CHAPTER 21

COULOMB’S LAW
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Learning Objectives

21.01 Distinguish between being
electrically neutral, negatively
charged, and positively charged
and identify excess charge.

21.02  Distinguish  between
conductors, nonconductors
(insulators), semiconductors,
and superconductors.

21.02 Describe the electrical
properties of the particles in-
side an atom.
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COULOMB’S LAW

21.04 ldentify conduction electrons
and explain their role in making a
conducting object negatively or
positively charged.

21.05 Identify what is meant by
“electrically isolated” and by
“grounding.”

21.06 Explain how a charged object
can set up induced charge in a
second object.

21.07 Identify that charges with the
same electrical sign repel each other
and those with opposite electrical
signs attract each other.



For either of the particles
in a pair of charged particles,
draw a free-body diagram,
showing the electrostatic force
(Coulomb force) on it and
anchoring the tail of the force
vector on that particle.

For either of the particles
in a pair of charged particles,
apply Coulomb’s law to relate
the magnitude of the electro-
static  force, the charge
magnitudes of the particles, and
the separation between the
particles.
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Identify that Coulomb’s law
applies only to (point-like) particles
and objects that can be treated as
particles.

If more than one force acts
on a particle, find the net force by
adding all the forces as vectors, not
scalars.

Identify that a shell of
uniform charge attracts or repels a
charged particle that is outside the
shell as if all the shell’s charge were
concentrated as a particle at the
shell’s center.
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Identify that if a charged
particle is located inside a shell
of uniform charge, there is no
net electrostatic force on the
particle from the shell.

Identify that if excess
charge is put on a spherical
conductor, it spreads out
uniformly over the external
surface area.

Identify that if two
identical spherical conductors
touch or are connected by
conducting wire, any excess
charge will be shared equally.
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Identify that a non-
conducting object can have any
given distribution of charge,
including charge at interior points.

Identify current as the rate
at which charge moves through a
point.

For current through a point,
apply the relationship between
the current, a time interval, and
the amount of charge that moves
through the point in that time
interval.
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Electric Charge

» After rubbing a glass rod with a silk cloth, we hang the
rod by means of a thread tied around its center.

»Then we rub a second glass rod with the silk cloth and Glass
bring it near the hanging rod. Glass
The hanging rod magically moves away. ’;::;’/i\jn_?
We can see that a force repels it from the second rod.

=)

»In the second demonstration we replace the second rod
with a plastic rod that has been rubbed with fur. ~
The hanging rod moves toward the nearby rod. %
— Glass
—B_ _F
» Like the repulsion, this attraction occurs without any jf:f‘_ﬁ Plastic

contact or obvious communication between the rods.

Figure 21-1 (@) The two glass rods were each
rubbed with a silk cloth and one was sus-

H ’ . . nded by thread. When they are close to
> In this chapter let’s focus on just the forces that are involved. each othoy, they ropel each other, (b) The
plastic rod was rubbed with fur. When
brought close to the glass rod, the rods
attract each other.

Demonstration 1: force on the hanging rod was repulsive
Demonstration 2: force on the hanging rod was attractive
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» The forces in these types of demonstrations are due to
the electric charge that we set up on the rods when they
are in contact with silk or fur.

» Electric charge is an intrinsic property of the fundamental
particles that make up objects such as the rods, silk, and fur.
That is, charge is a property that comes automatically with
those particles wherever they exist.

» There are two types of electric charge positive charge and
negative charge

> In most everyday objects, such as a mug, there are about
equal numbers of negatively charged particles and positively
charged particles, and so the net charge is zero, the charge is
said to be balanced, and the object is said to be electrically
neutral (or just neutral for short).

=)

Glass

T (Glass
-

-F
(a)

(&)

Figure 21-2 (a) Two charged rods of the same
sign repel each other. (#) Two charged rods
of opposite signs attract each other. Plus
signs indicate a positive net charge, and mi-
nus signs indicate a negative net charge.
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COULOMB’S LAW

Normally you are approximately neutral.
However, if you live in regions where the humidity is low, the charge on your
body can become slightly unbalanced when you walk across certain carpets.

** you gain negative charge from the carpet and become negatively charged.
** you lose negative charge and become positively charged.
Either way, the extra charge is said to be an excess charge.

0 Particles with the same sign of electrical charge repel each other, and particles
with opposite signs attract each other.

In a moment we shall put this rule into quantitative form as Coulomb’s law of
electrostatic force (or electric force) between charged particles.

The term electrostatic is used to emphasize that, relative to each other, the charges
are either stationary or moving only very slowly.
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COULOMB’S LAW

Demos.

** When we rub the glass rod with a silk cloth, a small amount
of negative charge moves from the rod to the silk, leaving the

rod with a small amount of excess positive charge. ;,- oy

Glass
** When we rub the second rod with the silk cloth, it too D G
becomes positively charged. So when we bring it near the first “fﬂﬁﬁiﬂj
rod, the two rods repel each other (a)
** Next, when we rub the plastic rod with fur, it gains excess
negative charge from the fur. B
** When we bring the plastic rod (with negative charge) near T
the hanging glass rod (with positive charge), the rods are M

attracted to each other

(&)

Figure 21-2 (a) Two charged rods of the same
** We hang the rod from the thread so as to electrically isolate  signrepeleachother. (b) Two charged rods

. . . . of opposite signs attract each other. Plus
it from its surroundings (so that the surroundings cannot signsindicate a positive net charge, and mi-

. - . . nus signs indicate a negative net charge.
neutralize the rod by giving it enough negative charge to

rebalance its charge).
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Conductors and Insulators

We can classify materials generally according to the ability of charge to move through them.
** Conductors : are materials through which charge can move rather freely;

Examples: metals, the human body, and tap water.

** Nonconductors (insulators): are materials through which charge cannot move freely;
Examples: rubber, plastic, glass, and chemically pure water.

** Semiconductors: are materials that are intermediate between conductors and insulators;
Examples: silicon and germanium in computer chips.

** Superconductors: are materials that are perfect conductors, allowing charge to move
without any hindrance.

» The properties of conductors and insulators are due to the structure and electrical nature
of atoms.

» Atoms consist of positively charged protons, negatively charged electrons, and electrically
neutral neutrons. The protons and neutrons are packed tightly together in a central nucleus.

»The charge of a single electron and that of a single proton have the same magnitude but
are opposite in sign.

»Hence, an electrically neutral atom contains equal numbers of electrons and protons.

»>In a conductor ,there are free electrons, called conduction electrons.
There are few (if any) free electrons in a nonconductor.
Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
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Induced Charge.

** The experiment demonstrates the mobility of charge in a
conductor.

A negatively charged plastic rod will attract either end of an isolated
neutral copper rod.

** What happens is that many of the conduction electrons in the
closer end of the copper rod are repelled by the negative charge on
the plastic rod.

** Some of the conduction electrons move to the far end of the
copper rod, leaving the near end depleted in electrons and thus with
an unbalanced positive charge. This positive charge is attracted to
the negative charge in the plastic rod.

** Although the copper rod is still neutral, it is said to have an
induced charge, which means that some of its positive and negative
charges have been separated due to the presence of a nearby
charge.

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.

f
— MNeutral copper
%

Charged plastic
Figure 21-3 A neutral copper rod is electri-
cally isolated from its surroundings by be-
ing suspended on a nonconducting thread.
Either end of the copper rod will be at-
tracted by a charged rod. Here, conduction
electrons in the copper rod are repelled to
the far end of that rod by the negative
charge on the plastic rod. Then that nega-
tive charge attracts the remaining positive
charge on the near end of the copper rod,
rotating the copper rod to bring that near
end closer to the plastic rod.
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** Similarly, if a positively charged glass rod is brought near one end of a neutral copper
rod, is again set up in the neutral copper rod but now the near end gains conduction
electrons, becomes negatively charged, and is attracted to the glass rod, while the far

end is positively charged.

IZ Checkpoint 1

The figure shows five
pairs of plates: A, B, and
D are charged plastic
plates and C is an elec-
trically neutral copper

y-

e

=R s e

plate. The electrostatic

A

D

A

forces between the pairs
of plates are shown for

three of the pairs. For the remaining two pairs, do the plates repel or attract each other?

C & D attract and B & D attract

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
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Coulomb’s Law

** The equation for Coulomb’s law, works for only
charged particles (and a few other things that can be
treated as particles).

** If two charged particles are brought near each other,
they each exert an electrostatic force on the other.

The direction of the force vectors depends on the signs of
the charges

** If the particles have the same sign of charge, they
repel each other. That means that the force vector on
each is directly away from the other particle. If we
release the particles, they accelerate away from each
other

** If the particles have opposite signs of charge, they
attract each other.

That means that the force vector on each is directly
toward the other particle. If we release the particles,
they accelerate toward each other.

Always draw the force
vector with the tail on
the particle.

The forces push the
(a) particles apart.

/*"G//H;;;./G/M

(&)

,/#""’"MG/

But here the forces
(c) .

pull the particles

together.

Figure 21-5 Two charged particles repel each
other if they have the same sign of charge,
either (a) both positive or (b) both negative.
(c) They attract each other if they have op-
posite signs of charge.
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COULOMB’S LAW

** The equation for the electrostatic forces acting on the

F
particles is called Coulomb’s law after Charles-Augustin P.,.ff“"rﬂﬂ -
de Coulomb, whose experiments in 1785 led him to it. h
Ga
** Let’s write the equation in vector form and Figure 21-6 The electrostatic force on parti-

cle 1 can be described in terms of a unit
vector I along an axis through the two
particles, radially away from particle 2.

in terms of the particles 1 and 2.
particle 1 has charge g1
particle 2 has charge q2.

** The force acting on particle 1 in terms of a unit vector r” that points along a radial axis
extending through the two particles, radially away from particle 2.

we write the electrostatic force as

F=k3%%  (couombs law), (21-1)
F

r is the separation between the particles and k is a positive constant called the electrostatic
constant or the Coulomb constant.

unit vector r” : As with other unit vectors, has a magnitude of exactly 1
and no unit; its purpose is to point, like a direction arrow on a street sign

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.



COULOMB’S LAW

F=k3%%  (couombs law), (21-1)
F

Let’s first check the direction of the force on particle 1.

** If g1 and g2 have the same sign, then the product q1q2 gives us a positive result.
So, Eq. 21-1 tells us that the force on particle 1 is in the direction o't

That checks, because particle 1 is being repelled from particle 2.

**If g1 and g2 have opposite signs, the product gq1q2 gives us a negative result.
So, Eq. 21-1 tells us that the force on particle 1 is in the direction oppositer
That checks because particle 1 is being attracted toward particle 2.

An Aside.
The form of Eq. 21-1 is the same as that of Newton’s equation (Eq. 13-3) for the
gravitational force between two particles with masses m1 and m2 and separation r:

F=aG ’”:f’* f (Newton'slaw), (21-2)

where G is the gravitational constant.

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
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F=k3%%  (couombs law), (21-1)
F= G% f (Newton'slaw), (21-2)

** Both equations describe inverse square laws (the 1/r2 dependences) that involve a
product of a property of the interacting particles—the charge in one case and the mass in the

other.
** However, the laws differ in that gravitational forces are always attractive but electrostatic

forces may be either attractive or repulsive, depending on the signs of the charges.
This difference arises from the fact that there is only one type of mass but two types of
charge.

Unit.

The Sl unit of charge is the coulomb.

** For practical reasons having to do with the accuracy of measurements, the coulomb
unit is derived from the Sl unit ampere for electric current i.

Here let’s just note that current i is the rate dq/dt at which charge moves past a point
or through a region: dq

I = E (electric current). {21—3]

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.



COULOMB’S LAW

** Rearranging Eq. 21-3 and replacing the symbols with their units (coulombs C, amperes A,

and seconds s) we see that:
1C=(1A)(15s)
Force Magnitude.
** The magnitude of the electrostatic force in Coulomb’s law becomes

1
F= |1I1|Li&'g| (Coulomb’s law). (21-4)
dare r

** The constants in Egs. 21-1 and 21-4 have the value

1
4me,
** The quantity &;, called the permittivity constant, sometimes appears separately in
equations and is

g0 = 885 x 1072 CIYN - m2 (21-6)

Working a Problem. Note that the charge magnitudes appear in Eq. 21-4, which gives us
the force magnitude. So, in working problems in this chapter, we use Eq. 21-4 to find the
magnitude of a force on a chosen particle due to a second particle and we separately
determine the direction of the force by considering the charge signs of the two particles.

k=

= 8.99 x 10?N-m%/C2. (21-5)

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
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Multiple Forces.

** As with all forces in this book, the electrostatic force obeys the principle of superposition.
Suppose we have n charged particles near a chosen particle called particle 1; then the net
force on particle 1 is given by the vector sum.

F]JH:I — Fj: + F13 + F‘l‘i + F]S + =+ F]H“! [2]-?]
in which, for example, is the force on particle 1 due to the presence of particle 4.

** If you want to know the net force acting on a chosen charged particle that is
surrounded by other charged particles, first clearly identify that chosen particle and
then find the force on it due to each of the other particles

** Draw those force vectors in a free-body diagram of the chosen particle, with the
tails anchored on the particle.

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
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Shell Theories.
Analogous to the shell theories for the gravitational force, we have two shell theories for

the electrostatic force:

0 Shell theory 1. A charged particle outside a shell with charge uniformly distrib-
uted on its surface is attracted or repelled as if the shell’s charge were concentrated

as a particle at its center.

0 Shell theory 2. A charged particle inside a shell with charge uniformly distributed
on its surface has no net force acting on it due to the shell.

In the first theory, we assume that the charge on the shell is much greater than the

particle’s charge.
Thus the presence of the particle has negligible effect on the distribution of charge on

the shell.

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
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Spherical Conductors

** If excess charge is placed on a spherical shell that is made of conducting material, the
excess charge spreads uniformly over the (external) surface.

Example: if we place excess electrons on a spherical metal shell, those electrons repel
one another and tend to move apart, spreading over the available surface until they are

uniformly distributed.
That arrangement maximizes the distances between all pairs of the excess electrons.

According to the first shell theorem, the shell then will attract or repel an external charge
as if all the excess charge on the shell were concentrated at its center.

** If we remove negative charge from a spherical metal shell, the resulting positive
charge of the shell is also spread uniformly over the surface of the shell.

Example: if we remove n electrons, there are then n sites of positive charge (sites missing

an electron) that are spread uniformly over the shell.
According to the first shell theorem, the shell will again attract or repel an external
charge as if all the shell’s excess charge were concentrated at its center.

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
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|ZI Checkpoint 2

The figure shows two protons O O o
(symbol p) and one electron e p p

(symbaol &) on an axis. On the central proton, what is the direction of (a) the force due to the
electron, (b) the force due to the other proton, and (c) the net force?

Answer: (a) left towards the electron
(b) left away from the other proton

(c) left+
Mﬂheukpuint J

The figure here shows three arrangements of an electron e and two ':_—ﬂ—'* | | H—
protons p.(a) Rank the arrangements according to the magnitude of the d_'l . r'_ ! . b . d P
net electrostatic force on the electron due to the protons largest first.(h)ln ¢ P P P € P

situation c,is the angle between the net force on the electron and the line :
labeled d less than or more than 45°7 (@) (0 @

a) a,c b,
b) b)less than 45

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
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Learning Objectives CHARGE IS QUANTIZED

21.19 Identify the elementary
charge.

21.20 lIdentify that the charge
of a particle or object must be a
positive or negative integer
times the elementary charge.
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21-2 CHARGE IS QUANTIZED
Charge Is Quantized

** Electric charge was thought to be a continuous fluid—an idea that was useful for many
purposes. However, we now know that fluids themselves, such as air and water, are not
continuous but are made up of atoms and molecules; matter is discrete.

** Experiment shows that “electrical fluid” is also not continuous but is made up of
multiples of a certain elementary charge. Any positive or negative charge g that can be
detected can be written as:

q = ne, n==1,+x2 3 ..., (21-11)
in which e, the elementary charge, has the approximate value
e =1.602 x 107 C. (21-12)

The elementary charge e is one of the important constants of nature.
The electron and proton both have a charge of magnitude e

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
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** You often see phrases—such as “the charge on a
sphere,” “the amount of charge transferred,” and “the
charge carried by the electron”—that suggest that charge
is a substance.

** You should, however, keep in mind what is intended:
Particles are the substance and charge happens to be one
of their properties, just as mass is.

Table 21-1 The Charges of Three
Particles

Particle Symbol Charge
Electron eore” —e
Proton p +e
Neutron n 0

** When a physical quantity such as charge can have only discrete values rather than any
value, we say that the quantity is quantized. It is possible, for example, to find a particle that
has no charge at all or a charge of "10e or -6e”, but not a particle with a charge of, say, 3.57e.

** The quantum of charge is small. In an ordinary 100 W light bulb, for examp10*about
elementary charges enter the bulb every second and just as many leave.
However, the graininess of electricity does not show up in such large-scale phenomena (the

bulb does not flicker with each electron).

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
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M Checkpoint 4

Initially, sphere A has a charge of —50¢ and sphere B has a charge of +20e. The

spheres are made of conducting material and are identical in size. If the spheres then
touch, what is the resulting charge on sphere A7

Answer: -15e

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
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COULOMB’S LAW

21.21 ldentify that in any
isolated physical process, the
net charge cannot change (the
net charge is always
conserved).

21.22 Ildentify an annihilation
process of particles and a pair
production of particles.

CHARGE IS CONSERVED

21.23 ldentify mass number
and atomic number in terms
of the number of protons,
neutrons, and electrons.
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21-3 CHARGE IS CONSERVED

Charge Is Conserved

** If you rub a glass rod with silk, a positive charge appears on the rod.

** Measurement shows that a negative charge of equal magnitude appears on the
silk.

** This suggests that rubbing does not create charge but only transfers it from one
body to another, upsetting the electrical neutrality of each body during the process.

** This hypothesis of conservation of charge, first put forward by Benjamin Franklin, has
stood up under close examination, both for large-scale charged bodies and for atoms,
nuclei, and elementary particles. No exceptions have ever been found.

** Thus, we add electric charge to our list of quantities—including energy and both
linear momentum and angular momentum—that obey a conservation law.

** Important examples of the conservation of charge occur in the radioactive decay of
nuclei, in which a nucleus transforms into a different type of nucleus.

Example: a uranium-238 nucleus (238U) transforms into a thorium- 234 nucleus (234Th)
by emitting an alpha particle.

28] — ZMTh + “He, (21-13)
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** The number used in the name of a nucleus and as a superscript in the symbol for the
nucleus is called the mass number and is the total number of the protons and neutrons in the
nucleus.

**The number of protons in a nucleus is the atomic number Z.
From that list we find that in the decay

28] — 2MTh + “He, (21-13)

** The parent nucleus 238U contains 92 protons (a charge of +92e), the daughter nucleus
234Th contains 90 protons (a charge of +90e), and the emitted alpha particle 4He contains
2 protons (a charge of +2e).

We see that the total charge is +92e before and after the decay; thus, charge is conserved.
(The total number of protons and neutrons is also conserved: 238 before the decay and 234

+ 4 = 238 after the decay.)
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The net electric charge of any isolated system is always
conserved.

If two charged particles undergo an annihilation process, they
have equal and opposite signs of charge.

e- +e"—vy+ 7y (annihilation). {2]—14]

If two charged particles appear as a result of a pair production
process, they have equal and opposite signs of charge.

y—>e~ +e" (pair production). (21-15)

A photograph of trails of bubbles left in a bubble chamber by an
electron and a positron. The pair of particles was produced by a
gamma ray that entered the chamber directly from the bottom.
Being electrically neutral, the gamma ray did not generate a
telltale trail of bubbles along its path, as the electron and positron
did.
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Figure 21-10 A photograph of trails of bub-
bles left in a bubble chamber by an electron
and a positron. The pair of particles was
produced by a gamma ray that entered the
chamber directly from the bottom. Being
electrically neutral, the gamma ray did not
generate a telltale trail of bubbles along its
path, as the electron and positron did.
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Review & Summary

Electric Charge Coulomb’s Law
* The strength of a particle’s electrical * The magnitude of the electrical force
interaction with objects around it between two charged particles is
depends on its electric charge, which proportional to the product of their
can be either positive or negative. charges and inversely proportional
to the square of their separation
distance.

Conductors and Insulators
 Conductors are materials in which a

significant number of electrons are F = 41:_En |q1|r21qz| Fq. 21-4
free to move. The charged particles in
nonconductors (insulators) are not The Elementary Charge
free to move. * Electric charge is quantized
(restricted to certain values).
Conservation of Charge * eis the elementary charge

* The net electric charge of any isolated
system is always conserved. e=1.602 X 107" C, Eq. 21-12



