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T
he sp

ace around
 a strong

 m
ag

net is d
ifferent 

from
 how

 it w
ould

 b
e if the m

ag
net w

ere 
not there. Put a p

ap
er clip

 in the sp
ace 

and
 you’ll see the p

ap
er clip

 m
ove. The sp

ace 
around

 the sun is d
ifferent from

 how
 it w

ould
 

b
e if the sun w

ere not there. The sun’s 
g

ravitational influence affects the m
otions 

of the p
lanets around

 it. Sim
ilarly, the 

sp
ace around

 a concentration of electric 
charg

e is d
ifferent from

 how
 it w

ould
 b

e 
if the charg

e w
ere not there. If you w

alk 
b

y the charg
ed

 d
om

e of an electrostatic 
m

achine—
a Van d

e G
raaff g

enerator, for 
exam

p
le—

you can sense the charg
e. H

air 
on your b

od
y stand

s out—
just a tiny b

it if 
you’re m

ore than a m
eter aw

ay, and
 m

ore if 
you’re closer. The sp

ace that surround
s each 

of these thing
s—

the m
ag

net, the sun, and
 the 

electric charg
e—

is altered
. The sp

ace is said
 to 

contain a force field
.

A
n electric field is a storehouse 

of energy.

33W
hat Is Electric Shield

ing
?

1.
W

rap a cellular phone com
pletely in alum

i-
num

 foil.
2.

M
ake a call to the w

rapped phone.
3.

U
nw

rap the cell phone, and now
 cover only 

part of it w
ith foil. M

ake a call to the partly 
w

rapped cell phone. 
4.

Repeat Step 3 a few
 m

ore tim
es, covering dif-

ferent parts of the phone.

A
nalyze and

 C
onclud

e
1.

O
bserving W

hat effect did com
pletely w

rap-
ping the phone have on reception? D

id 
w

rapping only part of the phone block the 
incom

ing signal? If so, w
hich part of the 

phone needed to be covered in order to 
block the signal? 

2.
Predicting  W

hat other m
aterials do you think 

could be used to shield a cellular phone?
3.

M
aking G

eneralizations  W
hat is electric 

shielding, and w
hy does it w

ork?

d
isco

ve
r!
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je

ctiv
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•    D

escrib
e h

o
w

 to
 m

easu
re th

e 
stren

g
th

 o
f an

 electric field
 at 

d
ifferen

t p
o

in
ts. (33.1)

•   D
escrib

e h
o

w
 electric field

s are 
rep

resen
ted

 b
y vecto

rs an
d

 b
y 

electric field
 lin

es. (33.2)

•   D
escrib

e h
o

w
 o

b
jects can

 b
e 

co
m

p
letely sh

ield
ed

 fro
m

 
electric field

s. (33.3)

•   Exp
lain

 w
h

y a ch
arg

ed
 o

b
ject 

in
 an

 electric field
 is co

n
sid

ered
 

to
 h

ave electrical p
o

ten
tial 

en
erg

y. (33.4)

•   D
istin

g
u

ish
 b

etw
een

 electrical 
p

o
ten

tial en
erg

y an
d

 electric 
p

o
ten

tial. (33.5)

•    D
escrib

e h
o

w
 electrical en

erg
y 

can
 b

e sto
red

. (33.6)

•   D
escrib

e th
e o

p
eratio

n
 o

f a 
V

an
 d

e G
raaff g

en
erato

r. (33.7)

d
isco

ver!
M

A
TE

R
IA

LS cell p
h

o
n

e, 
alu

m
in

u
m

 fo
il

E
X

P
E

C
TE

D O
U

TC
O

M
E Stu

d
en

ts 
w

ill fin
d

 th
at th

ey h
ave to

 
en

case m
o

st, if n
o

t all, o
f th

e 
cell p

h
o

n
e in

 fo
il in

 o
rd

er to
 

b
lo

ck an
 in

co
m

in
g

 call.

A
N

A
LY

Z
E A

N
D C

O
N

C
LU

D
E

 See Exp
ected

 O
u

tco
m

e.

 A
n

sw
ers m

ay in
clu

d
e m

etal 
co

n
tain

ers o
r w

ire m
esh

.

 Electric sh
ield

in
g

 in
vo

lves 
b

lo
ckin

g
 an

 o
b

ject fro
m

 
o

u
tsid

e electrical activity. 
Electric sh

ield
in

g
 w

o
rks 

b
ecau

se w
h

en
 th

e ch
arg

e 
o

n
 a co

n
d

u
cto

r is n
o

t 
m

o
vin

g
, th

e electric field
 

in
sid

e th
e co

n
d

u
cto

r is zero
.

1.2.3.

0664_cp09te_C
H

33.indd   664
0664_cp09te_C

H
33.indd   664

1/30/08   10:48:48 A
M

1/30/08   10:48:48 A
M



11/28/07
2:30:11

P
M

33.1 Electric Fields
T

he force field that surrounds a m
ass is a gravitational field. If you 

throw
 a ball into the air, it follow

s a curved path. Earlier chapters 
show

ed that it curves because there is an interaction betw
een the ball 

and Earth—
betw

een their centers of gravity, to be exact. T
heir cen-

ters of gravity are quite far apart, so this is “action at a distance.”
T

he idea that things not in contact could exert forces on one 
another bothered Isaac N

ew
ton and m

any others. T
he concept of a 

force field explains how
 Earth can exert a force on things w

ithout 
touching them

, like a tossed ball. T
he ball is in contact w

ith the field 
all the tim

e. T
he ball curves because it interacts w

ith Earth’s gravita-
tional field. You can think of distant space probes as interacting w

ith 
gravitational fields rather than w

ith the m
asses of Earth and other 

astronom
ical bodies that are responsible for the fields.

Just as the space around Earth and every other m
ass is filled w

ith 
a gravitational field, the space around every electric charge is filled 
w

ith an electric field. A
n  electric field  is a force field that surrounds 

an electric charge or group of charges. In Figure 33.2, a gravitational 
force holds a satellite in orbit about a planet, and an electrical force 
holds an electron in orbit about a proton. In both cases there is no 
contact betw

een the objects, and the forces are “acting at a distance.” 
In term

s of the field concept, the satellite and electron interact w
ith 

the force fields of the planet and the proton and are everyw
here in 

contact w
ith these fields. Just as in the gravitational case, the force 

that one electric charge exerts on another can be described as the 
interaction betw

een one charge and the electric field set up by the other.

A
n electric field has both m

agnitude and direction. 
T

he m
ag-

nitude (strength) of an electric field can be m
easured by its effect 

on charges located in the field. Im
agine a sm

all positive “test charge” 
that is placed in an electric field. W

here the force is greatest on the 
test charge, the field is strongest. W

here the force on the test charge is 
w

eak, the field is sm
all. 33.1

!
 FIG

U
RE 33.2

The satellite and the elec-
tron both experience forces; 
they are both in force fields.

FIG
U

RE 33.1 "
You can sense the force field 
that surrounds a charged 
Van de G

raaff generator.

The force on a charged 
particle gives electric 
field strength E. In 
equation form

, E
�

F/q.
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33.1   Electric Fields
K

e
y

 Te
rm

 electric field

#
 Teach

in
g

 Tip
 I n

tro
d

u
ce 

electric field
s b

y m
en

tio
n

in
g

 
(o

r sh
o

w
in

g
) a V

an
 d

e G
raaff 

g
en

erato
r. D

escrib
e th

e altered
 

space around it w
hen it is charged. 

Th
is sp

ace is an
 electric field

.

#
 Teach

in
g

 Tip
 C

o
m

p
are 

g
ravitatio

n
al an

d
 electric field

s. 
B

o
th

 are reg
io

n
s th

at are altered
, 

b
y m

ass fo
r th

e g
ravitatio

n
al 

field
, an

d
 b

y ch
arg

e fo
r th

e 
electric field

. 

#
 Teach

in
g

 Tip
 Th

e easiest 
field

s fo
r stu

d
en

ts to
 visu

alize 
are m

ag
n

etic field
s b

ecau
se o

f 
th

e fam
iliar iro

n
 filin

g
 p

attern
s 

(Fig
u

res 36.4 an
d

 36.5.) Exp
lain

 
th

at field
s are called

 “fo
rce 

field
s” b

ecau
se fo

rces are exerted
 

o
n

 b
o

d
ies in

 th
eir vicin

ity, b
u

t a 
b

etter term
 w

o
u

ld
 b

e “en
erg

y 
field

” b
ecau

se en
erg

y is sto
red

 in
 

a field
. In

 th
e case o

f an
 electric 

field
, an

y ch
arg

es in
 th

e vicin
ity 

are en
erg

ized
. W

e sp
eak ab

o
u

t 
th

e PE th
at electrically ch

arg
ed

 
b

o
d

ies h
ave in

 a field
—

o
r m

o
re 

o
ften

, th
e PE co

m
p

ared
 to

 th
e 

am
o

u
n

t o
f ch

arg
e—

electric 
p

o
ten

tial. Exp
lain

 th
at th

e field
 

en
erg

y, an
d

 co
rresp

o
n

d
in

g
ly 

th
e electric p

o
ten

tial, is g
reater 

n
earer th

e ch
arg

ed
 d

o
m

e an
d

 
w

eaker w
ith

 in
creased

 d
istan

ce, 
th

u
s fo

llo
w

in
g

 th
e in

verse-sq
u

are 
law

.

#
 Teach

in
g

 Tip
   Po

in
t o

u
t 

th
at m

easu
rin

g
 in

stru
m

en
ts 

so
m

etim
es alter th

at w
h

ich
 

is b
ein

g
 m

easu
red

. A
 co

ld
 

th
erm

o
m

eter p
laced

 in
 a w

arm
 

liq
u

id
 ab

so
rb

s h
eat fro

m
 th

e 
liq

u
id

, th
ereb

y alterin
g

 th
e 

tem
p

eratu
re o

f th
e liq

u
id

. 
Sim

ilarly, p
lacin

g
 a test ch

arg
e 

in
 an

 electric field
 ch

an
g

es th
e 

n
atu

re o
f th

e field
. Th

e test 
ch

arg
es u

sed
 to

 m
easu

re electric 
field

s are sm
all so

 as to
 m

in
im

ize 
su

ch
 ch

an
g

es.
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T
he direction of an electric field at any point, by convention, 

is the direction of the electrical force on a sm
all positive test charge 

placed at that point. T
hus, if the charge that sets up the field is posi-

tive, the field points aw
ay from

 that charge. If the charge that sets up 
the field is negative, the field points tow

ard that charge. (B
e sure to 

distinguish betw
een the hypothetical sm

all test charge and the charge 
that sets up the field.)

CO
N

CEP
T

CH
ECK

......H
ow

 are the m
ag

nitud
e and

 d
irection of an electric 

field
 d

eterm
ined

?

33.2 Electric Field Lines
Since an electric field has both m

agnitude and direction, it is a vector
quantity and can be represented by vectors. T

he negatively charged 
particle in Figure 33.3a is surrounded by vectors that point tow

ard 
the particle. (If the particle w

ere positively charged, the vectors w
ould 

point aw
ay from

 the particle. T
he vectors alw

ays point in the direc-
tion of the force that w

ould act on a positive test charge.) T
he m

agni-
tude of the field is indicated by the length of the vectors. T

he electric 
field is greater w

here the vectors are long than it is w
here the vectors 

are short. To represent a com
plete electric field by vectors, you w

ould 
have to show

 a vector at every point in the space around the charge. 
Such a diagram

 w
ould be totally unreadable!

A
 m

ore useful w
ay to describe an electric field is show

n in 
Figure 33.3b. 

You can use electric field lines (also called lines 
of force) to represent an electric field. W

here the lines are farther 
apart, the field is w

eaker. For an isolated charge, the lines extend to 
infinity, w

hile for tw
o or m

ore opposite charges, the lines em
anate 

from
 a positive charge and term

inate on a negative charge. Som
e 

electric field configurations are show
n in Figure 33.4.

T
he photographs in Figure 33.5 show

 bits of thread that are sus-
pended in an oil bath surrounding charged conductors. T

he ends of 
the bits of thread line up end-to-end w

ith the electric field lines. In 
Figures 33.5a and 33.5b, w

e see the field lines are characteristic of a 
single pair of point charges. 

FIG
U

RE 33.3 !
a. In a vector  representation 
of an electric field, the 
length of the vectors indi-
cates the m

agnitude of the 
field.b. In a lines-of-force 
representation, the distance 
betw

een field lines indicates 
m

agnitudes.

FIG
U

RE 33.4 "
a. The field lines around 
a single positive charge 
extend to infinity. b. For 
a pair of equal but oppo-
site charges, the field lines 
em

anate from
 the positive 

charge and term
inate on 

the negative charge. c. Field 
lines are evenly spaced 
betw

een tw
o oppositely 

charged capacitor plates.

ab

a
b

c
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Th

e m
ag

n
itu

d
e o

f an
 

electric field
 can

 b
e 

m
easu

red
 b

y its effect o
n

 ch
arg

es 
lo

cated
 in

 th
e field

. Th
e d

irectio
n

 
o

f th
e field

 at an
y p

o
in

t is th
e 

d
irectio

n
 o

f th
e electrical fo

rce 
o

n
 a p

o
sitive test ch

arg
e p

laced
 

at th
at p

o
in

t.

T
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c
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in
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 R
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r
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e
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  H
o

ld
 a flu

o
rescen

t lam
p

 tu
b

e 
in

 th
e field

 o
f a ch

arg
ed

 V
an

 
d

e G
raaff g

en
erato

r to
 sh

o
w

 
th

at it lig
h

ts u
p

 w
h

en
 o

n
e en

d
 

o
f th

e tu
b

e is clo
ser to

 th
e 

d
o

m
e th

an
 th

e o
th

er en
d

.

 Th
e electric field

 is stro
n

g
er 

n
ear th

e d
o

m
e, an

d
 w

eaker 
farth

er aw
ay. C

h
arg

es n
earer 

th
e d

o
m

e exp
erien

ce m
o

re 
fo

rce, w
h

ich
 m

ean
s m

o
re 

w
o

rk is d
o

n
e w

h
en

 th
ey are 

m
o

ved
 in

 th
e stro

n
g

er p
arts 

o
f th

e field
. Th

u
s, each

 ch
arg

e 
in

 th
e stro

n
g

er field
 h

as m
o

re 
en

erg
y. Th

e en
erg

y p
er ch

arg
e 

is w
h

at w
e call p

o
ten

tial. 
Sh

o
w

 th
at w

h
en

 th
e tw

o
 en

d
s 

o
f th

e flu
o

rescen
t tu

b
e are 

eq
u

id
istan

t fro
m

 th
e ch

arg
ed

 
d

o
m

e, lig
h

t em
issio

n
 ceases.

D
e
m

o
n

stra
tio

n
D

e
m

o
n

stra
tio

n
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T
he oppositely charged parallel plates in Figure 33.5c produce 

nearly parallel field lines betw
een the plates. Except near the ends,

the field betw
een the plates has a constant strength. N

otice that in 
Figure 33.5d, there is no electric field inside the charged cylinder. T

he 
conductor shields the space from

 the field outside.

CO
N

CEP
T

CH
ECK

......H
ow

 can you rep
resent an electric field

?

!
 FIG

U
RE 33.5

B
its of fine thread sus-

pended in an oil bath 
surrounding charged 
conductors line up end 
to end along the direc-
tion of the field. The 
photos illustrate field 
patterns for a. equal 
and opposite charges; 
b. equal like charges; 
c. oppositely charged 
plates; and d. oppo-
sitely charged cylinder 
and plate.

C
H

A
PTER 33
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 FIELD
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N
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A
 beam

 of electrons is produced at one end of a glass tube and lights up a 
phosphor screen at the other end. W

hen the beam
 is straight, it produces a 

spot in the m
iddle of the screen. If the beam

 passes through the electric field 
of a pair of oppositely charged plates, it is deflected upw

ard as show
n. If the 

charges on the plates are reversed, in w
hat direction w

ill the beam
 deflect?

Answ
er: 33.2

th
in

k
!

c

b
a

d
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33.2   Electric Field 
Lines

"
 Teach

in
g

 Tip
 D

escrib
e th

e 
vecto

r n
atu

re o
f a fo

rce field
 

an
d

 d
escrib

e th
e lin

es o
f fo

rce as 
sh

o
w

n
 in

 Fig
u

re 33.5.

 
 A

sk    If a tiny test charge 
w

ere dropped in the oil bath 
show

n in Figure 33.5, in w
hat 

direction w
ould it m

ove?  A
lo

n
g

 
th

e sam
e d

irectio
n

s as th
e b

its 
o

f th
read

—
aw

ay fro
m

 th
e 

co
n

d
u

cto
r o

f sam
e sig

n
 o

f ch
arg

e 
an

d
 to

w
ard

 th
e co

n
d

u
cto

r o
f 

o
p

p
o

site sig
n

 o
f ch

arg
e.

"
 Teach

in
g

 Tid
b

it Sh
arks 

an
d

 related
 sp

ecies o
f fish

 are 
eq

u
ip

p
ed

 w
ith

 sp
ecialized

 
recep

to
rs in

 th
eir sn

o
u

ts th
at 

sen
se extrem

ely w
eak electric 

field
s g

en
erated

 b
y o

th
er 

creatu
res in

 seaw
ater.

 
Y

o
u

 can
 u

se electric 
field

 lin
es (also

 called
 

lin
es o

f fo
rce) to

 rep
resen

t an
 

electric field
. W

h
ere th

e lin
es are 

farth
er ap

art, th
e field

 is w
eaker.
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33.3 Electric Shielding
T

he dram
atic photo in Figure 33.6 show

s a car being struck by 
lightning. Yet, the occupant inside the car is com

pletely safe. T
his is 

because the electrons that show
er dow

n upon the car are m
utually 

repelled and spread over the outer m
etal surface, finally discharging 

w
hen additional sparks jum

p from
 the car’s body to the ground. T

he 
configuration of electrons on the car’s surface at any m

om
ent is such 

that the electric fields inside the car practically cancel to zero. T
his 

is true of any charged conductor. 
If the charge on a conductor is 

not m
oving, the electric field inside the conductor is exactly zero. 

Charged Conductors T
he absence of electric field w

ithin a con-
ductor holding static charge does not arise from

 the inability of an 
electric field to penetrate m

etals. It com
es about because free elec-

trons w
ithin the conductor can “settle dow

n” and stop m
oving only 

w
hen the electric field is zero. So the charges arrange them

selves to 
ensure a zero field w

ith the m
aterial.

C
onsider the charged m

etal sphere show
n in Figure 33.7. B

ecause 
of m

utual repulsion, the electrons spread as far apart from
 one 

another as possible. T
hey distribute them

selves uniform
ly over the 

surface of the sphere. A
 positive test charge located exactly in the 

m
iddle of the sphere w

ould feel no force. T
he electrons on the left 

side of the sphere w
ould tend to pull the test charge to the left, but 

the electrons on the right side of the sphere w
ould tend to pull the 

test charge to the right equally hard. T
he net force on the test charge 

w
ould be zero. T

hus, the electric field is also zero. Interestingly 
enough, com

plete cancellation w
ill occur anyw

here inside the sphere.
If the conductor is not spherical, then the charge distribution 

w
ill not be uniform

. T
he rem

arkable thing is this: T
he exact charge 

distribution over the surface is such that the electric field everyw
here 

inside the conductor is zero. Look at it this w
ay: If there w

ere an elec-
tric field inside a conductor, then free electrons inside the conductor 
w

ould be set in m
otion. H

ow
 far w

ould they m
ove? U

ntil equilibrium
 

is established, w
hich is to say, w

hen the positions of all the electrons 
produce a zero field inside the conductor.

FIG
U

RE 33.7 !
The forces on a test 
charge located inside a 
charged hollow

 sphere 
cancel to zero.

FIG
U

RE 33.8 "
Static charges are distrib-
uted on the surface of all 
conductors in such a w

ay 
that the electric field inside 
the conductors is zero.

FIG
U

RE 33.6 !
Electrons from

 the lightning 
bolt m

utually repel and 
spread over the outer 
m

etal surface. The overall 
electric field inside the car 
practically cancels to zero.
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33.3  Electric 
Shielding

"
 Teach

in
g

 Tip
   C

all atten
tio

n
 

to
 Fig

u
re 33.5d

 sh
o

w
in

g
 th

at 
th

e th
read

s h
ave n

o
 d

irectio
n

al 
p

ro
p

erties in
sid

e th
e ch

arg
ed

 
cylin

d
er. Th

is sh
o

w
s th

at th
e 

electric field
 is sh

ield
ed

 b
y th

e 
m

etal. Th
e d

ram
atic p

h
o

to
 o

f 
th

e car b
ein

g
 stru

ck b
y lig

h
tn

in
g

 
(Fig

u
re 33.6) also

 illu
strates 

th
at th

e electric field
 in

sid
e 

a co
n

d
u

cto
r is n

o
rm

ally zero
, 

reg
ard

less o
f w

h
at is h

ap
p

en
in

g
 

o
u

tsid
e.

"
 Teach

in
g

 Tip
  A

fter d
iscu

ssin
g

 
Fig

u
re 33.7, g

o
 a step

 fu
rth

er 
an

d
 co

n
sid

er th
e test ch

arg
e o

ff 
cen

ter, tw
ice as far fro

m
 reg

io
n

 A
 

as reg
io

n
 B

, as sh
o

w
n

.

 Th
e d

o
tted

 lin
es rep

resen
t 

a sam
p

le co
n

e o
f actio

n
, 

su
b

ten
d

in
g

 b
o

th
 A

 an
d

 B
. R

eg
io

n
 

A
 h

as tw
ice th

e d
iam

eter, fo
u

r 
tim

es th
e area, an

d
 fo

u
r tim

es 
th

e ch
arg

e o
f reg

io
n

 B
. Fo

u
r 

tim
es th

e ch
arg

e at tw
ice th

e 
d

istan
ce w

ill h
ave o

n
e fo

u
rth

 
th

e effect. Th
e g

reater ch
arg

e is 
b

alan
ced

 b
y th

e co
rresp

o
n

d
in

g
ly 

g
reater d

istan
ce. Th

is w
ill b

e 
th

e case fo
r all p

o
in

ts in
sid

e th
e 

co
n

d
u

cto
r. A

n
d

 th
e co

n
d

u
cto

r 
n

eed
 n

o
t b

e a sp
h

ere, as sh
o

w
n

 
b

y th
e sh

ap
es in

 Fig
u

re 33.8.
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H
ow

 to Shield an Electric Field
 T

here is no w
ay to shield 

gravity, because gravity only attracts. T
here are no repelling parts of 

gravity to offset attracting parts. Shielding electric fields, how
ever, is 

quite sim
ple. Surround yourself or w

hatever you w
ish to shield w

ith 
a conducting surface. Put this surface in an electric field of w

hatever 
field strength. T

he free charges in the conducting surface w
ill arrange 

them
selves on the surface of the conductor in a w

ay such that all field 
contributions inside cancel one another. T

hat’s w
hy certain electronic 

com
ponents are encased in m

etal boxes, and w
hy certain cables have 

a m
etal covering—

to shield them
 from

 all outside electrical activity.

CO
N

CEP
T

CH
ECK

......
H

ow
 can you d

escrib
e the electric field

 w
ithin a 

cond
uctor hold

ing
 static charg

e?

33.4 Electrical Potential Energy
R

ecall the relationship betw
een w

ork and potential energy. W
ork is 

done w
hen a force m

oves som
ething in the direction of the force. 

A
n object has potential energy by virtue of its location, say in a force 

field. For exam
ple, if you lift an object, you apply a force equal to 

its w
eight. W

hen you raise it through som
e distance, you are doing 

w
ork on the object. You are also increasing its  gravi tational potential 

energy. T
he greater the distance it is raised, the greater is the increase 

in its gravitational potential energy. D
oing w

ork increases its gravita-
tional potential energy, as show

n in Figure 33.10a.

It is said that a gravitational field, unlike an electric field, cannot be shielded. 
But the gravitational field at the center of Earth cancels to zero. Isn’t this evi-
dence that a gravitational field can be shielded?
Answ

er: 33.3

th
in

k
!

FIG
U

RE 33.9 !
The m

etal-lined cover 
shields the internal electrical 
com

ponents from
 external 

electric fields. Sim
ilarly, 

a m
etal cover shields the 

coaxial cable.

"
 FIG

U
RE 33.10

a.W
ork is done to lift the 

m
ass against the gravitational 

field of Earth. In an elevated 
position, the m

ass has gravita-
tional potential energy. W

hen 
released, this energy is trans-
ferred to the piling below

. 
b.Sim

ilar energy transfer 
occurs for electric charges.
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#
 Teach

in
g

 Tip
   A

n
o

th
er p

o
in

t 
to

 co
n

sid
er: If th

e field
 in

sid
e a 

co
n

d
u

cto
r w

ere n
o

t zero
, th

en
 

free ch
arg

es in
sid

e w
o

u
ld

 m
o

ve, 
b

u
t th

e m
o

vem
en

t w
o

u
ld

 n
o

t 
co

n
tin

u
e fo

rever. Th
e ch

arg
es 

w
o

u
ld

 fin
ally m

o
ve to

 p
o

sitio
n

s 
o

f eq
u

ilib
riu

m
. In

 th
ese p

o
sitio

n
s 

th
eir effects o

n
 o

n
e an

o
th

er 
w

o
u

ld
 b

e m
u

tu
ally b

alan
ced

. 
Th

ere w
o

u
ld

 b
e co

m
p

lete 
can

cellatio
n

 o
f field

s everyw
h

ere 
in

sid
e th

e co
n

d
u

cto
r. Th

is is w
h

at 
h

ap
p

en
s—

n
o

t g
rad

u
ally, b

u
t 

su
d

d
en

ly.

#
 Teach

in
g

 Tip
 R

evisit 
th

e D
isco

ver! activity at th
e 

b
eg

in
n

in
g

 o
f th

e ch
ap

ter, b
u

t 
w

ith
 a tw

ist: U
se a sm

all p
o

rtab
le 

rad
io

 in
stead

 o
f a cell p

h
o

n
e, 

an
d

 a m
etal screen

 en
clo

su
re 

in
stead

 o
f alu

m
in

u
m

 fo
il. U

sin
g

 
a m

etal screen
 o

r m
esh

w
o

rk 
d

em
o

n
strates th

at sh
ield

in
g

 still 
m

ay o
ccu

r even
 w

ith
 sm

all g
ap

s 
in

 th
e co

n
d

u
cto

r. Th
e fo

il an
d

 
screen

 are exam
p

les o
f Farad

ay 
cag

es. N
am

ed
 after p

h
ysicist 

M
ich

ael Farad
ay, a Farad

ay cag
e 

is an
 en

clo
su

re o
r m

esh
 m

ad
e 

fro
m

 co
n

d
u

ctin
g

 m
aterial.

 
If th

e ch
arg

e o
n

 a 
co

n
d

u
cto

r is n
o

t 
m

o
vin

g
, th

e electric field
 in

sid
e 

th
e co

n
d

u
cto

r is exactly zero
.

33.4 Electrical 
Potential Energy
K

e
y

 Te
rm

electrical p
o

ten
tial en

erg
y

#
 Teach

in
g

 Tip
  B

riefly review
 

th
e relatio

n
sh

ip
 b

etw
een

 w
o

rk 
an

d
 p

o
ten

tial en
erg

y (C
h

ap
ter 9). 

Exp
lain

 th
at, ju

st as d
o

in
g

 w
o

rk 
o

n
 an

 o
b

ject in
creases th

e 
o

b
ject’s g

ravitatio
n

al p
o

ten
tial 

en
erg

y, th
e w

o
rk req

u
ired

 to
 

p
u

sh
 a ch

arg
ed

 p
article ag

ain
st 

th
e electric field

 o
f a ch

arg
ed

 
o

b
ject in

creases th
e p

article’s 
electrical p

o
ten

tial en
erg

y.

CO
N

CEP
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......
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670

In a sim
ilar w

ay, a charged object can have potential energy by 
virtue of its location in an electric field. Just as w

ork is required to 
lift an object against the gravitational field of Earth, w

ork is required 
to push a charged particle against the electric field of a charged body. 
(It m

ay be m
ore difficult to visualize, but the physics of both the 

gravitational case and the electrical case is the sam
e.) 

T
he electri-

cal potential energy of a charged particle is increased w
hen w

ork is 
done to push it against the electric field of som

ething else that 
is charged.

Figure 33.11a show
s a sm

all positive charge located at som
e dis-

tance from
 a positively charged sphere. If w

e push the sm
all charge 

closer to the sphere (Figure 33.11b), w
e w

ill expend energy to over-
com

e electrical repulsion. Just as w
ork is done in com

pressing a 
spring, w

ork is done in pushing the charge against the electric field of 
the sphere. T

his w
ork is equal to the energy gained by the charge. T

he 
energy a charge has due to its location in an electric field is called 
electrical potential energy.  If the charge is released, it w

ill accelerate 
in a direction aw

ay from
 the sphere, and its electrical potential energy 

w
ill transform

 into kinetic energy.

CO
N

CEP
T

CH
ECK

......

H
ow

 can you increase the electrical p
otential energ

y 
of a charg

ed
 p

article?

33.5 Electric Potential
If in the preceding discussion w

e push tw
o charges instead, w

e do 
tw

ice as m
uch w

ork. T
he tw

o charges in the sam
e location w

ill have 
tw

ice the electrical potential energy as one; a group of ten charges 
w

ill have ten tim
es the potential energy; and so on.

R
ather than deal w

ith the total potential energy of a group of 
charges, it is convenient w

hen w
orking w

ith electricity to consider the 
electrical potential energy per charge. T

he electrical potential energy 
per charge is the total electrical potential energy divided by the 
am

ount of charge. A
t any location the potential energy per charge—

w
hatever the am

ount of charge—
w

ill be the sam
e. For exam

ple, an 
object w

ith ten units of charge at a specific location has ten tim
es as 

m
uch potential energy as an object w

ith a single unit of charge. B
ut it 

also has ten tim
es as m

uch charge, so the potential energy per charge 
is the sam

e. T
he concept of electrical potential energy per charge has 

a special nam
e,  electric potential. 

electric potential
�

electrical potential energy
charge

Electric potential is not the sam
e as electrical potential energy. 

Electric potential is electrical potential energy per charge.

D
istinguishing betw

een 
electrical potential energy 
and

electric potential is 
high-level physics!

abFIG
U

RE 33.11 !
The sm

all positive charge 
has m

ore potential energy 
w

hen it is closer to the 
positively charged sphere 
because w

ork is required 
to m

ove it to the closer 
location.
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Th

e electrical 
p

o
ten

tial en
erg

y o
f a 

ch
arg

ed
 p

article is in
creased

 
w

h
en

 w
o

rk is d
o

n
e to

 p
u

sh
 it 

ag
ain

st th
e electric field

 o
f 

so
m

eth
in

g
 else th

at is ch
arg

ed
.

33.5    Electric 
Potential

K
e

y
 Te

rm
s

 electric p
o

ten
tial, vo

lt, vo
ltag

e

C
o

m
m

o
n

 M
isco

n
cep

tio
n

s
  Electrical potential energy and 
electric potential are the sam

e.

 FA
C

T Electric p
o

ten
tial is 

electrical p
o

ten
tial en

erg
y p

er 
ch

arg
e.

 The voltage produced by rubbing 
a balloon on one’s hair is low

 
com

pared to the voltage of electric 
circuits in the household.

 FA
C

T Th
e vo

ltag
e resu

ltin
g

 fro
m

 
ru

b
b

in
g

 a b
allo

o
n

 o
n

 h
air co

u
ld

 
b

e several th
o

u
san

d
 vo

lts.

"
 Teach

in
g

 Tip
   U

se a V
an

 d
e 

G
raaff g

en
erato

r to
 illu

strate 
th

e d
ifferen

ce b
etw

een
 

electrical p
o

ten
tial en

erg
y an

d
 

electric p
o

ten
tial. A

lth
o

u
g

h
 th

e 
g

en
erato

r is n
o

rm
ally ch

arg
ed

 to
 

th
o

u
san

d
s o

f vo
lts, th

e am
o

u
n

t 
o

f ch
arg

e is relatively sm
all, so

 
th

e electrical p
o

ten
tial en

erg
y 

is relatively sm
all. A

 p
erso

n
 is 

n
o

t n
o

rm
ally h

arm
ed

 w
h

en
 

th
e ch

arg
e d

isch
arg

es th
ro

u
g

h
 

h
is o

r h
er b

o
d

y b
ecau

se very 
little en

erg
y flo

w
s th

ro
u

g
h

 th
e 

p
erso

n
. In

 co
n

trast, it w
o

u
ld

 
b

e u
n

ad
visab

le to
 in

ten
tio

n
ally 

b
eco

m
e th

e sh
o

rt-circu
it fo

r 
th

e h
o

u
seh

o
ld

 110 V
 b

ecau
se, 

alth
o

u
g

h
 th

e vo
ltag

e is m
u

ch
 

lo
w

er, th
e tran

sfer o
f en

erg
y 

is ap
p

reciab
le. Less en

erg
y p

er 
ch

arg
e, b

u
t m

an
y m

an
y m

o
re 

ch
arg

es!

C
O

N
C
EP

T
CH

ECK

......

C
O

N
C
EP

T
CH

ECK

......

0664_cp09te_C
H

33.indd   670
0664_cp09te_C

H
33.indd   670

1/30/08   10:49:06 A
M

1/30/08   10:49:06 A
M



11/28/07
2:30:35

P
M

T
he SI unit of m

easurem
ent for electric potential is the  volt,  

nam
ed after the Italian physicist A

llesandro Volta (1745–1827). T
he 

sym
bol for volt is V. Since potential energy is m

easured in joules and 
charge is m

easured in coulom
bs,

1 volt
�

1
joule

coulom
b

T
hus, a potential of 1 volt equals 1 joule of energy per coulom

b 
of charge; 1000 volts equals 1000 joules of energy per coulom

b of 
charge. If a conductor has a potential of 1000 volts, it w

ould take 
1000 joules of energy per coulom

b to bring a sm
all charge from

 
very far aw

ay and add it to the charge on the conductor. 33.5 (Since 
the sm

all charge w
ould be m

uch less than one coulom
b, the energy 

required w
ould be m

uch less than 1000 joules. For exam
ple, to add 

the charge of one proton to the conductor, 1.6 ×
 10

–19 C
, it w

ould 
take only 1.6 ×

 10
–16 J of energy.)

Since electric potential is m
easured in volts, it is com

m
only called 

voltage.  In this book the nam
es w

ill be used interchangeably. T
he 

significance of voltage is that once the location of zero voltage has 
been specified, a definite value for it can be assigned to a location 
w

hether or not a charge exists at that location. W
e can speak about 

the voltages at different locations in an electric field w
hether or not 

any charges occupy those locations.
R

ub a balloon on your hair and the balloon becom
es negatively 

charged, perhaps to several thousand volts! If the charge on the 
 balloon w

ere one coulom
b, it w

ould take several thousand joules of 
energy to give the balloon that voltage. H

ow
ever, one coulom

b is a 
very large am

ount of charge; the charge on a balloon rubbed on hair 
is typically m

uch less than a m
illionth of a coulom

b. T
herefore, the 

am
ount of energy associated w

ith the charged balloon is very, very 
sm

all—
about a thousandth of a joule. A

 high voltage requires great 
energy only if a great am

ount of charge is involved. T
his exam

ple 
highlights the difference betw

een electrical potential energy and 
 electric potential.

CO
N

CEP
T

CH
ECK

......

W
hat is the d

ifference b
etw

een electric p
otential 

and
 electrical p

otential energ
y?

If there w
ere tw

ice as 
m

uch charge on one of 
the charged objects near 
the charged sphere in 
Figure 33.12, w

ould the 
electrical potential energy 
of the object in the field 
of the charged sphere 
be the sam

e or w
ould it 

be tw
ice as great? W

ould 
the electrical potential of 
the object be the sam

e 
or w

ould it be tw
ice as 

great? Answ
er: 33.5

th
in

k
!

FIG
U

RE 33.13 !
A

lthough the voltage of the 
charged balloon is high, the 
electrical potential energy 
is low

 because of the sm
all 

am
ount of charge.
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"
 FIG

U
RE 33.12

A
n object of greater charge has m

ore 
electrical potential energy in the field 
of the charged dom

e than an object of 
less charge, but the electric potential
of any am

ount of charge at the sam
e 

location is the sam
e.
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 Tip
   A

sk stu
d

en
ts 

h
o

w
 m

u
ch

 en
erg

y is n
eed

ed
 to

 
p

u
t p

o
sitive ch

arg
es o

n
 a 

sp
h

erical co
n

d
u

cto
r u

n
til it h

as a 
to

tal p
o

ten
tial V

. Tell th
em

 to
 

th
in

k o
f b

rin
g

in
g

 p
o

sitive ch
arg

es 
u

p
 to

 th
e co

n
d

u
cto

r o
n

e b
y o

n
e. 

It takes n
o

 en
erg

y to
 p

u
t th

e first 
ch

arg
e o

n
 th

e co
n

d
u

cto
r b

ecau
se 

th
ere are n

o
 electric fo

rces actin
g

 
o

n
 th

e ch
arg

e. N
o

w
 th

at th
e 

co
n

d
u

cto
r h

as a p
o

sitive ch
arg

e, 
it takes a little en

erg
y to

 b
rin

g
 a 

seco
n

d
 p

o
sitive ch

arg
e u

p
 to

 it. It 
takes m

o
re en

erg
y to

 b
rin

g
 th

e 
th

ird
 ch

arg
e b

ecau
se it is acted

 
o

n
 b

y tw
ice th

e fo
rce th

at acted
 

o
n

 th
e seco

n
d

 ch
arg

e. It takes 
m

o
re an

d
 m

o
re en

erg
y to

 ad
d

 
each

 su
ccessive ch

arg
e. Th

e to
tal 

am
o

u
n

t o
f en

erg
y n

eed
ed

 to
 p

u
t 

all th
e ch

arg
es o

n
 th

e sp
h

ere is 
0.5Q

V
, w

h
ere V

 is th
e fin

al 
p

o
ten

tial o
n

 th
e su

rface o
f th

e 
sp

h
ere an

d
 Q

 is th
e to

tal ch
arg

e 
o

n
 it. It also

 tu
rn

s o
u

t th
at th

e 
ch

arg
e n

eed
ed

 to
 p

ro
d

u
ce a 

certain
 p

o
ten

tial o
n

 th
e su

rface 
o

f a ch
arg

ed
 sp

h
ere d

ep
en

d
s o

n
 

th
e rad

iu
s R

. Th
e ch

arg
e is 

Q
 5

 R
V

/k, w
h

ere k is th
e 

C
o

u
lo

m
b

 co
n

stan
t. A

s a 
n

u
m

erical exam
p

le, su
p

p
o

se a 
co

n
d

u
ctin

g
 sp

h
ere o

f rad
iu

s 
10 cm

 h
as a p

o
ten

tial o
f 45,000 V

. 
Th

e ch
arg

e o
n

 th
e sp

h
ere is th

en
 

Q
 5

 R
V

/k 5
 5.0 3

 10
2

7 C
. Th

e 
to

tal en
erg

y n
eed

ed
 to

 assem
b

le 
th

is ch
arg

e is 0.5Q
V

 5
 0.011 J. A

s 
th

is exam
p

le sh
o

w
s, even

 h
ig

h
 

p
o

ten
tials in

vo
lve very little 

en
erg

y!

 
 Electric p

o
ten
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electrical p

o
ten
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en

erg
y p

er ch
arg

e.
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33.6 Electrical Energy Storage
Electrical energy can be stored in a com

m
on device called a 

capacitor.  C
apacitors are found in nearly all electronic circuits. 

C
om

puter m
em

ories use very tiny capacitors to store the 1’s and 0’s 
of the binary code. Som

e keyboards have them
 beneath each key. 

C
apacitors in photoflash units store larger am

ounts of energy slow
ly 

and release it rapidly during the short duration of the flash. Sim
ilarly, 

but on a grander scale, enorm
ous am

ounts of energy are stored in 
banks of capacitors that pow

er giant lasers in national laboratories.
T

he sim
plest capacitor is a pair of conducting plates separated 

by a sm
all distance, but not touching each other. W

hen the plates are 
connected to a charging device such as the battery show

n in Figure 
33.14, charge is transferred from

 one plate to the other. T
his occurs 

as the positive battery term
inal pulls electrons from

 the plate con-
nected to it. T

hese electrons in effect are pum
ped through the battery 

and through the negative term
inal to the opposite plate. T

he capaci-
tor plates then have equal and opposite charges—

the positive plate 
is connected to the positive battery term

inal, and the negative plate 
is connected to the negative battery term

inal. T
he charging process 

is com
plete w

hen the potential difference betw
een the plates equals 

the potential difference betw
een the battery term

inals—
the battery 

voltage. T
he greater the battery voltage and the larger and closer the 

plates, the greater the charge that is stored. 
In practice, the plates m

ay be thin m
etallic foils separated by a 

thin sheet of paper. T
his “paper sandw

ich” is then rolled up to save 
space and m

ay be inserted into a cylinder. Such a practical capacitor 
is show

n w
ith others in Figure 33.15. (W

e w
ill consider the role of 

capacitors in circuits in the next chapter.)

FIG
U

RE 33.14 !
A

 sim
ple capacitor consists 

of tw
o closely spaced m

etal 
parallel plates. W

hen con-
nected to a battery, the 
plates becom

e equally and 
oppositely charged.

FIG
U

RE 33.15 "
In these capacitors, the 
plates consist of thin 
m

etallic foils that have 
been rolled up into a 
cylinder.
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33.6   Electrical 
Energy Storage

K
e

y
 Te

rm
   cap

acito
r

C
o

m
m

o
n

 M
isco

n
cep

tio
n

 A
 capacitor is a source of electrical 

energy.

 FA
C

T En
erg

y fro
m

 a cap
acito

r 
co

m
es fro

m
 th

e w
o

rk d
o

n
e in

 
ch

arg
in

g
 th

e cap
acito

r.

"
 Teach

in
g

 Tip
 Sh

o
w

 so
m

e 
co

m
m

o
n

 cap
acito

rs to
 yo

u
r class.

"
 Teach

in
g

 Tip
 Th

e cap
acitan

ce 
o

f a cap
acito

r, th
e ratio

 o
f n

et 
ch

an
g

e o
n

 each
 p

late to
 th

e 
p

o
ten

tial d
ifferen

ce created
 

b
y th

e sep
arated

 ch
arg

es, is 
m

easu
red

 in
 u

n
its o

f farad
s (F). 

Th
e farad

 is n
am

ed
 after M

ich
ael 

Farad
ay.
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C
apacitors store and hold electric charges until discharged. A

 
charged capacitor is discharged w

hen a conducting path is provided 
betw

een the plates. N
ote that a capacitor m

ight store charge even 
after the electricity to a device has been turned off—

for seconds, 
m

inutes, or even longer. D
ischarging a capacitor can be a shock-

ing experience if you happen to be the conducting path. T
he energy 

transfer can be fatal w
here high voltages are present. T

hat’s the m
ain 

reason for the w
arning labels on devices such as T

V
 sets.

T
he energy stored in a capacitor com

es from
 the w

ork done 
to charge it. T

he energy is in the form
 of the electric field betw

een 
its plates. B

etw
een parallel plates the electric field is uniform

, as indi-
cated in Figures 33.4c and 33.5c on previous pages. So the energy 
stored in a capacitor is energy stored in the electric field.

Electric fields are storehouses of energy. W
e w

ill see in the next 
chapter that energy can be transported over long distances by elec-
tric fields, w

hich can be directed through and guided by m
etal w

ires 
or directed through em

pty space. In C
hapter 37 w

e w
ill see how

 
energy from

 the sun is radiated in the form
 of electric and m

agnetic 
fields. T

he fact that energy is contained in electric fields is truly
far-reaching.

CO
N

CEP
T

CH
ECK

......

W
here d

oes the energ
y stored

 in a cap
acitor 

com
e from

?

33.7 The V
an de G

raaff G
enerator

A
 com

m
on laboratory device for building up high voltages is the Van 

de G
raaff generator. T

his is the lightning m
achine often used by “evil 

scientists” in old science fiction m
ovies. A

 sim
ple m

odel of the V
an de 

G
raaff generator is show

n in Figure 33.17.

Ink
-Jet Printers

The printhead of an ink-jet printer typically ejects a 
thin, steady stream

 of thousands of tiny ink droplets each second as it 
shuttles back and forth across the paper. As the stream

 flow
s betw

een 
electrodes that are controlled by the com

puter, selective droplets are 
charged. The uncharged droplets then pass undeflected in the electric 
field of a parallel plate capacitor and form

 the im
age on the page; 

the charged droplets are deflected and do not reach the page. Thus, 
the im

age produced on the paper is m
ade from

 ink droplets that are 
notcharged. The blank spaces correspond to deflected ink that never 
m

ade it to the paper. Lin
k

 to
 TE

C
H

N
O

LO
G

Y

FIG
U

RE 33.16 !
M

ona El Taw
il-N

assar 
adjusts dem

onstration 
capacitor plates.

C
H

A
PTER 33

ELEC
TRIC

 FIELD
S A

N
D

 PO
TEN

TIA
L  673

0664_C
P

09_S
E

_C
H

33.indd
673

11/28/07
2:30:44

P
M

6
7
3

 
Th

e en
erg

y sto
red

 in
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r co
m
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fro
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 th
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o

rk d
o

n
e to

 ch
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e it.
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• Probew
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33.7 The V
an de 

G
raaff G

enerator
C

o
m

m
o

n
 M

isco
n

cep
tio

n
  H

igh voltage is dangerous under any 
conditions.

 FA
C

T   A
 h

ig
h

 vo
ltag

e is n
o

t 
d

an
g

ero
u

s if o
n

ly a sm
all am

o
u

n
t 

o
f ch

arg
e is in

vo
lved

.

"
 Teach

in
g

 Tip
  En

d
 yo

u
r 

lectu
re o

n
 th

is ch
ap

ter w
ith

 a 
retu

rn
 to

 th
e V

an
 d

e G
raaff 

d
em

o
 an

d
 d

iscu
ssio

n
 o

f th
e lack 

o
f cu

rren
t in

 th
e lam

p
 w

h
en

 
th

ere w
as n

o
 p

o
ten

tial d
ifferen

ce 
acro

ss its en
d

s. Th
is is th

e lead
-in

 
to

 th
e n

ext ch
ap

ter.
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A
 large hollow

 m
etal sphere is supported by a cylindrical insulat-

ing stand. A
 m

otor-driven rubber belt inside the support stand m
oves 

past a com
blike set of m

etal needles that are m
aintained at a high 

electric potential. A
 continuous supply of electrons is deposited on 

the belt through electric discharge by the points of the needles and 
is carried up into the hollow

 m
etal sphere. T

he electrons leak onto 
m

etal points (w
hich act like tiny lightning rods) attached to the inner 

surface of the sphere. B
ecause of m

utual repulsion, the electrons 
m

ove to the outer surface of the conducting sphere. (R
em

em
ber, 

static charge on any conductor is on the outside surface.) T
his leaves 

the inside surface uncharged and able to receive m
ore electrons as 

they are brought up the belt. T
he process is continuous, and the 

charge builds up to a very high electric potential—
on the order of 

m
illions of volts. Touching a V

an de G
raaff generator can be a hair-

raising experience, as show
n in Figure 33.18.

A
 sphere w

ith a radius of 1 m
 can be raised to a potential of 

3 m
illion volts before electric discharge occurs through the air 

(because breakdow
n occurs in air w

hen the electric field strength 
is about 3 ×

 10
6 V

/m
). 33.7

T
he voltage of a V

an de G
raaff 

generator can be increased by increasing the radius of the sphere 
or by placing the entire system

 in a container filled w
ith high-

pressure gas. V
an de G

raaff generators in pressurized gas can pro-
duce voltages as high as 20 m

illion volts. T
hese devices accelerate 

charged particles used as projectiles for penetrating the nuclei 
of atom

s. 

CO
N

CEP
T

CH
ECK

......

H
ow

 can the voltag
e of a Van d

e G
raaff g

enerator 
b

e increased
?

A
n electric field is 

nature’s storehouse 
of electrical energy.

FIG
U

RE 33.17 !
In a Van de G

raaff generator, 
a m

oving rubber belt carries 
electrons from

 the voltage 
source to a conducting sphere.

FIG
U

RE 33.18 "
The physics enthusiast 
and the dom

e of the Van 
de G

raaff generator are 
charged to a high voltage.
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If you are lucky, the pans will 
land one on top of another. 
Students usually laugh and 
applaud when the last one flies 
off. It is one of those dem

os 
that m

akes the class shout, “Do 
it again!”

 
Th

e vo
ltag

e o
f a V

an
 

d
e G

raaff g
en

erato
r 

can
 b

e in
creased

 b
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g

 
th

e rad
iu

s o
f th

e sp
h

ere o
r b

y 
p

lacin
g

 th
e en
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 a 
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n
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 h

ig
h

-
p
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re g

as.
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C

h
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w
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o
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tim
e to

 u
se th

e V
an

 d
e 

G
raaff g

en
erato

r to
 sh

o
w

 
th

e rep
u

lsio
n

 o
f like ch

arg
es. 

C
ran

k u
p

 th
e g

en
erato

r w
ith

 
a d

o
zen

 10-in
. alu

m
in

u
m

 p
ie 

p
an

s restin
g

 o
n

 to
p

 o
f th

e 
sp

h
ere. Th

e w
eig

h
t o

f th
e 

p
an

s ab
o

ve each
 p

an
 is g

reater 
th

an
 th

e fo
rce o

f rep
u

lsio
n

 
b

etw
een

 th
e p

an
s an

d
 so

 th
ey 

rem
ain

 o
n

 th
e sp

h
ere—

all 
excep

t th
e p

an
 o

n
 to

p
, w

h
ich

 
h

as n
o

 p
an

s o
n

 to
p

 o
f it. Th

e 
to

p
 p

an
 “flo

ats” o
ff an

d
 th

e 
seco

n
d

 p
an

 b
eco

m
es th

e to
p

 
p

an
. It to

o
 flo

ats o
ff. Th

is 
co

n
tin

u
es u

n
til all th

e p
an

s 
h

ave flo
ated

 o
ff o

n
e b

y o
n

e.

               

D
e
m

o
n
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n
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e
m

o
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33.2 W
hen the charge on the plates is reversed, the 

electric field w
ill be in the opposite direction, 

so the electron beam
 w

ill be deflected upw
ard. 

If the field is m
ade to oscillate, the beam

 w
ill 

be sw
ept up and dow

n. W
ith a second set of 

plates and further refinem
ents it could sw

eep 
a picture onto the screen! (T

hink television!)

33.3 N
o. G

ravity can be canceled inside a planet 
or betw

een planets, but it cannot be shielded 
by a planet or by any arrangem

ent of m
asses. 

D
uring a lunar eclipse, for exam

ple, w
hen 

Earth is directly betw
een the sun and the 

m
oon, there is no shielding of the sun’s field 

to affect the m
oon’s orbit. Even a very slight 

shielding w
ould accum

ulate over a period of 
years and show

 itself in the tim
ing of subse-

quent eclipses. Shielding requires a com
bina-

tion of repelling and attracting forces, and 
gravity only attracts.

33.5 Tw
ice as m

uch charge w
ould cause the object 

to have tw
ice as m

uch electrical potential 
energy, because it w

ould have taken tw
ice as 

m
uch w

ork to bring the object to that loca-
tion. B

ut the electric potential w
ould be the 

sam
e, because the electric potential is total 

electrical potential energy divided by total 
charge. In this case, tw

ice the energy divided 
by tw

ice the charge gives the sam
e value as the 

original energy divided by the original charge. 

th
in

k
!

A
n
sw

e
rs

Co
n
ce

p
t Su

m
m

a
ry 

•
•

•
•
•

•

•
 

T
he m

agnitude (strength) of an electric 
field can be m

easured by its effect on 
charges located in the field. T

he direc-
tion of an electric field at any point is the 
direction of the electrical force on a sm

all 
positive test charge.

•
 

You can use electric field lines (also called 
lines of force) to represent an electric 
field. W

here the lines are farther apart, 
the field is w

eaker.

•
 

If the charge on a conductor is not m
ov-

ing, the electric field inside the conductor 
is exactly zero.

•
 

T
he electrical potential energy of a 

charged particle is increased w
hen w

ork 
is done to push it against the electric field 
of som

ething else that is charged.

•
 

Electric potential is not the sam
e as elec-

trical potential energy. Electric potential 
is electrical potential energy per charge.

•
 

T
he energy stored in a capacitor com

es 
from

 the w
ork done to charge it.

•
 

T
he voltage of a V

an de G
raaff generator 

can be increased by increasing the radius 
of the sphere or by placing the system

 in 
a container filled w

ith high-pressure gas.

K
e
y Te

rm
s 

•
•

•
•

•
•

electric field (p. 665)

electrical potential 
energy (p. 670)

 electric 
potential (p. 670)

volt (p. 671)

voltage (p. 671)

capacitor (p. 672)
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A
SSESS

33Ch
e
ck

 Co
n
ce

p
ts 

•
•

•
•

•
•

Section 33.1
 1.  W

hat is m
eant by the expression action at 

a distance? 

 2.  H
ow

 does the concept of a field elim
inate 

the idea of action at a distance? 

 3. H
ow

 are a gravitational field and an electric 
field sim

ilar? 

Section 33.2
 4.  W

hy is an electric field considered a 
 vector quantity? 

 5.  a. W
hat are electric field lines?

 
 b.  H

ow
 do their directions com

pare w
ith 

the direction of the force that acts on a 
positive test charge in the sam

e region? 

 6.  H
ow

 is the strength of an electric field 
indicated w

ith field lines? 

b
 7.  D

escribe the electric field lines in the 
space betw

een a pair of parallel plates w
ith 

equal and opposite charges.

Section 33.3
 8.  W

hy are occupants safe inside a car 
struck by lightning?

 9.  a. C
an gravity be shielded?

 
 b. C

an electric fields be shielded?  

 10.  W
hat happens to the electric field inside 

a conductor w
hen free charges arrange 

them
selves on its surface? 

Section 33.4
 11.  W

hat is the relationship betw
een the 

am
ount of w

ork you do on an object and its 
potential energy? 

 12.  W
hat w

ill happen to the electrical 
potential energy of a charged particle in an 
electric field w

hen the particle is released 
and free to m

ove? 

Section 33.5
 13.  C

learly distinguish betw
een electrical

potentialenergy and electric
potential.

 14.  If you do m
ore w

ork to m
ove m

ore 
charge a certain distance against an electric 
field, and increase the electrical potential 
energy as a result, w

hy do you not also in-
crease the electric potential?

 15.  T
he SI unit for electrical potential 

energy is the joule. W
hat is the SI unit for 

electric potential? 

 16.  C
harge m

ust be present at a location in 
order for there to be electrical potential 
energy. M

ust charge also be present at a 
location for there to be electric potential? 

 17.  H
ow

 can electric potential be high w
hen 

electrical potential energy is relatively low
?
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e
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p
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1.  Interaction betw

een things 
that are physically apart

 
2.  There is actual contact 

betw
een a field and an

 
object.

 
3.  Both exert forces.

 
4.  It has m

agnitude and
 

direction.

 
5.  a.  Lines depicting an electric 

field
 

 
 

b. They are the sam
e.

 
6.  The closer the lines, the 

stronger the field

 
7.  Parallel, equally spaced lines

 
8.   The charges on the outside 

are m
utually repelled and the 

electric fields inside cancel to
 

zero.

 
9.   a.  N

o, it is only attractive in
 

nature. 
 

 
b.  Y

es, it consists of both
 

attractive and repulsive 
forces.

 10.  Field cancels to zero.
 11.  W

ork 5
 D

PE 1
 possible 

changes in other energy 
form

s

 12.  It transform
s to K

E.

 13.  Electrical potential is electrical 
potential energy per charge.

 14.  M
ore joules per m

ore 
coulom

bs equals sam
e electric 

potential.

 15.  volt 
 16.  N

o, electric potential 5
 PE 

per charge as if a test charge 
w

ere present.

 17.  Ratio can be high w
hen

 
charge is sm

all.
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33Section 33.6
 18.  H

ow
 does the am

ount of charge on the 
plate of a charged capacitor com

pare w
ith 

the am
ount of charge on the opposite plate? 

Section 33.7
 19.  H

ow
 does the am

ount of charge on the 
inside surface of the sphere of a charged 
V

an de G
raaff generator com

pare w
ith the 

am
ount on the outside? 

 20.  H
ow

 m
uch voltage can be built up on 

a V
an de G

raaff generator of 1 m
 radius 

before electric discharge occurs through 
the air? 

Th
in

k
 a

n
d
 R

a
n
k
 
•

•
•
•

•
•

R
ank each of the follow

ing sets of scenarios in 
order of the quantity of property involved. List 
them

 from
 left and right. If scenarios have equal 

rankings, separate them
 w

ith an equal sign. 
(e.g., A

 =
 B

)

 21.  T
he diagram

s A
, B

, and C
 represent 

pairs of charges in three different arrange-
m

ents. T
he distance from

 point P to the 
nearest charge is the sam

e in each arrange-
m

ent. R
ank the arrangem

ents A
, B

, and C
 

from
 strongest to w

eakest electric field at 
point P.

A
B

C

P
P

P

 22.  R
ank from

 greatest to least the force 
on the follow

ing particles in the follow
ing 

electric fields. 

 
 

(A
) 6q in field E

 
 

(B
)

4q
in field

2E

 
 

(C
) q in field

3E

 23.  T
hree charged particles are in an electric 

field
E. R

ank their accelerations from
 great-

est to least:

 
 

(A
)

charge q, m
ass m

 
 

(B
)

charge
3q, m

ass
2m

 
 

(C
)

charge
2q, m

ass m

 24.  A
 charged ball is suspended by a string 

in a uniform
 electric field pointing to the 

right. T
he string m

akes an angle ! w
ith the 

vertical, as tw
o forces act on the ball—

one 
gravitational and the other electric. 

O

C
onsider the follow

ing three scenarios for 
the ball’s m

ass and charge. 

 
 

(A
)

m
ass =

 3 g;charge =
 2 nC

 
 

(B
)

m
ass =

 6 g;charge =
 8 nC

 
 

(C
)

m
ass =

 9 g;charge =
 4 nC

 R
ank, from

 greatest to least, the angle the 
string m

akes w
ith the vertical.
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 18.   equal
 19.   N

one on the inside; all 
charges repel to the outside.

 20.   A
bout 3 m

illion volts

 Th
in

k
 a

n
d
 R

a
n
k

 21. C, B, A
 22. B, A

, C

 23.  C, B, A
 

 24. B, A
, C
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 25.  Show
n below

 are three hollow
 copper 

spheres. Sphere A
 has a radius R

, Sphere 
B

 has a radius of 2R
, and Sphere C

 has a 
radius 3R

. O
n each sphere is a charge, as 

indicated, w
hich is evenly distributed over 

the spheres surface. (Each sphere is inde-
pendent of the others; they don’t influence 
one another.)

 
 a.  R

ank from
 greatest to least the m

agnitude 
of the electric fields at a distance 4R

 from
 

the center of the spheres.
 

 b.  R
ank the field strengths at the center of 

the spheres.
 

 c.  R
ank the potentials at distance 4R

 (as-
sum

ing the potential at infinity is zero).
 

 d.  Suppose the charge is redistributed 
so that all three spheres have identical 
charges. R

ank the fields at distance 4R
from

 greatest to least.

Th
in

k
 a

n
d
 Ex

p
la

in
 
•
•

•
•

•
•

 26.  H
ow

 is an electric field different from
 a 

gravitational field?

 27.  T
he vectors for the gravitational field of 

Earth point tow
ard Earth; the vectors for the 

electric field of a proton point aw
ay from

 
the proton. Explain.

 28.  Im
agine an electron and a proton held 

m
idw

ay betw
een the plates of a charged par-

allel plate capacitor. If they are released, how
 

do their accelerations and directions of travel 
com

pare? (Ignore their attraction to each 
other.) W

hich reaches a capacitor plate first? 

 29.  Suppose that the strength of the electric 
field about an isolated point charge has a cer-
tain value at a distance of 1 m

. H
ow

 w
ill the 

electric field strength com
pare at a distance 

of 2 m
 from

 the point charge? W
hat law

 
guides your answ

er?

 30.  W
hen a conductor is charged, the charge 

m
oves to the outer surface of the conductor. 

W
hat property of charge accounts for this 

spreading?

 31.  Suppose that a m
etal file cabinet is 

charged. H
ow

 w
ill the charge concentration 

at the corners of the cabinet com
pare w

ith 
the charge concentration on the flat parts of 
the cabinet? D

efend your answ
er.

 32.  D
oes an object w

ith tw
ice the electric 

potential of another have tw
ice the electrical 

potential energy? Explain.

 33.  You are not harm
ed by contact w

ith a 
charged balloon, even though its voltage 
is very high. Is the reason for this sim

ilar 
to w

hy you are not harm
ed by the greater-

than-1000°C
 sparks from

 a Fourth of July-
type sparkler (like the one show

n on 
page 404)?

 34.  W
hy does your hair stand out w

hen you 
are charged by a device such as a V

an de 
G

raaff generator?

A
B

C
+2q

+3q
+q

0664_C
P

09_S
E

_C
H

33.indd
678

11/28/07
2:30:56

P
M

0664_C
P

09_S
E

_C
H

33.indd
679

6
7

8

 25.  a. C, A
, B

  
 

 
b. A

 5
 B 5

 C 5
 0 

 
 

c. C, A
, B

  
 

 
d. A

 5
 B 5

 C

Th
in

k
 a

n
d
 Ex

p
la

in
 26.   A

n electric field interacts w
ith

 
charge (instead of m

ass). It 
can exert repulsive forces as 
w

ell as attractive forces, and
 

can therefore be shielded.

 27.  By convention, direction is 
that of the force on a positive 
test charge.

 28.   The acceleration of the 
electron w

ould be greater 
(sam

e F, sm
aller m

), and the 
directions of acceleration

 
w

ould be opposite (because 
directions of forces are 
opposite); electron first.

 29.   1/4 as m
uch; inverse-square 

law

 30.   M
utual repulsion

 31.   G
reater at the corners; see 

Figure 33.8.

 32.   O
nly if it has the sam

e charge; 
V

 5
 PE/q, so PE 5

 V
q

 33.   Y
es, both are am

ounts of 
energy per som

e quantity. 
W

ith the balloon, it’s energy/
charge; w

ith the sparkler, 
it’s energy/m

olecule. The 
ratios m

ay be high, but if the 
quantity in the denom

inator 
is sm

all, the am
ount of energy 

is sm
all.

 34.   Strands of hair are charged
 

w
ith the sam

e sign of charge 
and are m

utually repelled. 
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 35.  If you put in 10 joules of w
ork to push 

1 coulom
b of charge against an electric field, 

w
hat w

ill be its voltage w
ith respect to its 

starting position? W
hen released, w

hat w
ill 

be its kinetic energy if it flies past its starting 
position?

 36.  A
t a particular point near a second 

charge, a 50-m
C

 charge experiences a force 
of 2.0 N

. W
hat is the electric field strength at 

that point? (1 m
C

 =
 10

–6 coulom
b.)

 37.  W
hen placed near another charge, a 

20-m
C

 charge experiences an attractive 
force of 0.080 N

. Show
 that the electric field 

strength at the location of the 20-m
C

 charge 
is 4000 N

/C
.

 38.  A
 12-m

C
 charge is located in a 350-N

/C
 

electric field. Show
 that the charge experi-

ences a force of 0.0042 N
.

 39. a.  If you do 12 J of w
ork to push 0.001 C

 
of charge from

 point A
 to point B

 in an 
electric field, w

hat is the voltage difference 
betw

een points A
 and B

?
 

 b.  W
hen the charge is released, w

hat w
ill be 

its kinetic energy as it flies back past its 
starting point A

? W
hat principle guides 

your answ
er?

 40.  W
hat is the voltage at the location of a 

0.0001-C
 charge that has an electrical poten-

tial energy of 0.5 J? B
oth voltage and poten-

tial energy are m
easured relative to the sam

e 
reference point.

 41. a.  Suppose that you start w
ith a charge of 

0.002 C
 in an electric field and find that 

it takes 24 J of w
ork to m

ove the charge 
from

 point A
 to point B

. W
hat is the volt-

age difference betw
een points A

 and B
?

 
 b.  If the charge is released, w

hat is its kinetic 
energy as it flies back past point A

?

 42. Point A
 is at +

10 V, point B
 is at +

7 V, and 
point C

 is at 0 V. Show
 that it takes 

 
 a.   6 J of w

ork to m
ove 2 C

 of charge from
 

point B
 to point A

.
 

 b.  14 J of w
ork to m

ove 2 C
 of charge from

 
point C

 to point B
.

 
 c.   20 J of w

ork to m
ove 2 C

 of charge from
 

point C
 to point A

.

 43.  In a hydrogen atom
, the proton and the 

electron (q
=

 1.6 ×
 10

–19C
) are separated by 

an average distance of 5 ×
 10

–11 m
.

 
 a.   C

alculate the force that the proton exerts 
on the electron at this distance.

 
 b.   Show

 that the electric field strength at 
the average location of the electron is an 
enorm

ous 6 ×
 10

11 N
/C

.

 44. T
he potential difference betw

een a storm
 

cloud and the ground is 5.0 ×
 10

7 volts. 
D

uring a lightning flash, 3.0 coulom
bs of 

charge are transferred to the ground.
 

 a.   H
ow

 m
uch energy is transferred to the 

ground in this lightning flash? 
 

 b.   If this m
uch energy w

ere used to acceler-
ate a 3500-kg truck from

 rest, how
 fast 

w
ould the truck end up going?
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 35. 10 V
; 10 J

 36. E 5
 F/q 5

 (2.0 N
)/

(50 3
 10

–6 C) 5
 40,000 N

/C

 37. E 5
 F/q 5

 (0.080 N
)/

(20 3
 10

–6 C) 5
 4000 N

/C

 38.  From
 E 5

 F/q, F 5
 qE 5

 
(12 3

 10
–6 C)(350 N

/C) 5
 

0.0042 N

 39.   a.  D
V

 5
 W

/q 5
 (12 J)/

(0.001 C) 5
 12,000 V

 
 

b. 12 J; conservation of energy
 40.  (0.5 J)/(0.0001 C) 5

 5000 V

 41.   a.  D
V

 5
 W

/q 5
 (24 J)/

(0.002 C) 5
 12,000 V

 
 

b.  24 J (sam
e as the w

ork 
done on it)

 42.  a.  From
 V

 5
 W

/q, W
 5

 qV
 5

 
(2 C)(10 V

 2
 7 V

) 5
 6 J 

 
 

b.  W
 5

 qV
 5

 (2 C)(7 V
 – 0 V

) 5
 

14 J 
 

 
c.  W

 5
 qV

 5
 

(2 C)(10 V
 2

 0 V
) 5

 20 J
 43.  a. F 5

 kq
1 q

2 /d
2 5

 (9.0 3
 

 
 

 
 10

9 N
?m

2/C
2) 3

 (1.6 3
 

10
2

19 C) 3
 (1.6 3

 10
2

19 C)/
 

 
 

(5 3
 10

2
11 m

) 2 5
 9 3

 10
2

8 N
 

 
b.  E 5

 F/q 5
 

 
 

 
(9 3

 10
2

8 N
)/(1.6 3

 10
2

19 C) 
 

 
 

5
 6 3

 10
11 N

/C
 

 44.   a.  From
 V

 5
 W

/q, W
 5

 qV
 5

 
(3.0 C)(5 3

 10
7 V

) 5
 

1.5 3
 10

8 J 
 

 
b. From

 W
 5

 1/2m
v

2, 
 

 
 

v 5
 √

2W
/m

 5
 

 
 

 
√

2(1.5 3
 10

8 J) / (3500 kg) 5
 

 
290 m

/s

T
e

a
c

h
in

g
 R

e
s

o
u

r
c

e
s
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