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USE OF COLOR

Vectors
A general vector —
resultant vector (sum) is slightly thicker D ——
components of any vector are dashed -
Displacement (D, T) ——
Velocity (V) —
Acceleration (a) B ——
Force ( F) —
Force on second or ——
third object in same figure —
Momentum (p or mv) —)
Angular momentum (]:) —
Angular velocity (w) ——
Torque (7) —
Electric field (E) —
Magnetic field (B) —
Electricity and magnetism Electric circuit symbols
Electric field lines ———— Wire, with switch S —g—
Equipotential lines ~  ——===== Resistor e AA A
Magnetic field lines ——— Capacitor —| |—
Electric charge (+) @ or @+ Inductor e 111
Electric charge (-) \—) or ® - Battery —|I—
Ground J_
Optics Other
Light rays - Energy level
Object t (atom, etc.)
Measurement lines  —1.0 m—>
Real image ‘ .
(dashed) H Path of a moving ——— =
H object
Virtual image A Direction of motion =~ —
(dashed and paler) or current
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Fundamental Constants

Quantity Symbol Approximate Value Current Best Value'
Speed of light in vacuum ¢ 3.00 X 10 m/s 2.99792458 X 10°m/s
Gravitational constant G 6.67 x 107" N-m?/kg? 6.6728(67) X 107" N-m?/kg?
Avogadro’s number Na 6.02 X 10% mol™* 6.02214179(30) X 10% mol™!
Gas constant R 8.314J/mol-K = 1.99 cal/mol-K 8.314472(15) J/mol -K

= 0.0821 L-atm/mol-K
Boltzmann’s constant k 1.38 X 1073 J/K 1.3806504(24) X 1072 J/K
Charge on electron e 1.60 X 1079 C 1.602176487(40) x 107 C
Stefan-Boltzmann constant o 5.67 X 1078 W/m?-K* 5.670400(40) x 1078 W/m?-K*
Permittivity of free space €0 = (1/c?my) 885 X 10712 C?/N-m? 8.854187817 ... X 10712C2%/N-m?
Permeability of free space Mo 47 X 1077 T-m/A 1.2566370614 ... X 107°T-m/A
Planck’s constant h 6.63 X 107*] s 6.62606896(33) X 10734J-s
Electron rest mass me 9.11 X 10731 kg = 0.000549 u 9.10938215(45) x 1073 kg

= 0.511 MeV/c? = 5.4857990943(23) X 10*u
Proton rest mass my, 1.6726 x 107> kg = 1.00728 u 1.672621637(83) x 10?7 kg

= 938.27 MeV/c? = 1.00727646677(10) u
Neutron rest mass my 1.6749 x 107" kg = 1.008665 u 1.674927211(84) x 107" kg

= 939.57 MeV/c? = 1.00866491597(43) u

Atomic mass unit (1 u)

1.6605 X 107" kg = 931.49 MeV/c?

1.660538782(83) x 107" kg
= 931.494028(23) MeV/c?

fCODATA (3/07), Peter J. Mohr and Barry N. Taylor, National Institute of Standards and Technology. Numbers in parentheses indicate one-standard-
deviation experimental uncertainties in final digits. Values without parentheses are exact (i.e., defined quantities).

Other Useful Data The Greek Alphabet

Joule equivalent (1 cal) 41867 Alpha A a Nu N v

Absolute zero (0 K) —273.15°C Beta B B Xi =] I3

Acceleration due to gravity Gamma r Y Omicron (6] o

at Earth’s surface (avg.) 9.80m/s> (= g) Delta A P Pi I .

Speed of sound in air (20°C) 343m/s Epsilon E e, Rho P p

Density of air (dry) 1.29 kg/m? Zeta 7 ¢ Sigma s o

Earth: Mass 5.98 X 10 kg Eta H n Tau T T
Radius (mean) 6.38 X 10°km Theta [5) 0 Upsilon Y v

Moon: Mass 7.35 x 102 kg Iota 1 v Phi o b, 0
Radius (mean) 1.74 X 10°km Kappa K K Chi X X

Sun:  Mass 1.99 X 10¥kg Lambda A A Psi ¥ v
Radius (mean) 6.96 X 10° km Mu M “ Omega ) ©

Earth—Sun distance (mean) 149.6 X 10°km

Earth—Moon distance (mean) 384 X 10°km

Values of Some Numbers

7 = 3.1415927 V2 = 1.4142136 In2 = 0.6931472 logjpe = 0.4342945

e = 27182818 V3 = 1.7320508 In 10 = 2.3025851 lrad = 57.2957795°

Mathematical Signs and Symbols

Properties of Water

is proportional to

is equal to

is approximately equal to
is not equal to

is greater than

is much greater than

is less than

is much less than

/\V\/*H\ZZ K

<

is less than or equal to Density (4°C) 1.000 X 10°kg/m?
is greater than or equal to Heat of fusion (0°C)  333kJ/kg

sum of (80 kcal/kg)
average value of x Heat of vaporization 2260 kJ/kg
change in x (100°C) (539 kcal/kg)

Ax approaches zero
n(n—1)(n —2)...(1)

Index of refraction

Specific heat (15°C)

41867 /kg-C°
(1.00 kcal/kg- C°)

133
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Unit Conversions (Equivalents)

Length

Time

lin. = 2.54 cm (defined)

lcem = 0.3937in.

1ft = 30.48 cm

1m = 39.37in. = 3.281 ft

1mi = 5280 ft = 1.609 km

1km = 0.6214 mi

1 nautical mile (U.S.) = 1.151 mi = 6076 ft = 1.852 km
1 fermi = 1 femtometer (fm) = 107° m
1 angstrom (A) = 107°m = 0.1 nm
1light-year (ly) = 9.461 X 10 m

1 parsec = 3261y = 3.09 X 10"°m

1day = 8.640 X 10*s
1year = 3.156 X 107 s

Mass

1 atomic mass unit (u) = 1.6605 X 10727 kg
1kg = 0.06852 slug
[1 kg has a weight of 2.201b where g = 9.80 m/s%]

Force

Volume

11b = 4.44822N
1N = 10° dyne = 0.22481b

1liter (L) = 1000 mL = 1000 cm® = 1.0 X 10 m? =
1.057 qt (U.S.) = 61.02in.’?

1gal (US.) = 4qt(US.) =231in> = 3.785L =
0.8327 gal (British)

1 quart (U.S.) = 2 pints (U.S.) = 946 mL

1 pint (British) = 1.20 pints (U.S.) = 568 mL

1m? = 35311t

Energy and Work

1J =107 ergs = 0.7376 ft-1b

1ft-1b = 1.356 ] = 1.29 X 107> Btu = 3.24 X 10 *kcal
1kcal = 4.19 X 10°J = 3.97 Btu

leV = 1.6022 x 10°17J

1kWh = 3.600 X 10°J = 860 kcal

1Btu = 1.055 X 10°J

Speed

Power

1mi/h = 1.4667 ft/s = 1.6093 km/h = 0.4470 m/s
1km/h = 02778 m/s = 0.6214 mi/h

1ft/s = 0.3048 m/s (exact) = 0.6818 mi/h = 1.0973 km/h
1m/s = 3.281 ft/s = 3.600 km/h = 2.237 mi/h

1knot = 1.151 mi/h = 0.5144 m/s

1W =1J/s = 0.7376 ft-1b/s = 3.41 Btu/h
1hp = 550ft-1b/s = 746 W

Pressure

Angle

1 radian (rad) = 57.30° = 57°18'
° = 0.01745 rad
1rev/min (rpm) = 0.1047 rad/s

1atm = 1.01325 bar = 1.01325 X 10° N/m?
= 14.71b/in.? = 760 torr

11b/in.2 = 6.895 X 10°N/m?

1Pa = 1N/m? = 1.450 X 10~*1b/in.2

Metric (SlI) Multipliers

Sl Derived Units and Their Abbreviations

Prefix Abbreviation Value

tt Y 10%
In Terms of yot a 7 102
Quantity Unit Abbreviation Base Units' eta 18
exa E 10
Force newton N kg-m/s’ peta P 10"
Energy and work joule J kg-m?/s? t?ra T 10;2
Power watt w kg-m?/s’ giga G 10 o
P | P ke/ ( ) 2) mega M 10
ressure pasca a i m-s kilo K 103
Frequency hertz Hz s hecto h 102
Electric charge coulomb C A-s deka da 10t
Electric potential volt v kg-m?/(A-s?) deci d 107!
Electric resistance ohm Q kg-m?/ (A2 . 53) centi ¢ 107?
Capacitance farad F A2-s*/(kg-m?) milli m 10
o 5 micro m 107°
Magnetic field tesla T kg/(A-s?) o
nano n 10
Magnetic flux weber Wb kg- mz/(A . 52) pico P 10712
Inductance henry H kg-m?/(s?- A?) femto £ 10715
"kg = kilogram (mass), m = meter (length), s = second (time), A = ampere (electric current). atto a 10718
zepto z 10721
yocto y 10724




Useful Geometry Formulas—Areas, Volumes Exponents
(@)(a™) = a"*™  [Example: (a®)(a?) = @°]
ircumf feirde C = md =2 A\
Circumference of circle C = 77;’2 C (a™)(b") = (ab)"  [Example: (a*)(b%) = (ab)?]
Area of circle A=mar?= WT (“n)m =a™ [Example (“3)2 =a°
1
Example (a?)! =
4
T e T
Area of rectangle A= tw wl:l a a a = @ =
% =Va a-» = Va
Area of parallelogram A = bh ﬂh (an)(a—m) _ ‘L —a"" [Ex: (a )( 2) _ a3]
- o
b a" a\"
L,
Area of triangle A=1hb :h
b b -
. . Logarithms [Appendix A-7; Table A-1]
Right triangle ¢
(Pythagoras) 2=+ 1 Aa Ify = 10%, then x = logjgy = log y.
b Ify = e, then x = log,y = Iny.
- 1 b) =1 + logb
Sphere: surface area A = 4mr? —— og(ab) = loga + log
volume V=3ar log(%) = loga — logb
Rectangular solid: loga™ = nloga
volume V = {wh hﬁ
- P
Cylinder (right): o Some Derivatives and Integrals
surface area A = 2l + 2mr? d 1
volume V= mr Ex” = nx"! Jsin axdx = —— , cosax
Right circular cone: N dx sinax = acosax Jcos axdx = — sm ax
/
surface area A = mr? + ar\/r’* + i? :h 1
volume V =3arh r Ix cosax = —asinax J' T dx =Inx
Jx”’dx— J ‘”dx—f ax
- m+1”
Quadratic Formula
"See Appendix B for more.
Equation with unknown x, in the form
ax’ + bx + ¢ = 0, Binomial Expansion
has solutions . n(n — 1) , n(n — )(n - 2) | )
—bi\/m (1£x)"=1%nx+ o1 321 x>+ [for x* < 1]
T 2a . ~ 1=+ nx [for x << 1]
Trigonometric Formulas [Appendix A-9]
ino opp sin(180° — #) = sin 6 cos(180° — #) = —cos 6
sme= hyp sin(90° — 0) = cos 6
opp (opposite) j cos(90° — ) = sinf
cosf = ——
hyp sin} 0 =\/(1 — cosf)/2 cos38 =1\/(1 + cosh)/2
adj (adjacent) g _ PP sinf ~ 6 [for small 6 < 0.2 rad]
tanf = —— V)
0
dj cosf ~ 1 — > [for small # < 0.2 rad]
adj® + opp® = hyp?  (Pythagorean theorem) sin(A £ B) = sin Acos B £ cos Asin B
tan g = sin(; cos(A + B) = cos Acos B F sin Asin B
) 0052 For any triangle: N
. — C
sin0 + cos™0 = 1 ¢ =a*>+ b> —2abcosy (law of cosines) &
sin 260 = 2sin 6 cos 6 sina_sinf  sinY 1 f sines) < b =
0520 = (cos? — sin’f) = (1 — 2sin®0) = (2cos’>0 — 1) a b ¢ (law of sines
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Preface

I was motivated from the beginning to write a textbook different from others that
present physics as a sequence of facts, like a Sears catalog: “here are the facts and
you better learn them.” Instead of that approach in which topics are begun
formally and dogmatically, I have sought to begin each topic with concrete
observations and experiences students can relate to: start with specifics and only then
go to the great generalizations and the more formal aspects of a topic, showing why
we believe what we believe. This approach reflects how science is actually practiced.

Why a Fourth Edition?

Two recent trends in physics texbooks are disturbing: (1) their revision cycles
have become short—they are being revised every 3 or 4 years; (2) the books are
getting larger, some over 1500 pages. I don’t see how either trend can be of
benefit to students. My response: (1) It has been 8 years since the previous
edition of this book. (2) This book makes use of physics education research,
although it avoids the detail a Professor may need to say in class but in a book shuts
down the reader. And this book still remains among the shortest.

This new edition introduces some important new pedagogic tools. It contains
new physics (such as in cosmology) and many new appealing applications (list on
previous page). Pages and page breaks have been carefully formatted to make the
physics easier to follow: no turning a page in the middle of a derivation or Example.
Great efforts were made to make the book attractive so students will want to read it.

Some of the new features are listed below.

What's New

Chapter-Opening Questions: Each Chapter begins with a multiple-choice question,
whose responses include common misconceptions. Students are asked to answer
before starting the Chapter, to get them involved in the material and to get any
preconceived notions out on the table. The issues reappear later in the Chapter,
usually as Exercises, after the material has been covered. The Chapter-Opening
Questions also show students the power and usefulness of Physics.

APPROACH paragraph in worked-out numerical Examples: A short introductory
paragraph before the Solution, outlining an approach and the steps we can take to
get started. Brief NOTES after the Solution may remark on the Solution, may give
an alternate approach, or mention an application.

Step-by-Step Examples: After many Problem Solving Strategies (more than 20 in
the book), the next Example is done step-by-step following precisely the steps just
seen.

Exercises within the text, after an Example or derivation, give students a chance to
see if they have understood enough to answer a simple question or do a simple
calculation. Many are multiple choice.

Greater clarity: No topic, no paragraph in this book was overlooked in the search
to improve the clarity and conciseness of the presentation. Phrases and sentences
that may slow down the principal argument have been eliminated: keep to the
essentials at first, give the elaborations later.

Vector notation, arrows: The symbols for vector quantities in the text and Figures
now have a tiny arrow over them, so they are similar to what we write by hand.
Cosmological Revolution: With generous help from top experts in the field,
readers have the latest results.



Preface

Page layout: more than in the previous edition, serious attention has been paid to
how each page is formatted. Examples and all important derivations and
arguments are on facing pages. Students then don’t have to turn back and forth.
Throughout, readers see, on two facing pages, an important slice of physics.

New Applications: LCDs, digital cameras and electronic sensors (CCD, CMOS),
electric hazards, GFCls, photocopiers, inkjet and laser printers, metal detectors,
underwater vision, curve balls, airplane wings, DNA, how we actually see images.
(Turn back a page to see a longer list.)

Examples modified: more math steps are spelled out, and many new Examples
added. About 10% of all Examples are Estimation Examples.

This Book is Shorter than other complete full-service books at this level. Shorter
explanations are easier to understand and more likely to be read.

Content and Organizational Changes

e Rotational Motion: Chapters 10 and 11 have been reorganized. All of angular
momentum is now in Chapter 11.

e  First law of thermodynamics, in Chapter 19, has been rewritten and extended.
The full formis given: AK + AU + AE;,, = Q — W, where internal energy is
E;,, and U is potential energy; the form Q — W iskeptso that dW = P dV.

e Kinematics and Dynamics of Circular Motion are now treated together in
Chapter 5.

e  Work and Energy, Chapters 7 and 8, have been carefully revised.

e Work done by friction is discussed now with energy conservation (energy
terms due to friction).

e Chapters on Inductance and AC Circuits have been combined into one:
Chapter 30.

e  Graphical Analysis and Numerical Integration is a new optional Section 2-9.
Problems requiring a computer or graphing calculator are found at the end
of most Chapters.

e Length of an object is a script £ rather than normal /, which looks like 1 or I
(moment of inertia, current), as in F = [{B. Capital L is for angular
momentum, latent heat, inductance, dimensions of length [L].

e Newton’s law of gravitation remains in Chapter 6. Why? Because the 1/r?
law is too important to relegate to a late chapter that might not be covered
at all late in the semester; furthermore, it is one of the basic forces in nature.
In Chapter 8 we can treat real gravitational potential energy and have a fine
instance of using U = — [F-dL.

e New Appendices include the differential form of Maxwell’s equations and
more on dimensional analysis.

e Problem Solving Strategies are found on pages 30, 58, 64, 96, 102, 125, 166,
198,229,261, 314, 504, 551, 571, 600, 685, 716, 740, 763, 849, 871, and 913.

Organization

Some instructors may find that this book contains more material than can be
covered in their courses. The text offers great flexibility. Sections marked with a
star * are considered optional. These contain slightly more advanced physics
material, or material not usually covered in typical courses and/or interesting
applications; they contain no material needed in later Chapters (except perhaps in
later optional Sections). For a brief course, all optional material could be dropped
as well as major parts of Chapters 1, 13, 16, 26, 30, and 35, and selected parts of
Chapters 9, 12, 19, 20, 33, and the modern physics Chapters. Topics not covered in
class can be a valuable resource for later study by students. Indeed, this text can
serve as a useful reference for years because of its wide range of coverage.

Versions of this Book

Complete version: 44 Chapters
including 9 Chapters of modern
physics.

Classic version: 37 Chapters
including one each on relativity
and quantum theory.

3 Volume version: Available
separately or packaged together
(Vols. 1 & 2 or all 3 Volumes):

Volume 1: Chapters 1-20 on
mechanics, including fluids,
oscillations, waves, plus heat
and thermodynamics.

Volume 2: Chapters 21-35 on
electricity and magnetism, plus
light and optics.

Volume 3: Chapters 36—44 on
modern physics: relativity,
quantum theory, atomic physics,
condensed matter, nuclear
physics, elementary particles,
cosmology and astrophysics.
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Preface

To Students

HOW TO STUDY

1. Read the Chapter. Learn new vocabulary and notation. Try to respond to
questions and exercises as they occur.

2. Attend all class meetings. Listen. Take notes, especially about aspects you do
not remember seeing in the book. Ask questions (everyone else wants to, but
maybe you will have the courage). You will get more out of class if you read
the Chapter first.

3. Read the Chapter again, paying attention to details. Follow derivations and

worked-out Examples. Absorb their logic. Answer Exercises and as many of
the end of Chapter Questions as you can.

. Solve 10 to 20 end of Chapter Problems (or more), especially those assigned.

In doing Problems you find out what you learned and what you didn’t. Discuss
them with other students. Problem solving is one of the great learning tools.
Don’t just look for a formula—it won’t cut it.

NOTES ON THE FORMAT AND PROBLEM SOLVING

1.

Sections marked with a star (*) are considered optional. They can be omitted
without interrupting the main flow of topics. No later material depends on
them except possibly later starred Sections. They may be fun to read, though.

. The customary conventions are used: symbols for quantities (such as m for

mass) are italicized, whereas units (such as m for meter) are not italicized.
Symbols for vectors are shown in boldface with a small arrow above: F.

. Few equations are valid in all situations. Where practical, the limitations of

important equations are stated in square brackets next to the equation. The
equations that represent the great laws of physics are displayed with a tan
background, as are a few other indispensable equations.

. At the end of each Chapter is a set of Problems which are ranked as Level I, 11, or

III, according to estimated difficulty. Level I Problems are easiest, Level II are
standard Problems, and Level III are “challenge problems.” These ranked
Problems are arranged by Section, but Problems for a given Section may depend
on earlier material too. There follows a group of General Problems, which are not
arranged by Section nor ranked as to difficulty. Problems that relate to optional
Sections are starred (*). Most Chapters have 1 or 2 Computer/Numerical
Problems at the end, requiring a computer or graphing calculator. Answers to
odd-numbered Problems are given at the end of the book.

. Being able to solve Problems is a crucial part of learning physics, and provides

a powerful means for understanding the concepts and principles. This book
contains many aids to problem solving: (a) worked-out Examples and their
solutions in the text, which should be studied as an integral part of the text;
(b) some of the worked-out Examples are Estimation Examples, which show
how rough or approximate results can be obtained even if the given data are
sparse (see Section 1-6); (c) special Problem Solving Strategies placed
throughout the text to suggest a step-by-step approach to problem solving
for a particular topic—but remember that the basics remain the same;
most of these “Strategies” are followed by an Example that is solved by
explicitly following the suggested steps; (d) special problem-solving Sections;
(e) “Problem Solving” marginal notes which refer to hints within the text for
solving Problems; (f) Exercises within the text that you should work out imme-
diately, and then check your response against the answer given at the bottom of
the last page of that Chapter; (g) the Problems themselves at the end of each
Chapter (point 4 above).

. Conceptual Examples pose a question which hopefully starts you to think and

come up with a response. Give yourself a little time to come up with your own
response before reading the Response given.

. Math review, plus some additional topics, are found in Appendices. Useful data,

conversion factors, and math formulas are found inside the front and back covers.
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Electric Charge and
Electric Field

CHAPTER-OPENING QUESTION—Guess now!
[Don’t worry about getting the right answer now—the idea is to get your preconceived notions out on
the table.]

Two identical tiny spheres have the same electric charge. If the electric charge on
each of them is doubled, and their separation is also doubled, the force each exerts
on the other will be

(a) half.

(b) double.

(¢) four times larger.

(d) one-quarter as large.

(e) unchanged.

he word “electricity” may evoke an image of complex modern technology:

lights, motors, electronics, and computers. But the electric force plays an

even deeper role in our lives. According to atomic theory, electric forces

between atoms and molecules hold them together to form liquids and
solids, and electric forces are also involved in the metabolic processes that occur
within our bodies. Many of the forces we have dealt with so far, such as elastic
forces, the normal force, and friction and other contact forces (pushes and pulls),
are now considered to result from electric forces acting at the atomic level. Gravity,
on the other hand, is a separate force.

"Physicists in the twentieth century came to recognize four different fundamental forces in nature: (1)
gravitational force, (2) electromagnetic force (we will see later that electric and magnetic forces are
intimately related), (3) strong nuclear force, and (4) weak nuclear force. The last two forces operate at
the level of the nucleus of an atom. Recent theory has combined the electromagnetic and weak nuclear
forces so they are now considered to have a common origin known as the electroweak force.

This comb has acquired a static
electric charge, either from passing
through hair, or being rubbed by a
cloth or paper towel. The electrical
charge on the comb induces a
polarization (separation of charge)
in scraps of paper, and thus attracts
them.

Our introduction to electricity in
this Chapter covers conductors and
insulators, and Coulomb’s law which
relates the force between two point
charges as a function of their
distance apart. We also introduce the
powerful concept of electric field.

CONTENTS

1 Static Electricity; Electric
Charge and Its Conservation
Electric Charge in the Atom

3 Insulators and Conductors

Induced Charge; the

Electroscope

Coulomb’s Law

The Electric Field

Electric Field Calculations

for Continuous Charge
Distributions

8 Field Lines

9 Electric Fields and
Conductors

10 Motion of a Charged Particle
in an Electric Field

9]

NS

11 Electric Dipoles
#12 Electric Forces in Molecular
Biology; DNA

*13 Photocopy Machines and
Computer Printers Use
Electrostatics

Note: Sections marked with an asterisk (*) may be considered optional by the instructor.

From Chapter 21 of Physics for Scientists & Engineers with Modern Physics, Fourth Edition, Douglas C. Giancoli.
Copyright © 2009 by Pearson Education, Inc. Published by Pearson Prentice Hall. All rights reserved.
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FIGURE 1 (a) Rub a plastic ruler
and (b) bring it close to some tiny
pieces of paper.

FIGURE 2 Like charges repel one
another; unlike charges attract.
(Note color coding: positive and
negative charged objects are often
colored pink and blue-green,
respectively, when we want to

emphasize them. We use these colors

especially for point charges, but not
often for real objects.)

(a) Two charged plastic rulers repel

(b) Two charged glass rods repel

R

(c) Charged glass rod attracts
charged plastic ruler

LAW OF CONSERVATION
OF ELECTRIC CHARGE

Electric Charge and Electric Field

The earliest studies on electricity date back to the ancients, but only in the past
two centuries has electricity been studied in detail.

1 Static Electricity; Electric
Charge and Its Conservation

The word electricity comes from the Greek word elektron, which means “amber.”
Amber is petrified tree resin, and the ancients knew that if you rub a piece of
amber with a cloth, the amber attracts small pieces of leaves or dust. A piece of
hard rubber, a glass rod, or a plastic ruler rubbed with a cloth will also display this
“amber effect,” or static electricity as we call it today. You can readily pick up
small pieces of paper with a plastic comb or ruler that you have just vigorously
rubbed with even a paper towel. See the photo on the previous page and Fig. 1.
You have probably experienced static electricity when combing your hair or when
taking a synthetic blouse or shirt from a clothes dryer. And you may have felt a
shock when you touched a metal doorknob after sliding across a car seat or
walking across a nylon carpet. In each case, an object becomes “charged” as a
result of rubbing, and is said to possess a net electric charge.

Is all electric charge the same, or is there more than one type? In fact, there are
rwo types of electric charge, as the following simple experiments show. A plastic
ruler suspended by a thread is vigorously rubbed with a cloth to charge it. When a
second plastic ruler, which has been charged in the same way, is brought close
to the first, it is found that one ruler repels the other. This is shown in
Fig. 2a. Similarly, if a rubbed glass rod is brought close to a second charged glass rod,
again a repulsive force is seen to act, Fig. 2b. However, if the charged glass rod is
brought close to the charged plastic ruler, it is found that they attract each other, Fig. 2c.
The charge on the glass must therefore be different from that on the plastic. Indeed,
it is found experimentally that all charged objects fall into one of two categories.
Either they are attracted to the plastic and repelled by the glass; or they are repelled
by the plastic and attracted to the glass. Thus there seem to be two, and only two,
types of electric charge. Each type of charge repels the same type but attracts the
opposite type. That is: unlike charges attract; like charges repel.

The two types of electric charge were referred to as positive and negative by the
American statesman, philosopher, and scientist Benjamin Franklin (1706—1790).
The choice of which name went with which type of charge was arbitrary. Franklin’s
choice set the charge on the rubbed glass rod to be positive charge, so the charge on
a rubbed plastic ruler (or amber) is called negative charge. We still follow this
convention today.

Franklin argued that whenever a certain amount of charge is produced on one
object, an equal amount of the opposite type of charge is produced on another
object. The positive and negative are to be treated algebraically, so during any
process, the net change in the amount of charge produced is zero. For example,
when a plastic ruler is rubbed with a paper towel, the plastic acquires a negative
charge and the towel acquires an equal amount of positive charge. The charges are
separated, but the sum of the two is zero.

This is an example of a law that is now well established: the law of conservation
of electric charge, which states that

the net amount of electric charge produced in any process is zero;
or, said another way,
no net electric charge can be created or destroyed.

If one object (or a region of space) acquires a positive charge, then an equal
amount of negative charge will be found in neighboring areas or objects. No
violations have ever been found, and this conservation law is as firmly established
as those for energy and momentum.
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2 Electric Charge in the Atom

Only within the past century has it become clear that an understanding of
electricity originates inside the atom itself. It will help our understanding of elec-
tricity if we discuss it briefly now.

A simplified model of an atom shows it as having a tiny but heavy, positively
charged nucleus surrounded by one or more negatively charged electrons (Fig. 3).
The nucleus contains protons, which are positively charged, and neutrons, which
have no net electric charge. All protons and all electrons have exactly the same
magnitude of electric charge; but their signs are opposite. Hence neutral atoms,
having no net charge, contain equal numbers of protons and electrons. Sometimes
an atom may lose one or more of its electrons, or may gain extra electrons, in which
case it will have a net positive or negative charge and is called an ion.

In solid materials the nuclei tend to remain close to fixed positions, whereas
some of the electrons may move quite freely. When an object is neutral, it contains
equal amounts of positive and negative charge. The charging of a solid object by
rubbing can be explained by the transfer of electrons from one object to the other.
When a plastic ruler becomes negatively charged by rubbing with a paper towel,
the transfer of electrons from the towel to the plastic leaves the towel with a
positive charge equal in magnitude to the negative charge acquired by the plastic.
In liquids and gases, nuclei or ions can move as well as electrons.

Normally when objects are charged by rubbing, they hold their charge only for a
limited time and eventually return to the neutral state. Where does the charge go?
Usually the charge “leaks off” onto water molecules in the air. This is because water
molecules are polar—that is, even though they are neutral, their charge is not
distributed uniformly, Fig. 4. Thus the extra electrons on, say, a charged plastic ruler can
“leak off” into the air because they are attracted to the positive end of water molecules.
A positively charged object, on the other hand, can be neutralized by transfer of loosely
held electrons from water molecules in the air. On dry days, static electricity is much
more noticeable since the air contains fewer water molecules to allow leakage. On
humid or rainy days, it is difficult to make any object hold a net charge for long.

3 Insulators and Conductors

Suppose we have two metal spheres, one highly charged and the other electrically
neutral (Fig. 5a). If we now place a metal object, such as a nail, so that it touches
both spheres (Fig. 5b), the previously uncharged sphere quickly becomes charged.
If, instead, we had connected the two spheres by a wooden rod or a piece of rubber
(Fig. 5¢), the uncharged ball would not become noticeably charged. Materials like
the iron nail are said to be conductors of electricity, whereas wood and rubber are
nonconductors or insulators.

Metals are generally good conductors, whereas most other materials are insu-
lators (although even insulators conduct electricity very slightly). Nearly all natural
materials fall into one or the other of these two very distinct categories. However,
a few materials (notably silicon and germanium) fall into an intermediate category
known as semiconductors.

From the atomic point of view, the electrons in an insulating material are
bound very tightly to the nuclei. In a good conductor, on the other hand, some of
the electrons are bound very loosely and can move about freely within the
material (although they cannot leave the object easily) and are often referred to as
free electrons or conduction electrons. When a positively charged object is brought
close to or touches a conductor, the free electrons in the conductor are attracted
by this positively charged object and move quickly toward it. On the other hand,
the free electrons move swiftly away from a negatively charged object that is
brought close to the conductor. In a semiconductor, there are many fewer free
electrons, and in an insulator, almost none.

FIGURE 3 Simple model of the
atom.

(0]
H H
A4 \) +
FIGURE 4 Diagram of a water
molecule. Because it has opposite

charges on different ends, it is called
a “polar” molecule.

FIGURE 5 (a) A charged metal
sphere and a neutral metal sphere.
(b) The two spheres connected by a
conductor (a metal nail), which
conducts charge from one sphere to
the other. (c) The original two spheres
connected by an insulator (wood);
almost no charge is conducted.
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(a) Neutral metal rod

> e~ passage
Charged * %2
metal object ++++ |

(b) Metal rod acquires
charge by contact

FIGURE 6 A neutral metal rod in
(a) will acquire a positive charge if
placed in contact (b) with a
positively charged metal object.
(Electrons move as shown by the
orange arrow.) This is called
charging by conduction.
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Nonconductor

FIGURE 9 A charged object
brought near an insulator causes a
charge separation within the
insulator’s molecules.

FIGURE 10 Electroscope.

Insulator

P
i
\
,,7\ Metal

Electric Charge and Electric Field

4 Induced Charge; the Electroscope

Suppose a positively charged metal object is brought close to an uncharged metal
object. If the two touch, the free electrons in the neutral one are attracted to the
positively charged object and some will pass over to it, Fig. 6. Since the second
object, originally neutral, is now missing some of its negative electrons, it will have
a net positive charge. This process is called “charging by conduction,” or “by
contact,” and the two objects end up with the same sign of charge.

Now suppose a positively charged object is brought close to a neutral metal
rod, but does not touch it. Although the free electrons of the metal rod do not
leave the rod, they still move within the metal toward the external positive
charge, leaving a positive charge at the opposite end of the rod (Fig. 7).
A charge is said to have been induced at the two ends of the metal rod. No net
charge has been created in the rod: charges have merely been separated. The
net charge on the metal rod is still zero. However, if the metal is separated into
two pieces, we would have two charged objects: one charged positively and one
charged negatively.

@ R

Neutral metal rod SN /)

&N ®)
*;‘%
++)

(b)  Metal rod still neutral, but
with a separation of charge (c)

FIGURE 7 Charging by induction. FIGURE 8 Inducing a charge
on an object connected to

ground.

Another way to induce a net charge on a metal object is to first connect it with
a conducting wire to the ground (or a conducting pipe leading into the ground) as
shown in Fig. 8a (the symbol & means connected to “ground”). The object is then
said to be “grounded” or “earthed.” The Earth, because it is so large and can
conduct, easily accepts or gives up electrons; hence it acts like a reservoir for
charge. If a charged object—say negative this time—is brought up close to the
metal object, free electrons in the metal are repelled and many of them move
down the wire into the Earth, Fig. 8b. This leaves the metal positively charged. If
the wire is now cut, the metal object will have a positive induced charge
on it (Fig. 8c). If the wire were cut after the negative object was moved away,
the electrons would all have moved back into the metal object and it would
be neutral.

Charge separation can also be done in nonconductors. If you bring a positively
charged object close to a neutral nonconductor as shown in Fig. 9, almost no elec-
trons can move about freely within the nonconductor. But they can move slightly
within their own atoms and molecules. Each oval in Fig. 9 represents a molecule
(not to scale); the negatively charged electrons, attracted to the external positive
charge, tend to move in its direction within their molecules. Because the negative
charges in the nonconductor are nearer to the external positive charge, the
nonconductor as a whole is attracted to the external positive charge (see the
Chapter-Opening Photo).

An electroscope is a device that can be used for detecting charge. As shown in
Fig. 10, inside of a case are two movable metal leaves, often made of gold,
connected to a metal knob on the outside. (Sometimes only one leaf is movable.)
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If a positively charged object is brought close to the knob, a separation of charge is
induced: electrons are attracted up into the knob, leaving the leaves positively
charged, Fig 11a. The two leaves repel each other as shown, because they are both
positively charged. If, instead, the knob is charged by conduction, the whole appa-
ratus acquires a net charge as shown in Fig 11b. In either case, the greater the
amount of charge, the greater the separation of the leaves.

Note that you cannot tell the sign of the charge in this way, since negative
charge will cause the leaves to separate just as much as an equal amount of
positive charge; in either case, the two leaves repel each other. An electroscope
can, however, be used to determine the sign of the charge if it is first charged by
conduction, say, negatively, as in Fig. 12a. Now if a negative object is brought close,
as in Fig. 12b, more electrons are induced to move down into the leaves and they
separate further. If a positive charge is brought close instead, the electrons are
induced to flow upward, leaving the leaves less negative and their separation is
reduced, Fig. 12c.

The electroscope was used in the early studies of electricity. The same
principle, aided by some electronics, is used in much more sensitive modern
electrometers.

5 Coulomb’s Law

We have seen that an electric charge exerts a force of attraction or repulsion
on other electric charges. What factors affect the magnitude of this force?
To find an answer, the French physicist Charles Coulomb (1736-1806)
investigated electric forces in the 1780s using a torsion balance (Fig. 13) much
like that used by Cavendish for his studies of the gravitational force.

Precise instruments for the measurement of electric charge were not available
in Coulomb’s time. Nonetheless, Coulomb was able to prepare small spheres with
different magnitudes of charge in which the ratio of the charges was known."
Although he had some difficulty with induced charges, Coulomb was able to
argue that the force one tiny charged object exerts on a second tiny charged
object is directly proportional to the charge on each of them. That is, if the charge
on either one of the objects is doubled, the force is doubled; and if the charge on
both of the objects is doubled, the force increases to four times the original value.
This was the case when the distance between the two charges remained the same.
If the distance between them was allowed to increase, he found that the force
decreased with the square of the distance between them. That is, if the distance
was doubled, the force fell to one-fourth of its original value. Thus, Coulomb
concluded, the force one small charged object exerts on a second one is propor-
tional to the product of the magnitude of the charge on one, O, times the magni-
tude of the charge on the other, O,, and inversely proportional to the square of
the distance r between them (Fig. 14). As an equation, we can write Coulomb’s
law as

F

= leizQz, [magnitudes] (1)

r

where k is a proportionality constant.

"Coulomb reasoned that if a charged conducting sphere is placed in contact with an identical uncharged
sphere, the charge on the first would be shared equally by the two of them because of symmetry. He
thus had a way to produce charges equal to &, %, and so on, of the original charge.

*The validity of Coulomb’s law today rests on precision measurements that are much more sophisticated
than Coulomb’s original experiment. The exponent 2 in Coulomb’s law has been shown to be accurate
to 1 part in 10'® [that is,2 £ (1 X 107'°)].

FIGURE 11 Electroscope charged (a)
by induction, (b) by conduction.

FIGURE 12 A previously charged
electroscope can be used to determine
the sign of a charged object.

(a) . ®

N
| NG
SO

FIGURE 13 (below)

Coulomb used a torsion balance to
investigate how the electric force
varies as a function of the magnitude
of the charges and of the distance
between them. When an external
charged sphere is placed close to the
charged one on the suspended bar,
the bar rotates slightly. The
suspending fiber resists the twisting
motion, and the angle of twist is
proportional to the electric force.

| couLomBSLAW |

FIGURE 14 Coulomb’s law,
Eq. 1, gives the force between two
point charges, Q1 and Q,, a distance
rapart.
0 Q)
o~—r——0

r
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F, =force on 1 F, = force on 2
due to 2 due to 1

Fj, <3 =K
1 2
(a)
Fpp <=
1
F F
3 12 21
1 2
©
FIGURE 15 The direction of the
static electric force one point charge
exerts on another is always along the
line joining the two charges, and
depends on whether the charges
have the same sign as in (a) and (b),
or opposite signs (c).

Electric Charge and Electric Field

As we just saw, Coulomb’s law,

_ 22

r

F [magnitudes] (1)
gives the magnitude of the electric force that either charge exerts on the other. The
direction of the electric force is always along the line joining the two charges. If the two
charges have the same sign, the force on either charge is directed away from the other
(they repel each other). If the two charges have opposite signs, the force on one is
directed toward the other (they attract). See Fig. 15. Notice that the force one charge
exerts on the second is equal but opposite to that exerted by the second on the first,
in accord with Newton’s third law.

The SI unit of charge is the coulomb (C)." The precise definition of the
coulomb today is in terms of electric current and magnetic field, but not discussed
in detail here. In SI units, the constant k£ in Coulomb’s law has the value

k = 899 X 10°N-m?/C?
or, when we only need two significant figures,
k ~ 9.0 X 10°N-m?/C%.

Thus, 1C is that amount of charge which, if placed on each of two point
objects that are 1.0m apart, will result in each object exerting a force of
(9.0 X 10°N-m?/C?)(1.0C)(1.0C)/(1.0m)* = 9.0 X 10°N on the other. This
would be an enormous force, equal to the weight of almost a million tons. We rarely
encounter charges as large as a coulomb.

Charges produced by rubbing ordinary objects (such as a comb or plastic
ruler) are typically around a microcoulomb (1 uC=10"° C) or less. Objects that
carry a positive charge have a deficit of electrons, whereas negatively charged
objects have an excess of electrons. The charge on one electron has been
determined to have a magnitude of about 1.602 X 107* C, and is negative. This is
the smallest charge found in nature,* and because it is fundamental, it is given the
symbol e and is often referred to as the elementary charge:

e = 1.602 X 107 C.

Note that e is defined as a positive number, so the charge on the electron is —e. (The
charge on a proton, on the other hand, is +e.) Since an object cannot gain or lose a
fraction of an electron, the net charge on any object must be an integral multiple of
this charge. Electric charge is thus said to be quantized (existing only in discrete
amounts: le, 2e, 3e, etc.). Because e is so small, however, we normally do not notice
this discreteness in macroscopic charges (1 #C requires about 10" electrons), which
thus seem continuous.

Coulomb’s law looks a lot like the law of universal gravitation, F = Gm, m,/r*,
which expresses the gravitational force a mass m; exerts on a mass m,. Both are
inverse square laws (F x 1/ rz). Both also have a proportionality to a property of
each object—mass for gravity, electric charge for electricity. And both act over a
distance (that is, there is no need for contact). A major difference between the two
laws is that gravity is always an attractive force, whereas the electric force can be
either attractive or repulsive. Electric charge comes in two types, positive and nega-
tive; gravitational mass is only positive.

In the once common cgs system of units, k is set equal to 1, and the unit of electric charge is called the
electrostatic unit (esu) or the statcoulomb. One esu is defined as that charge, on each of two point
objects 1 cm apart, that gives rise to a force of 1 dyne.

*According to the standard model of elementary particle physics, subnuclear particles called quarks
have a smaller charge than that on the electron, equal to e or 3e. Quarks have not been detected
directly as isolated objects, and theory indicates that free quarks may not be detectable.
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The constant k in Eq. 1 is often written in terms of another constant, €, called
the permittivity of free space. It is related to k by k = 1/4me,. Coulomb’s law
can then be written

1 00
F = ——— 2
dmey  7? @
where
1
= —— = 885X 102 C?*/N-m>.
€o drk /N-m

Equation 2 looks more complicated than Eq. 1, but other fundamental equations
we haven’t seen yet are simpler in terms of €, rather than k. It doesn’t matter
which form we use since Eqs. 1 and 2 are equivalent.

[Our convention for units, such as C2/N-m” for €,, means m’ is in the
denominator. That is, C*/N-m? does not mean (C?/N)-m? = C*>-m?/N.]

Equations 1 and 2 apply to objects whose size is much smaller than the
distance between them. Ideally, it is precise for point charges (spatial size
negligible compared to other distances). For finite-sized objects, it is not always
clear what value to use for r, particularly since the charge may not be distributed
uniformly on the objects. If the two objects are spheres and the charge is known to
be distributed uniformly on each, then r is the distance between their centers.

Coulomb’s law describes the force between two charges when they are at rest.
Additional forces come into play when charges are in motion. In this Chapter we
discuss only charges at rest, the study of which is called electrostatics, and Coulomb’s
law gives the electrostatic force.

When calculating with Coulomb’s law, we usually ignore the signs of the charges
and determine the direction of a force separately based on whether the force is
attractive or repulsive.

EXERCISE A Return to the Chapter-Opening Question and answer it again now. Try to
explain why you may have answered differently the first time.

CONCEPTUAL EXAMPLE 1 | Which charge exerts the greater force? Two
positive point charges, Q; = 50 uC and Q, = 1 nC, are separated by a distance £,
Fig. 16. Which is larger in magnitude, the force that Q, exerts on Q,, or the force that
0, exerts on Q;?

RESPONSE From Coulomb’s law, the force on Q, exerted by Q, is

9,0
F, = k 22 2.
The force on Q, exerted by Q, is
9,0
F, = k zzl

which is the same magnitude. The equation is symmetric with respect to the two
charges, so F, = Fy,.

NOTE Newton’s third law also tells us that these two forces must have equal
magnitude.

| EXERCISE B What is the magnitude of F1,(and Fy;) in Example 1if £ = 30 cm?

Keep in mind that Eq. 2 (or 1) gives the force on a charge due to only one
other charge. If several (or many) charges are present, the net force on any
one of them will be the vector sum of the forces due to each of the others. This
principle of superposition is based on experiment, and tells us that electric force
vectors add like any other vector. For continuous distributions of charge, the sum
becomes an integral.

COULOMB’S LAW

(in terms of €)

PROBLEM SOLVING

Use magnitudes in Coulomb’s law;
find force direction from signs of charges

0, =50 uC

o

Ze

FIGURE 16 Example 1.

1 uC
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f——0.30 m——}+0.20 m~
= + D

0= 0= 03=
8.0 uC +3.0 uC —4.0 uC

(a)
y

[_ Fsz F)3|
X —

03
(b)

FIGURE 17 Example 2.

/A CAUTION
Each charge exerts its own force.

No charge blocks the effect of

the others

Electric Charge and Electric Field

IETYTTITFN Three charges in a line. Three charged particles are arranged in
a line, as shown in Fig. 17. Calculate the net electrostatic force on particle 3 (the
—4.0 uC on the right) due to the other two charges.

APPROACH The net force on particle 3 is the vector sum of the force Fs, exerted

on 3 by particle 1 and the force F;, exerted on 3 by particle 2: F = Fy, + F,.
SOLUTION The magnitudes of these two forces are obtamed using Coulomb’s
law, Eq. 1:
Fuy = k (Y
&
(9.0 X 10°N-m?/C?)(4.0 X 10°C)(8.0 X 10°C) LN
; (0.50 m)> T
where r;; = 0.50m is the distance from Q5 to Q. Similarly,
Fy = k 00,
%
(9.0 X 10°N-m?/C?)(4.0 X 10°C)(3.0 X 10°C) TN
a (020 m)> T

Since we were calculating the magnitudes of the forces, we omitted the signs of
the charges. But we must be aware of them to get the direction of each force. Let
the line joining the particles be the x axis, and we take it positive to the right.
Then, because Fy, is repulsive and F., is attractive, the directions of the forces are
as shown in Fig. 17b: F3, points in the positive x direction and F, points in the
negative x direction. The net force on particle 3 is then

F = —Fyp + F; = 27N + 12N = —15N.
The magnitude of the net force is 1.5 N, and it points to the left.
NOTE Charge Q; acts on charge Q; just as if Q, were not there (this is the

principle of superposition). That is, the charge in the middle, Q,, in no way blocks
the effect of charge Q, acting on Q5. Naturally, O, exerts its own force on Q.

| EXERCISE C Determine the magnitude and direction of the net force on Q; in Fig. 17a.

IETYTIT3EN Electric force using vector components. Calculate the net
electrostatic force on charge Q5 shown in Fig. 18a due to the charges O, and O, .

APPROACH We use Coulomb’s law to find the magnitudes of the individual
forces. The direction of each force will be along the line connecting Qs to
0, or Q,. The forces F;; and Fy, have the directions shown in Fig. 18a, since Q,
exerts an attractive force on Qs, and Q, exerts a repulsive force. The forces
F;, and F32 are not along the same line, so to find the resultant force on Qs we
resolve F;; and Fs, into x and y components and perform the vector addition.
SOLUTION The magnitudes of F;; and Fs, are (ignoring signs of the charges since
we know the directions)
0,0, (9.0 x 10°N-m?/C?)(6.5 X 107°C)(8.6 X 107°C)

Fy=k = : = 140N,
- (0.60 m)

050, (90 X 10°N-m*/C*)(6.5 X 107 C)(5.0 X 107°C)
o (0.30m)?

Fy =k = 330N.

We resolve Fj, into its components along the x and y axes, as shown in Fig. 18a:

Fy, = F3c0s30° = (140N)cos30° = 120N,
F31y = —F3sin30° = —(140N)sin30° = —70N.
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0 65 uC F31y
=+
3 ? 300
31 ~
Y1 Faso
NN,

5 e,

o AN

o SO

30°7~
0, =+50 uC & om AN,
0 =-86uC

The force F;, has only a y component. So the net force F on Q; has
components

F, = F3, = 120N,
Fy = Fp + Fyy =
The magnitude of the net force is

F = \/F: + F} = \/(120N)> + (2600N)? = 290N;

330N — 70N = 260N.

and it acts at an angle 6 (see Fig. 18b) given by

F 260N
y
tanh = — = — = 22
an F. 120N :
so 6 = tan !(2.2) = 65°.

NOTE Because F;; and Fs, are not along the same line, the magnitude of F; is not
equal to the sum (or difference as in Example 2) of the separate magnitudes.

CONCEPTUAL EXAMPLE 4 | Make the force on Q; zero. In Fig. 18, where could
you place a fourth charge, O, = —50 uC, so that the net force on Q; would be zero?

RESPONSE By the principle of superposition, we need a force in exactly the opposite

direction to the resultant F due to Q, and Q, that we calculated in Example 3,

Fig. 18b. Our force must have magnitude 290 N, and must point down and to the left
of Q5 in Fig. 18b. So O, must be along this line. See Fig. 19.

EXERCISE D (a) Consider two point charges of the same magnitude but opposite sign
(+Q and —Q), which are fixed a distance d apart. Can you find a location where a third
positive charge Q could be placed so that the net electric force on this third charge is
zero? (b) What if the first two charges were both +Q?

*Vector Form of Coulomb’s Law

Coulomb’s law can be written in vector form (as with Newton’s law of universal
gravitation) as

= 0,0 .
F, = k > T,
21

where F,, is the vector force on charge O, due to Q, and t,, is the unit vector
pointing from Q, toward Q,. That is, ¥,; points from the “source” charge (Q2)
toward the charge on which we want to know the force (Q;). See Fig. 20. The
charges Q; and Q, can be either positive or negative, and this will affect the direc-
tion of the electric force. If O, and Q, have the same sign, the product Q; 0, > 0
and the force on Q; points away from Q,—that is, it is repulsive. If Q| and Q, have
opposite signs, O, 0, < 0 and F, points toward Q,—that is, it is attractive.

FIGURE 18 Determining the forces

for Example 3. (a) The directions of

the individual forces are as shown because
Fsis repulsive (the force on Qs is in the
direction away from Q, because Q3 and Q,
are both positive) whereas El is attractive
(05 and Q; have opposite signs), so F5; points
toward Q; . (b) Adding Fs, to F3, to obtain the
net force F.

FIGURE 19 Example 4:
Q, exerts force (F34) that makes the
net force on Qj zero.

FIGURE 20 Determining the force
on Q; due to Q,, showing the
direction of the unit vector 5y .

o
0

)
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FIGURE 21 An electric field
surrounds every charge. P is an
arbitrary point.

FIGURE 22 Force exerted by
charge +Q on a small test charge, g,
placed at points A, B, and C.

FIGURE 23 (a) Electric field at a
given point in space. (b) Force on a
positive charge at that point. (¢) Force
on a negative charge at that point.

24

Electric Charge and Electric Field

6 The Electric Field

Many common forces might be referred to as “contact forces,” such as your hands
pushing or pulling a cart, or a tennis racket hitting a tennis ball.

In contrast, both the gravitational force and the electrical force act over a distance:
there is a force between two objects even when the objects are not touching. The idea
of a force acting at a distance was a difficult one for early thinkers. Newton himself felt
uneasy with this idea when he published his law of universal gravitation. A helpful way
to look at the situation uses the idea of the field, developed by the British scientist
Michael Faraday (1791-1867). In the electrical case, according to Faraday, an electric
field extends outward from every charge and permeates all of space (Fig. 21). If a
second charge (call it Q,) is placed near the first charge, it feels a force exerted by the
electric field that is there (say, at point P in Fig. 21). The electric field at point P is
considered to interact directly with charge O, to produce the force on O, .

We can in principle investigate the electric field surrounding a charge or group
of charges by measuring the force on a small positive test charge at rest. By a test
charge we mean a charge so small that the force it exerts does not significantly
affect the charges that create the field. If a tiny positive test charge ¢ is placed
at various locations in the vicinity of a single positive charge Q as shown in
Fig. 22 (points A, B, C), the force exerted on g is as shown. The force at B is less than
at A because B’s distance from Q is greater (Coulomb’s law); and the force at C is
smaller still. In each case, the force on g is directed radially away from Q. The electric
field is defined in terms of the force on such a positive test charge. In particular, the
electric field, E, at any point in space is defined as the force F exerted on a tiny posi-
tive test charge placed at that point divided by the magnitude of the test charge g:

E-F 6)

More precisely, E is defined as the limit of F/q as ¢ is taken smaller and smaller,
approaching zero. That is, g is so tiny that it exerts essentially no force on the other
charges which created the field. From this definition (Eq. 3), we see that the elec-
tric field at any point in space is a vector whose direction is the direction of the
force on a tiny positive test charge at that point, and whose magnitude is the force
per unit charge. Thus E has SI units of newtons per coulomb (N/C).

The reason for defining E as F/q (with ¢ — 0) is so that E does not depend
on the magnitude of the test charge ¢. This means that E describes only the effect
of the charges creating the electric field at that point.

The electric field at any point in space can be measured, based on the definition,
Eq. 3. For simple situations involving one or several point charges, we can
calculate E. For example, the electric field at a distance r from a single point
charge O would have magnitude

g F _ kaQ/r
q q
Q . .
E = k=; [single point charge] (4a)

r
or, in terms of €y as in Eq. 2 (k = 1/4me,):

1
e gz [single point charge] (4b)
or

Notice that E is independent of the test charge g—that is, £ depends only on the
charge Q which produces the field, and not on the value of the test charge g.
Equations 4 are referred to as the electric field form of Coulomb’s law.

If we are given the electric field E at a given point in space, then we can
calculate the force F on any charge ¢ placed at that point by writing (see Eq. 3):

F = ¢gE. (5)
This is valid even if g is not small as long as g does not cause the charges creating

E to _move. If g is positive, F and E point in the same direction. If ¢ is negative, F
and E point in opposite directions. See Fig. 23.



Electric Charge and Electric Field

IETYTITE Photocopy machine. A photocopy machine works by arranging
positive charges (in the pattern to be copied) on the surface of a drum, then

gently sprinkling negatively charged dry toner (ink) particles onto the drum.
The toner particles temporarily stick to the pattern on the drum (Fig. 24) and
are later transferred to paper and “melted” to produce the copy. Suppose each
toner particle has a mass of 9.0 X 107 ®kg and carries an average of 20 extra
electrons to provide an electric charge. Assuming that the electric force on a
toner particle must exceed twice its weight in order to ensure sufficient
attraction, compute the required electric field strength near the surface of the
drum.

APPROACH The electric force on a toner particle of charge g = 20e is F = gFE,
where E is the needed electric field. This force needs to be at least as great as
twice the weight (mg) of the particle.

SOLUTION The minimum value of electric field satisfies the relation
qE = 2mg
where g = 20e. Hence

2(9.0 X 107" kg)(9.8 m/s?
g 2ms X QOSm/S) s enye
q 20(1.6 X 107 C)

[DGVILUIN Electric field of a single point charge. Calculate the magnitude
and direction of the electric field at a point P which is 30 cm to the right of a point
charge Q = —3.0 X 10°C.

APPROACH The magnitude of the electric field due to a single point charge is
given by Eq. 4. The direction is found using the sign of the charge Q.

SOLUTION The magnitude of the electric field is:

o 2/c2 -6
E k% _ (9.0 X 10°N-m?/C )(23.0 X 107°C) _ 30 X 1°N/C.
r (0.30m)

The direction of the electric field is toward the charge Q, to the left as shown in
Fig. 25a, since we defined the direction as that of the force on a positive test
charge which here would be attractive. If O had been positive, the electric field
would have pointed away, as in Fig. 25b.
NOTE There is no electric charge at point P. But there is an electric field there.
The only real charge is Q.

This Example illustrates a general result: The electric field E due to a positive
charge points away from the charge, whereas E due to a negative charge points
toward that charge.

EXERCISE E Four charges of equal magnitude, but possibly different sign, are placed on
the corners of a square. What arrangement of charges will produce an electric field with
the greatest magnitude at the center of the square? (a) All four positive charges; (b) all
four negative charges; (c¢) three positive and one negative; (d) two positive and two
negative; (e) three negative and one positive.

If the electric field at a given point in space is due to more than one charge,
the individual fields (call them E,, E,, etc.) due to each charge are added vectori-
ally to get the total field at that point:

E=E +E, + .

The validity of this superposition principle for electric fields is fully confirmed by
experiment.

@PHYSICS APPLIED

Photocopier

Surface of
drum

E

Toner particles

held to drum surface
by electric field E

FIGURE 24 Example 5.

FIGURE 25 Example 6. Electric
field at point P (a) due to a negative
charge Q, and (b) due to a positive
charge Q, each 30 cm from P.

’4730 cmﬂ

@ P
0=-30x10°0C E=3.0x10°N/C

(a)
® P o=
Q0=+3.0x100C E=3.0x105N/C

(b)
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0,=-25puC P Q2=+‘50p,C
FIGURE 26 Example 7.In (b), we don’t l~r; =2.0cm—~| 1y =8.0 om——————|
know the relative lengths of E; and E; until (a)
we do the calculation.
E
0 b 0
- @
E, (b)

2JPROBLEM SOLVING
Ignore signs of charges and
determine direction physically,
showing directions on diagram

E at a point between two charges. Two point charges are
separated by a distance of 10.0 cm. One has a charge of —25 uC and the other
+50 uC. (a) Determine the direction and magnitude of the electric field at a
point P between the two charges that is 2.0cm from the negative charge
(Fig. 26a). (b) If an electron (mass = 9.11 X 10 kg) is placed at rest at P and
then released, what will be its initial acceleration (direction and magnitude)?

APPROACH The electric field at P will be the vector sum of the fields created sepa-
rately by O, and Q, . The field due to the negative charge O, points toward Q,, and
the field due to the positive charge O, points away from Q,. Thus both fields point
to the left as shown in Fig. 26b and we can add the magnitudes of the two fields
together algebraically, ignoring the signs of the charges. In (b) we use Newton’s
second law (F = ma) to determine the acceleration, where F = gE (Eq.5).
SOLUTION (@) Each field is due to a point charge as given by Eq. 4,
E = kQ/r*. The total field is

(242 (e, 2)

2 2

E 2
r s r r

(9.0 x 109N-m2/cz)( BXITC, X1 Cz)
(2.0 X 1072 m) (8.0 % 1072 m)
= 63 X 10°N/C.

(b) The electric field points to the left, so the electron will feel a force to the right
since it is negatively charged. Therefore the acceleration a = F/m (Newton’s
second law) will be to the right. The force on a charge ¢ in an electric field E is
F = gE (Eq.5). Hence the magnitude of the acceleration is

F gk (160 x 107 C)(6.3 X 10°N/C)

a = — = 1= _ — = 1.1 X 10 m/s>
m m 9.11 X 10 kg

NOTE By carefully considering the directions of each field (E, and E,) before doing
any calculations, we made sure our calculation could be done simply and correctly.

SCIITIEN E above two point charges. Calculate the total electric field (a)
at point A and (b) at point B in Fig. 27 due to both charges, O, and Q,.
APPROACH The calculation is much like that of Example 3, except now we are
dealing with electric fields instead of force. The electric field at point A is
the vector sum of the fields E,; due to Q;, and E,, due to Q,. We find the
magnitude of the field produced by each point charge, then we add their components
to find the total field at point A. We do the same for point B.

SOLUTION (@) The magnitude of the electric field produced at point A by each
of the charges Q, and Q, is given by E = kQ/r?, so
(9.0 X 10°N-m?/C?)(50 X 107 C)
(0.60m)?
(9.0 X 10’N-m?/C?)(50 x 107°C)

Epn = = 50 X 10°N/C.
A (030 m)? /

The direction of E 4, points from A toward Q, (negative charge), whereas E 5, points

= 1.25 X 10°N/C,

=
I
I
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Example 8.

30 cm

~N
26 cm 26 cm 07/1\\ .
0, =+50 uC 0,=-50 uC

from A away from Q,, as shown; so the total electric field at A, E A, has components
Exy = Ejcos30° = 1.1 X 10°N/C,
Eny = Exy — Epsin30° = 44 X 10°N/C.

Thus the magnitude of E, is

Eyn = \V(1.1)> + (44)> X 10°N/C = 4.5 X 10°N/C,
and its direction is ¢ given by tan¢ = Exy/Exy = 4.4/1.1 = 4.0, so ¢ = 76°.
(b) Because B is equidistant from the two equal charges (40 cm by the Pythagorean
theorem), the magnitudes of Eg; and Ejy, are the same; that is,
k0 (9.0 X 10°N-m?/C?)(50 x 10°C)

Eni = Eny = =
o B (0.40 m)?

= 2.8 X 10°N/C.

Also, because of the symmetry, the y components are equal and opposite, and so
cancel out. Hence the total field Ey is horizontal and equals Eg; cos 0 + Eg,cos =
2Eg, cos 6. From the diagram, cos# = 26 cm/40 cm = 0.65. Then

Ey = 2Eg cosf = 2(2.8 x 10°N/C)(0.65)

= 3.6 X 10°N/C,

and the direction of Ey is along the +x direction.
NOTE We could have done part (b) in the same way we did part (a). But
symmetry allowed us to solve the problem with less effort.

50O LVI/\/
@

FIGURE 27 Calculation of the
electric field at points A and B for

PROBLEM SOLVING

Use symmetry to save work,
when possible

FElectrostatics: Electric Forces and

Electric Fields on your diagram.

a — charge. Show and label each vector force or field

Follows, to a large extent, the general problem-solving
procedure discussed. Whether you use electric field or
electrostatic forces, the procedure in solving electrosta-
tics problems is similar:

1. Draw a careful diagram—namely, a free-body

diagram for each object, showing all the forces acting
on that object, or showing the electric field at a point
due to all significant charges present. Determine the
direction of each force or electric field physically:
like charges repel each other, unlike charges attract;
fields point away from a + charge, and toward

3.

. Apply Coulomb’s law to calculate the magnitude of

the force that each contributing charge exerts on a
charged object, or the magnitude of the electric field
each charge produces at a given point. Deal only with
magnitudes of charges (leaving out minus signs), and
obtain the magnitude of each force or electric field.

Add vectorially all the forces on an object, or the
contributing fields at a point, to get the resultant. Use
symmetry (say, in the geometry) whenever possible.

. Check your answer. Is it reasonable? If a function of

distance, does it give reasonable results in limiting
cases?
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FIGURE 28 Example 9.

# PROBLEM SOLVING
Use symmetry
when possible

PROBLEM SOLVING
Check result by noting that at a great
distance the ring looks like a point charge

28
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7 Electric Field Calculations for
Continuous Charge Distributions

In many cases we can treat charge as being distributed continuously.” We can divide
up a charge distribution into infinitesimal charges dQ, each of which will act as a tiny
point charge. The contribution to the electric field at a distance r from each dQ is

1 do

2

dE = (6a)

4mey r

Then the electric field, E, at any point is obtained by summing over all the
infinitesimal contributions, which is the integral

E - J dE. (6b)

Note that dE is a vector (Eq. 6a gives its magnitude). [In situations where Eq. 6b is diffi-
cult to evaluate, other techniques not covered in this Chapter can often be used instead
to determine E. Numerical integration can also be used in many cases. |

IETYTITHEN A ring of charge. A thin, ring-shaped object of radius a holds a

total charge +Q distributed uniformly around it. Determine the electric field at a

point P on its axis, a distance x from the center. See Fig. 28. Let A be the charge

per unit length (C/m).

APPROACH AND SOLUTION We explicitly follow the steps of the Problem

Solving Strategy on the previous page.

1. Draw a careful diagram. The direction of the electric field due to one infinitesimal
length d{ of the charged ring is shown in Fig. 28.

2. Apply Coulomb’s law. The electric field, dE, due to this particular segment of
the ring of length d¢ has magnitude

1 do

2

dE =
e 1

The whole ring has length (circumference) of 27a, so the charge on a length dZ is

dt
dQ = Q<%> = At

where A = Q/2ma is the charge per unit length. Now we write dE as
1 rxdl

dmey r?

3. Add vectorially and use symmetry: The vector dE has components dE, along
the x axis and dE, perpendicular to the x axis (Fig. 28). We are going to sum
(integrate) around the entire ring. We note that an equal-length segment
diametrically opposite the df shown will produce a dE whose component
perpendicular to the x axis will just cancel the dE, shown. This is true for all
segments of the ring, so by symmetry E will have zero y component, and so we
need only sum the x components, dE, . The total field is then

dE =

1 dl
E = E, = |dE, = |dEcosf = A| — cosf.
4mre r?
Since cos® = x/r, where r = (x* + az)%, we have
£ h X J’Z“ﬂ 1 Ax(2ma) 1 Ox '
(47760) (xz + az)% 0 4mre (x2 + az)% dre, (xz + a2)%

4. To check reasonableness, note that at great distances, x >> a, this result
reduces to E = Q/(4meyx?). We would expect this result because at great
distances the ring would appear to be a point charge (1/7> dependence). Also
note that our result gives £ =0 at x = 0, as we might expect because all
components will cancel at the center of the circle.

"Because we believe there is a minimum charge (e), the treatment here is only for convenience; it is
nonetheless useful and accurate since e is usually very much smaller than macroscopic charges.
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Note in this Example three important problem-solving techniques that can be
used elsewhere: (1) using symmetry to reduce the complexity of the problem;
(2) expressing the charge dQ in terms of a charge density (here linear, A = Q/2ma);
and (3) checking the answer at the limit of large r, which serves as an indication
(but not proof) of the correctness of the answer—if the result does not check at
large r, your result has to be wrong.

CONCEPTUAL EXAMPLE 10| Charge at the center of a ring. Imagine a small
positive charge placed at the center of a nonconducting ring carrying a uniformly
distributed negative charge. Is the positive charge in equilibrium if it is displaced
slightly from the center along the axis of the ring, and if so is it stable?
‘What if the small charge is negative? Neglect gravity, as it is much smaller than the
electrostatic forces.

RESPONSE The positive charge is in equilibrium because there is no net force on
it, by symmetry. If the positive charge moves away from the center of the ring
along the axis in either direction, the net force will be back towards the center of
the ring and so the charge is in stable equilibrium. A negative charge at the center
of the ring would feel no net force, but is in unstable equilibrium because if it
moved along the ring’s axis, the net force would be away from the ring and the
charge would be pushed farther away.

IETYTITHEN Long line of charge. Determine the magnitude of the electric
field at any point P a distance x from the midpoint 0 of a very long line (a wire,
say) of uniformly distributed positive charge, Fig. 29. Assume x is much smaller
than the length of the wire, and let A be the charge per unit length (C/m).

APPROACH We set up a coordinate system so the wire is on the y axis with
origin 0 as shown. A segment of wire dy has charge dQ = A dy. The field dE at
point P due to this length dy of wire (at y) has magnitude
1 d 1 Ad
JE = o 1 Ay
dme, 12 dare, (X + y?)
1 R
where r = (x> + y?)2 as shown in Fig. 29. The vector dE has components dE,

and dE as shown where dE, = dEcos6 and dE, = dEsin6.

SOLUTION Because 0 is at the midpoint of the wire, the y component of E will
be zero since there will be equal contributions to E, = / dE, from above and
below point 0:

E, = jdEsinO = 0.

Thus we have

E = E, = JdEcost A J

4me,,

cos 6 dy
X2+ y2

The integration here is over y, along the wire, with x treated as constant.
We must now write 6 as a function of y, or y as a function of 6. We
do the latter: since y = xtan#f, then dy = x df/cos*6. Furthermore, because
cos§ = x/\/x2+ )2, then 1/(x*+y?) = cos’4/x> and our integrand above is
(cos0)(x df/cos?*6)(cos>8/x) = cos 6 df/x. Hence

i 1 A

AL (72 A
E = — J cosfdo = (sin0)
dmeg x ) p 41re ) X

=,
a2 21re) X

where we have assumed the wire is extremely long in both directions (y — +00)
which corresponds to the limits § = +ar/2. Thus the field near a long straight wire of
uniform charge decreases inversely as the first power of the distance from the wire.
NOTE This result, obtained for an infinite wire, is a good approximation for a
wire of finite length as long as x is small compared to the distance of P from the
ends of the wire.

PROBLEM SOLVING

Us

> symmetry,

charge density, and
values at r = 0 and oo

i’
dy
T \\ = (2 2%
NS )
N
y AN
N
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0le /
X
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FIGURE 29 Example 11.
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do

FIGURE 30 Example 12;
a uniformly charged flat disk of
radius R.

Electric Charge and Electric Field

IETYTITHFY Uniformly charged disk. Charge is distributed uniformly over
a thin circular disk of radius R. The charge per unit area (C/m?) is o. Calculate
the electric field at a point P on the axis of the disk, a distance z above its center,
Fig. 30.

APPROACH We can think of the disk as a set of concentric rings. We can then
apply the result of Example 9 to each of these rings, and then sum over all
the rings.
SOLUTION For the ring of radius r shown in Fig. 30, the electric field has magni-
tude (see result of Example 9)

1 zdQ

47TEO (ZZ + rz)%

dE =

where we have written dE (instead of E) for this thin ring of total charge dQ. The
ring has area (dr)(2mr) and charge per unit area o = dQ/(2mr dr). We solve
this for dQ (= o 27r dr) and insert it in the equation above for dE:

1 zo2wrdr zor dr

dE = = .
4me, (Zz + rz)% 260(22 + rz)%

Now we sum over all the rings, starting at » = 0 out to the largest with » = R:

o ﬂj"ridr B2 D S
260 0 (ZZ + r2>% 260 (Zz + rz)% 0

LA P
2e (zz + Rz)é]'

This gives the magnitude of E at any point z along the axis of the disk. The
direction of each dE due to each ring is along the z axis (as in Example 9), and
therefore the direction of E is along z. If O (and o) are positive, E points away
from the disk; if Q (and o) are negative, E points toward the disk.

If the radius of the disk in Example 12 is much greater than the distance of our
point P from the disk (i.e., z << R) then we can obtain a very useful result: the
second term in the solution above becomes very small, so

o
2e

= [infinite plane] (7)
This result is valid for any point above (or below) an infinite plane of any shape
holding a uniform charge density o. It is also valid for points close to a finite
plane, as long as the point is close to the plane compared to the distance to the
edges of the plane. Thus the field near a large uniformly charged plane is uniform,
and directed outward if the plane is positively charged.

It is interesting to compare here the distance dependence of the electric field due
to a point charge (E ~ 1/r), due to a very long uniform line of charge (E ~ 1/r),
and due to a very large uniform plane of charge (E does not depend on r).

Two parallel plates. Determine the electric field between two
large parallel plates or sheets, which are very thin and are separated by a distance
d which is small compared to their height and width. One plate carries a uniform
surface charge density o and the other carries a uniform surface charge density
—o, as shown in Fig. 31 (the plates extend upward and downward beyond the
part shown).

APPROACH From Eq. 7, each plate sets up an electric field of magnitude o /2¢.
The field due to the positive plate points away from that plate whereas the field
due to the negative plate points toward that plate.
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N N
+ =
N E, N FIGURE 31 Example 13.
E+ E_-+ — N R —— E+ (Only the cgnter portion .of these
N E_ n large plates is shown: their
E=E,+E_=0 |} E=E,+E_ 1 E=E,+E_=0 dimensions are large compared to
MY A their separation d.)
| =es B
H -
a

SOLUTION 1In the region between the plates, the fields add together as shown:

E=E+E = >+ 2 -2
2¢  2¢ €
The field is uniform, since the plates are very large compared to their separation,
so this result is valid for any point, whether near one or the other of the plates, or
midway between them as long as the point is far from the ends. Outside the
plates, the fields cancel,

as shown in Fig. 31. These results are valid ideally for infinitely large plates; they
are a good approximation for finite plates if the separation is much less
than the dimensions of the plate and for points not too close to the edge.

NOTE: These useful and extraordinary results illustrate the principle of superpo-
sition and its great power.

8 Field Lines

Since the electric field is a vector, it is sometimes referred to as a vector field.
We could indicate the electric field with arrows at various points in a given
situation, such as at A, B, and C in Fig. 32. The directions of EA, F]B, and EC are
the same as that of the forces shown earlier in Fig. 22, but the magnitudes
(arrow lengths) are different since we divide F in Fig. 22 by ¢ to get E.
However, the relative lengths of FZA s EB, and E‘C are the same as for the forces
since we divide by the same g each time. To indicate the electric field in such a
way at many points, however, would result in many arrows, which might appear
complicated or confusing. To avoid this, we use another technique, that of field
lines.

To visualize the electric field, we draw a series of lines to indicate the direction
of the electric field at various points in space. These electric field lines (sometimes
called lines of force) are drawn so that they indicate the direction of the force due
to the given field on a positive test charge. The lines of force due to a single
isolated positive charge are shown in Fig. 33a, and for a single isolated negative
charge in Fig. 33b. In part (a) the lines point radially outward from the charge, and
in part (b) they point radially inward toward the charge because that is the direc-
tion the force would be on a positive test charge in each case (as in Fig. 25). Only a
few representative lines are shown. We could just as well draw lines in between
those shown since the electric field exists there as well. We can draw the lines so
that the number of lines starting on a positive charge, or ending on a negative
charge, is proportional to the magnitude of the charge. Notice that nearer the
charge, where the electric field is greater (F oc 1/r%), the lines are closer together.
This is a general property of electric field lines: the closer together the lines are, the
stronger the electric field in that region. In fact, field lines can be drawn so that the
number of lines crossing unit area perpendicular to E is proportional to the magni-
tude of the electric field.

B

FIGURE 32 Electric field vector
shown at three points, due to a
single point charge Q. (Compare
to Fig. 22.)

FIGURE 33 Electric field lines (a)
near a single positive point charge,
(b) near a single negative point
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FIGURE 34 Electric field lines for
four arrangements of charges.

FIGURE 35 The Earth’s

gravitational field.

Electric Charge and Electric Field

Figure 34a shows the electric field lines due to two equal charges of opposite sign,
a combination known as an electric dipole. The electric field lines are curved in this
case and are directed from the positive charge to the negative charge. The direction of
the electric field at any point is tangent to the field line at that point as shown by the
vector arrow E at point P. To satisfy yourself that this is the correct pattern for the
electric field lines, you can make a few calculations such as those done in Example 8
for just this case (see Fig. 27). Figure 34b shows the electric field lines for two equal
positive charges, and Fig. 34c for unequal charges, —Q and +2Q . Note that twice as
many lines leave +2Q , as enter —Q (number of lines is proportional to magnitude of
Q). Finally, in Fig. 34d, we see the field lines between two parallel plates carrying equal
but opposite charges. Notice that the electric field lines between the two plates start out
perpendicular to the surface of the metal plates (we will see why this is true in the next
Section) and go directly from one plate to the other, as we expect because a positive
test charge placed between the plates would feel a strong repulsion from the positive
plate and a strong attraction to the negative plate. The field lines between two close
plates are parallel and equally spaced in the central region, but fringe outward near the
edges. Thus, in the central region, the electric field has the same magnitude at all points,
and we can write (see Example 13)

between two closely spaced,

oppositely charged, parallel plates] ®)

The fringing of the field near the edges can often be ignored, particularly if the
separation of the plates is small compared to their height and width.
We summarize the properties of field lines as follows:

g
E = constant = —- [
€0

1. Electric field lines indicate the direction of the electric field; the field points in
the direction tangent to the field line at any point.

2. The lines are drawn so that the magnitude of the electric field, E, is propor-
tional to the number of lines crossing unit area perpendicular to the lines. The
closer together the lines, the stronger the field.

3. Electric field lines start on positive charges and end on negative charges; and
the number starting or ending is proportional to the magnitude of the charge.

Also note that field lines never cross. Why not? Because the electric field can not
have two directions at the same point, nor exert more than one force on a test charge.

Gravitational Field

The field concept can also be applied to the gravitational force. Thus we can say
that a gravitational field exists for every object that has mass. One object attracts
another by means of the gravitational field. The Earth, for example, can be said to
possess a gravitational field (Fig. 35) which is responsible for the gravitational
force on objects. The gravitational field is defined as the force per unit mass. The
magnitude of the Earth’s gravitational field at any point above the Earth’s surface
is thus (GM/r?), where My is the mass of the Earth, r is the distance of the point
from the Earth’s center, and G is the gravitational constant. At the Earth’s
surface, r is the radius of the Earth and the gravitational field is equal to g, the
acceleration due to gravity. Beyond the Earth, the gravitational field can be calcu-
lated at any point as a sum of terms due to Earth, Sun, Moon, and other bodies
that contribute significantly.

“'\
|
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9 Electric Fields and Conductors

We now discuss some properties of conductors. First, the electric field inside a
conductor is zero in the static situation—that is, when the charges are at rest. If
there were an electric field within a conductor, there would be a force on the free
electrons. The electrons would move until they reached positions where the
electric field, and therefore the electric force on them, did become zero.

This reasoning has some interesting consequences. For one, any net charge on a
conductor distributes itself on the surface. (If there were charges inside, there would
be an electric field.) For a negatively charged conductor, you can imagine that the
negative charges repel one another and race to the surface to get as far from one
another as possible. Another consequence is the following. Suppose that a positive
charge Q is surrounded by an isolated uncharged metal conductor whose shape is a
spherical shell, Fig. 36. Because there can be no field within the metal, the lines
leaving the central positive charge must end on negative charges on the inner
surface of the metal. Thus an equal amount of negative charge, —Q, is induced on
the inner surface of the spherical shell. Then, since the shell is neutral, a positive
charge of the same magnitude, +Q, must exist on the outer surface of the shell.
Thus, although no field exists in the metal itself, an electric field exists outside of it,
as shown in Fig. 36, as if the metal were not even there.

A related property of static electric fields and conductors is that the electric
field is always perpendicular to the surface outside of a conductor. If there were a
component of E parallel to the surface (Fig. 37), it would exert a force on free
electrons at the surface, causing the electrons to move along the surface until they
reached positions where no net force was exerted on them parallel to the
surface—that is, until the electric field was perpendicular to the surface.

These properties apply only to conductors. Inside a nonconductor, which does
not have free electrons, a static electric field can exist as we will see in the next
Chapter. Also, the electric field outside a nonconductor does not necessarily make
an angle of 90° to the surface.

FIGURE 38 Example 14.
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CONCEPTUAL EXAMPLE 14| Shielding, and safety in a storm. A neutral
hollow metal box is placed between two parallel charged plates as shown in
Fig. 38a. What is the field like inside the box?

RESPONSE If our metal box had been solid, and not hollow, free electrons in the
box would have redistributed themselves along the surface until all their individual
fields would have canceled each other inside the box. The net field inside the box
would have been zero. For a hollow box, the external field is not changed since
the electrons in the metal can move just as freely as before to the surface. Hence
the field inside the hollow metal box is also zero, and the field lines are shown in
Fig. 38b. A conducting box used in this way is an effective device for shielding
delicate instruments and electronic circuits from unwanted external electric
fields. We also can see that a relatively safe place to be during a lightning storm is
inside a parked car, surrounded by metal. See also Fig. 39, where a person inside a
porous “cage” is protected from a strong electric discharge.

FIGURE 36 A charge inside a
neutral spherical metal shell induces
charge on its surfaces. The electric
field exists even beyond the shell,
but not within the conductor itself.

FIGURE 37 If the electric

field E at the surface of a conductor
had a component parallel to the
surface, FZH , the latter would accelerate
electrons into motion. In the static
case, EH must be zero, and the electric
field must be perpendicular to the
conductor’s surface: E = E 1.

| O E

Good conductor

FIGURE 39 A strong electric field
exists in the vicinity of this “Faraday
cage,” so strong that stray electrons
in the atmosphere are accelerated to
the kinetic energy needed to knock
electrons out of air atoms, causing an
avalanche of charge which flows to
(or from) the metal cage. Yet the
person inside the cage is not
affected.

Michael J. Lutch/Boston Museum

of Science
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Electrical shielding
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FIGURE 40 Example 15.

FIGURE 41 Example 16.
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10 Motion of a Charged Particle in
an Electric Field

If an object having an electric charge g is at a point in space where the electric field
is E, the force on the object is given by

F = ¢F
(see Eq. 5). In the past few Sections we have seen how to determine E for some partic-
ular situations. Now let us suppose we know E and we want to find the force on a
charged object and the object’s subsequent motion. (We assume no other forces act.)

IETYTITHEN Electron accelerated by electric field. An electron (mass
m = 9.1 X 107" kg) is accelerated in the uniform field E (E = 2.0 X 10*N/C)
between two parallel charged plates. The separation of the plates is 1.5 cm. The
electron is accelerated from rest near the negative plate and passes through a
tiny hole in the positive plate, Fig. 40. (a) With what speed does it leave the hole?
(b) Show that the gravitational force can be ignored. Assume the hole is so small
that it does not affect the uniform field between the plates.

APPROACH We can obtain the electron’s velocity using kinematic equations, after
first finding its acceleration from Newton’s second law, F = ma. The magnitude of
the force on the electronis F = gE and is directed to the right.

SOLUTION (@) The magnitude of the electron’s acceleration is

F qE
a = — = 2.
m m
Between the plates E is uniform so the electron undergoes uniformly accelerated

motion with acceleration

1.6 X 107 C)(2.0 X 10*N/C
o (9.1 x)ioﬁkg) s,

It travels a distance x = 1.5 X 10>m before reaching the hole, and since its
initial speed was zero, we can use the kinematic equation, > = v} + 2ax , with
vy = 0:

v = V2ax = \/2(3.5 X 105m/s>)(1.5 X 10°m) = 1.0 X 10" m/s.
There is no electric field outside the plates, so after passing through the hole, the
electron moves with this speed, which is now constant.
(b) The magnitude of the electric force on the electron is

gE = (1.6 X 107°C)(2.0 X 10*N/C) = 32 X 107 N.
The gravitational force is
mg = (9.1 X 107" kg)(9.8m/s?) = 8.9 X 107N,

which is 10'* times smaller! Note that the electric field due to the electron does
not enter the problem (since a particle cannot exert a force on itself).

JETIITETA Electron moving perpendicular to E. Suppose an electron
traveling with speed v, enters a uniform electric field E, which is at right angles

to v, as shown in Fig. 41. Describe its motion by giving the equation of its path
while in the electric field. Ignore gravity.

APPROACH Again we use Newton’s second law, with F = gE, and kinematic
equations.

SOLUTION When the electron enters the electric field (at x = y = 0) it has
velocity ¥, = v,i in the x direction. The electric field E, pointing vertically
upward, imparts a uniform vertical acceleration to the electron of

F qE eE
ay = — = — = ——,

m m m

where we set ¢ = —e for the electron.
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The electron’s vertical position is given by
1, eE

y = anl = - %l

since the motion is at constant acceleration. The horizontal position is given by

2

X = vyt
since a, = 0. We eliminate ¢ between these two equations and obtain
ek

y = - X7,
2mv}

which is the equation of a parabola (just as in projectile motion).

11 Electric Dipoles

The combination of two equal charges of opposite sign, +Q and —Q, separated by
a distance £, is referred to as an electric dipole. The quantity Of is called the dipole
moment and is represented’ by the symbol p. The dipole moment can be
considered to be a vector p, of magnitude QF, that points from the negative to the
positive charge as shown in Fig. 42. Many molecules, such as the diatomic molecule
CO, have a dipole moment (C has a small positive charge and O a small negative
charge of equal magnitude), and are referred to as polar molecules. Even though
the molecule as a whole is neutral, there is a separation of charge that results from
an uneven sharing of electrons by the two atoms.? (Symmetric diatomic molecules,
like O,, have no dipole moment.) The water molecule, with its uneven sharing of
electrons (O is negative, the two H are positive), also has a dipole moment—see
Fig. 43.

Dipole in an External Field

First let us consider a dipole, of dipole moment p = Qf, that is placed in a
uniform electric field E, as shown in Fig. 44. If the field is uniform, the force QE
on the positive charge and the force —QFE on the negative charge result in no net
force on the dipole. There will, however, be a torque on the dipole (Fig. 44) which
has magnitude (calculated about the center, 0, of the dipole)

£ I
T = QEESin0+QEEsin0 = pEsiné. (9a)
This can be written in vector notation as
F = pxE. (9b)

The effect of the torque is to try to turn the dipole so p is parallel to E. The work done
on the dipole by the electric field to change the angle 6 from 6, to 6, is

)
w = J T do.
0,
We need to write the torque as 7 = —pE sin# because its direction is opposite to
the direction of increasing 6 (right-hand rule). Then
5} 0, 0,
w = J Tdl = prJ sinfdfd = pEcosf| = pE(cosé)z - cosBl).
0, 0, 0,

Positive work done by the field decreases the potential energy, U, of the dipole in
this field. (Recall the relation between work and potential energy, AU = —W.)

If we choose U =0 when p is perpendicular to E (that is, choosing 6, = 90°
so cos6; = 0), and setting 6, = 6, then

U= -W = —pEcosf = —p-E. (10)

If the electric field is not uniform, the force on the +Q of the dipole may not have
the same magnitude as on the —Q, so there may be a net force as well as a torque.

"Be careful not to confuse this p for dipole moment with p for momentum.

*The value of the separated charges may be a fraction of e (say =+ 0.2¢ or + 0.4e) but note that such
charges do not violate what we said about e being the smallest charge. These charges less than e cannot
be isolated and merely represent how much time electrons spend around one atom or the other.

I { |
—
-0 p +Q

FIGURE 42 A dipole consists of
equal but opposite charges, +Q and —Q,
separated by a distance £. The dipole
momentis p = QFf and points from the
negative to the positive charge.

FIGURE 43 In the water molecule
(H,0), the electrons spend more
time around the oxygen atom than
around the two hydrogen atoms. The
net dipole moment p can be
considered as the vector sum of two
dipole moments p; and p, that point
from the O toward each H as shown:

P =P+ P2

104°

FIGURE 44 (below) An electric
dipole in a uniform electric field.
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FIGURE 45 Electric field due to an
electric dipole.

Electric Charge and Electric Field

Dipole in a field. The dipole moment of a water molecule is
6.1 X 10°°C-m. A water molecule is placed in a uniform electric field with
magnitude 2.0 X 10°N/C. (a) What is the magnitude of the maximum torque
that the field can exert on the molecule? (b) What is the potential energy when
the torque is at its maximum? (c¢) In what position will the potential energy take
on its greatest value? Why is this different than the position where the torque
is maximum?

APPROACH The torque is given by Eq. 9 and the potential energy by
Eq. 10.

SOLUTION (@) From Eq. 9 we see that 7 is maximized when 6 is 90°. Then
7 =pE =(61x10*C-m)(2.0 X 10°N/C) = 1.2 X 107 N-m.

(b) The potential energy for 6 = 90° is zero (Eq. 10). Note that the potential
energy is negative for smaller values of 6, so U is not a minimum for 6 = 90°.
(c) The potential energy U will be a maximum when cosf = —1 in Eq. 10, so
6 = 180°, meaning E and p are antiparallel. The potential energy is maximized
when the dipole is oriented so that it has to rotate through the largest angle, 180°,
to reach the equilibrium position at # = 0°. The torque on the other hand is
maximized when the electric forces are perpendicular to p.

Electric Field Produced by a Dipole

We have just seen how an external electric field affects an electric dipole. Now let
us suppose that there is no external field, and we want to determine the electric
field produced by the dipole. For brevity, we restrict ourselves to points that are on
the perpendicular bisector of the dipole, such as point P in Fig. 45 which is a
distance r above the midpoint of the dipole. Note that r in Fig. 45 is not the
distance from either charge to point P; the latter distance is (r2 + l2/4)% and this
is what must be used in Eq. 4. The total field at P is

E =E +E_,

where E, and E_ are the fields due to the + and — charges respectively. The
magnitudes £, and E_ are equal:

19 |
dmey 1 + £/4

E, = E =

Their y components cancel at point P (symmetry again), so the magnitude of the
total field E is

) 1 0 :
E = 2E.cos¢ = 27750<r2 + £2/4> 2(r + £2/4)%

or, setting Qf = p,

E - 1 P . [on perpendicular bisector] an
dmey (2 + £/4) of dipole
Far from the dipole, r >> [, this reduces to
_ 1 p on perpendicular bisector 12)
4me, r? of dipole; r > ¢

So the field decreases more rapidly for a dipole than for a single point charge
(1/r versus 1/r?), which we expect since at large distances the two opposite
charges appear so close together as to neutralize each other. This 1/r°
dependence also applies for points not on the perpendicular bisector.
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“12 Electric Forces in Molecular Biology;
DNA

The interior of every biological cell is mainly water. We can imagine a cell as a vast
sea of molecules continually in motion (kinetic theory), colliding with one another
with various amounts of kinetic energy. These molecules interact with one another
because of electrostatic attraction between molecules.

Indeed, cellular processes are now considered to be the result of random
(“thermal”) molecular motion plus the ordering effect of the electrostatic force. As
an example, we look at DNA structure and replication. The picture we present has
not been seen “in action.” Rather, it is a model of what happens based on physical
theories and experiment.

The genetic information that is passed on from generation to generation in all
living cells is contained in the chromosomes, which are made up of genes. Each
gene contains the information needed to produce a particular type of protein
molecule, and that information is built into the principal molecule of a chromosome,
DNA (deoxyribonucleic acid), Fig. 46. DNA molecules are made up of many small
molecules known as nucleotide bases which are each polar due to unequal sharing
of electrons. There are four types of nucleotide bases in DNA: adenine (A), cyto-
sine (C), guanine (G), and thymine (T).

The DNA of a chromosome generally consists of two long DNA strands wrapped
about one another in the shape of a “double helix.” The genetic information is
contained in the specific order of the four bases (A, C, G, T) along the strand. As shown
in Fig. 47, the two strands are attracted by electrostatic forces—that is, by the attrac-
tion of positive charges to negative charges that exist on parts of the molecules. We see
in Fig. 47a that an A (adenine) on one strand is always opposite a T on the other
strand; similarly, a G is always opposite a C. This important ordering effect occurs
because the shapes of A, T, C, and G are such that a T fits closely only into an A, and a
G into a C; and only in the case of this close proximity of the charged portions is
the electrostatic force great enough to hold them together even for a short time
(Fig. 47b), forming what are referred to as “weak bonds.”

Thymine (T)

@PHYSICS APPLIED

Inside a cell:
kinetic theory plus
electrostatic force

FIGURE 46 DNA replicating in

a human HeLa cancer cell. This is a
false-color image made by a
transmission electron

microscope (TEM).

Cytosine (C)
] J—
® N O‘}ZIQ 0 nm—|
FIGURE 47 (a) Section of a DNA double helix. (b) X ()

“Close-up” view of the helix, showing how A and T
attract each other and how G and C attract each other
through electrostatic forces. The + and — signs
represent net charges, usually a fraction of e, due to
uneven sharing of electrons. The red dots indicate the
electrostatic attraction (often called a “weak bond” or
“hydrogen bond”). Note that there are two weak
bonds between A and T, and three between C and G.

Guanine (G)

Dr. Gopal Murti/Science Photo

Library/Photo Researchers, Inc.
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FIGURE 48 Replication of DNA.

When the DNA replicates (duplicates) itself just before cell division, the
arrangement of A opposite T and G opposite C is crucial for ensuring that the
genetic information is passed on accurately to the next generation, Fig. 48.
The two strands of DNA separate (with the help of enzymes, which also operate
via the electrostatic force), leaving the charged parts of the bases exposed. Once
replication starts, let us see how the correct order of bases occurs by looking at
the G molecule indicated by the red arrow in Fig. 48. Many unattached nucleotide
bases of all four kinds are bouncing around in the cellular fluid, and the only type
that will experience attraction to our G, if it bounces close to it, will be a C.
The charges on the other three bases can not get close enough to those on the
G to provide a significant attractive force—remember that the force decreases
rapidly with distance (< 1/r%). Because the G does not attract an A, T, or G
appreciably, an A, T, or G will be knocked away by collisions with other molecules
before enzymes can attach it to the growing chain (number 3). But the electro-
static force will often hold a C opposite our G long enough so that an enzyme can
attach the C to the growing end of the new chain. Thus we see that electrostatic
forces are responsible for selecting the bases in the proper order during replication.

This process of DNA replication is often presented as if it occurred in
clockwork fashion—as if each molecule knew its role and went to its assigned
place. But this is not the case. The forces of attraction are rather weak, and if the
molecular shapes are not just right, there is almost no electrostatic attraction,
which is why there are few mistakes. Thus, out of the random motion of the
molecules, the electrostatic force acts to bring order out of chaos.

The random (thermal) velocities of molecules in a cell affect cloning. When a
bacterial cell divides, the two new bacteria have nearly identical DNA. Even if the
DNA were perfectly identical, the two new bacteria would not end up behaving in
the same way. Long protein, DNA, and RNA molecules get bumped into different
shapes, and even the expression of genes can thus be different. Loosely held parts of
large molecules such as a methyl group (CHj;) can also be knocked off by a strong
collision with another molecule. Hence, cloned organisms are not identical, even if
their DNA were identical. Indeed, there can not really be genetic determinism.

*13 Photocopy Machines and Computer
Printers Use Electrostatics

Photocopy machines and laser printers use electrostatic attraction to print an
image. They each use a different technique to project an image onto a special
cylindrical drum. The drum is typically made of aluminum, a good conductor; its
surface is coated with a thin layer of selenium, which has the interesting property
(called “photoconductivity”) of being an electrical nonconductor in the dark, but a
conductor when exposed to light.

In a photocopier, lenses and mirrors focus an image of the original sheet of
paper onto the drum, much like a camera lens focuses an image on film. Step 1 is
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(2) Lens focuses image of original

Charging rod (5) Heater rollers

the placing of a uniform positive charge on the drum’s selenium layer by a charged
rod or roller, done in the dark. In step 2, the image to be copied or printed is
projected onto the drum. For simplicity, let us assume the image is a dark letter A on
a white background (as on the page of a book) as shown in Fig. 49. The
letter A on the drum is dark, but all around it is light. At all these light places, the
selenium becomes conducting and electrons flow in from the aluminum beneath,
neutralizing those positive areas. In the dark areas of the letter A, the selenium is
nonconducting and so retains a positive charge, Fig. 49. In step 3, a fine dark
powder known as foner is given a negative charge, and brushed on the drum as it
rotates. The negatively charged toner particles are attracted to the positive areas
on the drum (the A in our case) and stick only there. In step 4, the rotating drum
presses against a piece of paper which has been positively charged more strongly
than the selenium, so the toner particles are transferred to the paper, forming the
final image. Finally, step 5, the paper is heated to fix the toner particles firmly on
the paper.

In a color copier (or printer), this process is repeated for each color—black,
cyan (blue), magenta (red), and yellow. Combining these four colors in different
proportions produces any desired color.

A laser printer, on the other hand, uses a computer output to program the
intensity of a laser beam onto the selenium-coated drum. The thin beam of light
from the laser is scanned (by a movable mirror) from side to side across the
drum in a series of horizontal lines, each line just below the previous line. As the
beam sweeps across the drum, the intensity of the beam is varied by the computer
output, being strong for a point that is meant to be white or bright, and weak or
zero for points that are meant to come out dark. After each sweep, the drum
rotates very slightly for additional sweeps, Fig. 50, until a complete image is
formed on it. The light parts of the selenium become conducting and lose their
electric charge, and the toner sticks only to the dark, electrically charged areas. The
drum then transfers the image to paper, as in a photocopier.

An inkjet printer does not use a drum. Instead nozzles spray tiny droplets of
ink directly at the paper. The nozzles are swept across the paper, each sweep just
above the previous one as the paper moves down. On each sweep, the ink makes
dots on the paper, except for those points where no ink is desired, as directed by
the computer. The image consists of a huge number of very tiny dots. The quality
or resolution of a printer is usually specified in dots per inch (dpi) in each
(linear) direction.

Laser beam scans

Toner hopper

FIGURE 49 Inside a photocopy
machine: (1) the selenium drum is given
a + charge; (2) the lens focuses image
on drum—only dark spots stay charged;
(3) toner particles (negatively charged)
are attracted to positive areas on drum;
- (4) the image is transferred to paper;
(5) heat binds the image to the paper.
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Photocopy machines

@PHYSICS APPLIED

Laser printer

@PHYSICS APPLIED

Inkjet printer

Movable FIGURE 50 Inside a laser printer:

— drum.

a———— g

Heater rollers

A movable mirror sweeps the laser
beam in horizontal lines across the
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| Summary

There are two kinds of electric charge, positive and negative.
These designations are to be taken algebraically—that is, any
charge is plus or minus so many coulombs (C), in SI units.

Electric charge is conserved: if a certain amount of one type of
charge is produced in a process, an equal amount of the opposite
type is also produced; thus the net charge produced is zero.

According to atomic theory, electricity originates in the
atom, each consisting of a positively charged nucleus surrounded
by negatively charged electrons. Each electron has a charge
—e=-lL6x10"C

Electric conductors are those materials in which many
electrons are relatively free to move, whereas electric insulators
are those in which very few electrons are free to move.

An object is negatively charged when it has an excess of
electrons, and positively charged when it has less than its normal
amount of electrons. The charge on any object is thus a whole
number times +e or —e. That is, charge is quantized.

An object can become charged by rubbing (in which
electrons are transferred from one material to another), by
conduction (which is transfer of charge from one charged object
to another by touching), or by induction (the separation of
charge within an object because of the close approach of
another charged object but without touching).

Electric charges exert a force on each other. If two charges
are of opposite types, one positive and one negative, they each
exert an attractive force on the other. If the two charges are the
same type, each repels the other.

The magnitude of the force one point charge exerts on
another is proportional to the product of their charges, and
inversely proportional to the square of the distance between them:

010, 1 010

Fo=kt2 - — X2 1,2
2w g ,2)

this is Coulomb’s law. In SI units, k is often written as 1/4me.

| Answers to Exercises

We think of an electric field as existing in space around any
charge or group of charges. The force on another charged object
is then said to be due to the electric field present at its location.

The electric field, E, at any point in space due to one or
more charges, is defined as the force per unit charge that would
act on a positive test charge ¢ placed at that point:

- F

E =~ &)}
q

The magnitude of the electric field a distance r from a point
charge Q is
E - k2. (4a)
72

The total electric field at a point in space is equal to the
vector sum of the individual fields due to each contributing
charge (principle of superposition).

Electric fields are represented by electric field lines that start
on positive charges and end on negative charges. Their direction
indicates the direction the force would be on a tiny positive test
charge placed at each point. The lines can be drawn so that the
number per unit area is proportional to the magnitude of E.

The static electric field inside a conductor is zero, and the
electric field lines just outside a charged conductor are perpen-
dicular to its surface.

An electric dipole is a combination of two equal but
opposite charges, +Q and —Q, separated by a distance £. The
dipole moment is p = Qf. A dipole placed in a uniform electric
field feels no net force but does feel a net torque (unless p is
parallel to E). The electric field produced by a dipole decreases
as the third power of the distance r from the dipole (E o 1/r°)
for r large compared to £.

[*In the replication of DNA, the electrostatic force plays a
crucial role in selecting the proper molecules so the genetic
information is passed on accurately from generation to generation.|

A: (e).
B: 5N
C: 1.2N, to the right.

D: (a) No; (b) yes, midway between them.
E: (d), if the two + charges are not at opposite corners
(use symmetry).



Electric Charge and Electric Field
Problem Set

§ Questions

1.

From Chapter 21 of Physics for Scientists & Engineers with Modern Physics, Fourth Edition, Douglas C. Giancoli.

If you charge a pocket comb by rubbing it with a silk
scarf, how can you determine if the comb is positively or
negatively charged?

. Why does a shirt or blouse taken from a clothes dryer

sometimes cling to your body?

. Explain why fog or rain droplets tend to form around ions

or electrons in the air.

. A positively charged rod is brought close to a neutral piece of

paper, which it attracts. Draw a diagram showing the separa-
tion of charge in the paper, and explain why attraction occurs.

. Why does a plastic ruler that has been rubbed with a cloth

have the ability to pick up small pieces of paper? Why is this
difficult to do on a humid day?

. Contrast the net charge on a conductor to the “free charges”

in the conductor.

. Figures 7 and 8 show how a charged rod placed near an

uncharged metal object can attract (or repel) electrons.
There are a great many electrons in the metal, yet only
some of them move as shown. Why not all of them?

{ |

(a)

Neutral metal rod

*
*y %

|

| - + /

(b)  Metal rod still neutral, but
with a separation of charge

FIGURE 7 Charging by induction.

(a) =
‘+++ ) - j
(b) -
{ + + Sp—
+ +
©

FIGURE 8 Inducing a charge
on an object connected to
ground.

10.

11.
. What experimental observations mentioned in the text rule

13.

14.
15.
16.

17.

. When an electroscope is charged, the two leaves repel each

other and remain at an angle. What balances the electric
force of repulsion so that the leaves don’t separate further?

. The form of Coulomb’s law is very similar to that for

Newton’s law of universal gravitation. What are the differences
between these two laws? Compare also gravitational mass
and electric charge.

We are not normally aware of the gravitational or electric force
between two ordinary objects. What is the reason in each case?
Give an example where we are aware of each one and why.

Is the electric force a conservative force? Why or why not?

out the possibility that the numerator in Coulomb’s law
contains the sum (Q; + Qz) rather than the product Q; Q0,?
When a charged ruler attracts small pieces of paper,
sometimes a piece jumps quickly away after touching the
ruler. Explain.

Explain why the test charges we use when measuring electric
fields must be small.

When determining an electric field, must we use a positive
test charge, or would a negative one do as well? Explain.
Draw the electric field lines surrounding two negative
electric charges a distance £ apart.

Assume that the two opposite charges in Fig. 34a are
12.0 cm apart. Consider the magnitude of the electric field
2.5cm from the positive charge. On which side of this
charge —top, bottom, left, or right —is the electric field the
strongest? The weakest?

WY
X K
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——

@

FIGURE 34 Electric field lines for
four arrangements of charges.

18. Consider the electric field at the three points indicated by
the letters A, B, and C in Fig. 51. First draw an arrow at each
point indicating the direction of the net force
that a positive test charge would experience if placed at
that point, then list
the letters in order

{y
of decreasing field
strength  (strongest
first). Y S

FIGURE 51
Question 18.

19. Why can electric field lines never cross?

20. Show, using the three rules for field lines given in Section 8 of
“Electric Charge and Electric Field”, that the electric field
lines starting or ending on a single point charge must be
symmetrically spaced around the charge.

21. Given two point charges, Q and 20, a distance £ apart, is
there a point along the straight line that passes through them
where E = 0 when their signs are (a) opposite, (b) the
same? If yes, state roughly where this point will be.

| Problems

22. Suppose the ring of Fig. 28 has a uniformly distributed nega-
tive charge Q. What is the magnitude and direction of E at
point P?

FIGURE 28 Example 9 of “Electric
Charge and Electric Field”.

23. Consider a small positive test charge located on an electric
field line at some point, such as point P in Fig. 34a. Is the
direction of the velocity and/or acceleration of the test
charge along this line? Discuss.

24. We wish to determine the electric field at a point near a
positively charged metal sphere (a good conductor). We do
so by bringing a small test charge, gy, to this point and
measure the force Fjon it. Will Fy/q,be greater than, less
than, or equal to the electric field E as it was at that
point before the test charge was present?

25. In what ways does the electron motion in Example 16 of
“Electric Charge and Electric Field” resemble projectile
motion? In which ways not?

26. Describe the motion of the dipole shown in Fig. 44 if it is
released from rest at the position shown.

FIGURE 44 (below) An electric
dipole in a uniform electric field.

|

=T
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=

F_=-QE <i—J—Q

27. Explain why there can be a net force on an electric dipole
placed in a nonuniform electric field.

The Problems in this Section are ranked I, II, or III according to
estimated difficulty, with (I) Problems being easiest. Level (III)
Problems are meant mainly as a challenge for the best students, for
“extra credit.” The Problems are arranged by Sections, meaning that
the reader should have read up to and including that Section, but
this Chapter also has a group of General Problems that are not
arranged by Section and not ranked.]

5 Coulomb’s Law
[1mC=10"3C, 1uC=107°C, 1nC = 107°C.]

1. (I) What is the magnitude of the electric force of attraction
between an iron nucleus (g = +26¢) and its innermost
electron if the distance between them is 1.5 X 10> m?

2. (I) How many electrons make up a charge of —38.0 uC?

3. (I) What is the magnitude of the force a +25uC charge
exerts on a +2.5mC charge 28 cm away?

4. (I) What is the repulsive electrical force between two
protons 4.0 X 1073 m apart from each other in an atomic
nucleus?



10.

11.

12.

13.

14.

15.

16.

Electric Charge and Electric Field: Problem Set

. (II) When an object such as a plastic comb is charged by

rubbing it with a cloth, the net charge is typically a few
microcoulombs. If that charge is 3.0 uC, by what percentage
does the mass of a 35-g comb change during charging?

. (IT) Two charged dust particles exert a force of 3.2 X 102N

on each other. What will be the force if they are moved so
they are only one-eighth as far apart?

. (IT) Two charged spheres are 8.45 cm apart. They are moved,

and the force on each of them is found to have been tripled.
How far apart are they now?

. (II) A person scuffing her feet on a wool rug on a dry day

accumulates a net charge of —46 wC. How many excess elec-
trons does she get, and by how much does her mass increase?

. (II) What is the total charge of all the electrons in a 15-kg

bar of gold? What is the net charge of the bar? (Gold has
79 electrons per atom and an atomic mass of 197 u.)

(II) Compare the electric force holding the electron in
orbit (r = 0.53 X 107'%m) around the proton nucleus of
the hydrogen atom, with the gravitational force between
the same electron and proton. What is the ratio of these
two forces?

(IT) Two positive point charges are a fixed distance apart.
The sum of their charges is OQp. What charge must each
have in order to (a) maximize the electric force between
them, and (b) minimize it?
(II) Particles of charge + 75, +48,and — 85 uC are placed in
a line (Fig. 52). The center one is 0.35m from each of the
others. Calculate the net force on each charge due to the
other two.

+75 uC +48 uC

0.35m

—85 uC
0.35m

FIGURE 52
Problem 12.

(IT) Three charged particles are placed at the corners of an
equilateral triangle of side 1.20m (Fig. 53). The charges
are +7.0 uC, — 8.0 uC, and — 6.0 uC.

Calculate the magnitude and
direction of the net force on
each due to the other two.

FIGURE 53

Problem 13. 0,=-8.0 uC

(IT) Two small nonconducting spheres have a total charge of
90.0 uC. (a) When placed 1.16 m apart, the force each exerts
on the other is 12.0 N and is repulsive. What is the charge on
each? (b) What if the force were attractive?

03=-6.0 uC

(IT) A charge of 4.15 mC is placed at each corner of a square
0.100m on a side. Determine the magnitude and direction
of the force on each charge.

(II) Two negative and two positive point charges
(magnitude Q = 4.15 mC) are placed on opposite corners of
a square as shown in Fig. 54.
Determine the magnitude
and direction of the force on
each charge.

—4.15 mC 0.100 m 4.15 mC

0.100 m 0.100 m

FIGURE 54

Problem 16. 415mc 0.100m _4 15 ,¢

17.

18.

19.

20.

(II) A charge Q is transferred from an initially uncharged
plastic ball to an identical ball 12cm away. The force of
attraction is then 17 mN. How many electrons were trans-
ferred from one ball to the other?

(III) Two charges, —Q, and —4Q,, are a distance { apart.
These two charges are free to move but do not because
there is a third charge nearby. What must be the magnitude
of the third charge and its placement in order for the first
two to be in equilibrium?

(IIT) Two positive charges + Q are affixed rigidly to the x axis,
one at x = +d and the other at x = —d. A third charge + ¢
of mass m, which is constrained to move only along the x axis,
is displaced from the origin by a small distance s << d and
then released from rest. (a) Show that (to a good approxima-
tion) + ¢ will execute simple harmonic motion and deter-
mine an expression for its oscillation period 7. (b) If these
three charges are each singly ionized sodium atoms
(g = Q = +e)at the equilibrium spacingd = 3 X 107''m
typical of the atomic spacing in a solid, find 7 in picoseconds.
(IIT) Two small charged spheres hang from cords of equal length
£ as shown in Fig. 55 and make small angles 6; and 6, with the
vertical. (@) If O; =0, O, =20, and
my = m, = m, determine the ratio 6,/6,. (b)
Ir =0 =20 m=m and
my = 2m, determine the ratio 6/0, . (c) Esti-
mate the distance between the spheres for each
case.

FIGURE 55
Problem 20.

6 to 8 Electric Field, Field Lines

21.

22.

23.

24.

25.

26.

27.

28.

29.

(I) What are the magnitude and direction of the electric
force on an electron in a uniform electric field of strength
1920 N/C that points due east?

(I) A proton is released in a uniform electric field, and it expe-
riences an electric force of 2.18 X 10~ Ntoward the south.
What are the magnitude and direction of the electric field?

(I) Determine the magnitude and direction of the electric
field 16.4 cm directly above an isolated 33.0 X 10~° Ccharge.

(I) A downward electric force of 8.4 N is exerted on a — 8.8 uC
charge. What are the magnitude and direction of the electric
field at the position of this charge?

() The electric force on a +420-uC charge is
F = (7.22 x 107*N)j. What is the electric field at the posi-

tion of the charge?

(I) What is the electric field at a point when the force
on a 125-uC charge placed at that point is
F = (3.0i — 3.9j) x 1073N?

(II) Determine the magnitude of the acceleration experienced
by an electron in an electric field of 576 N/C. How does the
direction of the acceleration depend on the direction of the
field at that point?

(II) Determine the magnitude and direction of the electric
field at a point midway between a —8.0 uCand a +5.8 uC
charge 8.0 cm apart. Assume no other charges are nearby.
(IT) Draw, approximately, the electric field lines about
two point charges, +Q and —3Q, which are a distance {
apart.
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30.

31.

32.

33.

34.

35.

36.

37.

38.

Electric Charge and Electric Field: Problem Set

(IT) What is the electric field strength at a point in space
where a proton experiences an acceleration of 1.8 million “g’s”?
(IT) A long uniformly charged thread (linear charge density
A=25C/m) lies along the x axis in Fig. 56. A
small charged sphere (Q = —2.0C) is at the point

x = 0cm, y = —5.0cm. What is the electric field at the
point x=7.0cm, y=70cm?
Eihread  and Eq Y
represent fields due to the E
thread
long thread and the _J.0cm
charge Q, respectively.
7.0 cm .
/" Eaq
/ thread
/1 L X
// A=+2.5C/m
50cm| /
/
FIGURE 56 *Yo-—20cC
Problem 31.

(II) The electric field midway between two equal but
opposite point charges is 586 N/C, and the distance
between the charges is 16.0 cm. What is the magnitude of
the charge on each?

(IT) Calculate the electric field at one corner of a square
1.22m on a side if the other three corners are occupied by
225 X 107°C charges.

(II) Calculate the electric field at the center of a square
52.5cm on a side if one corner is occupied by a —38.6 uC
charge and the other three are occupied by — 27.0 uC charges.
(II) Determine the direction and magnitude of the electric
field at the point P in Fig. 57. The charges are separated by
a distance 2a, and point P is a distance x from the midpoint
between the two charges. Express your answer in terms of
0, x,a,and k.

+0 a a -0 P
FIGURE 57 e Y 1 °
Problem 35. i X ‘
(II) Two point charges, Q1 = —25uC and Q, = +45uC,

are separated by a distance of 12 cm. The electric field at the
point P (see Fig. 58) is zero. How far from Qy is P?

Q_l 12 cm Q.2

FIGURE 58 X ®
=25 uC +45 uC

Problem 36. P

(II) A very thin line of charge lies along the x axis from
X = —oo0 to x = +oco. Another similar line of charge lies
along the y axis from y = —oo to y = +oc0. Both lines
have a uniform charge per length A. Determine the resulting
electric field magnitude and direction (relative to the x axis)
at a point (x, y) in the first quadrant of the xy plane.

(11) (a) Determine the electric field E at the origin 0 in
Fig. 59 due to the two charges at A y
and B. (b) Repeat, but let the )
charge at B be reversed in sign. A I}
+0
¢ B
FIGURE 59 [4
Problem 38. 0 X

39.

40.

41.

42.

(II) Draw, approximately, the electric field lines emanating
from a uniformly charged straight wire whose length £ is not
great. The spacing between lines near the wire should be much
less than £. [Hint: Also consider points very far from the wire.]
(1) Two parallel circular rings of radius R have their centers
on the x axis separated by a
distance £ as shown in Fig. 60. If
each ring carries a uniformly
distributed charge Q, find the
electric field, E(x), at points
along the x axis.
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Problem 40.

(II) You are given two unknown point charges, Q; and Q,.
At a point on the line joining them, one-third of the way
from Q; to Q,, the electric field is zero (Fig. 61). What is the

ratio Q;/Q,?
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Problem 41. {

(IT) Use Coulomb’s law to determine the magnitude and
direction of the electric field at points A and B in Fig. 62
due to the two positive charges (Q = 5.7uC) shown.
Are your results consistent with Fig. 34b?
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