structure of matter

Atom

@&\ Most of the
atom’s volume

< ~107 ' m—=> is occupied

» &) sparsely by

electrons.

Y
@ Tiny compared with the
Nucleus l rest of the atom, the
@ e nucleus contains over
99.9% of the atom’s mass.
<—>l
~107 P m

@ Proton: Positive charge
Mass = 1.673 X 107%7 kg

Neutron: No charge
Mass = 1.675 X 1072 kg

S Electron: Negative charge
Mass = 9.109 X 103! kg

The charges of the electron and
proton are equal in magnitude.
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Atoms and 1ons

A neutral atom has the same number of protons as electrons.

A positive ion Is an atom with one or more electrons removed.
A negative ion has gained one or more electrons.

@ Protons (+) Neutrons
® Electrons (—)

(a) Neutral lithium atom (Li): (b) Positive lithium ion (Li*): (c) Negative lithium ion (Li~):

3 protons (3+) 3 protons (3+) 3 protons (3+)

4 neutrons 4 neutrons 4 neutrons

3 electrons (3—) 2 electrons (2—) 4 electrons (4—)

Electrons equal protons: Fewer electrons than protons: More electrons than protons:
Zero net charge Positive net charge Negative net charge

Copyright © 2012 Pearson Education Inc.



Conservation of charge

 The proton and electron have the same magnitude
charge.

» The magnitude of charge of the electron or proton is a
natural unit of charge. All observable charge is
quantized in this unit.

 The universal principle of charge conservation states
that the algebraic sum of all the electric charges in any
closed system Is constant.
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Conductors and Insulators

(a

A conductor permits the |
easy movement of charge | nylon threads

T Charged

through it. An insulator
does not. A S

ball wire

i@ |

® I\/I OSt metals are gOOd 'l'hclwirc cnn%iugjl.\ charge from the negatively
Cond ucto rs, Wh i Ie most L(‘i:)ugcnl plastic rod to the metal ball.
nonmetals are insulators. —
(See Figure 21.6 at the B e

plastic rod now repels

right.) _‘ the ball ...

Charged
plastic rod

« Semiconductors are =
Intermediate in their o
properties between good g
conductors and good

attracts the ball.

Insulators. -

+
+

+
Charged ¥
glass rod
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Charging by induction

* In Figure 21.7 below, the negative rod is able to charge the metal
ball without losing any of its own charge. This process is called

charging by induction.

Electron Electron buildup
Metal deficiency
; . N
ball Negatively o= 47 N Wire
charged <= g = < i —

: e &5 &> + -
Insulating _ rod _ = =
stand | g

—F
Ground

(a) Uncharged metal ball

(b) Negative charge on rod
repels electrons, creating
zones of negative and
positive induced charge.

() Wire lets electron build-
up (induced negative
charge) flow into

ground.

% : + 3
_< = ++ Negalrn"e 4+ +
y- charge in
ground

(d) Wire removed; ball now
has only an electron-
deficient region of

positive charge.

(e) Rod removed;
electrons rearrange
themselves, ball has
overall electron
deficiency (net
positive charge).
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Electric forces on uncharged objects

The charge within an insulator can shift slightly. As a result, two
neutral objects can exert electric forces on each other, as shown In

Figure 21.8 below.

(a) A charged comb picking up uncharged
pieces of plastic

(b) How a negatively charged comb attracts an
insulator

Electrons in each
molecule of the neutral £
insulator shift away &
from the comb. N
i W Negatively
charged comb

As a result, the

(@ (+) charges in each

molecule are closer to

@ the comb than are the (—)

charges and so feel a stronger

force from the comb. Therefore
the net force is attractive.

(c) How a positively charged comb attracts an
insulator

This time, electrons in /’ fQ +.,.+
the molecules shift £ A +++
toward the comb ... VRN

: % Positively

charged comb

n.': Q)
@ 115 ------------ ... S0 that the

@g (—) charges in each
molecule are closer to
the comb, and feel a

&
&
9

stronger force from it, than

@)@@

9 the (+) charges. Again, the net

force is attractive.

Copyright © 2012 Pearson Education Inc.



Electrostatic painting

* Induced positive charge on the metal object attracts the
negatively charged paint droplets.

Metal object

op ray o to be painted
negatively

charged

paint droplets N s,

Positive charge
—\ ;4 isinduced on
- surface of metal.

Paint sprayer

Ground —
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Coulomb’s law

Coulomb’s Law: The

magnitude of the electric
force between two point

charges is directly
proportional to the

product of their charges
and inversely proportional

to the square of the
distance between them.
(See the figure at the
right.)

Mathematically:

F = K|0,0,|/r* = (1/4n&y)|q,0,)/r

/\ Charges of the
_same sign repel.

Charges

/\ of opposite
K r _sign attract.
q1 - \/

~

F2onl ¥
_)
F10n2

q>
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Measuring the electric force between point charges
- The figure at the upper ==

right illustrates how | e ey

Coulomb used a torsion e g o
balance to measure the S | I
electric force between fber balancethe
point charges. i

Charged S—
pith balls

» Example 21.1 compares Scale
the electric and
gravitational forces. q=32%1019¢
Follow it using Figure = bea10Thg
21.11 at the lower right. & PR
e | 9 9
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Ex.21.1 electric force vs. gravitational force

m Electric force versus gravitational force

An @ particle (the nucleus of a helium atom) has mass m =
6.64 %X 107%" kg and charge ¢ = +2¢ = 3.2 X 107! C. Com-
pare the magnitude of the electric repulsion between two a (“alpha™)
particles with that of the gravitational attraction between them.

IDENTIFY and SET UP: This problem involves Newton's law for
the gravitational force F, between particles (see Section 13.1) and
Coulomb’s law for the electric force F, between point charges. To
compare these forces, we make our target variable the ratio F/F,.
We use Eq. (21.2) for F. and Eq. (13.1) for FE.

21.11 Our sketch for this problem.

q=32x1019C
m = 6.64x 10?7 kg

=2 X
oLk ]
r

EXECUTE: Figure 21.11 shows our sketch. From Eqgs. (21.2) and
(13.1),

These are both inverse-square forces, so the r? factors cancel when
we take the ratio:

F, I q

F, 4megG m?

2

9.0 x 10° N-m¥/C?  (3.2x 107" ¢)?
6.67 X 10" N-m?/kg’ (6.64 x 10 " kg)?

= 3.1 % 10%

EVALUATE: This astonishingly large number shows that the gravi-
tational force in this situation is completely negligible in compari-
son to the electric force. This is always true for interactions of
atomic and subnuclear particles. But within objects the size of a
person or a planet, the positive and negative charges are nearly
equal in magnitude, and the net electric force is usually much
smaller than the gravitational force.
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Force between charges along a line

° Read PrOb I em_SO IVI ng (@) The two charges (b) Free-body diagram (C) Free-body diagram
Strategy 2 1 . 1 . for charge ¢, for charge ¢,
i = ﬁ] on2 92 1 F20nl
() (O
* Follow Example 21.2 for H

two charges, using Figure
21.12 at the right.

* Follow Example 21.3 for
three charges, using Figure

21.13 below.
(a) Our diagram of the situation (b) Free-body diagram for g;
4 Y
93=5.0nC ¢1=1.0nC ¢2=-3.0nC f?l ,?2
_G’) @ @_ X < —> X
OT—20cm—3 ‘ 0|93
4.0 cm i
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Vector addition of electric forces

- Example 21.4 shows that we must use vector addition when
adding electric forces. Follow this example using Figure 21.14
below.

Y

+)

Ch ZO/.LC

0.30 m
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Electric field

« A charged body produces an electric field in the space around it

(see Figure 21.15 at the lower left).

« We use a small test charge q, to find out if an electric field is
present (see Figure 21.16 at the lower right).

(a) A and B exert electric forces on each other.

_ﬁo +++ q0 130
et B
A

(b) Remove body B ...
... and label its former
4T position as P.
+ £ e
+ .+ p

(c) Body A sets up an electric field E at point P.

Test charge g,

+t ¢
+ + -
+++ - F,
E=—
A 4 qo0

E is the force per unit
charge exerted by A
on a test charge at P.

Q P "

+ " + E (due to charge Q)
+ G - q0

Tyt =Y Fy

The force on a positive test charge g, points
in the direction of the electric field.

o T .

+° + F E (due to charge Q)
+ + *—6—>,

tad o0

The force on a negative test charge g, points
opposite to the electric field.
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Definition of the electric field

* Follow the definition In the text of the electric field
using Figure 21.17 below.

40
P
q I .
?1'.
S Unit vector r points from

source point S to field point P.

(b) E
90 __r
we T P g

—_

q 7 = :
l@’ At each point P, the electric
field set up by an isolated positive point
5 charge ¢ points directly away from the

charge in the same direction as r.

©

N do
E
e P

a 2 .
@,( At each point P, the electric

S field set up by an isolated negative point
charge ¢ points directly toward the
charge in the opposite direction from r.
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Electric field of a point charge

« Follow the discussion In the text of the

electric field of a point charge, using it e
Figure 21.18 at the right. !
~\ '/
»  Follow Example 21.5 to calculate the ~ @
magnitude of the electric field of a - ® i

single point charge. e \‘\k

’/;\

(b)n lll[ duc 11

\\//
TN
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Electric-field vector of a point charge

* Follow Example 21.6 to y
see the vector nature of the 50 e
electric field. Use Figure i = =

21.19 at the right. C\
P
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Example 21.6 Electric-field vector of a point
charge

A point charge ¢ = —8.0 nC is located at the origin. Find the elec-
tric-field vector at the field point x = 1.2 m, y = —1.6 m.

IDENTIFY and SET UP: We must find the electric-field vector E
due to a point charge. Figure 21.19 shows the situation. We use Eq.
(21.7); to do this, we must find the distance r from the source point
S (the position of the charge g, which in this example is at the ori-
21.19 Our sketch for this problem.

Y

q=—-80nC
0,54

NS

gin O) to the field point P, and we must obtain an expression for
the unit vector r = #/r that points from S to P.

EXECUTE: The distance from 8 to P is
r=V2+yv?=V(12m?+ (—16m)>=20m

The unit vector r is then

. F xit+y
yF=—=
r r
(1.2 m)i + (—1.6 m)j
= = (0.601 — 0.805
20m : J
Then, from Eq. (21.7),
— ] ~
E=—2
d1rey 2

(—8.0 x 107 C)

= (9.0 X 10’ N-m?*/C?) -
(2.0 m)~

(0.601 — 0.807)
= (—11 N/C)i + (14 N/C)j

EVALUATE: Since g is negative, E points from the field point to the
charge (the source point). in the direction opposite to ¥ (compare
Fig. 21.17¢). We leave the calculation of the magnitude and direc-
tion of E to you (see Exercise 21.36).
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Electron in a uniform field

« Example 21.7 requires us to find the force on a charge
that Is in a known electric field. Follow this example
using Figure 21.20 below.

The thin arrows represent
the uniform electric field.

/ L]
- b A A 0 1@ % f 1 A7
+ —>
E | -5
F = —eE 1.0 cm
100 V
N
+ _+ + + [ + + _+ +
/ /
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Example 21.7 Electron in a uniform field

When the terminals of a battery are connected to two parallel con-
ducting plates with a small gap between them, the resulting charges
on the plates produce a nearly uniform electric field E between the
plates. (In the next section we’ll see why this is.) If the plates are
1.0 cm apart and are connected to a 100-volt battery as shown in
Fig. 21.20, the field is vertically upward and has magnitude

21.20 A uniform electric field between two parallel conducting
plates connected to a 100-volt battery. (The separation of the
plates is exaggerated in this figure relative to the dimensions of
the plates.)

The thin arrows represent
the uniform electric field.

100V ‘

E = 1.00 x 10 N/C. (a) If an electron (charge —¢ = —1.60 X
1077 C. mass m = 9.11 X 107! kg) is released from rest at the
upper plate, what is its acceleration? (b) What speed and kinetic
energy does it acquire while traveling 1.0 cm to the lower plate?
(¢) How long does it take to travel this distance?

IDENTIFY and SET UP: This example involves the relationship
between electric field and electric force. It also involves the rela-
tionship between force and acceleration, the definition of kinetic
energy, and the kinematic relationships among acceleration, dis-
tance, velocity, and time. Figure 21.20 shows our coordinate sys-
tem. We are given the electric field, so we use Eqg. (21.4) to find the
force on the electron and Newton’s second law to find its accelera-
tion. Because the field is uniform, the force is constant and we can
use the constant-acceleration formulas from Chapter 2 to find the
electron’s velocity and travel time. We find the kinetic energy

. | 2
using K = smuv~.
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Example 21.7

ENECUTE: (a) Although E is upward (in the +y-direction), F is

downward (because the electron’s charge is negative) and so F,

is negative. Because F is constant, the electron’s acceleration is
constant:

(—1.60 x 107" C)(1.00 x 10* N/C)

9.11 x 1073 kg
= —1.76 X 10" m/s?

Fy  —¢F
ay = — = =
m n

(b) The electron starts from rest, so its motion is in the
y-direction only (the direction of the acceleration). We can find the
electron’s speed at any position y using the constant-acceleration
Eq. (2.13), u_,.z = vﬂf + 2a,(y — yp). We have vy, = 0 and
yvo=0.,s0aty = —1.0 cm = —1.0 X 107> m we have

lugl = V2ay = V2(-1.76 X 10" m/s?)(~1.0 X 107 m)
= 5.9 X 10° m/s

The velocity is downward, so v, = —5.9 X 10° m/s. The elec-
tron’s kinetic energy is

N
K—zmb

L(9.11 x 107" kg)(5.9 x 10° m/s)?
=16x 10777
(c) From Eq. (2.8) for constant acceleration, vy = vy, + a,f,
v, —Ug (59 X 10° m/s) — (0 m/s)
dy - —~1.76 X 10" m/s’
=34 x 1077

I:

EVALUATE: Our results show that in problems concerning sub-
atomic particles such as electrons, many quantities—including
acceleration, speed, kinetic energy, and time—will have very dif-
ferent values from those typical of everyday objects such as base-
balls and automobiles.
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Superposition of electric fields

» The total electric field at a point is the vector sum of the fields due
to all the charges present. (See Figure 21.21 below right.)

* Review Problem-Solving Strategy 21.2.

* Follow Example 21.8 for an electric dipole. Use Figure 21.22 below.

%@

N
~
e

Electric field _  “~_P

at P due to ¢, \

—-

> &
E,
ﬁ
YV E

4> @/

E,

Electric field
at P due to g,

The total electric field E at point
P is the vector sum of E; and E,.

)

¥ e
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Example 21.9 Field of a ring of charge

* On the ring axis

I dQ
dE = > >
dmEY x° + @

dE,
= >I*x

_____ dE

I dQ X

dE, = dEcosa = 3 .
4meg x* + a® V2 + o’
| Ax
= — s

~ 4meq (x7 + a?)Y?
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Example 21.9 Field of a ring of charge

2ra
| Ax
E. = [dE, = d
/ 4mey (x? + a’)? [ g
I AX
— —{ 2
d1reg .[_1;3 - gz)agzi ma)
— . 1 X N
= F 1 = Q
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Example 21.10 Field of a charged line segment

| dQ 1 0 dy

4TTE|] ‘rz - 4’JTED 2:‘1 {_‘{E + }.'2)

l O xdy

=i I.“':l

4mmen 2a (x* + y?)3?

1 0 ydy

dE,

dE, =

1 0 T xdy 0 1

E, =

x 2 o
dmeg 2a )y (x7 + V27 dmeg v\/y? + 42

E - ] Q +il :l.-'-f{r B D E -I Q.
Y 4WE|:'] 2{1 —{l {J:E + _".,-‘E:}'-l\i.-'lll1 - 4TTE{} R, ,\:2 + HE

t
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Field of a charged line segment

« Forx>>a
= _ 1 0 : o g 0.
dmen y\/x? + @ 4mey x-
» For very long segment (a >> x )
E = ] A I — F = A :

ZWEU I’\\/(Iz}fﬂz} + 1 ETTE”I
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Example 21.11 Field of a uniformly charged disk

dQ = odA = 2wor dr.

dE, | 2aorx dr

dE, = .
= Y 4re, {Iz + r2)32

® ©

R o R
f | (2mor dr)x TX 2r dr
0

ox| ] N ]
2¢ol  Vx?+ R X

A ! }
2€p| %/[ij_l:z} + 1

o

e FOorR>>a E:z_
€0
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Example 21.12 Field of two oppositely charged

Infinite sheets

8 4
E]‘ *E)z E=E]+E2=0
Sheet2 —¢ %
/l\ — — — — —
d EA AE, TE=E,+E2
v
Sheet 1 +o
EY AE, E=E +E,=0
(0 above the upper sheet
o * * * ir .
Ey=E.=— E=E +E,=4—] between the sheets
2ep €0
0 below the lower sheet
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Electric field lines

» An electric field line Is an imaginary line or curve
whose tangent at any point is the direction of the electric
field vector at that point. (See Figure 21.27 below.)

Field at EP Field at
point P

Electric
field
line
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Electric field lines of point charges

« Figure 21.28 below shows the electric field lines of a single point
charge and for two charges of opposite sign and of equal sign.

(a) A single positive charge (b) Two equal and opposite charges (a dipole) (c) Two equal positive charges

I

= Field lines always points==="" At each point in space, the electric Field lines are close together where the field is
away from (+) charges field vector is tangent to the field strong, farther apart where it is weaker.

and toward (—) charges. line passing through that point.
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Visualizing electric field

(a)

(b)

Grass seed

Field line
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Electric dipoles

» An electric dipole is a pair ottt
of point charges having
equal but opposite sign and
separated by a distance.

¢ F i g U re 2 1 . 30 at th e ri g ht T.hc clcct‘ric dipole mon.l.c.:.ntp) is
illustrates the water (e e Al e T el
molecule, which forms an
. .- (b) Various substances dissolved in water
electric dipole.
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Force and torqgue on a dipole

* Figure 21.31 below left shows the force on a dipole in an electric
field.

Y

F = oE T = (gE)(dsing)

E +
¢dsinqb - ] ]
) . electric dipole moment

-
_—

i

T=p XE (torgue on an electric dipole, in vector form)
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Potential of a dipole

dW = 7dd = —pEsinddd W= U — U.

tha
W = / (—pEsing) do U(p) = —pEcosd
b

= pEcos¢r — pEcosd,

U= —p+E (potential energy for a dipole 1n an electric field)

Y

—

F+= qE

P
i ST
B,

F=—¢E —q

Y

Y
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Electric field of a dipole
* Follow Example 21.14 using Figure 21.33.

ST I,
E, Yodmegl (v — d/2)2 (v + df2)?

E

| S5 -0 3) ]
= 1-—] {14+ =
4?1'5.11-'2 2y 2y
d\* d d\’
_\'+d/2 (1 — 2_1,) = 1 + }—I and (] + '2_11)

Y @+ PR ]Jrg_(]_ﬂf)]_ qd
t ' 411'5“}-'2 y y 27TE11}’3
d P 0 b 4

P

2meqy”
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