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Electric Forces and Electric Fields

CLICKER QUESTIONS

Question L1.01a

Description: Developing an understanding of the electric force and contrasting with the electric field.
Question
The diagrams below show two uniformly charged spheres. The charge on the right sphere is 3 times as

large as the charge on the left sphere. Which force diagram best represents the magnitudes and directions of
the electric forces on the two spheres?
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Commentary
Purpose: To distinguish and relate the concepts of electric force and electric field.

Discussion: According to Newton’s third law, the force exerted on the left sphere by the right one must be
equal in magnitude and opposite in direction to the force exerted on the right sphere by the left. Therefore,
of the listed answers, only (4) can be valid.

Remember that the electrostatic force of one charged object acting on another depends on the product of
their charges, so the force of a large charge acting on a small will be the same as the force on a small charge
acting on a large one.



2 Chapter 15

Key Points:

*  Be careful not to confuse electric forces with the electric fields causing them.

* Newton’s third law applies to electromagnetic forces.

For Instructors Only

This is the first of two related questions comparing and contrasting electric forces with electric fields. Stu-
dents often get these confused, so helping them to make a clear distinction is important. The question pair
is an example of the “compare and contrast” tactic: by juxtaposing two very similar questions, we sensitize
students to the one feature that differs, helping them to distinguish and hone related concepts; simultane-
ously, we help them develop their understanding of how the concepts are related, clustering the knowledge.

Answer (5) depicts the correct electric fields at those locations, so students choosing that answer are likely
confusing the two concepts.

Question L1.01b

Description: Developing an understanding of the electric field and contrasting with electric force.
Question

The diagrams below show two uniformly charged spheres. The charge on the right sphere is 3 times as large
as the charge on the left sphere. Each arrow represents the electric field at the center of one sphere created
by the other. Which choice best represents the magnitudes and directions of the electric field vectors created
by one sphere at the location of the other sphere?
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Commentary
Purpose: To distinguish and relate the concepts of electric field and electric force.

Discussion: According to Coulomb’s law, the electric field created by a charged object is proportional to
the amount of charge on it. In this situation, the field at the center of each sphere is created by the other
sphere. The sphere with the smaller charge will therefore have a larger electric field acting on it, so (5) is
the only possible answer to 1b.

The field created by a charge also gets weaker farther away from the charge. The distance between charge
and field location is the same for both arrows in these diagrams, however, so this does not affect the relative
force vectors we expect to see.

How can the electric fields have different magnitudes when the forces have the same magnitudes? Because
the force caused by an electric field is proportional to the charge of the object being acted upon as well as to
the magnitude of the electric field. Each force therefore depends on the product of both charges; the fields,
however, each depend on only one charge.

Key Points:

*  Be careful not to confuse electric fields with the electric forces they cause.

*  Electric fields depend only on the charge creating them, whereas electric forces depend on the charge
being acted upon as well.

*  Mind your gs and Qs: when an equation depends upon a charge, make sure you understand which
charge is meant.

For Instructors Only

This is the second of two related questions comparing and contrasting electric forces with electric fields.
Students often get these confused, so helping them to make a clear distinction is important. The question pair
is an example of the “compare and contrast” tactic: by juxtaposing two very similar questions, we sensitize
students to the one feature that differs, helping them to distinguish and hone related concepts; simultaneously,
we help them develop their understanding of how the concepts are related, clustering the knowledge.

Students choosing answer (4) might be describing the electric forces rather than the fields.
This question also reveals students’ tendency to throw the variable “Q” around without being careful about
whether it represents the acting or acted-upon charge. By letting students make an error because of this and

then explicitly bringing the tendency and its harmful consequences to students’ conscious awareness, we
help them learn to overcome it.

Question L1.02

Description: Developing qualitative and graphical reasoning skills about the superposition of electric fields.
Question
All charged rods have the same length and the same linear charge density (+ or —). Light rods are positively

charged, and dark rods are negatively charged. For which arrangement below would the magnitude of the
electric field at the origin be largest?



®

Chapter 15

=

- /.

=

=

N\
N\

AN
N

=

AN
N4

VA%

Impossible to determine.
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Commentary
Purpose: To develop your ability to reason qualitatively about superposed electric fields.

Discussion: No equations or numbers are necessary to answer this question, only a basic understanding of
vector addition, symmetry, superposition, and the direction of electric fields caused by positive or negative
charges. The ability to reason qualitatively about electric fields, and in fact about anything in physics, is
crucial to “understanding” and to solving problems.

Each rod will cause an electric field at the origin that points either directly away from (for positive rods)

or towards (for negative rods) the center of the rod. (Any other orientation would violate symmetry.) Since
each rod has the same magnitude of charge, all such fields will have the same magnitude. Now, all you need
to do is draw electric field vectors at the origin due to each rod, and then add up those vectors to get the
total. Note that components of vectors will frequently cancel.

For example, in (1), the two rods cause electric fields that are down and to the right, and up and to the right;
adding these together results in a net field that is directly to the right, as the horizontal components add and
the vertical components cancel. (2) is identical to (1), because the negative rod on the top right in (2) causes
a field towards itself that is exactly the same as the field away from the bottom left rod in (1).

In (3), the fields due to the two rods cancel exactly: same magnitudes, opposite directions. The same argu-
ment applies to (5) and (7).

(6) can be thought of as a copy of (2) rotated by 90° so that its net field points downward, superposed with
(added to) a mirror image of the same thing (the left half of the diagram) with a net field that also points
downward. Thus, the total field for (6) must have a magnitude twice as large as that of (2). Similar argu-
ments can be used to compare (6) to (1) and to (4). By this kind of logic, you can deduce that arrangement
(6) must produce the greatest net field magnitude without ever using an equation.

Key Points:
*  Graphical representations (such as vector diagrams) and qualitative reasoning can be powerful tools for
solving problems without using equations.

*  The concepts of symmetry and superposition can help you deduce much about a physical situation.

*  To find the electric field of a complex charge arrangement, you can break it into simpler pieces, find the
electric field of each, and then add up the fields to find the total field.

For Instructors Only

Students will only pay attention to qualitative reasoning and to graphical representations as thinking tools if
they see problems where these approaches are clearly superior. This is such a problem.

This question also reveals the degree of students’ comfort and facility with vector addition, superposition,
and symmetry. The instructor should devote significant time to this problem if students reveal weakness
here; asking students to draw or describe the actual vector arrows for each of the rods in each situation, and
visually combining them into a resultant, can be helpful.
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Question L1.03

Description: Understanding superposition and the directionality of electric fields.
Question

Two uniformly charged rods are positioned horizontally as shown. The top rod is positively charged and the
bottom rod is negatively charged. The total electric field at the origin:

y

[+ +++ + +[+ + + + + + 1]

is zero.

has both a nonzero x component and a nonzero y component.

points totally in the +x direction.

points totally in the —x direction.

points totally in the +y direction.

points totally in the —y direction.

points in a direction impossible to determine without doing a lot of math.

Nk Wb =

Commentary

Purpose: To improve your understanding of electric fields by reasoning about their direction using symme-
try and superposition.

Discussion: The electric field obeys the principle of superposition, which means the total electric field at
any point in space is the vector sum of the electric fields due to individual sources (i.e., distributions of
charge). In this case, we can focus on each rod separately, then add up the results to find the total.

We can also use symmetry to avoid any computation. Consider the upper (positive) rod, and pick two
small pieces of it, one from each side, equally spaced from the middle of the rod. These may be considered
point charges. At the origin, the electric field of the left charge points down and to the right, while that of
the right charge points down and to the left. By symmetry, the horizontal components must cancel and the
vertical components add, resulting in an electric field that is in the —y direction. Repeat this process with
all the other pairs of symmetric charges in the upper rod, and superposition demands that the electric field
due to the upper rod points in the —y direction.

Repeating this procedure for the lower rod, the result is an electric field that also points in the —y direction.
Adding it to that of the upper rod yields a total electric field in the —y direction, too.

Key Points:
* The electric field obeys the principle of superposition, which means you can subdivide any distribution

of charge into smaller, more manageable pieces, then add the field due to each piece to find the total
electric field.



Electric Forces and Electric Fields 7

*  You can often deduce the direction of an electric field from the symmetry of the charge distribution
creating it. If a charge distribution has a particular symmetry, the electric field it creates must have the
same symmetry.

For Instructors Only

Students choosing answer (1) probably think that the fields from the two rods cancel.

Another way to invoke symmetry is to assume that the electric field due to one of the rods has a nonzero
x component. Now invert the arrangement about the y axis. The rod is the same, but if the electric field

has a nonzero x component, it now points in a different direction. This is a contradiction. The only way to
resolve the contradiction is to say that the x component is zero.

Question L1.05

Description: Introducing the electric dipole.
Question

Where, other than at infinity, is the electric field zero in the vicinity of the dipole shown?

y
-q q
° ® X
a a
1. Along the y-axis.
2. At the origin.
3. Attwo points, one to the right of (a, 0), the other to the left of (—a, 0).
4. At two points on the y-axis, one below the origin, one above the origin.
5. None of the above.
Commentary

Purpose: To explore the field of an electric dipole.

Discussion: The electric field obeys superposition, meaning that the total electric field due to a combination
of charges is equal to the sum of the electric field due to each individual charge. Thus, the electric field due
to this “electric dipole” is the sum of the electric fields due to the two point charges.

The electric field of a positive point charge points radially outward from the charge in all directions, get-
ting weaker farther away from the charge. The electric field of a negative point charge is exactly the same,
except that it points radially inward.

For the total electric field of the dipole to be zero at a particular point in space, the fields from the two point charges
must cancel. That means the two fields must have the same magnitude and opposite directions. For the two fields
to have the same magnitude, the point must be equidistant from the charges, which means it must be somewhere in
the yz-plane. But anywhere in that plane, the field due to +¢ has a negative x component, and the field due to —¢q
also has a negative x component. Thus, the fields cannot be in opposite directions, so they can never cancel.

Thus, the electric field of the dipole is zero nowhere except infinity: answer (5).
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Key Points:
* An electric dipole is a combination of two charges close together, with the same magnitude but
opposite sign.

*  The electric field due to a combination of charges can be found through superposition: find the field
due to each individual charge, then add up the fields (at every point in space).

*  The sum of two vectors can be zero only when they have equal magnitudes and opposite directions.

For Instructors Only

Students choosing answer (1) are likely confusing the electric field with the electric potential, or at least
forgetting that the electric field is a vector, rather than scalar, field.

Students choosing answer (2) may be neglecting to account for the different signs of the two charges.

Students choosing answer (3) may be remembering the answer to a different problem (e.g., if the charges
differ in magnitude).

Having students draw the field lines can be helpful if many are confused. We recommend doing this before
revealing which response is correct.

Question L2.01

Description: Introducing the concept of electric flux, and relating to graphical representations.
Question

The circles and ovals in the pictures below are Gaussian surfaces. All other lines are electric field lines. For
which cases is the net flux through the surface nonzero?

a b C

a,b,and f

a,b,e,and f

a,b,d, e, and h

aand b

All but g

All of them

None of the above
Cannot be determined

WA s W=
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Commentary

Purpose: To develop the concept of electric flux.

Discussion: If electric field lines enter and then leave a Gaussian surface, the net contribution to the flux
through the surface is zero; the positive contribution while exiting the surface is offset by the negative
contribution while entering. Thus, only surfaces that have a source or sink of electric field lines — points

where lines begin or end — can have a nonzero total flux.

In cases a, b, and f, electric field lines begin or end within the surface, so the net flux is nonzero. For all the
others, every line that enters also leaves, and the net flux is zero.

Key Points:

*  The flux through a surface due to an electric field can be positive or negative depending on which way
the field is pointing relative to the surface.

*  Electric field lines that pass completely through a closed surface contribute no net flux.

*  Only closed surfaces containing a source or sink of field lines have nonzero net flux.

For Instructors Only

This question can be used as a motivating and grounding context for introducing the concept of electric flux.
As a follow-up discussion, you can ask comparative questions about the depicted situations. For example,

is the flux larger for situation a or f? Students’ answer will reveal whether they appreciate that flux can be
negative, or are merely counting field lines.

Question L2.02
Description: Introducing or developing the concept of electric flux.
Source: A2L: 283-400, Flux in and out of a balloon.
Question

We construct a closed Gaussian surface in the shape of a spherical balloon. Assume that a small glass bead
with total charge Q is in the vicinity of the balloon. Consider the following statements:

A. If the bead is inside the balloon, the electric flux over the balloon’s surface can never be 0.
B. If the bead is outside the balloon, the electric flux over the balloon surface must be 0.

Which of these statements is valid?

1.  Only Ais valid.

2. Only B is valid.

3. Both A and B are valid.

4.  Neither one is valid.
Commentary

Purpose: To check and develop your understanding of the concept of flux.
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Discussion: Gauss’s law relates the net flux through any closed mathematical surface to the total charge
enclosed by the surface. Assuming the bead is the only charge present in this situation, Gauss’s law implies
both statements A and B.

You can also take a more visual approach to the question. Electric field lines radiate out from a positive
charge and into a negative charge. The other end of the lines goes to another charge, or to infinity if no
other charges are present. The net flux through a surface can be thought of as the number of field lines pass-
ing through the surface and pointing outward, minus the number passing through and pointing inward. If
the bead is inside the balloon, all the field lines radiating out from it and going to infinity must penetrate the
balloon surface, resulting in a nonzero flux. So, A is true. On the other hand, if the bead is outside the bal-
loon, any field lines radiating from it that penetrate into the balloon must come back out again on their path
to infinity, resulting in zero net flux. So, B is true.

Key Points:

*  Gauss’s law relates the net electric flux through a closed surface to the total charge contained within it.

*  Electric flux can be thought of as field lines passing outward through a surface (or inward, for negative
flux).

*  Aclosed surface containing no net charge must have zero net flux through it; one containing nonzero
charge must have nonzero net flux.

For Instructors Only

This is a rather straightforward question about electric flux, yet it often reveals student misunderstanding
and confusion.

Students sometimes accept statement A but think that the value of the flux depends on the location of the
bead within the sphere. Therefore, asking them to talk about what happens to the net flux as the bead moves
continuously from the center of the balloon towards and then through the surface can be revealing (to you)
and enlightening (to them).

Lack of experience with vectors and dot products can prevent students from appreciating flux at a formal
level. Having students draw the field lines does help, but only after they comprehend that the formal defini-
tion of flux is equivalent to counting field lines crossing the surface.

QUICK QUIZZES

1. (b). Object A must have a net charge because two neutral objects do not attract each other. Since
object A is attracted to positively charged object B, the net charge on A must be negative.

2. (b). By Newton’s third law, the two objects will exert forces having equal magnitudes but oppo-
site directions on each other.

3. (c). The electric field at point P is due to charges other than the test charge. Thus, it is unchanged
when the test charge is altered. However, the direction of the force this field exerts on the test
change is reversed when the sign of the test charge is changed.

4. (a). If a test charge is at the center of the ring, the force exerted on the test charge by charge on
any small segment of the ring will be balanced by the force exerted by charge on the diametri-
cally opposite segment of the ring. The net force on the test charge, and hence the electric field at
this location, must then be zero.
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5. (c) and (d). The electron and the proton have equal magnitude charges of opposite signs. The
forces exerted on these particles by the electric field have equal magnitude and opposite direc-
tions. The electron experiences an acceleration of greater magnitude than does the proton because
the electron’s mass is much smaller than that of the proton.

6. (a). The field is greatest at point A because this is where the field lines are closest together. The
absence of lines at point C indicates that the electric field there is zero.

7. (c). When a plane area A is in a uniform electric field E, the flux through that area
is @, = EA cos 8 where 0 is the angle the electric field makes with the line normal
to the plane of A. If A lies in the xy-plane and F is in the z direction, then 8 = 0° and
®, = EA=(5.00 N/C)(4.00 m*)=20.0 N-m*/C.

8. (b). If 6 = 60° in Quick Quiz 15.7, then
®, = FAcos=(5.00 N/C)(4.00 m?)cos(60°) =10.0 N-m?/C

9. (d). Gauss’s law states that the electric flux through any closed surface is equal to the net charge
enclosed divided by the permittivity of free space. For the surface shown in Figure 15.28, the net
enclosed charge is Q =—6 C which gives ®, =Q/e, =—(6 C)/e,.

10. (b) and (d). Since the net flux through the surface is zero, Gauss’s law says that the net charge
enclosed by that surface must be zero as stated in (b). Statement (d) must be true because there
would be a net flux through the surface if more lines entered the surface than left it (or vice versa).

ANSWERS TO MULTIPLE CHOICE QUESTIONS

1. The magnitude of the electric force between two protons separated by distance r is F = ke /7,
so the distance of separation must be

ke’ _\/(8.99><109 N-m*/C?)(1.60x10™ C)’

r= 26 = 010 m
F 23%x107 N
and (a) is the correct choice.
2. The magnitude of the electric field at distance r from a point charge ¢ is E = k,q/r’, so

(8.99x10° N-m’/C*)(1.60x10™ C) ) N
E= - =5.51x10" N/C~10" N/C
(5.11x10™" m)

making (e) the best choice for this question.

3. To balance the weight of the ball, the magnitude of the upward electric force must equal the mag-
nitude of the downward gravitational force, or gE = mg, which gives

mg  (5.0x107 kg)(9.80 m/s?)
e -6
q 40x10™ C

=1.2x10* N/C

and the correct choice is (b).



12

10.

Chapter 15

From Newton’s second law, the acceleration the electron will be

_F._qE, (-1.60x10™ C)(1.00x10° N/C)
mom 9.11x10"" kg

The kinematics equation v° =, +2a, (Ax), with v, =0, gives the stopping distance as

=-1.76x10" m/s’

g % ~(300x10° m/s)’

=2.56x107 m=2.56 cm
2a,  2(-1.76x10" m/s’)

X

so (a) is the correct response for this question.

Choosing the surface of the box as the closed surface of interest and applying Gauss’s law, the net
electric flux through the surface of the box is found to be
Q.. (30-20-7.0+1.0)x10"C
(I)E — _Xinside _ — - -
= 8.85x107 C?/N-m

meaning that (b) is the correct choice.

=-5.6x10*> N-m?/C

The ball is made of a metal, so free charges within the ball will very quickly rearrange themselves
to produce electrostatic equilibrium at all points within the ball. As soon as electrostatic equilib-
rium exists inside the ball, the electric field is zero at all points within the ball. Thus, the correct
choice is (c).

The displacement from the —4.00 nC charge at point (0, 1.00) m to the point (4.00, —2.00) m
has components r_ = (xf - xl.) =+4.00 m and r, = ( V= yi) =-3.00 m, so the magnitude of this

x

r
displacement is 7=/’ +r’ =5.00 m and its direction is 6 = tan™' | = | =-36.9°. The
: r

X

x-component of the electric field at point (4.00, —2.00) m is then

8.99x10° N-m*/C?)(-4.00x10” C
k;"cose=( m’/ )(2 )
r (5.00 m)

E,=Ecosf= cos(-36.9°)=-1.15 N/C

and the correct response is (d).

The magnitude of the electric force between charges Q,; and Q,,, separated by distance r;, is
F, = k,0,,0,;/r’. If changes are made so 0, =0, Q,, =0,,/3, and r, = 2r;, the magnitude of
the new force will be

Fo= kte/’QZf — kO, (in/3) 1 (kteiQZi j = l

Ty (2r)  3(2)

so, choice (a) is the correct answer for this question.

r? 12

i

When a charged insulator is brought near a metallic object, free charges within the metal move around
causing the metallic object to become polarized. Within the metallic object, the center of charge for the
type charge opposite that on the insulator will be located closer to the charged insulator than will the
center of charge for the same type as that on the insulator. This causes the attractive force between the
charged insulator and the opposite type charge in the metal to exceed the magnitude of the repulsive
force between the insulator and the same type charge in the metal. Thus, the net electric force between
the insulator and the metallic object is one of attraction, and choice (b) is the correct answer.

Each of the situations described in choices (a) through (d) displays a high degree of symmetry,
and as such, readily lends itself to the use of Gauss’s law to determine the electric fields gener-
ated. Thus, the best answer for this question is choice (e), stating that Gauss’s law can be readily
applied to find the electric field in all of these contexts.



11.

12.

13.

14.

Electric Forces and Electric Fields 13

The outer regions of the atoms in your body and the atoms making up the ground both contain
negatively charged electrons. When your body is in close proximity to the ground, these negatively
charged regions exert repulsive forces on each other. Since the atoms in the solid ground are
rigidly locked in position and cannot move away from your body, this repulsive force prevents
your body from penetrating the ground. The best response for this question is choice (e).

Metal objects normally contain equal amounts of positive and negative charge and are electri-
cally neutral. The positive charges in both metals and nonmetals are bound up in the nuclei of the
atoms and cannot move about or be easily removed. However, in metals, some of the negative
charges (the outer or valence electrons in the atoms) are quite loosely bound, can move about
rather freely, and are easily removed from the metal. When a metal object is given a positive
charge, this is accomplished by removing loosely bound electrons from the metal rather than by
adding positive charge to it. Taking away the electrons to leave a net positive charge behind very
slightly decreases the mass of the coin. Thus, choice (d) is the best choice for this question.

The positive charge +2Q makes a contribution to the electric field at (a)
the upper right corner that is directed away from this charge in the _QQ th)
direction of the arrow labeled (a). The magnitude of this contribu-

tionis E, = k,(2Q)/2s’, where s is the length of a side of the square. @ Vo
Each of the negative charges makes a contribution of magnitude

E,=kQ /s? directed back toward that charge. The vector sum of o 0
these two contributions due to negative charges has magnitude +20 ;)

E_=2E ,co0s45°= \/EkL,Q/S2

and is directed along the diagonal of the square in the direction of the arrow labeled (d). Since

E > E, the resultant electric field at the upper right corner of the square is in the direction of
arrow (d) and has magnitude E=E_ —-FE, = ~2- Dk,Q / s°. The correct answer to the question is
choice (d).

If the positive charge +2Q at the lower left corner of the square in the above figure were
removed, the field contribution E, discussed above would be eliminated. This would leave only
E = x/EkeQ / s” as the resultant field at the upper right corner. This has a larger magnitude than
the resultant field E found above, making choice (a) the correct answer.

ANSWERS TO EVEN NUMBERED CONCEPTUAL QUESTIONS

2.

Conducting shoes are worn to avoid the build up of a static charge on them as the wearer walks.
Rubber-soled shoes acquire a charge by friction with the floor and could discharge with a spark,
possibly causing an explosive burning situation, where the burning is enhanced by the oxygen.

Electrons are more mobile than protons and are more easily freed from atoms than are protons.

No. Object A might have a charge opposite in sign to that of B,
but it also might be neutral. In this latter case, object B causes
object A to be polarized, pulling charge of one sign to the near
face of A and pushing an equal amount of charge of the
opposite sign to the far face. Then the force of attraction
exerted by B on the induced charge on the near side of A is
slightly larger than the force of repulsion exerted by B on the
induced charge on the far side of A. Therefore, the net force
on A is toward B.
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No charge or force exists at point A because there is no particle at that point, and charge must be carried
by a particle. An electric field must exist at point A. It cannot be zero because of the lack of symmetry
will not allow it, regardless of the values g, and g,, as long as at least one of the two is nonzero.

She is not shocked. She becomes part of the dome of the Van de Graaff, and charges flow onto
her body. They do not jump to her body via a spark, however, so she is not shocked.

The antenna is similar to a lightning rod and can induce a bolt to strike it. A wire from the
antenna to the ground provides a pathway for the charges to move away from the house in case a
lightning strike does occur.

(a) If the charge is tripled, the flux through the surface is also tripled, because the net flux is pro-
portional to the charge inside the surface. (b) The flux remains constant when the volume changes
because the surface surrounds the same amount of charge, regardless of its volume. (¢) The flux
does not change when the shape of the closed surface changes. (d) The flux through the closed
surface remains unchanged as the charge inside the surface is moved to another location inside
that surface. (e) The flux is zero because the charge inside the surface is zero. All of these conclu-
sions are arrived at through an understanding of Gauss’s law.

PROBLEM SOLUTIONS

15.1

15.2

15.3

-9 -9
F:keQI—ZQZ:(8.99><109 N-mz/cz)(7'5><10 C)(4.2x10 C):
p

(1.8 m)*

Since these are like charges (both positive), the force is .

Particle A exerts a force toward the right on particle B. By Newton’s third law, particle B will then
exert a force toward the left back on particle A. The ratio of the final magnitude of the force to the
original magnitude of the force is

F, kaa)r (r) _ :
B _kaa/r _ [LJ S0 F, = E(i)=(2.62 uN)(M) =157 uN

F o kaaq/r \r r, 17.7 mm

The final vector force that B exerts on A is |1.57 uN directed to the left| .

(a) When the balls are an equilibrium distance apart, the tension in the string equals the magni-
tude of the repulsive electric force between the balls. Thus,
k,q(2 2.50N)r”
F=—fQ(2 9D 250N = 220N o )r
r e

(2.50 N)(2.00 m)* R
- =236x10" C=[23.6 uC|
o \/2(8.99x109N-m2/C2) £

(b) The charges induce opposite charges in the bulkheads, but the induced charge in
the bulkhead near ball B is greater, due to B’s greater charge. Therefore, the system
|m0ves slowly towards the bulkhead closer to ball B|.
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15.5

15.6

15.7
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(a) The two ions are both singly charged (|q| = le), one positive and one negative. Thus,

B 2
|F|=k”q+2”q"’|=k€—fzz (8.99x10° N-m*/C?)(1.60x10™ C) XN
r r

(0.50x10° m)’

Since these are unlike charges, the force is .

(b) The electric force depends only on the magnitudes of the two charges and the dis-
tance between them.

k(e (899%10° Nom?/c*)[4(160x10™ €)' ]

(@ F=--5—= =[36.8 N

r (5.00x107* m)’

(b)  The mass of an alpha particle is m = 4.002 6 u, where 1 u=1.66 x 10~ kg is the unified
mass unit. The acceleration of either alpha particle is then

F 36.8 N

_r_ _ 27 2
‘T 40026(1.66x107 ke) (534107 m/s"|

The attractive force between the charged ends tends to compress the molecule. Its magnitude is

, N.m2)(1.60><10-19 C)
¢ )(2.17x10° m)

2

1 2
k(e - =489x10"7 N

2
r

F=

= [8.99 x 10

The compression of the “spring” is

x=(0.010 0)r =(0.010 0)(2.17x10° m)=2.17x10™ m,

-17
so the spring constant is k = L = w =12.25x10” N/m|.
2.17x10” m

X

1.00 g of hydrogen contains Avogadro’s number of atoms, each containing one proton and one
electron. Thus, each charge has magnitude |g| = N,. The distance separating these charges is
r=2R,, where R, is Earth’s radius. Thus,

B 2
:[8.99“09 N(~:r2n2j[(6.02><1023)(1.60><10 v )] _GiExieN]

4(6.38x10° m)’

15
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Refer to the sketch at the right. The magnitudes of the F,
‘FS

2 : 3 ?
F=F =k 4 f)zzkeq—2 and F, =k, 4 q)2 =1.50k, L

a a ( a2 ) a
The components of the resultant force on charge g are

2 2
F.=F, +F, cos45° =(2+1.50cos45°) k, L = 3.06k, L
a a

2

2
and F,=F, +F,sin45°=(2+1.50sin45°)k, L = 3.06k, L
: a a

2 2
The magnitude of the resultant force is F, = \/F’ + Ff =42 {3.061(8 q—zj =4.33k, q_2
a a

F.
and it is directed at 6 = tan™ (F‘J =tan™' (1.00) =|45° above the horizontal|.

x

(a)  The spherically symmetric charge distributions behave as if all charge was located at the
centers of the spheres. Therefore, the magnitude of the force is

-9 -9
F:keql—zlq2|:(8.99x109N‘mz/Cz)(quO C)(18x10 c):

r (0.30 m)*

(b)  When the spheres are connected by a conducting wire, the net charge
G =9, + ¢, =—6.0x10” C will divide equally between the two identical spheres.

Thus, the force is now

k, (¢ /2) ‘m? ) (-6.0x10° C )’
F= e(qnezt/ ) :(899X109 N 1211 ]( . )
C 4(0.30 m)

r

or F= |9.0 x107 N (repulsion)|
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15.10  The forces are as shown in the sketch +6.00 uC +1.50 uC Fl F, -2.00 e
at the right. € e .T’.---ﬁ---.
F, F, F. F

=899 N

, N.mzj(6.00><10* C)(1.50x10° C)

Flzkeq_;qz:(&%xlo o ( - )2
3.00x10™ m

2

% -6
s
= (5.00x10” m)

YA

FS——=(8.99><109 =674 N

2
3

N.mZJ(l.SOXm*S C)(2.00x10° C)
c (2.00x107 m)’

The net force on the 6 uC chargeis F, =F - F, = | 46.7 N (to the left) |

The net force on the 1.5 uC chargeis F,, =F +F, = | 157 N (to the right) |

The net force on the -2 uC chargeis F,=F, + F, = | 111 N (to the left) |

1511  Inthe sketch at the right, Fj is the resultant of the F 500nC 6_99.I}C
forces' F6 and F; that are exerted on the charge at 6 P 0.300 m_)i
the origin by the 6.00 nC and the —3.00 nC charges, - IVE 0.100 m '
respectively. Fry itav .

'-3.00 nC

F, —(8 99 x10° N'mzj(6.00><109 C)(5.00><1o*9 c)
6 — .

c (0.300 m)*
=3.00x10° N
-m?)(3.00x10” C)(5.00x10” C
F=[899x10> N ( ) 2 )=1.35><10*5 N
’ C (0.100 m)

F
The resultant is Fy =(F,)" +(F,)" =1.38x10° N at 0 = tan”" [73] =77.5°
6

or F, =| 1.38 x 107N at 77.5° below —x-axis
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15.12  Consider the arrangement of charges shown in the sketch
at the right. The distance r is

r=4(0.500 m)’* +(0.500 m)* = 0.707 m

The forces exerted on the 6.00 nC charge are

-m?)(6.00x10” C)(2.00x10” C
172:(8.99><109 N-m ]( ) . )
(0.707 m)

=2.16x107 N

=3.24x107 N

.m? }(6.00x10® C)(3.00x10° C
and E:(8.99><109 Nom )( ) . )
: C (0.707 m)
Thus, EF, = (F, + F, )cos45.0°= 3.81x 107 N
and ZF, =(F, - F,)sin45.0°=-7.63x 10 N

The resultant force on the 6.00 nC charge is then

2F
Fo=y(ZF) +(2F\:)2 =3.89x107 N at 6 =tan™ (—VJ =-11.3°
i 2F

x

or F,= | 3.89 107" N at 11.3° below +x-axis |

15.13  Please see the sketch at the right.

(8.99x10° N-m’/C*)(2.00x10° C)(4.00x 10 C)
(0.500 m)*

or F=028N

(8.99x10° N-m’/C*)(2.00x10° C)(7.00x 10 C)
(0.500 m)*
or F, =0.503 N '

2

The components of the resultant force acting on the 2.00 uC charge are:

F, = F, - F, c0s60.0° = 0.288 N —(0.503 N)c0s 60.0° = 3.65 x 10> N

and F, =-F,sin60.0°= —(0.503 N)sin60.0°=-0.436 N

The magnitude and direction of this resultant force are

F=(F?+F> =J(0.0365 N)’ +(0.436 N)’ =

at O=tan [ 2o [ 220N g5 00 o [85.2° below +x-axis
F 0.0365 N

X
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If the forces exerted on the I '50.0 cm — x !

positive third charge by the two e— X —>l<€ . >

negative charges are to be in E E I

opposite directions as they must, - 1 2 _ -

the third charge must be located _ _

on the line between the two 3.00 nC | +7.50 nC | 5.80 nC
negative charges as shown at the fe——0.500 m——>1

right.

If the two forces are to add to zero, their magnitudes must be equal. These magnitudes are

F=k |Q1||2‘]3| and F =k |CI2||‘]3| .
x (50.0 cm — x)
where ¢, =-3.00 nC and ¢, =-5.80 nC,
Equating and canceling common factors gives (50.0 cm — )c)2 = %)f
q,
or
500cm—x=x 580 nC =1.39x giving 2.39x=150.0 cm and x=20.9 cm
3.00 nC

Thus, the third charged should be located |20.9 c¢m to the right of the —3.00 nC charge| or

50.0 cm —20.9 cm = 29.1 cm to the left of the —5.80 nC charge|.

Consider the free-body diagram of one of the spheres given
at the right. Here, 7 is the tension in the string and F, is the
repulsive electrical force exerted by the other sphere.

mg

ZE =0 = Tcos5.0°=mg,or T =—>—
: co0s5.0°

2F. =0 = F, =Tsin5.0°= mgtan5.0°

At equilibrium, the distance separating the two spheres is r =2 Lsin5.0°.

k.q’ .
4 > =mgtan5.0° and yields

Thus, F, =mgtan5.0° becomes ————
(2Lsin5.0°)

mgtan5.0°
k

e

q= (2Lsin5.0°)

0.20x10 kg)(9.80 m/s”)tan5.0°

_ 5077 _
=[2(0.300 m)sin5.0 ]\/ 599X 10° N-m?/C =[7.2nC]
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15.16 In the sketch at the right, 1'-'A e

1.00x10™ C

he =y(4.00 m)’ +(3.00m)’ =5.00m (0, 3.00 m)

and 6=tan™ (3'00 m
4.00

~ \ch
S _6.00x107* C

e/\®_

)= 36.9°
m

(a) (FAC )X = @
®  (Fo), =Fc|=k =57

3.00x10™ C)(1.00x10™ C)

F..).=(8.99x10°N-m*/C ( =[30.0N
(Fic), =(8.99x m?/C?) (.00 m)’ 30.0 N|
6.00x10™ C)(1.00x10™ C
(©) |FBC|=kEMJ"C'=(8.99x10°N-m2/CZ)( . ) 2>< )=21.6N
Tic (5.00 m)

@) (Fy). =|Fyc|cos0=(21.6 N)cos(36.9°) =[17.3 N]
©  (Fc), =—|Fyc|sind=—(21.6 N)sin(36.9°) =[13.0 N]
O (F), =(Fi), +(Fye) =0+17.3N =

@ (F),=(Fyc), +(Fc), =30.0-130N =

() Fy=\(F) +(F) =yJ(173N) +(170N)’ =

F,
and goztan‘l( R)ylztan'(”'ON):

(Fy). 173N

or |FR =24.3 N at 44.5° above the +x directi0n|

15.17  In order for the object to “float” in the electric field, the electric force exerted on the object by
the field must be directed upward and have a magnitude equal to the weight of the object. Thus,
F, = gE = mg, and the magnitude of the electric field must be

3.80 X )(9.80 m/s*)( 1k
e R e

The electric force on a negatively charged object is in the direction opposite to that of the
electric field. Since the electric force must be directed upward, the electric field must be

|directed downward.|
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(a) Tak.n.lg to the right as +6.00 uC P E3 +150 4C 2,00 4uC
positive, the resultant oo — T LT g
electric field at point P 1 E) ! E, 2 3
is given by | — :

| ., 1.00cm | :

E,=E +E,~E, o ! ' .

— ke LII|+ ke CI3|_ ke q2|
2 2 2
ri r3 7'2
.m?2 -6 % P
:(8.99“09 N-m j 6.00x10° C_ 2.00x10° C_150x10* C
C )] (0.0200m)"  (0.0300m)  (0.0100m)

This gives E, =+2.00x10" N/C

or E,=|2.00x10" N/C to the right |

(b) F=¢E,=(-2.00x10° C)(2.00x10" N/C)=-40.0 N

or F =| 40.0 N to the left |

We shall treat the concentrations as point charges. Then, the resultant field consists of two contri-
butions, one due to each concentration.

The contribution due to the positive charge at 3 000 m altitude is

E =k, |% :(8.99 x10°

~=3.60x10° N/C (downward)

7

N.m2) (40.0C)
C* (1000 m)

The contribution due to the negative charge at 1 000 m altitude is

2
E =k |l:(&99><109 Nom )((40‘0 C)z =3.60x10° N/C (downward)
r

o C* )(1000m)

The resultant field is then

E=E, +E_=|7.20x10° N/C (downward)|

(a)  The magnitude of the force on the electron is F =|g| E = eE, and the acceleration is

1. 107 N
a:i:i:( 6010 C)7(300 /C):|5.27><1013m/s2|
m, m 9.11x107™" kg

e

() v=0,+ar=0+(527x10"m/s?)(1.00x10"s) =
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15.21 Note that at the point midway between the two charges (x = 2.00 m, y = 0), the field contribution
E: (due to the negative charge at the origin) and the contribution E2 (due to the positive charge
at x = 4.00 m) are both in the negative x-direction. The magnitude of the resultant field at this
point is therefore

=27.0 N/C

X 9
E _E+E_k[|qll J:(SggxlogN.mz/Cz) 5.00x10° C | 7.00x10° C

(2.00 m)’ ’ (2.00m)’

Koo

Thus, Eoe = |27.0 N/C in the negative x directi0n| .

15.22  The force an electric field exerts on a positive change is in the direction of the field. Since this
force must serve as a retarding force and bring the proton to rest, the force and hence the field

must be | in the direction opposite to the proton’s velocity | .

The work-energy theorem, W,

net

15
~(gE)Ax=0-KE, or E= KE,__ 3‘257?210 ! =|1.63x10* N/C
q(Ax) (1.60x10™ C)(1.25 m)

= KE; — KE,, gives the magnitude of the field as

1.60 x 107 C)(640 N/C
gk _ (1:60x )(2 / ):|6.12><10'° m/s’ |
m, 1.673x107 kg

Av  120x10° m/s y
(b) t=—=m=1.96x1055= 196‘US

15.23 (a) a=

(1.20x10° mys)’

vl -0, -0
Ax=—L—"= =118
O A T 262 x10" w)
d) KE, =%mpv; :%(1.673x10‘” kg)(1.20x10° m/s) =[1.20x 107 J

15.24 (a) Please refer to the solution of Problem 15.13 earlier in this chapter. There it is shown
that the resultant electric force experienced by the 2.00 yC located at the origin is
F =0.438 N at 85.2° below the + x-axis . Since the electric field at a location is defined as
the force per unit charge experienced by a test charge placed in that location, the electric
field at the origin in the charge configuration of Figure P15.13 is

E:E:w at—85.2°:|2.19><105 N/C at 85.2° below + x-axis
4 200x10° C

(b) The electric force experienced by the charge at the origin is directly proportional to
the magnitude of that charge. Thus, doubling the magnitude of this charge would
|d0uble the magnitude of the electric force|. However, the electric field is the force per unit

charge and |the field would be unchanged if the charge was doubled|. This is easily seen in
the calculation of part (a) above. Doubling the magnitude of the charge at the origin would
double both the numerator and the denominator of the ratio F/. g, but the value of the ratio
(i.e., the electric field) would be unchanged.
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The alpha particle (with a charge +2e and mass of 6.63 x 10~ kg) will experience a constant

electric force in the —y-direction (the direction of the electric field) once it enters the tube. This
force gives the alpha particle a constant acceleration with components

4 =0  and _F _d4E, _ (320x10™ C)(-4.50x10™ N/C)

. a, — =-2.17x10* m/s’
’ Tom m 6.64 10" kg

The particle will strike the tube wall when its vertical displacement is Ay = —0.500 cm, and from
Ay =v,,1+ a},t2 / 2 with v, =0, the elapsed time when this occurs is

t= =6.79%x10" s

a

y

2(&y) _ [2(-0500x107 m)
-2.17x10* m/s’

During this time, the distance the alpha particle travels parallel to the axis of the tube is

Ax =0, t +%axt2 = (1250 m/s)(6.79x10™ s)+0 =

If the resultant field is to be zero, the contributions oo __ ;ql =-9.0uC
of the two charges must be equal in magnitude T |
and must have opposite directions. This is only E
possible at a point on the line between the two " A -
negative charges. 6.0m E,
LY
Assume the point of interest is located on the 0 . 5
y-axis at —4.0 m < y < 6.0 m. Then, for equal E, Y
magnitudes, ~ TTUATTTIITTTTT T +x
k, qu|:ke qu| op _20uC . 8.0 uC : 0m 5
n r (6.0m-y) (y+4.0m) I :
8, . T *92 =-8.0 uC
Solving for y gives y +4.0 m = \/;(6.0 —y),or y=[+0.85 m|.
If the resultant field is zero, the ' +y
contributions from the two charges must . E .
be in opposite directions and also have €7 = JPr€e—1.0 m—>
equal magnitudes. Choose the line o> ---- ® oo o1
connecting the charges as the x-axis, with E; E E :

the origin at the —2.5 ¢C charge. Then, the
two contributions will have opposite ' ) '
directions only in the regions x < 0 and

x> 1.0 m. For the magnitudes to be equal, the point must be nearer the smaller charge.
Thus, the point of zero resultant field is on the x-axis at x < 0.

k 611| k,

e

2. .
Requiring equal magnitudes gives = q2| or S HC = 6.0 uC

P I (1.0m+d)
Thus, (1.0 m + d)4/£ =d
6.0

Solving for d yields

2

d=1.8 m, or | 1.8 m to the left of the —2.5 uC charge
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The altitude of the triangle is 71=3.00nC @

h=(0.500 m)sin 60.0° = 0.433 m R PR

. N R
and the magnitudes of the fields due to é” ;
each of the charges are % N
NG00 E"
kg _(899x10° N-m*/C?)(3.00x10” €) BN ;IE’_ > 13 2-5.00nC
= —= E [
Lo (0.433 m)’ !
=144 N/C

k 8.99x10° N-m?*/C*)(8.00x10” C

E, = e|§z|:( / )(2 )=1.15><103 N/C
T (0.250 m)
k 8.99 x10° N-m?*/C*)(5.00x10”° C
and E, = ff3|=( / )(2 )_719 N/C
A (0.250 m)
Thus, XE, = E, + E; =1.87x10° N/C and IE =-E =-144 N/C
giving
2 2 3

E,=4(3E,) +(2E,) =1.88x10° N/C
and

6 =tan" (3E, /3E, )= tan" (-0.0769) = —4.40°
Hence | Ex=1.88x10’ N/C at 4.40° below the +x-axis
From the symmetry of the charge distribution, students et Ry
should recognize that the resultant electric field at the 7
center is

E,=0

k k
E =E, —E, :g—qucos 30°—e—2q|cos30°= 0
r r
and
k k k
E,=E, +E, —E, =ﬁsm30°+ e—qusin30"—e—2q|=0
E : r r r
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15.30  The magnitude of g, is three times the magnitude of g, because 3 times as many lines emerge
from g, as enter g,. |q2| = 3|q1|

(@) Then, |gq,/q,=-1/3
(b) because lines emerge from it, and m because lines terminate on it.

15.31  Note in the sketches at the right that
electric field lines originate on
positive charges and terminate on
negative charges. The density of
lines is twice as great for the 2 ¢
charge in (b) as it is for the 1lg
charge in (a).

q>0
(a)

15.32  Rough sketches for these charge configurations are shown below.

+1 lﬁ% %%
() (b)

15.33 (a) The sketch for (a) is shown at
the right. Note that four times
as many lines should leave g,
as emerge from g, although, for
clarity, this is not shown in this
sketch.

(o)

A

(b) The field pattern looks the same
here as that shown for (a) with
the exception that the arrows
are reversed on the field lines.

)
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()

(b)

()
(b)

O]

(d)

(a)

(b)

(©)

In the sketch for (a) at

the right, note that there

are no lines inside the \ /
sphere. On the outside s N —
of the sphere, the field 5
lines are uniformly

spaced and radially ////: Q\\
outward. // \\\

In the sketch for (b) above,

note that the lines are (a) (b)
perpendicular to the surface

at the points where they emerge. They should also be symmetrical about the symmetry axes
of the cube. The field is zero inside the cube.

net charge on each surface of the sphere.

The negative charge lowered into the sphere repels | — 5uC on the outside | surface, and

leaves | +5 uC on the inside | surface of the sphere.

The negative charge lowered inside the sphere neutralizes the inner surface, leaving

| zero charge on the inside | This leaves | — 5uC on the outside | surface of the sphere.

When the object is removed, the sphere is left with | —5.00 uC on the outside | surface

and | zero charge on the inside | .

The dome is a closed conducting surface. Therefore, the electric field is everywhere
inside it.

At the surface and outside of this spherically symmetric charge distribution, the field is as if
all the charge were concentrated at the center of the sphere.

At the surface,
8.99x10° N-m*/C*)(2.0x10™ C
E:'%qz( m’/ 2)( )_[Tsxi0r NiC
R (1.0m)

k.q

2
r

(8.99x10° N-m*/C?)(2.0x10™ C) -
E= K =|1.1x10° N/C
(4.0 m)

Outside the spherical dome, E = . Thus, at r =4.0 m,

For a uniformly charged sphere, the field is strongest at the surface.

Thus’ Emax — keqmax ,

or

R2

2 2.0m)’ (3.0x10° N/C
_RE, QOmF(30x10° NIO) e

Do =7 899x10° N-m*/C’

e
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If the weight of the drop is balanced by the electric force, then mg =|g|E = eE or the mass of the
drop must be

L _eE_ (1.6x10™ C)(3x10* N/C)

g 9.8 m/s’

~5x107% kg

1/3
But, m=pV = p(i 77:r3j and the radius of the drop is 7 = 3m.
3 4mp

3(5%107 kg) |
rle] :5.2><10"7m or r~
@ F=ma=(1.67x107 kg)(1.52x10" m/s*)= in the direction of the

acceleration, or radially outward.

(b) The direction of the field is the direction of the force on a positive charge (such as the
proton). Thus, the field is directed |radially outward|. The magnitude of the field is

—15
L 230N R 10f NjC
g 1.60x107” C

The flux through an area is ®, = EA cos 6, where @ is the angle between the direction of the field
E and the line perpendicular to the area A.

(@) @, =EAcos8=(62x10" N/C)(3.2 m?)cos0°=|2.0x10° N-m*/C|

(b) In this case, 8=90°and ®, = @

The area of the rectangular plane is A =(0.350 m)(0.700 m)=0.245 m*.
(a)  When the plane is parallel to the yz-plane, 8 = 0°, and the flux is
@, =EAcosf=(3.50x10" N/C)(0.245 m*)cos0°=|858 N-m*/C

(b) When the plane is parallel to the x-axis, 6 =90°and ®, = @

(©) @, =FEAcos6=(3.50x10" N/C)(0.245 m*)cos40°= 657 N-m’/C

(a) Gauss’s law states that the electric flux through any closed surface equals the net charge
enclosed divided by €,. We choose to consider a closed surface in the form of a sphere,
centered on the center of the charged sphere and having a radius infinitesimally larger than
that of the charged sphere. The electric field then has a uniform magnitude and is per-
pendicular to our surface at all points on that surface. The flux through the chosen closed

surface is therefore ®, = EA = E(471'r2 ), and Gauss’s law gives

_ _ 2
Qinside =€ q)E =4r S Er

=47(8.85x10™ C*/N-m”)(575 N/C)(0.230 m)’ =3.38x10” C=

(b) Since the electric field displays spherical symmetry, you can conclude that the charge distri-

bution generating that field is |spherically symmetric|. Also, since the electric field lines are

directed outward away from the sphere, the sphere must contain a |net positive charge|.




28

15.43

15.44

15.45

15.46

Chapter 15

From Gauss’s law, the electric flux through any closed surface
is equal to the net charge enclosed divided by €,. Thus, the
flux through each surface (with a positive flux coming outward
from the enclosed interior and a negative flux going inward
toward that interior) is

For S,: D, =0,./€ =(+0-20)/€, =
For §,: D, =0, /eo = (+Q - Q)/eo = @

For §; D, =Qnet/e() =(_2Q+Q_Q)/€0 =

For S, D, = Qnet/e() = (0)/60 = @

The electric field has constant magnitude and is everywhere perpendicular to the bottom of the
car. Thus, the electric flux through the bottom of the car is

@, = EA=(1.80x10* N/C)[(5.50 m)(2.00 m)]=|1.98x10° N-m?/C|

We choose a spherical Gaussian surface, concentric with the charged spherical shell and of radius r.
Then, 2EAcos@=FE (47rr2 ) cos0° =4nr’E.

(a)

(b)

(a)

(b)

(©)

For r > a (that is, outside the shell), the total charge enclosed by the Gaussian surface is
Q =+g—q=0. Thus, Gauss’s law gives 47r°E=0, or |E=0|.

Inside the shell, < a, and the enclosed charge is Q = +4.

k
Therefore, from Gauss’s law, 47r°E = 1, or EF= 4 _ka4

2
=N Amwe, r r

e kK . .
The field for r<a is |E= qu directed radially outward |.
r

The surface of the cube is a closed surface which surrounds a total charge of
Q=1.70x10> uC. Thus, by Gauss’s law, the electric flux through the whole surface of the
cube is

4
o, =G 1T0XI0 € 175,007 N m*/c]
€, 885x10™" C’/N-m

Since the charge is located at the center of the cube, the six faces of the cube are sym-
metrically positioned around the location of the charge. Thus, one-sixth of the flux passes
through each of the faces, or

7 N.m2
2% _192x10 N m/C:|3.20><106 N-m?/c]
face 6 6

The answer to part (b) would change because the charge could now be at different distances
from each face of the cube, but the answer to part (a) would be unchanged because the flux
through the entire closed surface depends only on the total charge inside the surface.
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Note that with the point charge —2.00 nC positioned at the Gaussian

center of the spherical shell, we have complete spherical surface

symmetry in this situation. Thus, we can expect the distribu-

tion of charge on the shell, as well as the electric fields both f%
inside and outside of the shell, to also be spherically "

symmetric.

(a)

(b)

(c)

(d)

We choose a spherical Gaussian surface, centered
on the center of the conducting shell, with radius
r=1.50 m < a as shown at the right. Gauss’s law gives

i _ —
Q nside or E= Qmslde — eQuemer

O, =FA=E(4nr*)=
£ ( ) A dre,r’ r?

(8.99x10° N-m*/C*)(-2.00x10” C)
(1.50 m)’

and E =|-7.99 N/C|. The negative sign means that the field is .

SO E=

All points at r =2.20 m are in the range a < r < b, and hence are located within the
conducting material making up the shell. Under conditions of electrostatic equilibrium, the

field is at all points inside a conducting material.

If the radius of our Gaussian surface is » =2.50 m > b, Gauss’s law (with total spheri-
Oinsige — ko Qiniae
Te, ?

Oiside = Quett T Oeenier = 13.00 nC —2.00 nC = +1.00 nC. Thus, we have

cal symmetry) leads to E = just as in part (a). However, now

. (8.99x10° N-m’/C?)(+1.00x10” C)

=|+1.44 N/C
250
with the positive sign telling us that the field is at this location.

Under conditions of electrostatic equilibrium, all excess charge on a conductor resides
entirely on its surface. Thus, the sum of the charge on the inner surface of the shell and

that on the outer surface of the shell is O, = +3.00 nC. To see how much of this is on the
inner surface, consider our Gaussian surface to have a radius r that is infinitesimally larger
than a. Then, all points on the Gaussian surface lie within the conducting material, meaning
that £ =0 atall points and the total flux through the surface is @, = 0. Gauss’s law then

states that Qinside = Qinner + chmer = O’

surface

or

Qinner = _chnler = _(_200 HC) =

surface

The charge on the outer surface must be

Oier =0t = Ciner = 3.00 nC—2.00 nC =[+1.00 nC

surface surface
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15.48  Please review Example 15.8 in your textbook. There it is shown that the electric field due to a
nonconducting plane sheet of charge parallel to the xy-plane has a constant magnitude given by
E, =|0. | / 2 g,, where o, is the uniform charge per unit area on the sheet. This field is every-
where perpendicular to the xy-plane, is directed away from the sheet if it has a positive charge
density, and is directed toward the sheet if it has a negative charge density.

In this problem, we have two plane sheets of charge, both parallel to the xy-plane and separated
by a distance of 2.00 cm. The upper sheet has charge density o, =—20, while the lower sheet
has o, = +0. Taking upward as the positive z-direction, the fields due to each of the sheets in

the three regions of interest are:

Lower sheet (at z = 0) Upper sheet (at z = 2.00 cm)
Region Electric Field Electric Field

[+o] c

E == — _20 O

z2<0 P 2¢,  2¢, Ez=+| |=+—

2, €
[+o] c

E=+2_,92 _ P20l _ o

0>2>2.00cm 2¢, 2¢, EZ_+260_+€0

+o o —20|__ o

z>2.00 cm E,=+u=+— E7=—u=——

: 2¢, 2, : 2, €

When both plane sheets of charge are present, the resultant electric field in each region is the vec-
tor sum of the fields due to the individual sheets for that region.

O o
(@) Forz<O: E =E  utE. .ou=— + ==+
z 2, ,upp 2 g, g, ) =
o o 30
(b) For 0<z<2.00 cm: E =E wtE o=+ +— =+
z 2, ,upp 2 g, g, ) =
O (o) o
(¢) Forz>2.00cm: E =E ou+tE .=+ A
z 2, ,upp 2 g, g, 2 =
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15.49  The radius of each sphere is small in comparison to the distance to the nearest neighboring charge
(the other sphere). Thus, we shall assume that the charge is uniformly distributed over the surface
of each sphere and, in its interaction with the other charge, treat it as though it were a point
charge. In this model, we then have two identical point charges, of magnitude 35.0 mC, separated
by a total distance of 310 m (the length of the cord plus the radius of each sphere). Each of these
charges repels the other with a force of magnitude

(35.0x10° C)°
(3.10x10° m)’

2
F€=k(,Q—2=(8.99><10° N-m’/C?) =115N
r

Thus, to counterbalance this repulsion and hold each sphere in equilibrium, the cord must have a
tension of |115 N| so it will exert a 115 N on that sphere, directed toward the other sphere.

15.50  (a) Asshown in Example 15.8 in the textbook, the electric field due to a nonconducting plane
sheet of charge has a constant magnitude of E = 6/2 €,, where o is the uniform charge per
unit area on the sheet. The direction of the field at all locations is perpendicular to the plane
sheet and directed away from the sheet if o is positive, and toward the sheet if o is nega-
tive. Thus, if 6 = +5.20 ©C/m?, the magnitude of the electric field at all distances greater
than zero from the plane (including the distance of 8.70 cm) is

-6 2
E=-0 - 120x10 ZC/m —~=[2.94x10° N/C
2¢, 2(885x10™ C*/N-m’)

(b) The field does not vary with distance as long as the distance is small compared with the
dimensions of the plate.

15.51 The three contributions to the resultant E Y
electric field at the point of interest are ' = E
-4. . . E 2
shown in the sketch at the right. -- -4- 929 -5 -(-)'on-c- - -3 - (_).n_C_ ------ <——>

— >
. ) |<—r3 =12 m—> E;
The magnitude of the resultant field is
79 = 2.0 m———

E,=-E +E,+E,

__ke q1| ke q2| ke C]3|_ _m @ @
Bemmm T r =k R

. 2 -9 9 9
ER=(8.99><109 NmJl_4.0X10 C 50x107 C 3.0x10 C}

+ +
c’ (25m)  (20m)  (12m)

E,=+24 N/C,or E, =|24 N/C in the +x direction |

15.52  Consider the free-body diagram shown at the right.

YF,=0 = Tcos@=mg or T= e
cosf

XF, =0 = F,=Tsin0=mgtan0

Since F, = gE, we have

mg tan 6

E =mgtan@, or g =
q g q £

_(2.00x107 kg)(9.80 m/s’)tan15.0°

- =525%x10"° C=|5.25 uC
1 1.00x10° N/C
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(a) Atapoint on the x-axis, the contributions by the two
charges to the resultant field have equal magnitudes q
kg

5 .
r

givenby E, =E, =

The components of the resultant field are

2
? r

E =E, -E, =(qu)sine—(&#)sin9= 0
i . r

2

k(2
and E =FE +E, = (k“q)cos9+ (—kfzq)cose = {—"’ (2 q)}cose
r r

r
Since €086 _ bjr _b _ b theresultant field is
2 2P (a2 + b2)3/2
. k,(2q)b
E,= "(—q)m in the +x direction
(a2 +b’ )
k b
(b) Note that the result of part (a) may be written as E, = % where Q =2gq is the
a +b )

total charge in the charge distribution generating the field.

In the case of a uniformly charged circular ring, consider the ring to consist of a very large

number of pairs of charges uniformly spaced around the ring. Each pair consists of two

identical charges located diametrically opposite each other on the ring. The total charge

of pair number i is O,. At a point on the axis of the ring, this pair of charges generates an
keb Qi

(az +b’ )3/2 .

The resultant electric field of the ring is the summation of the contributions by all pairs of

charges, or

electric field contribution that is parallel to the axis and has magnitude E; =

E,=3E =| —Kb__|5p - kDO

(a2 +b? )3/2 I (a2 +b? )3/2

where O = 2(, is the total charge on the ring.

E, = _kOb in the +x direction

(a2 +b? )3/2

It is desired that the electric field exert a retarding force on the electrons, slowing them down
and bringing them to rest. For the retarding force to have maximum effect, it should be
anti-parallel to the direction of the electrons motion. Since the force an electric field exerts
on negatively charged particles (such as electrons) is in the direction opposite to the field,

|the electric field should be in the direction of the electron’s moti0n|.

The work a retarding force of magnitude F, =|g|E = eE does on the electrons as they move
distance d isW = F.d cos180° =—F,d = —eEd. The work-energy theorem (W = AKE) then gives

~eEd =KE, —KE, =0~ K

and the magnitude of the electric field required to stop the electrons in distance d is

T —ed
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()

(b)

()

(b)

, mg—qE _(4.00kg)(9.80 m/s*)—(0.0500 C)(355 N/C)

Electric Forces and Electric Fields 33

Without the electric field present, the ball comes to equilibrium when the upward force
exerted on the ball by the spring equals the downward gravitational force acting on it, or
when kx = mg. The distance the ball stretches the spring before reaching the equilibrium
position in this case is

4.00 kg)(9.80 m/s?
x:E:( e m/s):4.64><10'2m=

k 845 N/m

With the electric field present, the positively charged ball experiences an upward electric
force in addition to the upward spring force and downward gravitational force. When the
ball comes to equilibrium, with the spring stretched a distance x’, the total upward force
equals the magnitude of the downward force, or gE + kx” = mg. The distance between the
unstretched position and the new equilibrium position of the ball is

=254%x102 m=

k 845 N/m
The downward electrical force acting on the ball is
F,=gE=(2.00x10" C)(1.00x10° N/C)=0.200 N
The total downward force acting on the ball is then

F=F,+mg=0.200 N+(1.00x10" kg)(9.80 m/s’)=0.210 N

Thus, the ball will behave as if it was in a modified gravitational field where the effective
free-fall acceleration is

F 210N
“g”:_:%zzlo m/SZ
m 1.00x10° ke

The period of the pendulum will be

’ L 0.500 m
T=2n|—=21n [———— =0.307
T “g” T 210 IIl/SZ

. The force of gravity is a significant portion of the total downward force acting on
the ball. Without gravity, the effective acceleration would be

F 200 N
“g”:_e:%zzoo II'I/S2
m 1.00x107 kg

giving T =271 M =0.314s
200 m/s

a 2.28% difference from the correct value with gravity included.
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The sketch at the right gives a free-body diagram of the
positively charged sphere. Here, F, = k, |g| /r* is the attractive
force exerted by the negatively charged sphere and F, = gE

is exerted by the electric field.

mg --
cos10°

2F,=0 = Tcosl0°=mg or T=

k 2
XF =0 = F,=F+Tsinl0° or qE:“—§1|+mgtan10°
r

At equilibrium, the distance between the two spheres is r =2 (L sin 10°). Thus,

k
E=——¢
4(Lsin10°)’ q

tan10°
q| 4 mgtan

(8.99x10° N-m’/C?)(5.0x10™* c)+(2.0><10*3 kg)(9.80 m/s*)tan10°
B 4[(0.100 m)sin10°] (5.0x10° C)

or the needed electric field strength is E=|44x10° N/C

(a) Atany point on the x-axis in the range 0 < x < 1.00 m, the contributions made to the
resultant electric field by the two charges are both in the positive x direction. Thus, it is not
possible for these contributions to cancel each other and yield a zero field.

(b) Any point on the x-axis in the range x < 0 is located closer to the larger magnitude charge
(g =5.00 ,uC) than the smaller magnitude charge (|q| =4.00 yC). Thus, the contribution to
the resultant electric field by the larger charge will always have a greater magnitude than the
contribution made by the smaller charge. It is not possible for these contributions to cancel to
give a zero resultant field.

(c) If a point is on the x-axis in the region x > 1.00 m, the contributions made by the two charges
are in opposite directions. Also, a point in this region is closer to the smaller magnitude
charge than it is to the larger charge. Thus, there is a location in this region where the contri-
butions of these charges to the total field will have equal magnitudes and cancel each other.

(d) When the contributions by the two charges cancel each other, their magnitudes must be
equal. That is,

k, (S'OOZ#C) =k, (4.00 ) 5 or x=1.00m= +\/E x
X (x—1.00 m) 5

1.00 m
Thus, the resultant field is zero at X=—F—=|4+947m
s 247 m]
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We assume that the two spheres have equal charges, so the
repulsive force that one exerts on the other has magnitude
F;' = ke qZ/rz'

From Figure P15.59 in the textbook, observe that the distance
separating the two spheres is

r=3.0 cm+2[(5.0 cm)sin10°]= 4.7 cm = 0.047 m

From the free-body diagram of one sphere given above, observe that

IF, =0 = Tcosl0°=mg or T =mg/cosl0°

&O) sin10° = mg tan10°

and 2F =0 = FL,=Tsin10°=(
’ cos10

Thus, k, ¢>/r* = mg tan10°

_ mgr’® tan10° B (0.015 kg)(9.8 m/sz)(0.047 m)2 tan10°
or 4= Kk 8.99x10° N-m?/C2
giving  ¢=8.0x10" C or

The charges on the spheres will be equal in magnitude and opposite in sign. From F = k,q° / r
this charge must be

=1.05x10" C

Fr \/(1.00><104 N)(1.00 m)’
q: —

k 8.99x10° N-m*/C’

The number of electrons transferred is

-3
n=§=w=6.59x1015
e 1.60x1077 C

The total number of electrons in 100 g of silver is

N= (47 m)(aoz x 107 a“’ms) Lmole 1,00 6)=2.62x10%
atom mole /\ 107.87 g

Thus, the fraction transferred is

15
% = % =|2.51x10™ | (that is, 2.51 out of every 10 billion).



36 Chapter 15

15.61  Because of the spherical symmetry of the
charge distribution, any electric field present will
be radial in direction. If a field does exist at
distance R from the center, it is the same as if the
net charge located within » < R were concen-
trated as a point charge at the center of the inner
sphere. Charge located at r > R does not contrib-
ute to the field atr = R.

(a) Atr=1.00 cm, since static electric
fields cannot exist within conducting mate-
rials.

(b) The net charge located at r < 3.00 cm is
Q =+8.00 uC.

Thus, at 7 = 3.00 cm,

k,Q
=

r

E

~(8.99%10° N-m’/C?)(8.00x10° C
) (3.00x107 m)’

)=| 7.99x10" N/C (outward) |

(c) At r=4.50cm, since this is located within conducting materials.
(d) The net charge located at » <7.00 cm is Q =+4.00 uC,
Thus, at »=7.00 cm,

r

9 /2 6
_(8:99x10 (N m’/C 2)(4-)?OX10 C):|7.34><106 N/C (outward) |
7.00x10™ m
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Consider the free-body diagram of the rightmost charge given below.

IF,=0 = Tcos@=mg or T =mg/cos6

and IF, =0 = F,=Tsin0=(mg/cos8)sin@ = mg tan O

2 2 2 2 2
Bu, F=rd (ke __ka kg __ kg

i r, (Lsin6) (2Lsin@) 4L’sin’ @

2

5k,q
Thus, ———=mgtan0O or g=
417 sin* 0 & a4 \/

4 mgsin® Otan O
5k

e

If 6=45° m=0.10 kg, and L =0.300 m then

4(0.300 m)* (0.10 kg)(9.80 m/s”)sin” (45°)tan (45°)
- 5(8.99x10° N-m?/C?)

or q=2.0x10° C=[2.0 uC]|

(a) When an electron (negative charge) moves distance Ax in the direction of an electric field,
the work done on it is

W = F,(Ax)cos 0 = eE (Ax)cos 180° = —eE (Ax)

From the work-energy theorem (Wne[ =KE, - KE,.) with KE, =0, we have

-17
eE(Ax)=—KE, or E=~Ei__ 1'6%10 ! =[1.00x10° N/C
e(Ax)  (1.60x10™ C)(0.100 m)

(b) The magnitude of the retarding force acting on the electron is F, = ¢E, and Newton’s second
law gives the acceleration as a = — F, /m = — eE/m. Thus, the time required to bring the elec-
tron to rest is

1=2"% _ 0—2(KE,)/m _ J2m(KE,)

a —eE/m eE

or

J2(9.11x107" ke)(1.60x 107" 1)

— —8 _
= (1'60X10_19 C)(looxlog N/C) —337X10 S_

(c) After bringing the electron to rest, the electric force continues to act on it causing the

electron to | accelerate in the direction opposite to the field | at a rate of

-19 3
= E (1.60 ><109 llcx)gggf):lo N/C) _[176x10% mf]
m . g
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15.64 (a) The acceleration of the protons is downward (in the direction of the field) and

ek (1.60x10™ C)(720 N/C)
m 1.67 %107 kg

=6.90x10" m/s’

The time of flight for the proton is twice the time required to reach the peak of the arc, or

(% 20, 8in @
t=2t ., = 2[&] =

a.V ay| —
|
VO - Ss N
The horizontal distance traveled in this time is 0 N
20,sin6 | v; sin26 R |
R=1v,,t=(v,cosb) =
| |

Thus, if R =1.27 x 10~ m, we must have

la,|R (6.90%10" m/s?)(1.27 x107 m)

2

0, (9550 m/s)’

sin26 = =0.961

giving 20 = 73.9° or 20 =180°-73.9°=106.1°.

Hence, 6 =| 37.0° or 53.0°|.

(b) The time of flight for each possible angle of projection is:

ing  2(9550 in37.0°
For g 37,0 1= 205in® _ 2( m/s)sin37.0° e o7

- |ay| 6.90 x 10" m/s’

20,sin6  2(9 550 m/s)sin53.0° -
For =53.0% t ==—0—= =[2.21x107
or 6=>53.0 |a)-| 6.90 x 10" m/SZ




