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1. Figure 1 shows the electric field lines for two point charges separated by a small distance.

(i) Determine the ratio q1/q2. (ii) What are the signs of q1 and q2?

2. An ion milling machine uses a beam of gallium ions (m = 70u) to carve microstructures

from a target. A region of uniform electric field between parallel sheets of charge is used for precise

control of the beam direction. Single ionized gallium atoms with initially horizontal velocity of

1.8 × 104 m/s enter a 2.0 cm-long region of uniform electric field which points vertically upward,

as shown in Fig. 2. The ions are redirected by the field, and exit the region at the angle θ shown.

If the field is set to a value of E = 90 N/C, what is the exit angle θ?

3. Two 2.0-g spheres are suspended by 10.0-cm-long light strings, see Fig. 3. A uniform electric

field is applied in the x direction. If the spheres have charges of −5.0 × 10−8 C and 5.0 × 10−8 C,

determine the electric field intensity that enables the spheres to be in equilibrium at θ = 10◦.

4. Three charges of equal magnitude q are fixed in position at the vertices of an equilateral

triangle (Fig. 4). A fourth charge Q is free to move along the positive x axis under the influence of

the forces exerted by the three fixed charges. Find a value for s for which Q is in equilibrium. You

will need to solve a transcendental equation.

5. Eight solid plastic cubes, each 3.00 cm on each edge, are glued together to form each one of

the objects (i, ii, iii, iv) shown in Fig. 5. (a) Assuming each object carries charge with uniform

density 400 nC/m3 throughout its volume, find the charge of each object. (b) Assuming each object

carries charge with uniform density 15.0 nC/m2 everywhere on its exposed surface, find the charge

on each object. (c) Assuming charge is placed only on the edges where perpendicular surfaces meet,

with uniform density 80.0 pC/m, find the charge of each object.

6. (i) Consider a uniformly charged thin-walled right circular cylindrical shell having total charge

Q, radius R, and height h. Determine the electric field at a point a distance d from the right side of

the cylinder as shown in Fig. 6. [Hint: Use the result of Example 2 given in lecture 2 and treat the

cylinder as a collection of ring charges.] (ii) Consider now a solid cylinder with the same dimensions

and carrying the same charge, uniformly distributed through its volume. Use the result of Example

3 given in lecture 2 to find the field it creates at the same point.

7. A uniformly charged rod of length 14.0 cm is bent into the shape of a semicircle as shown in

Fig. 7. The rod has a total charge of −7.50 µC. Find the magnitude and direction of the electric

field at O, the center of the semicircle.

8. A line of charge with uniform density 35.0 nC/m lies along the line y = −15.0 cm, between

the points with coordinates x = 0 and x = 40.0 cm. Find the electric field it creates at the origin.

9. (i) A rod of length ` has a uniform positive charge per unit length λ and a total charge Q.

Calculate the electric field at a point P that is located along the long axis of the rod and a distance

a from one end. (ii) Identical thin rods of length 2a carry equal charges +Q uniformly distributed

along their lengths. The rods lie along the x axis with their centers separated by a distance b > 2a

(Fig. 8). Show that the magnitude of the force exerted by the left rod on the right one is given by

F = 1
4πε0

Q2

4a2
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(

b2

b2−4a2

)
.
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34. (a) Consider a uniformly charged thin-walled right circu-
lar cylindrical shell having total charge Q , radius R , and
height h. Determine the electric field at a point a distance
d from the right side of the cylinder as shown in Figure
P23.34. (Suggestion: Use the result of Example 23.8 and
treat the cylinder as a collection of ring charges.) (b) What
If? Consider now a solid cylinder with the same dimen-
sions and carrying the same charge, uniformly distributed
through its volume. Use the result of Example 23.9 to find
the field it creates at the same point.

36. Three solid plastic cylinders all have radius 2.50 cm and
length 6.00 cm. One (a) carries charge with uniform den-
sity 15.0 nC/m2 everywhere on its surface. Another
(b) carries charge with the same uniform density on its
curved lateral surface only. The third (c) carries charge
with uniform density 500 nC/m3 throughout the plastic.
Find the charge of each cylinder.

37. Eight solid plastic cubes, each 3.00 cm on each edge, are
glued together to form each one of the objects (i, ii, iii, and
iv) shown in Figure P23.37. (a) Assuming each object carries
charge with uniform density 400 nC/m3 throughout its
volume, find the charge of each object. (b) Assuming each
object carries charge with uniform density 15.0 nC/m2

everywhere on its exposed surface, find the charge on each
object. (c) Assuming charge is placed only on the edges
where perpendicular surfaces meet, with uniform density
80.0 pC/m, find the charge of each object.

Figure P23.33

Figure P23.34

Figure P23.35
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A thin rod of length ! and uniform charge per unit length
! lies along the x axis, as shown in Figure P23.35. (a) Show
that the electric field at P, a distance y from the rod along
its perpendicular bisector, has no x component and is
given by E " 2ke ! sin #0/y. (b) What If? Using your result
to part (a), show that the field of a rod of infinite length is
E " 2ke !/y. (Suggestion: First calculate the field at P due to
an element of length dx, which has a charge ! dx. Then
change variables from x to #, using the relationships x "
y tan # and dx " y sec2 # d#, and integrate over #.)

35.

Figure P23.37

(i) (ii) (iii) (iv)

Section 23.6 Electric Field Lines
38. A positively charged disk has a uniform charge per unit

area as described in Example 23.9. Sketch the electric field
lines in a plane perpendicular to the plane of the disk
passing through its center.

A negatively charged rod of finite length carries charge
with a uniform charge per unit length. Sketch the electric
field lines in a plane containing the rod.

40. Figure P23.40 shows the electric field lines for two point
charges separated by a small distance. (a) Determine the
ratio q1/q2. (b) What are the signs of q1 and q2?

39.

q2

q1

Figure P23.40Figure 1: Problem 1.

10. An electric dipole in a uniform electric field is displaced slightly from its equilibrium position,

as shown in Fig. 9, where θis small. The separation of the charges is 2a, and the moment of inertia of

the dipole is I. Assuming the dipole is released from this position, show that its angular orientation

exhibits simple harmonic motion with a frequency f = 1
2π

√
2qaE
I .
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A singly-ionized gallium atom has a charge of q =+e, and the mass of m=70u means 70 atomic mass
units, where one atomic mass unit is 1 u=1.66 ⇥ 10�27 kg.

What we really have here is a particle under the influence of a constant force, just as if we were to throw
a ball horizontally and watch its trajectory under the influence of gravity (the only di�erence is that
since we have negative charges, things can “fall up"). To start with, we will place the origin at the ion’s
initial position, let the positive x axi run to the right, and let the positive y axis run straight up. Thus,
the particle starts with a velocity purely in the x direction: ~v0 =vx x̂.

While the particle is in the electric-field-containing region, it will experience a force pointing along the
+y direction, with a constant magnitude of qE. Since the force acts only in the y direction, there will
be a net acceleration only in the y direction, and the velocity in the x direction will remain constant.
Once outside the region, the particle will experience no net force, and it will therefore continue along in
a straight line. It will have acquired a y component to its velocity due to the electric force, but the x
component will still be vx. Thus, the particle exits the region with velocity ~v=vx x̂ + vy ŷ. The angle
at which the particle exits the plates, measured with respect to the x axis, must be

tan ✓ =
vy

vx

Thus, just like in any mechanics problem, finding the angle is reduced to a problem of finding the final
velocity components, of which we already know one. So, how do we find the final velocity in the y
direction? Initially, there is no velocity in the y direction, and while the particle is traveling between
the plates, there is a net force of qE in the y direction. Thus, the particle experiences an acceleration

ay =
Fy

m
=

qEy

m

The electric field is purely in the y direction in this case, so Ey =90N/C. Now we know the acceleration
in the y direction, so if we can find out the time the particle takes to transit the plates, we are done,
since the the transit time Dt and acceleration ay determine vy:

vy = ayDt

Since the x component of the velocity is not changing, we can find the transit time by noting that the
distance covered in the x direction must be the x component of the velocity times the transit time. The
distance covered in the x direction is just the width of the plates, so:

dx = vxDt = 2.0 cm =) Dt =
dx

vx

Putting the previous equations together, we can express vy in terms of known quantities:

vy = ayDt = ay
dx

vx
=

qEy

m

dx

vx
=

qEydx

mvx

Figure 2: Problem 2.
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effects of the gravitational and buoyant forces on it, each
balloon can be modeled as a particle of mass 2.00 g, with
its center 50.0 cm from the point of support. To show off
the colors of the balloons, Inez rubs the whole surface of
each balloon with her woolen scarf, to make them hang
separately with gaps between them. The centers of the
hanging balloons form a horizontal equilateral triangle
with sides 30.0 cm long. What is the common charge each
balloon carries?

59. Review problem. Two identical metallic blocks resting on a
frictionless horizontal surface are connected by a light
metallic spring having a spring constant k as shown in 
Figure P23.59a and an unstretched length Li . A total
charge Q is slowly placed on the system, causing the spring
to stretch to an equilibrium length L , as shown in Figure
P23.59b. Determine the value of Q , assuming that all the
charge resides on the blocks and modeling the blocks as
point charges.

62. Two small spheres, each of mass 2.00 g, are suspended by
light strings 10.0 cm in length (Fig. P23.62). A uniform
electric field is applied in the x direction. The spheres
have charges equal to ! 5.00 " 10!8 C and # 5.00 "
10!8 C. Determine the electric field that enables the
spheres to be in equilibrium at an angle $ % 10.0°.

Figure P23.59

(a)

(b)

m mk

m mk

60. Consider a regular polygon with 29 sides. The distance
from the center to each vertex is a. Identical charges q are
placed at 28 vertices of the polygon. A single charge Q is
placed at the center of the polygon. What is the magnitude
and direction of the force experienced by the charge
Q ? (Suggestion: You may use the result of Problem 63 in
Chapter 3.)

61. Identical thin rods of length 2a carry equal charges # Q
uniformly distributed along their lengths. The rods lie
along the x axis with their centers separated by a distance
b & 2a (Fig. P23.61). Show that the magnitude of the force
exerted by the left rod on the right one is given by

F % ! keQ 
2

4a 
2 " ln ! b2

b2 ! 4a 
2 "

b

y

a–a b – a b + a
x
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63. A line of positive charge is formed into a semicircle of ra-
dius R % 60.0 cm as shown in Figure P23.63. The charge
per unit length along the semicircle is described by the ex-
pression ' % '0 cos $. The total charge on the semicircle is
12.0 (C. Calculate the total force on a charge of 3.00 (C
placed at the center of curvature.

Figure P23.63

y

R

x

θ

64. Three charges of equal magnitude q are fixed in posi-
tion at the vertices of an equilateral triangle (Fig. P23.64).
A fourth charge Q is free to move along the positive x axis
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Figure P23.64

Figure 3: Problem 3.
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effects of the gravitational and buoyant forces on it, each
balloon can be modeled as a particle of mass 2.00 g, with
its center 50.0 cm from the point of support. To show off
the colors of the balloons, Inez rubs the whole surface of
each balloon with her woolen scarf, to make them hang
separately with gaps between them. The centers of the
hanging balloons form a horizontal equilateral triangle
with sides 30.0 cm long. What is the common charge each
balloon carries?

59. Review problem. Two identical metallic blocks resting on a
frictionless horizontal surface are connected by a light
metallic spring having a spring constant k as shown in 
Figure P23.59a and an unstretched length Li . A total
charge Q is slowly placed on the system, causing the spring
to stretch to an equilibrium length L , as shown in Figure
P23.59b. Determine the value of Q , assuming that all the
charge resides on the blocks and modeling the blocks as
point charges.

62. Two small spheres, each of mass 2.00 g, are suspended by
light strings 10.0 cm in length (Fig. P23.62). A uniform
electric field is applied in the x direction. The spheres
have charges equal to ! 5.00 " 10!8 C and # 5.00 "
10!8 C. Determine the electric field that enables the
spheres to be in equilibrium at an angle $ % 10.0°.

Figure P23.59

(a)

(b)

m mk

m mk

60. Consider a regular polygon with 29 sides. The distance
from the center to each vertex is a. Identical charges q are
placed at 28 vertices of the polygon. A single charge Q is
placed at the center of the polygon. What is the magnitude
and direction of the force experienced by the charge
Q ? (Suggestion: You may use the result of Problem 63 in
Chapter 3.)

61. Identical thin rods of length 2a carry equal charges # Q
uniformly distributed along their lengths. The rods lie
along the x axis with their centers separated by a distance
b & 2a (Fig. P23.61). Show that the magnitude of the force
exerted by the left rod on the right one is given by
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63. A line of positive charge is formed into a semicircle of ra-
dius R % 60.0 cm as shown in Figure P23.63. The charge
per unit length along the semicircle is described by the ex-
pression ' % '0 cos $. The total charge on the semicircle is
12.0 (C. Calculate the total force on a charge of 3.00 (C
placed at the center of curvature.

Figure P23.63
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64. Three charges of equal magnitude q are fixed in posi-
tion at the vertices of an equilateral triangle (Fig. P23.64).
A fourth charge Q is free to move along the positive x axis
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Figure 4: Problem 4.

Problems 733

34. (a) Consider a uniformly charged thin-walled right circu-
lar cylindrical shell having total charge Q , radius R , and
height h. Determine the electric field at a point a distance
d from the right side of the cylinder as shown in Figure
P23.34. (Suggestion: Use the result of Example 23.8 and
treat the cylinder as a collection of ring charges.) (b) What
If? Consider now a solid cylinder with the same dimen-
sions and carrying the same charge, uniformly distributed
through its volume. Use the result of Example 23.9 to find
the field it creates at the same point.

36. Three solid plastic cylinders all have radius 2.50 cm and
length 6.00 cm. One (a) carries charge with uniform den-
sity 15.0 nC/m2 everywhere on its surface. Another
(b) carries charge with the same uniform density on its
curved lateral surface only. The third (c) carries charge
with uniform density 500 nC/m3 throughout the plastic.
Find the charge of each cylinder.

37. Eight solid plastic cubes, each 3.00 cm on each edge, are
glued together to form each one of the objects (i, ii, iii, and
iv) shown in Figure P23.37. (a) Assuming each object carries
charge with uniform density 400 nC/m3 throughout its
volume, find the charge of each object. (b) Assuming each
object carries charge with uniform density 15.0 nC/m2

everywhere on its exposed surface, find the charge on each
object. (c) Assuming charge is placed only on the edges
where perpendicular surfaces meet, with uniform density
80.0 pC/m, find the charge of each object.

Figure P23.33

Figure P23.34

Figure P23.35
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A thin rod of length ! and uniform charge per unit length
! lies along the x axis, as shown in Figure P23.35. (a) Show
that the electric field at P, a distance y from the rod along
its perpendicular bisector, has no x component and is
given by E " 2ke ! sin #0/y. (b) What If? Using your result
to part (a), show that the field of a rod of infinite length is
E " 2ke !/y. (Suggestion: First calculate the field at P due to
an element of length dx, which has a charge ! dx. Then
change variables from x to #, using the relationships x "
y tan # and dx " y sec2 # d#, and integrate over #.)

35.

Figure P23.37

(i) (ii) (iii) (iv)

Section 23.6 Electric Field Lines
38. A positively charged disk has a uniform charge per unit

area as described in Example 23.9. Sketch the electric field
lines in a plane perpendicular to the plane of the disk
passing through its center.

A negatively charged rod of finite length carries charge
with a uniform charge per unit length. Sketch the electric
field lines in a plane containing the rod.

40. Figure P23.40 shows the electric field lines for two point
charges separated by a small distance. (a) Determine the
ratio q1/q2. (b) What are the signs of q1 and q2?

39.

q2

q1

Figure P23.40

Figure 5: Problem 5.
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34. (a) Consider a uniformly charged thin-walled right circu-
lar cylindrical shell having total charge Q , radius R , and
height h. Determine the electric field at a point a distance
d from the right side of the cylinder as shown in Figure
P23.34. (Suggestion: Use the result of Example 23.8 and
treat the cylinder as a collection of ring charges.) (b) What
If? Consider now a solid cylinder with the same dimen-
sions and carrying the same charge, uniformly distributed
through its volume. Use the result of Example 23.9 to find
the field it creates at the same point.

36. Three solid plastic cylinders all have radius 2.50 cm and
length 6.00 cm. One (a) carries charge with uniform den-
sity 15.0 nC/m2 everywhere on its surface. Another
(b) carries charge with the same uniform density on its
curved lateral surface only. The third (c) carries charge
with uniform density 500 nC/m3 throughout the plastic.
Find the charge of each cylinder.

37. Eight solid plastic cubes, each 3.00 cm on each edge, are
glued together to form each one of the objects (i, ii, iii, and
iv) shown in Figure P23.37. (a) Assuming each object carries
charge with uniform density 400 nC/m3 throughout its
volume, find the charge of each object. (b) Assuming each
object carries charge with uniform density 15.0 nC/m2

everywhere on its exposed surface, find the charge on each
object. (c) Assuming charge is placed only on the edges
where perpendicular surfaces meet, with uniform density
80.0 pC/m, find the charge of each object.
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A thin rod of length ! and uniform charge per unit length
! lies along the x axis, as shown in Figure P23.35. (a) Show
that the electric field at P, a distance y from the rod along
its perpendicular bisector, has no x component and is
given by E " 2ke ! sin #0/y. (b) What If? Using your result
to part (a), show that the field of a rod of infinite length is
E " 2ke !/y. (Suggestion: First calculate the field at P due to
an element of length dx, which has a charge ! dx. Then
change variables from x to #, using the relationships x "
y tan # and dx " y sec2 # d#, and integrate over #.)

35.

Figure P23.37

(i) (ii) (iii) (iv)

Section 23.6 Electric Field Lines
38. A positively charged disk has a uniform charge per unit

area as described in Example 23.9. Sketch the electric field
lines in a plane perpendicular to the plane of the disk
passing through its center.

A negatively charged rod of finite length carries charge
with a uniform charge per unit length. Sketch the electric
field lines in a plane containing the rod.

40. Figure P23.40 shows the electric field lines for two point
charges separated by a small distance. (a) Determine the
ratio q1/q2. (b) What are the signs of q1 and q2?

39.
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q1

Figure P23.40

Figure 6: Problem 6.

Problems 733

34. (a) Consider a uniformly charged thin-walled right circu-
lar cylindrical shell having total charge Q , radius R , and
height h. Determine the electric field at a point a distance
d from the right side of the cylinder as shown in Figure
P23.34. (Suggestion: Use the result of Example 23.8 and
treat the cylinder as a collection of ring charges.) (b) What
If? Consider now a solid cylinder with the same dimen-
sions and carrying the same charge, uniformly distributed
through its volume. Use the result of Example 23.9 to find
the field it creates at the same point.

36. Three solid plastic cylinders all have radius 2.50 cm and
length 6.00 cm. One (a) carries charge with uniform den-
sity 15.0 nC/m2 everywhere on its surface. Another
(b) carries charge with the same uniform density on its
curved lateral surface only. The third (c) carries charge
with uniform density 500 nC/m3 throughout the plastic.
Find the charge of each cylinder.

37. Eight solid plastic cubes, each 3.00 cm on each edge, are
glued together to form each one of the objects (i, ii, iii, and
iv) shown in Figure P23.37. (a) Assuming each object carries
charge with uniform density 400 nC/m3 throughout its
volume, find the charge of each object. (b) Assuming each
object carries charge with uniform density 15.0 nC/m2

everywhere on its exposed surface, find the charge on each
object. (c) Assuming charge is placed only on the edges
where perpendicular surfaces meet, with uniform density
80.0 pC/m, find the charge of each object.
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Figure P23.34
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A thin rod of length ! and uniform charge per unit length
! lies along the x axis, as shown in Figure P23.35. (a) Show
that the electric field at P, a distance y from the rod along
its perpendicular bisector, has no x component and is
given by E " 2ke ! sin #0/y. (b) What If? Using your result
to part (a), show that the field of a rod of infinite length is
E " 2ke !/y. (Suggestion: First calculate the field at P due to
an element of length dx, which has a charge ! dx. Then
change variables from x to #, using the relationships x "
y tan # and dx " y sec2 # d#, and integrate over #.)

35.

Figure P23.37
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Section 23.6 Electric Field Lines
38. A positively charged disk has a uniform charge per unit

area as described in Example 23.9. Sketch the electric field
lines in a plane perpendicular to the plane of the disk
passing through its center.

A negatively charged rod of finite length carries charge
with a uniform charge per unit length. Sketch the electric
field lines in a plane containing the rod.

40. Figure P23.40 shows the electric field lines for two point
charges separated by a small distance. (a) Determine the
ratio q1/q2. (b) What are the signs of q1 and q2?

39.
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Figure P23.40

Figure 7: Problem 7.
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effects of the gravitational and buoyant forces on it, each
balloon can be modeled as a particle of mass 2.00 g, with
its center 50.0 cm from the point of support. To show off
the colors of the balloons, Inez rubs the whole surface of
each balloon with her woolen scarf, to make them hang
separately with gaps between them. The centers of the
hanging balloons form a horizontal equilateral triangle
with sides 30.0 cm long. What is the common charge each
balloon carries?

59. Review problem. Two identical metallic blocks resting on a
frictionless horizontal surface are connected by a light
metallic spring having a spring constant k as shown in 
Figure P23.59a and an unstretched length Li . A total
charge Q is slowly placed on the system, causing the spring
to stretch to an equilibrium length L , as shown in Figure
P23.59b. Determine the value of Q , assuming that all the
charge resides on the blocks and modeling the blocks as
point charges.

62. Two small spheres, each of mass 2.00 g, are suspended by
light strings 10.0 cm in length (Fig. P23.62). A uniform
electric field is applied in the x direction. The spheres
have charges equal to ! 5.00 " 10!8 C and # 5.00 "
10!8 C. Determine the electric field that enables the
spheres to be in equilibrium at an angle $ % 10.0°.

Figure P23.59

(a)

(b)
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60. Consider a regular polygon with 29 sides. The distance
from the center to each vertex is a. Identical charges q are
placed at 28 vertices of the polygon. A single charge Q is
placed at the center of the polygon. What is the magnitude
and direction of the force experienced by the charge
Q ? (Suggestion: You may use the result of Problem 63 in
Chapter 3.)

61. Identical thin rods of length 2a carry equal charges # Q
uniformly distributed along their lengths. The rods lie
along the x axis with their centers separated by a distance
b & 2a (Fig. P23.61). Show that the magnitude of the force
exerted by the left rod on the right one is given by
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63. A line of positive charge is formed into a semicircle of ra-
dius R % 60.0 cm as shown in Figure P23.63. The charge
per unit length along the semicircle is described by the ex-
pression ' % '0 cos $. The total charge on the semicircle is
12.0 (C. Calculate the total force on a charge of 3.00 (C
placed at the center of curvature.

Figure P23.63
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64. Three charges of equal magnitude q are fixed in posi-
tion at the vertices of an equilateral triangle (Fig. P23.64).
A fourth charge Q is free to move along the positive x axis

x
+Q

+q

+q

–q

a
2
–

a
2
–

s

ra

θ

y

a   3
2
√

Figure P23.64
Figure 8: Problem 9.
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position, show that its angular orientation exhibits simple
harmonic motion with a frequency

f !
1

2"
 √ 2qa E

I

cannot determine from this information, however,
whether the charges are positive or negative.

23.3 (e). In the first experiment, objects A and B may have
charges with opposite signs, or one of the objects may be
neutral. The second experiment shows that B and C have
charges with the same signs, so that B must be charged.
But we still do not know if A is charged or neutral.

23.4 (e). From Newton’s third law, the electric force exerted by
object B on object A is equal in magnitude to the force ex-
erted by object A on object B.

23.5 (b). From Newton’s third law, the electric force exerted by
object B on object A is equal in magnitude to the force ex-
erted by object A on object B and in the opposite direction.

23.6 (a). There is no effect on the electric field if we assume
that the source charge producing the field is not dis-
turbed by our actions. Remember that the electric field is
created by source charge(s) (unseen in this case), not the
test charge(s).

23.7 A, B, C. The field is greatest at point A because this is
where the field lines are closest together. The absence of
lines near point C indicates that the electric field there is
zero.

23.8 (b). Electric field lines begin and end on charges and
cannot close on themselves to form loops.

Figure P23.73
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Answers to Quick Quizzes
23.1 (b). The amount of charge present in the isolated system

after rubbing is the same as that before because charge is
conserved; it is just distributed differently.

23.2 (a), (c), and (e). The experiment shows that A and B
have charges of the same sign, as do objects B and C.
Thus, all three objects have charges of the same sign. We

Figure 9: Problem 10.


