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23.14 . A particle with a charge of is in a uniform elec-
tric field directed to the left. It is released from rest and moves to
the left; after it has moved its kinetic energy is found to
be (a) What work was done by the electric force?
(b) What is the potential of the starting point with respect to the
end point? (c) What is the magnitude of ?
23.15 . A charge of is placed in a uniform electric field
that is directed vertically upward and has a magnitude of

What work is done by the electric force when
the charge moves (a) to the right; (b) upward; 
(c) at an angle of downward from the horizontal?
23.16 . Two stationary point charges and 
are separated by a distance of An electron is released from
rest at a point midway between the two charges and moves along
the line connecting the two charges. What is the speed of the elec-
tron when it is from the charge?
23.17 .. Point charges and are
placed at adjacent corners of a square for which the length of each
side is 3.00 cm. Point a is at the center of the square, and point b is
at the empty corner closest to . Take the electric potential to be
zero at a distance far from both charges. (a) What is the electric
potential at point a due to and ? (b) What is the electric poten-
tial at point b? (c) A point charge moves from
point a to point b. How much work is done on by the electric
forces exerted by and ? Is this work positive or negative?
23.18 . Two charges of equal magnitude are held a distance 
apart. Consider only points on the line passing through both
charges. (a) If the two charges have the same sign, find the location
of all points (if there are any) at which (i) the potential (relative to
infinity) is zero (is the electric field zero at these points?), and 
(ii) the electric field is zero (is the potential zero at these points?).
(b) Repeat part (a) for two charges having opposite signs.
23.19 . Two point charges

and
are apart.

Point is midway between
them; point is from

and from (Fig.
E23.19). Take the electric
potential to be zero at infinity.
Find (a) the potential at point 
(b) the potential at point (c) the work done by the electric field
on a charge of that travels from point to point 
23.20 . A positive charge is located at the point 

and a negative charge is located at the point 
(a) Derive an expression for the potential at points on

the -axis as a function of the coordinate Take to be zero at an
infinite distance from the charges. (b) Graph at points on the 
-axis as a function of over the range from to 

(c) Show that for the potential at a point on the positive 
-axis is given by (d) What are the answers

to parts (a) and (c) if the two charges are interchanged so that is
at and is at 
23.21 .. A positive charge is fixed at the point 
and a negative charge is fixed at the point 
(a) Show the positions of the charges in a diagram. (b) Derive an
expression for the potential at points on the -axis as a function
of the coordinate Take to be zero at an infinite distance from
the charges. (c) At which positions on the -axis is 
(d) Graph at points on the -axis as a function of in the range
from to (e) What does the answer to part 
(b) become when Explain why this result is obtained.x W a?

x = +2a.x = -2a
xxV

V = 0?x
Vx.

xV

x = a, y = 0.-2q
x = 0, y = 0,q

y = -a?-qy = +a
+q

V = -11>4pP022qa>y2.y
y 7 a,

y = +4a.y = -4ayy
V

Vy.y
Vy = +a.

x = 0,-qy = -a,
x = 0,+q

A.B2.50 nC
B;

A;

q20.060 mq1

0.080 mB
A

0.100 m-6.50 nC
q2 =+2.40 nCq1 =

dQ
q2q1

q3

q3 = -5.00 mC
q2q1

q2

q2 = -2.00 mCq1 = +2.00 mC
+3.00-nC10.0 cm

50.0 cm.
+2.00 nC+3.00 nC

45.0°2.60 m
0.670 m0.450 m

4.00 * 104 V>m.

28.0 nC
E
S

+1.50 * 10-6 J.
6.00 cm,

E
S

+4.20 nC

780 CHAPTER 23 Electric Potential

q2q1

0.080 m

0.060 m

0.050 m0.050 m
A

B

Figure E23.19

23.22 .. Consider the arrangement of point charges described in
Exercise 23.21. (a) Derive an expression for the potential at
points on the -axis as a function of the coordinate Take to be
zero at an infinite distance from the charges. (b) At which positions
on the -axis is (c) Graph at points on the -axis as a
function of in the range from to (d) What
does the answer to part (a) become when Explain why this
result is obtained.
23.23 .. (a) An electron is to be accelerated from 
to Through what potential difference must the
electron pass to accomplish this? (b) Through what potential 
difference must the electron pass if it is to be slowed from

to a halt?
23.24 . At a certain distance from a point charge, the potential
and electric-field magnitude due to that charge are and

respectively. (Take the potential to be zero at infinity.)
(a) What is the distance to the point charge? (b) What is the magni-
tude of the charge? (c) Is the electric field directed toward or away
from the point charge?
23.25 . A uniform electric field has magnitude and is directed in
the negative -direction. The potential difference between point 
(at ) and point (at ) is (a) Which
point, or is at the higher potential? (b) Calculate the value of 
(c) A negative point charge is moved from to 
Calculate the work done on the point charge by the electric field.
23.26 . For each of the following arrangements of two point
charges, find all the points along the line passing through both
charges for which the electric potential is zero (take infi-
nitely far from the charges) and for which the electric field is
zero: (a) charges and separated by a distance and (b)
charges and separated by a distance (c) Are both and

zero at the same places? Explain.

Section 23.3 Calculating Electric Potential
23.27 .. A thin spherical shell with radius is con-
centric with a larger thin spherical shell with radius .
Both shells are made of insulating material. The smaller shell has
charge distributed uniformly over its surface, and
the larger shell has charge distributed uniformly
over its surface. Take the electric potential to be zero at an infinite
distance from both shells. (a) What is the electric potential due to
the two shells at the following distance from their common center:
(i) ; (ii) ; (iii) ? (b) What is the
magnitude of the potential difference between the surfaces of the
two shells? Which shell is at higher potential: the inner shell or the
outer shell?
23.28 . A total electric charge of is distributed uniformly
over the surface of a metal sphere with a radius of If the
potential is zero at a point at infinity, find the value of the potential
at the following distances from the center of the sphere: (a)

(b) (c) 
23.29 .. A uniformly charged, thin ring has radius and
total charge An electron is placed on the ring’s axis a
distance from the center of the ring and is constrained to
stay on the axis of the ring. The electron is then released from rest.
(a) Describe the subsequent motion of the electron. (b) Find the
speed of the electron when it reaches the center of the ring.
23.30 .. An infinitely long line of charge has linear charge density

A proton (mass charge
) is from the line and moving directly

toward the line at (a) Calculate the proton’s initial
kinetic energy. (b) How close does the proton get to the line of charge?
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23.14 . A particle with a charge of is in a uniform elec-
tric field directed to the left. It is released from rest and moves to
the left; after it has moved its kinetic energy is found to
be (a) What work was done by the electric force?
(b) What is the potential of the starting point with respect to the
end point? (c) What is the magnitude of ?
23.15 . A charge of is placed in a uniform electric field
that is directed vertically upward and has a magnitude of

What work is done by the electric force when
the charge moves (a) to the right; (b) upward; 
(c) at an angle of downward from the horizontal?
23.16 . Two stationary point charges and 
are separated by a distance of An electron is released from
rest at a point midway between the two charges and moves along
the line connecting the two charges. What is the speed of the elec-
tron when it is from the charge?
23.17 .. Point charges and are
placed at adjacent corners of a square for which the length of each
side is 3.00 cm. Point a is at the center of the square, and point b is
at the empty corner closest to . Take the electric potential to be
zero at a distance far from both charges. (a) What is the electric
potential at point a due to and ? (b) What is the electric poten-
tial at point b? (c) A point charge moves from
point a to point b. How much work is done on by the electric
forces exerted by and ? Is this work positive or negative?
23.18 . Two charges of equal magnitude are held a distance 
apart. Consider only points on the line passing through both
charges. (a) If the two charges have the same sign, find the location
of all points (if there are any) at which (i) the potential (relative to
infinity) is zero (is the electric field zero at these points?), and 
(ii) the electric field is zero (is the potential zero at these points?).
(b) Repeat part (a) for two charges having opposite signs.
23.19 . Two point charges

and
are apart.

Point is midway between
them; point is from

and from (Fig.
E23.19). Take the electric
potential to be zero at infinity.
Find (a) the potential at point 
(b) the potential at point (c) the work done by the electric field
on a charge of that travels from point to point 
23.20 . A positive charge is located at the point 

and a negative charge is located at the point 
(a) Derive an expression for the potential at points on

the -axis as a function of the coordinate Take to be zero at an
infinite distance from the charges. (b) Graph at points on the 
-axis as a function of over the range from to 

(c) Show that for the potential at a point on the positive 
-axis is given by (d) What are the answers

to parts (a) and (c) if the two charges are interchanged so that is
at and is at 
23.21 .. A positive charge is fixed at the point 
and a negative charge is fixed at the point 
(a) Show the positions of the charges in a diagram. (b) Derive an
expression for the potential at points on the -axis as a function
of the coordinate Take to be zero at an infinite distance from
the charges. (c) At which positions on the -axis is 
(d) Graph at points on the -axis as a function of in the range
from to (e) What does the answer to part 
(b) become when Explain why this result is obtained.x W a?
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23.22 .. Consider the arrangement of point charges described in
Exercise 23.21. (a) Derive an expression for the potential at
points on the -axis as a function of the coordinate Take to be
zero at an infinite distance from the charges. (b) At which positions
on the -axis is (c) Graph at points on the -axis as a
function of in the range from to (d) What
does the answer to part (a) become when Explain why this
result is obtained.
23.23 .. (a) An electron is to be accelerated from 
to Through what potential difference must the
electron pass to accomplish this? (b) Through what potential 
difference must the electron pass if it is to be slowed from

to a halt?
23.24 . At a certain distance from a point charge, the potential
and electric-field magnitude due to that charge are and

respectively. (Take the potential to be zero at infinity.)
(a) What is the distance to the point charge? (b) What is the magni-
tude of the charge? (c) Is the electric field directed toward or away
from the point charge?
23.25 . A uniform electric field has magnitude and is directed in
the negative -direction. The potential difference between point 
(at ) and point (at ) is (a) Which
point, or is at the higher potential? (b) Calculate the value of 
(c) A negative point charge is moved from to 
Calculate the work done on the point charge by the electric field.
23.26 . For each of the following arrangements of two point
charges, find all the points along the line passing through both
charges for which the electric potential is zero (take infi-
nitely far from the charges) and for which the electric field is
zero: (a) charges and separated by a distance and (b)
charges and separated by a distance (c) Are both and

zero at the same places? Explain.

Section 23.3 Calculating Electric Potential
23.27 .. A thin spherical shell with radius is con-
centric with a larger thin spherical shell with radius .
Both shells are made of insulating material. The smaller shell has
charge distributed uniformly over its surface, and
the larger shell has charge distributed uniformly
over its surface. Take the electric potential to be zero at an infinite
distance from both shells. (a) What is the electric potential due to
the two shells at the following distance from their common center:
(i) ; (ii) ; (iii) ? (b) What is the
magnitude of the potential difference between the surfaces of the
two shells? Which shell is at higher potential: the inner shell or the
outer shell?
23.28 . A total electric charge of is distributed uniformly
over the surface of a metal sphere with a radius of If the
potential is zero at a point at infinity, find the value of the potential
at the following distances from the center of the sphere: (a)

(b) (c) 
23.29 .. A uniformly charged, thin ring has radius and
total charge An electron is placed on the ring’s axis a
distance from the center of the ring and is constrained to
stay on the axis of the ring. The electron is then released from rest.
(a) Describe the subsequent motion of the electron. (b) Find the
speed of the electron when it reaches the center of the ring.
23.30 .. An infinitely long line of charge has linear charge density

A proton (mass charge
) is from the line and moving directly

toward the line at (a) Calculate the proton’s initial
kinetic energy. (b) How close does the proton get to the line of charge?
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23.47 .. CALC A metal sphere with radius is supported on an
insulating stand at the center of a hollow, metal, spherical shell
with radius There is charge on the inner sphere and charge

on the outer spherical shell. (a) Calculate the potential for
(i) (ii) (iii) (Hint: The net potential is
the sum of the potentials due to the individual spheres.) Take to
be zero when is infinite. (b) Show that the potential of the inner
sphere with respect to the outer is

(c) Use Eq. (23.23) and the result from part (a) to show that the
electric field at any point between the spheres has magnitude

(d) Use Eq. (23.23) and the result from part (a) to find the electric
field at a point outside the larger sphere at a distance from the
center, where (e) Suppose the charge on the outer sphere is
not but a negative charge of different magnitude, say 
Show that the answers for parts (b) and (c) are the same as before
but the answer for part (d) is different.
23.48 . A metal sphere with radius is supported on
an insulating stand at the center of a hollow, metal, spherical shell
with radius Charge is put on the inner sphere
and charge on the outer spherical shell. The magnitude of is
chosen to make the potential difference between the spheres

with the inner sphere at higher potential. (a) Use the
result of Exercise 23.47(b) to calculate (b) With the help of the
result of Exercise 23.47(a), sketch the equipotential surfaces that
correspond to 500, 400, 300, 200, 100, and (c) In your sketch,
show the electric field lines. Are the electric field lines and equipo-
tential surfaces mutually perpendicular? Are the equipotential sur-
faces closer together when the magnitude of is largest?
23.49 . A very long cylinder of radius carries a uniform
charge density of (a) Describe the shape of the
equipotential surfaces for this cylinder. (b) Taking the reference
level for the zero of potential to be the surface of the cylinder, 
find the radius of equipotential surfaces having potentials of

(c) Are the equipotential surfaces
equally spaced? If not, do they get closer together or farther apart
as increases?

PROBLEMS
23.50 . CP A point charge is held fixed in space.
From a horizontal distance of 6.00 cm, a small sphere with mass

and charge is fired toward the
fixed charge with an initial speed of 40.0 m/s. Gravity can be neg-
lected. What is the acceleration of the sphere at the instant when its
speed is 25.0 m/s?
23.51 ... A point charge is placed at the origin,
and a second point charge is placed on the -axis
at A third point charge is to be
placed on the -axis between and (Take as zero the potential
energy of the three charges when they are infinitely far apart.) 
(a) What is the potential energy of the system of the three charges
if is placed at (b) Where should be placed to
make the potential energy of the system equal to zero?
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ra 23.52 ... A small sphere with mass and charge
is released from rest a distance of 0.400 m above a large

horizontal insulating sheet of charge that has uniform surface
charge density . Using energy methods, calcu-
late the speed of the sphere when it is 0.100 m above the sheet of
charge?
23.53 .. Determining the Size of the Nucleus. When radium-
226 decays radioactively, it emits an alpha particle (the nucleus of
helium), and the end product is radon-222. We can model this
decay by thinking of the radium-226 as consisting of an alpha par-
ticle emitted from the surface of the spherically symmetric radon-
222 nucleus, and we can treat the alpha particle as a point charge.
The energy of the alpha particle has been measured in the labora-
tory and has been found to be 4.79 MeV when the alpha particle is
essentially infinitely far from the nucleus. Since radon is much
heavier than the alpha particle, we can assume that there is no
appreciable recoil of the radon after the decay. The radon nucleus
contains 86 protons, while the alpha particle has 2 protons and the
radium nucleus has 88 protons. (a) What was the electric potential
energy of the alpha–radon combination just before the decay, in
MeV and in joules? (b) Use your result from part (a) to calculate
the radius of the radon nucleus.
23.54 .. CP A proton and an alpha particle are released from rest
when they are 0.225 nm apart. The alpha particle (a helium nucleus)
has essentially four times the mass and two times the charge of a
proton. Find the maximum speed and maximum acceleration of
each of these particles. When do these maxima occur: just following
the release of the particles or after a very long time?
23.55 . A particle with charge is in a uniform electric
field directed to the left. Another force, in addition to the electric
force, acts on the particle so that when it is released from rest, it
moves to the right. After it has moved the additional
force has done of work and the particle has

of kinetic energy. (a) What work was done by the
electric force? (b) What is the potential of the starting point with
respect to the end point? (c) What is the magnitude of the electric
field?
23.56 . CP In the Bohr model of the hydrogen atom, a single
electron revolves around a single proton in a circle of radius 
Assume that the proton remains at rest. (a) By equating the elec-
tric force to the electron mass times its acceleration, derive 
an expression for the electron’s speed. (b) Obtain an expression
for the electron’s kinetic energy, and show that its magnitude is
just half that of the electric potential energy. (c) Obtain an
expression for the total energy, and evaluate it using

Give your numerical result in joules and in electron
volts.
23.57 .. CALC A vacuum tube diode consists of concentric
cylindrical electrodes, the negative cathode and the positive
anode. Because of the accumulation of charge near the cathode,
the electric potential between the electrodes is not a linear function
of the position, even with planar geometry, but is given by

where is the distance from the cathode and is a constant, char-
acteristic of a particular diode and operating conditions. Assume that
the distance between the cathode and anode is and the
potential difference between electrodes is (a) Determine
the value of (b) Obtain a formula for the electric field between
the electrodes as a function of (c) Determine the force on an elec-
tron when the electron is halfway between the electrodes.
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23.58 .. Two oppositely charged,
identical insulating spheres, each

in diameter and carrying
a uniform charge of magnitude

are placed apart
center to center (Fig. P23.58). (a) If a voltmeter is connected
between the nearest points ( and ) on their surfaces, what will it
read? (b) Which point, or is at the higher potential? How can
you know this without any calculations?
23.59 .. An Ionic Crystal.
Figure P23.59 shows eight point
charges arranged at the corners
of a cube with sides of length 
The values of the charges are

and as shown. This is a
model of one cell of a cubic 
ionic crystal. In sodium chloride
(NaCl), for instance, the posi-
tive ions are and the nega-
tive ions are (a) Calculate
the potential energy of this
arrangement. (Take as zero the
potential energy of the eight charges when they are infinitely far
apart.) (b) In part (a), you should have found that Explain the
relationship between this result and the observation that such ionic
crystals exist in nature.
23.60 . (a) Calculate the potential energy of a system of two small
spheres, one carrying a charge of and the other a charge of

with their centers separated by a distance of 
Assume zero potential energy when the charges are infinitely sepa-
rated. (b) Suppose that one of the spheres is held in place and the
other sphere, which has a mass of is shot away from it.
What minimum initial speed would the moving sphere need in
order to escape completely from the attraction of the fixed sphere?
(To escape, the moving sphere would have to reach a velocity of
zero when it was infinitely distant from the fixed sphere.)
23.61 .. The Ion. The ion is composed of two protons,
each of charge and an electron of charge

and mass The separation between the pro-
tons is The protons and the electron may be
treated as point charges. (a) Suppose the electron is located at the
point midway between the two protons. What is the potential
energy of the interaction between the electron and the two pro-
tons? (Do not include the potential energy due to the interaction
between the two protons.) (b) Suppose the electron in part (a) has
a velocity of magnitude in a direction along the
perpendicular bisector of the line connecting the two protons.
How far from the point midway between the two protons can the
electron move? Because the masses of the protons are much
greater than the electron mass, the motions of the protons are very
slow and can be ignored.
(Note: A realistic description
of the electron motion requires
the use of quantum mechanics,
not Newtonian mechanics.)
23.62 .. CP A small sphere
with mass hangs by a
thread between two parallel
vertical plates apart
(Fig. P23.62). The plates are
insulating and have uniform
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surface charge densities and The charge on the sphere is
What potential difference between the plates

will cause the thread to assume an angle of with the vertical?
23.63 . CALC Coaxial Cylinders. A long metal cylinder with
radius is supported on an insulating stand on the axis of a long,
hollow, metal tube with radius The positive charge per unit
length on the inner cylinder is and there is an equal negative
charge per unit length on the outer cylinder. (a) Calculate the
potential for (i) (ii) (iii) (Hint:
The net potential is the sum of the potentials due to the individual
conductors.) Take at (b) Show that the potential of
the inner cylinder with respect to the outer is

(c) Use Eq. (23.23) and the result from part (a) to show that the
electric field at any point between the cylinders has magnitude

(d) What is the potential difference between the two cylinders if
the outer cylinder has no net charge?
23.64 .. A Geiger counter detects radiation such as alpha particles
by using the fact that the radiation ionizes the air along its path. A
thin wire lies on the axis of a hollow metal cylinder and is insulated
from it (Fig. P23.64). A large potential difference is established
between the wire and the outer cylinder, with the wire at higher
potential; this sets up a strong electric field directed radially out-
ward. When ionizing radiation enters the device, it ionizes a few air
molecules. The free electrons produced are accelerated by the elec-
tric field toward the wire and, on the way there, ionize many more
air molecules. Thus a current pulse is produced that can be detected
by appropriate electronic circuitry and converted to an audible
“click.” Suppose the radius of the central wire is and the
radius of the hollow cylinder is What potential difference
between the wire and the cylinder produces an electric field of

at a distance of from the axis of the
wire? (The wire and cylinder are both very long in comparison to
their radii, so the results of Problem 23.63 apply.)
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23.65 . CP Deflection in a CRT. Cathode-ray tubes (CRTs) are
often found in oscilloscopes and computer monitors. In Fig. P23.65
an electron with an initial speed of is projected
along the axis midway between the deflection plates of a cathode-
ray tube. The potential difference between the two plates is 22.0 V
and the lower plate is the one at higher potential. (a) What is the
force (magnitude and direction) on the electron when it is between
the plates? (b) What is the acceleration of the electron (magnitude
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23.58 .. Two oppositely charged,
identical insulating spheres, each

in diameter and carrying
a uniform charge of magnitude

are placed apart
center to center (Fig. P23.58). (a) If a voltmeter is connected
between the nearest points ( and ) on their surfaces, what will it
read? (b) Which point, or is at the higher potential? How can
you know this without any calculations?
23.59 .. An Ionic Crystal.
Figure P23.59 shows eight point
charges arranged at the corners
of a cube with sides of length 
The values of the charges are

and as shown. This is a
model of one cell of a cubic 
ionic crystal. In sodium chloride
(NaCl), for instance, the posi-
tive ions are and the nega-
tive ions are (a) Calculate
the potential energy of this
arrangement. (Take as zero the
potential energy of the eight charges when they are infinitely far
apart.) (b) In part (a), you should have found that Explain the
relationship between this result and the observation that such ionic
crystals exist in nature.
23.60 . (a) Calculate the potential energy of a system of two small
spheres, one carrying a charge of and the other a charge of

with their centers separated by a distance of 
Assume zero potential energy when the charges are infinitely sepa-
rated. (b) Suppose that one of the spheres is held in place and the
other sphere, which has a mass of is shot away from it.
What minimum initial speed would the moving sphere need in
order to escape completely from the attraction of the fixed sphere?
(To escape, the moving sphere would have to reach a velocity of
zero when it was infinitely distant from the fixed sphere.)
23.61 .. The Ion. The ion is composed of two protons,
each of charge and an electron of charge

and mass The separation between the pro-
tons is The protons and the electron may be
treated as point charges. (a) Suppose the electron is located at the
point midway between the two protons. What is the potential
energy of the interaction between the electron and the two pro-
tons? (Do not include the potential energy due to the interaction
between the two protons.) (b) Suppose the electron in part (a) has
a velocity of magnitude in a direction along the
perpendicular bisector of the line connecting the two protons.
How far from the point midway between the two protons can the
electron move? Because the masses of the protons are much
greater than the electron mass, the motions of the protons are very
slow and can be ignored.
(Note: A realistic description
of the electron motion requires
the use of quantum mechanics,
not Newtonian mechanics.)
23.62 .. CP A small sphere
with mass hangs by a
thread between two parallel
vertical plates apart
(Fig. P23.62). The plates are
insulating and have uniform
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surface charge densities and The charge on the sphere is
What potential difference between the plates

will cause the thread to assume an angle of with the vertical?
23.63 . CALC Coaxial Cylinders. A long metal cylinder with
radius is supported on an insulating stand on the axis of a long,
hollow, metal tube with radius The positive charge per unit
length on the inner cylinder is and there is an equal negative
charge per unit length on the outer cylinder. (a) Calculate the
potential for (i) (ii) (iii) (Hint:
The net potential is the sum of the potentials due to the individual
conductors.) Take at (b) Show that the potential of
the inner cylinder with respect to the outer is

(c) Use Eq. (23.23) and the result from part (a) to show that the
electric field at any point between the cylinders has magnitude

(d) What is the potential difference between the two cylinders if
the outer cylinder has no net charge?
23.64 .. A Geiger counter detects radiation such as alpha particles
by using the fact that the radiation ionizes the air along its path. A
thin wire lies on the axis of a hollow metal cylinder and is insulated
from it (Fig. P23.64). A large potential difference is established
between the wire and the outer cylinder, with the wire at higher
potential; this sets up a strong electric field directed radially out-
ward. When ionizing radiation enters the device, it ionizes a few air
molecules. The free electrons produced are accelerated by the elec-
tric field toward the wire and, on the way there, ionize many more
air molecules. Thus a current pulse is produced that can be detected
by appropriate electronic circuitry and converted to an audible
“click.” Suppose the radius of the central wire is and the
radius of the hollow cylinder is What potential difference
between the wire and the cylinder produces an electric field of

at a distance of from the axis of the
wire? (The wire and cylinder are both very long in comparison to
their radii, so the results of Problem 23.63 apply.)
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23.65 . CP Deflection in a CRT. Cathode-ray tubes (CRTs) are
often found in oscilloscopes and computer monitors. In Fig. P23.65
an electron with an initial speed of is projected
along the axis midway between the deflection plates of a cathode-
ray tube. The potential difference between the two plates is 22.0 V
and the lower plate is the one at higher potential. (a) What is the
force (magnitude and direction) on the electron when it is between
the plates? (b) What is the acceleration of the electron (magnitude
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and direction) when acted on
by the force in part (a)? (c)
How far below the axis has the
electron moved when it reaches
the end of the plates? (d) At
what angle with the axis is it
moving as it leaves the plates? (e) How far below the axis will it
strike the fluorescent screen S?
23.66 .. CP Deflecting Plates of an Oscilloscope. The vertical
deflecting plates of a typical classroom oscilloscope are a pair of
parallel square metal plates carrying equal but opposite charges.
Typical dimensions are about on a side, with a separation
of about The potential difference between the plates is
25.0 V. The plates are close enough that we can ignore fringing at
the ends. Under these conditions: (a) how much charge is on each
plate, and (b) how strong is the electric field between the plates?
(c) If an electron is ejected at rest from the negative plate, how fast
is it moving when it reaches the positive plate?
23.67 .. Electrostatic precipi-
tators use electric forces to
remove pollutant particles from
smoke, in particular in the
smokestacks of coal-burning
power plants. One form of pre-
cipitator consists of a vertical,
hollow, metal cylinder with a
thin wire, insulated from the
cylinder, running along its axis
(Fig. P23.67). A large potential
difference is established between
the wire and the outer cylinder,
with the wire at lower poten-
tial. This sets up a strong radial
electric field directed inward.
The field produces a region of ionized air near the wire. Smoke
enters the precipitator at the bottom, ash and dust in it pick up elec-
trons, and the charged pollutants are accelerated toward the outer
cylinder wall by the electric field. Suppose the radius of the central
wire is the radius of the cylinder is and a
potential difference of is established between the wire and
the cylinder. Also assume that the wire and cylinder are both very
long in comparison to the cylinder radius, so the results of Problem
23.63 apply. (a) What is the magnitude of the electric field midway
between the wire and the cylinder wall? (b) What magnitude of
charge must a ash particle have if the electric field
computed in part (a) is to exert a force ten times the weight of the
particle?
23.68 .. CALC A disk with radius has uniform surface charge
density (a) By regarding the disk as a series of thin concentric
rings, calculate the electric potential at a point on the disk’s axis
a distance from the center of the disk. Assume that the potential
is zero at infinity. (Hint: Use the result of Example 23.11 in Sec-
tion 23.3.) (b) Calculate Show that the result agrees with
the expression for calculated in Example 21.11 (Section 21.5).
23.69 .. CALC (a) From the expression for obtained in Problem
22.42, find the expressions for the electric potential as a function
of both inside and outside the cylinder. Let at the surface
of the cylinder. In each case, express your result in terms of the
charge per unit length of the charge distribution. (b) Graph and

as functions of from to 
23.70 . CALC A thin insulating rod is bent into a semicircular arc
of radius and a total electric charge is distributed uniformlyQa,
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along the rod. Calculate the potential at the center of curvature of
the arc if the potential is assumed to be zero at infinity.
23.71 ... CALC Self-Energy of a Sphere of Charge. A solid
sphere of radius contains a total charge distributed uniformly
throughout its volume. Find the energy needed to assemble this
charge by bringing infinitesimal charges from far away. This
energy is called the “self-energy” of the charge distribution. (Hint:
After you have assembled a charge in a sphere of radius how
much energy would it take to add a spherical shell of thickness 
having charge Then integrate to get the total energy.)
23.72 .. CALC (a) From the expression for obtained in Example
22.9 (Section 22.4), find the expression for the electric potential 
as a function of both inside and outside the uniformly charged
sphere. Assume that at infinity. (b) Graph and as func-
tions of from to 
23.73 .. Charge is distributed uniformly over the
volume of an insulating sphere that has radius . What
is the potential difference between the center of the sphere and the
surface of the sphere?
23.74 . An insulating spherical shell with inner radius 
and outer radius carries a charge of uni-
formly distributed over its outer surface (see Exercise 23.41).
Point is at the center of the shell, point is on the inner surface,
and point is on the outer surface. (a) What will a voltmeter read if
it is connected between the following points: (i) and 
(ii) and (iii) and infinity; (iv) and (b) Which is at higher
potential: (i) or (ii) or (iii) or (c) Which, if any, of the
answers would change sign if the charge were 
23.75 .. Exercise 23.41 shows that, outside a spherical shell with
uniform surface charge, the potential is the same as if all the
charge were concentrated into a point charge at the center of the
sphere. (a) Use this result to show that for two uniformly charged
insulating shells, the force they exert on each other and their
mutual electrical energy are the same as if all the charge were con-
centrated at their centers. (Hint: See Section 13.6.) (b) Does this
same result hold for solid insulating spheres, with charge distrib-
uted uniformly throughout their volume? (c) Does this same result
hold for the force between two charged conducting shells?
Between two charged solid conductors? Explain.
23.76 .. CP Two plastic spheres, each carrying charge uniformly
distributed throughout its interior, are initially placed in contact
and then released. One sphere is in diameter, has mass

, and contains of charge. The other sphere is
in diameter, has mass and contains of

charge. Find the maximum acceleration and the maximum speed
achieved by each sphere (relative to the fixed point of their initial
location in space), assuming that no other forces are acting on
them. (Hint: The uniformly distributed charges behave as though
they were concentrated at the centers of the two spheres.)
23.77 . CALC Use the electric field calculated in Problem 22.45 to
calculate the potential difference between the solid conducting
sphere and the thin insulating shell.
23.78 . CALC Consider a solid conducting sphere inside a hollow
conducting sphere, with radii and charges specified in Problem
22.44. Take as Use the electric field calculated in
Problem 22.44 to calculate the potential at the following values
of (a) (at the outer surface of the hollow sphere); (b)

(at the inner surface of the hollow sphere); (c) (at the
surface of the solid sphere); (d) (at the center of the solid
sphere).
23.79 . CALC Electric charge is distributed uniformly along a thin
rod of length with total charge Take the potential to be zero atQ.a,
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infinity. Find the potential at the
following points (Fig. P23.79):
(a) point a distance to the
right of the rod, and (b) point a
distance above the right-hand
end of the rod. (c) In parts (a)
and (b), what does your result reduce to as or becomes much
larger than 
23.80 . (a) If a spherical raindrop of radius carries a
charge of uniformly distributed over its volume, what is
the potential at its surface? (Take the potential to be zero at an infi-
nite distance from the raindrop.) (b) Two identical raindrops, each
with radius and charge specified in part (a), collide and merge into
one larger raindrop. What is the radius of this larger drop, and what
is the potential at its surface, if its charge is uniformly distributed
over its volume?
23.81 .. Two metal spheres of different sizes are charged such
that the electric potential is the same at the surface of each. Sphere

has a radius three times that of sphere Let and be the
charges on the two spheres, and let and be the electric-field
magnitudes at the surfaces of the two spheres. What are (a) the
ratio and (b) the ratio 
23.82 . An alpha particle with kinetic energy makes a
head-on collision with a lead nucleus at rest. What is the distance
of closest approach of the two particles? (Assume that the lead
nucleus remains stationary and that it may be treated as a point
charge. The atomic number of lead is 82. The alpha particle is a
helium nucleus, with atomic number 2.)
23.83 . A metal sphere with radius has a charge Take the
electric potential to be zero at an infinite distance from the sphere.
(a) What are the electric field and electric potential at the surface of
the sphere? This sphere is now connected by a long, thin conduct-
ing wire to another sphere of radius that is several meters from
the first sphere. Before the connection is made, this second sphere
is uncharged. After electrostatic equilibrium has been reached,
what are (b) the total charge on each sphere; (c) the electric poten-
tial at the surface of each sphere; (d) the electric field at the surface
of each sphere? Assume that the amount of charge on the wire is
much less than the charge on each sphere.
23.84 ... CALC Use the charge distribution and electric field cal-
culated in Problem 22.65. (a) Show that for the potential is
identical to that produced by a point charge (Take the potential
to be zero at infinity.) (b) Obtain an expression for the electric
potential valid in the region 
23.85 .. CP Nuclear Fusion in the Sun. The source of the
sun’s energy is a sequence of nuclear reactions that occur in its
core. The first of these reactions involves the collision of two pro-
tons, which fuse together to form a heavier nucleus and release
energy. For this process, called nuclear fusion, to occur, the two
protons must first approach until their surfaces are essentially in
contact. (a) Assume both protons are moving with the same speed
and they collide head-on. If the radius of the proton is

what is the minimum speed that will allow fusion
to occur? The charge distribution within a proton is spherically
symmetric, so the electric field and potential outside a proton are
the same as if it were a point charge. The mass of the proton is

(b) Another nuclear fusion reaction that occurs
in the sun’s core involves a collision between two helium nuclei,
each of which has 2.99 times the mass of the proton, charge 
and radius Assuming the same collision geometry
as in part (a), what minimum speed is required for this fusion reac-
tion to take place if the nuclei must approach a center-to-center
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distance of about As for the proton, the charge of
the helium nucleus is uniformly distributed throughout its volume. 
(c) In Section 18.3 it was shown that the average translational
kinetic energy of a particle with mass in a gas at absolute tem-
perature is where is the Boltzmann constant (given in
Appendix F). For two protons with kinetic energy equal to this
average value to be able to undergo the process described in part
(a), what absolute temperature is required? What absolute tempera-
ture is required for two average helium nuclei to be able to undergo
the process described in part (b)? (At these temperatures, atoms are
completely ionized, so nuclei and electrons move separately.) (d)
The temperature in the sun’s core is about How does
this compare to the temperatures calculated in part (c)? How can
the reactions described in parts (a) and (b) occur at all in the inte-
rior of the sun? (Hint: See the discussion of the distribution of
molecular speeds in Section 18.5.)
23.86 . CALC The electric potential in a region of space is
given by

where is a constant. (a) Derive an expression for the electric field
at any point in this region. (b) The work done by the field when a

test charge moves from the point 
to the origin is measured to be 

Determine (c) Determine the electric field at the point (0, 0,
0.250 m). (d) Show that in every plane parallel to the -plane the
equipotential contours are circles. (e) What is the radius of the
equipotential contour corresponding to and

23.87 .. Nuclear Fission. The
unstable nucleus of uranium-
236 can be regarded as a uni-
formly charged sphere of charge

and radius 
In nuclear fis-

sion, this can divide into two
smaller nuclei, each with half
the charge and half the volume
of the original uranium-236
nucleus. This is one of the reactions that occurred in the nuclear
weapon that exploded over Hiroshima, Japan, in August 1945.
(a) Find the radii of the two “daughter” nuclei of charge (b)
In a simple model for the fission process, immediately after the
uranium-236 nucleus has undergone fission, the “daughter”
nuclei are at rest and just touching, as shown in Fig. P23.87.
Calculate the kinetic energy that each of the “daughter” nuclei
will have when they are very far apart. (c) In this model the sum
of the kinetic energies of the two “daughter” nuclei, calculated
in part (b), is the energy released by the fission of one uranium-
236 nucleus. Calculate the energy released by the fission of

of uranium-236. The atomic mass of uranium-236 is
where 1 u 1 atomic mass unit

Express your answer both in joules and in kilotons of TNT
(1 kiloton of TNT releases when it explodes). 
(d) In terms of this model, discuss why an atomic bomb could
just as well be called an “electric bomb.”

CHALLENGE PROBLEMS
23.88 ... CP CALC In a certain region, a charge distribution
exists that is spherically symmetric but nonuniform. That is, the
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and the outer is positively charged; the magnitude of the charge on
each is The inner cylinder has radius the outer
one has radius and the length of each cylinder is

(a) What is the capacitance? (b) What applied potential
difference is necessary to produce these charges on the cylinders?
24.12 .. A cylindrical capacitor has an inner conductor of radius

and an outer conductor of radius The two conduc-
tors are separated by vacuum, and the entire capacitor is 
long. (a) What is the capacitance per unit length? (b) The potential
of the inner conductor is higher than that of the outer con-
ductor. Find the charge (magnitude and sign) on both conductors.
24.13 .. A spherical capacitor contains a charge of when
connected to a potential difference of 220 V. If its plates are sepa-
rated by vacuum and the inner radius of the outer shell is 
calculate: (a) the capacitance; (b) the radius of the inner sphere; (c)
the electric field just outside the surface of the inner sphere.
24.14 . A spherical capacitor is formed from two concentric,
spherical, conducting shells separated by vacuum. The inner sphere
has radius and the capacitance is (a) What is the
radius of the outer sphere? (b) If the potential difference between
the two spheres is what is the magnitude of charge on each
sphere?

Section 24.2 Capacitors in Series and Parallel
24.15 . BIO Electric Eels. Electric eels and electric fish gener-
ate large potential differences that are used to stun enemies and
prey. These potentials are produced by cells that each can generate
0.10 V. We can plausibly model such cells as charged capacitors.
(a) How should these cells be connected (in series or in parallel) 
to produce a total potential of
more than 0.10 V? (b) Using
the connection in part (a), how
many cells must be connected
together to produce the 500-V
surge of the electric eel?
24.16 . For the system of
capacitors shown in Fig. E24.16,
find the equivalent capacitance
(a) between and and (b)
between and 
24.17 . In Fig. E24.17, each
capacitor has 
and Calculate
(a) the charge on each capacitor;
(b) the potential difference across
each capacitor; (c) the potential
difference between points
and
24.18 . In Fig. 24.8a, let

and Calculate
(a) the charge on each capacitor
and (b) the potential difference
across each capacitor.
24.19 . In Fig. 24.9a, let

and
Calculate (a)

the charge on each capacitor
and (b) the potential difference across each capacitor.
24.20 . In Fig. E24.20, and

The capacitor network is connected to an applied
potential After the charges on the capacitors have reached theirVab.
C3 = 5.00 mF.

C2 = 3.00 mF,C1 = 6.00 mF,

Vab = +52.0 V.
C2 = 5.00 mF,3.00 mF,

C1 =

Vab = + 52.0 V.
C2 = 5.00 mF,3.00 mF,C1 =

d.
a

Vab = + 28.0 V.
C = 4.00 mF

c.a
c,b

220 V,

116 pF.15.0 cm

4.00 cm,

3.30 nC

350 mV

2.8 m
3.5 mm.1.5 mm

18.0 cm.
5.00 mm,

0.50 mm,10.0 pC.
final values, the charge on 
is (a) What are the
charges on capacitors and

(b) What is the applied
voltage
24.21 .. For the system of
capacitors shown in Fig.
E24.21, a potential difference
of 25 V is maintained across
ab. (a) What is the equivalent
capacitance of this system
between a and b? (b) How
much charge is stored by this
system? (c) How much charge
does the 6.5-nF capacitor
store? (d) What is the potential
difference across the 7.5-nF
capacitor?
24.22 . Figure E24.22 shows
a system of four capacitors,
where the potential difference
across is 50.0 V. (a) Find
the equivalent capacitance of
this system between and 
(b) How much charge is stored
by this combination of capaci-
tors? (c) How much charge is
stored in each of the 
and the capacitors?
24.23 .. Suppose the 
capacitor in Fig. 24.10a were
removed and replaced by a
different one, and that this
changed the equivalent capacitance between points and to 
What would be the capacitance of the replacement capacitor?

Section 24.3 Energy Storage in Capacitors 
and Electric-Field Energy
24.24 . A parallel-plate air capacitor has a capacitance of 
The charge on each plate is (a) What is the potential dif-
ference between the plates? (b) If the charge is kept constant, what
will be the potential difference between the plates if the separation
is doubled? (c) How much work is required to double the separa-
tion?
24.25 . A parallel-plate, air capacitor has a plate separa-
tion of and is charged to a potential difference of 
Calculate the energy density in the region between the plates, in
units of 
24.26 . An air capacitor is made from two flat parallel plates

apart. The magnitude of charge on each plate is
when the potential difference is 200 V. (a) What is the

capacitance? (b) What is the area of each plate? (c) What maxi-
mum voltage can be applied without dielectric breakdown?
(Dielectric breakdown for air occurs at an electric-field strength of

) (d) When the charge is what total
energy is stored?
24.27 . A parallel-plate vacuum capacitor with plate area and
separation has charges and on its plates. The capacitor is
disconnected from the source of charge, so the charge on each
plate remains fixed. (a) What is the total energy stored in the
capacitor? (b) The plates are pulled apart an additional distance 
What is the change in the stored energy? (c) If is the force withF

dx.
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and the outer is positively charged; the magnitude of the charge on
each is The inner cylinder has radius the outer
one has radius and the length of each cylinder is

(a) What is the capacitance? (b) What applied potential
difference is necessary to produce these charges on the cylinders?
24.12 .. A cylindrical capacitor has an inner conductor of radius

and an outer conductor of radius The two conduc-
tors are separated by vacuum, and the entire capacitor is 
long. (a) What is the capacitance per unit length? (b) The potential
of the inner conductor is higher than that of the outer con-
ductor. Find the charge (magnitude and sign) on both conductors.
24.13 .. A spherical capacitor contains a charge of when
connected to a potential difference of 220 V. If its plates are sepa-
rated by vacuum and the inner radius of the outer shell is 
calculate: (a) the capacitance; (b) the radius of the inner sphere; (c)
the electric field just outside the surface of the inner sphere.
24.14 . A spherical capacitor is formed from two concentric,
spherical, conducting shells separated by vacuum. The inner sphere
has radius and the capacitance is (a) What is the
radius of the outer sphere? (b) If the potential difference between
the two spheres is what is the magnitude of charge on each
sphere?

Section 24.2 Capacitors in Series and Parallel
24.15 . BIO Electric Eels. Electric eels and electric fish gener-
ate large potential differences that are used to stun enemies and
prey. These potentials are produced by cells that each can generate
0.10 V. We can plausibly model such cells as charged capacitors.
(a) How should these cells be connected (in series or in parallel) 
to produce a total potential of
more than 0.10 V? (b) Using
the connection in part (a), how
many cells must be connected
together to produce the 500-V
surge of the electric eel?
24.16 . For the system of
capacitors shown in Fig. E24.16,
find the equivalent capacitance
(a) between and and (b)
between and 
24.17 . In Fig. E24.17, each
capacitor has 
and Calculate
(a) the charge on each capacitor;
(b) the potential difference across
each capacitor; (c) the potential
difference between points
and
24.18 . In Fig. 24.8a, let

and Calculate
(a) the charge on each capacitor
and (b) the potential difference
across each capacitor.
24.19 . In Fig. 24.9a, let

and
Calculate (a)

the charge on each capacitor
and (b) the potential difference across each capacitor.
24.20 . In Fig. E24.20, and

The capacitor network is connected to an applied
potential After the charges on the capacitors have reached theirVab.
C3 = 5.00 mF.

C2 = 3.00 mF,C1 = 6.00 mF,

Vab = +52.0 V.
C2 = 5.00 mF,3.00 mF,

C1 =

Vab = + 52.0 V.
C2 = 5.00 mF,3.00 mF,C1 =

d.
a

Vab = + 28.0 V.
C = 4.00 mF

c.a
c,b

220 V,

116 pF.15.0 cm

4.00 cm,

3.30 nC

350 mV

2.8 m
3.5 mm.1.5 mm

18.0 cm.
5.00 mm,

0.50 mm,10.0 pC.
final values, the charge on 
is (a) What are the
charges on capacitors and

(b) What is the applied
voltage
24.21 .. For the system of
capacitors shown in Fig.
E24.21, a potential difference
of 25 V is maintained across
ab. (a) What is the equivalent
capacitance of this system
between a and b? (b) How
much charge is stored by this
system? (c) How much charge
does the 6.5-nF capacitor
store? (d) What is the potential
difference across the 7.5-nF
capacitor?
24.22 . Figure E24.22 shows
a system of four capacitors,
where the potential difference
across is 50.0 V. (a) Find
the equivalent capacitance of
this system between and 
(b) How much charge is stored
by this combination of capaci-
tors? (c) How much charge is
stored in each of the 
and the capacitors?
24.23 .. Suppose the 
capacitor in Fig. 24.10a were
removed and replaced by a
different one, and that this
changed the equivalent capacitance between points and to 
What would be the capacitance of the replacement capacitor?

Section 24.3 Energy Storage in Capacitors 
and Electric-Field Energy
24.24 . A parallel-plate air capacitor has a capacitance of 
The charge on each plate is (a) What is the potential dif-
ference between the plates? (b) If the charge is kept constant, what
will be the potential difference between the plates if the separation
is doubled? (c) How much work is required to double the separa-
tion?
24.25 . A parallel-plate, air capacitor has a plate separa-
tion of and is charged to a potential difference of 
Calculate the energy density in the region between the plates, in
units of 
24.26 . An air capacitor is made from two flat parallel plates

apart. The magnitude of charge on each plate is
when the potential difference is 200 V. (a) What is the

capacitance? (b) What is the area of each plate? (c) What maxi-
mum voltage can be applied without dielectric breakdown?
(Dielectric breakdown for air occurs at an electric-field strength of

) (d) When the charge is what total
energy is stored?
24.27 . A parallel-plate vacuum capacitor with plate area and
separation has charges and on its plates. The capacitor is
disconnected from the source of charge, so the charge on each
plate remains fixed. (a) What is the total energy stored in the
capacitor? (b) The plates are pulled apart an additional distance 
What is the change in the stored energy? (c) If is the force withF

dx.

-Q+Qx
A

0.0180 mC,3.0 * 106 V>m.

0.0180 mC
1.50 mm

J>m3.

400 V.5.00 mm
5.80-mF,

2.55 mC.
920 pF.

8 mF.ba

3-mF
9.0-mF

10.0-mF

b.a

ab

Vab?
C3?

C1

40.0 mC.
C2

15 pF

11 pF9.0 pF

c

b

a

Figure E24.16

C1

C3

C4

C2

a

b

d

Figure E24.17

a

b

d

C1

C2

C3

Figure E24.20

a b

18.0 nF 30.0 nF 10.0 nF

7.5 nF

6.5 nF

Figure E24.21

b

10.0 mF 9.0 mF

5.0 mF

8.0 mF

a

Figure E24.22
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24.42 . A constant potential difference of is maintained
between the terminals of a parallel-plate, air capacitor.
(a) A sheet of Mylar is inserted between the plates of the capacitor,
completely filling the space between the plates. When this is done,
how much additional charge flows onto the positive plate of the
capacitor (see Table 24.1)? (b) What is the total induced charge on
either face of the Mylar sheet? (c) What effect does the Mylar
sheet have on the electric field between the plates? Explain how
you can reconcile this with the increase in charge on the plates,
which acts to increase the electric field.
24.43 . When a 360-nF air capacitor is con-
nected to a power supply, the energy stored in the capacitor is

While the capacitor is kept connected to the power
supply, a slab of dielectric is inserted that completely fills the space
between the plates. This increases the stored energy by

(a) What is the potential difference between the
capacitor plates? (b) What is the dielectric constant of the slab?
24.44 . A parallel-plate capacitor has capacitance 
when the volume between the plates is filled with air. The plates
are circular, with radius The capacitor is connected to a
battery, and a charge of magnitude goes onto each plate.
With the capacitor still connected to the battery, a slab of dielectric
is inserted between the plates, completely filling the space between
the plates. After the dielectric has been inserted, the charge on each
plate has magnitude (a) What is the dielectric constant 
of the dielectric? (b) What is the potential difference between the
plates before and after the dielectric has been inserted? (c) What is
the electric field at a point midway between the plates before and
after the dielectric has been inserted?

Section 24.6 Gauss’s Law in Dielectrics
24.45 . A parallel-plate capacitor has the volume between its
plates filled with plastic with dielectric constant The magnitude
of the charge on each plate is Each plate has area and the dis-
tance between the plates is (a) Use Gauss’s law as stated in 
Eq. (24.23) to calculate the magnitude of the electric field in the
dielectric. (b) Use the electric field determined in part (a) to calculate
the potential difference between the two plates. (c) Use the result of
part (b) to determine the capacitance of the capacitor. Compare your
result to Eq. (24.12).
24.46 . A parallel-plate capacitor has plates with area 
separated by of Teflon. (a) Calculate the charge on the
plates when they are charged to a potential difference of 
(b) Use Gauss’s law (Eq. 24.23) to calculate the electric field
inside the Teflon. (c) Use Gauss’s law to calculate the electric field
if the voltage source is disconnected and the Teflon is removed.

PROBLEMS
24.47 . Electronic flash units for cameras contain a capacitor for
storing the energy used to produce the flash. In one such unit, the
flash lasts for with an average light power output of

(a) If the conversion of electrical energy to light is
95% efficient (the rest of the energy goes to thermal energy), how
much energy must be stored in the capacitor for one flash? (b) The
capacitor has a potential difference between its plates of 
when the stored energy equals the value calculated in part (a). What
is the capacitance?
24.48 . A parallel-plate air capacitor is made by using two plates

square, spaced apart. It is connected to a 
battery. (a) What is the capacitance? (b) What is the charge on each

12-V3.7 mm16 cm

125 V

2.70 * 105 W.

1
675 s

12.0 V.
1.00 mm

0.0225 m2

d.
A,Q.

K.

K45.0 pC.

25.0 pC
3.00 cm.

C = 12.5 pF

2.32 * 10-5 J.

1.85 * 10-5 J.

11 nF = 10-9 F2

0.25-mF,
12 V plate? (c) What is the electric field between the plates? (d) What is

the energy stored in the capacitor? (e) If the battery is disconnected
and then the plates are pulled apart to a separation of what
are the answers to parts (a)–(d)?
24.49 .. Suppose the battery in Problem 24.48 remains con-
nected while the plates are pulled apart. What are the answers then
to parts (a)–(d) after the plates have been pulled apart?
24.50 ... BIO Cell Membranes.
Cell membranes (the walled enclo-
sure around a cell) are typically
about 7.5 nm thick. They are par-
tially permeable to allow charged
material to pass in and out, as
needed. Equal but opposite charge
densities build up on the inside and
outside faces of such a membrane, and these charges prevent addi-
tional charges from passing through the cell wall. We can model a
cell membrane as a parallel-plate capacitor, with the membrane
itself containing proteins embedded in an organic material to give
the membrane a dielectric constant of about 10. (See Fig. P24.50.)
(a) What is the capacitance per square centimeter of such a cell
wall? (b) In its normal resting state, a cell has a potential difference
of 85 mV across its membrane. What is the electric field inside this
membrane?
24.51 . A capacitor is made from two hollow, coaxial copper
cylinders, one inside the other. There is air in the space between
the cylinders. The inner cylinder has net positive charge and the
outer cylinder has net negative charge. The inner cylinder has radius
2.50 mm, the outer cylinder has radius 3.10 mm, and the length of
each cylinder is 36.0 cm. If the potential difference between the
surfaces of the two cylinders is 80.0 V, what is the magnitude of
the electric field at a point between the two cylinders that is a
distance of 2.80 mm from their common axis and midway between
the ends of the cylinders?
24.52 ... In one type of computer keyboard, each key holds a
small metal plate that serves as one plate of a parallel-plate, air-
filled capacitor. When the key is depressed, the plate separation
decreases and the capacitance increases. Electronic circuitry
detects the change in capacitance and thus detects that the key has
been pressed. In one particular keyboard, the area of each metal
plate is and the separation between the plates is

before the key is depressed. (a) Calculate the capaci-
tance before the key is depressed. (b) If the circuitry can detect a
change in capacitance of how far must the key be
depressed before the circuitry detects its depression?
24.53 .. A capacitor is charged to a potential differ-
ence of 800 V. The terminals of the charged capacitor are then
connected to those of an uncharged capacitor. Compute
(a) the original charge of the system, (b) the final potential dif-
ference across each capacitor, (c) the final energy of the system,
and (d) the decrease in energy when the capacitors are con-
nected.
24.54 .. In Fig. 24.9a, let and

Suppose the charged capacitors are disconnected
from the source and from each other, and then reconnected to each
other with plates of opposite sign together. By how much does the
energy of the system decrease?
24.55 . For the capacitor network shown in Fig. P24.55, the
potential difference across is 12.0 V. Find (a) the total energy
stored in this network and (b) the energy stored in the 
capacitor.

4.80-mF
ab

Vab = 36 V.
C2 = 4.0 mF,C1 = 9.0 mF,

10.0-mF

20.0-mF

0.250 pF,

0.700 mm
42.0 mm2,

7.4 mm,

Outside axon

Inside axon

Axon membrane

7.5 nm

–

+

–

+

–

+

–

+
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+
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+

–

+

–

+

–
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Figure P24.50
Problems 815

24.56 .. Several capacitors are available. The voltage
across each is not to exceed You need to make a capacitor
with capacitance to be connected across a potential differ-
ence of (a) Show in a diagram how an equivalent capacitor
with the desired properties can be obtained. (b) No dielectric is a
perfect insulator that would not permit the flow of any charge
through its volume. Suppose that the dielectric in one of the capac-
itors in your diagram is a moderately good conductor. What will
happen in this case when your combination of capacitors is con-
nected across the potential difference?
24.57 . In Fig. P24.57, 

and
The applied poten-

tial is (a) What is
the equivalent capacitance of
the network between points 
and (b) Calculate the charge
on each capacitor and the
potential difference across each
capacitor.
24.58 .. You are working on an electronics project requiring a
variety of capacitors, but you have only a large supply of 100-nF
capacitors available. Show how you can connect these capacitors to
produce each of the following equivalent capacitances: (a) 50 nF;
(b) 450 nF; (c) 25 nF; (d) 75 nF.
24.59 .. In Fig. E24.20, and . The
charge on capacitor is and the charge on is .
What are the values of the capacitances of and ?
24.60 . The capacitors in Fig.
P24.60 are initially uncharged
and are connected, as in the dia-
gram, with switch S open. The
applied potential difference is

(a) What is the
potential difference (b)
What is the potential difference
across each capacitor after
switch is closed? (c) How
much charge flowed through the switch when it was closed?
24.61 .. Three capacitors having capacitances of 8.4, 8.4, and

are connected in series across a potential difference.
(a) What is the charge on the capacitor? (b) What is the
total energy stored in all three capacitors? (c) The capacitors are
disconnected from the potential difference without allowing them
to discharge. They are then reconnected in parallel with each other,
with the positively charged plates connected together. What is the
voltage across each capacitor in the parallel combination? (d)
What is the total energy now stored in the capacitors?
24.62 . Capacitance of a Thundercloud. The charge center of
a thundercloud, drifting above the earth’s surface, contains

of negative charge. Assuming the charge center has a radius
of and modeling the charge center and the earth’s surface
as parallel plates, calculate: (a) the capacitance of the system; (b)

1.0 km,
20 C

3.0 km

4.2-mF
36-V4.2 mF

S

Vcd?
Vab = +210 V.

C3C2

450 mCC3150 mCC1

Vab = 150 VC1 = 3.00 mF

b?
a

Vab = 220 V.
C4 = 4.2 mF.

C2 = C3 =8.4 mFC5 =
C1 =

960-V

960 V.
0.25 mF

600 V.
0.25-mF

the potential difference between charge center and ground; (c) the
average strength of the electric field between cloud and ground; (d)
the electrical energy stored in the system.
24.63 .. In Fig. P24.63, each
capacitance is and each
capacitance is (a) Com-
pute the equivalent capacitance
of the network between points 
and (b) Compute the charge on
each of the three capacitors near-
est and when 
(c) With across and 
compute
24.64 . Each combination of
capacitors between points 
and in Fig. P24.64 is first
connected across a bat-
tery, charging the combination
to These combinations
are then connected to make the
circuits shown. When the switch

is thrown, a surge of charge for
the discharging capacitors flows
to trigger the signal device. How
much charge flows through the
signal device in each case?
24.65 . A parallel-plate capac-
itor with only air between the
plates is charged by connecting
it to a battery. The capacitor is
then disconnected from the bat-
tery, without any of the charge
leaving the plates. (a) A voltmeter reads when placed across
the capacitor. When a dielectric is inserted between the plates, com-
pletely filling the space, the voltmeter reads What is the
dielectric constant of this material? (b) What will the voltmeter
read if the dielectric is now pulled partway out so it fills only one-
third of the space between the plates?
24.66 .. An air capacitor is made by
using two flat plates, each with area 
separated by a distance Then a
metal slab having thickness (less
than ) and the same shape and size as
the plates is inserted between them,
parallel to the plates and not touching
either plate (Fig. P24.66). (a) What is
the capacitance of this arrangement? (b) Express the capacitance as
a multiple of the capacitance when the metal slab is not present.
(c) Discuss what happens to the capacitance in the limits 
and
24.67 .. Capacitance of the Earth. Consider a spherical
capacitor with one conductor being a solid conducting sphere of
radius R and the other conductor being at infinity. (a) Use Eq.
(24.1) and what you know about the potential at the surface of a
conducting sphere with charge Q to derive an expression for the
capacitance of the charged sphere. (b) Use your result in part (a) to
calculate the capacitance of the earth. The earth is a good conduc-
tor and has a radius of 6380 km. Compare your results to the
capacitance of typical capacitors used in electronic circuits, which
ranges from 10 pF to 100 pF.
24.68 .. A potential difference is applied across the
capacitor network of Fig. E24.17. If andC1 = C2 = 4.00 mF

Vab = 48.0 V

aS d.
aS 0

C0

d
a

d.
A,

11.5 V.
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S
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120-V
b

a

Vcd .
b,a420 V

420 V.Vab =ba

b.
a

4.6 mF.C2

6.9 mF,C1a b

3.50 mF
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mF

8.60 mF
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