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FIGURE 1 ja) A spark due to static lechicity orcurs between a persan's finger and a mistal
wurface near i elevatar buttan. o) and (c) Similir sparks are gamerited when e persen holds &
metal abject like @ cas key or & coin, bt are jainless because ihe spark fanms between the metal
surface and the matal object.

any people think of statle electricity as the annoylng spark that
occurs when they reach for a metal object like a doorknob on a dry
day, after they have been walking on a carpet (Figure 113 In fact,
many electronics manufacturers place small metal plates on equipment
50 that users can discharge any spark on the plate and not damage the
more sensitive parts of the equipment, However, statle elecrricity is more
than just an occasional annoyance, it is the swrting point for any study
of electricity and magnetism, forces that have changed human society as
radically as anything since the discovery of fire or the wheel
In this chapter, we examine the propertles of electric charge. A moving
electric charge gives rise to a separate phenomenon, called magnerism, which
Is covered |n laver chapters. Here we look at charged objects that are not
moving -hence the term eherostaries. Al obsjects have charge, since charged
particles make up atoms and molecules. We often don't notice the effects of
electrical charge because most objects are electrically neutral. The forces char
hold atoms wgether and that keep objects separate even when theyre In
contict, are all electric in narure,
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Chapter 1 Floch ostaiics

WHAT WE WILL LEARN

-
B flectric charge gives rise toa force between Insulators conduct electricity poorly or not at
charged particles or objects, all. l}'unduﬂorl conduct electricity well bur not
®  Electricity and magnetism together make up the perfectly-some engrgy losses oecur.
electromagnetic force, one of the four fundamental Semlconductors can be made to change between a
forces of nature condueting state and a noneonducring state.
& There are two kinds of electric charge, positive and Superconductors conduct electricity perfiectly.
negative. Like charges repel, and unlike charges avract Objects can be charged directly by contact or
& Elecrric charge (s quantized, meaning that it occurs indirectly by induction,
anly in Integral mult!ples_ul’n smallest elementary ®  The force that twa stavionary electric charges exert
guanity. Electric charge is also conserved on each ather is proportional to the product of
& Most materials around ug are electrically neutral. the charges and varies as the inverse square of the
® The electron is an elementary particle, and irs charge digtance berween the two charges.
is the smallest observable quantity of electric charge. ® Electrogtatle forces between particles can be added
as vecrars by the process of superposition.
L ”,

11 Electromagnetism

Ferhaps no mystery puzzled ancient civilizations more than electricity, which they
observed primarily in the form of lightning strikes (Figure 1.2). The destructive
force Inherent In Hghtning, which could set objects an fire and kill peeple and
animals. puzzled people because they did nor understand what caused it or where
the lightening came from,

The anclent Greeks knew that If you rubbed a plece of amber with a plece of
clath, vou could atcract small, lght objects with the amber, We now know that
rubbing amber with a cloth transfers negatively charged particles called elecrrons
from the cloth to the amber. (The words electron and elecericity derive from the
Greek waord for amber) Lightning alse consists of a flow ol electrons, The early
Greeks and others also knew abour naturally occurring magnetic objects called
lodestones, which were found in deposits of magnetite, a mineral consisting of iron
oxlde. These objects were used to construct compasses as early as 300 BC,

The relationship berween electricity and magnetism was not understood
until the middle of the 19th century, The following chapters will reveal how
electricity and magnetism can be unified into a common ramework called elec-
rromagnetism, However, unification of forces does not stop there. During the
early part of the 20th century, two more fundamental forces were discovered:
the weak force, which operates in beta decay (in which an electron and a neu-
tring are spontanesusly emitted from certaln types of nuelel), and the strong
force, which acts inside the atomic nucleus, Currently, the electromagnetic and
weak forces are viewed as two aspects of the electroweak force (Figure 1,3). For
the phenomena discussed in this and the following chapters, this electroweak
unificacion has ne influence: it becomes Important in the highescenergy particle
collisions, Because the energy scale for the elecrroweak unificacion is so high,
maost textbooks continue to speak of four fundamental forces: gravitational, elec-
tromagnetie, weak, and strang.

Today, a large number of physicists believe that the electroweak force and the
strong force can also be unified. that is, described in a common framework. Sev-
eral theories propose ways to accomplish this, but so far experimental evidence is
missing. Incerestingly, the force thar has been known longer than any of the other
fundamental forces, gravity, seems to be hardest wo shoehorn inte a unified frame-
work with the other fundamental forces, Quantum gravity, supersymmetry, an
string theory are current foch of cutting-edge physies research in which theorists
are atrempring vo construce this grand unification and discover the (hubristically

FIGURE 1.2 Lightning strikes over
a iy,



Forces af Nature

~1HA0 - 1970 [resent !
FIGURE 1.3 The history of thi unifeation of fundamental forces,

named) Theory ol Everything. They are mainly guided by symmetry principles and
the convicrion thar narure must be elegant and simple.

In this chapter. we consider electric charge, how materials react to electric charge,
static electricity, and the forces resulting from electric charges, Electrostatics covers
struations where charges stay in place and do not move,

1.2 | Electric Charge

Let's look a little deeper into the cause of the electric sparks that you occasionally receive
on a dry winter day if you walk across a carpet and then touch a metal doorknaob, {Elec-
vrostatle sparks have even ignited gas fumes while someone s filling the ank ac a gas
station. This is not an urban legend, a few of these cases have been caught on gas station
surveillance cameras ) The process that causes this sparking is called charging. Charging
consists of the mransfer of negatively charged particles, called electrons, from the atoms
and molecules of the material of the carper to the soles of your shoes, This charge can
move relatively easily through your body, including your hands. The builtup electric
charge discharges through the mel of the doorknoeb, creating a spark,

The two types of electric charge ound (0 nature are positive charge and nega-
tive charge. Normally, objects around us do not seem o be charged: instead. they
are electrically neurral. Neutral objects contain roughly equal numbers of positive
and negative charges that largely cancel each ather. Only when positive and negative
charges are not balanced do we abserve the effects of electric charge,

If you rub a ghass rod with a cloth, the glass rod becomes charged and the cloth
acquires a charge of the opposite sign, If you rub a plastic rod with fur, the rod and
fur also become oppesitely charged. If you bring two charged glass rods together,
they repel each other. Similarly, if you bring vwo charged plastic rods rogether, they
also repel each other, However, a charged glass rod and a charged plastic rod will
artract each other. This difference arlses because the glss rod and the plastic rod
have opposite charge, These observations led o the following law:

Law of Electric Charges
Like charges repel and opposite charges attract,

1.2 Elociric Change
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make 100 C of charge?
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The unit of electric charge {5 the coulomb (C), named after the French physicist
Charles-Augustine de Coulomb (1736 1806). The coulomb 15 defined In terms of
the 81 unit for current, the ampere (A), named after another Prench physicist, André-
Marie Ampére (1775-1836). The ampere can not be derived in terms of the ather
S1ounits: merver, kilogram, and second. Instead, the ampere s another fundamental §1
unit. For this reason, the S1 system of units is sometimes called MKSA (meter-kilogeam-
second-ampere) system. The charge unit is defined as

IC=1As (1.1}

The definition of the ampere must wair unul we discuss carment in later chapress. However, we
can define the magnitude of the coulomb by simply specifying the charge of a single electron:
o =" (1.2)

where ¢, Is the charge and ¢ has the (currently best accepred and experimentally
measured) value
= 1602176565(35)x107"" C (1.3)

{Usually it is enough to carry only the first two to four significant digits of this man-
tissa, We will use a value of 1.602 in this chaprer, but you should keep in mind that
equation 1.3 gives the full accuracy te which this charge has been measured )

The charge of the electron s an intrinsic property of the electron, just like s
mazs. The charge of the proton, another basie particle of atoms, Is exactly the same
magnitude as that of the electron, only the proton's charge s positive:

gp =+e (1.4)

The choice of which charge Is positive and which charge s negative (s arbitrary, The
conventlonal cholce of g, < 0 and qp, > 0 s due o the Amerlcan statesman, sclentist,
and inventor Benjamin Franklin (1706-1790), who pioneered studies of electricity,

One coulomb is an extremely large unit of charge. We'll see later In this chaprer
just how big v is when we investigate the magnitude of the forces of charges on each
other, Units of pC {microcoulombs, 107" C), nC {nanecoulombs, 1077 C), and pL (pleo-
cotlombs, 107 C) are commonly used.

Benjamin Franklin also proposed that charge is conserved. Charge (s not created or
destroyed, simply moved from one object o another.

Law of Charge Conservation
The total electric charge of an Isolated system s conserved,

This law is the fourth conservation law we have encountered so far, the first three
being the conservation laws tor woral energy, momentum, and angular mementom.
Conservation laws are a common thread that runs throughout all of physics and thus
thraughout this book as well.

It is importane 1o note that there is a conservatien law for charge, buc nor for
mass, Mass and energy are not independent of each other, What is sometimes
described in introductory chemistry as conservation of mass I not an exact con-
servation law, bur only an approximation used 1o keep wack of the number of
atoms in chemical reactions. (It 1s a good approximation to a large number of
slgnificant Agures but not an exact law, like charge conservation.) Conservation of
charge applies to all systems, from the macroscople system ol plastie rod and fur
down to systems of subatomic particles,

Elementary Charge

Electric charge accurs only in invegral multiples of a minimum skze. This Is expressed
by sayving that charge Is quantized. The smallest observable unit of electric charge
is the charge of the electron, which s = 1.602x 107" C {as defined in equation 1.3),
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The fact that electric charge fs quantized was verified Inan ingenious
experiment carrled out in 1910 by American physicist Robert A, Millikan
(1868-1953) and known as the Millikan od drop experiment (Figure 1.4). In
this experiment, oil drops were sprayed into a chamber where electrons
were knocked out of the drops by some form of mciaton, vsually Xrays.
The resulting posicively charged drops were allowed o fall berwesn two
electrically charged plaves, Adjusting the charge of the plates caused the
drops 1o swop talling and allowed their charge o be measured. What
Millikan observed was that charge was quantized racher than continucous.
(A quantitative analysis of this experiment will be presented in Chapter 3
on electric potential) That Is, this experiment and its subsequent refine
ments established that charge comes only in integer multples of the
charge of an electiron. In everyday experiences with elecericity, we do
not notice that charge is quantized because most electrical phenomena
Invelve huge numbers of electrons,

You studied earlier thar marter is composed of avoms and that an
atom consists of a nucleus containing charged protons and neutral
neutrons. A schematic drawing of a carbon atom s shown In Figure
L5, A carbon atom has six protons and {usually) six neutrons In fts
nucleus: This nucleus is surrounded by six electrons. Note that this
drawing is not to seale, In the actual atom, the distance of the elec-
trons from the nucleus (s much larger (by a factor on the order of
10.000) than the size of the nucleus, In addition, the electrons are
shown in circular orbits, which is alse not quite correct, In Chaprer
a8, we'll see that the locations of electrons In the atom can be charac-
rerized only by probability distriburions.

As mentioned earlier, a proten has a positive charge with a magni-
tucle that s exactly equal w the magnitude of the negative charge of an
elecrron, In a neurral avom, the number of negatively charged electrons
15 equal to the number of positively charged protons. The mass of the
electron Is much smaller than the mass of the proton or the neutron,
Therefore, most ol the mass of an atom resides In the nucleus. Electrons
can be removed from atoms relatively easily. For this reason, electrons are
typically the carriers of electricity, rather than protons or atomic nuclei.

The electron is a fundamental particle and has no substructure:
15 a point particle with zero radiug (ar least, according o current under-
standing). However, high-energy probes have been used to look inside
the proton. A proton is composed of charged particles called guarks, held
together by uncharged particles called glions. Quarks have a charge of
44 or &4 tmes the charge of the elecuon. These fractionally charged
particles canmot exist independently and have never been observed
directly, despite numerous extensive searches, Just like the charge of an

1.2 Elociiic Change -1

Observing
MCTUsCope L,

Light source

FIGURE 1.4 Schematic drawing of the Millkan ol drap
wrpariment,

% n Newiron
@ Proton
o Mectron

FIGURE 1.5 Ina carbon atam, the nuclews cantaing sis
niitrans and slx protons. The nuckeus i surrounded by six
electrons, Note that this drawing Is schematic and not to scale,

electron, the charges of quarks are nirinste properties of these elementary particles.

A praton §s composed ol two bip guarks {each with charge +-e) and one doun quark
{with charge —+ ¢} giving the proton a charge of & = (2(+e) + (16— &) = +e a5
ustrated In Figure L6a. The elecrrically neurral neutron (hence the namel) s com-
posed of an up quatk and two down quarks, as shown in Figure 1,6b, so its charge is
i, = (D(+4e) + (20— ¢) = 0. There are also much more massive electron-like particles
nameed mcon and ta Bur the basle fact remaing that all of the mater in everyday expe:
rience is made up of electrons (with electrical charge =), up and down quarks (with

electrical charges +4e and —+ e, respectively), and gluons (zero charge).

It is remarkable that the charges of the quarks inside a proton add up o exaerly
the same magnitude as the charge of the electron. This fact is still a puzzle, pointing

to some deep symmerry in nature that is not yer understood.



(b®

*

Q Chagptar 1 Elochostatics
-
)

Proton

o= bErp et

{a)

Mewrron
i = -I-."fl‘ —-#1'—-%!: [\
)

FIGURE 1.6 {a) & proton contains twa
up quarks [u) and ane down quark {d). [B) &
neutren containg one up quark ju) and two
dawn quntks d)

Self-Test Opportunity 11

Glve the charge of the follawing
elementary particles or atams in Lems:

of fhe lamantiry

b b

a) proten

b neution

. odham tom ltwo protons. two
nautton, and twa electrans)

) hyelragen ptom fone proten and
one electran)

) up }Ulﬂl

1) down quark

gl electren

i alph particis fiwa protans and

Because all macroscople abjects are made of atoms, which in turn are made of
electrons and atomic nuclel consisting of protons and neutrons, the charge, ¢, of any
vbject can be expressed in terms of the sum of the number of protons, N, minus the
sum af the number of electrons, N,, that make up the object:

q=e(N, - N,} (1.5)

EXAMPLETL | NetCharge
PROBLEM
If we wanted 4 black of iron of mass 3.25 kg to acquire a positive charge of 0,100 C,
what fractlon of the electrons would we have to remove?

SOLUTION

Iron has mass number 56, Therefore, the number of iron atoms in the 3.25 kg block s

_ (325 kg)(6.022 % 10" atoms/mole)
00560 kg/mole

Note that we have used Avogadro’s number, 6,022x 107, and the definiton of the
male, which specifies that the mass of 1 maole of a substance in grams 15 Just the mass
number of the substance-in this case, 56,

Because the atomic number of tron §s 26, which equals the number of protons or
electrons in an iron atom, the total number of electrons in the 3.25 kg block is

Ny = 26N, = (2603495 % 10™) = 9.09 % 10%* electrons
Wi use equation 1.5 o find thie number of elecrrons, Ny, that we would hive to remove, Be-

cause the number of elecoons equals the number af protons in the ariginal uncharged abject,
thee difference in the number of protons and electrons (s the number of removed electmons N,

me N = Ny =0=__0100C ot in"
M de A T 1602x1077 €

Finally, we abrain the fraction of electrons we would have to remove:

= 3495 10 = 3,50 %10 atoms

I."I-III:lI!I

Nae _ .24 x 10" =10
e = (87 %10
N. goexi0®
We would have to remove fewer than one tn a billion electrons from the iron block in
order to put the sizable positive charge of 0,100 C on it

1.3 Insulators, Conductors, Semiconductors, and Superconductors

Materials that conduct electricity well are called conductors. Materials that do not
concuct electricity are called insulators. (Of course, there are good and poor conduc-
tors and good and poor insulators, depending on the properties of the specific materials)

The electronic structure of a material refers 1o the way (n which electrons are
bound 1o nuelel, as we'll discuss in later chaprers. For now, we are interested in the
relative propensity of the atoms of a marerial to either give up or acquire electrons. For
insulators, no free movement of elecirons occurs because the material has no loosely
bound electrons that can escape from its atoms and thereby move freely throughour
the materlal. Even when external charge is placed on an insulator, this external charge
cannot move appreciably, Typical insulators are glass, plastic, and cloth.

On the other hand, materials that are conductors have an electronic structure
that allows the free movement of some electrons, The positive charges of the atoms
of a conducting material do not move, since they reside in the heavy nuclel. Typical
solid conductors are metals. Copper, for example, 18 a very good conductor aned s
therefore used in electrical wiring.
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Flulds and organic tissue can also serve as conductors. Pure distilled water ts not a
very good conductor. However, dissolving common table sale (NaCl), for example, in water
Improves its conductivity tremendously, because the positively charged sodium lons (Na©)
and negatively charged chilorine lons (C17) can move within the water 1o conducr electric-
Iry. In Nguids, unlike solids, positive as well as negative charge earrlers are mobile. Organle
tissue Is nor a very good conductor, but it conducts electricity well enough 1o make large
curments dangerous to us,

Semiconductors

A class of materials called semiconductors can change from being an insulator to
being a conductor and back to an insulater again. Semiconductors were discovered
only a little more than St years ago bur are the backbone of the entdre compurer and
consumer electronics industries. The first widespread use of semiconductors was in
transistors (Figure 1.7a); modern computer chips (Figure 1.7b) perform the functions
of millions of transistors. Computers and basically all modern consumer electronics
products and devices (televisions, cameras, video game players, cell phones, erc)
would be Impossible withoutr semiconductors. Gordon Moare, cofounder of Intel,
famously stated that due to advancing technology, the power of the average com-
puter's CPU feentral processing unit) doubles every 18 months, which is an empirical
average over the last 5 decades, This doubling phenomenon Is known as Moore’s Law,
Pliysicists have been and will undoubtedly continue to be the driving force belind
this process of seientific discovery, nventien. and improvement,

Semibconductons are of two kinds: incrinsic and exminsie, Examples of inntusic senil
canducrars are chemically pure crystals of gallium arsenide, germanium, or, especially, sili-
con. Engineers produce extrinsic semiconductors by doping, which is the addition of minue
amounts {typically 1 part in 10%) of ather materials that can act as electon donors or elec-
tron receptors. Semiconductors doped with electron donors are called nenjpe {n stands for
"negative charge”), If the doping substance acts as an electron recepror, the hole left behind
by an electron that attaches 1w a receptor can also ravel through the semiconductor and
acts as an elfective positive charge carrier, These semiconductors are consequently called
prtype {p stand for "positive charge”). Thus, unlike normal solid conductors in which only
negative charges move, semiconductors have movement of negative or positlve charges
{which are really electron holes, thar is, missing electrons).

Superconductors

Superconductors are materlals that have zero resistance to the conduction of elec-
tricity, as opposed to normal conductors, which eonduer electricity well bur with
some losses. Materials are superconducting only at very low temperatures. A typical
superconductor is a niobivm-titanium alloy that must be kept near the temperature
of Hauid hellum (4.2 K) 1o retain s superconducting properties. During the last 20
years. new materials called high-T, superconducrors (T, stands for “critical tempera-
ture,” which is the maximum temperature that allows superconductivity) have been
developed, These are superconducting at the temperature at which nitrogen can
exist as a liquid (77.3 K). Marerials that are superconductors at room temperature
(300 K} have not yetr been found, but they would be exeremely useful. Research
directed o developing such materials and thearetically explaining what physical
phenemena cause high-T, superconductivity s currently In progress.

1.4 Electrostatic Charging

Giving a starie charge 10 an object I8 a process known as electrostatic charging. Electro-
statle charging can be understood through a series of simple experiments, A power supply
serves as a ready source of positive and negative charge. The bartery in your car is a similar

14 Elechiodalic Charging 7T

FIGURE 1.7 {s) Repiica of the first
transistar, inwanted in 1947 by Jieha
Bardesn, Waller H. Brattaln, and Wilkam B
Shockley. (bf Modern camputer chips made
from silkcon wafers cantain many tens of
milions of iransistors,
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pever supply: (0 uses chemibeal reactions to create a separation between positive and nega-
tve charge. Several Insulating paddles can be charged with positve or negative charge
from the power supply, In additon, a conducting connection is made 1o the Earth. The
Earth is a nearly infinive reservoir of charge, capable of effectively neutralizing electrically
charged objects i eontact with it This taking away of charge (s called grounding, and an
electrical connection o the Earth is called 2 ground.

An electroscope is o device that gives an observable response when it is charged.
You can build a relatively simple electroscope by using two strips of very thin metal
foil that are artached ar one end and are allowed o hang straight down adjacent o
each other from an isolating frame. Kitchen aluminum foil is not suitable, because it
is teo thick, but hobby shops sell thinner metal foils. For the isolating frame, you can
use a Styrofoam coffee cup turned sideways, for example,

The lessonvdemonstration-quality electroscope shown in Figure 18 has two conductors
that in thelr neutral position are touching and orented in a vertical direction, One of the
conductors 15 hinged ar its midpoint so that it will move away from the fixed conductor i a
charge appears on the elecrroscope. These two conductors are in contact with a conducting
ball on op of the electroscope. which allows charge to be applied or removed easily.

An uncharged electroscope 15 shown in Figure 1.9 The power supply is used to
give a negative charge to one of the insulating paddles. When the paddle s brought
near the ball of the electroscope, as shown in Figure 1.9b, the electrons in the conduet-
ing ball of the electroscope are repelled, which produces a net negative charge on the
conducrors of the electroscope. This negative charge causes the movable conductor 1o
rotate because the stationary conducror also has negative charge and repels it Because
the paddle did not touch the ball, the charge on the movable conductors is induced,
Il the charged paddle 15 then taken away, as llustrated In Figure 1.9¢, the induced
charge reduces 1o zera. and the movable conducror returng 1o its ariginal positien,
because the wotal charge on the electroscope did not change in the process

I the same process Is carred our with a positively charged paddle, the electrons
in the conduetors are arracted o the paddle and flow inte the conducting ball, This
leaves a ner positlve charge on the conductors, causing the movable conducting arm
to motate again, Note that the net charge of the electroscope is zero In both cases and
that the motion of the conductor indicates only that the paddle 15 charged. When the
positively charged paddle is removed, the movable conductor again returns to s origl-
nal pasition. [t is important to nete that we cannot determine the sign of this charge!

On the other hand, [ a negatively charged insulating paddle muches the ball of the
electroscope, as shown in Figure 1.10b, electrons will flow from the paddle to the condue-
tor, producing a net negative charge, When the paddle is removed, the charge remains and
the movable arm remains rotated, as shown in Figure 1,10c. Similarly, ifa positively charged
insulating paddle touches the ball of the uncharged electroscope, the electroscope transiers
electrons o the positvely charged paddle and becomes positively charged. Again, both a

{e)
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{a) {b) (e}

positively charged paddle and a negatively charged paddle have the same effect on
the electroscope, and we have no way of determining whether the paddles are posi
tively charged o negatively charged. This process Is called charging by contact,

The twa different kinds of charge can be demonstrated by first touching a
negatively charged paddle wo the electroscope, producing a rotation of the mov-
able arm, as shown in Figure 1100 10 a positively charged paddie is then |*rrnlrgl1[
inte contact with the electroscope, the movable arm returns to the uncharged
position, The charge is neutralized (assuming that both paddles originally had the
same absolute value ol charge). Thus, there are two kinds of charge, However,
because charges are manifestations of mobile electrons, a negative charge Is an
excess of electrons and a positive charge is a deficit of electrons,

The electroscope can be given a charge without touching i with the charged paddie,
as shown in Figure 111, The uncharged electroscope |s shown in Figure 1114 A nega
tively charged paddle 15 broughe close 1o the ball of the electroscope bur not touching ir,
as shown in Figure 1.1 1h In Figure 1.1 1c, the electroscope is connected to a ground. Then,
while the charged paddle 18 stll close w bur not touching the ball of the electroscope, the
ground connection is removed in Figure 1.1 1d, Next, when the paddle is moved away
from the electroscope in Figure 1.1 1e, the elecuoscope is still positively charged (but with
a smaller cdeflection than in Figure 1.110) The same process also works with a positively
charged paddle. This process is called charging by induction and vields an electroscopse
charge that has the opposite sign from the charge on the paddle,

-\(

14 FElectiosalic Charging 9

FIGURE 110 Chorging by carttact: {a} An
uncharged ehaciroscope. (b & nogatively
chivigead piddie lowchas th olectieicope, {0
The negatively chargad paddss s remaved

(a) () 5] )

(e}

FIGURE 111 Charging by Induction: (a) An uncharged electroscope, (b1 A negatively charged paddie is brought close to the eleciioscope
[€) A grownd is connected te the akodtroscope. (d) Tho connectron to the graund 1S reemeed, (o] The tegativaly charged paddia is ke sy,

liveing the electiescope pasitively £hargad
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Chagiar 1 Elochuosiatics

' Human skin
Leathyer
Rabbit fur
Glaxs
Quartx
Human hair
Nylan
Woal
Silk
Paper
Cotnon
Wood
Lucite
Amiber
Rulbiber
Rayon
Polyester
Siyrens
Acrylic
Palyurethsrs
Silicon

a Tellon

FIGURE 192 Triboelectric series for
ST COMMOn materials,

Same sign

Triboelectric Charging

As mentioned earller, rubbing two materials together will charge them. We have
not addressed rwo basie questions abour this effect: First, whar really causes it And
secand, which of two given marerials gets charged positively and which negatively?

Amazingly, as with many aspects of friction, the microscopic causes of triboelec-
trie charging are stll not completely understood. The prevailing theory is that when
the surfaces of the rwo materials invelved in the charging precess come into contact.
adhesion rakes place and chemical bonds are formed between atoms at the surfaces.
As the surfaces separate, some of these newly formed bonds rupture and leave more of
the electrons invalved in the bonding on the marerial with the greater work funcrion.

Recent research results obtained by examining surfaces with atomic force micro-
scapes suggest, however, that triboelectric charging can also oceur when two pieces
of the same material are rubbed against each other. In addition, it has been found that
the charging process transfers not only electrons but sometimes also small specks (a
few nanometers across) of material,

Which material gets charged positively and which negatively? This question has
been answered by a long series of experiments whose resulis are summarized in Fig-
ure 1.12 in the form of a list of some common materials that may be rubbed together.
If you rub two materials from this st against each other, the one nearer the top will
recelve a net positive charge and the other a net negative charge,

Finally, as a rule of thumb, more intense rubbing creaves greater charge transfer,
This occurs because more intense contact increases friction, which in turn creates
mure microscople polnts of charge transter on the surfaces of the mavertals,

1.5 Electrostatic Force—Coulomb's Law

B The law of electric charges is evidence of a force between
(a} Q — any two charges at rest. Experiments show that for the elec-
b L trostatic force exerted by a charge g, on a charge g, Fa.
------------------------------------- the force on ¢, points toward g, il the charges have opposite
B slgns and away from q, if the charges have llke slgns (Figure
by [+ ] — 1.13). This force on one charge due to another charge always
LH i acts along the line berween the two charges Coulomb's

Opposite sign Law gives the magnitude of this force as

FIGURE 143 The force exerted by charge 2 on charge 1: fa) two charges
with the same sign; (b] two charges with opposite signs

Concept Check 1.3

You place two charges a distance ¢
agart. Then yau dauble each charge
and double the distance betwaen the
charges, How does the farce between
ha two charges change?

it The new force Is twice as large,
b The new force is half as large.

¢ The new force is dour times largar

d) The new force i four times smaller,

g The new force is the same.

F= ;-l.‘l""_"l , (1L.6)
e
where g, and g, are eloetric charges, " =[5 = | 15 the dis:

tanee berween them, and

k=899x%10" N'“

{1.7)

is Coulomb’s constant. You can see that | coulomb is a very large charge. If two
charges of 1 C each were at a distance of | m apart, the magnitude of the force they
would exert on each other would be 899 billion N. For comparison, this force equals
the welght of 450 fully loaded space shuttles|

The relationship berween Coulomly's constant and another constant, €, called
the electric permittivity of free space, is

1
h_dhrio

(1.8}



Consequently, the value of g, 13

md
£ =a.ss~m"-‘ﬁ. (1.9)

An alternative way of writing equation 1.6 is then

pe L |08

1.10]
aney 2 o)

As you'll see in the next lew chapters, some equations In electrostatics are more
convenient to write with k while others are more easily written in terms of 1/(4me, ),
Note that the charges in equations 1.6 and 110 can be positive or negative, so
the product of the charges can also be positive or negative. Since opposite charges
attract and like charges repel, a negative value for the product q,q, signifies attrac-
tlon and a positive value means repulsion,
Flnally, Coulomb's Law for the force due to charge 2 an charge | can be written

in vector form:
Fz.,,=—h1:-’,ﬂti, - ﬁ)=—k-'[:§lr¢,.

In this equation, ¥y, Is a unit vector pointing from q; o g, {see Figure 1.14). The
negative sign indicates thar the force is repulsive if both charges are positive or both
charges are negative. In that case, [, | points away from charge 2, as depicted in
Figure 1.14a, On the other hand, if one of the charges is positive and the other nega-
tive, then F, _, points toward, charge 2, as shown In Figure 1.14b.

I charge 2 exerts the force Faeuy oncharge 1,then the force F,_, that charge | exerts
on charge 2 s simply obtained from Newton's Third Law: F,_, = — F, .

(1.11)

Superposition Principle
S0 far in this chapter, we have been dealing with two charges, Now let's consider

three point charges, g, 4., and g, at positlons x,, ¥, and Xy, respectively, as shown In
Figure 1,15, The force exerted by charge 1 on charge 3, F . s given by

ki
-"t|...| = %i
(%, = x)

U]

kA 1z Fran iy
T Q Q - A

| i Fiaas |

1 |l ]

* S F] Xy

FIGURE 115 The forces eserted on charge 3 by charge 1and charge 2

15 Bectosatic Forco=Coulomb's Law "

FIGURE 114 Vectar represantation af
Lpve electrostatic foreas that two charges
ergit an esch ather: (a) tao charges of (ke
slgn; (b} two charges of opposite sign.

Concept Check 1.4
What do the lorces acting on fhe
charge g, in Figure 115 indicate sbaut
the signs of the three charges?
a) Al three charges must ba pasitive.
bl Al three charges mast ba negative,
t} Charge g, must be zero,

d) Charges g and q, must have
pjpasite sl

& Charges g, and g, muUst ive the
same sign, aned g, must have the
oppesite sign.

Concept Check 1.5

Assumming that the lengths of the
viectars In Figure 115 are propenional
1o the magnaudes of the forces they
regresent, what do thay indicate abouwt
e magnitudes of the changes g, and
1,7 (Hiar: The distance between 5 and
X, s the same as the distance between
xgand ky|

dlm| = [ad
bilepy| = o d
iyl > |42l

] The atswer cannol be detesmined
fecers the information given in ihe
Trguee
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Concept Check 1.6

Threse charges ar armanged o0 4
stralght line as shawn i the figure,
‘What is thie diraction of the electrostatic
Toreg on the mrdde charge?

e @ @
e R Y

o) Thare i o force on thal charge,

Concept Check 1.7

Theee charges are arfanged on

o stralght line @s shawn In the
Tgueree, What Is the direction of the
alectrastatic force on the rght
charge? (Note that the left charge 1
double what (1 was in Concept

Chack 1.6.)
¢ @ @
£ L] L

i b odf dh

) Therea is ne ferce on that chargs,

The force exerted by charge 2 on charge 3 §s

The force that charge 1 exerts on charge 3 18 not alfected by the presence of charge 2.
The foree that charge 2 exerts an charge 3 |3 not affected by the presence of charge 1.
In addicion, the forces exerted by charge | and charge 2 on charge 3 add vecwrially
to produce a net force on charge 3:

A y=B  +F

In geperal, we can express the electrostatic force, Fir) | acting on a charge q at
positlon ™ due to a collection of charges, g, at pm‘itlnns as

ﬁ{r} = ky ']4
; |’“F1

We obrain this result using superposition of the forces and equation 1,11 for each
pairwise mnteraction,

(1.12)

EXAMPLE12 | Electrostatic Force inside the Atom

PROBLEM 1

What 15 the magnitude of the electroscaric force thar the two protons inside the nucle-
us ol a hellum atom exert on each other?

SOLUTION 1

The two protons and two neutrons in the nucleus of the helium atom are held together
by the strong foree; the electrostatle foree is pushing the protons apart. The charge of
each proton 15 ¢, = +e. A distance of approximately r = 2-107"" m separares the two
protng. Using Coulomb's Law, we can find the force:

. xlﬂ IBW o N Nm (+16%107" c)(+16x107"" ¢]

=58 N.

(24107 m)*

Therefore, the two protons in the atomic nucleus of 2 helium atom are being pushed apant
with a force of 58 N (approximately the weight of a small dog), Considering the size of the
nucleus, this is an astonishingly large force. Why do atamie nuelel not simply explace! The
answer bs thar an even stronger force, the aptly named stong force, keeps them together,

PROBLEM 2
What Is the magnitude of the electrostatie force berween a gold nucleus and an elec
tron of the gold atom in an orbit with racius 4.88 % 107" m?

SOLUTION 2
The negatively charged electron and the positvely charged gold nucleus amacr each
other with a force whose magnimde is

an**L

where the charge of the electron s g, = —e and the charge of the gold nucleus Is
sy = + 7% The force between the electron and the nucleus is then

E= kligﬂ luw:uu“ Nr:: ]{Iauxln'(:;)!{:lgj:(:aig),lﬂ-.u C}l

763107 N,

Thus, the magnitude of the electrostatie force exerted on an electron ina gold atom
by the nueleus is about 100000 times less than that berween protons inside a nucleus.
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Nore: The gold nucleus has a mass that is approximarely 400,000 times that of the
electron, But the ferce the gold nucleus exerts on the electron has exactly the same
magnitude as the force that the electron exerts on the gold nucleus, You may say that
this Is obvious from Newton's Third Law, which (s true, But lc is worth emphasizing
that this basic law haolds for elecrrostatic forces as well,

EXAMPLEL3 | Equilibrium Position
~

PROBLEM
Twio charged particles are placed as shown in Figure 1160 g, = 0015 JC s Jocated at the arigin,
ancl gy =035 pC is locared on the positive ¥-axis at x; = 040 m. Where should a third charged
particle, g, be plac ed wo be at an equilibrivum point (such that the ferces o it sum o zerof

“' FIGURE 116 Placement of thras
charged particles, Thi third paricle (s
shewn ns Naving i negative charge,
91

> @—
|
i
x

X =0

SOLUTION
Let's first determine where par 1o put the third charge, If the third chirge is placed any-
where off the x-axis, there will always be a force component pointing rward ar away from
the xaxis Thus, we can find an equilibrium paint (3 point where the forces sum o zera)
anly o the x-axis The xaxis can be divided into three different segments: x = x, =0, x; <
X < xy and &, = X For x = x, = (0, the force vectors from both q, and g, acting on g, will
point in the positive direction if the charge is negative and in the negative direcoion if the
charge Is positive, Because we are looking for a Jocation where the two Rerees cancel, the
segment X < x; = 0 can be excluded, A similar argument excludes x 2 ;.

In the remaining segment of the x-axis, 8, < x < x, the forces from g, and g, on g, paine
in opposite directions, Wi look for the location, x,, where the abselute magnitudes of both
forces are equal and the forces thus sum o zero. We express the equality of the two forces as

|'ai. -1|’=|*EJ ]

which we can réwrite as
M 1 N '\
(=xr xa—x)
We now see that the magnitude and sign of the third charge do not matter because
that charge cancels out, as does the constant k, giving us
=2
a—aP  (a—nf

ar : .
qilxz = ) =qelxa— =) Q)

Taking the square roor of both sides and solving for x5, we tind

Jalx: = xd = Jga(x =)

_ JmxatJax
Jn+ oz
We can take the square root of both sides of equation (i) because x; < x, < x;, and so
both of the roors, X, — ¥y and & — &, are assured o be positive,
Inserting the numbers given in the problem statement, we obtaln

.- VA + Japx _ (0TS pC(04 m) i
VT . Jaisnc + Joasec '

This result makes sense because we expect the equilibrium point to reside closer w
the smualler charge.

ar




,06

SOLVED PROBLEM 14 | Charged Balls

W PROBLEM
r Two Idenical charged balls hang from the celling by nsulated ropes of edual
length, £= 1.50 m (Figure 117). A charge q = 25.0 pC is applied to éach ball,
Then the vwa balls hang at rest, and each supporting rope has an angle of 25.0¢
o with respect w the verical (Figure |17} What is the mass of each bailt

SOLUTION
THINK Each charged ball has three forces acting on (L the force of
F gravivy, the repulsive electrostatie foree, and the tension In the supporting
rope, We can resolve the components of the three forces and ser them
) equal to zere, allowing us to salve for the mass of the charged balls.

FIGURE 147 {a) Two charged balls hanging from the )
cedling In their squilibrium pasition, {b) Free-bady diagram far SKETCH A free-body diagram for the lefi-hand ball 5 shown in Figure 1170

the lefi-hand charged ball,

RESEARCH The condition for static equilibrium says that the sum of
the x-components of the three forces acting on the ball must equal zero and the sum
ol geomponents of these forces must equal zero. The sum of the x-components of the
forces is

Tsinf - F, =0, ()

where T is the magnitude ol the string tension, # is the angle of the suing relative
to the vertical, and F, 15 che magnitude of the electrostatic force, The sum of the -
companents of the forces |s

Teost = Fy =0 ()

The force of gravity, F, s just the weight of the charged ball:

Py = my, (iif)
whare m is the mass of the charged ball, The electrostaric force the two balls exert on
vach other is given by Si

R=kZ3. (v)

where d 15 the distance between the two balls. We can express the distance berween
thie two balls in terms of the length of the string, £ by looking av Figure 1.17a, We see
that

lin0=-‘-’1".—‘!.

We can then express the elecrrostatic force in terms of the angle with respect to the
vertical, & and the length of the string, £
2 2
A S HEY A | {v)
" (2bsing) A s 0

SIMPLIFY We divide equation {1} by equation (il):

T'sinf _ F

COs FI

which, after the {unknown) string tension is canceled our, becormes

_h
u::ﬁl—rT'.

Substituting from equations (il and (v} for the force of gravity and the electostatic force, we get

2
T [V .
ang =288 _ ;
my Amgé* sin? 0
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Solving for the mass of the ball, we obtain
2

ms=
4ga‘l sin’ faan

CALCULATE Putting in the numerical values gives
(899 %10" Nw? /% |(25.0 nCy’
= 4[981 mA?)(1.50 m)’ (sin’ 250°)(1an 25.0°)

=0764116 kg.

ROUND We report our result to three significant Agures;
m=0764 kg

DOUBLE-CHECK To double-check, we make the small-angle approximations thar
sin® = tan # = #and cos® = |, The tension |n the string then approaches fg, and we
can express the vcomponents of the forees as

2
i = = kL _j,_,_
T sinfl = malf = F, FE {295}"

Solving for the mass of the charged ball, we get
(8.99x10" Nm®/c? }tas.opcp"'
(9.81 m/s )(1.50 m)* (0436 rad)’

.
4g?0" 4

=0.768 kg,

which s close 1o our answer.

Electrostatic Precipitator

An application of electrostatic charging and electrostatie forces 15 the cleaning of
emisslons trom coal-fred power plants. A device called an electrostatic precipita-
tor (ESP) is used o remove ash and ather parviculaves produced when coal is burned
o generate electricity. The operation of this device 15 {llustrated 1n Figure 118,

The ESP consists of wires and plates, with the wires held at a high negative
veltage relative to the series of plates held av a positive voltage, (Here the term
uplenge 15 used colloquially; in Chaprer 3, the concept will be defined in terms of
electric porential difference.) In Figure 118, the exhaust gas from the coal-burning
process enters the ESP from the left. Particulates passing near the wires pick up
a negatlve charge. These particles are then attracted to one of the positive plates
and stick there. The gas continues through the ESP, leaving the ash and other
particulates behind. The accumulared material is then shaken off the plates to a
hamper below, This waste can be used for many purposes, including construction
materials and ferdlizer. Figure 1,19 shows an example of a coal-fired power plant
thar incorporates an ESP.

Parviculae lonieed and sthcking o plae
Particiilate

dhdshhbba """""'""""""".-— —
2 @ \ @ L] @
R LR e R R ERAEER R AN
Gas with particulaves L B e B T T A | S A B A A S A i e Clean gas
w— L o \ @ o @ —
bdbdasdidbdnbdibdbabibdadbdnbibdoiddbinidibin
] a I, @ 2 o

-
T T T T Lo T 1 N mp g o Wires

FIGURE 138 Operatian of an electrostatic precipitator used to ciean the exhaust gas af a coal-fired power
plaat. The wivw & lrom thie 1ap of the device.

15 Eectrostabc Foree=Coslomb's Law

Self-Test Oppartunity 1.2

A pasitve point chargs +q Is placed
o polnt P tu ihe right af two charges
qyand gy, 1% showen in the figure, The

et ehecirostabic force on the positive
chigp +q 5 found ta be 2er. dantify
onch of the follawing statsmerts as
tne o false,

S S

o) Charge g must hiwe fhe appasite
slgn from g and be smader 1y
magniiude.

N T magritude of charge 4 must
b smaller than the magnltude of
charge q,.

) Charges g, and g, must have the

- same slan,

) Ita 18 nogative, thei g, mist ba
8 7 k

41 Bther gy or gy it e posthe

Concept Check 1.8

Cansider three charges placed along
U se-rks, s shown I the figure,
1

L1 LF] T
The values of the charges are

oy ==B10pC, g, = 216 uC and g, =
236 pC. The distance between g, and
o 5y =11 m. The distance betwesn
oy and g, s dy = 2,62 m, What ks the
magnitude of e tolal elecirostatic
farce exertad on g, by g and g,7

o) 270 "N d) 220N
bl 78200 "N o 6707 N
of 1a480°" N

FIGURE 119 & coatfired pawer plant at
Michigan Staie Universiiy that incarporates
an electrostatic pracipitator to remave
particulates fram ds emissions,



(06

FIGURE 1.20 (4 Two charged beads an
awire |b} Free-body disgram of ihe forces
acting oa the secand bead.

SOLVED PROBLEM 1.2 |/ Bead on a Wire

PROBLEM

Abeadwithcharge g, = + 1,28 pCis fixed in place onan insulating wire that makes an angle
of = 423" with respect to the harizontal (Figure 1.20a). A second bead with charge
iz = =506 P slides without fricvion on the wire, At a distance d = 0380 m between the
beacls, the net force on the second bead is zero, What is the mass, my, of the second bead?

SOLUTION

THINK The foroe of gravity pulling the bead of mass m, down the wire s offses by the
artractive electrostatic force between the positive charge on the first bead and the negative
charge en the second bead. The second bead can be thaught of as sliding on an inclined plane.

SKETCH Figure 1.20b shows a frse-bocy diagram of the forces acting on the second bead
W have defined a coordinare system in which the positive xdirection is doswn the wire, The
force exerted on my by the wire can be omitted because this force has only a g-oomponent,
and we can solve the problem by analyzing just the x-components of the forces

RESEARCH The attractive electrostarle foree between the two beads balances the
component of the force of graviey that acts on the second bead down the wire. The
electrostatic force acts in the negative x-direction and its magnitude 1s glven by
[k
R= ukra.;i {f
The x-component of the force of gravity acting on the second bead corresponds to the

componsnt of the welght of the second bead thar 1s parallel to the wire, Pigure 1,200 in-
dicates that the component of the weight of the second bead down the wire i given by

Fy = mygsind (i)

SIMPLIFY For equilibrivm, the electrastatic force and the gravitational force are equal:
F = k. substituting the expressions for these forces from equations (1) and (1) yields

ii,'}_;_‘_g_zj = m g sin .

Solving this equation for the mass of the second bead glves us
Jflfh“hI

d*gsind

CALCULATE We put in the numerical values and get
(P (8.99x10" N m*/C*)(1.28 1C)(5.06 1C)

dgsin® (0380 m)* [9.81 m/s | (sin 42.3)

My =

my = = 00610746 kg
ROUND We report our result 1o three significant flgures;

my=00611kg=611g
DOUBLE-CHECK To double-check, let's calculate the mass of the second bead

assuming that the wire (s vertical, that is, # = 90° We can then ser the weight of the
second bead equal to the electrostatic force between the two beads:

k ﬂ:g'z = mzd.

Solving for the mass of the second bead, we obrain

by (99x10" N m’fc‘)u 28 1C)(5.06 KC)
g (0380 m)* (9.81 mys? |

As the angle of the wire relative 1o the herizontal decreases, the calculated mass of the
sevond bead will inerease. Our resule of 00611 kg ts somewhat higher than the mass
that can be supported with a vertieal wire, so it seems reasonable,

my =00411 kg
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Laser Printer

Another example of a device that applies elec-
trostatic forces s the hser printer, The operation
of such a prineer js illustrated in Figure 121 The
paper path follows the blue amows, Paper is taken
from the paper tray or fed manually through the
alternate paper feed. The paper passes over a drum
where the toner is placed on the surface of the
paper and then passes through a fuser that mels
the toner and permanently affixes it o the paper.

The drum consists of a metal cylinder
coated with a special photosensitive material
The photosensitive surface 18 an insulator that
retains charge (n the absence of light, bur dis-
charges quickly if light is incident on the sur-
face. The drum rotates so thar [ts surface speed
is the same as the speed of the moving paper.
The basic principle of the operation of the
drum s lustrated in Figure 1.22.

The drum 18 negatively charged with electrons using a wire held
at high voltage, Then laser light is divected av the surface of the drum
Wherever the laser light sirikes the surface of the drum, the surface
at that poin s discharged. A biser |s used because ts beam 1s narmow
and remaing focused, A line of the image being printed 15 wiitten one
pixel (picture element or dot) at a time using a laser beam directed by
amoving mirror and a lens A typleal laser printer can wrlte S00— 1200
plxels per inch, The surface of the drum then passes by a roller that
picks up toner from the wner cartridge. Toner consists of small, black,
insulating particles composed of a plastic-like material, The toner roller
15 charged to the same negative voltage as the dnam. Therefore, wher
ever the surface of the drum has been discharged, electrostatic forces
depasit tomer on the surface of the dum, Any portion of the drum
surface that has not been exposed to the laser will not pick up toner,

As the drum rotates, it next comes in contact with the paper. The
roner is then transfermed from the surtace of the drum o the paper. As
the drum rotates, any remaining toner is scraped off and the surface is
neutmalized with an erase light or a rotating erase drum in preparation
for printing the next image, The paper then continues on to the fuser,
which maelts the toner, producing a permanent image on the paper.

SOLVED PROBLEM 1.3 | Four Charged Objects

15 Fechosiabc Foree=Coslamb's Law 1w

FIGURE 1.22 {a) The completely charged drum of a laser printer.
This drum will produce a blank page. (b A drism on which one line of
Infermation is being recorded by a lasar. Wheraver tha laser sirikes the
charged dium, the negative charge is neutralized. and the discharged
aren will attract Lenar that will produce an image on the pagaes;

FIGURE 1.23 () Four charges placed
al the comars of a square, (b} The forces
P exerted on g, by the other three charges.

-
Consider four charges placed at the corners of a square with side length 1.25 m, as
shown in Flgure 1.23a

i ﬁ*ﬁ
=150 pC gy =450 pc
Y . Ll la
125 m Fra
X
g =250 8 gy = 350 pE LA 4
{a) (h)

- Canrit fiiehed
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PROBLEM

What are the magnitude and the direction of the electrostatie force on g, resulting
from the ather three charges?

SOLUTION

THINKE The electrostatic force on gy I8 the vecror sum of the forces resulting from its
interactions with the other theee charges, Thus, (s important o avold simply acding the
individual force magnitudes algebraically. Instead we need o determine the individual
force components (0 each spatial direction and add those 1o find the components of the
net force vector. Then we need to caleulate the length of thar net force vector,

SKETCH Figure 1.23b shows the four charges in an xy-coordinate system with its
origin at the locatlon of g,

RESEARCH The net force on g, Is the vecror sum of the forces i 4, Fe oo and By
The x-component of the summed forces is

s |fi'|":‘-|| |20, H4 f L'F] ]
F === = L 5%, (i)
x d] k(\.&d] s d‘ l?l 2 b

where d is the length of a side of the square and, as Figure 1.23b indicares, the x-companent
of ', _, I8 zero. The ycomponent of the summed forces is

F, :.k#j:_’;:il‘,— Sin 45’ —qu;—'g‘|=%5‘l[5il sin4s® + q‘I, i)

where, a8 Figure 1,23 Indicates, the g-component of Fioa 18 zero.
The magnitude of the net force is given by

Fe R+, (i)

and the angle of the net force is given by

E
= TH
tanfl = F
SIMPLIFY We substitute the expressions for F, and F, from equations (i} and {ii} into

eguation (),
2 12
F:'A%(q] + 4 ums#” + [-’:"—fﬂi]ﬂf sinase + q,]l .

We can rewrie this as

= ]
R s |
F=§2.‘:\(|tq:+%’-ms45] +[‘31?-m45 -.'—q,j.

For the angle of the foree, we get
q a L]
&?; [23 sin45° + q_.] - [qf sin45" + q,]

?" ['“ +% ""“5"] « [m + '-?-ous-is"]

#=un™! [——i—]=1:an_’

CALCULATE TPurting In the numerlcal values, we get

L inase = 12‘— peas = 230K _ 6 gaagas o
The magnitude of the force is then
(.99 510" N m*/c?) (4,50 HC) . .
f= JOLSONC + 0883883 PO + (0863683 KC — 350 T

(1,25 mj*
=008 16379 N




(06

For the direction of the force, we obrain
: [gz-’ sin45" + q.,]

qu + %‘-umdi'l I

1[(0883883 1C — 350 C)) o oo

= wan -
- (150 1C + 0883683 nC)

ROUND We repon our results to three significant figures:

F=00916 N
and
=477

DOUBLE-CHECK To dnubIFuheck our result, we caleulate the magnitude of the
three forces acting an ¢, For T we get
899 x10" N m*/C7|{1.50 uC){4.50 pC)
Fa=k 4;:]'4 "{ ] .
T

5 = 00388 N
(125 m)

For Foee we get

& Gl (B99x10" N m?/c?)(2504C){45010C)
224 ™= ¢ Eidea

< = 00324 N
T34 [JE{I 25 mJ}
For By, we get
B99x 10" Nm?/C?) (3 50HC) (450
Fy..q =k 'h;i'.q =( N }{ p’C]{ chj = 00906 N

rd, {125 m)*
All three of the magnitudes of the ndividual forces are of the same order as our result for
thee pet force. This gives us confidence that our answer s not off by a large factor,
The direction we obrained also seems reasonable, berause it orfents the resulting
force downward and to the rght, as could be expected from looking at Figure 1.23b,

1.6 Coulomb’s Law and Newton's Law of Gravitation

Coulomb's Law deseribing the electrostarie force berween two electric charges, E, has a
form similar to Newton's Law describing the gravitational force between two masses, F;

F=GT5E ad R =k|":—f’|
where iy and i, are the two masses, q, and i, are the two electric charges, and r s the dis-
ance of separation, Both forces vary with the inverse square of the distance, The electrostatic
force can be attractive or repulsive because charges can have positive or negative signs. (See
Figure 1.14a and b) The gravitational foree ts always attractive because there is only one kine
of mass. (For the gravitational force, only the case depicred in Figure 1.14b is possible) The
relarive strengths of the forces are given by the proportionality constants & and G,

EXAMPLE 14 | Forces between Electrons

Let's evaluate the relative strengths of the rwo interactions by calculating the mto
al the electrostatie force and the gravitatlonal force that two electrons exert an each
other, This ratio is given by R 3

o _ b

F  Gm:
Because the dependence on distance 18 tlse same for both forces, there is no dependence on dis-

tance in the ratio of the two forces-it cancels o, The mass of an electron 1s m, = 9.109x 10 kg,
- Contiuned

146 Coulomb's Law and Mowion's Lew af Geavilation

Concept Check 1.9

Three charges aie armanged at the
COMETS of @ Square as shawn In the
Tigura. What Is the direction of the
electrostatic force an the lower-right

charge? i
-

=9
M bW A A%

el Theee is o ferce on that charge,

Concept Check 1.10

Faur chargaes are arranged at the
comners of @ square as shawn In the
Tigura. What is the direction of the
electresiatic farce on 1 lower-Hght
charga?
G-~
I I
|

¢4

i ;|
LV UL ST ALY
&) Thera is no force on that charge,
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Q Concept Check 1.11 and lts charge is ¢, = =1.602x 107" C. Using the value of Coulomb’s constant
) given In equation 1.7, k= 899 10" N m?/C7, and the value of the universal gravi
THY pAatnts magt b =000 i tational constant, G = 667x 107 N m¥/kg?, we find numerically

Iarged than the election's mass

Tharefore, the ratio F_IF, far iwo F

:
tha walku iaad =
et W AT o s R (667310 T N mi/kg? X9 109,107 kg)'

%\ electrons. Therefore, the electrostatic force between electrons is stronger than the gravira-

LTI et | =10 syd
(899x10° N m/C* 160221071 €F o

o e s sl i thonal foree between them by more than 42 orders of magnitude.

b = 2000 times smaller than
| the same as
Despite the relative weakness of the gravitational foree, it 1s the only force that
matters on the astronomical scale. The reason for this dominance is char all stars, plan-
g =4 milbion lmis larger than ets, and other objects of astronomical relevance carry no net charge, Therefore, there
Is no net electrostatie Interaction between them, and gravity dominates,

Coulomb's Law of electrostaties applies o macroscapic systems down to the atom,
though subtle effects in atomic and subatemic systems require use of a mere sophis-
teated approach called quartim elecerodynamics. Newton's law of gravitation fails in
subatomic systems and also must be modified for some phenomena In astronomical
systems, such as the precessional motion of Mercury around the Sun. These fine details
of the gravitational interaction are governed by Einstein's theory of general relativity

The similaricies between the gravitational and electrostatie interactions will be coyv-
ered further in the next two chaprers, which adidress electrie felds and elecerie potental.

d) ~2000 tmes larger than

WHAT WE HAVE LEARNED | EXAM STUDY GUIDE
. ) - = - i
& There are two kinds of eléctric charge, positive and = thbct;chib:.:ha.:ﬁidmnlyhycammw
negative: Like chﬂﬂnpﬁlmﬂmﬂk!chu‘y‘sstutt indirectly by induc
= mqlmwi&hmqumndsy)nf&humchqr'h = Coulomb's Law describes the foree that two stationary.
e=1602x107" C ) \a [a,15]
dm.mmu:hqﬂmnp-ik—’sll-——-;— i

= The electron has charge q. = —¢, and the proton has 4req r?
charge g, = +e The neutron has zero charge. & The vonstant in Coulomb's Law s
= The et charge of an object is given by ¢ times the N e L Ll
number of protons, wymmwmmd ¥ e, am it c?
elecrrons, N, that make up the object. g = e-(N, = Ab ® The electric permittivity of free space is
® The total charge in an isolated system [s always conserved. 2= B.85x10 “;‘%‘F-.
L -
ANSWERS TO SELF-TEST OPPORTUNITIES
21.1 a) +1 )0 e+ g -1 22.2 a) true c) false €) true

by 0 dyo =+ hy +2 b} false d} tree
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PROBLEM-SOLVING GUIDELINES

Multiple-Chaice Questinns Fal

1. For problems involving Coulomb's Law, drawing a
free-hody diagram showing the electrostatie force vee:
tors acting on a charged partcle is often helpiul. Pay
careful attention to signs; a negative force between two
particles indicates attraction, and a positive force incdi-
cates repulsion. Be sure that the directlons of forces in
the diagram match the signs of forces in the calculations,

2, Use symmetry to simplify your work. However, be cane-
ful to take account of charge magnitucles and signs as well

MULTIPLE-CHOICE QUESTIONS

as distances. Two charges at equal distances from a third
charge do nor exert equal forces on thar charge If they have
different magnitudes or signs,

3. Units in elecrrostatics often have prefixes indicaring
powers of 10; Distances may be given in cm or mny
charges may be given in pC, nC, or pC; masses may be
glven in kg or g Other units are also commen. The best
way to proceed is 1o convert all quantities to basic S
unis, te be compatible with the value of k or 1/4me,,

L1 When a meral plate s given a positive charge, which of the
Tollowing is taking place!

a) Protons (positive charges) are wansforred o the place from ansther
abyjeet,

b} Electrons (negative chargest are transterred from che place to
another object,

c} Elecrrons inegative charges) are transierred from the plate o
another object, and protons (postuve charges) are also vansterred o
the plate frain anether object,

d} Ie depends on whether the object conveying the chagge s 4
condueter o an inaulator

1.2 The foree between a charge of 25 pC and a charge of = 10l I8
A0 N What i the separation between the two changes!

al 028 m c} DASm

I} 0.5 m )l 15 m

1.3 Acharge I8 positioned onthe xaxis at x = o Where should
d charge 0y = =40, be placed w produce 3 nec elecrrostane force of
zeroon a thivd charge, @ = @y, locared an the origind

a) an the origin
B ot x = Xa
T4 Which onie of these sysvems has the mose negative charge?

di N electmons and N = 3
protans

) atx m =2a

dlf sty = —a

a) 2 elecirons

b 3 eliectrons and 1| proton
o 5 electrons and 5 protons €)1 electrn

1.5 Two polnt charges are fxed on the vaxis g = 60 pC 6 located
at thie origin, O, with %, = 00 cm, and i, = =30 p s locared #t point
Awith vy = 80 e, Where shoubd a third charge, gy, be placed on the
K-ax18 50 thar the toral elecorostanic foree acring on o (s gero!

al 1% em o) 0 em e =19 em
Is} 27 em 0y B0cm

iy iz

Q Q

&) A

1.6 Which of the fullowing situatksns produces the lirgest net force
uri the charge ot

a) Charge @ = 1 C i 1 m from 4 charge of =2 C

) Charge @ = 1 C 8 0.5 m from a charge of =1 C,

o Charge @ = 1 € is haltway berween 4 chasge of — 1 € and a charge
of 1 ¢ that are 2 m apart.

) Charge @ = 1 C (s haltismy betwasen two changes of =2 C that am 2 m apan.
e Charge @ = 1 C g a distance of 2 m from a charge of —4 C

1.7 Twe progors placed near coe amother with no other objects close by wandid
a) accelerare vy from each cther.  d) be pulled rogecher an
b remam motonless, cunstant spwed

e} move away from each otler a

CONSTANT fpweed,

¢) aceelerte towiard each ather

1.8 Two lighoweight meal spheres are suspended near each other from
Insulaving threads, One sphiers has a mer charge; the ocher sphers las no
it chargee. The spheres will

&) arvrace vach other,

by exer no ner electrestacie force on each other,

¢) repel each other

Ay do any of these things depending on the sign of e nel charge an
the one sphers,

LA A meal plare B conmected by a conductas i agrousd theough a swinch
Thue switich i initially closed, A charge +0 s broaghe chose g e plate
witheut wuching rand dwn the swirch s opened. After the switch bs opened

the change +0 1 rensvesd Wt s the i]

charge on e plae then?

w

a) The plate b ubeharged [
by The place. 3 pealtively charged. o

¢} The plate 1 negauvely charged,

di The plate could be clther positheely

ar nagatively charged, depending on the
charge it had befoge + 0 was brought near.

110 You being a negatvely charged mubber rod chose to a grounded
conduztor without wdsehing 1 Then you disconiect the ground, What s the
sign of the charge on the conductor after you remove this charged rod!

a) negative dy cannest be determined from the

1) postiive infarmation given

«) e charge

L1 When a ribber rod s rabbed with rabbi for the rod becomes
ah nieatively charged

b} positively eharged.

¢ newiral,

b wither negatively charged or pesitively charged, depending on whether
thie fur s abways meved (0 the same direction or s moved back and forth
1,12 When a glass rod s rubbed with a polyesser sean, the red becomies
a) negatively charged

b posiively charged

¢) newrral,

dy etther negatively charged or posicively charged, depending on whether
the dcar! i always moved in the same direction or i moved back and fonh
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1.3 Conglder an electron with mass m and charge = moving in
a vircubar erbi wich radius e aroumd a fixed proven with mass A
and charge +e, The eleciron s held in orbit by the electrostatic
force berween isell and the proton, Which one of the following
expredsions lor the speed of the

L QUESTIONS

15 0 bwo charged particles {the charge on each is ¢ are sopa
rated by a distance d, thers is a force F berween them, What s the
loree W the magnivude of each charge 18 doubled and the dsance
betwen them changes 1o 20

106 Suppose the Sun and the Earch were each given an equal
amount of charge of the same sign, fust sutficlent ta cancel tlheir
graviatonal suraction, How many tmes the charge on an electron
world thar charge bel b this mumber 2 large fraction of the number
ol charges of either sign in the Barch?

17 I b apparent that the electrostatic force is extrenmly strong,
comipared o gravity. In fact, the electrostanic force s the basic
lorce governing phenosmena i datly lfe-the enslon bna aring, the
nowrmal forees between surfaces, iction, chemical reactions, and so
forth-except weight, Why then did it take so long for scientists to
understand this foreet Mewton came up with his gravivagional law
lomg before electrieiny was even crudely undemstend,

1.8 Occasiomally, people whe gain statle charge by dvifiling their feet
an the carpet will have their haic stand onend, Why does this happen?

L9 Two positive charges, each equal wo @, are placed a disvance 2d
apart, A third charge, =424, Is placed exactly halfway between the
twis pasitive charges and (6 digplaced 3 detance s o of (that b, x s
much smaller than d) perpendicular to the line conneciing the positive
charges. What s the force on this charge? For x <€ d, how can you
approxinate the motlen of the negative chargs!

120 Why does 3 garment taken out of a cloches drver somerimes
Cling 1o your hody when yeil wear (1

1210 Two charged spheres are (nitlally a distanee o apart. The magni-
tuche o the force on each sphere & F They are moved closer wo each
aorhaer such thar the magnitude of the fosce on esch of them s 98 By
what Lactor has the dissance beween the vwo sphires changed?

114 Consider an electron with mass m and charge =e locared a
distance ¢ from o fised proton with mass M and charge +e The
eleciron is released from rest, Which ane of the following expressions
for thwe magnitide of the mdal acceleraion of the electron is correct?

o ke . 4
L v ey =gk’ aj = Ej—
mr
[ad ;
bha s ok fa=
e

1.22 How is it pusible for one elecirically newiral atom 1o exert an
elecurostatic force on another electrically newtral atome

1.23 The scwenniss who fise conrnibured v the understanding of the
eleerrearanie furce i the LSt century were well awane of Newnan's liw
ol gravirackon, Hw could] they dechuce thar te force they wene sodying
SRS U VAT or s mandfestation of che gravivaional foree

1.24 Twi chargeil parickes move sulely under che inffuence of the elec
trostatie forces betwason thens What shapes can their rajectores havi?

1.25 Rubshing a balloon causes Ir to become negativoly charged. The
ballosom then tends o cling to the wall of @ room. For this o happen,
st the wall be pasivively charged?

1.26 Two electric charges are placed on a line, s shown in the
Aggare, s v possible o place 3 charged particle {thar 1s ree 1o move)
anywhere on the line between the two chages and have it nol meye!

-@ @—
200 C A e
1,27 Twao electrie changes are placed on a line as shown b the gure,
Where on the Hine van a third charge be placed so that the foree on tha
charge s zeso! Does the sign or the magnitude of che third charge make
any dliferenee o the andwert

FIULES 400
1.28 When a posiively charged red s brougha close w4 newimal con-
dueror withour touching it will the pod CRPTlenoe an TR ve Torce, a
repulsive force, or o foree it allt Bxplain

1.29 When you exic a ear and the humidinty 15 bow, you often expen
enioe 3 hock from stacke electriciy created by slicing acnoas the saat,
Fow can veu discharge yourself withoue experencing o painful shock?
Why b I dlangerons to et baek o your car while fiueling your cart

EXERCISES

A Blue problem number indicaves a worked-out solution is
avallable in the Student Solutions Manual, One « and two s
indicate increasing level of problem difficuly,

Section 1.2

130 Howw many ebecrrons are requined vo yield a voral charge of 100 Ct

130 The faradeg 18 a unic of charge requently encountered n
eloctrochemical applications and named for the Bricish physiclst and
chemist Michael Faraday, It consists of exactly | mole of elementary
charges. Caleulce the number of coulombs i LO00 faraday.

1.32 Another unic of charge s che ehormsiaric welr (esu). 1 8 defined a
follows: Two point charges, each of 1 esuand separated by 1 cm, exen a
force of exactly | dyne on each other 1 dyne = 1 gends” = (k1D SN,
al Peterming the relatonship beowesn the esu amd the coulombs

b Dhetermines he nelaconship berween thie esu and the elemenciry charge
1.38 A current of 500 mA s enough o make your muscles twicch
Caleulare how many electrons flow through your skin i veu ane
exposoid tosuch o curment for 11 s

1,34 How many electrons does 100 kg of water contain?
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o115 The Earth i constantly being bombarded by cosmic rays, which
consist mostly of protons. These protons are nckden on the Earth's aomo
spliere from all directions an a rage of 1245, protofs per suing meer per
sovond. Assumdng thar the deph of Eanh's aomosphere (8 1200 ki, wha
i thie vonal charge incident on the stmosphere in 5000 min! Assurne that
the railius of che surface of de Earth s 6378, km,

#1.36 Perfoming an expesiment stmiler oo Millikan's ofl drop experment, 2
siuchens meassines thess charge magnimudes

326 107" o0 xl07'"
CECE AT ann k107
Find the ¢harge on the electron using these mepsurements,

(AT Tt o

Section 1.3

#1.37 Acsilicon simple i doped with phisphons at 1T pare per 100x 107
Phspebiorus sets as s ehecuron doror, providing one hee electron s atom.
The density of sibieon & 233 g/om’”, aned s avomee mas s 28,00 gl

al Caleulae the mumber of free feonduction) electrons per unit
volume of the doped silicon,

) Compare the resule from part {a) with the muimbes of conduction
electrons per unit volume of copper wire, assuming that ¢ach copper
arom prickuces one free leonduction) electron. The diensivy of copper =
B gdem’, and its avomic mass s 63,54 gimol,

Section 1.5

138 Two charged sphisres are 800 cm apait. They are moved closer
o each other by enough that the foree on each of them mereases four
times. Hew far apar are thiy now!

139 T sdentically chasged pamacles separnted by 3 disance of 100 m
vl each onher swich & force of 100 N What & the magninsde of the charges?

140 How far apart must two electoons be placed on the Barth's
surface for there 1o be an electresvatic foree berween them equal m
thie weight of one of the electronst

LAY o solid sodivm chlorde (able salh, chlosde lons have one more
eleetran than they have protens, and sadium keas have one more proton
than they have electrons These ions are separated by about .20 mm. Cal
cuilate the elecorstatle force between a sodium ton and & chiorde fon

1,42 In gaseous sodium chlende, chlande jons have one maore elec
erory than they have protons, and sodium lens have ome mare proten
than they have electrong, These jons are separaved by about .24 nm
Supposie 4 free electron i bocated 48 mm above the midpoint of the
sodivm chleride mokecule, What are the magninide and the direction
ol the electistatic e the molecule exers on i1

143 Caleulate the magnitide of the electpostatie force the two up
quarks mside a provon exert on each other 1 they are separaved by a
distamce of (5900 fm

Lo A =400 pC charge lbes 2000 cm o the nght of a 200 pC charge
ort the K-y Whae is the faroe on die 200 charge!

w15 T initially uncharged (dentical meral spheres, ©anl 2, are
connected by an insulating spring {unsrecched length L, = 100 m,
sprng constang & = 2500 A as shown inoche fgure. Chasges g and
=i are then placed on the spheres, and the spring contracts 1o length
L= 1635 m. Recall thar the force exemed by a spring b F, = kdo
whete A (s the change In the springs length from e edquilibsiem
length. Determine the charge 4. If the spring is coaced with meral w
make i conducting. what s the new bengeh of the sgiring?

Before charging Alter charging

n=ta =
@/VVWWE SV
' L—-m—:42 o N g

Exercisen 23

sladb A polns charge &3 b located ac the odgin, and a poloe charge =g
i lowared o vhe xoaxis a [ = 0500 m. Ar what location on the sasis will
a third charge, i, experience o ver fonce from the orwer two clasges?
w47 ldentical polm charges £ are placed at sach of the [our comens
ol & rectangle mreasueig 200 m by 300 a0 8 Q= 320§ whar i the
gt of the electrostate foree o any e of the charges
sl48 Charge g, = 140x 107 C is placed

i st the orighn Charges g; = —180% 107" ¢

ani g, = 210x 107" C are placed av poines

] A0 TEO 000 pand {00 m, 0,240 m),

210unt e

respectivily, as shown in the figure, Diter
mine the net electrostatic force (magnitide
and dirserian) an charge i,
0240 0
q, gy 1aowiotc
X
Auxlat e
1,180 m—

=1.49 A positive charge & 1s on the yaxis
ai a distance a from the origin and snother
posivive charge g s on the xaxts at a dis
wange b from the ongin,

al For what values) of b is the s-component
ul the laice o if 4 minlimumt

b} For whar valueds) of b is the - component
af the Force on 4 maxinesm?

=150 Find the mag \

wiltide and direction Yo i e
| M}
uf the electrostatic Prowfns  bmsme e T Electron
force acting on thie |
elevrion in the figuee 00 ¢

|
wl.51 Ina region of
ewrlimenslional space, there are thres fyed charges + 100 ned a0,
=200 i at (E7EY = SO0 ol and #5000 06 ai = 200 mm L LY mml
What is the mist foree on the =200 mC charget

*1,52 Two cylindnal glass beads each of mass pr = 100 mg are st o,
thwedr flat endls on a honteontal insubiing serface separated by a disance

= 200 em The coetfielenm of stathe fHcton between the biads and the
surface & pl, = 0200, The beads are then grven bdenical charges (magninide
anil sign), What i the sminaum charge nesded o san the beak moving!

*1.53 A smmall ball wirh a mass of 300 g and a charge of = 0200 |0 15 sus
et fromn dhe cofling by o srng, The hall hangs at 2 distance of 5000cm
abwrve an insalating thoor, B a second small ball with a mass of 500 g and a
chiange ol QAN i 8 robled directy beneath the tirs ball will the sscond
ball beavee the floart What is the vension in the soring when the second ball s
direculy beneath e fest ballk

o154 A +300 mC charge a4 =400 m& charge are fixed in posi-
on and separated by S0 m.

al Whiere can a +7.00 me charge be placed 5o that the net foree on
B is Fere!

bl Where can a =700 mT charge be placed s that the net foree on
it is zera!

155 Four point charges, 4. are lixed to the four comers of a squars
ehat b5 10,0 éimon 4 slde, An elecrron 18 suspended above s poing a
which s welght Is balaneed by the elecirmoanie foree due o the four
electrons, ar a distance of 15,0 nm above the center of the siuare,
‘Whar Is the magnitude of the fixed charges? Express the charge both
in coulombs and as a multple of the electron's charge.
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sel.56 The figure shows a unitormly charged thin fod of lengih L that
has voral charge 3 Find an expression tor the magniisde of the elecr
Atk foree acting o an electron positloned oo e ais of the rod ara
distane of from the midpolng of te od

I ! l

# ------------- " I

il

p o

o LST A negative charge, —g, 18 fixed ar the coordinate (000 1 s
EXETEING an ateractive force on a positive charge. +q, thar is inicially
at coordinate (00, A a resuls, the positive charge accelerates toward
the negative charge. Use the binomilal expansion {1+ s = | 4 nx,
for x4 1, to show that when the positive charge moves a distance
d ae x closer to the negative charge, the force that che negacive
charge exers an it increases by AF = 2/,

e 5B Twio degative chuarges (=i and =) of equal magnitude jos lixed
A coopdinates {—d i) and (00 A positlve charge of the same magnivede,
A and with pass e s placed a coorditare (@04 ridway between the
rwo negative charges. I the positive charge i moved a dissance § 4 o in
the pasitive y-direction and then released, the resulring motion will be
that of a harmonie oscillacor the posicive charge will osciflave bierween
coordinazes (0,8 and (0, =8 Find the et loree acting on the pesiive
charge when it moves o (0,8 and use the binomial expanalon (14 P =
i, fo x = 1, w0 find an expreision fos the frequency of the sesulting
el llagion, dHinE Keep only terms that are linear in &)

Section 1.6

1,59 Suppose the Earth snd the Moon carrled positive charges of
eoqual magnivsde, How large would the charge need o be o produce
an elecurostaiic repulsion equal o LOME of the gravitational atcraction
between the twe bodies!

160 The smilarivy of form of Newron's law of gravitation and
Coulomb's Law caiged some to specilite that the foice of gravity is
related 1o the eloctrostaric force. Suppose that gravitation s entirely
electrical in natwre-thar an excess charge O on the Earth and an

equal anid opposite excess charge —@ on the Moon are respansible for
Uhe gravitational force that causes the observed orbital motion of the
Moon about the Earth. What is che required size of Q 1w reproduce
thi observed magniwde of the gravitarional forcet

sLbd In the Bobe model of the bydrogen atom, dhe electron moves
arokanid the ereproton nicleus on clecalar orhits of well determined
radii. given by v, = wfag where n = 12,3, . 08 an integer that
defines the orhit and a;, = 5.29% 107 'm is the radios of the fist
(et orbir, called the Bolw radies, Caleuwlate the force of elecro
sathe interaciion between the eleciron amd the protad inthe hydrogen
atom for the first four orbits. Compare the strengeh of chis interaccion
to the gravitational interaction berween the provon and the electron.
al.62 Saime of the carlieir avamle models beld thar the arbiral seloc.
Iy el an eleerron noan atem could be cormelansd witl the radius of

thee atomn 1 ehe radius of the hydrogen aem b 52605107 moand the
electrstatic force |8 responsible for the circubar motion of the electmon,
what s the ke energy of this orbizal electron?

a3 For the st described i Probilem 162 what B the wado of the
gravitational force between elecion and proton 1o the electrstatis
fiorewd How dows chis ravio change if thie radius of the atom i doubled!

sl.o4 In genersl astronomical objecrs are ot exsctly elecrrically eral,
Suppose the Band and the Moon each camy 1 change of — L0 10 C (this s
approxirmavely comec; & e preckse vale b denaified in Chaprer 2),

a) Comnpare the resuliing electostatie nepulsion with the graviticlonal
atrraction between the Moo and the Barth, Look up any necessary dida,
by W hat effects does this electiosratic force have on the siee, shaps,
and stabsilivy o thie Moon's orbiv around the Earh?

Additional Exercises

1.65 Fight 100 @ charges are arrayed along the jraxis located
every 200 cm swarting at i = 0 and extending to g = 1440 cme Find
the force on the charge at o= 440 cm,

L&6 In ammphiied Bohr model of the hydrogen atom, an elec

tron I8 asssamed o be eraveling oo cirevlar oebie o radios of abow
520 007" m around a proton, Calculate the wpesd of the electron in
thar orbsit,

LT The nuckews of a carbon- 14 ason (mass = 14 amu) has diamier
ol 300 T, 1t hag 6 protoss and & charge of -k ée.

Al What 1 the foree onca proen beated av 200 fin Gom the surface
of this nuclewst Assume that the nucleus is a point charge.

1) WWhae 18 the proton's acceleration?

168 Two charged objeci experience a mutual repulsive foree of
[ENEATAR

If the charge of one of the objects &8 reduced by hall and the distance
separating the objects i3 doubled, what 1 the new force?

169 A particle (chasge = + 190 pC) 8 Jocated on the xaxi ar
&= =100 em, and & second particle (charge = =570 ) is placed
on the yaxis at x = +200 ¢m, What is the magnitude of the otal
electrostaric force on a third particle (charge = =380 pC) placed ac
the arigin (x = o

1.70 Three polnt charges are positioned on the x-axie 6,0 juc a1
&= 000 e, AR pC at x = 250 em, and = 1600 pc at x = 500
o, What 48 the magnitude of the electrostatle force acting on the
B4 0=l charga?

171 From collisions wich cosmic rays and from the solar wind, the
Earth has a net electric charge of approximately —6.8x 10° €, Find
the charge chat must be given o a L0 g object for i w be electm:
sratically leviated close to the Eanh's surface

1,72 A 100 g masy i suspended 5.00 ¢em above & nenconducting
flat plate, directly above an embedded charge of § (n cotilombs), 110
thie miass hias the same charge, g, how much must g be so thae the
mass levitates {just floats, nelther rising nor {alling! If the charge 4
s produced by adding electens to the mass, by how much will the
rass be changed!

# 1,73 Four potne charges are placed ar the llowing srcoordinaces:
@y = — 100 mC, st (=300 cmyhix) cm)
@y = — 100 mE, at (F3.00 emuhod) cm)
Qy = 4 1024 mC, e {000 em 000 ¢m)
Wy = 200 mC, ar (00 cm, =404 cm)
Caleulave the met foree an change Q4 due to charges Q1 02, and Q3

w1, 74 Three 500 g Styrofoamn balls of radius 200 cm are coared
with carbon black te make them conducting and then are ted w
1030 m-long threads and suspended freely from a comman potng.
Each ball b given the sanwe charge, 4. At equilibrium, the balls Ram
an eqquilateral triangle with sides of length 250 ¢m in the horizontal
plane. Deterniine

175 Two polne charges e on the s-axis 17 one point chargse s
.00 il and Bles'ac the origin and the vther 18 =200 pC and Lies a
2040 e, ar what position must 4 third charge be placed 1o be in
equilibriem?

o176 Two besds with charges g, = g, = +2.47
P are om an insulacing sering thar hangs stralghe
erwn from the celling as shown in the figure.
Thee lower biead is fixed in place on the end of the
steing and has a mass wrp = 0,200 kg, The secomd
bead shides without felenion on the sielng. Ava
distance o = (1360 m between the contiers of

My dly
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the beads, the force af the Earth's graviey on iy s balanced by the
electrostanic force beoween the two beads, Whae 15 the mass, my, of
the second bead? (Hine You can neglect the gravisational intersction
[sotwenn the two beads )

177 Find the net force on 4 #2000 charge at the origin of an
gicoondinate system i thee (8 3 + 500 C charge at (300 msom) and a
=300 C charge at (200400 m).

o178 Two spheres, esch of mass M = 233 g are aached by pieces
of steig of length L= 450 em o a common point. The strings inavally
hamy siradght down, with the spheres just wsching one another, An
equal amoune of charge, q, 8 placed on each sphere, The resulung forces
on the sphieres cause each string o hang at an angle of # = 180 fram
thie wentizal Determine g, thie amount of charge on oacks sphere,

#1779 A point charge 4 = 100, nC ks ar the orgin of an sy coordinate
syatem, a point charge g, = =600 nC (5 an the xaxis a0 x = 200 m,
anel & poine charge g, = =600 nC 1§ on the gaxis at g = =200 m,
Pretermine the net faree magniiude and direction) on g,

«1L.BO A positive charge g, = 109 gl is ficed ar che origin and a
secomnd charge g, = =200 pC 18 Nxesd ar v = 1000 oo Whers alang the
weanls ahould a thurd charge be posiisonid go that i experlencas s Grce)

]
i
§ 10 e 2.00 pL
| el ettty ittt
x i = 104 cm
-

MULTI-VERSION EXERCI

183 Tw balls have the samie mass,
a0 kg, and thee same charge, 2959 uC,
Ilses hang from the celling on strings of
wchennical fengrhy, ¢, as showr b dhee Ogure.
I thee anigle of the srings with nespect m
the werical s 29059, what & the kngth
al the stringst

184 Two balls have the same mass
amil the ssme charge, 1571 pt They
hang from the ceiling on strings of
wenrical lengeh, # = 1.223 m. as
slurweny i the figure. The angle of the
strimps wich respect o the vertical is 2107 What is the mass of
gach ball}

E.B5 Two Balls have the same mass 39335 kg, and the same
charge They hang trom the cetling on surings of tdennical lengeh,
£ o= 1235 i, as shown i the lgure. The angle of the stings with
respect to the vertical 15 22.35% What ts the charge on each ballt

Wi Aoisjan Exercisos 5

ol B A bead with charge g, = 127 pC i fined in place at the end of
a e that makes an angle of ® = 51.3° with the lodzomal, A second
Beead with mass iy = 377 g and

a charge of & 7% gl shdes withour
freetion on the wine What ls the
ihistance dar which the forve of the
Earth's gravity on my i balsnead by
thie elecrroseatic force berween the
i beads! Neglecr the pravicational
Interacticn bevwsen this v beals

ol 82 In the figure, the net electrostarie force on charge @, 18
wera, Q= + 100 0T, decermine che magnitude of @,

Q&

L

L=
1w e ° (# 2a, -20)

186 As shown in che figune, n i
palnt charge i i 3,979 pC and r | r X
i Jocated at ¥, = —5.6689 m, and x| a Ay

point charge i, s 8608 pC and
s locaved ar x; = 14,13 m. What is the xcoordinate of the poine at
which the ser farce an a polne charge of 5,000 pl will be zero!

LBT As shown In the figure, poine charge g, is 4 325 pC and is
Tocated &t %, and point charge ; 18 7757 0 and ks located ai

%, = 1433 m The xcoordinate of the point where the net force on a
polet charge of = 30000 10 18 2ere ds 2,358 m What 8 the value of x 1

LB8 Asshown o the ligure, polis charge q, 18 4671 pC anmd 6
Jovated ar x; = =357% w1, and polne charge g, 18 6.845 pC aml 15
located at x,. The xcoordimave of the pome where the niet force on o
point charge of = Lood pl s zero is 4.625% m. What 15 the value of xf




