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PREFACE

University Physics is intended to provide a broad introduction to physics
at the beginning college level for students of science and engineering
who are taking an introductory calculus course concurrently. Primary
emphasis is placed on physical principles and the development of prob-
lem-solving ability rather than on historical background or specialized
applications. The complete text may be taught in an intensive two- or
three-semester course, and the book is also adaptable to a wide variety of
shorter courses. Numerous worked-out examples and an extensive col-
lection of problems are included with each chapter. University Physics is
available as a single volume or as two separate parts. Part I includes
mechanics, heat, and sound, and Part II includes electricity and magne-
tism, optics, and atomic and nuclear physics.

In this new edition, the basic philosophy and outline and the balance
between depth of treatment and breadth of subject-matter coverage are
unchanged from previous editions. We have tried to preserve those fea-
tures and characteristics that users of previous editions have found de-
sirable, while incorporating a number of changes, some quite extensive,
that should substantially enhance the book’s pedagogical usefulness.
Here are some of the most important changes:

1. A new single-column two-color format has been adopted, and all the
figures have been redrawn for two-color treatment. The second color
is used not for cosmetic effect but to add clarity to figures through
color-coding of vectors, materials, and other significant features.

Color is also used to identify important equations and to set off
examples. Thus the second color should make a very substantial
improvement in the book’s usefulness as a learning tool for students.

2. A list of thought-provoking questions, many of them related to
everyday experience, has been included with each chapter, about 700
questions in all. These should help students to attain a deeper un-
derstanding of principles and to relate these principles to their
everyday lives and should also serve as effective springboards for
class discussion.

iii
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3.

The problem collections have been carefully reviewed and expanded,
especially with the aims of filling gaps in problem coverage, provid-
ing additional straightforward “confidence-byilder” problems, and
furnishing applications of elementary calculus to physical problems.
The book now includes about 1600 problems, an increase of 140 from
the previous edition. Worked-out examples in the text have also been
reviewed, and about 100 new examples have been included. The au-
thors have resisted the temptation to key problems to specific sec-
tions of the text. Learning to select the principles appropriate for a
specific problem is, after'all, part of learning to sclve problems. In
addition, many' problems require material from more than one sec-
tion. ‘

. Unit vectors are introduced in the opening chapter and are used to a

limited extent where approptiate. Their use in later chapters of the
text is optional, howéver; instructors who wish to omit unit vectors
completely can do so without loss of continuity.

. There are several minor changes in the outline. The chapter on

rigid-body equilibrium has been placed following dynamics of a par-
ticle and just before rotational motion. However, users who want to
go into this material immediately following equilibrium of a point
may still do so. The thermodynamics material has been split into
two chapters, one each for the first and second laws. The introduc-
tory material on optics has been somewhat condensed and consoli-
dated into a single chapter. The relativity chapter has been moved
to the end of the book to accompany the other chapters on twenti-
eth-century physics, which have been considerably expanded. The
number of chapters is now 47, but the overall length of the book is
about the same as that of the previous edition.

. oF . ; : ;
. Many sections have been extensively rewritten to improve clarity

and continuity. New introductory material has been prepared for
nearly every chapter; this will provide the student with a sense of
perspective and ease his or her entry into the chapter. The first chap-
ter is completely new; it now includes discussion of units, unit con-
versions, and significant figures, as well as an introduction to vector
addition in the context of displacement vectors, preceding the more
abstract addition of forces. Products of vectors are also introduced
here. All of the material in the areas of magnetic fields and forces has
been rewritten with the aim of making it less formal (and less formi-
dable) than in the previous edition.

The treatment of modern physics topics has been considerably ex-
panded. There is a completely new chapter on quantum mechanics.
The discussion of nuclear fission and fusion has been expanded, as
has the treatment of fundamental particles and the associated con-
servation and symmetry principles. Several topics have been added,
including lasers, integrated circuits, superheavy nuclei, quarks, and
several others.

Some material that is outdated or of peripheral importance has been
de-emphasized; a few examples are the Wheatstone bridge, the po-
tentiometer, thermoelectricity, and some aspects of magnetic mate-
rials.



The text is adaptable to a wide variety of course outlines. The entire
text can be used for an intensive course two or three semesters in length.
For a less intensive course, many instructors will want to omit certain
chapters or sections to tailor the book to their individual needs. The
format of this edition facilitates this kind of flexibility. For example, any
or all of the chapters on relativity, hydrostatics, hydrodynamics, acous-
tics, magnetic properties of nfatter, electromagnetic waves, optical in-
struments, and several others can be omitted without loss of continuity.
In addition, some sections that are unusually challenging or out of the
mainstream have been identified with an asterisk preceding the section
title. These too may be omitted without loss of continuity.

Conversely, however, many topics that were regarded a few years
ago as of peripheral importance and were purged from introductory
courses have now come to the fore again in the life sciences, earth and
space sciences, and environmental problems. An instructor who wishes
to stress these kinds of applications will find this text a useful source for
discussion of the appropriate principles.

In any case, it should be emphasized that instructors should not feel
constrained to work straight through the book from cover to cover.
Many chapters are, of course, inherently sequential in nature, but
within this general limitation instructors are encouraged to select from
among the contents those chapters that fit their needs, omitting mate-
rial that is not relevant for the objectives of a particular course.

Again we wish to thank our many colleagues and students who have
contributed suggestions for this new edition. In particular, Professors
William M. Cloud (Eastern Illinois University), James R. Gaines (Ohio
State University), and A. Lewis Ford (Texas A. and M. University) have
read the entire manuscript, and their critical and constructive com-
ments are greatly appreciated. In addition, Professors Malcolm D. Cole
and Charles McFarland (University of Missouri at Rolla) have read por-
tions of the manuscript and have provided many valuable suggestions.
One of the authors (H.D.Y.) offers special thanks to his students and
colleagues at Carnegie-Mellon University for their many helpful com-
ments. He acknowledges a special debt of gratitude to Professors Robert
Eisenstein, Robert.Kraemer, and Frederick Messing of Carnegie-Mellon
for many stimulating discussions about the book and about physics ped-
agogy generally, and to Professor Kraemer for major contributions to
the sections on high-energy physics. The kindness and helpfulness of
these people will not soon be forgotten.

As usual, we welcome communications from readers concerning our
book, and especially concerning any errors or deficiencies that may re-
main in this edition.

New York M.Z.
Pittsburgh H.D:Y.
November 1981
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AVAILABLE SUPPLEMENTS

The following supplementary materials are available for use by stu-
dents:

Study Guide _ James R. Gaines and William F.
Palmer (Ohio State University,
Columbus)

Solutions Guide A. Lewis Ford (Texas A&M Uni-

versity, College Station)

The following supplement is available to instructors:

Answers to Even-Numbered (The answers to the odd-num-
Problems bered problems are in the back
of the book.)



PART I Mechanics, Heat, and Sound

1

Units, Physical Quantities,
and Vectors

Introduction

Standards and units

Unit consistency and conversions
Precision and significant figures
Vectors and vector addition
Components of vectors

Unit vectors

Products of vectors

2

Equilibrium of a Particle

o0

r—ﬂ»—dv—db—l-d)-tr—ar-aw
O 3O U&= W -

Introduction

Force ‘
Equilibrium. Newton’s first law
Discussion of Newton’s first law
Newton’s third law of motion
Idealized models

Equilibrium of a particle
Friction

3

Motion on a Straight Line

3-1 Motion 3
3-2 Average velocity
3-3 Instantaneous velocity

MN[\D[I\'JNMMNJ
1O Ut W

CONTENTS

-

18
18
20
22
23
24
25
29

39
39
40

O H © O UL

3-4 Average and instantaneous
acceleration
Motion with constant acceleration

Freely falling bodies
Relative velocity

4

Newton’s Second Law. Gravitation

4-1 Introduction

4-2 Newton’s second law. Mass

4-3 Systems of units

-4 Newton’s law of gravitation

Mass and weight

Applications of Newton’s second law

5

Motion in a Plane

-1 Motion in a plane
2 Average and instantaneous velocity
-3 Average and instantaneous
acceleration :
5-4 Components of acceleration
5-5 Motion of a projectile
5-6 Circular motion
5-7 Centripetal force
5-8 Motion in a vertical circle
5-9 Motion of a satellite

* 5-10 Effect of the earth’s rotation on g .

5-11 Relative velocity

5

-6 Velocity and coordinate by integration
7
8

42
45
48

52

59
59
62

68

83
83

85

95
96

101
106
107



* 9-7

‘vill CONTENTS

6

Work and Energy

6-1 Work

6-2 Work done by a varying force
6-3 Work and kinetic energy

6-4 Gravitational potential energy
6-5 Elastic potential energy

6 Conservative and dissipative forces
7 Internal work

-8 Internal potential energy

9 Power

0 Power and velocity

1 Mass and energy

z

Impulse and Momentum

6-
6

P

Impulse and momentum
Conservation of momentum
Collisions

Inelastic collisions

Elastic collisions

Recoil

Center of mass

Rocket propulsion
Generalizations

8

Equilibrium. Moment of a Force

P N e R N
© O TD AW

8-1 Moment or torque of a force

8-2 The second condition for equilibrivm
8-3 Center of gravity

8-4 Couples

8-5 Vector torque

9

Rotation

9-1 Introduction

9-2  Angular velocity

9-3 Angular acceleration

9-4 Rotation with constant angular
acceleration

9-5 Relation between angular and linear
velocity and acceleration

9-6 Kinetic energy of rotation. Moment

of inertia 5

Calculation of moments of inertia

115
118
120
122
128
131
132
133
134
135
135

143
147
148
149
151
154

155

157
159

166
167
170
172
173

179
179
181
181
182

183
186

*

*

*

*

*

9-8 Work and power in rotational motion

9-9 Torque and angular acceleration

9-10 Rotation above a moving axis

9-11 Parallel-axis theorem

9-12 Angular momentum and angular
impulse

9-13 Conservation of angular momentum

9-14 Vector representation of angular

quantities

9-15 Comparison of linear and angular
motion

Elasticity

10-1 Stress

10-2 Strain

10-3 Elasticity and plasticity
10-4 Elastic modulus
10-5 The force constant

11

Periodic Motion

11-1 Introduction

11-2 Elastic restoring forces

11-3 Basic concepts

11-4 Equations of simple harmonic
motion

11-5 Circle of reference

11-6 Motion of a body suspended from
a coil spring

11-7 Angular harmonic motion

11-8 The simple pendulum

11-9 The physical pendulum

12

Fluid Statics

12-1 Density

12-2 Pressure in a fluid

12-3 Pressure gauges

12-4 Pumps

12-5 Archimedes’ principle

12-6 Forces against a dam

12-7 Surface tension

12-8 Pressure difference across a surface -
film

12-9 Contact angle and capillarity

189
190
192
194

195
196

200

202

211
214

214

216
219

223
224
224

225
232

234
235
236
238

244
245
247
248
249
252
253

255
257



*

*

13

Fluid Dynamics

13-1 Introduction

13-2 The equation of continuity

13-3 Bernoulli’s equation

13-4 Applications of Bernoulli’s equation
13-5 Viscosity

13-6 Poiseuille’s law

13-7 Stokes’ |law

13-8 Reynolds number

14

Temperature and Expansion

14-1 Concept of temperature

14-2 Thermometers

14-3 Defining a temperature scale

14-4 The Celsius, Rankine, and
Fahrenheit scales

14-5 Thermal expansion

14-6 Thermal stresses

15

Quantity of Heat

15-1 Heat transfer

15-2 Quantity of heat

15-3 Heat capacity

15-4 Experimental values of heat
capacities

15-5 Change of phase

15-6 Examples

16

Heat Transfer

16-1 Conduction

16-2 Radial heat flow

16-3 Convection

16-4 Radiation

16-5 Stefan-Boltzmann law
16-6 The 1deal radiator

17

Thermal Properties of Matter

17-1 Equations of state

17-2 The ideal gas

17-3 pVT-surface for an ideal gas
17-4 pVT-surface for a real substance

264
265
266
267
271
273
276
276

283
285
287

288
289
292

297
298
299

302
303
307

313
317
318
321
321
323

328
329
333
334

* 20-6

* 20-8

CONTENTS

17-5 Phase diagrams

17-6 Triple point and critical point
17-7 Vapor pressure

17-8 Humidity

17-9 The bubble chamber

18

The First Law of Thermodynamics

18-1 Energy and work in
thermodynamics

18-2 Work in volume changes

18-3 Heat in volume changes

18-4 Internal energy

18-5 Adiabatic process

18-6 Isochoric process

18-7 Isothermal process

18-8 Isobaric process

18-9 Throttling process

18-10 Differential form of the first law

18-11 Internal energy of an ideal gas

18-12 Hezt capacities of an ideal gas

18-13 Adiabatic process for an ideal gas

19
The Second Law of Thermodynamics

19-1 Heat engines

19-2 Internal-combustion engines
19-3 Steam engines

19-4 The refrigerator

19-5 The second law of thermodynamics
19-6 The Carnot cycle :
19-7 The Kelvin temperature scale
19-8 Absolute zero

19-9 Entropy

19-10 Entropy and the second law
19-11 Energy conversion

20

Molecular Properties of Matter

20-1 Molecular theory of matter
20-2 Avogadro’s number

20-3 Properties of matter

20-4 Kinetic theory of an ideal gas
20-5 Molar heat capacity of a gas
Distribution of molecular spee
20-7 - Crystals ;
Heat capacity of a crystal

ix

336
338
340
340
342

346
347
348
349
352
352
352
353
353
354
355
355
358

364
366
368
368
369
371
376
377
378
380
382

386
388
389
389
394
395
396
398



X CONTENTS

21

Mechanical Waves

21-1
21-2
21-3
21-4
21-5
21-6

* 21-7

Introduction

Periodic waves

Mathematical description of a wave
Speed of a transverse wave

Speed of a longitudinal wave
Adiabatic character of a
longitudinal wave

Water waves

22

Vibrating Bodies

22-1
22-2
22-3

Boundary conditions for a string
Superposition and standing waves
Vibration of a string fixed at both
ends

Longitudinal standing waves
Vibrations of organ pipes
Vibrations of rods and plates
Interference of longitudinal waves
Resonance

23

Acoustic Phenomena

23-1
23-2
23-3

Sound waves

Intensity

Intensity level and loudness
Quality and pitch

Musical intervals and scales

Beats

The Doppler effect

Radiation from a piston
Applications of acoustic phenomena

PART II Electricity and Magnetism;

Light, and Atomic Physics

24

Coulomb’s Law

24-1
24-2
24-3
24-4
24-5
24-6

Electric charges

Atomic structure
Conductors and insulators
Charging by induction
Coulomb’s law

Electrical interactions

403
404
406
408
411

413
415

420
422

424
426
427
428
429
430

434
436
437
439
440
442
443
448
451

457
458
460
460
461
466

*

*

15

The Electric Field; Gauss’s Law

The electric field
Calculation of electric field
Field lines

Gauss’s law

Applications of Gauss’s law

26

Potential

26-1 Electrical potential energy

26-2 Potential

26-3 Calculation of potential differences
26-4 Equipotential surfaces

26-5 Potential gradient

26-6 The Millikan oil-drop experiment

26-7
26-8

The electronvolt
The cathode-ray oscilloscope

27

Capacitance. Properties of Dielectrics

27-1
27-2
27-3
27-4
27-5
27-6

27-7

Capacitors

The parallel-plate capacitor
Capacitors in series and parallel
Energy of a charged capacitor
Effect of a dielectric

Molecular theory of induced
charges

Polarization and displacement

28

469
473
479
480
484

494
497
500
503
504
506
508
509

516
517
519
520
522

526
528

Current, Resistance, and Electromotive Force

28-1
28-2
28-3
28-4
28-5

- 28-6

28-7
28-8
28-9

Current

Resistivity

Resistance

Electromotive force
Current-voltage relations

Work and power in electrical
circuits

Physiological effects of currents
The electric field of the earth
Theory of metallic conduction

29

Direct-Current Circuits and Instruments

29-1
29-2

Resistors in series and in parallel
Kirchhoff’s rules

534
537
539
541
549

550
554
556
556

562
564



CONTENTS XI1

29-3 Ammeters and voltmeters 567 33-4 Lenz’s law 640
29-4 The ohmmeter 571 33-5 Kddy currents 642
* 29-5 The R-C series circuit 571
* 29-6 Displacement current 574 3 4
30 . , Inductance
The Magnetic Field 34-1 Mutual inductance 649
' 34-2  Self-inductance 650
30“} Magnetism - 583 34-3 Energy in an inductor 652
30-2 The magnetic field . 584 344 The R-L circuit 653
30-3 Magpetlc field lines; magnetic flux 587 3485 The L-C circuit 656
30-4 Motlon'of charged particles in 34-6 The R-L-C circuit 658
magnetic fields 588
30-5 Thomson’s measurement of e/m 589 3 5
* 30-6 Isotopes and mass spectroscopy 591
Magnetic Properties of Matter
3 1 35-1 Magnetic materials 664
Magnetic Forces on Current-Carrying- 35-2 Magnetic permeability 665
Conductors 35-3 Molecular theory of magnetism 666
g1-1 TForce on a conductor 596  99-4 Magnetization and magnetic
31-2 The Hall effect 597 Intensity 1y, o 945
31-3 Force and torque on a complete 35-5 Ferromagnetism 621
st 599 * 356-6 Magnetic domains 672
. * 2
31-4 The pivoted-coil galvanometer 603 35-7 Hysteresis 673
* 31-5 The direct-current motor goa * 35-8 The magnetic field of the earth 675
* 31-6 The electromagnetic pump 605 36
3 2 ' Alternating Currents
Magnetic Field of a Current 36-1 Introduction 678
32-1 Sources of magnetic field 609 36-2 Circuits contai.ning reSiStance,
32-2 Magnetic field of a moving charge 609 inductance, or capacitance 679
32-3 Magnetic field of a current element. 36-3 The R-L-C series circuit 682
The Biot law 612 36-4 Average and root-mean-square
32-4 Magnetic field of a long straight values; ac instruments 684
conductor 613 36-5 Power in ac circuits 686
32-5 Force between parallel conductors; 36-6 Series r €o0LAlCe 688
the ampere 615 36-7 Parallel circuits 690
32-6 Magnetic field of a circular loop 616 * 36-8 The transformer 690
32-7 Ampere’s law 619
32-8 Applications of Ampere’s law 621 3 7
* 32-9 Magnetic fields and displacement Electromagnetic Waves
currents 623
37-1 Introduction 696
3 3 * 37-2 Speed of an electromagnetic wave 698
. 37-3 Energy in electromagnetic waves 700
Ind 1
miinged Blgeteamotive Foree * 37-4 Electromagnetic waves in matter 703
33-1 Motional electromotive force 630 37-5 Sinusoidal waves 703
33-2 Faraday’s law 634 37-6 Standing waves 705

33-3 Induced electric fields 638 * 37-7 Radiation from an antenna 707



Xii CONTENTS

38

The Nature and Propagation of Light

38-1
38-2
38-3
38-4
38-5
38-6
38-7

Nature of light

Sources of light

The speed of light

The electromagnetic spectrum
Waves, wave fronts, and rays
Reflection and refraction
Total internal reflection
38-8 Huygens’ principle

38-9 Dispersion

38-10 Absorption

38-11 Illumination

39

Images Formed by a Single Surface

39-1
39-2
39-3
39-4
39-5
39-6
39-7
39-8

*

*

Introduction

Reflection at a plane surface
Reflection at a spherical mirror
Focal point and focal length
Graphical methods

Refraction at a plane surface
Refraction at a spherical surface
Summary

40

Lenses and Optical Instruments

40-1
40-2
40-3
40-4
40-5
40-6
40-7

Images as objects

The thin lens

Diverging lenses
Graphical methods

Images as objects for lenses
Lens aberrations

The eye

40-8 Defects of vision

40-9 The magnifier

40-10 The camera

40-11 The projector

40-12 The compound microskope
40-13 Telescopes

41
Interference and Diffraction

41-1
41-2

*

*

Interference and coherent sources
Young’s experiinent and Pohl’s
experiment

Intensity distribution in
interference fringes

* 41-3

711
712
713
715
717
717
721
722

725

726
727

733
733
735
740
741
742
744
747

750
751
754
755
757
757
759
761
762
763
764
765
766

773

776

778

*

Interference in thin films. Newton’s

rings

Thin coatings on glass

The Michelson interferometer

Fresnel diffraction

Fraunhofer diffraction from a single

slit

41-2 The diffraction grating

41-0 Diffraction of x-rays by a crystal

41-11 The resolving power of optical
instruments

41-12 Holography

42

Polarization

42-1
42-2
42-3
42-4
42-5
42-6

Polarization

Malus’ law and percent polarization
Polarization by reflection

Double refraction

Polarizers

The scattexing of light

42-7 Circular and elliptical pdlarization
42-8 Optical stress analysis
42-9 Optical activity

43
Relativistic Mechanics
43-1
43-2
43-3
43-4
43-5
43-6
43-7
43-8

Invariance of physical laws
Relative nature of simultaneity
Relativity of time

Relativity of length

The Lorentz transformation
Momentum

Work and energy

Relativity and newtonian
mechanics

44

Photons, Electrons, and Atoms

44-1
44-2
44-3
44-4
44-5
44-6
44-7
44-8

Emission and absorption of light
Thermionic emission

The photoelectric effect

Line spectra

Energy levels

Atomic spectra

The laser

X-ray production and scattering

780
783
784
787

789
794
797

798
800

806
808
810
811
812
814
815
818
818

822
824
825
827
829
831
832

835

840
841
843
846
848
850

. 862

854



*

*

45

Quantum Mechanics

45-1
45-2
45-3
45-4
45-5
45-6

The Bohr atom

Wave nature of particles
The electron microscope
Probability and uncertainty
Wave functions

Electron spin

46

Atoms, Molecules, and Solids

46-1
46-2
46-3
46-4
46-5
46-6
46-7
46-8

The exclusion principle
Atomic structure
Diatomic molecules
Molecular spectra
Structure of solids
Properties of solids
Semiconductors
Semiconductor devices

47

Nuclear Physics

47-1
47-2
47-3

The nuclear atom
Properties of nuclei
Natural radioactivity

862
867
869
870
874
876

881
883
885
887
888
890
892
893

897
899
903

CONTENTS

47-4 Nuclear stability
47-5 Radioactive transformations
47-6 Nuclear reactions
47-7 Particle accelerators
47-8 Nuclear fission
47-9 Nuclear fusion
47-10 Fundamental particles
* 47-11 High-energy physics
47-12 Radiation and the life sciences

Appendixes

A The international system of
units

B ° Useful mathematical relations
C The Greek alphabet
D Natural trigonometric functions
E Periodic table of the elements
F Unit conversion factors
G Numerical constants
Answers to Odd-Numbered Problems
Index
Endpapers

xiii

906
908
911
912
916
918
920
922
926

| |
Nelio o Be pRN, BNV

— %H»l-]*%'-i'%*i

|
N

(Front) Appendix F Unit conversion factors

(Rear) Appendix G Numerical constants



UNITS,

PHYSICAL
QUANTITIES,
AND VECTORS

|
|
|
\
-

1-1 Introduction

Physics is an empirical study. Everything we know about the physical
world and about the principles that govern its behavior has been learned
through observations of the phenomena of nature. The ultimate test of
any physical theory is its agreement with observations and measure-
ments of physical phenomena.

Thus physics is inherently a science of measurement. Lord Kelvin
(1824-1907), one of the pioneers in investigating energy relations in heat
and thermal phenomena, stated this principle eloquently:

I often say that when you can measure what you are speaking about, and
express it in numbers, you know something about it; but when you cannot
express it in numbers, your knowledge is of a meagre and unsatisfactory
kind; it may be the beginning of knowledge, but you have scarcely, in your
thoughts, advanced to the stage of science, whatever the matter may be.

Any number or set of numbers used for a quantitative description of
a physical phenomenon is called a physical quantity. To define a physical
quantity we must either specify a procedure for measuring the quantity,
or specify a way to calculate the quantity from other quantities that can
be measured. For example, we can define distance and time by describing
procedures for measuring them, and then define the speed of a moving
body as the distance traveled divided by the time of travel.

A definition in terms of a procedure for measuring the defined quan-
tity is called an operational definition. Certain fundamental quantities
can be defined only with operational definitions. The fundamental quan-
tities of mechanics are usually taken to be mass, length, and time. For
other areas of physics other fundamental quantities, including tempera-
ture, electric charge, and luminous intensity, will be introduced later.

1-2 Standards and units

In measuring a quantity, we always compare it with some established
reference standard. To say that a rope is 30 meters long is to say that it
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1-1 NBS-6 is the latest of six genera-
tions of primary atomic frequency stand-
ards developed by the National Bureau of
Standards (NBS). Consisting of a 6-meter
cesium beam tube, NBS-6 achieves an
accuracy of better than one part in 1013,
and when operated as a clock, can keep
time to within 3 millionths of a second
per year. (Courtesy National Bureau of
Standards.)

is 30 times as long as an object whose length has been defined to be one
meter. Such a standard is called a unit of the quantity; thus the meter is
a unit of distance, and the second is a unit of time.

For precision in making measurements, it is essential to have precise
and reproduceable definitions of the units of measurement. When the
metric system was established in 1791 by the Paris Academy of Sciences,
the meter was. originally defined as one ten-millionth of the distance
from the equator to the North Pole, and the second as the time for a
pendulum one meter long to swing from one side to the other. In later
years these definitions have been modified and greatly refined.

Since 1889 the definitions of the basic units have been established by
an international organization called the General Conference on Weights
and Measures, to which all the major countries of the world send repre-
sentatives. The system of units defined by this organization, based on
the metric system, has been known officially since 1960 as the Interna-
tional System, abbreviated SI because of the French equivalent, Systéme
International. :

Two essential characteristics of a unit standard are permanence and
reproduceability. Thus in 1889, a meter bar of platinum-iridium alloy
was chosen as the standard of length; this alloy is particularly stable
chemically. However, the use of such a bar as a world standard is cum-
bersome; replicas must be made and compared with the world standard
periodically. On October 14, 1960, the General Conference changed the
standard of length to an atomic constant, namely, the wavelength of the
orange-red light emitted by the individual atoms of krypton-86 in a tube
filled with krypton gas in which an electrical discharge is maintained.
One meter is defined to be 1,650,763.73 times the wavelength of this
light. Such a standard is more precise and more readily reproduced in
various locations than is one based on a specific material object.

The standard of mass is the mass of a cylinder of platinum-iridium
alloy, designated as one kilogram, kept at the International Bureau of
Weights and Measures at Sévres, ncar Paris. An atomic standard of mass
has not yet been adopted because it is not yet possible to measure masses
on an atomic scale with as great precision as on a macroscopic scale.

Until 1960 the standard of #ime was based on the mean solar day, the
time interval between successive arrivals of the sun at its highest point,
averaged over a year. In 1967 an atomic standard was adopted. The two
lowest energy states of the cesium atom have slightly different energies,
depending on whether the spin of the outermost electron is parallel or
antiparallel to the nuclear spin. Electromagnetic radiation (microwaves)
of precisely the proper frequency causes transitions from one of these
states to the other. One second is now defined as the time required for
9,192,631,770 cycles of this radiation. Figure 1-1 shows a cesium fre-
quency standard, which may be used as a clock.

Once the fundamental units are defined, it is easy to introduce larger
and smaller units for the same physical quantities. In the metric (SI)
system these additional units are always related to the fundamental
ones by multiples of 10 or 7. Thus one kilometer (1 km) is 1000 meters,
one centimeter (1 cm) is 13; meter, and so on. The multiplicative factors
are most conveniently expressed in exponential notation; thus
1000 = 103, 1¢h = 1073, and so on. The names of the additional units are
always derived by adding a prefix to the name of the fundamental unit.
For example, the prefix “kilo-”, abbreviated k, always means a unit
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larger by a factor of 1000; thus

1 kilometer = 1km = 10° meters = 10°m,
1 kilogram =1kg = 10% grams = 10%g,
1 kilowatt =1kW =103 watts = 10°W.

Table 1-1 lists the standard SI prefixes with their meanings and abbrevi-
ations. We note that most of these are multiples of 103.

Table 1-1 Prefixes for powers of ten

Power of ten 1022 1071 1072 1079 10-6 10-3 10-% 103 108 10° 1012 1015 108
Prefix atto- femto- pico- nano- micro- milli- centi- kilo- mega- giga- tera- peta- exa-
Abbreviation a f p n i m c k M G & P E

In pronunciation of unit names with prefixes, there is always an
accent on the first syllable; some examples are kil-o-gram, kil-o-meter,
cen-ti-meter, and mic-ro-meter. Accenting “kilometer” on the second
syllable is not correct!

Following are several examples of the use of multiples of 10 and their
prefixes, and some additional time units.

1 nanometer = 1nm = 10"°m (used by optical designers),

1 micrometer =1 pm = 10%m (used commonly in biology),

1 millimeter = 1mm = 1073 m and
) (used most often),
1 centimeter =1lcm = 10"2m
1 kilometer =1km = 10°m (a common European unit

of distance).
1 microgram = 1pug = 10"%kg,

1 milligram = 1mg = 10-¢kg,
1 gram =1g . =10"3kg.
1 nanosecond = 1ns = 10"9s,
1 microsecond = 1pus = 10765,

1 millisecond = 1ms = 1073s.

1 minute = 1min = 60s,

1 hour =1hr = 3600s,
1 day =1 day = 86,400 s.

Finally, we mention the British system of units, used only in the
United States and the British Commonwealth and rapidly being re-
placed by SI in the latter. The British units are now officially defined in
terms of SI units, as follows:

Length: 1 inch = 2.54 cm  (exactly)
Mass: 1 pound-mass = 0.45359237 kg (exactly).



