Lightning: The potential
difference (voltage) between
clouds and the Earth can become
s0 high that electrons are pulled
off atoms of the air by the large
electric field. The air becomes a
conductor as the ionized atoms
and freed electrons flow rapidly,
colliding with more atoms, and
causing more ionization. The
massive flow of charge reduces
the potential difference and the
“discharge” quickly ceases. The
light represents energy released
when the ions and electrons
recombine to form atoms
(Chapter 27).

C H A P T E R

ELECTRIC POTENTIAL AND
ELECTRIC ENERGY; CAPACITANC

‘ ” re saw in Chapter 6 that the concept of energy was ¢l

valuable in dealing with mechanical problems. For one tlj

ergy is a conserved quantity and is thus an important

nature. Furthermore, we saw that many problems could be solvgl

the energy concept even though a detailed knowledge of the {uj

volved was not possible, or when a calculation involving Newloj
would have been too difficult.

The energy point of view can be used in electricity, and it is ¢
useful. It not only extends the law of conservation of energy, but il
another way to view electrical phenomena; and it is a tool in solvii
lems more easily, in many cases, than by using forces and electric |

i& 8 Electric Potential and Potential Differ

To apply conservation of energy, we need to define electric potentinl
as for other types of potential energy (Chapter 6). That is, we dclj
change in electric potential energy, PE, — PE,, when a charge g movg




point b to a second point a, as the negative of the work done by the
¢ force to move the charge from b to a. For example, consider the
¢ field between two equally but oppositely charged parallel plates
) scparation is small compared to their width and height, so the field
¢ uniform over most of the region, Fig. 17-1. Now consider a small
y¢ point charge g placed at point b very near the positive plate as
)\, If the charge is released, the electric force will do work on the charge
celerate it toward the negative plate. In the process, the charged par-
Wwill have its kinetic energy increased. The potential energy will be de-
iU by an equal amount, equal to the negative of the work done by the
l¢ force. In accord with the conservation of energy, electric potential
is transformed into kinetic energy, and the total energy is conserved.
that the positive charge g has its greatest potential energy at point b,
{he positive plate,| so (PE, — PE,) > 0. The reverse is true for a nega-
lrge: its potential energy is greatest near the negative plate.

Wo defined the electric field (Chapter 16) as the force per unit charge.
itly, it is useful to define the electric potential (or simply the poten-
fien “electric” is understood) as the potential energy per unit charge.
fic potential is given the symbol V. If a point charge g has electric po-
| cnergy PE, at some point a, the electric potential V, at this point is

discussed in Chapter 6 (Section 6-4), only differences in potential
uare physically measurable. Hence only the difference in potential, or
Jotential difference, between two points a and b (such as between a
b In Fig. 17-1) is measurable. Since the difference in potential energy,

P, is equal to the work, W,,, done by the electric force to move the
¢ [rom point b to point a, we have that the potential difference V,, is

_ Wba

Vo=V, =V,
C ¥

' he unit of electric pot}ential, and of potential difference, is joules/

b and is given a special name, the volt, in honor of Alessandro Volta

extrell 1827, he is best known for having invented the electric battery, as dis-
: thing | In Chapter 18). The volt is abbreviated V, so 1V = 1J/C. Note from
L aspel linition that the positive plate in Fig. 17-1 is at a higher potential than
lved | sputive plate. Thus a positively charged object moves naturally from a
forcdl lnlential to a low potential. A negative charge does the reverse. Potential
rton's plice, since it is measured in volts, is often referred to as voltage.
we wish to speak of the potential, V,, at some point a, we must be
> espy {hat V, depends on where the potential is chosen to be zero. The zero
it give for electric potential in a given situation, just as for potential energy,
Iving chosen arbitrarily since only differences in potential energy can be
ic field ilied. Often the ground, or a conductor connected directly to the
, is taken as zero potential, and other potentials are given with respect
ferc iind. (Thus, a point where the voltage is S0V is one where the differ-
)l potential between it and ground is 50 V.) In other cases, as we shall
atial ci may choose the potential to be zero at infinity (see Section 17-5).
s defing

movcey puint it has its greatest ability to do work (on some other object or system).

|

High—

PE A PE

u.}--»;_{ —t—Low
a

I
1

f————eee—] -

f;

F.

FIGURE 17-1 Work is done by
the electric field in moving the positive
charge from position b to position a.

Potential
difference

Thevolt 1V = 1J/C)

Voltage =
potential difference

V = 0 chosen
arbitrarily
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Electric potential
and potential energy

-

Potential likened
to height of a cliff

|
'.
|
8 TABLE 17-1
|
|

i Some Typical Voltages
Voltage
Source (approx.)

l Thundercloud to ground ~ 10°V
High-voltage power line ~ 10°V
Power supply for TV tube  10*V

Automobile ignition 10°V
Household outlet 10’V
Automobile battery 12V
Flashlight battery 15V
Resting potential across

nerve membrane 1071V

( Potential changes on skin
(EKG and EEG) 1074V

FIGURE 17-2 (a) Two rocks
are at the same height. The larger

I s ——

have the same electric potential.
The 2Q charge has more PE.

rock has more PE. (b) Two charges ‘\
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Since the electric potential is defined as the potential encty
charge, then the change in potential energy of a charge g whei i}
tween two points g and b is

APE = PE, — PE, = gV,,.

That is, if an object with charge g moves through a potential
V,0» its potential energy changes by an amount gVj,. For exi
potential difference between the two plates in Fig. 17-1is 6 V. il
charge moved (say by an external force) from a to h
(1C)(6 V) = 67 of electric potential energy. (And it will lose 6 )
PE if it moves from b to a.) Similarly, a 2-C charge will gain 12, il
Thus, electric potential difference is a measure of how much (|
electric charge can acquire in a given situation. And, since cief
ability to do work, the electric potential difference is also a 1l
how much work a given charge can do. The exact amount depends
the potential difference and on the charge.

To better understand electric potential, let’s make a compat|
gravitational case when a rock falls from the top of a cliff. The Iy
height, A, of a cliff, the more potential energy (= mgh) the rock ]
top of the cliff, relative to the bottom, and the more Kinetic cnej
have when it reaches the bottom. The actual amount of kinetic ¢n¢
acquire, and the amount of work it can do, depends both on the
the cliff and the mass m of the rock. A large rock and a small rock
the same height & (Fig. 17-2a) and thus have the same “gravitatiuil
tial,” but the larger rock has the greater potential energy. Similul
electrical case (Fig. 17-2b): the potential energy change, or the '
can be done, depends both on the potential difference (correspondl
height of the cliff) and on the charge (corresponding to mass), Eq. B

Practical sources of electrical energy such as batteries and clo(
erators are meant to maintain a particular potential difference. T}
amount of energy used or transformed depends on how much chaj
For example, consider an automobile headlight connected to a 128
tery. The amount of energy transformed (into light, and of cours¢ §
energy) is proportional to how much charge flows, which in tur
on how long the light is on. If over a given period 5.0 C of chuij
through the light, the total energy transformed is (5.0 C)(12.0 V)
the headlight is left on twice as long, 10.0 C of charge will flow

energy transformed is (10.0 C)(12.0 V) = 120J.
Table 17-1 presents some typical voltages.

- & 1




ergy pel I HSMVESN Electron in TV tube. Suppose an electron in the picture
‘Il MOVE of a television set is accelerated from rest through a potential difference
+5000 V (Fig. 17-3). (a) What is the change in potential energy of the
lfon? (b) What is the speed of the electron (m = 9.1 x 10" kg) as a re-
i this acceleration? (c) Repeat for a proton (m = 1.67 X 10~% kg) that
vrates through a potential difference of V,, = —5000V.

JUTION (a) The charge on an electronis e = — 1.6 X 107 C.There-

(al diflef
ample, |l
V, then (i

b wil s change in potential energy (Eq. 17-1) is equal to
6] of cl APE = gV,, = (—1.6 X 107" C)(+5000 V)
Y], and o

ch encip = —80 X 107167,

# minus sign in the result indicates that the pE decreases. (The poten-
tfference, V,,, has a positive sign since the final potential is higher
| the initial potential; that is, negative electrons are attracted from a
Wlive electrode to a positive one.)

yends bol

sarison i A .

1€ ore: ‘I'he potential energy lost by the electron becomes kinetic energy.
greale ] . —}

»ck has i W conservation of energy (see Eq. 6-11), AKE + ApE = 0, so

energy |l AKE = — APE

energy |

the heigl jmv’ = 0= —qV,

y¢ the initial KE = 0 since we assume the electron started from rest.
solve for v and put in the mass of the electron m = 9.1 X 107 kg:

2qV,
1,:\/?@
m

B \/_' 2(—1.6 X 10712 C)(5000 V)
9.1 X 1073 kg

milarly, i)}
the work
sonding {1
Iy Eq. 17 ‘
d electri¢
ce. The
1 charge (i
ra 12.0-V §

= 4.2 X 10" m/s.

'()t‘:,ﬁe (;::L; hle: For such a high speed, which is 7 the speed of light, we should use
£ chargcll‘ }lllcory of relativity, Chapter 26..)

0Vv) = G The p}'otop has the same magnitude of ch:.:lrge as the electron, though
| flow and upposite sign. Hence for the same magnitude of V,, we expect the

jlv change in PE, but a lesser speed since the proton’s mass is greater. Thus:

APE = gV}, = (+1.6 X 107 C)(~5000 V) = —8.0 X 10716 J,

[ 29V,
v=+]_-9"ba
m

- |- HEX 0P OC 0]
(1.67 X 10" kg)

= 9.8 X 10° m/s.

)¢ that the energy doesn’t depend on the mass, only on the charge and
lipc. The speed does depend on m.

High
voltage

FIGURE 17-3 Electron

accelerated in TV picture tube.

Example 17-1.
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FIGURE 17-4 Example 17-2.

i

V related to uniform E

|'_ Vba_’{
(]

[Optional paragraph:
More general relation
between E and V']

IS vA Relation Between
Electric Potential and Electric Field

The effects of any charge distribution can be described either in |
electric field or in terms of electric potential. Electric potential
easier to use since it is a scalar, whereas electric field is a vector. "
an intimate connection between the potential and the field. Let u
ine this relation for the case of a uniform electric field, such as {
tween the parallel plates of Fig. 17-1 whose difference of potentiul
We won’t worry about signs. The work done by the electric field 1
a positive charge g from b to a is

W =qV,.

We can also write the work done as the force times distance and

that the force on q is F = gE, where E is the uniform electric (|
tween the plates. Thus

W = Fd = qEd

where d is the distance (parallel to the field lines) between points ¢
We now set these two expressions for W equal and find gV}, = ¢/

V,. = Ed. [E uniform] (
If we solve for E, we find that
E=YV,/d. [E uniform] (¥

From this equation we can see that the units for electric field can )
ten as volts per meter (V/m) as well as newtons per coulomb (N/C')/
are equivalent in general, since 1N/C = I1N-m/C:m = 1J/C-m

DEGNLZURYEYY Electric field obtained from voltage. Two parallgl
are charged to a voltage of 50 V. If the separation between the pl
0.050 m, calculate the electric field between them (Fig. 17-4).

SOLUTION We have from Eq. 17-2,

= 1000 V/m.

[In a region where E is not uniform, the connection between /.
takes on a different form than Eq. 17-2. In general, it is possiblc (¢
that the electric field in a given direction at any point in space is «(|
the rate at which the electric potential changes over distance in thal
tion. Actually, if we take into account direction, this gives the negul|
the electric field. For example, the x component of the electric
given by E, = —AV/Ax, where AV is the change in potential ov
very short distance Ax. Note that this relation resembles Eq. 17-2b ¢
that the distance Ax must be very small—so small that E does not ¢
appreciably over this distance. Similar relations apply for the y and
ponents of E. Another way of stating the relation is this: if we plot |
graph versus x, the slope of the graph at any point equals the magnil
the x component of the electric field at that point. And we must i}
minus sign if we want the direction to come out right.]
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Equipotential Lines

ctric potential can be represented diagrammatically by drawing

1 tell ontial lines or, in three dimensions, equipotential surfaces. An
) i {ential surface is one on which all points are at the same potential.
. Th , Ihe potential difference between any two points on the surface is

- usil il no work is required to move a charge from one point to the
s Ui 1 equipotential surface must be perpendicular to the electric field at
itial 1A jnt. If this were not so—that is, if there were a component of E par-
dtodl the surface—it would require work to move the charge along the
ngainst this component of E; and this would contradict the idea
{8 an equipotential surface.
0 lact that the electric field lines and equipotential surfaces are mu-
and ¥ jerpendicular helps us locate the equipotentials when the electric
¢ field fics are known. In a normal two-dimensional drawing, we show
{untial lines, which are the intersections of equipotential surfaces with
fc of the drawing. In Fig. 17-5, a few of the equipotential lines are
(dashed green lines) for the electric field (red lines) between two
its a il | plates at a potential difference of 20 V. The negative plate is arbitrari-
qEd N to be zero volts and the potential of each equipotential line is indi-
Note that E points toward lower values of V. The equipotential lines for
i of two equal but oppositely charged particles are shown in Fig. 17-6
i dashed lines. Equipotential lines and surfaces, unlike field lines, are
1 a1 continuous and never end, and so continue beyond the borders

RE 17-5 Equipotential
n= {he green dashed lines)

Il two charged parallel

flole that they are

lthcular to the electric field
{ud lines).

B

Equipotentials | E

S

o~

by

8

=

=
——— i | s e e e e e
—_— | e St

SECTION 17-3

Equipotential Lines

FIGURE 17-6 Equipotential lines (green, dashed) are
always perpendicular to the electric field lines (solid red)
shown here for two equal but oppositely charged particles.
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FIGURE 17-7 A
topographic map (here, a
portion of the Sierra Nevada
in California) shows continuous )
contour lines, each of which is

at a fixed height above sea level.
Here they are at 80 ft (25 m)
intervals. If you walk along one
contour line, you neither climb
nor descend. If you cross lines,
and especially (maximally), if you
climb perpendicular to the lines,
you will be changing your

i i i 1 s - L~ = \ “ _’ . \ ™ ~
.grav1ta'tlonal potential (rapidly, NTRAD .U’\k i \\" M
if the lines are close together). -SNPPVANNN N WA e

s

J

0=
%

\—7080
3 X ob'

of Figs. 17-5 and 17-6. A useful analogy is a topographic map: the §
lines are essentially gravitational equipotential lines (Fig. 17-7).

l We saw in Section 16—9 that there can be no electric field &
conductor in the static case, for otherwise the free electrons woul

force and would move. Indeed a conductor must be entirely at the

Conductors are  tential in the static case, and the surface of a conductor is then un
equipotential surfaces  tential surface. (If it weren’t, the free electrons at the surface woulil
since whenever there is a potential difference between two poin

can be done on charged particles to move them.) This is fully coil

with our result, discussed earlier, that the electric field at the surli

conductor must be perpendicular to the surface.

The Electron Volt, a Unit of Energy

‘ The joule is a very large unit for dealing with energies of electrony,
P | or molecules, whether in atomic and nuclear physics or in chemils
' molecular biology (see Example 17-1). For this purpose, the electy
(eV) is used. One electron volt is defined as the energy acquired hy
ticle carrying a charge equal to that on the electron (g = e) as u I
moving through a potential difference of 1 V. Since the charge on i
tron has magnitude 1.6 X 107 C, and since the change in potentiul
equals gV, 1 eV is equal to (1.6 X 107°C)-(1.0V) = 1.6 X 1077J;

Electron volt 1eV =1.6Xx10777J.

An electron that accelerates through a potential difference of 1000}
lose 1000 eV of potential energy and will thus gain 1000 eV or 1 ke
electron volt) of kinetic energy. On the other hand, if a particle has i
equal to twice the charge on the electron (= 2e = 3.2 X 107 C), when |l
through a potential difference of 1000V its energy will change by 2({M
Although the electron volt is handy for stating the energies of
cules and elementary particles, it is not a proper SI unit. For calculf
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i volts should be converted to joules using the conversion factor
ven. In Example 17-1, for example, the electron acquired a kinetic
y of 8.0 X 107*J. We normally would quote this energy as 5000 eV
) X 1076J/1.6 X 107**J/eV). But in determining the speed in SI
We have to use the KE in joules (J).

5 Electric Potential Due to Point Charges

luctric potential at a distance r from a single point charge Q can be
(| [rom the expression for its electric field (Eq. 16—4) using calculus.
otcntial in this case is usually taken to be zero at infinity (); this is
hicre the electric field (E = kQ/r?) is zero. The result is

V= k%
[single point charge] (17-3)
_ 1 e
e, r

the coi iin think of V here as representing the absolute potential, where

) nl r = o, or we can think of V as the potential difference between r
Jilinity. Notice that the potential V decreases with the first power of
ftunce, whereas the electric field (Eq. 16-4) decreases as the square

1d willy
ould ¢

e sanmi distance. The potential near a positive charge is large, and it de-
an ¢\ Ui toward zero at very large distances. For a negative charge, the po-
rould nj | I+ negative and increases toward zero at large distances (Fig. 17-8).
oints,

y consisl

\MPLE 17-3 Work to force two + charges close together. What mini-
surface

fl work is required by an external force to bring a charge ¢ = 3.00 uC

)l n great distance away (take r = «) to a point 0.500 m from a charge
0.0 uC?

JUTION The work required is equal to the change in potential energy:
b}
kQ _ Q)

ry r,

34

rons, (i(
hemisly

W=qu,,=q(

j¢ r, = 0.500m and r, = . The second term in parentheses is zero

Jectron §
=d by 0) so = 5
sull .00 X N. 00 X 10
501'::“ W = (3.00 x 10-¢ ¢) Q00 X 10" N-m/C)2.00 X 1077C) _ ) oy

(0.500 m)

.Illgnﬁl y ¢ that we could not calculate the work done by multiplying force
i M distance because the force is not constant.]
1000 V ) (lctermine the electric field surrounding a collection of two or more
1keV (W (harges requires adding up the electric fields due to each charge. Since
has a chil etric field is a vector, this can often be a chore. To find the electric po-
hen it ni | due to a collection of point charges is far easier, since the electric
ry 2000 ¢ il is a scalar, and hence you only need to add numbers together with-
ies of n ficern for direction. This is a major advantage in using electric poten-

calculat| ¢ do have to include the signs of charges, however.

Electric potential
of point charge
(V=0atr = o)

Vv
V=k-g— when Q>0
0 r
(a)
\'4
0 r
V=k-g— when Q <0

(b)

FIGURE 17-8 Potential V as
a function of distance r from a
single point charge Q when the
charge is (a) positive, (b) negative.

Potentials add as scalars
(Fields add as vectors)
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FIGURE 17-9 Example 17-4. (Q, =450 uC Q1=-50ucC
(See also Example 16-8, Fig. 16-25
in the previous chapter.)

m Potential above two charges. Calculate (h¢

potential at points A and B in Fig. 17-9 due to the two charge
(This is the same situation as Example 16-8, Fig. 16-25, wher¢
lated the electric field at these points.)
SOLUTION The potential at point A is the sum of the poteill
to the + and — charges, and we use Eq. 17-3 for each:
Va=VaptVy
i _(0x 10° N-m?/C?)(5.0 X 1073 C)
030 m
+ (9.0 X 10° N-m?/C?(—5.0 X 107° C)
0.60 m
, =1.50 X 10°V — 0.75 x 106V
. =175X%x10°V.
: ‘ At point B:
! | V= Vg + Vyy
_ (90 x 10° N-m?/C?)(5.0 X 1075 C)
- 0.40 m
+ (9.0 X 10° N-m?/C?)(—5.0 X 107°C)
0.40 m

=0V.
It should be clear that the potential will be zero everywhere on (h¢
equidistant between the two charges. Thus this plane is an equip()
surface with V = 0.

A simple summation like these can easily be performed for an '
ber of point charges.
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EPTUAL EXAMPLE 17-5 | Potential energies. Consider the three ® G
f charges in Fig. 17-10. (a) Which set has a positive potential energy? @)
lich set has the most negative potential energy? (c) Which set requires -

(ii)
(ONSE We can combine Eqgs. 17-1 and 17-3, calling the two charges : :
(Qy ® @
_ 20 (i)
r FIGURE 17-10 Example 17-5.

PE

ot (iii) has a positive potential energy because the charges have the
sign. (b) Set (i) has the most negative potential energy because the
¢4 are of opposite sign and their separation is less than that for set (ii).
I, r is smaller for (i). (c) Set (i) will require the most work for separation
hity. The more negative the potential energy, the more work required to
iite the charges and bring the PE up to zero (r = «).

FIGURE 17-11 Electric dipole.

he ¢l Electric Dipoles Calculation of potential V at point P.
ges #l P
> we g

(jual point charges Q, of opposite sign, separated by a distance [, are
in electric dipole. The two charges we saw in Fig, 17-9 constitute an
¢ dipole. The electric field lines and equipotential surfaces for a di-
cre shown in Fig. 17-6. Because electric dipoles occur often in
4, as well as in other fields such as molecular biology, it is useful to
lie them more closely.

ot us calculate the electric potential at an arbitrary point P due to a
, 15 shown in Fig. 17-11. Since V is the sum of the potentials due to
Wl the two charges, we have

_kQ k(-9 _ 1 1 _ Ar ,
V= r +r+Ar_kQ(r r+Ar)— Qr(r+Ar)

) 1 is the distance from P to the positive charge and r + Ar is the dis-
{o the negative charge. This equation becomes simpler if we consid-
Ints P whose distance from the dipole is much larger than the
fition of the two charges—that is, for r >> I. From the diagram we
%0v that in this case, Ar = I cos 6; and since r >> Ar = I cos 6, we can
¢t Ar in the denominator as compared to r. Therefore, we obtain

kQl cos 0
N

V= [dipole;r >=> 1] (17-4a) Potential far from a dipole
) ) is between 0° and 90°, V is positive. If 9 is between 90° and 180°, V is
Ive (since cos 6 is then negative). This makes sense since in the first case
loser to the positive charge and in the second case it is closer to the neg-
n the pl charge. At 6 = 90°, the potential is zero (cos 90° = 0), in agreement
Juipoteii Ihe result of Example 17—4 (point B). From Eq. 17-4a, we see that the
linl decreases as the square of the distance from the dipole, whereas for
l¢ point charge the potential decreases with the first power of the dis-
(Eq. 17-3). It is not surprising that the potential should fall off faster
dipole; for when you are far from a dipole, the two equal but opposite
% appear so close together as to tend to neutralize each other.
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Dipole momentp = Q!

TABLE 17-2
Dipole Moments
of Selected Molecules

Dipole Moment
Molecule (C'm)
H,MY0") 6.1 X 107
HMCI) 34 x 107%
NOH,® SIOPEIORR
SNO—HME ~30 x 107%
>CcH=0* ~80 % 107

*These groups often appear on larger
molecules; hence the value for the di-
pole moment will vary somewhat, de-
pending on the rest of the molecule.

The product Q! which occurs in Eq. 17-4a is referred to as (I}§
moment, p, of the dipole. Equation 17-4a can be written in tcn
dipole moment as

V= kp CSS 6. [dipole; r >=> ]

r
A dipole moment has units of coulomb-meters (C-m), although for nj
a smaller unit called a debye is sometimes used: 1 debye = 3.33 X |{}
In many molecules, even though they are electrically neutral, (i
trons spend more time in the vicinity of one atom than another, w
sults in a separation of charge. Such molecules have a dipole manj
are called polar molecules. We have already seen that water (Fig, |t
a polar molecule, and we have encountered others in our disc
molecular biology (Section 16-10). Table 17-2 gives the dipolc 1}
for several molecules. The + and — signs indicate on which atoj
charges lie. The last two entries are a part of many organic molcl
play an important role in molecular biology.

The C=0 group dipole. The distance betwecii
bon (+) and oxygen (—) atoms in the group C=0 is about 1.2 x |
Calculate (a) the net charge Q on the C (carbon) and O (oxygen) uli
(b) the potential 9.0 X 107'°m from the dipole along its axis, with th¢
being the nearer atom (that is, to the left in Fig. 17-11,s0 6 = 180°), (¢
would the potential be at this point if only the oxygen (O) were clii

SOLUTION (a) The dipole moment p = QI. Therefore g = (i}
from Table 17-2:

p 80x10*Cm

= — = 3 -20
C=1=12x100y ~O7TXIW0TC
(b) Since 6 = 180°, we have, using Eq. 17-4:
V= kp :;)s 0

(9.0 X 10° N-m?/C?)(8.0 X 10~® C-m)(—1.00)
(9.0 X 1071 m)?

—0.089 V.

(c) If we assume that the oxygen has charge Q = —6.7 X 107 ('
part (a) above] and that the carbon is not charged, we use the it
for a single charge, Eq. 17-3:

kQ _ (90X 10°N-m?/C)(~67 X 107°C) _

" (
s r 9.0 X107 °m

Of course, we expect the potential of a single charge to have greatcy |

tude than that of a dipole of equal charge at the same distance.

512 CHAPTER 17  Electric Potential and Electric Energy; Capacitance




a 2

Insulator
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Capacitance

citor, sometimes called a condenser, is a device that can store electric
, ind consists of two conducting objects (usually plates or sheets)
| near each other but not touching. Capacitors are widely used in elec-
¢lrcuits: they store charge for later use, as in a camera flash, and as en-
ickup in computers if the power fails; capacitors block surges of charge
\urgy to protect circuits; very tiny capacitors serve as memory for the
'ind “zeroes” of the binary code in the random access memory (RAM)
Iputers; and capacitors serve many other applications, some of which we
licuss. A typical capacitor consists of a pair of parallel plates of area A
licd by a small distance d (Fig. 17-12a). Often the two plates are rolled
lo form of a cylinder with paper or other insulator separating the plates
1-12b; Fig. 17-12c is a photo of some actual capacitors used for various
ations). In a diagram, a capacitor is represented by the symbol

¥

| n voltage is applied to a capacitor, say by connecting the capacitor
hittery as in Fig, 17-13, it quickly becomes charged. One plate ac-

A negative charge, and the other an equal amount of positive
0. For a given capacitor, the amount of charge Q acquired by each
I proportional to the potential difference V:

Q=CV. 17-5)

imstant of proportionality, C, in this relation is called the capacitance of
pucitor. The unit of capacitance is coulombs per volt, and this unit is
| n farad (F). Most capacitors have capacitance in the range 1 pF (pico-
~ 107F) to 1 uF (microfarad = 10~°F). The relation, Eq. 17-5, was
lipgested by Volta in the late eighteenth century.

e capacitance C is a constant for a given capacitor: it does not depend
or V. Its value depends only on the structure and dimensions of the ca-
i1 itself. For a parallel-plate capacitor whose plates have area A and are
jiled by a distance d of air (Fig. 17-12a), the capacitance is given by

[capacitor symbol]

A
C=g¢ i [parallel-plate capacitor] (17-6)

fclation makes sense intuitively: a larger area A means that for a

SECTION 17-7

FIGURE 17-12 Capacitors:
Diagrams of (a) parallel plate,
(b) cylindrically shaped (rolled
up parallel plate). (¢) Photo of
some real capacitors.
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Uses of capacitors

+Q -

FIGURE 17-13 Parallel-plate
capacitor connected to a battery.

Capacitance

Unitis farad (1F = 1 C/V)

Capacitance 513




| TABLE 17-3
Dielectric Constants (20°C)
Dielectric

Material Constant, K
Vacuum 1.0000
Air (1 atm) 1.0006
Paraffin 22

| Rubber, hard 2.8
Vinyl (plastic) 2.8-4.5
Paper 3-7
Quartz 4.3
Glass 4-7
Porcelain 6-8
Mica 7
Ethyl alcohol 24
Water 80
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given number of charges, there will be less repulsion betwo
(they’re farther apart), so we expect that more charge can be held
plate. And a greater separation d means the charge on each pli
less attractive force on the other plate, so less charge is drawn fron)
tery, and the capacitance is less.! The constant €, is the permittivily
space which, as we saw in Chapter 16, has the value 8.85 x 107"

Capacitor calculations. (a) Calculate the cuf
of a capacitor whose plates are 20cm X 3.0 cm and are separi
1.0-mm air gap. (b) What is the charge on each plate if the capacil()
nected to a 12-V battery? (c) What is the electric field between th¢]

SOLUTION (a) The area A = (20 X 1072m)(3.0 X 10
6.0 X 10~>m? The capacitance C is then
C= fog = (8.85 X 10712 CZ/N-mZ)%—ili%_;;:: =
(b) The charge on each plate is
0=CV=(53%x10"F)(12V) =64 X 1071°C.
(c) From Eq. 17-2 for a uniform electric field

1% 12V
= =—=12 X 4V m.
E= 4= Tox107m 1.2 X 10°V/

1w} Dielectrics

In most capacitors there is an insulating sheet (such as paper of
called a dielectric between the plates. This serves several purposcs, |
cause higher voltages can be applied without charge passing across
dielectrics break down (charge suddenly starts to flow through theil
the voltage is high enough) less readily than air. Furthermore, a (Il
allows the plates to be placed closer together without touching, thus |
an increased capacitance because d is less in Eq. 17-6. Finally, il Ii
experimentally that if the dielectric fills the space between the f
ductors, the capacitance is increased by a factor K which is knowl
dielectric constant (Table 17-3). Thus, for a parallel-plate capacitil

C = K¢, % [parallel-plate capacitor|

YEquation 17-6 is readily derived using the result from Appendix D on Gauss’s Ii
that the electric field between two parallel plates is given by Eq. D-4,

Q/A
€
We combine this with Eq. 17-2, V = Ed, to obtain
o)
=|-")d.
4 (Aeo
Thus, from Eq. 17-5, the definition of capacitance,

E =

which is Eq. 17-6.



stweeh ilso be written
held ¢

1 plate C= 5%,
from t)

ittivity

y 12 (32/ €= Ke,

mittivity of the material.

\Ik now examine, from the molecular point of view, why the capac-

I i capacitor should increase when a dielectric is inserted between  Molecular description

o8 Consider a capacitor whose plates are separated by an air gap. of dielectrics

pucitor has a charge +Q on one plate and —Q on the other

~ |4a). The capacitor is isolated (not connected to a battery) so

tinnot flow to or from the plates. The potential difference between +Q -Q

en the |i

m? los, V,, is given by. Eg. 17-5: Q = CyV,; the subscripts (o) ref.er to T
— = §} Atlon when only air is between the plates. Now we insert a dielec- t
m Wwuen the plates (Fig. 17-14b). The molecules of the dielectric may
¢, That is, although the molecules are neutral, the electrons may
C. pvenly distributed, so that one part of the molecule is positive and
| purt negative. Because of the electric field between the plates, the
los will tend to become oriented as shown. Even if the molecules +
polar, the electric field between the plates will induce some sepa- il
)| charge in the molecules. Although the electrons do not leave the v
lox, they will move slightly within the molecules toward the positive +
() the situation is still as illustrated in Fig. 17-14b. The net effect in @) ‘
Uine is as if there were a net negative charge on the outer edge of =
per or |l luctric facing the positive plate, and a net positive charge on the op- + (EHEHEY|
Mlile, as shown in Fig. 17-14c. :
»oses. Fil g " - . . VIS
across (@ W imagine a positive test charge within the dielectric. The force '
locls is reduced by a factor K, the dielectric constant. This is reflect- VIRCICIT E
gh them ¢ L e .
re. a dig fhe fact that some of the electric field lines actually do not pass + @@@ -
3 - h the dielectric, but end (and restart) on the charges induced on the = kil
3, thus allg . gy H o |EDEEY
;lly it i i ol the dielectric (Fig. 17-14c). Because the force on our test charge :
. tl'; e twil jued by a factor K, the work needed to move it from one plate to the B @@@ i
; known i Is rcduced by a factor K. (We assume that the dielectric fills all the + @@@ -
apacitor between the plates.) The voltage, which is the work done per unit () U
4 , must therefore also have decreased by the factor K. That is, the
citor] (I ) between the plates is now Al K
_h, e
K | ‘
auss’s law, i} the charge Q on the plates has not changed, because they are isolated. ; L 2
have {
Q=0Cv, . +
(" is the capacitance when the dielectric is present. When we com- 4 >
hiy with the relation, V = V,/K, we obtain © .
FIGURE 17-14 Molecular
C= Q = Q2 = oK = KC,, view of the effects of a dielectric.
V WKV,

(', = Q/V,. Thus we see, from an atomic point of view, why the ca-
fice is increased by the factor K.
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i Dielectric

CONCEPTUAL EXAMPLE 17-8 | lInserting a dielectric at const
capacitor consisting of two plates separated by a distance d is con|
a battery of voltage V and acquires a charge Q. While it is still ¢
to the battery, a slab of dielectric material is inserted between thi¢
-0 l +Q the capacitor (Fig. 17-15). Will Q increase, decrease, or stay the «

RESPONSE Since the capacitor remains connected to the bill
voltage stays constant and equal to the V. From the discussion il
know that the capacitance C must increase when the dielectri¢
is inserted. From the relation Q = CV,if V stays constant, bul ¢
es, Q must increase as well. As the dielectric is inserted, more ch
be pulled from the battery and deposited onto the plates of the ¢
as its capacitance increases.

Many computer keyboards operate by capacitance. As Wl

j|+ Fig. 17-16, each key is connected to the upper plate of a capudl

v upper plate moves down when the key is pressed, reducing the spi

FIGURE 17-15 Conceptual  tween the capacitor plates, and increasing the capacitance (14

I Example 17-8. smaller d, larger C). The change in capacitance is detected by an ¢

ic circuit. The capacitors are designed so the capacitance changc |

l FIGURE 17-16 Keyona ent for each key. Hence the detected capacitance change is the §
computer keyboard. Pressing the ~ for which key was pressed.

S E———

key reduces the capacitor spacing
thus increasing the capacitance
which can be detected electronically.

Im Storage of Electric Energy
: >4

Key—f A charged capacitor stores electric energy. The energy stored in u (i
will be equal to the work done to charge it. The net effect of chargl

Movable I }Capacitor pacitor is to remove charge from one plate and add it to the othel
plaig This is what a battery does when it is connected to a capacitor. A ¢l
]?fi]eé:icﬁi‘; does not become charged instantly. It takes time (Section 19- /)
some charge is on each plate, it requires work to add more charpe

F;i‘;g same sign. The more charge already on a plate, the more work is |

to add more. The work needed to add a small amount of charge A

a potential difference V is across the plates, is AW = V Agq. Initiall
the capacitor is uncharged, no work is required to move the [iry
charge over. By the end of the charging process, however, the woik

' to add a charge Aq will be equal to V;Aq where V is the finul

| (V; = QIC). If the voltage across the capacitor were constant, i
needed to move charge Q would be W = QV. But the voltage i
capacitor is proportional to how much charge it already has accuil
(Eq. 17-5), and so the voltage increases during the charging proct
zero to its final value, V;, at the end. Then the total work dong,
be equivalent to moving all the charge Q at once across a volta
to the average voltage during the whole process. (This is just like
lating the work done to compress a spring, Section 6-4.) The il
voltage is (V; — 0)/2 = V;/2,s0

Vi
w=0-"

Electric Potential and Electric Energy; Capacitance
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sonstant V| We can say that the energy, U, stored in a capacitor is

3 connec! U = energy = 10V,
) V is the potential difference between the plates (we have dropped

Ibscript), and Q is the charge on each plate. Since Q = CV, we can
tite

sctric mat(d

' o (17-8)

but C inui

e charge

f the capu( . . .
WS SRVECE Energy stored in a capacitor. A camera flash unit stores
Ity in a 150 uF capacitor at 200V. How much electric energy can be

As showi B’

capacitor, I,.UTION From Eq. 17-8, we have

U = energy = ;CV? =1 (150 X 105 F)(200 V)2 = 3.0 J.

jtce how the units work out: FV2 = < V) =CV=C CANS J.
Vv C

\Is cnergy could be released in g of a second (1073 s) the power out-
would be equivalent to 3000 W,

inergy is not a substance and does not have a definite location.
diheless, it is often useful to think of it as being stored in the electric

* charging i between the plates. As an example, let us calculate the energy stored
ho other 8 purallel-plate capacitor in terms of the electric field.

or. A capudl ¢ saw in Eq. 17-2 that the electric field E between two large but close
1 19-7). W llul plates is uniform and is related to the potential difference by V = Ed,
ok o ju  is the separation. Also, Eq. 17—6 tells us that C = €,4/d. Thus

ork is requif

1arge Ag, wil A

) Ingitiall(;, wi U= %Cvz = %(07) (E2d2)

the first bif

ie work neel = %eoEzAd.

ie final voll

(uantity Ad is simply the volume between the plates in which the
jic field E exists. If we divide both sides by the volume, we obtain an
ussion for the energy per unit volume or energy density:

stant, the wi
tage acros |

\g process i . energy

< done, W, u = energy density =~~~ = 1€, E% a17-9)
1 voltage «(

just like cu I'hc energy stored per unit volume is proportional to the square of the

.) The averlg flc field in that region. If a dielectric is present, ¢, is replaced by €. We

yed Eq. 17-9 for the special case of a capacitor. But it can be shown to
vilid for any region of space where there is an electric field.

Energy stored in capacitor

W PHYSICS APPLIED

Camera flash

Energy stored per unit
volume in electric field

SECTION 17-9  Storage of Electric Energy 517



e e ———————e e e

Cathode Anode ®

- ‘
Battery

FIGURE 17-17 Ifthe
cathode inside the evacuated
glass tube is heated to glowing,
negatively charged “cathode rays”
(electrons) are “boiled off” and
flow across to the anode ( + ) to
which they are attracted.

W pHYSICS APPLIED
CRT
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Cathode Ray Tube: TV and
Computer Monitors, Oscilloscope

An important device that makes use of voltage, and that allows Uk
sualize” voltages in the sense of displaying graphically how
changes in time, is the cathode ray tube (CRT). A CRT used in this
an oscilloscope—but an even more common use of a CRT is as the
tube of television sets and computer monitors.

The operation of a CRT depends first of all on the phenon@
thermionic emission, discovered by Thomas Edison (1847-193)
course of experiments on developing the electric light bulb. 1y
stand how thermionic emission occurs, consider two small plate
trodes) inside an evacuated “bulb” or “tube” as shown in Fig. |
which is applied a potential difference (by a battery, say). The i
electrode is called the cathode’, the positive one the anode. If tl)
tive cathode is heated (usually by an electric current, as in a lightll
that it becomes hot and glowing, it is found that negative chaig¢
the cathode and flows to the positive anode. These negative chif
now called electrons, but originally they were called cathode ri
they seemed to come from the cathode (see Section 27-1 on the d
of the electron).

We can understand how electrons might be “boiled off” a hol
plate if we treat electrons like molecules in a gas. This makes sens¢
trons are relatively free to move about inside a metal, which is coll
with metals being good conductors. However, electrons don’t rei
cape from the metal. If an electron were to escape outside the ml
face, a net positive charge would remain behind, and this would atl|
electron back. To escape, an electron needs a certain minimum King!
ergy, just as molecules in a liquid must have a minimum KE to “evil}
into the gaseous state. We saw in Chapter 13 that the average kine!
gy (KE) of molecules in a gas is proportional to the absolute temj
T. We can apply this idea, but only very roughly, to free electioj
metal as if they made up an “electron gas.” Of course, some electrol
more KE than average and others less. At room temperature, V(|
electrons would have sufficient energy to escape. At high tempcril
is larger and many electrons escape—just as molecules evaporil
liquids, which occurs more readily at high temperatures. Thus, sigi
thermionic emission occurs only at elevated temperatures.

The cathode-ray tube (CRT) derives its name from the fact thal
an evacuated glass tube, a beam of cathode rays (electrons) is dir¢
various parts of a screen to produce a “picture.” A simple CRT
grammed in Fig. 17-18. Electrons emitted by the heated cathode
celerated by a high voltage (5,000-50,000 V) applied to the anolg
electrons pass out of this “electron gun” through a small hole in the :
The inside of the tube face is coated with a fluorescent material thaf

"These terms were coined by Michael Faraday and come from the Greek words nui
spectively, “descent” and “a way up.”



Horizontal Bright spot

h on screen
Cathode Ar/lode deflection plates where

-electrons hit
Heater \] :i '_ﬁ- . - e
A / Fluorescent
A Grid screen

this Wi / Pah
the pl — elz::ctroons

Vertical deflection

plates
. To uii Miuck by electrons. A tiny bright spot is thus visible where the electron

Mrikes the screen. Two horizontal and two vertical plates deflect the
0l clectrons when a voltage is applied to them. The electrons are de-
| toward whichever plate is positive. By varying the voltage on the
{lon plates, the bright spot can be placed at any point on the screen.
It is more usual for CRTs to make use of magnetic deflection coils
fur 20) instead of electric plates.
the picture tube or monitor for a computer or television set, the
O beam is made to sweep over the screen in the manner shown in
7-19. The beam is swept horizontally by the horizontal deflection
or coils. When the horizontal deflecting field is maximum in one di-
fi, the beam is at one edge of the screen. As the field decreases to
{he beam moves to the center; and as the field increases to a maxi-
In the opposite direction, the beam approaches the opposite edge.
(he beam reaches this edge, the voltage or current abruptly changes
lirn the beam to the opposite side of the screen. Simultaneously, the
id attragl Is deflected downward slightly by the vertical deflection plates (or
1 kinetl¢ , ind then another horizontal sweep is made. For television in the
“evapui (| States, 525 lines constitutes a complete sweep over the entire
I (High-definition TV will provide more than double this number of
piving greater picture sharpness. Some European systems already
lile significantly more lines than the present U.S. standard.) The com-
picture of 525 lines is swept out in % s. Actually, a single vertical
e, very ) lakes g s and involves every other line. The lines in between are
nperatut! Awcpt out over the next g s (called interlacing). We see a picture be-
aporatc || the image is retained by the fluorescent screen and by our eyes for
us, signifl { ) s. The picture we see consists of the varied brightness of the spots
Jo screen. The brightness at any point is controlled by the grid (a
)us” electrode, such as a wire grid, that allows passage of electrons)
 can limit the flow of electrons by means of the voltage applied to it:
lore negative this voltage, the more electrons are repelled and the
I pass through. The voltage on the grid is determined by the video
| (a voltage) sent out by the TV station and received by the TV set.

't readily
1e metal

ithode ar¢
ie anode, '

+ in the an mpanying this signal are signals that synchronize the grid voltage to
rial that gl vrizontal and vertical sweeps.
rords meanii)

1

FIGURE 17-18 A cathode-
ray tube. Magnetic deflection
coils are often used in place of
the electric deflection plates. The
relative positions of the elements
have been exaggerated for clarity.

W PHYSICS APPLIED

TV and computer monitors

FIGURE 17-19 Electron
beam sweeps across a television
screen in a succession of
horizontal lines.
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Oscilloscope

FIGURE 17-20 An electrocardio-
gram (ECG) trace displayed on a CRT.

*

w PHYSICS APPLIED

Electrocardiogram

- S e e

FIGURE 17-21 Typical
ECG. Two heart beats are shown.
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An oscilloscope is a device for amplifying, measuring, and vl
serving an electrical signal (a “signal” is usually a time-varyiny
especially rapidly changing signals. The signal is displayed on th¢
a CRT. In normal operation, the electron beam is swept horizoil
uniform rate in time by the horizontal deflection plates. The sl
displayed is applied, after amplification, to the vertical deflcctlf
The visible “trace” on the screen, which could be an ECG (Fiy
voltage in an electronic device being repaired, or a signal from |
ment on nerve conduction, is thus a plot of the signal voltage (
versus time (horizontally).

MThe Electrocardiogram (ECG or I

Each time the heart beats, changes in electrical potential occut (}
face that can be detected using metal contacts, called “electrodyf
are attached to the skin. The changes in potential are small, on
of millivolts (mV), and must be amplified. They are displayed citli
chart recorder on paper, or on a cathode-ray-tube oscilloscu)
(Fig. 17-20). The record of the potential changes for a given pers(
is called an electrocardiogram (EKG or ECG). An example i
Fig. 17-21. The instrument itself is called an electrocardiograpl
not so interested now in the electronics, but in the source of thuew
tial changes and their relation to heart activity.

Muscle cells and nerve cells are similar in that both have an ¢l
pole layer across the cell wall. That is, in the normal situation thul§
positive charge on the exterior surface and a net negative chargc (i
terior surface, as shown in Fig. 17-22a. The amount of charge ¢
the size of the cell, but is approximately 107> C/m? of surface. I
whose surface area is 10~ m?, the total charge on either surfuct
~ 108 C. Just before the contraction of heart muscles, changes o¢¢
cell wall, so that positive ions on the exterior of the cell are abl¢
through the wall and neutralize those on the inside, or even make {
surface slightly positive compared to the exterior, as shown in Fig.
This depolarization, as it is called, starts at one end of the cell and |
es toward the opposite end, as indicated by the arrow in part (),
whole muscle is depolarized. The muscle then slowly repolarizes
nal state (Fig. 17-22a). The whole process requires less than a scil
ure 17-22¢ shows rough graphs of the potential V as a function of
the two points P and P’ (on either side of this cell) as the depuli
moves across the cell.

In the heart, the path of depolarization is complicated. Furtherni
depolarization, the muscles repolarize to the resting state (Fig. 17-22
the potential difference as a function of time is quite complicated (Fij"

Time

Voltage




id visuall 1 Nlapdard procedqre to divide. a typical electrocardiogram into regions +tat 4
ying vol jonding to the various deflections (or “waves” as they are called), as + N
1 the sci@ In Fig. 17-21. Each of the deflections corresponds to the activity of a o  + = ' Rt
rizontall lir part of the heart beat (Fig. 10-39). The P wave corresponds tocon- P +7 . =+ p'
1e signal | ) of the atria. The QRS‘ group corresponds to contract@on of the ventri- @ T—_—
Tection |f jils group has three main phases because the depolarization follows a Fal i
(Fig. 17 tited path from left to right, and toward the front, then downward to
rom an oii !1|m'd towar.d the rear. The T wave corresponds to recovery (repolariza- oy
age (vertli f the heart in preparation for the next cycle. _ it
. . + =
luctrocardiograms make use of three basic electrodes, one placed on -4 i b .
 Mide of the heart on the hands, and one on the left foot. Sometimes ;, _ 1“ E. }',,
llitional electrodes are placed at other locations. The measurement ~+o s
r EKG Ihany potential differences provides additional information (some of  (b) By e
Iindant), since the heart is a three-dimensional object and depolar-
ccur on I8 i) lukes place in all three dimensions. A complete electrocardiogram
ctrodes,” diiclude as many as 12 graphs. V|  Atpoint 4
11, on the lic ECG is a powerful tool in identifying heart defects. For example, P t
ed either uht side of the heart enlarges if the right ventricle must push against At point
lloscope # bhormally large load (as when blood vessels become hardened or © P
n person’ 9d). This problem is readily observed on an ECG, since the S wave
ple is sho \us very large (negatively). Infarcts, which are dead regions of the FIGURE 17-22 Heart muscle
.ograph. W muscle that result from he:art'attacks, are also detected on an ECG cell showing: (2) charge dipole layer in
of thesc il A they reflect the depolarization wave. . resting state; (b) depolarization of cell
Yl interpretation of an ECG depends to a great extent on experience progressing as muscle begins to
ve an elect Ihed with many patients rather than on theoretical understanding. A contract; and (c) potential V at points
on there it i tleal of scientific research remains to be done. P and P’ as a function of time.
*harge on (i} k.
arge depei SUMMARY
irface. For || . q o . . .
surface i tluctric potential at any point in space is defined and consists of two nontouching conductors. The
r es occur i ) tlectric potential energy per unit charge. two conductors generally hold equal and opposite
o8 ! I'hc electric potential difference between any charges, Q, and the ratio of this charge to the po-
are able {0 - h h - .
3 joints is defined as the work done to move a tential difference V between the conductors is
1 make the iif . n . ;
in Fig. 174 plectric charge between the two points. Poten- called the capacitance, C; so
’2“ and progl llificrence is measured in volts (1V = 1J/C) 0 = Cv.
;art (b) punlll ¥ sometimes referred to as voltage.

‘e change in PE of a charge g when it moves

izes to.its . ACh
larizes \ ligh a potential difference Vj, is

1an a second,
mction of tin
‘he depolarizi

APE = gV,,.

I'he potential difference V between two points
\v o uniform electric field E exists is given by

V = Ed,

fo d is the distance between the two points.
An equipotential line or surface is all at the
W potential, and is perpendicular to the electric
| it all points.

I'he electric potential due to a single point charge
i0lutive to zero potential at infinity, is given by
kQ

v="%
r

Furthermor,
Fg 17-22a). |
icated (Fig. 17

A capacitor is a device used to store charge

The capacitance of a parallel-plate capacitor is
proportional to the area of each plate and inverse-
ly proportional to their separation.

The space between the two conductors of a ca-
pacitor contains a nonconducting material such as
air, paper, or plastic; these materials are referred to
as dielectrics, and the capacitance is proportional to
a property of dielectrics called the dielectric con-
stant, K (nearly equal to 1 for air).

A charged capacitor stores an amount of elec-
tric energy given by

1 1 , 0°
10V =3CV2 =375
This energy can be thought of as stored in the
electric field between the plates.
The energy stored in any electric field E has a
density (energy per unit volume) of je,E2.

Summary 521



L QUESTIONS

1. If two points are at the same potential, does this 9. What can you say about the electric field ||
mean that no work is done in moving a test charge of space that has the same potential throu
from one point to the other? Does this imply that no 10. How does the Earth’s gravitational field ¢l
force must be exerted? distance? What about its gravitational poteilf

2. Can two equipotential lines cross? Explain. 11. Can a particle ever move from a region of

3. Draw a few equipotential lines in Fig. 16-29b. tric potential to one of high potential and §

4. Is there a point along the line joining two equal posi- its electric potential energy decrease? Expl
tive charges where the electric field is zero? Where 12. When dealing with practical devices, we 0l
the electric potential is zero? Explain. the ground (the earth) to be 0 V. If, instcu(

5. An electron is accelerated by a potential difference of, the ground was — 10V, how would this afl¢f
say, 100 V. How much greater would its final speed be and (b) E, at other points?
if it were accelerated with four times as much voltage? When a battery is connected to a capacitol,

6. If a negative charge is initially at rest in an electric field, the two plates acquire charges of the snng
will it move toward a region of higher potenﬁa] or lower tude? Will this be true if the two conductoih
potential? What about a positive charge? How does the ferent sizes or shapes?
potential energy of the charge change in each case? We have seen that the capacitance C depeiil

7. State clearly the difference between: (a) electric po- size, shape, and position of the two conduclog
tential and electric field, (b) electric potential and as on the dielectric constant K. What thei)
electric potential energy. mean when we said that C is a constant in §1(|

8. If the potential at a point is zero, must the electric How does the energy stored in a capacitol
field also be zero? Give an examp]e_ when a dielectric is inserted if (a) the Chpi

isolated so Q doesn’t change, (b) the capii
mains connected to a battery so V doesn't ¢lj|

L PROBLEMS

SECTIONS 17-1 TO 17-4 . (II) Two parallel plates, connected to a 100V

1. (I) How much work is needed to move a —8.6-uC supply, are separated by an air gap. How i}

charge from ground to a point whose potential is the gap be if the air is not to exceed its brui
+75V? value of E = 3 X 10°V/m?

. (I) How much work is needed to move a proton from . (II) The work done by an external force to |
a point with a potential of + 100 V to a point where it —7.50-uC charge from point a to poiil
is —50'V? Express your answer both in joules and 25.0 X 107*J. If the charge was started from ({
electron volts. had 4.82 X 107*7J of kinetic energy when it i

. (I) How much kinetic energy will an electron gain point b, what must be the potential diffcrell
(in joules and eV) if it falls through a potential dif- tween a and b?
ference of 21,000 V in a TV picture tube? . (II) What is the speed of (a) a 750-eV, and (/i

. (I) An electron acquires 3.45 X 1076 J of kinetic en- keV, electron?
ergy when it is accelerated by an electric field in a - (II) What is the speed of a proton whose kinc|
computer monitor from plate A to plate B. What is ergy is 28.0 MeV?
the potential difference between the plates, and . (II) An alpha particle (which is a helium nucleu:
which plate is at the higher potentjal? +2e,m = 6.64 X 1077 kg) is emitted in a radl

. (I) How strong is the electric field between two par- decay with ke = 5.53 MeV. What is its speed?
allel plates 5.2.mm apart if the potential difference SECTION 17-5
between them 52200 13. (I) What is the electric potential 15.0 cm from a4

. (I) An electric field of 640 V/m is desired between i point charge? PO - '
two parallel plates 11.0 mm apart. How large a volt- ' . -
age should be applied? 14. DA ?harge Q creates an elef:tnc potential of 4

. 4 . . at a distance of 15 cm. What is Q?
. (I) What potential difference is needed to give a he- .
lium nucleus (Q = 2€) 65.0keV of KE? 15. (.II) A +30-uC charge is placed 32 cm from un :
tical +30-uC charge. How much work would |
quired to move a + 0.50-uC test charge from i
midway between them to a point 10cm cloy
either of the charges?
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) (1) What is the electric potential a distance of
| X 10"® m away from a proton? (b) What is the
ltiric potential energy of a system that consists of

2ld in o 1¢}

wroughout! 1) protons 2.5 X 107" m apart—as might occur in-
Id change 0 u typical nucleus?

potentiul! l)w much voltage must be used to accelerate a proton
m of low ¢l lilius 1.2 X 107 m) so that it has sufficient energy to

{ and yel | penetrate a silicon nucleus? A silicon nucleus has
Explain. horge of + 14e and its radius is about 3.6 X 10" m,
we often Wiume the potential is that for point charges.

1stead, we

. ) How much work must be done to bring three
is affect (i

¢trons from a great distance apart to within
i) ¥ 107 m from one another?

) Consider point @ which is 70 cm north of a —3.8-uC
jint charge, and point b which is 80 cm west of the
ipe (Fig. 17-23). Determine (@) V,, =V, — V,,
Wil (b) E, — E, (magnitude and direction).

racitor, why
2 same i)
uctors ¢

depends oil
ductors, i |
it then did
itin Eq. 17
pacitor ¢l
he capacl
e capacitol
esn’t changé

70 cm

;—80 cm—© O =-3.8 uC

FIGURE 17-23 Problem 19.

{) An electron starts from rest 72.5 cm from a fixed
Wi charge with Q = —0.125 uC. How fast will the
Juiron be moving when it is very far away?

1) Iwo identical +7.5-uC point charges are initially
hiced 5.5 cm from each other. If they are released at
il0 vime instant from rest, how fast will they be mov-
g when they are very far away from each other?
diume they have identical masses of 1.0 mg.

i) In the Bohr model of the hydrogen atom, an
jtiron orbits a proton (the nucleus) in a circular
ihit of radius 0.53 X 10 m. (a) What is the elec-
U potential at the electron’s orbit due to the pro-
ii? (b) What is the kinetic energy of the electron?
What is the total energy of the electron in its
hit? (d) What is the ionization energy—that is, the
\urpy required to remove the electron from the
i and take it to r = infinity, at rest?

I1) Two equal but opposite charges are separated
¥ i distance d, as shown in Fig. 17-24. Determine a
Winala for Vg, = V; — V, for points B and A on
¢ line between the charges situated as shown.

a 100-V
How smal|

to point #
:d from resl
when it reng
1 difference

V, and (b) i
hose kincti¢

m nucleus, (J

ential of + |

| d |
m from an | o—b b—®
rk would b +q A B -q
irge from a )

10cm closel FIGURE 17-24 Problem 23.

*SECTION
*24,

*25.

*26.

*27.

*28.

17-6

(II) An electron and a proton are 0.53 X 107m
apart. (@) What is their dipole moment if they are at
rest? (b) What is the average dipole moment if the
electron revolves about the proton in a circular orbit?

(II) Calculate the electric potential due to a dipole
whose dipole moment is 4.8 X 107 C-m at a point
1.1 X 10° m away if this point is: (a) along the axis
of the dipole nearer the positive charge; (b) 45°
above the axis but nearer the positive charge; (c) 45°
above the axis but nearer the negative charge.

(II) (@) In Example 17-6, part (b), calculate the elec-
tric potential without using the dipole approxima-
tion, Eq. 17-4; that is, don’t assume r >3 [. (b) What
is the percent error in this case when the dipole ap-
proximation is used?

(IIT) The dipole moment, considered as a vector, points
from the negative to the positive charge. The water
molecule, Fig. 17-25, has a dipole moment p which can
be considered as the vector sum of the two dipole mo-
ments, p, and p,, as shown. The distance between each
H and the O is about 0.96 X 10~ m. The lines joining
the center of the O atom with each H atom make an
angle of 104°, as shown, and the net dipole moment has
been measured to be p = 6.1 X 107> C-m. Determine
the charge g on each H atom.

FIGURE 17-25 Problem 27.

(IIT) Show that if two dipoles with dipole moments
p; and p, are in line with one another (Fig. 17-26),
the potential energy of one in the presence of the
other (their “interaction energy”) is given by

A 2kp,p; !

r3

where r is the distance between the two dipoles. [Hint:

Assume that r is much greater than the length of
either dipole.]

Py P2 _
@@ @@
r
FIGURE 17-26 Problem 28.
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*29, (III) Show that if an electric dipole is placed in a
uniform electric field, then a torque is exerted on it
equal to pE sin ¢, where ¢ is the angle between the
dipole moment vector and the direction of the elec-
tric field as shown in Fig. 17-27. What is the net
force on the dipole? How are your answers affected
if the field is nonuniform? Note that the dipole mo-
ment vector p is defined so that its magnitude is Q!
and its direction is pointing from the negative end to
the positive end as shown.

/

FIGURE 17-27 Problem 29.

-0

SECTIONS 17-7 AND 17-8

30. (I) The two plates of a capacitor hold +2500 uC and
— 2500 uC of charge, respectively, when the potential
difference is 950 V. What is the capacitance?

. (I) The potential difference between two parallel
wires in air is 120 V. They carry equal and opposite
charge of magnitude 95 pC. What is the capacitance
of the two wires?

. (I) A 7500-pF capacitor holds 16.5 X 108C of
charge. What is the voltage across the capacitor?

. (I) How much charge flows from a 12.0-V battery
when it is connected to a 9.00-uF capacitor?

. (I) A 0.20-F capacitor is desired. What area must the
plates have if they are to be separated by a 2.2-mm
air gap?

. (I) What is the capacitance of a pair of circular plates
with a radius of 5.0 cm separated by 3.2 mm of mica?

. (II) The charge on a capacitor increases by 15 uC
when the voltage across it increases from 97V to
121 V. What is the capacitance of the capacitor?

. (II) An electric field of 8.50 X 10°V/m is desired
between two parallel plates each of area 35.0 cm?
and separated by 2.45 mm of air. What charge must
be on each plate?

. (II) If a capacitor has 4.2 uC of charge on it and an
electric field of 2.0kV/mm is desired if they are sepa-
rated by 4.0 mm of air, what must each plate’s area be?

. (II) How strong is the electric field between the plates
of a 0.80-uF air-gap capacitor if they are 2.0 mm apart
and each has a charge of 72 uC?

40. (I) The electric field between the plates ol

separated (K = 3.75) capacitor is 9.21 X |
The plates are 1.95 mm apart and the charp¢
plate is 0.775 pC. Determine the capacitand(
capacitor and the area of each plate.

G

— i}
1% C,
(a) (v)

FIGURE 17-28 Problems 41 and 4

. (II1) A 7.7-uF capacitor is charged by a 124

tery and then is disconnected from the battol}
this capacitor (C,) is then connected (Fig. I
a second (initially uncharged) capacitor, C,, |
age on the first drops to 15 V. What is the
C,? [Hinr: Charge is conserved.]

. (III) A 2.50-uF capacitor is charged to 10(()

6.80-uF capacitor is charged to 650 V. Theng
tors are then disconnected from their batt
the positive plates are now connected to ¢i(
and the negative plates are connected to cugly
What will be the potential difference acti
and the charge on each? [Hint: Charge is coll

SECTION 17-9
43. (I) 550V is applied to a 7200-pF capacil

much energy is stored?

44, (I) A cardiac defibrilator is used to shock |

that is beating erratically. A capacitor in (his
is charged to 6000 V and stores 200 J of enciji§
is its capacitance?

. (II) A homemade capacitor is assembled by phil§

9-in pie pans 10 cm apart and connecting thuill;
opposite terminals of a 9-V battery. Estimat¢
capacitance, (b) the charge on each plate, (¢) I
tric field halfway between the plates, (d) the
done by the battery to charge the plates. (¢)
the above values change if a dielectric is insvi{§

. (II) A parallel-plate capacitor has fixed chil

and — Q. The separation of the plates is th¢
bled. By what factor does the energy stotuil
electric field change?

. (IT) How does the energy stored in a capacilol §

if (a) the potential difference is doubled, (|
charge on each plate is doubled, and (c) the
tion of the plates is doubled, as the capacitor i
connected to a battery?
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tes of i parallel-plate capacitor is isolated with a

*SECTION

17-10

*50.(I) Use the ideal gas as a model to estimate the rms

speed of a free electron in a metal at 300 K, and at
2500K (the typical temperature of the cathode in
a tube).

*51.(III) In a given CRT, electrons are accelerated hori-

zontally by 15 kV. They then pass through a uniform
electric field E for a distance of 2.8 cm which de-
flects them upward so they reach the top of the
screen 22 cm away, 11 cm above the center. Estimate
the value of E.

*52.(III) Electrons are accelerated by 14kV in a CRT.

The screen is 30 cm wide and is 34 cm from the 2.6-
cm-long deflection plates. Over what range must the
horizontally deflecting electric field vary to sweep
the beam fully across the screen?

21 X 108 0 t+ Q on each plate. If the separation of the
‘harge olf i halved and a dielectric (constant K) is in-
citance | in place of air, by what factor does the energy
jjic change? To what do you attribute the change
'm.!d potential energy? How does the new value
0 clectric field between the plates compare with
Aliiginal value?
) A 2.70-pF capacitor is charged by a 45.0-V bat-
Il is disconnected from the battery and then
fected to an uncharged 4.00-uF capacitor
17-28). Determine the total stored energy
lwlore the two capacitors are connected, and
Wler they are connected. (c) What is the change
_and 49, forgy? (d) Is energy conserved? Explain.
yal24
: battery,
(Fig. 17- & WENERAL PROBLEMS
or, C,, the
is the vl i¢ is an electric field near the Earth’s surface whose
L Iixlty is about 150 V/m. How much energy is stored
o 1000V tubic meter in this field?
% These di) lightning flash transfers 4.0C of charge and
r batteriof M) of energy to the Earth. (a) Between what po-
d to each @ {In} difference did it travel? (b) How much water
1 to each l¢l this boil, starting from room temperature?
ce acrodg Uulnte the average translational kinetic energy in
€ 1s consdl for (@) an oxygen molecule at room temperature,
) b nitrogen molecule at room temperature, (c) an
i) stom in the Sun’s corona where the tempera-
capacitor, i0 Iy about 2 million K, and (d) a carbon dioxide
ilucule in the lower atmosphere of Mars where the
y shock o | Wperature is — 50°C. |
r in this (¢ il Iclevision picture tube, electrons are accelerated
of energy, {housands of volts through a vacuum. If a televi-
) xct were laid on its back, would electrons be
:d by placiii {0 to move upward against the force of gravity?
ting them (i It potential difference, acting over a distance of
Estimate () flem, would be needed to balance the downward
late, (c) the Lo of gravity so that an electron would remain
s, (d) the llonary? Assume that the electric field is uniform.
tes. (e) Whii {ikes 8.5J of energy to move a 3.0-mC charge
c is inserte(d® uin one plate of a 9.0-uF capacitor to the other.
xed chargoy oW much charge is on each plate?
tes is then ) ¢lectron starting from rest acquires 5.2 keV of kE
gy stored I} ihoving from point A to point B. (a) How much ke

iildl a proton acquire, starting from rest at B and
)ving to point A? (b) Determine the ratio of their

capacitor ¢l) . . . .
guds at the end of their respective trajectories.

loubled, (h)
1 (¢) the sy
apacitor reil

59.

60.

61.

62

63.

A 2600-pF air-gap capacitor is connected to a 9.0-V
battery. If a piece of mica is placed between the plates,
how much charge will then flow from the battery?

A huge 4.0-F capacitor has enough stored energy to
heat 2.5 kg of water from 20°C to 95°C. What is the
potential difference across the plates?

An uncharged capacitor is connected to a 24.0-V
battery until it is fully charged, after which it is dis-
connected from the battery. A slab of paraffin is then
inserted between the plates. What will now be the
voltage between the plates?

Dry air will break down if the electric field exceeds
3.0 X 10° V/m. What amount of charge can be placed
on a capacitor if the area of each plate is 56 cm®?

A 3.4-uC and a —2.0-uC charge are placed 1.5cm
apart. At what points along the line joining them is
(a) the electric field zero, and (b) the potential zero?

. Three charges are at the corners of an equilateral

triangle (side /) as shown in Fig. 17-29. Determine
the potential at the midpoint of each of the sides.

Yy

=30

FIGURE 17-29 Problem 64.
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65. A capacitor C; carries a charge (. It is then connect-

ed directly to a second, uncharged, capacitor C,, as
shown in Fig. 17-30. What charge will each carry now?
What will be the potential difference across each?

H

€ G

FIGURE 17-30 Problem 65.

. An electron is accelerated horizontally from rest in a
television picture tube by a potential difference of
25,000 V. It then passes between two horizontal
plates 6.5 cm long and 1.3 cm apart that have a po-
tential difference of 250V (Fig. 17-31). At what
angle 0 will the electron be traveling after it passes
between the plates?

FIGURE 17-31 Problem 66.

. In a photocell, ultraviolet (UV) light provides enough
energy to some electrons in barium metal to eject them
from a surface at high speed. See Fig. 17-32.To measure
the maximum energy of the electrons, another plate
above the barium surface is kept at a negative enough
potential that the emitted electrons are slowed down
and stopped, and return to the barium surface. If the
plate voltage is —3.02 V (compared to the barium)
when the fastest electrons are stopped, what was the
speed of these electrons when they were emitted?

light ™~ Y

———— =

V=-3.02V

FIGURE 17-32 Problem 67.

. To get an idea how big a farad is, suppont

ed to make a 1-F airfilled parallel-plai¢
for a circuit you were building. (a) To mi
sonable size, suppose you limited the plil
1.0 cm?. What would the gap have to be b
plates? Is this practically achievable? (/)
you instead chose the gap between the 1l
1.0 mm. What would be the area of the plif§
a practical solution for your circuit?

. Near the surface of the Earth there is an uli

of about 150 V/m which points downwai,*
tical balls with mass m = 0.540 kg are druff
a height of 2.00m, but one of the balls I
charged with g, = 550 uC, and the secolil
tively charged with g, = —550 uC. Use ol
of energy to determine the difference in the
the two balls when they hit the ground. (N
resistance.)

. The power supply for a pulsed nitrogen §f

0.050 uF capacitor with a maximum voltug¢
30 kilovolts. (a) Estimate how much encrgy
stored in this capacitor. (b) If 10 percoil
stored electrical energy is converted to lig

in a pulse that is 10 microseconds long, wit
power of the laser pulse?

. In lightning storms, the potential difference |

the Earth and the bottom of the thundercloug
as high as 35,000,000 V. The bottoms of the §
clouds are typically 1500 m above the Eartly
have an area of 110 km?. For the purposes ol |}
lem, model the Earth-cloud system as a hugo ¢
and calculate (g) the capacitance of the I
system, (b) the charge stored in the “capaulf
(c) the energy stored in the “capacitor.”
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