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Some Physical Constants

Quantity Symbol Value®
Atomic mass unit u 1.660 538 782 (83) X 1077 kg
931.494 028 (23) MeV/c?
Avogadro’s number N, 6.022 141 79 (30) X 10?3 particles/mol
h
Bohr magneton ps = 2’“’— 9.274 009 15 (23) X 1024 ]/T
mﬂ
ﬁ?
Bohr radius ay = ) 5.291 772 0859 (36) X 10" m
m,e°k,
R _
Boltzmann’s constant ky = N 1.380 650 4 (24) X 10722 J/K
A
h
Compton wavelength Ag = e 2.426 310 217 5 (33) X 10712 m
1 .
Coulomb constant k, = 8.987 551 788 ... X 109 N-m?/C? (exact)
47760
Deuteron mass my, 3.343 583 20 (17) X 10727 kg
2.013 553 212 724 (78) u
Electron mass m, 9.109 382 15 (45) X 1073 kg

5.485 799 094 3 (23) X 10~*u
0.510 998 910 (13) MeV/c?

Electron volt eV 1.602 176 487 (40) X 10719]
Elementary charge e 1.602 176 487 (40) X 107 C
Gas constant R 8.314 472 (15) J/mol-K
Gravitational constant G 6.674 28 (67) X 10711 N-m?/kg?
Neutron mass m, 1.674 927 211 (84) X 10"%" kg

1.008 664 915 97 (43) u
939.565 346 (23) MeV/c?

Nuclear magneton M, = 27 5.050 783 24 (13) X 10727 J/T
m
P
Permeability of free space Mo 47 X 1077 T-m/A (exact)
1
Permittivity of free space € = 5 8.854 187 817 ... X 10712 C2/N-m? (exact)
Moc
Planck’s constant h 6.626 068 96 (33) X 1073 ] -5
h
h=_—— 1.054 571 628 (53) X 1073 ] s
2m
Proton mass m, 1.672 621 637 (83) X 10727 kg
1.007 276 466 77 (10) u
938.272 013 (23) MeV/c?
Rydberg constant Ry 1.097 373 156 852 7 (73) X 107 m™!
Speed of light in vacuum c 2.997 924 58 X 10% m/s (exact)

Note: These constants are the values recommended in 2006 by CODATA, based on a least-squares adjustment of data from different measurements. For a more
complete list, see P. J. Mohr, B. N. Taylor, and D. B. Newell, “CODATA Recommended Values of the Fundamental Physical Constants: 2006.” Rev. Mod. Phys. 80:2,
633-730, 2008.

2The numbers in parentheses for the values represent the uncertainties of the last two digits.




Solar System Data

Mean Radius Mean Distance from

Body Mass (kg) (m) Period (s) the Sun (m)
Mercury 3.30 X 102 2.44 X 105 7.60 X 10° 5.79 X 1010
Venus 4.87 X 10 6.05 X 106 1.94 X 107 1.08 x 10"
Earth 5.97 X 10 6.37 X 106 3.156 X 107 1.496 X 101
Mars 6.42 X 10% 3.39 X 106 5.94 X 107 2.28 X 101!
Jupiter 1.90 X 10%7 6.99 X 107 3.74 X 108 7.78 X 101
Saturn 5.68 X 10%6 5.82 X 107 9.29 x 108 1.43 X 1012
Uranus 8.68 X 10% 2.54 X 107 2.65 X 10? 2.87 X 102
Neptune 1.02 X 10% 2.46 X 107 5.18 X 107 4.50 X 10'?
Pluto? 1.25 X 1022 1.20 X 108 7.82 X 10° 5.91 X 10'?
Moon 7.835 X 1022 1.74 X 106 — —

Sun 1.989 x 103° 6.96 X 108 — —

2In August 2006, the International Astronomical Union adopted a definition of a planet that separates Pluto from the other eight planets. Pluto is
now defined as a “dwarf planet” (like the asteroid Ceres).

Physical Data Often Used

Average Earth—Moon distance
Average Earth—Sun distance
Average radius of the Earth
Density of air (20°C and 1 atm)
Density of air (0°C and 1 atm)
Density of water (20°C and 1 atm)
Free-fall acceleration

Mass of the Earth

Mass of the Moon

Mass of the Sun

Standard atmospheric pressure

Note: These values are the ones used in the text.

3.84 X 108 m
1.496 X 10" m
6.37 X 105m
1.20 kg/m?
1.29 kg/mf"
1.00 X 103 kg/m?
9.80 m/s?

5.97 X 102 kg
7.35 X 102 kg
1.99 X 10% kg
1.013 X 10° Pa

Some Prefixes for Powers of Ten

Power Prefix Abbreviation Power Prefix Abbreviation
107 yocto y 10! deka da
107 zepto z 102 hecto h
10718 atto a 103 kilo k
10710 femto f 10° mega M
10712 pico P 109 giga G
1079 nano n 1012 tera T
1076 micro i 10%5 peta P
1073 milli m 10'8 exa E
1072 centi c 102! zetta Z
107! deci d 10% yotta Y




Physics it
EDITION

for Scientists and Engineers

with Modern Physics

Raymond A. Serway

Emeritus, James Madison University

John W. Jewett, Jr.

Emeritus, California State Polytechnic
University, Pomona

With contributions from Vahé Peroomian,
University of California at Los Angeles

About the Cover

The cover shows a view inside the new railway
departures concourse opened in March 2012 at the
Kings Cross Station in London. The wall of the older
structure (completed in 1852) is visible at the left.
The sweeping shell-like roof is claimed by the architect
to be the largest single-span station structure in
Europe. Many principles of physics are required to
design and construct such an open semicircular roof
with a radius of 74 meters and containing over

2 000 triangular panels. Other principles of physics
are necessary to develop the lighting design, optimize
the acoustics, and integrate the new structure

with existing infrastructure, historic buildings, and
railway platforms.

’. P B RO O K S /C O L E © Ashley Cooper/Corbis

1 » CENGAGE Learning

Australia « Brazil « Japan « Korea « Mexico « Singapore « Spain « United Kingdom « United States



-«

BROOKS/COLE

i & CENGAGE Learning'

Physics for Scientists and Engineers with
Modern Physics, Ninth Edition
Raymond A. Serway and John W. Jewett, Jr.

Publisher, Physical Sciences: Mary Finch

Publisher, Physics and Astronomy:
Charlie Hartford

Development Editor: Ed Dodd

Assistant Editor: Brandi Kirksey

Editorial Assistant: Brendan Killion

Media Editor: Rebecca Berardy Schwartz

Brand Manager: Nicole Hamm

Marketing Communications Manager: Linda Yip

Senior Marketing Development Manager:
Tom Ziolkowski

Content Project Manager: Alison Eigel Zade
Senior Art Director: Cate Barr
Manufacturing Planner: Sandee Milewski

Rights Acquisition Specialist:
Shalice Shah-Caldwell

Production Service: Lachina Publishing Services
Text and Cover Designer: Roy Neuhaus

Cover Image: The new Kings Cross railway
station, London, UK

Cover Image Credit: © Ashley Cooper/Corbis

Compositor: Lachina Publishing Services

2014, 2010, 2008 by Raymond A. Serway

NO RIGHTS RESERVED. Any part of this work may be reproduced,
transmitted, stored, or used in any form or by any means graphic, electronic,
or mechanical, including but not limited to photocopying, recording,
scanning, digitizing, taping, Web distribution, information networks, or
information storage and retrieval systems, without the prior written
permission of the publisher.

Library of Congress Control Number: 2012947242
ISBN-13: 978-1-133-95405-7
ISBN-10: 1-133-95405-7

Brooks/Cole

20 Channel Center Street
Boston, MA 02210

USA

We dedicate this book to our wives,
Elizabeth and Lisa, and all our children and
grandchildren for their loving understanding

when we spent time on writing
instead of being with them.

Printed in the United States of America
1234567161514 1312



Brief Contents

PART 1
Mechanics 1

1 Physics and Measurement 2
2 Motion in One Dimension 21
3 Vectors 59

4 Motion in Two Dimensions 78
5 The Laws of Motion 111

6

Circular Motion and Other Applications
of Newton's Laws 150

Energy of a System 177
Conservation of Energy 211

O 0 N

Linear Momentum and Collisions 247

10 Rotation of a Rigid Object About
a Fixed Axis 293

11 Angular Momentum 335

12 Static Equilibrium and Elasticity 363
13 Universal Gravitation 388

14 Fluid Mechanics 417

PART 2

Oscillations and
Mechanical Waves 449

15  Oscillatory Motion 450

16 Wave Motion 483

17  Sound Waves 507

18  Superposition and Standing Waves 533

PART 3
Thermodynamics 567

19 Temperature 568
20  The First Law of Thermodynamics 590
21  The Kinetic Theory of Gases 626

22 Heat Engines, Entropy, and the Second Law
of Thermodynamics 653

PART 4

Electricity and
Magnetism 689

23 Electric Fields 690

24 Gauss's Law 725

25 Electric Potential 746

26 Capacitance and Dielectrics 777
277  Current and Resistance 808

28  Direct-Current Circuits 833

29 Magnetic Fields 868

30 Sources of the Magnetic Field 904
31 Faraday'sLlaw 935

32 Inductance 970

33 Alternating-Current Circuits 998
34 Electromagnetic Waves 1030

PART 5

Light and Optics 1057

35 The Nature of Light and the Principles
of Ray Optics 1058

36  Image Formation 1090
37 Wave Optics 1134
38 Diffraction Patterns and Polarization 1160

PART 6

Modern Physics 1191

39 Relativity 1192

40  Introduction to Quantum Physics 1233
41 Quantum Mechanics 1267

42, Atomic Physics 1296

43 Molecules and Solids 1340

44 Nuclear Structure 1380

45 Applications of Nuclear Physics 1418
46  Particle Physics and Cosmology 1447

1ii



Contents

About the Authors  viii 6 Circular Motion and Other Applications

Preface ix of Newton's Laws 150

6.1 Extending the Particle in Uniform Circular Motion Model 150
6.2 Nonuniform Circular Motion 156

6.3 Motion in Accelerated Frames 158

1 6.4 Motion in the Presence of Resistive Forces 161

To the Student  xxx

PART s
. 7 Energy of a System 177
I\/l CC h a n | CS 1 7.1 Systemsand Environments 178

................................................................. 7.2 Work Done by a Constant Force 178

1 Physics and Measurement 2 7.3 The Scalar Product of Two Vectors 181

1.1 Standards of Length, Mass, and Time 3 7.4 Work Done by a Varying Force 183

1.2 Matter and Model Building 6 7.5 Kinetic Energy and the Work-Kinetic Energy Theorem 188
1.3 Dimensional Analysis 7 7.6 Potential Energy of a System 191

1.4 Conversion of Units 9 7.7 Conservative and Nonconservative Forces 196

7.8 Relationship Between Conservative Forces
and Potential Energy 198
7.9 Energy Diagrams and Equilibrium of a System 199

1.5 Estimates and Order-of-Magnitude Calculations 10
1.6 Significant Figures 11

2 Motion in One Dimension 21
2.1 Position, Velocity, and Speed 22
2.2 Instantaneous Velocity and Speed 25

8 Conservation of Energy 211
8.1 Analysis Model: Nonisolated System (Energy) 212

2.3 Analysis Model: Particle Under Constant Velocity 28 8.2 Analysis Model: Isolated System (Energy) 215

2.4 Acceleration 31 8.3 Situations Involving Kinetic Friction 222

2.5 Motion Diagrams 35 8.4 Changes in Mechanical Energy for Nonconservative Forces 227
2.6 Analysis Model: Particle Under Constant Acceleration 36 8.5 Power 232

2.7 Freely Falling Objects 40 9 Linear Momentum and Collisions 247
2.8 Kinematic Equations Derived from Calculus 43 91 Linear Momentum 247

3 Vectors 59 9.2 Analysis Model: Isolated System (Momentum) 250

3.1 Coordinate Systems 59 9.3 Analysis Model: Nonisolated System (Momentum) 252

3.9 Vector and Scalar Quantities 61 9.4 Collisions in One Dimension 256
3.3 Some Properties of Vectors 62 9.5 Collisions in Two Dimensions 264

3.4 Components of a Vector and Unit Vectors 65 9.6 The Center of Mass 267
9.7 Systems of Many Particles 272

4 Motion in Two Dimensions 78 9.8 Deformable Systems 275
4.1 The Position, Velocity, and Acceleration Vectors 78 9.9 Rocket Propulsion 277
ig L\/rv;estlirlr::&s;%r;anl M;)Zon with Constant Acceleration 81 10 Rot_ation O.f a Rigid Object About
4.4 Analysis Model: Particle in Uniform Circular Motion 91 a Fixed Axis 293
4.5 Tangential and Radial Acceleration 94 10.1  Angular Position, Velocity, and Acceleration 293
4.6 Relative Velocity and Relative Acceleration 96 10.2  Analysis Model: Rigid Object Under Constant
. Angular Acceleration 296
5 The Laws of Motion 111 10.3 Angular and Translational Quantities 298
5.1 The Concept of Force 111 104 Torque 300
5.2 Newton's First Law and Inertial Frames 113 10.5 Analysis Model: Rigid Object Under a Net Torque 302
53 Mass 114 10.6 Calculation of Moments of Inertia 307
54 Newton's Second Law 115 10.7 Rotational Kinetic Energy 311
5.5 The Gravitational Force and Weight 117 10.8 Energy Considerations in Rotational Motion 312
5.6 Newton's Third Law 118 10.9 Rolling Motion of a Rigid Object 316
5.7 Analysis Models Using Newton's Second Law 120
5.8 Forces of Friction 130 11 Angular Momentum 335

11.1 The Vector Product and Torque 335
11.2  Analysis Model: Nonisolated System (Angular Momentum) 338

iv



Contents A%

11.3 Angular Momentum of a Rotating Rigid Object 342

114 Analysis Model: Isolated System (Angular Momentum) 345 PART 3

11.5 The Motion of Gyroscopes and Tops 350 .

12 Static Equilibrium and Elasticity 363 Thermodynamics 567

121 Analysis Model: Rigid Object in Equilibrium 363 L
12.2 More on the Center of Gravity 365 19 Temperature 568

12.3 Examples of Rigid Objects in Static Equilibrium 366 19.1 Temperature and the Zeroth Law of Thermodynamics 568

12.4 Elastic Properties of Solids 373 19.2 Thermometers and the Celsius Temperature Scale 570

19.3 The Constant-Volume Gas Thermometer and the Absolute

13 Universal Gravitation 388 Temperature Scale 571

13.1 Newton's Law of Universal Gravitation 389 19.4 Thermal Expansion of Solids and Liquids 573

13.2 Free-Fall Acceleration and the Gra[vitational For)ce 391 19.5 Macroscopic Description of an Ideal Gas 578

13.3 Analysis Model: Particle in a Field (Gravitational) 392 . .

13.4 Kepler's Laws and the Motion of Planets 394 20 The First Law of Thermodynamics 590
13.5 Gravitational Potential Energy 400 20.1 Heatand Internal Energy 590

13.6 Energy Considerations in Planetary and Satellite Motion 402 20.2 Specific Heat and Calorimetry 593

20.3 Latent Heat 597

14 Fluid Mechanics 417 20.4 Work and Heat in Thermodynamic Processes 601

14.1 Pressure 417 20.5 The First Law of Thermodynamics 603
14.2 Variation of Pressure with Depth 419 20.6 Some Applications of the First Law of Thermodynamics 604
Ei Eressuri Q/Ieasurengjegtsh‘ 423 < Princiole 423 20.7 Energy Transfer Mechanisms in Thermal Processes 608
4 Buoyant Forces and Archimedes's Principle
145 Fmidyoynamics 47 P 21 The Kinetic Theory of Gases 626
14.6 Bernoulli's Equation 430 21.1 Molecular Model of an Ideal Gas 627
14.7 Other Applications of Fluid Dynamics 433 21.2 Molar Specific Heat of an Ideal Gas 631

21.3 The Equipartition of Energy 635

2 21.4 Adiabatic Processes for an Ideal Gas 637
PART 21.5 Distribution of Molecular Speeds 639
OSCi | |ations an d 22 Heat Engines, Entropy, and the Second Law
. of Thermodynamics 653
I\/l eC h a n | Ca | V\/a VES 449 22.1 Heat Engines and the Second Law of Thermodynamics 654
................................................................. 22.2 Heat Pumps and Refrigerators 656
15 Oscillatory Motion 450 22.3 Reversible and Irreversible Processes 659

22.4 The Carnot Engine 660

22.5 Gasoline and Diesel Engines 665

22.6 Entropy 667

22.7 Changes in Entropy for Thermodynamic Systems 671
22.8 Entropy and the Second Law 676

15.1 Motion of an Object Attached to a Spring 450

15.2  Analysis Model: Particle in Simple Harmonic Motion 452

15.3 Energy of the Simple Harmonic Oscillator 458

15.4 Comparing Simple Harmonic Motion with Uniform
Circular Motion 462

156.5 The Pendulum 464

15.6 Damped Oscillations 468 PART 4

15.7 Forced Oscillations 469

16 Wave Motion 483 E|ectr|C|ty and

16.1 Propagation of a Disturbance 484

16.2 Analysis Model: Traveling Wave 487 \

16.3 The Speed of Waves on Strings 491 Mag netlsm 689

164 Reflection and Transmission 494 T
16.5 Rate of Energy Transfer by Sinusoidal Waves on Strings 495 23 Electric Fields 690

16.6 The Linear Wave Equation 497 23.1 Properties of Electric Charges 690

23.2 Charging Objects by Induction 692

23.3 Coulomb's Law 694

23.4 Analysis Model: Particle in a Field (Electric) 699

23.5 Electric Field of a Continuous Charge Distribution 704

23.6 Electric Field Lines 708

23.7 Motion of a Charged Particle in a Uniform Electric Field 710
18 Superposition and Standing Waves 533 24 Gauss's Law 725

18.1 Analysis Model: Waves in Interference 534 241 Electric Flux 725

18.2 Standing Waves 538 249 Gauss's Law 728

18.3 Analysis Model: Waves Under Boundary Conditions 541 24.3 Application of Gauss's Law to Various Charge Distributions 731

18.4 Resonlance 545 ) 24.4 Conductors in Electrostatic Equilibrium 735
18.5 Standing Waves in Air Columns 546

18.6 Standing Waves in Rods and Membranes 550 25 Electric Potential 746
18.7 Beats: Interference in Time 550 25.1 Electric Potential and Potential Difference 746
18.8 Nonsinusoidal Wave Patterns 553 25.2 Potential Difference in a Uniform Electric Field 748

17 Sound Waves 507

17.1 Pressure Variations in Sound Waves 508
17.2 Speed of Sound Waves 510

17.3 Intensity of Periodic Sound Waves 512
17.4 The Doppler Effect 517



vi

253
254

255
25.6
257
25.8

26
26.1
26.2
26.3
26.4
26.5
26.6
26.7

27
271
27.2
27.3
274
27.5
276

28
28.1
28.2
28.3
28.4
285

29
291
29.2
29.3

29.4
29.5
29.6

30
30.1
30.2
30.3
304
30.5
30.6

31
311
31.2
31.3
314
315
31.6

32
321
32.2
323
324
32.5
32.6

Contents

Electric Potential and Potential Energy Due

to Point Charges 752

Obtaining the Value of the Electric Field

from the Electric Potential 755

Electric Potential Due to Continuous Charge Distributions 756
Electric Potential Due to a Charged Conductor 761

The Millikan Oil-Drop Experiment 764

Applications of Electrostatics 765

Capacitance and Dielectrics 777
Definition of Capacitance 777

Calculating Capacitance 779
Combinations of Capacitors 782

Energy Stored in a Charged Capacitor 786
Capacitors with Dielectrics 790

Electric Dipole in an Electric Field 793

An Atomic Description of Dielectrics 795

Current and Resistance 808
Electric Current 808

Resistance 811

A Model for Electrical Conduction 816
Resistance and Temperature 819
Superconductors 819

Electrical Power 820

Direct-Current Circuits 833
Electromotive Force 833

Resistors in Series and Parallel 836
Kirchhoff's Rules 843

RC Circuits 846

Household Wiring and Electrical Safety 852

Magnetic Fields 868

Analysis Model: Particle in a Field (Magnetic) 869

Motion of a Charged Particle in a Uniform Magnetic Field 874
Applications Involving Charged Particles Moving

in a Magnetic Field 879

Magnetic Force Acting on a Current-Carrying Conductor 882
Torque on a Current Loop in a Uniform Magnetic Field 885
The Hall Effect 890

Sources of the Magnetic Field 904

The Biot-Savart Law 904

The Magnetic Force Between Two Parallel Conductors 909
Ampere's Law 911

The Magnetic Field of a Solenoid 915

Gauss's Law in Magnetism 916

Magnetism in Matter 919

Faraday's Law 935

Faraday's Law of Induction 935
Motional emf 939

Lenz's Law 944

Induced emf and Electric Fields 947
Generators and Motors 949

Eddy Currents 953

Inductance 970
Self-Induction and Inductance 970
RL Circuits 972

Energy in a Magnetic Field 976
Mutual Inductance 978
Oscillations in an LC Circuit 980
The RLC Circuit 984

33
33.1
33.2
333
334
335
33.6
337
33.8
33.9

34
341
34.2
34.3
34.4
345
34.6
347

Alternating-Current Circuits 998
AC Sources 998

Resistors in an AC Circuit 999
Inductors in an AC Circuit 1002
Capacitors in an AC Circuit 1004

The RLC Series Circuit 1007

Power in an AC Circuit 1011
Resonance in a Series RLC Circuit 1013
The Transformer and Power Transmission
Rectifiers and Filters 1018

1015

Electromagnetic Waves 1030

Displacement Current and the General Form of Ampére's Law
Maxwell's Equations and Hertz's Discoveries 1033

Plane Electromagnetic Waves 1035
Energy Carried by Electromagnetic Waves
Momentum and Radiation Pressure 1042
Production of Electromagnetic Waves by an Antenna
The Spectrum of Electromagnetic Waves 1045

1031

1039

1044

PART 5

Light and Optics

35.1
35.2
35.3
35.4
355
356
35.7
35.8

36
36.1
36.2
36.3
36.4
36.5
36.6
36.7
36.8
36.9
36.10

37
371
37.2
37.3
374
37.5
37.6

38
38.1
38.2
38.3
38.4
38.5
38.6

1057

The Nature of Light and the Principles
of Ray Optics 1058

The Nature of Light 1058
Measurements of the Speed of Light
The Ray Approximation in Ray Optics
Analysis Model: Wave Under Reflection
Analysis Model: Wave Under Refraction
Huygens's Principle 1071
Dispersion 1072

Total Internal Reflection

1059
1061
1061
1065

1074

Image Formation 1090
Images Formed by Flat Mirrors 1090
Images Formed by Spherical Mirrors
Images Formed by Refraction 1100
Images Formed by Thin Lenses 1104
Lens Aberrations 1112

The Camera 1113

The Eye 1115

The Simple Magnifier 1118
The Compound Microscope
The Telescope 1120

Wave Optics 1134

Young's Double-Slit Experiment 1134

Analysis Model: Waves in Interference 1137

Intensity Distribution of the Double-Slit Interference Pattern
Change of Phase Due to Reflection 1143

Interference in Thin Films 1144

The Michelson Interferometer 1147

1093

1119

1140

Diffraction Patterns and Polarization
Introduction to Diffraction Patterns 1160
Diffraction Patterns from Narrow Slits 1161
Resolution of Single-Slit and Circular Apertures
The Diffraction Grating 1169
Diffraction of X-Rays by Crystals
Polarization of Light Waves 1175

1160

1166

1174



