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TO THE INSTRUCTOR 

The explosion of scientific knowledge in the twentieth century has been 

accompanied by serious concern about our educational methods. Members 

of the “two cultures’”—scientific and literary—have given serious thought 

to the problems of understanding and responsibility in the transition to a 

technological age. Experiments in the teaching of mathematics, languages, 

and science involve new viewpoints, content, and devices. The authors and 

the publisher were convinced of the need for a change in the approach to 

the subject of physics as taught in liberal arts schools. We recognized five 

requirements of a new textbook: 

1. It should emphasize the unity of the subject, in view of trends 

toward applying all aspects of science to problems of the modern world. 

2. It should reflect the progress of technical knowledge in this century, 

giving special attention to the roles of basic particles, nuclei, atoms, and 

molecules. 

3. It should take advantage of the student’s daily association with 

science and technology and his awareness of new developments. 

4. It should be concise, conceptual, and challenging, in accord with 

demands on our future intellectual leaders. 

5. It should provide the student with an appreciation of the role 

physics plays in understanding both the natural and manmade environ- 

ment, and should suggest the beneficial implications of science and tech- 

nology for our society. 
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To accomplish these objectives, a significant revision of both content 

and order of presentation from that of the traditional physics text was 

necessary. The flow of ideas is described below to provide the instructor 

with an overview of the text. 

The concepts of particles and atomic structure are reviewed immedi- 

ately. This permits a demonstration of the laws of motion by examples 

using a variety of forces, including gravitational, electrical, and mechanical. 

The ideas of classical and of special relativity are introduced, and emphasis 

is placed on the meanings of description and measurements. Fields, 

potential, and mass-energy are developed as unifying concepts applicable 

to all physical phenomena. The principles of conservation of linear and 

angular momentum are readily illustrated by particle interactions and by 

the motion, under a central force, of planets, spacecraft, and charges. The 

study of periodic motion leads naturally to a discussion of waves, including 

those of mechanical, acoustical, and electromagnetic origin. An approach 

to the properties of matter from the molecular viewpoint is followed by a 

statistical view of kinetic theory and thermodynamics. The idea of trans- 

port of particles, momentum, thermal energy, and electric charge facilitates 

the microscopic view of electrical and magnetic properties. Circuits, 

instruments, and devices for generating electromagnetic radiation lead to 

the phenomena of geometrical and physical optics. The concepts of the 

quantum, the uncertainty principle, and wave mechanics can then be 

established, followed by a survey of nuclear physics. Finally, the relation 

of physics to biology is discussed and some of the problems on the frontier 

of science and technology are outlined. 

To avoid a ponderous volume, historical material has been kept to a 

minimum. Algebra, geometry, and trigonometry serve as principal mathe- 

matical tools, with a nominal use of vectors and an implicit allusion to 

calculus as needed. Many problems are provided at the ends of chapters, 

both as exercises and as indications of the breadth of the subject of physics. 

The approach, although unconventional, helps to unify the histori- 

cally well-insulated branches of physics. Young people who have grown 

up in an age of the atomic bomb, the computer, and travel to the Moon 

take keen interest in modern developments. The introduction of new and 

relevant material can possibly stimulate many able students who would 

otherwise react negatively to physics. The text seeks to give the liberal 
arts student an appreciation of the physical universe, some insight into the 
philosophical implications of the subject, and experience in the analysis of 
real problems. It is hoped that a balance between the intellectual and 
practical aspects of physics has been achieved. 

The authors wish to express appreciation to their colleagues for 
thoughtful reviews of various drafts. Special thanks are due to Dr, J oseph 
W. Straley for encouragement and most helpful suggestions. 

Raymonp L. Murray / Grover C. Coss 
Raleigh, North Carolina 
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What is physics? The science of physics seeks to explain the 

fundamentals of all phenomena of nature. The objects it investigates range 

from electrons to inventions to galaxies. The success of physics depends on 

accurate measurements of distance, time, weight, electrical charge, and the 

many other properties needed to deduce and verify theories of nature. By 

virtue of its descriptions in terms of basic and submicroscopic processes, 

physics underlies other physical and biological sciences and _ practical 

applications. 

The end of the nineteenth century marked the peak of what is called 

“classical physics,’ a view of nature then thought to be complete, con- 

sistent, and useful; all that remained to be done, it was thought, was to 

improve the accuracy of measurements. The spectacular growth of 

“modern physics” and its uses in the twentieth century suggest instead 

that our understanding of nature will never be complete. 

We are living in a rapidly changing era and are all familiar with ideas 

never dreamed of by the scientists of the past. Through science courses, 

newspapers, magazines, radio, television, and daily living with modern 

devices and scientific discoveries, we are already prepared to appreciate 

the meaning and challenge of physics. 

Students will encounter a few surprises, however, where ideas conflict 

with common observation. They shall come to appreciate better that the 

senses of hearing, sight, and touch are inadequate for the very small, such 
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as atoms; the abstract, such as energy and fields; the very fast, such as 

nuclear particles; or the very large, such as stars. Words fail us in describ- 

ing many processes; we shall have to rely on mathematics to express many 

models of physics. In this role, mathematics goes beyond its value as a 

“shorthand” to record and remember findings, or to help solve problems, 

or to make new predictions. 

When chemistry and physics are viewed on an atomic basis, there is 

no difference between the two sciences. The valence electrons of chemical 

processes become, in physics, the electrons of an electric current; chemical 

combining weights are closely related to the physical structure of the 

nucleus; gas laws arise as a consequence of kinetic theory; the heat of a 

chemical reaction is merely one form of energy as described by physics; 

the bonds of compounds are interatomic forces of matter. The language 

and the purpose of the two sciences often differ, but their basis is the same. 

What are physicists? The popular picture of physicist (in fact, of 

most scientists) is of a solitary and often eccentric individual. In reality, 

the complexity of modern physics requires that most research involve a 

close-knit team effort, with regular discussion and a division of labor. The 

physicist’s work is believed to be coldly methodical and orderly in all 

respects. In fact, good luck or accident plays a considerable part in scien- 

tific research, and an outcome may be quite unrelated to what was sought. 

The physicist is said to be aloof, living in an “‘ivory tower,” lacking concern 

for the needs of society. The truth is that there is a growing participation 

of scientists in community and national affairs. In addition, many physi- 

cists are engaged in research aimed at creating a better and safer world— 

in environmental problems, manufacturing, communications, power, trans- 

portation, nuclear processes, and military protection. The only significant 

feature that distinguishes a physicist from the average person is the 

combination of a facility with the abstract, a driving curiosity, a logical 

mind, and the ability to derive esthetic satisfaction from understanding. 

What can physics do? Through the accumulation and study of 

data on diverse processes, an order is noted. Mathematical formulas are 

then derived to express this order in terms of principles—that is, unifying 

concepts. Through the use of principles, analyses and checks on other 
phenomena are possible. Predictions of new effects are made, tested, and 
either verified or refuted. Some of the conclusions of such research can 
add to the understanding of our surroundings while others help in practical 
engineering or industrial applications. As new concepts become common- 
place, physics moves on to new boundaries, leading to an ever-growing 
body of knowledge. Basic to man’s character is the urge to explore the 
unknown, to brave the hazards that accompany progress, and to render 
mental order of of apparent mystery and chaos. That the search is often 
frustrating and apparently unending does not deter him from the quest. 
The more the physicist finds out through his combined attack with mea- 
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surements and theory, the more clearly does he realize how limited man 
really is in the scheme of the universe. Man sees more dimly and compre- 
hends less about the stars and galaxies than a tiny insect understands a 
mountain. On the opposite end of the scale he is a blind and clumsy giant, 
striving to fathom the complexities of the atom and the nucleus. Even on 
the Earth, he has barely begun to understand the behavior of the sea, the 
land, and the atmosphere, and knows little about the interior of our world. 

The task of physics is to relate all processes and entities logically, to 
provide wherever possible a means for predicting consistent behavior. We 
must keep in mind, however, that the descriptions and explanations of 

physics involve the “How” of our world, but not the ““Why.”’ For instance, 

physics can tell us, through mathematical formulas, how the amount of 

force between two electrical charges depends on the distance between them, 

but cannot answer the question ‘What is charge?” The even more funda- 
mental question ‘“‘Why is nature as it is?” is beyond the scope of physics; 

attempts to answer this question must be made within the realms of 

philosophy, metaphysics, and theology. 

Why study physics? ‘The reasons for seeking a knowledge of the 

concepts and methods of physics are different for the student of science, 

the student of engineering, and the student of the liberal arts. Clearly 

enough, the professional physicist requires a knowledge of the subject in 

order to be able to experiment and explain, and the engineer finds physics 

basic to his methods of analysis and design. The graduate in liberal arts, 

on the other hand, usually studies the subject to broaden his cultural 

horizons and to enhance his intellectual contributions. 

Much has been said in recent years of the tremendous influence that 

the physical sciences and technology have had on our society. Indeed, 

these fields tend to be regarded as insidious invaders acting independently 

of man. The authors believe, however, that they are an intimate part of 

the structure of our civilization, subject to use by man for his benefit or 

detriment as he chooses, just as are literature, the knowledge of human 

relations, and the principles governing the behavior of political institutions. 

We are convinced that an appreciation of what science is and of what 

technology can do is essential to the decision-making processes that men 

employ to develop an advanced culture. An awareness of the sciences that 

help explain all processes is vital to the complete education of a person 

living in a technologically oriented world—one which emphasizes explo- 

ration of the atom, the body, and the universe, and which seeks to improve 

the convenience, comfort, and health of its people. 

How difficult is physics? For years, students have complained 

bitterly that physics is a difficult subject. Such comments often reflect the 

student’s natural desire for respect or sympathy from associates. Never- 

theless, everyone agrees that the study of physics is demanding and not to 

be approached as one reads a novel. The mastery of physics can be 
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satisfying, as are all achievements. It can be an exciting subject, as we 

see new and almost unbelievable ideas unfold, as we realize its power to 

analyze advanced technical problems in behalf of society’s needs. There 

is some truth in the student’s observation “Everything in physics depends 

on everything else.” For instance, to understand motion, one needs to be 

familiar with basic particles, which are in turn described in terms of 

motion! It would be wonderful if one could be born with the necessary 

knowledge, or could have it all painlessly instilled by “‘sleep-teaching,”’ 

but these are idle thoughts. There is no substitute for patient study and 

reflection, which will eventually yield familiarity with physics, and certainly 

some degree of understanding. 

RLM / GCC 
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FROM ATOMS TO STARS 

The question ‘Of what is the world composed?” has always interested 

man deeply. It took a very long time for him to recognize the fact that 

all objects, materials, and processes could be explained by the existence 

of basic particles. When at first he applied his senses to the land, waters, 

and air, to the Sun, Moon, and stars, to plants and animals—all with a 

great variety of forms, colors, and behavior—it was natural for man to 

consider each item as having independent character. The first major step 
out of the era of superstition was the distinction between living and non- 

living things. Centuries passed before the ancient Greek philosophers 

proposed that the four basic ingredients of nature were earth, water, air, 

and fire. Viewed in a modern context, these would correspond to the three 
basic states of matter—solid, liquid, and gas—plus radiant energy. A 

wealth of facts and detailed descriptions have since become available 

through careful scientific research methods, of which the Greeks never 

dreamed. 

Observations on chemical reactions and the behavior of gases led to 

the conclusion in the nineteenth century that matter is composed of mole- 

cules and atoms. Around the beginning of the twentieth century, it was 

found that the atoms themselves were formed from even smaller particles— 

nuclei and electrons. Still later, through investigations of nuclear reac- 

tions, the nucleus was proved to contain protons and neutrons. Even 

though the explanation of the nature of matter was satisfying at each of 
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these stages of deeper investigation, further scrutiny always led to the 

need for description by a still finer structure. Unusual subparticles con- 

tinue to be found and are not yet completely explained. Man may well be 

fated to pursue this elusive question throughout his existence. 

We shall try to illustrate the great scope of physics in the next few 

sections. Starting with the presently known basic particles, we shall show 

how nuclei, atoms, ions, and molecules are formed. Then we shall review 

some of the devices invented by man, which are objects more on the scale 

of his size. Proceeding to the still larger realm, we review natural phenom- 

ena in, on, and near our Earth. Finally, we look outward to space with its 

planets, stars, and galaxies. 

In our presentation of the concepts and laws of physics, we plan to 

use the fundamental particle description that is capable of explaining most 

of the observed phenomena of nature. To start above the atomic level 

would hamper our efforts to do justice to modern nuclear problems; to 

leap to the frontier of physics would expose us to the dilemmas presently 

facing scientists. Our minds find it easier to visualize an object if we can 

compare it to something familiar. Thus we might picture atoms as very 

small marbles—spherical and uniform in composition. For many purposes 

the atom’s actual shape and structure is not important, so this simple 

model is worth keeping. Furthermore, models of processes involving more 

than one particle can then be devised. For instance, the interaction of two 

atomic particles may be likened roughly to the collision of two billiard 

balls. As we proceed to describe these models of matter, the reader must 

remember that they serve as conveniences for thought, not as ultimately 

correct descriptions. 

1-1 FOUR BASIC PARTICLES 

It would be convenient for our study if all matter were constructed 

from particles of only one kind, and if differences in materials depended 

only on arrangement. Such is not the case, as far as we know; in fact, there 

are dozens of elementary particles. To describe most matter and many 

processes, however, four will suffice—the electron, the proton, the neutron, 

and the photon. These “building blocks” are distinguished by several 

characteristics, of which we shall select three—size, mass, and charge. 
Size or dimension is measured in meters (recall that 1 meter = 39.4 inches, 
1 inch = 2.54 centimeters). Mass, a more technical term, is a measure of 
mertia: the tendency of an object to keep moving or to resist a change in 
motion. Our familiarity with pounds, grams, and kilograms is enough for 
the moment to appreciate this property (recall that 1 kilogram = 2.2 
pounds, 1 pound = 454 grams). The third characteristic, electrical charge, 
is familiar in that the current used in the home is due to the flow of charges, 
but mysterious from a fundamental standpoint. All evidence points to the 
existence of indivisible units of electricity, one sort called positive, the 
other negative, of such nature that like charges repel and unlike charges 
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attract. Also, in any reaction of particles, charge is neither created nor 
destroyed. This example of conservation is one of several we encounter in 
the study of physics. 

Matter in different situations sometimes acts like chunks of material 
or particles, and sometimes as vibratory disturbances or waves. We shall 
see later that all matter in motion can be viewed either way, which implies 
that its nature is more complicated than either simplified version. We 
shall now identify our four basic particles in terms of mass, size, and sign 
of charge. 

Electron. This particle is negatively charged, bearing the unit of 
smallest known amount of electricity. It has a very small mass, 9.11 X 10-*! 

kilograms (kg), such that around 10*° electrons would have to be accumu- 

lated to amount to 1 kilogram. Its size is correspondingly minute, having 

an apparent radius of about 2.8 X 10- meter. We can show that its 

density (mass per unit volume) is exceedingly high. If the electron is as- 

sumed to be spherical, with volume (4)7(2.8 X 107)? = 9.2 & 10-“ cubic 

meter, its density is (9.1 X 107-*!)/(9.2 & 10-“) & 10" kilograms per cubic 

meter. This is billions of times greater than the density of any ordinary 

material. We also call the electron a beta particle when discussing its 

emission from a radioactive substance. 

Proton. This particle is positively charged with the same smallest 

magnitude of charge as has the electron. It is about 1836 times as massive 

as the electron, however, having a mass of 1.67 X 10~” kg. In spite of its 

greater mass, it is somewhat smaller than the electron, of radius around 

1.4 X 10- meter. One can easily compute that its density—mass per 

unit volume—is enormously larger than that of even the densest metals. 

Neutron. This particle has only slightly greater mass than that of 

the proton but has no electrical charge. This neutrality allows it to wander 

through matter practically free from electric or magnetic effects and to 

reside in the nucleus of an atom without contributing to the internal elec- 

trical forces. 

Photon. This entity is a very small amount of radiant energy, 

found in the structure of light, X rays, radio waves, and other radiations 

that we generally call electromagnetic. It is electrically neutral but is able 

to interact with electrical charges. It exists only when it is in motion, at a 

speed around 3 X 10% meters per second. It can be said to have mass 

because its inertia can be imparted to other objects. We classify it as a 

particle, but it behaves as a wave in certain situations, and thus is said to 

exhibit a dual character. In a photoelectric cell, photons acting as if they 

were particles have the ability to dislodge electrons from metal plates. On 

the other hand, the bending of light in water can best be described by a 

wave analogy. 
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Although there are many other distinct particles in nature,* the 

above are the building blocks in the structure of ordinary matter and of 

energy-transfer processes (for instance, light transmission). 

1-2 CONSTRUCTION OF NUCLEI AND ATOMS 

The periodic table of chemical elements, devised by the nineteenth- 

century Russian chemist Mendeleev, contained 92 different entries until 

the discovery of the elements beyond uranium (such as plutonium). At 

this writing, there is a total of 104 elements (see Appendix C). Each of 

these is distinguished by its chemical properties; for example, hydrogen 

reacts chemically with other elements quite differently from oxygen. A 

given element may have atoms of different mass called zsotopes; for ex- 

ample, hydrogen has three isotopes. All the similarities and differences of 

element construction can be explained in terms of three of our building 

blocks—protons, electrons, and neutrons. The following three facts con- 

cerning these particles and the nucleus have been obtained from experi- 

mental measurements: 

1. An atom under normal conditions is electrically neutral. This 

means that it has an equal number of protons and electrons. 

2. The constituent atomic material is generally separated into two 

regions: the central positive nucleus, where most of the mass resides; and 

the surrounding negatively charged “‘cloud’’ of electrons with very small 

mass. 

3. Electrons can be produced as the result of processes in the nucleus, 

but there is good evidence that they do not exist there. 

The conclusion to be drawn from these facts is that the nucleus contains 

only protons and neutrons (together called nucleons) and the outer region 
only electrons. 

Let us assign symbols to represent the numbers of each type of 
particle in an individual atom: 

Z = number of protons or electrons (atomic number) 

N = number of neutrons 
A = 2Z-+N = number of nucleons (mass number) 

We may represent any element or isotope, using a shorthand notation for 
these numbers, as follows: 

z(symbol of element)“ 

* Other particles include the positron (essentially identical to the electron except 
that it bears positive charge), the antiproton, and antineutron. These are examples of 
what is called ‘‘antimatter’’—of rare occurrence, on our world at least. 
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Isotope 

Structure 

Z protons, electrons 

N neutrons 

A nucleons 

Hydrogen, the first element in the periodic table, has three isotopes. 
One of these, called ordinary hydrogen, is represented by 

ate 

meaning that, for ordinary hydrogen, Z='1, A=1, N=A-—Z=0; 

or, in words, one proton in its nucleus, one electron outside, and no neu- 

trons (see Figure 1-1). The chemical properties of hydrogen are associated 

with its one removable electron. The mass of the hydrogen atom is very 

close to the proton mass of 1.67 X 10-2” kg, since the electron mass is 

extremely small, 0.0009 X 10-?7kg. The electron (negative) and the proton 

(positive) in hydrogen form a relatively stable structure because of the 

electrical attraction mentioned in Section 1-1. 1t is convenient to imagine 

the electron as moving in a roughly circular path or orbit about the proton, 

much as a planet moves about the Sun. Such pictures should not be taken 

literally, however. A more modern view is that the orbit is a general 

region where the electron is most likely to be. A given electron cannot be 

in two places at the same time, but if one looks at many atoms the electrons 

are so distributed as to offer a cloud-like appearance. 

Another isotope of hydrogen is heavy hydrogen (deuterium) 

1H? 

meaning Z = 1, A = 2, N = 1. The nucleus (called the deuteron) contains 

a neutron and a proton tightly bound together. The nucleus of deuterium 

has the same single charge as does the nucleus of ordinary hydrogen, and 

each has one external electron. The isotopes ,H! and ,H? thus react chemi- 

cally with the same elements, and their electrical properties are the same, 

but their masses are different. 

Hydrogen Deuterium Tritium Helium Lithium 
1 2 3 4 6 

,\H ,H ,H »He gLi 

& S 8. S, S, 
=) 

P @ @ )((G 
=) 

i) 

1 1 1 a) 3 

0 1 ”) 2 3 

1 2 3 4 6 

Neutrons) Protons @ Electrons ©) 

FIGURE 1-1 

Building the light elements from neutrons, protons, and 

electrons 
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Still another isotope of hydrogen is tritiwm 

iH? 

with Z = 1, A = 3, N = 2. It has a nucleus (called the triton) that is 

radioactive—i.e., it disintegrates in the course of time. 

The next element in the periodic table is heléwm, with two protons 

in its nucleus. The natural element is 

oH e! 

with Z = 2, A = 4, N = 2. The nucleus contains two neutrons and two 

protons, and there are two (external) electrons. If one more proton is now 

TABLE 1-1 

COMPOSITION OF NATURAL LIGHT ELEMENTS 

ELEMENT SYMBOL Z A N Atomic Mass* 

Hydrogen H 1 1 0 1.00797 
2 1 

Helium He 2 3 1 4.0026 

4 2 

Lithium Li 3 6 3 6.939 

7 4 

Beryllium Be + 9 5 9.0122 

Boron B 5 10 5 10.811 

11 6 

Carbon C 6 12 6 12.01115 

13 7 

Nitrogen N 7 14 7 14.0067 

Oxygen O 8 16 8 15.9994 

17 9 

18 10 

Fluorine F 9 19 10 18.9984 

Neon Ne 10 20 10 20.183 

Sodium Na 11 23 12 22.9898 

Magnesium Mg 12 24 12 24.312 
25 13 

26 14 

Aluminum Al 13 20 14 26.9815 
— 

* Often called atomic weight. The figures given are the average for each element, 
on the scale in which C¥ is exactly 12. For example, the natural abundances of 
C¥ and C8 in the chemical carbon form a blend with average atomic mass 
12.01115. A more complete table is given in Appendix C., 



7 

SECTION 1-2 

Construction of 

Nuclei and Atoms 

added to this nucleus, another electron must be put outside the nucleus 
to maintain electrical neutrality. One isotope of the new element thus 
formed—lithium—is 

3Li® 

where Z = 3, A = 6, N = 8. This isotope’s nucleus has three neutrons 
and three protons. An important new feature is that the last electron 
added goes into an orbit, or shell, of its own, as sketched in Figure 1-1. 
According to quantum theory, no more than two electrons may reside in 
the orbit nearest the nucleus. Once that number is reached, the shell is 

said to be closed or complete. The chemical behavior of matter is strongly 
dependent on this situation. As we proceed up the periodic table with 

increasing numbers of particles, the atoms become increasingly compli- 

cated to sketch in the manner we have used for the lightest elements. 

Therefore, we shall merely use numbers to describe the structure, as in 

Table 1-1, where the most frequently found isotopes of a number of ele- 

ments. are listed. The elements from Z = 3 to Z = 10 are formed by 

successively adding protons to the nucleus and electrons to the second 

shell, up to a maximum of eight electrons. The second shell is complete 

at this point—at the element neon, Z = 10. This procedure continues up 

through the periodic table, with A and Z increasing, and more and more 

orbits and shells. The complexity becomes very great, as can be seen in 

the structure of the main isotope of the heaviest stable element, uranium— 

Figure 1-2 shows the schematic arrangement of 9.U?*. 

The elementary particles such as the neutron and electron can also 

be described by their A- and Z-values. Thus on! means that the neutron 

has no charge and has one heavy particle. The electron is represented by 

_ie°, which means that it has negative charge but that its mass is iInsig- 

nificant in comparison with those of atoms. 

Sizes of atoms. From our calculations, we found the density of 

the electron to be exceedingly high: 10" kilograms per cubic meter (kg/m). 

The proton is about the same size as the electron, but its mass and density 

are much greater than those of the electron. However, we know that 

ordinary matter has a much lower density; for example, water has a value 

of 1000 kg/m’. The immediate conclusion to be made is that the atom is 

practically all empty space, with the matter highly concentrated in a few 

locations, in analogy to our solar system. Atoms vary in size according to 

their complexity, but most have dimensions in the range 10 to 10~° 

meter, thousands of times larger than the sizes of nuclei. 

Atomic masses. Constructed as they are of protons and neutrons, 

the masses (or mass numbers) of atoms of all elements would be expected to 

be multiples of the masses (or mass numbers) of nucleons. Inspection of 

the entries under “Atomic Mass” in Table 1-1 shows this to be nearly 

true, but not quite. There are several reasons for the differences. The 

slight excess in mass of the neutron (0.14% greater than that of the proton) 



FIGURE 1-2 

Electron orbits in uranium, U8 Z= 92, N= 146, 

A = 238 

accounts for only part of the discrepancy. A natural element is usually a 

mixture of isotopes; for example, boron is about 20% isotope ;B™ and 80% 

isotope ;B". By proportion, this would give an average mass of (0.2)(10) + 

(0.8)(11) = 10.8, intermediate between 10 and 11. A second effect has to 

do with a loss of mass on formation of nuclei from basic particles, a phe- 

nomenon explained by Hinstein’s formula H = mc?, to be discussed later. 

The scale of atomic masses (see Table 1-1) is based on the isotope 

C®, which is conventionally taken to have an atomic mass of exactly 12. 

For many years the element oxygen was used for the reference; later, the 

isotope O'* was adopted; the present system dates from 1961. 

1-3 ATOMIC AND NUCLEAR PROCESSES 

As we have learned in chemistry, a molecule is a neutral particle 

containing two or more atoms, held together by forces that depend on the 
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H,, hydrogen 

sharing of electrons. Because the effects of such sharing do not involve the 

internal nuclear structure to any important degree, we shall ignore this 

detail in sketching a few simple molecules (Figure 1-3). 

The simplest diatomic molecule is that of hydrogen H., in which two 

hydrogen atoms are bound together by the combination of attractions and 
repulsions of the protons and electrons. The two electrons may be visual- 

ized as moving in a certain path about both nuclei, and thus as being shared 

by both. (Our diagrams are to be regarded as useful for thinking about 
molecules, but we continue to emphasize that they are rough models 

rather than final or exact descriptions.) 

Possible combinations of atoms to form molecules by chemical reac- 

tion obey a simple rule: atoms seek closed shells. As discussed earlier, the 

maximum number of electrons in the first shell is 2. The second shell has a 

maximum occupancy of 8, the third shell 18, and so on. Whenever two 

atoms can share electrons in such a way that each atom appears to have a 

closed shell, these atoms have a natural affinity for each other. In the 

compound lithium hydride, LiH, the external electrons of lithium and 

hydrogen cooperate to give a closed shell of 2, as sketched. In hydrogen 

fluoride, HF, the 1 electron of hydrogen cooperates with the 7 external 

electrons of fluorine to give a closed shell of 8. Since closed shells are 

favored, vigorous chemical reactions between hydrogen and fluorine take 

place. From the point of view of each partner in the electron-sharing 

process, the shell is closed. The favorable combination of 2 hydrogen 

atoms and 1 oxygen atom to form water, H,O, is easily pictured. The 

oxygen atom falls 2 electrons short of forming a complete second shell of 8 

(which resembles neon). Two hydrogen atoms provide the electrons to fill 

this need. Long before the above atomic description was developed, the 

idea of valence was used. An element such as H or Na with 1 excess electron 

/ ‘ 

{f @ | 
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LiH, Lithium hydride H,O, water 

FIGURE 1-3 

Electron sharing in molecules 
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in its outermost shell is said to have a valence of +1; an element such as F 

that is 1 electron short of a full shell has a valence of —1. Thus the chemi- 

cal reaction equation for hydrogen and fluorine can be written 

HG) + FO — HF 

where the sum of valences on each side is zero. Elements that naturally 

have complete external shells such as He (2) and Ne (8) rarely combine 

permanently with other substances, since they have neither an excess nor 

a deficit of electrons; these are the “noble” gases, so named because they 

remain aloof from associations with other elements, with Z-values as fol- 

lows: helium, 2; neon, 10; argon, 18; krypton, 36; xenon, 54; and radon, 86.* 

Production of ions. An ion is a molecule or an atom that has an 

excess or deficiency of electrons compared with the neutral atom or mole- 

cule. The simplest example is the ion H+, which is a hydrogen atom with 

its electron removed, leaving a net positive (proton) charge. Ions can be 

10 electrons 18 electrons 
ee fe St =~ 

7 “‘ 
s See > 11 protons oe 17 protons s oe a 

7 i < ~ \ 

Neutral NaCl Sodium and chlorine ions 

FIGURE 1-4 

lonization in salt-water solution 

created in many ways—for example, by bombarding neutral atoms with 

photons or high-speed electrons, which remove electrons from the atom. 

They may also be produced by raising the temperature of a gas so high that 

mutual collisions of atoms remove electrons. On the average, most of the 

matter in the Earth and the universe is in the ionic state. Crystals of solids 

in the Earth consist of collections of positive ions with electrons moving 

through the array. The salts dissolved in sea water appear as ions. In 
Figure 1-4, the Na+ and Cl ions of table salt in chemical solutions are 
compared with the molecule NaCl. High-temperature stars are almost 

* The sum of the terms—up to a specific point—in a formula found by Rydberg 
will yield each of the foregoing Z-values: 

= 2(12 + 22 + 22 + 32 + 324 4274...) 
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entirely composed of ions. The dissociation of electrons from atoms results 
from bombardment by other atoms, electrons, and photons. 

Absorption and production of light by an atom. A simple 
explanation of processes involving light can be made using our atomic 
model. The photon, as a particle of radiant energy, interacts with an elec- 
tron, say of hydrogen, and changes its state of motion. The light has been 
absorbed by the atom, and the electron has been shifted to a new orbit. 

Shortly thereafter the electron spontaneously returns to its normal path, 

and stored energy is released as light. This process takes place on a large 

scale in a very hot gas, giving off enough photons to be sensed by the 

human eye. Photons also are produced when the motion of high-speed 

charged particles is suddenly changed by electrical means, either in the 

atom or in X-ray generators, cyclotrons, and other devices. 

Nuclear reactions and radioactivity. When we balance an equa- 

tion for a chemical reaction, we make sure that the number of atoms and the 

sum of valences are the same on both sides, and thus use the idea of con- 

servation of particles and electric charge. Thus 

oH}, + [0], — 2[H,0] 

expresses the fact that the four hydrogen atoms and the two oxygen atoms 

are preserved, and that the total valence (or charge) is zero before and 

after the reaction. Similar descriptions may be written for nuclear reactions. 

Suppose that a neutron reacts with a hydrogen atom to form heavy 

hydrogen, as in a nuclear reactor. Then we write 

pn et > aH? 

Before and after the reaction, the number of nucleons (A) is 2 and the 

number of positive charges (Z) is 1. 

The phenomenon of radioactivity, in which particles are released by 

certain isotopes, is analogous to chemical dissociation. We are aware 

of radioactive cobalt-60(.Co®%); strontium-90(33Sr®°); and plutonium- 

239(9sPu2"). These are but three of the hundreds of radioactive isotopes 

found in nature, produced through bombardment of elements with ac- 

celerated charged particles, or created in a nuclear reactor, or resulting 

from an atomic-bomb explosion as fallout. 
A particle as elementary as the neutron can disintegrate radio- 

actively, according to 

pnt => {Ese 10! 

We note that the total A of 1 and the total Z of zero is conserved in this 

process. This transformation of a neutron into a proton forms a basis of 

other spontaneous changes—for example, the ‘“‘decay”’ of tritium into an 

isotope of helium plus an electron, 
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1H? = oHe® + _1e° 

Here, the total A remains at 3 and the total Z at 1. Each isotope decays 

at its own definite rate; that is, the decay of a certain fraction of the nuclei 

takes place over each second of time. The time for the number of nuclei 

to drop to one-half the original value is called the element’s half-life. It 

varies from fractions of a second to millions of years, depending on the 

element. 

1-4 THE INVENTIONS OF MAN 

We now turn from the submicroscopic realm of nuclei and atoms to 

those larger-scale objects built and used by man. Employing materials 

that are composed of very large numbers of atomic particles, and with a 

knowledge of physical principles, he has been able to improve upon nature, 

at least for his own comfort and convenience. The accomplishments in 

science and technology in the last two centuries exceed those in all of man’s 

previous existence. Several factors seem to have contributed to this 

astounding growth. The first is the intellectual climate. Prehistoric man 

made slow progress because survival was his principal interest. He dis- 

covered the use of fire, metal weapons, building materials, the wheel and 

the lever, but little else. In this early period, the environment presumably 

did not encourage scientific spirit or interest. In classical Greek culture, 

between 600 B.c. and 200 B.c., philosophy and science flourished under 

such cultural leaders as Plato, Aristotle, and Archimedes; but there was 

little experimentation or practical use of physical ideas. Many inventions 

—such as the pump, the siphon, and an elementary steam engine—were 

developed by Hero of Alexandria, but most of them remained only in- 

teresting toys. During the thousand years preceding the Renaissance, men 

were preoccupied with political and religious matters, and until the fifteenth 

century little was done in science. Since then, the development of the 

scientific method of inquiry and the growth in curiosity about nature have 

resulted in an overwhelming accumulation of ideas and information. 

A second factor that has caused science to grow is the appearance 

of men of genius; among those foremost in relatively recent times are 

Leonardo da Vinci, Isaac Newton, Clerk Maxwell, and Albert Einstein. 

A third factor is the impact of inventions and industry upon each other. 

The early machines of the Industrial Revolution led to an improvement 

in the economic status of many countries. The commercial value of inven- 
tion was recognized, and new devices led to greater industry, increased 
resources, a higher standard of living, and more facilities for research. 

A brief list of some of the inventions that have played an important 
role in this process is now presented; in this list we have taken the op- 
portunity to preview some of the phenomena and principles of physics to 
be discussed later on. During the nineteenth century many of the key 
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developments were mechanical in nature, while those of the twentieth 
century have been largely electronic and atomic. The most notable trend 
in recent times is a rapid increase in the number, size, and complexity of 
technical devices. 

Spectacles (Bullet, 1282) 

By the bending of light as it passes through a transparent substance, 
the images of objects are brought into sharper focus. 

Printing (Gutenberg, 1454) 

The molding of metal and the use of machinery forms the basis of 
printing. 

Microscope (Hooke, 1600) and Telescope (Galileo, 1609) 

These optical devices bring into better view the realms of the very 

small and the very distant, respectively. 

Steam engine (Savery, 1698; Newcomen, 1705; Watt, 1783) 

Processes involving the production, transfer, and practical use of heat 

are involved. 

Electric battery (Galvani, 1780; Volta, 1782) 

Chemical reactions take place to give electrical currents. 

Cotton gin (Whitney, 1794) 

This is an example of moving machinery designed to reduce man’s 

labor. 

Gasoline engine (Cecil, 1820; Brown, 1823) 

Chemical energy from natural products is converted into motion and 

propulsion. 

Generator (Faraday, 1831) 

The motion of metal wires in magnetic fields creates useful electric 

currents. 

Electromagnet (Henry, 1832) 

The passage of an electric current through a wire gives rise to mag- 

netic forces. 

Harvester (McCormick, 1833) 

This mechanical device has revolutionized the production of food. 

Photograph (Daguerre, 1836) 

The interaction of light with atoms in the film produces a permanent 

chemical change. 
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Telegraph (Morse, 1838) 

Electrical signals are transmitted at very high speed through the 

motion of electrons in a wire. 

Sewing machine (Howe, 1845) and Typewriter (Sholes, 1867) 

These are other examples of assemblies of moving parts—levers, gears, 

and wheels—that transfer energy of motion. 

Telephone (Bell, 1876) 

The changes in electrical currents in magnets cause sound vibrations 

that we recognize as speech. 

Phonograph (Edison, 1878) 

The mechanical variations produced by sound are stored for future 

reproduction. 

Electric light (Edison, 1879) 

The flow of electricity in a wire creates heat and illumination. 

Vacuum tube (Edison, 1883; Fleming, 1904; De Forest, 1906) 

The control of charge flow in a vacuum or a gas is provided by 

electrical signals. 

Motion pictures (Edison, 1888; Jenkins and Armat, 1890) 

These consist of photographic processes and projection of light by 

lenses. 

Automobile (Duryea, 1892) 

The modern car is a complex device that uses chemical energy to 
provide heat, mechanical motion, electricity, ight, and sound. 

X-ray tube (Roentgen, 1895) 

The acceleration of electrons by electric forces produces extremely 
penetrating light for photographic records. 

Radio (Marconi, 1895) 

Electrical charges are accelerated to produce electromagnetic waves 
that travel through space for communication purposes. 

Airplane (Wright brothers, 1903) 

The forces of molecules in the air on a high-speed object provide a 
suspension of this heavier-than-air machine. 

Jet engine (Whittle, 1928) 

The burning of fuel provides energy of gas motion that is transmitted 
to rotating machinery, which compresses and expels the heated gas. 
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Television (Zworykin, 1928) 

Electrons controlled by incoming electromagnetic waves interact with 
atoms in the screen to produce visible light signals. 

Nuclear reactor (Fermi and others, 1939) 

The collision of neutrons with the element uranium produces other 
particles, heat, and light. 

Transistor (Bardeen and Brattain, 1948) 

Electrical charges in materials are controlled efficiently in a very 
small volume. 

1-5 THE EARTH AND THE UNIVERSE 

The tremendous scope of the subject of physics can be appreciated 

more fully as we proceed still higher up in the scale of size. The Earth, 

with its land, seas, and atmosphere, is vast compared with man and his 

apparatus; in turn, the universe is on a scale that is incomprehensibly 

larger. The branches of physics devoted to these subjects are geophysics, 

related closely to geology, oceanography, and meteorology; and astro- 

physics, related to astronomy. 

The Earth. Little is known about the interior of the Earth, except 

that its 2000-mile-radius core is at a very high temperature, and is pre- 

sumably in a plastic or fluid state. Surrounding the core is a mantle of 

rock 1800 miles thick and, outermost, a 30-mile-thick crust of rock with a 

variety of minerals, but containing mainly oxygen and silicon. The moun- 

tain peaks are as high as 5.5 miles—Mount Everest in Nepal is 29,028 feet; 

the lowest land depression is the Dead Sea in Israel-Jordan, 1292 feet 

below sea level. Occasional eruptions of volcanos disturb the Harth’s sur- 

face, as do the more frequent tremors or earthquakes. 

The salt-water seas cover more than 70 per cent of the area of the 

globe, and run to a maximum depth of 35,630 feet, off Hawaii. At the 

boundary between land and sea, the rise and fall of tides takes place. 

Above the Earth is the atmosphere, a thin layer of air composed 

mainly of nitrogen and oxygen. By a distance of 100 miles, which is small 

compared with the Earth’s radius of about 4000 miles, the atmosphere 

is down to one-billionth of its surface density. The air has many functions 
in addition to providing oxygen for breathing: it protects us from the glare 

of the sun; it contains and releases moisture in the form of rain and snow; 

it is the source of winds, tornadoes, hurricanes, thunder, and lightning; it 

provides a blanket to prevent heat loss from the globe; and it stores energy 
from the Sun. The presence of the atmosphere accounts for the blue of 

the sky and the red of the sunset; in it we see rainbows after a rain and 

mirages on the heated desert. 
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The universe. Man’s knowledge of the space surrounding his Earth 

is now being expanded by measurements taken by space probes and by 

various spacecraft in orbit around the Earth. Through the centuries, the 

nature and movements of the Sun, the Moon, and the planets have been a 

subject of fascination, and through the use of the telescope and other 

devices, some degree of understanding of the orbiting bodies and the 

‘‘fixed’’ stars has been gained. 

From earliest times, the Earth was believed to be the center of the 

universe—a natural conclusion, since the stars and planets seem to revolve 

about the Earth. The elaborate theory of Ptolemy dating from a.p. 140 

appeared to explain the motions satisfactorily, but only because time 

measurements were poor. The theory of Copernicus in the sixteenth cen- 

tury that the Sun is one of many stars and that planets orbit about the 

Sun was highly controversial because of religious prejudices. Many years 

elapsed until his view was accepted. 

The nine planets of the solar system move in elliptical paths whose 

planes are nearly parallel. The central object, the Sun, provides the gravi- 

tational attraction making these orbits possible. Figure 1-5 shows the 

average distances of the planets from the Sun and indicates their sizes. 

The Sun is a massive star containing more than 300,000 times as 

much material as the Earth, and of a volume 1 million times as great. 

The Sun accounts for all but + of 1% of the total mass of the solar system. 

Its temperature, even at the cooler surface, is around 6000°C. The radia- 

tion received by our planet is a byproduct of the nuclear reactions going 

on within the interior of the Sun. It also provides the light that is reflected 

from the planets, permitting us to see them. 

The planet nearest the Sun is Mercury. Its year is approximately the 

same as its day, causing its two sides to differ greatly in temperature. If 

it ever had an atmosphere, it has long since been boiled away by the heat 

from the sun. 

The next planet, and the one whose orbit is nearest ours, is Venus; 

little of its surface details can be seen because of a thick cloud layer (pre- 

sumably carbon dioxide). The recent explorations by the space probe 

Mariner, which sent back information when 10,000 miles from Venus, 

verified several earlier conclusions—its temperature is much higher than 
that on Earth: about 600°F; it does not have a significant daily rotation; 
it has no magnetic field as does the Earth. 

Our Moon, about 240,000 miles away, is dry and airless, alternates 
from extremes of hot and cold, and is thus probably unfit for life. Its 
surface is found to be dusty and pocked with large craters. Its diameter is 
about ¢ and its mass around yy that of the Earth, while its density is 
roughly the same as the Earth’s, suggesting that the two bodies may have 
had a common origin. 

Rotating in an orbit larger than that of our planet is Mars, on the 
average 49 million miles distant from Earth. Its surface was once thought 
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to be traversed by ‘‘canals,” suggesting civilization. More recent informa- 

tion sent back by Mariner shows no canals and a moon-like surface. Mars 

has two small satellites only a few miles across. Its temperature is lower 

than ours, and its atmosphere is thin, but it may be capable of sustaining 

some low form of vegetable or animal life. Between Mars and Jupiter are 

the asteroids, small orbiting masses that may have been due to the breakup 

of a planet. The largest, Ceres, is only 480 miles in diameter; the smallest 

are mere grains of sand. There are probably billions of such particles, 

many of which strike the Earth or burn up in its atmosphere as meteorites. 

The asteroids are very strongly affected by Jupiter, and many accompany 

it, somewhat like moons. 

Jupiter is the largest planet, more than 20 times the diameter of the 

Earth. It has twelve moons, one as large as Mercury. The planet spins 

very rapidly, with a short day of only 10 hours. it is extremely cold, 

—200°F, and thus is probably composed of condensed gases such as hydro- 

gen, ammonia, and methane. The atmosphere is very deep because of 

Jupiter’s strong gravity. 

Saturn is the last planet that is visible to the naked eye. It rotates 

on its axis once every 30 years. The unusual rings about its equator may 

be due to sand, ice, or perhaps wind-driven gases. Its composition and 

temperature appear to be similar to those of Jupiter. 

Uranus turns on an axis that is parallel to the plane of its orbit. 

Thus one-half of the planet is in continual darkness, the other half in light. 

Over a period of 42 years, the situation reverses. Neptune is very cold 

because of the small amount of radiation it receives from the Sun. It was 

discovered after its effect on the orbits of other planets was noticed. 

Finally, Pluto was the last discovered (1930) and is the outermost 

planet of the solar system. From its vantage point, the Sun is merely a 

large star. Pluto has a peculiar orbit that sometimes goes within that of 

Neptune, and may have once been a moon of that planet. There appear 
to be no more planets beyond Pluto. 

In addition to the nine planets with their total of 31 moons there are 

a few periodic comets. They have dense heads and long tails of luminous 

gas that stream away from the Sun because of the pressure of photons 

from that source of light. As we look at the sky on a clear night, the num- 
ber of stars seems almost countless. Actually, only about 7000 are visible 
to the unaided eye. 

A great void exists between our system and the nearest celestial body, 
which is a star about 25 million million miles away. Our Sun is but an 
average star among the 40 trillion that make up our galazy, a disc-shaped 
collection of stars rotating slowly about a common center. The Milky 
Way (what we see of the rest of the galaxy) is about 1 billion billion miles 
in diameter. It is only one of an uncountable number of galaxies that 
reach into space for distances (visible to telescopes) up to 102 miles, a 
figure that staggers the imagination. Among the questions that astro- 
physicists and cosmologists seek to answer are: How and when was the 
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Problems 

universe created? Is it finite or infinite in size? Serious work is also under- 
way listening for signals that would show that there is intelligent life 
elsewhere. 

PROBLEMS} 

1-1 Express your height and weight in metric units. 

1-2 A unit of time in microscopic physics is the shake, which is 10-* second. 
How many shakes are there in a day? A year? 

1-3 How many electrons would have to be lined up beside each other to 
span 1 inch? 

1-4 Find the number of electrons in 1 kilogram of pure negative charge. 

1-5 Calculate the density of the proton in kilograms per cubic meter, as- 

suming it to be spherical. How many pounds per cubic inch is this? 

1-6 Sketch the atom of beryllium, showing neutrons, protons, and elec- 

trons. How many total particles does it contain? 

1-7 How many electrons, protons, and neutrons has a .U?* atom? How 

many has the gPu?* atom? 

1-8 Assuming that the human body is 95% water, H,O, how much weight 

would a 150-pound person increase if all atoms of H were replaced by the 

isotope H?? 

1-9 What is the atomic mass of the electron if the proton has a value of 

1.007277? 

1-10 If the spacing between atoms in table salt, NaCl, is 2.8 X 10-8 centi- 

meter, how many atoms are there in a cubic centimeter? (Let the atoms be 

located at the corners of cubes.) 

1-11 Sketch and explain the molecule MgO in terms of electron-sharing 

and closed shells. 

1-12 Explain, in terms of their structures, why fluorine (F) and sodium 

(Na) are very active chemicals. When they interact, what compound do 

they form? 

1-13 Estimate the atomic mass of chlorine, 75% Cl®, 25% Cl*’, using 

mass numbers of the isotopes. 

1-14 A typical atom of the Earth occupies a cube 2.5 X 10~* centimeter 

on a side. How many atoms are there in the Earth, whose radius is 6.4 X 

10° centimeters? 

1-15 Complete the blanks in these nuclear reactions: 

Gaye o(f S200 2 

Ce aetaanh 9 gtleree ron)! 

+ Slide-rule accuracy—two or three significant figures—is usually adequate. 

Answers to selected problems are given in Appendix G. Those that are more difficult 

are marked with an asterisk (*). 
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FROM ATOMS 

TO STARS 

1-16 How does the structure of radioactive carbon ¢C (used for finding 

the age of prehistoric wood) differ from the isotope into which it decays, 

iN“? What particle is emitted? 

1-17 Assuming that the orbits of Earth, Mars, and Venus lie on the same 

plane and are nearly circles, calculate the closest distances our two neigh- 

boring planets come to us. 

1-18 Compare the intensity of sunlight falling on Neptune with that fall- 

ing on the Earth, assuming that it varies inversely as the square of the 

distance from the Sun. 

1-19 Explain the different ‘phases’ of the Moon. Suggestion: Sketch the 

position of the Moon in a circular path about the Earth, assuming the Sun 

to be in the same plane and a great distance away. 



MEASUREMENT 

AND MOTION 

To “understand” the physical universe, we use a combination of experi- 

mental observations and applied mathematical theory. The measurements 

or results of the experimental observations give us facts and clues on which 

to base our working formulas or laws. Since measurement plays such an 

important part in the systematic study of the physical world, it is necessary 

to understand both the idea and method that is involved. 

2-1 FROM OBSERVATIONS TO LAWS 

The beginning of each science has been marked by extensive, careful 

observations. Each of us, during his life experience, has made many obser- 

vations which are catalogued for future use. We know, for example, that 

most objects fall toward the ground if released from our hand. Or, again, 

common experience tells us that it is usually harder to move the larger of 

two objects of the same composition. The weather bureau has provided 

us with the idea that before a storm, the pressure of the air drops. All of 

these are observational facts which are useful for everyday living, but do 

not quite fall into the category of science. 

Casual observations can be refined into scientific observations. “It is 

a windy day”’ is the result of a casual observation. On the other hand, in a 

statement such as ‘‘wind velocity, 12-15 miles per hour southerly’’—also 
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AND MOTION 

the result of an observation—the actual speed and direction of the wind 

has been noted, which raises the observation out of the casual into the 

scientific. Many scientific observations are at first casual and become more 

quantitative as instruments are developed. When we make quantitative 

observations—those which include numbers—we are taking the first step 

toward a descriptive science. Further, to make an observation and relay 

this information to another requires a common language or scale. This 

raises the degree of sophistication from observation to measurement. 

Measurement is the result of a scientific observation using a scale known 

to different observers. Scientific observations may be passive, which means 

that we merely accept the information coming to us and have no control 

over its source. Examination of the night sky with the eye or with a tele- 

scope is a good example of a passive observation. When the observations 

and measurements are controlled, we regard the process as an experiment. 

Thus experimental observations are the basis for any scientific discipline. 

The results of measurement, called data, find two ultimate uses. First, 

the data become part of man’s general body of knowledge; in this form, 

they may be found in tables and reference files. Second, the data are used 

as clues leading to scientific theories, which when tested become our physical 

laws. This use of data is very important to the theorist or theoretical scien- 

tist. He must have a certain supply of data to develop his mathematical 

equations, and then may require much more to test them. 

We see, then, that casual observation leads to careful observation, 

careful observation to measurement, measurement to experiment, and ex- 

periment to theory, which in turn may become physical law. The impor- 

tance of measurement in the development of science cannot be overempha- 

sized; let us, then, examine some of its necessary features. 

Every measurement—whether it be of a distance, a weight, an inter- 

val of time, or anything else—must include two things if it is to be under- 

stood: first, a nwmber; and second, a unit. Table 2-1 gives a few familiar 

measurements including units that are used. For example, some results of 

measurements of distance might be expressed as 6 feet, 20 miles, 2 meters; 

or the result of measurements of weight might be 20 tons, 165 pounds, 

50 grams. The result of making electrical measurements might yield 115 
volts, 60 watts, or 90 horsepower. 

Although there are many different units, every one may be expressed 
in terms of not more than three special units, sometimes called fundamental 
units: length, time, and mass. The first two are familiar to us; we might even 
argue persuasively that they are more basic than mass. As we shall see, 
these two units—length and time—lead to ideas of velocity, acceleration, 
and the description of motion. 

The word “measurement” implies some precision—or better stated, 
imprecision—in the quantity being measured. In physics, as well as other 
sciences, precision is usually expressed by the number of significant figures 
used in recording the data. Thus 12.4 cm is a more precise figure than 12 
cm, whereas 0.12 m and 12 cm express the same degree of precision. 
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SECTION 2-1 

From Observations 

to Laws 

In our technological age, many quantities are measured for which the 
degree of precision is stated. For a simple example, the volume of gasoline 
purchased at a service station is ordinarily expressed accurately within 
vo gal; whereas the gas gauge in the car allows an estimate only to about 
£1 gal at best. An expression such as ‘13.6 gallons” thus implies a pre- 
cision to within 7 gal. If the accuracy of measurement were made to 
within y$> gal, one could express the value as ‘13.60 gallons.” The addi- 
tional significant figure (here, the zero) implies additional accuracy. A 
significant figure, although it is of some “significance,” is not necessarily a 
certainty. The basic rule about usage of significant figures may be expressed: 
The last figure written should be the first uncertain figure. 

TABLE 2-1 

FAMILIAR MEASUREMENTS 

QUANTITY BEING 

M®BASURED DEVICE Units 

Gasoline volume Gas pump gallons 

Speed Speedometer miles per hour 

Temperature Thermometer degrees (Fahrenheit or Celsius) 

Air pressure Barometer inches of mercury 

Rotational speed Tachometer revolutions per minute 

Oil pressure Pressure gauge pounds per square inch 

Electrical energy Watt-hour meter kilowatt-hours 

Light intensity Photoelectric 

light meter lumens per square foot 

Weight Spring balance pounds (U.S.) 

Floor space Tape measure square foot 

Distance between cities Odometer miles 

A simple example will demonstrate how uncertain figures combine in 

arithmetical calculations. Suppose one is calculating gasoline mileage in an 

automobile; that the last trip taken was for 103 miles; and that 5.1 gal of 

gasoline were used. The last figure is based on the readings on the gasoline 

pump and is thus uncertain. It may be, say, 5.0 or 5.2, although 5.1 is an 

equally likely value. 
Dividing 103 by 5.1 yields 20.20 miles per gallon (mi/gal); dividing 

103 by 5.0 yields 20.60 mi/gal; and dividing 103 by 5.2 yields 19.81 mi/gal. 

Obviously the “best” answer is 20 mi/gal—any more figures than this 

would be misleading. That is, since the original data contained a factor 

with two significant figures, the most accurate answer can contain no more 

than two significant figures. 

The rule we shall use when combining numbers is: When multiplying 

or dividing, the number of significant figures in the result shall be the same 

as that of the factor with the least number of significant figures. 
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2-2 BASIC DIMENSIONS—LENGTH AND TIME 

Length 

The measurement of length or distance is very basic and important 

in physics. The process is already familiar to us—to find our height, we 

place a mark on the wall opposite the top of our head and use a foot ruler 

to obtain its distance from the floor. We use a standard of length agreed 

upon among people in order to be able to discuss the result sensibly. We 

know that the ruler must be accurate—if a fraction of an inch has been cut 

off, or if it has shrunk, or if its marks have been poorly printed, our answer 

would be wrong. Also, it is clear that there is a limit on precision set by 

our ability to locate the mark correctly and by the size of the smallest 

division on the ruler. The science of measurement must account for all of 

these factors in careful detail. 

At this point we should consider the problem of the units in which 

quantities are expressed. The British system of units, used in the commerce 

and industry of English-speaking countries, includes the familiar inch, foot, 

yard, and mile: 

1 mi = 5280 ft = 1760 yd 
l yd = 3 ft = 36 in. 

For scientific work, the preferable metric system is used. Based on the meter, 

(m) this sytem employs decimal fractions and multiples of the meter, as 
follows: 

1 kilometer (km) = 10'm 

1 centimeter (em) = 10m 

1 millimeter (mm) = 10-*m 

1 micron (u) = 1) m 

1 nanometer* (nm) = 10-°m 

The use of exponents of 10 in preference to whole numbers is recommended 

because of the tremendous range of sizes with which physics has to deal, 

as seen in Figure 2-1. It is curious, one may note, that four important 

objects—the atom, man, a star, and a galaxy—bear the same ratio of sizes 
to each other, about 1 to 10 billion. 

When the metric system was first devised, a platinum-iridium bar of 
length thought to be one—-ten-millionth of the distance from the North Pole 
to the Equator was selected as the length of 1 meter. In spite of improved 
geographic information, this bar, kept in France, remained for many years 
the reference for all other lengths. More recently (1960) the meter was 
redefined for convenience in the laboratory as 1,650,763.73 times the wave- 
length of orange light from an isotope of krypton, Kr*. It is a nuisance to 
have to convert back and forth between the British and metric systems, 

* Formerly millimicron. 
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MEASUREMENT ence of a dual system and learn the conversions. Those most often used 

AND MOTION are the following: 

fin, = 2.54 cm 

Lette = ioU ci 

1 mi = 1.61 km 

1m = 394 in. 

Conversion Between Units 

We must discuss very carefully the process by which we convert from 

one unit to another, to help avoid future confusion. To illustrate, let us 

again consider the measurement of our height. We must distinguish be- 

tween the real physical distance, which is definite and fixed, and what we 

choose to call that distance, which depends on the units of measure we 

choose. For instance, one’s height could be expressed in several ways: 

5 ft, 10 in. 

70 in. 

178 cm 

1.78 m 

1.94 yd 

All of these refer to the same actual distance. This list could go on and on, 

including such absurd figures as 0.0011 mi. The number we get in making 

a measurement thus depends on the wnit of measure we adopt: both must be 

stated for the measurement to mean anything. Suppose we have obtained, 

by use of some device, a number for a certain length. To be specific, sup- 

pose we find scmeone’s height—by use of a tape measure—to be 70 inches, 

and that we want to convert this into another number, as would be obtained 

if a different device were used—say, a stick marked off in centimeters. A 

conversion factor is need. Starting with the knowledge that 

lin. = 2.54 em 

then clearly 70 in. is (70)(2.54) = 178 em. Another way to get the same 
answer is to express the length as a symbol with its units in parentheses; 
e.g, 

L (in.) = 70 in. 

Now, since there are 2.54 centimeters in each inch—or 2.54 centimeters per 
inch—we can designate that number a conversion factor: 

a 2.54 em 

1 in. 
i 
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Basic Dimensions— 

Length and Time 

If we want to know the length of an object in centimeters, we multiply by 
that factor, doing the necessary arithmetic on the numbers and the units: 

2.54 em 

eit 
Jo (em) —="(70 a.) ( ) = 178 cm 

(Cancellation lines have been shown for this example.*) 
In most of our illustrative calculations, three digits will be retained, 

as can be read from a slide rule. Numbers may be known to greater accu- 

racy, and all available decimals would be used in a careful research problem. 
To illustrate a few conversions, let us find the following: 

1. The height h in centimeters of the Empire State Building, which is 
1250 feet high. 

h = (1.25 X 108 ft) (30.5 em/ft) = 3.81 X 104 cm 

2. The circumference s of the Earth at the Equator in meters, using 

a radius R = 3960 miles. Now, 

s = 2aR = (6.28)(3.96 X 10%) = 2.49 X 10! miles 

Thus 

$ = (2.49 X 104 mi)(1.61 X 10? m/mi) = 4.01 X 10’ m 

3. The diameter d in inches of a 5-y bacterium. 

C= xX 10 1) G04 in. /m) = 1207710 in. 

The most useful metric units of area are the square centimeter (cm?) 

and the square meter (m?). Note the conversion from the British square 

inch (in.?): 

1 in2 = 6.45 cm? 

For measurement of volume, the cubic centimeter (cm’) and cubic meter 

(m’) are needed, where 

1 in.2 = 16.4 cm? 

The liter, 1000 cm? or 10-* m’, is occasionally needed. 

The unit used for measuring astronomical distances is the light year, 

the distance light travels in one year. The speed of light or of radio signals 

is 186,000 mi/sec or 3.00 X 108 m/sec, while a year is 3.16 X 10’ sec; thus 

1 light year = 5.89 X 10” mi = 9.48 K 10% m 

*Note that the conversion factor is dimensionless, since 2.54 centimeters 7s 

1 inch. For convenience, we write such expressions as 2.54 cm/in., with the same 

meaning intended. 



28 

MEASUREMENT 

AND MOTION 

The distance to the nearest star, Alpha Centauri, is 4.3 light years; to the 

galaxy Hydra, around 3 billion light years. 

Angular Measure 

We are quite familiar, from the study of geometry, with the use of 

angles. One common unit of angular measure is the degree (deg), s¢0 of the 

circle, such that the right angle is 90 deg, the straight angle 180 deg, and 

soon. The degree in turn is divided into 60 minutes, each of which contains 

60 seconds. The necessity for use of angular measure to supplement linear 

distances is brought out clearly by asking someone the question “How big 

does the Moon look to you?” A typical answer is ‘‘A few inches.’’ Ob- 

viously, the apparent size depends on what object serves as comparison— 

one’s hand in front of his face or a building in the distance.* A more reli- 

able figure is that the Moon’s diameter always occupies 0.52 deg out of the 

180 deg between horizons. It is conventional to use a symbol such as @ to 

represent angles. Thus the hour hand at 2 P.M. makes an angle @ = 60 deg 

with the vertical. An alternate unit for angular measure is the radian, 

which is an angle describing a circular are equal in length to the circle’s 

radius. The radian (rad) corresponds to about 57.3 deg, as can be verified 

by proportions: the angle 6 is proportional to the are s on the circle; 1.e., 

i oe 
360 deg 27R 

Now, if s = R, 6 = 360 deg/2r = 57.3 deg. Two useful relationships are 

360 deg = 27 rad and 1 deg = 0.0175 rad, from which any translation can 

be made. For any arc s on a circle of radius R, the angle in radians is 

are QE IR 

Time 

The astronomical and mechanical devices by which we note the pas- 
sage of time are familiar to everyone. A succession of equal time intervals 
is formed by the beat of the seconds by a clock pendulum; by the movement 
of the second, minute, and hour hands on a watch or a clock run by 60- 
cycle-per-second electrical supply; by the daily cycle of the Earth’s rotation 
and the yearly passage of the Earth about the Sun. All of these make use 
of periodic movements for which natural markers exist. It is fortunate that 
such devices are available, since humans are notoriously poor at judging 

*It turns out, surprisingly, that a quarter coin just covers the Moon at 9 feet 
from the eye. 
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Basic Dimensions— 

Length and Time » 

time. An hour at a party may seem like a minute, while an hour in class 
may seem like a day. Although there are fundamental questions about the: 
exact meaning of time and the definition of simultaneous events, we shall 
temporarily follow Isaac Newton’s poetic statement: “Absolute, true and 
mathematical time, of itself, and from its own nature flows equably without 
regard to anything external... .” 

On the chart in Figure 2-2, we see the remarkable range of time 
intervals of interest. 

Units of time The second (sec) is the principal working unit of 
time, and is defined as a certain fraction of a year. Other familiar units are 
related to each other in the following ways: 

l1min = 60sec 

1 hr = 60 min = 3600 sec 

lday = 24 hr = 86,400 sec 

1 year* + 365 + days & 3.16 X 10’ sec 

Fractions of a second that are useful are the following: 

1 millisecond (msec) 10- sec 

1 microsecond (usec) = 10-* sec 

1 nanosecond (nsec) = 10~° sec 

1 picosecond (psec) = 10-” sec 

Devices for obtaining the most accurate measurements of time employ 

atomic vibrations, which are remarkably constant. A crystal of quartz is 

placed in an electrical circuit to impose a natural frequency on it. Fine 

adjustments are made by use of molecules of ammonia gas NH3;, which 

make 2.3870 X 10” vibrations each second. The error is less than 1 part 

in 1 billion. An even more accurate device is the cestwm clock. The single 

electron in the valence shell of the Cs atom provides a magnetism that can 

be oscillated by radio waves 9,192,631,770 times each second. This device 

limits errors to 1 in 10 billion, which amounts to a gain or loss of only 1 

second in every 300 years. 

The measurement of times of the order of many centuries is possible 

by the use of radioactive isotopes such as those of thorium, uranium, and 

carbon. By calculating the amount of any of these isotopes present in a 

sample and employing the amount of product material and the well-known 

half-lives, ages of rocks or fossils may be deduced. | 

* The time required for the Earth to complete its revolution about the Sun (as of 

the first instant of the year 1900) is 365 days, 5 hours, 48 minutes, and 45.9747 seconds. 

This is reduced 0.53 second per century. The Gregorian calendar assumes instead 49 

minutes and 12 seconds. If we round off to 365 days per year, an extra day (February 

29) must be added to the calendar every fourth or “leap”’ year (except at each century 

year that is not divisible by 400—i.e., 1800, 1900, 2100, etc.). 



Life of a star 

Age of the Earth 

Man’s existence 

Span of history 

Human life 

Earth around the Sun 

Moon around the 
Earth 

One revolution of the 
Earth 

One minute 

Tick of a watch 

Explosion of an 
atomic bomb 

Electron orbit in H 

Light crossing an 
atom 

Light crossing a 
nucleus 

FIGURE 2-2 

Range of times in the universe 



2-3 MOTION, SPEED, AND ACCELERATION 

The subjects of physics and athletic sports would seem to be very far 
apart. However, the problem of determining where the ball, the player, or 
the vehicle is located and how they move is much the same as that for an 
atom, part of a machine, or a planet. Some motions are obviously simpler 
than others. For example, the runner in the 100-yard dash, if he hopes to 
win, must move only in a straight line down the track. The driver in an 
automobile race moves in lines and curves over a nearly plane surface. The 

golfball travels horizontally, vertically, and, in a hook or slice, sidewise; 

thus it has three-dimensional motion. In each case we require a frame of 

reference and a coordinate system. The track or course is the frame, and the 

markers along the way are the coordinates. Physics serves to formalize the 

description of location and to reveal which rules govern the motion. 

Motion in a Straight Line—Speed 

~ Each point along a line is assigned a symbol 2, to which we can attach 

identifying numbers, as required. Here we shall use subscripts 0, 1, 2, etc. 

to indicate specific points. The distance 2 — a is called a displacement. 

(We often set xo equal to zero as a starting point or origin.) Times may be 

treated similarly, with the symbol ¢ given to each instant, and t — to rep- 

resenting the elapsed time. (Conveniently, t) is set equal to zero.) The 

average speed of an object moving along a line between two points is 

») distance 9s" 2'— 2 
~ elapsed time t — to Vay 

Two measurements are made—of distance, using a meter stick or equiva- 

lent; and of time, using a clock or stopwatch. Let us consider several simple 

“experiments.” 
A gun is fired at time zero to start the 100-meter Olympic run (Figure 

2-3). Suppose the runners’ starting point is labeled 2 = 0. When the win- 

ner breaks the tape at 2; = 100 meters, we stop the watch and read off time 

10.1 seconds. We find the average speed of the winner to be 

wt = Wo 100 m 

ty = to si 10.1 sec =e m/sec 
Vay = 

The three most common units of speed are miles per hour (mi/hr), feet per 

second (ft/sec), and meters per second (m/sec). Useful relationships are 

60 mi/hr = 88 ft/sec = 26.8 m/sec 

Suppose an astronaut far from the Earth dons his spacesuit and 

leaves his ship with a relative speed of 6 m/sec. The distance he travels 

in a straight line is easily found if the speed and time are known. Ina 
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The Olympic 100-meter run 

period of 1 hour he will have drifted away a distance x = vt = (6 m/sec) 

(3600 sec) = 21,600 m or about 13 mi. 

Two wires separated by 3 meters are laid across the highway to detect 

speeders (Figure 2-4). As the front tires of a fast-moving automobile cross 

the wires, two signals 0.1 second apart are recorded electrically. Letting 

distance and time be Ax = 3, At = 0.1 (where A represents “‘difference’’), 

we find* 

Since speed is a ratio, it is common to state that it is the rate of change of 

position with time. A little later on, we shall introduce the related quan- 

tity—velocity—which is also a rate of change of position, but with the added 

feature of specified direction. 

We saw in Section 2-1 that the ranges of sizes of objects in the universe 

and of times for events to happen were enormous. There appeared to be no 

limits large or small, however. Speed is peculiar in that it is bownded. An 

*If we had sufficiently precise equipment, we could reduce Ax toward zero 
separation, while At would also approach zero. In the limit Ar = 0 and At = 0, the 
instantaneous speed is obtained: 

v= lim an 
At-0 At 

Using the abbreviating notation of calculus, 

i 
dt 

the derivative of position with respect to time. 
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object at rest obviously has zero speed. The highest speed possible is that 

of light, 3.0 X 10° m/sec, according to Einstein’s well-verified theory. 

Figure 2-5 shows some typical values within these limits, all expressed in 
meters per second. 

Acceleration 

When we remark that a car has a good acceleration, we mean that it 

can gain speed rapidly. Suppose it can get from 30 mi/hr (13.4 m/sec) to 

60 mi/hr (26.8 m/sec) in a time of 4.0 seconds. For any object, the average 
acceleration over a given interval of time is 

change in speed _ v — % 
day = 

elapsed time t — ty 

For the car, 

26.8 — 134 _ ; 
COD 2 ow er 3.3 m/sec 

That is, it gains 3.3 m/sec every second. In words, the units of acceleration 

are ‘‘change in meters per second each second” or, abbreviated, “‘meters per 

second per second” (m/sec?). By comparing a difference in speeds Av at 

two times separated by an interval At, we can form the average acceler- 

ation :* 

_ Av 
day = At 

The simplest type of acceleration found in nature is constant in time: near 

the Earth’s surface, the effect of gravity gives just such motion to falling 

bodies. For example, an object is dropped from the roof of a tall building, 

as in Figure 2-6. Legend says that this experiment was performed by 

* The instantaneous acceleration is 

qteelin oe 
Ato At 
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The falling object 

Galileo* from the top of the Leaning Tower of Pisa in the sixteenth century. 

Its speed at any instant (neglecting air resistance) is found by observation 

to be 

and the distance it travels downward to be 

s = 39? 

where g is 9.8 m/sec? or 32 ft/sec’, the acceleration of gravity. Figure 2-7 

shows that, with acceleration held constant, speed increases linearly and 

distance increases quadratically. These relations refer to a special case of 

the more general type of motion under constant acceleration, for which we 

now give a mathematical derivation. Suppose that at time zero a body has 

a speed vo, and picks up speed to reach a value v at a later time t. The 

v + v9 

2 

v + Uv 

2 

average speed? is then vay = . During the time interval, the distance 

traveled iss = vayt or s = ( ) t. Also, the acceleration is the increase 

* Galileo Galilei, 1564-1642, an Italian known principally for his use of the 
telescope for astronomical discoveries, for his laws of falling bodies, and for his support 

of the theory of Copernicus that the planets go around the Sun. The heresy of his views 

involved him in a serious controversy with leaders of the Inquisition. 

+ This simple averaging is good only for uniformly accelerated motion—that is, 

when a = a constant. 
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Graph of Galileo's data on falling object 

= % 

t 

two equations together and rearrange, we get v® = vj + 2as. Then, if we 

insert v = vp + at into the formula for s, we find s = ut + gat?. We then 

have four equations for uniformly accelerated motion: 

in speed divided by the time: a = . Now, if we multiply these last 

a Sa Yo 

: tte 

= (24%) 

vw = v2 + 2as 

S = vot + fal? 

There are four variables in these equations: a, s, v, and ¢ (% is a constant 

for any problem). One of the variables is missing from each of these equa- 

tions: s from the first, a from the second, ¢ from the third, and v from the 

fourth. The selection of the proper equation will thus save the student some 
time in the solution of a given problem. —~ 

Let us examine numerically the motion of a projectile. A bullet is 
fired downward from the top of a building 150 ft high with initial speed 

400 ft/sec. We should like to know how long it takes the bullet to reach the 
ground and its speed on impact. Now, the acceleration is a = 32 ft/sec, 
and since v? = v5 + 2as, its final speed is 

v = V (400)? + 2(32)(150) = 412 ft/sec 
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The time required is 

2s 2(150) i= = 
v+v 412 + 400 

= 0.37 sec 

As a second example, suppose a racing car moving at 90 km/hr has 
1 kilometer to go in the race and must make the distance in 30 seconds to 
break the speed record for the course. What constant acceleration is re- 
quired, and what final speed does the car have? With an initial speed of 

eo L0) m/ br 
De SeTimgane 9 m/sec 

the distance is s = uot + 4al®, or 

1 = 208 = vt) _ 2[1000 — (25) (80)] 
5 cay reais 900 

Uo + at = 25 + (0.56)(80) = 42 m/sec 

= 0.56 m/sec? 

v 

Another example of uniform acceleration is the motion of an electron 

between two oppositely charged plates. The electrons that provide the 

image in a television picture tube are given such accelerations between the 

“electron gun”’ and the screen. 

We must keep in mind that the acceleration is uniform only if there 
is no friction. A leaf and a rock do not fall with the same acceleration in 

air, but would if they were in a complete vacuum. To describe the firing 

of a space rocket from the ground, as in Figure 2-8, we must take account 

of air resistance, which is roughly proportional to the speed of the projectile. 

Geometric Interpretation of 

Accelerated Motion 

The algebraic derivation of the relationships between acceleration, 

speed, and position just given holds only for the case of constant acceler- 

FIGURE 2-8 

The rocket with air resistance 
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FIGURE 2-9 

Graphical description of accelerated motion 

ation. It is thus desirable to have a more general method, applicable to 

cases with variable acceleration. Suppose that the acceleration a varies as 

plotted on the graph in Figure 2-9(a). This might represent the pickup of 

a car from rest until it reaches full speed. We first replace the smooth curve 

by a bar graph—Figure 2-9(b), where the acceleration is constant for equal 

short time intervals At. If we made these small enough, the plotted motion 
would be indistinguishable from the real motion. 

Now let us find the gain in speed in the first interval. It is v, = a;At; 

in the second interval it is v» = a,At; and so on. The total gain in speed is 
clearly 

v = qAt + aAfi + a,Ai+... 

which is also the sum of the areas of the bars in Figure 2-9(b). We see at 

once that the speed is given by the area under the bar graph—or more 

Time, t Time, t 

FIGURE 2-10 

Motion with constant acceleration 
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accurately, if we wish, the area under the smooth curve up to time ¢. Let 
us test this method for the case of constant acceleration g, as in Figure 2-10. 
The area under the acceleration curve is v = gt, the correct answer. We 
may now proceed to find the distance traveled, since s, = V,At, So = veAt, 
etc. The area under the triangular curve v = gt is one-half the base times 
the height: 3¢(gt) or s = 3g¢?, as found by other methods. 

The foregoing method may be viewed in either of two ways: (1) as the 
basic procedure of the mathematics of the integral calculus, or (2) as the 
technique for use of a high-speed electronic computer for solving motion 
problems. 

Galileo and the Scientific Method 

The description of the motion of uniformly accelerated objects appears 

rather straightforward to the modern physicist. However, its revelation by 

Galileo was of profound significance, not so much for the content of his 

discovery, but for the means he used and the intellectual consequences. 

Galileo was probably the first person effectively to apply the scientific 

method, based on measurement and mathematical interpretation. In order 

to appreciate this point fully, we must review the context of his work. The 

technique of measurements was known to the Babylonians and Egyptians, 

but the purpose of their work was principally utilitarian, and they made no 

attempt to develop physical laws. The early Greeks were imbued with the 

concept of natural motions. For example, Aristotle stated flatly that heavy 

bodies fall because the surface of the Earth is their “natural place.” His 

idea that the larger the body the quicker the descent was revived and 

accepted at the end of the Dark Ages, an era whose intellectual effort was 

dominated by Aristotle’s doctrines and those of the Church. Interpreta- 

tions were made solely on the basis of reason. To make observations was 

considered unthinkable. 

Galileo was trained in such an environment, but so great was his 

genius that he was able to conceive of making quantitative measurements 

on motion. He became convinced, perhaps by experiments at Pisa, that if 

there were no air resistance, bodies as dissimilar as a coin and a feather 

would fall at the same rate. Turning to the study of motion on a smooth 
incline as another example of uniformly accelerated motion, his first dis- 

coveries were that the time an object takes to fall a given height is inde- 

pendent of the slope of the incline, and that the horizontal speed remains 

uniform. Most importantly, he made measurements of distances traveled 

as a function of time, developed tables of data, prepared graphs, and by 

geometric methods showed that speed is proportional to time and that 

distance traveled is proportional to the square of the time. Such investi- 

gations appear innocuous enough now, but he was literally defying tradition 

by questioning the accepted views, and thus implying opposition to the 

whole structure of belief. His work in astronomy was of a similar character. 

By the use of the telescope, he discovered an eighth planet, Jupiter, which 
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broke the astronomers’ tradition that the number of planets was seven (a 

magic number). 

He agreed with the view of Copernicus that the planets moved about 

the Sun, not vice versa, and thus contradicted the belief that the Earth and 

man were the focal points of the universe. The environment had always 

been thought to be designed for the benefit or punishment of man; Galileo 

and Copernicus relegated man to the role of an insignificant spectator. It 

is easy to see that the implicit degradation of man would be regarded as 

heretical. The natural response of the Church was resentment and a sense 

of danger to their beliefs. 

Motion in a Plane 

Many motioris take place on horizontal plane surfaces, such as limited 

portions of the Earth’s surface, or on vertical planes along the direction of 

gravity. Common examples we can visualize are the flight of airplanes, the 

voyage of a ship, the trajectory of a shell, and the path of electrons in a 

television picture tube. To plot these we need two coordinates. The most 

familiar coordinate system is the rectangular or cartesian, with its x- and 

y-axis. Each point on the plane is represented by a pair of numbers (2, y); 

straight-line distances between pairs of points (#1, yi) and (#2, y2) are found 

by use of the Pythagorean theorem. 

Polar Coordinates 

Almost everyone is more proficient in using cartesian (a, y) coordi- 

nates than a polar (r, 6) system. It is often difficult to reorient ourselves 

and translate between the cartesian and polar languages. However, in the 

mathematical description of physical processes, it is important to use the 

coordinate system that most naturally and simply represents the motion 

being studied. Experience has shown that the x, y system is best for motion 

that is more nearly in straight lines, while the r, 6 system is best for nearly 

circular motion. 

An example using the motion of a proton in the cyclotron (an accel- 

erator for charged particles) will illustrate the value of the polar coordinate 

system. Suppose that the proton moves at constant speed in a circle of 

radius r (Figure 2-11). The location of any point may be specified by 

either r and @ or by x and y. As seen from the figure, 

o : 
cos 6 = —) sing = ¥ 

r r 
or 

c =rcos8, y =rsin#@ 

The correctness of these expressions is verified by forming 

r= Ve+y = Vr*(cos? 6+ sin? 6) =r 



Proton 

Lo) 

FIGURE 2-11 

Circular motion and polar coordinates— 

proton in cyclotron 

In passing, note that 

tang = 4% 
x 

For instance, if and y are both 1 meter, then 

r= V(1)? + (1)? = V2 = 1414m 

and tan @ = 1/1, 6 = 45 deg or 7/4. When the proton is displaced along 

the circumference of a circle of radius R through a distance s, the angle @ 

is a fraction s/(27R) of the whole 27, and thus 

8 8 
6= 7p 2m) =p or s= Ré 

Motion in a Circle 

There is a great similarity between the mathematics of motion in a 

straight line and motion on a circular path, with r fixed at a value R, and 

@ changing. Examples include a proton in a magnetic field, an electron 

circulating around a nucleus (in a simple model), a point on a turning 

wheel, an astronaut in orbit, or a planet moving about the Sun. 

In a time ¢ — t) an angular displacement 6 — 6 takes place, with an 

average angular speed, symbolized by way, of 

displacement (angular) _ 0 — 9% 
Way = : = 

elapsed time t — to 

For example, if the miles-per-hour needle on a speedometer goes through 

an angle of 45 deg (7/4 rad) in 10 sec, its way is (t/4)/10 = 0.785 rad/sec. 
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Look again at the proton moving with uniform speed v on the circle at 

radius R (Figure 2-11). The distance traveled along the are increases ac- 

cording to s = vt. However, s = Ré, so that @ = vt/R. Now consider rates 

of change of angular speed. As a car starts up from rest, its wheels begin 

to turn on their axles, and the rate of rotation increases with time. 

To describe how the angular speed changes with time, we define an 

angular acceleration, 

change in angular speed _ 8 = #0 _ Aw 

elapsed time ae iit ee 

The similarity that is noted between the variables of linear and an- 

cular motion suggests that a table be prepared. (It is assumed here that 

Xp and 6 are zero at t = 0.) 

Linear Angular 

Displacement x 6 

Az Aé 
Speed eee O= 7 

: Av Aw 
Acceleration Sana. cham Ty 

Once a relation for the linear motion has been derived, we may borrow it 

for an angular problem. For instance, with constant angular acceleration 

a with an initial angle @ and initial angular speed wo, we write at once 

w = aw + at 

6 oy + wot a sal? 

Note that motion in a circle, even though it takes place in a plane, is really 

one-dimensional. Consider again the example of a rotating wheel. Suppose 

that the location at time zero of a spoke on the wheel is 6) = 0, and that its 

angular speed then is w) = 628 rad/sec. If the angular acceleration is a, 

known to be constant at a value —31.4 rad/sec?, when will the wheel stop? 

How many turns will it make before stopping? This reminds us of falling- 

body problems, and we may take advantage of the similarity: now, 

_  @ _ (628 rad/sec) fmt ae 
a (81.4 rad/sec?) 

w = 0 when = 20 sec 

and 

6 = 0 + 628(20) + $(—31.4) (20)? = 6280 rad 

which is 1000 turns. 

A word of warning: a formula that does not properly describe a prob- 
lem will obviously give meaningless answers. Full understanding of the 
principles and phenomena behind the formula and of the steps taken in 
deriving it will help give the needed assurance. 



2-4 THE ALGEBRA OF VECTORS 

When the measurement of a physical entity involves both direction 
and numerical value, the idea of vectors is necessary. For example, we 
should like to distinguish between the motion of two cars with identical 
speeds of 40 mi/hr but moving in different directions—say, one east and 
the other north. The velocity of one of the cars can be represented graphi- 
cally, as on a map, by a line segment proportional to the magnitude—here 
the speed of 40 mi/hr—with an arrowhead pointing east to indicate direc- 
tion. 

Physical quantities fall into two classes: scalar quantities having only 
numerical values, which may be combined by the use of arithmetic; and 

vector quantities having both magnitude and direction, combined by the 

use of geometry. (Table 2-2 lists a few examples.) Let us now review the 
geometric method of treating vectors. 

TABLE 2-2 

SCALAR AND VECTOR QUANTITIES 

SCALARS VECTORS 

Time Displacement 

Mass Velocity 

Volume Force 

Distance Weight 

Speed Acceleration 

Consider a displacement from point 1 to point 2 in Figure 2-12. 

(Point 1 could be labeled exactly by giving 7 and y, and point 2 by giving 

x2 and ye). The displacement from one point to the other involves a change 

in the z-direction given by x, — 2 and a change in the y-direction given 

by y2 — y1. We shall label those two components or parts of the displace- 

ment A, and A,; that is, 

A, = %— XN, Ay =Yy- "1 

We denote the line connecting these two points as the displacement vector 

A, and note that A is the distance between the two points. The absolute 

value of A, often denoted by |A|, is given by VA? + A? according to the 

Pythagorean theorem for right triangles. It then follows that A itself can 

be specified completely by the knowledge of A, and A,, the components of 
the vector along the cartesian axes x and y. As a simple example, let us find 

the absolute value of the vector between the points 7 = 1, y: = 1 and 

t = 8, yo = 2. Now Az = a2 — % = 2, and A, = y — y = 1; hence 

|A| = VA? + AB = VQ 4 = V5 
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FIGURE 2-12 

Components of a vector 

Next consider a displacement A followed by a second displacement 
B (see Figure 2-13). The result of these two is the same as if the displace- 

ment C were carried out independently. A vector C that has same result ; 
as two other vectors A and B is called the swm of these vectors; thus in our . 

example, 

Cc=A+B 

Each of the three vectors is a sum of components along the z- and y-axes, 

e.g., A = A, + A,. The vector C therefore has an z-component of magni- 
tude A, + B,, and a y-component A, + B,. One procedure for obtaining 
the sum of two vectors can be stated as follows: Add the z-components of 

. ) 

FIGURE 2-13 

Ze Addition of vectors — 
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{ ! Crow-flight 

the two vectors, and the y-components of the two vectors, and combine the 

results using the Pythagorean theorem. To illustrate, suppose we travel on 

a road straight north for 6 miles and then northeast for 4 miles, as in Figure 
2-14. We wish to know the distance, as the crow flies, from our starting 

point. The components of A are A, = 0, A, = 6, while those of B are 

B, = 2V2 and B, = 2V2. Then, C, = 2.83, C, = 8.83; hence __ 

\C| = V(2.83)2 + (8.83)? = 9.27 

This process may be extended to any number of vectors provided care is 

taken in noting the sign of each component. Just as algebra, geometry, and 

trigonometry are found to be extremely valuable tools for solving problems, 

A, =0 

FIGURE 2-14 

Vector addition by component method, C, = A, + By and 

C, — Az alls Br 

vector notation provides added convenience and power. Displacements in 

position in one, two, or three dimensions can be described geometrically by 

a vector, as a straight line of length proportional to the amount of the 

displacement, and with an arrowhead indicating the direction. Figure 2-15 

shows examples in the different spaces. 

Particle motion has both direction and magnitude, and thus lends 

itself to a vector treatment. Visualize, for instance, an electron traversing 

a cathode-ray tube—as in a television set—in a curved path. At any time 

t the location of the electric charge is given by the vector r (see Figure 2-16). 
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FIGURE 2-15 

Vectors in one, two, and three dimensions 

A very short time later, at ¢ + At, it has moved to r + Ar. The displace- 

ment is seen to be the vector Ar. The instantaneous velocity is defined as 

the ratio of this displacement and the time interval, 

FIGURE 2-16 

K— ; : Vector displacement of electron in cath- 
0 3 ode-ray tube 
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FIGURE 2-17 

Motion in a circle at constant speed—centripetal acceleration 

where it is imagined that Ar and At are both vanishingly small. The magni- 

tude of the velocity is simply the speed, a scalar; the velocity vector is 

tangent to the curve at the point. 

The instantaneous vector acceleration is similarly defined. At time t 

the velocity is v, while at ¢ + At it is v + Av, and the ratio of change in the 

velocity to elapsed time is 

The magnitude of the vector acceleration is the ordinary acceleration. In 

summary, the new vectors v and a tell us not only the amount of speed and 

its rate of change, but also give their directions. For example, we can find 

the velocity and acceleration of the proton moving uniformly around a 

circular path. As seen in Figure 2-17, Ar and hence v are tangent to the 

circle, perpendicular to the radius. Since Ar = RAO, the magnitude of the 

velocity is v = Ar/At = RA@/At. Then, since w = A6/At, we obtain 

v=o 

Note that the velocity is changing, even though the speed is constant. 

Next, draw two velocity vectors for times ¢ and ¢ + At. The surprising 

result is that since Av and thus a are perpendicular to v, the acceleration 

is parallel to the radius—that is, toward the center of the circle. The 

magnitude of acceleration is a = Av/At = vA@/At; but since A@/At = v/R, 

a= é (centripetal acceleration) 

This is constant, since R and v are constant. The term centripetal (‘moving 

toward the center” in Latin) is applied to this particular acceleration. For 
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FIGURE 2-18 

Changing vectors in circular motion 

example, a car going at 20 m/sec rounds a curve of radius 100 m. Its 

centripetal acceleration must then be 

Sy Core 2 See 100 = 4.0 m/sec 

Recalling that the acceleration of gravity is g = 9.8 m/sec’, we note that 

this result is about 0.4 g. An alternate form, using the formula v = oR, is 

a= oR 

Note that the vector acceleration is changing even though the speed and 

the scalar acceleration are constant. An interesting pattern for the vectors 

48 



49 

SECTION 2-4 

The Algebra 

of Vectors 

r, v, and a at different times is seen if their origins are put at the center of 
the circle (see Figure 2-18). The vectors stay 90 deg apart. 

Frequency and period. Circular motion at constant speed is an 
example of cyclic or periodic motion. The time taken to make one revolution 
is called the period T, and the number of times a complete cycle is executed 
each second is called the frequency v. As we shall see more fully in Chapter 
11, there are many forms of periodic motion, not all necessarily circular, 

that can be characterized by T and v. For instance, if we agitate the water 

in a pool, the level at some other point will rise and fall with a frequency v. 

The alternating electric current in the home also has a frequency (usually 

60 cycles per second). The different colors of light are regarded as corre- 

sponding to electromagnetic waves of different frequencies. 

PROBLEMS 

2-1 The world record for the mile run is 3:51 minutes. What would you 

expect to be the record time for the 1500-meter run? 

2-2 A Frenchman by mistake measures the area of his plot of land as 

2000 m? using a yardstick, thinking it to be a meter stick. What is the 

correct area? 

2-3 How long does it take a light signal from the Earth to go to and come 

back from the Moon, 240,000 miles away? (See Figure P2-3.) 

FIGURE P2-3 
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2-4 A person walks up a stalled escalator in 90 seconds. He rides up the 

same escalator when it is moving—and he is not walking—in 60 seconds. 

How long would it take him to walk up the moving escalator? 

2-5 How long would it take light of speed 3 X 10* m/sec (or 186,000 

mi/sec) to cross the following? (a) Our galaxy, of diameter 101% mi. (Ex- 

press also in years.) (b) An H atom, of diameter 10-” m. (Express also in 

picoseconds.) 

2-6 A single air molecule of typical speed 400 m/sec is put into a vacuum 

chamber of diameter 2m. How many times per second will the particle cross 

the space between walls? How far will the molecule go per day? 

2-7 Verify that 60 mi/hr = 88 ft/sec = 26.8 m/sec by use of unit- 

conversion methods. 

2-8 Show that an acceleration of 98 m/sec? corresponds to 1.03 light 

years/(year)?. 

2-9 A motorist in a car moving at 60 mi/hr sees an obstacle in the road 

300 feet ahead. With a reaction time of 2 seconds he slams on his brakes. 

What constant (negative) acceleration is required to avoid collision? What 

total time has elasped? 

2-10* Find the ‘point of no return” for an airport runway of 1.5-mi 

length if a jet plane can accelerate at 10 ft/sec? and decelerate at 7 ft/sec. 

What length of time is available from the start of motion in which to decide 

on a course of action? Verify the latter answer by drawing a graph of v 

against t. 

2-11 A baseball is thrown vertically with a speed of 50 ft/sec from a point 

that is 120 ft above the ground. Find the height to which it rises, the 

instant of time at which it passes by its original level, and its speed when 
it hits the ground. 

2-12 A wall clock has a minute hand of length 0.16 m and an hour hand of 

length 0.12 m. Calculate the angular speed in rad/see of each hand, and 
the linear speed in m/sec of the tips. 

2-13 A wheel completes 600 revolutions per minute (rpm). What is the 

corresponding angular speed? If its rotation increases to 900 rpm in 5 sec, 
what is the average angular acceleration? How many turns did the wheel 
make in that length of time? 

2-14 Find the average angular and linear speeds of (a) the center of the 
Earth about the Sun, a distance 92.9 X 10° mi away, and (b) a point on 
the Earth’s surface at the equator as it turns about the axis between poles, 
assuming the Earth’s radius to be 3960 mi. Express w’s in radians per 
second and v’s in miles per hour. 

2-15 A plane with the ability to travel in still air at a speed of 500 mi/hr 
encounters the jet stream with speed 300 miles per hour (see Figure P2-15). 
What speed relative to the ground does it have when riding the stream? 
When bucking the stream? What will its speed be if it moves at right angles 
to the stream? 
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FIGURE P2-15 

2-16 The wind velocity is 15 m/sec, 30 deg south from east, as shown in 

Figure P2-16. Find its southerly and easterly components. Check the an- 

swer by use of the Pythagorean theorem. 

2-17* A plane flies NE for 80 mi and then ENE for another 120 mi. Find 

its distance from the origin and angle with the east by the addition of 

vectors. 

2-18 A plane with a speed of 100 mi/hr attempts to land on a field with a 

cross-wind of 60 mi/hr. At what angle to the landing strip should the 

pilot aim his plane, and with what speed does he hit the runway? 

2-19* An airplane has a speed of 175 mi/hr in still air. It is flying due 

north along a north-south highway. The pilot hears a garbled message that 

there is a 50-mi/hr wind but doesn’t catch the direction. However, he notes 

that he is traveling 150 mi/hr by watching the highway. What is the wind 

direction, and the direction that the plane is heading? 

2-20 The Mariner spacecraft requires seven months to travel a 370- 

million-mile semicircular path to get to the planet Mars. (a) What is the 

30° 

15 m/sec 

S FIGURE P2-16 
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Path of spacecraft 

FIGURE P2-20 

vehicle’s average speed in miles per hour? (b) What is its centripetal 

acceleration in feet per second per second (ft/sec?)? 

2-21 Find the centripetal acceleration of a car traveling at a speed of 

15 mi/hr rounding a corner formed by the intersection of two cross-streets 

if the radius of turn is 20 ft. How many times the acceleration of gravity 

is this? 

2-22 Find the angular speed and centripetal acceleration of a point on 

the rim of a 334-rpm long-playing phonograph record of radius 0.15 m. 

2-23 Find the magnitude of the acceleration of a particle on the tip of a 

fan blade 0.40-m in diameter and rotating at 600 rpm. 

2-24* (a) Demonstrate that the way leap years are handled in the 

Gregorian calendar is consistent with the assumed length of the year. 

(b) By what year will it be necessary to make an additional correction to 

the calendar because of the error in the Gregorian year? 
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We are now ready to elaborate on the idea that the explanations of physics 

involve a great deal of description and do not reveal ultimate reasons for 

natural phenomena. Observations are related by mathematical forms, and 

imagined simplified versions of the processes are proposed. Various approx- 

imate descriptions are found to be useful in treating certain ranges of size 

and speed of objects, while more complete views are needed in general. 

Among the important topics now to be reviewed are the role of mathe- 

matics, the meaning of models and approximations, and the ideas of frames 

of reference and relativity. 

3-1 THE ROLE OF MATHEMATICS 

Since the development of mathematics as a science by the Egyptians 

and the Greeks, the subject has enjoyed the respect of scientists in all 

disciplines. Galileo confided, “If I were again beginning my studies, I 

should follow the advice of Plato and start with mathematics, a science 

which proceeds very cautiously and admits nothing as established until it 

has been rigidly demonstrated.” Galileo, in his utilization of abstract sym- 

bols for the description of nature, initiated the very fruitful line of reasoning 

known today as mathematical physics. This subject has made tremendous 

strides under the able hands of such intellectual leaders as Newton, La- 

place, Maxwell, Einstein, and Schrodinger. 
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All of us are aware of the ability of a mathematical expression to state 

in a minimum of space the relationship between quantities. In physics the 

more common relationships are learned as working formulas, and the most 

general ones are called physical laws. It is important to note that some of 

the formulas given in the previous chapter are definitions, while others are 

only derived expressions. This role of mathematics—i.e., as the shorthand 

language of the scientist—is usually understood and accepted by the stu- 

dent without further explanation. However, an example will confirm this 

utility of mathematics. 

Newton’s law of gravitation may be stated in words as follows: “The 

force of attraction between two bodies is directly proportional to the 

product of their masses and inversely proportional to the square of the 

distance between their centers.” This may be written mathematically as 

MM 
rr F=K 

where K is a constant of proportionality, m; and m2 stand for the masses, 

and r is the distance separating their centers. The formula contains all the 

information that the sentence has, is much easier to remember, and permits 

calculations of the force. 

Once a physical fact has been put in mathematical form, the rules of 

arithmetic, algebra, and calculus fully apply to the resulting equation. This 

equation may be solved for any symbol, multiplied or divided by constants 

or variables or even other equations. In the realm of higher mathematics, 

it may be differentiated or integrated to obtain new equations. 

Mathematics can thus be a creative tool in the development of a 

science. Following the ‘rules of the game,”’ an investigator may derive 

previously unknown or unexplained relations. Suppose, for example, that 

early experimenters had found that finely divided soil dissolved in water 

more rapidly than chunks, and that a bed of small stones cooled off more 

quickly than one large piece. Knowing, as separate facts, that the sphere 

of radius r has a volume $77° and a surface area 4rr*, they might seek to find 

a property of a body that increased as the size decreased. A little trial 

would show that the ratio of surface to volume, S/V, is simply 3/r, which 

reflects the property sought. Thus we see that manipulation of mathe- 

matical expressions leads to new relations of description. Experimental 

tests may consequently be suggested, which on completion would prove or 

disprove the original assumptions. This type of application of mathematics 
forms much of the basis of the “modern physics” that has been developed 
in this century. 

In the following chapters we shall use mathematical descriptions 
repeatedly as a shorthand method, as a tool, and as a form that reveals 
physical laws, selecting those descriptions that are most basic, general, and 
relevant. 

Success in the study of physics depends a great deal on the manner 
with which one studies and remembers mathematical forms. To illustrate, 
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note the several forms into which the expression relating speed v, time t, 
and distance s can be rearranged: s = vt, v = s/t, t = s/u, &/0t siete: 
Although some of these forms are handy for a particular problem, it is very 
unwise to try to remember all of them, or keep a list for reference. The 
important physical principle to keep in mind is that distance traveled 
depends directly on both speed and elapsed time. By the appreciation of 
the character of a relatively small number of physical principles it is 
possible to build up a very full description of the physical world. Rather 
than attempting to memorize a host of derived expressions, it is often 
preferable to be able to carry out the derivation from simpler basic re- 

lations, using mathematics as a tool rather than a crutch. 

3-2 MODELS AND APPROXIMATIONS 

In many of the realms of physical description, we observe directly the 

quantities involved. In throwing a stone, we can feel the stone’s inertia, a 

property closely associated with its mass. We can see the stone move and 
observe or deduce its position, velocity, and acceleration. In other areas, 

however, the quantities are not observable by our senses. For example, the 

interaction of magnetic objects is clearly a force which cannot be described 

in the same way as the interaction of mechanical objects. The attempt to 

describe entities and events which transcend our physical senses usually 

requires the fabrication of a mental picture or image that is closely con- 

nected with some well-understood phenomenon. Such a structure is called 

a model. A model is a heuristic device—an aid to our imagination to help 

in understanding. 

Many times in a particular area of physics, a model undergoes exten- 

sive changes as new knowledge is gained and applied. An evolving model 

frequently suggests experiments or tests that may lead to corrections or 

changes, or even abandonment of the model. 

Physical Models 

The behavior of even the simplest physical systems, such as a single 

molecule of water H,O, is amazingly complicated, in part because of the 

many components—in this case, atoms, electrons, nuclei, and nucleons. 

The variety of possible interactions of components with each other and 

with the environment further complicates the situation. Even when we 

turn to the high-speed computer the problem of complete description may 

be hopeless—for instance, in trying to keep track of all the molecules in a 

glassful of water (some 10” of them). 

Thus, we devise models of the processes that contain the most im- 

portant features. These might be called idealizations of the situation, with 

all of the less-significant details ignored in favor of the ones that dominate 

the process or which appear to lead to general truths or principles. Some 

examples will make the idea of models more specific: 
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1. A projectile such as a rocket, a bullet, or an electrically charged 

atom is often approximated as a point mass, an idealized object with ma- 

terial concentrated at a geometric point. For purposes of finding its basic 

motion, we ignore air resistance, internal motions, and changes of shape. 

2. The parts of a mechanical device are assumed to be perfectly rigid, 

although it is well known that all materials can be stretched or compressed 

or twisted. This idealization permits a first-order approximation to be made 

of the machine’s function. Naturally, when elastic properties become im- 

portant, one re-examines the situation more closely. 

3. We imagine an object to be isolated, or insulated from its environ- 

ment, except for those disturbances we wish to apply. This technique is 

frequently used for processes where heat is involved. We realize that there 

is no perfect insulator for heat or electricity, but we know that the behavior 

of the system is dominated by internal effects rather than the outside en- 

vironment. 

4, Applied forces are taken to be uniform over the region of space in 

which an object moves. A good example is the force of gravity near the 

Earth. The force will actually change slightly with location, as will be 

discussed in Section 5-1. In the treatment of falling bodies, the inclusion of 

these deviations from uniformity would tend to obscure the meaningful or 

practical motion. 

5. Atomic particles are visualized as being spherical in shape. For 

many measurements, this form is either sufficiently correct, or our ignorance 

of the more precise shape does not justify making any other assumption. 

6. The internal structure of a nucleus is considered in terms of the 

water in a droplet, subject to possible distortion or division into smaller 

bits. Obviously this is not a “‘real’’ version of the nucleus, but is convenient 

for thinking, discussing, and even analyzing with some success. 

One can continue at some length to list examples of physical ideal- 

izations that are made regularly and deliberately by physicists in their 

investigations. Among the virtues of this procedure are the ability to 

visualize processes, to perform mental predictions of performance, and to 

draw comparisons or analogies between different phenomena. One may 

quickly check measured results with those expected, and discover either 
errors in the experiment or weaknesses in the physical model that has been 
used. Communication with others is assisted by the use of common models. 
This is especially important in the learning process. It has been said that 
we do not learn the subject of physics, but merely become more familiar 
with it by long-continued association. Thus it is proper and necessary to 
study the simple, rough approximations to physical processes on first ex- 
posure to the subject, making refinements and improvements in the picture 
with further study. 

There are hazards as well as benefits in using models. Having erected 
an image of a process, and having found it rather successful in giving agree- 
ment with observations, the human mind tends to believe that the model 
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is real, and to resist criticisms or modifications of it. Part of the delay in 
accepting Einstein’s theory of relativity or the modern quantum mechanics 
can be ascribed to such firm beliefs in models of nature. It is clear that one 
is more comfortable with a logical and reasonably accurate picture than 
being forced to revise his thinking toward a more complex or uncertain view- 
point. Progress toward the ultimate goal of a complete description of nature, 
however, is made only with open and flexible minds that are willing and 
able to accept new ideas. 

Mathematical and Numerical 

Approximations 

Simplifications in mathematical operations that are approximate fall 

into a different category from physical idealizations. Such approximations 

are made for convenience in handling problems. They may be based on 

physical knowledge, but are made after the general structure and principles 

of the subject have been set. Some familiar illustrations are given below. 

The number of digits or significant figures that we use in a constant 

such as 7 depends on the accuracy desired. For quick guesses, the number 

3 is enough; in many calculations, setting t = 3.14 will give results com- 

patible with our ability to measure with simple instruments; for other 

problems, + = 3.1416 or even more figures of this irrational number* may 

be required. 

Physical constants such as the speed of light fall in another class, 

because we have no method other than improved measurements for ob- 

taining more decimal places. It is unnecessary, for most work, to use the 

present best value of 2.997925 * 108 m/sec. The value 3 X 10° is fortu- 

nately within 0.1 percent of the correct number. Sometimes there is a 

tendency to carry along more significant figures in a numerical calculation 

than the accuracy of known physical constants warrants. Generally, the 

answer is no better than that of the most important constant used in the 

solution, and it is misleading to quote any more figures than that limit sets. 

In a few situations, however, the nature of the algebraic operations requires 

that extra figures be carried along, particularly if comparisons of various 

cases are to be made. 
As he proceeds into the study of physics, the student may be surprised 

to find that many laws or principles are of a linear form—that is, one 

variable increases linearly with another, as y = bx. Such relations may 

well be only the first approximations to the more correct description. It is 

reasonable to ask why we are willing to accept rough versions of the 

behavior of a system. The first reason is that linear expressions are simple 

and easy to manipulate, and that with them algebraic results, which are 

*To twenty decimal places, r = 3.14159 26535 89793 23846. A mathematician 

named Shanks once computed 7 by longhand in fifteen years to 707 decimal places. 

(Most of them turned out to be wrong.) An electronic computer can give a figure 

with 10,000 decimal places in a matter of hours. 
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preferable to mere numerical tables, may be obtained readily. The second 

is that linear expressions are frequently valid so long as one restricts the 

range of application. For example, the curve y = 1 F x + 2/2 is very 

accurately approximated by 1 + z so long as x remains small—say, less 

than 0.01. From another viewpoint, we know that any smooth curve be- 

tween two points can be nearly duplicated by a straight line, so long as the 

points are very near each other. 

The use of the arithmetical average instead of detailed values of a 

mathematical function is very common. This will lead to sufficiently accu- 

rate results if the quantity being described varies slowly. The average in 

time of a changing electrical current can be used to represent heating effects, 

but obviously cannot be carried to the extreme case of a surge that blows 

out a fuse. 
The science of physics makes use of numbers that are inconvenient to 

manipulate by ordinary arithmetic. An adequate number of significant 

figures is often attainable by use of only two terms in the binomial expan- 

sion of basic algebra: 

n(n — l)a™ 
(a + db)” = a® + na™bd + 5 le aie 

Let us illustrate this point by asking for the value of (1 — x)—” when z is 

0.0002. By ordinary means, it is 1/ V0.9998, an awkward number to com- 

pute by either slide rule or pencil and paper. Applying the binomial expan- 

sion, however, letting a = 1, b = —z, andn = —4%, we have 

(l—2z)@=1+ic+3r4+... 

which is also 1 + 0.0001 + 0.000000015 + .... The sum of two terms in 

the series gives 1.0001, which is within 1 part in 100 million of the exact 

answer. 

3-3 DATA AND ERRORS 

The process of measurement plays a key role in physics, since the 
development of detailed and correct conclusions depends vitally on reliable 
and accurate data. Let us proceed from some familiar crude examples of 
measurement toward a refined scientific approach. Suppose a new student 
asks us the question ‘How far is it from here to the library?” A glance 
allows us to respond ‘‘A block or so.” Were we interested in verifying the 
answer, we might pace it off in what we hope are yard-long steps. Because 
of an accumulation of errors, the measurement may be high or low by a 
few feet. The use of a steel tape might bring us to within a fraction of an 
inch of the correct answer. Each of the above quotations has involved some 
uncertainty in length. In reporting our findings, we should quote what the 
distance is, as best we know it, but attach some further information on how 
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sure (or unsure) we are of that answer. Thus we might state that the 
distance to the library is x = 350.2 + 0.1 ft, where the added (“plus-or- 
minus’) number might be called our “‘uncertainty.”’ In scientific measure- 
ments the first number is the average of the measurements and the second 
number is called the error. The science of statistics allows us to evaluate 
the error from our own data. The technique consists of analyzing the results 
of several measurements made under as nearly the same conditions as 
possible. 

Suppose that we had collected the following set of eight measurements 
of the distance to the library, labeled z: 

Trial £ 

350.15 
350.31 
350.22 

350.05 
350.20 

350.19 
350.07 

350.25 ONOark WW ke 

The average value, represented by Z, is easily obtained as the sum of the 

measured distances divided by the number of observations. (Note that here 

we can simply average the numbers after the decimal and add to 350.) 

Thus we find 

x = 350.18 ft 

We could stop at this point and say that this number is the distance of 

interest, but the question of reliability or precision has not yet been an- 

swered. 

Experimental errors are of two general types—systematic errors and 

statistical fluctuations. An example of the first type might result from the 

use of a cloth tape measure that was washed and as a result is too short. 

Or systematic error in an electrical measurement can result from a drift in 

the voltage in the laboratory as the day goes on. In principle, such errors 

could be tracked down and eliminated, but it may be impossible in practice. 

The second type of error has to do with the fundamental variable behavior 

of physical events. For example, suppose we are measuring the radiation 

from a collection of radioactive atoms. In one interval of time, we might 

find that 4 particles disintegrate, in another 10, in still another 0, and so on. 

How the number observed varies depends on the mechanism of the particu- 

lar measuring process. 

Many events in physics obey what is called the normal law of error. 

A set of n ideal measurements of a general quantity yields values 2%, 22, 

23, ... With average value %, and deviations from the average Ax, Az», 

Az;, .... One-half the measurements will lie outside and one-half inside 

the range Z — r to Z +, where r is called the “probable error,” given by 
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0.67450, where o is the standard deviation, calculated from 

(Bat £ Gan)? + Crs)? +. 
nN 

Thus r serves as a measure of precision. Even if the measurement being 

performed is governed by another law besides the normal law, the latter 

is often used for convenience in error analysis. Let us return to our example 

of the distance to the library, seeking a value of the probable error. In the 

following table we first form the individual errors, as the difference between 

each observation and the average, neglecting signs. Then we square the 

errors and take their sum: 

Trial Az (Az)? 

1 0.03 0.0009 

2 0.13 0.0169 

3 0.04 0.0016 

4 0.13 0.0169 

5 0.02 0.0004 

6 0.01 0.0001 

7 0.11 0.0121 

8 0.07 0.0049 

Sum: 0.0538 

Then, ¢ = V0.0538/8 = 0.0820, and r = (0.6745) (0.0820) = 0.0553. We 

would thus state that the distance to the library is (in feet) 350.18 + 0.06, 

where the error has been rounded off from 0.0553 to 0.06. Common sense 

suggests that the use of better instruments would give individual measure- 

ments that are closer to each other, corresponding to smaller probable error. 

This is correct only up to a point, as we shall see later. Should we attempt 

to reduce the uncertainties both in location and speed, a limit to the accu- 

racy of our answers would be reached, regardless of the accuracy of the 

measuring devices employed. 

3-4 FRAMES OF REFERENCE AND RELATIVITY 

Everyone knows that several observers will give different accounts 
and interpretations of the same event. This fact is well verified by listening 
to conflicting stories of accidents in a court of law. Excluding deliberate 
lies, some of the variations are explained by physiological and psychological 
differences in people. The remainder are due to the vantage points of the 
observers. 

Let us take a simple example: We are riding as passengers in an auto- 
mobile that is going up a slight hill toward a stoplight, as in Figure 3-1. 
Suddenly it seems that the car behind crashes into our car. We turn around 
indignantly and blame the careless driver, only to have him berate us for 



FIGURE 3-1 

Illustration of relative motion 

allowing our car to roll backward into his. Each of us is perfectly sincere 

in our interpretation of the collision. How can we know who is right? We 

could never tell unless we have been looking out the window at some fixed 

reference object, such’as a nearby building, or there happened to be an 

impartial pedestrian on the street. The only certain fact was that the cars 

were moving relative to each other. 

Next, imagine an object dropped from a moving airplane. To the 

pilot, the object seems to fall straight down, but to a person on the ground, 

it appears to follow a curved path. If asked to decide what the real motion 

was, we would be inclined to side with the observer on the ground and say 

it was a curve. However, remember that he is on the surface of a rotating 

Earth which itself is moving about the Sun. The object clearly must move 

in some different curved path as viewed from the Sun. Does the Sun rep- 

resent the final fixed vantage point? Not necessarily, since astronomers 

tell us that the universe appears to be expanding. We are faced with the 

conclusion that there is probably no fixed object from which observation 

point we can form final judgments concerning motions—or, for that matter, 

concerning the laws of nature. 

These examples point up the need to specify the point of view from 

which observations are made. The term frame of reference denotes a mathe- 

matical “structure” within which an observer sits. Examples might be sets 

of cartesian coordinates erected either by a person at the Earth’s surface, 

or by a pilot of a moving plane (using, say, the tail of the plane as zero for 

his z-coordinate), or by hypothetical observers located at the surface of 

the Earth, at the center of the Earth, or at the Sun. Since the coordinate 

systems are constructions of our mind, they could be placed anywhere; but 

of course we are interested in what a real observer would see if located 

within any of them. New conceptual problems arise when two such frames 

of reference move with respect to each other. For example, a person on a 

moving train sets up a coordinate system that is fixed to the train, while a 

person at the station sets up one there. The questions to be asked are: 

What does each measure? How do they compare observations? Whose 

conclusions, if either one’s, are preferable? 

Putting the concept of relative motion into mathematical terms, we 

may be said to have a theory of relativity. Most people associate this word 

with Einstein, because his revolutionary view early in this century focused 

new attention on the subject. What is not generally realized is that Galileo 
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apply to all objects. 

The Relativity of Newton 

The sight of a jet airplane flying overhead is a familiar one. Examin- 

ing its motion and observations by using some stationary markers on the 

Earth’s surface, we can develop the meaning of relativity and extend the 

idea to all moving bodies. Visualize, as in Figure 3-2, the origin of the 

frame of an Earth observer, at the base of a tall radio-transmission tower. 

The second observer is in a plane, from which the tower can readily be seen. 

The plane is moving to the right with a known constant speed V. The two 

observers synchronize watches at time zero, when the origin at the tail of 

the plane coincides with the origin on the Earth’s surface. By the time ¢ 

seconds have elapsed, the plane is a distance V¢ to the right. We now ask, 

What are the coordinates of a second radio tower in the distance, as meas- 

ured by each observer? From the ground it is x; from the plane it is X 

(where we use small and large letters to distinguish each measurement). It 

is easy to see from Figure 3-1 that 

2=X+ Vi 

or conversely, 

X=2-Vt 

Jet plane “tagger 

O <a Vt 

Ground ~ 
observer if 

FIGURE 3-2 

The Galilean transformation 
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FIGURE 3-3 

Observation of a moving object from two frames of reference 

These equations, which are based on everyday experience, are called the 

Galilean transformation, named after Galileo. It is very important to note 

that the equations would be the same whether the plane were moving with 

respect to the Earth or the Earth were moving backward under a “‘station- 

ary” airplane (better, a hovering helicopter). Without a third object as 

standard, neither observer can know his absolute motion, in accord with 

our earlier discussion. The two forms of the equation can be used for 

mutual predictions of observations in the two frames. Suppose the observer 

on the plane measures a distance to the second tower X at time t. He 

deduces that the ground observer will find the tower at x. Conversely, if 

the person on the Earth sees z at t, he predicts that the person on the plane 

will find X. 
The foregoing referred to the observation of a fixed object, in this case 

the second tower. Instead, let the two persons view an object in motion 

with some speed and acceleration—for example, a bird in flight, moving as 

sketched in Figure 3-3. At any instant ¢ the bird’s position is observed as 

x and X from the two frames, respectively; and after a time interval At its 

location is respectively x + Av and X + AX. By use of one of the trans- 

formation formulas, we may find a relation between the two views of the 

bird’s speed. Thus we write 

xX =2— Vi 

X + AX =2+4+ Az — Vit + At) 



64 

REALMS OF 

DESCRIPTION 

and subtract equations from each other to obtain 

AX = Ax — VAt 

We then divide by At and define speeds as wu = Ax/At as seen from the 

ground, and U = AX/At as seen from the plane. Then 

U=u—V 

which merely says that the plane is overtaking the bird and that the moving 

observer measures a speed that is lower than u by an amount V. A similar 

analysis will yield a relation between accelerations as seen in the two frames. 

After an elapsed time At, the respective speeds are U + AU and u + Au, 

related by 

U +AU =u+Au—V 

We then subtract the previous equation, divide by At, and define observed 

accelerations a = Au/At as from the ground, and A = AU /At as from the 

plane. We find the simple result 

Al a 

which says that accelerations are identical, seen from two frames moving 

uniformly with respect to each other. In this classical description, it is thus 

immaterial where one observes the process of acceleration. In this sense, 

the two frames are said to be equivalent and are classed as inertial frames, 

referring to the measurement of inertia, force, and motion. We shall see 

later that, if the two frames of reference are accelerating with respect to each 

other, observations of acceleration appear different. In this event the 

frames are non-inertial, no longer equivalent, and require more careful 
examination. 

Einstein’s Theory of Relativity 

For calculating the motion of familiar large-scale objects, Newton’s 

concept of relativity is quite adequate, since the speeds of frames moving 

with relation to each other are low, at least in comparison with the speed of 
light, c = 186,000 mi/sec = 3 X 10° m/sec. Even a modern jet plane with 
V = 2000 mi/hr = 0.556 mi/sec is slow, since V/c = 0.556/186,000 = 
0.000030. 

The Earth, in its yearly rotation about the Sun, has a ratio V/c some- 
what larger. The circumference of its orbit is 277 = 27(9.3 X 10”) mi and 
the time taken to complete it is (8365-++ days) (86,400 sec/day) = 3.16 X 
10’ sec. Thus V = 18.5 mi/sec, and since c = 186,000 mi/sec, V/e= 
0.0001, still negligible compared with 1. The ratio becomes close to 1, 
however, for particles from nuclear reactions; or for charges accelerated by 
electrical forces, as in a cyclotron; or for stars receding from us at high 
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speed. At this point Newton’s relativity is inadequate and Einstein’s* must 
be used. In order to understand the failure of the classical approach, let us 
return to the analogy of the jet plane and perform an experiment. 

Suppose that a burst of radio waves or light waves is sent out from 
the first tower just as the plane passes over it. The observer in the plane 
and the observer on the ground have agreed in advance on the length of 
time they shall allow to elapse before noting how far the light has traveled. 
They plan to use this length and time to calculate the speed of light c. In 
the Newtonian picture, the Earth observer obtains an answer 

ce 
t 

and the plane observer 

x 
t 

These speeds are those corresponding to u and U as we applied to the 

observations of the moving bird in a previous paragraph. They should be 
related by 

C= Cae Ve 

since the plane is moving in the same direction as the light, and the plane’s 

observer would expect to note the lower speed. The actual experimental 

fact is that the two observers measure the same values for the speed of light. This 

is not an approximate agreement due to the plane’s low speed compared 

with that of light, but a real effect, verified in all situations. 

Einstein’s explanation for this seeming paradox was based on a new 

logic. First, he distinguished both distance and time as measured by the 

two observers in their own frames, letting (x, t) describe one and (X, 7’) the 

other. Next, he required that the connecting formula be a linear expression. 

This guarantees unique corresponding points in the two spaces. Then, as 

in classical physics, he assumed that the replacement of x by X and of t by 

T, along with the change of sign on V, would give the same form of trans- 

formation. This assures that the laws of physics are the same for each 

observer. All of these conditions are met by the expressions 

2 = k(X + VT) 
X =k(z — Vt) 

He supposed that the factor k should involve the speed of relative motion 

and the speed of light, and should reduce to 1 as V approaches zero. The 

*Albert Einstein (1879-1955) was a genius who contributed new thoughts to 

science throughout his lifetime. He was an indifferent student, and was a clerk in the 

Swiss patent office when he made his first scientific discovery. He is known for his work 

on the molecular theory, the photoelectric effect, the theory of special relativity, the 

theory of general relativity, and unified field theory. 
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form of k can be found by reinterpreting the measurements of the speed of 

light. Consider again the results, which were ¢ = g/t, C = X/T, but now 

insist that c = C be found by measurements. It is a matter of straight- 

forward algebra* to eliminate the times and distances to obtain 

pee aed 
2 

1- (7) c 

Next, let us find how the times ¢ and T are related. Eliminating z or 

X between Einstein’s equations, we easily obtain 

Ie 

We see that the times measured by the two observers are different. The new 

set of four equations for x, X, t, and T is called the Lorentz transformation, 

necessary for frames moving with high relative but uniform speed. They 

form what is called Einstein’s theory of special relativity (‘‘special” refers to 

the restriction to cases of uniform relative speed). It is easy to see that if 
V/c is small, k approaches 1 and the Newtonian form results, with T' = t. 

There are some very startling consequences to Einstein’s equations of 

relativity. The first has to do with measurements of length: Suppose that 

the pilot-observer carries a meter stick up with him, and measures its 

length while in flight at a speed V (see Figure 3-4). One end is placed on his 

origin X; = 0, and the other is found to be a distance X2 away. The stick 

has a length AX = X_ — X, which is merely X2 (1 meter). Now, what does 

the observer on the ground find the length to be? One end is at 2, = Vt, 

the other at v2, and Ax = a, — 2. Using the Lorentz transformation that 

contains his time, 

X_ = k(x, — Ve) 

or 

AX = kA 

Thus the length of the meter stick on the plane as seen by the observer on 
the ground is, in meters, 

2 

Ar = a{1 _ () 
c 

This length is smaller than 1 meter for all V less than c, which means in 
general that any object moving with respect to an observer is shorter than when 
at rest. This called the Lorentz contraction. Let us turn the problem around, 

* The reader is referred to Appendix D for the details. 



Meter stick 

FIGURE 3-4 

Measurements of length by stationary and moving observers 

and ask what the length of a meter stick lying on the ground appears to be 

from the point of view of the pilot of the plane. By using the inverse trans- 

formation, we find that he too sees the stick to be contracted. This sym- 

metry is to be expected, since the observers are moving relative to each 

other. 

The second major consequence of Einstein’s equations is that from 

the viewpoint of an observer on the Earth, clocks on the moving frame run slow. 

Imagine the plane to be equipped with a timing device such as a pendulum 

that marks seconds with each swing. A measurement is made when xv = 

X = 0. The time for one swing on the plane is AJ’ = 1 second; but, from 

the transformation, the Earth sees At = kAT = ———— seconds, 

ia) c 
which is greater than 1 second. The plane’s clock runs slow according to 

the Earth observer, a process called time dilation. Reversing the views, we 

find that the observer on the plane sees the Earth clock as also running 

slow. These concepts are at first mysterious and difficult to believe, since 

our personal experience is limited to motion at very low speeds compared 

with the speed of light. We can understand the reluctance of many scien- 

tists to accept the ideas at the time Einstein proposed them. Our appreci- 

ation of these relativistic effects can be improved by computing the length 

contraction of a meter stick and the time dilation of a 1-second tick of a 

clock for widely different speeds. The decrease in length is 
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while the increase in time is 

At one end of the scale are low or “nonrelativistic” speeds—for example, 

the Earth’s motion around the Sun, calculated previously to be V/c = 

0.0001; at the other end of the scale large objects such as a star receding 

rapidly from our solar system, or an electron in relativistic flight, say with 

speed 0.9999c. 

The calculations lead to the following results: 

Length Time 

Contraction Dilation 

V/c (m) (sec) 

Low Speed 0.0001 5 x 107 Dex 10s 

High Speed 0.9999 0.986 69.7 

The effects are negligible at low speed, but completely change the magnitude 

of length and time at high speed. Figure 3-5 shows the ratio of length of an 

object to its length at rest, as it depends on the ratio V/c. In general, the 

region of speed below V/c = 0.1 is considered ‘‘nonrelativistic,” meaning 

that the effects of length contraction and time dilation are small and the use 

of classical formulas is adequate for many purposes. 

Speeds of material objects add in a strange way according to special 

relativity. Suppose that a bullet is fired forward from the nose of the 

moving plane with a speed U relative to the plane. According to the class7- 

cal concept of relativity, we would expect the speed measured from the 

ground to be 

u=U+V 

Hinstein’s relation, derived by comparing displacements Av and AX in 
times At and AT, is quite different. As derived in Appendix D, the speed is 

The sign on U is positive if the motion is in the same direction as V, neg- 
ative if opposite.* If the moving frame and the projectile both approach 

*Tf U and V are close to c, good approximations are: 

u/e = 1 — 3(1 — U/c)(1 — V/c) 
for U positive, and 

Ov 
Mal rarer gem 3 

for U negative. 



FIGURE 3-5 

Dependence of length on speed 

the speed of light—that is, if V — ¢ and U — c—the largest possible speed 

as seen from the ground is found from the formula to be u = c, not 2c. 
A numerical example is instructive. Suppose that the tritium nucleus 

(Section 1-3) of speed V = 2.0 X 108 m/sec disintegrates and sends an elec- 
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tron forward with a speed (in the H® frame) U = 2.9 X 10° m/sec. By 

classical analysis, the electron speed in the laboratory would be the simple 

sum 4.9 X 10% m/sec, which is in excess of the speed of light. By the theory 

of special relativity, however, it is 

4.9 X 108 : 
(Vk 14 22D) = 2.98 X 10 m/sec 

(3)? 

In science-fiction stories we often read of the ‘fourth dimension” of 

relativity, a mysterious region into which a spaceship powered by some new 

principle can vanish. The basis for the phrase is that time has a new role in 

Einstein’s relativity, being different for two observers, just as the space 

coordinates are. Instead of saying that a particle is at a point (a, y, z) at 

time t, it is preferable to say that it is at a point in a four-dimensional 

“snace” (a, y, 2, t). 

3-5 EXPERIMENTAL TESTS OF SPECIAL 

RELATIVITY 

The intimate relation of theory and experiment in physics is well 

illustrated by the investigations of Michelson and Morley in 1881. Their 

experiments were crucial in setting the stage for Einstein’s theory of special 

relativity, by demonstrating the constancy of the speed of light. In order 

to see the meaning of the experiments, let us review the situation up to that 

time. The discovery of magnetism produced by electric currents had led to 

Maxwell’s description of light as a vibration moving through space—that 

is, a wave with electric and magnetic components. The only waves previ- 

ously known were those in air, water, or solids, and so it was presumed that 

there must also be some substance to carry light waves. This was difficult 

to imagine, since there was a vacuum between the Sun and the Earth, yet 

light was readily propagated through the space. The mechanistically 

oriented physicists of the time invented a medium called the ether that was 

supposed to pervade all of the universe. A close analogy was believed to 

hold between sound waves in air and electromagnetic waves in the ether. 
In the former case, the speed of sound measured will depend on the speed 
with which the observer passes through the air (the passengers on a plane 
traveling with supersonic speed outrun the sound generated by the rear 
jet engines). Similarly, observers on the Earth, which moves in the frame 
of reference of the stars, should experience a terrific “ether wind” that 
affects the speed of light. To resolve the controversy over the matter, 
Michelson and Morley set up a device to measure the speed of light both 
in the direction of motion of the Earth and at right angles to the motion. 
Their apparatus consisted of a set of mirrors, a light source, and a detector. 
As sketched in Figure 3-6(a), light could go by either path A or path B, 
since the plate was only partially covered with silver. For motion of light 
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Michelson-Morley experiment 

over a distance L in the same direction as the motion of the Earth of speed 

L , 
a while to return should take a time V, the time required should be 

D : 
aay. The total time was thus to be 

ay Ot Eee ee eee Bete. tine a Cc 1-(¥) 

iy 

For motion at right angles, as seen in Figure 3-6(b), the observer has moved 

a distance Vt while the light goes a distance ct. From the right triangles, it 

is easily found that 

One time formula has the square root, the other does not, so a time difference 

should be observed. Michelson and Morley’s experiment revealed no 

difference at all, however, which should have told them that the ether wind 

does not exist and that the speed of light is unaffected by motion of the 

observer. Their interpretation, however, was that the Earth carries the 

ether along, and it was not until much additional work was done by Lodge, 

Lorentz, and Fitzgerald, and finally by Einstein, that the correct explana- 

tion was developed. 

Other features of special relativity have also been tested. The slowing 

of moving clocks can be verified from the observation at the Earth’s surface 

of the meson, a radioactive particle found in cosmic rays. The life of the 
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meson in the laboratory is about 10-% sec, but when it is moving with a 

speed near c its life is extended by a factor of about 7. 

Although the theory of special relativity 1s complicated, it has the 

important property of guaranteeing that the laws of nature are the same for 

all observers in uniform motion with respect to each other. The symmetry of 

the observations on length contraction and time dilation are but two ex- 

amples of this elegant property. 

We noted that Newtonian relativity is not correct for frames acceler- 

ating with respect to each other. Similarly, Einstein’s theory of special 

relativity cannot be used for such motions. His genius was such that he 

was able to extend the theory to describe observations in accelerated frames, 

in what is known as the theory of general relativity. As we shall discuss 

later (in Chapter 25), to develop this theory he combined concepts of ge- 

ometry, motion, and gravity. 

3-6 PHYSICS AS AN OPERATIONAL SCIENCE 

The discovery of special relativity had a profound impact on scientific 

thinking, certainly because of its startling content. More importantly, it 

re-emphasized the necessity of continual examination of fundamental ideas. 

The concepts of length and time had remained unquestioned as obvious 

entities based on common experience. Einstein provided the impetus for 

the present operational viewpoint, which takes the approach that meaning 

cannot be attached to a concept unless legitimate physical measurements 

are possible. This does not say nature cannot be described by a formula or 

set of formulas, but it does say that we cannot assume it so without experi- 

mental demonstration. In order to see the importance of the operational 

method, let us examine the operations in measuring length—say, of an auto- 

mobile at rest. This involves moving the measuring stick along in steps 

until the end of the car is reached. How do we know whether or not the 

way and speed with which we moved the stick affects its length? An in- 

crease in precision of measurement might reveal the need for specifying the 

exact technique. If the car were moving at a high rate of speed, there would 

be questions as to how we get from the ground to the automobile, and again 

whether the motion of the stick affects the measurement. If the object is a 
moving astronomical body or an elementary particle, the technique becomes 
even more complicated, and new definitions of operations must be found. 
For example, we are not able to touch a distant planet, and must rely on 
light signals to determine its features. Thus we begin to see how the concept 
of length may have different meanings corresponding to different oper- 
ations. Strictly speaking, we cannot discuss a concept or pose sensible 
questions unless the operations are available, either in fact or by mental 

~ action. An example—Is the size of our solar system changing continuously 
in such a way that all things are equally affected? No operations appear to 
exist to answer the question; therefore, it must be classed as meaningless. 
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Use of the imagination to predict phenomena or principles is very valuable, 
however, in that it suggests experimental measurements to verify or deny 
a given supposition. 

PROBLEMS 

3-1 Find the average value of the speed of light, the average error, and 
the probable error, using the following measured data (each X 108 and 
measured in m/sec): 2.99797, 2.99794, 2.99788, 2.99793. 

3-2 A modern version of one of Galileo’s experiments is performed by 
dropping a golfball from the observation deck of the Empire State Building. 
The measured positions at various times are as follows: 

t, time s, distance fallen 

(sec) (m) 

0 
19.7 
78.5 

176 
315 Dor N OS 

Now, if the position s of a uniformly accelerated object is measured at 

various times t, the acceleration can be computed from adjacent points by 

where As and A? are the differences between positions and squares of times. 

(a) Compute four values for g using the above formula. (b) Find the aver- 

age of the experimental results for g and the probable error. (c) Does the 

accepted value of g at New York City, 9.80267, fall within the range? 

3-3 If the correct value of a number is C' and an approximate value is A, 

then the error is (A — C), the fractional error is a a Cc and the percentage 

error is 100 (4°). Find each of these if C = eee 

the sum of the first two terms of the geometric series 1 + x + 2? + a + 

ee), tora =10.01; 0.1, and 0.9. 

3-4 Find the percentage errors (see Problem 3-3) in the circumference of 

the Earth (a) if the radius is taken as 4000 mi rather than a more correct 

3960 mi, (b) if x is taken as 3 rather than a more accurate value. 

3-5 What percentage error (see Problem 3-3) is there in using the approxi- 

mation e &1-+ 2+ 22/2 when z is 0.2? When z is 1.0? 

3-6 Calculate the ratio V/c for the motion of a point on the Earth’s 

equator, radius 3960 mi = 6.4 X 10° m, using the center of the Earth as 

and A = 1+ 2 (as 
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a “fixed” reference. Would you class our motion as relativistic or nonrela- 

tivistic? 

3-7 A rocket of height 20 ft on Earth is en route to a nearby galaxy and 

reaches a speed of 600,000,000 mi/hr. How much contraction in the length 

occurs? 

3-8 An electron in a particular accelerator has a speed of 1.5 X 108 m/sec. 

By what fraction does its dimension in the direction of motion contract? 

3-9 According to a person on the Earth, how many seconds a day does an 

astronaut’s watch appear to lose when the ship is moving at a speed z$> 

that of light? Suggestion: Use the approximation (1 — 2)? = 1 +4 2/2. 

3-10 We drive 800 miles from New York to Chicago in 20 hours. By how 

many nanoseconds does our watch appear to lose time during the trip, 

according to an observer at rest? 

3-11* (a) Verify the approximate expression for adding speeds relativisti- 

eally,u/e = 1 — (1 — U/c)(1 — V/c). Hint: Note that (1 +2)1?*21—2 

for small x. (b) A radioactive atom moving away from us with a speed of 

0.99c emits an electron in the forward direction with speed 0.995c. What 

is the electron’s speed as measured in our laboratory? 

3-12* A spaceship with speed 0.98c propels itself by shooting out protons 

at speed 0.99c relative to the rocket. How long would it take one of the 

particles released to reach the Earth, if the ship is 1 light year away? 



FORCE, MASS, 
AND MOTION 

The universe, the Earth, man’s inventions, and the internal structure of 

matter appear to be hopelessly complex at first observation. The intricate 

relation of processes and objects has been reduced to reasonable order 

through careful study and analysis by scientists for several hundred years. 

One conclusion is that there is a limited number of basic kinds of forces in 

operation. We shall first define the concept of force and its relation to mass 

and motion, and in the following chapter identify and discuss carefully the 

major types of force—gravitational, electrical, magnetic, mechanical, fric- 

tional, atomic, and nuclear. 

4-1 EXAMPLES OF FORCES 

We may think of force as an entity that tends to cause or prevent 

motion of an object. Let us list a few familiar examples: 

1. Through muscular action, we move our bodies in all our daily 

activities. 

2. Any object that we attempt to push or pull tends to resist being 

moved. 

3. The explosion of gases in the cylinders of an automobile engine 

provides forces on the pistons, and through gears and shafts the forces result 

in motion of the vehicle along the road. 
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4. The force of gravity causes all objects to be pulled toward or held 

on the Earth’s surface. 

5. The electrical charge on metal plates in a radio or television tube 

causes electrons to accelerate. 

6. The internal forces in molecules and atoms prevent the component 

particles from separating. 

7. The magnetic field of the Earth causes a compass needle to swing 

to a fixed direction. 

Mathematically force is a vector quantity (see Section 2-4) having both 

magnitude and direction. Several forces acting on an object, even if they 

are from different sources, can be added by vector algebra to find the re- 

sultant. 

4-2 NEWTON’S LAWS OF MOTION 

The diverse processes listed in the previous section may all be brought 

into harmony in terms of three basic laws of mechanics first set down by 

Isaac Newton* in the seventeenth century. We shall state and explain the 

meaning and use of these powerful principles, taking some liberties with 

their phrasing in the hope of improving their clarity. 

Before stating these laws, we must note that they apply only to 

motions relative to inertial frames of reference, that is, those moving 

uniformly—at constant.speed—with respect to a fixed frame. They are 

also limited to the description of slowly-moving objects, the nonrelativistic 

region. From our discussion of relativity in Section 3-4, we would then 

conclude that Newton’s laws will be only good approximations to reality, 

since there is no certainly known fixed frame. For most purposes, the view 

of the Earth’s surface as a local fixed frame is both convenient and suf- 

ficiently accurate. There are, however, some problems in space mechanics 

for which this is not sufficient, and we must be careful to study Newton’s 

laws with the above reservations in mind. The restriction to low speeds 

precludes their use for the description of some motions of atomic particles 
or of the motion of certain stars. 

NEWTON’S FIRST LAW OF MOTION: IF NO FORCES ACT ON AN OBJECT, ITS 

MOTION WILL BE UNCHANGED, 

There are several key words in this simple sentence. The word object 
refers to anything composed of matter. By motion, we mean the object’s 
velocity, which has both magnitude and direction. Unchanged implies stay- 
ing at constant velocity if moving, or staying at rest if originally in that 

*Tsaac Newton (1642-1727) was a man of genius whose contributions to many 
branches of physics were prodigious. Co-inventor of the calculus, he developed the 
theory of gravitation and explained the decomposition of white light into colors. His 
later years were devoted to English government service, as Master of the Mint. 



77 condition. Finally, the statement also serves qualitatively to identify force 
SECTION 4-2 as a quantity that tends to change the motion of a material body. The concept 
Newtons toon of force is basic to our present understanding of the laws of motion. We 

of Motion can think of a force as a “push” or “pull”? on an object, and we need not 
consider the source of these forces at this time. If, however, we have such 
a force and let it act on an object, we can measure the change in its motion. 

Let us perform an experiment with a compressed spring and two 
objects, which we may call A and B. Figure 4-1(a) indicates the action 
expected: when the bodies are released, A will move to the left and B to the 
right. ‘The spring is used as the agent to cause the bodies to accelerate; but 

we could have used gravitational or electrical attractions, as shown in 
Figure 4-1(b). 

If we measure the accelerations by observing changes in speed over a 

time interval, we shall find them to be of magnitude a, and ag respectively 
—directed oppositely, of course. Compressing the spring further before 
releasing it will yield greater accelerations. We find that the ratio of their 

magnitudes is 

aA 
— = 2, constant 
aB 

regardless of initial spring compression. 

On finding constant ratios of acceleration when we cause body A to 

interact with a third body C (or B with C), we are prompted to suppose that 

there is some constant property of material objects involved. Thus we say 

that a body has mass—a measure of its inertia, which is resistance to being 

accelerated. If we assign the symbols m4 and mz to the respective masses, 

the ratio should then be 

QA mB 
— = — = 4 constant 
aB MA 

which is compatible with our experience. The next step is to find numerical 

O- 
At time zero 

Any mass Earth 

ee Crown» ) = ave) (en 
a, B 

Proton Proton 
At time t 

(a) Motion of objects connected by a spring (b) Motion of objects with 
gravitational or electrical forces 

FIGURE 4-1 

Mutual accelerations of interacting objects 
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values. If we take body A as “standard” and let its mass be 1 kilogram, * 

then the measured ratio of accelerations tells us what mg is. Mass values 

of all other objects could similarly be determined. Figure 4-2 shows the 

*The actual standard of mass used in the metric system is a certain cylinder 
of platinum-iridium reposing in France. 

78 



79 

SECTION 4-2 

Newton's Laws 

of Motion 

great range of masses of objects in the universe. The results of our meas- 
urements and introduction of mass can be rearranged in the form 

Maa, = —Mpaz 

where the directional aspect of acceleration is now included. The negative 
sign is required to express the fact that the accelerations are in opposite 
directions. We now define the force on body A as the product maz, and 
label it F4. Thus 

Fa = maaa 

Note that this quantitative statement is quite consistent with our previous 

notion that a stronger push gives a greater change in motion; and with our 

knowledge that the larger the mass, the smaller the acceleration. A unit of 

force is that force required to give an acceleration of 1 m/sec? to a mass of 

1 kg. Thus force is measured in units of ‘“kilogram-meters per second per 

second” (kg-m/sec?). This combination of units is called the newton, a 

word that is easier to express and honors the famous scientist. Applying 

the above definition of force to any body under any acceleration yields 

Newton’s second law, which we shall now state formally. 

NEWTON’S SECOND LAW OF MOTION: THE RATE OF CHANGE OF THE 
MOMENTUM OF A BODY IS EQUAL TO THE APPLIED FORCE. 

Again, let us explain terms carefully. The momentum p is a vector 

quantity that is the product of the mass m of an object and its velocity v. 

Thus 

p = mv 

For example, the momentum of an 800-kg automobile moving with speed 

30 m/sec would be p = mv = (800 kg) (80 m/sec) = 24,000 kg-m/sec. The 

applied force is provided by some agent external to the body under obser- 

vation. The rate of change is found by comparing momenta at different 

times, and by forming 

Thus Newton’s second law in mathematical form is 

F = <p (Newton’s second law) 

It is easy to see that if p = mv and m is constant, then Ap = mAv and, 

since Av = aAt, that Ap/At = ma, so that 

F = ma 

in accord with our earlier definition of force. 
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One more law can now be deduced: 

NEWTON’S THIRD LAW OF MOTION: FOR EVERY FORCE EXERTED ON AN 

OBJECT THERE IS AN EQUAL AND OPPOSITE FORCE EXERTED BY THE 

OBJECT. 

The proof of this third law follows from our experiment in which two 

objects interacted. Body B provides the force on body A, of amount 

F,4 = maaa; while body A causes the force Fag = mgaz. The vector 

relation yields 

Fpa ame Fup 

that is, the forces of mutually interacting objects are equal in magnitude 

and opposite in direction. The truth of this statement may be made more 

plausible by giving a few familiar examples: 

1. As we stand on the ground we exert a force downward on it due to 

our weight. The ground exerts a force upward on us of equal amount. 

2. As we push on a wall with our hand, the wall pushes back in equal 

amount. No force can be applied to an object unless it pushes back, as we 

observe on punching a pillow. 

3. A boy exerts a force on a toy wagon by pulling on the tongue. The 

wagon pulls back by exerting an equal force on the boy. 

At first glance, Newton’s laws do not seem to be of any great use in 

explaining motion. Contained within them, however, is a wealth of mean- 
ing and value for analyzing physical situations. 

A few simple numerical examples will be sufficient at this stage to 

give us experience with units. (We abbreviate the word newton by the 
symbol N.) 

1. Suppose that the electrical force on an electron of mass 9.11 X 

10-*! kg between two charged plates is 1.82 X 10-°° N. Find the acceler- 
ation. 

= F(N) = 1.82 Xx 10-2 kg-m/sec? ead 

rey m(kg) 9.11 X 10“ kg = 2.0 X 10” m/sec? 

2. The force of gravity (weight) on a parachuter of mass 75 kg is 
known to be 735 N. Find his acceleration in free fall from an airplane. 

_ FIN) _ 735 kg-m/sec? 
o* m(kg) 75 ke = 9.8 m/sec? 

3. A section of current-carrying wire in an electric motor has a mass 
of 0.02 kg. Because of magnetic forces, it experiences an acceleration of 
30 m/sec. Find the amount of force. 

F = m(kg)a(m/sec?) = (0.02)(30) = 0.6 kg-m/sec? 

F=06N 
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The system of units based on the meter (for length), kilogram (for 
mass), and second (for time) is designated the mks system. We shall post- 
pone discussion of the units of other systems. 

Relation of Newton’s first and second laws. Consider the 
mathematical form of the second law if no force is applied: if F = 0, then 

Ap _ mAvy 
fi 0 or a = 0 

This can be true only if mv is a constant in time, which is consistent with 

the first law’s statement that the velocity does not change under such 

conditions. A special case is mv = 0, where zero is a perfectly good ‘“con- 

stant,” referring to a body at rest. 

Relation of Newton’s second and third laws. Some confusion 

can arise when we attempt to use the second and third laws at the same 

time. Suppose that we push against a door to open it. What other forces 

are involved? There may be some friction in the hinges, and the air behind 

the door tends to impede the motion. We apply a force, and the door 

S Fa Fy Ea ) 

Action = Reaction 

(Te wees 

Lome 
l \ FIGURE 4-3 

| F Fag = M44, 
Loop - y, BA Relation of Newton's second and third 

“~™ — laws 

pushes back in accord with Newton’s third law. To find the motion of the 

door we use Newton’s second law, F = ma, where F consists of the force 

we apply, friction, and air resistance—but not the reaction force, since the 

latter acts on us, not on the door. The error can be avoided by a simple 

device. Suppose we are interested in the motion of body A, which is under 

the influence of body B, as in Figure 4-3. There are mutual forces (say, of 

attraction) of the objects on each other. By fz, we mean the force of B 

on A, and by F'4z we mean the force of A on B. From Newton’s third law, 

Faz a8 aaa Fea 

Now consider the forces acting on body A only. There is only one externally 

applied force—namely, Fa, which will cause body A to be accelerated to 

the right, in the direction of the force, according to 

Fpa = Mada 
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We may now proceed to use this to study the behavior of object A. This 

technique of isolating bodies is very helpful in analyzing the motion of a 

system of objects with many parts: we may draw loops about parts of the 

system or about the whole system, keeping track of the external forces at 

each step, thus applying Newton’s law appropriately. 

4-3 APPLICATION OF NEWTON’S LAWS 

TO PARTICLES 

_ Although Newton’s laws appear rather straightforward when ex- 

pressed as phrases or formulas, their use must be approached with care. 

We shall thus proceed from very simple problems toward the more com- 

plicated. Attention will be focused on the forces acting on the objects, not 

on the agent that ‘‘causes’” the force. In all examples, we assume objects 

to be particles or “‘point masses,” or represent larger bodies as points, in 

accord with our discussion of models in Section 3-2. 

A Single Atom 

Let us imagine one atom located in distant space, far from other 

atoms, planets, or stars, and thus experiencing no forces at all. If it happens 

to be at rest, it will not move, in accord with Newton’s first law. On the 

other hand, if it were moving initially, it will continue to do so. In either 

case, the applied force F is zero; then, by Newton’s second law, ma = 0, 

and the acceleration a is zero. Now let us change the situation. Light from 

a star falls on our atom, removes an electron, and the atom becomes an 

ion with net positive charge. Instruments carried by satellites and space 

probes show that there are electrical forces in space. The ion experiences 

a force Fz, where the subscript stands for “‘electrical.’””’ Then Fg = ma, and 

the particle speeds up with an acceleration a = Fg/m. Now, suppose in- 

stead that the atom progresses through empty space until it comes within 

the gravitational influence of a planet of mass 17, which exerts a force F'g¢ 

on the particle. By Newton’s second law, the force of gravity on the atom 
of mass m is Fg = ma, and its acceleration isa = F'g/m. However, accord- 
ing to the third law the planet feels a force of magnitude Fg also, and is 
accelerated toward the atom by the amount F'¢/M. From Figure 4-2 we 
see that M is larger than m by a factor of about 10, and so the acceleration 
of M is negligible. Near the Earth, the acceleration of gravity is the same 
for all objects, as discussed in Chapter 2. The value of g is approximately 
9.81 m/sec? or 32.2 ft/sec’, with some variation over the globe. A moving 
ion that comes near the Earth will also feel a magnetic force Fy that can 
produce an acceleration a = Fy/m, in addition to those due to electrical 
and gravitational forces. These separate examples show us that Newton’s 
laws apply to quite a variety of situations, and that it is the mass of the 
object that tells what the acceleration will be. 
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SECTION 4-3 Very rarely do we find any object under the influence of one type of 
Application of force only. Let us examine some cases in which two or more forces act along 

the same line. The experiment that showed that there was an indivisible 
unit of electrical charge was performed by Millikan in the 1920’s. His “‘oil- 
drop” experiment used a simple apparatus: essentially, two metal plates 
connected to a battery, as in Figure 4-4. In the space between the plates 

were two types of force—electrical, affecting charged particles; and gravi- 

tational, acting on the mass. Neglecting air resistance, when Fz is upward 

Newton's Laws 

to Particles 

WLLL LLL 

Metal plates 

FIGURE 4-4 

Earth’s surface Forces in oil-drop experiment 

and F is downward, the net force upward is F = Fg — Fg. Depending on 

which is larger, the particles of oil accelerate upward, downward, or remain 

at rest. Now, a = F/m, with F as the net force. When Fz = F¢, both F 

and a are zero. 

Now let us study the forces acting on an object resting on the Earth’s 

surface. The force of gravity acts “downward” on every mass, whether it 

be an atom, a stone, a person, or an automobile, as shown in Figure 4-5. 

The object is pressed by the force of gravity on the solid ground, which 

reacts with a force on the object, described by Newton’s third law, as seen 

FIGURE 4-5 

Force of gravity and reaction of the Earth's surface 
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FIGURE 4-6 

Action and reaction pairs, net force on object zero 

in Figure 4-6. Again there is the gravity force on the Earth due to the 

object. Of the four forces, let us isolate those on the object—/'¢ is the force 

of gravity, or weight; and Fz is the reaction of the Earth. The net force is 

F = Fg — Fp, which is clearly zero, since there is no motion and a is zero. 

Where the surface of the Earth is not solid, an object tends to settle or sink. 

It feels the force of gravity and whatever resistance the medium offers, and 

will accelerate until the net force is zero—that is, until the reaction equals 

the weight. 

An ice skater in motion. Motion on the Earth that does not 

involve gravity in one way or another is hard to imagine. A fair approxi- 

mation is met by objects on smooth level surfaces, such as a sheet of ice 

on a lake in winter or on a skating rink. If, as in Figure 4-7, a skater of 

mass m is in horizontal motion on very smooth ice, with speed v, he ex- 

periences almost zero forces in the direction of motion; and, by Newton’s 

law, if F = 0, then a = 0—and thus he maintains his forward speed. Sup- 

pose, now, that he hits a rough patch of ice. The metal of the skates scrapes 

on the surface and a frictional force Fy arises, which tends to push back- 

ward—that is, Fy is negative. Then, by Newton’s law, a = Fr/m is 
negative, and he decelerates, or slows down. 

edie Uv 

Smooth ice Rough ice 

Friction § —}—— 

FIGURE 4-7 

Ice skater in horizontal motion 
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A pulley lifting an object. Devices used in the home, in trans- 
portation, and in industry contain various structures that exert or experi- 
ence forces. One of the simplest connections between parts of a device is a 
wire. If one pulls with a force F on a wire attached to an object, the reac- 
tions of atoms allow a tension force F’7 to be transmitted to the mass. With 
this in mind, let us examine the forces acting when we use a simple pulley 
to lift an object from the ground, as in Figure 4-8. A mechanical force is 
applied of amount F'4, which creates the force of tension F'7 = F'4 in the 

Tension, F,, 

F,, Applied 

FIGURE 4-8 

Gravity, Fy Combined forces of gravity and tension 

rope. There are now two forces acting on the mass m: upward is F’7, down- 

ward is that of gravity, Fg. The net external force is thus F = Fr — Fg. 

The acceleration produced will be 

PF Paco ag 
Oh —— oy or a 8 

A car on an incline. This example introduces forces that do not 

lie along the same line. Visualize, as in Figure 4-9, an automobile on a 

straight hill or incline. Neglecting friction, what forces are acting on the 

car? The gravity force is downward and of amount Fg. Let us abbreviate 

by labeling this force W, for weight. There are two directions of interest to 

us—those perpendicular and parallel to the plane on which the car is found. 

Resolve the weight vector into components W, (perpendicular) and W) 

(parallel). From the diagram, W, = W cos @and W,, = W sin @. Asin the 

previous examples, there is a reaction force of the incline of amount F’p that 

balances the component W,; that is, W, — Fr = 0. There is no acceler- 

ation in that direction. Down the incline however, with no friction, there 

is an unbalanced force W),. By Newton’s second law, the acceleration along 

the inclined plane is a) = W)/m = (W/m) sin 6. Notice that this is the 

same as asin 0, where a = W/m is the acceleration in free vertical fall. 



FIGURE 4-9 

Forces and acceleration of car on an incline 

For example, if a is 9.8 m/sec? and @ is 30 deg, sin 6 = 0.5, then a = 4.9 m/ 

sec’, 

A car held at rest on an incline by friction. Locking the emer- 

gency brake on the car of the previous example in order to prevent any 

motion, we then ask the question: How much frictional force Fy must be 

applied by the brakes? Again we resolve the weight W into components: 

the reaction force Fz balances the perpendicular component of W, while 

the frictional force up the incline balances the parallel component. The 

two components of acceleration are 

ie Be 

Wy FE ee i FQ 

The amount of frictional force must be 

Fry = Wi = W sin @ 

If the car afar a weight of 20,000 N and is at an angle of 45 deg, then 
sin @ = V2/2 = 0. 707, and the frictional force must be 14,100 N. 

Several Forces Acting on a Point 

The vector method is useful when a number of forces are applied at 
different directions. Let us consider an example where the point is at rest 

86 
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Gammas 

(a) 

(in equilibrium under the forces). Three fraternities, the Alphas, the Betas, 
and the Gammas, are engaged in a tug-of-war with ropes attached to a small 
ring, as in Figure 4-10. The object of the contest is to bring the ring out- 
side the circle marked on the ground. Let us find of what force and at 
what angle the Alphas must pull to balance the pull of magnitude 1 ton 
by the Betas at 135 deg, and of 0.4 ton by the Gammas at 210 deg. If the 

ring is not to move, the vector force F on it must be zero. Let the forces 

be F., F's, F, at angles a, 8, y from the zero axis, as in Figure 4-10(b). The 

x-components of force must add up to zero: 

F,sna-+Fssng-+ F,siny = 0 

Similarly the sum of the y-components of force is 

F,cosa + Fs, cos 8 + F, cosy = 0 

Alphas 

(b) 

FIGURE 4-10 

Forces in a tug-of-war match 

We know everything but F’, and the angle a, but since there are two equa- 

tions, it is now merely a matter of algebra to compute the solution. 

F, sin a + 1.0 sin 135° + 0.4 sin 210° = 0 

F.,,cos a + 1.0 cos 135° + 0.4 cos 210° = 0 

Now, sin 135° = 0.707, cos 185° = —0.707, sin 210° = —0.500, and 

cos 210° = —0.866. 

F, sin a = —0.507 

F, cosa = 1.053 

Dividing equations, tan a = —0.481 and a = —0.448 or 334.3° (—25.7°). 

Then, sin a = —0.433, and hence F, = 1.17 tons. 

Falling mountain climbers. A mountain climber slips over the 

edge of a cliff and starts to drag his companion with him, as sketched in 



F,, friction 

W, weight 

FIGURE 4-11 

The mountain climbers 

Figure 4-11. What acceleration will they experience, assuming that the 

rope does not stretch? Assume that the man on the level can develop a 

friction force Fy that is a fraction » of his weight w. First we note that a 

tension force Fz is created in the rope that pulls m to the right, and tends 

to hold M up. We examine the motion of each man separately, applying 

Newton’s second law. The net force to the right on the upper man is 

Fr — Fr. Thus 

Fr — Fry = ma 

The net force down on the lower man, of weight W, is 

W —Fr= Ma 

We can find a by adding equations and using the fact that Fr = pw: 

Fr — pw+ W — Fr = (m+ Mia 

W — pw 

cath ey 

For example, suppose we are given M = 75 kg (165 lb), m = 90 kg (198 Ib), 
W = 7235 N, w = 882 N, and » = 0.6. Substituting, 

1 = 135. = (0.6)(882) 
75 +90 = 1.25 m/sec? 

To prevent disaster, it is seen that 4 must be as high as 0.83. If we want to 
find the tension in the rope, either of the two original equations can be used. 
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From the second, 

Fr = W — Ma = 735 — (75) (1.25) 

= 641 N 

Instead of using Newton’s law separately, we could have looked at the 

whole system, with a net external force of W — yw, as if the two compo- 

nents were parallel. The total mass is M + m, and the acceleration is 
W — pw 

a = ~————,, as before.* 
m 

Earth’s surface 

FIGURE 4-12 

Forces in rocket launching 

An Apollo rocket taking off vertically from a launching pad. 

The full description of this apparently simple situation requires consider- 

ation of six forces, as shown in Figure 4-12. These are 

*Care must be exercised in such treatment to be sure all external forces are 

identified. Problem 4-11 illustrates the pitfalls of omission. 
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Fre Rocket on Earth : 
(gravity) 

Fre Earth on Rocket 

Frs Rocket on Surface 

Fsr Surface on Rocket 

Fre Rocket on Propelling gases 

I (mechanical) 

OS ae 
: } (momentum effects) 

Fpr Propelling gases on Rocket 

There are, we see, three action-reaction pairs, with three forces—numbers 

2, 4 and 6—forming the net force on the projectile. This set of six forces 

acts as soon as the rocket motors are fired—even before the vehicle gets 

off the ground. Let us follow the whole launching and identify which of 

the forces act at various times. 
Before the rocket engine is fired—Figure 4-13(a)—the only forces are 

the first four. Then all six come into play—Figure 4-13(b). After lift-off, 

the rocket’s action-reaction with the Earth’s surface is gone—Figure 

4-13(c). After the fuel has all burned out, the only interactions are between 

rocket and Earth—Figure 4-13(d). Finally, when the rocket is very far 

from the Earth, the force of gravity between the objects is negligible—Fig- 

ure 4-13(e). 

There are several important features of this process. So long as the 

rocket is on (or near) the Earth, the gravity force Fg is constant. As the 

thrust Fpr (due to propellant discharge) increases, the reaction of the 

Earth’s surface to the rocket relaxes, but the vehicle does not take off, 

since Fpr + F sr does not yet exceed Fzr. Once the thrust is high enough, 

the rocket lifts off, but the ascent is slow (as we see in television or movies) 

because the net force Fpr — F xp is only a small fraction of the weight Fzr. 

The Effect of Gravity 

In our discussion of Newton’s laws and the illustrations of their use, 

we emphasized that the acceleration of an object is determined by its mass, 

as an inertial property. The force may be one of various origins. From the 

standpoint of the principles of physics, no preferential attention should be 
given to any one of these types of force. Living as we do on a planet that 
provides a gravitational force, however, our daily experience places greater 
emphasis on weight than on other forces. We personally encounter electrical 
and magnetic forces on rather rare occasions, but sense the force of gravity 
with every motion of our body and observe its action every time something 
falls. 

A second reason for the uniqueness of weight as a force is that the 
force of gravity on an object is directly proportional to the mass, the very 
property that determines acceleration under any force. From our present 
vantage point, this can only be viewed as remarkable coincidence. Later, 
we shall learn that the explanation for the equivalence of mass as an inertial 
property and mass as a gravitational property comes from the theory of 
general relativity. 
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FIGURE 4-13 

Force variations during rocket launching and flight 
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In order to bring out the full meaning of Newton’s laws, it is con- 

venient to study examples that reflect our experience. This requires that 

we anticipate the next chapter’s general discussion of forces of all kinds by 

examining the relation of weight to mass in a little more detail. Experi- 

ments show that the force of gravity on an object is proportional to the 

mass, 1.é., 
F qg~wm 

Further, the constant of proportionality—which we label g—is nearly the 

same everywhere on the Earth’s surface: 

Fg = mg 

It is clear that g has the units of acceleration; hence the constant is called 

the acceleration of gravity, with numerical value on Earth around 32.2 ft/ 

sec? or 9.81 m/sec?, varying by a small percentage with location. In the 

analysis of forces in balance or of forces producing motion, we specify W 

(for weight) to be synonymous with F (for force of gravity). Thus, in a 

problem, we write 

W = mg 

A few calculations involving weight will be useful. To simplify, we 

use g = 32 ft/sec? and 9.8 m/sec’. 

1. The water molecule has a mass of 3.0 X 10-* kg. What is its 

weight? 

W = mg = (8.0 X 10-* kg) (9.8 m/sec?) = 2.94 KX 10-* N 

2. A man has a mass of 80 kg; thus his weight is 

W = (80 kg)(9.8 m/sec?) = 784 N 

Now let us turn to simple motion problems in which weight is involved. 

1. A man rides in an ascending elevator that has an initial acceleration 

upward of a = 10 m/sec?. Assuming his mass to be 60 kg, with what force 

is he pressed against the floor? There are two forces acting on the man— 
gravity pulling downward in amount W, and the floor pushing upward with 
force F. Thus the acceleration is produced by the net force 

F — W =ma 

but since W = mg, F = mig + a) = 60(9.8 + 10) = 1188 N. This force 
is larger than the man’s weight of 60(9.8) = 588 N, and he appears to weigh 
more while accelerating upward, by an amount 600 N. 

2. We allow our car of mass 1500 kg to coast down a long hill, a 
5-deg incline. Neglecting friction, what acceleration will the car experi- 
ence? The component of weight Wj along the incline (see Figure 4-9) 
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provides the acceleration. Thus, by Newton’s second law, 

Wi = ma 

but also W) = W sin@ = mgsin6; hence ma = mg sin 6, a = gsin@ = 
(9.8) (sin 5 deg) = 0.85 m/sec?. It is interesting to note that the mass does 
not appear in the answer, since the m that determines the force of gravity is 
the same as the m appearing in Newton’s law, and they cancel out. 

4-4 DIMENSIONS AND SYSTEMS OF UNITS 

We are now in a position to examine still more critically the meaning 

of the concept of measurement. Three basic dimensions used in the science 

of physics are mass (M), length (ZL), and time (7), which correspond to 

measurable quantities. Using these basic dimensions as algebraic quanti- 

ties, one can construct more advanced quantities—such as speed, which can 

be formed as the ratio of length to time and abbreviated LT-'; acceler- 

ation, DT-*, and force, MLT-*. One can invent as many such groups of 

dimensions as are needed or convenient to help describe nature. Mass, 

length, time, and the more advanced constructed dimensions should be 

considered as more fundamental than the units of measure which we select 

and agree on. In our present study we emphasize one consistent set of 

units—the meter, the kilogram, and the second—but realize that they are 

arbitrary standards. It has been jokingly said that one could express speed 
in furlongs per fortnight* just as well as in meters per second. 

We have deliberately delayed the discussion of a painful subject, that 

of other units of mass, force, and acceleration besides the kilogram, the new- 

ton, and meters/(second)?. Much of the difficulty that a student experi- 

ences with the subject of mechanics stems from three problems: 

1. the confusion of weight and mass; 

2. the conflict between everyday and scientific usages; 

3. the variety of systems of units and conventions used. 

These matters are unfortunately related. 

In A Description of the World, written by Robert Morden in 1700, 

more than forty pages are devoted to the many different coins, weights, 

and measures used in various countries. At that early date, the units of 

weight used often depended on which commodity was being weighed. Even 

in our enlightened present we are faced with ounces, pounds, and tons in 

English-speaking countries and the metric weights in others. The three 

most important systems of units are the mks (meter-kilogram-second), as 

used throughout this book; the egs (centimeter-gram-second), still used 

extensively in the literature of physics; and the British, employed mainly 

in the engineering and industry of English-speaking countries. Table 4-1 

*1 furlong = 160 ft, 1 fortnight = 2 weeks. 
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TABLE 4-1 

SYSTEMS OF UNITS 

jis nn nn ee a 

Formula for Law F =m a 

Dimensions MLT~ M LT 

Units: mks newton (N) kilogram (kg) m/sec? 

cgs dyne gram (g) cm/sec? 

British pound (lb) slug ft/sec? 

EEE 

shows these systems in relation to Newton’s second law and the dimensions 

of its physical quantities. Each system is consistent in that the same for- 

mula F = ma can be used without any other constants of proportionality 

so long as the quantities 7, m, and a are expressed in the correct units. 

Table 4-2 collects the necessary relation between the various units. 

TABLE 4-2 

UNITS OF LENGTH, MASS, AND FORCE 

lm = 3.28 ft lft =0.305m 
lem =10?m lm =10?cm 

lkg =10'g lg = 10%kg 

1 slug = 14.6 kg lkg = 0.0685 slug 

1N = 105 dynes 1 dyne = 10° N 
1llb =445N 1N = 0.225 lb 

Let us verify that each of these sets of units will give F = ma con- 

sistently, starting with 

F (N) = m (kg) a (m/sec?) 

Applying factors to convert from mks to cgs, 

[F (N)] (10° dynes/N) = [m (kg)] (1000 g/kg) [a (m/sec*)] (100 em/m) 

Cancellation of units and numbers gives 

F (dynes) = [m (g)][a (cm/sec?) ] 

Instead, let us apply factors to convert from mks to British: 

[F (N)] (0.225 lb/N) = [m (kg)] (0.0685 slug/N) [a (m/sec?) ] (8.28 ft/m) 

Cancellation leaves 

F (lb) = [m (slugs) ][a (ft/sec?) ] 
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It is important to note that the pound is a unit of force, not a unit of 
mass. A ‘150-pound”’ person is one who produces a force of 150 pounds on 
scales where the acceleration of gravity is a standard* value g, = 32.2 ft/ 
sec’. At another location where g is only 32.0 ft/sec’, he would weigh less. 
The pound force in newtons ist 

(0.454 kg) (9.81 m/sec?) = 4.45 N 

Thus 

1 lb = 4.45 N 

1 N = 0.225 lb 

Suppose that we want to find the acceleration of a certain mass whose 

weight is W lb when a force of F lb is applied. There are two ways to get 

the answer: the first is correct, but involved; the second is a shortcut that 

gives the same answer. Newton’s second law applies to the pound weight 

at.a place where the acceleration is g, = 32.2 ft/sec?: 

W (lb) = m (slugs) X (82.2 ft/sec?) 

Thus 

W (1b) m (slugs) = 32.2 (ft/sec?) 

Now we apply Newton’s law again to find the motion: 

F (lb) = [m (slugs) ][a (ft/sec?) ] 

or 

W (lb) 
AO srg (ft/sec?) 

a (ft/sec?) 

Thus, from the formula, we see that a 1-lb force applied to an object of 

weight 1 lb gives an acceleration of 32.2 ft/sec?. On the other hand, a 1-lb 

force on an object of weight 32.2 lb gives an acceleration of 1 ft/sec’. 

Now for the shortcut. If the object’s weight is given to us in pounds, 

we merely divide by 32.2, which will give the proper mass in slugs to use in 

applying Newton’s law. As an illustration, let us find the acceleration of a 

rocket of weight 10° lb (50 tons) when a thrust of 4 X 10* Ib is applied. Its 

mass, using the shortcut, is 10°/32.2 = 3100 slugs. The acceleration is 

_ 4X 10'lb Se Rol leg 2 a = 3700 Tne 12.8 ft/sec 

* By international agreement, the standard value is 32.17398, which we round 

off for calculations. 

t More precisely, the numbers are 0.45359237, 9.80665, and 4.4482216. 
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Sometimes one finds forces expressed in units of kilogram-force (kgf). 

This is the force of standard gravity on a 1-kg mass, and hence 

lkgf = (1 kg) (9.81 m/sec?) = 9.81 N 

Weare frequently required to translate between weights in the British 

and metric systems. Suppose, for example, that a person weighs 180 lb and 

we want to find the corresponding weight in kgf. Now, 1 kgf = 2.2 lb, so 

the weight is 

180 (lb) 

Wor ae tapket = 81.8 kgf 

A mass of 81.8 kg would yield this weight in standard gravity. 

A few numerical examples will help illustrate the use of units. 

In mks: An automobile of mass 1000 kg is given an acceleration of 

4 m/sec?. How much force is required? 

F (N) = m (kg) a (m/sec?) 

F = (1000) (4) = 4000 N 

In cgs: A charged particle of mass 1.67 X 10-4 g experiences a force 

of 4.80 X 10- dynes. What acceleration occurs? 

a (cm/sec?) = eae 

_ 4.80 X 10-9 a) Ey 14 ¢ 2 a= Ter x 10% 2.87 X 10 cm/sec 

In British: An elevator lifts a man of weight 175 lb with an upward 

acceleration of 12 ft/sec’. How much force is required? 

Then 

F (Ib) = m (slugs) a (ft/sec?) 

F = (6.48)(12) = 65.2 lb 

This is the net force over and above the weight. Note that the man seems 
to weigh 240.2 lb while going up in the elevator. 

4-5 DENSITY AND ATOMIC STRUCTURE 

An enormous number of compounds can be formed from the 104 
known chemical elements. The mass of a certain sample of a compound 
is determined by the component particles, but the spacing of molecules in 
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a substance depends on forces between them. The quantity of material can 
be expressed in terms of atoms or molecules. We learned in chemistry that 
a gram-molecular weight or mole of an element or compound is a weight that 
combined with or displaced 16 grams of oxygen. In the mks system one 
finds convenient the unit mass called the kilomole (kmole), which is 1000 
moles. Thus, from Table 1-1, 1 kmole of hydrogen is 1.00797 kg, 1 kmole of 
oxygen is 15.9994 kg, etc. We recall from basic chemistry that the number 
of particles in a mole is the same for all substances. This fact is readily 

appreciated by an example. Each H atom has mass close to 1, each O atom 

has mass close to 16. Thus 1 gram of hydrogen has the same number of 

atoms as does 16 grams of oxygen. In the metric system, Avogadro’s num- 

ber, Na = 6.02 X 106, is the number of particles in a kilomole of any 

material. The mass of one particle—atom or molecule—of a material with 

molecular mass M (kg/kmole) is thus 

_ M (kg/kmole) 

aN Se)ae aislo) 

As a check, take hydrogen, M & 1.008. Then 

1.008 ee eee 27 ™ = 609 x 10% 1.67 X 10°” kg, 

as was quoted in Section 1-1. 

Density 

Closely related to the idea of mass is the density (p) of a sample of 
material, defined as the mass (kg) in a unit volume (m').* Density is a 

measure of an element’s atomic composition and structure. Familiar for- 

mulas involving density are 

and 

M = pV 

where M is in kilograms and V is in cubic meters; hence p is in kilograms 

per cubic meter (kg/m*). For example, if a piece of iron has a mass of 

100 kg and its volume is 0.0127 m', its density would be 7850 kg/m’. The 

spacing of molecules depends on the way the substance was prepared, and 

on the environment, especially in the case of gases. Densities specified at 

standard conditions (sea level, freezing temperature) are listed in Table 4-3 

* The cubic meter of the mks system is an inconveniently large unit when we are 

discussing a system of small volume. So long as we are consistent in using other cgs 

units, volumes may be expressed in terms of the cubic centimeter, a more easily visual- 

ized size. 
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TABLE 4-3 

SPECIFIC GRAVITY AND DENSITY* 

(The density in kg/m’ is 10° times the specific gravity) 

SPECIFIC DENSITY 

SUBSTANCE GRAVITY (lb /ft?) 

ee eee SS 

SoLips Aluminum 2.70 168 

Brass 8.75 546 

Copper 8.93 558 

Tron 7.85 490 

Lead 11.3 708 

Osmium 22.5 1405 

Uranium 18.7 1167 

Gold 19.3 1205 

Ice 0.917 57.2 

Glass =2.6 162 

Wood: balsa 0.125 ~ 7.8 

oak 0.75 => 47 

ebony 1.22 => 76 

Cork 0.24 15 

Styrofoam 0.032 2.0 

LIQUIDS Water 1.000 62.4 

Sea water 1.025 64.0 

Motor oil 0.90 ~56 

Mercury 13.6 849 

Milk 1.03 64.3 

Alcohol (ethyl) 0.791 49.4 

Gasss (at 0°C, atmospheric pressure) 

Air 1.2938 xX 10° 0.0807 
Oxygen 1.429 x 10° 0.0892 

Nitrogen 2b On 0.0781 

Hydrogen 0.090 xX 107-3 0.0056 

Helium 0.1785 X 1073 0.0111 
Tungsten fluoride 12.9 10> 0.805 

* Main source: Handbook of Chemistry and Physics, Cleveland, Ohio: The Chemical 
Rubber Co., 1969. 

for a few typical materials. The weights of a unit volume of material will be 
proportional to the mass density, so long as a standard gravity acceleration 
is used. 

In the British system, densities are expressed in pounds per cubic 
foot.t For example, the densities of water and lead are 62.4 lb/ft® and 
708 lb/ft®, respectively. The specific gravity (really the specific mass) is the 
ratio of density of a substance to the density of water. This ratio is entirely 
independent of the units used. For lead in the mks system, the ratio is 

} The density quoted in pounds per cubic foot (lb/ft?) must be considered as the 
weight per cubic foot in a standard gravity. 
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11,300 (kg/m) 708 (lb/ft?) 
1000 kg/m’) ’ 62.4 (Ib/fes) — 113: 

The density of a substance depends directly on the masses of the 
individual atoms and molecules of which it is composed, and on the spacing 
of the particles. Let us picture a solid lattice, such as in Figure 4-14, in 
which the atoms are spaced regularly, as if at the corners of cubes with 
length of side d. Around each particle we may draw another box of side 
d, volume d?, in which the particle resides. In a cubic meter there are 1 /é 
such cubes, hence the number of atoms per unit volume is also 

= 11.3; in the British system 

FIGURE 4-14 

Lattice arrangement of afoms in a solid 

Each of the particles has mass m; hence 

p= Nm 

The mass of one particle of molecular mass M is 

=: I 
= 

where N, is Avogadro’s number. Then 

NM 
ap (density) 

or conversely, 

(particles per unit volume) 
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The spacing of atoms is readily obtained from 

1 
d = Nie 

Let us illustrate by finding the properties of a crystal of table salt, NaCl, 

which has equal numbers of the two particles of atomic masses 23 and 35 

(average M = 29) arranged in a cubic lattice. With a density of 2.2 X 

10° kg/m’, the number of atoms per cubic meter is 

oN, _ (2.2 X 10°)(6.02 X 10°) 
NY 29 

= 4.6 X 10% per cubic meter 

The atom spacing is 

1 1 

d = wim = 36 X 10° 
=28xX10"m 

4-6 PRESSURE 

The effect of a force on an object of some size may depend on the area 

over which it acts. We would find it most difficult, for example, to drive 

the head of a nail into a piece of wood, since the force is spread out over a 

large area compared with that of the sharp point. Pressure is defined as 

the force (say, in newtons) on a unit area (here, in square meters); or, in 

symbols, 

F 

Eo a 

Suppose a hydraulic press used to flatten metal exerts a force of 10° N on 
5 

an area of 1 cm?. The pressure is P = a = Tae = 10° N/m?. In the 

British system, the units of pressure are lb/in.? or lb/ft?. Suppose that a 
piece of heavy machinery of weight 5000 lb and area of base 4 ft? is placed 
on a floor with uniform contact between surfaces. The pressure is (5000 Ib) / 

OF 2 

(4 ft?) = 1250 lb/ft? or aie = 8.68 lb/in.®. The blanket of air in the 

Earth’s atmosphere exerts a pressure (at sea level) of 1.01 X 10° N/m?2, 
which is the same as 14.7 Ib/in.2. This pressure is also called 1 atmosphere 
(atm). Thus a pressure of 44.1 lb/in.2 would be 3 atm. The fact that we 
live under an atmospheric pressure to which our bodies have become 
accustomed makes us forget how much force is involved. Riding in an 
airplane with cabin improperly “pressurized” is a painful way to realize 
the delicate balance of the body with respect to sudden changes in pressure. 
To take another instance, a deep-sea diver must ascend to the surface very 
slowly to avoid the “bends,” essentially a reaction to a quick change in 



101 

SECTION 4-6 

Pressure 

pressure. Obviously, the Apollo spacecraft and the astronauts’ spacesuits 
were sealed with extraordinary care. 

A simple experiment will reveal the magnitude of air pressure. A 
small amount of water is placed in a metal can such as that used for anti- 
freeze. The open can is then heated to form steam that drives out the air. 
The lid is replaced tightly, and the can immersed in cold water to condense 
the steam. The collapse of the walls of the can is startling—even if we know 

that the total force on the outside is about half a ton. 

We must be careful in the interpretation of a measurement of pressure 

in an enclosed space. Consider the process of finding the pressure in the 

tire of a bicycle or automobile. A gauge that is connected to the valve 

registers the pressure above atmospheric. To verify this, note that if the tire 

is flat because of an opening to the atmosphere, the gauge reads zero. 

Then if the gauge reads 30 lb/in.? when the tire is filled, the actual pressure 

inside is 30 + 14.7 or 44.7 lb/in.?. This latter figure is the true or absolute 

pressure. The distinction is often found expressed by the units psig (pounds 

per square inch gauge) or psia (pounds per square inch absolute). 

Relation of Density and Pressure 

The pressure at the base of a column of material, such as a concrete 

pillar or a tall water-tower, is easily found if the density of the substance 

is known. Visualize cubes 1 meter on a side piled up on top of each other, 

as in Figure 4-15. Each has a density p: the total mass is ph; phg is the 

weight applied to the base, which is of unit area. Thus for such a column 

the pressure is 

P = pgh 

Volume, 1 m? 
Mass, p kg 

FIGURE 4-15 

Pressure due to column of height h, 

P = pgh Area, 1 m? 



Vacuum 

Mercury column 

= = — FIGURE 4-16 

Barometer 

The barometer, a device to measure air pressure, employs this princi- 

ple. A glass tube with one end closed is filled with liquid mercury and 

inverted over a container, as shown in Figure 4-16. The level of mercury 

drops, leaving above the surface an almost perfect vacuum,* which exerts 

no pressure. The height of the column adjusts itself until the pressure of 

air on the surface in the container balances the pressure due to the column. 

Measurements of the height h thus yield P. At sea level, the column of Hg, 

density 13.6 X 10% kg/m', has a height 

es 1.01 X 105 N/m? 

~ pg (13.6 X 10® kg/m) (9.81 m/sec?) pl ee 

or 760 mm. This corresponds very closely to 30 in. The quotation of the 

daily barometric pressure, we may recall, is in ‘inches’: for a “high” 

associated with fair weather, the pressure is above 30 inches of mercury; 

for a “low’’ (stormy weather), the pressure is below 30 inches. 

4-7 RELATIVISTIC MASS 

Although Newton’s laws, including F = ma, are extremely useful in 
describing motions, we must remember that they are only approximately 
correct, applicable for speeds much less than that of light. We saw in 
Chapter 3 that the relativity of Einstein was more general and correct, 

“The only molecules present in this space will be the mercury evaporated from 
the surface. 
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and that the phenomena of length contraction and time dilation were 
significant at high speeds. Einstein’s discovery had a profound effect on 
viewpoints on the laws of dynamics—that is, on the relation between force, 
mass, and motion. He accepted Newton’s law in the form F = Ap/At, with 
p = mv, but showed that mass is dependent on speed, and is not constant. 
In particular, if an object has speed v relative to a “fixed” frame, the mass 
observed from that frame is 

wee 
2 

Ty c 
where cis the speed of light 3 X 108 m/sec, and my is the mass of the object 
at rest (the “rest mass’). The origin of the phenomenon can be traced to 
time dilation, as we can show* qualitatively through the following imag- 

inary experiment. Visualize, as in Figure 4-17, an airplane passing over 

Wi 

_ 3 Control tower 

FIGURE 4-17 

Demonstration of mass increase with 

speed 

a control tower with speed V relative to the ground. The pilot and the 

observer on top of the tower have agreed prior to the flight that each will 

send out a particle, say an electron, with the same vertical component of 

velocity (as seen in his own frame of reference). The plan calls for the 

electrons to be released at the right instant and aimed in such a way that 

they collide at equal distances Ay from their original levels. These distances 

are the same for both observers, since the Lorentz transformation has to do 

only with -motion. The idea is that the electrons will bounce off each other 

* A more complete proof is found in C. W. Sherwin’s Basic Concepts of Physics. 

New York: Holt, Rinehart, and Winston, 1961, p. 127. 
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and return to their sources, and by means of time and distance measure- 

ments speeds can be measured. From the point of view of each observer, 

the y-motion of his electron has merely been reversed by the collision after 

the particle went out a distance Ay for a certain length of time. The change 

of y-velocity is thus twice the initial value. We ignore the effect of gravity 

in order to get at the basic relativistic effects; we assume that the speeds 

in the y-direction are very small compared with c, so that Newton’s classical 

laws may be applied to the collision—let us say, by the ground observer. 

He presumes that his own electron has a mass mp, and seeks to determine 

the “unknown” mass m of the electron released from the plane by measuring 

accelerations—that is, by finding changes in the y-velocity over a time inter- 

val, as was described in Section 4-2. For his electron, he finds the change 

in velocity to be Avy = 2v0; for the plane’s electron, he finds the change to 

be Av = 2v. In order to obtain v it is necessary for him to measure the 

total time interval 2At required for that electron to travel a distance 2Ay, 

and then form v = Ay/At. At this point, the symmetry of relativity comes 

into the picture. The plane’s observer has measured the speed of this same 

electron as ¥) = Ay/AT, using his own clock. From the last two expressions, 

we see that v = v(AT/At), and thus the ground observer’s measurements 

yield a mass ratio 

Me ee 
m Av v AT 

Recall from Section 3-4 that the ratio of time intervals as measured by 

“fixed”? and moving frames is At/AT' = k, hence 

m 1 

m Vi- (W/o 

The effect is associated with the high speed V of the moving frame, and is 

shared by all objects in that frame—the electron, the pilot, and the plane 

itself. Although the deduction of a larger mass by the observer on the 

“fixed” ground frame is in reality a consequence of time dilation, it is 

much simpler for us to think of the mass of any object as increasing with 
speed relative to the frame of observation. 

There are several interesting consequences to the dependence of mass 
on speed (we return to the use of v instead of V for speed): 

1. If v is zero, the denominator is 1, and m = mo, which is of course 
correct. 

2. As v increases, the denominator gets smaller, and m becomes larger 
than mp. 

3. As v approaches c, the denominator approaches zero, and m ap- 
proaches infinity. 

Let us contrast ordinary motions of relatively large-scale objects with 
the very high speeds of atomic particles obtainable in particle accelerators 
such as the cyclotron. Suppose the speed of a bullet from a rifle is 300 m/sec. 
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Then v/c = 10-5, (v/c)? = 10-", which can surely be ignored compared 
with the 1 in the denominator of the mass formula. Then m & mo and 
F = A(mw) /At = moa. On the other hand, let the speed of a proton in an ac- 
celerator be 1.5 X 10° m/sec. Then v/c = 3, (v/c)? = 4, and m/m = 
(1 — 4)? = 1.155, which means that a 15% increase in mass has been 
produced. 

We can now see that no object can move faster than the speed of light. 
As the speed approaches c, the force needed to continue to accelerate an 
increasingly massive object has to increase toward infinity. Alternatively, 
we can see that with a constant force, the object gains speed at a slower 
and slower rate as v approaches c. 

The Significance of Relativity 

Inspection of Einstein’s formula relating mass and speed reveals the 

reason for the long delay in discovering the special theory of relativity. For 

the motion of objects of the scale of man, the effect is extremely small; and 

before the discovery of the electron and the development of modern elec- 

tronics was impossible to detect. Until methods for making precise astro- 

nomical measurements were perfected, there was no means for knowing 

that some stars travel at speeds approaching the speed of light. For pur- 

poses of our daily living, relativity as a physical description has no signifi- 

cance. On the other hand, the concept of relativity has had considerable 

impact on philosophy, partly because of the popular attention the idea has 

evoked. The phrase ‘‘everything is relative” suggests the modern tendency 

to believe that truth is not absolute, but depends on one’s point of view. It 

is valid to conjecture that the concept of relativity, along with the uncer- 

tainty principle of quantum mechanics, has had some indirect influence on 

moral philosophy and on the role of religion in man’s life. 

PROBLEMS 

4-1 Find the momentum (in the metric system) of an 80-kg football player 

running at top speed if he can do the 100-yard dash in 9.5 seconds. 

4-2 Calculate the momentum of a 1200-kg automobile moving with a 

speed of 20 m/sec; with a speed of 35 m/sec. What is the change in mo- 

mentum? How much average force is required to cause this change in 

4 seconds? 

4-3 Calculate the force required to give an automobile of 1000-kg mass an 

acceleration of 5 m/sec?. If that same force were applied to a 2500-kg car, 

what acceleration would result? 

4-4 In Millikan’s experiment, the gravitational force downward on a 

charged oil drop of mass 10~* kg is 10° N and the electrical force upward 

is 0.998 X 10-° N. (a) What is the magnitude and direction of the acceler- 

ation of the drop? (b) How long will it take to move, starting from rest, a 

distance of 3 cm? 
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4-5 An electrical force of 9 X 10-° N acts on a proton. Compute the 

acceleration of the proton of mass 1.67 X 10-” kg. 

4-6 The force of gravity on a spaceship of mass 5 X 10* kg approaching 

the surface of the planet Venus is 4.3 X 10° N. What acceleration does the 

ship experience? 

4-7 The Moon requires about 28 days to complete its orbit about the 

Earth at a radius of 3.84 X 108 m. (a) Find its speed. (b) Find its radial 

acceleration toward the Earth. (c) Find the force required to give the Moon 

of mass 7.4 X 10” kg this acceleration. 

4-8 A small boy constructs from his Erector Set the arrangement of 

girders, wheels, and strings shown in Figure P4-8. Derive a formula for 

the acceleration, if the mass on the 45-deg incline is 50 grams, and the mass 

on the other end of the string is 30 grams. Which way will the system 

accelerate and how much, ignoring friction? 

All angles 45° or 90° FIGURE P4-8 

4-9 A bird of weight 0.8 lb perches on a telegraph wire between two poles 

150 ft apart, and depresses the wire by 3 in. How much tension is produced 

in the wire? Assume that the wire is weightless and initially horizontal. 

4-10* A tow truck is called to pull a 1200-kg car out of a ditch (see Figure 

P4-10). The bank has an angle of 30 deg. (a) What minimum force must 

be applied at the winding drum on the truck, neglecting friction in turning 

the car wheels? (b) The driver of the truck (of mass 1800 kg) releases his 

brakes by mistake just as the car reaches the top of the incline. What 

acceleration results? (c) Check the result in part (b) by finding the sum of 

the external forces and the total mass. Be sure all forces are accounted for. 

FIGURE P4-10 
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4-11 A boat is tied to the bank of a moving stream across which the wind 
blows (see Figure P4-11). (a) Write the equations stating that there is no 
net force along the stream or perpendicular to it. Suggestion: regard the 
boat as a point, with forces and angles as follows: wind, Fy, w; stream, 
F's, 8; rope, Fr, r. (b)* Solve the equations to find the angle the rope makes 
with the bank and the amount of force the rope experiences. 

Stream 

FIGURE P4-11 

Fs 

4-12 <A water skier can swing far out to the side of the path of the boat 

towing him by changing the angle of his skis with the resisting water (see 

Figure P4-12). Analyze the forces that make this motion possible. Can the 

skier ever get ahead of the boat? 

4-13 What horizontal force must be applied to the axle of a wheel, of 

radius r and weight w, to make the wheel ‘‘climb a step” of height h? 

FIGURE P4-12 
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4-14 We hold firm on a rope connected to a pulley and to a mass of 25 kg, 

and then pull hard enough to give an upward acceleration of 9.81 m/sec’. 

Compare the forces in the two cases. 

4-15 What force must be provided, by an electromagnet that lifts scrap 

metal from cars, to lift a 2000-kg load with a vertical acceleration of 0.5 

m/sec?? 

4-16 The inclined plane is often used to load ships. Neglecting friction, 

what force F must be used to accelerate a box of mass M up an incline of 

angle 6 at 1 m/sec?? Down the incline at 1 m/sec?? At what angle is no 

force required to achieve that acceleration? 

4-17 Anelevator starts from the ground level with an acceleration upward 

of 10 ft/sec?. With what force do the feet of a person weighing 165 lb press 

against the floor of the elevator? 

4-18 Rope-climbing practice is a part of the training of the U. 8. Marines. 

A rope is thrown over a pulley, and a Marine of mass 70 kg climbs with an 

acceleration of 2 m/sec?. Neglecting friction, what happens to a mass of 

70 kg used as counterbalance? How large is the force of tension in the rope? 

4-19 Among the specifications accompanying a car shipped from Germany 

are the following: weight, 1100 kgf; maximum speed, 180 km/hr; fuel ca- 

pacity, 22 liters; and tire pressure, 2.1 X 10° N/m*. Translate these into 

lb, mi/hr, gal, and lb/in.?. 

4-20 (a) Verify the relation 1 kg = 0.0685 slug. (b) A force of 4 X 105 

dynes acts on a mass of 2.5 g. Find the acceleration in em/sec?. Check the 

result by converting force and mass into the mks system, applying Newton’s 

second law, and then converting from m/sec? to cm/sec’. 

4-21 A modern space rocket such as the hydrogen-burning J-2 can develop 

200,000 lb of thrust. (a) What acceleration in ft/sec? will it give to a Moon 

spacecraft of weight 90,000 lb? (b) Convert force and mass into metric 

units, obtain the acceleration, and check to see if it agrees with the result 
from part a. 

4-22 Using force, length, and time as fundamental dimensions, express 
the dimension of mass. 

4-23* (a) Find the number of uranium atoms per cubic meter, if the 
mass of 1 kmole of U is 238.1 kg, and its density is 18.7 X 103 kg/m3; 
(b) calculate the spacing of U atoms if it is assumed they are at the corners 
of cubes. 

4-24 The diameter of a sphere of styrofoam is measured to be 4 in. and 
its weight is found to be 0.60 oz. Calculate its density in lb/ft? and its 
specific gravity. 

4-25 Nal is an alloy of the metals sodium (percentage weight, 56) and 
potassium (percentage weight, 44) that serves as a cooling agent for high- 
temperature nuclear reactors. Estimate the specific gravity of NaK if those 
of its components are 0.93 and 0.84, respectively. 

4-26 Verify that the standard air pressure of 14.7 lb/in2 is the same as 
1.01 X 10° N/m’. 
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4-27 Compute the magnitude of the force in tons due to air pressure on 
the sides of an evacuated container 20 em X 15 cm X 5 cm. 
4-28 Find the increase above atmospheric pressure, the total pressure, 
and total force on a skindiver of body area 1.5 m?, 25 m below the fresh 
water level. Give answers in both metric and British systems. 
4-29 In the seventeenth century, in Magdeburg, Germany, a public dem- 
onstration of the force of air was conducted. Teams of horses attempted 
unsuccessfully to pull apart two 1-ft-diameter hemispheres from which 
most of the air had been withdrawn (see Figure P4-29). The force needed 
to separate is found to be the same as that due to air pressure on a disc 
of the same radius. Calculate its value. 

FIGURE P4-29 

4-30 Find the unknown heights of liquids in the connecting tubes in Fig- 
ure P4-30. 

FIGURE P4-30 

4-31 One end of a U-shaped tube filled with a liquid is attached to a tank 

of compressed air under pressure P, while the other end is open to atmo- 

spheric pressure P, (see Figure P4-31). Show that the difference in pressure 

Pa 

| 

FIGURE P4-31 
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as measured by this manometer is P — P, = pgh, and compute the height 

in centimeters if P is 1.25 X 10° N/m? and the fluid has specific gravity 2 

at standard atmospheric pressure. 

4-32 Explain why a water barometer would not be very practical. 

4-33 Calculate the mass and momentum of an electron with rest mass 

my = 9.11 X 10-*! kg, when it is moving at a speed 0.999 times the speed 

of light. 

4-34 By what fraction larger than its rest mass is the mass of a bullet of 

speed 1200 m/sec? Should relativity be taken into account in aiming at a 

distant target? 

4-35 Compute the percentage mass increase of a neutron of speed 

5.1 X 10’ m/sec, as produced by a nuclear reaction. 



FORCES IN NATURE 

We have introduced the properties of matter such as mass and charge, and 

defined motion in terms of distance and time. 

Processes in nature have been shown to involve the ideas of force, 

matter, and motion. Our next step is to classify and describe the various 

forces, seeking to find their physical origin and mathematical statement. 

Experimental observations provide the basis for identifying and describing 

forces; and as noted before, the ultimate origin of forces remains unknown 

and perhaps unknowable. 

5-1 CLASSIFICATION OF FORCES 

Some time in the future, it may be possible to state that there is only 

one fundamental force, and that differences are only apparent. At the 

present stage of the development of physics, however, we are required to 

assume a variety of forces that appear to have distinct and different 

origins: 

1. Gravitational—the interaction of objects by virtue of their mass: 

the existence of weight is evident on the Earth, and planetary motion is 

also governed by gravitation. 

2. Electrostatic and electromagnetic—the interaction of objects bearing 

electrical charge at rest or in motion: the bonds in atoms and the operation 

of electrical devices depend on these forces. 

11 
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3 Nuclear—the interaction of matter on the subatomic level: it 

provides the bonds that keep nuclei stable in spite of electrostatic repul- 

sions. 

4. Frame-dependent (non-inertial)—due to the relative motion of 

coordinate frames. 

To this list we can add what may be called macroscopic (large-scale) 

forces: combinations of interacting forces involving many particles. 

Examples are elastic, cohesive, and frictional forces, and the force between 

bulk magnetic materials. 
Arriving at the state of understanding of the forces that is depicted 

in the following pages was the consequence of the lifetime work of many 

scientists over a span of hundreds of years. The distilled essence of that 

understanding as we review it does not properly reveal the pattern of 

development of the subject. Omitted is much on the accumulation of 

experimental evidence, the misconceptions, the reasoning, and the flashes of 

inspiration that would give our account the depth of historical background 

that it deserves. As compensation, we shall aim to achieve a sense of clarity 

and unity in the complex science of physics in order to provide a basis for 

appreciation of recent and possible future advances. 

5-2 GRAVITATIONAL ATTRACTION 

All particles of matter are found to attract each other in a manner 

that depends on the masses of the objects and on the distance of their 

separation. Consider the following pairs of objects, also sketched in 
Figure 5-1: 

Object 

Earth & 

Two objects 

FIGURE 5-1 

Proton} oO Electron Examples of gravitational attraction 
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the Sun and the Earth 
the Earth and the Moon 

the Earth and a spacecraft or satellite 

the Earth and any object on the Earth’s surface 

any two pieces of material on the Earth 
a proton and an electron 

Between any two particles in each of these objects acts a force that is 
represented by the formula discovered by Newton:* 

F = ke fae (law of gravitation) 

where m; and m: are the masses in kilograms, R is the distance of separation 

of the particles in meters, F is the magnitude of the force (N), and kg is a 
constant{ of nature 

kg = 6.67 X 10-"! N-m?/kg? 

These units may be verified by inspection of the formula. The term 

inverse-square law is applied to the relation because of the proportionality 

of force to 1/R?. A fuller meaning of this important law is now developed. 

1. As stated, the formula applies only to particles, while the force 

between large-scale masses is the sum of forces between individual particles. 

We shall show later (in Section 6-2) that the force between two large 

spheres that are uniform in composition is given by the inverse-square 

formula if the total masses are assumed to be located at their centers. 

2. The force of gravity on an object at a certain location (usually the 

Earth’s surface) is called the wezght of the body. Let us compute this force 

for a 1-kg mass, assuming that the Earth is a uniform sphere of radius 

6.4 & 106 m (about 3960 mi) and mass 6.0 X 1074 kg. 

_ (6.67 X 10711)(6.0 X 1074)(1) _ 
“ (6.4 X 10°)? 9.38N 

The weight of a 1-kg mass is thus 9.8 N. Corresponding to this force is an 

acceleration of the mass m of amount 

mete jee Ni 2 Visite We = 9.8 m/sec 

* Around 1660, Sir Isaac Newton had been studying the problem of what holds the 

Moon in its course around the Earth; and—as the story goes—on seeing an apple fall 

to the ground, suddenly thought of the law of universal gravitation that applies to all 

bodies. Verification of the law in the laboratory came much later (accomplished by 

Cavendish in 1798). 

+ This universal gravitational constant, often symbolized instead by the letter G, 

is measured experimentally. It has units chosen to conform with those of force. The 

units in this law agree with those in the law of inertia F = ma. Similar proportionality 

constants will be needed also for electricity and magnetism. 
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The symbol g instead of a is used here to denote the acceleration of gravity.* 

Two fine points should be noted. First, it has been assumed without 

proof that the mass that gives gravitational attraction is the same as the 

mass that provides inertia. The most precise measurements available 

reveal that these are identical. Second, the fact that the Earth is not 

really a uniform sphere, but has surface variations in height and density, 

and is spinning on its axis means that the value of g varies from place to 

placet on the Earth’s surface by as much as 0.04 m/sec”. The standard for 

use in fixing weights is 9.80665 m/sec?. In the British system this is 

32.174 ft/sec. For our numerical examples and problems, we use 9.8 m/sec? 

or 32.2 ft/sec? because they are easy numbers to work with. 

3. The weight of an object decreases with distance above the Earth’s 

surface. For small heights above the ground this is unimportant, as we can 

see by the following simple argument. 
Form the ratio of forces at heights R and R + AR. All of the con- 

stants cancel, leaving 

F(R) _ (R+AR)?_ (, , AR? 
FR+AR)~ RB? (Cay 

Now, if AR is 1000 m (0.62 mi), and R is 6.4 X 10° m (3960 mi), the ratio 

comes out 1.0003, implying a change of only 735%. The force of gravity on 

an artificial satellite at a height of 1000 mi is significantly smaller than the 

surface value, however. By the ratio of the squares of radii, the force ratio 
is 

3960\? 

(i560) = 094 
4. The weight of a body on the surface of the Moon with radius 0.272 

times that of the Earth and mass 0.0123 times that of the Earth is smaller 
by the ratio 

This is the basis for the familiar statement that a man could jump 6 times 
higher on the Moon than on the Earth (Figure 5-2). Through muscular 
action, a person could give himself the same vertical speed v at either 
location. Then the heights to which he rises are hy = v3/2gy and hy = 
vo/2gm. Their ratio is hu/hz = gz/gu &6. The difference between mass 
and weight is clearly revealed by the study of motion at the surface of the 
Moon. The weight of or the force of gravity on an object there is + of its 

*The phrase “the force was 7 g’s’’ stems from this symbol. An acceleration 
of 7g would require such a force. 

{ For example, in Greenland it is 9.825, in New York City 9.803, and in Liberia 
9.782. 



FIGURE 5-2 

High jumping against gravity On Earth 

Earth value, but the mass of the object is the same as on the Earth. It is 

easier, on the Moon, to hold a body from falling, but just as hard to 

accelerate it sideways. 

Let us consider the launching of a landing craft from the surface of 

the Moon using rocket thrust. In a vertical lift-off, to overcome gravity 

and attain a certain acceleration a, the net force required would be 

Fy = ma — mgu 

If the launching were performed instead on the Earth, the vertical force 

would have to be 

Fz = ma — gz 

However, on either planetary body the force needed for horizontal accelera- 

tion would be merely 

F = ma 

5-3 ELECTROSTATIC FORCES 

Particles attract or repel each other if they are electrically charged. 

Objects that have a negative (—) charge are the following: 

the electron 
an atom or molecule with extra electrons 

any body with an excess of electrons 
Those having positive (+) charges are the following: 

the proton 

any nucleus 

an atom or molecule with electrons removed 

any body with a deficit of electrons 

115 
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Simple experiments may be performed to generate “static electricity,” or 

what physicists call electrostatic charges. By rubbing a glass rod with a 

cloth such as nylon, a positive charge may be left on the rod—that is, 

electrons will have been removed from it; by rubbing a hard rubber rod 

with fur, a negative charge due to electrons is deposited on the rod. Early 

experimenters assigned the plus and minus signs before the relation of 

electricity to basic particles was known as well as it is now. If we had it to 

do over again, we would probably assign + to the charge on the electron, 

since it is more mobile than the other charge. The first simple experimental 

rule regarding charges is like charges repel, unlike charges attract (Figure 5-3). 

OQ  Opr 
OQ Op 
(+) ©) Attract 

FIGURE 5-3 

G) ; © arte Forces between charges 

For example, in the neutral hydrogen atom the attraction of proton and 

electron is responsible for maintaining a stable atom. The magnitude of the 

electrostatic force between any two particles can be written qualitatively 

as a proportionality: 

NyNs 
ela 

where m and n: are the number of electrons carried by (or absent from) the 

objects and R is the distance of separation of centers. The similarity to the 

law of gravitation is obvious. We shall show shortly, however, that 

the strength of electrical forces is enormously larger than that of gravita- 
tional forces. 

We have expressed the force formula in terms of numbers of electrons, 

which places it on a particle basis. Experimentally, the constant of 

proportionality is 2.3 X 10-*° N/m*. For convenience in working with 

practical electrical circuits, it is desirable to choose a unit of electricity that 

is far larger than the minute electron charge. Named after the eighteenth- 
century French physicist C. A. Coulomb, the coulomb, abbreviated C, is 
chosen as the unit of charge, such that the charge on the electron is 

e = 1.60 X 10-"C 

or 

1 coulomb = 6.25 X 1018 electron charges 
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Coulomb’s law of electrostatic force is then written 

Fe = ky a (Coulomb’s law) 

where q and q are in coulombs. The electrical proportionally constant kz 
is found experimentally to be approximately* 9 & 10°. Since this number 
is simple and thus easy to remember, we shall use it in illustrative calcula- 

tions. The unit of measurement of kz is found to be N-m?2/C?, by inspection 
of the force law. 

Charge is a rather mysterious entity, since we cannot say what it is 

but only how it acts. The smallest known amount of charge is a definite 

number, 1.60 * 10~!° C, of the same magnitude on the electron (negative) 

and on the proton (positive), in spite of the fact that the proton’s mass is 

1836 times that of the electron. 

Let us determine, using Coulomb’s law, the electrostatic force between 

the electron and the proton in the hydrogen atom. The magnitude of 

charge is the same on each of the particles; q. = q: = e = 1.60 X 107°C. 

The known average separation is R = 5.3 X 1071! m. Then, 

_ @ X 10%)(1.60 x 10-1)? 
(ae Oats) 2 

= 8.2 X 10° N 

This force is just the correct value to keep the electron on a circular orbit 

of radius 5.3 X 1071! m about the proton. 

Now let us compare the strength of electrical and gravitational forces 

between two electrons, separated by a distance R. Their masses are m and 

Mm, both 9.11 K 10-*! kg; their charges are qi and q, both 1.60 X 10~!% C. 

Then, 

F(electric) — kaqq/h? 

F(gravitational) ~ kemime/R? 

_  X 10%) (1.60 X 10-")? 
~ (6.67 < 10-")(9.11 xX 10-#1)? 

= 4.2 X 10” 

In words, the electrical force between electrons is enormously greater than 

the gravitational force. Even when we compare the two types of force for 

particles as massive as two ionized uranium atoms, m = m= 395 X 

10-27 kg, the ratio Fz/Fg is still more than 2 X 1081. Although the gravi- 

tational and electrical forces are on an entirely different scale for the same 

separations, each plays a most important role in nature—the first at the 

astronomical level, the second at the atomic level. The masses of suns, 

planets, and satellites are large enough so that gravitational interactions 

are significant; such bodies have little or no net electrical charge, and thus 

* More accurately, 8.987554 X 10% Our kz is written 1/47eo in many texts. 



FIGURE 5-4 

Repulsion of bodies with like charge 

there are no appreciable electrical forces. In the atom, the component 

parts are held very close together by electrical forces, and gravitation is 

unimportant. 

An early device used to show that like charges repel consisted of two 

lightweight spheres (made of pith from plant stalks) attached by threads 

to a common support (Figure 5-4). The spheres were charged by touching 

them with a rod that had previously been “electrified” by rubbing with 

cloth, just as we pick up electrical charge by walking on a rug in dry 

weather. The pith balls then stood apart with the threads describing an 

angle @ with the vertical, its value depending on the amount of charge 

deposited. The problem of finding the amount of charge on each ball is 

similar to Coulomb’s experiment conducted in 1785, in which he established 

the law now bearing his name. Also, the example is interesting in that it 

combines three types of force—those due to gravity (F¢), to electricity 

Insulator 
LLL LLL) 

Charged gold 
leaves 

Glass jar 

FIGURE 5-5 

Electroscope 
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(Fz), and to mechanical tension (fr). From the force diagram for one 
sphere we see that 

Ping Ora Eig, Fr cos 0 = Fg 

Combining equations, Fz = Fg tan 6, where Pz = kpq?/R? and Fg = mg. 
The reader can verify that for R = 0.02 m, pith balls of mass 10-4 kg, 6 = 
30 deg, each ball carries a charge of 5 X 10-* C, corresponding to about 30 
billion electrons. A similar principle is applied in the electroscope, a device 
used to measure the amount of charge deposited by noting the degree of 

separation of the gold leaves (Figure 5-5). 

The phenomenon of electrostatic induction can be easily demon- 

strated: if one runs a comb through his hair (on a dry day) and brings it 

near a small scrap of paper, the paper will leap to the comb and stick there 

briefly. The explanation is that the excess negative charge on the electrified 

comb tends to repel the electrons on the paper; then, the positive charges 

on the paper are, on the average, nearer the negatively charged comb—that 

is, there is an attractive force between the objects. The paper remains 

attached only for a moment because upon contact it receives electrons from 

the comb and acquires a net negative charge, at which point the like- 

charged bodies repel each other. 

5-4 ELECTROMAGNETIC INTERACTIONS 

Whenever we switch on an electrical circuit, whether it be for a 

flashlight, a TV set, an automobile ignition, or the lights in a room, there is 

a flow of charge which we call a current. A current consists of very large 

numbers of electrons or other charged particles in motion which exert 

forces on each other of electromagnetic orgin. 
Electrical charges at rest, we saw in the previous section, exert 

electrical forces on each other. There are additional forces between 
steadily moving charges, as we can show by a simple experiment involving 

the interaction of only two positive charges. Visualize two accelerators for 

charged particles that can project positive ions by the use of suitable 

electrodes (Figure 5-6). One accelerator sends out hydrogen ions (protons) 

with charge qi, the other helium ions (alpha particles) with charge q@. The 

forces between charges causes them to move in curved paths, as shown in 

the figure. Since the charges are in motion, a force in addition to the 

electrostatic repulsion is operative. Let us examine the situation at the in- 

stant the particles are moving parallel to each other, with speeds 1 and 2». 

If we could measure the force between the particles at that moment, we 

would find the electrostatic force, plus the electromagnetic force of magni- 

tude 

V1) (Qav ie, VA we 2) 
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FIGURE 5-6 

Magnetic force between moving electric charges 

This is a special form of a description formulated by Ampere, a fellow- 

countryman and contemporary of Coulomb. The electromagnetic force is 

on a line joining the two positive charges, which attract each other—the 

reverse of the electrostatic case. In contrast with the electrical-force 

formula, where only q; and g: appear, this expression contains the products 

of charge and speed, giv: and qv. The inverse-square dependence on 

distance of separation is still present, however; and the magnetic constant 

of proportionality (for the mks system) is 

ku = 10~7 N-sec?/C? 

The units can be verified by substituting units for all other quantities. It 

should be emphasized that we have selected special directions of relative 

motions, for which the electromagnetic-force expression is simple and its 

structure readily understood. In a later section, we shall discuss the more 

general nature of forces between moving charges and currents. 

Because of dependence on velocity, the magnitudes of electromagnetic 
forces cannot be easily compared with those of static electricity and 
gravity. At modest speeds of the charges involved, electromagnetic forces 
are generally smaller than electrostatic forces. To illustrate, let us calculate 
the magnetic force between two electrons of charge e = 1.60 X 10-C 
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moving parallel to each other at speeds of 10° m/sec and separated by a 
typical atomic distance of 10-!° m. 

F =ky (3)° -~ 10-7 joe x oa 
10-10 

= 2.6 X 10-8 N 

Note that this is very small in comparison to typical electrostatic forces. 
For example, the electrostatic force of attraction between the electron and 
the proton in the hydrogen atom, as eomputed in Section 5-3, is 8.2 x 
10-* N, a factor of about 3 X 10° larger. Thus the electromagnetic force 
due to slowly moving charges in atoms tends to be masked by the much 

larger electrostatic forces. The gravitational force is also acting, but can 
be neglected. 

As a second illustration, let us compute the force between a proton 
(Z = 1, m = Ze = 1.60 X 10-C) and an alpha particle (Z = 2, q@ = 

3.20 X 10-'*C) when they pass at a distance of 10-? m with speeds of 

107 m/sec and 3 X 10’ m/sec, respectively. Then, 

_ (1.60 X 10-1) (107) (3.20 X 10-19) (3 X 107) 
(10=)? 

F = 10- 

1.54 X 10-* N 

This force is extremely small because the separation (1 mm) is very large 

on the scale of atomic dimensions. 

5-5 NUCLEAR FORCES 

The attractive forces that hold particles together in the nucleus are 

not yet as well understood as are the forces at the atomic level. Many 

qualitative statements have been made, but a complete mathematical 

description is not available. One of the known facts is that the forces 

between neutrons and protons are negligible unless the particles are within 

very short distances of each other. Interaction sets in at a separation of 

about 10-15 m. These ‘‘short-range forces” are capable of holding positively 

charged protons together in spite of the strong electrostatic repulsion that 

still appears to exist within nuclei. That nuclear forces between nucleons 

are very strong can be demonstrated numerically. We recall that the 

electrostatic force in the hydrogen atom was around 10~7 N, at separations 

of the proton and electron of about 10-!° m. In the nucleus of helium, the 

two protons are separated by about 10~-!° m, so the electrical repulsion 

force is larger than the atomic attraction in hydrogen by a factor of 

(10-!°/10-15)? or 10". The nuclear-attraction force must certainly be even 

larger, since the helium nucleus is a stable structure. We thus deduce that 

the force is about 10% N. Next, we find that the forces are essentially 

independent of charge, since there appears to be similar interactions 
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between protons and neutrons, protons and protons, and neutrons and 

neutrons. The forces have a property of being “saturable,” which means 

that each particle interacts mainly with its neighbor and not with all the 

other particles in the nucleus. We can thus visualize strong bonds linking 

pairs of particles and weaker bonds connecting the pairs with each other. 

From the above combination of properties we can conclude that it is not 

possible for nuclei of mass number much greater than 250 to exist. Al- 

though the nuclear forces would be very strong—even at that point—the 

mutual electrical repulsion of the protons would prevent the structure 

from remaining together. 

A mechanism explaining the force between two nucleons in terms of 

a sharing of another particle, the meson, has been advanced, but the 

description is not sufficient to explain the apparent existence of a host of 

other subnuclear particles that are observed when nuclei are bombarded by 

high-speed particles. This “particle problem’’ remains one of the challenges 

of modern physics, and we shall reserve further discussion until a later 

chapter. 

5-6 FRAME-DEPENDENT FORCES 

We now turn from the fundamental forces—related to gravity, 

electricity, and nuclear interaction—to another class that has its origin in 

the motion of frames of reference. We have already seen in Chapters 3 and 

4 that observations of events from different viewpoints yield different an- 

swers, and that application of Einstein’s theory of relativity is required 

when very high speeds are involved. In the discussion to follow, we shall 

limit our attention to low-speed motion such that special relativity is not 

required; however, we shall still find unusual effects associated with 

acceleration. 

Consider again the concept and restrictions of Newton’s laws of 

motion. The relation F = ma holds only in frames of reference that are 

moving with uniform speed relative to each other. In our present “space 

age,’ uniform speeds are almost the exception rather than the rule, and 

accelerated motion is experienced everywhere—for example in driving an 
automobile, in taking off in an airplane, and in orbiting the Earth or the 
Moon in a spacecraft. It is not legitimate to use the strict form of Newton’s 
laws within such accelerated frames of reference. To bring the situation 
into focus, let us compare two situations. First, suppose we are riding in a 
plane that is cruising along at a constant velocity. We experience no 
unusual effects due to motion: everything is normal in terms of experience 
on the ground. If we choose, we can perform simple experiments such as 
dropping an object, which appears to fall vertically in complete accord with 
Newton’s laws. 

Conditions are markedly different when we are instead riding in a jet 
plane that is accelerating down the runway. It would be hazardous indeed 
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to drop an object from any height, since it would fly backward and might 
well hit us or a passenger behind us. This behavior is easily explained by 
our knowledge that in reality the object is dropping as a f reely falling body 
with respect to the Earth and that our frame of reference is accelerating. 
Suppose, however, that we had no knowledge of our actual situation or that 
we were asked to set up the laws of motion for the accelerating frame. It 
is clear that we could no longer use Newton’s laws in their standard form. 
One approach would be to say that there is a constant force acting along 
the length of the plane. Thus when we drop an object, we consider that a 
combination of gravity F'¢ and a “special force” F's is acting. To describe 
the motion, we would write 

F = Fo+ Fs 

and then apply 

F = ma 

One’s attitude toward this special force depends on his point of view or 

frame of reference. A person on the ground would say that the special 

force did not exist, but that the motion seen was merely a consequence of 

the observer’s acceleration. On the other hand, being vigorously thrust 

back in his seat as the plane takes off can hardly be interpreted as other 

than a real force by the person on the plane. 

A similar difficulty arises whenever one’s frame of reference is moving 

in a curved or circular path with respect to one in which Newton’s laws are 

believed to hold. Examples of such frames range from electrons in atomic 

orbits and electrical charges moving in circular paths in an accelerator to 

rotating wheels and shafts, automobiles rounding a curve, the Earth’s 

rotation on its axis, and the Earth’s yearly path around the Sun. In each of 

these cases, the object that contains the frame of reference is being ac- 

celerated. 
Before examining the nature of forces as observed on the vehicle, we 

consider the view from what is assumed to be the “fixed” frame. This 

motion will be treated as “real.” A particle moving with uniform speed v 

on the circumference of a circle of radius R was shown earlier (Section 2-4) 

to have a radial acceleration a = v?/R directed toward the center. To 

achieve such a centripetal acceleration, a force F = ma = mv?/R or 

F = mw?R must be applied perpendicular to the path. Otherwise, the 

object would continue in a straight line. Such a force is designated the 

centripetal force. Let us examine several examples. 

A small boy whirls his toy airplane of mass 0.15 kg on the end of a 

string of length R = 0.8m, at a speed of 5 m/sec. The boy pulling the 

string provides the necessary inward force on the plane of amount 

* mv? a (0.15 kg) X (5 m/sec)? _-47N 

R 0.8 m 
F 
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Or, let us compute the amount of force on the tires of a car of weight 

3220 lb that must be provided by friction to cause the car to go around a 

curve with radius 400 feet at a speed of 60 mi/hr. As noted in Section 4-9, 

we should divide the weight by g, = 32.2 if the force is wanted in pounds. 

Also, 60 mi/hr = 88 ft/sec. Then, 

(3220/32.2 slugs) (88 ft/sec)? 

ee 400 ft 
= 1940 lb 

Next, let us find the force that will keep an electron of mass 9.1 X 190 

kg moving in the hydrogen atom in an orbit of radius 5.3 X 10" m with 

a speed of 2.2 X 10° m/sec. 

me — (9.1 X 10-*)(2.2 X 10°)? 
‘n 5.3 X 10-4 

5.2 410e N 

F, = 

This force is just that provided by the electrostatic attraction between the 

electron and proton, as computed in Section 5-3, 

pr, = bed _ @ X 10*)(1.60 x 107")? 
P eh pal (65.3 X 10)? 

= 8.2 X10 °N 

These examples would appear to be straightforward applications of 

Newton’s laws. Conceptual difficulties arise, however, when we attempt to 

describe the motion from the viewpoint of the circulating object. Suppose 

we are riding in the back seat of an automobile as it rounds a sharp curve. 

From our point of view, there is a sideways force that causes us to slide 

along the seat and that presses us against the inside of the car door. The 

explanation is very simple from the viewpoint of an observer outside. The 

car turns, but inertia keeps our body moving in a straight line. Then the 

door of the car provides a centripetal force causing us to move on the same 

curve as the vehicle, and we react to that force. This is correct, of course, 

but not very satisfying, because our long personal experience with forces 

and accelerations gives us the impression that there is an external force on 

our body tending to throw us outward. From our frame of reference, we 

feel what we call a centrifugal* force. It is natural to want to continue 

using Newton’s laws to describe our observations from the rotating frame, 

but their standard form does not apply to such a non-inertial (accelerated) 

reference system. Suppose, though, that we persist in using the form. We 
note first from Figure 5-7 that the passenger’s frame of reference is rotating 
with the same angular speed w as that of the car on the circle. We introduce 
a “special force” of amount mw?R, as a centrifugal correction. If a force F 
is applied to any object in the rotating frame, its motion is governed by 

F — meR = ma 

* From the Latin centrum (“center’’) and fugare (“to flee’’). 
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The left side of this equation is still in the nature of a force, and thus the 

form of Newton’s second law is preserved. 

To illustrate the idea of centrifugal force further, let us calculate 

the effect of the Earth’s rotation on the acceleration of gravity (see Fig- 

ure 5-8). The force of gravity as experienced at or above the Earth’s 

surface is weaker than expected because of the Earth’s angular speed 

o= Peay ie a = 7.27 X 10“ rad/sec. The actual force toward the 

center is F = mg, where g = 9.84 m/sec’, obtained from the law of grav- 

itation, which acts whether there is rotation or not. The centrifugal accel- 

eration at the Equator, where R = 3960 mi = 6.37 X 10° m, is 

a, = wh = (7.27 X 10~)7(6.37 X 10°) = 0.03 m/sec” 

Thus the acceleration of gravity observed from the Earth is 

a = 9.84 — 0.03 = 9.81 m/sec? 

FIGURE 5-8 

Effect of Earth's rotation on the acceler- 

ation of gravity 
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From an external view, a point on the Earth’s surface is “dropping away” 

from any object falling toward it or resting upon it, which results in less 

acceleration toward the surface. Note that the effect vanishes at the poles 

of the Earth, where there is no linear velocity. Two interesting questions 

are: 

1. What would be the effect on life on Earth if the planet were to 

speed up its rotation so that the “day” was only a minute long? 

9. What would be the nature of existence if our Earth were only a 

hollow shell with gravity acceleration of only yo of its actual value? 

The phenomenon of “weightlessness,”’ as experienced by astronauts 

in orbit about the Earth (Figure 5-9), can now be explained from either of 

the two viewpoints. First let us examine, from the spacecraft, the motion 

FIGURE 5-9 

Weightlessness 

of any mass m. There is a gravitational attraction toward the Earth, of 

mass My, of amount Fg = kgm Mz/R?. Because of orbital motion, there 

is a centrifugal force F, = mv?/R outward (assuming the orbit to be cir- 

cular). There is no net radial force, and the mass m say, the astronaut, 

experiences no net force either, and hence he “floats” in his cabin. Alter- 

nately, from the Earth’s viewpoint, the spacecraft has a velocity tan- 
gential to the orbit at any instant, but is continually falling toward the 
Earth because of the unbalanced force of gravity. The amount of drop is 
exactly that required to keep the ship at constant radius. Both the ship 
and the astronaut are in “free fall,’”’ just as if the cable on an elevator had 
broken. 

We can answer the question, when does a projectile become a satel- 
lite? A low-speed missile will travel in a parabola over a limited plane of 



FIGURE 5-10 

Paths of missiles at various speeds of 
launching 

the Earth, as shown later (Section 10-6). If its initial speed were great 

enough (Figure 5-10), the object would never land, but would go into orbit. 

Although astronauts seem to experience little trouble because of 

weightlessness, it is probable that spacecraft of the future will be rotated 

so as to provide an “artificial gravity.” The resulting local centrifugal 

force on the occupants will not be distinguishable from a real gravitational 

force acting toward the wall. In fact, we may estimate the rate of rotation 

needed to give the full strength of 1 g, 9.8 m/sec?. First we set a, = wR = g. 

For a vessel of radius 5 m, the angular speed would have to be V9.8/5 = 

1.4 rad/sec, which means 1.4/27 = 0.22 revolutions/sec. It is likely that 

one would compromise on a roll that gives a lower acceleration than 9.8 

m/sec?, in that it would be easier to achieve and also more comfortable for 

the passengers of the spaceship. 

The effects just discussed all refer to radial acceleration. Another force 

related to angular motion may also be observed. Imagine a person standing 

on a rotating circular platform. He attempts to walk outward along a 

radial line drawn on the surface, but he experiences a sideways force that 

is proportional to his speed and to the rate of rotation of the table. His 

path will be a slight curve that deviates from the straight-line course he had 

planned. From the viewpoint of an observer on the ground, the person’s 

path is a much larger sweeping curve caused by the combination of the 

motion relative to the platform and the rotation of the platform itself. 

If Newton’s laws hold in the fixed frame, they cannot hold in the moving 

frame because of its rotation. The walker’s departure from the line is 

interpreted as the effect of an additional Coriolis force, which is of course 

quite real from his viewpoint. 
Since the Earth rotates about an axis, observations from its surface 

are always subject to the Coriolis force. Another simple situation can be 

used to illustrate this. A helicopter hovering above the ground drops a 

package of supplies to some explorers who are stranded directly below, at 

a point on the Equator in South America. The parachute fails to open and 

the package falls by gravity. Our first inclination would be to predict that 

the surface of the Earth, as it moves from west to east, would move out 
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Illustration of Coriolis force 

from under the package, so it should land to the west of the explorers. 

Then, realizing that the atmosphere accompanies the Earth in its rotation, 

we might predict that the package would land directly below the helicopter. 

In actuality, it strikes to the east of the vertical because of the Coriolis 

force, as can be seen in Figure 5-11. The motion can be viewed from two 

different observation points: 

1. From a frame of reference that is located at the center of the Earth, 

but which does not rotate with it. If an observer could watch from such a 

point, he would first see the helicopter and package rotating with high 

speed about him at a height h above the ground. When the package is 

released, the force of gravity would accelerate it toward the center of the 

Earth in a curved path, according to Newton’s second law. 

2. From a frame of reference on the Earth’s surface, which is rotating. 

The observer would see the package fall in a path that is slightly off from 

the vertical, and which in his frame he could describe by Newton’s laws 
only by introducing a special force. The amount of sideways displacement 
is small—only 0.7 m in a drop of 1000 m—but observable. 

For a long-range missile, a significant deflection would occur. The 
Coriolis force is an important factor in our climate and weather in that it 
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plays a part in the characteristic counterclockwise motion of air masses in 
the Earth’s atmosphere in the northern hemisphere. 

5-7 COMPOSITE FORCES IN MATERIALS 

Having identified the forces that can be viewed as primary, we are in 
a position to give at least qualitative descriptions of those due to the 
addition or superposition of many particle interactions. The relation 

between the atomic (or microscopic) forces and the composite (or macro- 

scopic) forces will be revealed in a conceptual sense. 

Interatomic Forces 

The force between pairs or groups of atomic particles can be found 

by the addition of electrical interactions. In what follows, several examples 

are given to illustrate the effect. 

The case of two single charges—for example, protons, Ht—is the 

simplest. The electrostatic force of repulsion between them is propor- 

tional to 1/R?, as discussed in Section 5-3. 

Next, consider two ions, such as sodium (Nat) and chlorine (CI). 

When their distance of separation is large compared with their dimensions, 

they interact as point charges, with a 1/R? force of electrostatic attraction. 

If, however, the ions are close enough for the electron orbits to overlap, 

there is a repulsion force between them. At some point the forces are just 

balanced, permitting the sodium and chlorine ions to form a stable com- 

pound, NaCl. The ionzc bond in crystals forms the basis of the strength 

with which certain bulk materials are held together. 

Now let us examine the interaction of molecules, each composed of 

two or more atoms, and each electrically neutral. The force between widely 

separated molecules is negligible, because there is no net electrical charge 

on either. If they approach each other closely enough, the way the positive 

and negative charge is distributed in the molecules becomes important. For 

example, in the water molecule there is a permanent average separation 

of positive and negative charges—(see Figure 5-12(a)). Such an arrange- 

ment is called a dipole. Pairs of molecules such as dipoles—(see Figure 

5-12(b))—interact by virtue of the several forces: ++, +—, ——, and 

—-+. The net force is proportional to 1/R*. 

Finally, consider the interaction of atoms such as argon that have 

closed electron shells and whose internal charge is symmetrically located. 

Only in very close proximity will two atoms of such elements interact, and 

then by reason of induced dipoles—that is, mutually distorted charge 

distributions. In this situation, the force varies as 1/R°. It is easy to see 

that the larger the power of R, the weaker the force at large distances of 

separation. Thus the three types of force—ionic, dipole, and induced 

dipole—are in order of decreasing strength. 



Water molecule 

(a) 

(b) Alignment of dipoles in water 

FIGURE 5-12 

Interaction of water molecules 
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Forces Between Magnetic Poles 

We are familiar with the ability of a bar magnet to pick up a nail or 
iron filings, and with the magnetic compass that helps us to find the direc- 
tion north. The detailed atomic explanation of such manifestations of 
magnetism is rather complicated, and it will be sufficient now to note that 
the effects are ascribed to circulating electron flows within the metal. 

The ends of a permanent magnet in the form of a long thin bar are 
called its poles, one of which is labeled “north” since it would tend in many 
places on the Earth to point in that direction; while the opposite end of the 

bar is the magnet’s “south” pole. It is easy to verify by an experiment that 

like poles repel each other and unlike poles attract each other (exactly the 

same as in the rule for electrical charges). Thus a north pole of one magnet 

attracts a south pole of another, but repels a north pole, and so on. The 

amount of force between magnet poles depends on the “‘strength” of their 

poles, symbolized by p. Also, the force diminishes with separation ac- 

cording to our now-familiar inverse-square law. For the force between the 

ends of two bar magnets at a distance R from each other, there is a formula 

(first stated by Coulomb) 

7 Pip2 
a ku po 

where the magnetic proportionality constant is taken to be ky = 1077 as 

used in Section 5-4. This equation thus serves to define pole strength. The 

force between two poles of unit strength separated by 1 meter is 

_ 10-7(1)@) 
pian)! = 107N 

Elastic Forces 

One often encounters substances that can easily be stretched or 

compressed, and which return to their original size and shape after being 

distorted. Examples are a rubber band or a steel string on a guitar. Such 

materials are classed as elastic. The restoring force in many substances is 
found to be proportional to the displacement—an expression of Hooke’s 

law, which holds so long as the displacements are not so great as to per- 

manently change or break the bonds holding the substance together. A 

simple model will help us to appreciate such behavior qualitatively. 

We assume that two atoms attract at large distances of separation, 

repel at short distances, and do neither at a certain separation that might 

be regarded as “natural.” Let us consider, then, a material that obeys 

Hooke’s law, composed of many atoms in a chain (Figure 5-13). For very 

small displacements we can think of the object as behaving much like a 

rubber band. If we fix one end and stretch the elastic material, all of its 

atoms are forced slightly farther apart, and tend to go back to their original 

position. When the material is compressed, the atoms are closer to each 



Unstretched 

x1 >| Force F = Kx 

Stretched 

FIGURE 5-13 

Stretching of rubber band 

other and again seek to return to their “natural” position. On an atomic 

scale and in the chain of atoms as a whole, we may state that the force is 

proportional to the displacement 7; L.e., 

Hessen 

where the force constant K measures the strength of the bond. It is readily 

verified by experiment that a coil spring exhibits this very same behavior; 

and so for ease in picturing the atomic interactions, we often sketch tiny 

springs connecting the particles. 

A simple experiment can yield an estimate of the constant K. We 

attach a known weight to a long rubber band and measure the amount of 

stretching. Suppose the weight is found to be 0.40 lb and the elongation is 

0.8 in.; then K = F/x = 0.40/0.8 = 0.5 Ib/in. For measurements in the 

metric system, if a force of 2 N gives a displacement of 0.05 m, then K = 

F/x = 2/0.05 = 40 N/m. Similar effects are noted with coil springs used in 

automobiles, in scales for weighing, on doors, or in furniture. Even though 

the restoration of original length is due to complicated twisting action, the 

expression F = Kz still holds. 

Many materials that we normally think of as rigid exhibit some elas- 
ticity—for instance, the concrete and steel of a building are flexible. The 

top of the Empire State Building is said to swing several inches back and 

forth under the influence of winds. 

5-8 FRICTION 

When the surfaces of large-scale objects move past each other in 
contact or when a body moves through the atmosphere, forces are developed 
that tend to retard the motion. These forces of friction are much more 
difficult to explain than are individual-particle forces, since the effects 
involve many atoms and molecules—the amount depending on the partic- 
ular surfaces, the type of contact, and the specific materials. Friction 
generally involves variables with uncertain effect: motion that can be 
predicted most elegantly neglecting friction is often far from resembling 
real behavior. The use of greases and oils between bearing surfaces reduces 
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: 

friction by providing a layer of molecules that are free to slide past each 
other. 

Friction can be studied from either a large-scale or small-scale view- 
point. One of the simplest cases to visualize is the process of sanding a board 
of wood. To a considerable degree, the resistance to motion is provided by 
the interference of the grains of sand affixed to the sandpaper with the 
indentations in the wood. The grains are, of course, bonded to the paper by 
forces that exceed those associated with the close contact with the atoms 
of the wood. The mechanical impacts of the peaks and valleys in the two 

surfaces provide the resistance to motion, and eventually pieces of both 
surfaces break off—the familiar process of wear that takes place as well in 

tires, bearings, and so on. 

This model fails us when we discover that very smooth and highly 

polished surfaces can exhibit far more friction than rough ones when the 

air between surfaces is withdrawn, as in the moving parts of spacecraft 
operating in a vacuum. The explanation must be based on interatomic 

forces that act more strongly, the smaller the average distance between 

particles. The same cohesive mechanism that holds matter itself together 

operates here to provide a high degree of adhesion of separate surfaces. 

A frictional force that is dependent on the speed is developed when a 

material object such as an atomic particle, a projectile, a car, a boat, or a 

plane moves through a fluid (such as air or water). Since the air or water 

molecules are far apart, the process of adhesion is no longer relevant, and 

we must consider some alternate mechanism. First, suppose the object is 

moving slowly. The fluid is not greatly disturbed, but merely flows past the 

object with a speed that depends on the distance of the stream from the 

surface. Figure 5-14 shows these velocities for a sphere. In addition to the 

flow velocity, there is a chaotic motion that transfers molecules from 

regions of lower speed to those of higher speed. This has the effect of causing 

one layer to exert a frictional force on an adjacent layer. The net result is 

to retard the progress of the object with a force proportional to the speed: 

F =cv 

where c depends on the nature of the fluid and the radius of the sphere. H, 

instead, an object such as a bullet moves very rapidly through the medium, 

FIGURE 5-14 

Low-speed flow of air past a sphere 
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End area A Av =v 

Cylinder, stationary 

Air stream 

(b) FIGURE 5-15 

Friction on high-speed object 

say air, the fluid is affected greatly. The resistive force depends mutually 

on the amount of air that strikes the body each second, which is proportional 

to v, as well as on how much change in v is experienced by the molecules. 

The change in momentum corresponds to a force, according to Newton’s 

laws. Picture a cylinder of end area A, moving parallel to its length, as in 

Figure 5-15(a). If its speed is v, the situation is equivalent to air of speed v 

striking a stationary cylinder, as in Figure 5-15(b). The airstream is 

stopped, with a change in v that is equal to v. The result is that the force is 

proportional to the square of the speed: 

F = Cv 

where C depends on the fluid density and the area of the projectile. Part of 

the reason that jet planes are flown as high as 30,000 feet above the Earth 

is that the air density is significantly lower at such heights, and friction is 

correspondingly reduced. The above relations hold only for the limits of 

low and high speeds, and the dependence on v is in general to some power 

between 1 and 2. For speeds of objects near and exceeding the speed of 

speed of sound (Mach 1), much more complicated expressions are required. 

Friction for the case of objects such as wheels that roll on road surfaces 

has a somewhat different explanation. In this case, a deformation of the 
surface of contact takes place. As seen in Figure 5-16, a hard-metal wheel 
causes a depression in the softer road surface, and there is a continual 
horizontal component of force on the wheel provided by the wall of the 

Wheel 

ae _ Road surface 

\ FIGURE 5-16 

Force The origin of rolling friction 
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depression. On the other hand, a soft tire on a concrete road is flattened, 
which again distorts the contact from an ideal line to a broad surface. To 
minimize road friction for purposes of gasoline economy, one would inflate 
tires to the highest practical pressure—at the expense of comfort and safety, 
of course. 

Since there are many particles involved, and since friction depends 

on materials, shape, and size, along with the nature of any lubricating agent 

that may be present, it is not possible to express frictional forces in detailed 

mathematical form. A gross description that holds for many surfaces is 

based on the general experience that the sliding frictional force increases 

with the force pressing the surfaces together, all other things being equal. 

Let the force that acts perpendicular to the two surfaces be labeled 

Fy, the normal force. Then the force of friction Fr acting to prevent motion 

of sliding is less than or equal to uF'y. Since the quantity u applies to surfaces 

at rest with respect to each other, it is called the coefficient of static friction. 

The meaning of the phrase “‘less than or equal to”’ requires some comment. 

Suppose there is a heavy box to be moved along the floor. The normal force 

is the reaction of the floor and is thus equal to the weight. Before we start 

to push the box, the applied force is obviously zero, and the force of friction 

is also zero. We give a small push, but no motion occurs, meaning that the 

net force is zero, and Fr is correspondingly small. As we increase the applied 

force through the value uFy, the box starts to slide, meaning that the 

applied force has exceeded the static friction force. Once the box is in motion, 

a coefficient of kinetic friction must be used in the relation Fp = pFy. 

Table 5-1 shows the range of measured values for different interacting 

materials. Let us now consider a few examples of motion involving friction. 

TABLE 5-1 

COEFFICIENTS OF FRICTION 

MATERIALS STATIC KINETIC 

Steel on steel 0.58 

Steel on steel, with motor oil 0.20 

Ski wax on dry snow 0.04 
Rubber on concrete 1.02 

Ice on ice 0.1 0.02 

First, suppose a car is parked on a hill with its brakes locked. At what 

angle will it just start to slide? As seen in Figure 5-17, the component of 

force of gravity down the incline Fw = W sin @ is balanced by the force of 

friction Fp. The normal force pressing the surfaces together is Fy = W cos@. 

Then, the friction force is up to its maximum value 

Fr = uFy = pW cosé = Fy = W sin 0 

Eliminating W, we find 

tan 0 = p 



FIGURE 5-17 

Friction on an incline 

If, for example, » were approximately 1, as for rubber on a dry concrete 

street, the maximum safe angle would be 7/4, or 45 deg. 

Next, let us find the correct angle 6 for banking a highway (Figure 

5-18). We want to be sure that cars moving at speed v do not slide toward 

the outside of a curve of radius R when the coefficient of static friction is p. 

: F,,, friction 
Centripetal 
acceleration, 
ti) 

INCLINE 
Fy, normal force 

W, weight 

(b) Forces on car 

ie sin @ 

Ey cos 6 Ww 

Fy, sin 6 

(c) Resolution of forces into components 

FIGURE 5-18 

Motion on a banked highway curve 
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The forces acting on a car are 

W = weight, vertically 

Fr = friction, down the incline 

Fy = normal, perpendicular to the incline 

We have two choices—to find force components relative to the incline or to 

find them relative to the usual x- and y-axes. For variety, let us use the 

latter approach. The horizontal components of Fr and Fy provide the 
necessary centripetal acceleration a, = v*/R, 

Fy sin 6 + Fr cos 6 = ma, 

The vertical forces are balanced, 

Fy siné + W = Fy cos 0 

However, Fy = uy and W = mg. Substituting and dividing equations, 

sind + mucosé _ a 

cos@—pwsind g 

Rearranging, 

Ae — wg 
tan @ = 

pa. -- g 

For example, let the curve have radius R = 50 m and suppose that yu is 

normally 0.8. A car with speed v = 60 mi/hr (26.8 m/sec) requires a, = 

(26.8)?/50 = 14.4 m/sec”. Then, 

14.4 — 0.8(9.8) 
Oatayos tan 6 = 

or 

6 = 17 deg 

If the roadway were covered with ice, reducing the coefficient of friction to 

nearly zero, it would obviously be necessary to reduce speed. Then tan 6 = 

a-/g, v = gk tan 6, or 

v = V (9.8) (50) (0.308) = 12.3 m/sec or 27.5 mi/hr. 

Motion Involving Friction 

Let us examine the effect of friction on the motion of an object. Sup- 

pose, for example, that a returning Apollo spacecraft enters the Earth’s 

atmosphere and experiences frictional force in the air proportional to the 

vehicle’s speed v. If we ignore other forces, such as gravity, Newton’s law 

F = ma may be written 

Av 
ae ICU) 



138 

FORCES 

IN NATURE 

where the negative sign is included to indicate that the frictional force is 

opposite to the motion and that Av is always negative—that is, that v is 

decreasing. The acceleration, as the rate of change of speed, is seen to be 

proportional to the speed itself; so the more slowly the spacecraft moves, 

the smaller the acceleration. We encounter many physical situations to 

which such a mathematical form applies. Let the ratio c/m be abbreviated 

as \, so that 

Av 
At = —N 

If we start counting time when the speed is v,* then the speed at any time t 

is the exponential 

v= voe** 

with e as the natural logarithm base, 2.718. ... Figure 5-19 shows the way 

in which the speed decreases with time. Note that each equal interval of 

time results in the same fractional loss in speed. 

Speed, v 

FIGURE 5-19 

Slowing with friction proportional to 

Time, t speed 

As a second example, consider the effect of ‘drag’ on a plane or 

rocket if a constant force F', is applied by a jet engine or a rocket motor. 

With a frictional force proportional to speed but acting in the opposite 

direction, the net force is F4 — cv, and Newton’s second law becomes 

Av 
Fa-— =m, 

If the object starts at rest (v = 0 at ¢ = 0), the initial acceleration is a) = 
P a/m. As speed increases, the acceleration drops off, and the speed at any 
instant is lower than without friction. Over long time intervals, the speed 

* By use of the calculus, dv/v = —dadt. Integrating, Inv = —dt + C; and if 
Fr Uo are = 0, then C = Inv. Thus In v/v) = —dt. Taking the antilog of both sides, 
v/¥y =e, 



Speed, v , m/sec 

1200 

inal speed 1000 m/sec _ 

FIGURE 5-20 

Motion with air resistance proportional to speed 

m = 108 kg, Fa = 104 N, ¢c = 10 kg/sec 
By use of the calculus, v = Fa/c(1 — e~*t/™) 

approaches the value F'4/c for which a is zero—that is, when the frictional 

force balances the applied force. Figure 5-20 shows the trend for a par- 

ticular example. 

Force as a Unifying Concept 

The array of forces discussed in this chapter may be a source of 

bewilderment to the student of physics. Although the single idea of force 

has been displayed, there remain at least half a dozen different types of 

force, distinguished according to their origin. It is interesting, in this connec- 

tion, to look both backward and forward in time, as man expands his 

understanding of his surroundings. To early man, a demon or god lay behind 

(or sometimes 7m) each physical phenomenon or entity. He surely identified 

separate spirits in the sea, in the wind, in lightning, in the Sun, Moon, and 

stars, and so on. Our progress has been great, therefore, in arriving at no 

more than half a dozen distinct types of force. On the other hand—we 

might well ask—if there is but one nature, why should we not be able to 

define a single type of force, of which electricity, magnetism, gravity, and 

the others are simply manifestations or variations? Scientists continually 

ask that very question, and are actively striving to achieve further unity 

in the explanation of the still-diverse features of physical phenomena. As we 

shall see, success in relating electricity and light has been achieved, and the 

concepts of gravitational and mechanical force brought into some harmony. 

However, no acceptable connection has yet been established between 

electrical forces and gravitational forces, even though we suspect they have 

a common basis. This situation merely points up the fact that physics is 
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by no means a closed subject, and that there yet remains many challenges to 

man’s intellectual talents. 

PROBLEMS 

5-1 Find the gravitational force between two people each of mass 80 kg, 

with a distance of 2 m between their effective centers. What fraction of a 

‘“9”” force toward each other is there? 

5-2* At what fraction of the distance between centers of the Earth and the 

Moon (2.39 X 10° mi) is there exactly zero gravity? How many miles is that 

above the Moon’s surface? 

5-3 How high above the Earth’s surface would a person of weight 250 Ib 

have to go to “lose” 50 lb of weight? 

5-4* As a spacecraft such as Apollo 11 orbits the Moon near the surface, 

there is a difference in gravitational force depending on whether the ship is 

on the far or the near side from the Earth. Estimate the percentage differ- 

ence due to this effect, noting that My/Me = 0.0123, Ru/Re = 0.272, the 

distance between centers of Earth and Moon is 239,000 mi, and the radius of 

the Earth is 3960 mi. State clearly what approximations are made. 

5-5 How many coulombs of positive (and negative) electricity does the 

isotope g2U?** have? 

5-6 Find the coulomb force between the helium nucleus, charge +2e, and 

the electron charge —e, if they are separated by 2.6 X 10-" m. 

5-7 Show that gravity has little to do with keeping the hydrogen atom 
stable. 

5-8 How high could an athlete jump on a planetoid 40 mi in radius if he 

could jump 6 ft on Earth? Assume the density of the planetoid to be the 

same as the Earth’s and the Earth’s radius to be approximately 4000 mi. 

5-9 At what altitude will the acceleration of gravity be 16.1 ft/sec?? 
8.05 ft/sec?? 

5-10 Suppose that a dwarf star had the same radius as that of the Earth, 
but a density 10‘ times as great. How much would a nickel coin (5 grams) 
weigh on such a star? 

5-11 If enough charge could be transported from the Earth to the Moon, 
the attraction between the two could be doubled. Calculate (a) the amount 
of charge, and (b) the mass of hydrogen that would have to be ionized to get 
this charge. 

5-12 Two small, light spheres, each of mass 0.2 g, are charged equally with 
4 X 10 C and hung by threads of the same length. If the centers of the 
spheres are 3 cm apart, and gravitational attraction between spheres is 
neglected, what angle will the threads make with the vertical? 
5-13 An alpha particle (,He‘)*+*+ is fixed at the Earth’s surface. How high 
above it would a second alpha particle float? 
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Nucleus 
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+2e 

Electron 

FIGURE P5-14 

5-14 Find the magnitude and direction of magnetic force between two 

electrons in the helium atom if we visualized them as opposite to each 

other in one orbit of radius 2.6 X 10-" m, and of speeds 4.5 X 10® m/sec 

(see Figure P5-14). How would this force compare in size with the electro- 

static attraction of each to the nucleus? (See Problem 5-6.) 

5-15 What would one predict that the speeds of two protons would be if 

the electrostatic repulsion equaled the electromagnetic attraction? What 

are the possible meanings of this result in terms of relativity? 

5-16 If we try to find the relation between the angle made by electroscope 

leaves and the charge contained, by adding forces, what appears to happen 

at the vertex? What effect has the fact that gold is a good conductor of 

electricity? 

5-17 Investigate the possibility of measuring the gravitational constant 

kg in the laboratory by hanging masses by cables from the ceiling (see Figure 

P5-17). For equal masses of 1 kg, composed of lead, what is the closest 

distance of centers? Estimate the angle through which a cable would be 

deflected. Even if such angles could be measured, could kg be obtained? 

What is actually being measured? 

Ze 

Fixed mass 

FIGURE P5-17 
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5-18 Calculate the strength of each of two identical bar magnets if the 

forces between the poles is 4 X 10-*N when separated by 0.03 m. How 

much charge would be required on each of two objects to obtain the same 

force? 

5-19 On what radius loop must a 1200-ft/sec jet plane fly in order to 

create the condition of weightlessness within the cabin at the top of the 

trajectory? 

5-20 The acceleration of gravity is 25 m/sec? on the surface of Jupiter, 

whose mass and radius are respectively 318 and 11.2 times that of the Earth. 

With Jupiter’s short day of 10 hours, by what fraction is this acceleration 

weakened by centrifugal force? 

5-21* A marble is rolled onto and aimed toward the center of a phonograph 

record which turns clockwise. Discuss the factors that enter into predicting 
the shape of the path we see, and the path as seen from the frame of the 

record. 

5-22 A collision with a strange planet from outer space sets our Earth into 

a higher speed of rotation, and everything not fastened down at the Equator 

“rises” slowly from the surface. How many hours long is our new “‘day’’? 

5-23* An intercontinental ballistic missile is fired toward the east with 

an initial speed of 200 m/sec at an angle of 30 deg from the ground. Ignoring 

the rotation of the Earth, variation of gravity with height, and air friction, 

how high, for how long a time, and how far will it go? 

5-24 A space traveler has a mass of 75 kg. (a) What is his weight on the 

Earth? (b) What is his weight when his ship is in orbit at height 800 km? 

(c) If his ship is accelerating outward on a radial line at that orbit with 

a = 19.6 m/sec’, what is his apparent weight? 

5-25 Data on the orbital flight of the first American astronaut John Glenn 

are as follows: launch date, Feb. 20, 1962; weight of spacecraft, 2500 Ib; 

time per orbit, 88.3 min; average height above the Earth, 131 mi; number of 

orbits, 3 (see Figure P5-25). Calculate the speed of the spacecraft in m/sec 

and mi/hr and the acceleration toward the Earth. How does the latter 

100 mi 
: 162 mi 

(perigee) (apogee) 

FIGURE P5-25 
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compare with gravitational acceleration at that height? Explain how 

accurate information on the orbit of a space flight permits a good measure- 

ment of the acceleration of gravity. 

5-26 A particle of mass m is whirled in a circle with angular speed w by 
means of an elastic cord of initial length Ry that has a force constant K. 

(a) Devise an expression for the amount of elongation x of the cord. (b) 

Compute x if m = 0.05 kg, Ro = 0.4m, and K = 0.2 N/m, when the mass 
makes 10 revolutions per minute. 

5-27 The oxygen molecule QO, acts as if it had an elastic-force constant K 

of 1200 N/m. If this bond is stretched in length by an amount 2 X 10-" m 

from the normal 1.2 X 10- m, how large is the restoring force? Would you 

judge the force to be electrostatic, electromagnetic, or gravitational? 

Explain. 

5-28 A car starts to coast with initial speed 15 m/sec down a hill of height 

120 m and length 2000 m. If the coefficient of friction is 0.05, what speed 

does the car have at the bottom? 

5-29 A curve in the highway is banked to allow cars to turn safely at high 

speeds. Show that the tangent of the proper angle, for a turn without need 

of frictional forces, is given by the ratio of the centripetal and gravitational 

accelerations. 

FIGURE P5-33 

5-30 The speed limit is posted at 25 mi/hr (11.2 m/sec) for a freeway exit 

of radius 80 m. If the angle the roadway makes with the horizontal is 5 

deg, what coefficient of friction was assumed in the design? 

5-31 A coin of mass 5 grams is placed at a radius of 4 cm on a 78-rpm 

phonograph record while it is rotating at normal speed. The coin will start 

to slide if located at a larger radius. Find the coefficient of friction between 

the surfaces. 

5-32* We try to climb out of a hemispherical depression with radius r and 
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a coefficient of friction » with the walls. Show that the height to which we 

can climb is 
rfl — (1 + 2)-] 

measured from the bottom. 

5-33 A simple design of a governor for an engine appears in Figure P5-33. 

If the speed of rotation becomes excessive, the spheres pull farther apart 

and a valve is closed. Analyze the forces in this device. 



ini rE C@N EER 

One of the functions of a science is to develop broad generalizations that 

include many particular phenomena. The concept of the field, which is a 

property of space containing interacting objects, goes beyond the evaluation 

of individual forces. In some ways it resembles the idea of number, as a 

generalization of the process of counting. 

6-1 TEST BODIES AND FIELDS 

The use of a device or “tester” to measure effects at a point is very 

familiar to us. For instance, the light meter indicates whether the illumina- 

tion is proper for taking a photograph; the magnetic compass shows us the 

direction in which we are going; the pressure gauge tells us when our tires 

need more air; the thermometer gives us the temperature of an object or 

of the air. Other devices are the electrician’s plug-in lamp that tells him if 

the line is “hot’’; the accelerometer, the strain gauge, and the seismograph 

that measure degree of acceleration, mechanical disturbance, and earthquake 

activity, respectively; and the survey meter used to check the presence of 

nuclear radiation. 
What do all of these have in common? First, each is a particular device 

chosen because it responds to the right conditions (a magnet would be of no 

value in measuring wind speed, for example). Second, the testing process 

145 



146 

THE FIELD 

CONCEPT 

involved in the use of each of these devices does not appreciably disturb 

the situation (a voltmeter that caused a battery to run down would be 

absurd). We are now going behind these practical devices to more basic 

test bodies used to detect and measure conditions at a point. Three steps 

are involved: 

1. We insert, in a region of space, a mass 7m to sense gravity, a charge 

q: at rest to see if electrical forces are present, or a moving charge character- 

ized by (qv): to detect magnetic effects. (The subscript “1” is attached in 

each case to remind us that these are test bodies.) 

In each case the amount of material in the test body is assumed to be 

vanishingly small, so as not to disturb what is being measured. If we observe 

a tendency for motion to occur, we say qualitatively that there is a field 

present that exerts an influence on objects placed in that region of space. 

2. We measure the force, including magnitude and direction, that the 

test. body experiences. 

3. We compute the force per unit of mass, charge, or charge-speed by 

dividing the forces by m1, q1, or (qv)1, respectively. (In the last case, direc- 

tional aspects of the velocity need to be considered.) Suppose that we 

measured a force of 3.2 X 10-" N on a test charge of 1.6 X 10-" C. Then 

the electrical force per unit charge would be 

(Fz), SW > 10-1 

q1 a RG Se: 
= 2000 N/C 

The virtue of such a quotient is that it is independent of the charge. If we 

doubled the test charge, the foree would be doubled, but (Fz)/q would be 

the same as before. We give the name field intensity or simply field to such 

ratios. Thus the electric-field intensity is 

_ es) 
eal 

& 

Similar ratios are G = (F@):/m, the gravitational field, and ® = (Fx)1/qu1, 

the magnetic field. Having found the field at a point, we can dispense with 

the test bodies and are in a position to predict the force on any object we 
wish to place at the point. The relations are simply written 

Fg = mS, Fx = 9& 

The expression F’g = g& says in words, “If we know the electric force per 
unit charge at a point (the electric field &), then the force Fg on a charge q 
is simply q times as large.” 

Fields are vector quantities, just as forces are. In the case of electrical 
and gravitational fields, we write Fy = g& and Fg = mG. Because of special 
directional aspects, the magnetic force is somewhat more complicated. For 
charges moving perpendicular to the magnetic field, the force is at right 
angles to both v and @ and is of magnitude 
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Fu = wB 

This magnetic force will be discussed in detail in Chapter 7. The units of 
the three fields are readily verified to be N/kg, N/C, and N-sec/C-m. 

In order to dispel the idea that this procedure is unduly artificial and 
cumbersome, let us consider an example. Exploratory spacecraft of the 
Mariner class, as they travel to the planet Mars, experience forces from the 
Earth, the Moon, Mars, the Sun, and—to a lesser degree—from the other 
planets. Using the gravitational-force laws, it would be necessary to calculate 
all forces for each spacecraft, inserting its proper mass. By the use of the 

field, which does not depend on which vehicle is involved or the source of the 
effect, the gravitational behavior of the whole set can be found at once. In 

the case of magnetic forces, the formula for forces between charges in motion 

is complicated, and the use of the magnetic field helps provide an interme- 

diate simplifying step. Finally, the concept of field provides a generalization 

that is characteristic of the science of physics; for instead of describing the 

force on a particular body, we now can determine the force on any body. 

6-2 INVERSE-SQUARE FIELDS AND 

LINES OF FORCE 

The similarity in mathematical form of the forces of gravity and 

electrostatics makes it convenient to describe their fields together, even 

though we realize that they differ completely in origin and strength. 

Simple numerical illustrations of each are given below. 

Gravity Field at the Earth’s Surface 

The procedure for finding the gravitational field at any point is 

particularly easy for a single mass M such as that of the Earth. By our 

definition, the field has magnitude 

_ Fe 
3 = in 

or 

G= fot (gravitational field) 

which is the force per unit mass ‘‘created” at a distance R from the center of 

the planet. Its value at the Earth’s surface is readily computed, using the 

figures kg = 6.67 X 10-!! N-m?/kg’, M = 6.0 X 10% kg, and k = 6.4 X 

10° m. The result is 

G = 9.8 N/kg 

This number is the same as that for the acceleration of gravity at the 
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surface, g = 9.8 m/sec’, as one can see by referring to previous calculations, 

or by noting that both g and g are forces per unit mass. Their identity isa 

consequence of the fact that the mass of inertia and that of gravity are the 

same; that is, the property of matter that produces resistance to change of 

motion is also the property that gives rise to gravitational attraction. 

Once we know this field value, we can find the force on any object 

located on the Earth. For example, on a man of mass 75 kg the gravity 

force would be 

Fg = mG = (75 kg)(9.8 N/kg) = 735 N 

On an automobile of mass 1000 kg, the force would be 

Fg = mg = (1000 kg)(9.8 N/kg) = 9.8 X 10°N 

Electric Field in Vicinity of a Nucleus 

Let us find the magnitude of the electric field at any distance R from 

a nucleus of gold 7Au”, with 79 protons in the nucleus. The charge is 

1.6 X 10-" C on each proton, and the total charge on the nucleus is 

Q@ = (79)(1.6 X 10-" C) ="1.26 X 104 C 

The electric field (force per coulomb) is thus 6 = F’/q or 

= keQ _ [9 X 10° N-m?/C*)[1.26 X 10-” C] 

mS [R(m)}? 
ldo pees 

planers yen se 

Now let us proceed to find the force on an alpha particle (the nucleus of 

2He*) at a distance R = 10-"m. Now the atomic number of helium is Z = 2, 

and thus the charge on the alpha particle is g = (2)(1.60 X 107°C) = 
3.20 X 10-” C. Then, 

L133 102 Bm 98 = (8.20-X 10%) peas = 3.6 X 10-*N 

A picturesque graphical description of the field was devised by 
Faraday.* One draws continuous lines or curves that are in the direction 
of the field at every point. Remembering how the field is measured, we 
see that such paths would be traced out by a small test body if allowed 
to move slowly in that region of space. For convenience, the number of lines 
that one draws through each unit of area perpendicular to the field at a point, 

* Michael Faraday (1791-1867) was an imaginative, practical, and productive 
English investigator. Self-educated, he volunteered his services as assistant in the Royal 
Institution, and eventually became its Director. Among his many contributions were 
the discovery of the principles of electrolysis, the motor, and the generator. 
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is equal to the numerical strength of the field. Although Faraday attributed 
more significance to the lines than is necessary, the idea is helpful for visual- 
izing both the direction and the strength of fields. 

Electric-field and Gravitational-field Lines 

The field picture of a point negative charge or a mass is very easily 
drawn according to the above specifications (Figure 6-1). We know that the 
field is everywhere directed inward, thus the lines must be straight. The 
lines of a positive charge are also straight, but directed outward. We might 
reasonably ask if there is such a thing as gravitational repulsion. Although 
no “negative mass” has been observed, the possibility of its existence is 
not ruled out. 

FIGURE 6-1 

Field lines of negative charge or spherical 

mass 

By repeated use of Coulomb’s law of electrostatic force, we can find 

the field due to two like point charges, drawn in Figure 6-2(a). We note that 

the field lines from each charge never connect or intersect. In contrast, 

those due to two unlike charges, Figure 6-2(b), do join the two particles. 

This is an illustration of the correct statement that electric-field lines start 

on positive charges and end on negative charges. 

The technical term flux, symbolized by 9, is a designation of the 

product of field strength and area.* Thus if the electric field & is the same 

everywhere and is directed perpendicularly through an area A, the electric 

flux is yg = &A. Similarly, one can write 6g = GA for gravity and y = 

@A for magnetism. The units of each of the fluxes are different. For 

* The use of the word “‘flux’’ in this context apparently originated with Faraday, 

who imagined that there was a “flow” of lines emanating from and entering gravita- 

tional, electrical, or magnetic bodies. The product of field strength and area, then, was 

the total number of lines through the area. 
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(b) Unlike charges 
FIGURE 6-2 

Electric field lines due to two charges 

instance, those of electric flux are (N/C)(m?) or N-m2/C, while those of 
gravitational flux are (N/kg)m? or N-m?/kg. The flux must be interpreted 
as the product of the area of the surface and the component of the field that 
is perpendicular to the surface. If the field varies with position and the 
surface is curved, it will be necessary to add up fluxes through separate 
small areas. 
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Gauss’s Law 

A very useful method for finding the field of a collection of charges or 
masses was developed by Gauss, a German physicist and mathematician. 
We can deduce his generalization by studying field lines from a particle. 
Because of the close similarity between the mathematical forms of electric 
and gravitational fields, it will be necessary to examine only one type of 
field. Let us draw a sphere of radius R about a point positive charge Q. The 
electric-field lines radiate outward and pierce this surface, as shown in 
Figure 6-3. Now, the field strength is the same everywhere on the sphere, is 
perpendicular to the surface, and is of value & = kg(Q/R?). The area 

Field lines 
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FIGURE 6-3 

Electric flux and Gauss's law 

through which the lines pass is A = 4r7R?. Then the product of field and 

area, the flux, is 

®, = 4rkzQ (Gauss’s law) 

In words, the electric flux over a closed surface is proportional to the total 

enclosed charge. We have used a special geometry to “derive”? Gauss’s law, 

but the theorem is quite general. 

If a region is free of charges, the flux over the surface is zero, according 

to Gauss’s law. To verify this, let us consider a region of space in the vicinity 

of the point charge (but not enclosing it). We draw a special box, as in 

Figure 6-4, with four sides parallel to radial lines from the origin, and two 

sides as portions of spherical surfaces. No flux lines cross the sides of the 

box. The flux entering the inner face of the box is #; = 6A; while that 

leaving the outer face is ®; = A». The ratio of areas is A2/A; = R3/Ri 
and the ratio of electric fields is &/& = Ri/R3. Substituting, #:/&: = 1. 

This means that the flux in is equal to the flux owt, and the net flux is zero 

over the whole surfaces, proving Gauss’s law once more. 

The law gives us a procedure for finding various electric and grav- 

itational fields without the necessity of adding the effects of charges or 

masses individually. The method is most convenient when the object has 



Case 

Geiger tube 

(a) 

Charge-free 
region 

FIGURE 6-4 

Gauss's law for a region without charge 

a certain symmetry of form. Let us further illustrate Gauss’s law by other 

examples. 

In the Geiger counter used for uranium prospecting and for detecting 

radioactivity in general, a length of wire along the axis of a cylindrical tube 

is given an electric charge—Figure 6-5(a). We should like to know the elec- 

tric field in the vicinity of the wire. The physical situation is simplified if 

we consider a very long wire of charge q per unit length, and look for & at 

a small distance y from the center of the wire, as in Figure 6-5(b). If the 

point of observation is equidistant from the ends, we can deduce that the 

field is pointed radially, since all axial components of & due to charges at 

Wire Long wire 

(b) 

——e FIGURE 6-5 
Application of Gauss's law to charged wire 
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153° equal distances from 0 will cancel. The ‘‘Gauss box” is chosen to be a short 
SECTION 6-2 Cylinder of length / and radius y, enclosing a section of the wire—see Figure 
Inverse-Square  §-5(c). Over its sides of area A = 2ryl, the field is the value to be found, 8. 

Fields and The field component perpendicular to the end faces is zero. Now, the total 
lines of Force charge enclosed by the surface is Q = lq, and by Gauss’s law gz = A4rknQ, 

or 

8A = &2ryl = 4rkezlq 

Thus 

i kp2q 
(electric field near a long wire) 

We note that the field varies inversely with the distance—not with the 
inverse square of distance, as for a point charge. 

Drilling into the Earth shows that the density of soil and rock varies 

with depth. If viewed from a great distance, however, the Earth could be 

considered as composed of a set of uniform concentric shells. The total 

field at some distance from the center of one of these could be found by 

2 
Gauss surface area 4rR 

at sp 
Gravitational field S Application of Gauss's law to a planet 

adding the effects of point masses. It is much easier to employ Gauss’s law 

to obtain the gravitational field for the whole planet of mass M at a dis- 

tance R from its center. This time we draw a spherical surface of radius 

R around the planet, as in Figure 6-6. Its area is 47R?, and the total en- 

closed mass is /, so Gauss’s law tells us that 

Dg = G4rk? za 4nkgM 

or 

kgM 
6 =p (gravitational field outside a spherical body) 

This expression looks very familiar, but its new meaning must be carefully 

considered. It says that the field outside a sphere is the same as if all the mass 
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were concentrated at its center. We come to the general conclusion that the 

field outside a solid sphere that has similar layers or is uniform is the same 

as that of a point mass at the center. This obviously simplifies calculations, 

and allows us to immediately find ¢ above a planet, or near a sun, and the 

electric field & outside a nucleus as well, assuming that the protons that go 

to make it up are uniformly distributed. 

By careful application of Gauss’s method, we can find the field inside 

the Earth, of radius Rz. We draw the surface as a spherical boundary of 

some smaller radius R measured from the center. There will be a shell of 

material of thickness Re — R outside us, which gives no field since the mass 

is not contained by the spherical surface. However, there will be a sphere 

of radius R that we are outside. It has a volume (and mass) that is smaller 

than that of the Earth by a factor (R/Rz)*. By Gauss’s law 

R 3 

De = G4rR? = 4nrke¢ (=) Me 

or 

R 
G = Ra Gz 

where Gz is the gravitational field at Rz. Thus we see that outside a planet 

the field varies inversely as the square of the distance from the center, but 

inside varies linearly with the distance. At the center of the planet the field 

is zero. 

As another example, let us find the electric field near a sheet of charge, 

with amount o per unit area. For this case, we draw a cylindrical box that 

goes through the sheet, as in Figure 6-7(a). Again if the plane area is very 

large, we know that the field is perpendicular to the surface, the sideways 

components having canceled. Over the sides of the box, there is zero per- 

pendicular component of field, but over the two ends of total area 2A, the 

field is &. The total charge inside the closed surface is that on the sheet, of 

amount oA. Applying Gauss’s law, ®g = 62A = 4rkgAo, or 

& = kz2ro (electric field of a plane sheet) 

It is interesting to note that the field does not depend on how far one is 
away from the plane sheet of charge. Our derivation applies strictly to an 
infinite uniformly charged sheet, and for a finite dise of charge would be 
smaller because of “edge effects.’’ On the other hand, if we got very close 
to such a disc, the above result would be quite accurate. We find a different 
field near a large plane conductor on which we place charge. Then, repulsion 
causes the charges to move to the outside surface and effectively to isolate 
those on each side. Our “Gauss box” lies only on one side, as shown in 
Figure 6-7(b). With end area A and charge density o, Gauss’s law yields 
Pz = SAS 4nkpAo, or 

& = kg4no (electric field of a charged plane conductor) 



Area A 

(a) Charge sheet 8=k,270 (b) Charged conductor § = kpAno 

FIGURE 6-7 

Electric fields near planes of charge 

Of particular note is the factor of 2 in comparison with the field due to a 

sheet of charge. 

Weare now in a position to find the electric field between two charged 

conducting plates whose surface dimensions are large compared with their 

separation. An example is a capacitor (or ‘“‘condenser’’) used in radio cir- 

cuits for tuning. When connected to a battery or other electrical supply, 

as shown in Figure 6-8, the plates assume charge densities of equal but 

opposite sign. Because of mutual electrostatic forces, electrons are drawn 

to the lower side of the top plate and driven to the lower side of the bottom 

Upper plate 
U/L cccecccaaaaaaaaaaaaaaddddiddddddddddddddéddddddédda Charge o (negative) 

+ + + + + + + + + + 
Vcc cacddddlddddddddddddddddddddd 

Lower plate 

Charge o (positive) 

FIGURE 6-8 

Field within capacitor 
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plate, leaving the upper side positive. Each plate now appears as a one- 

sided sheet of charge. Let us suppose that the plates are large enough that 

we can use the previous conclusions on the field from an infinite sheet. The 

fields of the two plates are of the same magnitude, 6 = kz2ro, and in the 

same direction—upward; and thus the total is 

& = kp4ro (field between parallel plates, sign of charge opposite) 

If the plates were instead given equal charges of the same sign—say positive 

—the fields would be oppositely directed and cancel each other, giving zero 

field. In the space between plates of finite size this field is zero only at the 

exact center of the gap. . 

We may reason out another important conclusion from this experi- 

ment. Picture the two plates as extending out indefinitely, and in effect 

completely enclosing the point of observation (we are reminded of the geo- 

fe] 
BBESs 
| | TT a DANGER 

+ 
a 
L | 13,000 VOLTS 
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FIGURE 6-9 

Electrical cage 

metric theorem that parallel lines meet at infinity). The field is zero inside, 

as shown above. Thus we can state that the electric field inside a charged 

closed surface is zero, a theorem that is generally true, although we took a 

special case to prove it. In order to appreciate this result better, imagine 
the following “experiment.’”’ A large metal cage, solid or of metal screen, 
is constructed on a platform atop an electrical power pole (Figure 6-9). 
With the switch open, we climb the pole and get in the cage. The switch is 
closed and we remain inside, completely unharmed, since the electric field 
is zero. Naturally, we should be sure the outside of the cage has been dis- 
charged before stepping out. 

The final application of Gauss’s law will be to find how the field varies 
with position in a region where the charge density is not uniform, as in a 
vacuum tube found in electrical circuits. Figure 6-10(a) shows a simple case 
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FIGURE 6-10 

Field in region with varying charge density 

in which the charge density decreases as we go up from one plate to another. 

The lines of electric field start on the positive charges in the space and end 

on negative charges on the upper plate, as shown in Figure 6-10(b). We 

draw a flat ‘““Gauss box’ with surfaces parallel to the plates. The fields at 

Z_ and 2 are taken as & and &;, and the net flux through the closed surface 

is &:4 — &A or AAS. The total charge inside, assuming a particle density 

n and charge per particle q, is ngAAx. Gauss’s law then yields 

AA& = 4rkgnqAAz 

or 

A& 
Ag A4nkyng 

This tells us the rate of change of field with position for any dependence of 

charge density on position. 

6-3 FIELDS DUE TO EXTENDED OBJECTS 

The field that results from the combined action of more than one 

particle may be deduced by the process of addition of effects, or swperpost- 

tion. This is feasible because the individual forces are vectors, obeying 

standard rules for combination. Gauss’s law was seen to provide a quick 

and easy way of finding the total field from some simple geometric arrange- 

ments of mass and charge. Unfortunately, its application becomes prohibi- 

tively difficult if the shape is not regular and symmetric. We must then 

turn to a process of direct summations, which will be illustrated for systems 

often encountered in the physical world. 
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The Electric Dipole 

The idea of superposing electric fields is applied to the electric dipole, 

which is simply a pair of charges of opposite signs separated by a small 

distance (see Figure 6-11). The electron and the proton of the hydrogen 

atom may be visualized as an example. The combined field varies in 

strength both with the distance away and direction from the dipole. Let 

us find & along the axis at a distance x from the midpoint of the two particles 

as if they were fixed in position. Now 

fare 6 

where the distance R appearing in the expressions for the two electric fields 

of magnitude kzq/R? is x — s/2 for the (+) charge and x + s/2 for the (—) 

charge. Inserting and doing the algebra, 

28x 

o= hed Te OP 
At great distances from the dipcle, such that s/2 is much smaller than z and 

can be neglected, the denominator is approximately «* and 

~ 2kegs 
é= ae 

Notice that if we let s be zero, there would be no field, since the effects of 

the two charges would exactly cancel. 

Proton Force due Force due 
to electron to proton 

Test charge 

so 

FIGURE 6-11 

Electric dipole 

Let us compare the field of the hydrogen atom with that of the hy- 
drogen ion (the proton), at say 100 atomic radii from the positive charge. 
The atom’s field & from the approximate dipole formula is 2k ger/(100.5r)3, 
while the singly charged proton’s field &, is kge/(100r)2. Their ratio £2) 6s 
is very close to 0.02, which checks our earlier observation that widely 
separated atoms interact far more weakly than do widely separated ions. 

The product qs is called the electric moment M of the dipole. It is often 



FIGURE 6-12 

Field lines due to electric dipole 

useful to form the vector M, of magnitude qs and directed from the negative 

charge to the positive charge. Figures 6-12(a) and (b) show the electric- 

field vector at a point due to a dipole, and how it can be resolved into 

components in the 2, y or in the 7, 6 directions. 

Combined Gravitational Effects 

For an astronautical example of superposition, let us calculate the 

gravitational field at a spaceship that is 0.8 the distance from Earth to the 

Moon, when the relative positions of Earth, Moon, and Sun are as shown 

in Figure 6-13(a). First we find the magnitudes of each of the three fields 

Gz, Gu, and Gs. At the Earth’s surface at radius 3960 mi, the field is 

9.8 N/kg—i.e., 1 g. We shall make use of ratios to find ¢ values else- 
where. At a distance 0.8Ry, where Ry = 239,000 mi (Table 10-1), the 

field due to the Earth is 

m pay © 3.96 X 10°\? _ Gr = 9.8 (Es) = 9.8 ers : ia) = 0.00421 N/kg 

The field due to the Moon, of mass 0.0123 times that of the Earth, is 

Rp Mu\ _ 3.96 X im) 

Sp ds (Et, te) (2) aes Gas etna ee) 
= 0.00082 N/kg 

Finally, the field caused by the Sun, of mass 3.33 X 10° times that of the 

Earth—at a distance that is very close to the radius az of the Earth’s orbit, 

92.9 X 10° miles—is 

Rz\? (Ms\ _ 3.96 X i) 5 
Gs = 9.8 (2) (7) 9.8 (Boe x 108 (3.33 X 10°) 

= 0.00589 N/kg 
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FIGURE 6-13 

Gravitational field at spaceship 0.8 of the way from Earth 

to Moon 

The net field in the ‘‘vertical” direction is 0.00421 — 0.00082 = 0.00339, 

while that in the “horizontal” is close to 0.00589. The vector resultant 

is—Figure 6-12(b)— 

G = V (0.00339)? + (0.00589)? = 0.00680 N/kg 

The angle between the field and the line joining Earth and Moon is found 

0.00680 _ , rb os ) 7 
0.00339 ~ 2.01, or 6 = 63.5 deg. With such information from tan @ = 

continuously available to a computer on the spaceship, correction forces 
that ensure safe landing can be applied. 

6-4 MAGNETIC FIELDS OF MACROSCOPIC 

BODIES 

The existence of forces between objects composed of iron had been 
known from early times, and the magnetic compass made possible the wide 
explorations in the sixteenth and seventeenth centuries. The ultimate rec- 
ognition that such ferromagnetism was due to electronic currents was a 
relatively recent development. The idea that there were physical poles of 
magnetism at the ends of bar magnets—analogous to the positive and nega- 
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tive electric charges—was reasonable because of the superficial resemblance 
of the observed laws of force. 

Field Lines of Bar Magnets 

The force between two “‘poles” of a long thin magnet is given by the 
experimental relation 

kupip 
Ls rig 

Two like poles—each labeled N (for ‘north’’)—will repel each other, as 

will two S (for ‘‘south”) poles; two unlike poles—an N and an S—will 

attract each other. A field of magnetism can be defined just as for the 

gravitational or electrostatic cases, letting the ratio F/p be the field, where 

p is the strength of a test body. Then, for any pole of strength p, the 

magnetic field is 

kup 
Saas 

Vector addition of the contributions of several poles is completely analo- 

gous to that for several charges or masses because of the inverse-square 

dependence. Figure 6-14 shows how small iron filings line up with the 

direction of the field of a bar. Note the similarity to the gravitational and 

electric fields. 
A magnetic moment can be defined for a bar magnet of length s and 

pole strength p, by direct analogy to the electric moment of the charge 

FIGURE 6-14 

Iron filings in field of bar magnet 
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dipole: we merely replace g by p, and the moment is thus 

M = ps 

Gauss’s Law for Magnetism 

The similarity between force formulas for electrostatic charges and 

bar-magnet poles would suggest that there is a complete analogy between 

charges and poles. This is incorrect, according to the following arguments. 

First, let us attempt to isolate one pole. We know that single charges exist 

—for example, electrons or protons. However, if we cut a bar in two, or 

four, or any number of pieces, there is always found to be a north and a 

south pole on the ends of each piece, as illustrated in Figure 6-15. Thus 

there 1s no magnetic substance analogous to charge that can be isolated. Ac- 

cepting this, we settle for a magnet with two poles, and compare the lines 

of force with those from a dipole. The field pattern due to an electric dipole 

and a magnetic dipole are the same so long as we are very far away. Close 

scrutiny of the lines near two charges or the magnet shows quite a differ- 

ence, as shown in Figure 6-16. Whereas the lines of an electric field begin 

on the (+) charge and end on the (—) charge, the lines for magnetic field 

are continuous. Again, we find that there are really no poles on which lines 

begin or end. We try to apply Gauss’s law formally by constructing a box 

FIGURE 6-15 

Attempt to isolate a single magnetic pole 
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FIGURE 6-16 

Comparison of field lines of unlike charges and a bar magnet 

with sides parallel to the field and ends perpendicular, enclosing a bundle 

of lines within the bar magnet, as in Figure 6-16(b). If we make measure- 

ments inside the magnet using a minute detector in an appropriate cavity, 

we find the magnetic field is everywhere directed upward. Thus through 

the ends of our “Gauss box,” there is an outward flux of exactly the same 
magnitude as that of the inward flux, and they cancel to give zero; and thus 

the total flux over the surface surrounding the presumed poles is zero. We 

are led to the important conclusion that there is no magnetic material corre- 

sponding to electric charge. This deduction was made for bar magnetism, 

but it can be shown to be completely general; and although it is a negative 

statement, it is as powerful a concept as the inverse-square law of electro- 

statics. 

The Earth’s Magnetic Field 

At the surface of the Earth and surrounding it is a weak magnetic 

field, the cause of which is not precisely known. One popular explanation 

is based on the motion of molten iron deep in the interior of the planet. 

The Earth has a field that very roughly resembles that of a bar magnet 

(see Figure 6-17). Since there are no fixed magnetic poles in the Earth and 

the field lines vary so widely in direction over the surface, the comparison 

is useful only for a qualitative view. The needle of a compass will point, at 

any location selected, at an angle of declination d from geographic north— 

Figure 6-18(a). Charts and tables of this angle assist in navigation. The 

needle will also assume an angle of inclination 7 with the horizontal—Figure 
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FIGURE 6-17 

Ss Earth's magnetic field 

6-18(b). The magnetic poles of the Earth are defined as those places where 

the needle would be vertical. There is a slow but erratic change with time 

of these spots. Finally, the strength of the field is low, but it varies widely 

over the globe and depends as well on local topography. Although the 

field is weak, it has a profound effect on charged particles coming from the 

Sun and from outer space. lons can move along magnetic-field lines freely, 

but are forced into circular paths about the lines. Charges can oscillate 

back and forth, as shown in Figure 6-17, creating ionization along their 

(b) 

FIGURE 6-18 

Declination and inclination of a compass 
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paths. The northern lights (aurora borealis) are explained in terms of this 
process, as are the radiation belts several thousand miles above the Earth’s 
surface. 

The Deeper Meaning of Fields 

The field provides us with a convenient way of describing and adding 
forces when there are many particles involved. There is, however, a funda- 
mental meaning attached to the field that goes far beyond this mere useful- 
ness. The modern view is that an object such as a charge or mass modifies 

or “disturbs” the space around it. The field is that disturbance. When 

another particle is placed at a point, it is said to be immersed in that field, 

and experiences a force. Similarly the particle creates its field, which the 

original object feels. The field thus serves as a connecting ‘‘medium’’ be- 

tween bodies. This is in contrast to imagining that there are forces acting 

directly between them, which is the older “‘action-at-a-distance”’ idea, now 

discarded. As an example, picture a radio station and a receiver many miles 

apart. Under the action-at-a-distance view, the sudden shift of one electron 

at the station would cause an instantaneous change in the electric forces at 

the receiving set. It is well verified that a signal with the large but finite 

speed of light c = 3 X 10° m/sec spans the distance and creates the effect. 

These signals, which are electric and magnetic fields varying in direction 
and time, are the electromagnetic waves. Now look at the situation in 

gravity forces and fields. Presumably a sudden shift in position of a planet 

would generate gravitational signals or waves that would spread out 

through the universe with speed c, to announce the change and to cause 

field adjustments. Such gravitational waves, if they exist, are very feeble, 

being smaller than those of electricity by factors such as the 10” that we 

derived in Section 5-3. Experimental verification of the gravitational-wave 
theory is not available as yet. 

Fields are now believed to be the only entities in nature, and that all 

matter merely consists of ““condensed” quantum fields. To quote physicist 

Freeman Dyson, ‘Even to a hardened theoretical physicist it remains 

perpetually astonishing that our solid world of trees and stones can be 

built of quantum fields and nothing else. The quantum field seems far too 

fluid and insubstantial to be the basic stuff of the universe.’’* 

PROBLEMS 

6-1 Find the gravitational field at a radius 1075 mi from the Earth’s sur- 

face, which is 3960 mi from the center, using ratios rather than direct calcu- 

lation. 

6-2 The radii of the orbits of the Earth and Mars about the Sun are 

93 million miles and 142 million miles, respectively. Calculate the gravi- 

* “Bield Theory,” Scientific American, p. 57 (April, 1953). 
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tational field of the Sun at the orbit of Mars, and compare it with the field 

there due to the Earth, using ratios as in Section 6-3. 

6-3 In order to extract and use the heat of the interior of the Earth, it is 

proposed to drill a hole 100 mi deep. The question is asked—What is the 

gravitational field at the bottom? 

6-4 How far from the Earth toward the Sun must a body be so that the 

Sun’s gravitational field just balances the Earth’s? (Ignore the field due to 

the Moon.) The Sun is 9.3 X 107 mi away and its mass is 3.3 X 10° Earth 

masses. 

6-5 A force of 0.01 N is required to hold a charge of 12uC at a point. What 

is the electric-field strength at this point? 

6-6 The Echo balloon in orbit for communication tests is a sphere of 

aluminum-coated 0.005-in.-thick plastic, 100 ft in diameter, weight 137 lb. 

If it were given a charge of 50 uC, what surface-charge density would it 

have? What would be the strength of the electric field right at its surface, 

viewed as an infinite plane? Compare with the field from a point charge 

at the center of the sphere. 

6-7 A deflector for positive ions of hydrogen in an accelerator consists of 

a flat circular disc of large radius uniformly charged by an amount 0.6 

uC/m?. As an ion passes the plate, how much force does it experience? 

6-8 Calculate the electric field at 5 cm from a long wire with charge 
60 wC/m. 

6-9 (a) Find the electric field at 1.59 X 10- m from the hydrogen atom, 

with s = 5.3 X 10-" m, e = 1.60 X 10-1 C, using the approximate dipole 
relation for a point on the axis formed by the proton and electron. (b)* How 

much percentage error is there in using the approximate formula? 

6-10 Show that if the cartesian components of electric field of a dipole 
are given as 

keM kpM ; 
5. = (3 cos? 6 — 1), & = = (8 cos @ sin 6) 

then the polar components are 

k 
& = at 2 cos 6, = a sin 6 

r ad 

6-11 (a) Find the direction and magnitude of the electric field from a 
dipole of strength M = 0.3 m-C, at position r = 0.2 m, 6 = 30 deg, using 
cartesian relations from Problem 6-10. (b) Check results by use of polar 
coordinates. 

6-12 A radio antenna behaves as a dipole with alternating polarity. 
Sketch the directions and relative magnitudes (let kzM/r* = 1) of fields at 
a certain distance out for 6 = 0 deg, 45 deg, 90 deg, 135 deg, and 180 deg, 
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with the electric moment directed to the right. What happens to all vectors 
if the moment is reversed? 

6-13 Find the electric field as a function of distance from the completely 
ionized carbon atom (6C”)¢®. What is the magnitude of the field at 
45x10 ine 

6-14 What is the electric field and flux at the surface of a sphere of radius 

2 cm if a positive charge of 3 X 10-* C is located at the center? What if 

the sphere radius is changed to 2 m? What happens if the charge is not 

located at the center? 

6-15 What is the electric-field strength midway between two charges of 

+100 uC and —30 uC located 40 cm apart? 

6-16 Ifa drop of water of mass 25 ug were allowed to fall under gravity 

force with air resistance, it would reach a maximum speed of 400 m/sec. 

If the drop is then given 20 electronic charges, what electric field must be 

applied to maintain a uniform speed of fall of 300 m/sec? (Assume that 

frictional force is proportional to speed.) 

6-17 Two discs of radius R are charged equally but of opposite sign charge 

a, and fixed with their planes 2a apart (see Figure P6-17). The electric- 

field component along the axis through the centers is given by 

2 Se Oe 

Ii | es Ds meng) 
Find the ratio of the field to that between infinite plates with the same o, 

for y/a equal to 0, 0.5, 1.0, in the case R = a. Discuss the trends. 

where 

2a err fC 

| 
| 

<a FIGURE P6-17 

6-18 Spheres charged with 1.5, 2.0, and 2.5uC of positive electricity are 

placed on the z-y plane at points (0, 2), (— 2.2 1), and (V3, —1), where 
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the units are meters. Find the magnitude (in units of 10-* kg) and direction 

of the electric field at the origin. . ; ; 

6-19 You are asked to design a simple model of a gravimeter, a tester 

for gravitational field. Its purpose is to detect differences In g that might 

be due to oil deposits in the Earth. As in Figure P6-19, a mass m is attached 

to a spring of force constant K, a pointer, and a scale. If the mass selected 

is 1.5 kg and we wish to detect variations of 0.01 m/sec? by deflections of 

1 mm, what must K be? How far does the spring stretch when the mass 1s 

first attached, assuming g = 9.80 m/sec? at that point? 

FIGURE P6-19 

6-20 A spaceship leaving the Earth travels in a circular orbit that will 

allow a rendevous with Mars (see Problem 2-20). Calculate the components 

of gravitational field G along and perpendicular to the path, when the ship 

is farthest from the line between Earth and Mars. Why can you neglect 

the forces due to the planets? 

6-21 <A metallic sphere of radius a is given a uniform surface charge of 

ao C/m*. (a) Using Gauss’s law, find the field at a distance x along a radius 

from the surface. (b) If the distance 2 is fixed and the sphere radius a is ~ 

allowed to approach infinity, keeping the same o, what is the field intensity? 

(c) Compare this result with that from an infinite-plane charged conductor 
and that from an infinite sheet of charge, and discuss. 

6-22* The behavior of ocean tides is governed in part by the difference 

AG in the gravitational field of the Moon on opposite sides of the Earth 

and the relative effects on the water. Show that AG/g (where ¢ is the 

field due to the Moon at the center of the Earth) is a where 

x = Rz/Ruz, with Rug = 239,000 mi (the distance between centers of 
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the Moon and the Earth) and Rz = 3960 mi (the Earth’s radius). Eval- 
uate AG/G to show that the variation is about 1 part in 15. 
6-23* At the moment of an eclipse of the Sun, the gravitational field at a 
point on the Earth’s surface nearest the Sun is weaker than if the Moon 
were on the opposite side. Verify this with vector diagrams. By use of 
ratios, as in Problem 6-22, compute the fractional difference in ¢ (and gq). 
Has the Sun a significant role in this phenomenon? 



ELECTROMAGNETISM 

Electric charges that are in motion with respect to each other exert mutual 

forces that are designated electromagnetic. These forces act in addition to 

the electrostatic forces governed by Coulomb’s law.- The field concept, we 

shall see, has great benefit in describing such new interactions. Still more 

forces come into play whenever changes in electric and magnetic fields with 

time are produced. The delineation of this complex subject in terms of the 

motion of electrically charged particles is our objective in this chapter. We 

shall seek to describe the connection between electricity and magnetism in 

terms of experiments and mathematical formalism. 

7-1 MAGNETIC FORCES AND FIELDS 

We have seen in the previous chapter how the concept of a field was a 

convenience in describing gravitational and electrostatic phenomena. The 

magnetic field is a similarly important concept. The experiment involving 

charged-particle accelerators (Section 5-4) showed that magnetic force 

obeys an inverse-square law, and that the product of charge and speed 

determines the strength of the force. One can imagine the difficulty of 
finding all the mutual forces in a maze of wires with currents going in 
several directions, if all the combinations of qv values and distances have to 
be dealt with. Nevertheless, we should like to be able to determine the 
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71 force on a certain moving charge at a point, whatever other moving charges 
SECTION 7-1 causing the force are present. The field concept greatly helps to simplify 

Magnetic Forces the problem. The magnetic field* is defined as the force per unit of charge- 
and Fields speed qv; however, it is important to note that the magnetic force depends 

on both the direction of the field and that of the moving charge. 
A few simple experiments will help us appreciate this fact. Let us set 

up our laboratory at a place on the Earth where a magnetic-compass needle 
is aligned horizontally along the north-south direction. We have good 
evidence that there exists a magnetic field, and shall take north as the 

direction of the field ®. We observe the effect of the field on moving 

positive ions of charge q and speed v, aimed at various angles from the 

north. When the velocity v is parallel to ®, as in Figure 7-1(a), no deflec- 

tion is observed, implying that the force is zero. If, instead, v is directed 

perpendicularly to ®, say toward the east—as in Figure 7-1(b)—the 

particle is seen to be deflected upward, demonstrating the existence of a 

force. Now we aim the charge with v parallel to the ground, but at some 

Down 

(a) v parallel to® (b)v perpendicular to ®& (c) vat angle ¢ with® 

F =0 F = qu@ upward F = qvB sin ¢ upward 

FIGURE 7-1 

Forces on a moving charge in a magnetic field 

angle ¢ with the north, as shown in Figure 7-1(c). We find the force to be 
sin ¢ times as large as before. The conclusions reached from these and 

similar tests are that the force on a moving charge in a magnetic field is 

1. proportional to the charge q, the speed v, and the field ; 

2. perpendicular to the velocity and field vectors (a screwdriver 

points in the direction of F if we turn it as if v were rotated to line up with 

8); 
3. proportional to the sine of the angle between v and 8. 

* The vector is given the specific name magnetic induction, but in common usage 

the term “magnetic field’’ is frequently used. 
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We thus write 

F = q@ sin (force on a moving charge in a magnetic field) 

The shorthand of vectors can be used to express all of our observations. 

If A and B are two vectors with angle ¢ between them, the “vector cross- 

product” A X B is a third vector C of magnitude AB sin ¢ and direction 

perpendicular to the plane formed by A and B. Thus the compact state- 

ment of the force is 

F=qvX8 

The unit of the magnetic field can be deduced from the relation 

® = F/q to be N-sec/C-m, which combination is given the name weber 

per square meter, Wb/m?, after the nineteenth-century electrical re- 

searcher W. E. Weber. 
The above experiments demonstrate the important fact that a charge 

moving along or opposite to the direction of a uniform magnetic field is 

unaffected by it. Note that sin ¢ = 0 for either ¢ = 0 or ¢ = 180 deg. We 

also find that a charge moving in a vacuum perpendicularly to the magnetic 

field will execute a circle. Recall from Section 2-4 that motion at constant 

speed v on a circle of radius R involves a constant centripetal acceleration 

toward the center. The magnetic force, always directed perpendicularly to 

v so that sin ¢ = 1, provides that acceleration. Thus Fy = gu® = ma, = 

m(v?/R), or the radius of the circle is 

os “a (radius of motion of a charge in a uniform magnetic field) 

The circular motion of electrons, protons, and other ions in the plane 

perpendicular to the magnetic field is encountered in many natural phe- 

nomena and applications. This relation serves as a partial basis for inter- 

preting observations of cosmic particles that reach the Earth. If the field 

is known, measurement of the radius of curvature provides the ratio of 
momentum mv to the charge g. It also provides a description of the 
circulating motion of charges in the cyclotron, in which a uniform field is 
maintained. Recalling that the angular speed in a circle is w = v/R, we find 

»= 8 
m 

which is called the cyclotron (angular) frequency. The value of w depends 
only on the field intensity and the ratio of charge to mass of the particle. 
Consider an electron of speed 2 X 107 m/sec in a magnetic field of 3 Wb/m?. 
With mass 9.11 X 10-*! kg, the radius of motion is 

_ (9-11 X 107 kg) (2 X 107 m/sec) < 
R (1.60 x 10-19 C)(3 Wb/m?) = 3.8 x 10-5 m 

This is a surprisingly small radius, being only about 3's mm, 



7-2 CHARGE FLOW AND CURRENT 

Although individual moving charges can be isolated in the laboratory, 
the operation of most electrical devices is based on the flow of large numbers 
of electrons and ions. Such a flow is called a current. The relation between 
individual particle numbers, speed, and charge can easily be deduced. 
Suppose that we project a continuous stream of positively charged parti- 
cles—say protons, each with charge q and speed », as illustrated on a highly 

magnified scale in Figure 7-2(a). Let the number of charges per cubic 

meter of the beam be labeled n. Since each has a speed 2, in the time of one 

second it will travel v meters—Figure 7-2(b). Let us observe any square 

meter area perpendicular to the flow. In 1 sec a column of charge will sweep 

Particles each 
charge q speed v 

Charge q Direction of flow 

Number per 
unit volume, n 

Stream of protons of speed v Current density, i = nuq 

(a) (b) 

FIGURE 7-2 

Relation of particle flow and current 

past, having length v m and thus containing nv particles. Each bears a 

charge gq, and the total quantity of electrical charge that passes per second, 

called the current density, is 

ee TT sec-mn? 

The term ampere, abbreviated A, is given to the unit coulomb per second, 

in honor of the French physicist A. M. Ampére. The units of current 

density are thus amperes per square meter A/m?. Fractions of the ampere 

that are frequently used are the milliampere (mA) = 10-' A, and the 

microampere (uA) = 10-6 A. 

Let us calculate the current density and current in a stream of cross- 

sectional area A = 2 X 10-5 m2, when a proton particle number density 

n = 101°/m3 flows along with a speed v = 5 X 10° m/sec. Each proton has 
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a charge g = 1.60 X 10-°C. The current density is 

i = nvg = (10*/m*)(5 X 108 m/sec)(1.60 X 10~* C) = 800 A/m? 

Then the current as the rate of flow of charge through the area A is 

I = iA = (800 A/m?)(2 X 10-5 m?) = 0.016 A or 16 mA 

The starting current for an automobile may be as high as 100 amperes. 

We can estimate the speed of electrons of charge 1.60 X 10~!%C in a 

copper wire, on the assumption that there is a particle density of 8 X 

1028/m? (corresponding to 1 free electron per copper atom). In a wire of 

cross-sectional area 4 X 10-® m?, the speed is 

ope Aa 100 
~ ngA ~ (8 X 10%8)(1.60 X 10) (4 X 10-) 

2 X 10-? m/sec 

Note that this is a surprisingly low speed. 
Let us find the current that is equivalent to a single charge g moving 

at speed v in a circle of radius r. Observing at a point on the orbit, we find 

the time for each revolution to bet = 2ar/v. The amount of charge passing 

in that time is g; hence the current is 

pared ) are 
t Qnr/v ar 

For example, compute the current corresponding to an electron charge 

= 1.60 X 10-!°C, of speed 2.2 X 10° m/sec, circulating around a proton 

at a distance of 5.3 X 107! m: 

a (1.60 X 10—1° C)(2.2 & 10° m/sec) 

2r(5.3 X 10-4 m) 

= 1.07 X 10° A orabout 1 milliampere. 

The current can be related also to the charge per unit length of a 

stream or wire. Picture a section of stream of length J and cross-sectional 
area A. Its volume is V = 1A. Now, if the charge population is n per m’, 
and each charge is g coulombs, then the total charge is nVg. The charge 
per unit length, which we shall label Q, is 

Comparing this with our expression for current, J = nvgA, we find 

I = Qo 

Thus the current is the product of charge per unit length and charge speed. 
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Magnetic Force on a Current 

We are now able to describe the force on a current-carrying wire 
placed in a magnetic field. In our special laboratory at a place where the 
Earth’s magnetic field is due north, we run a long wire in an east-west 
direction and send a current J through it, say by a battery. Each moving 
charge experiences a force, and since the charges are guided by the wire, 
any given cross-section of the wire of length Al feels a force F. Suppose that 
the wire has cross-sectional area A, and the number of charges per unit 
volume is n. The total charge in this region is thus nqgAAl, which we 

insert where q appears in our force formula F = qv@ sin ¢. Recall also that 
I = nAq, to obtain 

F = /8sin¢Al (magnetic force on a current segment) 

If we let the current be a vector I, the force per unit length is easily seen to 
be 

Fi =I1Xe6e 

which states that the force is perpendicular both to the direction of flow 

and to the field. 

For example, let us find the force on a 15-cm length of our wire, 

assuming a 2-A current and the Earth’s magnetic-field value of 5 & 10-5 

Wb/m?. Now sin ¢ = sin 90° = 1, and 

PF IGAl = (2 A)(5 X 10-5 Wb/m?) (0.15 m) 

=15X10°N 

The forces on wires through which currents flow make possible the electric 

motor, meters to measure current and voltage, and many other electrical 

systems. We shall discuss these applications of the fundamental principles 

of electromagnetism in Chapter 18. 

7-3 FIELDS AND CURRENTS 

The force on either individual charges or on currents can be found 

readily by the foregoing methods, assuming that the direction and magni- 

tude of the field ® is known. We now turn to the question: What is the 

nature of the field? The discovery of the magnetic field due to a current 

was made in 1819 by Oersted. After attending a lecture on electricity, out 

of curiosity he brought a magnetic compass near a wire connected to a 

battery and was amazed to find that the needle was strongly affected and 

lined up perpendicularly to the current. Although the discovery was 

accidental, he was able to recognize its importance. His revelation of the 

effect immediately stimulated investigations by others, including Ampére 

who made the first thorough study of the magnetic field. Ampére found 

that a set of magnetic-compass needles placed equidistant from a long 



Magnetic field 
contribution 

AB 

P 

Point of observation 

FIGURE 7-3 

Magnetic field according to Ampére's law 

section of current-carrying wire would line up (neglecting the Earth’s field) 

to form a circle around the wire; also, the larger the current, or the nearer 

the compass to the wire, the stronger the deflection of the compass needle. 

Let us put Ampére’s conclusions in mathematical form. Consider a 

wire of any shape through which a current J flows. Each small segment of 

the wire contributes to the magnetic field by virtue of the charges moving 

within it. The amount of this field is proportional to the segment length, 

and inversely proportional to the square of distance to the wire R. Also if 

the point of observation P is on a line that makes an angle ¢ with the 

segment of the wire (see Figure 7-3), a factor sin ¢ appears. The contribu- 

tion to the total field at P resulting from the current through a small 

segment of wire of length Al is 

AB = ute eal (Ampére’s law) 

(Here the symbol A implies a small amount, not a change.) Note that if the 

observation is made at a point such as P1, perpendicular to the current, then 
= 1/2, sin @ = 1, and the factor is not needed; if at Ps, parallel to the 

current, ¢ = 0, sin¢@ = 0, and the field is zero. The total field due to 
all segments of the wire can be obtained by adding up the separate con- 
tributions, taking proper account of any changes in R or ¢. We can 
illustrate this superposition process by finding the field at the center of a 
cercular loop of current. This would be encountered in the circulation of 
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electrons in the atom, in a single turn of wire in an electromagnet, or in the 
beams within a particle accelerator. For this case, all lines from the point 

of observation are perpendicular to the segments of current, and sin ¢ = 1. 

Then, with a field per unit length of kyJ/R? and a total length of the 
circular loop 27f, the total magnetic field is simply 

2rI : 
= hy - (magnetic field at the center of a circular current loop) 

As expected, the larger the current, thestronger the field; and the larger the 

loop, the weaker the field, since the charges are farther away from the point 

of observation. We note in passing that the field varies as 1/R, not 1/R?. 

The next case of interest is the long straight wire, through which passes a 

current J. We would expect the field to be the same at every point that is 

the same distance y from the wire, to fall off with increasing distance from 

the charges, and to increase with current. Applying the process of addition 

or superposition, we view the wire through which the current passes as 

made up of a large number of small segments of length Az, as in Figure 

7-4(a). The total magnetic field at a point of observation is the sum of the 

contributions A® from each element of current. The way in which these 

Ax 

a Point of observation 
(@ out of paper) 

Geometry 

(a) 

ky sind 
Field per unit length,“ Re 

(b) 

FIGURE 7-4 

Magnetic field due to long straight wire through which current 

flows 



FIGURE 7-5 

Right-hand rule for finding field 

vary with position along the wire can be seen in Figure 7-4(b), a plot of the 

field per unit length of wire. The total field is found to be of the form 

@ = ku = (magnetic field of a line current) 

which reminds us of the expression for the electric field of a long charged 

wire. There is an important difference, however. The magnetic field is 

tangential to a circle around the wire, whereas the electric field was found 

to be radial. An aid to memory in this respect is the “right-hand rule’’: the 

magnetic field 1s in the direction of the fingers uf the right hand is wrapped 

around the stream, with the thumb pointing in the direction of the positive 

current. The field vectors at various points on a circle about the wire are 

shown in Figure 7-5, giving meaning to Ampére’s experiments with mag- 

netic needles. The magnitude of ® is constant, but the direction is chang- 

®, tangent to circle if radial 
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Magnetic field, moving charges Electric field, static charges 

(a) (b) 

FIGURE 7-6 

Comparison of field directions 
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ing. The distinction between the electrically charged wire and the current 
in a wire is shown in Figure 7-6. 

Let us calculate the magnetic field at a distance 5 cm from a current 
of 40 mA: 

21 2(0.04) 
(ath ea 10-1 

hey, Ss = 1.6 X 1077 Wb/m? 

To obtain a field of the order of 3 Wb/m? as used in a previous example, it 
is seen that either a much higher current than 40 mA is needed or that the 
magnet must be constructed of many wires. 

Circulation Theorem 

A powerful and general theorem that is equivalent to Ampére’s law 

can now be demonstrated. Let us draw a circle of radius y and circumfer- 

ence C = 2ry about the long straight wire carrying a current J. Then we 

form a product called the “circulation.” Using the @ just derived, the 
circulation is 

beau = ey 

or 

GC = 4rkyI (alternate form of Ampére’s law) 

This is a formulation of the circulation theorem, which states that the prod- 

uct of field strength and the circumference of a loop drawn around the wire 

that produced the field is proportional to the current through the loop. 

We have chosen a special, simple case to demonstrate the theorem, 

but it can be shown to be correct for a closed path of any shape and for any 

arrangement of currents.* The theorem can be used to derive fields for 

certain other cases—for instance, in the solenoid electromagnet, which is 

found in control switches, in coils to lift steel, in generators, and in motors. 

A solenoid can be pictured as a set of N coils connected in series and piled 

closely on each other, then stretched out like a coil spring to length /—see 

Figure 7-7(a). A simple form of a solenoid is the coil in a doughnut shape 

or toroid, as shown in Figure 7-7(b). Suppose there are N turns of wire, each 

carrying a current 7. Let us take as the loop the circle formed by the 

central axis of the solenoid of length /. The total current enclosed is VJ, and 

the product of the field and the circumference of the loop is @l. Applying 

the circulation theorem, ®l = 4rkyNTJ; and since the number of turns per 

unit length is nm = N/l, we have the field on the axis of the toroid 

@ = 4rkynl (field in a toroid and in the center of a long solenoid) 

* The general statement is: the sum of the products of the lengths of segments 

and the components of the field along each is proportional to the total current through 

the closed path. 



(a) Section of a solenoid (b) Toroidal solenoid 

FIGURE 7-7 

Solenoid electromagnet 

This relation also holds at the center for a long straight solenoid, which can 

be visualized as a section of toroid of very great diameter. If the straight 

solenoid is long in comparison with its width, it is found that the magnetic 

field at the center is twice the field at the ends. This may be verified by use 
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(b) Field along central axis 

FIGURE 7-8 

(c) Field lines Variation of magnetic field in solenoid 
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of the general formula for field on the axis of a solenoid,* which is 

® = 2rkynI (cos 2 — Cos ¢1) 

where the angles are as shown in Figure 7-8(a). For a long thin solenoid, 
note that at the ends, ¢: = 90 deg, ¢2 & 0 deg; at the center, ¢; & 180 deg, 
¢2 = 0 deg. The variation of field along the axis is shown in Figure 7-8(b). 

Proof that Magnetic Poles Do Not Exist 

The nature of the magnetic field of a long current-bearing wire 

provides an excellent opportunity to test the conclusion drawn earlier that 

magnetic poles analogous to electric charge poles do not exist. We again 

apply Gauss’s law by choosing a surface in the form of a shell concentric 

with the wire, as in Figure 7-9. Recall from Section 6-2 that Gauss’s law 

for the relation of electric flux over a surface and contained charges was of 

the form @z = 4rkgQ. If distinct magnetic poles existed, we would expect 

Magnetic 
eee ReLrs field ee 
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NSM 4 4 4 
es eWigle ier wen 

44444444 4 
LAA HAA A 4 FIGURE 7-9 

AAA AAA AAA Gauss's law for magnetism 

by analogy to find the magnetic flux over a closed surface containing 

magnetic material to be governed by a formula such as ®y = 4rkyP, 

where P would be the total contained-pole strength (see Section 5-7). 

However, if we plaster the surface with the field vectors, all tangential to 

the curved portion, we see that nowhere is there a component of ® that 

crosses the surface. The ends of the box have no lines through them either, 

since the field is perpendicular to those faces. Thus ®y is zero, and hence P 

is zero. The conclusion, stated formally, is that through a closed surface 

surrounding any arrangement of steady currents, the total magnetic flux is 

Zero: 

dy = 0 (no magnetic poles) 

We arrived at the above deduction for a particular type of current; but it 

can be shown to be completely general, on the basis that magnetism in 

solid materials can be traced back to currents in atoms. The conclusion 

* Derived by adding up the field contributions of the separate current loops of 

which it is composed. 
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Bar magnet 

that isolated poles do not exist, although deceptively simple, forms one of 

the cornerstones of electromagnetic theory. 

In order to put the idea of poles of a bar magnet in a proper frame- 

work, it is necessary to say that the gross shape of the field from a magnet 

resembles superficially that of an electric dipole, but that the details of the 

origin of the field preclude the existence of isolated poles. 

7-4 ELECTRIC FIELDS INDUCED BY CHANGING 

MAGNETIC FIELDS 

The motion of electric charges has been shown to create steady mag- 

netic fields. A very important phenomenon, discovered at about the same 

time by Faraday in England and Henry in America, is that a magnetic 

field, changing in time, can cause electric charges to move.* We can demon- 

strate this process of induction of electric forces with a very simple appa- 

ratus—a loop of wire attached to a meter, and a bar magnet—Figure 

7-10(a). As we bring the magnet near the loop, the current, as measured 

by the meter, rises from zero. When we stop, the current falls to zero. We 

observe a similar response if a loop is moved with respect to a fixed magnet, 

or if we make the loop area larger or smaller by bending the wire. A 

* Joseph Henry of Princeton had been the first to develop a strong electromagnet 

by insulating the separate wires from each other, and had given a great deal of informa- 

tion to Morse to help perfect the telegraph. Michael Faraday had previously observed 

that a current-carrying wire experienced a force in a magnetic field. In 1830 and 1831, 

respectively, they found the new effect independently, but Faraday was the first to 

publish his results. 

© 

rs 

I 
ee 

Magnet coil 

FIGURE 7-10 

Electric fields induced by changing magnetic fields 
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Magnetic Fields 

qualitative explanation of this phenomenon is advanced. First, the exist- 
ence of currents indicates that electric fields are generated in the wire, 
creating charge flow. Second, the observations of the several ways in which 
a current can be generated suggests that the effect depends on the strength 
of the magnetic field, on the area of the loop, and on the rate at which 
either is changed. 

We may now illustrate Faraday’s discovery mathematically and 
numerically. Visualize, as in Figure 7-10(b), an electromagnet that con- 
sists of iron wrapped with coils, as in a solenoid. Assume the device to be 
large enough to provide a uniform field. A current J is passed through the 

coils, giving rise to a field ® that is proportional to I, as was shown for a 

loop or solenoid in Section 7-3. An electric charge is introduced in the space 
between the electromagnet poles, and travels in a circle of radius R (Section 

7-1). Now, the current I is increased by a small amount, so that in a time 

At the magnetic field is increased by AG. Experimentally, the charge 
experiences an electric field that is perpendicular to ® and tangential to the 
circle. The magnitude of the field is 

that is, proportional to the rate at which ® changes with time. Let us 

compute this induced field for an example in which R = 1.5 mand therate 

of change of magnetic field is 1 Wb/m*sec. Then & = (1.5/2)(1) = 

0.75 Wb/m?-sec. These units are the same as N/C. Faraday’s law is a 

general statement of the electric field due to changing magnetic fields. We 

can derive it from our special case by multiplying both sides of the equation 

by the circumference of the circle C = 27R. Then &C = rR? AB/At; but 

the area of the loop is A = 7rR?, and the magnetic flux is dy = BA. 

Combining, 

&C = ——— (Faraday’s law) 

This says in words that the product of the induced field and the circumference 

of the loop is equal to the rate of change of magnetic flux with time. The 

negative sign has a very special significance, related to the direction of the 

field. The presence of & causes the charge to gain speed and hence to cause 

an increase in current. The latter creates a magnetic field, in accord with 

Section 7-3, directed in just such a way as to oppose the increase in the 

magnetic field of the coils. This is an example of Lenz’s law, named after a 

Russian scientist working in the same period as Faraday and Henry. It 

states that an induced current produces effects opposing the original 

action. Thus, if we thrust a magnet through a loop of wire and generate a 

current thereby, the current will produce a magnetic field that makes it 

more difficult to move the magnet. 

Electric fields are induced when a conductor is moved across a field 
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in such a way as to “cut the magnetic lines.’”’ This can be also interpreted 

as an area effect, as follows. Let us move a conductor of length 1 through a 

uniform field @ at a constant speed v (Figure 7-11). The number of lines 

cut in a time At is the product of ® and the area swept through by the wire: 

lAr = WwAt. Thus the change in flux (or the lines cut) is Ab = @lvAt. The 

product of the electric field induced in the wire and the length over which 

the action takes place is &l, which according to Faraday’s law is A®/At. 

Thus &/ = Blu, or 

& = Ge (electric field induced by cutting magnetic lines) 

The induced electric field is in general perpendicular to both v and ®. Let 

us calculate the amount of electric field produced in a 1-meter length of 

Field 

FIGURE 7-11 

Electric field induced by cutting magnetic 

lines 

wire when it is moved at a speed of 20 m/sec through the Earth’s magnetic 

field of around 5 X 10-' Wb/m?. Then, 

& = By = (5 X 10-)(20) = 10-8 N/C 

As we shall discuss later (in Chapters 17 and 18), Faraday’s law describes 

the electric currents produced in a transformer and in a generator such as in 

the automobile or the larger-scale units used for commercial electric power. 

In a generator, the wires of a turning armature cut lines of magnetic force 

to generate electric fields, which in turn drive electric charge. 

7-5 MAGNETIC FIELDS INDUCED BY CHANGING 
ELECTRIC FIELDS 

Conventionally, most discoveries in science result from the study of 
phenomena and the interpretation of measurements, using mathematics. 
More rarely, a discovery is made by pure reasoning, based on a belief or 
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Experiment to show induced magnetic 
Battery field and displacement current 

hope that nature should behave in a certain manner. The completion of the 

picture of electricity and magnetism by Maxwell* is considered one of the 

remarkable examples of the latter process. On the grounds that nature can 

be described in a symmetric way, Maxwell reasoned that if changing 

magnetic fields create electric fields, then changing electric fields should 

create magnetic fields. Let us perform an experiment that verifies Max- 

well’s assumption. As in Figure 7-12, we close a switch that connects a 

battery to two parallel plates with a vacuum between them. A current 

flows in the conducting wires for a short time as the charge on the plates 

builds up, and an electric field is established. As expected, there will be a 

readily measured magnetic field near the wire. However, if a sensitive 

detector is placed between the plates, a very weak magnetic field is observed, 

which is surprising since no electricity is conducted across the vacuum. 

The field is tangent to a circle of radius R and of circumference C = 2rR 

drawn parallel to the plates. Recall that the circulation formula for mag- 

netic fields due to steady currents (Section 7-3) is ®C = 4rkyJ. For the 

region between plates, we find instead that ®C is proportional to the rate 

* James Clerk Maxwell (1831-1879) was a brilliant Scot who was presenting 

papers on geometry before he was fifteen years old. He did both theoretical and experi- 

mental work in several areas, but is best known for his theory of gases as particles in 

motion and his elegant theory of electromagnetism and waves. The latter is generally 

regarded now as one of the major developments of the nineteenth century, although 

acceptance was delayed because few could understand his work at the time. As an 

admirer of Faraday’s research on electricity, Maxwell used many analogies to other 

phenomena, for example those in fluids. We shall describe his contribution and how it 

fits in with the rest of electromagnetism. 
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of change of the electric flux. The constant of proportionality, according 

to Maxwell, is (in our notation) the ratio kur/kz, so that 

BC = — (induced magnetic field) 

The above states that the product of the induced magnetic field and the 

circumference of a closed loop is equal to the time rate of change of the electric 

flux through the loop (except for constants of proportionality). The simi- 

larity to Faraday’s formula, &C = —(A®,/At), is evident. We note, 

though, that there is no negative sign, and the factor ky/kg is present. 

Let us deduce and compute the amount of the magnetic field produced 

in the space between plates. At a point on a circle of radius R and of 

circumference C' = 2rR, electric flux g = rR, we easily find 

with units webers per square meter. Suppose we control the supply of 

charges to the plates in such a way as to cause the electric field to rise 

linearly in time. Let it go from zero to 3.6 X 108 N/C in 10~* sec. At a 

radius R = 0.01 m, 

— (10) (0.01) (3.6 x 10%) _ Se 
Ae 10-6 ) = 2.0 x 10 Wb/m 

We see that this is weaker than the Earth’s magnetic field by a factor of 

about 10°. If the electric plates in our example happened to be in a recorder 

using magnetic tape, we could be assured that the induced field would have 
no appreciable effect on the quality of reproduction. 

Maxwell proposed that, in general, the magnetic field was produced 

by the combination of an ordinary current as a flow of charge and a 

“displacement current” Jz associated with the changing electric field. We 

an ate into Maxwell’s formula, it will yield 

@C = 4rkyIa. An important deduction to be made is that the total current 
—of charge plus displacement—is continuous through a circuit loop having 
a gap that charge cannot cross. 

can see that if we insert Jz = 

Maxwell's Equations 

The descriptions given in this chapter of electrostatic and electro- 
magnetic phenomena are known collectively as Maawell’s equations, in 
honor of his important contributions to the subject. For completeness, we 
shall summarize them at this point. 

1. Coulomb’s inverse-square law for the electric field from a point 
charge may be generalized using Gauss’s law, for the total electric flux over 
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a surface due to any set of enclosed charges Q, as 

Dz = 4rkzQ 

2. The total magnetic flux through a closed surface, whether or not 
it contains magnetic material, is 

Py = 0 

3. Electric fields are induced by changing magnetic fluxes, according 
to Faraday’s law, and around a closed path the circulation is 

4. Magnetic fields are produced by steady charge flow in accord with 

Ampére’s formula as generalized by Maxwell, so that around a closed path 

the circulation is 

| ky Abs BC = 4rkylI + WW 

That the essence of all of electromagnetic phenomena can be ex- 

pressed so compactly and elegantly is a tribute to Maxwell’s brilliance, 

aside from the fact that many dedicated experimentalists and theorists had 

paved the way with prior discoveries. The progress of science depends 

mutually on the effort of many and on the flashes of inspiration of a few. 

Its pattern is often erratic, there are many false starts, and authoritative 

but erroneous concepts remain in vogue for surprisingly long periods. 

Scientists realize that the historical course of scientific investigation can 

have alternate paths. They also believe there are many discoveries yet to 

be made, and that it is only a matter of time before a given discovery will 

be achieved by someone. 

PROBLEMS 

7-1 A proton and deuteron of the same speed move in a uniform magnetic 

field of certain strength. Show that the proton will move on a radius that 

is one-half that of the deuteron, but that the forces on the two are the same. 

7-2 A proton and an alpha particle each move at speed 10’ m/sec perpen- 

dicular to the Earth’s magnetic field of strength 0.5 X 10-4 Wb/m’. 
Noting that the proton’s and alpha particle’s charges are 1.6 X 10~1° C and 

twice that, respectively, and that their masses are 1.67 X 10~*’ kg and 4 

times that, respectively, compute their radii of motion. 

7-3* What magnetic force would the Echo balloon of Problem 6-6 ex- 

perience in the Earth’s magnetic field of 4 X 10-° Wb/m? at 1000 mi in a 

118-min orbit? How does this compare with the force of gravity on the 

balloon? 
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7-4. Electrons in the great radiation belts that lie outside the Earth by a 

distance of about 3 Earth radii may have speeds of 10’ m/sec. If the 

magnetic field of the Earth at that distance is 10™ Wb/m? and is perpen- 

dicular to the electron velocity, what will be the radii of the electron orbits 

about the field lines? 

7-5 A positive ion is shot along the positive z-axis into a uniform magnetic 

field that is directed into this page. What is the direction of the force? Is 

its path clockwise or counterclockwise as we look along the field direction? 

Repeat for an electron injected in the same way. Comment on the possi- 

bility of causing collisions between positive and negative charges. 

7-6 In the mass spectrograph, ions of two or more isotopes travel semi- 

circular paths in a magnetic field between a source and a collecting plate 

(see Figure P7-6). If the field is 0.08 Wb/m?, compute the radius of an ion 

of oxygen (s0!*)‘—» with speed 5 X 104 m/sec. 

+ + Magnetic field 
" + + @& = 0.08 Wb/m? 

~ 

v =5 X 10* m/sec + 

- + ~ 

Source Collecting plate FIGURE P7-6 

7-7 Show that the collector plates in a mass spectrograph (see Problem 

7-6) for distinguishing protons and deuterons must be separated by a 

distance « = 2m,v/q®. Find the separation for charges of speed 10° m/sec 

in a field of 0.02 Wb/m?. 

7-8 An electron is introduced as a test body into a region where the 

fields are unknown. The observed motion is as plotted in Figure P7-8. 

Deduce what the type and direction of fields might be. 

7-9 What vertical displacement would be experienced by electrons of 

Electron 

x FIGURE P7-8 
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speed 6 X 107 m/sec as they pass through a television tube of length 0.24 m 
located at a point in California where the magnetic field strength is 5.2 
10-' Wb/m? and the angle of inclination is 60 deg? Is this an important 
effect? 

7-10 An auto battery develops 100 A to the starter for 5 sec in a wire of 
radius 0.2 cm. Calculate the current density and the total charge that has 
passed. How many electrons is this? 

7-11 Find the force on a wire 2 m long carrying a 3-A current perpen- 
dicular to the Earth’s magnetic field, where ® = 6 X 10-° Wh/m:?. 

7-12 A wire carrying a current can be made to float without apparent 
support between the poles of an electromagnet. (a) What must be the 
relative directions of the field, the wire, and the Earth’s surface? (b) Calcu- 

late the current required in a 0.25-m long section of copper wire, gauge 

No. 0000 (diameter 11.68 mm, density 8.90 x 103 kg/m’) to allow sus- 
pension in a field of 0.04 Wb/m?. 

7-13* Using the expression for the magnetic field opposite a straight 

section of wire of length L, 

Be 
yV1 + (2y/L)? 

(a) find the magnetic field at the center of a square loop of wire with 
current J, length of sides L. Compare this result with the field due to 

several circular loops of (b) the same area, (c) the same wire length, (d) the 

same diameter. Discuss the results. 

7-14* Two limiting cases of the magnetic field on the axis outside a straight 

solenoid of length LZ and radius a, area of loops A, are found to be (a) 8 = 

hens for a distance X from the end of a very long solenoid, with X > a, 

(b) 8 = PhentAt for a distance x from the center of a very short solenoid, 

with x >a. Prove these relations. (Suggestion: Note that for small ¢ that 

cos ¢ 1 — ¢?/2.) What is the value of the equivalent pole strength of a 

long solenoid? What is the magnetic dipole moment (Section 6-3) of a short 

solenoid? 

7-15 After walking on a rug ona dry day, a man touches a metal doorknob 

and draws a spark. If the current was 5 microamperes for ¢ sec, how much 

charge was drawn and how many electrons flowed? 

7-16 The insulated rim of a wheel of radius 0.5 m is given a total charge 

of 0.80 coulombs, and rotated with angular speed 15 rad/sec. What amount 

of electric current is produced? 

7-17 Find the drift speed of electrons in a copper wire of specific gravity 

8.9. Assume on the average 1 free electron per atom of mass about 10~” kg, 

when the current density is 4 X 10° A/m2. Discuss the low magnitude of 

this result. 
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7-18 A magnetic field is produced by a stream of electrons in a wire. If 

an additional electron is sent along the length of wire outside it, in what 

direction will the charge tend to move? This is closely related to the “‘pinch 

effect” in electrical discharges. 

7-19 Each of two long parallel wires—labeled wire 1 and wire 2—carries 

a current J in the same direction (see Figure P7-19). Show that the 

resulting force on a unit length of wire 2 is 2kyJ?/y. What is the direction 

of the force? 

7-20 Find the proper separation of two electrical-power transmission 

lines of mass 0.5 kg/m so that the magnetic force (see Problem 7-19) 

between them due to 1000 amperes in each line does not exceed that of 

gravity. 

7-21 Inaclassic apparatus devised by J. J. Thomson in 1897, an electron 

of speed v enters a region with uniform electric and magnetic fields at right 

angles to each other and to the initial velocity (see Figure P7-21). (a) Show 

that the ratio of field strengths must be adjusted to 6/@ = vp to maintain a 

straight path. (b) Show that if the magnetic field is turned off, the electron 

moves in a parabola y = ex®. What is the value of c? Show that the ratio 

of charge to mass (e/m) can be obtained from the knowledge of the two 

fields and the deflection y of the electron on moving a distance z. 

7-22 The Thomson apparatus (Problem 7-21) is used to measure the ratio 

of charge to mass for an electron. Compute vp and e/m using the following 
data: 

§ = 3000 N/C 

® = 1.2 X 10-4 Wb/m? 

path length « = 0.15 m 

deflection y = 0.0096 m 

FIGURE P7-21 
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191 How great is the error of this result, using the present accurate e/m value of 

Problems) pelavoue a LOM C/ kg? 

7-23 We need a long straight solenoid that will give the same value of 

magnetic field at all interior points along its axis. How would its con- 

struction differ from that of an ordinary straight solenoid? 



MATTER AND ENERGY 

Weare already familiar in a qualitative way with the role of energy and the 

conversion between its forms in our modern technological civilization. We 

know that heat is released by the burning of fuels such as oil, coal, gas, and 

wood. Electrical energy is produced by chemical action, as in the storage 

battery. In a hydroelectric plant, the force of gravity on water produces 

mechanical energy that is converted into electrical energy. All processes 

in nature involve the exchange or transfer of energy in its variety of forms— 

mechanical, thermal, electrical, gravitational, and nuclear. 

The concept of energy as a physical quantity will now be developed as 

it relates to motion or the possibility of motion. Although the concept is 

simply a consequence of the laws of motion, it serves as a generalization 

that is of central importance in understanding, analyzing, and predicting 

the behavior of systems ranging from atoms to galaxies. The fact that 

energy is transferred but not lost in physical processes places it in the 

category of conserved quantities that provide unity in the subject of physics. 

The discovery that matter and energy are equivalent, and hence can be 

transferred, one to the other, provides an even broader generalization of 
nature. 

8-1 THE MEANING OF WORK 

We use the terms work and energy qualitatively in our daily activities. 
As we exert our muscles to lift an object, we say we are doing “work,” of 
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amount depending on the weight of the object and how far we lift it. We 
go on to say that we have used up our “energy” and must eat to replenish 
it. While these are correct, notions, the science of physics sharpens the ideas 
by providing mathematical definitions of the quantities, units for their 
measurements, and laws describing their relation. 

Work done on a body is defined as the product of force and displacement 
(in the direction the force acts). Thus, if a constant force F is applied so as 

to cause an object to move along a straight line through a distance zx, then 
the work W done on the object is 

W =Fr (work, constant force) 

The unit of work is the newton-meter which product is given the name 

joule after the scientist Joule who contributed to physics an understanding 

of the relation of heat and mechanics. The unit is abbreviated J. Let us 

compute the work done as a man of weight 750 N (about 168 pounds) 

climbs a vertical ladder through a height of 4 meters—(Figure 8-1(a). The 

work he does to lift himself against gravity is W = Fx = (750 N)(4m) = 

3000 J. The importance, in our definition of work, of the phrase ‘“‘in the 
direction the force acts’ can be emphasized by changing the example 

slightly. Suppose the ladder is placed against the wall at an angle @ with 

the vertical, as in Figure 8-1(b). The component of the force of gravity that 

the man acts against is now mg cos 6. If the distance along the ladder that 

he moves is 2, the work is W = mgz cos 0. 

Some of the other important features of work are listed below: 

1. When the force is zero, no work is done, even if the object is in motion 

and thus experiences displacements. For example, a locomotive that coasts 

with its cars at a constant speed down a grade that just overcomes friction 

does no work on the rest of the train. 

2. When there is no displacement, no work is done, even though a 

force is applied. We may push hard against a brick wall, but since it does 

(b) 

FIGURE 8-1 

Work in climbing a ladder 
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not move, the work done on it is zero. (The fact that we get tired is of 

course due to work done within our body.) 

3 When the force and displacement are oppositely directed, we say 

that the work done by the agent is negative—that is, the object does work 

on the agent. If we lower a box from a closet shelf to the floor, we do neg- 

ative work. 

4. When the force and displacement are at right angles, no work is 

done, since there is no displacement in the direction the force acts, as 

required by our definition. Examples in this category are the force of 

gravity on an object moving horizontally, and centripetal forces such as 

that provided by a magnetic field on a charged particle. 

5. When there is more than one force acting, the total work is either 

the sum of the amounts of work done by each force, Fiz + Fox +..., OF 

the sum of the forces times the displacement, (Fi + F2+...)a. This 

result is obtained by factoring out the common z. 

Force Py 

Displacement 

FIGURE 8-2 

Work as a product of force and displacement 

We may find the amount of work either by multiplying the component 

of F along Ar by the displacement Ar to get AW = (F cos 6)Ar, or by 

multiplying F by the component of Ar along F to get AW = F(Ar cos 6)— 

Figure 8-2 shows these alternate views. Since the results are identical, we 
omit parentheses, and write 

AW = Far cos @ 

which says in words that the work done is the product of the force, dis- 
placement, and cosine of the angle between the directions. The set of five 
features of work discussed above conforms to this expression. 

The concept of work applies to all types of forces. Let us examine a 
case involving friction, as discussed in Section 5-7. A locomotive pulls with 
a force F on a train of cars such that there is a constant speed. Since there 
is no acceleration, the force of friction Fr acting on the cars must be equal 
and oppositely directed to F, as illustrated in Figure 8-3. Now, Fy = 
il’y, Where ux is the coefficient of kinetic friction, and the normal force is 
equal to the weight mg. Let us find the work done by the locomotive on 



FIGURE 8-3 

Work done against friction 

the cars of weight 3 X 10° lb in moving them 1 mile down the track, as- 

suming p, = 0.2. F = Fr = 0.2 (8 X 105) = 6 X 10‘lb. Then, W = Fx = 
(6 X 104 Ib)(5280 ft) = 3.17 X 108 ft-lb. Here the British unit of work, 

the foot-pound (ft-lb) is used instead of the metric newton-meter or joule. 

Note that conversion factors between metric and British energy units are 

1 ft-lb = 1.36 J 

1J = 0.738 ft-lb 

In the previous illustration the forces were constant. Now let us turn 

to a situation where the force varies with distance along the path. As in 

Figure 8-4(a), we wish to stretch a spring in such a way that the end moves 

from 0 to z. The elastic force, as discussed in Section 5-7, variesas F = Kz. 

We can no longer merely multiply force by distance. Instead, we divide the 

distance into small equal intervals Az over which F is constant—as in Figure 

Line F = Kx 
Ze 

a nere x 
(a) Stretching a spring (b) Work as an area 

FIGURE 8-4 

Work with a variable force 

195 



196 

MATTER AND 

ENERGY 

8-4(b)—then compute the amount of work AW = FAz for each, and add 

the results. This procedure is exactly the same as for the accumulation of 

speed in Section 2-3. Thus we arrive at the conclusion that work is equal 

to the area under the curve of force as it depends on distance. Applying this to 

our elastic-force curve, which forms a triangle, the area is W = 32(Kz) or, 

more compactly, W = 3K’. 

Work done on a body can set it into motion, or can place it in a 

position such that future motion is possible. In either case, the object is 

said to possess the property that we call energy. 

8-2 KINETIC ENERGY 

The work done in setting a body into motion is given the special name 

kinetic energy.* The simplest example of motion (other than the unique 

case of a body at rest) is that in a straight line, with constant force F and 

acceleration a related by F = ma. As in Section 2-3, we know that the 

speed, starting from rest, is obtained from v? = 2ax. Let us calculate the 

work for this situation: 

W = Fe = max =" 

This new combination of mass and speed is symbolized by E;, and called the 

kinetic energy 

E, = 4mv (kinetic energy) 

We say that an object possesses kinetic energy by reason of its motion. Al- 

though we derived the formula for the case of uniform acceleration, it holds 
generally for low-speed objects. We note that the kinetic energy depends on 

the square of the speed, and that it is a scalar quantity, just as work is. 

Regardless of the direction of a particle, if its speed is v, then EH, is mv. 

Let us find HE; for a 1000-kg automobile moving at a speed of 60 km/hr 

(16.7 m/sec). Then, H;, = (108 kg)(16.7 m/sec)? = 1.39 X 10° J. The units 
are verified by forming kg-m?/sec? = N-m = J. 

Now let us calculate the kinetic energy of an electron (mass 9.11 X 
10~*' kg) that has a speed of 10° m/sec, a likely value for electrons in a metal 
at ordinary temperatures: 

II E, = 3m = 39.11 X 10 kg)(10° m/sec)? 
= 4.55 X 107 J 

The formula we have derived turns out to be correct, even if the force 
applied varies with position and hence with time. To show this, we picture 
the work done in small enough steps so that the force is constant over 

* From the Greek words kinetikos (‘motion’) and ergon (“work”). 
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each. Then, for a displacement Az, the work is AW = FAx. Thus we may 
write Newton’s law as F = m(Av/At), so that AW = m(Av/At) Ar = 
mAv(Ax/At) = mvdv. However, mv is the momentum p and, identifying 
this work with the change in kinetic energy, 

AF; = pAv 

This type of expression is similar to the one for our previous treatment of 
work. By comparison, we see that the total kinetic energy gained over many 
steps is the area under the curve of momentum as it depends on speed. Noting 
that p = mv isa linear expression in v, we see that the triangular area under 
the line is 3(v)(mv) = 3mv*. Thus we again find E, = 3mv*, a result which 
is independent of the character of the applied force. 

8-3 FORMS OF ENERGY 

Any energy that is stored and which can be released under proper 

conditions to yield energy of motion is classified as potential energy. Many 

objects have this possibility—that is, possess potential energy because 

of position or condition. Examples are the following: 

A metal spring that can unwind and drive the mechanism of an alarm 
clock. 

A storage battery that can turn over the motor in a car. 

Water in a reservoir that can fall and turn an electric generator beneath 

a dam. 

Two chemicals, such as He and O:, that can cause a vigorous reaction 

when mixed. 
The uranium fuel that can undergo fission and propel a nuclear 

submarine. 

The collection of hydrogen or uranium in a nuclear weapon that can 

explode with great destructive force. 

Potential energy, symbolized by E,, is defined as the measure of capacity 

of a system to do work. Because some of the situations above are too complex 

to treat at this point, we shall start with some simple examples. Let us 

calculate HZ, for a mass m that has been lifted against gravity to some height. 
For the time being, we shall assume that there is no friction, as if the object 

were in a perfect vacuum. This example, although idealized, will give us a 

start toward establishing principles applicable to real problems where 

falling is possible—e.g., a situation involving water power. The force we 

apply in this uniform field is ’ = mG and the work we do to raise the mass to 

any height x from the ground (Figure 8-5) is Fx. By the definition of 

potential energy, 

p= Fa 

If we carry it on further to height h, the total work done (and potential 

energy “stored” in the object) is Fh. We know from experience that if we 
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FIGURE 8-5 

Work and potential energy of a mass in a gravitational field 

release the object it will fall and, since it picks up speed, will gain kinetic 

energy H,. Next, let us deduce the relation between #, and E;. On falling 

through a distance h — 2, its speed is v = V2a(h — x), where the accel- 

eration is F/m. Then, 

E, = ymv* = F(h — 2) 

However, since E, = Fx, we find that E, + E, = Fh. We can make a 

chart, Table 8-1, that shows that the sum of kinetic and potential energies 

TABLE 8-1 

DEMONSTRATION OF CONSERVATION OF MECHANICAL ENERGY 

Kinetic ENERGY POTENTIAL ENERGY MEcHANICAL ENERGY 

PosITIon Ek E, E 

Top, h 0 Fh Fh 
Any point, x F(h — 2) Fx Fh 
Bottom, 0 Fh 0 Fh 

is always the constant Fh, which we call the mechanical energy E. We say 
that EF is conserved, for Z, may be transformed into E; or vice versa. A very 
general and powerful principle has been demonstrated, that of conserva- 
tion of mechanical energy: 

THE MECHANICAL ENERGY OF A SYSTEM—THE SUM OF THE POTENTIAL 
AND KINETIC ENERGIES—IS CONSTANT IF THERB IS NO FRICTION. 

Let us now examine the nature of electrical potential energy, as in the 
storage battery or any other electrical device. A simple illustration is the 
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process of carrying a positive charge from one plate to another, as in Figure 
8-6. Recall from Section 6-2 that the electric field between parallel plates 
is uniform, as in the gravity problem. The force we apply in the uniform 
electric field is ” = 6, and the work we do to raise the charge to any height 
x is Fz. Again, the potential energy is 

EL, = Fz 

and we could proceed as before to develop the conservation principle. We 
thus see that the principle is of broader meaning than is implied simply by 
the word “mechanical.” 

Since energy is conserved when a particle moves without friction in a 
gravitational or electric field, we say that the field is conservative. In general, 

See 
h + - - + = + + 

F 

q 

= = = = FIGURE 8-6 

Ground SE Work and potential energy of a charge 

&, Electrical field in in an electric field 

electromagnetic fields are not conservative, however. Also, we shall show 

later that friction, such as that due to air through which the particle moves, 

causes the conservation principle to be violated. 

The principle of energy conservation permits us to obtain certain 

information about the motion of objects that would require much more 

effort to secure by use of Newton’s laws. A good example is the flight of a 

projectile through a curved path above the surface of the Earth. The object 

might be a baseball thrown from the outfield toward home plate, or a shell 

fired from a gun, or an intercontinental ballistic missile. The body is given 

an initial velocity 1 at some angle with the surface (Figure 8-7). We should 

like to know how high above the ground it will go, neglecting friction. 

Newton’s laws could be applied to find the actual path, but it is much 

easier to use the conservation principle. Its initial kinetic energy is EH; = 

1mvz, while its potential energy is #, = 0. The total (mechanical) energy is 

thus FE = HE, + E, = 4m. When it reaches the top of its path, y = H, 

its vertical component of velocity is reduced to zero, but its original hori- 

zontal component is unchanged, there being no forces along the z-axis. 

Then, HE, = 4mv%,; and the potential energy at that point is Hp, = mgH. 

Since the total energy # is constant, we merely write 

E = 4m = 3m. + mgH 
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Application of conservation of energy 

to the flight of a projectile 

However, v2 = v2: + v3, by the Pythagorean theorem, and we solve for the 
maximum height of trajectory: 

Uv 
ere 

Certain difficult motion problems can be solved almost by inspection 

using the principle of energy conservation. For example, let us find the speed 

at any point of an object sliding due to gravity down a frictionless curve of 

any shape, as shown in Figure 8-8. The gravitational and normal forces are 

continuously varying with time. The problem is two-dimensional, requiring 

the component forms of Newton’s second law. Application of the conser- 

vation principle, however, gives us the potential energy at the top, E, = 

mgh, and the kinetic energy there, LE, = 0, so that the total is H = mgh. 

At the bottom, E, = 0, Ex = 4mw*, and thus v = V2gh. We may find the 

speed at any other point in a similar manner—without needing to know 

anything about the curve. 

FIGURE 8-8 

Motion on any curve 
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201 Labor-saving Devices 

SECTION 8-3 
SS ics The law of conservation of energy provides a useful approach to the 

understanding of machines, defined as devices that extend man’s limited 
muscular capacity. Basic examples are the lever, the pulley, and the incline. 
In each of these devices, a heavy weight or force is moved a small distance by 
application of a small force over a long distance. The work done on the 
object is never greater than the energy supplied, but the use of such devices 
offers the advantage of convenience and ease. 

The lever. A large force F can be produced by the lever,* which 

consists of two unequal arms pivoted at a point called a fulcrum (Figure 

8-9). A small force f is applied over a large distance X, allowing a large 

force F to act over a small distance z. The amounts of work done are 

Small force 

f 

Large force 

FIGURE 8-9 

The lever as a simple machine 

exactly the same—if there is no friction—and fX = Fx. However, since 

X/L = 2/l by similar triangles, we can find the amount by which force is 

magnified, 

P 
if 

The ratio of output and input forces is called the mechanical advantage (MA). 

Let us find the mechanical advantage of the hammer when used for pulling 

nails. The fact that the handle is not on a line with the fulcrum and nail 

(Figure 8-10) is immaterial, and the equivalent lever is shown. Let 1 = 

0.5 in. and L = 8 in. Then MA = 8/0.5 = 16, and a force of 10 lb can 

extract a nail with frictional force 160 lb. 

~IN 

* According to legend, the ancient Greek mathematician and inventor Archimedes 

said, referring to the lever, ‘Give me a place to stand and I will move the world.” 
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I is The hammer 

The pulley. The single wheel with rope, as shown in Figure 8-11, 

has a mechanical advantage of no more than unity, since the distances 

through which F and f act are the same. The virtue of this simple pulley is 

merely one of convenience in lifting or pulling. However, in the more 

FIGURE 8-11 

Simple pulley 

FIGURE 8-12 

oe Complex pulley 
1 
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complicated pulley of Figure 8-12, if we pull the end of the rope through a 
distance S (and if there is no stretching), each of the four supporting lengths 

of rope shortens by s = 48S, and the weight is lifted the same distance. The 

applied force is f, and the force produced is F. Neglecting friction, the 
amounts of work done are the same: 

fS = Fs 

and 

naa 
MED oe op oe 

The incline. <A weight F may be raised from one level to another, 

as from the ground to a loading platform, by sliding it along an inclined plane 

as shown in Figure 8-13. The work input is fS, equal to the output F's if 

friction is ignored. However, from the triangle in Figure 8-13 we see that 

s/S = sin 6 and thus 

FIGURE 8-13 

Inclined plane 

FIGURE 8-14 

Inclined ramp 
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For a 30-deg angle, sin @ = 0.5, and the mechanical advantage is 2. This 

“machine” originated very early in history, having been used to build the 

pyramids of Egypt, around 2500 B.c. The inclined ramp sometimes used 

instead of stairs in buildings merely consists of an inclined plane wrapped 

around a cylinder (Figure 8-14). The screw and the worm gear are relatives 

of this machine. 

Properties of Potential Energy 

A more general mathematical statement of the conservation law can 

now be given. Suppose that we permit an object to move from one point to 

another. Kinetic and potential energy values can be assigned: if their sum 

is constant, 

Eu + En = Ex. + Ep = a constant 

By transposition, 

Exe a En — — (Ex a E;1) 

In other words, the change in kinetic energy is the negative of the change in 

potential energy, or 

AH, = —AK, 

This suggests that it is the changes in the energies that are important rather 

than the quantities themselves. The relation of potential energy to the 

coordinate system in which it is given requires special discussion. First, we 

recall that a system of coordinates is an artificial scale that we impose on a 

space, and has nothing to do with any motion that occurs in that space. For 

instance, we could set up a scale in a building with the basement level 

labeled ‘‘0” (‘‘zero’’), the first floor ‘‘1,” ete. Nothing prevents us, however, 

from instead marking the basement ‘‘—1,” the first-floor level “0,” the 

second floor “+1,” ete. An object falling down the stairway in the building 

would behave the same no matter where our zero of coordinates was located. 

It is only a matter of convenience where we place the origin, but once we do 

set it, our mathematical formulas to describe the motion must stay consistent 

with that choice. Since changes in potential energy are more meaningful 

than potential energy itself, we are free to say where E, is zero, and calculate 

its changes as we move to other places. The criterion of convenience implies 

that we seek simple expressions. In the case of a uniform field, such as that 

of gravity near the Earth’s surface, it is logical to say that the potential 
energy is zero at the ground, « = 0. The gravitational field is G¢, we apply 
a force mG to lift a mass m to a height x, and do work mGx. Thus the poten- 
tial-energy function is 

E, = mGx (potential energy in a uniform gravitational field) 

The analogous electrical case involves two charged plates. As in Figure 8-6 
we carry a positive charge q from the lower plate (assumed negative) toward 
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the upper plate. It is handy to let the potential energy be zero at the lower 
plate, z = 0—at “ground” level. The electric field is &, we apply a force 98, 
do work g&z, and the potential-energy function is 

E, = g&x (potential energy in a uniform electrical field) 

Potential Energy with a Variable Force 

The discussion of potential energy so far has been limited to problems 
involving constant force, and we now turn to the more general case of forces 

that vary with position. For example, when a rocket is sent out into space 

it experiences the force of gravity varying as 1/R?, where R is measured 

from the center of the Earth. Similarly, the field at distance R from the 

center of an electrically charged metal ball is of the inverse-square type. 

Such forces are called central forces, being directed toward or away from a 

center. Figure 8-15 shows some of these situations. 

Our first consideration will be to decide where to locate the “ground” 

or point of zero potential energy. We know, from our previous discussion 

about floors in a building, that the choice is arbitrary. The aspect of con- 

ee 

Attraction 

m 

Earth 

Sigel gt 
+ + Repulsion 
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+ 

Charged spheres 

S/n Attraction FIGURE 8-15 

= = € Central forces—gravitational and elec- 
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venience dictates our choice. Using the surface of the body as the point of 

zero potential energy, as before, requires the formula for potential energy to 

depend on the size of the body generating the force: every planet or charged 

sphere would have its own special potential-energy expression. We then ask, 

is there any point in space that is equally distant from all centers of force, 

such that the potential energy would have the same form for all objects? 

A little thought shows that the answer is at infinity. As we start moving 

inward from infinity toward any object, the force is zero, and the size, shape, 

mass, or charge will not matter until we get closer to the source of field. Let 

us develop a formula for Z, by calculating the work done to bring a positive 

charge q from infinity up to a distance R from another positive charge Q. 



Distance r 

FIGURE 8-16 

Potential energy as the area under a force curve 

The force against which g moves is F = kgQq/r?, where r is variable. Apply- 

ing our principle that the work is the area under the force curve, shaded in 

Figure 8-16, we find* that 

E,(R) = ee (electric potential energy, positive charge distribution) 

Note that the potential energy varies inversely as R, not as R®. A plot is 

shown in Figure 8-17 (a). 

A positive charge released anywhere will move outward from the 
region of high potential energy to the region of low. On the other hand, if 

we bombard a positively charged nucleus from the outside with a proton or 

alpha particle, there is a potential-energy barrier, just as found on climbing 
a hill against gravity. 

* The calculus shows us that the desired integral is 

Ip aa = = 
Rr TIR 

i 
R 
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Now suppose the charge Q is negative. The situation would be 
reversed, with attraction for the positive charge g. Then, we must write 

E,(R) = — a (electric potential energy, negative charge distribution) 

if Q is the magnitude of the source charge. For convenience, we can use the 
previous formula and merely insert +Q or —Q as needed. This potential- 

energy well, corresponding to a negative charge, is plotted in Figure 8-17(b). 

What physical meaning can be attached to a negative potential energy? 

The charge located at R seeks to move inward, and we must supply it with 

energy by doing work to get it out to infinity. Think of a positive nucleus, 

with electrons in their neighborhood. This is also an attractive force 

situation. In a classical model, the electrical force provides the necessary 

centripetal force to keep the electrons on circular paths, and the atom is 

stable. The electrons are trapped in a potential-energy well of the same 

shape as that sketched in Figure 8-17(b). Since the potential energy is 

negative, we must inject energy to send the electrons far away—that is, 

to ionize the atom. 
Finally, we come back to gravity. Now the force is-always attractive, 

which means that the potential energy of a mass m influenced by a mass 

is mathematically exactly the same as that of the negative Q and positive q. 

We can immediately write down 

= kceMm 

R 
E,(R) = (gravitational potential energy) 

It is interesting to compare the potential energy formulas for the 

inverse-square field and for the uniform field, especially since the points of 

zero potential energy were chosen infinitely far apart. Using the gravity 

Ep 
Barrier 

0 —— © 

Q O49 
k—~ 
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E, 
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Q Well x FIGURE 8-17 
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expression, let us calculate the potential-energy difference between two 

points. One will be the Earth’s surface Kz and the other any higher level 

R, both measured from an origin at the center of the Earth. Now, 

1 1 
AE, = E,(R) — E,(Rz) = — k~eMm (3 = =) 

Rearranging, 

R— Rez AE, = keMm “pe 

Let the height above the Earth be « = R — Rez. If z is small compared 

with the Earth’s radius, R is very close to Rg in the denominator. Thus 

AE, = ("2")s 
Re 

The quantity in parentheses is seen to be the force on a mass m at the 

Earth’s surface, which is also mG. Hence 

AE, = mGx 

which is exactly what we found before for the uniform field. This shows 

that the place at which we set the potential energy equal to zero does not 

matter, since we calculate potential-energy differences. For electrical 

problems, where charges are carried from point to point in a circuit, it is 

convenient to use some particular place in the circuit, or the connection to 

the ground. In the study of atomic collisions or of the motion of astro- 

nomical bodies, infinity is more convenient. 

8-4 POTENTIAL AND POTENTIAL DIFFERENCE 

We have seen that the potential energy depends on the mass m or on 

the charge q¢ that is being moved, as well as on the source and the position. 

We should like to find a quantity that describes the region of space, regard- 

less of what object is present. The quantity that gives this more general 

view is called the potential V, and is defined as the potential energy of a 

unit mass or positive charge—or what is the same, the work required to 

place a unit mass or unit positive charge at a point. The potential plays 
a similar role in referring to energy as field did with respect to force. To 
show the relation between potential and potential energy, suppose that we 
lift a mass m from the Earth’s surface to a height x against the approx- 
imately uniform field §. The potential energy it now has is E, = mGo. 
The potential, however, refers to a unit mass; hence 

V =Gz 
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To illustrate using numbers and units, let § = 9.8 N/kg (which is also 
g = 9.8 m/sec”), and suppose x = 50 m. Then 

V = Gx = (9.8 N/kg)(50 m) = 490 N-m/kg = 490 J/kg 

The units of V are found to be those of energy per unit mass, as they 
should be. 

The same procedure holds for electric fields. We carry a charge q 
from a plate at ground or zero potential energy to a distance x toward 

another plate. It has a potential energy #, = g&z. The potential, however, 
refers to a unit charge; hence 

\V = fee 

To illustrate, suppose & = 400 N/C and xz = 0.005 m. Then V = &%# = 
(400 N/C) (0.005 m) = 2 N-m/C = 2 J/C. The units are energy per unit 

charge. This particular combination of units is given the name volt:* 

1 volt = 1 joule/coulomb 

The word for the unit is abbreviated V, not to be confused with the symbol 

for potential itself. The connection of the word ‘volt’? with electrical 

usage is familiar to us. When we seea sign ‘“DANGER, HIGH VOLTAGE,” 

it means that the equipment is at high potential above ground, and charges 

released there would accelerate to ground (through our bodies if we were 

not careful and got too close!). 

The potential has the property of having an arbitrary reference level, 

just as does the potential energy. Thus it is the potential difference that is 

significant. For example, consider an electrical wire at 200-volt potential, 

connected to a battery at 50 volts, while the ‘‘ground” is taken as zero 

potential. The potential difference between wire and battery is 150 volts. 

An important distinction must be made between potential energy and 

potential, in spite of their apparent similarity in form. Potential energy 

refers to the system of two or more particles, whereas potential refers to 

the medium into which we may place a test particle or body. In referring to 

electrical circuits, ‘‘potential” is more widely used; in dynamic-motion 

problems ‘‘potential energy” is more common. Thus the potential can be 

formally added to the collection of quantities that describe a region, along 

with field. 

Equipotential Surfaces 

There is an intimate relationship between field and potential. Con- 

sider the geometric meaning of the expression for a uniform electric field 

V = &@ or a uniform gravitational field V = Gx. These are equations of 

* After Alessandro Volta, an electrical experimenter of the seventeenth century, 

credited with the first laboratory demonstration of electricity. 
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FIGURE 8-18 

Equipotentials and fields for several charge arrangements 

planes parallel to the ground (the plane x = 0)—Figure 8-18(a). Every- 

where on the surface at 2 the potential is the same, hence it may be called 

an equal-potential surface or, better, equipotential surface. Now let us 

draw in the field lines, which run vertically. Obviously, the lines are 

everywhere perpendicular to the equipotentials. On the other hand, look 

at the inverse-square field of a point source—Figure 8-18(b). There, 

V = C/R, where C depends on whether the field is gravitational or elec- 

trical. This equation is that for a sphere of radius R. Everywhere on a 

sphere the potential has that value, so the surface is equipotential. If we 

sketch some of the curves, along with the known field lines, again they are 

found to be perpendicular, which is always the case. Then, for two unlike 

charges, shown in Figure 8-18(c), we connect all the points that have the 
same V to obtain the set of equipotential surfaces, along with the field lines 
that we developed in Section 5-5. Finally, we show the equipotentials of a 
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Potential Vg 

pair of like charges—Figure 8-18(d). The important property of an equi- 

potential line or surface is that charge or mass can be moved along them 
without work being required. 

The potential at a point due to several masses or charges can be 
obtained by simple addition, since energy is a scalar quantity. Let a set 

of objects be given numbers 1, 2, 3,..., N. The total gravitational and 
electrical potentials are 

Vae= who (T+ P+... + ER), Ve = ke (B44... +2) 
T2 Tn - 1 i) 

where the correct sign (+ or —) is given to each Q, depending on whether 
the charge is + or —. To see the advantage of the potential, let us find 

the energy needed to project a spacecraft from the Earth’s surface to the 

Moon’s surface. 
One way to find the answer would be to add up the amounts of work 

done in each step of the motion between the Earth and the Moon. It is 

Distance, thousands of miles 

50 100 150 200 250 MOON 
3 BEER A ee ere © Radius 1100 mi 

FIGURE 8-19 

Gravitational potential along a line between the Earth and the 

Moon 
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much easier, however, to find the difference in potential, which is the work 

per kilogram. For any point in space, the gravitational potential due to 

the two bodies is 

fonts (te Te 
where r; and 7; are measured to the centers of the Earth and Moon respec- 

tively—see Figure 8-19(a). The work required for the trip is simply the 

difference between potentials at the two surfaces, where the proper values 

of r; and rp are inserted in the general expression. At the surface of the 

Earth, we use 71 = Rz, 72 = R — Rz; at the surface of the Moon, we use 

= R — Ry, r2 = Ru. Figure 8-19(b) shows a plot of the potential at 

all points on a line between the two masses. To get from the surface of the 

Earth to the surface of the Moon in a direct rocket flight, it is necessary to 

climb a “hill” and then ‘‘coast’’ down to the landing spot. A soft landing 

is not possible unless we provide energy of reverse thrust, since the rocket 

picks up kinetic energy in the last part of its flight. 

We encountered the electrical dipole, in Section 6-3, as a pair of 

opposite charges of the same magnitude qg, separated by a distance s. The 

potential due to a dipole is readily seen to be 

1 1 

Va~ bea (7-7) 
if subscripts 1 and 2 refer to the + and — charges. Let us find V at the 

point halfway between the charges. Then, = s/2, re = s/2 and V = 0. 

This is surprising until we realize that the equipotential through the origin 

extends to infinity. A charge can be brought in along that plane without 

doing any work on it. 

The Electron-volt as a Unit of Energy 

From the potential concept comes a unit that is widely used in atomic 
and nuclear physics: the electron-volt. To see how it arises, let us compute 
the work required to carry one electron through a potential difference of one 
volt. Now 

W = (AV)q = (1 volt) (1.6 X 10-" coulomb) = 1.6 X 10- joule 

This is a very small amount of energy in terms of large-scale objects. For 
comparison, the work to lift 1 kg through a height of 1 m is (9.8 N) (1m) = 
9.8 J. On an atomic scale, however, 1.6 X 10-"J is a very convenient 
amount, since one deals with changes in energy and with potential dif- 
ferences of this order of magnitude. This quantity of energy is called the 
electron-volt, and is abbreviated eV: 

Ley =.1.6.% 1087 
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Potential and electron in a metal, Section 8-2. The kinetic energy was 4.55 X 10-J, or 
Potential Difference 

_ 455 10-2 J 
oe emc0ey ean 

In nuclear reactions, processes involve very much higher energies, and the 

kiloelectron-volt, million-electron-volt, and billion-electron-volt units are com- 

mon; these are abbreviated keV, MeV, and BeV* respectively. 

Van de Graaff Accelerator 

The electric potential of a metal conductor can be raised to millions 

of volts by the continued addition of charge. This forms the basis of the 

Van de Graaff accelerator, named after the man who developed it. Charge 

is supplied to the interior of a metal shell by a discharge from a moving belt, 

as illustrated in Figure 8-20. The charges repel each other, and migrate to 

the outside of the shell, leaving the inside free of electric fields. A large 

electric field exists between the sphere and ground, through which protons 

or deuterons are accelerated in a vacuum. At energies of the order of 10 

million electron-volts, many nuclear reactions can be created by the 

bombarding ions, making the accelerator a valuable physics research 

apparatus. 

* The “gigavolt’’ (GeV) is also often used instead of BeV. 

Hollow metal 
sphere, potential 

4 
Moving Voltage supply, 
belt + source of charge 

FIGURE 8-20 

Van de Graaff accelerator 
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Escape Speed from the Earth 

Jules Verne, in his book From the Earth to the Moon, written in 1865, 

anticipated our present space program. His “cannon” consisted of a deep 

hole dug in the Earth, and his projectile was given an initial velocity toward 

the Moon by a mammoth explosion of gunpowder. The modern technique 

for space travel is preferable—a two-step process, first from Earth to orbit, 

and then from orbit to some great distance, where the Earth’s pull is 

negligible. The concept of potential is perfectly designed, however, to find 

the escape speed—that is, the speed an object must have as it leaves the 

surface in order to escape from the planet completely. At the Earth’s 

surface the gravitational potential is Ve = —(keMz/Rz), which is the 

work done in bringing a unit mass from infinity. To send any object out 

to infinity again, we must supply a positive energy of just this magnitude 

for each kilogram of mass. If a rocket of mass m were given kinetic energy 

1m? at the Earth and just makes it away with no energy left over, then 

mv Lien bole 

The mass cancels out, which means that the escape speed v, is the same for 

all objects, neglecting air friction. Then, 

We could substitute numbers, but it is more convenient to rearrange the 

formula using the surface gravitational acceleration g = kgMxz/R%. Then, 

v, = V2qnx (escape speed from Earth) 

This checks dimensionally, has the right form, and is unusual in that it is 

also the speed reached in free fall from a height Rg in a uniform field. 

Inserting g = 9.81 m/sec’, Ry = 6.37 X 10° m, we find the escape speed 
to be v. = 11.2 km/sec, which is also about 25,000 mi/hr or 7.0 mi/sec. 
The kinetic energy for escape is Ex = }mvz = 2mgRz. For a 1-kg mass 
this is 

2(9.81) (6.87 X 10°) = 1.25 X 10° J 

A more exact treatment should take account of the initial speed of the 
projectile on the Earth’s surface, about 0.46 km/sec, but this is small and 
air resistance has been neglected anyway. 

Energy Relations in Planetary or 

Atomic Orbits 

The concepts of potential and potential energy are very revealing 
with regard to the behavior of objects in satellite orbit, such as the Moon 
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about the Earth, or a spacecraft circulating about the Earth or Moon, 
or an electron about a nucleus (in the classical model). The potential 
energy of a particle under an attractive force is 

where C is kgQq for charges and kgMm for masses. The kinetic energy is, 
of course, EH, = 3mv*. If the satellite is to be in circular orbit of radius R, 
the attraction must provide the centripetal force 

me 
ome ies 

which leads to the conclusion that 4mv? = C/2R, or 

=? B, = -> 

The total mechanical energy is thus 

B= B, +E, == or —E, 

To arrive at a negative total energy is at first startling. Think, however, 

of the process by which the two particles can be completely separated— 

called escape from orbit in the astronautical sense and ionization in the 

atomic sense. We must add energy in amount AH from some external 

source to remove the body to infinity, leaving zero kinetic and potential 

energies. 

For the case of ionization of hydrogen, let us calculate AH, noting 

that C = kge? and thus 

_ kee? _ (9 X 10°)(1.60 X 10-1)? | er AE = Fp = 563 x10) 18 X OI 

Thus the energy required to ionize one hydrogen atom is 

2.18 X 10-8 J 
AE 

Measurements verify this result to be rather accurate, in spite of the 

fact that the classical model is used instead of the correct quantum-me- 

chanical description. 

A second example is the escape of a spacecraft from orbit around the 

Earth. The amount of energy that must be produced by the rocket engine 

and the change in speed may be calculated. As shown above, AH = E:, 

which says very simply that the energy addition must exactly match the 
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original energy in orbit. Let the speed in orbit be % and the speed after 

sudden acceleration be 11. Then, 

2 
AE = 4mij — im = H, = $mv 

or 

Av = 4 — % = (v2 — 1)m = 0.414 u% 

The change in speed is thus 0.414 times the original speed. For instance, it 

can easily be shown that an 84-min orbit demands a speed % close to 8 

km/sec. The change in speed, which we shall call the escape speed from orbi, 

is thus only Av = (0.414)(8) or 3.3 km/sec. Compare this result with the 

11.2 km/sec change needed for direct escape from the Earth, as calculated 

earlier: although the total energy that must be expended in order to reach 

a point in deep space is the same for both modes, it is more convenient to 

put a spacecraft in orbit first, using two or more rocket stages. 

8-5 POWER—CONSERVATIVE FORCES 

The definition of work as a product of force and distance says nothing 

about the time required. For example, we could walk slowly up a flight of 

stairs or run up, and the work done is the same. 

The quantity called power is the rate at which a certain force does 

work. Suppose that W is the work done in a time ¢t. The power is then 

P= — (power, constant rate of work) 

The unit of power in the mks system is the joule per second, which is called 

the watt (W) after James Watt, the inventor of the steam engine. This 

power unit’ is familiar to us since household electric lightbulbs are rated as 

25W, 60W, 100W, etc, which indicates the rate at which they consume 

electrical energy. When the power W varies with time, the above relation 

can be considered as the average power over a time ¢. For a numerical ex- 

ample, look again at the situation of a locomotive that pulls a train of cars 
at a uniform speed, doing work mainly against the frictional force between 
wheels and track. Suppose the applied force is 4 X 10° N and that it re- 
quires 1 hr to go a distance of 50 km. The work done is 

W = (4 X 10° N)(5 X 10‘ m) = 2 X 10" J 

The time is 3600 sec; thus the power is 

_W_ 2x10°y 
P= = Raecliccer ee 
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Large units of measure for power are needed for processes involving vehicles 
or generating plants for electricity: 

1 kilowatt (kW) 10? W 

1 megawatt (MW) = 10° W 

The British system of power units, as expected, has the ft-lb/sec but also 
the horsepower (hp) which is 550 ft-lb/sec or 33,000 ft-lb/hr. Conversion 
between the mks and British systems are 

1 horsepower = 550 ft-lb/sec = 746 watt 

1 watt = 1.34 X 107 horsepower 

For our train problem, the horsepower developed by the train would be 

(5.56 X 108 W) (1.384 X 10- hp/W) = 7500 hp 

The term “horsepower” is also familiar as being the common rating for 

automobile engines. A compact car might have a 100-hp rating, a larger 

one a 300-hp rating. It is interesting to note that Watt also provided the 

calculations leading to the unit called horsepower. He observed that an 

average horse walking at 2.5 mi/hr exerted a force of 150 lb. 

Having defined the watt, we have the option of using the watt-second 

as a unit of energy equal to the joule. Derived from the W-sec is the kzlo- 

watt-hour (kWh): the total amount of energy resulting from a power of 1 kW 

acting for 1 hr. Electrical bills for a house are based on the usage in kilowatt- 

hours, as we may recall. A rough cost figure for electricity is 1 cent per 

kWh. Physically, a high power rating for any device means that much work 

can be done in a short time. Thus a high-hp automobile can accelerate 

quickly, overcoming inertia and frictional forces readily. An electrical- 

power-station rating of 1000 megawatts can provide continuous light and 

work energy for a city of hundreds of thousands of people. 
Just as we encounter forces and potential energies that vary with 

position and time, we find that in general W is a function of time. Power 

must then be defined in terms of small intervals At, with work done AW, 

and 

This general relation enables us to find the connection between power and 

speed. The power developed by an applied force F on an object moving 

with a speed v along the line of the force is simply 

Pi= Fy 

To demonstrate this, write P = AW/At, but recall that AW = FAz. Then 

P = FAz/At = Fv. Returning to our train problem of a previous para- 
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_ 50,000 m 
=> 3600 sec = 13.9 m/sec v 

With a force of 4 X 10° N, the power is calculated to be 

P = (4 X 10° N)(13.9 m/sec) = 5.56 X 10° W 

as we found before. 

The total work output may be found from a known dependence of 

power on time. For the case of a constant power, we merely write 

W= Pt 

If the power varies with time, however, we must return to the form 

AW = PAt, and add up small contributions. We then observe that the 

work, by analogy with previous situations, is the area under the curve of 

power as it depends on time. 

The power expression P = Fv is completely general, being correct for 

motion with either force or speed either varying with time or constant. 

Since power is defined from work, this P refers to the power due to only 

one specific force on a body. We must examine carefully the usual situation 

where several forces act, and where there is a net force. The distinction will 

be brought out by studying motion with and without friction. 

The power rating of an automobile must be understood as the maxi- 

mum that can be developed by the engine. The operating power may be 

any value lower than this maximum, depending on driving conditions. Let 

us examine the power, energy, and force aspects of a car starting from a 

standstill. As we well know, the burning of gasoline in the engine provides 

the energy of propulsion. Much of this energy is wasted in the exhaust gas 

heat or in frictional heating of the moving parts, but we can assume that 

the engine provides an effective force F4 that can move the car forward. 

Fy 

Py 
Time, t Time, t 

(a) Start up with constant force (b) Start up with variable (decreasing) force 

FIGURE 8-21 

Relation of force, speed, and power 
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However, there is also a frictional force of air resistance Fr, which opposes 
the car’s progress. Each force does work, thus each force develops power. 
We are usually interested in the power P4 = F'4v provided by the engine, 
since that demands the use of fuel. The speed of the vehicle, however, 
depends on the net force, 74 — Fr = ma. If we were to apply a constant 
force F', and friction were proportional to speed (Fr = cv), we would obtain 
the same type of motion as described in Section 5-8: the speed would rise 
from zero at the start and approach a maximum corresponding to zero ac- 
celeration—i.e., F4 — Fr = 0 or v = F4/c. Such a mode of operation 

would result in an excessive final speed—Figure 8-21(a). In practice we 

instead start with a large force F'4 to get an initial large acceleration, but 

reduce F'4 as the car picks up speed. We arrive gradually at a final steady 

safe speed, as illustrated in Figure 8-21(b). Thus the power rises from zero 
to a maximum and drops to a low constant value. 

Conservative and Nonconservative 

Fields 

We introduced the concepts of conservation of mechanical energy 

through the examples of gravitational and electrostatic forces, being careful 

to exclude forces of friction. Now we should like to examine the meaning of 

nonconservative fields and extend the conservation law to more nearly real 

systems. 

A conservative field is defined as one for which mechanical energy of an 

isolated body is conserved. This is equivalent to saying that a field is con- 

servative if (1) the work done in moving a test body between two points is 

independent of the route taken, or (2) if the work done in carrying a test 

body around a closed path is zero. The truth of (1) for the gravity field is 

easily recognized. If we climb steps to get to the door of a building, or walk 

up a ramp, the work done against the force is the same: mgh. A ball thrown 

vertically with a certain kinetic energy will return to our glove with the 

same energy, neglecting any slowing by air resistance. 

A more careful analysis for the case of the electric field of a spherical 

charge Q will also verify these definitions. Let us start at point A on an 

equipotential curve at radius R;—see Figure 8-22(a)—and move a unit pos- 

itive charge directly inward to point B, at radius R2. The work done is the 

potential energy difference 

Instead, we go a roundabout route, as in Figure 8-22(b), from A on a circle 

to C, then in to D, and around to B—a much longer path. While we are on 

the equipotential surfaces, no work is done, since the component of field 

along the displacement is zero. The only work is done in going from C to 

D; but since the potential difference is the same as from A to B, the total 

work is identical. One might ask, what if we go in some wandering path, 



(a) Direct motion (b) Roundabout route c) Wandering path (d) Motion along fields 
and equipotentials 

FIGURE 8-22 

Properties of conservative field 

as illustrated in Figure 8-22(c)? Such a route can be replaced with a set of 

alternate movements along field lines and along equipotentials—Figure 

8-22(d). The total radial distance remains Ri — R2. Definition (2) above 

is a natural consequence of (1), since work that we do on a charge in moving 

it inward can be followed by an equal negative work done as it returns, and 

the total is zero. 

Several of the fields that are important in physics satisfy the require- 

ments for conservation. Examples are the uniform field, already discussed 

in detail; the inverse-square field of gravity, electrostatics, or bar magnets 

(Chapter 6); and the linear field that produces vibration, to be discussed in 

Chapter 11. 

An elementary illustration will demonstrate that motion involving 
friction is nonconservative, even though the field is conservative. If we push 

a box along a very smooth incline and then let it slide freely back down 

again, its final kinetic energy will be equal to the potential energy we 

originally gave it. However, if the incline is rough, work is done against 

friction in both directions, so there will be less mechanical energy at the 
end of the motion than in the case without friction. 

Xp 

FIGURE 8-23 

Work against nonconservative friction force 
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The idea of conservation of energy is so appealing that we should like 
to extend it to include nonconservative problems—for example, those in- 
cluding friction. A straightforward logic permits us to do so. For purposes 
of illustration, let us push a box up a rough ramp from point 1 to point 2, as 
in Figure 8-23. We obviously do more work in moving it than if the surface 
were smooth. However, we provide the same amount of potential energy 
in both cases. The total (mechanical) energy of the box at the end of the 
motion is reduced because of frictional work; i.e., 

Ey = Ey — Wr 

The frictional “loss” went into the medium through which the body passed 

or slid over, giving its molecules a greater motion. The medium is heated, 

as our experience tells us. Suppose we let the original energy of the mediwm 

be U; and later the higher value U, = U; + Wr. Combining the two equa- 

tions, we obtain 

01+ & = U2+ EF 

which says that the grand total energy, E + U (mechanical plus heat), is 

constant. Thus we see that conservation of energy holds if we look at a 

larger system. 

8-6 HEAT AS A FORM OF ENERGY 

The notions of heat and cold are very familiar to us, including the 

need for warmer or cooler clothing or for heating and air conditioning, as 

conditions change; and we use the thermometer to tell us the temperature. 

Less well appreciated, however, is the fact that heat is a form of kinetic 

energy due to molecular motion. Such heat energy can be stored, trans- 

ferred, or transformed from and converted into other forms of energy. The 

terms “heat” and ‘‘thermal energy”’ may be used interchangeably. 

A qualitative molecular picture of this relation is easily visualized. In 

a solid or liquid, the atoms are in continuous motion, but held together by 

attractive bonds. Mathematically, these bear a similarity to sets of con- 

necting springs. We shall find temperature to be a measure of the kinetic 

energy contained in a substance. The relation is linear and direct, in that 

the energy is proportional to the temperature. 

Temperature Scales 

We shall treat temperature for the present as a quantity that can be 

measured by a suitable device called a thermometer. The most familiar type 

is the graduated glass tube with a colored liquid, the level of which rises as 

the liquid expands and falls as it contracts. The temperature scale in most 
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Fahrenheit Celsius Kelvin 

Boiling point 
PA) 100 373 of waler 

68 20 293 Room temperature 

32 0 273 |=] Melting point 
of ice 

—459 —273 0|=| Absolute zero 
FIGURE 8-24 

Temperature scales 

common usage is the Fahrenheit (F). On this scale, the melting point of ice 

is 32°F and the boiling point of water is 212°F. 

The Celsius* scale (C) is used in scientific measurements and is stand- 

ard in most European countries. The melting point of ice is 0°C; the boiling 

point of water is 100°C. The Kelvin (IX) or absolute scale uses the same 

spacing of degrees as the Celsius, but its zero is at —273.15°C (“absolute 

zero’), where particle motion is at a minimum. Figure 8-24 shows the re- 

lation of the scales. Since the respective spans between the boiling and 

freezing points of water are 180°F and 100°C, the Fahrenheit degree is 

is3 = 3 as large as the Celsius degree. Conversions between the two sys- 

tems are 

T (°F) = 87 (°C) +32 

T °C) = $[T CF) — 32] 

As a simple example, let us find the Celsius temperature corresponding to 

healthful room conditions, 68°F: T (°C) = $(68 — 32) = 20°C. 

Relation of Heat and Temperature 

One of man’s earliest discoveries was that water in a container could 
be heated by placing it over a fire. When scientists sought the explanation 
centuries later, it was natural to imagine that there was a flow of some 
substance from the source of heat to the water. It is therefore understand- 
able why heat was long considered as something quite different from kinetic 
energy in the mechanical sense. Large-scale motion can be seen and the 
impact of a moving object can be felt, and the surface of the skin senses 

* Formerly centigrade. 
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temperature changes. The difference, however, lies only wherein the kinetic 
energy resides. Mechanically, the particles of an object are moving along 
together; thermally, there is an internal energy of chaotic motion of atoms 
and molecules. Further consideration will verify for us that heat and me- 
chanical effects are related. Because of friction, one burns his hands as he 
slides down a rope; a piece of metal gets hot if we pound it with a hammer 
or drill a hole in it. Energy in the form of heat is converted into motion in 
all types of engines—the steam locomotive, the gasoline engine, the jet air- 
plane, and the rocket. Not until the nineteenth century was this relation 
between mechanical and thermal energy well understood,* and as an un- 

fortunate consequence of earlier ignorance an entirely different set of units 
came to be used for the two forms of energy. 

Heat Units 

The quantity of heat required to raise 1 gram of water 1 degree Celsius 

was defined as a calorie (cal). Experiments demonstrating the equivalence 

of heat and mechanical energy were originally conducted by Joule. By 

turning a paddle wheel in water and measuring the work done and the 

temperature rise of the liquid, he established that 1 joule of work was the 

same as 4.185 calories of heat. Thus if a sample of water of 5 kg mass was 

brought from its melting point (0°C) to room temperature (20°C), the num- 

ber of calories of heat supplied was (5000) (20) = 100,000 cal. This corre- 

sponds to an energy 

100,000 cal Bs 3 
Dieta co oS 

The kilocalorie (kcal) as 1000 calories or 1 Calorie (Cal) is used in the metric 

system. This is also the unit of energy referred to in food and diets. The 

conversions between heat and energy units and mechanical units are 

1 kcal = 4185 J 

Wy = 239% 10-* kcal 

The British thermal unit (Btu), used in engineering, is an amount of 

heat required to raise a mass of water corresponding to 1 pound by 1 degree 

Fahrenheit. Conversion factors between the Btu and metric units are 

1 Btu 1.05 X 108 J 

1 kWh = 3.41 X 10’ Btu 

ll 

Usually the idea of temperature is applied to something with many 

atoms or molecules—the air, a floor, an icicle, a radiator or stove, an engine, 

*Tt is recorded that Count Rumford deduced the connection by noting that the 

mechanical effort of boring the cylinders of cannon caused a great rise in temperature. 
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the Sun, etc. The atoms have a variety of energies, and we relate their 

average energy to temperature. 

Conservation of Thermal Energy 

When two objects at different temperatures are brought together, 

either by contact or by mixing, the energy of particle motion tends to be 

shared between them. For example, let the original internal energies of two 

bodies be U; and U2, having temperatures 7; and T,. Assuming that there 

is no change in motion or level of the system, the final internal energy will 

be 

U=Ui+ U2 

with a common temperature 7. This is merely an example of conservation 

of energy. 

8-7 THE EQUIVALENCE OF MASS 

AND ENERGY 

Einstein’s critical re-examination of the meaning of motion led him, 

as discussed in Section 3-4, to a drastic modification of the ideas of distance 

and time. One of the consequences (Section 4-7) was that he found the mass 

of an object to be dependent on its speed v: 

Mo 

ee V1 — (v/c)? 

where the mass at rest is m, and c is the speed of light 3 X 108 m/sec. In 

order to describe motion of atomic particles, which can have speeds ap- 

proaching c, we must repeat our derivation of kinetic energy from the view- 

point of special relativity. Newton’s second law of motion is correct 

relativistically if formulated in terms of the rate of change of momentum: 

Since the mass depends on speed, which in turn changes with time, 
the kinetic energy must be computed step by step. For a displacement Az, 
the work done is AW = FAz; but since F = Ap/At, v = Aa/At, and 
AW = AE;, then the change in kinetic energy is 

AE; = vAp 

The kinetic energy is now the area under the curve of speed as it depends on 
momentum. We can easily find v as it depends on p by combining p = mv 
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Speed, v (in units of 108) 

and the relativistic mass-speed relation. As listed in Appendix D, 

a 
Vp? + (moc)? 

(A plot is shown in Figure 8-25.) We see that no matter how large the 

momentum becomes, the speed never exceeds c. At low speeds, of course, 

v is merely p/m; but by the time v gets as large as half the speed of light 

c/2, significant deviation from the straight line will have taken place. The 

area can be estimated graphically, but by use of the methods of calculus an 

exact result is obtained, as 

- E, = m2 — me (relativistic kinetic energy) 

Far-reaching interpretations may be made for this very simple formula. 

Let us rewrite it as 

ee me = mec? + FE; 

We see that mc? has the units of energy, which suggests that mass and energy 

are equivalent physical quantities, with c? the constant of proportionality be- 

tween them. Recalling that mo was taken to be the mass of a body at rest, 

we may consider mc? as a static or rest energy, inherent in matter and not 

dependent on motion. Since EH; is the energy of motion, we must conclude 

FIGURE 8-25 

Relation of speed and momentum in 

Momentum, p (in units of 10°) special relativity (mass 1 kg at rest) 
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that mc? is the total energy E. In words, then, 

total energy = rest energy + kinetic energy 

Ejinstein’s famous formula is the most compact statement of this equiva- 

lence of mass and energy: 

B= me (Einstein’s formula) 

This relation implies that the supply of energy to a body through work 

“creates” mass or, conversely, that mass can be converted into useful en- 

ergy. This reminds us of the ability of kinetic energy to be transformed 

into potential energy and vice versa, with the total mechanical energy 

conserved. According to the theory of relativity, the sum of mass and 

energy, which we can call ‘‘mass-energy,” is conserved. 

The equivalence of mass and energy was predicted by Einstein long 

before any experimental evidence had been obtained. The possibility of 

transforming mass into kinetic energy, with its world-shaking implications, 

was hardly noticed at first, although a few science-minded feature writers 

of the time suggested that a transatlantic voyage of an ocean liner might 

require only a cupful of water as a source of propulsion energy. 

Let us calculate the rest energy for an electron: 

me = (9.11 X 10-“kg)@ X 108 m/sec)? = 8.20 X 10-4 J 

This is also 

8.20% LOst= J 

1.60 X 10-” J/eV 
= (5150 eV ore 0 olevev 

Every electron has this inherent amount of energy, to which kinetic energy 

is added by any acceleration. Similarly, every proton and neutron in the 

elements of the periodic table have rest energies in proportion to their 

masses. A set of relativistic formulas that allow one to work back and forth 

between the physical variables v, p, E;, ZH, and m is given in Appendix D. 

Let us compute the speed a particle will attain when the amount of 

kinetic energy added just equals its rest energy. Here, E; has to be also 

moc”, the total mass is 2c, or m/mp = 2. Thus 

1 

V1 — (v/c)? mt 

Solving for v/c we obtain 0.866—that is, the speed is almost 90 per cent 
that of light. The actual value is 

v = (0.866)(3 X 108) = 2.6 X 108 m/sec 

To help us visualize the magnitude of the energy release from matter, 
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we make a few comparisons. The possible energy from the conversion of 
only 1 kilogram could accomplish any of the following: 

1. melt, heat, and boil an ice cube 0.2 mi on a side; 

2. replace 3 million tons of the best coal or 670 million gallons of 
gasoline as fuel; 

3. provide all the heat energy used by the 3 billion people of the Earth 
for a period of 8 hr; 

4. lift 10 million men of weight 160 lb to the Moon and on out into 
space; 

5. cause as much physical damage as 22 megatons of explosive such 
as TNT. 

We may express F;, in terms of speed and rest mass: 

Moc? il 
E, = (m — m)2 = SS —— — MC = MC Fo} 

; V1 — (v/c)? : Tate (v/c)? 

This formidable expression must be used if we want to describe atomic 

particles whenever their speed is close to c, or whenever their total energy 

appreciably exceeds the rest energy. It must not be viewed as different from 

the familiar mv” but rather as the correct form, which goes into 

Ei, > Em? 

as an approximation,* good for low speeds—where v is much less than c. 

We have seen that relativistic formulas are complicated and not easy 

to think about. Thus most people try to avoid using them if they can, even 

when working with electrons, atoms, and nuclei. Whether this practice is 

safe or not depends on the accuracy required by the problem. Table 8-2 

shows the error in using classical formulas as a function of v/c. A fair rule 

for slide-rule accuracy is to use classical formulas only if v is less than 0.1c. 

One common error should be avoided—that of substituting the relativistic 

mass into the nonrelativistic kinetic-energy formula. Such a hybrid is good 

only if v < c, in which case there is no need to use the relativistic mass any- 

way. 

* We may perform a binomial expansion to obtain 

[-OT"=+O0'+ OO 
= (m+ (0+ J 

If v/c <1, then 3(v/c)? and higher-order terms are very much less than 1, and can be 

neglected. For example, if v = 10° andc = 3 X 108, then v/c = 0.33 X 107%, 2(v/c)? = 

8 X 10-8, less than 1 part in 1,000,000. 

Thus 
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TABLE 8-2 

PERCENTAGE ERROR* IN CLASSICAL FORMULAS 

v Mass oR 
Cc MoMENTUM Kinetic ENERGY 

a 

0 0 % 0 &% 
0.01 0.005 0.0075 

0.1 0.5 0.75 

0.5 13 20 
0.9 56 69 
0.99 86 92 
1.00 100 100 

* The magnitude of the fractional error is , where C is classical (approxi- 
R 

mate) and R is relativistic (exact). 

8-8 LIGHT AS A FORM OF ENERGY 

Weare well aware of the fact that light from the Sun warms the Earth, 

the air, and our bodies. This permits us to accept readily the idea that 

radiation carries or consists of energy. It emanates from a heated object, 

and upon being absorbed by a substance (e.g., air, ground, tissue) stimu- 

lates its molecules into increased motion. Thus light energy is converted 

into thermal energy. If a substance—e.g., a lightbulb filament—is heated 

sufficiently, it will release energy as light, a form of electromagnetic energy. 

There are two simplified descriptions of light—the wave model and the 

particle model. Which view is more convenient to use depends on the situ- 

ation. According to the wave version, light involves electric and magnetic 

fields that vary periodically with frequency v. According to the particle 

view, light consists of photons, whose energy is proportional to v. The speed 

of motion of light in free space, in either case, is c. It is more convenient to 

use wave theory, for example, to describe the electromagnetic disturbances 

involved in radio and television with frequencies of vibration in the vicinity 

of 10’ eps (cycles per second) ; while the particle theory is often applied to 
gamma rays and X rays with frequencies around 10” eps. 

The amount of energy carried by an individual photon is extremely 

small. For the typical visible radiation from the Sun or a lightbulb, the 

photon energy is around 1 eV, 1.6 X 10~ J. Let us compute the number 
of such particles that would have to be absorbed to raise 5 kg of water by 
20°C. In Section 8-6 we calculated the total energy required to be 2.39 X 
10° J; the number of photons this represents is 

2.39 X 10° 
Le Sel0 oe Gee 

which is a remarkably large number. 
The photon is regarded as a particle in the sense that it may collide 
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with electrons and nuclei and impart energy to them. However, since the 

photon moves only at the speed of light, it does not exist in a state of rest. 

It has no rest mass, as does a true particle, and thus consists of pure energy. 

The Einsteinian equivalence of mass and energy HZ = mc? (Section 8-7) per- 

mits us to define an effective mass mp of the photon: 

_E 
Mp = e 

It is interesting to compare this effective mass for a l-eV photon with the 

rest mass of an electron, 9.11 X 10-*! kg. The photon’s mass is 

E_ 16 X10-" 
ame oer OSH (iE 

= 1.78 X 10-* kg 

which is only 2 X 10-* times that of the electron. 

We may now proceed to find the momentum p as the product of mass 

E/c? and speed c. Thus the momentum of the photon is 

Dec. 

Photons are capable of ejecting electrons from metals, in what is 

called the photoelectric effect. Visualize a simple vacuum tube with one 

electrode composed of tungsten (Figure 8-26). The glass envelope is coated 

with an opaque substance overall except for a small area through which 

light can pass. When a pencil of light impinges on the plate, a current 

flows. The explanation of this phenomenon was originally provided by 

Einstein in 1905. Electrons normally experience some binding force that 

holds them in the metal. However, a photon can impart all of its energy 

YE 
Glass, opaque 7 Photons 

coating oe of light 

Oor7Oo70- 
Electrons 

Tungsten 
emitter 

FIGURE 8-26 

Photoelectric tube 
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Ep to an electron that can then escape to the metal surface, be accelerated 

by the electric field across the gap between electrodes, and contribute to a 

measurable current. Automatic door controls make use of such devices: as 

a person approaches and interrupts a light beam, the current in the photo- 

cell changes, and a signal is sent to activate the motor that opens the door. 

The amount of kinetic energy borne by various electrons on escape 

from the surface will differ, depending on their original internal energy, the 

number of collisions that occur on the way out, and the character of attrac- 

tion forces in the metal. Suppose that the photon energy Ep is converted 

completely to electron energy. If a potential V, is applied to stop the col- 

lection of electrons completely, we can deduce the work function W as the 

energy required to overcome internal forces. The principle of conservation 

of energy yields 

W = Ep — Vee 

The magnitude of W depends on the element of which the emitter is com- 

posed or on its surface coating; Table 8-3 gives the appropriate value for a 

TABLE 8-3 

PHOTOELECTRIC WORK FUNCTIONS 

MaTERIAL W (in electron-volts) 

Al 4.1 

Cu 4.5 

Cs 1.9 

K 2.2 

Na 2.3 

Mo 4,2 

W 4.5 

few elements. Note that the work function is small for elements Cs, K, and 

Na; it is relatively easy to dislodge the one valence electron in these sub- 
stances. 

As discovered by Planck, the relation between photon energy and the 
frequency of light is H = hv, where h is called Planck’s constant, 6.63 X 
10~* J-sec. For example, our 1-eV photon has a frequency 

E_ 160 X 10- 
kh 66a <0 7 tO eps 

v= 

We can see that the removal of electrons from a metal of a certain work 
function W by the photoelectric effect requires light of a certain minimum 
frequency; this threshold frequency v for the effect in tungsten, work func- 
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tion W = 4.5 eV, is 

_ © _ (4.5)(1.60 x 10-") 
mh 6.63 X10  ~ 11 X 10% eps 

Energy and Existence 

Through our study of energy and its conservation, we have begun to 
realize how universal is the concept of energy. It embraces all basic proc- 

esses ranging from atoms to astronomy, and serves as an intellectual ab- 

straction for the understanding of interactions of all types—whether they 
be electromagnetic or gravitational or nuclear. We are also in a better 

position to appreciate the role of energy (or mass-energy) as a physical 

entity in our world and life. At some point in time, the Sun was formed 

and began its nuclear process of conversion of mass into energy. The Earth 

appeared, with its energy-containing minerals. Plants and animals, as sys- 

tems that accept and transform energy, then populated the planet. The 

remains of the prehistoric plants and animals became deposits of coal and 

oil, potential energy sources ultimately to be used by man. Light energy 

from the Sun continually bombards the atmosphere and surface of our 

globe, and is converted into thermal energy that appears as the energy in 

the weather. It also maintains the life processes in plants, which in turn 

supply the animals and man with the chemical energy of food. We tap 

various resources to provide energy for the control of our thermal environ- 

ment. We take the gravitational energy of falling water or the stored chem- 

ical energy of coal or the mass-energy of uranium, and develop electrical 

energy, which may then be transformed into mechanical energy for manu- 

facturing processes or chemical energy for producing materials. The satis- 

faction of all of man’s needs for survival and comfort thus hinges upon the 

availability of energy and upon his ability to transform energy. 

PROBLEMS 

8-1 A man climbs a flight of 20 steps with treads and risers each of length 

8 in. If his weight is 160 lb, how much work does he do? 

8-2 An electron is given a constant force of 2 X 10- N in an electric 

field. How much work is done in carrying the charge through 0.008 m in the 

direction of the force? 

8-3 An automobile of mass 1500 kg moving on a level highway experiences 

a frictional force corresponding to ux = 0.4. How much work against fric- 

tion is done in traveling each kilometer? 

8-4 To put the top block of weight 20 tons on the pyramid of Cheops at 

Gizeh, height 481 ft, base 756 ft (see Figure P8-4), how many workers each 

capable of 100-Ib force were required, assuming the ramp lay along the flat 

side of the pyramid and neglecting friction? 



FIGURE P8-4 

8-5 One wire of length 0.04 m in an electric motor carries a current of 

0.25 A and experiences a magnetic field of 0.3 Wb/m”, causing it to move on 

a radius of 0.01 m (see Section 7-1). How much work is done per revolution? 

How many such wires would be needed to develop 0.1 joule per turn? 

8-6 Two people push with equal force of 25 lb at right angles on a steamer 

trunk, and move it a distance of 6 feet. Find the work done by each and 

the sum. Also calculate the work they do with their combined (vector) 

forces. Discuss the results. 

8-7 A proton experiences an electric field of 10* N/C in the 0.05-m gap of 

a linear accelerator. Find the electric force on the proton and the work 

done in carrying it across the gap. 

8-8 Compute the kinetic energy of a proton, m = 1.67 X 10-* kg, that 

has a speed 3 X 104 m/sec. 

8-9 The potential energy of a positive ion (Cs'*%)“ released at the surface 

of a negatively charged plate of a spaceship accelerator is 7.5 X 10~* joule. 

Find its speed on reaching a positive plate at “‘ground.” 

8-10 Calculate the potential energy in joules and electron-volts of an 

electron at distance 5.3 X 10-"' m from a proton. The charge of each par- 

ticle is 1.60 X 10—® coulomb. 

8-11* Investigate the strategy of driving a car on a highway in the hills. 

Is it more efficient to take it out of gear and coast down each incline, then 

accelerate to reach the next peak, or is it more efficient to maintain a 

constant speed? (Consider friction and the matter of time elapsed.) 

8-12 A car of mass 1500 kg is moving on level ground at speed 60 mi/hr. 

It encounters a 5-deg hill, and just enough force is applied to balance fric- 
tion. Find how far it will go along the incline before stopping, using con- 
servation laws. 

8-13 A driver’s examination has the following question: ‘‘A car with speed 
30 mi/hr hits head-on with another moving at 40 mi/hr. The damage will 
be the same as a car hitting a solid wall at (check one) 70 mi/hr, 
ee LO hr 0 mie 35 mi/hr.” Assuming that all kinetic 
energy goes into physical damage, what is the best answer? 

8-14 Calculate the work done in sliding a 50-kg barrel of radius 0.4 m up 
to a platform 2 m high using a frictionless incline of 30 deg (see Figure 
P8-14). Assume a force parallel to the incline and through the center of 
the barrel. What is the mechanical advantage of this “machine’’? 
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Barrel Platform 

FIGURE P8-14 

8-15* Two men are in a car that suddenly has a flat tire, and they must 
lift the car 4 in. off the ground to change wheels as shown in Figure P8-15. 
They have access to a board 16 ft long and 2 in. thick; a log of 3 in. diameter 
and 14 in. length; and a block and tackle with six cables. Assuming that 

the car has a total weight of 2200 lb, that its frame is 12 in. off the ground, 

and that the two men weigh 150 lb each, what appears to be the best 

method? Are there any others? 

FIGURE P8-15 

8-16* Find the motion of a ballistic missile, using Newton’s laws. If the 

projectile is released at an angle @ with the ground, the horizontal compo- 

nent of velocity is v) cos @. This remains unchanged, since the force of 

gravity acts vertically. The vertical component of velocity v sin @ is re- 

duced to zero, then increases to its initial value by the end of the range. 

Find the maximum height and the range as they depend on angle 9. Discuss 

the results and compare with a solution based on conservation. 

8-17 (a) Show that the potential energy as a function of position above 

the Earth’s surface—if the reference level is chosen as any definite x rather 

than zero—is E,(x) = mg(x — a). (b) Verify that, if a particle is dropped 

from height 2, the mechanical energy is then H = mg(a, — 2). (c) Prove 

that EH, = —AE, for motion between any two points x2 and 23. 

8-18 Find the speed of an electron accelerated through a potential differ- 

ence of 1 volt. Is this speed in the relativistic region? If the potential 

difference is 1 kV, what percentage mass increase occurs? 

8-19 A charge of 10-8 C can be produced by friction. What would be the 

potential of a 1-cm sphere so charged? 
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8-20 Find the electric potential at the center of a ring of radius 0.5 m, 

with total charge 7.5 X 10~% C. 

8-21 Find the electric potential at a distance of 4 X 10" m from the 

nucleus of the helium atom »He‘. Assume that the nucleus, the two elec- 

trons, and the point of observation all lie on a line, and that the radii of 

electron orbits are 2.6 X 107" m. 

8-22 Find the electric potential V at a distance x from the plane of a ring 

of radius a, total charge Q, along an axis through an origin at the center of 

the ring. 

8-23 How much energy in joules and kilowatt-hours would be required to 

ionize 1 kg of free hydrogen atoms? How many Btu is this? 

8-24 In a nuclear experiment, a proton of kinetic energy EZ; moves in a 

circular orbit of radius R due to a uniform magnetic field ®. What energy 

must—(a) an alpha particle, and (b) a deuteron—have to circulate in the 

same orbit? 

8-25* A projectile is fired vertically from the Earth’s surface with an initial 

velocity of 10 km/sec. Neglecting air friction and rotation of the globe, how 

high will it go? (Assume the Earth’s radius to be 6400 km.) 

8-26 Find the gravitational acceleration and the escape speed for the 

planet Jupiter. Note that M;/M, = 318 and Ry/Re = 11.2. 

8-27 What is the escape speed from the Moon, if My/Mzs = 0.0123 and 

Ru/Rz = 0.272? From a surface-level orbit around the Moon? 

8-28 How heavy a load can a 40-hp hoist lift at a steady speed of 126 

ft/min? 

8-29 A volume of 15 m® of water goes over a waterfall 30-m high every 

second. Find the power involved in this process. Where does the energy 
go? 

8-30 A runner does the 26-mi-385-yd marathon in a time of 2 hr 30 min, 

exerting an average force on the ground (to propel himself) of 20 Ib. What 

horsepower does he develop? Noting that 1 calorie = 4.185 joules, how 

many calories of energy are expended? How does this compare with the 

average total daily need of about 2000 Calories of food energy? 

8-31 Electricity costs about 1.2 cents per kilowatt-hour. What is this in 
cents per kilocalorie? How much would it cost to drive a 300-hp electric 
car from New York to Chicago, a distance of 800 miles, at an average speed 
of 40 mi/hr? How would this compare with an ordinary car that gets 
20 mi/gal at 35 cents/gal? 

8-32 A rocket is propelled with a thrust of 3 X 105 lb. When moving at 
a speed of 4000 mi/hr, what power does it develop in ft-lb/sec? In horse- 
power? In kilowatts? 

8-33 The amount of power developed by a car of weight 3000 Ib against 
air friction when moving with uniform speed of 60 mi/hr on a level highway 
is 150 hp. How much force is applied? If the friction remains constant as 
the car goes onto a 3-deg grade, estimate the new horsepower required to 
maintain speed. 
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8-34 (a) Find the temperature at which the reading is the same on the 
Celsius and Fahrenheit scales. (b) At what point is the numerical value of 
temperature as much above zero on one scale as it is below zero on the 
other? 

8-35 The Rankine (R) temperature scale has the same zero point as the 
Kelvin scale, but is graduated in Fahrenheit degrees. What is room tem- 
perature, 20°C, in degrees Rankine? 

8-36 How great a temperature rise would result from the fall of 1 kg of 
water through 200 m, if all kinetic energy is converted into thermal energy? 

8-37 How much heat is developed (in J and cal) in the brake linings of a 
1000-kg car stopped from 30 m/sec (about 70 mph)? 

8-38 Show that 1 cal/gm-°C = 1 Btu/Ib-°F, and that 1 kcal/mole-°C = 
0.0435 eV/molecule-°C. 

8-39 We put a kettle containing 5 kg of water on the stove. How many 

kcal, joules, eV, and ft-lb are required to bring it from room temperature 

(20°C) to the boiling point (100°C)? 

8-40 A container of volume 22.4 liters holds 32 grams of oxygen gas at 

0°C. If the total heat content is 0.810 kcal, what is the energy of each 

molecule of O2 in joules? In electron-volts? 

8-41 Sketch a graph of the gravitational potential in the region from the 

Sun to the Earth to the Moon, at an instant when they are lined up. Note: 

Ms/Mz = 3.3 X 10°, Mu/Mz = 0.0123, with orbits ag = 93 X 10° mi, 

au = 2.39 X 10° mi. 

8-42 The energy required to dissociate 1 molecule of HO into He: and 

40. by electrical means is 69 kcal per mole of HxO. What amount of energy 

per molecule dissociated is that, in electron-volts? 

8-43 A rocket of mass 7 X 104 kg reaches the height of 150 km with a 

speed of 2000 m/sec, having been provided with 4 X 10" joules of energy 

through the burning of propellant. How much energy was lost because of 

frictional resistance of the air through which the rocket passed? 

8-44 The United States consumes about 10'° watt-hours of electrical en- 

ergy a year. How many kilograms of matter would have to be converted 

into energy to yield this amount? 

8-45 How many kilograms of mass must be converted into energy to 

ionize 1 kg of hydrogen? (See Problem 8-23.) 

8-46 A constant force is applied to a particle of rest mass m for a time ¢. 

The momentum is then p = Ft. Find a formula for the speed v as it depends 

on time. Will the relation reduce to classical results if v is much less than 

c? 

8-47* A constant force F is applied to a spaceship, which eventually ap- 

proaches the speed of light. The distance traveled as a function of time 

may be found, by forming the area under the v(t) curve of Prob. 8-46, to be 

WA 
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where ap is the initial acceleration F/mp. How long would it take for a 

spaceship with constant excess thrust corresponding to 1 “g” to reach the 

nearest star, 4.3 light-years away? 

8-48 Find the amount of mass-energy in joules and MeV of a proton at 

rest and at speed 0.999 times that of light. 

8-49 What speed must a particle have in order to increase its rest mass by 

10%? By what fraction then is the low-speed formula EH, = 3mpv* in error? 

8-50 What is the lowest frequency of light that can dislodge an electron 

from cesium? 

8-51 How many photons of frequency 2 X 10% cps must fall on a surface 

each second to give a total incident power of 1 watt? 

8-52 Yellow-orange light has a frequency of around 5 X 10" eps. What 

energy in joules and eV is this? How many of such photons of light would 

have to be absorbed by 1 gram of water to raise its temperature 1°C? 



MOTION. OF 

MANY-PARTICLE SYSTEMS 

The concept of fields has enabled us to find the forces due to many particles 

by the process of addition or superposition. This is especially helpful in 

providing a description of magnetic effects caused by moving charges. We 

shall now study the motion of connected or interacting particles—as in 

large-scale bodies—that are held together by strong atomic forces. 

9-1 TYPES OF MOTION 

Up to now, we have applied Newton’s laws of motion only to objects 

that could be treated as single particles or point masses. The types of mo- 

tion that they experienced were of several simple classes (Figure 9-1): the 

case of no motion is obvious; a falling body moves in a straight line with 

respect to the surface of the Earth, while a projectile moves in a plane curve; 

the spiraling of charge in a uniform magnetic field is an example of motion 

in a space curve. 
For objects that can be viewed as moving like point particles, size 

and shape have no meaning. We know, however, that all real bodies of 

matter have dimensions, whether they be molecules or galaxies. Even a 

molecule of H,0 is a rather complex structure—three interconnected nuclei 

plus many electrons. The wheel of an automobile with its tire, rim, hub, 

and other parts is similarly complicated. Such objects rotate as well as 
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Circulating charge in a uniform magnetic field 

FIGURE 9-1 

Types of particle motions 

move along some path when they experience forces, which clearly taxes our 

powers of physical description. We shall find that it is possible to continue 

to use Newton’s laws to determine the motion. 

While we analyze this more involved motion, it will be convenient to 

have the picture of an object in mind. Visualize, then, a simple two-particle 

structure with rigid connection; examples are the barbell used by weight- 

lifters, the diatomic molecules of hydrogen Hz, (two equal masses), or nitric 

oxide NO (two unequal masses). We ignore any mass in the connecting rod 

or electrons, and also assume that there is no vibration along the line con- 

necting the particles, now viewed as point masses. 

We can visualize many types of motion, but shall restrict our attention 
to four possibilities: 

no motion at all; 

translation only; 

rotation only; 

translation and rotation. 

(These are sketched in Figure 9-2.) We may also classify motions in terms 
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239 of actions on the body. If no forces are present or if they are in balance, an 
SECTION 9-1 object will remain at rest, or in constant motion in a straight line (uniform 

Types of Motion translation). This state is called translational equilibrium. As we shall see 
shortly, if there are no torques or they are in balance, an object will remain 
at rest or in motion in a circle (uniform rotation). This state is called 
rotational equilibrium. 

The term static equilibrium is reserved for the case where the system 
undergoes neither translation nor rotation. Static equilibrium can in turn 
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FIGURE 9-4 

Balancing a cone 

be further classified, according to the result of disturbing the system, as 

stable, neutral, or unstable. If, as in Figure 9-3, a marble is put in the 

bottom of a hemispherical bowl, then moved slightly, it will return to its 

former position—that is, it was originally in a state of stable equilibrium. If 

it were on a level surface, it would remain in a new position, so it was 

originally in neutral equilibrium. If it were originally resting on an inverted 

bowl, the marble would move away on being displaced, thus it was origi- 

nally in unstable equilibrium. 

The reader is invited to decide to which class of equilibrium each of 

the cones shown in Figure 9-4 belongs. 

9-2 EQUILIBRIUM 

We first examine the simplest case of static equilibrium, in which 

there is no motion at all as the result of a balance of influences. 

Let us look at the H2 molecule or the weight-lifter’s dumbbell in a 

uniform field—say, the Earth’s gravity—assuming them to be rigid. Each 

mass will experience a force F = mg downward (Figure 9-5). If we insist 

that there be no acceleration—i.e., net force zero—we must support the 

structure by an upward force equal to 2F. This isa special case of Newton’s 

first law: of the net force is zero, there will be no change in translational velocity. 

We can easily guess that the point of application of a single supporting 

FIGURE 9-5 

Support at the center of mass 
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force should be midway between the two particles, for only then will there 
be no tendency to rotate: the two particles will balance on the supporting 
point. This point is the simplest example of the center of mass, a concept 
that plays an important role in motion problems. 

It is necessary to examine carefully the tendency to rotate. Experi- 
ence tells us that the amount of twisting action depends not only on the 
magnitude of the force applied, but also on its distance from the point about 
which the rotation takes place. A measure of the ability to cause rotation 
is torque: the torque N is defined as a product of two factors—the distance 

from the pivot to the point of action of the force, called the lever arm; and 

the component of force perpendicular to that line. Looking again at the 

hydrogen molecule in Figure 9-5, the lever arm is d/2 and the force is F. 

There is a torque (d/2)F on one atom, tending to rotate the molecule in 

the clockwise direction about the midpoint, and another equal torque 

tending to rotate it counterclockwise. In order to ensure that no rotation 

takes place, we have to locate the support in such a way that opposing 

FIGURE 9-6 

F sin é F Torque, N = rF sin 8 

torques are in balance. Suppose instead, however, that a force is directed 

at an angle 6 from the horizontal, as in Figure 9-6. The force component 

tending to cause rotation is F sin 6 and the torque is 

N =rF sin@ 

For example, if we pull with a force of 30 N at right angles (6 = 7/2, 

sin 9 = 1) to the handle of a hammer of length 0.2 m, the torque we apply 

is N = (0.2 m) (30 N) (1) = 6 N-m. The units of torque are seen to be 

the same as those for work. 

As another example, suppose we tighten a nut by use of a wrench of 

lever arm 6 in. by applying a force of 20 lb at an angle @ of 30 deg to the 

handle of the wrench. The torque is 

N = (0.5 ft)(20 Ib)(sin 30°) = 5.0 lb-ft 

Notice that we also could regard the torque as the product of the force 

and the lever arm r sin 6, which is the distance from 0 out to the extension 

of the line of force. 

Just as we consider forces to the right as positive and forces to the 

left as negative, we label counterclockwise torques as positive (tending to 



242 

MOTION OF 

MANY-PARTICLE 

SYSTEMS 

increase the angle) and clockwise torques as negative (tending to decrease 

the angle). A balance of torques means the same as a net torque of zero. 

Clearly, if the hydrogen molecule is initially at rest and the net torque on 

it is zero, there will be no tendency for the structure to rotate. Such a state 

is an example of static rotational equilibrium. 

Now let us turn to a two-particle structure with unequal masses—for 

example, the molecule nitric oxide NO, with relative masses (and weights) 

14 for nitrogen and 16 for oxygen, and d the separation of the particles 

(around 10-” m). Where should we locate the upward force of 30 units to 

prevent both translation and rotation? The origin will be placed for con- 

venience at the pivot point—Figure 9-7(a)—an unknown distance 7 from 

the midpoint. Let us form the two torques, whose magnitude must be 

equal: 

Nee ly = (5+7) 14 

N> = Tol’ s = | 
Fee wl a 

| | 

ee 

—_ jor) 

Equating and solving for the unknown 7 gives 

d d 16(5)+u(-S) , 
Fo ea a WR 

The point at which we apply the force is again called the center of mass. It 

is shightly nearer the heavier atom, as we might expect. 

The location of the origin is immaterial, as the reader may verify by 

repeating the calculation with origin at the center of either atom, or even 

FIGURE 9-7 

Supporting force Equilibrium of torques on a rigid NO 
Fat Bg molecule 



FIGURE 9-8 

F Simple balance 

outside the range of distance d. Once the coordinate system is specified, 

the location of the center of mass is given by the condition on equality of 
torques 

(Fi + F.)F = Fyry + Fore 

and, letting F; = mg, PF, = mg as for gravity, 

S Mary + Meo . 
7= center of mass of two particles A ge ( if \f two p ) 

Let us find the center of mass of the hydrogen atom, consisting of a 

proton of mass m = 1.67 X 107’ kg, which is 1836 times that of the elec- 

tron of mass m, = 9.11 X 10-* kg. The “centers” of the particles are 

separated by an average distance d = 5.3 X 10-"' m. We place the origin 

at the proton, so that 7; = 0. Then, 

mr, dad _53X%10"%m = = = —14 
m oa Me m,/Me + 1 1836 + il 27 x 10 a 

j= 

This is such a very small distance that we can say that the center of mass 

of the hydrogen atom is practically at the proton. 

We are familiar with the classical scale or balance used for comparing 

weights, as in Figure 9-8. The supporting force F is w; + we, and the equal 

torques are (d/2)w; and (d/2)w». A little algebra shows that wi = w2 and 

F = 2w,, as expected. 

FIGURE 9-9 

Scale with unequal arms 
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In a simple grocer’s scale (Figure 9-9), the arms are unequal and the 

connecting bar has a definite weight. If the bar is uniform, for purposes of 

computing torques we may imagine its weight concentrated at its center 

of mass. The force balance is then 

i = PF, > F, + W 

and the torque balance is 

F yd, => Fd, a wd 

These equations can easily be solved to obtain one of the distances: 

al Fd; = wd 
i Fy 

Let us investigate the problem of equilibrium for a uniform ladder 

leaning against a smooth wall, as in Figure 9-10. We know that there must 

be friction between the ladder and the ground, or else the ladder would fall 

FIGURE 9-10 

The ladder as a problem in equilibrium 

at once. Let us find the necessary coefficient of friction. First we must 

identify the forces and torques on the body, and then apply the conditions 

for equilibrium—that is, forces up = forces down; forces right = forces 

left; torques clockwise = torques counterclockwise. We may then solve 

the resulting equations in general for the unknowns. Consider the following 
quantities: 

W = weight of ladder, acting downward at the center of mass 
F., = reaction of the wall 

Fy = frictional force between ladder and ground 

Fy = reaction of the ground 

It is clear that 

ll 

[Moy SS 1s 

W = Fy 



245 

SECTION 9-3 

Translation and the 

Center of Mass 

and we use the relation F'y = Fy, as in Section 5-7. Using the middle of 
the ladder as the pivot, we may draw up the following table of torques: 

Counterclockwise Clockwise 

Force Lever Arm Force Lever Arm 

a 
1s (5) sin 6 Fy (5) cos 6 

re (Sens 
Equating torques in the opposite senses and simplifying, 

Fy cot 6 = F,+Fr = 2F y => 2uF'n 

Then 

= cot 0 

2 

For example, if the angle is 60 deg then cot 9 = 1/V. e and the smallest 

coefficient of friction that will prevent sliding is 

1 a ORO 
Y on/3 

9-3 TRANSLATION AND THE CENTER 

OF MASS 

We have seen that a structure consisting of two atoms could be sup- 

ported in a uniform gravitational field by the application of a single force 

at the center of mass. Experience tells us that if the support were suddenly 

removed, the object would fall without turning; or, if we exerted a stronger 

force upward, the object could be accelerated upward, again without ro- 

tating. These observations can be stated generally, using Newton’s laws of 

motion. 
For example, when the “dumbbell”? molecule NO falls freely, the 

forces on the two masses are F’; and F», and the accelerations are a; and az, 

here both equal to a = g, the acceleration of gravity. Applying Newton’s 

second law to each atom, 

Fy, = ma 

FP, = Ma 

Now, the total force on the structure, which undergoes an acceleration a, is 

F=F,+F,= (m, + m)a 

Had there been no gravity, we could have produced the very same motion 

by applying a force at the center of mass (thus preventing rotation) of 
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FIGURE 9-11 

The bursting shell 

amount F’. We could have imagined the two masses concentrated there, 

giving a total mass m = m + m2. Our formula tells us that F = ma. In 

other words, the translational motion of a system is given by Newton’s second 

law of motion using the resultant external force applied to the total mass as af 

located at the center of mass. The derivation using vectors leads to the same 

conclusion, in the form 

b= ma 

where 4 is the acceleration of the center of mass. 

In the case that there are no external forces, we would then deduce 

that there is no acceleration of the center of mass. A graphic example, in 

case there is an external (gravity) force, is the behavior of the fragments of 

a shell that bursts in flight (Figure 9-11). Even though fragments fly in 

various directions, the center of mass proceeds undisturbed in the original 

trajectory. This situation suggests to us that a new type of conservation is 

involved. Just as mechanical energy is conserved, the momentum of a 

system of particles is conserved—i.e., remains constant—if there are no 

external forces. In the following chapter we shall elaborate on this concept. 

Evaluation of Center of Mass for 

Different Objects 

If there are many particles of masses m,, where 7 = 1, 2, 3, etc., the 
general form of the expression for the location of the center of mass is 

r= ry (center of mass) 

where the symbol }) means the sum over all particles—e.g., © m; = m + 
$ t 
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mM, +.... We can easily verify that this expression reduces to the ex- 
pression for two particles. A material object such as a metal rod or a wheel 
or bowling pin consists of billions of particles, and we cannot hope to add 
up the individual effects of each one to obtain the center of mass. In gen- 
eral, the process of integration of the calculus is required. However, we can 
often guess the location of the center of mass of regular objects composed 
of a large number of particles. For example, the center of mass of a long 
thin uniform rod is at the center of the rod, and at the center of a uniform 
sphere or cube as well. Starting with such knowledge, we can deduce where 
the center of mass of more complicated objects is located. 

For instance, let us find the center of mass of a figure formed by 
bending a rod at right angles (Figure 9-12). We can regard this rod as being 

FIGURE 9-12 

Center of mass of an irregular object 

composed of two pieces by mentally cutting it at point A. Then we have 

two rods of lengths 5 ft and 3 ft. The center of mass of each would be as 

indicated at points 24 ft and 13 ft from the respective ends. It is clear that 

the center of mass of the combination would be on a line connecting these 

two points. The exact distance may be determined by imagining the entire 

mass of each side to be located at its center of mass. From the relation 

5x = 3(y — 2) 

where 

y = V(1.5)? + (2.5)? = 2.92 em 

we obtain 

x = 3y = 1.10 cm 

The center of mass (or center of gravity) of a flat object may be deter- 

mined experimentally, as shown in Figure 9-13, by making use of the 

fact that since each particle of matter in a body is attracted toward the 

Earth, the weight of a body is simply the resultant of all these forces of 

attraction. If the body is suspended by some arbitrary point A, then the 

center of gravity must lie on a vertical line below A. Choosing a new point 



(b) (c) 
FIGURE 9-13 

Experimental measurement of the center of mass of a flat 

plate 

of suspension, B, we then find that the same argument is true for the new 

orientation. The center of gravity is thus located at the intersection of the 

vertical lines that were drawn while the body was suspended from two 

different points. If the body is suspended by a third point C, a vertical line 

through this point will be found to pass through the point of intersection 

of the first two lines. The center of mass of an isosceles triangle can be 

found by such methods, or by calculus, to be located 3 of the way from the 

apex to the base—of course, along the altitude. © 

9-4 ROTATION AND MOMENT OF INERTIA 

We shall now examine the features of a rigid object that determine 
its resistance to being turned. Just as mass is a measure of translational 

inertia, we find that the moment of inertia is a measure of rotational inertia. 

Let us examine the situation where only rotation is allowed. 

Our analysis will be simpler if we consider only one particle, located at 

a point as in Figure 9-14. The motion possible on application of a force F 

perpendicular to the radial line is circular, which suggests the use of polar 
coordinates r and @ to locate the particle. We recall Newton’s second law 
in the form 

_ Ap 
fa 

in words, force equals the ratio of the change in momentum to the elapsed 
time. Multiplying both sides of the equation by r, letting N = rF (which 
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FIGURE 9-14 

Rotation and angular momentum for a 

particle 

is the torque), and letting L = rp be a new quantity called the angular 

momentum, we find 

AL 

ae 

This is Newton’s law for angular motion, which states: the externally applied 

torque is equal to the time rate of change of the angular momentum. 

We saw earlier, in the study of the hydrogen and NO molecules, that 

if the net torque on a structure at rest is zero, the system will not tend to 

rotate. We can now generalize that result by use of Newton’s law for an- 

gular motion, by noting that if N is zero, the rate of change of the angular 

momentum L is zero. In other words, if the net external torque is zero, the 

angular momentum is constant. A new conservation concept has emerged, 

which we shall discuss more fully in the next chapter. 

Moment of Inertia 

We now introduce a quantity that is analogous to mass, but which 

refers to rotational motion. Consider once more the single particle in Fig- 

ure 9-14. For a fixed arm of length R, the motion is in a circle. Then 

L = pr = mR and, sincev = wk, L = mR?w. Newton’s law then becomes 

The rate of change of angular speed is the angular acceleration 

Aw/At = a. Also, letting the product mR? be abbreviated as J—called the 

moment of inertia—we have 

N = Ia (Newton’s law for rotation of a rigid body) 

The analogy of this expression to F = ma has been forced, so that corre- 

sponding factors are N and F as applied influences, « and a as accelerations, 

and I and m as measures of inertia. 
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A rigid two-particle structure with pivot at the center of mass obeys 

the same form of Newton’s law for angular motion if we take N to be the 

net torque and I to be the total moment of inertia, such that J = 1; + I, = 

mur? + mor3. For example, for the diatomic molecule NO, it is easy to see 

that r, = 385d, re = yd, and, with m = 14 and m: = 16, 

I = 1468)? + 16(¢5d)? = 7.52 

For the study of translation, we found earlier that we could assume 

the entire mass of an object to be located at the coordinate of the center of 

mass. For purposes of studying rotation, a convenient quantity to work 

with is the radius of gyration: the distance k from the axis of rotation where 

all the mass should be concentrated to give the same moment of inertia I 

as the extended body. Such a single particle would have a value of J equal 

to mk?, so that 

k = ee 
Nn 

TABLE 9-1 

MOMENTS OF INERTIA 

Disc, about center amR? 

Solid sphere, about 2 2 
center K mR 

/ 

Ring, about center G= mR? 

\ 

Thin rod, about 1 eee 
center GY ml 

Dumbbell molecule 
about center of 

mass 
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For example, the NO molecule has a total mass 14 + 16 = 30. Its moment 
of inertia is J = 7.5d? about the axis through the center of mass. Thus its 
radius of gyration is 

Calculations of moments of inertia for common-shaped objects can 
be made by superposition, or in general by integration. All of the particles 
in a thin ring of radius R, rotating in its own plane about its center, are at 
the same distance from the axis. The total J is thus the total mass times 
the square of the radius—i.e., J = mR?. We would expect that I for a disc 
of radius R containing the same mass as the ring to be smaller than this, 

since its particles are nearer the axis, on the average. It turns out that 

I = 3mR? for the disc. Since the moment of inertia is a measure of re- 

sistance to changes in rotation, it is easier to set a disc into motion (or to 

stop its turning) than to do the same with a ring of the same total mass. 

_ Table 9-1 shows J values for a variety of rigid bodies. 

9-5 ANALOGY BETWEEN TRANSLATION 

AND ROTATION 

In our study of motion, we emphasized similarities between transla- 

tion and rotation. For example, translational speed is a linear displace- 

ment divided by the time interval, v = Az/At, and rotational speed is an 

angular displacement divided by the time interval, w = Ad/At. We can 

take advantage of this analogy both in the process of thinking about 

various motions and in writing formulas to describe motion, especially 

when we restrict our attention to the rotation of rigid bodies. 

Additional analogies between translational and rotational momen- 

tum have been indicated: for instance, linear momentum is the product 

of mass, as a measure of translational inertia, and speed, as a rate of change 

of position along a line. Also, angular momentum is the product of moment 

of inertia, as a measure of rotational inertia, and angular speed. Thus 

p = mv has its analog L = Iw. 
Let us turn now to the work done by forces acting in a straight line 

in comparison with those involving twisting action. In the first case, work 

is the product of force and the distance through which the force acts, and 

we would anticipate rotational work to be a product of torque and angle 

of displacement. To verify this, suppose we apply a force F tangential to 

a circle on which a particle moves. Now, W = Fs, where s is the arc 

length. However, the angle of rotation is @ = s/R, and the torque is 

N = FR. The product of these is N@é = (FR)(s/R), which is again Fs, 

or work. Thus rotational work is W = N6. Note in passing that the 

units are the same as those for torque, since angles measured in radians 

are not represented by absolute units. The analogy carries over further 
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to kinetic energy, which is of course EH, = 3mv? in the translational sense. 

We can readily predict that rotational kinetic energy is E, = 3Jw?, and 

check the relation by considering a point mass moving on a circle of 

radius R with constant speed v. Now, the moment of inertia is J = mR? 

and w = v/R. Combining, EL. = 3mk*(v/R)*. Although we have used 

the point mass as our example, it is a straightforward matter to demon- 

strate the relations for a rigid rotating object. Table 9-2 lists a number of 

analogous transational and rotational expressions for physical quantities. 

TABLE 9-2 

ANALOGIES BETWEEN TRANSLATIONAL AND ROTATIONAL QUANTITIES 

TRANSLATIONAL ROTATIONAL 

CE 

x Coordinate 6 

Ax ea pet _ Ad 
Pere Velocity o= A 

Av ‘i _ Aw 
C= Acceleration mtr. 

p = mv Momentum L=Iw 

F Force, torque N 

m Inertia I 

F = ma Newton’s second law Ni ee 

ym? Kinetic energy $Iw? 

Fr Work and potential energy Ne 

Fv Power Nw 

9-6 COMBINED MOTION 

We shall now examine the movement of objects that have freedom 

of both translation and rotation. Simple examples are the baton thrown 

in the air, a diatomic molecule that has just collided with another particle, 

or a wheel on a moving automobile. 

Reviewing our findings for separate motions, we have the forms of 

Newton’s second law F = ma and N = Ia. If no change in motion occurs, 

both F and N must be zero. For a change in translation only, N is zero; 

and for a change in rotation only, F is zero. 

For combined motion, we can continue using the two forms of New- 

ton’s second law; but we should keep in mind that forces and torques are 

related, as are linear and angular distances, speeds, and accelerations. 

Also, the total energy is the sum of the translational and rotational parts. 
It is important to note that we may view the complete motion of a rigid 
object as composed of translation of the center of mass plus rotation 
about the center of mass. Let us apply these ideas to some familiar ex- 
amples. We flip a coin of radius R, as in Figure 9-15(a). The force F is 
momentarily applied to the edge of the coin. There are two effects—the 



(a) Flipping a coin (b) Dropping a pencil 

FIGURE 9-15 

Illustrations of translation of CM plus rotation about CM 

whole mass is accelerated vertically, and the coin is set into rotation. 

Ignoring gravity, we find the two equations that describe the motion to be 

a=— and eee 
m I 

Another example is the pencil falling to the table in Figure 9-15(b). The 

center of mass clearly traces out a 90-deg arc of a circle. At the same time, 

the pencil has itself rotated through 90 deg. These are separate motions 

governed by a = F/m for the acceleration of the center of mass, and 

a = N/I for the angular acceleration of the whole object. 

Rolling on a Level Surface 

Suppose that we are asked ‘‘What feature of a ball and wheel dis- 

tinguishes their motion from that of other shapes?”’ The obvious answer 

would be that they roll. As we shall see, the way that they roll depends 

on several things—mass, moment of inertia, initial motion, and (especially) 

friction. The following discussion applies to the ball, wheel, disc, cylinder, 

or ring. 
If we toss a ball on the floor in just the right manner, with a special 

v and w, it will move off with no slipping or sliding, a case that we shall 

call “natural rolling.’”’ The velocity of a point P on the ball that touches 

the floor is exactly zero at that instant (Figure 9-16). In this situation 

there is no velocity of the surface of the sphere relative to the floor, and 

there is no sliding friction: the ball keeps moving forward and turning. 

(The normal force and the weight are perpendicular to the plane and 

through the center of mass, and do nothing.) It is easy to see, from Figure 

9-16, that the angular and linear speeds are ‘‘matched.” If in a time ¢ the 
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Translational speeds of points 
v 

FIGURE 9-16 

Level surface Natural rolling 

ball makes 1 revolution, a point on its edge moves a distance s = 27R as 

viewed from the center of mass (Figure 9-17). However, the center of mass 

moves a distance x = 27R. (We can imagine unrolling the circumference 

and laying it flat with P always in contact with the surface.) The angular 

speed is w = 27/t, the linear speed v = 2r7R/t. Dividing, 

v 
v=oR or = Sof ad > 

Such motion would continue indefinitely if it were not for air resistance 

and distortion of the surfaces, as discussed in Section 4-6. 

s=27R 

Ne . Actual path of point on edge 

Path of point on edge, P 

viewed from center of mass Le % = 2k ee 

FIGURE 9-17 

One revolution of natural rolling 

Energy in Combined Motion 

When a system includes both translation and rotation, there is a 
kinetic energy associated with each type of motion. The total kinetic 
energy is the sum of these: 

(Ei)e + (Ex), = Ex 

To illustrate, let us compute the energies for an automobile wheel. Sup- 
pose that m = 8 kg and v = 22.4 mi/hr, which is also 10 m/sec. A wheel 
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255 of radius k = 0.4 m is assumed to be a uniform disc. Its moment of 
SECTION 9-6 _ inertia is 

Combined Motion T= 4mR? = 3(8) (0.16) = 0.64 kg-m? 

and its angular speed is 

1 
Qo = 2 = wim/ see = 25 rad/sec 

The rotational kinetic energy is 

(Ex)- = Iw? = $(0.64) (25)? = 200 J 

while the translational kinetic energy is 

(Ex), = ymv? = 3(8)(10)? = 400 J 

The total is then 600 J. Note in passing that (#;), is exactly one-half of 

(£;):, which holds for any disc that is rolling without slipping. 

Rolling on an Incline Without Slipping 

Let us use our new ideas on combined motion to find the acceleration 
of a ball or wheel along an incline (see Figure 9-18). As in Section 5-7, 

where we discussed the motion of an object on an incline, there is a compo- 

nent of weight W,, down the incline and a force of friction Fr up the incline. 

These provide two effects—translation, since there is a net force down the 

FIGURE 9-18 

@ Rolling on an incline 

FIGURE 9-19 

Ring and disc on incline 
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slope; and rotation, since there is a clockwise torque about the center of 

mass. By applying Newton’s linear and angular laws, we can find the 

acceleration. The interesting result is that, for objects of equal mass, the 

larger the moment of inertia, the smaller the acceleration. For example, 

a ring with J = mk? will take longer to reach the bottom of the incline 

than a solid disc with J = 4mR? (Figure 9-19). The same conclusion is 

reached from the viewpoint of energy. 

Rolling with Sliding 

Interesting effects come into play when the requirement for natural 

rolling is not met, as when the angular speed is very large and there is 

slippage against a surface. For example, if we toss a ball on the floor with 

a large initial forward spin, the point on the ball in contact with the floor 

is moving backward. This results in a frictional force forward which slows 

the rotation but accelerates the ball, which scoots away along the floor. 

If instead we give the ball a large backward spin, there is a large backward 

friction, which stops the ball quickly; but since there still remains some 

angular motion, the bal] will roll backward. This effect, commonly known 

as “backspin,” is familiar to golfers, bowlers, and table-tennis players. 

Mechanical Devices 

Many motions involving acceleration of machinery by weights, 

pulleys, inclines, and cables, where both translation and rotation take 

place, can be found by a straightforward pattern of analysis. For example, 

let us consider a block pulled up an incline—Figure 9-20(a)—with a hoist 

consisting of a disc of mass M with a light shaft; a cable is attached to the 

weights. We should like to find the direction and amount of the accelera- 

tion of the system when released, neglecting friction. 

One approach is to apply Newton’s laws separately to each of the 

masses and the rotating disc, assuming that there are different tension 

forces in the connecting cables—Figure 9.20(b). Abbreviating these as 
T, and T:, the balance equations—assuming acceleration of m; up the 
incline—are 

T, — mg sin 6 = ma 

TR — TR = Ia 

mg — T. = ma 

To solve, we divide the middle equation by R, and let a = a/R, I = 4MR?. 
Adding all three resulting equations eliminates the tensions, and we solve 
for the acceleration: 

Mz — Mm, sin 6 

m + m + M/2 
Fin] 



(a) Physical arrangement 

(b) Force analysis (c) Energy analysis 

FIGURE 9-20 

Analysis of motion of connected systems 

The same result can be obtained by application of the principle of 

conservation of mechanical energy—Figure 9.20(c). Let the potential 

energy be zero at the start of the motion, when the kinetic energy is of 

course also zero. Then H = FE, + H, = 0. As the system moves, changes 

in FE, are the negative of changes in E>: 

AR, = —AE, 

Suppose the mass m: drops a distance y, with a loss of potential energy 

—mgy. At the same time, m gains potential energy migy sin 0, and 

AE, = mgy sin 0 — mgy 

The change in kinetic energy is 

AE, = 4myv? + 3m? + lw? 
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Again, J = }MR? and w = v/k. Combining, we can solve for v? and form 

v2/2y, which is also the acceleration a. The reader can easily verify that 

this agrees with the previous expression. 

Gyroscopic Motion 

We cannot leave the subject of rotational motion without some 

mention of the stability of systems such as the gyroscope. The mathe- 

matical complexity of the subject is great, but we can gain some apprecia- 

tion of the processes by examining some familiar examples. A simple 

experiment that anyone can do will demonstrate gyroscopic action. We 

first take a coin and try to balance it on its edge. Unless we are extremely 

careful, it will immediately fall over. However, if we roll the coin along 

the surface of a smooth table or floor, it will remain upright for long dis- 

tances. We also find that the faster the coin revolves, the longer time it 

takes to fall over. The same effect is found with a free automobile tire or 

wheel, or with a bicycle. The unusual stability in these cases is due to the 

rotational inertia that the object possesses. 

We have seen the toy top—Figure 9-21(a)—consisting simply of a 

disc and an axle, that will spin with its point on a table or floor for long 

times before falling over. The toy gyroscope is similar, only it includes a 

surrounding metal ring. Newton’s law for rotation in vector form pro- 

vides us with a basis for explaining gyroscopic motion: 

PAL 
Neste 

The directions of the vectors N and L are taken to be the same as those in 

which right-handed screws would move, with clockwise torque or clock- 
wise rotation, respectively. 

Let us perform some basic experiments. We first place a top with 

its point on the table, as in Figure 9-21(a), and give the shaft a twist. 

The torque is clearly directed downward, and in a time At we give a change 
in angular momentum AL, which is also downward according to Newton’s 
law, and the top starts spinning. Next, we set the top in motion with its 
tip resting on a support, as in Figure 9-21(b). The top does not fall, but 
its axis starts to rotate in the horizontal plane, a phenomenon called 
precession. Newton’s law again provides the explanation. The initial 
angular-momentum vector Ly is pointed to the right. The force of gravity 
W acting through the center of mass of the system causes a clockwise 
torque that is a vector directed into this page. In a time At, a small change 
in angular momentum AL = NAt takes place. Viewed from above, as in 
Figure 9-21(c), L = Ly + AL is at an angle A¢ from the original direction, 
which corresponds to rotation of the top’s axis. If the spin velocity is 
large, the force of the support on the end of the top is equal and opposite 
to the weight, and the axis remains horizontal. The relation of angular 



(b) Top in horizontal position 

Lo 
(c) View from above 

FIGURE 9-21 

Gyroscopic action 

speeds of precession w, and spin w is readily deduced. If the moment of 

inertia is J, then the initial angular momentum is Lp = Iw. Now, from 

Figure 9-21(c), AL = LoAd, and also AL = NAt. Equating, we find 

w@» = Ad/At = N/Iw. Thus the higher the spin, the slower the precession, 

and vice versa. As the spin of the top slows due to friction, the rate of 

precession is found to increase. 
The gyroscope plays an important part in the guidance system of 

ships, airplanes, missiles, and satellites. The basic arrangement is a wheel 

rotating at high speed on a shaft, with the structure effectively supported 

at its center of mass. Gravity and forces of the support produce no torque, 

since the lever arms are always zero, and thus the initial rotational motion 
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is preserved, regardless of the behavior of the vehicle. Even if a ship that 

is guided by the device curves or tips over, the axis of the gyroscope con- 

tinues to point in its original direction. 

9-7 TORQUES ON DIPOLES AND CURRENTS 

Electrical and magnetic fields, as we saw earlier, exert forces on 

individual charges at rest or in motion. When several charges are involved, 

torques are produced. 

First let us examine the electric dipole from Section 6-3. When 

placed in a uniform electric field &, as in Figure 9-22, the positive charge 

will tend to move downward, the negative charge upward. With lever 

Dipole 

FIGURE 9-22 

Electric field & Torque on electric dipole 

arms d/2 for rotation about the midpoint, and forces F = &q on each 

particle, the total torque is 

N = &@s 

Or letting the electric moment be M = qs, 

N = M8 (torque on an electric dipole) 

The torque on a bar magnet in a magnetic field ® is easily found by 

analogy. If the pole strength is p and the magnetic moment is M = ps, 

N = MB (torque on a magnetic dipole) 

When either the electric or magnetic dipole is aligned at some angle 
6 with the field, the torque is smaller than the above values by sin 6. For 
example, if 6 = 0, sin@ = 0, then the forces on the electric charges are 
along the axis of the dipole and no tendency to rotate is experienced. 
When ¢@ = 90°, sin@ = 1, and the torque is again N = Mg. When a 
freely moving compass needle or bar magnet is placed in a magnetic field, 
the torque brings the moment M into line with @ so that 6 and the torque 
are zero. 



Magnetic 
field of coil 

FIGURE 9-23 

Measurement of magnetic field 

An experiment to test this effect is easily set up as shown in Figure 

9-23. A current is sent through a solenoid to produce a magnetic field 8, 

inside it, parallel to the coil axis. Then, the needle of a magnetic compass 

placed within the coil will be deflected from north through an angle a, 

such that the torques due to the coil and to the Earth’s field ®g are equal: 

Nz = MBz sina = MB, sin (90° — a) = N, 

or 

tana = We 
Gz 

For example, if ®g = 5 X 10-5 Wb/m? and ®, = 2 X 10-> Wb/m?, then 

tan a = 0.4 and a = 22 deg. This apparatus is an elementary version of 

a magnetometer for measuring magnetic fields. If the field due to the coil 

is known, the measured angle yields the strength of the unknown field. 

Torques on current loops produce motion in electric motors, and are 

closely related to the whole subject of magnetism in solids. Picture, as in 

Figure 9-24, a rectangular loop of wire of dimensions L and W, mounted 

on an axis and free to rotate. A current J flows in each side of the loop. 

There are no forces on the vertical legs, but there is a force of amount 

F = BIL on each of the horizontal legs, recalling Section 7-2. The lever 

arms are each W/2; hence the total torque is 

N = 2(@IL) = GILW 

However, the area of the loop is A = LW; hence 

N = IAB 
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The similarity of dependence of torque on magnetic field suggests that we 

let [A = M, so that 

N = MB 

Thus a current loop of area A, magnetic moment M = JA, is equivalent 

to a bar magnet of moment M = ps. We derived this expression for a 

rectangular loop, but it can be shown that the magnetic moment of a loop 

depends on its area, not on its shape. 

Magnetic field @ 

Width W 

Loop, length L Torque on current loop 

FIGURE 9-24 

An interesting and important relation exists between two rotational 

aspects—mechanical and electrical—of a charge moving in a circular path. 

The magnetic moment is M = JA, but as shown in Section 7-2, the cur- 

rent of a charge g moving on radius R is J = ee Thus 
2rR/v 

= 2 ae = ) 2 M=rkR ( i) quR/2 

This is the charge’s electrical characteristic. As a rotating mass, it has an 

angular momentum L = mvR. Now let us form the ratio of the two 
properties: 

M as gukh/2 _ q (ratio of magnetic moment 

L mk 2m to angular momentum) 

Notice that the quotient of magnetic moment and angular momentum 
(called the gyromagnetic ratio in atomic physics) is directly proportional 
only to the ratio of the basic quantities of charge and mass. Magnetic 
properties depend on this quantity, as will be shown later. The numerical 
magnitude for an electron in an orbit is 

M e Lo0ne< LOS C ZL = Bm 7 GO1L <i) = 879 X 10" C/kg 
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The Subject of Mechanics 

When we hear the words “mechanical” or “mechanics,” we tend 
naturally to think of machines or mechanisms involving wheels, gears, 
shafts, levers, and so forth. In the vocabulary of physics, however, 
mechanics refers to the area of study involving forces, torques, and motion, 
regardless of the nature of the forces. We thus employ its principles, in- 
cluding Newton’s laws and the energy concept, to describe and analyze 
motions of electric charge or of gravitational masses or of atomic nuclei. 
The word “‘mechanics” was first used when the science of physics consisted 
principally of the study of devices that involved rigid structures and 

“mechanical” forces. This era was long before electricity was discovered, 

before magnetism was other than a curiosity, before gravitation was fully 

understood, and surely before the existence of nuclei was suspected. It is 

rather remarkable to contemplate that the laws developed by Galileo and 

Newton as early as the 1600’s to describe such unsophisticated systems 

as falling bodies have stood the test of time and remain so widely applicable 

- to the varied and complex phenomena of nature. This may be regarded 

either as a demonstration of the genius of these early scientists or perhaps 

as a reminder that physical laws remain while men and their artifacts 

appear and disappear. 

PROBLEMS 

9-1 In tightening the nuts that hold a wheel on an auto, forces of 24 lb are 

applied to each of the two 8-in. arms of a wrench. How much torque is 

applied? 

9-2 How far from the center of the Earth is the center of mass of the 

Earth—Moon system? Note: My = 0.272 Mz, and the separation of 

centers is 239,000 mi. 

9-3 One die of an otherwise identical pair of dice has the ‘‘1-spot”’ loaded 

with lead of mass 0.3 gram. If the “honest’’ die has sides of length 1 cm 

and a mass of 10 g, by how much is the center of mass of the “loaded” die 

shifted? 

9-4 Aneutron (mass m = 1) approaches a deuteron at rest (mass M = 2). 

Show that the center of mass is at a point 3 of the way between the parti- 

cles. To which nucleus is the center of mass nearer? 

9-5 Find the center of mass of the water molecule HO, assuming average 

distances between atoms, in nanometers (10~* m), as follows: O-H, 0.0958 ; 

H-H, 0.1518. 

9-6 Find the center of mass of a thin rod that has a density that varies 

linearly from zero to pz along its length L, by drawing analogy to a tri- 

angular plate (see Section 9-3). 

9-7 One of the two arms of an analytical balance was manufactured 1 mm 

longer than the proper 12-cm length. How much error (specify high or low) 
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will this introduce in the determination of the mass of a 200-gram chemical 

sample placed on the pan attached to the longer arm? 

9-8* The angle between a ladder and the ground must not be too large, or 

a person will tip over backwards as he climbs. Find the largest safe angle, 

assuming that the wall exerts no force on the uniform ladder (length d, 

weight w). The center of mass of his body (weight W) is located at a 

perpendicular distance / from the center of the ladder. Suggestion: Take 

torques about the point of contact of the ladder and the ground. 

9-9 A truck is weighed at a highway checking station by putting only the 

front wheels on the scale platform (w,), then only the back wheels (w»). 

Derive a formula for the correct weight w. 

9-10 How high can a man of mass 75 kg climb on a uniform ladder of 

length 4 m, mass 12 kg at 60 deg from the horizontal? Let the coefficient of 

friction with the ground be 0.6 and with the wall be zero. If he had a longer 

or shorter ladder could he climb a greater fraction of the way up? 

9-11* The correct angle of highway banking to prevent cars from sliding 

was investigated in Section 5-7. Find the angle to prevent tipping over, 

first when the car is not moving, then when it has a speed v on radius R. 

Assume that the car’s center of mass is at a distance y from the ground and 

that it is halfway between the wheels, a distance 2x. Show how a low 

center of mass is desirable, especially for racing cars. 

9-12 A motorcycle with high enough speed can travel on the inside of a 

circular vertical wall. (a) Derive an expression for the necessary angle that 

the plane of the cycle must have with the vertical, assuming that friction 

prevents sliding down. (b) Find the angle if the speed is 20 m/sec and the 

radius of motion is 15 m. 

9-13 A phonograph motor is to be designed to accelerate a stack of eight 

45 rpm records, each of mass 0.040 kg and diameter 0.175 m, to full speed 

in 2 sec. What is the minimum torque? What force does that imply on a 

drive shaft of 0.4 cm radius? 

9-14 Find the moment of inertia of the H.O molecule about an axis that 

is through the center of mass and perpendicular to the plane of the atoms. 

(See problem 9-5 for interatomic distances.) 

9-15 Show that the moment of inertia of any two particles of mass m, mo, 

and distances to the center of mass 1, 72, is mms, Where s = 7; + 7, if the 

axis is through the center of mass. 

9-16 What is the moment of inertia of a semicircular plate about the 
center of the straight side? 

9-17 Find (a) the center of mass of the mixed molecule of hydrogen and 
deuterium with the HD atom separation of 7.4 X 10-!'m, and (b) its 
moment of inertia about an axis through the center of mass. 

9-18 The brakes on a car essentially operate as shown in Figure P9-18. 
The spreading of the lined brake “shoes” increases their contact with the 
interior of the drum. Find the amount of work, the value of the torque, and 



FIGURE P9-18 

the constant force that must be applied on each of four 12-cm drums to 

stop a car of mass 2000 kg with speed 30 m/sec and tire diameter 0.4 m, 

within a distance of 100 m. 

9-19 An automobile engine develops 100 hp at a speed of 2700 rpm. 

What torque is developed? 

9-20 <A flywheel comes off its shaft and rolls away on the floor. Assuming 

it to be a ring of weight 300 Ib, and center-of-mass speed 1.5 ft/sec, how 

much kinetic energy does it have? 

9-21 (a) Show that the power developed in a system by a torque N with 

angular speed w is P = Nw. (b) Compute the torque on an airplane pro- 

peller produced by a rotary engine developing 3000 hp, while turning over 

at 2000 rpm. 

9-22 A wheel of a car moving at 60 ft/sec comes off and goes rolling down 

a level highway. A frictional force of 2 lb acting tangentially to the tire of 

radius 14 in. tends to slow the motion. The wheel weight is 48.3 lb and its 

radius of gyration is 9 in. Find the distance the wheel travels before it 

stops, using the principle of energy conservation. 

9-23 Describe the following in terms of rotational motion, forces, and 

torques: (a) a sailing platter, (b) the well-passed football, and (c) the yo-yo. 

9-24* A meter stick is held vertically with one end on the floor. It is then 

allowed to fall. Find the speed of the center of mass as it depends on angle, 

assuming that the end touching the floor does not slip. Note: For a thin rod 

rotating about one end, the moment of inertia is 3m’. 

9-25 Show that in natural rolling the fraction of the total kinetic energy 

of a solid sphere that is rotational is #. If J for a hollow sphere is mR’, 

what is this fraction? 

9-26 A bowling ball with a diameter of 10 in. and a weight of 12 lb rolls 

along an alley with a velocity of 14 ft/sec. Calculate its total kinetic 

energy. 

9-27 A flywheel with moment of inertia of 25 kg-m? has a rotational 

kinetic energy of 1500 joules. What is its speed of rotation in revolutions 

per minute? 
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9-28* Find the angular acceleration of a wheel driven by two weights (see 

Figure P9-28) using Newton’s laws of motion, but neglecting friction. Let 

m = 5 kg, m = 15 kg, r = 0.10 m, R = 0.25 m, and J = 2 kg-m? for 

the wheel. 

9-29* What speed will the system in Problem 9-28 have after mass 7 has 

moved through 0.5 m, according to conservation of mechanical energy? 

9-30 What is the torque in the Earth’s magnetic field of 5 X 10-> Wb/m? 

on a compass magnet of length 2 cm, pole strength 10—-* placed perpendicu- 

lar to the field line? 

9-31 How much torque would be required to hold an iron rod of 5-cm 

length and magnetic moment 8.5 A-m? perpendicular to a strong field of 

10 Wb/m?? What amount of force at each end of the rod is required? 

Express also in pounds. 

9-32 A magnetic compass is placed at the center of a circular loop of 

current-carrying wire, the plane of which is parallel to the Earth’s magnetic 

field. Show that the angle of deflection of the needle when the current is 
turned on is found from 

2rkyl 

a@r 
tana = 

9-33 Referring to Problem 9-32, what is the strength of the Earth’s field 
at a point where a current of 3 A in a loop of 8-cm radius gives a deflection 
from North of 30 deg? 

9-34 Hind the magnetic moment of a ring of wire of radius R that has a 
total charge Q, and rotates about the axis through the center of the plane 
with angular speed w. 

9-35 The magnetic field at the Earth’s Equator due to a dipole of moment 
M at the center and lined up with the poles of the Earth (see Section 6-4) is 

_ Qk M 
Saabhcgh 

If the field is 5 X 10-5 Wb/m!, estimate the Earth’s magnetic moment. 
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Problems 

9-36* What is the angular momentum of the Earth as a uniform sphere? 

Assuming that the Earth is a dipole of magnetic moment 1.55 & 1022 A-m2, 

what uniform charge per kilogram of mass would be required to give this 

strength? How many iron atoms per free electron does this correspond to? 

Discuss the meaning of this result. 
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CONSERVATION LAWS 

The physical universe can be described either in terms of interactions of 

basic particles—electrons, photons, protons, neutrons, and so on—or in 

terms of interactions between structures ranging from molecular to 

astronomical size. The laws of motion provide a means for prediction in 

physical problems at either level, using several quantities such as mass, 

charge, velocity, acceleration, force, momentum, and energy, as we have 

seen in preceding chapters. Now, we shall be introduced to some simplify- 

ing assumptions or methods to help describe and analyze complex situa- 

tions. First we shall examine the concept of conservation which is a powerful 

device for this purpose, and serves as a unifying concept in physics. 

10-1 CONSERVED QUANTITIES 

If some physical quantity does not change with time during a process, 

we call that quantity a “constant of the motion,” and say that the quantity 
is conserved. We are already familiar with some of these. For example, 
when two chemicals react, the total mass of materials is constant (neglect- 
ing mass-energy conversion) ; or again, a falling body has both potential and 
kinetic energy, but the total mechanical energy is constant. Clearly, our 
ability to describe processes is improved whenever it is possible to discover 
such constant entities, since we can use their initial values at all later times 
and not be concerned with changes. 
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In addition to the familiar examples of mass and energy, there are 
other fundamentally conserved quantities. For instance the total amount 
of electric charge in the universe is believed to be constant. Although we 
can “create’’ electrons from energy, they arise in pairs of opposite sign; and 
if we think of electrons as positive matter and antielectrons as negative 
matter, the resultant net charge is zero, and thus no change in total charge 
takes place. (Similar statements can be made about the total number of 
nucleons in the universe, which we shall discuss in Chapter 24.) 

For an example of how conservation is useful in solving problems, 
recall the balanced chemical equation 

2H. + O; =) 2H,O 

We use the principle of chemical valence to balance the equation with the 

factors of 2, but this may be traced to more fundamental quantities such as 

charge or electron spin, to be studied in Chapter 23. 

Some of the quantities in nature which are conserved are very 
-nebulous and can only be described mathematically: ‘strangeness’ is a 

property of fundamental particles related to their lifetimes; “parity” is a 

mathematical property conserved in some interactions and not in others; 

‘Ssotopic spin” is a number used to distinguish between a proton and a 

neutron. 

We have already shown the universality of conservation of energy, 

and now shall develop the necessary mathematical description for two other 

conserved quantities: linear momentum and angular momentum. The 

motion of assemblies of particles has been shown to be governed by the 

general forms of Newton’s laws F = Ap/At and N = AL/At. In each case, 

the motion is determined by external forces and torques. A large class of 

physical situations can be analyzed, however, by choosing the system of 

interacting particles large enough so that no eaternal forces come into play. 

As an example, a charge in the field of another obviously experiences a force 

external to it, but the two particles taken together with an imaginary 

boundary around them are 7zsolated from the outside. 

10-2 INTERACTIONS AND LINEAR 

MOMENTUM 

We may now ask: What laws govern systems with no external forces? 

The total momentum of a group of zsolated particles, labeled 1, 2, 3, etc., is 

P=ptptpt...= Ups 

The mutual internal forces between pairs of particles are equal and oppo- 

site in direction, and their vector sums add to zero. There being no ex- 

ternal forces, F = 0, and thus 
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This can be true only if p does not change with time—a statement that is 

deceptively simple in view of its power to analyze physical problems. It 

deserves the formality of calling it the principle of conservation of linear 

momentum: 

IF NO EXTERNAL FORCES ACT ON A SYSTEM OF PARTICLES, THE TOTAL 

LINEAR MOMENTUM REMAINS CONSTANT IN TIME. 

Let us look at some examples with objects that have mass and velocity, and 

thus momentum, to show that the principle encompasses various types of 

two-body interactions. In each, m and v will refer to the smaller body and 

M and V to the larger. 

An amateur sailor attempts tc jump from a rowboat to the shore and 

falls on his face in the water—Figure 10-1(a). This mishap is easily ex- 

plained by conservation of momentum. Before the man leaps, the mo- 

mentum of the system (including him and the boat) is zero, which is of 

course a constant. By giving himself a forward momentum toward land, 

there must be imparted to the boat an equal and opposite momentum. 

Mathematically, the momenta of man and boat are respectively mv and 

MV on separation, such that 

my + MV =0 

Thus V = —(m/M)y, in the opposite direction from the man’s motion. 

When a rifle is fired—Figure 10-1(b)—there is always a recoil that 

jars the shoulder. The bullet of mass m is sent forward with velocity v, and 

the gun of mass M goes backward with velocity V. The recoil speed is 

easily found. Before firing, the total momentum was zero, and must 

remain so. Again mv + MV = 0 and V = —(m/M)v. Suppose v is 150 

m/sec and m is 2 grams, while M is 6 kg. The gun’s speed is found to be 
V = 0.05 m/sec. 

Notice that the two energies are not equal but vastly different. In the 

above example, where the rifle’s mass was 6 kg and the bullet’s mass 2 

grams, the kinetic energies are 

Bullet: Ex = 3(0.002)(150)? = 22.5 joules 

Rifle: Ex = ¥(6)(0.05)? = 0.0075 joule 

Thus the energy of the bullet is 3000 times that of the rifle. 
Suppose that there is some momentum to start with, as when a golf 

club strikes a ball resting on a tee—Figure 10-1(c). Originally the total 
momentum of the system is MV, afterward M(V + AV) = mv. Equating, 
we find the club is slowed by the amount AV = —(m/M)y. For a typical 
speed of the ball of 68 m/sec (about 152 mi/hr) and a ratio of masses of = 
the loss is 8.5 m/sec. 

In other instances both objects may have momentum, as when a space 



(b) Recoil of a gun 

(c) Impact of golf club and ball 

(d) Separation of spacecraft and booster rocket 

FIGURE 10-1 

Examples of conservation of linear momentum 

capsule of mass m is suddenly disengaged from its booster rocket of mass 

M—Figure 10-1(d). They moved along together with speed v originally, 

with total momentum (m+ M)y. Each experiences changes in velocity, 

and afterward the total momentum is m(v + Av) + M(V + AV). Equat- 

ing, we find that Av = —(m/M)AV, meaning that the capsule gains speed, 

while the booster loses speed. The reader can check that similar relations 

can be developed for the collision of two atomic or nuclear particles coming 

together from opposite directions. In each of these examples, note that the 

conservation principle is actually being violated if gravity is present, since 

then the objects are not free from external forces. The error is very small, 

however, because the times for the collisions or interactions are extremely 

short, and the forces thus acting are large in comparison with external 

forces. For example, one can estimate that there is a force of hundreds of 

pounds between a colliding clubhead and a golfball. Gravity as an external 

force clearly can have no sensible effect on the process. 

Such reactions as the one between golf club and ball are called 
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Force, F 

Time, t At 

FIGURE 10-2 

Force varying with time and impulse produced 

impulsive, the term impulse that describes them being defined as the 

product of the average force F acting on impact and the time Af¢ it lasts. 

The impulse is equal to the change in momentum: 

FAt = Ap 

as is easily seen from Newton’s second law. 

The above equation can be used just as it appears if the force is 

constant over the time of action At. For most problems, however, the force 

is not a constant in time but rises rapidly and then falls off, as in Figure 10-2. 

In this situation, we find the average force F by making the area under the 

curve of the actual F the same as that of the dotted rectangle. For example, 
let us find the average force between a golf club and a ball of mass 0.05 kg, 

if the ball picks up a speed of 100 m/sec in a time of 0.0025 sec: 

Ap = mAv = (0.05 kg)(100 m/sec) = 5.0 kg-m/sec 

_ Ap _ 5.0 kg-m/sec _ — 
Pix t= 00025 see 7 LOOON or 2450 Ib 

Inelastic collisions. If some of the kinetic energy of motion of 
colliding objects goes into heat, the reaction is said to be inelastic. For 
example, a bullet fired into a thick block of wood will slow down because of 
friction and remain imbedded in the wood. Total energy is conserved, but 
kinetic energy is not. Suppose that initially the bullet has mass m and 
speed u, while the block M is at rest. The momentum of the system is mu. 
After the collision, the two objects move on together with momentum 
(m+ M)v. Equating, 

mu = (M + m)v 
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or 

pan 
v= M+m U 

To illustrate, let m = 0.05 kg, M = 10 kg, and u = 400 m/sec. Then 
v = (0.05/10.05) (400) = 2 m/sec. The only information that can be 
gained from consideration of energy conservation is the temperature rise of 
the system. Few processes in nature are perfectly elastic because friction or 
its equivalent are inevitable. In order to analyze reactions fully, some 
knowledge of the details of heating effects is required. As a second ex- 
ample, picture a neutron of mass m = 1.67 X 10-27 kg, speed u = 2.2 X 

10° m/sec, being absorbed by a U”* atom, mass M = 392 X 10-27 kg. 
The resultant atom, U#6, has a speed 

1.67 
v= (ras) (2.2 x 105) = 930 m/sec 

10-3 CONSERVATION IN ROCKET MOTION 

The behavior of a rocket engine—as in missiles, aircraft, and space- 

craft involves a particularly interesting application of the principle of 

conservation of momentum. A chemical fuel is burned and the high-speed 

gases are continuously discharged from the rocket nozzle (Figure 10-3). 

Just as the firing of a bullet causes a gun to recoil in the opposite direction, 

the ejection of gas molecules propels the rocket. Suppose that the mass of 

propellant is discharged from the rocket at a speed v, and at a rate r (in 

kg/sec). In a time At, a mass Am = rAt escapes, implying a momentum 

loss of (rAt)v,. The rocket of mass m experiences a momentum gain of 

magnitude mAv. Equating and dividing by At, 

ates 
FANE 

From this form of Newton’s second law, we can identify the force of the 

propellant on the rocket—the “‘thrust’’—as 

Fy, = 1p 

Rate of discharge r 

Oo o> 0O> 0O> 0> 0O> 

Oo— o> 0 0O>>_—dr+—°C > —0O>- 

o> Oo OO 0 ~O> 

Up, Speed relative to rocket 

FIGURE 10-3 

Rocket propulsion 
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For example, suppose that for the Atlas missile, r = 100 kg/sec and v, = 

4500 m/sec. Then, F, = 4.5 X 10° N. This amounts to about 100,000 lb, 

meaning that such a thrust could hold up a weight of 50 tons, or impart an 

acceleration of 1 ‘“‘g’’ upward from the Earth’s surface to a rocket of 25 tons. 

It is a common misconception that the exhaust gases ‘“‘push on the air” 

and that this reaction forces the rocket to move. Clearly this is wrong, since 

rocket propulsion can take place in a complete vacuum.* The reaction 

force is in fact due to the discharge process itself and is based on the 

conservation of linear momentum. 

Newton’s formula holds accurately even if the system is acted on by 

external forces, because they do not affect the violent process of expulsion 

of burning gases to any degree. Thus we may generalize the equation to 

include gravity F¢ and friction of air Fr: 

Frotai = Fp + Fo + Fr = m x 

The friction will always be negative, acting to slow the rocket, while the 

sign of gravity will depend on whether launching or landing is the maneuver 

under consideration. 
As the fuel burns and is discharged, the mass of the rocket continually 

decreases, and thus its acceleration increases even if the thrust is constant. 

Let us examine the relationship of this variable mass and the speed at any 

time, neglecting gravity and friction, as if the rocket were starting from 

rest far out in space. If the mass of the whole system—rocket plus fuel— 

were mp at time zero, at any later time ¢ it would be 

m=mM —rt 

Then, the ratio of mass to initial mass is found to bet 

where v is the speed of the rocket relative to the point it started and v, is the 

speed of the propellant relative to the rocket. Let us calculate what ultimate 
speed the Atlas-type vehicle would reach in gravity-free vacuum. Assume 
the mass of fuel to be 25,000 kg and that of the total structure and payload 
10,000 kg, giving a mass mp of 35,000 kg. Take the thrust as 4.5 X 10° N, 
with v, = 4.5 X 108 m/sec and r = 100 kg/sec. At “burnout,” when all 
fuel is gone, m = 10,000 kg and mo/m is 3.5. Taking the logarithm of the 

* As late as 1920, Dr. Robert Goddard, a pioneer in rocket studies, was taken 
to task by The New York Times for asserting that travel in the vacuum of space was 
possible. In 1969, after the landing on the Moon, the Times apologized. 

+ Note that Am = —rdt (a reduction), and that mAv = rvpAt. Eliminating At, 
we obtain Am/Av = —(m/v,). This equation is of the same form as that for friction 
slowing in Section 5-7; by comparison, m = mye~?/?, 
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rocket formula and solving for v, we obtain 

e ll Vp In (=) = (4.5 X 10*)(In 3.5) = 5.6 X 10% m/sec 

= 5.6 km/sec 

This is less than the speed needed for a minimum-radius orbit around the 
Earth, which is 8.0 km/sec, and only one-half the Earth escape speed of 
11.2 km/sec (see Section 8-4). Recall also that gravity and air resistance 
are still not accounted for. For satellite and interplanetary travel, however, 

two or more rocket stages are required; and if the second stage is apprecia- 

bly lighter than the first stage, one can show that the final speed is roughly 

doubled.-This would yield 11.2 km/sec with the specifications given. The 

length of time of the rocket blast is easily found to be 

— 5 _ (mo — m) _ 25,000 kg ey ee t = 
: r 100 kg/sec 

The basic mass-speed equation can be written in terms of the ratio of fuel 
mass used to original total mass: 

my 

mo 

= 1 — e-r/v» 

A typical question is: What fraction of fuel will give a certain final speed— 

say, twice v,? Immediately, we find that 

My 

mo 
= 1-—e7 = 0.865 

or 86.5% of the system mass must be fuel. As we may note, the higher the 

speed demanded, the larger the fuel fraction and the smaller the payload 
that can be transported. From another viewpoint, very high exhaust speeds 

allow a low fuel load. This suggests that a stream of charged ions, acceler- 

ated by electric forces, would serve as an extremely effective propellant. 

10-4 PARTICLE COLLISIONS 

Molecules, atoms, and nuclei in general involve two types of motion: 

translational, that of the body as a whole, and internal, that of the component 

parts. Thus corresponding translational and internal energies are changed 

or shared when two particles collide. As a start in studying the complex 

nature of such collisions, let us consider interactions that are elastic, such 

that internal energy is not involved. We shall also suppose, in the following 

examples, that mass is not converted into energy. On the atomic scale, 

the collision between a neutron and certain nuclei is a good example, 
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while on a larger scale, we may visualize the collision of two billiard balls. 

Also, we shall apply the laws of conservation of mechanical energy and 

linear momentum. If there is no potential energy, we may state these 

simply as 

Ex 

p 

constant 

constant 

For any two bodies of masses m; and m, that collide with initial velocities 

ui, u, and final velocities vi, v2, the conservation formulas state* that 

3 - rae? 
Lmyut + 4muz = Fmyvi + FMwv?2 (kinetic energy) 

muy + Meu, = MV + MeoVe (momentum) 

A convenient alternative equation for elastic collisions connects the relative 

velocities of the two particles before and after collision: 

uy — Up = V2 — V1 (relative velocity) 

We can readily demonstrate and explain this general expression for one 

type of interaction—the “head-on collision,” in which particles approach 

and recede from each other on the same line, as shown in Figure 10-4. 

This is but one of the many ways in which two objects can collide. In 

general, their paths make some angle with each other. 

Let us rearrange the energy and momentum equations for this case as 

m2(v2 — U3) I m(ui — v}) 

my (Uy — 01) = Mo(v2 — Us) 

and divide equations, noting that 22 — y? = («+ y)(x — y), to yield 

Uy — Up = Vo — VY 

The speed of approach of particle 2 to particle 1 before collision is the 

same as the speed of separation of the two after collision. 

Let us illustrate the use of the last two equations involving momen- 
tum and relative speed. An object of mass m = 1.2 kg with speed m = 
30 m/sec overtakes another object of mass m: = 2.0 kg and speed uw = 
8 m/sec and collides elastically. Then, 

1.2(30 — 11) = 2.0(v. — 8) 

30 — 8 = mm — yy 

a Particle 1, usually of primary interest, bombards particle 2, of secondary in- 
terest. Conditions ‘“‘before’’ are symbolized by u, which precedes v in the alphabet. 

t If one combines algebraically the relative-velocity equation uy — uy = ve — vi 
with the momentum equation mu; + mus = mivi + move, the final velocities for any 
head-on collision are 

y 2mou2 + (mi — me)uy <= 2miu; + (ms — m)ug 
vi 

mi + mz mi + me 



Before 

After 

Mo 

a 

FIGURE 10-4 
mp 

my Head-on collision of two particles 

Solving, v1 = 2.5 m/sec, ve = 24.5 m/sec. 

The conservation laws permit the analysis of all types of collisions. 

Some special cases now can be examined rather easily. 

1. Collision involving a very large mass. The elastic collision between 

very light objects (as projectiles) and very massive ones (as targets) is 

especially simple to analyze. Good examples are a bullet striking a boulder 

or a stray golfball hitting the highway; the collisions between an electron 

and an atom or between a neutron and the nucleus of uranium may also be 

considered. 

Let m: be much smaller than m2, which is initially at rest, uw. = 0. 

Dividing the momentum equation through by m: gives 

The quotients of the masses are very small and thus may be neglected. 

This tells us that 

v.=0 

The more massive body has a small speed after collision. We easily rec- 

ognize the truth of this—one does not knock elephants over with BB shot. 

Let us examine the vector equation for relative motion with u. = 0, 

as set originally, and v. & 0, as just found. This leaves only 

y= -wW 

The velocity of the light object is approximately reversed, with the speed 

remaining the same. It bounces back, a fact we know from practicing 

tennis against a wall. Approximately, the change in momentum of the 

light object is 2mm, equal to that of the massive object, m2; hence 

Vo & 2myw/mM. 

Let us now reverse the situation, allowing a massive object 7m to be 

the projectile striking a light object m2 at rest, uw, = 0. Dividing the 

momentum equation by m yields 
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Me 
Wm = vi+ — ve 

my, 

Neglecting the second term on the right, we see that the velocity of the 

heavy object is practically unchanged: 

y=—u, 

To verify, think of the difficulty a football line composed of small players 

has in stopping a 250-lb fullback. From the relative-velocity equation, 

Vo = 2u, 

meaning that the target is given about twice the speed of the projectile. 

2. Collisions of a neutron and a stationary nucleus. As an illustration 

of interest from the study of nuclear chain reactors or the evaluation of 

neutron radiation effects on tissue in the human body, let us consider a 

neutron of mass m1, speed wu impinging on a nucleus of mass m2, speed 

u = 0. Let the ratio m./m, be labeled A, which is close to the mass 

number of the target. Our equations become 

UW = 4 + Ady 

Ut) Sy 

Eliminating v2, we obtain the ratio of neutron speeds after and before 

collision: 

Vj = A-—1 
r= — 

mw A-bl 

We may deduce from the above that the collision of a neutron with a very 

heavy nucleus (A > 1) leaves the speed almost unchanged (v; & wu), 

while the collision with the nucleus of hydrogen (A = 1) causes v; to be 

zero. (For this latter special case, the proton is projected forward with the 

same speed as the neutron had, leaving the neutron at rest.) To illustrate, 

let us find the ratio of neutron speeds and energies after and before a 

i  12—t 
uw 12+1 ‘48 

2 

and the energy ratio is 3) = 0.716. If instead the target is U**, = 
1 

234 et /on\ 4 eee = 936 and the energy ratio is (Fe) = 0.983. This indicates that the 

neutron’s energy loss is considerably greater on impact with the lighter 
nucleus, which explains why light elements H, C, Be, ete. are preferred as 
“ . 
moderators” for neutrons in nuclear reactors, where slow neutrons 

produce fission of uranium. 

head-on collision, when the target nucleus is C®. Now 
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FIGURE 10-5 

Collision of photon and electron, the Compton effect 

3. Collisions of a photon and an electron at rest. Examples 1 and 2 

above did not require the use of relativistic concepts—the dependence of 

mass on speed and the equivalence of mass and energy. Here we turn to a 

more advanced type of collision, that of a photon and an electron, in which 

the-electron’s speed after collision is great enough to require the use of 

relativistic relations. Also, we shall note the fact that the momentum of a 

photon (Section 8-8) is the quotient of its energy and the speed of light. 

Keeping these two special factors in mind, we may now apply the conser- 

vation laws to the ‘‘Compton effect,” resulting from the bombardment of an 

electron at rest, mass mo, by a photon of energy EL. In the case of a head-on 

collision (Figure 10-5), the photon is reflected backward with a new energy 

E’, and the electron is projected forward with a new relativistic mass m. 

Conservation of mass-energy gives 

E+ me = H’ + me 

while conservation of momentum gives 

Ft mo 

there being no original electron momentum. The two equations may now 

be solved for the new photon energy in terms of the original value. The 

algebra required* to eliminate the speed » is left to the reader, and only the 

result is given: 

1 
aa 

De aaa 

where EF) is the rest energy moc”. 

Thus we see that the photon energy after collision depends on how 

* The best procedure is to form mv = cVm? — ma and eliminate m between the 

equations. 
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energetic the photon was initially, compared to the mass-energy (Section 

8-7) inherent in the electron (0.51 MeV). If £ is low, say 0.01 MeV, we can 

ignore the second term in the denominator, noting that the energy is almost 

unchanged—analogous to a tennis ball bouncing off a wall. If, however, # 

is very large, say 10 MeV, we can neglect the 1/E in the denominator and 

obtain a final energy of 4c? or 0.25 MeV. Except for this small amount, 

all of the initial energy has gone into projecting the electron forward with 

a high relativistic mass. There is obviously no classical analogue to this, 

since a large mass striking a small one would be expected to lose practically 

no energy. The first measurement of this collision process was carried out 

by the American physicist Arthur H. Compton, after whom the effect is 

named. 

General Elastic Collision, 

Center-of-mass View 

The head-on collision, as we have noted, is a special situation. In gen- 

eral objects come together from different directions, just as two cars might 

collide at an intersection—say, one from the north and one from the west— 

leaving each other at angles that depend on the laws of mechanics and 

probability. The final energies of the particles depend on these angles, 

and many different values would be found if the collision experiment were 

performed repetitively with identical initial conditions. 

We shall now outline the treatment of the general elastic collision. 

First let us look at the ‘‘before’”’ and ‘‘after”’ views of the event as seen in 

the laboratory where the experiment is done. We call this the “‘lab’”’ system 

of coordinates—Figure 10-6(a). The vector lengths represent velocities, 

and the circles show where the particles are located just before and after the 

collision. Often the only items of interest are the angle of scattering 6 and 

the magnitude of v, for one particle. As before, the equations of con- 

servation apply, but there are many combinations of final directions @ and 

¢ that the particles can have, depending on the details of the impact. 

These details can best be seen if one is “at the scene’’—that is, at the 

center of mass of the two particles, which lies somewhere between them at 

all times. We label this the CM coordinate system. Consider what an 
observer would see from this viewpoint. The particles would appear to 
approach on a line, as seen in Figure 10-6(b), and after contact to recede 
on another line. Each particle has a velocity relative to the center of mass. 
As it turns out, the two speeds remain constant, providing some simplifi- 
cation of the algebra, which at best is involved. Note that the collision as 
seen from CM amounts only to a rotation of the “dumbbell” formed by 
the particles, through some angle a. (In one type of collision found fre- 
quently, every final direction is equally likely—a phenomenon called 
isotropic scattering.) 

The procedure for finding the final velocities is to travel mentally 
from the lab to the CM, observe the collision there, then “‘come out” to see 
what really happened in the lab. This requires connecting relations for 
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FIGURE 10-6 

Collision in laboratory and center-of-mass coordinate systems 

(a) Scattered neutrons (b) Angular distribution 

FIGURE 10-7 

Collisions of neutrons with carbon nuclei 

the momentum of the system, which is unaffected by the collision of its 

component particles, which are treated as isolated objects. We shall note 

only one phenomenon arising from such an analysis, one that is important 

in the collisions of gas particles or neutrons with nuclei. Although an 

incoming particle can be scattered through many different possible angles, 

it tends to “remember” the fact that it carried initial momentum with it; 

that is, the scattered particle tends to preserve a component of velocity 

forward. This effect is given various names, such as “‘persistence of veloc- 

ity” or “average forward scattering.” Figures 10-7(a) and 10-7(b) show 
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the emergent directions of particles when the target is bombarded again 

and again—first a pictorial description, then a polar diagram of the angular 

distribution. In the polar diagram, the number of particles scattered at each 

angle @ is indicated by the length of radial line to the curve. This partic- 

ular example is of neutrons of low speed striking free carbon nuclei for 

which A is 12. 

10-5 CONSERVATION OF ANGULAR 

MOMENTUM 

The analogy between translation and rotation suggests the possi- 

bility of a conservation law for angular momentum that parallels the one 

for linear momentum. This comparison leads us to a very fundamental 

principle of physics, applicable to all motions of isolated systems. As we 

saw in Section 9-4, the rotation of a system of particles is governed by 

Newton’s second law in the angular form: 

AL 

Sa 6.65 

where N is the total external torque and L is the angular momentum, equal 

to mor for a point or Jw for a body. If the external torque is zero, regardless 

of internal torques, AL/At is zero, and L must be constant in time. This 

principle of conservation of angular momentum is, in words: 

If THE NET TORQUE ON A SYSTEM OF PARTICLES IS ZERO, THE TOTAL 

ANGULAR MOMENTUM REMAINS CONSTANT. 

Following are some simple examples in which the law is applicable: 

1. An ice skater (or ballet dancer) spins with arms extended, giving 

the body its maximum moment of inertia. When the arms are pulled close 

in to the body, the moment of inertia J is reduced. Since L = Iw is 

constant, w must increase, and the skater (or dancer) revolves more rapidly. 

The effect can be seen in a system less complicated than the human 
body. Picture two spheres of mass m, connected by a spring. We stretch 
the spring, and then set the system in rotation, as in Figure 10-8. The 
force due to the spring pulls the masses together; and as the distance of 
separation decreases, the angular speed increases, while the angular mo- 
mentum remains constant. 

2. An artificial satellite of mass m is in orbit about the Earth at a 
radius Rk, speed v. By the application of outward rocket thrust, perpendic- 
ular to the orbit path, the satellite enters a larger orbit of radius R’. We 
find that the vehicle slows down, since 

mvuR = mv'R’ 
or 

inde 
mee Fie 
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FIGURE 10-8 

Conservation of angular momentum in 

simple rotating structure 

In both cases, there was no need to know the detailed nature of 

the force that created the effect. 

One may ask why we do not consider the Earth in this example— 

after all the satellite is ‘“connected”’ to the Earth by the force of gravity in 

just as real a fashion as the skater’s arms are to his body. Strictly speaking, 

the system to be considered should have included the Earth, but the effect 

of the change in conditions is negligible because of the Earth’s tremendous 

mass and moment of inertia. According to the laws of conservation of 

linear and angular momentum, every time each of us takes a step we 

impart a tiny momentum to the Earth, but the effect is entirely unnotice- 

able. Even a battery of atomic bombs fired off at the surface would do 

little to change the Earth’s orbit or rotation. Thus in many situations we 

are able to select a limited portion of the whole system. 

3. Collisions of molecules are also governed by the angular-momen- 

tum conservation principle. As a simple example, suppose that a hydrogen 

atom strikes another hydrogen atom that is part of an Hz molecule at rest 

(Figure 10-9). The atom in the molecule recoils, setting the molecule into 

rotation about its center of mass, which is moving through space. As 

before, let uw; and 1% be the projectile speeds before and after collision. 

The only initial angular momentum, measured with reference to the CM 

of the H, molecule, is that of the H atom, mw, where 7 is one-half the 

separation of the atoms. Afterward it is —mur for the atom (assuming 

backward reflection), plus an amount Jw for the molecule. Conservation 

of angular momentum then states that 

muy = —mur + Iw 
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Collision of H atom and Hp» molecule 

Conservation of kinetic energy, both translational and rotational, tells 

us that 

Imui = 4moji + 4(2m)V?2 + $1 oe” 

while conservation of linear momentum is 

muy = —mr, + 2mV 

where V is the speed of the center of mass. The three equations are easily 

solved if we insert J = 2mr? and w = v/r, where v is the speed of each of 

the H atoms in the molecule about the CM. As in Problem 10-30, we find 

that v, = 0 and v = V = u/2, which means that the projectile stops, 

giving the molecule all its momentum and energy. Thus the center of mass 

of the H: molecule ends up with the same speed as that of atom rotation 

about the CM. 

10-6 INTERACTION OF ASTRONOMICAL 

BODIES OR ATOMIC PARTICLES 

We have seen that both the gravitational and the electrostatic forces 

between particles vary inversely as the square of the distance of separation. 

Thus there is a close analogy between the interaction of two celestial 

objects such as the Sun and the Earth and the classical elementary quan- 

tum-mechanical view of the interaction of two atomic particles such as 
the proton and the electron (Figure 10-10). One major difference between 
the two cases is that charges may be like or unlike, corresponding to 
attraction or repulsion, whereas gravitational force is only attractive.* 

The mathematical details of the general motion of objects are some- 
what more involved than we wish to discuss here, but there are several 

* This difference can conceivably be eliminated if the hypothesis were correct 
that the expansion of the universe is due to the force of gravitational repulsion of 
galaxies composed of matter and antimatter. 
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concepts that may be illustrated by simple cases. We shall invoke the 
conservation laws of energy and angular momentum in the study of what 
is called the central-force problem, in which the forces between two particles 
depend only on the radial separation of centers. The two bodies are viewed 
as being isolated from all others, or at least influenced little by external 
forces. Then the principle of conservation of angular momentum is ap- 
plicable: 

L = constant 

Nothing will be said yet about the nature of the force acting except that 

it is along a line between the objects. The fact that L is constant with so 

little information specified suggests that angular momentum is very basic 

to nature. In the following examples, one of the bodies will be assumed to 

be much more massive than the other. The typical relative sizes favor this 

assumption—for example, the Earth’s mass is only 3 X 10~ times that 

of the Sun. The lighter object of mass m is considered to be a point mass 

_ or point charge. 

~~ Let us list several phenomena that we should like to investigate and 

explain using central-force dynamics: 

1. the Earth’s motion about the Sun, and that of the other planets 

in our solar system (the Moon’s orbit about the Earth has similar interest) ; 

2. the motion of a spacecraft in orbit around the Earth or Moon; 

3. the launching of spacecraft into satellite path; 

4. the motion of comets that return periodically or of those that 

appear only once, and the behavior of meteorites; 

5. the deflection of high-speed charged particles by nuclei of the atom. 

This is clearly a large order; nevertheless, we shall attempt a single for- 

mulation that covers all such problems. The first feature common to all 

of these situations is the applicability of the force law of the inverse- 

square type: 

Earth 
>) 

Electron 

FIGURE 10-10 

Central force problems 
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Force: F= 2) Potential energy: ky = —— 

The form and sign of C depends on the two interacting objects. For 

gravity, C = keMm; for electrical charges of magnitude Q and q, C = keQq 

for attraction, C = —keQq for repulsion. Note that these conventions 

guarantee that the sign on F is + for outward force, in the direction of 

increasing r; and — for the reverse case. 

The second common feature is that the laws of conservation of energy 

and angular momentum are applicable. Now, 

Et bn= 

or 

im’? —— = EH 

where E is the total (mechanical) energy, a constant. Also, the angular 

momentum, which is constant, is 

Aé Sr a L=m Ai 

Let us think for a moment what information is needed. The motion 

as it proceeds in time will be known if the two coordinates of an object r 

and @ are available as functions of t. The alternate is the relation between 

rand 6, called an equation of the orbit. For example, if r is the same for all 8, 

the orbit isa circle. In general, the paths of particles that experience central 

forces turn out to be the curves that we recognize as the circle, the ellipse, 

the parabola, and the hyperbola. Which of these paths the body follows 

depends on #, L, and the sign of C in the force law. 

For our investigation, we may picture the body that provides the 

central force as a sun, and consider various projectiles coming near it. 

Suppose a planet with very high velocity comes from outer space aimed in 

such a way as to pass far from this sun. We would guess that its path will 

be very nearly a straight line—Figure 10-11(a). If, however, the planet 

has less energy or comes closer, the sun will attract the planet, deflect it, 

and the path will be a curve, which turns out to be a hyperbola—Figure 

10-11(b). If, now, the energy and angular momentum are just enough to 
permit the planet to escape the sun’s gravitational field, the path is a 
parabola—Figure 10-11(c). A planet that collided with another body 
before approaching the sun might have still lower kinetic energy. Referring 
back to our formula for conservation of energy, we see that E could be 
negative. In this case, the planet is trapped in an orbit, generally in the 
shape of an ellipse—Figure 10-11(d). Finally, with a particular initial 
energy and direction of motion, the orbit may be a circle—Figure 10-11(e)— 
which is a special case of the ellipse. 
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FIGURE 10-11 

Orbits of astronomical bodies 

We can compare each of these various paths with the others in terms 

of its eccentricity «, which is a measure of the deviation from the circular 

shape. Figure 10-12 shows the range of values of ¢ for the curves discussed 

above. The mathematical meaning of eccentricity can be appreciated by 

studying the ellipse, which exhibits the smallest distortion from the circle 

of all the curves shown. Also, since the ellipse is the path traced out in 

orbit by each of the planets in our solar system, it takes on special impor- 

tance. First, recall that the sum of the distances from a point on the curve 

to fixed points (foci 0 and 0’) is a constant, which permits the ellipse to be 

| Straight line 

Hyperbolas 

€ 

1 4 Parabola 

cata FIGURE 10-12 

Shapes of orbits as they depend on 

0 Circle eccentricity, € 
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Properties of the ellipse 

drawn merely by use of pencil and string, as in Figure 10-13(a). Its longest 

and shortest dimensions are 2a and 2b (the major and minor axes) as 

shown in Figure 10-13(b). The eccentricity of the ellipse is now defined by 

e = V1 — (b/a)? 

Thus, when b = a (the circle), « = 0; and when b/a becomes small (a long 

thin ellipse), « approaches 1. 

By application of the laws of conservation of energy and angular 

momentum for any of the paths shown in Figure 10-12, the eccentricity is 

found to be generally related to HK, L, and other constants by 

FG 
Comparison of the geometric and mechanical expressions for e shows that 

a particle moves in a circular path, e = 0, if its total energy has a particular 
2 

value H = <5 (*) - Its kinetic energy is then EH, = C/2R, which can be 

checked by equating centripetal force mv?/R with the force of attraction 
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C/R*, and forming EH, = 4mv*. If the kinetic energy of the particle were 
either higher or lower, the orbit would be an ellipse instead, with the center 
of the attracting body at one of the foci of the ellipse. We see that if the 
total energy is exactly zero, then « = 1, which corresponds to a parabola. 
If F is positive, it means that ¢ is greater than 1, a condition for hyperbolas. 
Finally, as « becomes very large, the hyperbola becomes a straight line. 

Astronomical observations of our solar system have been collected 
over centuries and continue to be improved. Data on our system are given 
in Table 10-1. The mass (7), semi-major axis (a), period of revolution (T), 

TABLE 10-1 

ASTRONOMICAL DATA 

M/Mz a/az T/Tr € R/Re 

Mercury 0.055 0.388 0.241 0.206 0.38 

_ Venus 0.817 0.722 0.615 0.0068 0.96 

Earth | 1.000 1.000 1.000 0.0167 1.00 

Mars 0.108 1.525 1.88 0.0934 0.53 

Jupiter 318 5.20 11.9 0.0484 11-2 

Saturn 95.2 9.54 29.5 0.0557 9.5 

Uranus 14.6 19.2 84.0 0.0472 3.9 

Neptune 17.3 30.1 165 0.0086 4.2 

Pluto 0.93 39.4 248 0.249 0.4 

Sun 333,432 — ——— —— 109 

Moon 0.0123 0.00257 0.0748 — 0.273 

az = average distance from Earth to Sun, 92.9 & 106 mi (149.5 & 106 km) 

Mz = mass of Earth, 5.98 K 10% kg 

Tr = period of Earth about Sun, 365.2 days 

Re = radius of Earth, 3.96 & 103 mi (6.37 X 10° m) 

and radius (R) for each celestial body are expressed compactly in terms of 

ratios to the corresponding values for the Earth, and values of the eccen- 

tricity (e) of elliptical orbit are listed. From the table we see that the 

eccentricities of the planets range from the smallest 0.007 for Venus, to 

0.017 for the Earth, to the largest 0.249 for Pluto. The maximum and 

minimum distances from the planets to the Sun, as they move in their 

elliptical paths, can be calculated by use of our geometric and mechanical 

relations. Thus it is found that* 

R R 
Uinta OL 6) ae 

* These expressions may also be used for any of the paths about a central at- 

tractive body: for the circle, « = 0, Tmin = Tmax = ®; for the ellipse, 0<e <1, 

(R/2) <rmin < ®; for the parabola, « = 1, rmin = (R/2); and for the hyperbola, 

e€> Ip Tmin < (@/2). 
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Path of projectile launched at low speed 

from Earth 

where ® = L?/mC is approximately equal to a, which is the average dis- 

tance from the Sun. 
The distance of nearest approach of the Earth to the Sun, using 

R a = 92.9 X 10° mi, « = 0.017, is easily found to be rmin = 91.3 X 10° 

mi, while the greatest distance is 7max = 94.5 X 10° mi. The differences 

from the average are small, and have far less to do with seasonal changes 

in weather than does the change in the axis of the Earth relative to the 

incoming sunlight. 

One of the first artificial satellites, Explorer X, has an ¢ of 0.946 and 

ranges between 100 mi and 145,000 mi from the Earth’s surface. Its 

orbit is thus a very elongated ellipse. A still more exaggerated ellipse is 

that of Halley’s comet, which has appeared every 76 years at least since the 

third century B.c., and which is expected to return in the year 1986. 

We may now ask: What happens to any projectile fired with a low 

initial speed from the Earth? Its path will be an ellipse, since the kinetic 

energy is low; but the path is highly eccentric and intersects with the 

Earth’s surface, which stops the object, as shown in Figure 10-14. Only 

if its minimum radius is larger than that of the globe will it go into free 

orbit. 

What is the chance of the Earth being struck by an errant planet or 

star? There are two ways in which this can happen. The first is the 

extremely unlikely case of a body aimed directly toward the center of the 

Karth. The second is the case of an object with a small initial angular 
momentum, along with a low kinetic energy. Such a body would seek to 
go into an orbit of radius smaller than that of the Earth and would thus 
intercept the Earth’s surface. One can show, however, that the “target 
area” is very small. For instance, if a particle emerged from the Sun with a 
speed of 10 km/sec and with random original direction, the chance is only 
about 1 in 10" that it would hit the Earth. 

Prior to Newton’s discovery of the law of gravitation, some important 
conclusions about planetary motion were developed by the German 
astronomer Johannes Kepler. He had studied the very accurate astronom- 
ical data of the Danish astronomer Tycho Brahe, and without the benefit 
of our present mathematics had stated what have become known as 
Kepler’s laws: 
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K®PLER’S FIRST LAW: THE PLANETS MOVE IN ELLIPSES WITH THE SUN 
AS FOCUS. 

KEPLER’S SECOND LAW: THE LINE BETWEEN THE SUN AND A PLANET 

SWEEPS OUT EQUAL AREAS IN EQUAL TIMES. 

KEPLER’S THIRD LAW: THE SQUARE OF THE PERIOD OF REVOLUTION 
OF A PLANET VARIES AS THE CUBE OF ITS DISTANCE FROM THE Sun. 

We can prove Kepler’s second law by direct application of the law of 
conservation of angular momentum. As in Figure 10-15, the triangular 
area A swept out in a short time ¢ is one-half the base times the altitude, 
A = $r(r@). Then, : 

However, 6/t = w, and since L = mr*w, 

which is a constant. 

Kepler’s third law relating a planet’s period of revolution to its 

distance from the Sun can easily be proved for a circular orbit. The force 

of gravitational attraction between the Sun and a planet provides the 

centripetal force needed to maintain a circular orbit of radius R: 

keMm _ me 
ert 

The period (the time for one cycle), however, is 7 = 27R/v. Combining to 
eliminate v, we obtain 

R3 1/2 

7 = ar( (or) 
Squaring both sides gives Kepler’s result that the square of the period is 

proportional to the cube of the orbit radius. The relation holds also for 

ellipses if R is replaced by the distance a (see Problem 10-48). 

From measurements of the length of year of any planet and a knowl- 

edge of its path, the mass M of the Sun can be calculated. For example, 

Planet 

FIGURE 10-15 

Kepler's second law that equal areas are 

swept out in equal times 



292 

INTERACTIONS 

AND 

CONSERVATION 

LAWS 

using data for the Earth (see Table 10-1), a = 149.5 X10" m and “= 

365.2 days or 3.16 X 10’ sec. Then, using kg = 6.67 X 10™¥ in the rear- 

ranged expression M = (21/T)?a*/ke we deduce that the Sun has a mass 

of about 2 X 10*° kg. 

Launching Spacecraft 

The analysis of the process of placing a spacecraft, such as one of the 

Apollo series, into orbit is a most complex operation. In determining the 

actual flight from the ground to a point above the air layer, we must 

include many factors in the application of Newton’s laws or in use of the 

energy equation: 

1. The thrust may vary with time, according to the plan of launching. 

Its direction with respect to the rocket coordinates can be changed some- 

what during flight, as well. With reference to coordinates at the center of 

the Earth, there will be both radial and angular components of thrust. 

2. The mass of the system will vary with time, according to the rate 

of discharge of propellant, which is related to the thrust, as discussed in 

Section 10-3. 

3. The acceleration of gravity will vary with position somewhat 

during the initial vertical motion, as discussed in Section 5-2. 

4. The force of friction will depend on the shape of the vehicle, on its 

speed and probably its acceleration, and on the air density. 

5. The air density will decrease with height in a generally exponential 
manner. 

A glance at these qualitative considerations tells us why there is a 

need for instantaneous computation of position and motion, tracking 

stations, and the option for automatic and manual control of the spacecraft. 

Furthermore, the Earth’s rotation, with an angular speed of 7.3 X 10 

rad/sec, gives the rocket a “built-in” speed if the launching is from west to 

east. This corresponds to a surface speed ranging from 0.46 km/sec at the 
Equator to zero at the pole. 

Collision of Charged Particles 
of Like Sign 

It is one of the remarkable facts of nature that the same laws of mo- 
tion can be applied to bodies of astronomical dimensions and to those of 
atomic size. With respect to the latter, the interaction of two electrically 
charged nuclei was first studied in detail by Ernest Rutherford in England 
in the early part of this century. Rutherford led research laboratories at 
Manchester and Cambridge, where an unusual number of discoveries were 
made. He named alpha rays coming from the radioactivity of uranium, 
developed a general theory of radioactivity, and identified many of the ele- 
ments involved in this phenomenon. He and his students studied the 
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FIGURE 10-16 

Rutherford’s alpha particle-scattering experiment 

scattering of alpha particles, known to be helium ions, as they passed 

through very thin films of gold and platinum. Their apparatus consisted 

of a radioactive source, which provided a stream of alpha particles (Figure 

10-16). On the opposite side of the plates was a screen coated with zinc 

sulfide, which emitted light where a particle struck, viewed by a microscope. 

They found that the number of ions deflected through large angles was far 

greater than was expected on the basis of the thickness of the target and 

the then-current model of the atom, as a uniform distribution of positive 

Angle of deflection 

a 

FIGURE 10-17 

Hyperbolic orbit, repulsive force, as in 

collision of like charges 
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Deflection of alpha particles by gold nuclei 

and negative charge. In fact, some were scattered sufficiently to return 

toward the source. Rutherford made the brilliant deduction in 1911 that 

the alpha particles passed through a very strong electric field of a highly 

concentrated ‘‘nucleus”’ of charge, of dimension thousands of times smaller 

than the atom. He proposed that the nucleus was responsible for gravi- 

tational and radioactive effects, and that it contained all of the atom’s 

positive electricity. The mathematical understanding of his experiment 

follows from the planetary laws, with the important difference that there 

is a repulsive force between the alpha particle and the nucleus. The energy 

of this system can never be negative or zero, hence the eccentricity « is 

greater than 1. The motion of an alpha particle, as a doubly charged »Het 

ion, in the electrostatic field of the gold nucleus 7,Au” with its 79 positive 

charges, describes a hyperbola. In contrast to the path of a high-speed 

projectile traveling past a planet, the alpha particle moves on the branch of 

the hyperbola that lies on the other side of the central body, as illustrated 

in Figure 10-17. The closest distance of approach again depends on energy 

and angular momentum. Figure 10-18 shows a series of scattering curves 

for such a collision of positive charges. 

The Use of Words and Symbols 

for Physical Quantities 

We have used symbols to represent physical quantities in our studies 
ever since we learned formulas such as A = LW for the area of a rectangle. 
Later, the unknown x became familiar, even if it was not fully understood. 
As we enter the subject of physics, we are deluged with symbols—a differ- 
ent one for each quantity such as distance, time, mass, force, and so on. 
After a while we run out of letters in the Roman alphabet, since there are 
far more than twenty-six distinguishable physical quantities. Even if we 
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employ capitals, lower-case, and script letters, and part of the Greek alpha- 
bet, we are eventually forced to use the same letter for two different things. 
It would be perfect if all symbols could remind us of the full name of the 
object being considered—e.g., ¢ for time, m for mass, F for force, etc. 
Unfortunately, we encounter many other quantities—such as temperature 
and torque, molecular weight and momentum, frequency and flux—that 
doom this effort to defeat. 

Symbols in physics are similar to words in a language. They are in- 
vented by someone and become popular, but meanings change and new 

terms appear. In earlier literature on mechanics, we find 7 and V for 

kinetic and potential energy. Encountering conflicts with temperature and 

volume, some writers have adopted KE and PE, or E; and E,, for these 

energies.. The reader is cautioned to check on usage in a given reference. 

The list of symbols and units that we use in this text is given in Appendix B. 

Just as in our language as a whole, there are many different sources of 

technical words in physics. The ancient Greek is the origin of such words as 

“kilogram”’ (chiliot, a thousand; gramma, a small weight), ‘‘mass” (maza, a 

barley-cake). On the other hand, the Anglo-Saxon language gives us “‘time” 

(tema), and the Arabic provides “algebra’”’ (al-jabr, reunion of broken parts). 

Elements were occasionally named according to a characteristic property 

—e.g., iridium (Latin iris, iridis, rainbow) after the colorful nature of 

solutions formed by compounds of the element. More recently, noted per- 

sons are honored—e.g., the elements lawrencium and einsteinium. 

Words must even now be coined to meet the needs of new discoveries. 

Attempts are often made to select words that have some association with 

the old languages. For example the ‘“‘neutron,” identified in 1932, was 

named from the Latin (neuter, neither) implying neither positive nor neg- 

ative charge. Some new words are formed by abbreviation of longer words 

or phrases—e.g., ‘quasar’ (‘‘quasi-stellar’’). Others are in the class of 

acronyms, in which the initial letters of a phrase are combined. For in- 

stance, the word “laser” stands for “light-amplification by stimulated 

emission of radiation.” 
The subject of semantics tells us that we must not confuse the word 

with the object itself. Stuart Chase in The Tyranny of Words comments on 

the misuse of abstract words: ‘“‘We are continually confusing the label [the 

word “dog” in the sentence ‘This is a dog’] with the non-verbal object, and 

so giving a spurious validity to the word, as something alive and barking in 

its own right. When this tendency to identify expands from dogs to higher 

abstractions such as ‘liberty,’ ‘justice,’ ‘the eternal,’ and imputes living, 

breathing entity to them, almost nobody knows what anybody else 

means.’’* 

There is a similar hazard in science. We become used to working with 

the formulas F = ma or E;, = 4mv?, and tend to expect physical measure- 

ments to conform. They seldom do, for many reasons. The formula may 

* New York: Harcourt, Brace & World, Inc., 1938, p. 9. 
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be an approximation, in this example, if the speed were very high. More 

important, we must remember that the real objects are influenced by many 

forces and effects that our simple idealized formulas cannot describe. It is 

our task to interpret nature by physical and mathematical generalization, 

but we cannot expect nature necessarily to conform with our concepts. 

PROBLEMS 

10-1 A shell of mass 5 kg is fired with speed 350 m/sec from an artillery 

weapon of mass 600 kg. What is the speed of recoil? 

10-2 How much speed does a rabbit of mass 2 kg gain on being struck 

with a 5-gram bullet of speed 600 m/sec? Assume that the bullet does not 

go through. 

10-3. A 75-kg man standing on a frozen lake of negligible friction throws 

a 4-ke stone with a velocity of 6 m/sec. What velocity does the man ac- 

quire? 

10-4 A machine gun fires 50-gram bullets at 330 m/sec. The gunner can 

exert a force of only 450 N against the gun. What is the maximum number 

of bullets he can fire per minute? 

10-5 <A radioactive nucleus of mass 350 X 10-2? kg at rest decays by 

emitting an alpha particle (helium nucleus) of mass 6.7 X 10~-" kg with a 

momentum of 8.2 X 10-2! kg-m/sec. What are the velocities of recoil of the 

residual nucleus and of the emitted alpha particle? 

10-6 A 2-kg block is dropped from a height of 2.56 m onto a spring of 

constant 2800 N/m. What is the distance of compression of the spring? 

10-7 A bat is in contact with a baseball of mass 0.15 kg for 0.4 see, 

changing its velocity from 30 m/sec toward the plate to 40 m/sec back 

toward the pitcher. What impulse was it given and what average force 

during the blow? 

10-8 A lead sphere of mass 2 kg and speed 6 m/sec overtakes a second lead 

sphere of mass 1.5 kg and speed 4 m/sec. They stick together and move on. 

What is the final speed? What amount of the initial energy is dissipated as 
heat? 

10-9 A golfball of mass 0.05 kg dropped to a concrete sidewalk from a 
height of 2 m will bounce to a height of about 1.2 m. How much energy 
is dissipated as heat? How much momentum is imparted to the sidewalk? 
10-10 Two pendulums each of length / are initially as indicated in Figure 
P10-10. The raised pendulum is released and strikes the second inelastically. 
How high does the center of mass rise after the collision? Show that energy 
is lost in the collision. 

10-11 To obtain a thrust of 1,000,000 lb, as in the F-1 Moon rocket, what 
rate of discharge of propellant is needed, assuming 4 km/sec exhaust speed? 
10-12 What is the fractional fuel weight needed in a rocket to reach the 
same final speed as that of the exhaust gas relative to the rocket? 



FIGURE P10-10 

10-13 (a) Escape velocity from the Earth is approximately 11 km/sec. If 

a rocket has an exhaust-gas speed of 8 km/sec, what fraction of the initial 

rocket mass is left on escape? (b) In a vertical firing in a uniform gravi- 

tational field, the variation of rocket mass is 

m/mo = e—+at)/vp 

With propellant speed 4 km/sec and burning time 1 min, how much fuel 

is used to reach 2000-m/sec speed? 

10-14 Write an expression for the acceleration of a rocket perpendicularly 

from the Earth’s surface: constant thrust, but variable gravity force, fric- 

tional force proportional to the square of the speed and to the density of 

air, with air density falling off exponentially with height above the ground. 

10-15 Suppose that equal masses moving in the same direction collide 

elastically and head-on. Show that conservation of momentum and energy 

requires that the masses exchange velocities. 

10-16 Two automobiles of equal mass m and speed wu approach an inter- 

section, one from the south, one from the east. After an elastic collision, 

the first car is going north at one-half its original speed. At what direction 

from north and how fast is the other car going? What fraction of the 

initial total energy does it now have? 

10-17 A heavily loaded truck of weight 20,000 lb, moving at 55 mi/hr, 

strikes a parked Volkswagen car of weight 1600 lb. (a) What speed would 

the VW gain and how much would the truck lose if the collision were 

perfectly elastic? (b) Repeat the calculation for a perfectly inelastic colli- 

sion. 

10-18* (a) A very light particle such as an electron collides with a massive 

particle such as the hydrogen atom, at rest. Assuming an elastic collision 

in which the direction of the light particle is reversed, derive from funda- 

mentals an expression for its final speed. (b) What fraction of the electron’s 

initial kinetic energy is lost in such a collision, assuming my/m. = 1840? 

10-19* A deuteron of mass 2 collides head-on with a triton of mass 3, such 

that the ratio of initial speeds is v/v, = 4. Find the final ratio of speeds for 
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the two possible relative velocities of approach. Suggestion: use footnote, 

p. 276. 

10-20 When the radioactive atom of radium Ra”*, mass 3.75 X 10 kg, 

disintegrates, it emits an alpha particle »He!, mass 6.65 X 10-* kg, with an 

energy 4.78 MeV. What is the speed of the alpha particle? What is the 

speed of recoil of the product nucleus of radon Rn”, mass 3.68 X 10-*% kg? 

10-21 Calculate the kinetic energies of the products of the nuclear reaction 

oF19 + ;H! > ,0'* + -Het + Q—where Q is the energy released in the proc- 

ess, 8.1 MeV—if the initial kinetic energies of the reacting particles are 

negligible. 

10-22 A ping-pong ball of mass 2.5 gram moving with speed 5 m/sec 

collides head-on with a bowling ball of mass 6 kg at rest. Approximately 

what speed is given to the latter? 

10-23 Compare the qualities of BeO and D.O as moderators for a nuclear 

reactor. 

10-24 Show that the momentum p = mv of a particle with speed near that 

of light is related to the kinetic energy by 

p = V2moEx + (Ex/e? 

10-25 A radioactive nucleus carbon-14, mass 2.34 X 10~*° kg, emits an 

electron of 0.155 MeV kinetic energy. What momentum does the electron 

have? What is the recoil speed of the heavy particle? Note: Relativity need 

not be considered in calculating the momentum of the carbon atom. 

10-26 Show that the kinetic energy imparted to an electron struck by a 

photon of energy E is 

E 

He = TRE 
If FE is 1 MeV, what fractions are imparted to the electron and the photon? 

10-27 A particle of water of mass m is discharged at speed v from the end 

and perpendicular to one arm of a sprinkler of mass M, length l, in the form 

of a uniform pipe pivoted at its center. Find the resulting angular velocity 
of the sprinkler. 

10-28 An artificial satellite of mass M is coasting about the Earth at speed 
v. A burst of exhaust gas of mass m, and speed v, relative to the rocket 
motor is released. What new speed does the satellite immediately have, 
according to conservation of linear momentum? 

10-29 A playground merry-go-round, moment of inertia J, is rotating at 
angular speed w. (a) If a boy of mass m suddenly sits down at radius R and 
rides along, what angular speed does the system assume? (b) How would 
this result differ if instead he was running on the ground tangentially at 
speed v in the direction the merry-go-round was moving? 

10-30* Verify the conclusions reached about particle speeds in molecular 
collisions in example 3, Section 10-5. 
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10-31 A-neutron of mass m, = 1 amu and speed w strikes'the nitrogen 

atom in the molecule of nitric oxide, NO (see Figure P10-31) masses 

m, = 14 amu, m; = 16 amu, and with fixed separation R. Write the set of 

equations required to determine the motion of the particles after collision. 

10-32 Compute how long it takes from the start to the end of an eclipse 

of the-Moon. 

10-33 At what angle must a rocket of speed 4000 mi/hr be fired from the 

surface of the Earth at the Equator if it is to leave perpendicularly to the 

surface, as viewed by an observer far away from the Earth? What velocity 

relative to the Earth does it have? 

10-34 Find the distance of nearest approach of Mars to the Sun, and then 

the closest distance between Mars and the Earth. 

10-35 Show that Pluto sometimes comes closer to the Sun than the orbit 

of Neptune, which is generally considered nearer. 

10-36* Verify that if the Explorer X, « = 0.947, reaches a minimum height 

of 100 mi, that its maximum height is around 1.45 X 10° mi. Show that 

the angular momentum for a very elongated ellipse is approximately 

L = mV 2grminke 

and calculate its value for Explorer X of mass 35 kg. 

10-37 A meteorite with eccentricity 1.05 and mass 50 kg comes within 1 

Earth radius Rz of the surface of the Earth. What is the shape of its path? 

Calculate its angular momentum, assuming ’min = ®/(1 + e). 

10-38 Calculate the period of revolution 7 of an electron moving about 

the proton in a circle if Kepler’s third law were applicable, and R = 

Heo Le. i. 

10-39 From the area of the ellipse ab, find the area in square miles swept 

out each second by the line between the Earth and the Sun. 

10-40 A communications satellite is launched with a 24-hour period so 

that it remains above a certain spot on the Equator at all times. In which 

direction must it rotate? What radius and speed must it have, according 

to Kepler’s third law? 
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10-41 A less serious proposal than that in Problem 10-40 is to launch a 

satellite eastward in a 24-hour orbit (or westward in a 33-hour orbit) so 

that it crosses overhead exactly on the hour, and serves as a standard clock. 

What is wrong with this idea? 

10-42* Show by use of Kepler’s third law that the time for a semielliptical 

path of a spacecraft about the Sun, going from Earth orbit to Mars orbit 

(see Figure P10-42) is 240 days, and that the path is 350,000,000 mi. Note: 

ae : la? + b? 
The perimeter of an ellipse is approximately 27 z ns : 

10-43 Using Kepler’s second law, 7 = 2mA/L, noting that the area of an 

ellipse is A = rab, verify Kepler’s third law: T = 21(a3/kgM)?. 

10-44* The “three-body problem” of astronomy consists of the description 

of the motion of three gravitationally interacting masses such as the Sun, 

the Earth, and the Moon. It cannot be solved ‘‘exactly’’—that is, in terms 

of simple mathematical functions and geometric figures such as the ellipse 

—as can problems involving the motion of only one planet about the Sun, a 

“two-body problem.” Investigate, using diagrams and central-force prin- 

ciples, the motion of the Earth and the Moon about the Sun with emphasis 

on (a) the difference between the time between successive ‘‘full Moons” 

(29.5 days) and the period of the Moon about the Earth (27.3 days); (b) the 

progress in time of an eclipse of the Sun (by the Moon) and an eclipse of 
the Moon (by the Earth). 
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VIBRATION AND 

WAVE MOTION 

Many phenomena of nature are found to be periodic or oscillatory. Some 

of these, such as the orbits of atomic or planetary masses about each other, 

are periodic because of the essentially circular nature of their paths. Others, 

such as the motions of springs and pendulums, are naturally capable of 

vibration or oscillation. The study of such motion in this chapter will serve 

as a preface to the general subject of waves. 

11-1 PERIODIC MOTION 

Let us list some well-known examples of periodic or vibrational mo- 

tion: 

1. The motion of the Moon about the Earth (or that of the Earth 

about the Sun) brings the orbiting mass back to its original position every 

month (or year). 

2. The electrons in the atom may be imagined to execute circular 

paths about the nucleus. 

3. A pendulum swings back and forth, always regaining its initial 

displacement after a definite period of time. 

4. A piano string, a bell, a drum, and a woodwind reed all vibrate in 

a manner to give us the sounds we know as music. 
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5. The voltage on electrical circuits in the home alternate in polarity, 

implying that charge is moving in a periodic way. 

6. An automobile will bounce up and down on its coil springs after 

the wheels go over a bump in the road. 

These are but a few of the innumerable illustrations found in nature 

or among man’s devices. Although diverse in character, they may be 

treated mathematically in the same way. In this section we shall review 

some of the properties of oscillation or vibration—such as period and 

frequency—and then develop the mathematics for the description of peri- 

odic motion. 

A cycle is defined as motion that brings the system back to its original 

state, regardless of where one starts. For example, arrival at the same point 

on a circle after one revolution completes a cycle. The length of time to 

execute a cycle is called the period T, usually measured in seconds. The 

number of cycles each second is the frequency v, related to the period by 

For instance, the voltage mentioned above (example 5) has a frequency of 

60 cps (cycles per second), and the period is 5 sec. 

Motion in a circular path, discussed first in Chapter 2, serves as a 

good example of periodic motion. First, recall that the location of a point 

on a circle can be expressed in either cartesian or polar coordinates. If A is 

the radius (instead of r), then 

x = A cos 0, y=Asing 

as in Figure 11-1. Next, suppose that we wish to represent the location of 

aaa 

x= Acosé 

FIGURE 11-1 

Periodic circular motion 
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Relation of circular and simple harmonic motion 

an object moving in a circular path—for example, a spacecraft in orbit of 

radius A about the Earth. If the speed v is constant, the angular speed 

w = v/A willalso be constant, and the angle turned in time ¢ will be 6 = ot. 

Then, 

z= A cosat, y= Asinwt 

Let us express the motion in terms of period or frequency. The time for one 

complete revolution corresponds to an angle of 27. At any time t, by pro- 

portions, t/T = 0/27, and x = A cos (2nt/T). Alternately, since vy = 1/T, 

x = A cos 2nvt. 

Many of the motions that we listed earlier are not circular in nature. 

Their common feature, however, is that in each case the acceleration of the 

particle is proportional to the displacement. Let us verify this statement 

by performing an experiment. Above a table, as shown in Figure 11-2(a), 

we mount a circular loop of wire with a ball that can slide freely, and illu- 

minate it from above, as by a skylight window. We then cause the ball to 

move on the radius A with angular speed w, and note that its shadow on 

the table moves horizontally. The vectors representing position r, velocity 

v, and acceleration a are shown in Figure 11-2(b). Their magnitudes are A, 

wA, and wA, respectively.* The x-components of the vectors can be viewed 

also as shadows on the table. From the diagram we see that 

* Recall that for radius R, the tangential speed is v = wR, and the centripetal 

acceleration is a = v?/R or wh. 
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z= Acoswt 

Vv, = —wA sin wt 

az = —w*A cos wt 

The important feature to note is that az, the acceleration in the x-direction, 

is proportional to the displacement «x at all times, but is in the opposite 

direction. The phrase simple harmonic motion is used to identify such be- 

havior. Note that the speed is a maximum when the displacement is a 

minimum, and vice versa—that is, these two quantities are out of phase 

with each other. In this case the phase angle is 7/2 or 90 deg. 

11-2 EXAMPLES OF SIMPLE HARMONIC 

MOTION 

Since the acceleration of a body is proportional to the force applied to 

it, we can generalize by stating that simple harmonic motion takes place 

when the force that tends to restore the object to its original position is 

proportional to the displacement. Following are several examples of this 

situation. 

Oscillating Mass on a Spring 

Let us first perform some experiments with an elastic spring. Starting 

with the spring lying on a smooth table in unstretched condition, as in Fig- 

ure 11-3, we pull on the end with a force F. As indicated earlier, the larger 

the force, the larger the displacement, and F = Kx. By Newton’s third 

law, the spring exerts an equal and opposite force on our hand or any object 

we attach to the end. This force is written 

F = —Ke (restoring force) 

The negative sign denotes that the force is in the negative x-direction if 

the displacement is in the positive a-direction. 

FIGURE 11-3 

Stretching a spring 
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Oscillations of mass on spring 

Now let us attach a mass m to the end of the unstretched spring— 

Figure 11-4(a). Then we pull the mass to a distance x = A—Figure 11-4(b) 

—and release it at time t = 0. By Newton’s second law, the mass is ac- 

celerated by an initial value 

U0) a ree 
m 

The motion is toward the equilibrium position « = 0—Figure 11-4(c). The 

acceleration decreases as x gets smaller. When the mass reaches the neutral 

position, its displacement, the force, and the acceleration are all zero, but 

it has a maximum speed. After it moves past x = 0, the force is in the +2 

direction, and the object attains a maximum displacement « = —A—Fig- 

ure 11-4(d)—when the acceleration is a maximum: 

KA 
m 

Qmax = 
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Graph of vibration cycle 

Now the speed is zero, and the direction of motion reverses. A graph of 

these results is shown in Figure 11-5. The curve is of the form 

r= A cos 4K 
m 

The motion is periodic, as we can see from the cosine dependence on time. 

The period T is the time elapsed to bring x from position A through the 

cycle back to A again, such that the cosine becomes cos 27 or 

Thus, 

m as dee : 
T = 20 ne (period of oscillating mass on spring) 

The frequency for this oscillating system is the number of such complete 
cycles each second, 

2 Leelee Cette ati : = rN frequency of oscillating mass on spring) 

and the angular frequency is 

w= an = aff 
m 

Other simple forms for the displacement are then 

x = A cos =™ = A cosat 
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Steps in the vibration cycle that we readily recognize are listed in 
Table 11-1. 

TABLE 11-1 

SELECTED POINTS IN A CYCLE OF SIMPLE HARMONIC MOTION 

t 2at/T cos (2rt/T) i 
a 

0 0 1 A 

iT 1/2 0 0 
4T T —1 —A 

3T 37/2 0 0 

Te Qa 1 A 

Let us find 7, v, and w for a mass of 0.4 kg attached to a spring that 

elongates 0.125 meters for each N of applied force—i.e., K = 8 N/m. The 

m 0.4 kg 
= 2 = = SSS SS 

- ae aE 8 kg/sec? 

= nV 0.05 = 1.4 sec 

‘period is 

The frequency of vibration is vy = 1/T = 0.71 eps, and the angular fre- 

quency is w = 2rv = 4.5 rad/sec. 

An important fact to note is that the oscillation of the mass on the 

spring, expressed as x = A cos at, is identical to the xz-coordinate of the 

point moving on a circle. The circular motion is essentially a geometric 

effect, while the vibrational motion depends on the nature of the restoring 

force. If the restoring force were somehow dependent on the square of the 

displacement—not on the first power of z—the motion of the mass would 

be entirely different. 

Energy in the harmonic oscillator alternates between the potential 

and kinetic forms, but with constant total. To demonstrate this, we recall 

from Section 8-1 that the work done in stretching an elastic substance by 

an amount z is Kz’. This is also the stored potential energy EH, = 7K2’. 

At any instant, z = A cos wt, wherew = VK/m. Then E, = KA? cos? wt. 

The kinetic energy at that time is H, = }mv®, butv = —wA sin wt and thus 

E, = 34mA?w* sin? wt. The sum is H = EH, + E, = 3K A? or 9mo*A?, where 

we have used the fact that w? = K/m and cos? wt + sin? wt = 1. The total 

energy depends on the squares of the original amplitude and the frequency 

of vibration. Figure 11-6 shows the variation with time of the two types of 

energy. 

For the previous mass-spring example, if the maximum amplitude is 

A = 0.03 m, the total energy is 

EB = }me?A? = 30.4 kg) (4.5 sec)?(0.03 m)? = 3.6 X 107 J 



Total energy 

Kinetic energy 

FIGURE 11-6 

Energy in the harmonic oscillator 

As a check, we compute the potential energy at full displacement: 

E, = 4K A? = 3(8 N/m) (0.03 m)? = 3.6 X 10? J 

The maximum speed occurs when the mass passes through the origin. The 

total energy is all kinetic, hence 

oF ere 
eens ae ROE ee 0.134 m/sec 

0.4 kg 

Torsional Oscillator 

Another illustration of periodic motion is the torsional oscillator, 

which consists of a dise that can rotate and twist a thin rod, as shown in 

Figure 11-7. When turned through any angle 6, an elastic restoring torque 

N = —cé@ results, where c is called the torsion constant of the rod. If the 

disc has a moment of inertia 7, then by Newton’s angular law, an angular 

acceleration occurs of amount 

FIGURE 11-7 

= Torsional oscillator 

308 



309 

SECTION 11-2 

Examples of Simple 

Harmonic Motion 

N 
I 

Analogy with the equation for the mass and spring tells us that 

c 
d= @, — » 008 «1 

where 6) is the maximum amplitude of oscillation. By further comparison, 
the period is T = 24VI/c, from which vy = 1 /T and w = 2ry are easily 
found. 

Let us use the torsional oscillator for the measurement of the moment 
of inertia of an object of complicated shape. A wheel is hung on a thin 
flexible rod and the torque measured as it depends on angle. If N = 15 N-m 
for an angle 30 deg, 6 = 7/6, then 

N_ 15 N-m 

an oa a/6 rad 
= 28.6 N-m/rad 

Now, suppose the period 7’ is found to be 5 seconds; then, 

5 sec 

2a 
Toe (5-) = (28.6 N-m/rad) ( 

2 

) = 18.2 kg-m? 

Torsional vibrations are very useful in watches for keeping accurate time, 

since the period depends only on the fixed physical quantities J and c. 

Oscillations of an Electrical Discharge 

We are familiar with electrical sparks and the discharges that produce 

light in fluorescent bulbs. These mixtures of positive and negative ions are 

examples of a medium called a plasma. If the charges of opposite sign are 

not distributed uniformly, electrical fields will be set up and oscillations of 

charge will occur. Suppose that the electrons all happen to be displaced a 

distance z, as illustrated in Figure 11-8. The electric field & experienced by 

an individual electron in this ionic medium is proportional to displacement 

z, and since the force on an electron of mass m is —&e, the conditions for 

harmonic oscillation are met. Since the mass of an electron is very small, 

plasma oscillations can have frequencies in the millions of cycles per second. 

Oscillations in Magnetic Fields 

As another illustration of harmonic motion, picture a small bar mag- 

net of moment M and moment of inertia J, suspended at its center by a 

very fine thread and placed in a magnetic field ®. When the magnet is dis- 

placed slightly from its equilibrium direction, the restoring torque due to 

the field is —M@ sin 6—or, for small angles, —M@é. By direct analogy to 



G) ©) FIGURE 11-8 

Ole Nonuniform charge distribution in an 

G) CO electrical discharge 

the torsional oscillator, we can identify the torsion constant as M/@, and 

immediately write the period as 

ie 
=? — 

fae «ae 

The stronger the field, the shorter will be the period. Such a simple device 

can be used to compare the strengths of various magnetic fields. Measure- 

ments of the periods 7; and T,—in two different locations—yield the ratio 

of the two fields ®:/®, = T3/T%. 

The Pendulum 

Simple harmonic motion in an angular sense is exhibited by the 

familiar pendulum (Figure 11-9), at least if the angles are small. Let us 

analyze its action. The vertical force of gravity on the pendulum bob, 

Restoring \ 
force 

FIGURE 11-9 
Gravity 
force mg Forces on the simple pendulum 
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treated as a point particle of material, is mg. The component of restoring 
force that is perpendicular to the line / and thus in the direction opposite 
to increasing 6 is —mg sin 6. For small angles, sin @ & 6, and since the arc 
on the circle made by the displacement is s = 16, the force along the arc 
becomes —mg(s/l). Equating this, by Newton’s second law, to ma Ee 
the equation 

where the mass has canceled out. By direct comparison with the previous 
spring problem, we see that the arc of swing is 

= A cos 4/44 

where A is the maximum arc. Then the period is* 

T = 25 ae (period of a pendulum) 

We recognize the agreement between this formula and our experience that, 

the longer the arm of the pendulum, the greater the time per swing. Seconds 

can be measured by adjusting the length / to give a period of 2 see—that is, 

1 sec for each direction of swing. The numerical value of the length is 

- T » (2 sec 
i=a(5) - (9.81 m/sect) ( sey 

= 0.994m or 389.1 in. 

If we look at the relation in the opposite way, a measurement of the period 

of motion of a pendulum with accurately known length / enables us to 

compute the acceleration of gravity at any location. 

11-3 DAMPED, FORCED, AND RESONANCE 

VIBRATIONS 

If any object capable of vibration is set into motion, it will oscillate 

with decreasing amplitude and finally come to rest because of friction. For 

examples, think of a plucked string on a musical instrument, or a child’s 

swing moving in the air. The oscillation can be made to continue, however, 

if we prompt it by giving a push at just the right time. By bowing the 

string on a violin we maintain a constant note; by “pumping” the swing 

we can keep the amplitude constant or increase it; by jumping up and down 

*A more correct value is T & T(1 + 422 + gx‘), where Tp is 2nV1/g, x is 
sin (2/2), and a is the angle of swing from the vertical. 
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on a diving board or trampoline, we keep these objects in motion. The 

mathematical treatment of such behavior is a straightforward extension of 

the concept of simple harmonic motion. In addition to the restoring force 

Fp, there is an applied force F'4 that depends on time, and a friction force 

Fy that depends on speed. We shall assume low-speed motion such that the 

friction is proportional to speed, as in Section 5-8. Let us use as an example 

the mass and spring in order to be specific; thus the three forces are as fol- 

lows: 

Applied: F(t) 
Restoring: Fr = —Kz 

Friction: Fy = —ow 

By Newton’s law, 

F4(t) — Kx — cv = ma 

This formula contains displacement, speed, and acceleration, all of which 

are related. There are several special cases of interest, however, which are 

now discussed. 

1. No applied force and no friction. A freely oscillating object is char- 

acterized by F4 = 0, c = 0, and thus we revert to the simple harmonic 

motion, ma = —Kza, for which 

xz = A cos wot 

where w) = VK/m is the natural angular frequency. The subscript zero is 

attached to distinguish w) from other frequencies to be found shortly. 

2. No applied force but with friction. Again F4 = 0, leaving 

ma = —Kzx — cv 

The object oscillates, but the amplitude decreases with time because of 

friction; that is, damped vibrations take place. This response is illustrated 

by springs or pendulums or tuning forks in air. The amplitude varies as 

A(t) = e-7', where y = c/2m. We see that the exponent yt increases with 

time, and A(t) decreases exponentially. The larger the friction factor ¢ or 

the smaller the mass m, the more rapidly the vibrations die away. The 

damping time 1/y is that required for the amplitude to fall off by a factor 
1/e. Since there is friction, the frequency is changed from w) to a new 

valuew = Vw? — y’, so long as y is less than wo. Note what happens if the 

damping factor y gets as large as w. Then w = 0, denoting an infinite 
period—that is, no oscillation at all. A pendulum released in cold oil 
exhibits this behavior. 

3. Applied force with friction. Let us now consider forced vibrations, 
with an external force present. Suppose the mass on a spring is subjected 
to a force that is of the form of a cosine function F'4(t) = f cos wt — 9), 
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where a phase angle ¢ accounts for the possibility that the force and 
vibration are not synchronized. Here w may be any of a variety of possible 
frequencies. For an analogy, imagine bouncing on a diving board in various 
ways. We know in advance what will happen. If the frequency and timing 
are wrong, we tend to stop any vibrations that have been started. If, how- 
ever, the impulses are right, we can set up a large amplitude vibration that 
can give us an impetus into the air. For forced vibrations in general, the 
amplitude A depends on the amplitude f and frequency w of the applied 
force F4, the mass m, the force constant K, and the friction constant c. 
At a special value of w, called the resonance angular frequency, resonance 
vibrations of very large amplitude can be set up. For example, the possi- 
bility of dangerous resonance vibrations in bridges over which soldiers 
march has long been known; the order to break step results in randomly 

applied forces instead of a periodic one. Also the tuning of a radio or TV 

set involves an adjustment of electrical components to obtain resonance; 

many phenomena of light absorption and radiation may be described in 

terms of resonances; when the energy of bombarding nuclear particles 

coineides with natural internal motion of the target nuclei, the chance of 

reaction is large. 

It seems remarkable that so many diverse processes display simple 

harmonic motion, or damped vibration, or resonance. The reason is not 

hard to understand: the linear restoring force is the simplest approximation 

of the correct force; friction is inevitable and its linear dependence on speed 

is the simplest expression that includes motion; applied forces arise from 

other vibrating sources, and hence are of a sine or cosine form. 

11-4 MOLECULAR FORCES AND VIBRATIONS 

Vibrations also take place on a molecular scale inasmuch as the forces 

between atoms are roughly proportional to the displacement. To appre- 

ciate this fact, let us review qualitatively the nature of the bonds. 

We described (Section 1-2) the atomic structure of some of the ele- 

ments at the low end of the periodic table in terms of nuclei and surrounding 

electron clouds. The atom as a whole is neutral and will affect other atoms 

negligibly—so long as the separation of particles is much greater than 

atomic dimensions. This qualifying phrase is needed because net electrical 

forces will arise between atoms when they approach each other more 

closely (Figure 11-10). Nonspherical charge distributions will be mutually 

induced. When the atoms come very close together, there will be a strong 

repulsion of the two nuclei (Section 5-7). In addition to the electrical force, 

there is an “‘electron-exchange”’ effect that may be fully explained only in 

terms of quantum mechanics. Roughly, it consists of an attraction that 

favors two adjacent atoms sharing or exchanging their outermost electrons. 

The very existence of diatomic molecules such as Hz and O: is a demon- 

stration of this force. The combined forces of several kinds may be repre- 



Small attraction 

Strong repulsion 

FIGURE 11-10 

Encounter of two oxygen atoms—a qualitative picture 

sented in a single diagram of force as it varies with the distance of separation 

of two particles. A more useful method of displaying interactions, as in 

Figure 11-11, uses a plot of potential energy as it depends on d, the distance 

of approach of the center of one atom to that of the other. The curve in 

Figure 11-11, which was drawn for oxygen, is not symmetric. The left side 

goes up rapidly, indicating that repulsion of the nuclei prevents the atoms 

from coming close to each other. The right side goes gradually to zero, 

denoting that the addition of an amount of energy Ep (here, 5.1 eV) will 

cause the particles to separate—that is, it will cause the molecule to disso- 

ciate into its component atoms. 

We may draw a picturesque analogy of the behavior of this system to 

a familiar problem of a golfball rolling into a ditch next to a steep bank. 

The ball will oscillate back and forth about the center of the ditch (indefi- 

nitely, if there were no friction). If we could impart energy to the ball by a 

blow from the golf club, the oscillations would be more vigorous; with luck, 

we could give it enough energy to cause it to escape to level ground. So it is 

with a molecule under the influence of another. When the temperature of 

the gas is raised, the collisions that occur are more energetic. If the tem- 

perature and energy are high enough, dissociation of the molecule takes 

place. The amount of this energy is the depth of the “potential well.” 
A simple formula that fits the potential-energy curve for many di- 

atomic molecules is the one devised by Morse: 
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Potential energy E, electron volts 

E, = Ep(e* — 2e-#*) 

where z is the displacement from the normal position d—i.e., z = d — d.— 

and a is a constant. Approximate values for some molecules are listed in 
Table 11-2. 

TABLE 11-2 

MOLECULAR CONSTANTS 

Molecule Ep (electron-volts) d. (meters) a (m7?) 

H, 4.45 0.75 < 1052° 1.94 X 101° 
O2 _ 5.09 120 Exel Ome 2.68 X 101° 
NO 5.30 ili Se WO 3.06 X 10% 

Note that the curve is roughly parabolic over a small region of the 

potential-energy graph near d, in Figure 11-11. We can fit the graph by 

‘such a function over a small region by choosing the zero of potential energy 

at the bottom of the curve. Then the parabola is of the form 

FIGURE 11-11 

Potential energy diagram for oxygen 

molecule 
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The formula for potential energy is similar to that for a mechanical 

system, the mass on a spring, which executes simple harmonic motion (Sec- 

tion 11-2). We can thus visualize the two atoms, as in Figure 11-12, con- 

nected by an equivalent spring, and vibrating about a neutral position. 

The classical motion of two masses m and m, thus connected can be 

found by application of Newton’s laws. Suppose the masses are pulled 

farther apart than d, by an amount 2. Mutual restoring forces of magni- 

tude Kyz are produced. Thus we write the two equations of motion for the 

particles, whose separate displacements are 2 and 22, with x = 2% + 2», as 

seen in Figure 11-12: 

ma, = —Kyx 

Ma, = —Kiz 

Now, if we multiply the equations by m2 and m, respectively, and add, then 

MMaA = — Ky(m + Mey) x 

where 

a=aqt+a 

This becomes identical in form to the simple harmonic equation if we 

introduce a quantity called the reduced mass: 

MMe 

adie m, + Mz 

Then, 

F = Ma= —Kyz 

AVIA Equibrien 
position 

Displaced 
position 

FIGURE 11-12 

Equivalent spring connection between 
atoms 
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whose solution we know to be 

x= A coswt 

where A is the initial stretching and w = VK,/M. We have thus verified 
that the nature of interatomic forces allows vibratory motion of the simple 
harmonic type, at least for small amplitudes near the neutral position. 

Numerical values of the spring constant can be obtained from Table 
11-2 by noting that the parabola fits the exponential Morse curve if the 
slopes of the two functions near their lowest points are set equal. Compar- 
ing, we find that 

Ky => 2a°Ep 

For example, for oxygen 

Ky 

Ky 

2(2.68 X 10%/m)?(5:09 X 1.6 x 10-* J) 

1170 N/m 

Let us find the classical frequency of vibration of the O2 molecule. It is easy 

to see that M = m/2 for a diatomic molecule with equal masses m. Thus 

M = (8)(1.67 X 107°") = 1.34 X 10-% kg. Then, the frequency is 

Sak [Ky _ ye Ona 1170 N/m 
OS =<. M2 V1.34 X 10 kg 4.7 X 10” cps 

We shall have occasion shortly to use the spring-like nature of atomic forces 

for the appreciation of a variety of large-scale phenomena. 

11-5 THE PRODUCTION AND PROPAGATION 

OF WAVES 

A disturbance that is produced at a point in a medium that has 

elastic properties can be transmitted to other points. Two simple experi- 

ments will illustrate this statement. Let us attach a long coil spring to a far 

wall and hold it taut with our hand. We then compress, as in Figure 11-13, 

a small section of the spring and let go. The compressed region moves 

along the spring with a certain speed. Such a pulse is in the class of 

longitudinal disturbances, being along the length of the spring. Next, let us 

tightly stretch a long wire or rope between two widely separated walls. 

Near one end, we create a small kink or pulse in the line and then let go. 

The kink “‘moves” along with constant speed (see Figure 11-14). Physical 

reasoning will tell us what causes the observed motion: by displacing the 

wire from its normal position, we have put it under tension; and on release, 

the elastic restoring force gives the section involved an acceleration toward 

the normal position. This motion carries along the immediately adjacent 



FIGURE 11-13 

Motion of a compressed section of a coil spring 

FIGURE 11-14 

Motion of a pulse along a wire 

sections. They in turn impart motion and energy to their neighbors. By 

this means the impulse is transmitted along the wire, and if there were no 

friction and the wire were infinitely long, the disturbance would go on 

indefinitely. This disturbance is of the transverse variety, being at right 

angles to the length and to the direction in which the impulse is propagated. 

We now examine some of the properties of wave propagation. If we 

observe such a pulse over an interval of time, the disturbance moves along 

with speed V, and without changing shape, as sketched in Figure 11-15. 

Let us compare what two different observers see. According to an observer 

riding the crest, the point on the curve is given by the function 

y = f(X) 
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where X is measured from the peak. However, an observer fixed at the 
origin sees the point at coordinate x, where, from Figure 11-15, 

X=2-—Vt 

and thus he sees the curve as the function 

y= Ta Vi) 

that is, for a disturbance moving in the +<-direction, the displacement 
depends on the combination x — Vt. The functional form of f is not speci- 
fied until we say how the end of the wire is moved. The positive pulse was 
formed by a single quick displacement upward. Had we shifted the end 

downward, a depression would have been sent along the wire, as in Figure 

Time 0 Time t 

\ 
\ 

SS 

= 5); ed 
x 

FIGURE 11-15 

Observation of shape from moving peak and fixed frame 

11-16. It is easy to see that execution of two or more motions in succession 

will create wave “trains” of several loops that also travel along the rope. 

The last sketch—of continuous vibration—shows the result of a repetitive 

agitation of the end. The wave pattern is seen to be dominated by the 

motion at the origin, the initzal conditions. Let us now use some mechanical 

device to generate simple harmonic vibrations. As long as the end of the 

wire is agitated, periodic disturbances proceed along the x-axis. 

Several possible mechanisms will serve the purpose—a weight on a 

spring, a flexible bar, or a slotted wheel (Figure 11-17). Electromagnetic 

devices could also be used. Each of these provides simple harmonic motion 

in the y-direction of some amplitude A: 

y= —A sin 

We assume that the vibration has been going on for some time, but we start 

counting time t = 0, when the end is at the neutral position and the motion 

is downward (this is the significance of the — sign). The displacement for 



Positive pulse Negative pulse Full wave Continuous wave 

FIGURE 11-16 

Construction of waves from pulses 

any point in the wire and at any time y(z, ¢t) must simplify to this form at 

x = 0 and must also be some function of x — V¢. A little trial and error 

shows that the proper expression is 

k 2a 
y(u,t) = A sin E (a — JV | 

As a check, let us simply set x = 0. Then, 

Slotted wheel 

Magnet 

| aa 
FIGURE 11-17 

Methods of vibrating the end of a wire or rope 
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Propagation of | Which is in agreement with our assumption for the driving motion. 

Waves The displacement may be written in several equivalent forms, 
depending on which property we wish to emphasize. First, let us view the 
wave at time zero. Then, 

5 Pee 
(0) A sin A 

which is plotted in Figure 11-18. If y = 0 at x = 0, then the distance out 
to the point x, where y is again zero is such that 

27x1 

Ve 
A sin = (i) 

+ Wave length a 

FIGURE 11-18 

21x 
Sine wave at t = 0, y = A sin —— y sin VT 

The sine is zero and the trend in the curve is repeated when the angle is 27; 

hence 2rx,/VT = 27 or 1, = VT. Let us call this distance the wavelength 

\, noted to be the same for any two like points. Thus we obtain the follow- 

ing important relation: 

A= VT 

The wavelength is the product of the speed of the wave V and the period T 

of the driving force or vibration. The first alternate form is thus 

4 ic t 
= Asin 2x (7 — 5) 

Letting T = 1/v, then \ = V/v or 

V=n (relation of wave speed, wavelength, and frequency) 
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This is the most useful connection between the three quantities to remem- 

ber. One should note the following facts: (1) the frequency » or period T of 

the wave depends only on the source of vibrations; (2) the wave speed V 

depends only on the medium in which the wave is propagated; (3) the 

wavelength \ depends mutually on V and », hence on both medium and 

source. If we introduce a new quantity called the propagation constant, of 

magnitude 

and use the angular frequency 

we obtain a very compact form of the displacement: 

y = Asin (kz — oat) 

t=0 

t=4T 

t=$T 

t=3r 

t=T 

FIGURE 11-19 

, Photograph of a wave at various times 

It is essential that we understand what this mathematical form of the 
wave means graphically and physically. For this purpose we select three 
different views: 
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1. First let us verify that the formula represents a disturbance that 
moves in the positive x-direction. Imagine that we have a moving-picture 
camera that can take a series of photographs of the wave. From the formula 
for the wave, let us construct a set of such pictures. Att = 0,y = Asin ka, 
which is a sine curve in space, as plotted in Figure 11-19. As time goes on, 
we shall watch the first peak, which is marked with a heavy dot. Sup- 
pose our next movie frame is att = T/4, wt = 2av(T/4) = 2/2. Then, y= 
A sin (kx — 1/2), which is also y = —A coskx. The peak has moved to 
the right. One more frame will be enough to check the trend: t = Ty. 
wt =m, y= Asin (kx — 7) or y ="—Asinkz. How fast is the wave 
moving? The peak shifted to the right a distance \/2 in a time 7'/2, so 
: . ON 2) ee 
its speed is V = (T2) ~ P= Av, aS already stated. 

2. If instead we were to stand at a particular point, such as x = \/2, 

then at ¢ = 0 we would see the peak coming toward us; at ¢t = 7/4 it 

would be alongside, and at t = T/2 it would be going away. 

3. Suppose, however, that we were able only to observe what was 

happening at our location, say « = X. Then kx = k), which is 27; hence 

y = Asin (27 — ot) = —A sinwt. The displacement would oscillate in 

time as a sine function, going from —A to 0 to A and back again. 

Wave Speed 

Let us now calculate the speed of the transverse waves on a stretched 

string. To do this we shall use a “‘device”’ to start the string moving and see 
how this disturbance propagates down the length of stretched string. In 

order to keep our problem simple, we shall restrict the motion to linear 

displacement and make the string very long so that disturbances will keep 

moving without being interrupted by boundaries such as tied end points. 

Consider the end point of an infinite string of mass per unit length p 

and tension F’7, attached to a transverse driving mechanism that is turned 

on at time ¢t = 0. Let the mechanism move with a constant speed wu. After 

a short time 7 the string will assume the position shown in Figure 11-20. 

A “kink” has thus been generated in the string that will move with the 

wave speed V along the string. Then, after a time 7 it will be a distance 

Vr along the string, while the end will have moved up a distance ur, as 

indicated. The mass of string of length Vr, mass m = pVr, has been given 

a momentum p = pV ru in a time r. By Newton’s second law, F = Ap/At 

or F = pVru/r, and the force is equal to the y-component of tension 

Fr sin 6, where sin 6 = ur/Vr = u/V. Then, Fr(u/V) = pVu, or 

v= 
p 

which is the formula for the wave speed in a wire or string. The speed is 

high if the tension is great or if the string is very light. 



Tension force 

Driving force 

FIGURE 11-20 

Derivation of wave speed in a string or wire 

For example, let us find V for a wire of length 50 cm and mass 10 

= eo 0.01 k 
grams if stretched by a weight of 30 lb (134 N). Now, p = 05 =a = 0.02 

kg/m. Then 

134 
— —_ = 2 . J 0.02 82 m/sec 

Momentum, energy, and power ina wave. We have seen how 

a pulse or a wave progresses along the length of a stretched wire. It should 

be emphasized that the momentum of the displaced particles is in the y- 

direction, not in the direction of the waves. The total mechanical energy, 

as usual, is made up of the kinetic part due to motion, plus the potential 

part due to the slight stretching of the wire. As time goes on, and a pulse 

proceeds along the x-direction, the energy is contained in different segments 

of the material; hence energy is communicated from one end to the other. 

No significant motion along that axis takes place, however. 

In the next chapter, we shall examine further the traveling wave in 

several different physical phenomena, including sound, light, electrical 

vibrations, and “matter waves.” 

PROBLEMS 

11-1 The frequency of alternating potential used commercially and in 
households is 60 eps. Calculate the period and the angular frequency. 
11-2 Find the displacement at one-eighth of the complete cycle if 
x = 4 cos 2nt/T. 

11-3 The general form of the displacement in simple harmonic motion is 
x = A cos (wt — o). What is the value of ¢ if the displacement at time 
zero is +A? If itis —A? 

11-4 The position of a bead moving on a circular loop of wire is y = A cos 
(wt — }) and its vertical component of velocity is vy = Aw sin (wt — ¢). 
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Show where the bead is located at time zero, indicate the phase angle ¢, and 
verify the velocity relation. 

11-5 If the displacement of a particle in harmonic motion is given (in 
meters) by x = 5 cos 1.5¢, where x is measured positive upward, find the 
particle velocity at ¢ = 0.8 sec. When will that same speed be reached 
again? 

11-6 The motion of a harmonically oscillating mass of 0.15 kg on a spring 
is governed by the equation y = 0.2 cos 3t, with y in meters and ¢ in 

seconds. Find (a) the frequency of vibration; (b) the force constant K; (c) 
the displacement at ¢ = 2.5 sec. 

11-7 A coil spring for an automobile has a value of K of 7.5 X 105 N/m. 

What is the natural frequency of vibration if the mass supported is 300 kg? 

11-8 Estimate the value of K for the coil springs of an automobile if the 

application of one-quarter of the weight of 3000 lb causes a compression of 

2 in. Express in both pounds per feet and newtons per meter. 

11-9 Coil springs on a rolling vehicle absorb the shock of bumps. Prepare 

a description of the motion of an automobile as it goes over a depression in 

a road—for example the ditch left after a new water line has been installed. 

11-10 At what time in a cycle of vibration of a mass on a spring are the 

kinetic and potential energies equal in magnitude? 

11-11 Calculate the maximum kinetic energy for a vibration characterized 

by K = 3 X 10°'N/m, m = 1500 kg, A = 0.05 m. Verify that the maxi- 

mum potential energy has the same numerical value. 

11-12 If the restoring force for some system varied according to F = 

—kz", where n was some positive number greater than 1, how would you go 

about finding the form of the potential energy? Would the cosine function 

properly describe the motion? Would conservation of energy still hold or 

not? 

11-13 The balance wheel of a watch has a spiral spring that provides a 

torsional restoring force. If the moment of inertia of the wheel is 5 x 1077 

kg-m2, what value of the torsion constant is needed to give a period of 2 sec? 

11-14 The center of a thin metal rod of mass 4 kg and length 0.8 m is 

attached to a wire with torsion constant c = 12 N-m/rad (see Figure P11- 

14). What is its small-angle period? 

11-15 Imagine a hole drilled through the center of the Earth from the 

United States to the Indian Ocean. An object is dropped down the hole. 

Recall from Section 6-2 that the interior gravitational field varies linearly 

with distance from the center of the Earth. Which of the following do you 

expect to happen to the object? (a) It goes on through and out into space; 

(b) it stops at the center; (c) it oscillates indefinitely ; or (d) it oscillates with 

decreasing swings and eventually stops at the center. Explain. 

11-16 (a) Using the results of problem 11-15, find the numerical-equiva- 

lent force constant K for motion of a 1-kg mass through the Earth. (b) 

What is the period of oscillation of a mass of 1 kg if air resistance is neg- 



FIGURE P11-14 

lected? (Assume the Earth is a uniform sphere of radius 6.37 X 10° m, 

with surface field 9.8 N/kg.) (c) The time to traverse a chord through the 

Earth is the same as to go completely through a diameter. It has been 

proposed that transcontinental tunnels be built using this fact. Discuss the 

feasibility of such a transportation system. 

11-17 A small bar magnet with moment of inertia J = 8 X 107-7 kg-m? 

and magnetic moment M = 3 X 10-* A-m? (see Section 9-7) is set into 

small-amplitude vibrations of frequency 2.5 eps. What is the strength of 

the field where the magnet is located? 

11-18* Show that an electron located near the midpoint of a line joining 

two equal negative charges would execute simple harmonic motion, ap- 

proximately. Evaluate the force constant K in terms of the magnitudes of 

charges and the distance of separation. 

11-19 A baseball bat is suspended at its smaller end and allowed to swing 
freely (see Figure P11-19). By use of Newton’s second law in angular form 

and analogy with simple pendulums, show that for small amplitudes, the 

period of oscillation is T7 = 2x mE: 
mgl 

11-20 A piston of an automobile engine executes nearly simple harmonic 

motion. If the crank shaft turns at 3000 rpm, and the piston has a mass of 

XS 

] oN Center of mass 

FIGURE P11-19 
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2 kg, moving with a 15-cm stroke, what force is needed to reverse the piston 
at the end of its path? 

11-21 Find the period and frequency of a simple pendulum of length 4.5 
m at a point where the acceleration of gravity is 9.8 m/sec?. 

11-22 How long would a pendulum arm have to be in order to give a 
period of 1 min? 

11-23 Calculate the acceleration of gravity from the following data: 

Pendulum Length (meters) Period (seconds) 

0.5 1.4 

0.8 1.8 

1.0 2.0 

What is the average of absolute errors? 

11-24 A measurement of g is made in the laboratory, with the following 

data on period as dependent on length of the pendulum: 

l (meters) T (seconds) 

0.18 0.85 
0.32 1.14 

0.74 Hag) 

Deduce the acceleration of gravity. 

11-25 A cuckoo clock has a pendulum that is supposed to have a period 

of 0.5 sec but the clock loses 3 min a day. (a) Find the length of the 

pendulum. (b) How much adjustment, in millimeters up or down, is 

needed? 

11-26 A steel ball of mass 400 kg on a cable of 5-m length is used to wreck 

walls of old buildings, by allowing the ball to swing through an arc of 60 

deg. What amount of kinetic energy does this pendulum have just before 

impact? 

11-27* Galileo said in the sixteenth century that a pendulum of length 100 

cubits (1 cubit = 18 inches) would have the same period for a 90-deg swing 

from the vertical as for a 1-deg or smaller swing. What are the actual 

periods and errors that are made in this statement, assuming g = 9.806 

m/sec? in Italy? 

11-28 The French astronomer Jean Richer discovered in 1671 that his 

pendulum clock ran slow in French Guiana by 2.5 minutes per day com- 

pared with time in Paris (g = 9.81 m/sec”). Find the value of g he ex- 

perienced. 

11-29 The ballistic pendulum, first described by Robins in 1742, is used 

to measure the speeds of bullets. A bullet fired with speed v into a sus- 

pended wooden block will set up oscillations of certain period and maximum 

angle. Derive a formula from momentum and energy considerations to 

permit calculation of v from measurements. 
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11-30 The resonance angular frequency for oscillations of a mass m 

attached to a spring of constant K and natural angular frequency wo = 

VK/m can be shown to be wr = Vw? — 2y?. Compute we using K = 

8 N/m, m = 0.4kg, and y = 0.25 sec~!. How does the result compare with 

the natural frequency? 

11-31 The time for a tuning fork to decrease in amplitude by a factor 

e = 2.718 is 8 sec, when immersed in oil. How long does it take for the 

amplitude to drop to one-half its initial value? 

11-32 Two skaters of mass 50 kg and 70 kg take a muscle-building spring 

(force constant 12,000 N/m) out onto the ice to experiment with two-body 

vibration. What is their natural frequency? 

11-33 Calculate the classical frequency of vibration of the diatomic 

molecule HCl, atomic masses 1 and 35 (1 amu = 1.67 X 10-*? kg), Ep = 

4.40 eV, a = 1.91 XK 10?°/m. 

11-34 Using the potential-energy constants for the diatomic molecule Hy: 

from Table 11-2, compute the force constant K, and the classical frequency 

of vibration ». 

11-35* Expand the Morse potential-energy formula in a series using 

ev=1—y+y?/2 —y3/6+..., to verify that the function is parabolic 

near zero displacement. Show that AK; = 2a°/p is the approximate force 

constant. 

11-36 For a wave with speed V = 5000 m/sec and frequency »v = 60 eps, 

calculate the wavelength, the angular frequency, and the propagation 

constant k. 

11-37 If thinking beings exist on other planets, they would probably 

signal using light (speed 3 X 108 m/sec) from hydrogen atoms of 21-cm 

wavelength. What frequency is this? 

11-38 Calculate the wavelength of radio signals from station WOR, New 

York City, frequency 710 ke/see (kilocyeles per second). 

11-39 The wavelength of the prominent yellow light from sodium lamps 

that are sometimes used for street illumination is 0.589 u. Compute the 

frequency of this light. 

11-40 A steel wire 4-m long has a mass of 50 grams and is stretched by a 

hanging weight of 2 kgf. What is the speed of waves on this wire? 

11-41 A metal wire is attached to one prong of a tuning fork, whose 

frequency of vibration is 276 eps. The other end is passed over a pulley and 

supports a weight of 10 lb. The linear density of the wire is 0.012 lb/ft. 

(a) What is the speed of waves on this wire? (b) What is the wavelength? 

11-42 A wire has a linear density of 0.25 kg/m. What is the wave speed 
when the tension force is 80 N? What frequency of vibration results in a 
wavelength of 0.9 m? 



WAVE PHENOMENA 

Many familiar effects may be described as wave motion. The surface of 

water on a lake into which a stone is dropped can be observed to be rising 

and falling at a particular point, while the disturbance moves outward in 

ever-widening circles. Energy is being transferred along the direction in 

which the wave progresses. That waves involve energy is readily under- 

stood by anyone who has been on a boat in rough weather. A disturbance 

at one end of a rope or wire is transmitted along its length. The vibration 

of wires in all stringed musical instruments is of a similar nature. Although 

it is not as obvious to us as the above examples, the transmission of sound 

in air or of light through space may be similarly viewed as a wave motion. 

As the Earth’s surface is exposed periodically to sunlight and darkness, one 

finds that waves of heat energy penetrate into the ground and rocks. 

Finally, the theory of wave mechanics tells us that the motion of matter 

can be viewed in terms of wave propagation. In this chapter we shall study 

the character of wave motion further, and show the way in which many 

phenomena of interest may be described by waves. 

12-1 THE ADDITION OF WAVES 

The relations derived in the previous chapter refer only to waves that 

are sent out into a medium of indefinite extent. If the wire or bar or tube is 
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FIGURE 12-1 

Superposition of pulses moving in opposite directions 

FIGURE 12-2 

Reflection of a single pulse 
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of definite length L, a reflection effect takes place at the end. Waves come 

back toward the source of vibrations and are added or superposed on the 

original wave. In order to appreciate this effect, let us first return to the 

pulse picture and imagine that two people sent out single disturbances at 

each end of a wire. Let the pulses be of slightly different amplitude. Each 

moves along independently until they cross (Figure 12-1), when the two add 

together to from a peak that is momentarily larger than either. Instead of 

involving two persons, let us merely attach the rope to a wall and send out 

a pulse. It will be reflected as seen in the sequence of Figure 12-2. Notice 
especially that the returning signal is a depression, or a negative pulse. 

How the reflection comes about can be seen if we view the region near 

the far end of the wire at various times, as in Figure 12-3. As the wave 

approaches the fixed point, the last section of the wire moves down through 
y = 0. As it comes up again, it sends a signal back along the length. In 

general, if a continuous wave yr = A sin (kx — wt) is sent to the right and 

reflected waves are returned, the two waves may “interfere” with each 

other constructively or destructively—that is, the combination may be 

greater or smaller than the individual waves, depending on the phase 

relations of the component waves. 

FIGURE 12-3 

Motion of wave at fixed end 

Standing Waves 

In one special combination of frequency, speed, and length of the line, 

the wave to the left is of the form yz = A sin (kx + wt). Then, the total 

displacement is the sum 

Yr = Ye t+ yt = Asin (kx — wt) + A sin (ke + at) 

Using the trigonometric identity for the sum of sines, * 

Yr = 2A sin kx cos wt 

The curve representing the wire has an amplitude 24 sin kx and a cosine 

time dependence as in simple harmonic motion. It is called a standing wave. 

We have not yet taken account of the condition that the far end of the wire 

is fixed. As we shall see, this requirement limits the type of waves that can 

be sustained in the region from x = 0 to x = L. Now, at any time ¢, for 

* That is, sin z + sin y = 2 sin }(@ + y) cos (x F y). 

331 



332 

WAVE 

PHENOMENA 

z = L, the amplitude y has to be zero. This will occur when sin kL = 0, or 

when kL = x. Since k = 27/h, we find 

r 
ok L 

This says that one loop of the sine wave fits between the ends of the wire, 

as shown in Figure 12-4(a). As a check, put k = 27/X = /L back in sin 

kx, to obtain the space form sin (rx/L). This is seen to be zero at x = L. 

This particular vibration, called the fundamental mode, is shown for many 

times during the cycle. The required frequency is vy = V/A = V/2L, 

which we shall label »;.. This wave is not the only one that is zero at x = L. 

We see that sin kL = 0 also if 

J=L 

since k = 27/\, kL = 2x, and sin 2x = 0. Such a wave, as sketched in 

Figure 12-4(b), has two loops. The amplitude is zero at x = 0, L/2, and L, 

which are points called nodes. The points of maximum amplitude called 

antinodes are at x = L/4 and x = 3L/4. The frequency of this second 

wave, V/L, is higher than that of the fundamental V/2Z; in fact, it is twice 

as large, vy = 2). This vibration is called the first overtone, the frequency 

being “over” that of the fundamental. The pattern by which we con- 

struct the different modes of standing waves is now seen. As in Figure 

12-4(c), 2\ = Lory = 3n. 

If there is an integer number of loops labeled n = 1, 2, 3, etc, the 

space part of the wave is given by sin nrx/L. The fundamental is only the 

First harmonic (fundamental) 

x wl> 

ll a) 

lI \! 
eed Rl< 

(b) 

Third harmonic (second overtone) 

FIGURE 12-4 

Standing waves (arrows indicate the 
instantaneous directions of motion of the 

wire) 
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first of many possible modes; thus it is called the first harmonic n = 1, 
followed by the second harmonic n = 2, the third, n = 3, etc. Relations 
that are easily proved are v, = nn, kn = nk, wn = nw. Each of the possi- 
ble standing waves may be written as a single formula: 

Yn = 2A, sin n(kyxz — anf) 

Let us calculate how to obtain standing waves in a wire stretched 
between two points, with one end fixed and the other vibrated at frequency 
v. The amount of tension can be adjusted. Let the length of vibrating wire 

be L = 0.8 m, and let us assume that the driving frequency is y = 60 cycles 

per second. Suppose the wire has a linear density of 2 grams per meter. The 

amount of tension needed to obtain the fundamental can be found as 

follows. Now, > = 2L = (2)(0.8) = 1.6 m, and V = dp = (1.6)(60) = 

96 m/sec. Then, using the relation at the end of Section 11-5, Fr = pV? = 

(0.002) (96)? = 18.4 N. To obtain the second harmonic \ = L, the speed 

must be increased by a factor of 2, meaning that the tension must go up by 

a factor of 4. 

Let us now ask “How high a frequency can be produced?” From 

what we have seen so far, there would appear to be no limit to the number 

n that identifies a harmonic. However, when we take account of the fact 

that matter is not a continuous substance, but is composed of a large but 

finite number of atoms, we realize that there must be some highest fre- 

quency. Picture, as in Figure 12-5(a), a wire that consists microscopically 

of a chain of atoms connected together by elastic-force ‘‘springs.”’ The 

fundamental mode corresponds to a standing wave in which the chain 

swings back and forth, as in Figure 12-5(b). The first overtone has two 

separate loops, as in Figure 12-5(c). We can continue drawing higher 

harmonics, until Figure 12-5(e), where the number of loops that fit between 

the ends of the wire is equal to the number of atoms in the chain, N. It is 

not possible for a wave to be shorter than the distance between atoms, a. 

The maximum value of the harmonic index n is N» = N, corresponding to 

the highest frequency 

Vm = NmV1 

However, since 1, = V/2L, and L = Na, we find that 

ay 

ey on 

It is interesting to note that the shortest period of vibration Tm = 1/¥m is 

2a/V, which happens to be the time for the wave to go between adjacent 

atoms such as A and B in Figure 12-5. The highest frequency is exceedingly 

large. For instance, in steel the speed of waves is about 3000 m/sec, while 

the atoms are separated by only 2.3 X 10-!° m. Thus 

3000 

See EAC GR = 0 10” cps Vm 



FIGURE 12-5 

Largest frequency of vibration 

We find that in any frequency range there can be many different 

waves. The actual number can be calculated by use of our relation vy, = nv 

or n = y,/w. Thus for a range Av, the number of harmonics is An = 

Ay,,/v. For example, in a wire of length 0.8 m and for speed 704 m/sec, the 

fundamental frequency is»; = V/2L = 440 cps. In a frequency range, say, 
from 4.4 X 10° to 4.5 X 10°, Avy, = 104, we find An = 104/440 = 23 as the 
total number of harmonics. 
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Tuning fork 

12-2 SOUND AND MUSIC 

We used the mechanical vibration of a stretched wire to help under- 
stand the mathematical form of waves. We now consider the wave nature 
of sound. “If a tree falls in a forest with no one there to hear it, is there any 
sound?” is an old question. The answer is “yes” or “no” depending on 
whether we are thinking in physical or physiological terms. We shall now 
devote our attention to the physical production and transmission of sound, 

although the mechanism and functions of the ear and the nervous system 

are very interesting subjects, and are taken up in Chapter 24. We shall not 

be concerned here with speech, although there are aspects of sound that 

involve recording and reproducing words by electrical and mechanical 

means. We are most familiar with the passage of sound through air, al- 

though we are aware of the fact that solids and liquids can also carry 

vibrations from place to place: steel, as in a railroad track, or wood, as in 

the floor of a house, or water in a swimming pool are examples that come to 

mind. Naturally, we are more concerned with those frequencies that 

register in our ears, but we know also that animals can hear higher notes, 

such as that of “dog whistles.”’ Insects are known to communicate fre- 

quencies that are not audible to humans. Most generally, the subject of 

sound includes the production and transmission of disturbances in all 

kinds of elastic media. Sounds include not only those of a definite fre- 

quency, as in pure musical tones, but also those that have no recognizable 

pattern, such as noises; they include disturbances that are too low in 

intensity for us to hear, and even those that are so loud that the ear cannot 

handle them. 
A simple device that produces sound is a tuning fork, consisting of a 

U-shaped metal bar with a wooden handle. Tapping the fork with a rubber 

mallet sets up vibrations of a definite frequency. If we could actually view 

the molecules of air near the surface of the fork, as in Figure 12-6, we would 

see alternate regions of high particle density (called condensations) and low 

st ~ Particles 

Plot of 
density of air 

FIGURE 12-6 

Generation of sound waves by vibrating tuning fork 
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particle density (called rarefactions). A plot of the change in density from 

average value against position is found to be the familiar sine curve: 

p = posin (kx — wt) 

where po is the maximum change in density. These are longitudinal waves, 

where the term refers to the fact that the displacements are along the 

direction of motion of the wave, in contrast to the transverse waves in a 

vibrating wire. 

The speed of sound in a gas, liquid, or solid may be derived in terms 

of the properties of the medium, which in turn are related to intermolecular 

forces. 

The speed of sound in air is measured to be 331.4 m/sec or 1087 ft/sec 

at 0°C (32°F). For every 1°C increase, the speed increases by 0.6 m/sec. 

To find the speed at room temperature (20°C), we must add (20)(0.6) = 

12 m/sec to the value at 0°C. Thus the total is 343.4 m/sec, which is also 

1127 ft/sec. The delay noticed between the lightning flash and the thunder- 

clap is explained by this rather low speed. (To tell how far away lightning 

strikes, simply assume that each 5-sec lapse before hearing the sound 

corresponds to 1 mi.) If the timers for the 100-meter run used as a starting 

signal the crack of the pistol rather than the flash of smoke, their timings 

would be in error by $29 = 0.3 sec. When a jet plane ‘“‘breaks the sound 

barrier,” it means that its speed relative to the air is 1127 ft/sec. For very 

high speeds, the terminology Mach number is used. Thus a speed 3 times 

that of sound—i.e., 3381 ft/sec or 2305 mi/hr—would be called ‘‘Mach 3.” 

At high altitudes, the density of the air is low, and since the speed of sound 

varies as 1/Vp, we find V to be considerably larger there than at sea level. 

For example, at a height of 10 km (6.4 mi), the air density is only 28 per 

cent of its sea-level value. The sound speed would then be 1127/V0.28 = 

2130 ft/sec = 1452 mi/hr. From the definition of Mach number, a plane 

flying at Mach 2 at this altitude would be going at 2904 mi/hr. 

Another type of motion that can be called “sound”’ consists of the 

molecular vibrations in a solid. Some of the newer theories of solids are 

based on the sound-like motion of the molecules making up the structure. 

The atoms may vibrate in both longitudinal and transverse modes simul- 
taneously. 

In order to appreciate the behavior of sound it is necessary to under- 
stand the instruments used to produce the vibrations. We shall look first at 
musical instruments because of their facility in illustrating certain physical 
principles. In our experiment that disclosed the existence of standing 
waves (Section 12-1), we caused the wire to vibrate in a very special way. 
When a string is plucked, as on a guitar, or bowed, as on a violin, the result- 
ing motion includes many harmonics. The relative amplitudes (and thus 
the energy output) of these many harmonics depend on the way the forces 
are applied. The difference between a pleasing note played on a violin by a 
professional musician and the screech produced by an amateur is, from a 
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physics viewpoint, only a matter of the distribution of harmonics that are 
excited. 

Stringed Musical Instruments 

The construction and operation of stringed musical instruments can 
be explained in terms of standing waves. In the back of a piano, for in- 
stance, we see a great array of strings of graduated lengths and diameters, 
all under tension. To achieve the correct notes, which are merely the 
frequencies of the standing waves, the appropriate length L and the density 
p are selected and the tension Fr is adjusted by the piano tuner. We 
notice that the bass strings are wrapped with coils, which provide extra 
density without loss of needed flexibility. 

To illustrate the magnitudes of the numbers involved, let us look at 

one of the wires in a piano. Suppose that the linear density of the wire is 

0.025 kg/m and that it is under a tension of Fr = 1000 N. The speed of 

waves in this wire is 

7 SAB SUN Spearman 
VEN» ~ N0025 ke/m ~ * * % 10*Gn/t0ec)’ = 200 m/sec 

Let the wire be vibrated at its basic frequency, v = 250 cps. The period 

is T = 1/v = 0.004 sec, and the wavelength is 

V _ 200 m/sec _ 
aris 250 eps ena 

Wind Instruments 

When we blow across the opening of a narrow bottle or closed metal 

tube, a whistling note is heard. Standing waves of sound are created as the 

result of reflection at the closed end, where there is a node, and at the open 

end, where there is an antinode. The lowest frequency (longest wavelength) 

is obtained when the wave is as shown in Figure 12-7. The length L 

contains one-quarter of a wave 

= I 
H| > 

or 



Instantaneous particle density 

p 

p Graph of density at one time 
0 

p 
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FIGURE 12-7 

Antinode Node Standing sound waves in a tube 

Airflow 

Node at closed end 

Antinode at open end FIGURE 12-8 

Pipe organ tubes 
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Frequencies in closed and open pipes 

FIGURE 12-9 
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Higher frequencies are also present, with y = 3V/4L, 5V/4L, etc., ascan be 
verified by requiring different wave forms to fit within the length of the 
bottle or tube. 

A pipe organ is constructed of hollow tubes of various lengths; each 

length allows a fundamental frequency of sound vibration when air passes 

over its open end. The other end may be either closed or open, as in Figure 

12-8. For the two cases, the standing sound waves have, respectively, a 

node and an antinode at the ends. By drawing graphs that represent the 

density of molecules as a function of position (Figure 12-9), the possible 

frequencies can be deduced. Notice that the fundamental frequency for the 
open pipe is twice that of the closed pipe of the same length. Frequencies 

in the open-pipe case consist of all multiples 1, 2, 3, etc. of the fundamental, 

while frequencies in the closed tube are odd multiples 1, 3, 5, ete. 

Let us compute the length of an open organ pipe that gives a fre- 

quency v = 440 cps, at room temperature, where V = 343 m/sec. Now, 

334 m/sec 
get 2k aA A0 opae 
length must be one-half a wave in length, L = \/2 = 0.78/2 = 0.39 m, or 

about 15 in. 

Relatively few string or wind instruments give notes of a single 

frequency, and we would find music rather dull if they did. The quality of 

notes from a musical instrument is determined by which harmonics are 

encouraged and which are suppressed. It is the special combination of the 

fundamental note with its overtones that gives the pleasing sensations. 

Instruments themselves are complicated structures, for example, the violin, 

which was developed over years of experimenting and is not at all easy to 

analyze. 

= 0.78 m. To produce the fundamental note, the 

Beats 

When two people close together whistle the same tune at the same 

time, unusual pulsating sound effects are heard. Notes are heard of lower 

frequency than those being produced by either person. This is a simple 

example of the phenomenon of “beats,” involving the superposition of 

sound waves of slightly different frequency. Suppose the waveforms that 

combine at a fixed point of observation—say, the origin x = 0—are pure 

notes of the same amplitude 

y1 = A sin ayt 

Yo = A Sin wel 

The sum may be formed by trigonometry to be 

(w1 + we) t cos (w1 _ wy) “| 

Y="nN+tHn= 24 sin 

Let us abbreviate this expression by letting the difference in angular 
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al 

a 

frequencies be Aw = w1 — @2, and the average bea = es Then, 

== (24 cos “t) sin wt 

Suppose w; and w: are rather close to each other—as, for instance, if Vi 

256 cps and », = 250 eps. A plot of y, as in Figure 12-10, shows the rapidly 

varying oscillation (sin @t) with amplitude 2A cos (Awt/2) that reaches a 

maximum only infrequently. Whenever the amplitude reaches a peak— 

i.e., when cos }Awt = +1 or ZAwt = m, 2m, .. .—a pulse of sound called a 

beat-is found. The period of beats is T, = 22/Aw, and the frequency is v, = 

Aw/2m, which means that the frequency of beats between two notes is the 

difference in their frequencies. Thus v is 6 when 1 = 256 and 2 = 250. 

Amplitude cama aS ne sec 

~ 

FIGURE 12-10 

Beats of frequencies 250 and 256 cps 

The presence or absence of beats determines whether music is harmonious 

or not. Psychologically, we find a combination of notes pleasant if they 

have very near the same frequency, for example, as sung by two people or 

played by two instruments. If the two frequencies are such that strong 

beats of certain pitch occur, the music is unmelodious. Similarly, if the 

fundamentals and harmonics of several notes played simultaneously as on 

a piano tend to augment each other without extraneous beats, the resultant 

sound is considered harmonious. To illustrate, let us consider the effect of 

playing notes whose fundamentals are 100 cycles per second and 200 cycles 

per second, an octave higher. The second harmonic of the first note will 

match the fundamental of the second. Or, if the fundamentals are 100 and 

150, in ratio 3:2, the resultant sound will have pure frequencies of 100, 150, 

200, 300, 450, 500, 600, 700, 750, ete. 

In general, if simultaneous notes have a frequency ratio of two small 

numbers, 1:1, 2:1, 3:1, 3:2, ete., the music is pleasing. Now, however, let 

the two notes be 100 and 205. The second harmonic of the lower note, with 

frequency 200, produces undesirable beats of 5 cps with the higher note. A 

1-cps beat also occurs between the fourth and second harmonics of the two 

notes. The phenomenon allows the piano tuner to adjust the instrument by 

sensing frequencies that are very low—i.e., the beats. 



12-3 ELECTROMAGNETIC VIBRATIONS 
AND WAVES 

The light by which we see and radio and television signals are exam- 
ples of a wave motion in space that is called electromagnetic radiation. The 
colors of the visible spectrum correspond to different light frequencies, 
while the dial or channel settings on a radio or TV set correspond to 
frequencies used by the stations. Let us now look into ways of producing 
electromagnetic waves. 

The electric field between two large parallel plates coated with 

charges of opposite sign was found in Section 6-2 to be uniform, of mag- 

nitude 6 = 4rkgo and directed from the + plate to the — plate. Clearly, 

if we interchange the charges, the field will point in the opposite direction 

(Figure 12-11). Suppose it were possible to alternate the polarity suddenly 

and periodically. A plot of the amount of charge on one of the plates, say 

the lower, would be as shown in Figure 12-12(a). Now let us plot the 

resulting field, letting + be up, — down—Figure 12-12b. A test body such 

as an electron placed in the space would be pulled up and down alternately. 

It is much easier to alternate the polarity as a sine curve rather than as the 

“square” functions just described. The alternating voltage of commercial 

electrical outlets is the form cos 27vt where the frequency »v is 60 eps. 

Thus, if the charge density ¢ is varied according to o = o cos 27vt, the 

electric field will vary in time between the plate as & = & cos 2mvt, where 

& = 4rkgoo. It will go positive and negative in direction in accord with 

Figure 12-13. The similarity between these electric-field “vibrations” and 

the displacement in time of a mass on a spring is obvious. 

Just as periodic motion of the end of a rope can give rise to waves 

traveling along it, periodic motion of charges result in electromagnetic 

waves. The physical mechanisms are entirely different, of course, but 

there is a mathematical analogy. As we shall see in greater detail in Section 

19-1, the periodic reversal of polarity of the two charges of an electric 

dipole at frequency w causes changes in electric and magnetic fields in 

space. At a large distance z away, the fields vary in a pure sine form, 

represented by the expressions 

&2 = & cos (kz — wt) 

@y = Bo cos (kz — wt) 

where z is in the direction of the wave progression. The two fields point 

FIGURE 12-11 

Cc] Alternation of charge polarity on plates 
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FIGURE 12-12 

Variation of charge on lower plate and strength of electric 

field with time 

Time 

FIGURE 12-13 

Electric field varying as E = Ey cos 27vt 

Sy (in the x — z plane) 

Distance z 

FIGURE 12-14 

Graph of electric and magnetic fields in electromagnetic wave 
at an instant 

only in the x- and y-directions, respectively. Figure 12-14 shows what an 
instantaneous “‘photograph” would reveal about the fields along a section 
of the z-axis. If one remains at a point, he sees the alternation of &. There 
is € maximum upward, then zero, then a maximum downward. 

342 



12-4 THE DOPPLER EFFECT 

As a whistling train or an ambulance with siren approaches us, we 

hear a higher note than after the source of sound goes past. Also, if we 

move relative to a source of sound, the frequency appears higher or lower 

depending on whether we approach or recede from it. The term Doppler 
_effect* is given to this phenomenon. Our knowledge of wave motion can be 

applied to find the amount of frequency change. First consider the simplest 

case, the moving observer. Suppose we approach, with uniform speed »,, 

a fixed sound source which emits waves of definite length \, as in Figure 
12-15(a). At rest, we would receive each second »v peaks, where vy = V/). 

ee Vo+u : 
Moving, we encounter vp’ = x *, a greater number. The ratio of fre- 

quencies is seen to be 

U v v Me Pas 8 le 
v oF V 

Fixed sound Moving observer 
source : 

Uo 

ee 

(a) 

Moving sound source Fixed 
observer 

a ECs 
(b) 

FIGURE 12-15 

Doppler effect. In case (a), the observer meets more peaks; 
in case (b), the waves are closer together 

Note that v’ is larger than v, as we know from experience. To handle the 

case in which we recede from the source instead, merely change the sign on 

v>. The moving source that approaches us with speed v, emits waves of a new 

length—Figure 12-15(b). Between times for maximum amplitude, the 

* After Christian Doppler, who described the process in 1842. 
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source has moved by a fraction v,/V of a wavelength. It tends to catch 

up with the waves just emitted. The waves experienced at a distance are 

shorter—i.e., \’ = A — # \. Now, the two frequencies are »’ = V/N’ and 

y = V/d. Their ratio is \/X’ or 

vo 1 

vy 1—2/V 

Again, the frequency is higher than when the source and observer are at 

rest. If the source were moving away instead, we would change the minus 

sign to a plus. 

A general relation for any motion of source and observer is 

y Lov 
ve Loe v,/V (Doppler effect for sound) 

where the correct pair of signs to use is readily selected by the knowledge of 

the nature of the effect. 
As an example, find the observed frequency when a train approaches 

with speed 50 m/sec, whistling at 256 cps. Take the speed of sound as in 

air at 0°C, 331 m/sec. Now — = TH — 60/381) ae = 1.18 and »’ = 302 eps. 

Next, suppose that while we are riding in a train, we hear the whistle of a 

following train of the same speed. The speeds of the source and observer 

relative to each other will be zero and vy’ = », and no change in frequency 

will be heard. 

The Doppler effect also occurs when sources of light approach or 

recede from us. Measured changes in the frequency of light allow us to 

estimate the speeds of stars or galaxies. If the frequency of the light is 

lower than normal—that is, shifts toward the red end of the spectrum—one 

concludes that the star is receding from us. Much discussion of the possi- 

bility of an expanding universe has resulted from such measurements. 

Although the effect is in the same sense, it is not proper to use the above 

formula developed for sound, since the speed of light ¢ is always the same 

(Section 3-4). Einstein’s theory of relativity states that the new frequency 

is the same whether we approach the source or the source approaches us. 

Instead of two formulas, which by analogy to sound would be 

1 Vo —_ 
econ es and yo [eens 

there is but one formula, as shown in Appendix D: 

= = J ea vee (Doppler effect for light) 

where v is the relative speed of approach. For separating objects, we 
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change both signs. For » c, the ratio is approximately 1 + v/c, as easily 
proved by use of the binomial expansion. 

Other examples of the Doppler effect are: (1) the variety of fre- 
quencies observed from a heated gas in which moving atoms emit light; (2) 
the nuclear reaction between moving neutrons and nuclei; (3) the reflection 
of radar waves from aircraft or ships or moving cars, or from artificial 
Earth satellites, to determine velocities. 

12-5 MATTER WAVES AND ENERGY LEVELS 

There is another unusual and important concept of wave motion— 

that waves are associated with every moving particle. DeBroglie, in 1924, 

first postulated that every moving particle with momentum p has asso- 

ciated with it a wave whose wavelength ) is given by 

= 
p 

r 

where h is Planck’s constant, 6.63 X 10-*4 J-sec. 

This validity of this hypothesis has been proven by its predictive 

capability. For example, the discrete energy levels of the electrons in atoms 

can be shown to exist if one assumes that the energy levels represent 

standing waves of the matter wave associated with the particles. Although 

calculations in general involve some higher mathematics, we can illustrate 

the concept. 

Assume that an electron with mass m and momentum p = mv (non- 
relativistic) is located in a region of the x-axis between « = 0 and z = a. 

Whenever the electron reaches either of these end poinis, it is perfectly 

reflected. Then, we can say that it is confined in a one-dimensional square 

“‘well,”’ as shown in Figure 12-16. The lines going upward at x = 0 and 

x = a represent barriers that cannot be penetrated for any energy which 

the electron might have, so we say they are of “‘infinite’’ potential. 

Now, if a standing wave is to exist in this region, the wave must go to 

zero atx = Oand z = aat all times, just as in the string with fixed ends; or 

yr = 2A sin kz cos wt = 0 

which occurs only if ka = nz, where n is an integer. Recall, however, 

= 27/h and \ = h/p, so 

Thus, the energy of the electron (which is all kinetic energy) in this region 

is given by 

nh? 



to @ 

Energy 

Electron 

FIGURE 12-16 

Electron in a square well, as a matter wave 

and can only be those values given by n = 1, 2, 3, etc. This concept is 

called quantization and is a direct result of the assumption that a moving 

particle has a wave associated with it. 

We shall reserve further discussion of the physical significance of this 

concept until Section 22-2. It will suffice here to note that de Broglie 

reasoned that since electromagnetic radiation and light could be viewed as 

either waves or particles, then matter might be regarded either as a particle 

or as & wave. 

The Variety of Waves in Nature 

We have cited many examples of physical situations that exhibit 

wave character, including motions of a string, rope, or wire, of a water 

surface, sound in air or solid materials, of electromagnetic disturbances, 

and even matter. It is natural to ask the question ‘“‘Why should these 

diverse phenomena be governed by the same mathematical description?” 
The answer, for many situations, goes back to the fact that the medium 
being disturbed involves restoring forces between atoms that are propor- 
tional to the displacement from their normal position. The application of 
the laws of mechanics then yields the harmonic motion or waves in the 
form of sine or cosine functions. In other cases, the physical processes may 
be different, but the mathematical description turns out also to require 
wave functions. We should keep in mind, however, that the motion of 
every system cannot be expressed in such an elementary way. Obviously 
when the displacements are large—as when water crashes on the beach in 
a storm—simple sine- and cosine-wave forms are not applicable at all. 
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PROBLEMS 

12-1 Compute the wavelength in air at room temperature corresponding 
to the lower and upper limits of audible frequencies, about 30 cps and 
16,000 eps. 

12-2 Sound travels through two different paths as illustrated in Figure 
P12-2. If the path difference is one-half wavelength, what is the amplitude 
heard? If it is one wavelength? 

Tuning fork FIGURE P12-2 

12-3 Two waves of the same amplitude, speed, and frequency (but out of 

phase) are added. Letting 

yi = A sin (wt — kz) 

yo = A sin (ot — kz — ¢) 

find the sum y = y: + y2 by use of trigonometric formulas—see, for 

example, the footnote on page 331. Discuss the result. 

12-4 Find the wave velocity and the frequency of the third harmonic 

(second overtone) of a wire with length 1.4 m, linear density 0.006 kg/m, 

and under 4 N tension. 

12-5 At what frequency will a wire 2-m long vibrate in the fifth harmonic 

mode, if the wave speed is 3000 m/sec? 

12-6 How many harmonics are there between frequencies 2.7 X 104 and 

2.8 X 104 if the fundamental is 50 cps? What harmonics are the two end 

values? 

12-7 How many harmonics are there between 5400 cps and 6900 cps for 

a wire with length 0.3 m, wave speed 180 m/sec? 

12-8 A violin string with length 0.3 m, atom number density 7 X 1078/m‘, 

has a fundamental frequency of 440 cps. What is the highest frequency 

possible? Is it in the audible range? 

12-9 An atomic bomb explodes at a distance of 100 miles away. Find the 

times elapsed for the flash to be seen, heard, and felt through the ground 

(seismic waves have a speed of about 5.5 km/sec), assuming room tem- 

perature. 
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12-10 Find the frequency », the angular frequency », and the magnitude 

of the propagation constant k for a wave of sound with the following prop- 

erties: \ = 5m, V = 343 m/sec. 

12-11 A rocket plane has a speed of 4000 mi/hr at an altitude where the 

density of air is } that at sea level. At what Mach number is the plane 

traveling? 

12-12 Find the wavelength of sound with frequency 7100 cps in air at 

temperature 40°C (104°F). 

12-13 How accurate is the rule of thumb on sound speed “5 see = 1 mi,” 

when tested at room temperature (20°C)? 

12-14 An apparatus to demonstrate transverse waves in a wire is shown 

in Figure P12-14. If the density of the wire is 0.015 kg/m, and its length is 

0.75 m, what mass will be required on the platform to give the second- 

harmonic standing waves? 

Electromagnet vibrator 

ian Aa 

FIGURE P12-14 

12-15 In cold weather, would an organ note sound higher or lower than 

in hot weather? Explain. 

12-16 What fundamental note is sounded by an open organ pipe of length 
4 ft, operated at room temperature? 

12-17 Find the fundamental frequency at room temperature of an open 
organ pipe that is 2.5 m long. 

12-18 How much difference is there between the fundamental frequency 
of a closed organ pipe of length 1.8 m in hot weather (30°C), and cold 
weather (18°C)? What are the two frequencies? 

12-19* (a) What are the beat frequencies possible between various har- 
monics of the frequencies 100 and 205? (b) Show that no distinguishable 
beats are possible if the ratio of two frequencies is 4. 
12-20 Two closed organ pipes of length 0.75 m and 0.91 m are sounded 
simultaneously. What beat frequencies below 50 eps are there between 
various harmonics, assuming a sound speed of 344. m/sec? 
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12-21 Suppose that a piano tuner uses a 440-cps note as standard, and 
finds that the note 1 octave higher (supposed to be double the frequency) 
produces beats at 2 cps. What is the actual frequency of the higher note? 
12-22 Ona piano, the frequencies of ‘‘middle C” and the G above it are 
261.33 and 391.99 cps, respectively. Calculate the first three beat fre- - 
quencies between the appropriate harmonics of these notes. 

12-23* The “ideal temperament” of the C scale on a piano has frequencies 
that bear the following ratios: 

Cc D E F G A B C 

1 9:8 534 4:3 3:2 dso 15:8 2 

Taking the lower C to be 260 cps, if the notes C, E, and G are played 

together, what harmonic frequencies augment each other? 

12-24 The sound from a police car’s siren with frequency 900 cps seems 

to be 920 cps to a stationary observer. Is the car approaching or receding 

from the observer? How fast? 

12-25 A whistle of frequency 600 cps is mounted on the end of an arm 

of length 0.5 m, and rotated at 60 revolutions per second. What maximum 

and minimum frequencies are heard? 

12-26 A radioactive source Na” that emits gamma rays with frequency 

3.0 X 10”° cps is mounted on a loudspeaker that vibrates with frequency 
120 cps and amplitude 2 mm. What is the largest shift in the frequency 

of the gamma rays that can be measured by an observer? (See Fig. P12-26.) 

12-27 A train whistle has a definite frequency of 2000 cps. The engineer 

sounds his whistle when he is 3 km from the station, and the stationmaster 

notes the time and measures the frequency to be 2050 cps. If it maintains 

constant speed, how much later will the train go through the station? 

12-28 The frequency of light from a certain lamp is observed to be 

shifted from its normal value v to a lower frequency »v’. Show that this 

implies a speed of recession of the source of 

Speaker 

Radioactive source 

Detector 

FIGURE P12-26 



350 

WAVE 

PHENOMENA 

_ oft — @'/)"] 
1+ W/) 

12-29 A shift of the frequency of light from a distant galaxy is observed. 

Referring to Problem 12-28, if the change is from 1.43 X 10° to 1.40 X 10° 

eps, what is the apparent speed of recession of the galaxy? 

12-30 An inventor proposes a device for highway patrolmen to measure 

the speed of oncoming cars at night by observing a Doppler shift. Inves- 

tigate the feasibility of this idea. 

12-31 Find the first two energy levels, in electron-volts, of an electron of 

mass 9.1 X 107%! kg confined to a box of width 10~* cm (about the size of an 

atom). 



MECHANICAL AND 
THERMAL PROPERTIES 
OF MATTER 

We now turn to the properties of matter in bulk form, consisting of many 

atoms or molecules that interact with each other. Some of the phenomena 

to be explained in this chapter are the action of elastic forces, vibrations, 

expansion caused by heating, changes of state, buoyancy, and the flow of 

fluids. We shall seek an appreciation of the relation between small-scale 

processes, often called microscopic, and large-scale or macroscopic, behavior. 

13-1 THE ROLE OF THERMAL ENERGY 

AND TEMPERATURE 

Much of the macroscopic behavior of matter may be explained in 

terms of basic atomic forces, the concept of temperature, and the energy 

of motion of atomic particles that we call thermal energy. Let us consider 

a particularly familiar substance—water—as it goes through several changes 

in state when we give it more and more energy, keeping in mind that many 

substances behave in a similar way. 

We shall start with a sample of water at the lowest possible temper- 

ature, absolute zero, defined as the temperature at which molecular motion 

is a minimum. Thus the sample will be in the form of ice, a relatively hard 

and rigid solid. As thermal energy is supplied by some external source, 

motion of the molecules increases in magnitude as the temperature rises. 
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FIGURE 13-1 

Effects of heating water 

The ice expands somewhat as a result. Eventually, the vibrations become 
sufficiently vigorous to change the ice to water, a liquid—Figure 13-1(a). 
In crystalline materials such as ice, salt, and many pure metals, there is a 
sudden change from the solid form to the liquid form. This change is 
accompanied by a large absorption of thermal energy at a constant tem- 
perature, called the melting point (0°C for HO). One can visualize that 
this energy has in some way relaxed or otherwise altered the bonds between 
the molecules. Other noncrystalline substances, called amorphous (“no 
form’), soften gradually as they are warmed. Familiar examples are 
plastics and wax. A liquid, on the other hand, is characterized by its 
ability to flow. Thus, under the influence of gravity, its surface forms a 
level and the liquid fits the shape of the vessel containing it. It should be 
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realized, however, that under sufficient pressure, solids can also be made to 
flow between plates or through holes, as in rolling mills for sheets or dies for 
drawing wire. The distinction between solids and liquids is not sharp if the 
range of pressure is extended. Similarly, liquids and gases, especially at 
low speed, behave the same—as fluids. 

In a liquid, there is little resistance to sliding of layers of molecules 
past each other, even though there are forces between particles causing 
them to cluster into a relatively unique volume. The raindrop is a good 
example. It is spherical when first formed, with negligible external forces. 

On passing through the air, the larger drops are distorted into the familiar 
tear-shape, but the molecules of water remain closely packed. On striking 

the ground, the raindrop flattens out and is broken up by the impact. 

When a liquid is in contact with the air or a vacuum, there is a 

tendency for some energetic molecules to overcome the surface forces of 

attraction and escape from the surface, a process of evaporation. Thus 

there is a cooling of the liquid as each molecule escapes. We are personally 

-famthar with this phenomenon—the evaporation of perspiration from the 

skin is a mechanism for regulating body temperature. The term vapor- 

vzation refers to a large-scale transition of liquid into the gaseous state. 

Usually a quantity of heat is absorbed at a particular temperature called the 

bowling point (100°C for H,O at standard atmospheric pressure). 

An experiment will reveal the relation between a liquid and a vapor 

or gas. We put some water in a container equipped with a pressure gauge. 

At a given temperature, molecules of water continuously leave the surface 

of the liquid, while others return and are caught. There will be a constant 

average number of molecules in the space, giving rise to a measurable 

pressure, called the vapor pressure of the liquid. Raising the temperature 

of the liquid clearly makes it possible for more molecules to escape from the 

surface, and the vapor pressure increases. When this vapor pressure 

reaches the pressure of the surrounding atmosphere, the liquid boils (as 

discussed further in Section 14-3). This happens at the “normal” boiling 

point of the liquid if the surrounding gas is air at standard pressure. 

However, the boiling point decreases as the atmospheric gas pressure 

decreases. For example, when the pressure is lowered by a pump or by an 

altitude change, water may “‘boil’” at any temperature down to nearly 0°C. 

With the absorption of enough heat energy, the intermolecular forces 

in a liquid can be overcome almost completely. Then the substance goes 

into the state called a gas, where the molecules are free to move about, 

bouncing off each other or against the walls of the vessel. A gas fully 

occupies whatever volume of space is available to it, because of the relative 

lack of forces between molecules. Except for collisions of neutral molecules 

with each other, the particles remain independent. This can be explained 

if it is assumed that the range of the forces between particles is small 

compared with the average distances between them. Since there is much 

space between particles, the gas is much more readily compressed than was 

the same material in the liquid state. It exerts a pressure (a force per unit 

area) on the walls of any confining vessel because of incessant bombardment 
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by particles. Further heating gives the molecules a higher average kinetic 

energy, and the gas is raised to a correspondingly higher temperature. 

We may view the motion of the molecules as consisting of translation, 

rotation, and vibration, each molecule consisting of 3 atoms in the case 

of H.O. On colliding, molecules exchange energy, with that of rotation and 

vibration giving rise subsequently to the emission of light radiation of a 

low frequency, below the visible range. 

Continued heating causes the molecules of H:O to dissociate into 

their component atoms of hydrogen and oxygen, and these readily recom- 

bine to form molecules of Hz and Oo. We may now trace the fate of these 

components, which are simply different compounds still in gaseous state, 

and which appear to exhibit the same various types of motion described 

for the case of water molecules. Addition of even more energy causes the 

H. and O, molecules to dissociate into free atoms of H and O—Figure 

; 8 
Thermonuclear reaction. 10 
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FIGURE 13-2 

Toward absolute zero Range of temperatures in nature 
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13-1(b). Each is a neutral, stable structure, although each is highly 
reactive chemically. The electron and proton which make up the hydrogen 
atom are normally separated by an average value of about 0.5 X 10- m. 
The hydrogen atom can, however, absorb energy and this average sepa- 
ration can increase. The energy of excitation may be re-emitted in the form 
of light radiation, bringing the atom back to a normal energy state. A 
similar process may occur in the oxygen atom. This absorption and emis- 
sion of energy will be discussed in greater detail in Section 22-1. 

When even more energy is imparted to it, the H atom dissociates into 
a free electron and a free proton—Figure 13-1(c). As ions these can recom- 

bine with each other or with other charges. The protons can then be given 

still more energy of translation by the application of an electric field. At 

high enough speeds they may experience nuclear reactions with the other 

nuclei present, those of oxygen and hydrogen. In the case of oxygen, 

excitations of the motions of the nuclear components—neutrons and 

protons—can result in high-frequency light emission. This phenomenon 
~ will be discussed further in Section 23-2. 

Finally, at extremely high temperatures, the nuclei of deuterium, the 

rare heavy isotope of hydrogen, can combine to form heavier nuclei. In this 

fusion or thermonuclear process, large quantities of kinetic and radiation 

energy are released—in the reaction, mass is converted into energy in 
accord with Einstein’s relation, H = mc’. As we can see in Figure 13-2, 

the range of temperatures with which we must deal in physics is very 

large. (The lowest value, absolute zero on the Kelvin scale, —273.1°C, 
does not appear because of the use of logarithms in the figure.) 

With the conclusion of this qualitative discussion, we now turn to the 

problem of analyzing the mechanical and thermal behavior of matter 

consisting of a large number of basic particles. We shall try to relate the 

simple molecular structure to many-particle substances. 

13-2 ELASTICITY 

Using our analogy between atomic forces and mechanical-spring 

forces (Section 10-1), let us try to explain the behavior of elastic objects, 

such as a coil spring or a length of wire, which resume their initial length 

after a stretching force has been released. The experimental observation 

that the force tending to restore the original shape and size of elastic materials 

is proportional to the displacement is called Hooke’s law. Such behavior is 

limited to a range of forces and displacements that do not permanently 

deform the material. 

Let us imagine first a thin metal wire or rod of original length L and 

cross-sectional area A. One end is fixed, and to the other end we apply a 

force F (Figure 13-3). The displacement / of the end of the wire is propor- 

tional to F: 

F = Kl 



Elongation 

Force F 

FIGURE 13-3 

Stretching an elastic wire 

where K is the force constant of this particular wire, a macroscopic quantity. 

Suppose the same type of experiment is done with several samples of the 

same material having different lengths and areas. Then we find that the 

force per unit area F'/A, which we call the stress, is proportional to the 

fraction the wire elongates //L, called the strain. Thus, for an elastic 

material, 

stress ~ strain 

or 

PF l cigar 
ohm B,(F) (Hooke’s law) 

The constant of proportionality, E,, called Young’s modulus of elasticity, 

depends on the material of which the wire is made and not on its length and 

area. It is related to the force constant for a given sample by 

Values of Young’s modulus are given for several materials in the first 

column of Table 13-1. As an example of its use, let us find the change in 
length of a steel pillar 1.4 m in diameter and 4 m long, that supports a 
weight 9 X 108 N—for example, as part of a building. Young’s modulus 
for steel is 22 X 10" N/m?. The column cross-sectional area is rd?/4 = 
m(1.4)?/4 = 1.54 m®. The change in length is then 

ee (9 X 10° N)(4 m) 
AE, (1.54 m?)(22 X 10!° N/m?) 

= 0.0106 m 

which is about a centimeter. 

Let us now look at the forces and displacements from the microscopic 
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TABLE 13-1 

ELASTIC PROPERTIES OF MATERIALS 

Moputvs (in units of 10!° newtons/m?) 

MATERIAL Ey Ey E, v 
re 

Aluminum 7 3 3 0.13 
Copper 11 10 4 0.32 
Glass 5.4 3.6 2.2 0.25 
Tron 20 15 8 0.27 
Mercury 0 2.4 0 0.50 
Rubber KO) >< OR 16) << WOR a) >< ORS 0.49 

Steel oe 22 18 8.5 0.30 

Tungsten 35 18 15 0.17 

Water 0 0.22 0 0.50 

or atomic viewpoint. Typical metals have a lattice structure, with atoms 

arranged in regular patterns. The three most common arrangements, 

shown in Figure 13-4(a), are face-centered cubic, body-centered cubic, and 

hexagonal. The relation of structure to elastic properties can be more 

readily explained if we examine an idealized simple cubic arrangement of 

atoms, as illustrated in Figure 13-4(b). We imagine there to be force bonds 

that act as springs between the atoms. Along each side of a unit volume 

there are N particles giving a total of N* per m’. The spacing of particles 

is a = 1/N. Since the stretching is along one direction only, we can view 

the wire as a bundle of N?A chains of connected atoms. Let us propose 

that the force f between individual atoms is proportional to the amount x 

that their normal separation is increased. Thus we write 

f = Ky 

where the atomic force constant Ki, as here defined, clearly does not 

depend on the large-scale form of the wire. By Newton’s law of action and 

reaction, applied successively, f is also the force applied at the end of one 

chain. The total force for the N?A chains is then F = N?Af = N?A Kix. 

If each atomic bond stretches an amount 2, the total elongation of a chain 

of length L, containing NL atoms, is! = NLx; combining the two equations 

and rearranging, we obtain 

F l 

Comparison with the stress-strain relation shows that Young’s modulus 

is merely N times the force constant of one atom bond, 

E, = NK, 



@ 
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FIGURE 13-4 

Lattice structure of metals 

and thus must be dependent only on the material, just as noted before. Also, 

we see that the force constant of the wire is related to the atomic-force 

constant by 

_ NAK, 
Sea, 

The small-scale properties of iron can be estimated on the basis of our 

special model, keeping in mind that iron is actually a more complicated 

structure involving both face- and body-centered arrangements. In one 
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kilomole of iron, of mass 55.85 kg, there are 6.02 X 102° atoms (Avogadro’s 
number, Section 4-4). By proportions, in 1 m’ containing 7.85 X 10° kg, 
the number of atoms is 

_ 7.85 X 10 
55.85 (6.02 * 10%) = 8.5 x 10% 

Hence the number per unit length of chain is 

N = Vn = V85 X 107 = 44 X 10°/m 

The spacing of atoms is a = 1/N = 2.3 X 10-9 m. Young’s modulus is 

20 X 101°-N/m?, and the force constant per atom is 

why eu Xx 10eN in | os 

UU Tih IWS Aaa Bean 

As a check on this relation between small-scale and large-scale views, let 

us find the potential energies due to stretching. For one bond only, 

yh Em = 3K? 

The number of participating atoms (and bonds) in the particular sample of 

wire of length Z and area A is N?AL. The total potential energy is 

Ep = (N?AL)Em = (N2AL)(3K,2°) 

On introducing the expressions for K; and 2, we find this to be exactly the 

same as that for the whole wire as it elongates by an amount /: 

E, = 4KP 

Our macroscopic and microscopic models are thus consistent with respect 

to energy. 

Suppose that an iron wire is stretched by 1%. What is the potential 

energy stored in each atom? Now, 

U z¢ L= = (0,01)(2:38 x 107%) = 2.3." 10-4 m bie. 
NL 

Em = $Ky? = 4(45 N/m)(2.3 X 10-° m)?? = 1.2 X 10-2 J 

This is also 

Lael 
Se —4 

op aMCU IGN weutocene’ 

a very small energy compared with that of electrons in atoms. 
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Volume Changes 

The linear-chain model of stretching is oversimplified, since changes 

also take place in other dimensions. When we stretch a rubber band or a 

wire we know that it becomes thinner. Let us deduce the amount of this 

contraction. Let the diameter change from D to D — d, as the length 

changes from L to L + / (Figure 13-5). Suppose that the total volume is 

unchanged, a reasonable assumption—at least for rubber and _ plastic 

materials. Then, 

x = (Dee gDL=70 d)?(L + I) 

Multiplying this out and neglecting all but the largest terms in the equa- 

tion, we find d/D = 0.5l/L. In general, one can write d/D = v(l/L) 

where v is called Poisson’s ratio. Experimental measurements give v = 0.49 

i 
DD-—-d \ 

ia | 

= 

Pax 
FIGURE 13-5 

L+l : : : 
Dimension changes in stretching 

for rubber, but 0.32 for copper, 0.30 for steel, and as low as 0.13 for alu- 

minum; Table 13-1 gives additional values. If » is less than 0.5 it means 

that the volume does not remain constant as stretching takes place. 

The application of a uniform external pressure to a solid results in a 

compression. Such a situation seldom is found in structures, because forces 

will usually be different in one direction than another. However, we could 

imagine a three-dimensional vise that could provide equal forces on all 

sides of a cube. A block placed in deep water would experience a uniform 

hydrostatic pressure. The pressure P = F'/A will be the stress. The 

volume changes from V by an amount v, and v/V will be the strain. Then 

F q78 v 

ale 

where Hy is called the bulk modulus. We would expect it to be related to 

Young’s modulus H,. Let us try to find the dependence. Visualize forces 
applied to three of the faces, with the remaining three (opposite) faces held 
fixed. Each side will compress a fraction 1/L that is the result of the force 
in that direction, (1/H,)(F/A), less the expansion of (v/E,)(F/A) due to 
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each of the other forces. Thus 

po 4S 

i= TOP 
F 
A 

The volume change is » = (L + 1)? — L, which is approximately SLL 
and thus v/V = 31/L. Combining, 

= Ey 
ss 3(1 — 20) 

For a material with »v = 3, such as copper, LE, & E,. If v is close to 0.5, as 

for rubber, H, is very much larger than E,, which means that stretching or 

compression is easy in one direction but very difficult in all three directions 
at once. 

We find that the bulk moduli of solids and liquids are very high, which 

implies that a very large force is required to give any compression. For 

example, if a piece of iron, with H, = 15 X 10" N/m’, is to undergo a 1% 

change in volume, v/V = 0.01, the force per unit area or pressure must be 

i = P = (15 X 10")(0.01) = 1.5 X 10° N/m? 

which is about 15,000 atm or 220,000 lb/in.?. The term compressibility 

x is used to describe the ability of a substance to be compressed. It is 

defined by 

which is the fractional change in volume per unit of pressure change. If 

there were no force initially, then the change in pressure is AP = F/A; 

the change in volume is AV = 2, and we see that the magnitude of com- 

pressibility x is the reciprocal of the bulk modulus EH». Thus, for iron, 

Kiwe 0. x 107? m’?/N: 

Shear Stress and Strain 

The elongation of a solid is only one of the possible distortions it can 

experience. Picture, as in Figure 13-6, a cube of material to which we apply 

a force tending to slide planes of atoms past each other. The bonds between 

atoms in the layers must be stretched, and tend to restore the original 

position. 

Such a shifting of atoms is called shear, involving stresses and re- 

sulting strains which are different in character than those previously 

discussed. Actually, we use the term in a similar sense when we say the 

head of a bolt ‘“‘shears off,” or that we will ‘‘shear’’ a piece of metal. When- 

ever a rod or wire is twisted, shearing stresses and strains are involved. 



FIGURE 13-6 

Shearing effects in solids 

The torsion constant c, discussed in Section 11-2, is related to shear as the 

force constant K is related to stretching. A shear modulus E, indicates by 

how much the layers shift. The ratio of applied tangential force F to the 

area A is called the shearing stress; the ratio of are s to side S, the angular 

shift, is called the shearing strain. The proportionality of shear stress to 

shear strain is expressed as 

It can be shown by a derivation, similar to that for the relation of bulk 

modulus to Young’s modulus, that 

__F 
Bae 2(1 + v) 

Thus, for a material with » & 4, we find that ZH, & 3F,. For example, for 

copper, v = 0.32 and the ratio of H, = 4 X 10 N/m? to EZ, = 11 X 10” 

N/m? is 0.36. 

By eliminating y, a single relation between the three moduli E,, Es, 
and H, is obtained. Most compactly, 

sue ae is 
BE, E,* 3& 

The general description of elasticity requires the use of tensor analysis for 
both the large- and small-scale views, and the role of imperfections in the 
regular lattice must be accounted for. Our treatment thus provides a 
basis for qualitative discussion only. 
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13-3 THERMAL EXPANSION 

Most substances increase in volume when heated, a process called 
thermal expansion. Our atomic picture of matter provides a qualitative 
understanding of this effect. The addition of heat energy to any object, 
composed as it is of bound atoms and molecules, tends to increase the 
thermal agitation. From the microscopic viewpoint, this energy of motion 
“competes” with the energy of binding. On the average, the component 
particles are farther apart than at a lower temperature. This corresponds 
to an overall expansion of the object. Let us re-examine Morse’s potential- 
energy curve (Figure 11-11) to see qualitatively how expansion arises. 
We assume that such a graph as in Figure 13-7 can be used to describe 

roughly the forces between atoms in a lattice of a solid. If the potential- 

energy curve were a perfect parabola as for a spring connection, there 

would be an equal chance that the displacement would be as often positive 

as negative. The average x would be zero. However, the actual curve is 

flatter in the direction of +z, which favors the positive displacements. 

Pred. FIGURE 13-7 

Interatomic potential energy 

Thus subatomic vibrations are said to be anharmonic. However, materials 

expand about the same amount in each direction, except in cases where the 

crystal structure is not the same along different axes. 

Let us look at a long thin bar of metal (Figure 13-8) that is heated 

throughout to cause a temperature increase from T to T + AT. Measure- 

ments of length before and after give / and / + Al; thus the length has 

increased by a fraction Al/l. The linear coefficient of thermal expansion is 

defined by the ratio 

_ Alfl 

foe eAT 

If a is known, we can compute either the change in length Al = laAT or 

the new length l’ = 1(1 + aAT). For example, suppose a thin wire of iron, 

length 0.5 m, is heated from 20°C to 100°C. Its coefficient a is about 

11 X 10-*/°C. The increase in length is thus 
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— Thermal expansion of a solid bar 

Al = laAT = (0.5 m)(11 X 10-8/°C) (80°C) = 0.00044 m 

which is only about 25 millimeter. Amounts of expansion depend on the 

type of material; numerical values of @ are listed in Table 13-2. 

TABLE 13-2 

COEFFICIENTS OF LINEAR THERMAL EXPANSION 

(measured at 0°C) 

MATERIAL a (in units of 10-§/°C) 

Aluminum 24 

Copper 17 

Steel 12 

Silver 18 

Pyrex glass 3.6 

Ice 51 

Diamond 3.5 

Paraffin 588 

COEFFICIENTS OF VOLUME THERMAL EXPANSION 

(measured at 20°C) 

MATERIAL 8 (in units of 10-3/°C) 

Alcohol, ethyl 1.2 

Water 0.207 

Mercury 0.182 

A well-known application of thermal expansion is the creation of a 
tight bond of a ring to a rod (Figure 13-9). The inside diameter of the ring 
is deliberately made a little smaller than the rod diameter. On heating, the 
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ring expands; it is slipped over the rod and allowed to cool, giving a 
high-pressure fit. We would find it very complicated to describe the ring 
expansion if we viewed it as a three-dimensional figure. The problem is 
easy if we look at the circumference, which expands almost linearly. For 
example, suppose a copper ring of inside diameter 2.0 cm is to go around a 
rod of 2.005-cm diameter. How much increase in temperature of the ring 
will allow it to be slipped on? The fraction that the diameter and circum- 
ference must change is 0.005/2.0 = 0.0025 = Al/l. The linear coefficient 
of copper is a = 17 X 10-*/°C. Thus the temperature increase needed is 

Al/l _ _ 0.0025 
ae = eo Saal = 150°C 

Mechanical thermometers or thermostats for controlling temperature 
are based on differences in expansion coefficients of metals. A bimetallic 

FIGURE 13-9 

Fitting a ring on a rod 

strip—composed of Al and Cu, for example—will bend as illustrated in 

Figure 13-10 when the temperature is increased. If the rise is AT’, the new 

lengths are the following: 

LG — Ty + asAT) 

Le = In(1 + acAT) 

Notice that the bimetallic strip will now constitute the arc of a circle. The 

strips have radii R + t/2 and R — t/2, respectively, and lengths 

iio (R + 5)o sk Cee (R x 5)6 



a 

FIGURE 13-10 

Differential expansion of bimetallic strip 

and on combining equations we obtain 

Lp(a — ac)AT =" 0G 

Therefore, the angle is directly proportional to the temperature change AT, 

and the angular deflection of a needle attached to one end is directly 

proportional to temperature changes. 

Although we examined only the effect of temperature on the length 

of a bar, it should be understood that expansion is taking place in the other 

two directions as well. This will be brought out by examining the change 

in volume of a rectangular solid of dimensions J, w, and h. The result of a 

temperature rise AJ’ is a new set of dimensions l’, w’, h’ (Figure 13-11), 

where l’/l, w’/w, and h’/h are all equal to 1 + aAT if the coefficient of 

expansion is the same in all directions. The ratio of volume after heating to 
that before is 

FIGURE 13-11 

Volume expansion of heated solid 

366 



Density of water, g/cm® 

367 

SECTION 13-3 

Thermal Expansion 

y’ l’w ne 

= 3 ie Re = (1 + aAT) 

Multiplying this out gives a complicated expression; but if we realize that 
the changes in dimensions are quite small, we can neglect all terms involving 
(aAT)? and (aAT)? and find 

/ 

py Ht 3aAT = IU sia fey: 

where the quantity 3a is labeled 8, the volume coefficient of expansion. 
Other properties of interest change along with volume. For instance, 

although the greater separation of the particles on heating does not change 

Maximum 0.999 973 
at 3.98°C 

2 3 4 5 6 i 8 

Temperature, °C FIGURE 13-12 

Density of water near its freezing point 

the mass of the sample M, it does reduce the density or mass per unit 

volume. Initially » = M/V, and finally p’ = M/V’. Thus the density 

ratio is* 

iy ete 1 
nie Raa ee 

Next, let us see how n, the number of atoms per unit volume, changes 

with temperature. For any substance, n is directly proportional to density 

p, and we may form the ratio 

nee 
nat BAT 

* Recall that (1 + 2)! =1—2+4+22?-—...21—~2 for small z. 
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The coefficient 8 is thus seen to be either the fractional change in volume or 

in atom density per degree Celsius. (Values for a few liquids are given in 

Table 13-2.) For example, at 20°C water has a coefficient B = 2.07 X 

10-4/°C, which means that 1°C rise in temperature gives only 0.02% 

expansion. Water exhibits unusual behavior with temperature near its 

freezing point. As it is cooled from room temperature, its density increases, 

as do typical substances, but a maximum is reached close to 4°C. Below 

this point and into the ice phase it expands on cooling. The amount of the 

change is very slight, as shown on the expanded scale in Figure 13-12. 

This is a most fortunate property of nature. Life on Earth would be quite 

different or would not exist otherwise. Cold water in winter would not be 

buoyed to the surface as it approached freezing, but would sink to the 

bottom of bodies of water, which would soon be filled with ice. 

13-4 THE GAS LAW 

The three properties that characterize a gas, as we learn in chemistry, 

are the pressure P (N/m?), the volume V (m‘), and the temperature 

T (°K). Experiments by Boyle and by Charles, with interpretation by 

Dalton, led to the following compact relation between these variables: 

a = Ni (general gas law) 

where N is the number of particles in the sample and k is Boltzmann’s 

constant 1.38 X 10-% J/°K. The product Nk is- constant, regardless of 

changes in the variables in this equation of state. The formula becomes 

plausible when we associate pressure with wall bombardment by molecules, 

and temperature with particle speed and kinetic energy. Let us consider a 

cylinder of gas having an adjustable piston and a means for adding or 

removing heat (Figure 13-13) and perform several experiments. 

1. We fix the volume V by holding the piston, and increase the 

temperature 7’ by heating. Now, since 

YMG! be 

the pressure increases. The number of molecules per unit volume remains 

the same, but their speeds are higher; hence there is a greater number of 

collisions with the wall, and the pressure is increased. 

2. We fix the temperature 7 by providing the necessary heat transfer, 

and decrease V by pushing the piston down. Since 

1 
P~s 



Thermometer 

FIGURE 13-13 

Apparatus for tests of gas law 

the pressure increases. Although molecular speeds are unchanged because 

T is fixed, the number of molecules per unit volume increases; hence the 

momentum transfer increases, and the pressure is increased. 

3. We fix the pressure P by allowing the piston to move freely to seek 

its natural balance against some external force, and increase the value of T 

by heating the gas. Since 

Vor 

the volume increases. The atom density is reduced by expansion, but 

the greater molecular agitation of the gas is such that pressure remains 

constant. Other combinations can be explained in a similar manner. 

To illustrate the use of the gas law, let us consider a weather balloon 

containing helium gas, launched from the ground, with a volume of 4 m‘*. 

We wish to compute the final volume and the number of atoms per cubic 

meter (the atom number density) at its final altitude, say 18 mi. Assume 

that the gas cools from room temperature 25°C (298°K) to 0°C (273°K) 

and experiences a pressure change, from 1 atm to 0.25 atm, in rising to that 

height. Now, 

PV, = PoV2 

Ty Sara mine 

and 

y,-U My, = Galea = 14.7 m! 
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The atom density isn = N/V: = P2/(kT2). The pressuie is P2 = (0.25) 

(1.01 X 105) = 0.25 X 10° N/m®; hence 

0.25 X 10° = = : 1 4 3 

(38 X 10%) (273) ~ &6 X 10%/m n 

Variation of Air Pressure with Height 

We note the convenience of using ratios of pressure, volume, or 

temperature in the solution of gas problems. Also, we often make com- 

parison with a reference state called normal temperature and pressure 

(NTP), which is 0°C (273°K) and 1 atmosphere (14.7 l|b/in? or 

1.01 X 10° N/m’). 
We are aware that the pressure and density of air becomes lower as 

one goes far above the Earth’s surface. It is more difficult to breathe at 

high altitudes, which explains why supplies of oxygen are sometimes 

carried by expert mountain climbers. Rocket probes reach heights where 

the particle density is very low compared to that on the Earth’s surface. 

The change with height may be deduced from fluid statics and the general 

gas law. If one moves upward a small distance Ah, the pressure changes 

by AP = —pgAh (a reduction in P). However, P = pkT'/m. Forming a 

quotient and rearranging, 

Pm! mg 

Nes - (ae 

an equation analogous to that describing air friction in Section 5-8. The 
solution is thus 

P= Poe mah /kT 

where the pressure is Po at the Earth’s surface, h = 0. This formula says 

that the pressure falls off exponentially with height above the Earth’s 

surface in the ideal condition of uniform temperature and gravitational 

field. For air of approximate molecular weight 29, the molecule mass is 

m = (29)(1.67 X 10° kg) = 4.84 X 107° kg. Now, at 0°C, 7 = 273°K, 
kT = (1.88 X 10-% J/°K)(273°K) = 3.77 X 107! J. Then, using g = 
9.81 m/sec?, 

mg _ (4.84 X 10~* kg) (9.81 m/sec?) 

kT 3.77 X10" J S1heeG: AO 

which is also 0.126/km. Thus P/Po = e~®-2%, where h is in kilometers. 
For example, at the top of Mount Everest, height 29,028 ft or 8.85 km, we 
would predict that the pressure is only a fraction e—2 = 0.330 of the 
value at sea level. 



13-5 BUOYANCY OF FLUIDS 

An object that is less dense than the fluid in which it is immersed will 
float—the swimmer, the boat, and the balloon are familiar examples—while 
one that is more dense will sink. The explanation of this effect in terms of 
forces and density was given by Archimedes,* whose principle is: 

A BODY IS BUOYED UP BY A FORCE EQUAL TO THE WEIGHT OF THE FLUID 

DISPLACED, 

This statement may be demonstrated for a block of material of 
volume V submerged in a fluid of density p (Figure 13-14). The forces on 
the top and bottom surfaces due to fluid pressures are F, = pghiA and 

FIGURE 13-14 

P, Archimedes's principle of buoyancy 

F, = pghnA. The magnitude of the net upward force is F2 — Fi = pgAh = 

pgV = mg, which is the weight of fluid displaced. The block will sink, rise, 
or remain in the same position depending on whether the weight of the block 

W is greater than, less than, or the same as the buoyant force mg. To 

prove this, let us examine the forces acting when the object is submerged 

(Figure 13-15). There is a downward weight W and a buoyant force 

upward Fs. If Fs is greater than W, there will be a net force Fg — W 

upward, accelerating the body to the surface, where it will float with just 

the correct amount under the surface to make Fz = W. If, however, W 

is greater than Fp, the object will be accelerated downward, and thus sink. 

We are most often interested in the case where the object floats without 

moving. Although we have derived Archimedes’s principle using a block 
of material, it applies to an object of any shape. A few examples will bring 

out the meaning of the principle. 

1. A balloon of volume V is filled with helium gas and weighted down 

by the basket and passengers of total weight w so that the balloon hovers 

* As the story goes, Archimedes (287-212 B.c.) leaped from his bathtub on dis- 

covering his principle and ran naked into the street shouting “Hureka!” (“I have 

found it!’’) 
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Accelerations 

Zero Downward 

Fluid such as water 

FIGURE 13-15 

Motion of objects with gravity and buoyancy 

over the Earth. The fluid that the balloon displaces is air, of weight W4 = 

pagV ; this is also the buoyant force on the balloon. Now, the helium in the 

bag weighs Wie = puegV. The force balance drawn in Figure 13-16 shows 

that 

Wa = Wre a Ww 

Let us compute the allowed value of w. For a bag of volume V = 200 m‘, 

using p, = 1.293 kg/m’ and p,,, = 0.178 kg/m’, we find that 

(04 — py.)gV = (1.293 — 0.178) (9.8) (200) = 2190 N 

which is 492 lb. 

2. An iceberg of density p, = 917 kg/m floats in sea water of density 

Py = 1025 kg/m', with a large fraction of the iceberg beneath the surface 

(Figure 13-17). We should like to find this fraction f. If the total ice 

volume is V, then the volume of water displaced is f{V. The weight of that 

much water is p,,gfV, which is also equal to the buoyant force. The total 

downward force is the weight of all the ice p,gV. These forces are in 
balance: 

PyIV = pgV 

Then, 

SH f Pat), 0.895 

With so little showing above the surface, one can easily see why icebergs 
are a menace to shipping in northern waters. 

3. We wish to find the volume of a very irregular metal object by use 
of Archimedes’s principle. To do so we first find its weight in air, W, then 
its weight when fully immersed in water, W’. Now, the difference in 
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Surface 

Ice volume 
submerged 

FIGURE 13-17 

Iceberg in sea water 

weights, W — W’, is the buoyant force, which is the weight of water 

displaced, p,gV. Thus 

but this is also the volume of the object. Archimedes is credited with 

having so tested the purity of a gold crown for King Hiero of Alexandria. 

Once the volume is known, the density of an object is computed from 
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p = W/V and compared with the standard value, in the case of gold 

Oe 10) ko/m*: 

13-6 FLUID FLOW 

The law of conservation of mechanical energy provides a simple basis 

for the analysis of fluid flow so long as certain requirements are met. Let 

us observe the pattern of the flow of water in a glass funnel as shown in 

Figure 13-18(a). The level drops slowly as the water pours out the bottom 

at relatively high speed. The amount of liquid that crosses any horizontal 

plane in the funnel each second is the same, since water is practically 

incompressible. If the speed of liquid is low enough, the particles will follow 

smooth lines of flow, or streamlines, as shown in Figure 11-16(b). The 

paths do not cross over each other, and the flow is said to be of the stream- 

line type, in contrast with eddying or turbulent flow. The motion of any 

fluid involves a combination of the flow of the bulk material and the random 

motion of individual molecules. As we shall see in Chapter 16, the molec- 

ular agitation tends to slow the forward motion, and the fluid experiences 

viscous forces. When this frictional effect is small, the fluid is said to be 

NONVISCOUS. 

The flow of water in the pipes of a metropolitan water-supply system 

fits these special requirements, as does the flow of gases such as air over the 

surface of an airplane wing when the speed of the plane is low. Let us now 

trace a single particle of fluid throughout a circuit that involves changes in 

speed, height, and area of passage through which it flows. At each point we 

may determine its energy and apply the law of conservation of energy. 

This straightforward procedure leads to what is called Bernoulli’s principle. 

The simple section of pipe shown in Figure 13-19 exhibits all of the 

variables of interest. Consider flow into and out of the shaded region 

bounded by planes 1 and 2, where the pressures are P; and P». In one 
second, a volume 2A, (as indicated by the shading) will enter at 1 and an 

1 Brine 
(a) Flow of water (b) Streamlines Incompressible and streamline flow 



Speed v, 

Pressure P, 

FIGURE 13-19 

Derivation of Bernoulli's principle 

equal volume 22A:2 will leave at 2. The mechanical power supplied at plane 

1 is Fy; = PiAi, while that removed at plane 2 is Fy, = P,Aw:. The 

energies (kinetic plus potential) in a unit volume are 3pvjA1 + pgh; and 

3pvzA2 + pghe. The principle of conservation of energy states that the net 

power supplied is equal to the change in total energy occurring per second. 

Thus 

PA, — P2Aw, = (3 pvi + pghy)vAy = (4 pvz + pghe)veAs 

Using the fact that Ay; = Az and rearranging, 

Py + 4pvt + pghi = Po + 4pv3 + pghe (Bernoulli’s principle) 

This theorem states that the swum of the pressure and the total energy per unit 

volume is constant from point to point in a flowing flucd. 

Many special cases can be cited as illustrations of Bernoulli’s prin- 

ciple. 

1. Pressure of a column. For a fluid at rest, v = 0 everywhere, and 

the pressure difference between levels is equal to the weight of the column 

between them, as previously shown. To see this, we write 

Py + pghr = Po + pghe 

and transpose to get 

P, — Pz = pg(he — ha) 

or 

AP = pgAh 
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which is the column weight, as derived earlier in Section 4-6 by a process 

of piling up cubes of matter. For example, the difference in pressure from 

sea level to the lowest point in the ocean off Hawaii, 35,630 ft or 10,860 m, is 

AP = pgAh = (1025 kg/m*) (9.81 m/sec”) (10,860 m) = 1.09 X 10° N/m? 

which is about 1000 times atmospheric pressure. 

2. Pressure in a moving column. For a fluid flowing in a vertical pipe 

of constant cross-sectional area, the pressure difference is still pgAh. To see 

this, note that the volume of fluid passing every level each second is con- 

stant; hence the speeds v; and vw are the same everywhere. The kinetic- 

energy terms cancel out in Bernoulli’s equation. 

3. Pascal’s principle. For fluids at rest, v = 0, and at the same level 

(or nearly so) hi = ha. The pressure P is the same at all points. This is 

Pascal’s principle, dating back to 1647. A simple example of its use is in 

the hydraulic press, as shown in Figure 13-20. The application to the fluid 

of a small force f by a piston of area a gives a pressure P = f/a. This same 

pressure is transmitted by the fluid to another piston of area A, which then 

exerts a force F = PA or 

By choosing suitable areas for the pistons, large weights can be lifted by 

relatively small forces. This is the principle of operation of the hydraulic 

jack and similar devices. For example, let A = 0.5 m? and a = 0.01 m?. 

With a force as small as 20 Ib, a weight of 1000 Ib can be raised. In this use 

of Bernoulli’s principle, the speed of the moving fluid is taken to be prac- 

tically zero. Note that although we multiply forces, we do not get work 

for nothing. If the first piston moves a distance l, it does work W = fl and 

moves a column of fluid of volume V = la. This same volume is swept out 

by the second piston, V = LA. The second piston moves a distance 

Force F 

FIGURE 13-20 

Hydraulic press 



v = V2gh 

FIGURE 13-21 

Flow from opening in bottom of tank— 

Torricelli’s theorem 

a 
Z! L= 

The work output is W = FL, the same as the input fl, neglecting friction. 

4. Torricelli’s theorem. A liquid flowing from a hole in the bottom of 

a large tank of height h (Figure 13-21) has a speed v = V2gh. To prove 

this, consider point 1 at the top of the column, where the pressure is 

the atmospheric value P; = P, and hy = h. Let point 2 be at the opening 

where the fluid again experiences atmospheric pressure P; = Pa. We 

choose our coordinates so that hz = 0 at the bottom. Then, by Bernoulli’s 

principle, 

Pat 0 + pgh = "Ps 4-Spv 4- 0 

Simplifying, 

v= V 29h 

This is called Torricelli’s theorem (1643). This speed is seen to be the same 

as if each particle of the fluid dropped freely under the acceleration of 

gravity; here, however, the velocity is horizontal rather than vertical. 

Conservation of energy as applied to a unit volume of fluid also gives the 

result directly. For example, the speed of flow of water out of the bottom 

of a column of height 2.5 m is v = V2gh = V2(9.8)(2.5) = 7.0 m/sec. 

5. Pressure-speed relation. For flow along a single level, h constant, 

but with variable area of fluid along the path of flow, Bernoulli’s principle 

gives 
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(a) Curve of ball with “cut” (b) Effect of rotation on air speeds 

Air hose FIGURE 13-22 

(c) Suspension of ping - pong ball Illustrations of Bernoulli's principle 

Py + 3pvt = Po + $pv3 

which states that where the speed is low, the pressure is high, and where the 

speed is high, the pressure is low. The curving of a ping-pong ball if we 

“cut”? the ball is explained by Bernoulli’s principle. If a right-handed 

person strikes the ball with the paddle handle slightly forward, as in Figure 

13-22(a), a clockwise rotation (as viewed from above) is set up. The air 

streaming past the sphere is slowed down by the surface motion of the left 

side. Thus there is a higher pressure on that side and the ball curves 

right—Figure 13-22(b). This conclusion may also be demonstrated by a 

simple laboratory experiment. If a fine stream of air is directed upward 

from a nozzle, as shown in Figure 13-22(c), a ping-pong ball will remain 

suspended by the stream. If the ball starts to fall off the jet, say to the 

right, the stream causes the ball to spin, which slows the stream on the 
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right side. The pressure is higher there and the ball is forced back toward 
its original position. 

Other illustrations of Bernoulli’s principle are as follows: 

6. Flight of heavier-than-air machines, first successfully achieved by 
the Wright brothers in 1903, is an example of an application of Bernoulli’s 
principle. An airplane wing’s cross-section or airfoil (shown in Figure 
13-23), has a shape that favors a higher air speed over the top, hence a 
lower pressure. The pressure difference thus provides a lift to the wing. 
This supplements the vertical component of force due to the “angle of 
attack’”’—that is, the angle the wing is tipped from the horizontal. The 
passage of the air over all surfaces causes a drag, tending to prevent forward 

v high 

v low 

FIGURE 13-23 

Airfoil in streamline flow 

motion, and the relative efficiency of the plane depends on the ratio of the 

lift to drag forces. 

7. The air speed of a plane can be measured continually by a Pitot 

tube, as shown in Figure 13-24. Air of speed 1 passes over the holes in the 

outer tube but comes to rest v2 = 0 when it enters the inner tube. The 

manometer measures the pressure difference P = P, — Pi, from which 

is computed the speed: 

FIGURE 13-24 

Pitot tube for measurement of air speed 
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Main pipe 
Pressure gauge 

FIGURE 13-25 

Venturi meter for measuring fluid flow rates 

8. The volume flow rate of a liquid, J = vA, can be measured by the 

Venturi meter. A constriction is made in a pipe, and the difference in 

pressure between that point and the main stream is measured (Figure 

13-25). Now, the volume flow rate vA is constant because the fluid is 

assumed to be incompressible. Thus v2 = v:(Ai/A2), and the application 

of Bernoulli’s formula gives an expression for J (see Problem 13-32). 

9. The thrust of escaping rocket gases (see Section 4-3), may be deduced 

by asimple argument. Gas at high pressure P and nearly zero speed escapes 

at high speed v through a nozzle into a near-vacuum, pressure essentially 

zero, as in Figure 13-26. Bernoulli’s principle simplifies to P = 4 v? for this 

situation. Now, the volume flow rate of gas through the nozzle area A is 

Area A 

FIGURE 13-26 

Rocket nozzle 

vA, the mass flow rate is pvA, and thus the momentum carried away from 

the rocket each second by the exhaust gases is (pvA)v. By Newton’s law, 
this rate of change of momentum is identified with a force F on the rocket. 
Combining expressions, we find the thrust to be 

F = 2AP 

Let us find the pressure difference required in a rocket to get a thrust of 
4 X 10° N with a nozzle area of 0.008 m2, as the gas escapes to a vacuum: 

oe KON 
AP = 94 = 3@.008) = 2-5 X 10° N/m 

Since 1 atmosphere is 1.01 X 105 N/m, this corresponds to about 250 atm 
or 3700 lb/in.? of internal pressure. 
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10. Relations between pressure and flow in water systems such as shown 
in Figure 13-27 are simply calculated. Let the pipe diameters be 0.1 m and 
0.04 m and the pressure P; be 6.8 X 105 N/m? (100 Ib/in.2). Suppose that 
the total flow rate is J = 0.02 m/sec, the same in both pipes since the 
water is almost incompressible. Let us find the speeds and P,. Now, 41 = 
mri = 7(0.05)? = 0.00785 m?, A, = mr} = 7(0.02)? = 0.00126 m2. Thus 
4 = J/Ai = 0.02/0.00785 = 2.5 m/sec and », = J/A, = 0.02/0.00126 = 

FIGURE 13-27 

Pressure-speed relation in water pipes 

15.9 m/sec. The density of water is 1000 kg/m’. Thus, by Bernoulli’s 
formula, 

P, = P; + 4p(vi — v3) = 6.8 X 105 + 4(1000)[(2.5)? — (15.9)?] 

= 5.6 X 10° N/m? 

or about 81 lb/in.?. 

13-7 THERMAL PROCESSES 

In the several transformations of water described in Section 13-1, it 

was presumed that there was a source of thermal energy. As discussed in 

Section 8-8, the primary source of such energy is the Sun. However, wood, 

coal, oil, and natural gases are used for most of the energy needs of the 

world. The process of combustion to release thermal energy consists of 

burning, an oxidation process. We shall not examine these chemical reac- 

tions, but merely note some values of heat of combustion of various 

materials in Table 13-3. Natural gases contain varying amounts of ethane, 

methane, and propane, depending in part on the location of the well. We 

can readily see from Table 13-3 the advantage of oil or coal over wood, and 

understand why hydrogen is an excellent fuel for propulsion of a space 

rocket. 
Let us now consider in more detail the process of heating a substance. 

As thermal energy is added, the temperature of the substance rises, as dis- 

cussed in Sections 8-6 and 13-1. This implies an increase in the kinetic 

energy of the molecules. The energy absorbed goes into exciting vibrations 

of the system, not only of individual molecules but also of the structure as 

a whole. Because of differences in molecular structure, substances have 
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TABLE 13-3 

HEAT OF COMBUSTION 

MATERIAL keal/kg 

Acetylene, C,H, 

Coal 

Ethane, CoH. 

Gasoline 

Hydrogen, H: 
Methane, CH, 

Propane, C3Hs 

Sugar, CxuH»On 
TNT, C;H;O<Ns 

12,000 
8,000 

11,000 
12,000 
60,000 
3,400 

23,000 
4,000 
1,800 

different responses to the addition of heat energy. The term specific heat c 

is given to the amount of energy required to raise 1 kilogram of any material 

by 1°C. The value of c for water, by definition, is simply 1 kceal/kg-°C in 

the mks system. 

For many engineering and industrial purposes, use is made of the 

British thermal unit (Btu), which is defined as the heat needed to raise the 

temperature of 1 pound of water 1°F. The following conversion factors are 

useful: 

1 Btu 

1 Btu/lb-°F 

0.252 kcal = 1055 J 

1 cal/g-°C = 1 keal/kg-°C 

Values of the specific heat of several well-known materials are listed in 

Table 13-4. If an amount of energy AU is added to an object of mass M 

and specific heat c, the temperature rise AT is obtained from 

AU = McAT 

TABLE 13-4 

SPECIFIC HEAT OF SOLIDS AND LIQUIDS 

(0°C, 1 atm) 

MATERIAL c (keal/kg-°C) 

Water 1.00 

Alcohol 0.6 

Aluminum 0.21 

Copper 0.094 

Glass 0.12 

Ice 0.5 

Tron 0.11 

Lead 0.031 

Mercury 0.033 

Sea water 0.93 

SS 



Metal block m,T, 

a 

Qe 
se A 

FIGURE 13-28 

Original Final Experiment for measuring specific heat 

The larger the mass of the sample, or the larger its specific heat, the greater 

the energy required to give a certain temperature increase. The effect of 

mixing two substances at different temperatures is easily predicted, since 

we can treat heat energy as a special manifestation of mechanical energy 

- and-require conservation in a closed system. Let us perform a simple ex- 

periment (Figure 13-28). We drop a piece of hot metal into an insulated 

container of cold water, and allow the combination to exchange heat, share 

energy, and come to equilibrium. The metal loses energy while the water 

gains energy, but the total remains the same and the system comes to a 

common temperature 7. Let the mass, specific heat, and initial temper- 

ature be respectively m1, c:, and 7; for the metal, and me, c2, and T» for the 

water. The heat lost by the metal is AU; = M,c,AT;, equal to that gained 

by the water AU, = M2c,AT,. However, AT; = T; — T and AT, = T — 

T >. Thus 

Myca(T1 = T) = M.0.(T2 cae D) 

The final temperature is easily found to be 

ee MyayT; + Mee2T 2 

Mier + Mee 

The quantity C = Mc, called the heat capacity, is useful as a measure of the 

ability of a certain object to absorb or deliver heat. For the metal-water 

mixture, the formula simplifies to 

T = CiT, + CT» 

C1 + C2 

Suppose 1.5 kg of iron at temperature 80°C, specific heat 0.11 kcal/ 

kg-°C, is placed in a beaker of 2 kg of water, 1 kcal/kg-°C, at 20°C. The 

heat capacities are Cy = (1.5)(0.11) = 0.165 keal/°C and C, = (2)(1) = 

2 keal/°C. Thus the final temperature is 

_ (0.165) (80) + (2) (20) 
ls 0.165 + 2 FAC 
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The calorimeter is a device for measuring specific heat by using this 

relation in reverse. The three temperatures are measured; two masses and 

the specific heat of H,O are known; the unknown c is computed. 

Heat Balances in Change of State 

When a solid melts, the change into a fluid form is a process labeled 

fusion. A large amount of heat energy is absorbed at the single temperature, 

the melting point. No temperature change occurs, because all of the en- 

ergy goes into breaking the bonds that hold the solid structure together. 

For each kilogram of material that melts, an amount of heat L;, called the 

latent heat of fusion, is absorbed. Similarly, when a liquid boils, the tran- 

sition from liquid to gas is a process called vaporization. At the single 

temperature, the boiling point, a latent heat of vaporization L, is absorbed 

by each kilogram. Table 13-5 shows data on changes of state for such 

materials. For these transitions the heat absorbed by a mass M is U = ML. 

The principle of conservation of energy may be used to calculate the 

effect of mixing materials where changes of state as well as temperature 

occur. A familiar experiment will illustrate. We drop an ice cube into a 

glass of water and allow it to melt. If the system is insulated, no heat will 

be gained or lost by the system. Let us calculate the final temperature 

when the ice originally is somewhat below the freezing point of water, and 

the water is at room temperature. We assign and tabulate the various 

numbers needed as follows: 

Ice (t) Water (w) 

Mass (kg) 0.04 0.25 

Specific heat (keal/kg-°C) 0.5 1.0 

Temperature (°C) —10 20 

The ice absorbs heat in three steps—it warms to the temperature of fusion 

T; (0°C), it melts at that point, and as water it warms (with specific heat 

Cw) to a final temperature 7’. Its total energy change is 

AU; = M,e,(T; as T;) -|- M Ly + M xc(T —e Ts) 

The water in the glass cools, and gives energy to the ice of amount 

AUy = MyealTe ee) 

Conservation of energy states that AU; = AU,,, from which we can find T. 
For our example, 

p = MutoT + MilewTs — o¢(Ty — Ti) — Ly) 
(My + M,)Cw 

Substitution of numbers including Ly = 79.7 kcal/kg, gives a final temper- 
ature of 5.5°C. 
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TABLE 13-5 

DATA ON CHANGES OF STATE 

(at 1 atm) 

HEAT OF HAT OF 
MeE.tTING Point FUSION Borne Point VAPORIZATION 

MATERIAL (°C) (keal/kg) (°C) (keal/kg) 
SS SS ee ee eee 

Water 0 79.7 100 539 
Helium ne eS —269 6.0 
Hydrogen —259 15 —253 107 
Nitrogen —210 6.2 —196 48 
Oxygen —219 3.3 —183 51 

Acetone ~ —95 2? 56 125 
Mercury —39 PRS 357 71 

Sodium 98 32 892 10200 

Lead 327 6.3 1700 220 

Aluminum 660 93 2467 2510 

Tungsten 3370 44 5900 1200 

* Not solid at 1 atmosphere pressure 

We now have an appreciation of the numerical description of thermal 

processes in materials as of the middle of the nineteenth century. At the 

time, although there was evidence that matter was made up of particles, 

the full connection between thermal properties of matter in bulk form with 

atomic and molecular processes was yet to be established. In the next 

chapter we shall make the connection between the previously well-known 

science of mechanics, the molecular concept of matter, and observations on 

thermal processes. 

PROBLEMS 

13-1 A steel guitar wire of diameter 0.8 mm is stretched from length 0.2 

m to 0.21 m. How much tension force results? 

13-2 Determine Young’s modulus LE, for the element lead (Pb) from the 

following experimental data: wire diameter 2 mm, original wire length 0.8 

m, elongation with 4-kg mass attached 0.67 mm. How does the elastic be- 

havior of Pb compare with that of steel? 

13-3 Calculate the atomic force constant K, for copper from the observed 

stretching of 0.2% in length with a force per unit area of 2.2 X 10° N/m? 

and atomic spacing 3.6 X 107! m. 

13-4 Find the force constant K, the elongation, and potential energy 

stored in a steel telegraph wire of diameter 2 mm and length 150 m if it is 

in tension at 6 X 10’ N/m’. 

13-5* (a) A cube of material of original side L and Poisson’s ratio v is 

placed in a vise and a force F is applied. Show that the fractional change 
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in volume is } of that if pressure were applied to all faces. (b) On applying 

a vise force of 400 kgf to a cube of glass 1 cm on a side, how much volume 

change occurs? 

13-6 Copper transatlantic communication cables are laid on the bottom 

of the ocean (specific gravity 1.025) at an average depth of 2 miles. By 

what fraction would the volume of the wire be reduced because of the water 

pressure? 

13-7 How large a gap between adjacent 25-ft lengths of steel railroad 

track would be needed if the temperature ranges from —30°F to 150°F? 

13-8* The marks on a steel tape are correct at 20°C. The distance between 

two points in the desert where the temperature is 42°C appears to be 150 m. 

What is the true distance? 

13-9 An aluminum collar of inside diameter 3 cm fits very tightly on a 

steel pipe. The joint is heated to permit the collar to be removed easily. 

How much increase in temperature is needed to give a clearance of 0.1 mm? 

13-10 A tight fit between a disc of radius r and a metal rim of inner radius 

R can be obtained by first cooling the disc. Show that the temperature 

(R/r)? — 1 

2a 
change needed is 7’ = - Hint: Consider expansion of the area. 

13-11 Find the angle of deflection in degrees of a thermostat composed of 

0.001-m-thick strips of Al and Fe, length 0.02 m, when heated by 100°C. 
Note the relation in Section 13-3. 

13-12 Will a swimmer float better in very cold water or very warm water 

the instant he dives in? Explain. What will happen as he cools off or heats 
up? 

13-13* An aluminum container of volume 5 X 10~ m3 is completely filled 

with water and heated from 20°C to 24°C. (a) How much expansion in the 

volume of the container is there? (b) How much actual expansion of the 

water takes place? (c) What amount of pressure on the wall of the vessel 
is developed? 

13-14 A mercury thermometer is constructed with a spherical Pyrex-glass 

bulb of radius 0.3 em and connected to a column of inside radius 0.10 mm. 

When the bulb at 20°C is inserted in boiling water at 100°C, what rise in 
the mercury level of the tube will occur? 

13-15 A fixed volume of argon gas at atmospheric pressure (atomic weight 
39.94) is heated from 0°C to 100°C. How many atmospheres pressure on 
the walls of the container does it exert? How many atoms per unit volume 
are there? 

13-16 A 3-liter volume of air at atmospheric pressure is heated from 0°C 
to 400°C. If the container does not expand, by what factor does the pressure 
increase, and what is its actual value in N/m2? 

13-17 Calculate the actual reading and percentage change for a mercury 
barometer at atmospheric pressure 760 mm, if the temperature changes 
from 20°C to 35°C. Assume no change in the size of the tube. 
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13-18 A balloon of mass 60 kg used for cosmic-ray observations in the 
upper atmosphere has a possible volume of 1000 m’, but has on launching 

only 200 m of helium at NTP (see Section 13-2). Assuming that there is 

no change in gas temperature, but that the air density varies with height 

in kilometers as poe~-**, how high will the balloon go? 

13-19 Suppose that Archimedes’s measurements on a certain crown were 

0.60 kgf in water and 0.64 kgf in air. Was the crown pure gold or not? 

13-20 An ice cube is placed in a drinking glass which is then filled to the 

top with water. When the cube melts, how much water overflows? Explain. 

13-21* A “hard-hat” diver plus gear appears to have a weight of 90 kgf in 

fresh water, but a weight of 85 kgf in sea water. (a) What is the actual 

weight and mass? (b) A crank-and-wheel arrangement is used to pull him 

up (see Figure P13-21). What force must be applied to the cable to bring 

him up to the surface, from 10 m down in salt water, in 9 sec? (c) Discuss 

any effects that have been ignored. 

~ 13-22-- We can construct a crude hydrometer (such as used to test the 

specific gravity of storage-battery solutions) by driving a nail into the end 

of a piece of wooden dowel rod giving a total mass of 1 gram. If the rod has 

0.5-em diameter, how far apart should marks be placed to indicate “‘oil” 

and “‘water’’? 

FIGURE P13-21 



FIGURE P13-25 

13-23 What percentage error is introduced by neglecting the buoyant 

force of air in weighing a sample of gold, using balancing brass weights? 

If we bought 10 troy ounces (12 per pound) at $36 per ounce, as weighed 

by our scales, how much value would we lose or gain? 

13-24 We weigh an evacuated container, then admit air, and weigh again, 

noting an increase in weight. Using Bernoulli’s principle, what relation is 

there between internal pressures of the gas at the top and bottom of the 

vessel? 

13-25 To weigh a ping-pong ball, we find how much it depresses the sur- 

face of water (see Figure P13-25). If the ball diameter is 3.7 em and the 

depth it sinks is 0.7 em, what is its mass? Note: the volume of a spherical 

segment is (1/3)h?(38r — h). 

13-26 A hollow metal sphere of mass m and volume V is released at a 

depth h in a body of water. How soon does it reach the surface, neglecting 

friction? 

13-27 On diving into a swimming pool, buoyant forces ensure that we pop 

up to the surface immediately. Calculate the force and acceleration on a 

50-kg boy, specific gravity 0.95 with breath held, and the time that it takes 

to come up from a depth of 3 m. 

13-28* Water of density 62.4 lb/ft* flows in a “‘main” of cross-sectional area 

25 in. at pressure 60 lb/in2 and flow rate 30 lb/sec into a pipe of area 2 in 

inside a house. (a) What is the speed of the water in the main? (b) In the 

pipe? (c) What is the pressure in the house, assuming no friction? Note: 
Density must be in slugs/ft® for kinetic-energy calculations. 

13-29 A hydraulic jack has piston diameters of 2 em and 0.15 em. How 
much force must be applied to lift the front end of a car of mass 750 kg? 
How many strokes in a cylinder of length 0.3 m will be needed to lift the 
car a distance of 6 cm? 

13-30 Find the absolute pressure at the bottom of a water reservoir of 
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height 50 m. With what speed will water flow into an open pipe at the 
ground level? 

13-31* Hydrogen gas at 100 times atmospheric pressure and at temperature 
2000°C is used to propel a nuclear rocket. (a) How does the density com- 
pare with the standard value of 0.09 kg/m*? (b) If the pressure drops to 
the vacuum of space, and the average density in the nozzle is one-half the 
initial value, what is the exhaust speed? (c) What will be the amount of 
thrust for a nozzle of area 0.008 m?? 

13-32 Show that the volume flow rate, as measured by a Venturi meter, 

is J = CV Ap where the constant is 

reg pk 1\7]-12 

c= [3 (a - a) | 
13-33 An idea is advanced for the storage of radioactive wastes at the 

bottom of the sea. Water containing small amounts of highly active ele- 

ments is to be mixed with a liquid slightly denser than water, sealed in 

flexible plastic bags, and dropped overboard from a ship. Investigate this 

idea, taking into account the variation in pressure in water with depth, the 

compressibility of water and the liquid, and buoyancy effects. 

13-34 A metal sample of mass 500 grams is heated to 100°C by immersion 

in boiling water, then put in a calorimeter containing 200 grams of water, 

c = 1.0, at its freezing point. They eventually come to a common temper- 

ature of 20°C. What is the specific heat of the metal and of what element 

does it appear to be composed? 

13-35 Samples of three phases of water are mixed: 1 kg of steam at 100°C, 

1 kg of ice at 0°C, and 50 kg of water at 20°C. What is the final temper- 

ature? Which phase contributed most to the result? 

13-36 In a steam plant for producing electricity, if all the heat of com- 

bustion of a metric ton (1000 kg) of coal is used to bring water from 20°C 

to boiling and to vaporize it, how many kilograms of steam will be pro- 

duced? 



MOLECULAR THEORY 
OF GASES 

The behavior of a single particle under the influence of a force, we have 

seen, is rather easy to describe using the methods of mechanics. A collection 

of rigidly connected particles admits study through the concepts of center 

of mass and rotational inertia. When we turn to bulk matter, with its fan- 

tastic number of particles, a detailed description of the history of each 

particle would become hopelessly complex, and we are forced to look at 

the average behavior of the large assembly. Phenomena taking place in 

systems of particles are understandable only in terms of the laws of proba- 

bility—that is, from a statistical point of view. 

In this chapter we shall first demonstrate how difficult is a detailed 

mechanical description because of the number of particles involved, and 

introduce the kinetic theory as it refers to a gas. This simple statistical pic- 

ture permits us to understand the particle origin of pressure, the relation 

between pressure, volume, and temperature, and the connection between 

heat and temperature. In the next chapter, we shall take up the science of 

thermodynamics, which helps specify what natural processes are possible, 

and the still more general statistical mechanics, which embraces both previ- 
ous subjects. 

14-1 PARTICLES, INTERACTIONS, AND THE 

KINETIC THEORY 

There is a very large number of particles in a volume as small as a 
cubic centimeter of water. In this mass of 1 gram, there are about 3.3 X 
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10” molecules of HO, each of which contains 3 atoms. The hydrogen atoms 
are relatively simple, each with only the proton and the electron; but the 
oxygen atom has 8 electrons, and in the nucleus, 8 protons and 8 neutrons. 
If we add up all these numbers, in 1 cm’ of water we have roughly 8.6 X 1023 
particles to deal with. The number of pairs of interactions of particles is 
then enormous. Figure 14-1 shows how pairs increase as the number N of 
particles increases. The arithmetic sum of the numbers up to N — 1 is seen 
to apply: 

pairs =14+24+3+...4(¥-1) =SW =) 

Thus for 1 cm? of water there are around 7.4 X 10“ pairs of interactions. 

There are several types of force acting between the particles, as we have 

already discussed. The electrostatic interactions of nuclei and electrons are 

dominant forces, although gravitational forces are present. The steady and 

~ time-dependent currents of various charges give rise to additional electrical 

and magnetic effects. Forces that have no classical analogy are present be- 

cause of the wave-mechanical nature of matter. Nuclear forces are involved 

in the structural stability of the groups of neutrons and protons. 

Each of the particles has some degree of possible motion in space. In 

addition to the x-, y-, and z-coordinates, there are the components of veloc- 

ity in the three directions. Translational, rotational, and vibrational degrees 

of freedom exist. As will be shown in Chapter 22, one can define the 

coordinate positions only within certain limits set by wave mechanics. 

Externally imposed forces on the surface and body of a sample of 

material may cause internal changes. Involved here again are electrical and 

magnetic fields, steady or varying with time (including electromagnetic 

waves), gravity, mechanical forces, and heat energy. 

To achieve any order at all in the physical description of nature under 

such circumstances is admittedly difficult. We must select those processes 

that are more important than others, and develop simplified models with 

which experimental measurements can be compared. There are two oppo- 

site approaches to the problem of describing the action of matter composed 

of very many particles. One, as we used in Chapter 13 for forces in solids, 

Number of particles 

3 4 5 6 

3 6 10 15 

Number of interactions 

FIGURE 14-1 

Interactions of particles 
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is to attempt to analyze the behavior of successively more complex struc- 

tures—the atom, the simple molecule, the group of molecules. Considerable 

success has been met through this avenue, but the mathematics becomes 

unwieldy even when serious simplifying assumptions are made. 

The alternate approach is to accept the fact at the beginning that 

there is such a very large number of particles that the medium can be 

viewed as almost uniform and continuous. Then we may take account of the 

known particle interactions, but use large-scale (macroscopic) statistical 

averages rather than small-scale (microscopic) details. 

- Kinetic Theory of Gases 

Around the middle of the nineteenth century, the theory of gases, 

based on the idea of individual particle motion, was developed by the work 

of Maxwell, Boltzmann, Clausius, and others. The model they used was 

very simple. Gas atoms or molecules were considered as small hard spheres 

that bounced off each other and off the walls of a containing vessel. The 

total amount of energy within the gas was taken to be the sum of the 

kinetic energies of individual particles. Observation of trends and accurate 

measurements on gases made by many investigators had led to several defi- 

nitions of gas properties and relations between them. The three principal 

quantities were: volume, pressure, and temperature. The meaning of volume 

is obvious, as the space within the retaining boundaries of the sample of 

gas. Pressure is defined as the force on a unit area of the wall. Physically, 

this force is attributed to the continual bombardment of the wall by indi- 

vidual particles, and the resultant transfer of momentum upon reflection. 

We shall consider temperature for the moment as the quantity observed by a 

device such as a thermometer. Such a definition cannot be expressed in terms 

of fundamental quantities length, mass, and time, but must remain an 

operational definition. Shortly, we shall be able to associate increases in 

temperature with increases in the average motion of the molecules of a 

substance and we can specify absolute zero as a point at which molecule 

motion is negligible. The individual particles are in continual motion and 

exchange energy by colliding with each other. As discussed in Section 10-2, 

a high-speed particle can impart some of its energy to a low-speed particle 

by elastic collision. At any instant there will be many speeds represented, 
but few of either very high or very low values. 

We shall concentrate our attention on a state of thermal equilibrium, 
which means that there are no changes with time in the large-scale view of 
the system. At all times, there is assumed to be the same number of par- 
ticles and the same average energy in each element of volume. For example, 
if we introduce hot coffee into a perfectly insulated Thermos bottle and wait 
until all motion resulting from pouring settles out, we could consider the 
liquid to be in equilibrium. There must be no exchange of material or 
energy with the surroundings. The last qualification is necessary to distin- 
guish equilibrium from the steady state, where there are flows in and out of 
the region under consideration and constant conditions inside. 



14-2 PRESSURE OF A GAS 

We have already discussed (Section 8-3) the concept that heat energy 
is associated with molecular motion, and that the higher the temperature, 
the greater the kinetic energy of the molecules. Also, we recall (from 
Section 13-4) that the temperature, pressure, and volume of a gas are related 
experimentally by the gas law PV = NkT. We should now like to examine 
these ideas on a particle basis by analyzing pressure, a large-scale effect, in 
terms of motions of individual molecules. 

The kinetic theory gives us a means of predicting the pressure on the 

wall of a container of gas (Figure 14-2). Every time a particle rebounds 

from the surface, it experiences a change of momentum, which by the laws 

of mechanics provides a force. The amount of such force is easy to compute 

for a particle striking the surface perpendicularly with speed v. The change 

in particle momentum is 

mv — (—mv) = 2mv 

If the particle strikes at an angle, only the z-component of momentum is 

changed, and v, would appear instead of v. To find the pressure, it is neces- 

sary to add up the effects of all the particles with their various directions 

and speeds. This complicated process can be avoided if we imagine a special 

gas in which all particles have the same speed v, and are merely bouncing 

back and forth in the three directions zx, y, and z, with 4 of them going in, 

say, the positive z-direction. Suppose that N is the total number of 

molecules in the container of volume V. Then the number per unit volume 

is 

The particle-current density associated with each direction is (n/6)v, which 

is also the number striking the wall per second. The pressure is the total 

change in momentum of all the particles in the stream; i.e., 

nw 
P= 6 2mv = 4 nm 

Unit area FIGURE 14-2 

Vol V 
Sane Container of gas under pressure 
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However, the kinetic energy of each of the particles of common speed is 

leading to the expression 

Pi = 2nky 

Comparing with the experimental law in the form 

P = nkT 

we see at once that kinetic energy of translational motion and temperature 

are directly related: 

E, = $kT (relation of kinetic energy and temperature) 

Since this expression does not contain the mass of the particle, it holds for 

all gases at the same temperature. Also, if E, = }mv? = $kT, then v = 

V3kT/m. 
Let us calculate the energy for a particle at room temperature, 20°C 

or 293°K. Then, 

E, = $(1.88 X 10-*8 J/°K)(293°K) = 6.07 X 1077! J 

This is, of course, an extremely small number. For 1 m° of a gas at NTP, 

containing 2.7 X 10 molecules, the total internal energy of translation is 

(2.7 X 10%) (6.07 X 107) = 1.64.X 10° J 

In order to appreciate the magnitudes of particle speeds, let us com- 

pute v for air, composed of about 20 per cent oxygen and 80 per cent nitro- 

gen. For convenience, we regard the mixture as consisting of a single type 

of molecule of molecular weight (0.2)(32) + (0.8)(28) = 28.8. Then, the 

particle mass would be 

m = (28.8)(1.67 X 10-7 kg) = 4.81 X 10-* kg 

At room temperature, 7’ = 293°K, 

3kT 3(1.38 X 10-8) (293) Ae = q UES ea 481 X10 = 502 m/sec 

We note that this is comparable to the speed of sound in air, found to be 
343 m/sec at room temperature (Section 12-2). This general agreement as 
to order of magnitude might be expected, since it is by individual particle 
motion that signals of compression and rarefaction are sent. From such 
numbers we can also acquire a feeling for the size of microscopic effects. 
For example, the number of particles that strike a square meter of the 



395 container wall each second is 

SECTION 14-3 

leal and Real Gases 

Pressure P (atmospheres) 

mv _ (2.7 X 10%) (502) 
6 6 = 2.26 X 10?”/m?-sec 

The force of each particle is 

2mv = 2(4.81 * 10-**)(502) = 4.83 K 10-3 N 

It is clear why we cannot feel the individual air molecules bombarding our 
skin—the force of each is extremely small. 

14-3 IDEAL AND REAL GASES 

The general gas law is often called the “ideal” or “perfect” gas law, 

since it is mathematically rigorous for hypothetical molecules that occupy 

negligible volume and interact elastically only at the exact instant of col- 

2.0 

1.5 

Temperatures 

1.0 

Room temperature 
0.5 

FIGURE 14-3 
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Volume V (m*) Plot of the gas law PV = NkT 
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lision. In spite of such restrictions, the general gas law is well verified in the 

laboratory for gases at low density and high temperatures. The dependence 

of pressure on volume is plotted in Figure 14-3 for several temperatures, 

ing the general-gas-law formula. 

ae ee OB it is desirable to use the kilomole (kmole) as the 

basic quantity of material in working with the gas law. One kilomole con- 

tains Avogadro’s number N, = 6.02 X 10° of particles, regardless of the 

type of atom or molecule. The number of particles in n kmoles is nNq; 

hence the gas law reads 

PV = nN,kT 

or 

PH ane 

where R = N.k = (6.02 X 10?°)(1.88 X 10-?%) = 8314 J/°K-kmole is the 

general gas constant. The constant R is often expressed in calories. If we 

recall that 1 kilocalorie is 4185 J, then 

8314 J/°K-kmole Bad. 
= ——_—____—_— = 1.986 k K-kmol R 4185 J/keal 1.986 keal/°K-kmole 

(For rough calculations, the number 2 is good enough.) 

We can readily find the pressure for our example of air at room tem- 

perature. Ini kmole N = N, = 6.02 X 10”, volume V = 22.4 X 108 liters 

= 22.4 m’, we then have 

(6.02 X 10%) (1.38 X 10-%8 J/°K) (293°K) P= : | 22.4 ms 
1.09 X 105 N/m? 

The kinetic view of pressure allows us to understand Dalton’s law of 

partial pressures, which states that the total pressure of a mixture of gases 

is the sum of the pressures that would be exerted by each component gas 

if it alone were present. The simplest case involves two gases—say, nitro- 

gen and oxygen. If nitrogen alone at temperature 7’ fills a container of 

volume V, then PyV = NykT; if only oxygen were present instead, PoV = 

NokT. Now, if Ny and No molecules at temperature T are present in a 

container, the momentum transfer of each type on collision with the walls 

gives rise to pressures Py and Po given by NykT/V and NokT'/V, using the 

argument for one gas only. The total pressure is 

P = Py + Po = (Nx +No) “> 

The law is as accurate as the perfect gas law, and can be applied to any 
number of gases, so long as there is no chemical action that results in 
combination to form new molecules. 
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Relation of Vapor Pressure and Temperature 

We now examine the connection of pressure and temperature in a 
system that consists of both a liquid and a vapor “‘phase.” Picture a closed 
container with water in the bottom and, at the start, a vacuum in the space 
above it. Molecules in the interior of the liquid experience no net force 
since they are surrounded by others, but those near the surface have a net 
component of force downward. Some molecules have enough kinetic energy 
to escape from the liquid. The higher the temperature, the more particles 
have adequate energy, and thus the greater the rate of this vaporization. 
On the other hand, molecules of water vapor above the surface move about 

freely but on striking the liquid are readily caught. 

Thus the rate of this condensation is dependent on the number of 

particles present—i.e., the vapor pressure. A balance of the two processes 

is soon established, such that the vapor pressure in the space is determined by 

the temperature of the liquid. Table 14-1 shows this relation for water. The 

TABLE 14-1 

VAPORIZATION OF WATER 

Liquip TEMPERATURE Vapor PRESSURE 

(°C) (mm Hg) 

—10 2.0 

0 4.6 

10 9.2 

20 WED 

70 234 

90 526 

100 760 

120 1490 

200 11600 

table helps us understand some familiar liquid—vapor effects. Suppose there 

are means for keeping the vapor pressure constant, say at 234 mm Hg 

(millimeters of mercury). If heat is continually supplied to the liquid, 

its temperature will rise to the 70°C value shown in the table and eventually 

all of the liquid will vaporize. 
If instead we heat water in an open container with air above the 

liquid, at atmospheric pressure 760 mm, and the temperature below 100°C, 

relatively slow evaporation from the surface will occur. On heating to 100°C, 

vapor bubbles with 760 mm inside pressure can develop within the liquid, 

and the boiling process occurs. No further temperature increase is needed. 

If the atmospheric pressure is lower, as on a mountain top—e.g., 526 mm— 

boiling will occur at 90°C, according to the table. Conversely, if we con- 

strain the vapor, as in a pressure-cooker, letting the pressure go to 1490 mm, 

boiling would occur at 120°C. This higher temperature of course permits 

more rapid cooking of food. 
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Real Gases 

The perfect gas law PV = NkT is accurate for real gases at low den- 

sity, but fails at high density, where the volume occupied by molecules is 

not negligible. The finite size of molecules and their mutual forces acting 

over large distances become important. A formula suggested by van der 

Waals provides semiempirical correction terms to PandV. First, the space 

available for particles to move about is less than V by the effective volume 

b occupied by the molecules*; hence one replaces V by V — b. Second, 

intermolecular attractions tend to hold particles together and thus reduce 

the pressure they can exert on the container walls. If the volume of gas is 

———— Van der Waals 

equation in mixture 

Actual behavior 

FIGURE 14-4 

lsothermals for a real gas 

halved, the number of such force bonds across any unit area is increased by 

a factor of four (since there are twice as many particles on each side). Thus 

van der Waals added a correction a/V? to the pressure P. His formula was 

then 

(P +5) (Va barre 

* When a particle of radius r collides with another, their centers can come no 

closer than 2r, which corresponds to a volume #7(2r)3. Since two particles are involved, 

the excluded volume per molecule is one-half this, and 6 = Nal6zrr3/3 for a kilomole 
containing N, molecules. 
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where a, b, and F are to be regarded as empirical constants. Typical PV 
plots at various fixed temperatures 71, To, etc. are shown in Figure 14-4. 
The curves are called isothermals (‘‘equal temperature”). 

Let us trace the curve labeled 7), starting at the far right with a large 
volume and low pressure. As the pressure is increased, the volume drops 
until it reaches the edge of the shaded region. Liquid and vapor exist to- 
gether in equilibrium in this zone. With care, the substance can be made 
to follow a part of the van der Waals curve, but the situation is unstable. 
Normally, there is a large reduction of volume (and a corresponding rise in 
density) with little change in pressure as the gas condenses into a liquid. 
Then a very sharp rise in pressure is required to compress the liquid into a 
smaller volume. 

For a higher temperature such as 72, the mixture zone is narrower. 

At a critical temperature 7. the gas is transformed into a liquid without 

sudden change of density. The peak of the mixture zone is the critical point 

characterized by P, and T,. 

By comparing the properties of the experimental gas curves and the 

van der Waals formula, the constants a, 6, and R are found, leading to 

information on molecular size and forces. The formula is only approximate, 

since no single set of constants will fit all gases over a wide range of condi- 

tions. 

At ordinary temperatures and pressures, the corrections to the perfect 

gas law are small. For instance, in Ne (critical-state values P, = 33 atm, 

V. = 0.12 m? per kmole, T,, = 126°K), the correction to pressure at NTP 

is found to be about 0.2% while that to volume is 0.5%. 

14-4 THE STATISTICAL BASIS 

OF SPECIFIC HEAT 

The relation between particle energy and temperature enables us to 

find the theoretical value of the specific heat, which we recall from Section 

8-6 to be the amount of energy that must be added to raise the temperature 

of 1 kilogram by 1°C. If the kinetic energy of translation of 1 molecule is 

E, = kT, then the total internal energy of N molecules is 

U = NE, = N3kT 

To effect a temperature rise AT’, the amount of energy that must be added 

is AU = N8kAT, but this must also be the same as the energy change on a 

large-scale basis, AU = cMAT. Comparing and letting M = Nm, where m 

is the mass of one particle, we see that 

= (specific heat of a monatomic gas) 

This provides a means of determining specific heat on an atomic basis. Let 
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us compute its value for argon, with molecular weight 39.4, and mass per 

atom 

m = (39.4)(1.67 X 10-7 kg) = 6.58 X 10-* kg 

Then, 

3h ad 38 G10 TG 

2m 2 658 <10-* ke 
, = 315 J/kg-°C 

Now we shall investigate the specific heat of a more complicated mol- 

ecule, as in a diatomic gas such as He, Oz, or NO. As in Chapter 9, we may 

visualize such a molecule as a rigid dumbbell with two point masses sepa- 

rated by a fixed distance, which is effectively the case for low temperatures. 

In addition to motion of translation, there will be rotation. We should lke 

to know how any energy added to the gas will be shared by these types of 

motion. We recall that for pure translational motion, particles are free to 

move in three directions—for which we use the coordinates z, y, and z—and 

that the kinetic energy is H, = 3kT. This suggests that to each of the three 

directions an energy 3kT is ascribed. This idea is dignified by the phrase 

law of equipartition of energy, which states that the energy is equally shared 

among the degrees of freedom of motion. Although we merely guessed at 

the law, it can be shown by statistical methods to be quite general. 

Let us apply the concept of equipartition to the diatomic molecule. 

Since it can rotate about each of the two axes perpendicular to the con- 

necting bond, we say that it has two additional degrees of freedom. (Mo- 

tion about the bond itself has no rotational inertia, since we have taken the 

particles to be points.) Now, the energy of rotation per molecule is 

Ex = 2(3kT) 

and the sum of translational and rotational energies is 

E = 3kT + kT = $kT 

The specific heat may be derived as before, and we see that we merely use 
3 Wherever $ appeared. Thus, for a molecule of mass m, 

a (spectfic heat of a diatomic gas) 
5 

oe 

These relations are accurately verified by experimental measurements on 
gases. The media must be sufficiently rarefied so that there is no appreci- 
able interaction between molecules, and must be at low enough temper- 
atures so that there is little vibration or other types of excitation. 

The specific heat has reference to a unit mass of material, while the 
heat capacity refers to a certain mass M of a substance. Now, 1 kmole of 
gas has a mass of M = Nm, and its heat capacity at constant volume will 
be 7 

C= Me 
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where a capital letter is now used for heat capacity per kmole. For mona- 
tomic materials, c = $k/m; hence C = (Nam) ($k/m) = 3R, and similarly 
for a diatomic gas C = 3R. For example, the heat capacity per kmole of 
argon (and of any other monatomic gas) is 

C = $R = 3(8314) = 12,500 J/°K 

Specific Heat of Solids 

Generally for systems containing many atoms N, the number of 

vibrational degrees of freedom is 3N. We are now in a position to predict 

the specific heat of a solid, in which the spring-like connections prevent 

rotation of the molecules. From the principle of equipartition of energy, 

the energy per degree of freedom is 4k7. Since vibration involves both 

kinetic and potential energy, the energy per particle is 2(4kT) = kT. Thus 

the total internal energy of a solid is 3N(kT7’) or 

U = 3NkT 

The specific heat—at least at high temperature, where all degrees of freedom 

are possible—is 

LAU _ 3Nk 
Nm AT” m 

For 1 kmole, containing JN, particles, 

C = 3N.k = 3R 

The figure 6 kcal/kmole thus is frequently used for specific heat of most 

materials at high temperature. 

14-5 MOLECULAR DISTRIBUTIONS 

Basic to the kinetic theory is the demonstration by statistical logic 

that the speeds of particles—say, in the air of the room—range from very 

low to very high values, with a most likely speed that depends on temper- 

ature. 

As our conservation methods showed us (Section 10-4), a collision 

between particles of high and low speeds results in a sharing of energy; 

hence we would expect there to be very few particles of either large or 

small energy. It is too much to expect that all come to the same energy, 

rather, they will be distributed over the energy range. The term distribution 

function is given to the formula that relates number to speed. It can be also 

considered as a mathematical expression for a graph. 

The important idea of a distribution function can be brought out by 

experiments in games of chance. Suppose a pair of dice is rolled on a table. 
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The sum of the numbers on the faces that come up can be anything from 

2 to 12, but the most likely number is 7, because it can be obtained in more 

ways than any other. Since there are thirty-six possible combinations, and . 

since the ‘‘most probable” sum 7 can be obtained by six of these combina- 

tions, the chance of obtaining a7 is 6/36 = 2. If one rolls the dice hundreds 

of times, this fraction is verified. The sums 2 and 12 are least probable, each 

occurring only sy of the time. Let us plot a bar graph of the results, as in 

Figure 14-5. This is a rough probability-distribution graph that allows us to 

find the fraction of all the throws that will yield any given sum. The total 

area under the ‘‘curve” is 1.000, which says the probability of something 

coming up is 1, as it must. Suppose we wanted to find the chance of a sum 

above 7—1.e., the numbers 8 through 12. The area under that part of the 

curve can be found to be 0.417. 

The distribution of the population of the United States can be plotted 

on a graph from census data, as in Figure 14-6. A smooth curve can be 

drawn because there are so many people involved—over 200 million. We 

see at once that the most probable age of adults is 37.0 years. The fraction 

FIGURE 14-6 

Probability distribution of ages of U.S. 
Age, years population, 1960 census 

20 30 40 50 60 70 80 90 
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F (v) 

of teenagers, from 13.00 to 20.00, is an area under the curve of 0.11, or 11%. 
For a small enough range of ages about a certain value, we can find the area 
merely by multiplying the height of the curve by the range. The fraction 
of all people between 19.9 years and 20.1 years is (0.00113) (0.2) = 0.00022. 

For large numbers of particles, as in a cubic meter of gas (2.7 X 10% 
particles), the distribution graph becomes an almost perfectly smooth curve. 
A definite formula for the way in which speeds of the particles are distrib- 
uted was developed by Maxwell in the latter part of the nineteenth cen- 
tury, using the expectation that there. were equal numbers of particles 

moving in each of the three directions 2, y, and z, and that speeds should 

be independent of direction in a uniform gas of large extent. A graph* of 

the distribution of molecules according to speed is shown in Figure 14-7. 

We note as expected that there are few particles that have very low or very 

high speeds, and that the curve has a peak, at what is called the most 

probable speed vp. From the formula for the curve, this speed depends on 

0.4 0.6 0.8 1.0 1.2 1.4 FIGURE 14-7 

Particle speed, km/sec Maxwellian distribution of speeds in air 

the temperature of the gas according to vp = V2kT/m. We may also define 

an average speed: if in a collection of molecules there are m particles of 

speed 1, nz of speed v2, etc., the average speed is simply 

PO i RL 

mMmtnt... 

From the formula for the curve, we find that 5 = (2/ / TT) Vp. The average 

kinetic energy is 

. Mm+Net... 

* The fractional number of particles per unit speed at v is given by the formula 

F(v) = 4rAv%e—m*/2kT, where T' is the absolute temperature; k is Boltzmann’s constant, 
m 3/2 

1.38 X 10-%* J/°K; and A = (xen) 
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which is also 4m times the average square of the speed, v, found from the 

curve to be 3v;. Combining, 

which we deduced earlier by elementary means, assuming all particles to 

have a common speed. The location of the various averages of speed is 

shown in Figure 14-7. The symbol %ms stands for the root-mean-square 

speed, Vi, 

It is interesting to investigate the effect on the speed distribution of 

raising the temperature of a gas. Since v, depends on 7”, the larger 7’, the 

larger the value of v at which the peak of the curve F(v) occurs. This imples 

that heating the gas shifts the curve generally toward higher speeds. We 

would expect this from our knowledge that the average particle energy is 

directly proportional to temperature. 

In a molecular distribution, there are a few molecules with speeds 

above the escape speed from the Earth, v. = 11.2 km/sec (recall Section 

8-4). If one of these particles reached the top of the atmosphere and made 

no further collisions, it could leave the Earth completely. The fraction 

above v,, as the area under the curve beyond that speed, is very small but 

finite. Had our planet a weaker force of gravity than it does, the air would 

have long ago been reduced below a density that could support life. In 

fact, our atmosphere has a lower concentration of helium (atomic weight 4) 

than would be expected from the known rate of generation of alpha particles 

by radioactive decay of heavy elements. The value of vp for this very light 

gas is large and there are many high-speed particles; thus the rate of escape 

from the gravitational field is larger than for air molecules. 

The temperature concept can be extended to an electrical discharge, 

in which there is a high degree of ionization. The positive ions, electrons, 

and neutral gas particles all have a temperature—that is, they have average 

energies given by # = 3kT. For illustration, the temperature of electrons 

of 1 eV average energy, 1.60 X 10-® J is 

_2E _ 21.60 x 10-8 
f 3k =. 8.1.88 K 10-8 

= 7730°K 

The atomic theory of gases provides us a description, in terms of mo- 
lecular motion, of the relation of pressure, temperature, and volume of a 
substance. Such a description is analogous to information on a trip in which 
the cities we visit are known, but the means of travel from one to the other 
is not. For example, in pumping up a flat tire the gas law will tell us the 
relation between original and final values of P, V, and T, but will not reveal 
how much work was required, how much heat was developed, or the most 
efficient way to reach the objective. In order to complete the picture, we 
must bring in the law of conservation of energy, and seek other laws based 
on the detailed behavior of an assembly of particles that comprise a gas. 
In the next chapter, we shall examine the processes by which we go from 
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one “‘state” of the gas to another, and develop the second law of thermody- 
namics from fundamental statistical concepts. 

PROBLEMS 

14-1 How many pairs of interactions are there in the nucleus of the oxygen 
atom, 301? 

14-2 Calculate the average translational energy, in joules and electron- 

volts, and the speed v = V3kT'/m for hydrogen molecules (Hz) at the sur- 
face of the Sun, 7 = 6000°K. 

14-3. When a nucleus of .2U”* absorbs a neutron, the resulting nucleus has 

an excess energy of about 6 MeV. What temperature would the nuclear 

“gas”? seem to have? 

14-4* Suppose that in a thermonuclear explosion involving 1 kg of deute- 

rium_(,:H?), 1% of the mass is converted into energy. What is the total 

internal energy released? What temperature and speed do the remaining 

gas particles have? 

14-5 The tire of a jet plane is inflated at a temperature of 20°C to an 

absolute pressure of 3 atm. At the end of the runway the tire and its 

contained air become hot and the air temperature is measured as 140°C. 

What are the absolute pressure and the gauge pressure, assuming negligible 

expansion? 

14-6 An automobile tire contains 0.005 kmole of air. How many grams 

of air and how many molecules does it contain? At a temperature of 37°C, 

what pressure in millimeters and in pounds per square inch does the air 

exert on the inner wall of the tire of volume 56 liters? 

14-7 What is the number of collisions per square meter per second on the 

face of a piston containing He gas at pressure 1000 lb/in.? and room tem- 

perature? 

14-8 What mass of air strikes your face, area about 0.01 m?, each hour? 

14-9 How many molecules of air does 1 liter volume contain at standard 

conditions (1 atm, 0°C)? At a pressure of 10-3 lb/in.2 and —80°C? 

14-10 Calculate the total prohibited space in a mole of gas molecules of 

radius 10- m. What fraction of the total space is this? 

14-11 Inspection of Figure 14-4 shows that for a real gas at given pressure 

and temperature below 7’, there are three possible volumes, corresponding 

to the fact that van der Waals formula is a cubic equation in V, with three 

roots. What do these roots become at the critical temperature? 

14-12 Calculate the specific heat at constant pressure, in J/kg-°C, for the 

monatomic gas helium and for the diatomic gas oxygen. 

14-13 Find the specific heat of the metal lead (Pb-206) in J/kg-°C, and 

the heat capacity of 1 kmole of Pb. 

14-14 Develop a table of the probabilities of achieving various numbers 

for the sum of the spots on two dice, and thus verify Figure 14-5. 
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14-15 How many possible “hands” of two cards each are there in a 52- 

card deck? How many of these hands contain high cards (Ace, King, 

Queen, Jack)? 

14-16 Calculate the probability in poker of dealing a flush (any five cards 

of the same suit), from a deck of 52 cards, none “wild.” 

14-17 Find the most probable speed of a “gas” of neutrons, m = 1.67 X 

10-’ kg, in a nuclear reactor, at temperature 293°K. 

14-18 Calculate the three characteristic speeds vp, 0, and U;ms for air at 

the lowest recorded temperature in the United States, —76°F (Alaska, 

1886). 

14-19* Estimate the fraction f of all the molecules of air at 0°C, 760-mm 

pressure that have speeds faster than Mach-3 (3 times the speed of sound, 

331 m/sec) if the area under the tail of the Maxwell curve is approximately 

wee e-*, where z is the ratio of speed to most probable speed, v/v». 
Va 
14-20 What is the temperature corresponding to a plasma of heavy- 

hydrogen ions (as in an experiment to test the possibility of nuclear fusion) 

at average particle energy 0.04 MeV? 
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THERMODYNAMICS 

The detailed description of all interactions in a substance with enormous 

numbers of particles is impossible, and statistical averages are required. 

This involves a serious loss of information content, but we still want to 

learn as much as possible about the behavior of the assembly. We thus 

seek general principles that will permit description of all systems, whether 

they be mechanical, electromagnetic, gravitational, or nuclear in character. 

The science of thermodynamics, based on statistics, will give us information 

on possible changes, directions of trends, and limitations on energy conver- 

sion for useful purposes. Its two laws are applicable whatever the details of 

the microscopic processes. 

15-1 THE LAWS OF THERMODYNAMICS 

The two basic principles that form the foundation of the science of 

heat energy in motion are simple: 

FIRST LAW: ENERGY IS CONSERVED. 

SECOND LAW: PROCESSES IN NATURE TEND TO GO FROM AN ORDERLY 

STATE TO ONE OF DISORDER. 

No surprises or complications arise from the first law, which merely 

states that the total energy of an isolated system is constant, which is 

407 
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familiar to us by now. The second law has more subtle and fundamental 

meaning, and we must be careful in interpreting it. Our attention will 

initially be given to the first law. As usual, we use mathematical shorthand 

in particular applications of the laws. First, some notation is introduced. 

Suppose that we add an amount of heat energy AQ to a substance, 

and an increase in internal energy AU takes place, while the system does 

work in amount AW. Conservation demands that 

AQ = AU + AW 

which may be considered an algebraic statement of the first law of thermo- 

dynamics. We shall now proceed to apply this statement to a definite 

physical system such as the perfect. monatomic gas, but keep in mind that 

the methods apply in general. Our attention will be focused on changes 

that are called reversible, those in which we can return to the original state 

by performing operations in the opposite order. For example, suppose we 

have the gas contained in a cylinder with a piston. An automobile tire 

pump will be adequate for illustration. Experience tells us that pushing the 

piston down compresses and heats the gas. On lifting the piston back, the 

gas expands and cools. If the previous conditions of pressure and tempera- 

ture are restored, the initial (downward) movement was reversible. Nor- 

mally, changes have to be slow and very small in order to meet this require- 

ment. An explosion of a chemical mixture—say, hydrogen burning violently 

in oxygen—would not permit such reversal. The variables that give the 

“state” of the gas P, V, and T are seen to be important, along with the 

thermodynamic variables Q, U, and W. In principle, all six of these could 

change, but there are some interrelations that reduce the freedom of inde- 

pendent adjustment. 

The first relation involves the definition of work. Again let us visu- 

alize the piston of area A being displaced by a force F through a distance 
Az by expansion of the gas (Figure 15-1). The work done by the gas on the 

Volume change 
AV 

FIGURE 15-1 

Expansion of a gas in a cylinder 
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piston is 

AW = FAz 

The pressure is force per unit area, P = F'/A, and the change in volume of 
the gas is AV = AAz, and we find the connection 

AW = PAV 

Second is the meaning of temperature as a measure of internal energy. If a 

gas of mass M and specific heat c, experiences a temperature change AT’, 

the internal energy (translational, rotational, vibrational, and electronic) 
changes by 

AU = Mc,AT 

In this formula the symbol c,, specific heat at constant volume, is used instead 

of the symbol c, as in Section 14-4. The relation holds, however, for all 

processes, including those in which the volume is not constant. 

15-2 APPLICATION OF THE FIRST LAW 

TO GAS PROCESSES 

Out of the many possible processes one could imagine, with one or 

more variables being kept constant, we select five to illustrate the versa- 

tility of thermodynamics: 

Quantity held constant Type of process 

V Constant volume, isochoric 

12 Constant pressure, isobaric 

i Constant temperature, isothermal 

Q No heat flow, adiabatic 

Q, W Constant internal energy, free expansion 

In discussing each of these cases, we shall make reference to the trends of 

pressure and volume on the P—V diagram (Figure 15-2), which is one 

method of displaying a series of states characterized by P, V, and 7. (For 

some of the processes the analysis is displayed, while in others in the 

interest of time only the results will be noted.) 

1. Constant volume, AV = 0. Suppose the position of the piston 

is fixed. From the definition of work, it is seen that AW is also zero. The 

first law reduces to AQ = AU, but from the definition of temperature, this 

isalso Mc,AT. If c, is not dependent on temperature, we may write the total 

change Q = Mc,(7T2 — T:) and may compute the energy required to cause 

any rise in temperature—say, 7; to J. For 1 kmole of a perfect gas, cy is 

12,500 J/°C, as shown in Section 14-4. To change it from 0°C to 100°C, 

the amount of heat to be added is 



Pressure P 

FIGURE 15-2 

Volume V P-V diagram 

Q = Me,(T. — T) = (1.25X 10! J/°C) (100°C) = 1.25 x1 

The absorbed heat of course goes to increase the pressure in the vessel. 

We are familiar with this effect in automobile tires, as they gain heat during 

a summer day. 

2. Constant pressure, AP = 0. We heat the gas, allowing the 

piston to push against the constant atmospheric pressure plus that due to 

the weight of the piston and handle. The work done is AW = PAV, which 

may be extended to read 

W = P(V:— Va 

Recalling the perfect gas formula written as V = NkT’/P, we find also that 

W = Nk(T, — T7;). The first law then yields 

Q = Nk(T2 =< T:) a Me.(T>2 a T1) 

which can be forced into a form 

Q = Mc,(T2 — T1) 

to make it resemble the temperature definition. The new specific heat at 

constant pressure, Cp, is introduced artificially. Comparing the two forms, 

k (relation of specific heats at constant 
Cp Sat 
/ 0 m volume and at constant pressure) 

where m = M/N is the mass of 1 particle. 

3. Constant temperature, AT = 0. We apply heat to the gas, 
but insist that 7’ be held constant, AU = 0. The entering energy obviously 
must go into doing work against external pressure. Combining the first law, 
now AQ = PAV, where P = NkT’/V is variable, we obtain* the heat (and 
work done) 

*Since AQ = (NKT/V)AV, Q is the area beneath the curve NkT/V plotted 
against V. 
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for a definite change in volume. For example, suppose 1 kmole, N = 
6.02 X 10/m, is expanded by a factor of 10 (V2/Vi = 10), with T at 
273°K. Then, in this zsothermal process, 

Q = (6.02 X 10%*)(1.38 X 10-2%)(273) In 10 = 5.22 * 10° J 

4. Zero heat flow, AQ = 0. To prevent any gain or loss of heat, 
the walls of the cylinder and the piston must be insulated. If then the gas 
is allowed to expand, pushing the piston up and doing work on it, we have, 
from the first law, 

= AU + AW 

or 

AU = —AW 

The negative sign merely means that the internal energy drops and the gas 

cools. Combining this with the gas law and the formula for c,, and intro- 
ducing y = Cp/C», we find 

PiV = P3V3 

This process is also labeled adiabatic. The ratio of specific heats y can be 

found from previous information (Section 14-4). For a monatomic gas, 

Cp = £(k/m), but cp = c, + k/m = 3(k/m). Then, y = $ = 1.67. It is 

easy to show that for a diatomic gas, y = 4 = 1.40. 

When we put these results on a kilomole basis (Section 14-4), we find 

the compact relation 

Gs = Ge —- R 

and the specific heats for gases become as listed below. 

Monatomic Diatomic 

Constant Volume $R SR 

Constant Pressure $R $R 

5. Free expansion AQ = 0, AW = 0. We imagine our cylinder 

to be placed in a vacuum, and assume the piston to have negligible mass. 

When the piston that compresses the gas is released, expansion takes place 

freely. Looking at the system as a whole, we see that the gas does no work, 

AW = 0, but also that no heat has been added, AQ = 0, and from the first 

law AU = 0. Thus no temperature change takes place. 

In order to compare these various processes, we draw Figure 15-3, the 

P-V diagrams, showing initial and final states and the “paths” that the 

gas takes in going between them. Since the free expansion as a sudden 

transition is not a reversible process, we do not know the actual path. Thus 

we sketch only a dotted curve between the end points on the P-V plot. 

All five of the above processes can also be illustrated by the behavior 

of air in a balloon with special properties ascribed to the containing wall 
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FIGURE 15-3 

Several thermal processes in a gas 

and under appropriate environments. If the walls are made of rigid plastic 

that conducts heat, exposure to the surrounding atmosphere on a hot day 

will result in an absorption of heat by gas at constant volume. If the walls 

are of a flexible rubber, the same exposure will allow the balloon to expand 

against the atmosphere at constant pressure. If the walls are highly con- 

ducting for heat and are flexible, absorption of heat from the surroundings 

will result in expansion isothermally. If the walls are composed of a very 

good insulator against heat, but flexible, expansion takes place adiabatically. 

Finally if the balloon bursts very high in the Earth’s atmosphere, the air 

rushes out in a free expansion. We have by no means exhausted the pos- 

sible means by which a gas can go from one state to another. Those cited 

are simplest and most often of interest. 

In earlier chapters, when we studied the forces acting on a body to 

produce motion, it was necessary to define the system carefully. Since ther- 

modynamics is based on mechanics, we would expect to take similar pre- 

cautions. For example, let us heat a gas in a chamber, but allow some of 

the particles to escape into the surrounding atmosphere. The principle of 

energy conservation must be applied to the whole mass of gas, not merely 

to that in the container. Let us again examine the familiar process of putting 

air in a tire by means of a hand pump, to illustrate the need to account for 
the whole system. We shall assume the tire has a constant volume and any 
heat developed can readily escape, so the process is isothermal. Initially, 
all air is at atmospheric pressure, and a tire gauge would read zero. On the 
first stroke of the piston pump we do work on the total gas in the cylinder 
and the tire, V. + V;, compressing it to the tire volume V;. On the next 
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stroke, the system consists of the new air admitted to the cylinder plus that 
in the tire, with a larger number of particles than before. 

15-3 ORDER AND DISORDER 

Statistical mechanics, as its name suggests, is based on the theory of 
probability, which in turn had its origin in the study of games of chance. 
If the number of particles is enormous, detailed information on particle 
motion will not be obtainable; but we may hope to learn what changes are 
possible or likely. Our experience tells us that the natural course of events 

is toward a more disordered and chaotic situation. A few illustrations may 
be mentioned. 

1. We place a drop of ink at a well-defined spot on the surface of 

water in a glass and wait a few minutes. Molecular motion causes the par- 

ticles of ink to disperse throughout the whole volume. 

2. We fire a rifle at a target. The bullet has directed energy while in 

flight. On impact, the energy is converted into the form of heat, which is 

random motion of the molecules of the target plus bullet. 

3. We open a bottle of carbonated soft drink. Bubbles rise to the top 

of the liquid, and foam containing carbon-dioxide gas escapes into the air. 

In each of these familiar examples, the trend is toward more random 

motion. A great deal of ingenuity and effort would be required to reverse 

these processes—to get the ink back into a drop, to send the bullet back to 

the muzzle of the gun, or to capture and concentrate the CO: again. These 

are clearly exaggerated examples of irreversible processes. 

The science of statistical mechanics puts such events on a universal 

basis applicable to any system, through the concepts of probability, dis- 

cussed here, and entropy, taken up in the next section. The second law of 

thermodynamics is evolved to supplement the first law, which is related to 

energy conservation. Imagine an evacuated chamber, isolated to prevent 

gain or loss of heat. A valve in the side is opened momentarily, letting a 

stream of air enter the container. Two important questions are: (1) How 

do the particles move within the space as time goes on? (2) How is the 

energy divided up among the particles at any instant? 

It is conceivable but highly unlikely that every particle would retain 

its original speed and bounce back and forth indefinitely between the walls 

without collisions with other particles. We sense that it is even more im- 

probable that by collisions all the energy would concentrate on one particle, 

with all others at rest. We seek to find just how implausible are these states 

of motion or, conversely, what the actual distribution is. 

The appearance of laws of chance can be seen in a study of the loca- 

tions of particles. Visualize an isolated container that has only 1 molecule 

of gas inside (Figure 15-4). It bounces around with a constant kinetic en- 

ergy. The chance of it being in either half of the box at any instant is 

obviously 3. Now, instead let us introduce 10 molecules of identical energy 
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FIGURE 15-4 

Probabilities of molecules being in one-half of a box 

in the box. What is the probability that all of the particles will be in the 

half of the box on the right? The answer is (4)"° = zoez. Now, let us look 

at a room of volume, say, 20 m? and ask what is the chance that all mol- 

ecules of air will be found in one half of the room, leaving a vacuum on the 

other side? The number of particles is (20 m*) (2.7 X 107°>/m*) = 5.4 X 10”°. 

The probability is extremely low, } raised to the power 5.4 X 10°. We can 

see why an ordinary room has a very nearly uniform air density. The sys- 

tem tends to remain in a situation of high probability. 

Now let us study the way in which energy is distributed among par- 

ticles, seeking general statistical rules that will apply to gases in containers, 

the atmosphere surrounding the Earth, electrons found in atoms or free to 

move in metals, charges in vacuum tubes, or even to protons and neutrons 

in the nucleus. We can guess that the chances are very small that all the 

energy of such systems of many particles is concentrated on any one of the 

particles. 

Substantial appreciation for the relation of probability and processes 

can be gained by examining simple systems. Whatever the particles are, we 

propose that they can occupy only a definite set of energy levels, say the 

ee 
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Distributed Concentrated 
(a) Available energy levels (b) Possible locations of particles, energy = 2 

FIGURE 15-5 

Energy distribution—two-particle system 
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lowest of zero energy, the next of 1 unit, 2 units, etc, as illustrated in Figure 
15-5. Suppose, now, that the system contains only two particles, labeled A 
and B, and that the total energy in our arbitrary scale is 2. We ask the 
guestion, what are the possible “locations” of the particles? Figure 15-5 
shows us there are only three. If these are equally likely, we see that there 
is a greater tendency by a factor of 2 for the energy to be distributed among 
particles at different levels than to have it concentrated on particles at the 
same level. To find out if this trend is continued by a larger number of 
particles, take a case with three particles, A, B, and C—i.e., N = 3—and 
let the total energy be H = 3. Ignoring labels on the particles, we see that 
the different types of arrangements or “states” are as shown in Figure 15-6. 

Now let us look at state (a). To “fill” the lowest energy level with 
two particles, there are three possible combinations: AB, AC, and BC. 

Energy Level 

FIGURE 15-6 

0 
Energy distribution for three particles, 

Ways 3 6 1 total energy 3 

Once one of these choices is made, there remains only one possibility to fill 

the remaining level. Thus the number of ways to achieve state (a) is3. The 

theory of probability can be applied to such a problem. If there are n levels, 

N particles, and the numbers in level 7 is N;, the number of ways w may be 

expressed using the notation of factorials* 

N! 
eN AN GING ae eeN at 

For the case considered, N = 3, No = 2, N3 = 1, and all the other N; are 

zero. Then, recalling that 0! = 1, 1! = 1, etc, we verify that w. = 3. One 

can easily check that ws = 6 and w, = 1. Again we discover that the state 

that has particles more widely distributed in energy is more likely. The 

*N! = N(N — 1)(N — 2)... (2)(1). 
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important fact that emerges from these exercises is that the disordered 

states, the ones with particles more widely dispersed over the levels, are 

more probable than the ordered states, with the particles more clustered 

about certain levels. Had we started with the system in state (a) or (c), it 

would have naturally tended to change to state (b). We generalize by 

saying that w seeks to increase, and when it reaches its maximum value, 

with no further change possible, the system is at equilibrium. The quantity 

w, which tells us how likely a state is, goes by the name thermodynamic 

probability. Thus our conclusion can be stated as follows: equilibrium ts the 

state of highest thermodynamic probability. We shall pursue this powerful 

idea further as we proceed to discuss the idea of entropy. Our investigation 

here involved only two or three particles, whereas real systems involve very 

large numbers, requiring certain approximations to be made. 

The continuation of the logical counting process we have started to 

the situation in which there are large numbers of particles leads to an an- 

swer to the next important question: What is the distribution of particles 

in the various energy levels at equilibrium? We can get a clue as to the 

dependence on energy by referring to our development of the exponential 

variation of pressure with height in the atmosphere (Section 13-4). Since 

the pressure is proportional to the number of gas particles per unit volume, 

the particle density at any height h, where the potential energy is mgh, is 

ND = Ngpem~MOW/AT 
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FIGURE 15-7 
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This expression is a special case of the Boltzmann distribution, a general law 
which states that in a system at equilibrium at temperature T’,, if there are 
N, particles in the lowest energy state, the number at the level | where the 
energy is E; is 

N = Noe EvkT (Boltzmann distribution) 

Figure 15-7 shows how a set of levels is occupied by particles using this 
relation. We have selected the total N to be 100, k7 &5 and Ny = 23. 
The Boltzmann formula, derived from basic statistical principles, is also 
the origin of Maxwell’s distribution of gas particles speeds (Section 14-5), 
and has many other important physical and biological consequences. 

15-4 ENTROPY 

We now introduce a new property of a system to supplement its state 

variables—volume, temperature, pressure, and internal energy. We have 

just seen that in natural processes the thermodynamic probability w tends 

to increase, corresponding to larger amount of disorder. Let us define the 

entropy S by 

S=kiInw 

where k is Boltzmann’s constant. As w increases, so does S, but more slowly, 

because of the logarithmic form. Thus we can state the second law of ther- 

modynamics: 

PROCESSES IN NATURE TEND TO INCREASE THE ENTROPY, AS A MEASURE 

OF THE AMOUNT OF DISORDER OF THE PARTICLES; AT EQUILIBRIUM, AN 

ISOLATED SYSTEM HAS MAXIMUM ENTROPY. 

Inspection of the Boltzmann formula and the diagram (Figure 15-7) 

shows that the higher the energy, the smaller is the occupation by particles. 

This relation, when used in conjunction with the definitions of w and S, 

leads to a simple but important thermodynamic expression, applicable to 

equilibrium states. When a small amount of heat energy AQ is added, with 

the system at temperature 7’, the entropy increases by an amount* 

* To demonstrate this, we imagine that the added energy is given to one particle 

of the many in the system. It shifts from level m to a higher level n, so that 

E, = En + AQ. Thus there is a change in state from a to b, with probabilities wa and 

ws, whose ratio is easily seen to be 

The ratio of populations from the Boltzmann formula is 

Nm = e(En—Em)/kT 

Np 

Then the change in entropy between states is 

AS = Sp — S. = kin wy — kin we = kin = kin (0898?) = ko = 
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This can be considered a part of the second law, and provides fundamental 

supplementary information to the first law. It must be emphasized that 

this relation between changes in entropy and heat at a given temperature 

is valid only if the process is performed slowly and in small steps to assure 

that it is reversible. There is certainly a change in entropy in an irreversible 

process, but it is not governed by the expression AS = AQ/T. To verify 

this statement, consider the free expansion process (Section 15-2). There 

we found that AQ is zero, but it is clear that the released gas has become 

more disordered, and hence entropy has increased. 

Properties of Entropy 

We may investigate the behavior of physical systems by combining 

the two laws of thermodynamics. Several examples are given below to 

illustrate their power. 

1. Transfer of heat. Two identical objects at different temperatures 

are brought into contact, so that heat energy flows from one to the other. 

Let us find the entropy change of this system, assuming it to be isolated 

from all sources of energy. Suppose that the temperatures are 7; and 7», 

with 7, larger than T;. Then the heat added to body 1 is AQ:, which is equal 

to —AQ: by the first law. The entropy change is 

The two factors in the last expression are both positive, hence AS is positive. 

We verify the statement that the entropy increases as the system tends to 

go from an ordered state (heat energy separated) to the disordered (heat 
energy mixed). 

2. Heating of a gas. We take a perfect gas at some temperature and 

add heat in steps to bring the system up to a state characterized by P, V, 

and 7. The sum of the entropy changes AS can be formed, and the result 
is a relatively simple expression 

S=NkGn7T+InV) = S 

where Sp is the original entropy. This verifies our statement that entropy 
depends on the state of the gas. It also shows that the entropy will return to 
its original value in a cyclic process—that is, if the original pressure, volume, 
and temperature are restored periodically. 

3. Mixing of gases. By opening a valve between two identical con- 
tainers of gas, we allow the contents to mix. We seek to calculate the change 
in entropy of the system. Initially, we have two sets of N particles in vol- 
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umes V, and finally we have one set of 2N particles in one volume 2V. 
Calculating the entropy change (final minus initial) using the S formula for 
a gas, we find that 

AS = S; — 8; = 2Nk($ In T + In 2V) — 2NkK(2InT + In V) 

=2Nie in? 

This is a positive number, again illustrating that entropy increases as we 
go from the ordered situation (separate gases) to the disordered (mixed 
gases). 

We have added entropy to our collection of variables that describe 

states and processes; the array now includes P, V, 7, Q, U, W, and S. The 

science of thermodynamics in its fullest form consists of an elaborate set of 

equations employing the first and second laws. The first of these is a group 

called Mazwell’s relations, which give the slopes of curves of P, V, 7, and 

S plotted against each other. In each of the following the subscript notes 

which of the variables is held constant: 

(ar),- ~ (Ge), Gs). = Ge) AT)p AP) 7 AS]p AP) s 

(ar), - (are Gs), > ~ (Gr) AT}]y \AV/r AS/y  ——*\AV/s 

These expressions are completely general; hence any conclusions deduced 

from them are rigorously applicable to any system. Let us consider a change 

of state from liquid to vapor. We recall that this involves an absorption of 

the heat of fusion L and a change in volume AY, both occurring at a con- 

stant temperature. The entropy law is AQ = TAS, where the absorbed 

; AS AP : 
heat is also L. Now AS = (3), AV = (=), AV, by the third of Max- 

well’s relations. The change in volume AV is the difference between vapor 

and liquid volumes. Combining, 

which is called Clapeyron’s equation. Among its many uses is in deducing 

the latent heat from measurements on the change of vapor pressure with 

temperature. 

15-5 IMPLICATIONS OF ENERGY 

AND ENTROPY 

The fundamental statistical basis of the two laws of thermodynamics 

has now been established, and we are ready to look into the utility of the 
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laws. We should note that the first law tells what process is possible, while 

the second law prescribes what is probable. 

Our technological civilization has a tremendous need for energy in 

usable form, such as that of directed motion in automobiles, ships, aircraft, 

and rockets, or of industrial machinery, driven normally by electricity from 

rotating generators. Most of the usable energy (excluding water power) 

originates in the burning of some natural resource—oil, coal, or nuclear 

fuels. One may reasonably ask the question: Why can we not convert the 

boundless energy of molecular agitation in the Earth, the sea, or the air into 

energy of directed motion? 

One possible answer might be that man has not yet proved ingenious 

enough to devise a converter that will tap this disordered motion, but this 

is not the correct answer. There is a fundamental limitation of nature, de- 

scribable in terms of entropy. In order to appreciate this situation, let us 

consider the details of the operation of an engine that turns heat energy 

into work. The device is designed to develop the most work possible. 

Let us imagine an absurdly simple experiment that will give us a start 

in the study of heat engines. A cooking pan with lid and containing a little 

water is placed on a hot stove burner. In a short time, the steam developed 

blows the lid off. Heat energy has been converted to work. Clearly this 

device is not very practical as an energy source since the motion is not 

repeated or maintained; but we may achieve continuous operation by 

utilizing the steam turbine. Water is vaporized by a source of heat, and the 

steam under pressure allowed to strike the vanes of a rotating turbine wheel. 

The alternative is to use the heat from a chemical reaction, as in the ex- 

plosive burning of gasoline in an engine, where the cycle of operation appears. 

We now study an idealized thermal cycle. Visualize a gas container 

equipped with a movable piston that may be set on a hot surface, or on a 

cold surface, or lifted far enough off either surface to effectively insulate 

the container. Four operations are performed in sequence, over and over, 

as follows (see Figure 15-8). 

1. Place the container on the hot surface and allow the gas to absorb 
heat and, in expanding, to raise the piston. We receive useful work from 

= Gl ie 
cola fF —— J] 

FIGURE 15-8 

Steps in the Carnot cycle 
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the gas in this stage. We adjust the motion so that the heat absorbed, Q, 
matches the work done, W, so there is no change in internal energy or tem- 
perature. 

2. Take the vessel off the hot surface, and allow the gas to expand 
further. This gives us additional useful work, at the expense of internal 
energy, since no heat can get in or out of the container walls. 

3. Put the container on the cold surface, and push the piston down. 
Here we do work on the gas, and if the temperature is held constant, the 
energy we supply is delivered to the cold body. 

4. Lift the vessel off and continue compressing until the original 

volume, pressure, and temperature are reached. Again we have supplied 

energy to the gas, and are back where we started. 

What have we accomplished by these maneuvers? The net result is 

that more work was received from the gas than was delivered to it, and 

more heat taken from the hot surface than was sent into the cold one. Thus 

heat-energy has been converted into available useful work. The processes 

described constitute a Carnot cycle, made up of alternating isothermal and 

adiabatic processes. We may now apply algebra to determine amounts of 

work available, using the first law of thermodynamics AQ = AW + AU 

and the perfect gas law PV = NkT that relates the pressure, volume, and 

temperature. 

Conservation of energy tells us that the net work W available is the 

difference the heats absorbed at the high temperature, Qu, and delivered at 

the low, Qu: 

W = Qu — Qz 

We make a distinction between these two quantities of heat. The quantity 

we should like to convert completely into work is Qz, without the necessity 

of wasting the amount Q;. If a perfect machine existed, Qz would be zero, 

and W would be Qu; but in a real machine we obtain only a fraction called 

the efficiency: 

me 
c= On 

The ideal efficiency value is 1 (100%). Alternately, this fraction can be 

written 

which is less than 1 unless Q, is zero. 

All the ingredients for computing ¢ are available from our previous 

study of isothermal and adiabatic processes. Let us draw a P-V graph 

(Figure 15-9) of the steps in going from each state to the next and study 

it in connection with Table 15-1. By solving the adiabatic expressions for 

the ratios P:/P,; and P2/P3, and inserting them in the ratios of the isother- 
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FIGURE 15-9 

P-V diagram for Carnot cycle (monatomic gas, y = $) 

mal formulas, we obtain (V3/V4)? = (V2/Vi)7"". Hence V3/V4 = V2/Vi. 

The expansion ratios are the same. Forming the ratio of the Q’s, 

Qu _ Wa _ Tn 
On POW ns 

and the efficiency becomes 

ey peste 
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TABLE 15-1 

CARNOT CYCLE 

STEP BETWEEN STATES FORMULAS 

Isothermal (7'x) A 1 2 Qa = Wu = NkTy In (V2/V3) 

PiVvi — P2V2 = NkT x 

Adiabatic B a 3 PV} = P;,V3 
Isothermal (7'r) C 3 4 Qi = Wi = NkTz \n (V3/Va) 

; P3V3 a PiVs4 a NkT_ 

Adiabatic D 4 1 Pavia Vi 
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We see a new fact here: the engine is perfectly efficient only if Ty is zero— 
that is, the region into which heat is exhausted is at absolute zero temper- 
ature. 

The Carnot cycle is far removed from real engine cycles in that it 
involves ideal isothermal and adiabatic changes taking place under reversi- 
ble conditions, which are by definition slow. The same mass of gas is used 
throughout. Consider how different is the case in a steam engine. Water 
in a boiler is heated and evaporated into steam, which enters an intake 
valve of a cylinder to fill and drive a piston. The valve is closed and further 
expansion causes cooling and condensation. Thus the nwmber of particles 

has changed during the cycle. The rest of the steam is pushed out to a con- 

denser, by the return stroke of the cylinder. In the engine of an automobile, 

the gasoline is mixed with air, compressed, and fired by a spark to drive the 

piston. Here the source of heat is internal to the system, being an explosive 

chemical, and the process is nonreversible. In each of these processes, defi- 

nite amounts of friction are present, and there are heat-conduction losses to 

the surroundings. The Carnot cycle nonetheless tells us the optimum efti- 

ciency of a cycle. 

The Carnot cycle has been discussed in terms of producing useful 

work from thermal energy. If engines are run backward—that is, if the P-V 

cycle is traversed in the opposite direction—work is done to provide desired 

heating or cooling. The “‘heat pump” provides heat to a room or building, 

while the refrigerator and air conditioner are designed to extract heat. Let 

us describe the cycle of operation of the heat pump, referring to the Carnot 

diagram of Figure 15-9. Starting at point 1, the working fluid is allowed to 

expand adiabatically to a temperature that is lower than the outdoors (air 

or ground). It passes through outside coils and receives heat, then is com- 

pressed to raise the temperature above room level. Heat is extracted to 

warm the room, and the cycle is repeated. For such systems, we are inter- 

ested in a large value of ratio of the heat delivered at high temperature, 

Qu, to the work required, W. From the Carnot relations we see that this 

coefficient of performance C' = Q,/W is the reciprocal of efficiency, and thus 

ad Ty 

fa Tx — Tr 

a number larger than 1, which means that the heat provided is larger than 

the work input. 
The refrigerator can also be viewed as a heat engine, one that is run 

backward. It takes heat from a cold body (the air of the refrigerator cavity) 

at temperature 7';—say, 35°F—and delivers it to a hot body (the air in the 

room) at temperature 7',—say, 70°F. To do so requires work, provided by 
the electric motor. A liquid chemical such as Freon (CCIF:2) is allowed to 

evaporate and thus absorb heat as it passes through the interior refrigerator 

coils. The pump driven by the motor compresses the vapor in the exterior 

coils where condensation releases the heat of vaporization. 

The thermodynamic analysis of the familiar internal-combustion (Otto) 
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Intake 

engine is fairly simple. First we identify the steps in the cycle, as illustrated 

in Figure 15-10. The operations are as follows: 

1. The intake valve I opens, the piston moves down, and a mixture 

of air and gasoline vapor enters the cylinder. 

2. With both valves closed, the fuel mixture is compressed by the 

return stroke of the piston. A sparkplug fires, igniting the gasoline, and a 

large amount of heat Qy is added. 

3. The power stroke occurs, with the piston driven down by the ex- 

. panding gases. 

4. With the exhaust valve # open, the piston pushes out the residual 

gases, which still contains an amount of heat Qr. 

Valves: I = intake, E = exhaust 

C D 
Compression Expansion Exhaust 

FIGURE 15-10 

Steps of cycle in internal combustion engine 

The cycle may be plotted on a P-V diagram (Figure 15-11). The intake 
step at constant pressure carries the system from point 0 to point 1. An 
adiabatic compression along 1 to 2 occurs, followed by a sudden rise in 
pressure from 2 to 3 as the gasoline burns. An adiabatic expansion carries 
the mixture from 3 to 4. The step from 4 to 1 corresponds to the loss of 
heat by discharge, which actually occurs at the same time as the step from 
1 to 0 that sweeps out the gas. 



Expansion 

FIGURE 15-11 

P-V diagram for cycle of internal 

combustion engine 

The amounts of heat are 

Qu => cM (T3 — T2), Qr = cM (T, — T1) 

from which the work done W = Qy — Qz may be found. 

The efficiency is 

The temperatures between the ends of the adiabatic steps are related by 

i —I! nan (iy, n=n(Ry 
Letting the compression ratio be r = V,/V2, a little algebra reveals that 

For example, using the value y = 1.4 as for the diatomic gases O: and N2 

in air, and with a compression ratio of 5, the ideal efficiency would be 

1 — 1/(5)°4 = 0.475, a little under 50%. The cycle as actually measured 

on an automobile engine is distorted somewhat from our theoretical dia- 

gram. The corners are rounded and the intake-exhaust part forms a loop 

rather than coincident parallel lines. 
In the diesel engine, air only is admitted to the cylinder in step A 

(Figure 15-10); it is compressed to a very small volume in step B, at which 

point low-grade fuel is admitted. Ignition takes place because of the high 
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air temperature. If gasoline were used in such an engine, premature burn- 

ing would take place. Compression ratios are typically as large as 20:1 in 

the diesel engine. 

The Meaning of Temperature 

A survey of the trend toward improved precision of temperature 

measurements and scales over the course of history will show us how the 

present Kelvin temperature scale evolved. Until the 1700’s, people pre- 

sumably said that it was either “hot” or “cold,’”’ depending on how com- 

fortable they were. Then Fahrenheit immersed a mercury bulb with glass 

tube in a selected mixture of ice and salt (which depresses the freezing 

point) and marked the tube at the level of mercury as “zero.”’ The 100°F 

mark apparently was set by taking his body temperature (inaccurately, 

unless he had a fever). On the improved centigrade scale advocated by 

Celsius, the marks were set by immersion in ice water and steam, respec- 

tively labeled 0°C and 100°C. In each case, the size of the degree is merely 

the change in column divided by the number of degrees assigned to the 

range. The gas thermometer is preferable to one using mercury because of 

its accuracy. As the temperature rises, the pressure goes up linearly, ac- 

cording to the law PV = NkT. A barometer measurement for a fixed 

volume of gas gives the temperature. The curve plotted in Figure 15-12 is 

P=CT 

The absolute or Kelvin scale is based on the knowledge that real gases obey 

this law so long as the density is lbw—i.e., at high temperatures. The slope 

C of the curve of pressure vs. temperature is thus taken to be a known 

constant. If one pressure is measured with the gas thermometer in a se- 

lected standard environment, the curve can be drawn. Instead of fixing the 

zero, the temperature of a mixture of ice, water, and steam in equilibrium 

—the triple point of water—is arbitrarily said to be 273.16°K. The tem- 

perature where the pressure graph reaches zero (no molecular motion) is 
said to be absolute zero. This fixes the complete scale, including end points 
and size of degree. The triple point corresponds to 0.01°C, so that absolute 

Measured 

5 
g Extrapolated 
eH 

Ay 

eS ef Triple point 
Ht 273.16°K 

Absolute FIGURE 15-12 

Zero Temperature, T Determination of absolute zero 
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zero is —273.15°C. Real gases at temperatures near absolute zero deviate, 
of course, from the perfect gas law, but the linear part of the curve can be 
extended—i.e., extrapolated to zero. 

Kelvin put this technique on a thermodynamic basis by expressing 
the relation in terms of the Carnot cycle: 

Qu _ Tu 
Onur 

This states simply that the heat transferred in an isothermal process is 
proportional to the absolute temperature: 

Q~T 
On cooling a substance, a point is reached when no heat is transferred 

mm an isothermal process. Then, the temperature is zero (on the Kelvin scale). 

Experimental determinations of temperatures below 1°K, where all gases 

have become liquid or solid, make use of this result. 

Perpetual-motion Machines 

Many inventors and amateur scientists have conceived of “‘perpetual- 

motion” machines, which they expect to deliver work indefinitely with 

either no input (first kind) or by tapping the basic stored energy of the 

atmosphere, Earth, or sea (second kind). Such machines are based on hope 

rather than principles, and are often ingenious and complicated, which 

makes it difficult to demonstrate the fallacy in the idea, at least to the 

inventor’s satisfaction. 

Consider perpetual-motion machines of the first kind. If the machine 

delivers work, it must be at the expense of its initial kinetic or potential 

energy, which will soon be used up. If it does no work, the inevitable fric- 

tion will eventually stop the device. Thus the law of conservation of energy 

(first law of thermodynamics) makes the machine impractical. The use of 

natural resources such as stored water from rainfall, or natural fuels such 

as coal, oil, or uranium is not prohibited by the first law, of course. 

A perpetual-motion machine of the second kind is not as ambitious a 

concept. Basically, one would like only to take heat energy of molecular 

motion from a reservoir, such as the sea, at temperature 7’, and convert 

some of the energy into useful work in a cyclic fashion. The unused energy 

would be returned to the reservoir at the same temperature 7’. If it were 

possible, such conversion of existing energy into directed motion would be 

of inestimable value to mankind. The concept may be deflated by referring 

at the Carnot cycle. If the temperatures of the heat intake, 7, and ex- 

haust, 7',, are the same, then the efficiency € is zero, and no work can be 

done. A heat engine demands two different temperatures, with the dis- 

charge of waste heat to the lower of the two. Since the Carnot cycle is 

based on gas theory, one might argue in favor of more complex cycles 
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involving other phenomena, such as electromagnetism and mechanics, and 

fluids more exotic than a perfect gas. Unfortunately, there is no evidence 

that such systems would work. The second law of thermodynamics, as a 

generalization from a tremendous amount of experience, is considered to be 

applicable to any system, no matter how complicated. 

A third type of machine is allowed by the second law of thermody- 

namics and thus does not fall in the category of “perpetual-motion” ma- 

chines. It consists of a device that extracts heat from the substances of the 

Earth, such as equatorial air or water, or the hot interior of the planet; the 

waste heat must be discharged to a colder region, such as at the poles, and 

thus there would be a definite temperature difference. We may consider 

such systems feasible but probably impractical. 

PROBLEMS 

15-1 Compare the amounts of work done by a gas when heated (a) at 

constant pressure, and (b) at constant temperature, assuming initial con- 

ditions, P; = 1.0 X 10° N/m?, 7, = 300°K, V; = 0.6 m’, and final volume 

1.4 m*. (c) Discuss the difference in the results. 

15-2 Show that for an adiabatic process, 

Papi ie (a constant) 

15-3 Compute the pressure ratio P:/P,; for an adiabatic change in the 

diatomic gas Cl, if the volume increases by a factor of 10. 

15-4 (a) If an isothermal process took place at constant volume, how 

much heat would be absorbed? (b) Two slowly combining chemicals in 

gaseous form are introduced into a closed, insulated vessel. As the atoms 

combine and release energy the pressure changes, but the volume occupied 

remains constant. Examine the role of the general gas law and the first law 

of thermodynamics in this process. 

15-5 Compute the heat capacity at constant pressure per kilomole of He 

and O., taken to be perfect monatomic and diatomic gases, respectively, 

expressing results in J/°C and keal/°C. 

15-6 Explain the physical difference between a reversible and an irre- 

versible process. Consider each of the following: (a) free expansion of a 

gas; (b) heating a closed gas-liquid system; (c) increasing the pressure on 

a gas with no heat flow; (d) condensation of a gas; (e) cooling by evapora- 
tion. 

15-7 Find the chance that all the air molecules in a room of volume 20 m3 
are found in one particular cubic meter. 

15-8* Prepare a diagram showing all the possible energy distributions for 

4 particles, with total energy 5 units, assuming equal spacing of the levels. 

Find the number of ways to achieve each state (the value of w) for each. 
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15-9 Calculate the thermodynamic probability w for a state in which 
Ne= 2Ny = iN: = 0, Ns = 3,.Ni = {| 

15-10 The thermodynamic probability of a certain state is w = 10. Find 
the entropy corresponding to the state. 

15-11 Find the efficiency of a heat engine that operates on a Carnot cycle 
between the temperatures 100°C and 0°C. How much work is available per 
joule of heat? 

15-12 A Carnot engine operates between temperatures 700°C and 100°C. 

The power absorbed is 5 kW. What is the efficiency of the engine? What 
is the amount of useful power? 

15-13* Imagine a heat engine with “rectangular” power cycle on a P-V 

diagram—that is, (1) the volume is allowed to increase at constant pres- 

sure; (2) the pressure is reduced at constant volume; (3) the fluid is com- 

FIGURE P15-13 

pressed at constant pressure; and (4) the pressure is raised at fixed volume 

(Figure P15-13). Find temperatures 72, 73, and 7, in terms of T;. Develop 

expressions for the heat absorbed or released in each step in the cycle and 

the amount of work done. Show that the latter is equal to the area enclosed 

on the P—V diagram by the cycle paths. 

15-14 From the formula for an internal-combustion engine, determine if 

the efficiency is improved by increasing or decreasing the compression ratio. 

In the text example, what happens to « if r is reduced to 2? 

15-15* (a) We pump up a tire of volume 3000 cm‘, initially at atmospheric 

pressure 14.7 lb/in.? and room temperature by the application of 25 strokes 

to an air pump with cylinder of diameter 2.5 cm, length 30 cm. What is the 

final pressure in lb/in.2? (b) Assuming the process to be isothermal, how 

much work have we done? (c) When the pressure is 20 lb/in.?, how far 

down must the piston move before air is admitted through the valve on the 

tire? (See Figure P15-15.) 
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15-16 Diesel engines are more efficient than gasoline-operated internal- 

combustion types. Can you explain why? 

15-17 What are the desirable properties of a heat engine? Which are the 

most difficult to obtain practically? 

15-18 A helium-filled dirigible in outer space develops a leak and the gas 

escapes. Is there a change in entropy? If the dirigible were instead in the 

Earth’s atmosphere, would the change in entropy be larger, smaller, or the 

same as before? Explain. 

15-19 How much work by a heat engine acting as refrigerator would be 

required to reduce the temperature of an 0.8-kg mass of helium gas from 

room temperature (25°C) to one near absolute zero (— 265°C)? 

15-20 A heat pump operates between an outdoor temperature of 10°C 

and an indoor temperature of 25°C, and provides 2 X 10‘ J/sec of heat to a 

building. What is the smallest amount of power needed? 

15-21 An inventor suggests a hydroelectric plant consisting of a long pipe 

thrust down in the ocean. He claims that water will continually flow in the 

top, drop down the pipe, and turn indefinitely an electric generating tur- 

bine at the bottom. Examine the practicality of this concept. 
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TRANSPORT PHENOMENA 

The idea of the equilibrium state has played a dominant role in our study 

of thermal systems. The speed distribution in gases and the entropy— 

temperature relation required the assumption of such a situation. 

True equilibrium implies complete uniformity on the macroscopic 

scale, and no changes with time. Only in a “homogenized universe” with 

the same temperature everywhere would the state be realized exactly. No 

matter how well we try to isolate smaller real systems, there will always be 

some transfer of heat energy through the insulation. Thus we are faced 

with a real world in which there are nonuniformities and flows, of both the 

steady and time-dependent type. The term transport refers to flow proc- 

esses involving particles, momentum, energy, and electric charge in motion 

from one region to another. In this chapter* we shall develop descriptions 

of flows in terms of the variation in composition and properties of sub- 

stances, thus accepting a certain amount of departure from equilibrium. 

16-1 TRANSPORT PROCESSES 

Let us consider several familiar processes or simple experiments to 

bring out the idea of the transport of various physical quantities. 

* The chapter covers topics that are ordinarily beyond the scope of a basic text; 

therefore, the instructor may wish to omit certain sections. 
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The first example has to do with the process called diffusion. The tire 

on our car picks up a nail, is punctured, and air escapes. We know, of 

course, that the pressure and particle density of air inside the tire is larger 

than it is outside, and there tends to be a flow outward. A similar flow 

process would occur if a meteorite were to penetrate the wall of a spaceship 

moving in the vacuum of outer space. If we open a bottle containing a 

chemical with a strong odor, the foreign particles will soon make themselves 

known throughout the room. These are examples of particle diffusion. 

The flow just described takes place in a gas at rest, but if the fluid is 

moving, new effects come into play. For example, when we pour cold motor 

oil from a can we notice that the flow is very sluggish. The oil has a large 

viscosity, meaning that each layer of fluid tends to hold back the other 

layers from sliding over it. As water flows along in the bed of a river, or 

from the sea onto a beach, or in the pipes of a building, viscous forces 

slow the motion. Similar effects are found in gas flow, because of molecular 

interactions. 

Another ‘‘flow’’ process is that of heat transfer through materials—for 

instance, through the walls of buildings. Most houses are constructed with 

some kind of insulation to help keep the interior warm in winter and cool in 

summer. This may be a layer of rock wool, or a ‘‘dead-air’” space between 

two walls. Heat energy must be carried by molecules across the poorly 

conducting gap. If we heat one end of a bar of metal, within a very short 

time the temperature at the other end will rise. Kinetic energy has been 

transferred by atoms or electrons, a process of heat transfer. 

In addition to carrying heat energy, particles such as electrons and 

ions can transfer electricity, the process of electrical conduction. When we 

apply an electrical-potential difference between two surfaces with a gas 

between them, there is a flow of charge, primarily that of electrons. A few 

examples involving this process are the fluorescent lightbulb, the Geiger 

counter, the welding arc, the gas-filled ““vacuum”’ tube, and the ion source 

for a particle accelerator. 

The processes listed above have somewhat different physical mecha- 

nisms, but all are examples of transport phenomena, and can be studied by 

use of a common mathematical approach. These flows are different from 

those to which Bernoulli’s principle (Section 12-6) applies. There, the 
principle of conservation of energy for bulk material was invoked. Now we 
must examine microscopic details to determine rates of transfer. 

Molecules of a gas, liquid, or solid move from place to place in a 
random, chaotic manner. If the system is completely uniform, a particle 
that leaves a small region is soon replaced by another, and from a large- 
scale view no change has occurred. However, if there are more molecules 
at one spot than another, losses are not replenished, and there is a flow. 
The particles have various properties that they “carry” with them, such as 
mass, momentum, energy, and charge. Thus there can bee a flow of any or 
all of these entities. 

We should like to develop a unified description for such transfers. 
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The basic approach is to examine the nature of forces between particles 
and the mechanics of collisions, then to find out how far particles travel 
before colliding again. The gross effects are deduced by adding up the 
contributions of individual molecules, with their various speeds and 
directions of motion. The general mathematical analysis is beyond our 
present level or interest, but we can appreciate the processes and obtain 
some approximate relations using simplified derivations. First, let us look 
into the matter of flight and collision. 

16-2 CROSS-SECTION AND MEAN FREE PATH 

If we were able to view a gas with a powerful microscope, we would 

see a great deal of empty space, with a few particles moving freely about in 

straight lines until they came near one another. The chance of a collision 

depends on the sizes of the particles, or more precisely, on the target area 

presented to one particle as a projectile. The term cross-section is given to 

this area, symbolized by a, in units of square meters. It is not easy to 

calculate cross-sections for molecules as complex structures of atoms, which 

are in turn composed of nuclei and electrons. Two colliding water molecules 

are shown in Figure 16-1. The effective area of interaction is sure to be 

different depending on the type of particles and on the way in which the 

particles happen to collide. The simplest model we can imagine involves 

two hard elastic spheres. Let the radius of the projectile be 7; and that of 

the target r2. They will just graze each other when the surfaces are in 

contact, as shown in Figure 16-2. If the separation of the lines between 

centers is less than 71 + 72, they collide; if it is greater, they miss. The 

“target”’ is thus a circle of radius 7; + r2, hence the area is ¢ = (71 + 12)’. 

If the two spheres have the same radius r, the cross-section becomes 47r?. 

(It is interesting but not significant that this is the total surface area of one 

sphere.) Realizing that molecules are not hard spheres, we seek ways to 

find the effective radii and cross-sections. One approach is to make detailed 

calculations of the forces between all the component particles of two 

i FIGURE 16-1 

Collision of two water molecules 



E,(eV) 

FIGURE 16-2 

Grazing collision of hard spheres 

molecules as they approach each other. Unfortunately, this is extremely 

complicated because of the number of component particles, the structure, 

and the need to apply quantum mechanics (discussed later in Chapter 22). 

Another indirect empirical method involves the study of much experimental 

data on molecular transport, equations of state, and phase changes. An 

0.02 = 

0.01 

FIGURE 16-3 

colliding O2 molecules 
Potential energy diagram for 

. 
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expression for the potential energy of a system of two molecules as it 
depends on their distance of separation is devised, to give the best fit to the 
observations when the theory of collisions is applied. Such relations display 
the lack of interaction at large distances, the attraction as the particles 
approach each other, and the very strong repulsion at small distances. We 
recall similar trends for atoms (Section 11-4). Figure 16-3 shows a graph of 
potential energy /, against separation r for the interaction of two oxygen 
molecules Oy. It is clear that they do not interpenetrate far beyond a 
separation distance d, where £, is rising rapidly. Thus d/2 can be regarded 

Unit volume N targets, 

each area o 

(yA (6) 16) (OV (@)_ (ey) 

exe F650 

oo ng 
@) (e) ar 

Unit area face O° Be) ©) 
(ey Ke) We) ©) 

O fe) © 0 2 O 2 © 

Incoming particle O O9000 

£ rap Ceueyre) 
fe) fe) fe) 

OO fe} 
Sele O i oe) (e) 

Oar a eutae oe 
fe} oy fey 

(e) oe) 

O10 Mericia ao SOMO 5 
(e) @) 0° oO e) Oo 

(6) 1 @) fe) Oo (@ fe) \@) (e) 

0 00°000000 
FIGURE 16-4 

Penetration of a medium by atoms 

as the effective radius of each molecule, 7; = r2 = d/2, and the cross-section 

become 

o = 7rd? 

Using the constants for oxygen, we would estimate 

o = 71(3.6 X 10-° m)? = 4.07 K 10-" m? 

With the knowledge of the cross-section, we are able to find out how 

far a particle will travel before it collides with another particle. We 

realize that chance determines the length of free path. Some particles will 

collide immediately, others will go great distances before striking another. 

We can deduce the average of the free paths, or mean free path, as follows. 

We allow a particle to cross a unit area of a boundary of a rarefied gas 

containing N targets per unit volume (Figure 16-4). The area seen in that 

volume is No, so the chance of colliding is the ratio of target area to total 
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area, or Na/1, assumed to be a small fraction. Now to be sure of colliding, 

probability 1, the projectile must go a distance of 1/No, which is the mean 

free path \. Thus 

‘= NG (mean free path) 

Our derivation, although it gives us the correct answer, is questionable if 

there are so many particles that they ‘‘shadow” each other. 

Instead of using the unit volume, let us select a thin layer of targets 

of unit area, thickness Az, at any location z in the medium. On the front 

face, the current is j, and the chance of collision is VeAxr/1, so the number 

of collisions in the layer is 7NcAz. The reduction in current is thus 

Aj =—jNoAxz 

This equation, involving a change in a quantity that is proportional to the 

quantity itself, appeared before (Section 5-8). If jo is the current at the 

origin, c = 0, then 

J — Bt cir 

This attenuation formula, plotted in Figure 16-5, indicates that the stream 

drops off exponentially with distance of penetration. We can now find the 

average distance © that a particle goes by finding the total distance all 

particles travel and dividing by the original number of particles—i.e., jo. 

As expected, this average distance turns out to be 1/No. This is the mean 

free path found previously, being the average of all the free flights through 

the medium prior to collision. The result is more generally applicable than 

just to the specific experiment used to derive this formula. A particle 

moving an any direction through a substance will go a distance \ between 

successive collisions. Whether the particle started a free flight at « = 0 or 

at any position is immaterial. Notice that at depth = = 1/No the particle 

current has been reduced to j(€) = joe! or jo/e = jo/2.718, as shown in Fig- 

Jo 

Current j 

| 
| 
| 
| 

0 x =X 

Distance x 

FIGURE 16-5 

Exponential variation of current density 
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ure 16-5. In O» at normal temperature and pressure, V = 2.69 X 1075/m3, 
No = 1.10 X 107/m, and the mean free pathis\ = 1/No = 9.1 X 10-8 m. 
This is seen to be very small—it would require 10 million such paths for a 
molecule to go a distance of 1 meter. From another viewpoint, \ is only 
about 250 times as large as a molecule itself. : 

We can now find how short a distance gas particles in a stream go 
without making collisions, using j(x) = joe-¥’*. For example, in a distance 
as small as 1 millimeter, x = 0.001 m, the exponent is Nox = (1.1 X 107) 
(10-*) = 1.1 X 104, and j/jo = e-° which is zero for all practical 
purposes. 

16-3 PARTICLE DIFFUSION 

We are now ready to look into the process of particle diffusion, by 

study of a simple experiment. If we blow through a drinking straw, there 

is obviously a flow of air through it because the pressure is higher at one 

end than the other. We have no control over the molecules within the tube, 

so it is their own motion that provides the flow. Picture a small area 

perpendicular to the tube, as shown in Figure 16-6. The air molecules in 

their chaotic motion cross the area in both directions, as indicated by the 

arrows. Let 7+ be the number of molecules each second crossing a unit area 

in the positive x-direction and j_ be the corresponding number in the 

negative direction. We can deduce what these currents depend on by 

examination of the details of the process. First, suppose that there was a 

completely uniform distribution of atoms in the space. With a particle- 

number density n and speed 2, if all were moving freely in the positive 

direction, 7+ would be simply nv. However, some make collisions before 

they reach the plane, and also are traveling in various directions, so the 

current is smaller, actually* nv/4. The same number crosses from the 

opposite side, and so the net current 7 = 7+ — j_ is zero. Now we return to 

the case in which there are more molecules on the left than on the right, as 

in Figure 16-6. Over a distance Az, the particle-number density changes 

from n to n + An. It is the difference An that gives rise to a net flow. We 

can readily see that the larger the ratio of mean free path \ to the distance 

Az the easier it is for particles to get to the area; and that the higher the 

speed v, the more will be crossing. When one takes account of the fact that 

particles are moving in many different directions (see Appendix 3), the net 

current 7 = j+ — j— is found to be 

* To arrive at the factor 4, a sum of all the particles that reach the plane without 

suffering a collision, and are aimed in the right direction to cross it, is formed by the 

process of integration. 
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Tube 

The dependence on A/Azx and An agrees with our deduction. The negative 

sign merely guarantees that 7 is positive when An/Az is negative—that is, 

if the density drops as x increases. The name diffuston coefficient, labeled D, 

is applied to the factor depending on material properties: 

De x (diffusion coefficient) 

Let us estimate D for argon gas at temperature 273°K, using a 

molecular diameter d = 3.4 X 107! m, o = rd? = 3.6 X 107° m’. Then, 

with atom-number density N = 2.69 X 1025/m’, the mean free path is 

\ = 1/No = 1.02 X 10-7 m. The speed is computed from v = V3kT/m 

(Section 14-2), using k = 1.38 X 10-*8 J/°K and m = (39.4) (1.67 X 107°”) 

= 6.58 X 10-%°kg. This gives v = 415 m/sec. Finally, D = 0/3 = 

14 < 107° m*/see. 

Out 

Ye ape 

Direction of flow —= 

FIGURE 16-6 

Density variation and diffusion of particles 

For simplicity, we assumed in the above treatment that all particles 

had the same speed v. There is some logic in using this approximation, 

since the effects of particles of speed higher than the average of the distribu- 

tion tend to compensate for the effects of those with lower speed. 

16-4 TRANSFER OF ENERGY AND MOMENTUM 

The diffusive flow of particles when the concentration of material 
varies with position is only one of several types of transport. The phe- 
nomena of heat conduction in gases, viscosity effects, and electric-charge 
conduction may be treated as extensions of the process of particle diffusion. 
Let us start by examining the situation in an insulating space between two 
walls of a house, as in Figure 16-7. Let the outside wall be at a low temper- 
ature, as in winter, and the inside wall be warm. Molecules of air tend to 
share the temperature of the nearest surface; hence there will be a tempera- 
ture variation with position x. Recalling the connection between energy 
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FIGURE 16-7 

Temperature variation across insulating 

gas layer 

and temperature (Section 14-2), we find a corresponding variation with 

position in the average energy of gas molecules. 

Now let us examine flows due to random motion across a unit area 

parallel to the walls. Those crossing from left to right are of higher energy 

on the average than those crossing in the opposite direction, hence there is 

a net transfer, and heat is conducted across the gap. 

As another example, imagine a flow of fluid such as air being forced at 

some speed v; between two parallel walls, as in Figure 16-8(a). Such an 

arrangement might correspond to a method of cooling the two surfaces; 

also, it is similar to the flow in a pipe. Because of friction, we would expect 

the speed to be higher near the center of the space and smaller toward 

the walls. The vector arrows in the figure indicate this trend. In addition 

to the airflow speed v,, there is the kinetic speed v of the particles, associated 

with the random thermal agitation of the molecules. The velocity of any 

particle is thus the vector sum of the two velocities v; and v. Consider a 

particle from the center of the stream that crosses the plane, as in Figure 

Plane surfaces Plane area 

/ 

iA 
i 

/ 
i 

ie 

/ ~ 
/ N 

iB ~~ 

v 

i 
Large a 

Small 

Center of stream Side of stream 

x 

(a) Flow velocity variation (b) Transfer of momentum 

FIGURE 16-8 

Flow of fluid between parallel plates 
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16-8(b), and compare it with another that crosses from the more slowly 

moving side of the stream. We see that more momentum is transferred to 

the right than to the left. Such a net transfer of momentum corresponds to - 

a force, according to Newton’s second law. This force is that of viscosity, 

where adjacent layers of a flowing fluid tend to exert a “drag” effect on each 

other. 

The rates of heat conduction H and the viscous force F can be 

described by simple relations that are very similar in form to that for 

particle diffusion. There is a dependence on the rate of change of tem- 

perature 7’ with position or the rate of change of flow speed vy with posi- 

tion, each with a numerical coefficient. Extending the ideas in our previous 

derivation for diffusion, we visualize that each particle carries with it 

some quantity g as it crosses a selected plane area. For heat transfer, we 

let q be proportional to kT’, which has the units of energy; for viscous 

effects, we let ¢ be proportional to mz,, the flow momentum. Instead of n 

as in the diffusion expression, we use ng, and propose that the net flow be 

written 

_ _dv A(ng) 
Sh ea ae Ag 

The results are shown in Table 16-1, which is a summary of the several 

transport processes. The new symbols are: H, the rate of flow of energy per 

unit area; x, the thermal conductivity; F, the force per unit area; and n, the 

viscosity coefficient. 

TABLE 16-1 

TRANSPORT OF PARTICLES, ENERGY, MOMENTUM, AND CHARGE 

QUANTITY 
Process TRANSFERRED VARIABLE FORMULA Units CoBFFICIENT 

sii Particles Concentration jy = —D = 1/m*sec D = = 

sii: nutite sae ee Temperature H = —x ar J/m*sec «= wal 

Viscous drag Momentum Flow speed F = —n ay N/m? 7 = em 

Charge flow Charge Potential t= ear C/m*see - = eee 

For argon gas, using constants from a previous paragraph, we can 
readily compute 

dunk _ (1.02 X 107") (415) (2.69 X 105)(1.38 10-2) 
3 3 

5.2 & 10-* J/m-sec-°C ll 
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and 

Aes honm _ (1.02 X 10~7)(415) (2.69 X 1025) (6.58 x 10-25) 
ot 3 

= 2.5 X 10-> kg/m-sec 

16-5 TRANSFER OF ELECTRIC CHARGE 

Let us consider a space between parallel plates that contains a gas 

and some singly charged particles (Figure 16-9). When an electric field is 

produced in the region by a battery or other electrical supply, a flow of 

electrical current takes place that is the product of the particle current and 

the charge on each particle, 7 = je. Such an arrangement can serve as a 

detector for radiation or particles emitted in radioactivity. 

Our transport viewpoint may be used to find the dependence of 7 on 

the strength of the electric field &. Here we use an indirect approach, first 

finding a value of a hypothetical particle-concentration change that would 

yield the same flow as does the actual electrical-potential change between 

the plates. Suppose that the quantity q transported (see Section 16-4) is 

in general the combination 

q=kT + Ve 

where we note that both terms have the meaning of energy. Compare 

particle flows in two special cases: 

1. Particle-density variation only; potential V = 0 and no tempera- 

ture variation: 

_ rokT’ An 

SAD, 

2. Potential variation only; no particle concentration or temperature 

variations: 

FIGURE 16-9 

Charge flow in gas—particle detector 
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The particle-density variation An/Ax that would give the same flow as 

provided by the potential variation is thus seen to be (ne/kT) (AV /Azx). 

Inserting that in the formula for diffusion (Section 16-3), and then letting 

= —(AV/Az) andi = ge, yields 

t= 06 

where the electrical conductivity* is 

un 

~ BkT © 
g 2 

(For completeness, we include these results in Table 16-1.) It should be 

noted that this expression holds for conduction in gases, but not for 

conduction in metals, where new interactions take place. 

The current in the above formula is directly proportional to the 

electric field, as we might expect. The formula is one form of Ohm’s law, 

which is very widely used in the study of electrical currents. For the 

description of electrical discharges in gases, a slightly different expression is 

convenient. The current density 7 can be written as 

1 = Nae 

where vq is the ‘‘drift”’ speed of the no particles per unit volume, each with 

charge e. Comparing formulas, 

§ De ; 
ve = ae = if & (drift speed) 

Now, we define the ratio of speed to field as the mobility u = De/kT. 

More than one force creates the motion of charges in gaseous electric 

discharges and in the semiconductors found in a transistor radio. Varia- 

tions with position of both particle density and potential give rise to a 

combined force, and the resulting current is 

: d 
= —eD F + myet 

The flow of positive charges is implied here. 

It is instructive to compare speeds in various situations, using the 

argon data of Section 14-3. First, in argon gas there is the kinetic speed, 

415 m/sec. Next, let us find the final speed of argon ions accelerated in 
vacuum through a gap of 0.01 m with potential difference V = 100 volts. 
Then, the energy gain is Ve = 4mv? andv = V2eV/m = 2.2 X 104 m/sec. 

* The symbol o is used for surface-charge density (Section 6-2), for cross-section 
(Section 16-2), and for conductivity. This is another example of the inadequacy of 
notation. 
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Finally, the drift speed of ions through argon gas in a field § = 104 V/m is 

ede] (4 X 103) (60X10) (405) : 

kT (1.88 10-28) (273) = 6.0 m/sec Va 

This is very small because the ion flights are continually interrupted by 
collisions, and little progress is made. 

The similarities in mathematical forms for the transport of particles, 
thermal energy, momentum, and charge suggests that the constants D, x, 

n, » and o for a substance may be related (see Problems 16-22 and 16-23). 

16-6 HEAT TRANSFER IN SOLIDS, 

LIQUIDS, AND GASES 

The energy of thermal motion is found to be transferred in solid and 

liquid bodies according to the same rule as for gases, H = —x(AT/Az), 

where «x is the thermal conductivity. 

Consider this simple experiment: a thin metal rod of length LZ and 
cross-sectional area A is heated continuously at one end by the flame from 

a laboratory Bunsen burner, with the other end dipped in a large beaker of 

water (Figure 16-10). The heated end and the cooled end are at different 

temperatures 7, and 7, and there is a linear variation of temperature 

Metal rod length L 

FIGURE 16-10 

Conduction of heat in metal rod 
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along the rod. We assume that the rod is insulated by some nonconducting 

material or by a vacuum, so that heat only flows along the z-axis. The rate 

the temperature changes with position is AT’/Az = (T, — T2)/L = AT/L, 

so that the amount of heat energy transferred by conduction each second 

through a unit area is x(AT/L). In a time t, through the rod area A, the 

total amount of heat transferred is then 

ckAATt 
ie L 

The units of Q are 

(J /m-sec-°C) (m2-°C-see/m) = J 

as expected. Table 16-2 gives values for x for typical materials. Even 

though we used a thin rod in the above experiment, we would find the same 

dependence for a sheet of metal or a wall. The only requirement is that 

there be no flow perpendicular to the x-direction. 

As a numerical example, find the heat transferred per minute through 

a silver rod of 0.5-cm diameter (area 2.0 X 10-° m?), 0.25 m long, with 

temperatures at the ends 100°C and 20°C: 

Or 
cAATt — (420)(2 X 10-*)(80)(60) _ en = 100 T 

0.25 

Let us compare the heat lost from a house per unit area through glass 

windowpanes (x = 0.8; thickness, 0.003 m) and through concrete walls 

TABLE 16-2 

THERMAL CONDUCTIVITIES 

SUBSTANCE x (J /m-sec-°C) 

Air 0.023 

Asbestos 0.17 

Aluminum 200 

Concrete 1.0 

Copper 380 

Glass 0.8 

Ice 2 

Tron 60 

Rock wool 0.04 

Silver 420 

Water 0.60 

Wood, pine 0.1 

Conversions: 

1 Btu/ft*hr-°F/in. = 0.144 J/m-sec-°C 

1 cal/em-sec-°C = 418.5 J/m-sec-°C 
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(x = 1.0; thickness, 0.12 m). We assume that the temperature inside is a 
normal 20°C, and outside is freezing, 0°C. For glass, the loss per second is 

g — (08)(1)(20)(1) 
0.003 = 5300 J 

For concrete it is 

g = &.00)20)a) 
0.12 = 167 

From these results we can appreciate why the air is colder near a window 
than near a wall, and why two glass panes with an air space between them 
give good insulation. 

16-7 CONVECTION OF HEAT 

.-— The conduction of heat is poor in liquids and gases, in which the 

mechanism of convection is responsible for most of the heat transfer. This 

process involves motion of large amounts of fluid due to temperature 

differences and buoyancy. Natural or free convection is a circulation that 

takes place automatically when a fluid is in contact with a hot surface; 

forced convection involves a flow of fluid over the surface that continually 

sweeps away heated particles. 

We know that hot air rises and that cold air settles in a room. This is 

due primarily to the lower density of the heated gas, which causes it to be 

buoyed up. A circulation in a room takes place when air is heated on 

contact with a “radiator” and rises, comes in contact with walls and cools 

down, then becomes more dense and sinks toward the floor. We also know 

that there is a cooling of surfaces by flow of a fluid. A breeze on a hot day 

will cool our face, or a strong north wind in winter can remove body heat 

very rapidly. The passage of air over the radiator coils of our moving car 

takes away the heat developed in the engine. 

From a molecular viewpoint, the process is easy to visualize but hard 

to describe precisely. Molecules of air strike the heated surface, gain 

energy (at the expense of the surface), and move on with the stream. We 

can suggest properties of the cooling agent and boundary that might be 

important in increasing the rate of heat transfer: 

high velocity (heated fluid replaced quickly) ; 

large specific heat (heat absorbed with small temperature rise) ; 

large conductivity (ability to transfer heat well) ; 

high degree of internal motion (much exchange of fluid) ; 

large surface area (much contact with fluid); 

large difference in temperature between surface and fluid (good local 

conduction). 



446 

TRANSPORT 

PHENOMENA 

Yy 

The amount of heat transfer AQ between surfaces at temperatures T; 

and T> in a time interval At is written in the convenient empirical form 

AQ = hAS(T, — TeyAt 

where the direct dependence on surface area and temperature drop are 

displayed, and hf accounts for all other factors in the above list. This 

proportionality constant, called the heat-transfer coefficient, is expressed in 

units of J/m?-°C. It depends on the substance through its specific heat, 

conductivity, and density. It also varies with the fluid speed and turbu- 

lence, and the shape of the fluid passage. Experimental measurements lead 

to tables of data, graphs, or empirical formulas for h. 

The proportionality to the temperature difference was observed by 

Newton, and the dependence is called Newton’s law of cooling: 

Q~ AT 

Heat transfer may be steady or time-dependent. Imagine the following 

experiment. A solid of mass M is raised to a high temperature 7, and 

allowed to cool in air, suspended in such a way as to prevent conduction 

loss (Figure 16-11). We know that its temperature T falls until it eventu- 

ally reaches that of the air, T,. Let us estimate T as it depends on time. 

Mass M 
Initial temp. 

Th 

FIGURE 16-11 

Heat transfer by convection 
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Conservation of energy requires that the flow of heat to the surround- 
ing air be equal to the change in the internal energy of the solid. Then, 

cMAT = —hS(T — T,)At 

Suppose that we let the air temperature be zero, knowing that its actual 
temperature can be added to any value we obtain by solving the above 
equation. Letting the “time constant” 7 be an abbreviation for cM /hS, 

We have solved similar equations several times before (e.g., in Section 5-8). 
If T = T, at ¢t = 0, then 

1 SS igus 

The equations tell us that the rate of cooling is high initially when T is 

large, but that the rate gets quite small as 7 approaches zero, the tempera- 

Temperature 

FIGURE 16-12 

0 Time Cooling in air—Newton's law 

ture of the surrounding air. The quantity 7 tells how long a time is required 

for T to fall by a factor of e. A plot of temperature is shown in Figure 16-12 

(with the actual air temperature included). 

If the amount of surface area per kilogram of material is large, as 

would be the case for a flat plate, the smaller is tr, which means that the 

exponential curve drops rapidly with time. The larger the heat transfer 

coefficient h, the smaller is r, as expected. 

Experimental comparisons between heat capacities C = cM of two 

liquids (subscripts 1, 2) can be made by immersing identical hot objects 

(subscript 0) in them. The ratio of time ¢, to time & for the liquids to reach a 

specified temperature is 

th Ci + Co 

to C2+Co 
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Newton’s law of cooling by convection is the dominant description so 

long as the temperature difference AT is relatively small. When the surface 

is raised to very high temperature compared to the surroundings, a new 

process of heat transfer by radiation becomes important. This mechanism 

involves electromagnetic waves, and we shall reserve discussion of it until 

Chapter 18. 

16-8 THE SPEED OF VISCOUS LIQUIDS 

The viscosity coefficient » determines how much pressure difference 

is required to create fluid flow through a pipe. The difficulty in pouring a 

thick liquid such as cold syrup from a bottle suggests that this pressure 

varies directly with n. Study of Table 16-3 reveals several points of inter- 

TABLE 16-3 

VISCOSITIES 

MATERIAL TEMPERATURE (°C) n (kg/m-sec) 

Hydrogen 0 0.84 X 10-5 

Carbon dioxide 0 1-40, 561055 

Air —32 1.0420 1055 

0 Lil a1 

18 1.83 X 10-* 

Water 0 To Lg 

20 1.00 103 

Mercury 0 1.68 

20 1.55 

Light machine oil 16 0.114 

100 0.0049 

Glycerin 0 12.1 

20 1.49 

est. Comparing 7 for H: and air, we see that the viscosity of gases increases 

with mass, as predicted by our formula (Section 16-4); water is much less 

viscous than liquids such as glycerin or oil; the viscosity decreases sharply 

with increasing temperature. The necessity in winter for the motor and the 

oil of a car to warm up before parts move freely is a good illustration of the 

latter point. 

Picture the flow of a liquid in a horizontal circular tube of radius R 
and length AL, as in Figure 16-13. Familiar examples might be a section of 
garden hose, or household water piping, or oil pipeline. In order to main- 
tain continuous flow, a pressure difference AP must be maintained between 
the ends. The fluid will move in streamlines, with the highest speed along 
the central axis of the tube and zero speed at the inner wall. The average 
speed of liquid is directly proportional to the pressure drop and to the pipe 
cross-sectional area, and inversely proportional to the length of pipe and 



FIGURE 16-13 

Viscous flow of liquid in a circular tube 

to the viscosity. By the use of the calculus, as a slight extension of methods 
used in Section 2-3 to obtain distance as a function of time, it is found that 

the average speed of fluid in a circular pipe is given by the formula 

Similar relations can be derived for ducts of other shapes. Only the numeri- 

cal factors are different. It must be noted, however, that if the speed of 

fluid is high, the phenomenon of turbulence sets in, and such streamline 

flow no longer occurs. 

PROBLEMS 

16-1 Compute the cross-section and mean free path of high-speed helium 

atoms that are injected as a stream into air at 100°C and atmospheric 

pressure. Assume that the diameters are dy. = 2.6 X 10-!°m and dir = 

3.7 * 10-?° m. How far, on the average, will the atoms go before colliding? 

16-2 Calculate the potential energy of attraction between two oxygen 

molecules separated by a distance of 3.6 X 10-* m, which is 10 times the 

diameter of one molecule. Compare with the value at d = 3.6 X 107-" m. 

16-3 To measure the air density in the rare upper atmosphere, a stream of 

charged particles is projected across a gap and the transmitted current is 

measured. Assuming a cross-section s = 4 X 10~!* m? and a gap of 0.01 m, 

estimate the air-particle density if the current is reduced by a factor of 2, 

noting that e~°-®%? = 0.5. How does this compare with the density at sea 

level? 

16-4 Radioactive argon atoms are released from a plane surface at a 

definite rate and diffuse through argon gas to another parallel surface, 

where they are absorbed. If the measured drop in particle density is from 

2.7 X 10”/m to zero in 0.015 cm, and the rate of flow is 6 X 10!2/m?-sec, 

what is the value of the diffusion coefficient? 

16-5 A container of volume V at initial pressure Po is immersed in a 

vacuum. If a hole of area A is opened, the inside pressure varies with time 

449 
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as P = P,e~4*"/4”, where v is the average particle speed in the gas—e.g., 

500 m/sec for air. If a meteorite punctures a 0.005-m*-area hole in a space- 

craft of volume 100 m3, how long will it take the pressure to drop to > 

atmosphere? 

16-6 What would you expect the ratio of thermal conductivities of 

diatomic to monatomic gases to be? 

16-7* Calculate the electrical conductivity for argon ions in argon gas at 

2 atm pressure and 100°C, assuming particle diameters of 3.4 X 107" m. 

16-8 The measured mobility of helium ions in helium at atmospheric 

pressure is 0.09 m?/V-sec. (a) Find its value at 1.5 atm. (b) Find the length 

of time it would take an alpha particle to cross a particle detector with 

potential difference 800 V across a gap of 3 cm, if the pressure were 1.5 atm. 

16-9 Estimate the transport constants D, x, and » for neon gas (atomic 

weight 20, d = 2.95 X 10-'° m) at 0°C and atmospheric pressure. 

16-10 Using the diffusion coefficient for neon calculated in Problem 16-9, 

compute the mobility and then the drift speed of singly charged neon ions 

in a gap of width 2 cm across which a potential difference of 2500 V is 

maintained. 

16-11* Compare numerically the conduction-heat loss through two types 

of wall—(a) solid concrete, and (b) equal layers of concrete, rock wool and 

concrete—assuming the total thickness and temperature differences to be 

the same. Suggestion: First show that the ratio of heat flows is os Fea 

16-12 Which is a better insulator for heat transfer—an air gap of 0.05-m 

width or a wooden panel 0.2-m thick? 

16-13 The ends of a circular iron rod of radius 0.007 m and of length 

0.5 m are maintained at 0°C and 100°C by contact with ice and steam, 

respectively. If the sides are insulated, how much heat flow per second 

takes place? 

16-14 The interior of a spaceship chamber with aluminum wall 0.03-m 

thick is kept at 25°C, and the outside is at absolute zero. Estimate how 

many watts a heater would have to provide to balance the conduction loss 

from a total surface area of 24 m?. Comment on the practicality of a space 

capsule of this construction. 

16-15 The following temperature data were taken on a body in air at 
room temperature 25°C, of surface area 0.2 m? and heat capacity cM = 
6 keal/°C: 

t (sec) iG) 

0 250 
60 200 

120 165 

Estimate the time constant for cooling 7 and the heat-transfer coefficient 
for convection. 
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16-16 Hot water flows through thin metal tubing in a floor heating 
system. What temperature difference is required in order to deliver 15 
watts per meter length of tube if the tube is 0.006 m in diameter and the 
heat transfer coefficient is 40 W/m2-°C? 

16-17 When coffee is poured, you have a choice of adding cream and 
sugar at once or waiting until you are ready to drink it. Which will insure 
the higher final temperature? Why? 

16-18* Investigate the following natural phenomena and relate them to 
principles discussed in this chapter and in Chapter 13: (a) jet stream, 
(b) gulf stream, (c) tornado, (d) hurricane, (e) flow from a nozzle. 

16-19 A pump for oil is to be chosen for transferring oil in Antarctica, 

where temperatures go as low as —60°C and where the viscosity is very 

high, » = 40 kg/m-sec. Find the pressure drop in N/m? and lb/in.? 

required to obtain an average flow speed ¢ of 0.5 m/sec in a pipe of 0.02-m 

APR? 

AL 8y 
16-20* Stokes’s law states that a small spherical object of radius r moving 

slowly with speed v through a viscous medium experiences a force of 6rnrv. 

(a) Show that the limiting or terminal speed of fall of an object of density p 

(when the viscous force is equal to the weight of the sphere minus the 

radius and 3-m length, assuming that 7 = 

buoyant force) in a medium of density po is given by Umax = <. (p — po)r’g. 
0 

(b) Calculate vmx in water at 0°C, for a steel ball of radius 0.006 m and 

density 7.8 X 10% kg/m. (c) Find vmax in air at 0°C for sphere of density 

1000 kg/m* and volume 1.5 m*. How accurate would you expect this 

result to be? 

16-21* Verify the following transport ratios: (a) diffusion coefficient to 

mobility, D/u = kT'/e (Einstein’s relation); (b) electrical conductivity to 

mobility, o/u = ne; (c) thermal conductivity to viscosity, x/n = k/m= 

c,; (d) thermal conductivity to electrical conductivity, x/o = (k/e)?T 

(Wiedemann-Franz law). 

16-22 Calculate the ratio of thermal to electrical conductivities at room 

temperature, using the Wiedemann-Franz law (Problem 16-21). 

16-23 Transport concepts are often applicable to solids as well as to 

gases. If copper and porcelain are respectively good and poor conductors 

of electricity, discuss their predicted ability to conduct heat (note the 

results of Problem 16-21). 



ELECTRICAL AND 

MAGNETIC PROPERTIES 

OF MATTER 

The importance of electricity in our modern civilization is obvious—in the 

home it provides light and heat and operates many devices; in industry it 

drives machinery, controls automatic processes, and provides heat for 

chemical reactions; in communication it makes possible the operation of 

the telephone, telegraph, radio, and television; in~-scientific research, it 

permits the detection and measurement of signals of many kinds. During 

the many years before the atomic basis of electricity was discovered a 

variety of experimental rules and recipes was developed. 

In previous chapters, we examined the concepts of electric and 

magnetic fields in a vacuum as produced by fixed or moving charges. When 

atoms of matter are present, with their charged electrons and nuclei, there 

will be an interaction between the charged particles and the fields due to 

atoms and the externally applied fields. The study of these interactions 

from the fundamental-particle viewpoint is the subject of this chapter. 

17-1 MOTION OF ELECTRICITY 

IN MATERIALS—RESISTANCE 

The main facts and ideas on which our study of electricity is based 
are the following: 

1. The electron, which possesses 1 basic unit of electrical charge 
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(1.60 Xx 10-" C) is the principal agent in electrical-charge flow. It is 
relatively free to move under the influence of electric and magnetic fields. 
Protons and other nuclear particles are much less mobile than electrons. 

2. Electrons and other charges can have momentum and kinetic 
energy as individual particles. Work is done on and by charges as they 
interact with electric and magnetic fields. 

3. Charges may be deposited electrostatically on surfaces of insulating 
and conducting materials, or they may stream through a vacuum, or 
migrate with many collisions through gaseous, liquid, or solid materials. 

4. Magnetism is due to charged-particle currents, both on a large 

scale (as in the electromagnet) and on a submicroscopic scale (as in atoms 

and nuclei). Electrons are the main agents of magnetism, but positive and 

negative ions may participate also. 

5. Changes in magnetic fields with time give rise to electric fields that 

can drive charges along certain paths. 

--—~ As part of our study of transport of electrons in gases, we derived 
Ohm’s law, which states that electric current is proportional to the electric 

field and depends on the material’s conductivity. Early workers attempted 

to carry this analysis over to solid metallic materials, where a similar 

dependence had been noted. The similarity is only superficial, however, 

because conduction in metals is more correctly described by the use of wave 

mechanics. 

The strength with which electrons are bound to atoms in a solid 

depends greatly on the type of material. Some materials, such as copper or 

silver, have many free electrons that can serve to carry current; while 

others, such as quartz or porcelain, have very few free electrons and do not 

conduct electricity appreciably. Materials at these extremes are called 

respectively conductors and insulators. Between them are the semiconductors 

that form the basis for the transistor, tunnel diode, and integrated circuits 

of modern electronics. The number of free electrons increases in all ma- 

terials as the temperature of the substance is raised, since more energy is 

available for the electrons to escape from the bonds provided by the positive 

nuclei. We shall reserve further discussion of the distinctions between 

these classes of material until Section 17-6, where a more detailed atomic 

picture will be developed. 
To reveal some practical aspects of electricity and matter, let us 

perform three basic experiments. In the first experiment, we connect a 

source of potential difference V—say, a flashlight battery—to a length of 

thin copper wire, as in Figure 17-1. By use of a meter we measure a steady 

current I. If we increase the voltage by adding more batteries, the current 

goes up proportionately. Ohm’s law describes this effect: 

= u er V=JIR (Ohm’s law) 



Electrons 

Copper wire 

Potential difference Current I 

FIGURE 17-1 

Application of Ohm's law, V = IR 

where the resistance R is a measure of the difficulty in sending charges 

through the particular sample of wire. The unit of resistance is called the 

ohm, after G. S. Ohm, an electrical researcher of the early nineteenth 

century. For example, if V = 1.5 volts and J = 0.03 ampere, R = V/I = 

(1.5 V)/(0.03 A) = 50 ohms. We find that if we double the length of the 

copper conductor, the current is halved; if we double the area through 

which charges flow, the current doubles; if we use another metal, the 

resistance is found to have a different value. 

All these results can be explained by proposing that the ability of 

each substance to conduct electricity is measured by an electrical con- 

ductiwity o, and that the flow of electrons per unit of area is proportional to 

the electric field within the wire according to 

1 — 0G 

(This has the same form as the expression derived in Section 16-5.) Now, 

if the total current through the cross-sectional area A is J = 7A, and if the 

field is uniform along the length of wire /, then & = V/l. Combining, 

r=%y 

The direct and inverse dependence of current on A and 1 respectively is 
verified. Now, if we let R = 1/(cA), we obtain Ohm’s law, I = V/R. It is 
important to note the assumption that the field is uniform within the 
material, because in circuit elements such as the vacuum tube this is not 
true, and Ohm’s law does not hold. 

Using the formula o = 7/8, the units of conductivity are found to be 
A/V-m = (ohm-m)-}. 
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The reciprocal of the conductivity, 1/a, is called the resistivity p, with units 
of ohm-meters. From measured data on p, such as in Table 17-1, the 

TABLE 17-1 

RESISTIVITY VALUES 

MATERIAL p (ohm-m) 

Glass 9 X 10H 

Mica 9 X 1018 

Taye Fused quartz 5 X 1016 

Porcelain 3 X 1012 

Hard rubber 1 X 1016 

ater. distilled 5 X 103 

( Aluminum 2.6 X 1078 

Copper iletf >< Or! 

Conductors 4 Iron Opal Om4 
Platinum ith X< KGre 

LNichrome AO S< UO? 

resistance of a wire of known length and diameter can be calculated. For 

example, No. 12 wire such as used in household circuits has a diameter d of 

2.6 X 10-* m, and thus an area rd?/4 of 5.3 X 10-' m®. A 15-m length of 

copper wire, p = 1.7 X 10~* ohm-m, thus has a resistance of 

mn pL = (1.7 X 10-8 ohm-m)(15 m) 

A ape Oe a4 
Rk = 0.048 ohm 

Combinations of Resistances 

An arrangement of resistance elements in a circuit can generally be 

viewed as a combination of groups in series or in parallel. The equivalent 

single resistance in each case is readily deduced. In Figure 17-2, the total 

voltage drop V in a serves circuit is the sum of V; = IR, and V2 = IR, the 

current being common. If we let V = JR where F is the equivalent re- 

sistance, then JR = IR; + IRz, or 

R=R,+ Rk, 

This is to be expected, since the longer the path, the greater the resistance 

and the greater the work to carry charge from one end to the other. For 

I 

FIGURE 17-2 

i a Ee 
; ; Resistors in series 



FIGURE 17-3 

V Resistors in parallel 

any set, by extension, 

R=DR; (series) 
1 

For example, if a set of 6 lightbulbs, each 0.2 ohm, are attached in series for 

a Christmas tree, the total resistance is 6(0.2) = 1.2 ohms. In Figure 17-3, 

the voltage drop V in a parallel circuit is common to both elements, hence 

is either V = J,R, or V = I.R,. The total current is the sum J = J; + I 

Again let V = IR, where RF is the equivalent resistance; then V/R = 

V/Ri + V/R2, or 

Dinilaceil 
RR, R, 

This is reasonable, since the more choices of path a charge has, the easier it 

can be transported between two points. For several resistors in parallel, by 

extension of this approach, 

no x — (parallel) 

(a) (b) (c) (a) 

FIGURE 17-4 

Combination of resistances 
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If the set of 6 bulbs in the example above were arranged in parallel, then 
1/R = 6(1/0.2) = 30, and R = = ohm. 

By the use of the series and parallel relations, we can calculate the 
total resistance of various circuits. For example, let us find R for several 
combinations of resistors of resistance 1, 2, and 3 ohms, as in Figure 17-4. 
For case (a), the total is R = 1 + 2+ 3 = 6 ohms. For case (b), 1/R = 
1/1 + 1/2 + 1/3 = 1.83 and R = 0.55 ohm. For case (c), the two 
resistances in series add to 3 ohms; then, 1/R = 1/3 + 1/3 and R = 1.5 
ohm. For case (d), the two resistances in parallel combine as 1/R.3 = 

1/2 + 1/3 = 0.833, so that Res = 1.2;chm. Then, the total is 1 + 1.2 = 
2.2 ohms. 

Experimentally, the resistivity of most conductors increases with 

temperature, expressed by 

p = po(l + aAT) 

where po is the resistivity at a specified temperature, and AT is the increase, 

anda is the temperature coefficient of resistivity in (°C)—!. (Note the analogy 

to expansion, Section 13-3.) Values are listed in Table 17-2. The very low 

TABLE 17-2 

TEMPERATURE COEFFICIENT OF RESISTIVITY 

(at 20°C) 

MATERIAL a in (°C)7! 

Aluminum 4.0 X 1073 

Copper 4.0 x 10-3 

Tron Sieh S< DRY 

Platinum BOL Ome 

Nichrome 1640s 

Constantan 20 >G105° 

value of a for constantan makes this alloy of Ni and Cu ideal for precision 

resistors. The resistance of a given wire will increase by the same factor, 

1 + aAT, as does its resistivity. In our example of No. 12 copper wire, an 

increase from 20°C to 100°C yields 1 + aAT = 1 + (4 X 107%)(80) = 

1.32, and the new resistance is R = (1.32) (0.048) = 0.063 ohm. 

Heat Developed in an Electrical Circuit 

As current flows through a resistor, such as a length or coil of wire, 

electrical energy is turned into thermal energy. From the viewpoint of the 

circuit, this energy is lost or dissipated ; from the outside it may appear as a 

source of useful energy—as, for example, in a room heater, an electric iron, 

or a kitchen range. The rate at which electrical energy is converted into 

thermal energy is easily found. The work done in carrying a charge Q 
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Switch 

through a constant potential difference V is VQ. Thus the power, defined 

in Section 8-5 as the rate of doing work, is P = V(Q/t) = VI. By Ohm’s 

law however, V = IR, or R = V/I; hence 

V2 

P=VI=PR= R (heating by a resistor) 

We can view these relations as equivalent to and as basic as Ohm’s law. 

When B is in ohms and J is in amperes, the power is in joules/second or 

watts. For example, suppose a flashlight bulb of resistance 1.2 ohms is 

powered by a 1.5-V battery. The current drawn is J = V/R = 1.5/1.2 = 

1.25-A, and the power is P = [?R = (1.25)*(1.2) = 1.88 W. 

The heating effect can be understood qualitatively on an atomic basis. 

Electrons accelerated by the electric field inside the conductor make 

frequent collisions with the atoms. The speed of drift of electrons in a given 

direction is very small in comparison with speeds achieved between colli- 

sions, which means that much of the electrical energy is converted into 

thermal motion of the atoms that constitute the conductor. 

17-2 STORAGE OF ELECTRICAL 

CHARGE—CAPACITANCE 

Let us now perform a second basic experiment. We connect a source 

of potential difference to a pair of parallel metal plates separated by a gap, 

as shown in Figure 17-5. We shall assume that there is a vacuum between 

the plates. This is the very best insulator, there being no material present 

to conduct charges. We close the switch for a moment, and then open it 

again. A potential difference V remains, as could be measured by an instru- 

Electron deficit +@ coulombs 

Electric | 
field Voltmeter 

Electron excess—Q coulombs 

Charge o per m2 

FIGURE 17-5 

Parallel-plate capacitor 



459 

SECTION 17-2 

Storage of 

Electrical Charge— 

Capacitance 

ment connected between the plates. We deduce that charges have been 
stored on the plates of this simple capacitor (or “condenser”’). Our electron 
model will provide the explanation. Electrons attracted by the positive 
battery electrode have drained off the upper plate, leaving it positively 
charged by an amount Q coulombs. Electrons have deposited on the lower 
plate, to give it a negative charge of the same amount. We find experi- 
mentally that the larger V is, the larger is Q. This is reasonable, because 
the amount of force on the charges depends on V. Thus 

Q = CV 

where Cis a constant, called the capacitance. It measures the “capacity”’ 

of the device for each unit of potential difference. The units of capacitance 

are coulombs per volt (C/V) defined as the farad, in honor of Michael 

Faraday. Since 1 farad is an extremely large capacitance, it is convenient 

to define the microfarad (uF) as 10-® farads, and the micromicrofarad 

_ (upF) or picofarad (pF) as 10-!? farads. 

~~~ Experimentally, we also find that the capacitance is higher the larger 

the surface area. This is to be expected, since there is more area on which 

the charge can deposit. Also, if the gap between plates zx is decreased, C’ 

and thus Q goes up. Let us try to understand this effect. In a space of 

width z an electric field-is set up. Its magnitude, derived in Section 6-2 by 

use of Gauss’s law, is 

& = 4rkgo 

where the amount of charge per unit area iso = Q/A with units C/m’. If 

we carry a unit positive test charge completely around this elementary 

circuit, we must supply work to lift it from the lower plate to the upper; 

but the energy will be recovered as the charge goes through the battery. 

The potential difference between the plates will be the same as that across 

the battery terminals. If the force on the unit charge is & and the distance 

moved is z, the work is 

Veer 

Thus we conclude that V = 4rkgox = 4rkz(Q/A)x. The ratio Q/V is the 

capacitance of this particular form of capacitor: 

a 

< Arkpa 
C (parallel-plate capacitor) 

The above expression verifies the direct dependence on area and the inverse 

dependence on gap. . 

Let us compute C for a small capacitor of area 1 cm’, separation 1 mm. 

Zz 10-4107 

~ 4r(9 X 109 N-m/C?)(10- m) 

=). 89 << 10-% C2/N 

C 
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C = 3%, In (b/a) PO ™ 

Spherical capacitor Cylindrical capacitor 

FIGURE 17-6 

Capacitors 

Since 1 volt = 1 newton/coulomb, the units of capacitance are again found 

to be coulombs per volt, which is the farad. For our example, C is also 

0.89 uF. 

Two other types of capacitors are of interest—concentric spherical or 

cylindrical shells, as shown in Figure 17-6, with capacitance listed. Notice 

that if we let the radius of the outer spherical shell approach infinity, the 

capacitance of the isolated sphere is simply a/kg, which is dependent only 

on the radius. 

Combinations of Capacitances 

The prescription for finding the equivalent capacitances of series and 

parallel arrangements of capacitors—Figure 17-7(a) and (b)—is opposite 

to that for resistances, as follows: 

2 ra (series) 

= 2) ¢; (parallel) 

The two equations are easily derived. In Figure 17-7(a), the total voltage 
drop V is the sum of Vi = Q/C; and V2 = Q/C2, where the amount of 
charge is common. If we let V = Q/C, where C is the equivalent capaci- 
tance, then Q/C = Q/C; + Q/C2, which reduces to the series formula. In 
Figure 17-7(b), the total charge is the sum of Qi = VC; and Q) = VC2, 
where the voltage drop is common. If we let Q = VC, where C is the 
equivalent capacitance, then VC = VC; + VC2, which yields the parallel 
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2 
C. 

V, 

Cy 

a 

FIGURE 17-7 

Capacitors in series and parallel 

(b) 

1 

Q | 

A, 

V 

(a) 

Fe 

(a) 

FIGURE 17-8 

Addition of capacitances 

formula. This result conforms to expectations: the capacitors in parallel 

provide a larger charge-storage area, hence addition is required. 

Let us study a few numerical examples. First, we find the total 

capacitance for capacitors of 1 uF, 2 uF, and 3 uF arranged in several ways 

(Figure 17-8). For case (a), C=1+2+3 = 6uyF. For case (b), 1/C = 

1/1 + 1/2 + 1/3 = 1.83 or C = 0.55 wF. For case (c), we first combine 

the parallel 2-uF and 3-yF capacitances to obtain 5 uF, then add again by 

the series formula 1/C = 1/1 + 1/5 = 1.2 or C = 0.83 uF. For case (d), 

we first combine the series l-uF and 2-uF capacitances to obtain 0.67 uF; 

the total is then 3.67 uF. 

17-3 EFFECT OF AN ELECTRIC FIELD 

ON INSULATORS—DIELECTRICS 

Let us charge a capacitor of capacitance Cy and then note the effect of 

introducing between the plates some nonconducting substance called a 
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FIGURE 17-9 

Effect of inserting a dielectric in a capacitor 

dielectric (see Figure 17-9). This situation would be encountered if a vapor 

such as mercury were used in a vacuum tube, or if a gas such as argon were 

used in a detector for high-speed charged particles, or if air or a solid filled 

the gap of a capacitor. 

Experimentally, we find that the potential difference between the 

plates drops from a value V» to a smaller value V = Vo/x, where x is called 

the dielectric constant. Since the charge Q is unchanged, we deduce that the 

capacitance has increased from Cp to «Co, or 

k= c (dielectric constant) 
0 

The numerical value of x depends on the material, as shown in Table 17-3. 

Capacitors with large C for electric circuits are formed by rolling 

up sheets of thin metal foil with a layer of insulating material between 

them. The insulating material may be paper, mica, glass, or a metal oxide. 

Advantage is taken of the inverse dependence of C on gap width z. 

TABLE 17-3 

DIELECTRIC CONSTANTS 

MATERIAL kK 

Vacuum 1.00000 

Air 1.00054 

Water 78.5 

Oil 2.2 

Mica 7.0 

HCl gas 1.0046 
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Vacuum 

(a) 

A qualitative explanation of the effect of introducing dielectric 
material between the plates can be deduced. We shall let the inserted 
substance be atomic hydrogen gas in order better to visualize the processes. 
The positive charge on each of the atoms is attracted toward the negatively 
charged plate, the negative charge toward the positively charged plate. 
The bond between the charges is stretched, as shown for one atom in 
Figure 17-10(b). When there are many atoms present, as in Figure 
17-10(c), some of the electrons near the edge of the dielectric are brought in 
close proximity to the positively charged plate, and effectively neutralize 

part of the charge. At the other plate a similar effect takes place. Thus the 

charge density is reduced from op to c. Removal of the gas would restore 

initial conditions, of course. Recalling that electric field between parallel 

plates is proportional to the charge density (Section 17-2), and that for 

fixed separation of plates the electric field is proportional to the potential 
difference, we see that 

aye 
a, 

For the special case of a vacuum, the charge on the plates remains un- 

changed, and thus «x is exactly 1. 

Now let us consider the effects on the atomic bonds. A separation of 

charge, s, is produced in each of the atoms, so the neutral atom becomes an 

electric dipole of moment M = es. We know, from Section 6-3, that a 

dipole produces an electric field, and thus the field between the plates is 

disturbed. If there are N atoms in each unit of volume, the total dipole 

moment per unit volume is NM, which we shall label P, called the polariza- 

tion. Now, P depends mutually on the field strength and how susceptible 

the bonds are to stretching. This dual dependence can be expressed as 

1 

en Arky Xue 

= + - +o <b bt —t = 

= + - $ =F —t = 

= + So) So) - ~ =f —— —-- = 

= + - + =f ft = 

-| To battery + - a 

~ + - + =—+ -+ -t - 

One hydrogen Dielectric, e.g., 
atom H, gas 

(b) (c) 

FIGURE 17-10 

Displacement of charges in a dielectric 
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where x,, is logically called the electric susceptibility. We would suspect some 

connection between it and the dielectric constant x, since both are depend- 

ent on the substance. It is found* that « = 1 + xg. 

Two types of substances must be distinguished : those with a perma- 

nent electric-dipole moment, called polar molecules—e.g., HCl, HxO—and 

those without, called nonpolar—e.g., Ne, C:H2. The effect of an electric 

field is to align polar molecules parallel to the field so that there is a polari- 

zation. In competition with this effect is the thermal motion. The larger 

the field &, the greater the alignment; the higher the temperature T, the 

more random are directions of electric moments; the larger the moments M 

or numbers per unit volume of molecules, NV, the larger the polarization P. 

17-4 MAGNETIC FIELDS IN MATERIALS 

We now perform a third important experiment using the apparatus 

of Figure 17-11. We send a current J through the ring-shaped solenoid of n 

turns per unit length. As discussed in Section 7-3, the magnetic field inside 

is 

Bo = M4arnt 

where the subscript zero implies that there is nothing inside the torus. We 

then turn the current off, fill the space inside with some substance, and turn 

the current on again. The magnetic field is now larger by a factor p, which 

we call the relative permeability: 

An explanation of this magnetic effect in atomic terms involves the fact 

that a circulating current J in a loop of area A has a magnetic moment 

M = IA, as described in Section 9-7. Electrons in the atoms thus act as 

dipoles which produce a magnetic field that can modify that provided by 
the solenoid. 

Let us suppose that each atom in the substance has an effective 

magnetic moment /, and that in each unit volume containing N atoms the 

total magnetic moment is NM, which we shall label 9M and call the magneti- 

zation. Its value depends on the nature of the electron orbits in the 

substance and on the current in the coil. We introduce the symbol 3 = nI 
called the magnetizing “force,”’ and propose that the magnetization is given 

*The number of charges that go from the dielectric to the plates per unit area 
is the number per unit volume times the separation produced, Ns, and the corresponding 
amount of charge o — o is Nse, which is also P. Thus 

0 o—7¢o Arkz 
fmt =] —_—_—_—_— ~= __ = = ar i] 4h P 1+x, 

Cg 
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ad AC 
n turns FIGURE 17-11 

Solenoid in the form of a torus 

by- 

where xy is the magnetic susceptibility. (Note the analogy to electric 

polarization and field.) 

We now wish to relate permeability to susceptibility. This will put 

our large-scale observations on a microscopic or atomic basis. To do so, we 

seek to achieve the same internal field @ by a different experiment. If the 

current in the solenoid without any material inside is increased by an 

amount AJ, the same field @ can be reached as with material inside. Thus 

® = ky4nn(I + Al) 

and hence 

This excess current causes a magnetic moment per turn of (AJ) A, and for n 

turns in a unit length it ism(Al)A. The volume per unit length is A; hence 

the magnetic moment per unit volume (the magnetization) is I = nAl. 

We thus see that 

ow 
pelt aealt x 

Just as elements differ in electrical conductivity and dielectric 

character, they differ in magnetic properties. Some atoms (paramagnetic), 

such as oxygen and aluminum, have unfilled electron shells that give a 

permanent magnetic moment. Others (diamagnetic), such as helium and 

bismuth, respond to applied fields by setting up opposing moments. 

Finally, an exaggerated case of paramagnetism is found in elements such 
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TABLE 17-4 

MAGNETIC SUSCEPTIBILITIES 

SUBSTANCE Xu 

ee 

Helium —2.59 X 108 

Diamagnetic {ove —0.11 X 10° 

Bismuth —1.7 xX 108 

; Platinum +1.65 * 108 

Paramagnetle + aluminum 40.82 X 108 

as iron (ferromagnetism). The magnetic susceptibility xy is a measure of 

these properties (values are listed in Table 17-4). 

Let us examine these types of magnetism in terms of electric orbits in 

the atoms of the substances. Recall from Section 9-7 that the magnetic 

moment of an electron moving with speed »v in a circle of radiusr is M = 

evr/2, and that the ratio of magnetic moment M to angular momentum 

L = mr is M/L = 8.79 X 10! C/kg. According to quantum theory, L 

can take on only certain values that are integer multiples of h/27, where 

h = 6.63 X 10-*4 J-sec is Planck’s constant. The smallest value of L is 

thus 1.05 X 107*4 J-sec, which corresponds to a magnetic moment of 

(8.79 X 10!°)(1.05 X 10-*4) = 9.27 & 10-74 A-m? 

This smallest amount of magnetic moment is called the Bohr magneton, and 

serves as a special unit. 

Paramagnetic substances, such as oxygen, have a permanent mag- 

netic-dipole moment due to the motion of certain electrons in the atoms. 

The directions of the moments are random in a gas or in a solid at high 

temperature, and there is no net magnetic effect. When a magnetic field is 

applied, however, there are torques on each dipole, as discussed in Section 

9-7, and the dipoles tend to be aligned with the field. This is quite similar to 

the effect of an electric field on polar molecules. The larger the magnetic 

field ®, the greater the alignment; the higher the temperature, the more 

random the moments; the larger the atom-number density or the moment of 

each molecule, the greater the magnetization. Curie’s law, which states 

that paramagnetism varies inversely with the absolute temperature, is 

an experimental verification of our reasoning. 
Diamagnetic substances, such as helium, react in opposition to the 

application of a magnetic field. The classical explanation of this effect, 
given by Langevin, starts with the idea that an electron circulates at speed 
v in an orbit of radius r. When a magnetic field ® is applied, directed 
normally to the plane of the orbit, a magnetic force on the charge of amount 
qv is produced. To stay at the original radius, the charge must slow down, 
which reduces the magnetic moment evr/2. Thus the original magnetic 
field due to the circulating electrons is decreased, corresponding to a 
negative susceptibility. 
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Ferromagnetism, found in iron, cobalt, and nickel, is an extreme case 
of paramagnetism. The three elements mentioned have some incomplete 
electron shells that give very strong dipole moments. Average values per 

atom are, in Bohr magnetons, Fe 2.22, Co 1.70, and Ni 0.61. It is rec- 
ognized that there are small regions or domains in these metals with all the 
moments aligned. In an unmagnetized state, the domains are randomly 

oriented; but application of a magnetic field tends to line them up. Above 

a certain temperature called the Curie point, this alignment is lost. Values 

of the Curie point for the three elements are: Fe 770°C, Co 1120°C, and 
Ni 358°C. 

Let us find the increase in field due to an iron core in a solenoid if M, 

the magnetic moment per atom, is 2.22 Bohr magnetons, or 

(2.22) (9.27 X 10-4) = 2.06 X 10-23 A-m?. 

In iron with density 7.88 X 10° kg/m3, N is 8.50 X 10%/m*, Hence the 

magnetization is 

m= NM = (8.50 X 10%/m*)(2.06 X 10-* A-m?) = 1.75 X 10° A/m 

The increase in field is thus 

AG = 4xkyom = (4x X 10-) (1.75 X 10°) = 2.20 Wb/m? 

For ferromagnetic materials, the field ® does not vary linearly with 

solenoid current as in the case of ordinary (paramagnetic and diamagnetic) 

substances. The domains become aligned in steps; once they have become 

oriented with the field, they tend to stay that way, and there is a residual 

magnetism even when the current is brought back to zero. This phenom- 

enon, called hysteresis, is shown in Figure 17-12. The arrows indicate the 

direction in which the changes are made. 

FIGURE 17-12 

Hysteresis in magnetic materials 
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The magnetism of a bar magnet is also due to such alignment of 

domains. So long as no currents are present or the temperature is kept 

well below the Curie point, the magnetism can be considered permanent. 

Ferromagnetic materials are characterized by the relative permeability p, 

some values of which are listed in Table 17-5. 

TABLE 17-5 

RELATIVE PERMEABILITIES 

(maximum values) 

SUBSTANCE Pp 

Iron 5,000 

78 Permalloy 100,000 

Purified Iron 180,000 

Supermalloy 800,000 

In concluding our discussion of the atomic basis of electricity and 

magnetism, we note a great similarity between the roles played by the 

various fields and materials constants, & and ®, xz and xy, P and MM, and 

so on.* This assembly of constants provides the basis for describing 

electric and magnetic effects from the bulk or molecular views, and with 

or without material present. 

17-5 MAGNETICALLY INDUCED CURRENTS— 

INDUCTANCE 

Faraday’s discovery that changing magnetic fields create electric 

fields, as discussed in Section 7-4, forms the basis for the circuit element 

called the inductor. In simplest form, it consists of one or more loops of 

wire through which a changing current passes. A potential difference V 

between the ends of the wire is produced, proportional to the rate at which 

*The complete description involves an additional electric vector called the 
displacement, defined by 

Pepa grrr i 
The permittivity is then the ratio e = D/&, which is also «/4rkg. For a vacuum, where 
«x = 1, e becomes simply 

6) = 1/4rkg 

called the permittivity of free space. Turning to magnetism, the absolute permeability 
is defined by » = @/3C; but since p = @/B and ®y = 4rky3C, we find that » = 4rkup. 
For a vacuum, p = 1, and u becomes 4) = 4rku, the absolute permeability of free space. 
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the current changes, AJ /At. The self-inductance L is defined as the constant 
of proportionality, or the ratio of magnitudes 

V 
Us AI/At 

It depends on the geometric features of the coil, not on current or voltage. 
For each shape, size, and arrangement of current loops there is a partic- 
ular value of L, which can be measured experimentally or calculated. Let 
us find the self-inductance for a long straight solenoid (Figure 17-13). The 
magnetic field is ® = 4rkynI, where n is the number of turns per unit 
length. The flux through each turn is then 6 = @A, and a change in I gives 

a potential difference according to Faraday’s law: 

A® AI 
a Ar = —Arkyn Ait VY= 

In the whole solenoid with length / there are nl turns, and since the loops 

are connected in series the potential differences add. We easily find the 

self-inductance to be L = 4rkynlA for this case. The units of L are volt- 

ed | 

Area A Wire loop 

FIGURE 17-13 

Self-inductance 

seconds per ampere, which combination is called the henry, after Joseph 

Henry. 

As an example, let us find L for a solenoid with n = 5000 turns per 

meter, length 1 = 2.0 m, diameter = 0.03 m, area A = rd?/4 = 7.1 X 

10~* m?. Then, 

L = 4rkyn2lA = 42(1077) (5000)?(2.0)(7.1 X 10-4) = 0.045 henry 

If the current were changed at a rate of, say, AIJ/At = 60 A/sec, the 

magnitude of the induced voltage would be 

Al 
V= Lai = (0.045) (60) = 2.7 V 
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When several inductances are in series, but far enough apart so that their 

fields do not interact, their sum is given by L = > JL,; or, if they are in 

parallel, by 1/L = > 1/L;. This is the same rule as for resistances. 

Mutual Inductance 

When the current changes in one circuit whose flux is linked with 

another circuit, voltages are induced in the latter. Suppose we closely wrap 

two sets of wire about a single hollow cylinder (Figure 17-14), creating one 

solenoid within another. When a current J; passes through the inner one, 

it creates a flux through the loops of the outer circuit that can be written 

Do = MI, 

where M is called the mutual inductance, also measured in henrys. Its 

value is obtained by noting that ®. = 4rkynJ1; and if the outer coil has 

N; turns of area A, the total flux through it is 62 = N.»®.A or 4rkynN2AN. 

Hence, for this arrangement, 

M = 4rkynN.A 

Now, suppose the current J; changes at a rate AJ,/At. This creates a 

potential difference in the outer coil according to Faraday’s law: 

FIGURE 17-14 

Mutual inductance 



l J FIGURE 17-15 

Simple transformer 

single circuit. We can also reverse the point of view and set 6; = MI2, so 

that Vi = —M(AI,/At) is the voltage induced in the inner solenoid by 
current changes in the outer. 

_._-Two circuits connected by a common flux serve as a voltage trans- 

former. The flux is the same through an iron yoke with primary loops and 

secondary loops as shown in Figure 17-15. The voltage in the primary 

varies as V; = —N,(A®/At) according to Faraday’s law, while the voltage 

induced across the secondary is V2 = —N2(A®/At). Dividing equations, we 

obtain Vi/V2 = Ni/N>2. For example, a transformer that ‘‘steps down” a 

voltage of 120 V to one of 6 V must have a ratio of turns Ni/N2 = 20. 

Energy in Electrical Components 

The processes of charging a capacitor or changing the current in an 

inductor require that work be done by the electrical supply; at any instant, 

therefore, a certain amount of energy must be stored in these components. 

We may deduce the amounts by an examination of the processes. 

An uncharged plane capacitor has zero potential difference between 

the plates, while a fully charged capacitor has a potential difference V. The 

work done to bring a unit charge onto the plates for these two cases is 0 

and V, respectively. On the average, during accumulation, the work per 

charge is V/2; or, for a total charge Q it is QV /2. The stored internal or 

potential energy is thus 

U = (energy in a capacitor) 

Alternate forms using V = Q/C are CV?2/2 and Q?/2C. We can find the 

energy density (energy per unit volume) by recalling that the capacitance 

of a parallel-plate capacitor with vacuum inside is 

A 
i 4rkpx 

C 
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If the volume is v = Az and the field is § = V/z, a little algebra shows us 

that the energy density is 

U & 
Vv a Srkz 

(energy density in a capacitor) 

This relation holds for fields in general, even though we derived the relation 

for this particular type of capacitor. If there is a dielectric between the 

plates, the energy density can easily be shown to be x times as large as 

given above. 

A similar development yields the energy and its density for an 

inductor. Let us bring the current up from zero to a value J. The power, 

as the rate of doing work, is AW/At = P = VI; but V = L(AI/At). Thus 

AW = LIAI. This expression is mathematically of the same form as those 

encountered earlier, such as in Section 8-4 (the work required to stretch a 

spring). By analogy, we write down the total work, which is the stored 

potential energy, as 

2 

U= Be (energy in an inductor) 
2 

Let us apply this relation to a particular inductor, the toroidal coil, for 

which the inductance is L = 4rkyn2lA. The field is ®y = 4rkynI, and the 

volume v = 1A. Combining, the energy density without material inside is 

(energy density in an inductor) 

If instead the coil is filled with material of relative permeability p, the 

energy density becomes p times as large as given above. 

17-6 CONDUCTORS AND SEMICONDUCTORS— 

THERMOELECTRICITY 

The conduction of electricity in crystals depends very much on the 
element and its degree of purity. Consider the fact that the metal copper 
is an excellent conductor, while diamond is a poor conductor or a good 
insulator. For a detailed understanding of the distinctions between con- 
ductors and insulators it is necessary to use the rigorous quantum-mechan- 
ical approach. However, we can combine our knowledge of potential 
wells, electron orbits, and energies to form a working picture. A crystalline 
solid consists of a regular array of atoms with the positive nuclei relatively 
fixed at certain locations. Some of the electrons are bound very strongly to 
these atoms and do not move about in the crystal. Figure 17-16 shows a 
few atoms in one plane of the three-dimensional structure. Some electrons 
are shown in orbits around individual nuclei, while others are shared by 
more than one atom. 



Shared electrons 

Bound electrons 

FIGURE 17-16 

Atoms in a crystal lattice 

Let us study the potentials in the material. First we draw, as we did 

in Section 8-3, the potential in the vicinity of a single isolated positive 

charge. It consists of the barrier, as shown in Figure 17-17(a). To an 

electron, with negative charge, this corresponds to a potential well, as in 

Figure 17-17(b). When we put many atoms together in a solid, the poten- 

WA Noe 0 0 r 

Lip 

(a) Potential barrier for + charge (b) Potential well for electron 

FIGURE 17-17 

Potential distributions near a positive charge 
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tial experienced by an electron is a combination of overlapping curves due 

to many nuclei, as shown in Figure 17-18. An electron of small kinetic 

energy remains bound to the nucleus, while one of high energy is relatively 

free. Recall our discussion in Section 12-5 of waves and energy levels of 

electrons in a potential well. In the system composed of many nuclei, 

there are so many discrete energy levels that there appears to be a band of 

energy in which electrons can reside. Figure 17-19 shows these imposed on 

the potential diagram of the lattice. In order to distinguish the types of 

material, we use the band concept. The upper band, labeled “conduction,” 

can be used by electrons to travel from one atom to another in the crystal. 

The electrons normally occupy the lowest levels available, and there may 

not be any electrons in the conduction band unless the temperature is 

increased.* This type of material is a good electrical insulator. 

Positive ions 

() Free electron 

if \ 
Bound electron 

FIGURE 17-18 

Atomic potential distributions in matter 

If the conduction band normally has electrons in it, the transfer of 

charge can take place easily and we call the material a conductor. The 

distinction can be made by use of a simplified picture that includes only the 

energy bands, as shown in Figure 17-20. Here the filled valence bands, the 

conduction band, and the gap between them are shown for three char- 

acteristic materials. In a metal such as copper, there is no gap, and there 

are many conduction electrons; in an insulator, such as quartz, the gap is 

relatively wide, and practically no conduction can occur, except at high 

temperature. As expected, a semiconductor, such as germanium, has a gap 

of intermediate width—Figure 17-20(c). 

The addition to pure germanium of a small amount of arsenic (As) as 

an impurity raises the conductivity because of an extra electron in the 

valence shell of arsenic. This extra electron enters the conduction band, 

* Note that this is the opposite effect from that in conductors where the resistance 
increases with temperature. In insulators and semiconductors the resistance decreases 
with temperature increases. 
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Energy bands 

o- FIGURE 17-19 

Potential for electrons in a lattice 

adding to those already there, so that the arsenic atom serves as a ‘‘donor.”’ 
On the other hand, the impurity gallium (Ga) extracts electrons from the 

conduction band, since the atom lacks one electron in the valence shell, 

and serves as an “acceptor.’’ On taking an electron out of circulation, it 

creates a net positive charge that can be viewed as a positive “‘hole.”” These 

holes have the property of being able to be displaced, thus forming charge 

carriers. 

Two types of special germanium semiconductors may be produced. 

The first is n-type, or ‘negative’ —e.g., with As added. This type has more 

donors than acceptors and an excess of electrons. The second is p-type, or 

“nositive’’—e.g., with Ga added. This type has more acceptors than donors 

and an excess of holes. The construction of ‘solid-state devices” is accom- 

plished by putting together p- and n-types in various combinations to make 

transistors, diodes, and other electronic components, as we shall discuss in 

Section 18-4. 

Forbidden Forbidden 

(a) Metal conductor (b) Insulator (c) Semiconductor 

FIGURE 17-20 

Energy band diagrams for various materials 
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Thermoelectric Effects 

We can gain a better appreciation of the differences between n-type 

and p-type materials if we study temperature effects on them. Suppose 

we heat one end of a rod composed of n-type material and keep the other 

end cold. The addition of thermal energy excites electrons which then 

cross the forbidden gap and enter the conduction band. The particle 

density is high at the hot end, and by the transport concepts of Section 

16-1 they tend to flow toward the cold end where the density is low. That 

end becomes negatively charged, while the hot end becomes positive. A 

potential difference and thus an electric field is produced, and a charge flow 

is set up. In the p-type material, there is a flow of “holes” from the hot end 

to the cold end; the latter charges positively, and an electric field is pro- 

duced in the opposite direction to that of the n-type semiconductor. The 

use of these properties in a thermoelectric cell will be discussed in Section 

18-1. 

Electrical Circuits 

The devices just described form the building blocks for a very large 

number of electrical circuits. By combining in different ways the elements 

that we have described—resistors, capacitors, inductors (with self- and 

mutual-inductance), and semiconductor elements—many functions are 

served. These include heating, control of equipment, measurements, 

power transmission and communication by telephone, telegraph, radio, 

and television. In the next chapter we shall analyze several such circuits 

of interest. 

PROBLEMS 

Ww = A choice of copper wire of diameter d is to be made in the electrical 

wiring of a house. The current in a 20-m length may be as high as 25 

amperes. Calculate the appropriate value of wire diameter to be sure that 

the voltage drop in the wire is no more than 1.0 V. 

17-2 What is the resistance of a cube of aluminum 5 mm on an edge? 

17-3 Steel trolley-car rails that have a cross-sectional area of 7 in2 and a 
resistivity of 6 X 10-7 ohm-m are used to carry the power used by the 
motors. What is the resistance of single track per mile of length? 

17-4 A platinum wire of length 40 m, resistance 60 ohms/m at 20°C, is 
heated to 100°C. Compare the total resistances at the two temperatures. 
17-5 At what temperature would the resistance of a piece of copper be the 
same as an identically constructed piece of aluminum at room temperature? 
17-6* A heating coil rated at 400 watts is composed of 8 meters of steel 
wire of area 6 X 107’ m’. (a) At room temperature (20°C), what direct 
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120V dc outlet 

200 

FIGURE P17-7 

current would it draw at 125 volts potential difference, using the resistance 

of the coil? (b) What is the resistivity of the steel at its operating temper- 

ature of 1000°K? (c) How close to its rating is the power developed in the 
coil? 

17-7 Calculate the total resistances of the combinations illustrated in 

Figure P17-7, where all values are in ohms. 

17-8 A 12-volt de car battery provides power for two 150-watt headlights 
in parallel. How much current is drawn by each bulb? 

17-9* Twelve resistors, each with resistance R ohm, form the edges of a 

cube. Find the resistance between opposite corners. 

17-10 By using only two resistors, either singly, in series, or in parallel, 

a student finds he can form a total resistance of 3, 4, 12, and 16 ohms. What 

are the separate values of the two resistors? 

17-11 A set of eight Christmas-tree lightbulbs forms a parallel circuit 

(Figure P17-11). Each bulb has a power rating of 10 watts. When attached 

to a direct current supply of 120 volts, what value of current does each 

bulb and the whole circuit draw? If one bulb burns out, does the current 

through each remaining bulb increase, decrease, or remain the same? 

17-12* A fuse in an electrical circuit at room temperature 25°C contains a 

link composed of tin of length 1.0 cm, width 0.25 cm, and thickness 0.5 mm. 

Using data listed below on tin, find (a) the resistance of the strip, (b) the 

energy required to melt it, (c) the time required for the fuse to blow at 

50-ampere current. 

density: 7.3 X 108 kg/m! 

resistivity: 2.0 X 1077 ohm-m 

specific heat: 0.06 kcal/kg-°C, 250 J/kg-°C 

melting point: 232°C 

17-13 The plates of a condenser for tuning a radio (see Figure P17-13 are 

separated by 0.8 mm. The area of one plate is 6 cm?. (a) Find the capac- 

Each 10 watts 

FIGURE P17-11 
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= FIGURE P17-13 

itance of two adjacent plates. (b) Find C for the whole parallel combina- 

tion. 

17-14 The capacitance of a cylindrical tube in a Geiger counter for the 

detection of gamma rays is to be computed (see Figure P17-14), using the 

relation for the value of C per meter length of (2k In b/a)~!. The diameter 

of the tube is 0.025 m, the collector-wire diameter is 1.5 X 10-* m, and the 

length is 0.35 m. 

17-15 Find the total capacitance of the combinations shown in Figure 

P17-15, where all values are in microfarads. 

17-16* A capacitance C; with charge Q; is suddenly connected with another 

uncharged capacitor C2 by throwing the switch (see Figure P17-16). Find 

the final potentials and charges on both. 

17-17 Sheets of mica and metal foil are wrapped up to form a compact 

- FIGURE P17-14 
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et be 
condenser of diameter 0.9 cm and length 1.4 cm. (a) Estimate the effective 
area of both the foil and mica back of which has thickness 5 X 10-%-m. 
(b) What is the C-value of the capacitor? 

17-18 _A capacitor is connected to a battery with fixed potential difference 

Vo, and achieves a charge Qo = Co/Vo. Then it is disconnected from the 

battery and immersed in oil of dielectric constant 2.2. What happens? 

Switch ~ 

C, T H Cy 

FIGURE P17-16 

17-19 Derive a formula for the capacitance of a parallel-plate capacitor 

with two parallel layers of different dielectric materials and thicknesses. 

FIGURE P17-15 

17-20 Two plates are immersed in water with a slight amount of salt 

dissolved. The device acts as a combined capacitor with dielectric constant 

78.5 and resistor with resistivity 4 X 10% ohm-m. If the area of each plate 

is 20 cm? and the separation is 0.5 cm, find C and R. 

17-21 Assuming that the electric-dipole moment of HO is 6.2 x 10-* 

C-m, calculate the susceptibility and dielectric constant of water vapor 

at 100°C temperature and atmospheric pressure, making use of the relation 

Mx 4rkzN M? 

Xie kT 

17-22 An infinitely long solenoid of diameter 0.02 m with 5000 turns per 

meter has a current of 0.7 amperes. (a) What is its magnetic field with and 

without iron of relative permeability p = 400? (b) What is its self-in- 

ductance per unit length with iron present? 

17-23 What is the magnetic moment per unit volume of the iron core of 

the solenoid of Problem 17-22? What is the moment per iron atom if the 

atom-number density is 8.5 X 10°/m#? What fraction of the iron atoms 

are effectively participating in the magnetism of the core? 

17-24 Calculate the self-inductance of a solenoid in the form of a toroid 

of diameters 0.41 m outside and 0.39 m inside, if there are 300 turns per 

meter. 

applicable for polar molecules. 
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17-25 A transformer has 400 turns on the primary and 2500 turns on the 
secondary. To what voltage can 110 volts be stepped up? 

17-26 An electromagnet has a magnetic field of 4 Wb/m? permeating its 

coil which is composed of 300 turns 0.05 m? in cross-sectional area. If this 

field is reduced to zero in 2 sec, what potential difference is produced across 

the ends of the coil? 



ELECTRICITY IN ACTION 

The period from about 1850 to the present time could well be called the 

“electrical age.”’ Almost all of the many inventions and applications 

involving electricity have appeared since then. The great strides of modern 

electronics in recent years have given us many practical devices as well as 

some of the most sophisticated tools available to the scientist. These 

systems range from diminutive radios to electronic data-processing appa- 

ratus to the accelerators of modern high-energy nuclear-physics research. 

In this chapter, we shall study the basic principles of electricity and mag- 

netism by examining some of the more important of these devices. 

First, we shall consider the primary sources of electrical potential and 

energy, such as chemical batteries, thermoelectric cells, and electromag- 

netic generators. These can be connected to electrical circuits which 

conduct and store charge and which transform electrical energy into other 

types, such as thermal or mechanical. Such circuits may contain resistors, 

capacitors, inductors, vacuum tubes, transistors, and motors. We shall 

also study the use of meters for measuring currents and voltages within 

circuits. The subject of alternating currents is then given special attention 

because of its role in the modern world. We then shall review the arrange- 

ment and operation of particle accelerators widely used in the exploration 

of the atomic nucleus. 
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18-1 SOURCES OF POTENTIAL 

The electrical nature of matter makes it possible to use electrical 

energy to cause dissociation of a chemical compound, or to transform the 

energy of chemical binding to the electrical form. Similarly, mechanical 

or thermal energies can be converted into electrical energy. We shall first 

review the atomic mechanisms involved in the processes of electrolysis 

and electroplating, then analyze the battery, the electromagnetic generator, 

and the thermoelectric cell as sources of potential difference. 

Electrolysis 

When a potential difference is applied to two metal plates immersed 

in H,O* (Figure 18-1), a measurable current is observed. There is an 

evolution of hydrogen gas at the negative electrode and of oxygen gas at 

the positive electrode. Such a process is an example of electrolysis, as we 

FIGURE 18-1 

Electrolysis of water 

have already studied in chemistry. There is a slight tendency even in pure 
water for the reaction 

H.O — H+ + OH- 

to take place. The application of a potential difference causes a field in the 
liquid between the plates; the positive hydrogen ion H+ is attracted to the 
negative electrode (cathode) and the negative hydroxy] ion OH- is attracted 

* Usually the water is made more conductive by the addition of an electrolyte. 
The process occurs much more slowly without this addition. 
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to the positive electrode (anode). On arrival, H+ picks up an electron to 
form neutral hydrogen gas according to 

4H+ + 4e- — 2H, 

while OH™ gives up an electron to yield oxygen gas by the reaction 

40OH- — 4e- —> 2H,0 + O, 

In effect, two out of four water molecules have been dissociated. The 

process will continue so long as there is water to keep delivering the H+ 

and OH— ions. 

The two quantities of interest in this process are the charge trans- 

ferred and the energy required. Now, every singly charged ion has an 

excess or deficit of 1 electron, of charge e = 1.60 X 10~® C, and there are 

6.02 X 10° atoms per kmole (Avogadro’s number N,). The total charge 

required to transfer 1 kmole is thus 

Ne = (6.02 X 10”) (1.60 X 10- C) = 9.65 X 107 C 

This amount of electricity is called the faraday. When hydrogen and oxygen 

combine, as in a burning process, the reaction 

H, + 40, — H,O 

yields an energy per water molecule of around 3 electron-volts. The 

dissociation process, which is the reverse of combustion, requires the same 

energy. 

Electroplating 

The plating of a metal such as copper on another metal surface is a 

familiar chemical process, called electroplating. In a water solution of 

copper sulfate, the reaction that provides the ions is 

CuSO, — Cutt + SOd — 

The applied field between electrodes drives copper ions through the solu- 

tion; the ions then collect electrons and deposit on the metal surface. 

The Battery 

In a cell or battery, a chemical reaction produces a potential differ- 

ence. We are well aware of the main components of the lead-acid storage 

battery, asin an automobile. The two terminals or electrodes are connected 

to plates that are immersed in a water solution of about 30 per cent sulfuric 

acid, H,SO, (Figure 18-2). The potential difference available, for example 

12 volts, depends on the number of plates connected in series. ‘The negative 



PbO, 

FIGURE 18-2 

Pair of plates in a lead storage battery 

plate is composed of the element lead (Pb) as a metal, while the positive 

one is lead peroxide, PbO». Within the solution some of the acid is disso- 

ciated according to 

H.SO, — 2H+ + SOs ~ 

The reactions at the two electrodes which provide and collect electrons 

for an external circuit are 

Pb + SOs ~ — PbSO, + 2e7 (negative) 

PbO, + 4H+ + SOs + 2e- — PbSO, + 2H:O0 (positive) 

As the battery operates, the concentration of sulfuric acid is gradually 

reduced. We test by measuring the solution’s specific gravity, which should 

be about. 1.3. The periodic addition of water merely makes up for evapora- 

tion, while the “charging” needed when the battery is “low’’ reverses the 

processes to bring the plates and solution back to their original conditions. 

In the nickel-cadmium cell used in space vehicles, voltages are provided by 

similar reactions at the electrodes with the net effect 

Cd + Ni(OH),— CdO + Ni(OH): + H,O 

The Generator as a Source 

of Electrical Energy 

Most of the electricity that supplies our cities, homes, and manufac- 
turing plants comes from electrical generators, which in turn derive their 
primary energy from falling water, or steam developed by burning some 
fuel. ‘The physical principle involved is different from that of the battery, 
in that mechanical energy is converted into electrical energy. Most simply 
stated, forces applied to a conductor cause it to rotate through a magnetic 
field, causing a potential difference V to be produced between the ends of 
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FIGURE 18-3 

Magnet poles 

Elementary generator 

the conductor. In accord with Faraday’s law (Section 7-4), 

where ® is the product of field ® and area A perpendicular to ®. As in 

Figure 18-3, let us move a rectangular loop of wire from the vertical to the 

horizontal. Initially there were @A lines through the loop; at the end of the 

motion there are none. Instead, let us rotate the loop with a constant 

angular speed w. At any angle 6 = wt from the vertical, the area seen by 

the field is A cos 6 and 

@ = BA cosat 

Recalling the shape of the cosine curve, the rate of change of flux is zero 

at t = 0 and a maximum at ¢t = 7/2w. The potential difference produced 

is a sine curve (Figure 18-4), 

V = Vosin wt 

FIGURE 18-4 

Potential output of generator 
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where V) = ®Aw is the peak potential difference. Note the analogy 

between this behavior and simple harmonic motion (Section 11-2). 

In order to generate current of one polarity, it is merely necessary to 

change the contacts of the wire loops with the terminals each time V reaches 

O—ie., at t= 0, t = 1/w, t = 2r/w, etc. If we put in more coils and 

connect them together, a nearly smooth potential may be generated. 

The Thermoelectric Cell 

The application of heat to a semiconductor was shown in Section 17-6 

to yield a potential difference. The thermoelectric cell, as used for the 

conversion of combustion, solar, or nuclear heat into electrical power, 

exemplifies this effect. Suppose that an n-type and a p-type semiconductor 

are joined at one end, which is then heated, as in Figure 18-5. The cold end 

of the n-material becomes negatively charged by an accumulation of 

electrons; the cold end of the p-type is positive because of the flow of 

positive ‘“‘holes.’’ The two terminals thus have a potential difference of the 

order of a few volts. By connecting many such elements together, higher 

potentials can be generated to supply power to an external circuit. The 

virtue of such devices for electrical supplies can be seen by comparison with 

a conventional power plant where energy is transformed twice—from 

thermal (from a burning fuel) to mechanical (by a heat engine or turbine), 

and from mechanical to electrical (using a generator). In a thermoelectric 

cell, thermal energy is transformed into electrical energy in one step, called 

a direct-conversion process. One advantage is the elimination of moving 

parts. Unfortunately the process is not as efficient as one might hope 

because of thermal conduction that tends to counteract the thermoelectric 

effect. 

We saw that the heat engine could be reversed to extract heat as a 

refrigerator (Section 15-5). The thermoelectric effect can be used in the 

same way in what is called the Peltier effect. By the passage of electricity, 

a temperature difference is created, and a flow of heat can be achieved. 

A similar effect can be employed in the thermocouple to measure 

temperatures. Two dissimilar wires are connected at one end and the 

Cold 
n-type 

Hot 
junction Fe 

FIGURE 18-5 

Thermoelectric cell 
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junction immersed in a hot liquid or attached to a hot metal structure. 
The potential difference between the free terminals, which are at lower 
temperature, can be used to measure the temperature difference. 

18-2 ELECTRICAL CIRCUITS 

The battery, generator, and thermoelectric cell just discussed are 
sources of what is called electromotive force. This quantity is not a force in 

the scientific sense, but a measure of the ability of the devices to transform 

energy. Electromotive force, abbreviated emf or Vz, is the amount of 

work the source can perform on a unit charge in bringing it from low 

potential to high. The unit of emf is the joule per coulomb, which is also 

the volt. If no current is delivered to an external circuit, the emf is the 

same as the potential difference between the terminals of the source, Vr = 

Vz. If there is a current J, however, work is done to carry charges through 

the internal resistance r of the battery or generator. This results in an 

internal potential drop of amount Jr, and the potential difference between 
the terminals is 

Vr =Vz—Ir 

(Note that when J is zero, the voltages become the same.) Thus it is 

useful to think of the emf as the maximum terminal voltage. Now, when the 

terminals are connected to an external resistance R, the current flow by 

Ohm’s law is 

Vr =IR 

By combining equations, we find the current to be 

lige Rots 

Suppose that we turn on the headlights of a car equipped with a battery 

having 12-V maximum terminal voltage. Let the external resistance be 

10 ohms, the internal resistance 0.5 ohm. The current is = Vz/(R +1) = 

12/10.5 = 1.1 A, and the terminal voltage is Vr = Vz — Ir = 12 — 

(1.1) (05) = 11.4 V. 
Since a good source of emf has a low internal resistance, we often can 

neglect r in comparison with R in rough calculations, and make no dis- 

tinction between emf and terminal voltage. 

Direct Current Circuits 

The simplest type of current is steady, constant, or direct current (dc). 

It involves a voltage source and various circuit elements that have been in 



488 operation for some time. Before reaching such steady conditions, the circuit 

eLectricity may have carried transient currents—i.e., those varying with time. In a 

IN ACTION _ large number of devices however, the current is alternating (ac) with time 

according to the sine (or cosine) function. Currents and voltages that 

change with time in other ways are often used in research and control. We 

shall now concentrate on the direct currents, taking advantage of the fact 

that the large numbers of charged particles involved can be imagined to 

flow as a continuous fluid such as air or water. Several analogies between 

fluids and electrical currents are useful. 

Two simple and reasonable principles can be employed to analyze 

any de circuit. The first rule is that the algebraic sum of currents to and from 

a point is zero. This merely says that charge is not lost or gained. Formally, 

however, 

Pale 

where the sign of each current J, depends on the direction of flow (i.e., into 

or out of the point). The second rule is that the work done in carrying a 

charge around any closed loop or around the whole circuit ts zero. Physically 

this rule says that energy is conserved and mathematically it is written 

~Vz=0 

Potential drops and rises must be treated as algebraically opposite, of 

course. These rules will have more meaning if we analyze the simplest 

possible circuit, a resistor connected to the terminals of a dry-cell battery. 

We let the longer of the two lines symbolizing a battery in Figure 18-6 be 

the + terminal (anode), taken at a higher potential than the — terminal 

(cathode). Electrons can now flow through the complete circuit; however, 

we usually visualize a flow of positive charges in the opposite direction, 

and call that the current. Thus we use this imaginary positive current for 

purposes of circuit analysis, keeping in mind that the true current is largely 

Positive current flow 

B ce: 

{4 IR 

A D 

FIGURE 18-6 

Potential rises and drops in simple circuit 
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FIGURE 18-7 

Effect of internal resistance 

that of electrons, and in the opposite direction. The battery supplies the 

charges with potential energy, which is subsequently converted to heat in 

the resistor. We may follow a unit positive charge as it goes around the 

circuit. The potential increases in going from A to B by an amount Vz 

volts and drops by an equal amount JR volts in going from C to D, assuming 

that Ohm’s law holds (Section 17-1). Thus, on going completely around 

the loop, the total potential change is zero, or 

Vz —IR=0 

The current is then 

= 
poe 

It is most natural to trace the change in the direction of positive current 

flow because of the intimate relation of work and potential. Nothing pre- 

vents us, however, from going in the reverse order DCBA. To be consistent 

we should assign to the path from D to C a potential rise JR, followed by a 

potential drop —Vz on going from B to A. Again we get 

IR —Vz=0 

The process of adding potentials in a circuit containing a voltage supply 

with internal resistance is shown in Figure 18-7. 

R 

Supply 

FIGURE 18-8 

Potentiometer 
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As another illustration of the division of voltages, let us consider the 

potentiometer, a device for adjusting the voltage to an external circuit 

while employing a fixed supply. The circuit in Figure 18-8 is a simple 

version. The current I passes through the resistor 2, which has a movable 

contact point. The potential drop through the portion r is Vi = Ir 

compared with the total V = IR. By ratios, the voltage applied to the 

load is 

18-3 METERS AND MOTORS 

Meters 

Measurements in electrical circuits are achieved by proper insertion of 

galvanometers, voltmeters, and ammeters, each of which consists basically 

of a coil of wire in a magnetic field that is directed radially. Every con- 

ducting wire experiences a force, just as in the electric motor, and the 

whole coil experiences a torque. Because of an attached spring that 

provides a restoring torque, the coil does not spin, but will experience 

steady deflection at some angle. The amount of rotation as measured by a 

needle on a scale indicates the voltage or current. This basic meter is the 

galvanometer, shown in Figure 18-9. A very small current is sufficient to 

cause deflection. In order to convert a galvanometer into an ammeter, used 

to measure larger currents, it is necessary to add a parallel bypass or 

“shunt” for most of the current—Figure 18-10(a). Let us compute the 

fraction of the total current J that goes through the coil. First, J. + J, = I 

and J.R, = I,R,, there being a common potential difference across the 

1p R, : 
elements. Then, ie (R. + Re)’ from which we can find the shunt re- 

sistance. For example, let us consider a sensitive galvanometer, with coil 

resistance 200 ohms and full-scale needle deflection at current 4 * 10-3 A. 

We wish to convert it to an ammeter that reads 1 ampere full-scale. To 

FIGURE 18-9 

Terminals Galyanomefer 
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FIGURE 18-10 

Meters for measuring current and potential 

find the necessary value of the shunt, we solve for 

ee eens 200 _ 200 _ 
ie Tag a eel 0. 8g MS Le Nog 

ID, ax 107 

In the voltmeter, a high resistance (multiplier) is placed in series with the 

galvanometer coil, as shown in Figure 18-10(b). The same current I, flows 

through FR, and R,,. Its relation to the terminal voltage is found from Ohm’s 

law 

Y =1.(h. +f); 

from which we can find the multiplier resistance. We can convert the gal- 

vanometer into a voltmeter that reads 100-V full-scale, using R,, of value 

V 100 
eaiee Toe ce S10? — 200 = 24,800 ohms 

Now let us consider a more complicated network, as in Figure 18-11, 

which contains several resistors and two sources of emf with internal 

resistance. The labeled quantities are either known or to be found, de- 

pending on the way the problem is stated. We apply the two basic rules 

of circuits (Section 18-2). At the junction at the top of the circuit, 

I, —I,—I13; = 0 

where currents approaching are taken as positive, and those leaving are 

negative. (Note that if a current arrow happened to be attached incorrectly, 

the sign on that current would correctly come out negative.) At the 

junction on the bottom we find the same result. Going around the outside 

of the circuit, we find the voltage sum to be 

Ver — LR; — Ry — IhRe — InRm + Ve — Lk, = 0 
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Voltage 

supply 

Vr 

Going around the right loop, 

—IRe ay stun = Ve — I3R3 = 0 

A positive sign was attached to I;R; because the direction of path chosen 

was opposite to the anticipated current flow. The reader is left to verify 

that no new information is obtained by forming the potential equation for 

the left loop in Figure 18-11. 

As the situation stands, we have three equations in eleven quantities. 

We see that at least eight of the latter must be given if we are to be able 

R, 

FIGURE 18-11 

Electrical circuit with several elements 

to solve the problem uniquely. As a numerical example, let us assume the 

following as given: 

Voltages (volts) Resistances (ohms) 

Vr =6 R; = 0.1 R= 1 

Ve =72 Res D580 che skh 

Ry — R, = 

Thus we need to solve for J;, Jo, and J;. Inserting numbers, we find that 

I; == I, om Ts = 0 

6 — 1,00.1) — h(8) — (1) — 1210.5) + 2 — (4) = 0 

We may carry out the simultaneous solution of the three equations in 

several ways, each yielding 

Note that I; is negative, indicating that it flows opposite our assumed 
direction. In problems of this type, care with signs and decimals is espe- 
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Terminal 

Split ring 

Terminal 

cially important, and the answers should be checked by substitution back 
into all of the original equations. 

The Electric Motor 

It is a well-understood fact that an ac supply can be used to provide 
power to drive motors in common appliances such as the refrigerator, 
vacuum cleaner, and washer. Also, machinery in most factories is powered 
by electric motors. Let us examine a simple motor operated on direct 

current, such as that used to start an automobile. 

The basic principle of the direct current motor is that a current- 

carrying Wire experiences a force when placed in a magnetic field. Recall 

from Section 7-1 that the force on a single moving charge is 

F=qvX8 

We also showed, in Section 9-7, that the torque on a rectangular loop of 

current-carrying wire in a vertical field is 

N = IAB sin 6 

where 6 was the angle between the plane of the loop and the horizontal. 

This torque tends to bring the plane of the loop perpendicular to the field. 

By use of a split ring (Figure 18-12), the direction of current can be reversed 

on each half-revolution, allowing the loop to rotate continuously as a 

rudimentary motor. The motor is thus similar to the electric generator, 

> ae 

— Axis of 
rotation 

Magnetic 
field & 

FIGURE 18-12 

Elementary motor 
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Physical arrangement Schematic 

except that motion in the former is produced by currents, instead of 

currents being produced by motion, as in the latter. In a real motor there 

are many such wires, mounted on a cylindrical iron armature. When the 

current is continuously switched by contacts of carbon brushes with a 

commutator, the sum of all the torques keeps the motor turning and doing 

work of rotation. 

18-4 VACUUM TUBES AND TRANSISTORS 

Many electrical operations not possible for resistors, capacitors, and 

inductors can be performed by a vacuum tube. Although the transistor has 

tended to take its place, the vacuum tube served to make radio and 

television possible, and still is used in many processes. Also, we find that 

part of the mathematical description of the tube carries over to that of the 

transistor. 

Diodes 

The simplest version of a vacuum tube is the diode (two electrodes), 

as in Figure 18-13. A pair of plates is sealed into an evacuated tube, with 

electrical leads coming out through the base. One plate, the cathode, is 

heated to incandescence by a fine wire “‘heater,’’ which has a separate 

circuit. Electrons “boil out” of the metal if it is at high enough temper- 

ature, a process called thermionic emission. Thomas Edison was the first 

to observe this effect, during his study of the electric lamp. When the 

kinetic energy due to thermal agitation exceeds the work function of the 

substance (at that temperature), electrons can escape. There is a limit to 

the amount of current of electrons that can be drawn from a _ heated 

electrode at a given temperature. The higher the absolute temperature T, 

the greater the average kinetic energy of the electrons in the metal. How 

many of these can escape depends on the thermionic work function W 

(Section 8-8). The lower W is, the easier it is for electrons to escape from 

the surface. 

FIGURE 18-13 

Diode vacuum tube 
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Current-voltage relation for diode yac- 
0 uum tube (The current is proportional to 

Plate voltage V, vi/ 2 and inversely proportional to d?) 

Between the plates of the diode, a potential difference V, (plate 

voltage) is applied. The electrons emitted by the cathode are accelerated 

across the gap of width d, creating a plate current. Again a limitation on 

the amount of charge flow is experienced, since the charges in transit create 

a field of their own, and tend to retard the emission of electrons. The 

higher the plate voltage, or the narrower the gap, the greater the allowable 

flow, as we would expect. It is found that the current is proportional to V3” 
and inversely proportional to d?. If the potential difference V, is contin- 

uously increased, the current reaches a “saturation” level, as shown in 

Figure 18-14. Every electron that is available is drawn into the gap and 

collected by the anode. Only by raising the temperature can current 

V 

+ 

Time 

FIGURE 18-15 

Diode current with ac 

through the device be increased. The vacuum tube (or “valve,” as it was 

formerly called) has the ability to convert alternating current (ac) into 

pulsations of only one sign. When V> is positive, as is one half-cycle of an 

alternating supply, current is passed, but if Vp is negative, electrons are 

repelled by the plate, and no current flows. Figure 18-15 shows the supply 

voltage and the ‘‘rectified” current. 

Triodes 

Precise control of currents in the plate circuit is achieved by the 

addition of a third electrode, the grid, between the other two, as shown in 
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FIGURE 18-16 

Triode circuit 
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Plate voltage V, (V) Triode characteristic 

Figure 18-16, with the plate-heater circuit omitted for simplicity. The 

grid is a screen that is much closer to the cathode than is the plate, and 

variations in its potential V, affect the space charge and plate current more 

effectively than equivalent changes in the plate voltage. Figure 18-17 

shows schematically the tube-current characteristics for two different grid 

voltages, zero and —20 V. The value of J, can be dropped by a factor of 

10 by changing V, by only 20 V, while the same reduction requires 80 V 

of plate-voltage change. The triode thus serves as an amplifier. A small 

grid-voltage variation, as from a weak radio signal, causes a large change 

in plate current, and thus in voltage across a resistor in the plate circuit. 

Many stages can be placed in series, to multiply amplification factors. 

Transistors 

Important effects occur when n-type and p-type semiconductors 

(recall Section 17-6) are joined in the same crystal, as in Figure 18-18. 

The tendency toward an excess of one type of charge carrier over the other 

is indicated by the + and — symbols. Such a distribution favors the flow of 

electrons from right to left, and inhibits the flow of electrons from left to 

right. An n-p junction thus acts as a rectifier, and can replace a much more 

elaborate and expensive diode vacuum tube. 
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n-type p-type Semiconductor diode 

When three layers, n—p-n or p—n-—p, are constructed (Figure 18-19), 

the system is called a transistor, which behaves much like a triode vacuum 

tube, but is of very minute size. Among the unique features of transistors 

are their low power drain (since they do not have heaters), reliability, and 

long life. These small semiconductor devices have less natural capacitance 

e a : a 5% FIGURE 18-19 

n-type p-type n-type Transistor 
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Physical arrangement Schematic diagram 

FIGURE 18-20 

Transistor amplifier 
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Positive current flow 

and the shorter leads have less inductance, thus they can operate at higher 

frequencies than conventional tubes. 

Since the transistor may be constructed either as an m—p—n or as a 

p-n-p device, it is able to use either electrons or “‘holes” as the charge 

carrier. The net effect is rather like having two types of tubes available, 

one with negative electrons and one with “positive” electrons. A typical 

transistor circuit is shown in Figure 18-20. 

The three connections are labeled emitter e, collector c, and base b. 

These correspond roughly to the cathode, plate, and grid, respectively, of 

a vacuum triode. The two devices are not directly interchangeable, 

however, and the circuits must be designed specifically for one or the other. 

18-5 ELECTRICAL OSCILLATIONS AND 

AC CIRCUITS 

The most familiar example of electrical vibrations consists of those 

from the 60-cycle ac commercial supply. The original source is some remote 

generator, but for our purposes we may study the variation of voltage 

difference between the two terminals in a wall receptacle, as in the home. 

Time 

(c) Inductor 

FIGURE 18-21 

Elementary ac circuits 
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The supply voltage may be written 

Vs = Vo sin wt 

where Vo is the maximum amplitude and w = 2zv is the angular frequency, 
with v the frequency, here 60 cps. At the terminals, the voltage alternates 
between + and —. Suppose that we connect a simple resistor to the 
outlet—Figure 18-21(a). A flow of electrons from left to right will occur 
in the conductor when the polarity is — +, and from right to left when 
the polarity is + —. By the convention of current, the positive current 
I flows oppositely. In order to find J, we start with the rule that the work 
done is zero, in carrying a positive charge about the closed circuit consisting 

of the resistor and the supply. Then at any instant 

Vs—Vr=0 

where positive work must be done to bring the + charge from the negative 

terminal to the positive terminal in the supply, and the reverse in the wire. 

Now, by Ohm’s law, 

Ve=I1R 

Thus 

IR =Vs 

The current past any point in the circuit is, then, 

l= sin wt 

We note that J and Vz are always proportional—i.e., are in phase—Figure 

18-21 (a). 
Suppose that instead of the resistor, we insert a capacitor as a charge 

storage element—Figure 18-21(b). We shall assume that it is capable of 

holding a total charge Q with potential difference Vc between its terminals: 

Q =CVec 

where C is the capacitance. The equation of this new circuit is 

Vs —Vc=0 

Thus 

or 

Q = CV> sin ot 

As the potential difference rises from zero at t = 0 to a maximum of Vo at 

7/2, the charge increases from zero to a maximum CV». Now, the current 
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I, as the rate of flow of charge AQ/At, is greatest at the start of the cycle 

and least at 7'/2, as plotted in Figure 18-21 (b). By analogy with the relation 

of displacement y and speed Ay/At in simple harmonic motion (Section 

11-1), we find that the current is 

_ 4d a ae CV w cos wt 

This is easily understood on physical grounds. As the driving potential 

increases, the charge flow increases, and the capacitor begins to “fill up” 

with charges. As the maximum charge Q,, = CVo is approached, the 

potential developed tends to reduce the amount of flow to the capacitor. 

The current leads the voltage in phase by 90 deg, as we can verify by 

writing J in a different way*: 

l= Pisin (ot + 2) 

where we have introduced X, = 1/w(C, called the capacitative reactance, 

with units ohms. 

As a third possibility, we insert a coil as inductor—Figure 18-21(c)— 

which creates a magnetic field that interacts with the charge flow. The 

voltage V, developed in such an inductance L is proportional to the rate of 

change of current: 

Vi=LS 

For this circuit, 

Vs—Vi=0 

Thus 

AI 
Lay = Vg 

or 

Als vee 
Aran sin wt 

We may again use to advantage the analogy between the electric circuit and 
the harmonic oscillator. The current is of the form I = —(Vo/Lw) cos wt 
or, in terms of a phase angle, 

I = x¢ sin (at — 3) 

where X; = wL is called the inductive reactance, also in ohms. This shows 

* Note that sin (ut fe 4) = 008 wt. 
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that the current lags the voltage—that is, reaches its maximum later, as 
in Figure 18-21(c). 

The phase relations for the three circuit elements R, C, and L can be 
expressed simply by a vector scheme. Let the current be represented by a 
vector I. Then, as also illustrated in Figure 18-21, the voltages across the 
elements &, C, and L are vectors respectively aligned with, 90 deg behind, 
and 90 deg ahead of the current vector. 

Series RCL Circuits 

The vector method is especially helpful in analyzing the behavior of 

RCL cireuits, which contain all three elements in series, as shown in Figure 

18-22. The alternating supply voltage is V = Vo sin wt. The currents that 

flow in this series circuit—through the resistor, through the inductor, and 

FIGURE 18-22 

Series RCL circuit with ac supply 

to the capacitor plates—are one and the same, and thus are in phase, but 

the voltages are out of phase with each other. We are especially interested 

in the current that will be drawn and the relation between the phase of the 

current and that of the supply voltage. At any instant, the supply voltage 

as a vector is the sum of voltages for the individual elements (in analogy 

with relations for de circuits, Section 18-2): 

V=Vert Vet Vi 

We have already seen that the magnitudes of the voltages are Vr = IR, 

Veo = [Xce, and Vz; = 1X_z, but we must express the voltages as vectors. 

Let us introduce a vector R, of magnitude equal to the resistance and 

directed along the current vector. Then, Vr = IR. Similarly, we let the 

reactances be vectors Xc and X;, at right angles to R, as shown in Figure 

18-23(a). The corresponding voltage vectors are thus Vc and Vz, as shown 

in Figure 18-23(b). As an extension of Ohm’s law, we then propose that 

V=I12Z 

where Z is called the impedance, a generalization of resistance for ac 

circuits. We see at once that vectorially 

Z=R+X%-+ X 



Xe 
FIGURE 18-23 

(a) Vector reactanices (b) Vector voltages Vector relations in ac series RCL circuit 

—also sketched in Figure 18-23(a)—and that its magnitude is 

Z = VR? + (Xz, — Xc)? 

The phase angle between Z and R is the same as between V and I, and is 

obtained from either 

R Xi — Xe 
Z cos d = or tan ¢ = R 

The maximum value of the current, with peak applied voltage Vo, is easily 

found to be 

We should note several features of the impedance. Recalling that 

X, = wl and that Xc = 1/wC, we see that Z depends on the frequency. 

The amount of current through the circuit will be low if w is either very 

high or very low, and reaches a maximum when X; = Xc—i.e., when 

Z = R, which says that the circuit acts as a pure resistor. The current and 

voltage are then exactly in phase, as seen from the expression for the phase 

angle ¢. Such a condition is called resonance (also see Section 11-3). The 

particular frequency for resonance is found from 

1 
ol = aa 

or 

1 eA os SNe (resonance condition) 

For example, if L = 0.04 henry and C = 110 uF, then 

1 
© V4 x 10)0.1 X 104) = 477/sec, 
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sin wt 

sin? wt 

and AC Circuits 

or 

The differences in phase play an important role in determing the way 
energy is shared among the elements at any instant. The ac supply trans- 

fers energy to the circuit at a certain rate, which is the input power. Since 

the capacitor stores charge half of the time and discharges it half of the 

time over a cycle, its power on the average is zero. Similarly, the magnetic 

field in the inductor builds up half of the time and drops off half of the time, 

with average power zero. We conclude that all of the power input goes into 

heating of the resistor. Thus, as in Section 17-1, the instantaneous power 

delivered to the circuit is P = [?R. Since I varies periodically, its square 

varies as the square of the sine function. From the plots in Figure 18-24, we 

observe that the average value of the latter is 3. The average power over a 

cycle is then 

P=iI5R 

Recalling, however, that Ip = Vo/Z and cos ¢ = R/Z, we find that 

P = 41)Vo cos ¢ 

The quantity cos ¢ is called the power factor, determined by the relative 

sizes of the circuit elements and by the frequency. 

We can invent an effective de current J. that would give the same 

amount of heating in the circuit as the actual ac current J. Let P = [?R 

and equate it to P = 416R, so that 

Ig 
l.=—= 

2 

th 

t 

Average 

value, + 

FIGURE 18-24 
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Introducing also an effective voltage Ve = Vo/ V2, we see that the average 

power is P = IV. cos ¢. For maximum power delivery, ¢ should be zero, 

cos @ = 1, corresponding to the resonance condition. oth 

Let us carry through a numerical illustration for an ac circuit. 

Suppose that R = 20 ohms and that L = 0.04 henry, C = 110 uF. Let 

V. = 165 volts and v = 60 eps as in an ordinary commercial system. Now, 

w = 2nv = 377/sec and the reactance components are 

X, = wh = 377(4 X 10) = 15.1 ohms 

1 1 A Of ee Ne oT oh 
oC ~ 3770.1 X 10 poeds Xo — 

Then, X, — Xc = —9.0, and 

Z = V (20)? + (—9)? = 21.9 ohms 

The peak current is 

ig= a aray Ga 7.5 A 

and the effective current is 

Io 
he See 5.3 A 

V2 

To find the phase angle, we write 

Xr — Xe 9.0 
tan g= R = —~ 930 

@ = —0.42 or —24 deg 

The power factor is, then, 

cos @ = 0.91 

and the power delivered to the circuit on the average over the cycle is 

P = 4Voly cos ¢ = 4(165)(7.5)(0.91) = 560 W 

18-6 PARTICLE ACCELERATORS 

A charged-particle accelerator, with its many components and proc- 

esses, is an excellent application of a wide variety of physics principles. We 
shall describe some simple versions of several accelerators. First, we must 

emphasize that any device that employs electric and magnetic fields in 

projecting ions or electrons can be considered an accelerator, and that the 
principles of operation of all have much in common. 
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The Linear Accelerator 

The potential required to accelerate charges from zero energy directly 
into the million-electron-volt region would be excessive. To obtain 1-MeV 
protons, V must of course be 1 million volts. Widerée in 1928 had the idea 
of the linear accelerator in which successive “kicks,” each of low energy, can 
give a particle a high cumulative energy. Visualize a series of hollow tubes 
of varying length and spacing, to which an alternating radio frequency 
(rf) potential is applied as shown in Figure 18-25. Tube diameters are 
small compared to their lengths, giving a nearly uniform field across gaps 

and zero field inside the tube. By suitable choice of frequency, a particle 

such as a proton of charge q will cross a gap at a time when the potential 

difference is near its maximum, Vo, and will gain an energy approximately 

qVo. It “drifts’”’ down the field-free tube without change of speed, to reach 

the next gap when the potential difference is again right for acceleration. 
It follows that the tube lengths must be successively longer along the path. 

FIGURE 18-25 

Simple linear accelerator 

Let us examine the energy gains and the requirement on individual 

“drift-tube” lengths. Suppose the charge starts from rest. In the first gap, 

the gain in kinetic energy is qV» and its speed on entering the field-free tube 

is », = V2qV./m. By the time it travels a distance Ii, the rf has gone 

through 1 half-period 7/2; hence Li = 17'/2. Similarly, the length of the 

nth tube is Ln = Un7'/2. However, the total energy gain by this time 

is E, = nqVo and the speed is v, = Vn; thus L, = LV n. The total 

length of the accelerator is the sum of all these different lengths. 

Let us calculate the length of the first tube in a linear accelerator with 

10,000-volt peak and frequency v = 10 megacycles per second. The speed 

of a proton after crossing the first gap is 

_ {2qVo __. [2(1.60 X 107*)(10,000) _ 
y= ae = 1.67 X 107 = 1.39 & 10° m/sec 

The length of the tube is 
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108 
Ty = Dy = ~ 2007) = 0.07 m 

For the second tube, L2 = V 2(0.07), for the third L; = V 3(0.07), and 

so on. 

The Cyclotron 

The particle accelerator called the cyclotron, invented in 1930 by 

E. O. Lawrence, makes ingenious use of electric and magnetic fields. In 

this device, charges are brought to high enough speeds to cause nuclear 

disintegration. We saw how alternating potential differences between gaps 

in the linear accelerator allow repeated additions of energy. The excessive 

length of the accelerator can be avoided if there is a magnetic field to keep 

the particles moving in circular paths while in the field-free region. Vis- 

ualize a flat circular box that is cut in two D-shaped halves, as in Figure 

18-26. To the gap between these “dees” is applied the alternating rf 

potential. An ion is accelerated across the gap, and enters the dee cavity, 

a space where the electric field is very weak. In the uniform magnetic 

field perpendicular to the dee faces, the ion now moves in a semicircle, 

coming out at a gap again. By this time, the potential has reversed polarity, 

and the charge is again given an additional impetus. We can show a 

variety of important features of the cyclotron by use of relations between 

potential difference V, speed v, magnetic field ®, and radius of motion, R. 

We shall assume the speed is low enough so that relativity corrections are 

not needed. 

A particle of mass m (kg) having charge g (in coulombs) and speed 

v (in meters per second) will move on a circular path of radius r (in meters) 

in a field ® (in webers per square meter) according to v = wr, where 

the cyclotron frequency (Section 7-1) is 

Radio frequency 
potential Z yyy 7 

Dee supports jij 

777 
Vacuum D Ton source 

Y 
Emerging Magnet pole 
beam 

Magnet pole 

FIGURE 18-26 

Cyclotron 
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In order for the particle to receive an increase in energy qV> each time it 
crosses the gap at peak potential difference Vo, the angular frequency of the 
electrical supply we must be the same as the cyclotron frequency. Therefore, 
we shall label each w. The total kinetic energy accumulated after N gap 
crossings will be EF; = NqVo = 4mv*. Thus 

eR et, 
m m 

This shows that r is proportional to VN, meaning that the radius of motion 

increases with the number of times the separate accelerations have been 

applied. The particle travels in a sort of spiral path from the center 

outwards. The total energy by the time the ion reaches some maximum 

radius R (determined by the size of the dee) is 

Ey, = 3m = 3meR? = eGR 

Usually, the design of a cyclotron is chosen to provide the largest possible 

final energy, achieved by choosing (1) a large machine radius, (2) a strong 

magnetic field, (3) a low mass particle, (4) a highly charged particle. There 

is no apparent dependence on the accelerating voltage. Its importance is 

tied in with the fact that the smaller total length of path, the larger is Vo, 

and hence the fewer chances there are for the ion to be deflected by collision 

with gas particles remaining in the near-vacuum. 

Let us suppose that protons of energy 5 MeV are sought, with a 2000- 

volt electrical supply and a magnet that allows a maximum useful dee 

radius of 1.2 m (46 in.). The necessary radio frequency and magnetic-field 

intensity are to be found. The speed of the proton on completing its path is 

QE, 2G 10S). 6108) ; 
s= (HS 2c S010) O10) 1.67 % 1027 ='3)1 X 10’ m/sec 

This is only #5 the speed of light, which allows us to use the classical rather 

than relativistic relations. We then find the angular frequency of the 

1 ; 
electrical supply to bew = i shee = 2.6 X 10’ rad/sec; the ordinary 

frequency is thus v = w/2a7 = 4.1 X 10° cps. The magnetic field strength 

must be 

ma _ (1.67 X 10-”)(2.6 X 10") _ b/m? q 1.60 X 10-" ee em 
B= 

One can show (Problems 18-22 and 18-27) that the total path traveled by 
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the proton in going from zero energy to the final energy is of the order of 

males. 

The Betatron 

The linear accelerator and cyclotron use time-varying electrostatic 

fields to build up particle energies. In contrast, the betatron, invented by 

Kerst in 1940, employs electric fields induced by changes in the magnetic 

field with time (Figure 18-27). 

We again start with the fact that a charge g in a uniform field ® moves 

on a circle of radius R at angular speed w = q@/m. Its momentum is 

p = mv = moh or 

p = qBk 

The ions in a betatron are to be accelerated to high speed while remaining 

on a constant radius R. At any instant then, the force on the charges must 

_ AP _ = 

that force. Recall that a changing magnetic flux gives rise to a potential 

be of magnitude (HOR. Faraday’s law provides the basis for 

difference of amount V = ~ By suitable currents in the electromagnet, 

the magnetic field is caused to vary with position, with an average value 

® over the region within the circle, corresponding to a flux 6 = @rR?. 

Now, the electric field experienced by the charges is §& = V/27R, and the 

force is F = &q. Combining, F = 42°R . We see that the required force 

and that available by induction are the same only if ® = 2@—that is, if 

the average field is twice that at the orbit. 

In a typical betatron, the acceleration from rest to full speed takes 

place in 1 quarter-cycle of a sine-wave variation of field with time. Suppose 

that we seek a final kinetic energy FE; of 0.49 MeV. At this energy, the 

electron speed is close to that of light, and it is necessary to use the rel- 

Ton orbit 

Vacuum 
chamber 

Induction field FIGURE 18-27 

Guiding field Betatron 
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ativistic formula for momentum: 

_VE — 
de c 

where Kp is the rest energy moc?, which for an electron is Ey) = 0.51 MeV = 
0.82 X 10°" J. The total mass-energy is FE = FE, +E) = 1MeV = 
1.60 X 10-8 J. Thus the momentum is 

» = V.60 X10") = 0.82 X 10-9 Rott = 4.58 X 10-2 ke-m/sec 

If the orbit radius is 0.5 m, the field at that radius for particles of final 

energy must be 

Cie Ee ee 

qk (1.60 X 107) (0.5) 
B = 0.00572 Wb/m? 

- At that time, the value of ® must be twice this or 0.0114 Wb/m2?. Suppose 

that @ increases linearly from zero to its maximum in a time x4, sec. Then, 

A@/At = (0.0114) (250) = 2.85 Whb/m?-sec. The electric field is @ = 

RAB — (0.5) (2.85) 
2At 2 
length 27R = 3.14 m, is (0.712) (3.14) = 2.24 eV. The number of turns to 

6 

0.40 10" = 220,000, and total 
distance traveled is (2.2 X 10°)(8.14) = 6.9 X 10° m. 

The accelerators described in this section are popularly—and incor- 

rectly—called “atom smashers’’; in fact, the high-speed projectiles that 

they produce disrupt the internal structure of target nuclez. Details of such 

transmutation or disintegration processes will be discussed in Chapter 22. 

= 0.712 V/m. The energy gain per revolution, of path 

reach 0.49 MeV kinetic energy is thus 

18-7 TELECOMMUNICATIONS 

A most rapid progress has been made in electronic-communication methods 

and techniques in the last quarter-century. The rapid growth of television, 

including the use of satellites for intercontinental “live” broadcasts, has 

been remarkable. 
A good example of the complexity of present communications is found 

in the traffic-guidance system of a modern airport. The airplane naturally 

is in voice contact with the tower. The tower also has the incoming plane 

identified and located by ground-control equipment that gives the plane’s 

location, speed, height, and angle of descent. This information is con- 

tinuously available and is not under the pilot’s control. For each flight, 

thousands of messages are needed each way to carry out the complicated 

flight plans and to negotiate the traffic patterns of an airport. Many simul- 

taneous beams are employed to carry all this information back and forth. 
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This same situation exists in a telephone cable. With present tech- 

niques of time-sharing and scrambling, each pair of wires may carry four 

to six telephone conversations. This seems very wasteful, when we learn 

that modern electronics has the capability of admixing hundreds of thou- 

sands of telephone conversations on one microwave beam and then sep- 

arating them again. To keep the beam localized and directed, we can 

enclose it in a small pipe called a waveguide. 

Communications of the future are likely to be even more astounding 

to today’s layman than our own would be to yesterday’s untrained indi- 

vidual. We can anticipate the replacement of the present-day telephone, as 

a combination pleasure and business device. The possibility exists for a 

central communication console in each home or office, containing a single 

television screen replacing our present morning paper, telephone, radio, 

television, tape recorder and maybe even the neighborhood library and 

photocopy service. One could “call” a book out of a central storage 

library and have copies made for convenient reading or have tapes made 

for display on a screen. 

Furthermore, the use of the laser in communications has only just 

begun and surely will one day be able to perform the tasks now assigned to 

microwave links. 

PROBLEMS 

18-1 Calculate the mass of lead (Pb) that is converted into lead sulfate 

in a storage battery if it draws 100 amperes for 5 minutes, as if one were 

trying to start a car that had run out of gasoline. 

18-2 A single loop of wire of area 4 cm? is rotated at 60 rpm in a magnetic 

field of 3 Wb/m’. What maximum potential difference is developed by 
this elementary generator? 

18-3 Find the internal resistance of a battery rated at 6 volts if the 

terminal voltage at 2-amperes current is 5.7 volts. 

18-4 Find the number of the setting of the contact in the potentiometer 
in Figure P18-4 to obtain an output potential difference of 4 volts, if each 
segment has a resistance of 5 ohms. 

18-5 Find the unknown current and resistance in the circuit in Figure 
P18-5. 

18-6 Show that if the current is zero in the line joining terminals A and 
B of the Wheatstone-bridge circuit in Figure P18-6, Ri/R, = R3/Ra. 
Notice that if accurate values of three resistances are known, the fourth 
may be measured. 

18-7 ‘To measure the emf of auto batteries (V = 12.6 volts), a galvanom- 
eter of resistance 40 ohms and a sensitivity of 1 mA for full-scale deflec- 
tion is to be used. If the meter is to read full-scale for 12.6 volts, what 
series resistance is needed? 



Contact 

Potentiometer 

FIGURE P18-4 

FIGURE P18-5 

FIGURE P18-6 Wheatstone bridge 

18-8 A galvanometer with coil resistance 10 ohms reads full-scale when 

the current through it is 0.02 amperes—i.e., with potential drop 0.2 volts. 

(a) What shunt resistance should be inserted to be able to use the device 

to read 5 amperes full-scale? (b) What multiplier resistance should be used 

instead to obtain 250 volts full-scale? Will the needle deflections be directly 
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512 proportional to the current and voltage to which the meters are attached? 

evectricity Explain. 

IN ACTION 18-9 In the circuit shown in Figure P18-9, find the potentials at points 

labeled A, B, C, etc. Suggestion: Let V4 = 0 and proceed clockwise. 

18-10* Develop, by use of the two circuit principles, a set of equations for 

the currents in the circuit in Figure P18-10 and find the values of the 

currents. 

24 V 

100 V FIGURE P18-9 

FIGURE P18-10 

] 
Battery 

Ry = 10 

ohms 

DC generator 

FIGURE P18-11 
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18-11 Solve for the currents in the de circuit in Figure P18-11, which 
might be used to charge car batteries. 

18-12* A motor consists of 1600 loops of wire of dimensions 15 cm by 20 
cm, in a magnetic field of 30 Wb/m? that is always perpendicular to the 
longer dimension of the loops. (a) What total torque is developed in steady 
operation when the current in each loop is 1.2 A? (b) Suppose the starting 
current on a 150 V de supply is 100 A and the motor is turning at 4 rpm, 
with 40% efficiency. How much torque is developed at this stage? 

18-13 The switch is closed at time zero in the circuit containing a dc 
source of potential, a resistor, and a capacitor (Figure P18-13). The 
potential equation is 

Ve_etVe—-Vs =0 

where Vz = IR and Ve = Q/C. (a) What is the current at time zero? 

(b) What is the charge after a long time has elapsed? 

R FIGURE P18-13 

18-14 Ifthe charge on the capacitor C drops off according toQ = Qoe*/®°, 

when shorted through a resistor R, show that the length of time to fall 

from Qo to 4Qo is 0.6938RC. 

18-15 A 10-henry coil has a resistance of 180 ohms. What is its impedance 

to 60-cycle ac current? What value capacitor could be put in series with the 

coil to make the circuit have a minimum impedance? 

18-16* We are given a 1.0-millihenry inductor and two capacitors of 5 and 

10 microfarad. What resonant frequencies can be obtained by various 

combinations of these items in a circuit? 

18-17 Spaceships of the future may be propelled by accelerated charged 

particles, for example cesium ions, Cst. By what factor would the electric 

current increase if the potential difference were increased by a factor of 4 

and the gap between electrodes decreased by a factor of 2? 

18-18 An electric blanket consists of many fine strands of insulated wire 

in parallel. What total resistance should a 100-watt blanket have with 

voltage V. = 120 V? How much effective and peak current will it draw? 

18-19 A simple series circuit consisting of a resistor of 500 ohms and a 

capacitor of 20 uF is connected to a 170-V, 60-cycle ac wall outlet. Compute 

the capacitative reactance, the impedance, the phase angle, and the peak 

current drawn. 



1000 cycles/sec 
Peak voltage 250 V FIGURE P18-20 

18-20* For the RCL circuit shown in Figure P18-20, calculate the following 

quantities: w, Xz, Xc, Z, ¢, Io, Ve, I, and P. 

18-21 A linear accelerator for protons is designed with peak rf voltage 

5000 V and radio frequency 200 Mc. (a) What is the speed at the end of the 

first acceleration and the length of the first tube? (b) How many gaps n 

does the proton have to cross to reach 5-MeV energy? (c) The total length 

of an accelerator with n gaps and tubes is 

DSS iy le = AV es eee 

Compute the length required for the proton machine. 

18-22 Ions of charge q are accelerated through a potential difference Vo 

each time they cross the gap between dees in a cyclotron. How many 

accelerations do they receive in arriving at final energy E,? If the average 

path in the dees is tR/2, where RF is the final radius, how far does the 
particle travel in getting up to full energy? 

18-23 What magnetic field would be needed at the Earth’s Equator so 

that a proton of speed 10’ m/sec could just circulate around the Earth? 

Is this large or small compared with the Earth’s field? 

18-24 Show that the radius of the orbit of a charged particle moving in a 

magnetic field is proportional to its momentum. Does this relation hold 

for both classical and relativistic motion? 

18-25 A proton, a deuteron, and an alpha particle are accelerated through 

the same potential difference and enter a region of uniform magnetic 

field perpendicular to their initial velocities. Compare the radii of the three 
orbits. 

18-26 An electron travels in a circular orbit due to a magnetic field normal 

to the plane of motion. What happens to the orbit if the field is suddenly 

doubled? Halved? Turned off? 

18-27 A cyclotron is designed to obtain 2-MeV protons with peak rf 
voltage 3000 V and maximum radius 0.75 m. Compute the rf frequency, the 
magnetic-field strength, and the total ion path (see answer to Problem 
18-22, Appendix G). 

18-28 A beam of 10-MeV alpha particles falls on a metal target. The 
beam represents a current of 20 X 10-* A. How many deuterons strike the 
block each second? What is the heat power delivered to the target? 
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Problems 

18-29 Protons are to be used to propel a spaceship by acceleration of the 

ions through 10,000-volts potential difference. (a) If the current is 250 

amperes, what is the rate of discharge of particles per square meter? 

(b) What is the proton speed? (c) How much thrust per square meter is 

possible (see Section 10-3)? (d) What area of “‘nozzle’” is needed to give 
one ‘‘g”’ acceleration? 



ELECTROMAGNETIC 

RADIATION 

In our daily lives we come across radiation in many forms. We experience 

light with its various colors by means of the sense of sight. We feel the heat 

from the Sun on our skins, and “sunburn”’ is an after-effect of too much 

exposure. We listen to radio, watch television, travel in airplanes guided 

by radar, have our teeth X-rayed, and worry about radiation from fallout. 

At first thought, we might tend to consider all these as unconnected 

phenomena. On a physical basis, however, they all are (or use) forms of 

electromagnetic radiation, differing only in their wavelength or frequency; 

and all these various forms have the same speed in a vacuum. 

19-1 THE ELECTROMAGNETIC SPECTRUM 

The description of the phenomena of electricity and magnetism, in- 

volving forces, fields, matter, and charges, was brought into a compact and 

elegant mathematical form by Maxwell in the latter part of the nineteenth 

century. He took into account all of the previous experimental and theo- 

retical work of scientists such as Coulomb, Ampere, Ohm, Henry, and 
Faraday, and provided the missing part of the picture, the concept that 
changing electric fields induced magnetic fields. He translated the set of 
electrostatic and electromagnetic laws, which we presented in Chapters 6 
and 7, into the simple but comprehensive mathematical statement that 

516 



517 

SECTION 19-1 

The Electromagnetic 

Spectrum 

bears his name, Maxwell’s equations. He then proceeded to predict the 
existence of radio waves long before they were discovered. As shown in 
Appendix F, electromagnetic waves in free space are proposed to consist 
of periodic variations of electric and magnetic fields that are directed per- 
pendicularly to each other and progress through space with speed c. Their 
form is 

& 

B 

& sin (kz — wt) (along x) 

Bo sin (kz — wt) (along y) 

The maximum amplitudes are & and @®p, the angular frequency is w = 2z», 

and the propagation constant is k = 27/), such that w/k = \v =, the 

speed of the waves. By use of Faraday’s law (Section 7-4), which states 

that the circulation of @ is the negative of the time rate of change of mag- 

netic flux, and by use of Ampere’s law (Section 7-3), which states that the 

circulation of & is ky/kz multiplied by the rate of change of the electric flux, 

we derive (Appendix F) two important results: 

> _ oi [ke _ [9 X 10° _ ‘i 
Temes and.) ¢°= i 1027 = 3 X 10° m/sec 

The speed of visible light, radio waves, and all other forms of electromag- 

netic radiation is the same in a vacuum, c = 3 X 108 m/sec; or, more 

exactly, 2.997925 * 108 m/sec. 

The frequency and wavelength of electromagnetic waves depend on 

the type of source, which may be nuclei, atoms, molecules, heated solids, or 

accelerated charges in various electrical devices. Figure 19-1 shows the 

complete electromagnetic spectrum, with scales of wavelength \ and fre- 

quency v given. The names used for the regions arise because of differences 

in the way the radiation is produced, detected, or employed. The distinc- 

tions are somewhat artificial when we consider that all are electromagnetic 

in nature. Let us review some of the features of the parts of the spectrum. 

1. Visible light. The wavelengths that the eye can detect and identify 

as colors, ranging from violet to red, form a surprisingly small part of the 

spectrum. The eye is very sensitive, but unable to respond to most radi- 

ation. 
2. Ultraviolet light. This radiation, just above the visible range in fre- 

quency, is abundant in sunlight. Small amounts of ultraviolet light are 

healthful through the vitamin D that it produces in the body, but large 

amounts are deadly. The Earth’s atmosphere fortunately filters out the 

bulk of this radiation. 

3. Infrared light. The heat from the Sun comes to us by these rays, of 

frequency lower than those in the visible range. The skin of the body will 

detect these rays through a warming effect, and by the use of sensitive heat 

detectors, infrared photographs can be made in complete darkness (at least 

in the visible sense). 
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519 4. X rays, gamma, rays, and cosmic rays. These very-high-frequency 
SECTION 19-2 _ radiations are of various origins. X rays are commonly produced by a ma- 
Petiction from chine involving the bombardment of atoms by electrons; gamma rays come 

Electrical Oscillations from nuclear reactions; cosmic rays from outer space contain pace te 
electromagnetic components. 

5. Radio waves. These low-frequency radiations, produced by elec- 
trical circuits, include the licensed bands used for ordinary radio, television, 
and “short-wave” communication—e.g., by police and amateurs. The radar 
commonly used for detecting distant objects is between the frequencies of 
infrared and television. 

19-2 RADIATION FROM ELECTRICAL 

OSCILLATIONS 

The sight of television antennas sprouting from rooftops is a common 

oné. We are aware that such structures receive waves from a television 

station that has similar emitting devices, and that no wires are required 

to guide the signals from the transmitter to the receiver. We also have 

noted that the loudness and clarity of a radio with a built-in antenna, as 

in a transistor model, depend on the direction in which it is turned. The 

first improvement in our level of understanding is that the oscillation of 

charge and current produces an electromagnetic disturbance at a distance. 

— + =a +q 

oe _.__@ 
FIGURE 19-2 

Dipole antenna Simplified dipole model 

(a) (b) Dipole radiation source 

The click in a radio when a nearby light switch is closed, or the crackling 

sound during an electrical storm give us evidence of this fact. Although the 

mathematics of sending and receiving these electromagnetic waves is com- 

plicated, we can appreciate the process by examining an elementary an- 

tenna. Picture a pair of straight wires attached to a source of alternating 

electric potential, as in Figure 19-2(a). At any instant, one arm is negative 

while the other is positive, but 1 half-cycle later, the signs are reversed. 

The electric field near the charged wire also reverses direction. The flow 

of current in the wire causes a magnetic field that also oscillates. We can 

simplify the situation by imagining that at any instant there are two unlike 

charges separated by distance s, charges +q and —q, as in Figure 19- 2(b). 

As discussed in Section 6-3, this structure is an electric dipole, which 

produces an electric field in the vicinity. In our simplified model, the 
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Charge 
separation 

alternating voltage of frequency v causes the charges to move back and 

forth with a sinusoidal motion. Let us study the variation with time of the 

electric field at various distances R from the oscillating dipole, referring to 

Figure 19-3. What we observe is found to depend greatly on the size of R. 

First, let us suppose that R is small compared with the distance that 

light travels in 1 cycle of vibrations, and small compared with the wave- 

length of radiation \, but still large compared with the separation of 

charges. The effect of a displacement of particles is detected almost in- 

stantly at the point P. The static electric field from a dipole (Section 6-3) 

is kyM /R?, where M is the dipole moment M = qs. The charge separation 

and thus the moment now vary periodically, M = M,, sin wt, where Mp, is 

its maximum value. Thus the field nearby is 

= keMn sin wt 
Ra (electric field near a dipole) & 

which is rather strong at these distances because of the dependence on 1/R?. 

We now turn to the case in which R 7s large compared with the distance 

light travels in 1 cycle. It takes a length of time approximately R/c for the 

effect of any disturbance of the charges to be experienced at P. Thus the 

electric field & there at time ¢ is due to charge motions at an earlier time 

t’ = t — R/c. A part of the total field that was unimportant at small dis- 

tances now becomes dominant, and is given by —kyqga,/R, where a, is the 

acceleration of the charges at time ¢’. Recalling that, in harmonic motion, 

acceleration is proportional to displacement, and that the latter is periodic, 

we obtain what is called the radiation field: 

z A sin w(t — R/c) 
& R (electric field far from a dipole) 

We see that the field is in the form of a wave, moving outward with speed c 

y 

Electric dipole 

; lores x 

P 

Point of observation 

be + 
FIGURE 19-3 

Production of electromagnetic waves by an oscillating dipole 
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Direction of propagation 
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FIGURE 19-4 

Electric and magnetic waves far from an oscillating dipole 

across a curved surface of radius R. Since the radius is very large, the wave 

appears to be nearly of plane form at the point of observation. There is an 

accompanying magnetic field ®, perpendicular to &, and the whole combi- 

nation (Figure 19-4), is called the electromagnetic wave. 

Electromagnetic waves are produced when charges are accelerated 

either in an electrical circuit or by encounter with other charges. The term 

bremsstrahlung (‘braking rays’’) is applied to the latter, as when electrons 

interact with atomic particles in the atmosphere or in an X-ray generator. 

Let us investigate the form of an electric field for electromagnetic sig- 

nals in some particular situations. A typical radio transmitter operates at 

1000 ke/sec. Thus the distance that signals travel in 1 cycle is R = : = 

3 X 108 

10° 
ger than 300 meters, the nearly plane radiation-field relation is dominant. 

On the other hand, visible light produced by atoms has a typical wavelength 

5.55 X 10-7 m, in the yellow-green region to which the eye is most sensitive. 

For nearby atoms, of the order of 1 mean free path away, about 1077 m, the 

distance FR is of the order of \, and the dipole field is important. 

Summarizing, the properties of electromagnetic waves in a vacuum 

are the speed c, the frequency », the wavelength \, the amplitude A, a phase 

angle, and a plane of vibration or polarization. This last property is usually 

referred to the electric-field direction. Radiation from a single dipole is said 

to be polarized, while that from many atoms with random vibration direc- 

tions is unpolarized. 

= 300 m. Since most stations serve a region with radius much lar- 

Communication by Radio Waves 

Electromagnetic energy is transferred at a rate proportional to both 

the electric- and magnetic-field strengths, and to the speed of light. Since 

each field varies as 1/R, the energy flow varies as 1/R’—that is, inversely 
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FIGURE 19-5 

Amplitude-modulated radio wave transmission 

as the square of the distance from the source, a fact that can be correlated 

with our knowledge that light from stars or radio signals from distant 

stations is weak. 
The electromagnetic waves of radio are noted from Figure 19-1 to be 

in a frequency range near 1,000,000 cps. If these vibrations were converted 

into sound of the same frequency, they would be completely inaudible to 

the human ear. The radio waves serve, however, as a “carrier” of infor- 

mation such as speech, music, and other sounds. The signal that is trans- 

mitted and received consists of some change or modulation of the basic sine 

wave of radio. Suppose that a station wants to send out a note of 256 eps. 

The low-frequency variation is fed through a microphone to the trans- 

mitter, which, in the case of AM (amplitude-modulated) radio, varies the 

amplitude of the electromagnetic signal, as shown schematically in Figure 

19-5. At the radio receiver, the variations are turned into electrical impulses 

that cause mechanical vibrations of the speaker cone. These agitate the air 

and the signal appears as audible sound again. More complex sounds are 

handled in the same way. 

At the transmitter for FM (frequency-modulated) radio, the sound 

creates slight changes in the frequency of the radio waves. The changes 

are translated back into sound at the receiver. 

The generation of electric and magnetic waves by oscillating charges 

was predicted on the basis of theory alone by Maxwell. This stands as one 

of the major scientific contributions of all time, comparable to Newton’s 
discoveries in the field of mechanics. 

19-3 SPECTRA FROM HEATED BODIES 

A study of the laws of thermal radiation is important for two reasons. 
First is the interest in knowing how the amounts emitted, transmitted, and 
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Radiation rate (W/m? —,) (in units of 10~*) 

S = © 6 MN Ge ey =) Cy 

13 

12 

absorbed depend on temperature, materials, and the size and shape of the 

objects participating. The second is historical, since the quantum theory of 
radiation had its origin in the eventual correct interpretation of the above 
processes. 

The variation of temperature and of the color of heated objects is 
familiar to us. The burner coil on an electric range or the filament of a 

lightbulb changes from black to red on heating up, and with high enough 

current becomes white. 

We know from experience that there is a rapid change in the total 
amount of radiant-heat energy with temperature. Such energy is trans- 

mitted through a vacuum, in contrast to the mechanisms of conduction and 

convection (Sections 16-6 and 16-7). The radiation from the Sun that 

warms the Earth crosses empty space: the origin is in nuclear and atomic 

processes, the transmission is in the nature of electromagnetic radiation, 

and heating effects result from absorption by atoms of matter. Let us 

summarize the experimental facts. First, the amount of radiation from an 

_ideal emitting surface in a unit range of wavelength at a certain \ is found 

to have a maximum value that depends on absolute temperature 7, as 

shown in Figure 19-6. The peaks of these curves occur at wavelengths },,, 

where m refers to maximum (of the radiation rate) such that 

FIGURE 19-6 

Wave length (microns) Radiation from an ideal heated object 
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\ml’ = constant 

The dotted line on Figure 19-6 connects these points. Second, the total 

radiation energy at all wavelengths—the area under a curve—is propor- 

tional to the fourth power of the absolute temperature. It also depends on 

the nature of the surface: one that is rough and black is a much better 

radiator than one that is smooth and highly reflecting.* 

The term absorptivity a is the fraction of the radiation that strikes an 

object that is absorbed by it. We know that objects such as dark clothing 

or black automobiles absorb more heat from the sun than do white ones. 

A perfect absorber, with a = 1, is called a “black body.” It has an ideal 

surface with which we can compare real surfaces. 

Let us try to imagine the darkest possible object. There is very little 

reflection from dull-black paint. The keyhole of a closet is even better, 

because most of the light that we shine through it gets lost inside and little 

comes out again. The black body as an ideal absorber is just such a cavity 

with a very small aperture, Figure 19-7. We imagine that the interior can 

be heated to any temperature desired. Radiation is continually emitted and 

* The word “radiator’’ as applied to heating equipment in buildings is a misnomer, 

since in these devices convection is the main mode by which heat is transferred. 

\ &:. 
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we 

FIGURE 19-7 

The black body—the perfect radiator and 
absorber 

Black, a = 1 

FIGURE 19-8 

Geometry for Kirchhoff's law 
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absorbed by the walls of this furnace, and what comes out of the small hole 
in the side is a sample of the radiation inside. 

We can derive a relation between the ability of objects to absorb and 
emit radiation by performing an imaginary experiment. We put two small 
objects in a large heated cavity (Figure 19-8) and allow the system to come 
to thermal equilibrium. One object is a real body with absorptivity a, the 
other is a black body with absorptivity 1. Examining unit areas of each, 
which receive radiation from the walls of the cavity of amount R, we find 
that absorption rates are Ra for the real body and R for the black one, 
while we let the emission rates be W and Wy. Heat balances are written 
as follows: 

Ra = W 

R=W, 

Dividing equations yields 

Ww 
Ws == fas 

The ratio W/W» is called the emissivity, e, which is the ratio of the radiation 

rate from a real body to that from a black body. We conclude that 

(FS (54 

which is Kirchhoff’s law, stating that the emissivity is equal to the absorptivity 

for all surfaces. Also, we see why a good absorber is a good emitter, and vice 

versa. A polished metal plate that reflects most of the incident radiation is 

a poor source of heat. If the radiation rate Wy from a black body at some 

temperature is known, we merely multiply by e to find it for a real body. 

The value of « depends on the surface of the material—the element, its 

chemical composition, and the degree of roughness. For instance, at 200°C, 

aluminum has a value of ¢ of about 0.1, while steel has 0.8. In general, «€ 

varies also with wavelength. For example, as the radiation wavelength 

values proceed from 0.55 X 10-4 m to 0.65 X 10-4 m, « for silver goes from 

0.35 to 0.04. 
The Stefan—Boltzmann law is the starting point for calculating rates of 

radiation. From a black body, the rate of radiation per unit area, including 

all frequencies, is 

J =o 

where o = 5.67 X 10-8 W/m?-(°K)4, the Stefan—Boltzmann constant. We 

observe that the emission rate goes up very rapidly with temperature—as 

the fourth power. Doubling 7' causes J to increase by a factor of (2)* = 16. 

For example, let us find the total radiation rate per unit area from a black 

body at temperature 2000°K. In this case, J = (5.67 X 10-*) (2000)* = 

9.1 X 10° W/m’. If the emissivity were that of steel, « = 0.8, the rate of 

radiation would be smaller, 7.3 X 10° W/m’. 
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Imagine a 100-watt lightbulb hanging in a room with nonreflecting 

walls at negligible temperature. To what temperature will the filament of 

area 25 (mm)? rise, if its emissivity is 0.9? 

J (100 W)/(25 X 10-* m?) asthe = 78.4 X 102 (°K)! 
T! =~ = i5e7 x10 W/m=CKIOD) ~ (OX 1 OH) 

or 

T = 2970°K 

The net amount of radiation that is transmitted from one body to 

another depends on the temperatures of both, since each is radiating to the 

other. Suppose that an object of area A; and emissivity « at absolute tem- 

perature 7; is completely surrounded by a surface at lower temperature T>2. 

The net rate of radiation is 

Q =JA = eAio(Ti — T3) 

Let us illustrate by considering the problem of heating communications 

satellites or spacecraft by solar radiation. We note that the Sun’s temper- 

ature 7’, is very high, about 6000°K. To determine its contribution of en- 

ergy to a spaceship, let us visualize a sphere of radius equal to the distance 

to the Sun. The ratio of the Sun’s area on that sphere, A,, to the total 

sphere area A; is very small, about 5 X 10-*. By equating the actual 

radiation from the Sun to that received if the Sun were spread out over the 

whole sphere surface, we can find an effective temperature of space T.. 

Neglecting constants of proportionality, 

AT, = ALT; 

or T. = (5 X 10-*)'4 6000 = 284°K, which is surprisingly low, only 11°C. 

With the knowledge of the effective temperature of the surroundings, 

we can now find how the surface temperature of a space capsule depends 

on rate of radiation. Suppose that the equipment in the vehicle, area 100 m? 

and ¢ = 0.8, produces 200 kW that must be continuously radiated to space. 
Then, 

Tt = 14-2. 
ecAy, 

- A 2X 10 
= @84)" + 636.67 X10) 00) 

from which we find 7; = 474°K, or an uncomfortably warm 201°C. 
The temperature of the surface of the spacecraft was assumed to be 

uniform in the above analysis. This would be true only if heat were con- 
ducted very readily in the hull or if the spacecraft were rotated, as was done 
in the Apollo missions to the Moon. Also, we ignored the radiation from 
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all of the stars, which turn out to give an effective temperature of space of 
about 3°K. 

19-4 THE ORIGIN OF QUANTUM THEORY 

By the latter part of the nineteenth century, all of the discoveries and 

developments that we call classical physics had been made. Included were 

the sciences of mechanics, kinetic theory of gases, thermodynamics, elec- 

tricity and magnetism, and electromagnetic-wave theory. Methods of mak- 

ing accurate measurement of physical quantities had been perfected as well. 

The agreement of theory and experiment was generally most satisfactory. 

When the subject of radiation from heated bodies was investigated, how- 

ever, serious gaps in understanding remained. The spectrum of light from 

matter at various temperatures, such as we saw in Figure 19-6, was well 

known. But attempts on the basis of classical theory to explain the black- 

body radiation curves turned out to be highly unsuccessful, in spite of the 

efforts of many capable scientists. They assumed reasonably that the atoms 

in the solid heated material were responsible for the radiation, through 

vibration of charges in what were called atomic oscillators. Light was 

believed to be emitted and absorbed at the natural frequencies of the 

oscillators, each of which was assigned an average energy proportional to T 

\ 
| 
\ 
| Classical theory 

Experiment and 
Planck’s theory 

FIGURE 19-9 

Radiation spectrum from heated body 

Wave length, compared with classical prediction 
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on the basis of equipartition of energy. A typical calculated graph of the 

frequency distribution of intensity (Figure 19-9), we note, contrasts sharply 

with the experimental results. The theoretical curves fit very well at long 

wavelengths, but deviate drastically at short wavelengths. 

This discrepancy became known as the “ultraviolet catastrophe.” By 

calculating the area under a given curve, physicists could compare the 

theoretical total energy radiated at a given temperature with experimental 

findings. In this case, the theoretical curves were of no practical use at all, 

since the area under the curves was infinite for all temperatures. 

In 1900, Max Planck, a German scientist, succeeded in deriving a 

formula* which fit the experimental data almost perfectly, and which also 

yielded the Stefan—Boltzmann fourth-power law. The assumption which 

he had to make was that the oscillating charges that absorb and emit the 

electromagnetic radiation can only do so in definite amounts and that these 

are in units of hy, where v is the natural frequency of the oscillator and h, 

now known as Planck’s constant, is 6.63 X 10~* J-sec. 

Planck actually regarded his quantum hypothesis as a calculational 

trick rather than a fundamental concept. However, the existence of discrete 

energy levels in atoms and the photon theory of light had their beginning 

with this assumption. Such ideas were revolutionary at the time. 

The work of Planck is of historical importance in physics, in that it 

marked the end of the classical era and the beginning of modern physics, 

which is characterized by descriptions of all phenomena on an atomic and 

quantum-mechanical basis. 

PROBLEMS 

19-1 Find the wavelength \, frequency v, and propagation constant k for 

the following electromagnetic radiations: (a) yellow light from sodium, 

\ = 5.89 XK 1077 m; (b) an X-ray photon of energy 50,000 eV; (c) 850-ke 
radio waves. 

19-2 Find the frequency and wavelength of a cosmic-ray photon of 1-Bev 
(10° eV) energy. If all the energy were converted into visible light at 555 mu, 
how many photons would be produced? 

19-3 A sodium-vapor lamp emits light in the vicinity of 590 my. Find 
how many photons are emitted per second from a 100-watt lamp. 

* The radiant-energy flow per unit area per unit frequency at a given frequency », 
according to Planck, is 

apes v\2 hy 
j = 2n (?) evikT — 4] 

and the Stefan—Boltzmann constant is 

oe 2ekt 
15ht8 
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19-4 The amplitude of an electromagnetic wave at great distances from a 
dipole can be shown to be A = ky2qa, with a = wr. Find its value for an 
oscillator of atomic dimensions, comparable to the hydrogen atom, with 
q=16 X 10°" C,r = 5.3 X 10“ m, and v = 2.2 X 10° m/sec. 

19-5* According to classical radiation theory, the centripetal acceleration 
of an electron results in radiation with a power P = 2k(qa)?/3c. (a) How 
much power would be expected from the hydrogen atom (see Problem 

19-4)? (b) How much power would come from an electron of speed 10° m/sec 
circulating in a magnetic field of 2 Wb/m?? 

19-6 Find the wavelength of light that is most prominent at a temperature 
of 1000°K. Is this in the visible range? 

19-7 Calculate the rate of energy loss by radiation from a steel sphere of 

radius 0.05 m at temperature 1000°C if « = 0.85. 

19-8 The net radiation rate between two parallel planes with different 

temperatures, areas, and emissivities is given by 

Q = FAjo(Ti — T2) 

where F = (1/ea + 1/e — 1)-. Estimate the heat lost per second by the 

sides of a furnace of area 4 m?, e = 0.8, 7 = 600°K, to an aluminum shield 

e= 0.1 at T = 300°K. 

19-9 A Thermos bottle is constructed of two layers of silvered glass, with 

vacuum between them. Explain why it can maintain the temperature of 

either hot or cold liquids. 

19-10 A steel pipe (e = 0.8) containing steam at temperature 120°C is 
suspended in a dark room at 40°C. The amount of heat lost per unit area 

by radiation plus convection is 5000 W/m?. What fraction is radiation? 

Deduce the value of the overall heat transfer coefficient. (See Section 16-7.) 

19-11 To what temperature would an unmanned satellite go if all power 

inside were shut off? 

19-12* A nuclear-powered spaceship requires large radiating surfaces to 

eliminate the “waste heat’’ of the thermodynamic cycle. If the useful en- 

ergy is 200 MW, the efficiency is 0.25, e = 1, and the radiator temperature 

is 1000°C, what area would be needed? 

19-13* Show that Planck’s formula (footnote, page 528) goes into the 

classical expression j = 27k7'/)? for large wavelengths, small frequencies. 



LIGHT WAVES AND RAYS 

Regardless of the origin of electromagnetic radiation—from electrical de- 

vices, heated bodies, or atomic particles—the form of the disturbance is the 

same. It will thus be propagated through a vacuum and interact with ma- 

terials in a manner that is determined by the geometry, the properties of 

the substances, and of course, the frequency and wavelength of the radi- 

ation. We shall use the terms light, radiation, waves, and electromagnetic 

radiation as essentially synonymous for the study of transmission through 

space and effects within material bodies. 

20-1 DETERMINATION OF THE SPEED 

OF LIGHT 

The speed of light or electromagnetic waves has been the subject of 

intensive experimental measurement over many years, because of the im- 

portance of that constant in physical theories. The ancient Greeks thought 

it to be infinite. Galileo attempted around 16388 to find the time required 

for light to travel a certain distance and back, using lanterns. Human 

reflexes being slow, the experiment failed and Galileo was able to conclude 

only that “it is extraordinarily rapid.” The first indication that c was finite 

came from Roemer’s astronomical observations in 1675. He found that 
times of eclipses of one of Jupiter’s moons differed by about 22 minutes 
when seen at six-month intervals. Ascribing the discrepancy to the greater 
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Roemer’s estimate of the speed of light 

distance light has to travel when the Earth and Jupiter are on opposite 

sides of the Sun (Figure 20-1)—twice 93 million miles—Roemer computed 

a value of c of a little over 2 X 10® m/sec. Measurements by others using 

a variety of techniques followed. Bradley found how much a telescope 

moving with the Earth had to be tilted forward for light to go down the 

telescope axis (somewhat similar to the tilt we must give an umbrella as 

we run in the rain). Fizeau set up a rotating cog wheel that allowed flashes 

of light to go to a distant mirror and back. Foucault substituted a rotating 

mirror for the wheel of Fizeau. The most precise measurements for many 

years were made by Michelson, who used a rotating mirror with as many 

as 32 faces. Figure 20-2 shows a simplified version of one of his arrange- 

ments. When the mirror gets to the right speed (around 528 revolutions 

per second), the detector receives full illumination from the source. In the 

time the mirror turns through } revolution, 1/(8) (528) = 2.37 X 10~ sec, 

the light has traveled 44 mi, which gives a speed of 186,000 mi/sec. The 

value for the speed of light in vacuum as deduced by use of his later 

apparatus was 2.99774 X 108 m/sec. Since then, several improvements in 

the value of c have been obtained, using electromagnetic microwaves and 

Light source 7 il Light detector 
ZI 

Fae! Wea 

Rotating mirror 

a 22 miles 

FIGURE 20-2 

Michelson's rotating mirror method for 

measuring the speed of light 
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molecular spectra. The “best” value is currently (2.997925 + 0.000002) X 

108 m/sec. There has been some speculation that the speed of light changes 

slowly with time, but the trend is probably only due to coincidence as a 

result of the improved measurements over the years. 

20-2 TRANSMISSION OF RADIATION 

IN SPACE 

A radio announcer sometimes quotes the radiated power of his sta- 

tion—as, say, 50,000 watts. By this he means the total rate at which 

electromagnetic energy flows into the vicinity. We have previously en- 

countered flows of particles, heat, momentum, and electric charge in 

Chapter 16. Electromagnetic energy also flows through space and mate- 

rials—the rate of flow depends mutually on the electric and magnetic 

fields. The intensity of radiation J is defined as the energy flow per unit 

area and, as in the case of motion of particles or heat energy, is the product 

flow rate = (energy density) (speed) 

We may recall from Section 17-5 that the electrical-energy density within 

a capacitor is &/87kz, while that within an inductor is @?/Srky. An electro- 

magnetic wave involves both fields and, far from a dipole source in vacuum, 

they are related by @® = &/c, as discussed in Section 19-1. Using c = 

kz/km, we find at once that the electric- and magnetic-energy densities 

are the same, and thus the total energy density is &°/4akg. Multiplying by 

the speed of light c, we find the intensity to be simply 

_ &e 

vy Anke 

The units are J/m*-sec or W/m?—i.e., power per unit area. We can insert 
values of the constants to obtain 

& 

t= 377 
where & is in volts per meter. To get an impression of how strong elec- 
tric fields are, we estimate & for sunlight at the top of the atmosphere 
where J = 2 cal/em?-min, called the solar constant. In our usual units, 
this is 1.4 X 10% J/m?-see. Then, if the light were of one frequency, 6 = 
V5.3 X 10° & 730 V/m. 

Inverse-square Spreading of Radiation 

When we are at distances from a source of light that are large com- 
pared with its size, it is convenient to think of the source as a point. Whether 
the radiation comes from an atom or from a radio antenna, the detailed 
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FIGURE 20-3 

Flow of energy from a source of radiation 

structure of the source is not important when the point of observation is far 

away. We saw in Section 19-2 that the electric field & from an oscillating 

electric dipole is inversely proportional* to R. Thus the intensity varies as 

1/R?. This inverse-square dependence can be understood from the point of 

view of energy conservation. Suppose the energy is released by a point 

source in equal amounts in every direction. Let P be the power—that is, 

the energy emitted each second. In a vacuum, where there is no absorption, 

this same energy passes through any sphere of radius R and surface area 

4rk? (see Figure 20-3). There the intensity as the flow per unit area per 

second is clearly 

Nee 

bee 4rR? 

Let us calculate the intensity J and the field § at 100 km from a 50-kW 

radio station. 

P _5X10W 
Bln 4rR? ~~ 4 (10° m)? 

= 410 < 1050 W/m? 

& = V377I = V(377)(4.0 X 107) = 0.012 V/m 

For any two radii R; and Re, the ratio of intensities is 

I, _ Rt 
I, R3 

an inverse-square spreading of the radiation. Another way to view the 

spreading is shown in Figure 20-4. Imagine windows in two spherical shells 

about a point source of light. The area of window at radius R, is larger than 

* Note that this field is quite different from the electrostatic field from a single 

charge, inversely proportional to R?. 
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Inverse square spreading of radiation 

that at radius R; in the ratio R3/Rj, but since the same amount of light 
passes through each window, the intensities are in the ratio Ri/ R3. 

Illumination 

We are often concerned with the amount of light that is available 

to us for work or reading. For example, we may find that a 40-watt bulb is 

too weak for studying and must be replaced by a 100-watt bulb. When we 

take photographs, it is desirable to have a light meter in order to set our 

camera properly. The measurement of the amount of illumination of objects 

involves some specialized units. These were defined arbitrarily in the dis- 

tant past, and now appear rather quaint. The candle was at one time a 

standard source of light (made of spermaceti, weight 4} lb and burning at 

120 grains per hour). The amount of light emission from other sources was 

then measured in candlepower. The lwmen was then defined as the light 

falling on 1-square-foot area of a sphere of 1-foot radius with a one-candle 

source at the center. Although filament bulbs serve as standards nowadays, 

the units continue to be used. A typical 120-volt, 100-watt tungsten light 

bulb gives about 1600 lumens. Thus, at 1 foot, the intensity would be 

1600 lumens/ft?. If the bulb were 3 ft above our desk, the inverse-square 

spreading would reduce the intensity to 1600/(3)? = 178 lumens/ft?. Some 

photoflash bulbs give a peak radiation as high as 4 million lumens, but of 

course the flash lasts for a very short time, such as 35 sec. 

20-3 INTERACTION OF LIGHT WITH MATTER 

We have seen that electromagnetic radiation can be produced by the 
controlled acceleration of electrons, as in a radio transmitter, or by heating 
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of solid bodies to incandescence, or by the excitation of atoms in a gas. 
There is a great range of possible frequencies and wavelengths, but radi- 
ations have a common waveform and speed. Now we turn to the behavior 
of light as it passes through matter with its molecules, atoms, electrons, and 
nuclei. The nature of the interaction depends greatly on the structure and 
composition of the material, and thus our ability to generalize is somewhat 
reduced. Effects are highly dependent on the degree of freedom or binding 
of the charges in the substance. We can say, however, that the electric 

field of the radiation causes motion of electrons, which in turn become 
sources of supporting or competing radiation. 

Conducting Material 

First let us examine the interaction of waves in a metal, which was 

described in Section 17-6 as containing many free electrons. The electric 

field exerts forces on these charged particles, and if the material has a 
conductivity o, as shown earlier, a conduction current density 7 will be 

produced by the electric field &, of amount 7 = o&. The electric field is 

changing with time, hence there is a displacement current as well, in accord 

with Maxwell’s discovery. These currents produce fields that combine with 

those inducing them. If the field outside is 

& sin w (« _ ‘) 
c 

it is found that the field inside is of modified form 

& sin w (: _ 2) e7 
v 

Figure 20-5 shows graphs of these fields. Two features are to be noted—the 

speed v is different from c = 3 X 10° m/sec, and there is an exponential 

reduction in field strength as the radiation penetrates the medium. 

The quantity y, called the attenuation coefficient, is dependent on the 

electrical conductivity of the material and the characteristics of the radi- 

ation. We can deduce the effects that take place in the medium: the electric 

Vacuum Metal or ionized layer 

Electric field Exponential decrease 

FIGURE 20-5 

Attenuation of electromagnetic waves—skin effect 
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field of the incoming wave accelerates electrons; the energy of the wave is 

thus reduced and eventually approaches zero as the depth of penetration 

increases; the accelerated electrons produce electromagnetic radiation which 

is observed from outside the metal as a reflected wave. As expected, the 

higher the frequency of incident light and the larger the conductivity, the 

greater the energy loss by the wave and thus the shorter the distance of 

penetration. In a metal, some of the energy goes into heating a very thin 

layer of the surface, a process which goes by the name “skin effect.’’ The 

thickness of the layer (measured by the distance for & to be reduced by a 

factor 1/e = 0.37) is surprisingly small. Radiation of 1-em wavelength in 

copper, for example, has a skin thickness of less than 0.001 mm. 

The transmission of high-frequency currents in conductors is made 

difficult because of the skin effect. If the current is limited to a thin surface 

layer, the resistance and heating are excessive. A coaxial cable is one solu- 

tion to this problem. It consists of a metal tube with a wire along its axis. 

Electromagnetic energy flows along in the space between the conducting 

surfaces. For very high frequencies (the microwave region), transmission is 

effected by a wave guide, which is a hollow rectangular box with no central 

wire. Fluctuating currents in the walls cause fields to combine with those 

in the cavity. The electric-field vector vibrates in the plane perpendicular 

to two faces and the magnetic field vibrates in the form of closed loops that 

are end to end along the length. These are special solutions of Maxwell’s 

equations. 

The reflection of radio waves from the ionized gases in the upper 

atmosphere (ionosphere) involves the same mechanisms of electron acceler- 

ation and radiation as take place in a metal, even though the electron den- 

sity is much lower in this partly ionized atmosphere. Radio communication 

between widely distant points on the Earth makes use of this phenomenon. 

Another exarnple of the effect is the temporary “blackout’’ of communi- 

cation with a spacecraft that is in the stage of re-entry into the atmosphere. 
Frictional heating of the air by the high speed of the vehicle creates a 
plasma layer that reflects radio waves. 

Insulating Material 

Earlier (Section 17-6), we showed that the ability of a substance to 
conduct electricity depends on the degree of binding of electrons to the 
atoms. In the insulator, a material with tightly bound charges, the electric 
field of the electromagnetic wave can only set the electrons into vibration 
about their normal positions. We also saw (Section 17-3) that a steady 
electric field creates dipoles in a medium. The resulting polarization was 
described in terms of a dielectric constant x. Similarly, an oscillating wave 
produces dipoles that have their own electric and magnetic fields. Imagine 
a large assembly of tiny radio transmitters induced to send out waves by 
the incoming light. Electric fields are superposed, the net effect of which is 
to change the speed of light in the medium from ¢, its value in a vacuum, to 
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a value 

This means that the higher the dielectric constant of the material, the 
lower the speed of light (corresponding to greater electrical polarization 
of molecules). The ratio of speed of light in a vacuum to that in the medium 
c/v = Vis designated as the index of refraction, 

c 
n= - 

v 

This index determines how much bending a ray of light experiences on 

entering the medium. For water, n is about $; in some glass about 3; while 

for air, with its low particle content, n is very close to 1. There is some 

dependence of the speed of light—and hence the index of refraction—on 

_ the-wavelength of light, as shown in Table 20-1. These differences permit 

TABLE 20-1 

INDEX OF REFRACTION OF QUARTZ 

WAVELENGTH ) 

(mu) INDEX OF REFRACTION n 

202.6 1.547 

303.4 1.486 

404.7 1.470 

508.6 1.462 

706.5 1.455 

white light to be decomposed into its various colors by use of a prism 

(Section 21-2), a process called dispersion. 

Weare quite familiar with the fact that some nonconducting materials 

readily transmit visible light, while others are opaque. Such differences 

depend on the details of molecular structure and the frequency of the light. 

Some plastics pass no visible light, but are so transparent to infrared waves 

that they can be used as lenses in that range. In contrast, water is nearly 

transparent to visible light, but absorbs infrared rays strongly. High- 

frequency X rays tend to penetrate much more readily than visible light, 

which accounts for their use in medical diagnosis. 

Let us consider a simple experiment. A plane wave of light originating 

in a region of vacuum is allowed to impinge on the flat surface of some 

transparent material. The interaction of the time-varying fields with the 

material of index of refraction n will create oscillations of the charges and 

a resulting reradiation of light. This secondary radiation supplements the 

original stimulating radiation. Such emissions can send waves backward 
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that give the observer the impression that the original waves undergo 

reflection. The combined radiation will penetrate the surface and, depend- 

ing on the angle of incidence, the radiation may experience a bending or 

refraction. The substance may transmit some of the wave vibrations and 

stop others, giving rise to the process of polarization. All of the above 

processes are shown to be closely related by electromagnetic theory. 

20-4 REFLECTION AND REFRACTION 

The action of light in many optical processes and devices is governed 

by certain experimentally deduced laws that are already familiar to us. For 

example, we know that light striking a plane mirror at an angle with the 

surface is reflected away at the same angle, and that light entering a sub- 

stance such as water at an angle is bent into the medium. Electromagnetic- 

wave theory will now be brought to bear on these phenomena. First, let us 

suppose that a light wave moving in the z-direction in a vacuum is repre- 

sented by its electric field 

& = & sin (wt — kz) 

Ag 

k, 

ee 
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FIGURE 20-6 

Incident, reflected, and transmitted waves 



539 

SECTION 20-4 

Reflection 

and Refraction 

where k is w/c. A wave that is moving in any direction in a medium in a 
three-dimensional coordinate system with axes x, y, and z can be charac- 
terized by a propagation vector k along the direction of motion and of 
magnitude w/v. In place of kz in the wave expression above, the quantity 
k,x + kyy + kz appears. Picture, as in Figure 20-6, the behavior of the 
electric fields when light from a vacuum strikes a plane surface of a sub- 
stance at some angle. We can expect that the incident field &; will give rise 
to a reflected field &, and a transmitted field &,. The propagation vectors 
are seen to be all different. Electromagnetic theory tells us that the z-com- 

ponents of the vector k, those parallel to the surface, are all the same at the 

boundary between the two media. From the diagram, these components 
are found as 

ke = ; sin 0; (incident) 

(3) 5 
kee = 7 sin 6, (reflected) 

(2) os 5 
Kin = > sin CP (transmitted) 

Equating all three and canceling w, we get a compact general expression 

relating speeds and angles: 

sin@; sin# sin 

c c v 

From the first two parts, we find sin 6; = sin 6,, or 

6; = 6, (law of reflection) 

which says that the angle of incidence is equal to the angle of reflection. This 

simple relation allows us to solve mirror problems. Then, using c/v = n, we 

see that 

sin 0; 

sin 6; 
= 7) = ; (law of refraction) 

which states that the ratio of the sines of the angles of the incident and trans- 

mitted (refracted) waves is the ratio of the speeds of light in the two media. This 

second result, called Snell’s law, forms the basis for solution of lens prob- 

lems. The two basic formulas are depicted geometrically in Figure 20-7. 

When light passes from one medium (say water), with index of re- 

fraction m; = c/v;, at the speed of light 1, into another (say glass) with 

index n: = c/v», speed v, the relation between angles of the rays to the 

normal is 

sin 6; a2 No 

sin 6. ™ 



Reflection 6;= 0, Transmission sindi_ ¢ 

(refraction) sin 4; UD 

FIGURE 20-7 

Laws of reflection and refraction 

Small angle Large angle Critical angle Total internal reflection 

FIGURE 20-8 

Approach fo internal reflection 

We can deduce an important rule from this general form of Snell’s law. If 

light passes from a medium with smaller n to one of larger n it is bent, or 

refracted, toward the normal; if it goes in the reverse direction, it is bent 

away from the normal. To check, note that if ne > m, then sin 6; > sin 62 

or 6, > 62. A peculiar effect occurs when one changes the angle of incidence 

as light passes from a dense to a rare medium. As seen in Figure 20-8, the 

angle of transmission becomes successively larger, until it reaches 90 deg. 

For larger angles of incidence, only the reflected wave remains, a condition 

called total internal reflection. 

Let us compute the critical angle of incidence 6, corresponding to re- 
fraction at 90 deg. Applying Snell’s law, 

mM, sin 6; = Nz sin 62 

but since 0. = 1/2, sin # = 1. Thus 

: N2 
sn @ = — 

mM 
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When light goes from glass, mn. = 3, to water n2 = 4, then sin 6, = 8 = 
0.889, and 6, = 62°44’. 

Reflected- and Transmitted-light Intensities 

The special ability of glass to transmit most of the visible light inci- 

dent on it is closely related to its dielectric properties. We can deduce the 

reflected and transmitted intensities from electromagnetic theory by appli- 

cation of the principle of conservation of energy. Suppose that light is 

incident normally on a plate of glass from air, such that the electric field & 

is parallel to the surface. Let the fields of the waves reflected back from the 

glass ahd transmitted through it be abbreviated for convenience as ® and 
3. It is easy to show that the net electric fields on the two sides of the 

boundary are the same.* As in the case of transverse waves in a wire 

attached to a wall (Section 12-1), the reflected wave is 180 deg out of phase 

with the incident one. Thus we have the magnitudes of fields related by 

&—-—RQ=3 

Associated with each wave is a flow of energy, the intensity. Neglecting 

heating, the law of conservation of energy requires that the transmitted 

intensity equal the difference between those incident and reflected: 

I, — Iq = Is 

We know that the intensity of light in a vacuum (Section 20-2) is propor- 

tional to the square of the electric field 6 and to the speed of light c. We 

now inquire into its nature in a dielectric medium. Recalling that for a 

given electric field the energy density in a dielectric is k = n? times as large 

as in a vacuum, but that the speed of radiation v is only 1/n times as large, 

we conclude that the intensity is n times as large. Our intensity balance 

can thus be written 

oS — C= nt 

The pair of equations can easily be solved to find the ratios of the fields: 

For example, let us find the fraction of light that is reflected from the sur- 

face of glass of index of refraction n = 1.5. The ratio of intensities is 

: —1\ 15—1\? Li (Oe a=) ={i ) = 0.04 
I; & n-+1 15+1 

* To show this on a static basis, we merely carry a charge along the outside a 

distance x, then go just inside the surface and come back. The net work is zero in the 

closed path, so the fields must be the same on both sides. 
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that is, only 4% of the incident energy is reflected, which tends to verify our 

experience. In the design of various optical instruments, the relative trans- 

mission and reflection are of considerable importance. 

The Maxwell-Fresnel Equations 

The amplitudes of the fields just found were especially simple in form 

for the special case of normal incidence. More general expressions, derived 

by Fresnel on the basis of Maxwell’s theory, take account of light incident 

at an angle 6; from the normal. The ratios are 

GR _ tan (6; — 4) 3 _ 2 sin 6 cos 6; 
6 tan@;+6) §& sn@+4) 

Snells’ law, sin 6; = n sin 6;, is required to find the ratios for a given sub- 

stance.* As an interesting application of the equations, let us examine their 

FIGURE 20-9 

Brewster's angle 03 

form as the angle of incidence 6; is changed. There comes a point where the 

directions of reflection and transmission are 90 deg apart (see Figure 20-9). 

Since 6; = 0,, this may be written 6; + 6, = 7/2. In our formula for ®, the 
tangent goes to infinity, and ® must become zero. There is no reflection at 
all of light with its electric vibration in the plane of incidence. Light vi- 
brating in other directions will still be reflected, however. This effect occurs 
at what is called Brewster’s angle 6s, an angle of incidence such that 

tan 63 = n 

* The general relations can be shown to hold in the case of normal incidence. 

For small angles, the tangents and sines are both close to the angles. Thus “ >= “ ~ a; 
i t 

nl ; R 
d 0; mw =<, and since 0; = n6:, we find that SAIS 
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Waveform 

Distance z 

(a) Waves admitted by camera shutter 

Waveform 

To prove this, we merely substitute sin 6, = sin (1/2 — 6,) = cos 6; into 
Snell’s law sin 6; = n sin 6, When light enters water, n = 4, we compute 
6g = tan 3 = 53°8’. We can guess the physical reason for the loss of re- 
flected component when 6, + 6, = 1/2. Dipoles near the surface are excited 
into oscillation by the refracted wave. They oscillate parallel to the direc- 
tion where there should be a reflected wave. However, radiation from 
dipoles is zero in that direction and a maximum in the perpendicular 

direction—that is, along the refracted wave. The selection of waves ac- 

cording to their directions of vibration forms a part of the subject of polar- 
dvzation of light, to be discussed in more detail in Section 20-6. 

Waveforms 

The sound waves of music, speech, and noise in general were noted in 

Section 12-2 to be of complicated form, consisting of a mixture of waves of 

different frequencies and amplitudes. Similarly, many electromagnetic 

waves are also of a compound nature. It can be shown that pure mono- 

chromatic (single-color) light would exist only if the wave were infinitely 

long. Actual waves, being of finite length, must be composed of many 

frequencies. As a simple example, suppose that the aperture on our camera 

is opened and immediately closed. The light wave of one frequency from 

a distant object would be chopped at both ends, leaving the portion 

sketched in Figure 20-10(a). A form such as this can be decomposed 

mathematically (by Fourier analysis) into a sum of infinite wave trains with 

different pure frequencies. Our chopped light has a distribution in fre- 

Frequency 
distribution 

Frequency v 

Frequency 
distribution 

A 
Distance z Frequency v 

(b) Light burst from an atom 

FIGURE 20-10 

Waveforms and spectra 
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quency as illustrated in Figure 20-10(a). Such a plot is called a spectrum 

(plural, “spectra’”’). Another example of a group of waves is shown in 

Figure 20-10(b), corresponding to light from a collection of atoms at high 

temperature. Most of the spectrum is very near one frequency, as seen in 

a Figure 20-10(b), but again all possible frequencies appear in the distribu- 

tion. 

We have seen that the index of refraction and thus the speed of light 

in a medium often depend on the wavelength. Thus, when a beam of light 

containing many colors strikes a material substance, the various waves can 

move through it at different speeds. They add to form groups similar to 

those discussed above. In order to see this, let us add two waves only. They 

will be represented by yi = sin (wit — kyz) and y2 = sin (xt — kz), where 

it is assumed that the frequencies and speeds are quite close to each other. 

(b) Origin of the group 

FIGURE 20-11 

Wave and group speeds 

The two waves and the sum y = y; + y2 are shown in Figure 20-11. The 

envelope of the wave, shown as a dashed curve in Figure 20-11(b), repre- 

sents the group, which moves along with a speed different from the speed 

of any of the waves.* Depending on how the index of refraction varies with 

wavelength in the medium, the group may move to the right, to the left, 

or stand still relative to the motion of the waves. It should be noted that 

energy is transmitted by the group, hence measurements yield its speed. 

* Use of formulas of trigonometry yields the sum 

y = 2sin (at — kz) cos (Fe - Fs) 

Bae aN Kk are averages and Aw and Ak are differences. The speed of the group is 
Vg = Aw/Ak. 



20-5 THE PRINCIPLES OF FERMAT 

AND HUYGENS 

To complete our review of the basic ideas of the interaction of radi- 
ation with matter, we shall state two generalizations that are consistent with 
the Maxwell—Fresnel theory. 

Fermat’s Principle 

A theorem formulated by Fermat in 1650 is known as the principle of 

least time. It is useful for the study of geometrical optics, even though it is 

an approximation of Maxwell’s rigorous theory. Fermat’s statement is: 

THE TIME REQUIRED FOR LIGHT TO FOLLOW AN ACTUAL PATH IS LESS 
THAN THE TIME FOR ANY OTHER NEARBY PATH. 

The word “path” must be interpreted as being the optical path, defined as 

the-product of distance and index of refraction. Three consequences are 

noted below: 

1. Light travels between two points in vacuum along a straight line. 

The proof is simple: a straight line is the shortest distance between two 

points and since the speed of light c is constant, the time elapsed is shorter 

than for any other curve. 

2. The angles of incidence and reflection from a surface are the same. 

To prove this, we draw rays AB and BC that give equal angles, as in Fig- 

ure 20-12. Then we select some other paths AB’ and B’C. Completing the 

geometric construction by dotted lines, with BC = BD and B’C = B’D, we 

see that the path ABD (or ABC) is shorter than any other AB’D (or AB’C) 

and thus is the actual path by Fermat’s theorem. 

3. Snell’s law of refraction. For time to be smallest along the correct 

path, the change in time for slightly different paths should approach zero. 

We construct two sets of possible rays in Figure 20-13. Now, At = Al;/v, — 

Impossible path Actual path 

Vacuum 

Material 

FIGURE 20-12 

Applications of Fermat's principle 
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Actual path 

FIGURE 20-13 

Proof of Snell’s law by use of Fermat's 

principle 

Alo/v, = 0, but 4% = c/n, and v%, = ¢c/nz by definition, and from the small 

triangles, Al;/sin 6, = Al./sin 6. Combining, we obtain 

MN, Sin 0; = Ne sin b2 

Huygens's Principle 

When light and other waves pass from one medium to another, or 

through an aperture in an absorbing plate, there are unusual effects on the 

wave. A powerful theorem formulated by Huygens, a Dutch scientist of 

the seventeenth century, can be used to help understand the process: 

ANY WAVEFRONT AT A CERTAIN TIME CAN BE CONSIDERED AS A SOURCE 
OF SPHERICAL “WAVELETS” THAT RADIATE FROM EVERY POINT. THE 
WAVEFRONT AT A LATER TIME IS THE ENVELOPE OF THE WAVELETS. 

To visualize this, let us consider a plane wave. At time t, we replace the 

front by a set of points that give spherical waves. At a later time fh, the 
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FIGURE 20-14 

—— t 1 te Illustration of Huygens’s principle 

new wave can be constructed by superposing the individual wavelets (Fig- 

ure 20-14). Next, picture a plane wave passing from one medium into 

another in which the speed of light is lower, as in Figure 20-15. The same 

time interval is used in drawing the circles. We note the slower progress in 

the second medium of the plane wave. Snell’s law of refraction can readily 

be derived by use of Huygens’s principle. As in Figure 20-16, light is 

incident at an angle with the surface of a medium. We pick out two of the 

many wavelets that go to make up the plane wave. In a certain time inter- 

Medium 1 high speed Medium 2 low speed 

FIGURE 20-15 

Passage of light across a boundary 

Boundary between two materials 

AES LAS 
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FIGURE 20-16 

Application of Huygens’s principle to refraction 

val t, one wavelet has moved a distance a = v,t, while the other has moved 

a distance b = vet. Thus 

From the triangles, however, we see that 

a b 

sin 6; sin 6% 

Dividing the two equations yields x; sin 6; = v2 sin 62, as found previously. 
This example merely suggests the utility of Huygens’s principle. We shall 
see its application later to the phenomena of interference and diffraction of 
light as it passes near boundaries and through openings. 

With this collection of basic properties and principles of waves and 
rays, we are now able to investigate the detailed behavior of light as it is 
reflected and transmitted by different substances in various shapes, par- 
ticularly those that assist the human eye in discerning the very small and 
the very far. 
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20-6 POLARIZATION OF LIGHT 

Electromagnetic waves observed at great distances from dipole an- 
tennas were shown in Section 19-2 to consist of vibrations of the electric- 
and magnetic-field vectors in two perpendicular planes only. In contrast, 
the light from individual atoms that are oriented in random directions 
includes vibrations in all planes. Let us concentrate on the electric vector 
as the one that can create electron motion in materials and thus give the 
visible optical effects. If we examine’an approaching beam of light, as in 
Figure 20-17(a), we see that it is composed of many electric vibrations. 
Such light is said to be unpolarized. Each of the & vectors can be resolved 

FIGURE 20-17 

(a) Unpolarized light (b) Equivalent vector picture Electric field of light 

into z- and y-components. Combining the components of the vectors 

separately, we can draw an equivalent view of the disturbance, as in Figure 

20-17(b). There are now electric vibrations in two perpendicular planes. 

On striking a surface of a medium, the relative amount of reflection 

and transmission depends on the angle that the vibrations make with the 

plane of incidence. Thus, using appropriate reflection, it is possible to favor 

or eliminate some components and achieve polarized light, vibrating in one 

plane only. Light passing through certain natural crystals such as tourma- 

line also becomes polarized. The most commonly available material with 

this property is the artificial product Polaroid, invented by Land in 1935. 

It consists of transparent plastic sheets with embedded tiny crystals. In 

the manufacture, the sheets are stretched to line up the particles in one 

direction or axis. On passage through Polaroid, vibrations perpendicular to 

the axis are absorbed, while those parallel are transmitted. 

An analogy may assist in visualizing the process. Suppose that we 

threaded a rope through a picket fence as in Figure 20-18(a), and oscillated 

the end vertically. Such waves would readily go through. If instead we 

vibrated it horizontally, the signals would stop at the pickets—Figure 

20-18 (b). 
The effect on unpolarized light—of the form shown in Figure 20-17(b) 

—of a Polaroid plate with axis parallel to one of the electric directions is 

shown in Figure 20-19. If the plates were rotated through 90 deg, the 
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(a) 

FIGURE 20-18 

(b) Picket fence analogy to polarization 

horizontal component would be transmitted instead. Polaroid thus serves 

to ‘create’ polarized light by this process of elimination. 

Having achieved plane polarized light, we now ask what happens 

when it passes through a second Polaroid plate with its axis at any angle 

6 to the plane of vibration. The single incident electric-field vector 6 may 

be resolved into components as in Figure 20-20. Only the part &| = § cos 6 

is transmitted. The intensity (proportional to &7) that gets through is J), = 

T cos? @. 

Let us calculate the transmitted intensity for several angles: 

= 0° (vibrations parallel to axis of Polaroid) cos @ = 1, I), = J. All 
of the light gets through. 

6 = 45°, cos@ = V2/2, I), = I/2. One-half of the light gets through. 
§ = 90° (vibration perpendicular to axis) cos@ = 0, I; = 0. No 

light gets through. 

Polaroid filter 

FIGURE 20-19 

Polarization by use of Polaroid 
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FIGURE 20-20 

Resolution of polarized light 

As we continue to still larger angles, the intensity builds back to a maxi- 
mum, and repeats after 6 = 180°. 

For a more complex case, we let unpolarized light fall on a stack of 

three plates with successive axes at 30 deg to each other. The incident 

light is viewed as equivalent to two perpendicular components, chosen so 

that one is parallel to the axis of the first plate. One-half the intensity is 

thus cut out immediately. Of the rest, the second plate transmits a fraction 

(cos 30°)? = (WV 3/2)? = 0.75, and the third plate transmits a fraction 0.75 

of that. Of the original light, the final fraction left is (0.5) (0.75) (0.75) = 

0.28. 
We can now understand the action of sunglasses with Polaroid lenses. 

Partly polarized light is reflected from a surface such as a highway, as 

discussed in Section 20-4. The axis of crystals in the glasses is arranged so 

as to screen out this undesired light. Another practical use of polarization 

effects is in the study of strains in materials. The extent to which light 

transmitted by a transparent solid or reflected from an opaque solid is 

polarized depends on the local distortions in the material. The pattern 

observed thus reveals points of structural weakness. 

PROBLEMS 

20-1 How long would it take light to travel between Galileo’s points of 

measurement if they were 1 mile apart? 

20-2 How long did it take TV signals to return from the Mariner space- 

craft near Mars? (See Table 10-1 for data.) 

20-3 How much radiant energy would strike a unit area if the electric 

field of the electromagnetic wave were 200 volts per meter? 

20-4 What is the rate of radiation from the Sun at the planet Mercury 

(see Table 10-1), if the figure 1395 J/m2-sec at the Earth is scaled up using 

the inverse-square law? 
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Plane source 
of light 

20-5 Compute the intensity of radiation at 2 meters from a 100-watt light- 

bulb. Also find the energy density and strength of the electric field there. 

20-6 A lightbulb is lowered from height 1.5 m to 0.5 m above a desk sur- 

face. By how much is the illumination increased? 

20-7 The attenuation coefficient y for electromagnetic waves in metal is 

found to be y = = Vkgov. Compute the skin thickness 1/y for radiation of 

frequency 3 X 104 Mc, incident on aluminum, resistivity 2.6 X 10~* ohm-m. 

20-8 Explain why one cannot be electrocuted on contact with a source of 

very high frequency. 

20-9 The speed of light in water is measured to be 2.25 X 10® m/sec. 

Deduce its dielectric constant. Why might this differ from the value of 

78.5 quoted in Table 17-3? 

20-10 In Michelson’s experiment, how much longer did light take to 

travel the 44 miles with air present than it would have in a vacuum? Note: 

for air, n = 1.00002926. 

20-11 Calculate the angle of refraction of light that enters water, n = 3, 

from air, n = 1, if the angle of incidence is 30 deg. 

20-12 Find the critical angle of incidence for visible light that goes to air, 

nm, = 1, from glass, m = 1.5. 

20-13 Find Brewster’s angle for light entering glass from air. 

20-14 What fraction of the intensity of light incident normally on a water 

surface is reflected? 

20-15* Verify the formulas for reflected and transmitted intensity by 

applying the law of conservation of energy. 

20-16 A parabola is defined as a curve with points equidistant from a line 

D and a point F,, as shown in Figure P20-16. Show that Fermat’s principle 

FIGURE P20-16 

Application of Fermat's principle to 
focusing by parabolic mirror 
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is consistent with the fact that parallel rays are brought to a point in a 
parabolic mirror. 

20-17 Polarized light is incident on Polaroid with the electric vibration at 
30 deg to the axis of the sheet. What fraction of the original intensity is 
transmitted? 

20-18* A stack of three Polaroid sheets with angles of axes at 45 deg to 
each other is illuminated with unpolarized light. How much of the original 
intensity gets through? 



OPTICAL INSTRUMENTS 

In man’s search for full understanding of his surroundings, he finds that the 

unaided human eye is a rather poor instrument. To probe into the space 

outside the Earth, or into the details of material structure, devices such as 

the telescope and microscope are needed. Even to observe and record in 

his immediate vicinity, spectacles and the camera are valuable aids. We 

are now in a position to examine the function of such devices, by use of the 

principles and methods that come from the foregoing theory of radiation. 

Our new rules for reflection and refraction allow the interpretation of the 

action on light of plane and curved mirrors, lenses of various shapes, and 

combinations of these in optical instruments. The wave character of light 

can essentially be ignored in many instances, and light may be viewed as a 

set of rays that travel in straight-line segments. Optical studies involving 

reflection and refraction become exercises in geometry, hence the term 

geometrical optics is used. Our knowledge of the properties and principles 

of wave motion also allows us to examine optical processes in which the 

behavior is dominated by the wave aspect of light. This forms the subject 

called physical optics. Among these processes are the diffraction of light by 

edges, apertures, and lenses, and the polarization of light, as by Polaroid. 

For some optical systems, it is necessary to invoke the ray and wave views 
of light at the same time. 

Let us first review how we see things in general. Light from a bright 

object such as a star or a lightbulb comes directly to us. Most objects are 
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Point source 

eee FIGURE 21-1 
Rays from source of light to pupil of 
the eye 

seen by reflected light, however. The pupil of the eye, though small—about 

in. in diameter—permits a small cone of rays from a point to enter. The 

light is focused on sensitive receivers connected to the optic nerve. Figure 

21-1 shows two of the rays from a point that can be thus registered. We 

shall reserve further discussion of the eye until Section 24-3. 

21-1 REFLECTION OF LIGHT 

Plane Mirrors 

The behavior of light used to view ourselves in a mirror is our first 

and simplest example. For instance, suppose one stands before a full-length 

mirror on the wall, as in Figure 21-2, and looks at the tip of a shoe, which 

reflects light from the room, and serves as a new source of light. The rays 

FIGURE 21-2 

Wall mirror 

are then reflected from the plane silvered surface, with the angle of inci- 

dence equal to the angle of reflection. As we well know, an object viewed 

by reflection appears to be behind the mirror. The distance of this image 

from the viewer is easily seen from Figure 21-3 to be twice his distance to 

the mirror. An extension of the rays to the eye backward will intercept the 

apparent or “virtual” image. We also note that a minimum of four rays 

are needed to obtain an indication of length. 

An algebraic convention is used to define distance. Let p be the dis- 

tance from the plane to the object being viewed and q the distance from 
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FIGURE 21-3 

Image formation, plane mirror 

Mirror 

FIGURE 21-4 

Reversal of image by plane mirror 

the plane to the image. It is clear that from Figure 21-3 that 

i=} 

The size of the image and object are the same; there is no magnification in 

the case of a plane mirror. We are also aware that one’s image in the mirror 

is reversed. The person that one sees in the mirror in Figure 21-4 has his 

right hand where his left ought to be, and vice versa. Since no one’s face is 

quite symmetric, a mirror image looks different from a photograph. More 

complicated ray patterns are developed when one views himself in a system 

of two or more mirrors, as in a clothing store or in a barber shop. 

Reflection at Curved Mirror Surfaces 

Light rays from a distant source such as a star are parallel and are 

brought to an approximate point on reflection from a spherical surface. This 

makes possible the reflecting telescope used in astronomy. An image of the 

body is formed by the curved reflecting surface. Concave surfaces, as in 

automobile headlights, are also used to provide nearly parallel beams of 

light. These effects are easily demonstrated by the geometric approach. 

Let us construct, as in Figure 21-5, a ray diagram for a spherical mirror of 

556 



Spherical surface 

Light from Sun 

, 

Center of sphere ~~ 
7 

: FIGURE 21-5 

Nain oe 
R Focusing of light by spherical mirror 

radius R, with light coming from a distant source, such as the Sun. The 

rays are taken to be parallel, and on reflection from the surface pass through 

about the same point on the axis. The image distance q is very close to R/2 

if the incoming rays are near the axis. We can thus say that the light has 

been focused, and let f = R/2 be the focal length of this concave mirror.* 

An orderly graphical procedure for finding images and deriving for- 

mulas is now presented. It is assumed that the object is small, so that s is 

negligible compared with R. First we draw a ray parallel to the axis, as in 

Figure 21-6(a). It is reflected through the point F or focus. A separate ray 

through the center of the sphere O passes through the same point on re- 

flection along the radius—Figure 21-6(b). This pair of rays intersects to 

locate the image at a distance q = QS from the mirror—see Figure 21-6(c). 

We attach distance labels to the diagram—Figure 21-6(d)—and find the 

sides of the similar triangles formed. The ratio of image height to object 

height can be written in two ways: 

Rearranging the second equation yields 

+ ; anf (concave-mirror formula) 

Substituting 1/f back in the original equation gives 

— = (magnification) 

* From the triangles in the figure, it is easy to show that q/R is more precisely 

1—4 [2 a evils thus, if R = 0.2 m and s = 0.02 m, then g = 0.0995, which is 

slightly different from R/2. A spherical mirror thus exhibits a small amount of aberration. 
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FIGURE 21-6 

Graphical method for image location, mirror 

which says that the magnification H/h is equal to the ratio of object 

distance to image distance. 
Suppose the mirror radius is R = 3 m and f = 1.5 m. If we place an 

object at p = 5 m from the surface, then 

1 heey 
fon tL hoes mets 

org = 2.14m. The image height is g/p = 2.14/5 = 0.428 times the object 

height. 

Hand mirrors, such as those used for shaving or applying makeup, 

have a concave surface that provides considerable enlargement. The object 

viewed must be nearer to the mirror than the focal point, which creates a 

large virtual image behind the surface, as shown in Figure 21-7. Suppose 

the radius of curvature is 0.8 m. Then, f = 0.4 m, and one’s face at p = 

0.25 m has an image found from 1/q¢ = 1/0.4 — 1/0.25 = 2.5 — 4.0 = 

—1.5. Then, |g| = 0.67 m, and the magnification is |q|/p = 0.67/0.25 = 2.7. 

Parabolic Mirrors 

A surface in the shape of a parabola has the special property of re- 

flecting parallel light from distant objects to a single point, which is the 

focus of the parabola.* On the basis that light travels in either direction 

along the same path, this means that a lightbulb located at the focus will 

* Strictly speaking, such a mirror should be called paraboloidal. 
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Shaving mirror 

FIGURE 21-7 

Virtual image formation by object inside focus of concave 
mirror 

give rise to a parallel beam that will travel great distances without spread- 

ing out and thus losing intensity. Reflecting mirrors in searchlights are 

often constructed in this shape. A parabolic surface does not focus or pro- 

ject well, however, if the objects are off its main axis. The slight spreading 

that is desirable in automobile headlights is obtained by locating filaments 

off the focal point. 

21-2 REFRACTION OF LIGHT 

Refraction at Plane Boundary 

Snell’s law was derived (Section 20-4) on the assumption of plane 

waves, which by their very nature extend indefinitely far in two directions, 

while progressing in the third direction. We can also regard a beam or 

bundle of light rays passing through a small opening as having plane 

characteristics so long as the wavelength is much smaller than the aperture. 

It is convenient now to let the subscripts on indexes and angles refer to the 

medium. Thus, as a ray goes from water to glass or vice versa, we write 

Ny SIN Ow = Ng SIN Oy 

From these expressions, we see that it does not matter which direction the 

light is traveling; the ray lines are the same. In specific problems, we know 

part of the information and wish to find the rest. For example, let us meas- 

ure the index of refraction of a certain transparent solid—say, a new type 

of glass—by light measurements near a water-glass boundary. Suppose 

(Figure 21-8) that if we set 6,, = 30 deg, we find experimentally that 6, = 
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FIGURE 21-8 

Refraction at boundary between transpar- 

ent media 

FIGURE 21-9 

Displacement of ray by passage through 

a plate 

FIGURE 21-10 

Optical illusions due to refraction 
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Refraction of Light 

White light 

Incident 
light 

25 deg. If we assume that n,, = 1.33 is known previously, then 

sin _ 1.33 sin 30° _ (1.33)(0.5) _ 1.57 

usin 0, meno jeeeeee 40493 °° 
Ng =n 

A pencil of light will be shifted sideways on passage completely through a 

slab of material, as shown in Figure 21-9. The angles made with the normal 

of the original and final rays are the same. All objects seen through an 

ordinary windowpane in any direction that is not perpendicular to the sur- 

face are not quite where they seem. The displacement is small, however. 

Some interesting optical illusions are caused by the refraction of light. 

A pencil partly immersed in a glass of water appears to have a sharp break 

at the surface—Figure 21-10(a). A fish in a pool seems to be at a higher 

level in the water than it really is—Figure 21-10(b). 

Prisms 

-—~A triangular block of refracting material such as glass (Figure 21-11) 

has the property of separating white light into its various colors. This 

prism takes advantage of the variation of index of refraction with wave- 

length (see Table 20-1 and Problem 21-20). The longer wavelengths (to- 

ward the red end of the spectrum) with small n are bent less than the shorter 

wavelengths (toward the blue end). These differences, based on the inter- 

action of light waves with atomic electrons (Section 20-3), give rise to the 

process of dispersion—i.e., a spreading of light according to color. By the 

———— 
=> Red 

Orange 
Yellow 
Green 
Blue 

Violet 

aa 

Emergent 
light 

FIGURE 21-11 

Refraction and dispersion of light by a prism, 5 = 0: — 
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562 application of Snell’s law at each surface of the prism, we can obtain 

opricaAL the angle of deviation 6 using only simple geometry, trigonometry, and 

INSTRUMENTS — algebra. The angle 5 depends on the incident angle 6 and the index of 

refraction. If the prism is rotated but the direction of incoming ray is 

fixed, a point is reached where the angle of deviation 6 is a minimum. 

Refraction by Curved Surfaces 

In preparation for the study of optical instruments of various types, 

we now develop a set of relations for the refraction at a single curved sur- 

face and by a double surface or lens. We seek to trace the path of light in 

the medium and find the point where it crosses the axis. First, let a ray of 

parallel light strike a glass cylinder, as shown in Figure 21-12. The radial 

line OP is perpendicular to the surface, and serves as the normal. If we 

keep the distance s and the angles 6; and 6; small, we see that, approxi- 

mately, 

s = RO; = q(0i — 4) 

The sines appearing in Snell’s law are practically the same as the angles, so 

the relative index of refraction is 

Combining, 

Light from 
a distance 

Medium, index of refraction n 

FIGURE 21-12 

Refraction by a curved surface 



563 

SECTION 21-2 

Refraction of Light 

For example, if R = 0.2 m and n = 1.5, as from air to glass, 

hale 1-i)-a 
G02 Pee O6 

or q = 0.6 m. 

The refraction of light in a lens that has two surfaces can be analyzed 
by an extension of the above method. Two lens relations are sufficient for 
many applications. 

The first is the focal length in terms of lens properties: 

es 7 

The formula for f holds for a double-convex lens as written. If one of the 

surfaces is concave, a negative sign should be affixed to its radius. If one 

surface is plane, its FR is infinity, with reciprocal zero, and the term is not 

present. For instance, let us find f for a convex—concave lens with n = 1.5, 

hy = 02, Be = "—0.25; 

(n — 1) (F + z) (lensmaker’s formula) 

or f = 2 m. 

The second relation expresses the object and image distances qg and p 

in terms of the focal length. A simple derivation of this expression can be 

performed that also yields the magnification, which is again the ratio of 

image height to object height. As in Figure 21-13, we draw a parallel ray 

(a) which goes through the focus. Then we draw (b) a ray that is unde- 

flected through the center of the lens. Combining in (c), the image is 

beyond the focus and is inverted. From the geometry of (d), the magni- 

fication is 

or 

ae (lens equation) 

We observe the fact that the lens equation is of the same form as that for a 

mirror. Let us apply it to a simple convex lens, such as the magnifying 

glass used for close reading, that has a focal length 2.5 cm, when the object 

is placed 3 cm from the lens. Then 1/q = 1/f — 1/p = 1/2.5 — 1/3 = Ys 

and q = 15cm. The magnification is g/p = 3,5 = 5. If the object is placed 

between the focus and a convex lens, the image is virtual and enlarged, as 

shown in Figure 21-14. Formal solution of the lens equation for this case 

leads to a negative number for g. The magnifying power M is the ratio of 



(c) (d) 

FIGURE 21-13 

Ray tracing in lens 

angles that the image and the object make with the eye. The image nor- 

mally is adjusted to be at convenient distance from the eye, 25 em, and M 

is about 25/f. 

We see from Figure 21-14 that the advantage of a lens for reading 

fine print or viewing small objects is thus confirmed. Before the microscope 

was fully developed, the Dutch merchant Van Leeuwenhoek was able to use 

an accurately ground single lens to observe sperm and blood cells, one- 

celled animals in stagnant water, and even some of the larger bacteria. 

etme ta ea 

' 

tf 

aA FIGURE 21-14 

Eye Magnifying glass 

An object’s image by a double concave lens is virtual—in the lens 
formula, the focal length is expressed as a negative number. For example, 
if the object is at p = 5 em from a concave lens of focal length 4 em, we 
write 
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Convex 

FIGURE 21-15 

Concave Lens images 

and g = —20 cm, with the negative sign signifying the virtual nature of 

the image. 
The behavior of light as it traverses lenses with two surfaces depends 

on the nature of the shape and the location of the object relative to the 

focus. Figure 21-15 shows the images of a bright spot or parallel light by 

various converging and diverging lenses. 

21-3 OPTICAL INSTRUMENTS 

The design of instruments to aid and extend the scope of the human 

eye is based on the geometrical ray treatment just discussed. The function 

of all devices such as spectacles, cameras, microscopes, and telescopes is to 

form appropriate images through refraction of rays from the objects. 

The Camera 

As we all know, this device permits the recording of a permanent 

image. Light from an object is focused by a convex lens or combination of 

lenses with focal length ordinarily about 5 cm (see Figure 21-16) on a film 

emulsion, in which chemical reactions take place in degree dependent on 

the intensity and color. We move the lens back and forth to obtain the 

clearest focus of the light on the photographic plate or film. The shutter 

admits light for a specified length of time and the size of the aperture is 

adjusted to limit the amount of light and prevent under- or overexposure. 

If the adjustable aperture diameter is D, and the focal length of the lens is 

f, the “F-number’” is given by the ratio F = {/D. Now, the amount of light 

received by the film in a time ¢ is clearly proportional to both the area of 

the opening and to the time—i.e., to (rD?/4)t. The exposure thus varies as 

t/F?. For constant exposure, if we increase F by a factor of 2, the time must 

be increased by a factor of 4. For example, a “shutter speed” of sg sec at 
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FIGURE 21-16 

Camera 

F-8 is comparable to 735 sec at F-16. The role of the flashbulb is obvious: 

to assure adequate illumination of the object during the time the shutter is 

open. The “‘film speed” refers to the sensitivity of the film to light inten- 

sity, which in turn is related to the detail desired. 

Astronomical Telescopes 

The magnification of very distant objects, such as the Moon, planets, 

or stars, is achieved by two lenses. The first (objective) creates a real image 

I, in front of the second (eyepiece), as shown in Figure 21-17(a). The real 

image serves as an object for the eyepiece, which gives a large inverted 

virtual image J., as shown in Figure 21-17(b). The magnifying power M, 

as in the simple lens, is the ratio of the angles that the final image and 

original object make with the eye. To find these, let us consider (Figure 

21-18) the focusing of light from the Moon. The first image of diameter d; 

is produced at a distance fo from the objective, which is at a distance 

approximately f. from the eyepiece. The final image is of diameter d;. From 

Objective Eyepiece 

Real image I, 

| 4 

Virtual | Sa ee ¥ 

image [5} ee: 

mie FIGURE 21-17 

(b) Action of eyepiece Astronomical telescope 
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Virtual Objective 

I 

FIGURE 21-18 

the triangles, di = afy and also d; = 6f., then M = B/a = fo/f.. For ex- 

ample, if the focal lengths of the objective and eyepiece are respectively 

1.00 m and 0.02 m, then the magnifying power is 50. 

The Microscope 

There is a great similarity in construction between the telescope and 

the microscope, as seen in Figure 21-19. If we place a very small object 

near the focal point of the objective, a real image J; is formed in front of 

the eyepiece. This in turn serves as object for the eyepiece, and a large 

virtual image is formed at I,. The magnifying power M is the product of 

the magnifying powers of the two lenses M)M.. If the distances between 

lenses is x and the distance from eye to final image is X, then My = x/fo 

and M, = X/f.. For example, if x is 20 cm (a typical distance) and X is a 

Eyepiece 

‘ 
we 

1 
" 
" > 
i SAE a 
i ae ese j! Large et EB 
1! virtual Oe ee 
' - a 
\; image ee 
" eae 

ac Pat 
wv aa 

i EE 
Se 8D 

FIGURE 21-19 

Microscope 
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568 normal 25 cm, and the focal lengths are fo = 0.5 cm and f. = 1.0 cm, the 

opricaAL Magnifying power is (20/0.5)(25/1.0) = 1000. 

INSTRUMENTS 

Measurement of Astronomical Distances 

The distance from the Earth to celestial bodies obviously cannot be 

measured by meter sticks. The only tools available are optical in nature. 

One is an extension of our visual method in which we compare the results 

of each eye’s estimate. Suppose we hold a pencil about 1 ft from our face, 

and look at it with one eye closed and then with the other eye closed. The 

pencil seems to shift sideways an inch or so. If we move the pencil out 

farther from us, however, the shift is considerably smaller and at great 

distances imperceptible. This effect is given the name parallax, and the 

shift is a parallactic displacement. Astronomical distances, such as to stars, 

can be measured by comparing photographs of the star taken when the 

Earth is at each end of its orbit about the Sun (Figure 21-20). The angles 

from the vertical are measured at times six months apart to be a and a’; 

Ends of 
Earth’s 
orbit 

FIGURE 21-20 

Use of parallax to measure astronomical distances 

their difference is Aa = a — a’. The desired distance d is then approxi- 
mately 

D 
a— a’ 

d= 

The first such measurement was made by Bessel around 1840. Let us find 
how large is the angular difference Aa for the nearest star, Alpha Centauri, 
4.3 light years away. The Earth’s orbit has a diameter of about 16.6 light 
minutes. Since 1 year = 5.26 X 10° min and 1 rad = 57.3 deg, the angle in 
degrees is 

(16.6) (57.3) 
Aa = £3) (5.26 X 108) = 4.2 X 10> 

which is less than 1.5 seconds of arc. 



Parallel light 

21-4 INTERFERENCE AND DIFFRACTION 

The process called interference of light consists of the addition or can- 
cellation of waves because of differences in phase. To study this phenom- 
enon, we must shift over from a geometrical-ray viewpoint to the wave 
approach. In the following discussion, the term diffraction refers to an 

apparent bending process, while interference refers to the combination of 

light. There is really no fine distinction between the terms, since they are 

merely different aspects of wave behavior as described by the Huygens 
principle. 

Young’s Double-slit Experiment 

Let us picture a simple experiment similar to that first performed by 

Young* in 1802. Three opaque screens labeled A, B, and C are lined up 

parallel to each other, as in Figure 21-21(a). A narrow slit is cut in A, two 

slits in B, and none in C. Sunlight is allowed to pass through the system. 

Let us predict the transmission of light by the geometrical optics we have 

learned. Since neither of the slits in B line up with the slit in A, we would 

expect no light to get to C. Were we to carry out the experiment, however, 

we would find C displaying an interesting pattern of dark and bright lines, 

as sketched in Figure 21-21(b). Being certain that screen B is really opaque, 

we conclude first that light has apparently bent around corners, and second, 

* Thomas Young (1773-1829) was a medical doctor whose name is also attached 

to the modulus of elasticity (Section 13-2). Newton had been convinced that light 

consisted of particles (‘‘corpuscles’’). Young revived the wave theory by his experiment. 

(a) Expected 

(b) Actual 
Slit source Double slits Screen 

FIGURE 21-21 

Double-slit interference experiment 
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FIGURE 21-22 

Application of Huygens’s principle to Young’s experiment 

Dg—L; =r 

destructive constructive 

(b) Phase difference 

FIGURE 21-23 

Interference in double-slit experiment 
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Interference 

and Diffraction 

that it has combined in an unusual way. The explanation becomes simple 
if we apply Huygens’s principle that each point on the plane wave sends out 
spherical wavelets. Figure 21-22 shows the pattern: the radii of circles 
represent the distances the light has traveled and thus the time since it 
started at the slit. Where circles of the same radius intersect, waves are 
in phase and add; elsewhere, phase differences cause waves to cancel 
partially or totally. We thus treat the two slits in B as new sources of 
essentially zero width. (The line of points that each slit forms gives by 
superposition a cylindrical wave.) Rays coming from the two slits to a 

point on screen C in general take different path lengths L; and L.—Figure 

21-23(a). The light may arrive there out of phase, in phase, or partly out 

of phase. As one moves along the screen C, there will be regions of rein- 

forcement and cancellation of fields and thus of intensity. For example, 

suppose L. — Ly is exactly one-half wavelength, 4d. On arrival, the two 

waves are as shown in Figure 21-23(b): the amplitudes cancel everywhere, 
giving zero light intensity. Note that the same result would occur if the 

path difference were 2A, $A, etc. On the other hand, if Lz — Ly is exactly 

one wavelength, \, they add together, giving twice the amplitude and 4 

times the intensity of the original light. Addition also takes place for path 

differences 2), 3, etc. The interference for these two cases is called destruc- 

tive and constructive, respectively. It is clear that for path differences that 

are some other fraction of \ there will be partial cancellation. The light pat- 

tern on screen C’ thus consists of the series of dark and bright lines. A little 

geometry tells us just where to find these maxima and minima of intensity. 

From Figure 21-23(a), 

a erin (} 
Qul ae 

where it is assumed that \<d and d< D. Let 6 = ni, where n is any 

number; then, 

my = dsin@ 

For a maximum, 7 is an integer 0, 1, 2, etc.; while for a minimum, n is a 

half-integer 4, 3, 3, etc. However, x/D = tan @; and if @ is small, sind = 

tan 6 = 6; so 

Let us compute the distance x at which the first minimum (n = $) 

occurs for a case in which \ = 589 muy, one of the yellow lines from sodium, 

where d is 2 mm (0.002 meter) and D is 1.5 m; then, 

_ mdD _ (4)(589 X 10-*)(1.5) 
mera 0.002 

2.2 X 10-4 m = 0.22 mm 
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Quarter-wavelength Films 

Advantage may be taken of interference phenomena to cut down on 

reflection from lenses. One coats a lens with a transparent material of index 

intermediate to that of air (1) and glass (1.5). The layer is made 7-wave- 

length thick optically, nd = d/4, as shown in Figure 21-24. Let us allow 

light of one frequency to fall normally on the film, but displace the rays 

so we can see the various reflections and refractions. Ray 2 has traveled 

exactly one-half wavelength farther, and is out of phase with Ray 1 and 

tends to cancel. Pairs 3 and 4 also are out of phase with each other, and 

Air 

= ree 
YY UH Y FIGURE 21-24 

YY YZJTZ=Z7Z@@—! MZ. YY 
Glass Rays in a nonreflecting layer on glass 

so on. Some light is always reflected, since successive reflected rays are 

weaker and do not completely nullify their neighbors. The reflection is 

greatly reduced, however. Also, we note that for light of nearby frequencies 

the effect will not be quite so pronounced. 

The Interferometer 

Extremely accurate measurements of length are possible by use of the 

interferometer, one type of which (Fabry-Perot) is sketched in Figure 21-25. 

Silvered 
surfaces ~ 

(©) 
Source of 

light 

FIGURE 21-25 
Pattern 

Interferometer 
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Single-Slit 

Diffraction Pattern— 

Resolving Power 

Parallel light is allowed to fall on a pair of partly silvered glass plates with 
an air gap between them. The transmitted light is the result of multiple 
reflections, only one of which is shown—for one incident ray. If the gap is 
width d, then ray B at angle @ has traveled a distance 2d cos 6 farther than 
ray A. When this distance is equal to an even (or odd) number of half 
wavelengths, waves add to give a bright (or dark) spot. Thus a set of light 
and dark rings appears on the screen. The bright rings are quite sharp, 
permitting accurate comparisons of two wavelengths. By watching the 
locations of the rings shift as the gap is changed, very precise distance 

measurements are possible. This device served as the basis for the meas- 

urements of “ether drift’? by Michelson and Morley (discussed in Section 

2-5), and for comparative measurements of wavelengths of light. More 

recently, very accurate measurements of the distance to the Moon have 

been achieved using the laser beam reflector placed on the Moon by 

astronauts. 

21-5 SINGLE-SLIT DIFFRACTION PATTERN— 

RESOLVING POWER 

The two slits in Young’s experiment were assumed to be extremely 

narrow compared with the wavelength of light, so that light emerged from 

points. We now ask: What happens if the slits are of some finite width? 

In this case, light from different parts of the slit can diffract and interfere. 

In fact, a single slit gives a diffraction pattern. We can verify this by the 

most elementary experiment. If one looks toward the light of a window 

through the narrow slit between two fingers held a few inches from his eye, 

he will see a series of dark and light lines. Let us analyze this simpler 

situation, and then see what effect the result has on the double-slit experi- 

ment. 

Picture a slit of width a, with light from a distant source (or light from 

a point that is rendered parallel by a lens)—Figure 21-26. Consider light 

rays that come from points at the center and edge of the slit. The light 

FIGURE 21-26 

Interference between center and edge of 

slit 
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cancels if 6 is \/2. Light from points next to them will also cancel, and so 

on across the aperture. We can borrow the results from Young’s experiment 

to find the minima, namely, 

Oe 5 sin 6 

where n is a half-integer 4, #, 3, etc. 
In order to find the exact pattern of light arriving at the screen, we 

must add up the field contributions from different parts of the aperture, 

taking proper account of the phase differences. A plot of the relative inten- 

sity is given in Figure 21-27, with wu = 7a@/d. The angles shown on the 

graph refer to a slit whose width is 100 times the wavelength. Maxima of 

the light intensity occur near (but not at) values u = 32/2, 52/2, etc. Along 

the screen, at distance D from the slits, the positions of interest are 

m\D 
r= — 

2a 

where m & 0, 3, 5, etc. for maxima, and 2, 4, 6, etc. for minima. (Note that 

m = 1 is missing.) The height of the first off-center maximum is only 4% 

Values of @ 

34’ 49’ 1°9' 

FIGURE 21-27 

Single-slit diffraction pattern, a = 100A 

of the main peak, showing that the intensity falls off rapidly. To get an 
idea of the scale of this pattern compared to that of the double slit, we 
consider a light of 500 my passing through a pair of slits of width a = 0.1 
mm, separated by d = 1 mm with the screen 1 m away. Young’s inter- 
ference pattern reaches its first minimum at 

ND _ (500 X 10-*)(1) 
TOL Oa Oto cm t= 



FIGURE 21-28 

Details of double-slit interference pattern 

The so-called single-slit diffraction pattern reaches its first minimum at 

7, — dD _ 600 X 104) (1) = —3 _ 0.0001 5 xX 10 or Omm 

This is 10 times as far out, which means that there are many interference 

peaks within a broad envelope of the diffraction pattern. Figure 21-28 

shows this ‘‘modulation”’ effect. 

Resolving Power of Lenses 

The image of a point source of light, whether it be a distant star as 

viewed by a telescope or a bacterium as seen under a microscope, has a 

diffraction pattern. The ability to distinguish between two such objects 

by use of lenses depends on the distance between their diffraction peaks. 

The sum of intensities from two such sources is shown as dotted curves in 

Figure 21-29 for three separations—far, close, and very close. We see how 

the images become indistinguishable. Rayleigh’s criterion states that two 

objects are just resolved if the maximum of one pattern falls onto the 

minimum of the other. The distance from the central peak of the single-slit 

(a) Completely resolved (b) Just resolved 

(c) Unresolved 

FIGURE 21-29 

Rayleigh’s criterion for resolution of images 
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AX 
diffraction pattern out to its first minimum (where by Rayleigh’s criterion 

the other peak falls) is x = \D/d, as shown in a previous paragraph. 

Let us look at a pair of distant objects, such as two stars, by means of 

a cylindrical lens, which acts like a slit of width d. From the similar tri- 

angles of Figure 21-30, 

Diffraction pattern, 
images 

FIGURE 21-30 

i Resolution of distant objects 

ae d sin ae =p an ery 

Eliminating D and L, we obtain for the just-resolved linear separation of 
the stars 

= oN 

~ 2Qsina 
or =* 

For a circular aperture and lens of diameter d, the angular separation can 
be shown to be instead 

r 
¢= 1.22, 

The factor 1.22 comes from the geometrical form of the opening. 
For example, let us compute the separation of double stars 5000 light 

years away that can just be distinguished by a 200-in. telescope, assuming 
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Narrow slit 

\ = 555 mu. Now, 

d = (200 in.) (0.0254 m/in.) = 5.08 m 

and 

A 6.55°X 107m _ _ pS ae SM eal 

Then, 

@ = (1.22)(1.09 XK 10-7) = 1.33 X 10~ rad 

The linear separation of the resolved stars is then 

X = (1.33 X 10-7)(5000) or 6.65 X 10~ light years 

which seems small but is actually four billion miles, i.e., 

(6.65 X 10~*)(9.48 X 10") = 6.3 X 102m 

21-6 OPTICAL SPECTROGRAPHS 

Measurements of the frequency of visible light are made in the labo- 

ratory by devices known as spectrographs (or spectroscopes). A set of defi- 

nite frequencies are observed, unique to each element in the periodic table. 

The total light, decomposed into a spectrum of colored bands or lines by 

the spectrograph, may be either viewed directly or photographed. 

The basic component of the prism spectrograph is the triangular prism 

of quartz or glass. As shown in Figure 21-31, light from a distant object— 

such as the Sun or a star, or from an incandescent sample in an electric 

arc—experiences refraction and dispersion into colors by the prism. The 

refracted light appears on the screen or film as a background display of 

color, along with some intense lines, which differ in intensity according to 

how much light of each frequency is emitted. 
The diffraction-grating spectrograph consists of sheets of glass or metal 

Lens 

Viewing 
screen or 

photographic 
plate 

Spectral lines 
FIGURE 21-31 

Prism spectrograph 



Parallel light Grating 

FIGURE 21-32 

Diffraction grating 

with thousands of closely spaced parallel lines cut in its surface. Light 

transmitted by the glass or reflected from the metal acting as a mirror 

exhibits diffraction patterns similar to those from a single slit. We may 

derive a relation for the location of maxima for the transmission type. 

Light of one wavelength is combined by means of a lens to a line on a screen 

(Figure 21-32). If the separation of slits is d, waves of light emerging at an 

angle @ from successive slits all differ in path by d sin 6, just as in Young’s 

experiment. Constructive interference takes place when the path differ- 

ences are an integer multiple of a wavelength: 

d sin @ = ni, n = 0) 1) 2: 3, ete. 

This is the same interference condition as for a double slit. The integer n 

is called the order of the pattern. 

The amplitude transmitted by a single-slit width a was found in Sec- 

tion 21-5. A grating consists of a large number N of such slits, and super- 

position of amplitudes is responsible for the overall effect. One can show 

that there is a very intense central maximum, so that images of light from 

the source having different wavelengths are distinctly separated on the 
viewing screen. 

The dispersion of the grating, defined by 

is a measure of the ability to resolve wavelengths, being the change in angle 
of emergence per unit change in wavelength. In terms of the order of the 
pattern n, the line spacing d, and the angle 8, 

n 

uy ~ dcos6 

To illustrate the effectiveness of a grating for spectral studies, let us calcu- 
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X-Ray Diffraction 

late the location and separation of the two components of the sodium 
“doublet” at wavelengths 589.0 my and 589.6 my. We assume a grating 
with 500,000 lines per meter so that d = 2 X 10- m. Then, for first order 
on the shorter line, 

589 X 10° 
sin 8 = “SX 10 = 0.294 and 6217 deg 

The dispersion, with cos 0 = 0.956, is 

1 

a (2 X 10-*) (0.956) = 5.23 X 10° rad/m 

For AX = 589.6 — 589.0 = 0.6 mu = 0.6 X 10 m, the angle of separa- 

tion is 

Aé = DAX = (5.23 X 10°)(0.6 X 10-) = 3.1 x 10-4 

On a screen 1 m away, the separation in space is (1.0 m)(3.1 X 10-*) = 

0.0003 m or 0.3 mm. 

21-7 X-RAY DIFFRACTION 

A crystalline solid has a regularity of atom spacing that resembles a 

grating. X rays with wavelengths in the range of 10-'° m are scattered 

from the atomic centers, which have spacings also in that range. Experi- 

ments prompted by von Laue verified that such atoms acted as a grating. 

X rays were passed through a sample with a radiation-sensitive screen 

behind it, as in Figure 21-33, and a regular pattern of spots was observed. 

An alternate method developed by Sir William Bragg involves reflections 

from the crystal layers (Figure 21-34). Planes of atoms—say, Na and Cl, 

as in table salt—are separated by a distance d. Waves reflected from the 

second level of atoms interfere with those from the first level. When the 

total path difference 2d sin @ is equal to an integer number of wavelengths, 

a maximum intensity is found. This condition 

2d sin @ = nd 

FIGURE 21-33 

X-ray transmission through a crystal 



FIGURE 21-34 

X-ray diffraction from a crystal plane 

is called Bragg’s law. Using X-ray spectrometers, with rays of one known 

wavelength, the spacing of atoms may be found, along with many other 

details of the structure of solids and location of particular atoms. From the 

knowledge of atom spacing d, we can compute Avogadro’s number, as dis- 

cussed in Section 4-5. It is not necessary to have a single smooth plane or 

a single crystal for the study of X-ray diffraction. A powder composed of 

randomly arranged crystals will suffice as a target. 

X-ray diffraction serves as only one of the processes by which the 

detailed structure of solids and liquids is found. Electron-diffraction and 

neutron-diffraction devices for the study of submicroscopic phenomena are 

based on the discovery that particles such as electrons or neutrons in mo- 

tion constitute matter waves, mentioned in Section 12-5. In the next chap- 

ter, we shall discuss the historical background and fundamentals of 

quantum mechanics, which encompasses the particle theory of light and 

the wave theory of matter. 

PROBLEMS 

21-1 Show that one needs a mirror that is as tall as one-half his height in 
order to view his whole body. 

21-2. Mirrors on opposite walls, as in a barber shop, give multiple images 
that seem to recede into the distance. Investigate this effect by tracing 
rays from object to mirrors to the eye. 

21-3 A light source is placed at 6 cm from the surface of a concave mirror 
of radius 4 em. Where is the image located? 

21-4 Find the nature, positions, and heights of images for a concave 
spherical mirror of radius 3 m when objects are placed at a distance from 
the surface of (a) 2 m, (b) 1 m. 

21-5* Suppose that the headlight of a car is a spherical mirror of radius 
0.12 m and diameter 0.10 m (see Figure P21-5). Where should a bulb be 
located in order to give a beam that is of width 20 m at a distance 50 m 
from the headlight? 

21-6* Compute the horizontal displacement of a ray of light incident at 
30 deg from the normal as it passes through a windowpane of thickness 
x in., index of refraction 1.5. 
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a FIGURE P21-5 

21-7 Suppose we are indulging in the easy sport of shooting fish in a barrel, 

as shown in Figure P21-7. The container of water (n = 4) is a cube 4 ft on 

a side, half-full, with the fish actually 1 ft below the center of the tank. Find 

the apparent depth of the fish below the surface (a) using the approximation 

-_that the sine and tangent are equal, (b)* more accurately, using trial and 

error, graphical solution, or any other method. 

21-8 The Moon appears to have risen above the horizon before it actually 

does. Explain, using diagrams. 

21-9 (a) Draw a sketch of light rays for sodium light of frequency 589 mu 

passing through a glass prism, n = 1.52, a = 30 deg, when the angle of 

incidence is 45 deg. (b)* Show that the angle of deviations is 6 = 6; — 62 + 

6; — 63 and calculate its value. 

21-10 The minimum angle of deviation of light in a prism of angle a, index 

of refraction n, appears in the relation 

4. 3 ; (#) 
nsins = Sin 

2 

| 
all 

FIGURE P21-7 



582. Suppose that 6 is 30 deg for orange light of wavelength 606 my on passing 

OPTICAL through a prism of angle 60 deg. What is the index of refraction of the 

INSTRUMENTS — prism? 

21-11 A “burning glass” is a double-convex lens with equal radii of cur- 

vature 10 cm, index of refraction 1.5. Find its focal length. 

21-12 Sunlight is brought to a point 5 cm from a certain lens. Where 

would the image of a lightbulb 2 m away be located? How much magnifica- 

tion would be obtained? 

21-13. A special lens is constructed with one surface cylindrical and the 

others as planes (see Figure P21-13). Continue the ray shown completely 

- through the lens to the point where the ray crosses the axis, using geometry 

and Snell’s law. 

21-14* Show, by use of geometry only, that light reflected from the back 

surface of a spherical raindrop (with refraction on entering and leaving) 

experiences an apparent angle of reflection y = 26, — 6; (see Figure P21-14). 

21-15 What radius R of a spherical surface of material of index n = 1.4 

is needed to bring parallel light to a focus 15 em from the surface? 

Incident ! R 
light 

FIGURE P21-13 

Spherical drop of 
water (enlarged) 

Light from Sun 

Surface of Earth 
aN = rS NTS 

mS Ae We NaN Zale Award IN SAAN RGN CEEN FIGURE P21-14 
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Problems 

21-16 The glass of a thermometer tube acts as a cylindrical lens for the 
liquid inside, such that the magnification of the column of mercury 1s equal 
to the index of refraction of the glass. For a tube with n = % and radius i; 
how large does the column of radius 2R appear? 

21-17 A projector for “35mm” slides (2.3 X 3.4 em) has a lens with focal 
length 5 cm. The distance between the slide and lens is 5.05 cm. Show 
why the slides must be put in upside down. How far away should the screen 
be placed? What is the smallest size of screen that would permit viewing 
of slides either vertically or horizontally? 

21-18 Where in a spherical goldfish bow] full of water is a small tropical 
fish able to hide without being visible to an observer above the bowl? 

21-19 Compute the focal length of a convex lens of flint glass, n = 1.9, 

with radii 0.05 m and 0.08 m. 

21-20 A pair of lenses in contact are constructed of crown glass and flint 

glass respectively. The indexes of refraction of these materials vary with 

- wavelength, as shown below: 

n 

r 

(my) Crown Flint 

434 1.528 1.675 

486 1.523 1.664 

589 ibaily/ 1.650 

656 1.514 1.644 

768 isla 1.638 

Find the index of refraction of each substance for green light of 555 mu. 

21-21 A camera has a focal length of 2 cm. What is the diameter of the 

aperture at F-12? A picture is taken at 735 sec and then the camera is reset 

to F-8. To get the same light exposure as before, what new shutter speed 

should be used? 

21-22 Calculate the magnifying power of a telescope that has the follow- 

ing focal lengths: eyepiece 0.025 m, objective 1.25 m. When the telescope 

is trained on the Moon, which occupies a 0.52-deg arc, what arc does the 

Moon appear to occupy? 

21-23 The star Sirius appears to shift by a maximum of 0.74 seconds of 

are every six months. How far away, in light years, is the star? 

21-24 Find the position on a screen of the second minimum of the double- 

slit diffraction pattern for two pinholes 4 mm apart in a piece of cardboard, 

for light of wavelength 600 my, with the screen 2.5 cm away. 

21-25 Parallel light from a light source using the element mercury (A = 

254 mu) passes through a slit formed by the edges of two razor blades 

separated by 0.15 mm. On a screen 0.2 m away, where would the first 

minimum of the interference pattern be located? 

21-26 Suppose that astronauts set up on the Moon, 239,000 mi away, a 

pair of bright beacon lights of principal wavelength 555 my. How many 
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feet apart must the lights be located in order to be resolved by a 200-in. 

telescope on Earth? 

21-27 Calculate the angle for the first-order diffraction-grating pattern of 

green light \ = 520 my, when there are 8 X 10° lines per meter. 

21-28 Find the dispersion of the diffraction grating in Problem 21-26. 

21-29 An X-ray line is found at first order at an angle of 3 deg, when the 

target is a copper crystal with lattice spacing d = 3.6 X 10- m. What 

wavelength does the line have? By what factor is this larger or smaller 

than visible light, \ = 555 my? 



QUANTA, WAVES, 
AND PARTICLES 

A well-recognized goal of science is to represent natural processes in an 

orderly form. Some of the characteristics of order are completeness, 

simplicity, unity, and symmetry. Indeed, much of the progress in science 

has been based on hypotheses that were suggested by the belief or hope that 

the ultimate description of the universe had these properties. The wave 

theory of matter is an excellent example of such a far-reaching discovery. 

It originated in a hopeful guess in 1924 by de Broglie, a French scientist. 

The dual nature of light as waves and particles served as a background for 

his hypothesis. 

In this chapter, we shall review some of the evidence used to arrive 

at this strange theory and then investigate the changes in fundamental 

concepts that are required by the new quantum mechanics. 

22-1 LINE SPECTRA—BOHR’S MODEL 

OF THE HYDROGEN ATOM 

For many years in the latter part of the nineteenth century, physicists 

studied the character of light from the Sun and from gases heated in 

electrical discharges, using the optical spectrographs based on the separa- 

tion of light into colors by a glass prism. Well-defined bright lines of colors 

were observed within the continuous rainbow-like spectrum. Figure 22-1 

shows one of the many series of lines from hydrogen gas. Various formulas 
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FIGURE 22-1 

656.28 486.13 434.05 410.17 Spectral lines from hydrogen, Balmer 

Wavelength (mz) series 

relating the wavelengths of the different lines were devised by Rydberg, 

Balmer, and others. These spectroscopists observed that the wavelengths 

fit the formula 

1 1 1 

a uae) 
where ® is called the Rydberg constant, and m and n are integers. No 

physical explanation of the regularity was advanced, however, until 1913, 

when Niels Bohr of Denmark proposed his famous theory of the hydrogen 

atom. Bohr drew an analogy between the motion of a planet about the Sun 

and the motion of the electron about the proton. He assumed, on classical 

grounds, that the attractive electrostatic force provides the centripetal 

FIGURE 22-2 

Orbits of electron in H atom by Bohr 
tom 5 model 
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the Hydrogen Atom 

acceleration for circular motion, 

kget = ev! 
aT, 

His next contribution involved the radical idea that the angular momentum 
of the electron, L = mvR, can take on only definite or discrete numerical 
values. Specifically, these are integer multiples of the constant h/2z, 
where / is Planck’s radiation constant 6.63 X 10-34 J-sec. Thus he pro- 
posed 

L=n (3) (Bohr’s quantum condition) 

with n = 1, 2, 3, etc. The angular momentum was said to be “quantized,” 

with n called the quantum number. 

This restricts the electron motion to well-defined orbits, as illustrated 

- In Figure 22-2. The increase in radius as the square of the number n can be 

demonstrated by eliminating speed between the preceding equations: 

_ w(h/e)? 
Rn = mkz 

where h = h/2r = 1.05 X 10-*4 J-sec. Let us calculate the radius of the 

smallest Bohr orbit, n = 1, from the basic constants: 

Ge x oe) 

a (h/e)? _ 1.60 X 10-9 
1 mkg — (9.11 X 10-*4)(9 X 10°) 

= 5.3 X 10“ m 

The energy of the electron in any orbit can also be determined. From the 

force equation, the kinetic energy is 

The total energy of the system for given n is the negative of this result, 

borrowing from the analysis of planetary motion (Section 10-6), 

These energy levels are plotted in Figure 22-3. The lowest energy level, 

corresponding to the smallest radius, n = 1, is 

_ ke? _ _ (9 X 10°)(1.60 X 107%)? 

aR. (2)(5.38 X 10-%) 
—218X10-"%J or —13.6 eV 

Ky = 
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Then, for any orbit, 

E 

Bohr’s third assumption was that light is absorbed or emitted in 

bursts of energy when the electrons “jump”’ from one orbit to another. 

This of course corresponds to Planck’s idea. When an electron goes from a 

larger orbit labeled 7 (initial) to a smaller orbit labeled f (final), the energy 

lost, it was assumed, appears as light of frequency v such that 

Ei ES= fe (photon energy) 

Thus the energy released on transition between any two energy levels with 

quantum numbers n; and ny, is 

AE = bw = Es (<9 =) 
ni n? 

For example, the photon due to a jump between n; = 3 and n; = 2 is of 

energy 

AB == 13.64 — 4) 30a 

(1.89 eV) (1.60 X 10-1 J/eV) = 3.02 X 10°" J 

The frequency is thus y = AEF/h = 4.56 X 10'* eps. Figure 22-3 also shows 

this radiation schematically. The wavelengths and frequencies predicted 

by Bohr agreed almost perfectly with the series of lines in hydrogen 

n=: 

Paschen series 

Balmer series n=2 

FIGURE 22-3 Lyman series 

Energy levels and transitions in atomic 
hydrogen 
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identified by the spectroscopists. The presence of integers was accounted 
for, and calculations led to the correct value of the Rydberg constant: 

DAS 2.18 X 10-18 7 7 
8 = ~The ~ 6.63 X 1053.00 x 105 ~ 110 X 10"m™ 

In the theory there is an obvious defect, which was admitted by Bohr. 
Recall from Sections 19-2 and 20-2 that classical electromagnetic theory 
predicts a radiation of energy by a charge that experiences acceleration. 
Since the planetary model demands a continuous centripetal acceleration, 
there should be a radiation-energy loss that would cause orbits to collapse. 

This puzzling situation has been completely resolved by the newer wave 

mechanics, and Bohr’s theory cannot be viewed as being correct mechani- 

cally and electrically. It has the virtue, however, of giving almost the right 

answer. Because of its pictorial simplicity, there is a tendency to take 

Bohr’s theory literally and make the flat statement that electrons move in 

-orbits-about the nuclei. We must keep in mind that the model 7s not correct, 
even though it allows us to visualize atoms and thus be able to think about 

radiation processes more easily than is possible with the more abstract 

quantum-mechanical model. Bohr’s theory had a profound effect on 

physics, for it stimulated others, such as Schroedinger and Heisenberg, to 

develop the theory of wave mechanics, to be discussed shortly. 

22-2 MATTER WAVES AND QUANTUM 

NUMBERS 

Let us begin our discussion of the newer quantum theory with a 

review of the experimental facts. The photoelectric effect in metals (Section 

8-9) and the Compton scattering of photons on free electrons (Section 10-4) 

are excellent pieces of evidence for the particle model of light. On the other 

hand, the wave models of light refraction (Section 20-4) and diffraction 

(Section 21-4) are equally valid descriptions of these experimental observa- 

tions. Although this duality had not yet been fully explained, de Broglie 

(see Section 12-5) conceived of the idea that if light waves acted like 

particles, then particles of matter might have wave character. He drew the 

following plausible analogy. The wave picture states that the wavelength 

of light is given by \ = c/v. According to Planck (Section 19-4) and Bohr 

(Section 22-1), the energy of a photon is given by H = hy, while Compton 

(Section 10-4) verified that its momentum is p = H/c. Combining these 

three relations, we find the wavelength of a photon to be \ = h/p. At this 

point, de Broglie made a simple but important conjecture, based on the 

concept of symmetry of nature. He proposed that a particle of matter of 

momentum p should have a wave associated with it of length h/p, so that 

1= a (wavelength of a particle of matter—de Broglie) 
Pp 



Orbit 

fF A wave AS 

Relation of de Broglie waves to Bohr 

orbit, n = 3 

When he looked at the then-known Bohr orbit of electron motion in 

hydrogen, he saw that waves of this type would fit perfectly into the 

circumference of the circle. As illustrated in Figure 22-4, if the circle is 

broken at a point and unwrapped, one could insert full waves of length 

in the length 27R; hence , 

Since the angular momentum is L = pk, 

hen 

agreeing with Bohr’s quantum condition (Section 22-1), 

Diffraction of Electrons and Neutrons 

Great impetus to the acceptance of de Broglie’s hypothesis that 

matter had wave properties was provided by the experiments of Davisson 
and Germer in 1927. They found that the reflection of beams of electrons 
from a metal crystal gave rise to interference, a wave effect. 

Their experimental apparatus consisted of an electron “gun” with 
adjustable potential, a nickel metal crystal surface, a collector with narrow 
opening, and a current meter, as in Figure 22-5(a). As the angle 6 was 
changed, the current went through a peak, as shown in Figure 22-5(b). 
With electrons of 54-eV energy, the angle was 50 deg. If de Broglie’s 
theory were correct, the wavelength of an electron of kinetic energy H 
should be 
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O0000 
O0000 

(a) 

Nickel atoms 

P V2mE 

or, if H is in electron-volts, the wavelength in meters is 

Ne We 4 Mee 

VE 

In analogy with optical diffraction (Sections 21-6 and 21-7), the crystal 

should act as a ruled grating. For normal incidence \ = d sin @ applies in 

first order, with d as the distance between crystal planes—2.15 X 10-9 m, 

in the case of nickel. We can check agreement in this early experiment by 

applying both formulas: 

1.23 10-9 

V 54 

(2.15 X 10-)(sin 50°) = 1.65 X 10-9 m 

= 1.67 X 10°’ m 

r 

The agreement is too striking to be mere coincidence. 

The neutron also exhibits wave properties, in accord with the ex- 

pression 

ZO eel Une 

is VE(eV) 

A beam of neutrons of low energy, around 0.025 eV, is allowed to leave a 

nuclear reactor and strike a calcite crystal at a glancing angle. Those 

reflected from the surface are of a single wavelength, which provides a 

means of selecting neutrons of one speed from a Maxwellian distribution. 

Since the cross-section for neutrons on hydrogen is large, the diffraction 

method may be applied to study crystal structure of compounds with 

Electron 
collector 

V = 54 volts 

Current 

Angle 0 

(b) 

FIGURE 22-5 

Electron diffraction apparatus and data (the current shown 

includes electrons reflected directly from the surface) 
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hydrogen atoms—e.g., H,O and NaH. The method supplements X-ray 

diffraction which occurs best in heavy elements containing many electrons. 

22-3 THE UNCERTAINTY PRINCIPLE 

That chance is involved in the specification of location of a particle 

that has wave-like character was brought out by Heisenberg’s uncertainty 

principle, which in words states: 

THE LOCATION 2 AND MOMENTUM Pp OF A PARTICLE CANNOT BE KNOWN 

SIMULTANEOUSLY WITH UNLIMITED ACCURACY. 

We are of course familiar with the difficulty of making precise measure- 

ments. Use of a meter stick to find the distance from the origin to a point 

will give an answer x + Az, where Ax measures the experimental error. 

Similarly, the speed of a particle will be found to be v + Av with the error 

Av determined by the precision of the clock used to measure time. We 

would assume that by improving our apparatus, Ar and Av (or Ap = mAv) 

could be reduced to as small values as we wish. The inclusion in Heisen- 

berg’s principle of the word “cannot,” however, means that no matter how 

elaborate or expensive or delicate our equipment, we can never achieve the 

goal of unlimited precision. 

We naturally could counter with the remark that Ax and Ap can never 

be made evactly zero, but that we can certainly approach that limit. The 

uncertainty principle erects a definite barrier by stating, mathematically, 

(Ax) (Ap). > h (uncertainty principle) 

Although this product is small, 1.05 X 10~*4 J-sec, it is still a long way 

from zero. We have three choices: (1) the two uncertainties can be made 

smaller together, but their product will never be less than f; (2) the location 

can be found exactly, Ax = 0, but then Ap is infinite, meaning that we have 

no knowledge whatever of the momentum; (3) the converse, Ap can be zero, 

but we do not know where the particle is. 

The uncertainty principle may be stated in even simpler terms: 

THE ACT OF MEASURING DISTURBS THE OBJECT BEING MEASURED. 

A simple proof of this concept that also allows us to verify the degree of the 

limitation is now made. Imagine, as did Heisenberg, a “thought experi- 
ment’ (gedankenexperiment) designed to locate a moving electron by 
reflecting light from it (Figure 22-6). After passing through the microscope, 
the photon of wavelength \ and frequency y registers its position on a 
photographic film. The image, however, is really a diffraction pattern with 
a width of about \/d, where d is the lens diameter. The ability to dis- 
tinguish actual positions of the photon is then limited to 

nN 

2 sina 
A= 
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Apparatus for demonstrating uncertainty 

principle 

as derived in Section 21-5. Now, in order to enter the lens, the photon of 

momentum hy/c must have been deflected through angles in the range +a. 

This means it was given a momentum component in the z-direction in the 

range +(hy/c) sina. The electron being studied had the same amount of 

momentum imparted to it, but in the opposite direction. The total un- 

certainty in electron momentum is thus 

nee 2hy sin a 

c 

Recalling c = vi, we find the product of the two uncertainties to be ArAp = 

h. The more precise expression differs by only the factor 27, being AvAp = 

h/2mr. By reducing the wavelength \, we gain better position resolution, 

but then the frequency » increases, which disturbs the electron more and 

we lose definition of momentum. 
For large-scale objects, the effect is negligible. Let us suppose that we 

require the fractional errors Ap/p and Ax/zx to be the same, labeled f. Then 

f = Vhmoz for a particle of mass m and speed v. For example, a football 

weighing 0.5 kg is passed to a receiver 10 m away with a speed 20 m/sec. 

How large are the fractional errors in location or speed? Inserting numbers, 

f = V(1.05 X 10-4) (0.5) (20) (10) = 10-* 

In this example, the uncertainty principle has nothing to do with ability to 

catch the football. On the level of atomic-particle motions however, it 

becomes all-important. 

Other physical quantities exhibit mutual uncertainty—for instance, 
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the energy H of a system and the time ¢ at which it is measured. Here we 

find 

AEFAt > h 

To show this quickly, suppose we try to measure the frequency of a photon, 

by counting the number of peaks of waves arriving in a time A¢. Our 

measurement will have an uncertainty of 1 cycle, the gap that lies between 

two maxima. Thus Av = 1/At. However, # = hy and the error in £ is 

AE = hAv. We form the product AHAt = h, again within a factor 27 of the 

correct result. In the study of energies in atoms and nuclei, this form of the 

principle is significant. 

The discovery of the uncertainty principle had a great impact on the 

science of physics, since it upset the idea that all motions were determined 

by precise laws of cause and effect. There is little doubt that the principle 

is valid, but some scientists such as Einstein were unwilling to accept it on 

philosophical grounds. Efforts have been made at the other extreme to 

elevate the uncertainty principle to a basis for moral and theological 

thought. Most scientists would not subscribe to this extension. 

The Interpretation of Matter Waves 

The explanation of the phenomenon of particle diffraction (Section 

22-2) required the use of waves. The experiments of Davisson and Germer, 

however, did not reveal.any information as to the character of the waves 

that either represented or accompanied the electrons. Interpretations by 

Schroedinger and Born led to our present theoretical basis of wave mechan- 

ics, involving the concept of wave functions. In particular, they gave some 

physical meaning to what is labeled the y-function. To help understand 

these waves, let us perform a thought experiment with a stream of electrons, 

a pair of very narrow parallel slits, and a detecting screen, as shown in 

Figure 22-7. 

We suppose that we can release various numbers of electrons and that 

the detector is appropriate for counting individual particles. We start the 

experiment by accelerating and noting the arrival of single electrons, finding 
that they seem to strike the screen in a rather random fashion. Some are 
found in locations they could not reach according to classical physics. 
Then, if we either increase the flow or allow the process to go on for a long 
time, a pattern of detected charges begins to emerge, one which is very 
reminiscent of diffraction fringes of light in Young’s experiment (Section 
21-4). Electrons travel from the source to some points on the screen and not 
to others, giving a distribution that suggests that waves from the two slits 
interfered destructively at certain places. In the case of light, we could 
understand such effects in terms of Huygens’s principle, but it is more 
difficult to see how one electron could be going through both slits. We are 
led to the alternative that the wave is somehow indicative of the probability 



595 _— of a given electron being found at a point in space. Following Schroedinger, 
SECTION 22-3 let us propose that ¥(r, t) represents the wave associated with the electron. 
The Uncertainty Since a wave of the form y = A sin (kx — otf) goes positive and negative, 

Principle while probability must always be positive, we are led to the idea that y” 
measures the probability of finding the electron at a point. Thus the 
square* of the wave function is in the nature of a distribution function 
discussed in Section 14-5. 

The diffraction pattern on the screen is interpreted by saying that the 
wave there due to slits 1 and 2 consists of two parts, ¥; and y2, which add to 
form y. A completely different pattern is found on the screen if we alter- 
nately cover over one slit and then the other, a fact explained by the 
contrast between (1 + yo)? and |ya|? + |y~2|2. The wave-function concept 
is compatible with Heisenberg’s uncertainty principle. Whereas classical 

mechanics predicts exact positions, speeds, and energies of particles under 

Se 
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Electron source 1 

Slits 

Detecting screen 

FIGURE 22-7 

Electron diffraction and probability 

the influence of forces, wave mechanics yields only the probable values. An 

electron in the hydrogen atom is not at the radius 5.3 X 10-" m, as the 

Bohr model would indicate, but if many atoms could be observed, the 

electron distances would on the average be that value. In the determination 

of the detailed mathematical form of the y-function for a given physical 

situation, use is made of what is designated as Schroedinger’s equation. 

We shall not undertake discussion of its form, but merely note that it 

includes the nature of the forces acting, and may roughly be considered as 

a generalization of the principle of conservation of energy, which was 

derived from Newton’s second law. 

*It turns out that the y-function is complex, of the form y(z, t) = yoet#?—“) 

for a simple plane wave; hence we must use the square of the absolute value |y|? as the 

measure of probability. 



22-4 THE RELATIONSHIP BETWEEN CLASSICAL 

AND QUANTUM PHYSICS 

Regardless of how willing we are to accept the correctness of the wave- 

mechanical view of nature, it tends to remain vague and remote from 

reality. Psychologically, we think in terms of our large-scale classical 

world where objects, positions, and speeds are rather well-defined quanti- 

ties. The concept of smallness is easy to grasp, and there is sufficient proof 

that atoms exist. However, since we cannot see or feel particles of atomic 

size, we tend to use our classical ideas in that domain. Were our form of 

life of the dimensions of viruses, with capability of thought, we might get 

accustomed to thinking wave-mechanically. 

The Wave Packet and Newton’s Laws 

Although the full appreciation of quantum-mechanical phenomena 

depends greatly on mathematics, we can help bridge the gap between the 

two views of nature by use of the concept of the wave packet. Recall from 

Section 20-4 that complicated waveforms are composites of pure frequen- 

cies with various amplitudes. The group was shown to have a speed v, that 

is different from the speed v of the individual waves of which it was formed. 

This idea is now extended to the matter waves for a particle in quantum 

physics. We combine such waves in a range Ay, to form a single wave 

packet of length Av = 27/Ak, with no disturbance outside that range of 

position, as shown in Figure 22-8. The assembly moves along with its 

average coordinate X having the group speed, here labeled v, so that © = dt. 

The amplitude of the wave at a point in space is related to the probability 

of finding the object there. Thus there is a close analog between the average 

* Center of mass 

| 

W FIGURE 22-8 

< Motion of a wave packet representing a 
particle 
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coordinate of a material object (its center of mass) and the average position 
of the group (its “center of probability”). By advanced methods, the wave 
group is found to obey the equation 

which we see to be of the form of Newton’s second law. In words, then, the 
“center of mass’’ of the wave packet representing the particle moves in 
accordance with the laws of mechanics. The precise location of the particle 

is ill-defined within the length of the packet, Az. Recall de Broglie’s 

expression p = h/d. However, k = 27/\; hence p = hk/2zx. The error in 

definition of momentum is thus Ap = hAk/2. Then, since Ax = 27/Ak, we 

again obtain ArAp = h, which agrees with the uncertainty principle except 
for a factor of 2z. 

The connection with classical mechanics is now more firmly estab- 

- lished. Recall that if the mass of an object is large, then the fractional 

error in position and momentum is extremely small. For practical purposes, 

this means that we can set h equal to zero in the uncertainty principle: 

ApAx = 0 (classical) 

Now, if A is set equal to zero in de Broglie’s relation 

then \ = 0, the packet is a point, % becomes x, and Newton’s law of 

classical mechanics holds exactly. This connection is one facet of Bohr’s 

correspondence principle, which states that the principles of quantum 

mechanics must agree with the laws of classical mechanics when applied 

to macroscopic bodies. In other words, quantum theory is the more 

general, applicable to both large and small bodies, and thus embraces 

classical theory as a special case. On a practical basis, however, Newton’s 

laws are sufficiently accurate for many purposes. This situation is quite 

analogous to the relation of relativistic physics and classical physics. 

Whereas LHinstein’s special theory of relativity is required to describe 

rigorously the motion of bodies of all speeds, large or small, it is approxi- 

mated by the simpler useful classical form if the speed is low. In passing, 

we note that relativistic quantum mechanics is an even broader generaliza- 

tion of classical mechanics. 

Wave and Particle Concepts of Light 

We observed the duality of light as particles and waves (Section 22-2) 

to be the starting point of the new quantum mechanics. Not until after 

de Broglie advanced his hypothesis was the relation of quanta of light and 

waves of light fully understood. In fact, it was the newly derived wave 
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mechanics with its uncertainty principle and probability view that provided 

the explanation. Let us consider an experimental arrangement as in 

Figure 22-9. We allow light to enter a slit and be registered on a photo- 

graphic film. The beam is adjusted to be so weak that we are certain that 

no more than one photon goes through at a time, which eliminates the 

possibility that particle interaction can occur. We would expect from 

geometric optics that after a long time a line will form on the film exactly 

opposite the slit. Instead, we find a diffraction pattern with alternating 

bands that extend far beyond the direct line of sight. The results of this 

experiment must be interpreted by saying that light is composed of photons 

of very small but definite energy hy. The wave is a representation of the 

probability of finding a photon at a point. The very presence of a screen 

with a slit cut in it, as an obstruction to the wave, disturbs the probability 

distribution of photons. As each photon enters the aperture, it has a 

certain chance of going anywhere. However, over a long time, as many 

particles come through, they distribute themselves over the photographic 

film in accordance with the new probability, and the pattern coincides with 

the interference pattern of the wave model. The uncertainty principle 

serves as a guide to the process, in that it tells us that the interposition of 

the slit is an act of measurement that disturbs the situation. It also gives 

the approximate size of the diffraction pattern, but it does not have the 

power to specify the details of the photon distribution. 

22-5 VECTOR MODEL OF ATOMS 

AND SPECTRA 

The full description of a hydrogen atom that has an energy larger 
than the lowest level (ground state) requires additional quantum numbers 
besides n. Their origin is mathematical, being the result of solutions of 
Schroedinger’s equation. There are three degrees of freedom corresponding 
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to the coordinates r, 6, and ¢; hence three quantum numbers are required. 
As in the Bohr theory, the value of n, called the “total” quantum number, 
indicates the radius R and the total energy H. Corresponding to 6-motion 
is the “orbital” quantum number /; to ¢-motion, the “magnetic” quantum 
number m. It can be proved that J can have several values 0, 1, 2, and so on, 
up to largest value n — 1. Fora given /-value, m can be 0, +1, +2, and so 
on, up to a maximum of +1. 

We can construct a partial table (up through n = 3) of possible 
combinations of these three quantum numbers of hydrogen. The classifica- 
tion of these different states wherein the electron can exist consists of 
writing first the n-value 1 or 2 or 3, etc., then the /-value according to the 

TABLE 22-1 

SOME STATES OF THE HYDROGEN ATOM 

n l m CLASSIFICATION 

1 0 0 ls 

2 0 0 2s 

ql 

1 | 0 2p 

—1 

3 0 0 3s 

=P 

1 | 0 3p 

—1 

+2 

aril 

7 0 3d 

—1 

—2 

“code” 0 = s, 1 = p, 2 = d, 3 =f, etc., and finally the possible m-values. 

Before the wave theory was developed, graphical or vector models 

were devised, with angular momenta drawn as vectors. These are still 

employed for ease in visualization. In our model of the hydrogen atom, we 

let the origin of coordinates be at the proton. The use of r to indicate radial 

position of an electron is straightforward. However, the angles 0 and ¢ 

have meaning only if there are some axes from which they are to be meas- 

ured. To a free hydrogen atom there is no up, down, right, or left that 

suggests any reference frame. A magnetic field can supply the needed 

frame. If we place the atom in a magnetic field that is along the z-axis, 

there is now a definite direction even if the field is so weak that it has no 

appreciable effect on the motion. The angular momentum of the electron 

in orbit about the proton is taken to be a vector L, with magnitude /h. 

Since | is an integer, L has ‘‘quantized”’ lengths. Its direction is also 

restricted to some definite values relative to the field lines—specifically, 

such that its component in the z-direction is mh, with m the magnetic 
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Quantized directions of L 

quantum number. Figure 22-10 shows the possible direction of L-vectors 

for the case 1 = 2—for example, in the 3d electron state. Experimental 

measurements of light from hydrogen gas at high temperature were used to 

check this picture. Continual transitions of the electrons provide spectral 

lines from which states are deduced. 

Zeeman Effect 

The frequencies of light from an incandescent gas such as hydrogen 

are changed slightly on application of a magnetic field. The shifting of 

energy levels and resulting changes in the energy transitions that give rise 

to light goes by the name Zeeman effect, after its discoverer. We recall from 

Section 9-7 that a current loop (e.g., an electron in orbit) forms a magnetic 

dipole, whose moment M interacts with a magnetic field. If we turn a 

dipole from a direction perpendicular to the field to a direction making an 

angle 6 with the field, the potential energy is found to change by an amount 

AE = MB cos @ 

We also saw in Section 9-7 that the ratio of magnetic moment to angular 
momentum for a circulating electron is M/L = q/2m. If we insert this in 
the relation for AZ and note that the grouping of constants g®/2m has the 
form of an angular frequency (recall Sections 7-1 and 18-6), and can be 
labeled w,, then 

AE = w,L cos 6 

The important feature to note is that L cos @ is the component of angular 
momentum parallel to the field, as in Figure 22-10. Its value according to 
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quantum mechanics is also mh, where m is here the magnetic quantum 
number (not the mass). Thus the energy change on application of a 
magnetic field to an atom is 

ING) = mhz 

Figure 22-11 shows how the energy levels for two adjacent levels 3p and 3d 
are “split,” and how transitions of the electron between states with 

different n give three spectral lines. Since AZ is directly proportional to m, 

and m is an integer, groups of three transitions all yield the same frequency, 

and only three distinct lines are seen. Experimentally, such lines are 

observed in the light from many atoms, if the magnetic field is very strong. 

Discrepancies still exist for some atoms, however, if the fieid is weak. Only 

by proposing still another degree of freedom called electron spin can the 

problem be resolved. This innovation by Uhlenbeck and Goudsmit was 

based on simple classical reasoning. They extended the analogy between 

_ planetary and electron motion, arguing that if there is an angular momen- 

tum due to the circulation of an electron in an orbit about the nucleus, 

there should also be an angular momentum due to the rotation or spin of 

the electron on its own axis. 

The model worked, but we do not take it literally, any more than we 

do the Bohr planetary orbits. Instead, we accept the fact that there is a 

basic property of particles that we call spin. An electron has an extra angular 

momentum of magnitude 3h, as if there were a special quantum number s 

of value always one-half. This new spin momentum adds vectorially with 

the orbital momentum to give the total for the atom. Letting the vector 

angular momenta be L (orbital) and S (spin), the total is 

J=L+S 

As we are prepared to expect, the vector J can have only discrete values jh 

No field ie Strong field 

1 

3d 0 
—1 

—2 

1 

2p 0 
—1 

FIGURE 22-11 
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FIGURE 22-12 
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(where 7 is a total-angular-momentum quantum number) and components 

parallel to the field of value m,h. For one electron, L and S can be either 

parallel or opposite each other, as shown in Figure 22-12 for a case in which 

1 = 3. The quantum numbers j are either 3 + 3 = $ or 3 — 3 = 3. If 

instead / = 2, we find 7 = 3 or 3, and so on. 

At this point, complications arise. The electron in orbital motion 

gives rise to a magnetic field that is internal to the atom. The magnetic 

moment that is related to spin experiences this field and a sort of Zeeman 

effect inside the atom takes place, giving a further split of energy levels. 

When we come to atoms with two or more electrons—for instance, 

helium—there are many new interactions and ways in which spin and 

orbital momenta add. In general, one must account for nuclear effects and 

relativity. Although the theory is available, the actual labor involved is 

large in the interpretation of spectra of complex atoms such as uranium 

92788, with 92 electrons. 

We have been able to provide only a brief indication of the power of 

the methods of quantum mechanics to explain the dynamics of atomic and 

molecular processes. Among the phenomena to which quantum mechanics 

has been successfully applied are the nature of the chemical bond in 

molecules, the variation of specific heat with temperature, the energies 

involved in chemical reactions, and the emission and absorption of light 

in complex gases. As we shall see in the next chapter, the principles of 

quantum mechanics hold as we probe still deeper into the submicroscopic 

realm, that of the nucleus. 

PROBLEMS 

22-1 ‘The wavelength of H, line of hydrogen is 434 mu. Noting that the 
Rydberg constant is 1.10 X 107 m7, determine the initial and final electron 
orbits. Are there any others that would give the same wavelength? 
22-2 In what way is the singly ionized helium atom Het similar to and 
different from the hydrogen atom? Compute the electron energy in the 
smallest orbit of Het by use of ratios. How do the electron-orbit radii in 
the two “atoms” compare? 
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22-3 Find the frequency of the light emitted in the hydrogen-atom 
transition n; = 4, ns = 2. 

22-4 Make a diagram, to scale, of the first six stable states in the hydrogen 
atom, using radius, energy, and angular momentum as variables. 
22-5 Show that the linear speed of an electron in the nth orbit of hydrogen 
is given by 

kre? 

” Th 

22-6 The frequency of the light from hydrogen corresponding to a 

transition between Bohr orbits n; = 3 and n; = 2 was found to be 4.56 X 

1014 cps (see Section 22-1). Find the wavelength and determine which line 

of the Balmer series it represents. 

22-7 Verify that the wavelength in meters of an electron of energy E, 

1.23 X 107% 

VE 

22-8 Find the energies, in electron-volts, for electrons, X rays, and 

neutrons to be used in diffraction studies of atomic structure, assuming that 

distance between atoms are 3 X 107!°m and 6 = 3 deg, a glancing angle. 

(We should note that the condition for constructive interference, \ = d sin 

6, refers to normal incidence, where 6 is the angle from the normal; the 

relation \ = 2d sin @ involves glancing incidence, at angle 6 with the 

surface.) 

22-9 Calculate the de Broglie wavelengths of the following objects: (a) the 
Earth in its orbit about the Sun (see Table 10-1); (b) a racing car of mass 

1000 kg moving at speed 200 km/hr; (c) a 2-gram bullet of speed 1000 

m/sec; (d) an air molecule, mass 4.8 X 10-6 kg, speed 400 m/sec; (e) a 

neutron in a nuclear reactor, mass 1.67 X 10-7 kg, speed 2200 m/sec. 

Discuss the significance of these wavelengths. 

22-10 If the position of a proton is located within a range of 1 millimicron, 

how much uncertainty is there in its speed? 

22-11 The position of a particle confined to a region is uncertain by the 

width of the latter. Place an electron in a ‘‘box”’ of side 10-!° m, comparable 

to the size of a hydrogen atom, and find the uncertainty in its momentum. 

Assuming the actual momentum to be at least this large, estimate the 

lowest energy in eV the electron could have in such a box. 

22-12 A typical time required for an electron that has been excited to 

higher level to return to the ground state is 10-° sec. What amount of 

uncertainty in frequency would be expected? If the frequency is 2 X 10" 

eps, what fractional error is implied? 

22-13 (a) Calculate the characteristic angular frequency w, = q®/2m for 

an electron in a magnetic field of 4 Wb/m?. (b) Find the maximum energy 

change due to the field in the hydrogen atom when it is in the 3p state 

(see Table 22-1), using AH = mhwr. 

in electron-volts, is \ = 



NUCLEAR PHYSICS 

We began our account of the science of physics with a factual description 

of molecules, atoms, and nuclei, without presenting experimental proof or 

theoretical evidence. Having developed an understanding of forces and 

energy, we are ready to examine the important details of nuclear processes. 

All of us are familiar with the impact on our technical and political world 

of the discovery of nuclear energy. 

A great deal of understanding of nuclear events can be gained simply 

by considering three key ideas: 

1. The nuclei of atoms are composed of very small clusters of posi- 

tively charged protons and uncharged neutrons, together called nucleons. 

2. Mass and energy may be intertransformed in accordance with 

Kinstein’s relation ZH = mc?. Conservation of mass-energy is applicable to 
all processes. 

3. Reactions involving nuclei have many analogies to the more 

familiar chemical reactions—processes such as dissociation, combination, 

and displacement. 

23-1 THE STRUCTURE OF NUCLEI 

The apparent dimensions of nuclei depend on the process that is used 

to measure; hence the radius R is not a well-defined quantity. One model 
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of the nucleus is a compact spherical array of protons and neutrons, where 
the nuclear matter is not compressible. The volume 47R* is roughly 
proportional to the number of nucleons A, which means that the radius R 
is proportional to A’, A useful approximate relation based on scattering 
data is 

R=1.4 X 10% A'’3m 

Since nuclei contain charged particles, we would expect the nucleus to be 
highly unstable because of electrostatic repulsion. Since it is not, we 
conclude that other strong forces exist that attract nuclear particles to each 

other. We recall that the coulomb (electrostatic) force is proportional to 

1/R?, which is very large at distances of the order of 10-5 m, the approxi- 

mate size of a nucleus. There is good evidence of a force of attraction be- 

tween pairs of nucleons that has the necessary strength at very short range, 

but is negligible at large separations. It can be considered as essentially 

_ independent of charge—that is, the force between nucleons is about the 

same, whether they are neutrons or protons. The fact that nuclear con- 

stitutents are tightly bound together means that energy must be expended 

N neutrons () 
Z protons 

FIGURE 23-1 

Dissociation of a nucleus 

to disrupt a nucleus. In other words, to cause a nucleus to dissociate, we 

must inject an amount of energy equal to the binding energy of that nucleus. 

There is an intimate relation between nuclear mass M and binding 

energy B. Suppose, as in Figure 23-1, that we had a means for supplying 

an amount of energy equal to B to the nucleus, causing it to completely 

dissociate into Z protons, each of mass M, and N neutrons of mass M,. 

Let us apply the law of conservation of mass-energy to this spectacular 

event. Before the reaction, the total is the sum of Mc? for the nucleus and 

B for the binding energy. After the reaction, the total is (Z M, + N M,)c’. 

Equating and solving for B/c’, 

B 
ui (ZM,+NM,) —M 
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Conversely, 
B 

The binding-energy equation expresses the fact that the mass M of a 

nucleus is smaller than the total mass of its nucleons, ZM, + N M,. It 

also shows that the amount of binding energy can be calculated if the 

masses of the nucleus and all the nucleons are known. 

Atomic Masses 

For the study of nuclear structure, we must take very precise account 

of differences between masses. To the accuracy needed for calculating 

chemical reactions, atomic weights to three or four significant figures are 

adequate, for example 1.008 for hydrogen, 12.01 for carbon, 55.85 for iron, 

etc. Several additional significant figures are required for calculating 

nuclear reactions. As noted in Section 1-2, on the physical scale of atomic 

masses the isotope carbon-12 is taken as having exactly mass 12. A few 

values for other particles are then 

M, proton 1.007277 

M,. electron 0.000549 

My hydrogen atom 1.007825 

M, neutron 1.008665 

Ma deuterium atom 2.014102 

These are expressed in terms of the atomic-mass unit (amu), which has a 

numerical value of 1.660420 X 107%" kg. 

To check, we note that Avogadro’s number of particles N, = 6.02257 

x 10°, each of mass m = 1.660420 X 10’ kg, has a total mass of 1 kg, 
Nam = 1, exactly. 

The energy corresponding to 1 amu may be computed from Einstein’s 
formula: 

E Il me = (1.660420 X 10-7? kg/amu) (2.997925 X 108 m/sec)? 

1.492312 X 10-” joule/amu 

However, since 1 MeV = 1.602095 X 10-* joule, 

_ 1.492312 x 10-% 
iss 1.602095 X 10-8 

= 931.476 MeV/amu 

The energy equivalent of the proton’s mass is thus 

(1.007277) (931.476) = 938.254 MeV 

The mass spectrograph is a device with which masses can be measured 
relatively accurately. One type, invented by Bainbridge, is shown in 
Figure 23-2. Its action is similar to that of a cyclotron. An element is 
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Spectrograph for measuring masses of 

isotopes 

vaporized and its atoms are ionized by bombardment with electrons. The 

resulting ions of charge q are then accelerated through a potential difference 

V into a uniform magnetic field ®, in a vacuum. They move in a circular 

path of radius R and strike a plate connected to a current meter. The 

speed is v = V2qV/m, while the angular speed is v/R and also w = q@/m; 

hence 

= V2Vq/m 

4 B 

Now, if we use an element such as carbon, ions of the two isotopes C” and 

C* will move on different radii, since their masses are different, and we 

can measure separate currents corresponding to their ions. The ratio of 

masses for two ions is equal to the ratio of squares of the radii: 

ms _ Ri 
m Ri 

Comparisons of masses are thus made possible by accurate knowledge of 

ion paths. For example, if m is exactly 12, the standard, then we may 

compute m2, the mass of C™. 

Let us calculate the binding energy for the nucleus of helium-4, 

containing Z = 2 protons, N = 2 neutrons, with A= Z+ N = 4 nu- 

cleons. The measured mass of the atom »He! is M = 4.002604 amu, and the 

total mass of components, including the electron in hydrogen, is 

Z My + N M, = 2(1.007825) + 2(1.008665) = 4.032980 

The difference is 0.030376 amu, or 

B = (0.030376 amu) (931.476 MeV/amu) 

= 28.29 MeV 
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Next, let us consider the heavy element uranium-238, with Z = 

92, N = 146, A = 238. Its binding energy is B = 92(1.007825) + 

146(1.008665) — 238.0508 = 1.934 amu or B = 1801 MeV. 

Comparison of the binding energies per nucleon gives us valuable 

information about the nature of the forces between nucleons. For Het, 

this is roughly B/A = 28.29 MeV/4 = 7.1 MeV. For U*® it is B/A = 

1801/238 = 7.6 MeV. Figure 23-3 shows B/A for many nuclei. We see 

that over a wide range the binding energy is almost proportional to the 

number of nucleons: 

B~raA 

Is this to be expected? If each particle interacted with every other par- 

A(A — 1) 
ticle, the number of bonds would be ——— 5 as shown in Section 14-1. For 

large A, this would yield a value of B that is proportional to A’, not to A. 

If instead, each nucleon only interacted with one other particle, the number 

of bonds would be A/2, and B would be proportional to A. We must 

conclude that the latter type of cohesive force is more nearly correct. 

Our first approximation to the dependence of binding energy on nuclear 
composition is 

B2aA 

where a is some constant. 

Opposing the cohesive effect is the electrostatic repulsion. Visualize 
the process of forming a collection of protons Z, each of charge e, packed 
together in a sphere of radius R. We can make a rough estimate of the 
total work required to do this. Suppose that we brought one-half the 
particles, A/2 in number, up from infinity against the repulsive force of the 
other half, and located them at a separation R. Then the work would be 

Ee; aah We = ee 
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using the results of Section 8-4. It turns out that if, instead, the charges 
are collected one by one, the work is correctly evaluated as 

_ 3kp (Ze)? 
W BR 

differing from our estimate only in the numerical factor. 

The binding-energy formula is now improved to the form 

_ 8kp(Ze)? 
B2aA SR 

where the negative sign means that electrostatic repulsion tends to separate 

the nucleons. These two terms dominate the binding energy, but there are 

several other effects that give additional terms to the general formula. 

The first is a surface correction. Nucleons at the surface do not have 

_ their full share of binding since there are no particles outside to attract 

them. This suggests a negative term proportional to the area 47R?. We 

saw earlier that the radius was proportional to A‘/’, hence the surface term 

is proportional to A?/*. Second, there is an observed tendency for the 

neutron—neutron or proton—proton force to exceed slightly the neutron— 

proton force. Thus any excess of neutrons beyond the value A/2 (equal 

number of protons and neutrons) weakens the average binding. This excess 

is N — A/2 = (A — Z) — (A/2) = (A/2) — Z. To account for this effect, 

we introduce a negative term proportional to ye k ie De Finally, any 

unpaired particles give a weakening of the total binding. In combining 

these effects into a single formula for mass, we find it convenient to work 

with the mass of the atom, including all electrons, instead of just the 

nuclear mass. In the expression for M, this requires that we replace the 

proton mass /, with the hydrogen-atom mass My. The mass of an atom 

according to a semiempirical formula of Fermi and Weiszacker is 

(=, 2 

M=ZMs+NM,—aA+pam+ Ba 4 ORO |, 

This is seen to contain all the terms mentioned above. Let M be in milli- 

mass units for convenience. The constants in the formula that fit exper- 

imental data are My = 1007.825, M, = 1008.665, a = 15.04, 8 = 13.35, 

« = 0.627, and y = 83. The semiempirical quantity 6 is 36a A~*/*, where 

ais 1if Zand N are both odd, zero if Z or A are odd, and —1 if Z and N 

are both even. 

23-2 RADIOACTIVE DECAY 

As we discussed in Section 1-3, radioactivity is a process by which 

a nucleus is spontaneously transformed into another species, with the 
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emission of a particle or ray. We now present the two basic ideas that 

underlie the radioactive process. 

1. A nuclear (or atomic) system will tend to go to its lowest possible en- 

ergy state. This is similar to the tendency of an electron in an outer orbit 

of the Bohr atom to jump to an unfilled smaller orbit. If there is some ar- 

rangement of nucleons that has lower energy, a nucleus will seek that 

state, even if it involves dissociation. Let us consider the simplest radioac- 

tive disintegration, that of a neutron into a proton plus an electron (we 

reserve discussion until Section 25-4 of the third particle produced—the 

neutrino) : 

a —> gree 

The mass of the neutron in amu is 1.008665, while the sum for the proton 

and electron is smaller: 1.007277 + 0.000549 = 1.007826. By the general 

rule, the decay can occur, with the excess mass 0.000839 appearing as 

kinetic energy of the products, in amount 0.78 MeV. The most common 

particles released in radioactive decay are electrons (beta particles), 

photons (gamma rays), and helium nuclei (alpha particles). 

2. One might expect that unstable isotopes would never be found in 

nature if decay were possible. An individual nucleus can disintegrate at any 

time, but it is a matter of probability as to when zt will. Thus a natural 

radioactive nucleus or one produced by some reaction may decay in the 

first microsecond or may wait for many years before disintegrating. One 

cannot tell when the event will occur for an individual nucleus, but by 
observation of very large numbers of particles we can make a statistical 
prediction. 

Suppose that we have a sample of a given radioactive substance in 

the laboratory. Measurements reveal that no matter when we start 

observing the process, one-half of the particles will have disintegrated and 

one-half will remain after a time lapse tz. This time for decay to half-value 

is called the half-life, a quantity that is a property of the nuclear type. For 

example, let us take 1000 atoms of an isotope which has a half-life of 5 

sec. At the end of 5 sec there will be 500 left, at 10 sec 250, at 15 sec 125, 

and so on. Such a behavior can be described by the relation between the 
number of atoms N at any time ¢ and the number at whatever time we 
choose as zero, No: 

N 1\t/tz 

x7 G) 
Figure 23-4 shows this curve. 

We can demonstrate that such a trend is consistent with the idea that 
radioactive decay is a statistical process. Suppose that there are N par- 
ticles present at time ¢t. After a short time A¢ has elapsed, the number will 
be changed to N + AN. If we assign the symbol \ to the chance per second 
that a given particle will decay, then the number on the average that will 
actually decay in time At is N)\At, or 
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Radioactive decay 

AN = —N)At 

_ where the negative sign is attached to denote the reduction. Thus recalling 

similar equations (e.g., in Section 5-8), the number of atoms at any time 

t in terms of No, the number at time zero, is the exponential 

N(t) = Noe! 

This is identical to the formula involving half-life* if we let the decay 

constant \ be 

ae: 
ty 

where In 2 = 0.693. 

We can deduce the half-life of an isotope from experimental measure- 

ments of the rate of decay or activity A, defined as the magnitude of AN /At. 

From our derivation, we see that 

A=NiX= AN ve! 

At time zero, the activity is Aj = No. Taking the logarithm of both sides 

of the equation, we get 

In A = In Ap — Mt 

which shows that a plot of activity on semilog paper is a straight line, as 

seen in Figure 23-5. The slope of the best straight line through the observed 

points gives ) directly; i.e., 

ee In Ap — InA 

t 

The half-life is then calculated from tz = 0.693/). 

* Note that N/No = e7™ = e7 (n2)t/ta = (4)t/ta, 
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Activity of a radioactive substance (semi-log scale) 

The radioactive isotope cobalt-60 has many applications in medicine 

and industry. Its half-life is 5.27 years, and the decay reaction is 

21Co™ —> ogNi® -+- e° + 2y 

where the energies of the products are: electron 0.8 MeV, gamma rays 

1.17 and 1.33 MeV. Let us start with No = 10 atoms (about 1 pug) at 

time zero and find how many are left at tf = 1.5 years, and what the 

activity is then. (It will be convenient to leave the time units in years.) 

The decay constant is 

_ 0.693 _ 0.693 
apn, Untied 

d = 0.131 yr“ 

At t =1.5 yr, 

N = Noe! = (10'*)e—@-804.5) = 0.822 & 10 atoms 

The activity is 

A = Nd = (0.822 X 10") (0.131 yr) = 1.08 X 105/yr 

or, since 1 yr = 3.16 X 10’ sec, A = 3.41 X 107/sec. It is rather surprising 
to find so many disintegrations, considering the long time of more than 5 
years for half of the nuclei to decay. We must keep in mind, however, that 
the number of atoms, even in a microgram, is enormous. 

The isotope phosphorus-32 is useful for the study of the effects of 
fertilizer on plant growth. Suppose that the activity of a sample is meas- 
ured at time zero to be 2.00 X 10° disintegrations per second (d/sec) and 
48 hours later to be 1.82 X 108. Let us deduce its half-life and the amount 
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Mass M 

initially present: 

i In (Ao/A) _ In (2/1.82) _ 0.0943 
t = 48 48 

= 0.00196 hr“ 

and 

5, = 0693 
7 ~ 0.00196 

= 354 hr = 14.7 days 

The actual half-life is 14.2 days. 

Let us return to the study of the energy requirements for decay. 

Imagine a variety of nuclear species of the same atomic mass number A, 

but differing in the relative number of neutrons and protons. These nuclei 

are zsobars (equal mass number) for all of which A = Z + N is the same. 

Their masses M are not identical, however, since the binding energy varies 

with Zand N. A typical graph of M as it depends on Z for A = 15 is shown 

in Figure 23-6. It is of the shape of a parabola with vertex at element 

Z =7—..e., nitrogen. Following the rule that nuclei seek the lowest mass, 

we would expect radioactive disintegrations along the directions of the 

arrows. 

An increase in Z is achieved by an electron emission, while a decrease 

in Z is due to a positron emission. The isotopes to the right of the minimum 

at N® have too much positive charge for stability, while those to the left 

have too little charge. We would predict the following reactions, among 

others: 

gC — ;N® + _1e° (electron emission) 

s0% > ;N® + 41e9 — (positron emission) 

Such disintegrations do indeed occur. 

Several heavy elements in the crust of the Earth are naturally 

radioactive. Starting with 92U?*8, .U?%, and goTh?”, three different chains of 

decay proceed, called the uranium, actinium, and thorium series, respec- 

tively. Eventually, after many alpha- and beta-decays, stable isotopes of 

lead g:Pb2, s2Pb2", and g2Pb*8 are reached. Mass numbers of the isotopes 

FIGURE 23-6 

Decay of radioactive isotopes. Masses 

are 6c, 15.010600; 7N®, 15.0001 08; 

6 7 8 9 30%, 15.003072 
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in the series are respectively 4n + 2, 4n + 1, and 4n, where n is an integer. 

The half-lives in the chains vary from billions of years to fractions of a 

second. For example, in the uranium series, t for 2U* is 4.5 X 10h ae 

with an alpha-particle emission to become Th, which disintegrates by 

beta emission with a half-life of only 24 days. Down the chain we find 

radium gsRa2*, half-life 1620 yr. This element is well known because of its 

discovery by Madame Curie, and for its long use in the treatment of 

disease and as the luminous coating on the dials of watches. After the last 

emission of an alpha particle by 138-day s;Po”°, the stable »Pb™ is formed. 

Estimates of the age of rocks in the Earth or Moon are made from 

present abundances of various isotopes. The relative amount of lead and 

uranium in a sample of rock depends on how long ago the sample was 

formed—say, by volcanic eruption. The longest half-life in the chain 

definitely being U8, we can write approximately 

No = Nouve? 

and 

Nev = Noo — No 

Solving these two equations, and introducing the half-life, we find 

be Np» 
t= j 6092 (1 ah re) 

Suppose we find 10~* atoms of lead for each atom of uranium in a certain 

ore. Then the age of the sample is estimated as 

9 

i= em (1 + 10-) = 6.5 X 10° yr 

An interpretation of the decay of elements such as radium will give 

much insight into the phenomena of radioactivity, and show how quantum 

mechanics is used. If an alpha particle (Het ion) bombards a nucleus, it 

is deflected by the coulomb potential, as discussed in Section 10-6. If, 

instead, it is inside the nucleus already, it is strongly bound to other 

particles. We thus construct, as did Gamow, the potential-energy diagram, 

as in Figure 23-7. The nuclear radius is taken to be R = 1.4 X 10-5A¥3, 

and since A is 226 for radium, A? = 6.09 and R = 8.5 X 10-" m. Now, 

the electrostatic part of the potential energy curve is 

kz Zy Zo 2 E, = E RB 2 

where for the alpha particle Z; = 2, and the radium nucleus (minus the 
alpha particle) is Z; = 86. At the nuclear radius, then, 

_ (9 X 10°) (2)(86)(1.6 & 10-1)? 
E, = 85 X 10-8 = 4.7 X 10-8 J = 29 MeV 



E, Potential energy MeV 

FIGURE 23-7 

Nuclear Bilecostabic tore The potential barrier experienced by 

forces alpha particles in a nucleus 

Experiments show that alpha particles from radium have an energy of 

about 5 MeV. Classically, an alpha particle of that energy in the nucleus 

could never climb the 29-MeV barrier and there would be no such thing as 

radioactive radium. 

Quantum-wave mechanics (Section 22-2) tells us that a particle has 

a probability ¥ of being at a point. The wave function for the alpha 

particle is found to be large inside the nucleus; but it extends outside as 

well. Thus there is a small but finite probability of the particle’s escape, 

by a process called “tunneling” through the barrier. There is a rough 

analogy between the reflection and transmission of light waves on a surface 

(Section 20-4), and the behavior of an alpha particle as it bombards the 

barrier. 

TABLE 23-1 

RELATION OF HALF-LIFE AND ENERGY FOR POLONIUM ISOTOPES, Z = 84 

Ha.r-Lire ALPHA ENERGY 

NUCLEUS (seconds) (MeV) 

Po?!2 3 Olean Ome 8.8 

Po2"4 1G Ome rath 

Po?16 ida 2< UOre 6.8 

Po?18 1.8 >< 10? 6.0 
Po210 IPF SE KON 5.3 

i 
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From the alternate particle viewpoint, the higher the energy of the 

alpha particle in the nucleus, the more frequently it encounters the barrier 

and thus the greater the chance of penetration. Therefore, we would 

expect that the higher the alpha-particle energy, the shorter the half-life 

of the isotope would be. This trend is verified experimentally, as can be 

seen in Table 23-1, which shows data for some polonium isotopes that 

appear in the heavy-element radioactive series. 

23-3 NUCLEAR REACTIONS 

A chemical reaction equation is balanced if two requirements are 

met——that the number of atoms of each species on both sides are equal, and 

that the valences of the reacting atoms add up correctly. Also, we recall 

that some reactions give up energy (exothermic) while others require energy 

to make them go (endothermic). For example, we write 

(NatO--H*+) + (H+Cl-) > (NatCl-) + HY *O--+ Q 

where Q represents an energy release. 

An analogous nuclear reaction represents the result of bombarding 

tritium with deuterium: 

iH? + 1H* — .Het* + on* + Q 

We see that the total nuclear charge is 2 on each side, and that the mass 

numbers add to 5. The energy release Q, here a positive number, is asso- 

ciated with the excess of mass contained in the reactants over that in the 

products.* We may abbreviate this reaction by the expression 

1H3 (d, n) oHet 

where (d, n) means in words, ‘‘deuteron in, neutron out.’ Note that the 
light particles ,H? and ,He® have been “fused” into a heavier particle He‘. 
The term fusion applies to such processes occuring at the low-mass end of 
the periodic table. We may compute Q by a mass balance 

Ma + M, — Mye + Mn+ Q 

where the subscripts are obvious. Transposing, 

Q = (Ma + M.) — (Ma. + M,) 
Q = (2.014102 + 3.016049) — (4.002604 + 1.008665) = 0.018882 amu 

In terms of energy, using 1 amu = 931.5 MeV, we find the value of Q to be 

* Tf there is an excess of mass in the products over that in the reactants, Q is 
negative. In such event, energy must be provided to the reactants (as kinetic energy) 
in order for the reaction to take place. 
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Cross section o,(barns) 

= i=) 
| 

S & 

17.6 X 10° eV. We see that the available energy for such a nuclear reac- 
tion is millions of times greater than for a chemical reaction. We supposed 
that we could actually bring the deuterium and tritium nuclei (deuteron 
and triton) together for the fusion event. Recall however, that the par- 
ticles are both charged and thus repel each other. It will be necessary to 
provide a high speed of approach to overcome this coulomb barrier. A 
rough estimate of the necessary deuteron energy, assuming the triton at 
rest, is obtained by the use of the potential energy, Ep = kze?/R. In 
radioactive decay, the alpha particle is inside the nucleus looking out. 
Here, the deuteron is outside looking in. For the deuteron of charge e = 

10 

1 

FIGURE 23-8 

Cross-section for fusion of deuterium 

0 20 40 60 80 100 and tritium as it depends on energy, 

E,,, deuteron energy, keV 1 barn = 10~*4 cm? 

1.60 X 10-* C to get as close as the nuclear radius of the triton, R & 

2 X 10-" m, the energy must be of the order of 

_ kee _ (9 X 10°)(1.60 X 10-¥)? = =e =133 Tee E,= ace 1.15 X 10-8 J = 0.72 MeV 

Again, according to quantum mechanics, the incident particle has a prob- 

ability for penetrating the barrier. The reaction starts at considerably 
lower projectile energy than 0.72 MeV, with the probability of fusion 

measured by o—the cross-section—increasing as Hy increases. Figure 23-8 

shows this trend. The hydrogen bomb is based on the fusion principle. 

Light elements are brought together under conditions of high temperature 

so that a violent reaction takes place, with release of kinetic energy and 

radiation. 
Particle energies sufficient to cause fusion events involving individual 

particles are readily attainable by many types of accelerators. However, in 

order for fusion to be harnessed on a large scale for practical use, it will be 

necessary to obtain more energy from the reaction than is supplied by the 

accelerating process. 
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The Carbon Cycle in Stars 

The most important charged-particle reactions so far as life on Earth 

is concerned are those occurring in the Sun. On the basis of knowledge of 

stellar composition and energy release, it appears very likely that the 

processes involve conversion of hydrogen into helium. The elements ni- 

trogen and carbon also enter into the chain of events known as the carbon 

cycle. Figure 23-9 shows the steps compactly. Ordinary carbon »C” is 

bombarded by high-speed protons :H!, creating ;N* and a gamma ray. 

The 7N decays radioactively giving a positron and ¢C%. The latter reacts 

with another proton to form 7N'. The eventual products of the further 

reaction shown are »He! and ,C, the original material. We can view the 

whole process as the reaction 

4H! — He# + energy 

where carbon serves as a “nuclear catalyst.’ Energy in the form of particle 

motion and light causes the reaction to continue (at temperatures in the 

Bombarding protons 

Byproducts 

FIGURE 23-9 

Diagram of the carbon cycle in the Sun 

vicinity of 20,000,000°KX), and radiation escapes into space. We should also 

note that the time for the cycle is about 5 million years because of the low 

probabilities of reaction, and that it takes a typical photon of light thou- 

sands of years to migrate by collisions out from the center of the Sun to the 
surface. 

Carbon-14 Dating 

The field of nuclear physics would seem to be little related to arche- 
ology, anthropology, history, and religion. Nevertheless, the method of 
determination of dates using the radioactivity of carbon-14, developed by 
Libby, serves as a powerful tool in correlating information on ancient 
documents and artifacts. First, we note that the formation of the radio- 
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Neutron 

active isotope is by cosmic rays in the atmosphere, with reactions such as 

WN on™ | 1H 

The amount of Cin the air stays constant, since its rate of formation and 
loss by decay is in equilibrium. A plant takes in carbon as CO; during its 

lifetime, and a certain equilibrium amount is maintained in the tissues. 
Animals partake of the isotope indirectly. Following the death of the 

organism, the C™ decays, with a half-life of around 5600 years, emitting a 

low-energy electron. At any later time, the C™ fraction (as determined by 

detecting the counting rate) is less than normal for carbon, allowing the 

date when the being was living to be computed from the ratio e>*. Among 

the accomplishments using this method have been the dating of the Dead 

Sea Scrolls and of prehistoric animals and plants. 

23-4_FISSION AND NUCLEAR CHAIN 

REACTIONS 

The absorption of neutrons by certain isotopes—notably U2 and 

Pu?*—gives rise to a splitting of the resultant nucleus into two heavy 

fragments. This process, called fission (Figure 23-10) is accompanied by 

two important byproducts. The first is kinetic energy in tremendous 

quantities as judged from an atomic scale. The two charged fission frag- 

ments separate at high speed, bearing a total of about 160 MeV of energy. 

Gamma ray 

Neutrons 

Fission fragment 

Fission ei ss 

FIGURE 23-10 

The fission process 
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This in turn is transmitted by collisions to particles of material in which the 

uranium is imbedded. Eventually, most of the kinetic energy is converted 

to energy of thermal agitation, providing a source of heat superior in 

many ways to oil or coal. The major difference between heat from nuclear 

processes and that from atomic processes is In the amount per atom 

involved in the reactions. The most energetic chemical reaction—neutral- 

ization of ionic hydrogen—yields 13.6 eV per amu. Fission, including all 

pgp ae WN 42h 

236 

6.3 X 10* times as much energy per kg of material used. The second 

product of a fission is a burst of high-speed neutrons, ranging in number 

from 1 to 7, but averaging around 2.5. These are available for two purposes: 

(1) to bombard other uranium nuclei and create additional fissions, 

allowing a self-sustaining chain reaction to proceed; and (2) to be absorbed 

in normally nonfissionable nuclei, such as U8 or Th *” 

products, gives = 8.5 X 10°eV per amu. Thus U*® gives 

>. converting these 

respectively into the fissionable variety, such as Pu? or U**. This “breed- 

ing’’ process extends the ultimate resources of fuels considerably, since the 

natural-abundance ratio of U2 to U8 is only 1 to 138. The two most 

important sets of reaction equations are 

goU235 + gn! — g.U286 

Ute ay Fe 25 ot le ( fission) 

92288 + on! —> goV289 

o2 U8 —> 9,Pu?% + 2_je° (plutonium production) 

In fission, F; and F, are two nuclear fragments. The utilization of neutrons 

in these cases is illustrated by some simple numerical examples. Suppose 

that one average fission event in uranium gives 2.5 neutrons. One neutron 

is needed to continue the chain reaction by splitting another uranium atom. 

This requirement is met if the shape, size, and materials in the system 

permit no more than 1.5 neutrons to be lost by capture or escape. The 

reaction will go on as long as uranium is supplied as a fuel. If an improve- 
ment in the arrangement is made so that only 0.5 neutron is lost, 1 neutron 
will be left over to be absorbed in an otherwise inert but “fertile” material 
to create a new fissionable atom. This replaces the one that was used up, 
and breeding will have been achieved. 

The device in which the controlled chain reaction is made to proceed 
is the nuclear reactor (Figure 23-11). It consists typically of a mixture of 
water, U*, and a metal such as aluminum or zirconium. The water is 
called the moderator, being composed of light elements H and O that are 
weak absorbers for neutrons and are good targets for fast neutrons from 
fission. After many collisions, the neutrons arrive at the energy of thermal 
agitation, where they are very effective in causing further fission. The 
metal serves as a structure to hold the U* as fuel. An alloy of U2* and Al 
or Zr is coated with thin layers of the same metal to form fuel plates in the 
form of ‘“‘sandwiches.”’ The coating prevents radioactive-fission products 



Radiation 
shield 

Fuel plates 

Uranium mixed 
with metal or 
as compound 

Metal coating 

FIGURE 23-11 

The nuclear reactor 

from escaping into the water, which also serves as coolant to remove fission 

heat. The central part of the reactor is called the core; surrounding layers 

of materials are the reflector for conserving neutrons and a shield for radia- 

tion protection. The size of the system must be large enough to prevent 

excessive neutron escape through the boundary. The reactor is designed to 

minimize extraneous neutron capture in nonfissionable materials. Simple 

arithmetic governs the behavior of a reactor. One may define a multipli- 

cation factor k as the following product: 

k= SLfy 

For each fast neutron from fission, the fraction that remains in the fuel- 

bearing core without escaping (‘‘leaking’’) from it is £. Of each £ neutrons 

left, a fraction f is absorbed in U, in competition with water and metal. For 

each £f neutrons absorbed in U, the number of new fission neutrons is 7. 

The product £fn = k represents the number produced at the end of a cycle. 

When k is greater than 1, neutrons accumulate, and the system is said to be 

supercritical; when k is less than 1, the population declines to the subcritical 

state. For practical operation, k should be exactly 1, the critical state. 

Typical values of these constants for a reactor such as the one that 

operated the first nuclear submarine “Nautilus” are » = 2.1, f = 0.8, and 

£ = 0.6, whose product is close to 1. 
The so-called atomic bomb is an assembly of fissionable U?* or Pu’ 

that has a large value of multiplication factor, so that the chain reaction 

takes place in a few microseconds. The weapon is kept together long enough 

for much of the material to be converted into energy of explosion. Although 

the bomb and a reactor may use the same fuels, one is violent and uncon- 

trolled, while the other is peaceful and controlled. In a typical fission 

621 
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reaction 

2785 + gn! > Fi + F. + 2on' ++ Q 

the F, and F, are two atoms whose mass adds up to 234, as seen from the 

balance of A-values. They are called fission fragments when viewed as 

particles coming out of the reaction, or fission products when considered in 

the context of the problem of their use or disposal as radioactive materials. 

Since there are many combinations of A that add to 234, many different 

fission products appear in the ‘‘burning” of a certain mass of uranium, all 

highly radioactive because their nuclear mass and charge are far from the 

values that yield a stable isotope. Suppose the nucleus ».U*** formed by 

capture of a neutron by :.U?* releases two neutrons and splits in the likely 

ratio of about 3:2. Possible fragments have Z; = 56, Ai = 144, Z. = 36, 

A, = 90, which correspond to the isotopes s.Ba!“ and 3.Kr®. By means of 

electron emission (beta decay) the krypton isotope is converted to zirco- 

nium. This takes place in a series or chain of reactions. The one that 

produces the dangerous isotope strontium-90 is 

seKkr™ (33 sec) — 37Rb*®(2.7 min) — 3gSr°°(28 yr) — 39 Y%(64 hr) — 4oZr™ 

We see that the half-lives (in parentheses) get longer at the start. Each 

reaction involves the emission of a beta particle and one or more gamma 

rays. 

23-5 PENETRATION OF MATTER 

BY HIGH-SPEED PARTICLES 

We are interested in the interaction with matter of the various 

high-speed particles, since they must be detected, identified, and their 

numbers measured for scientific purposes. They must be stopped to protect 

those who work with radioactive materials, X-ray machines, charge accel- 

erators, and nuclear reactors. They may heat and cause damage to the 

substance through which they pass. If they come into contact with the 
human body, there is a hazard to tissue and cells. Three classes of radiation 

TABLE 23-2 

RADIATIONS 

Charged particles 

electrons (8), protons, helium nuclei (a) 

Neutral particles 

neutrons, neutrinos 

Electromagnetic radiation (photons) 

X rays, gamma rays (y) 
—_—_—————— 
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can be formed according to their nature and mechanism of penetration or 
stopping, as shown in Table 23-2. Charged particles generally lose energy 
by the process of ionization on passage through matter. The electric field 

of the moving charge exerts a strong force on electrons and either excites 

them to a higher energy level or removes them from their atoms. 

Let us examine this effect by finding the kinetic energy developed in 

an electron by a passing positive charge at closest distance b, as shown in 

Figure 23-12(a). The ion, of charge Ze, moves in the x-direction with a 

speed v, and exerts an electrostatic force on the electron of charge e in 

amount 

kpe(Ze) 

Ce eR 
We suppose that the transit is rapid enough so that the z-components of 

force give no net effect. However, F, = F cos 6, and from Figure 23-12, 

- cos 6 = b/R,R = Va? + b, and « = vt. A plot of F, as it depends on time 

is shown in Figure 24-12b. Recalling from Section 10-2 that the momentum 

Electron 

Een Positive charge 

— «>= — — ot Cc CC - C—- — _————- — 

U 

a 
7 ; 

1 Maximum force 

(b) FIGURE 23-12 

Interaction of a moving positive charge and an atomic 

electron 
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Battery = 

gain with an impulse force is p = Ft, we can replace the curve by the dotted 

one with constant maximum force acting over a shorter time ¢, which turns 

out to be just 2b/v; hence the y-component of momentum 1s 

v QheZLe? 

b  ~— wb 
o, = 2F 

and the corresponding kinetic energy is 

ae je = (lee “) 

~ Im m\ vb 

The energy supplied to the electron must of course come from the passing 

particle, which itself slows down. We can proceed to find out its energy 

loss per unit length of path through the medium, in terms of the number of 

atoms per unit volume n and the average energy J required to excite or 

ionize each atom. The stopping power is defined as this ratio AH/Az, and 

the range & is the distance it goes before losing all of its energy. We find, as 

expected, that the higher the atom number density, the higher the Z of the 

projectile, and the lower its speed, the shorter is the range. Roughly, 

® for an alpha particle in air at ordinary density is 0.5 em per MeV of 

initial energy. We see immediately that the range in a liquid or solid is 

extremely small, merely because of the large number of electrons. A 

sheet of writing paper will stop most alpha particles. We can observe the 

paths of charges in the cloud chamber, where a small excess of vapor such as 

water or alcohol is present in air. The electrons that are torn from their 

atoms provide centers of condensation for drops, which grow in size, 

giving visible “tracks” of the projectile. 

We can measure the particles electrically as well in the zonzzation 

chamber, which is most simply a capacitor with applied potential and with 

gas between the plates (Figure 23-13). A single alpha particle entering the 

space will cause ionization. The electric field sweeps out electrons and 

positive ions which are registered as a pulse of current. If there is a steady 
flow of charges into the space, a continuous current will be measured. 

— ae 
Path of 
particle 

Tons 

ignal 
Resistor 

FIGURE 23-13 

lonization chamber 
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0 1 2 3 4 Range of electrons in metal as a function 

Energy (MeV) of energy 

_ The mechanism of the stopping of beta particles in matter is similar 

in some ways to that of alpha particles. The electrons cause ionization by 

what amounts to collision, but account must be taken of the effects of 

relativity. There is also a loss of energy in the form of radiation due to 

acceleration of electrons. These bremsstrahlung, mentioned previously in 

Section 19-2, play an important role when the electron speed is very high. 

By interposing more and more layers of material in a stream of beta par- 

ticles and observing the number transmitted, the range can be found 

experimentally. Figure 23-14 shows the range in millimeters for beta par- 

ticles of different energies in aluminum. For small energy, ® varies as E”, 

for large energies as H. A straight-line fit of the curve for E greater than 

about 0.8 MeV leads to the formula 

R (-£:) = 0.55E — 0.16 
cm 

where £ is in MeV. To find the range in cm, we divide this by the density 

in g/cm’. For example, the range in Al of 1.5 MeV beta particles is 8 = 

(0.55) (1.5) — 0.16 = 0.66 g/cm’, or ® = (0.66 g/cm?)/(2.7 g/cm’) = 

0.24 cm. 
A convenient rule of thumb is that the energy loss per pair of ions 

formed in a gas is 32 electron volts. This is a good estimate for various 

particles, energies, and gases. 
Three processes cause the attenuation of gamma rays in matter. The 

first is the Compton effect, where photons are scattered from electrons, as 

discussed in Section 10-4. This takes place even if the gamma energy is not 

high enough to cause the second process, the photoelectric effect (see Section 

8-8), which is actually ionization. Gamma rays of higher than 1-MeV 

energy can be converted into electrons and positrons in the patr-production 

process. 
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FIGURE 23-15 

a = 10 100 Cross-section for gamma-ray interactions 

Gamma ray energy (MeV) in lead, 1 barn = 10774 cm? 

We can also define a cross-section for collision of a gamma ray with 

a target, in close analogy with that for atomic-particle collisions (Section 

16-2). First, we deduce the value of total cross-section ¢ from experimental 

measurements. Then, since there is a certain chance of each of the three 

types of interaction, we may assign separate cross-sections o-, oi, and gp. 

These are related to the total by 

g=o.+oit op 

Figure 23-15 shows these component cross-sections and the total. The 

attenuation of a stream of such radiation follows the exponential law 

J = ae 

where N is the number of atoms per unit volume. We saw earlier that 

alpha and beta particles have rather definite ranges, depending on their 

energy and the medium. The exponential nature of attenuation of gamma 

rays implies that there is some chance that radiation will penetrate to any 

depth, and the idea of range is thus not applicable. Instead, the thickness 
ty of a layer that reduces the intensity to one-half its incident value is used: 

The analogy between radioactive decay and gamma-ray attenuation comes 
from the common exponential behavior. We can compute ty for lead, with 
density p = 11.3 X 10? kg/m. In an atomic mass 207 kg, there are 6.02 X 

LL. ; | 
11.3 X 106 02 10%) = 3.28 X 10” atoms; hence in 1 m? th = m’ there are N 207 
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108 atoms. At 1-MeV energy, the cross-section from Figure 23-15 is 24 

barns, and since 1 barn = 10-* cm? = 10-8 m?, ¢ = 2.4 X 10-7 m?. The 

product No, labeled yu and called the attenuation coefficient, is 

pw = No = (8.28 X 10*)(2.4 X 10-7) = 79 m 

The half-thickness is thus 

0.693 
tz = 79 = 0.0087 m 

or a little less than 1 cm. 

Since the neutron is electrically neutral, no electrostatic force is 

exerted on it by the charge of atomic electrons or nuclei. Only when the 

neutron comes within the range of nuclear forces, which are of the order 

of 10-* m, will there be a reaction. For fast neutrons, a hard-sphere model 

gives fair results. The cross-section for scattering is of order o, = 7R?, 

‘where the nuclear radius is about R = 1.4 X 10-% A"3. Low-speed neu- 

trons are captured by the nucleus, with a cross-section for absorption that 

varies inversely with speed: 

where go is a value at a reference speed vp) = 2200 m/sec. The values of oo 

vary greatly from one element to another, as seen in Table 23-3. The 

TABLE 23-3 

CROSS-SECTIONS FOR NEUTRON CAPTURE, 2200 m/sec 

IsoTOPE oo (barns*) 

oHe* <0 

1H? Dot x LOs 

,H} 3.0) Ln 
go 235 6.8 X 102 

5B10 4.0 < 108 

54.0186 Petf o< WO: 

* One barn = 10575 m2. 

attenuation of a stream of neutrons obeys the exponential rule as discussed 

in Section 16-2. Let us compute the mean free path \ for neutrons of speed 

2200 m/sec, oo = 4 X 10% barns = 4 X 10-* m’, with Np = 6 X 10%/m%, 

in a mixture of boron and weakly absorbing aluminum. Then, No = 

(6 X 10%)(4 X 10-*°) = 240 m™ and the mean free path is 

1 1 
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Radiation Hazards 

When charged particles, gamma rays, and neutrons bombard the 

human body, damage to tissue occurs. Such radiation may come from an 

improperly shielded machine or an exploding atomic weapon, or from 

disintegration of radioactive materials that have entered the body. Energy 

is released in the cells with resultant harm to them. The term dose refers to 

the amount of radiation absorbed. The roentgen is a measure of dose for 

electromagnetic radiation. It gives an energy release of 9 X 10° J ina 

gram of air at NTP. One roentgen per hour would result from exposure 

to a stream of about 5.8 X 10° gamma rays of 1 MeV energy striking an 

area 1 square meter per second. The maximum permissible dose for workers 

in atomic plants is 0.1 roentgen per week, and the general population should 

be limited to less than 1 per cent of that value. 

The curie is a measure of the activity or rate of decay of an isotope, 

being defined as 3.7 X 10” disintegrations per second (d/sec). The max- 

imum amount of radioactive material in the air that may be permitted is 

quoted in ycuries/cm’. For example, 3 X 107" yucurie/em® of Sr® corre- 

sponds to the “tolerance” dose. We can show that this corresponds to a 

very small mass of strontium. The half-life is 28 years, hence the decay 
constant 1s 

_ 0.693 = 0.693 
: tx (28 yr)(3.16 X 10? sec/yr) 

— Fes Oe Gee 

The number of disintegrations per second, the activity, is 

A = (3 X 10- weurie) (3.7 X 10*d/sec-ucurie} = 1.1 X 107 d/see 

Since A = NX, the number of atoms of strontium is 

SAS Ane - N ape ag = he 0 

Since 90 grams contains 6 X 10° atoms, this number corresponds to only 
2 X 10-* grams—..e., a billionth of a billionth of a gram. 

PROBLEMS 

23-1 Estimate the radius of the nucleus of 92288, 

23-2 Calculate the mass difference in atomic-mass units corresponding to 
the atomic-binding energy in hydrogen, 13.6 eV. Discuss the distinction 
between “atomic energy” and “nuclear energy.” 
23-3 If the radius of the circular path of the C® ion in a mass spectro- 
graph is 0.15 m, how far apart at the collecting plates are the ions of C® 
and C!4 (assumed to be of mass 14.00)? / 
23-4 Calculate the binding energy for the nucleus of tritium 1H?, M; = 
3.016049. 
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Problems 

23-5 Find the total electrostatic energy in MeV of the nucleus of iron 
ogH'e*®. 

23-6 Isobars are particles that have the same mass number but different 

atomic number—e.g., 7N®, s0!%—while zsotones have the same number of 

neutrons—e.g., 7N™, s0%. By a study of the semiempirical mass formula, 

deduce which is the more stable, N® or O%. 

23-7 A 1-microgram sample of radioactive iodine I"*!, half-life 8.1 days, is 

deposited in a patient undergoing treatment. What fraction is left after 
14 days? What activity does it have at that time? 

23-8 A nuclear explosion produces 250 grams of a fission product with a 

half-life of 4 months. How much will be left after 1 year? 2 years? 10 

years? 

23-9 The abundance ratio of the two main isotopes of uranium is No33/ Nos 

= 138. The half-lives are: U?®, 4.5 X 10° yr; and U, 7.1 X 108 yr. What 

was the ratio 1 billion years ago? 

23-10 In addition to a neutron, what particles are produced by bom- 

barding (a) N“ with alpha particles? (b) Li’ with protons? (ce) O” with 

protons? (d) C* with alpha particles? 

23-11 Complete the following nuclear equations: 

phe be’ => «C? -> ( ) 

ha —> ( pamciales 

oo 88 +- on! — sBal* +- 2on* +- ( ) 

23-12 Rutherford discovered the possibility of nuclear transmutation in 

1919 by bombarding nitrogen with alpha particles. Find the energy Q in 

his reaction 

oHet + ,N* > ,O” + ,H' + Q 

(The mass of ;N™ is 14.00307; that of ,0”, 16.99914.) What minimum 

amount of energy must the alpha particles have to cause reaction? 

23-13 The alchemist’s dream of producing gold is possible by the (n, p) 

reaction 

soH gi’ + on! — 7Au’® + 1H? 

Calculate the energy released or absorbed in the process, assuming that 

the mass of Hg is 197.9668, and that the mass of Au is 1.37 MeV larger. 

23-14 The activity of C“ in a sample of wood from an Egyptian mummy 

case is only 2 of its modern value. How old is the wood? 

23-15 Plutonium undergoes fission with neutron bombardment according 

to the reaction 

gPu”? + on! > F, + F, + 3on! 

Assuming the fission fragments have the ratio 3:2 both in nuclear charge 

and mass, what isotopes are they? 
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23-16* Neutrons from the fission process have a high energy, 2 MeV, 

while those that produce fission are of low energy 0.02 eV. In a reactor that 

contains water as a moderator the neutrons on the average lose one-half 

their energy by each collision with hydrogen atoms. How many collisions 

are required to slow neutrons from 2 MeV to 0.02 eV? Estimate how far 

they travel if the average distance of flight between impacts is about 1 cm. 

How would you go about computing how long in time that the slowing 

process takes? 

23-17. By interposing successive layers of aluminum foil in a beam of 

electrons, the maximum range is found to be 0.9 em. What is the particle 

energy? 

23-18 How thick should a lead shield be for a 75 keV X-ray machine, 

attenuation coefficient 3850 m—, in order to reduce the radiation to 0.1% 

of its incident value? 

23-19* Air containing radioactive strontium is breathed continuously for 

a day. If the average beta-energy release per disintegration is 0.18 MeV, 

estimate the concentration of Sr-90 in air that would give a hazardous dose 

of 500 roentgens. 

23-20* A metal sphere in a vacuum is painted with a radioactive compound 

that emits beta particles. Discuss the behavior of particles and potential, if 

the half-life of the element is ty and the particle energy is EL. 

23-21 Alpha particles of 4-MeV energy arise from a nuclear reaction 

occurring in a cloud chamber. If the air is at 1.5 atm at temperature 20°C, 

what is the approximate range of the charges? 

23-22* A spherical lead shield is erected to protect workers from the 

1.2-MeV gamma rays of a 70 curie cobalt-60 source. (a) If the cross-section 

for Pb**, specific gravity 11.3, at that energy is 25 barns, what is the 

attenuation coefficient? (b) Estimate, taking account of both inverse- 

square spreading and exponential attenuation of radiation, how thick the 

shield should be to limit the dose during an 8 hr work day to less than 0.1 
roentgen. 

Suggestion: Start with a one-foot thickness as trial value. 



PHYSICS AND BIOLOGY 

The question “What is life?” has preoccupied man since his beginning. 

Through the concepts and methods of modern chemistry, physics, and 

biology, some progress is being made in the understanding of the distinction 

between living organisms and nonliving substances. The subject of life has 

profound implications in terms of philosophy, sociology, and medicine. 

Most scientists believe that the processes that go on in living beings— 

metabolism, growth, reproduction, and adaptation—are governed by phys- 
ical laws. On this premise, they seek to find logical and consistent descrip- 

tions of biological processes. 

The subject of biology is far too vast for us to attempt any com- 

prehensive discussion of its physical basis. Instead, in this chapter we 

shall merely select a few topics in which application of the facts and prin- 

ciples of physics provides some insight. In particular, we shall discuss the 

relation of molecular structure and the statistical character of living beings, 

describe the function of various physiological systems in physical terms, 

and draw analogies between thought and the operation of an electronic 

computer. 

24-1 MOLECULES AND STATISTICS 

Man is considered to be the most complex and highly developed of all 

living things. It is interesting to examine the relation between man’s size 

and structure with those of the atom and molecule. His body, of the order 
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of a meter in height and 75 kilograms in mass, contains some 2.5 X 10?” mol- 

ecules of size 10— meters and mass around 10~* kg. It is reasonable to 

assume that many types of molecules are required to permit the variety of 

specialized function, but it is not evident that the number of molecules need 

be so enormous. The concepts of statistics help us understand the situation. 

An organism composed of a very few molecules would be subject to a very 

chaotic environment, being bombarded by other particles in thermal agi- 

tation. It would be difficult for such a being to function in an orderly 

manner. Indeed, man would be incapable of concentrating to the extent 

needed to even develop the concept of an atom! We have seen, in our 

previous study of statistics, that the distributions of particles in space or 

in speed were uniform and smooth if the number of molecules was very 

large, and that steady flows of fluid take place by diffusion processes, even 

though the individual particles are in erratic motion. When large numbers 

of molecules operate in concert, the effects of thermal agitation are smoothed 

out. The physical boundary of any substance is fuzzy and fluctuating when 

considered on the submicroscopic scale of the atoms, but quite sharp and 

well-defined from the macroscopic viewpoint of man. Forms of life of near- 

molecular size such as viruses and bacteria have life processes that are 

simple and crude compared to that of higher animals. There is not enough 

complexity to sustain thought, memory, and control. Such simple organisms 

however do have functions which require that we identify them as hving 

beings. 

Much conjecture centers about the environment that could have fa- 

vored the original formation of molecules of the type that sustain life. The 

atmosphere following the primeval cooling of the Earth may have included 

significant amounts of water (H2O), ammonia (NH3;), and methane (CHs). 

The necessary energy to convert these simple molecules into more complex 

forms may have been provided by ultraviolet light from the Sun, or by 

radiation from radioactivity in the Earth’s minerals, or by electrical cur- 

rents in the form of lightning. It has been demonstrated in the laboratory 

that electrical discharges, on passing through such elementary gases, yield 

compounds like formaldehyde (CH20), acetic acid (CH;COOH), and simple 
amino acids. Modern biology tells us that the latter are the building blocks 
of the molecule DNA (deoxyribonucleic acid) that is the key to reproduc- 
tion, in that it carries the instructions for the formation of new cells and 
tissues. The DNA structure is viewed as two long, linked chains of mole- 
cules, in the form of a spiral, the basic components of which are the smaller 
molecular units arranged as stair steps, A (adenine), G (guanine), C (cy- 
tosine), and 7’ (thymine). For example, the chemical formula for unit G is 
CsH;ON;. The DNA molecule is thus only a relatively small step away 
from the familiar hydrocarbons that are produced at will in the chemical 
laboratory. If such “chemical evolution” is the method by which life devel- 
oped on Earth, it is easy to imagine that there is life on other planets else- 
where in the universe. Other life cycles, involving elements such as silicon 
in place of carbon, can be visualized. We can then surely speculate that 
other intelligent forms exist on some of the billions of planets of our 
galaxy. To determine this, the first step will be to ascertain whether Mars 
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or Venus have simple plants or animals (in this respect, it is important that 
the first space vehicles to land there not carry Earth life as a contamination). 

Evolution 

The theory of biological evolution, usually ascribed to Darwin, is re- 
called as involving the gradual transition, over millions of years, of elemen- 
tary one-celled biological entities into the higher forms of life. The method 
by which evolution is assumed to proceed is natural selection, in which 

individuals that are better suited to a particular environment tend to sur- 

vive more often and reproduce their kind more successfully. The origin of 

differences in the character of a species is the process of mutation. A distinc- 
tion is made between small variations in features that are not inherited and 

the significant “jump” in features involving mutated genes—the similarity 

to the transitions between energy levels as described by wave mechanics is 

worth noting. Once a mutation has occurred, the new property is inherited 

in accordance with the rigorous laws of genetics. The large-change events 

are, of necessity, rare; otherwise, those leading to disadvantageous charac- 

teristics might quickly wipe out a species. It might at first appear that the 

race could not change appreciably if the advantageous mutations were rare. 

However, if the improvement in survival were only 1 per cent, then 101 

mutants would live for every 100 nonmutants, and over many generations 

the mutant would almost completely dominate the species. 

The work of Muller revealed new information about the genes as 

carriers of heredity. He bombarded fruit flies with X rays and produced a 

host of mutations, demonstrating that high-energy photons can create local 

ionization that affects the genes greatly. The increase in the rate of mu- 

tation was found to increase with the radiation dosage—i.e., the amount of 

energy absorbed by the flies; the rate of mutation is not significantly 

dependent on the particular energy (or wavelength) of the radiation. The 

types of mutation were found to be similar to those occurring in nature. 

One can compare mutation in genes produced by light with the ex- 

citation of electrons in the atom by photons. If sufficient energy is injected 

into either structure, a discrete transition can take place. It would seem 

that a change in a single molecule out of the myriad present in an organism 

could not have the profound effect that mutations involve. Strong evidence 

indicates, however, that genetic changes are very highly localized molecular 

displacements. To illustrate, it has been found that the mere substitution 

of one amino acid for another in an ordered array of nine such compounds 

is sufficient to change the gene related to hemoglobin in blood cells and to 

induce inheritable anemia. Thus the changing of the genes in a reproductive 

cell can be transmitted readily to the second generation. 

24-2 THE DYNAMICS OF ORGANISMS 

The physical principles of energy conservation and entropy produc- 

tion, and the mechanisms of transfer of electricity and heat, are applicable 
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to descriptive and quantitative models of organs and systems. We shall 

briefly review here some of these applications of physics concepts. 

Energy Conservation in Photosynthesis 

The mechanisms by which a plant grows, using food, water, and sun- 

light, have long been recognized as involving energy transfer and conser- 

vation, but the details of the processes were not fully understood until 

isotopic tracers were used. As discussed in Section 23-3, isotopes may be 

stable or radioactive, and their presence may be detected and followed 

through a system. For example the stable isotope O'*, measured by electro- 

magnetic forces on ions, can help trace oxygen through an organism; and 

the radioactive isotope C“, detected by its emitted beta particles, is espe- 

cially valuable in finding where carbon goes. As now viewed, photosynthesis 

consists of the following sequence: a plant takes in air, using the contained 

carbon dioxide COs, along with water H,O and nitrogen from the soil, and 

produces tissue containing the elements C, H, O, and N, releasing oxygen 

as O2 back to the atmosphere. The energy for the cycle comes from sun- 

light; the energy carried by photons is absorbed by the molecules of H,0, 

causing them to split into hydrogen and oxygen atoms, which then carry 

the energy in chemical form; the green compound chlorophyll serves as a 

catalyst for the reactions that follow. Measurements using O show that 

the oxygen given off by plants comes from the absorbed water and not from 

the carbon dioxide. The nature of the process involving carbon was revealed 

by the tracer C'. In a cyclic fashion, C is taken up by ribulose phosphate, 

a 5-carbon molecule; the product splits into two 3-carbon molecules, which 

eventually combine to form the single sugar glucose phosphate, and provide 

more molecules of ribulose phosphate to repeat the cycle. A start is thus 

made toward the formation of more complex and specialized molecules and 

structures in the plant. 

The Relation of Metabolism and Heat Loss 

The concepts of heat transfer in air, as discussed in Section 16-6, pro- 

vide some ideas about the living habits and processes of various organisms. 
For example, we know that small animals with high metabolic rates, such 
as songbirds, may eat more than their weight each day, while man exists on 
a few pounds per day. A simple geometric analysis will give some insight to 
this distinction. 

Let r be the rate of metabolism or heat generation per unit volume 
and V the volume of the body, while S is the skin surface area through 
which the heat is lost. If the temperature is to remain constant, then rV ~ 
S, which says that metabolism must be proportional to the ratio of surface 
to volume. Since S/V is inversely proportional to size*, we deduce that the 

; 
es = = . ae Hee sphere, V = $rR3, S = 4rR*, S/V = 3/R; fora cube, V = L’, S = 6L?, 
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smaller the animal, the larger the amount of food it must consume in 
comparison with its weight. 

The Thermodynamics of Organisms 

The first law of thermodynamics—conservation of energy—is easily 

recognized as applicable to life processes, but the role of the second law of 

thermodynamics—the trend in entropy—is somewhat more subtle. 

According to the second law, the natural trend that all systems ex- 

perience is from a state of order to one of disorder. A nonliving isolated 

system will come to rest because of internal friction. Differences in poten- 

tial are eliminated, and the temperature becomes uniform. The entropy 

continuously increases if the system is left alone. On the other hand, living 

organisms maintain a high degree of order over a very long period. Without 

life, an organism would decay in a very short time, just as corrosion, or 

rust,-or the dispersal of inanimate substances takes place when exposed to 

the environment. 

Whereas a nonliving entity gains entropy, an active living being loses 

entropy, or what is the same thing, draws negative entropy from the sur- 

roundings, thus causing an increase in the entropy of that environment. It 

achieves order at the expense of the world in which it lives. Eating, drink- 

ing, and breathing are the means by which animals and plants ‘‘extract”’ 

order from the surroundings to compensate for the tendency for decay and 

disorder that would normally result without the life processes. The complex 

compounds that are assimilated bring with them a well-ordered state of 

matter, then are returned in a degraded form. Plants of course take nega- 

tive entropy from the basic compounds CO, and H,0, as well as from the 

‘‘well-ordered”’ sunlight. 

In a broader sense, man as a species creates order by converting raw 

materials into objects for his use. Even population growth can be viewed 

as an ordering process. We conclude that man’s actions cause a more rapid 

increase in the entropy of his surroundings than if he did not exist. How- 

ever, he has ample opportunity to preserve and improve his environment 

for his own benefit and that of other living beings, keeping in mind that he 

lives in an essentially isolated system. 

Physical Size and Structural Strength 

Our description of elastic forces (Section 13-2) provides us with some 

indication of the appropriateness of man’s size, and in fact of the range of 

sizes of animals in general. The smallest mammal is the shrew, weighing a 

few ounces, and the largest is the whale, weighing many tons, but this range 

is still only a few orders of magnitude. 

Let us start with the fact that bone structure has a certain molecular 

arrangement and thus a fairly well-defined elastic constant. Bone is subject 
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FIGURE 24-1 

Comparison of structures of small and large animals 

to Hooke’s law—stress is proportional to strain, or 

l PF 

Le 
We assume that the fractional change in height L of the organism //L is 

limited to some small value—otherwise, the bones of the body would be 

crushed under the gravitational force. This in turn requires that the stress 

F/A be about the same for all animals. Now, since the force is roughly 

equal to the weight, proportional to the cube of a linear dimension, and A 

is the cross-sectional area of supporting bones, proportional to the square of 

their diameter, we find that 

| eyed Fee 
AY Qe a constant 

We conclude from this argument that bone thickness increases rapidly with 

size: d ~ L'”, This is in qualitative but not exact agreement with the fact 

that, relative to length, the mouse has very delicate thin bones while the 

elephant has very thick bones (see Figure 24-1). A land animal very much 

larger than an elephant would have to be composed of solid bone. 

The Physics of the Heart and Circulatory System 

Our previous study of fluid flow (Section 13-6) permits us to appre- 
ciate much of the action of the heart and the flow of blood. Roughly 
speaking, the system is an essentially closed circuit of constant volume 
containing an incompressible fluid—blood. Bernoulli’s principle is aptly 
applied to account for variation in the pressure and speed of the liquid. 
(The circulatory system is illustrated in Figure 24-2.) The heart is basically 
a pump, transferring blood to and from the lungs, where carbon dioxide 
waste is discharged and fresh oxygen is taken in. It transfers the purified 
blood to the body by means of arteries, which in turn divide into fine capul- 
laries that are in intimate contact with organs and tissues. The capillaries 
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combine into veins that carry the blood back to the heart. Since the total 
area for flow in the fine blood vessels is very large, the blood speed is low 
there compared with that in the larger tubes. The pumping action is 
stimulated by electrical impulses, of frequency about 78/min and of the 
order of 30 millivolts, that spread over the surface of the heart, causing 
muscle fibers to contract. The average pressure in the circulatory system 
is around 100 mm of Hg, and the flow rate of blood ranges from 3.5 to 
35 liters/min, corresponding to rest and activity. 

Let us use fluid-flow principles (Section 13-6) to calculate the heart 
power at rest. Now, the power is P = Fv = (F/A)(vA) = pJ, where the 
pressure is 

P = ( 100 mm 

me) (1.0 X 10° N/m?-atm) = 1.3 X 10! N/m? 

and the volume flow rate is 

_ {35 1/min uA Ae eer: 
Ih (ie et) (10-3 7/m*) = 5.8 X 10 m3/sec 

Thus the heart power is estimated to be 

P = (1.8 X 10* N/m?)(5.8 X 10 m3/sec) = 0.75 W 

Neglected in this calculation is the power associated with kinetic energy of 

R = Right 

L = Left 

A = Auricle 

V = Ventricle 

FIGURE 24-2 

The circulatory system 
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the blood. Under active conditions this becomes the dominant component 

and the heart power must increase to the order of 100 watts. 

24-3 THE PHYSICS OF THE SENSES 

The Process of Vision 

The human eye, illustrated in Figure 24-3, is a remarkable optical 

system, capable of perceiving and distinguishing near and distant objects, 

responding to a variety of colors, and being sensitive over a wide range of 

light intensities. The cornea is about 12 mm in diameter and has a radius 

of curvature of about 8 mm. It provides much of the refractive effect, 

supplemented by the convex lens. Light entering the pupil is focused on 

Retina with rod- and 
cone-shaped cells 

Optic nerve 

Muscle Vitreous humor FIGURE 24-3 

The human eye 

the retina, with accommodation to the object distance provided by muscle 

adjustment of the lens curvature. Objects ranging from infinity to within 

about 0.25 m (the near point) can be clearly seen by the normal eye, with 

focusing as shown in Figure 24-4. 

The retina, with its cone-shaped and rod-shaped cells, converts light 

energy to electrical energy on nerve fibers. It is believed that the various 

types of cells contain chemical substances that are selective in their light 

absorption. The optic nerve carries signals to the brain, where the images 

are interpreted. The eye’s sensitivity to frequency has a maximum in the 

green region at about 555 mu. By exposing the eye to flashes of light, the 

threshold energy for vision is found to be about 10—® joule. Now, the 
frequency of green light is 

— £3 X10 m/sec _ tM eect = 5.4 X 10/sec 

The energy of 1 photon is, then, 

E = hy = (6.6 X 10-* J-sec)(5.4 X 10/sec) = 3.6 X 10-9 J 

Thus we find that the eye can detect as few as (about) three photons. The 
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FIGURE 24-4 

Image formation in the eye 

optical-muscular-nervous system has many special features to enhance vi- 

sion: depth perception is achieved by the superposition of the slightly 

different images from the two eyes; the iris of the eye opens and closes to 

admit more or less light as the occasion demands; certain cells that are 

more sensitive to blue color become dominant as night approaches. 

In spite of the excellent features of the eye, defects are common, and 

there is a widespread need for spectacles to aid vision. Loss of muscle 

_ flexibility in controlling the lens occurs as a person ages, and the near point 

tends to shift outwards. The eye defects of nearsightedness (myopia, focus- 

ing in front of the retina), and farsightedness (hypermetropia, focusing behind 

the retina) may be corrected by spectacles. Inspection of Figure 24-5, 

along with study of the lens formula (Section 21-2), 

reveals some of the effects. From our knowledge of the fixed size of the 

eyeball, we know that the image distance q is a definite number. Then, for 

large p (distant objects), f must be made large—that is, the radii of curva- 

ture are large and the lens is relatively flat. For small p, the lens must be 

made more nearly spherical. Whenever there is physiological limit on the 

value of f, there will be a focusing as shown. When an auxiliary spectacle 

lens of focal length f, is used, the composite f is, in accord with optical 

Farsightedness 

Corrected 

(b) 

FIGURE 24-5 

Defects in vision and corrections by spectacles 
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The case of nearsightedness—Figure 24-5(a)—requires a concave or diver- 

gent lens, for which f, is negative, and f is larger than f.. For farsightedness 

—Figure 24-5(b)—the glass must be a convex or convergent lens such that 

f is shorter than f.. 

Suppose that a farsighted person finds that the print on a page goes 

out of focus at 75 cm or nearer. Let us find what focal length his glasses 

should be, so that he can read well at a convenient 25 cm. Without glasses, 

1/p + 1/q = 1/f., where p = 75; with glasses, 1/p’ + 1/q = 1/fe + I/fs 

where p’ = 25. Subtracting equations gives 1/f, = 1/p’ — 1/p = 1/25 — 

1/75 = 2/75, and f, = 37.5 cm, a converging lens. 

The Physics of Hearing 

We are so familiar with hearing that it is hard to realize how complex 

are the structures and processes that permit us to hear. The following 

rough description—in conjunction with the schematic diagram of Figure 

24-6, which omits a number of anatomical details—will serve to illustrate 

the physics of the ear. The outer ear is basically a funnel filled with air, 

ending in the membrane that we call the eardrum. The ear canal is analo- 

gous to a closed-end organ pipe, as discussed in Section 12-2. The eardrum 

responds to the molecular vibrations of the air that we call sound, and 

transmits them mechanically to the middle ear. The latter consists of a set 

of three connected bones that act as levers to amplify the very small dis- 

placements of the eardrum, to distinguish the signals from vibrations com- 
ing through the bone tissue of the head, and to protect the mechanism from 

Skull 

Bones Nerve cells 
Ear drum 

OZ 

Outer Middle I 
ae an nner ear 

To brain 

Auditory nerve 

FIGURE 24-6 

Functional diagram of the human ear 
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extremely loud sounds. A second membrane called a window separates the 
air-filled middle ear from the liquid-filled inner ear (cochlea), and transmits 
vibrations from one medium to the other. The cochlea consists of a spiral 
arrangement of parallel tubes, through which liquid waves travel. A (basi- 

lar) membrane separating two of these tubes contains a complex organ with 

various nerve cells. As the membrane is distorted by these hydrodynamic 
waves, certain hair-like cells are bent and trigger the nerve cells by complex 

mechanical, electrical, and chemical reactions. The signals then go to the 
brain via the auditory nerve. 

The system has the surprisingly excellent ability to respond to a wide 

range of sound pressures, corresponding to Py) = 2 X 10-> N/m?,* which is 

the threshold of hearing, to around 100 N/m? at the threshold of pain. It 

is therefore convenient to use a logarithmic scale in expressing pressure 

amplitudes. The pressure level in decibels (db) is defined as L = 10 log 

(P?/P%). On this scale, L is about 60 db for ordinary speech, while the noise 

_ of a jet engine is around 130 db. Sensitivity to frequency varies greatly 

from one individual to another, but it is found that generally the ear can 

identify frequencies from a few cycles per second to some 10,000 cps, and 

is most sensitive at a few thousand cycles per second. 

Senses in Animals 

It is well known that various senses are particularly acute in some 

animals—for example, the sharp sight of birds of prey and the ability of 

dogs to detect scents and to hear very-high-frequency sounds. As an in- 

teresting illustration of the relation of physics to animal life, let us consider 

the behavior of the bat. In flight, it makes an unusual use of sound echoes. 

It emits a sequence of short complex pulses from its mouth or nose that are 

reflected from objects and return to the bat’s sensitive ears. The process is 

similar to acoustic sonar or electromagnetic radar. The location, distances, 

* The pressure variation from the average in a sound wave is related to both 

the wave speed v and the particle speed wu according to 

AP = pw 

Consider air with normal density 1.22 kg/m* and sound speed 343 m/sec. The particle 

speed corresponding to the sound pressure threshold for hearing of AP = 2 X 107° 

N/m? is thus 

Ap 2 Oe 

pv (1.22)(343) “= = 5 X 10-8 m/sec 

Now, the speed and displacement y of a particle appear in u = wy, where w = 27v 

and y = u/2mv. At a frequency of 1000 eps, the distance a molecule moves is 

De LO me a LSE ee 11 y= (2x) (1000) 0.8 X 107" m 

This is of the order of magnitude of the radius of an atom, which shows that the motion 

of the eardrum is exceedingly small. 
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and sizes of obstacles or insects are computed in the bat’s brain, apparently 

using information from both ears. Pulse lengths range from 1 to 100 milli- 

seconds, with frequencies within the pulse going as high as 100,000 cps. The 

bat increases the repetition rate of the signals as it approaches its prey to 

take account of the shorter distance the sound has to travel. The time be- 

tween generation and detection of a pulse of an object that is a distance d 

away is, of course, t = 2d/v, where v is the speed of sound, 343 m/sec. For 

example, if a moth were 1 meter away, this time would be about 6 milli- 

seconds. Apparently, each bat uses its own frequency pattern that permits 

it to distinguish its echoes from those of many other bats nearby. 

Insects such as ants and bees demonstrate an especially good sense of 

direction. Experiments indicate that bees make use of the location of the 

Sun in traveling from a feeding place to the hive, rather than relying on 

their “memory” of the surroundings. Bees communicate the location of 

new food sources to others in the hive by a complicated dance pattern, in 

which the amplitude of their vibration tells the time of flight, and the 

direction reveals the angle between the Sun’s rays and the flight path. If 

a bee is caught and confined for a few hours, it starts off (erroneously) along 

a path that makes the same angle with the Sun’s rays as when it was caught. 

Much is yet to be learned about the homing or migratory abilities of 

birds. Various theories involve such factors as familiarity with the terrain; 

or use of the Sun or stars, combined with an excellent time sense; or use of 

the vertical component of the Earth’s magnetic field; or the Coriolis force. 

Even the force of gravity can be sensitively detected by certain organs 

in fish. These consist of discs of tissue supported by a large number of fine 

hair cells. If the animal tips from the vertical, the hairs are bent and nerve 

cells fire electrically. 

24-4 THOUGHT AND THE COMPUTER 

The principles of physics help us to appreciate the function of the 

nervous system. Here we shall find it instructive to draw analogies with 
electrical circuits, and to compare or contrast thought processes with ac- 
tions in electronic computers. 

Let us briefly review the generally accepted model of the nervous sys- 
tem. The sensory nerve endings or receptors receive stimuli of various types 
—pain, pressure, temperature, odor and flavor, and light. Impulses of 
electrochemical nature are produced and transmitted along the nerve fibers 
to the spinal cord, and finally to the brain as supervisory center. The signals 
are interpreted either automatically or consciously, and impulses are sent 
back along other nerves to the muscle fibers or chemical-producing devices 
in the body. The speed of these impulses ranges from 1 to 350 ft/sec. Nerve 
cells (neurons) are segmented, with “nodes” separating their sections. In- 
side the cell there is a slight excess of potassium ions and outside an excess 
of sodium ions, with a potential difference of about 0.1 volt across the cell 
membrane, the interior being negative. A stimulus causes the membrane 
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Computer circuits 

to admit extra Na ions, the potential drops to zero, and the cell is said to 

have “‘fired.” The signal is transmitted from one segment to another along 

the length of the fiber, with each section recovering in a time of around 

1 millisecond. 

Most of the functions of the body, such as blood circulation, digestion, 

and breathing, are automatic. Within the body are many self-regulating 

devices which display the process of feedback. For example, if the tem- 

perature of the air goes up, a signal from the skin is sent to the hypothala- 

mus in the brain. This organ serves as a thermostat to command more 

blood circulation to the skin to remove the heat, and to stimulate the re- 

lease of perspiration for cooling. Other actions are conditioned responses, 

learned by experience, such as reading or typing. At the highest level are 

thought processes involving the coordination of stored information and 

creative activity. 
The electronic computer imitates many of the functions of the nervous 

system. In addition to the wires that carry electrical impulses, it has circuit 

elements that “fire” in analogy to nerve cells. Its electronic circuits are 

capable of performing elementary logical processes such as arithmetic. For 

example, the NOT circuit shown in Figure 24-7(a) is designed with an out- 

put that is opposite to the input. Let us think in terms of volts of applied 

potential. If the input is 1, the output is 0; if the input is 0, the output is 1. 

In the OR circuit—Figure 24-7(b)—the output C is arranged to be 1 if 

either or both of the inputs are 1. In the AND circuit—Figure 24-7 (c)—the 

output C is the result of both the inputs, and is only activated if both are 

643 



644 

PHYSICS AND 

BIOLOGY 

sensed. Arithmetic operations can thus be performed by such simple cir- 

cuits containing resistors, diodes, and transistors, in conjunction with 

memory elements. The basic unit of information is the “bit.’’? A device 

such as a transistor or a ferrite core that can be in either one of two states 

is able to store a signal of 0 or 1, depending on polarity or direction of 

magnetization. Arithmetic operations are thus carried out in binary mode 

rather than the decimal mode with which we are more familiar. 

Binary Arithmetic 

An example of binary counting is as follows: each “place” in the 

number can only be 0 or 1 and thus counting 0, 1, 2, 3, 4,... becomes, 

0, 1, 10, 11, 100, .... Table 24-1 lists some numbers in both decimal and 

TABLE 24-1 

COMPARISON OF DECIMAL AND BINARY NUMBERS 

DECIMAL BINARY Usinc Powers oF 2 

1 1 20 

2 10 21 

4 100 22 

8 1000 23 

16 10000 24 

32 100000 25 

binary coding. To express any decimal-system number in the binary mode, 

it must be broken down into powers of 2 (as is done with powers of 10 in 

the decimal mode). For example, 2746 may be expressed in powers of 10 as 

(2 X 10%) + (7 X 10°) + (4 X 10!) + (6 X 10°). Similarly, the number 

676 may be written as (1 X 2°) + (O X 28) + (1 X 27) + ( X 2°) + 

(l X 25) ++ © X 24) + © X 2) + (1 X 2’) + (CO X 21) + (CO X 2%, or 

more conveniently, 676 is 101010010 0in binary. It is seen that many 

more places are required for this method, but it only requires circuit ele- 

ments that are either “on” or “‘off’’—such as a switch—for storage and use 
of numbers. ; 

We now add two numbers in binary arithmetic, noting that when 

two 1’s appear they are equal to the binary number 10. Thus 

10101 
+10010 
100111 

which is 82 + 4 + 2 + 1 = 39. Asa check, we write 

PAI 
+18 

39 
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Carrying in binary is exactly the same as in decimal; for example, 

111 7 
+101 or Sey 

1100 2 

This is accomplished in a circuit by a feedover of signal. Whenever a 1 is 
changed back to a 0, a signal is sent to the next higher register to change it 
to a 1. Once basic addition can be accomplished, all the other arithmetic 
operations become available. 

Implications of the Computer 

The computer is regarded by many thoughtful persons as constituting 

a major development that will revolutionize man’s existence. Let us ex- 

amine what such devices can and cannot do, and what implications they 
present for the future. 

1. The expanded capability for memory. An individual develops in the 

course of his lifetime an enormous resource of experience—that is, he pro- 

grams his supply of electrical circuits. The problem, however, is that he 

cannot always call up information from his mind reliably and completely. 

By use of the paraphernalia of the computer system—cards, tapes, ete.— 

modern machines can store and release almost instantly billions of figures, 

facts, procedures, and information in general. 

2. The increased speed of accurate manipulation of information. As a 

simple example, a person can multiply two 10-digit numbers together in a 

period of some five minutes using pencil and paper, but a computer per- 

forms the task in an interval of a few microseconds. There are several ways 

to view this improvement in terms of the complex mathematical tasks re- 

quired in modern society. The computer can accomplish work that would 

require a lifetime of effort by one person, or would demand the attention 

of thousands of people, or would be humanly impossible in terms of the 

chance of one error that would nullify the results. 

3. The ability of the computer to direct the action of mechanical, chemical, 

and electrical devices that eliminate work. The machines of the Industrial 

Revolution, although they increased man’s productivity and strength, did 

little to eliminate the drudgery of daily occupation. The automated equip- 

ment that computers control, however, releases man from repetitive and 

monotonous work, and permits greatly increased free time for more satisfy- 

ing activities. 

Accompanying these benefits are a few technical problems. Com- 

puters can certainly be programed to perform many of the processes that 

can be classified as “reasoning.” They undoubtedly can be designed to 

provide instructions on how to build new and better computers. However, 

they are incapable of the unique type of intelligence exhibited by man, who 

can accommodate his thinking to entirely unforeseen situations; this point 

is exemplified in the wise decision to give astronauts the option to control 
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their spacecraft manually. Being inanimate, the computer can do no more 

than it is told to do. This fact uncovers a new problem. The speed and 

capacity of computers far outruns man’s ability to come up with proper 

instructions. A disproportionate amount of time and effort is required to 

translate man’s intention into terms with which the device can operate. 

For instance, computers can be programed to translate, after a fashion, 

from one language to another. Unfortunately, they perform an “‘auto- 

matic” job without reason. For example, “The spirit is willing, but the 

flesh is weak,” once came out, in Russian, “The vodka is strong, but the 

meat is rotten”; and “out of sight, out of mind” was rendered as “blind 

idiot’’! 

In spite of these defects, it is generally believed that the coupling of 

electronic computers and labor-saving machinery will render much work 

obsolete and open up opportunity for man to devote his attention fully to 

recreational, creative, and cultural accomplishments. 

PROBLEMS 

24-1 Compute the total number of atoms in animals of mass 1 yg and of 

mass 10 kg if the density of each is approximately 1.0 g/cm* and water is 

the main compound present. 

24-2 How many ions would be created by a 1.6-MeV gamma ray, if the 

amount of energy needed to create one pair is 32 eV? If each is singly 

charged, how many coulombs of each sign of charge are produced? 

24-3 Estimate the amount of 1-million-volt lightning charge in coulombs 

that would have to be passed through a gas composed of equal parts of CO2 

and HO in order to produce a protein molecule of molecular weight 30,000, 

assuming it to be mainly carbon, with a binding energy of 1.5 eV per atom. 

24-4* Suppose that a mutant strain that has a 10% higher survival rate 

than homo sapiens appears today, and that the remaining world population 

of 3 billion remains constant. How many years would it take for the total 

population (the sum of both species) to increase by 1%, assuming that one 

generation is 25 years, and that the birth rate in mutant families is the 

same as in the rest of the population? List any other assumptions that 
must be made. 

24-5 In a study of photosynthesis, leaves of plants that have absorbed 
radioactive carbon (half-life 5600 years) in the form of CO: are burned and 
the gases introduced into a radiation detector. If the smallest observable 
counting rate is 2 per second, what minimum mass of C“ must be present 
in the leaves? 

24-6 Estimate the smallest size animal capable of warm-bloodedness if 
the daily limit on food intake is 4 times its body weight, and if an animal 
of 1-m* volume consumes a weight equal to 2% of its body weight daily. 
Assume specific gravity 1.0 as needed. Is this a realistic result? What other 
factors must be considered? 
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24-7 The horse can be regarded as a heat engine. Discuss this idea and 
prepare an analysis that would relate horsepower developed to other ther- 
mal and thermodynamic features of the system. 

24-8 Suppose that the bone diameter of an animal of height 5 cm is 1 mm. 

On the basis of elastic properties what would the diameter be for one of 

height 2 m? Is this a realistic result? What other factors must be con- 
sidered? 

24-9 If the average heart power of an individual is 5 watts, how many 

joules of work does it do in each of 80 beats per minute? How many 

Calories (kilocalories) of food energy per day is required for that organ, 
assuming 100% efficiency? 

24-10 A certain farsighted person cannot see well at distances greater than 

5m. What type and focal length lens should be prescribed? 

24-11 A certain person has difficulty seeing at distances greater than 1 m 

or less than 0.20 m. What is the focal length of a single lens that will enable 

-him-to read at 0.25 meter and also to watch a football game? 

24-12 (a) A bat approaches its prey at rest and the emitted sound signals 

are reflected. What information does the bat obtain from use of the Doppler 

effect (Section 12-4)? If the sound emitted, of speed 343 m/sec, is of 

frequency 5000 cps, what frequency does a bat of speed 2 m/sec hear? 

(b) Airplanes make use of a ‘“‘Doppler ground-speed indicator” by sending 

out and receiving reflected signals from the surface of the Earth. Investi- 

gate the operation of such a device, assuming that an electromagnetic beam 

is sent down at a 45-deg angle. If the plane speed were 424 m/sec, what 

fractional frequency change would be observed? 

24-13 Write the following numbers in binary form: 

8 30s) 427, ola? 682° 1000 

24-14 Write the following binary numbers in decimal form: 

100101; 1011011001; 100010001; 1010101; 1111111111 

24-15 Convert the following simple addition problems to binary and solve 

them; then check your results: 

32 20 122 101 

+ 8 + 4 + 32 — 16 
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The foregoing chapters of this book have presented only an introduction to 

the foundations of physics. We have omitted many interesting and useful 

topics, have discussed others in oversimplified terms, and have stopped 

short of the frontier of investigation in still others. On the basis of the 

concepts covered, however, the student will be in a good position to appreci- 

ate the role of physics as an area of scientific study, and its importance as a 

basis for new technical developments. 

Research in physics and other sciences is progressing on a broad front 

at a rapid pace. Extensions of the principles we have studied are to be 

expected, but radically new viewpoints may have to be developed as 

scientists probe deeper into the microscopic and macroscopic realms. 

A few examples of areas in which there are important problems yet to 

be solved are reviewed in this concluding chapter. The selection is inten- 

tionally diverse, ranging from the atomic to the cosmic and from the exotic 

to the practical, and is intended to convey to the reader some idea of the 

challenge and excitement that physics holds for the present and future 
generations. 

25-1 THE UNIFICATION OF KNOWLEDGE 

It has often been said that the objective of science is to find the 

smallest number of simple principles to explain the greatest number of 
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649 phenomena. Much progress has obviously been made in this direction. 
SECTION 25-1 Concepts of conservation permit the understanding of all types of diverse 
The Unification Processes; the electromagnetic equations of Maxwell cover many of the 
of Knowledge § phenomena of waves, fields, and charges; and the quantum—atomic view 

of the structure and behavior of materials is comprehensive in nature. 
There still remain, however, great gaps in our ability to correlate such 
entities as mass, gravity, charge, and light. In this section we shall elabo- 

rate on the efforts of Hinstein and others to generalize and unify the 

relation between mass, gravity, and space, to illustrate the type of unusual 
thinking that is required. 

Einstein’s General Theory of Relativity 

We found in Section 3-4 that application of Einstein’s theory of 

special relativity was required if the two frames of reference were moving 

~ at high uniform speed relative to each other, and that the Lorentz transfor- 

mation must be substituted for the Galilean transformation. 

Einstein, after having completed his theory of special (or restricted) 

relativity, turned to the question ‘‘How are inertia and gravity related?” 

Throughout our studies to this point, we have used the concept of mass as 

a measure of inertia and also as the quantity that determines the amount 

of gravitational attraction. Since these phenomena appear quite different 

in character, there is no apparent reason that the two masses should be the 

same. Extremely accurate measurements show them to be identical, 

however. In simplest terms, the question reduces to asking if Newton’s 

F = ma and F = kgmM/R? are merely two aspects of a more general 

statement. Einstein’s theory of general relatiuity was the outcome. 

One of the key features of this latter theory is the principle of equiva- 

lence of acceleration and gravitation. Let us picture a simple experiment 

Apparent 
parabolic path 

Uniform speed = 

(a) = 

Accelerated 

(b) 

FIGURE 25-1 

Equivalence of acceleration and gravitation 
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that will help reveal its meaning. A spaceship is moving uniformly in free 

space, far from any planets or stars—Figure 25-1(a). All objects within the 

ship float freely. Now, if the rocket engines are started up and the ship 

accelerates forward—Figure 25-1(b)—objects within the ship rush to the 

rear of the vessel, where they are pressed against the wall with a force that 

is indistinguishable from gravity. How can the crew members tell whether 

the ship accelerated or whether a new attracting mass has suddenly 

appeared? A second experiment brings out some additional ideas. A beam 

of light from a distant sun streams through a porthole in the side of the 

spaceship. Assuming that precise instruments are available, the path of 

the light across the interior of the accelerating ship would be found to be 

parabolic, as illustrated in Figure 25-1(c). The observers inside again 

cannot tell whether or not a gravitational force is acting on the light or 

whether the ship is accelerating. The new question, however, is: How can 

gravity act on photons which have no mass, as ordinarily defined? 

Einstein’s theory provides an answer to these questions, being a 

successful effort to put the principle of equivalence on a firm mathematical 

basis. The complications in the theory are such that for years after it was 

presented, the story went that only a half-dozen people understood it. 

Because of the unusual character of general relativity, there has been much 

allusion to it in popular literature, especially in science fiction, where the 

terms ‘“‘fourth dimension” and ‘‘curved space” are freely used. We can give 

these phrases some meaning by simple illustration and by analogy with our 

own familiar space of three dimensions. Let us consider first an automobile 

moving along a straight highway. An event takes place—for example, a 

tire blows out and the car is wrecked. The description of the event in the 

newspaper would include both where and when it happened—i.e., the 

distance along the highway (x-coordinate) and the time of day (t-coordi- 

nate). Now, let us look at any particle in the whole world. Its position 

must be described by four coordinates: x, y, and z for spatial location, and 

t for time. The distance between any two such “world points” can be 

expressed by an extension of the Pythagorean theorem of ordinary geome- 

try. Let us start by finding the distance, on a plane surface, from the origin 

(0,0) to a point (x, y). This diagonal is obviously s = Vx? + y* or its 
square is s? = x? + y®. Next, we consider making the measurement of 
distance along the x-axis from either a vehicle moving with speed V, or 
from the ground. Using Newton’s relativity, which relates the measure- 
ments by X = x — Vt, x = X + Vt (as in Section 3-3), the displacement 
or distances are the same AX = Az. In three dimensions, this can be 
written (AS)? = (As)*, which states that displacements are the same or 
mvariant, regardless of coordinate system used. It is very useful to intro- 
duce a new time variable w = ict, where c is the speed of light and 7 is the 
imaginary number V—1. A point in “‘space-time”’ is specified by all four 
coordinates (x, y, 2, w) and (X, Y, Z, W) in the two frames moving with 
respect to each other. Displacements or distances between points turn out 
to be the same according to observers in either frame, using the Lorentz 
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(a) Geometry 

formulas. Another way of stating this result is that the laws of physics are 
the same on all frames moving uniformly with respect to each other. We 

have now a little appreciation for the view that nature is describable in 
geometric terms. 

The Curvature of Space 

Einstein went on to propose that gravitation is a geometric effect, 

suggesting that the presence of a planet or star causes a distortion of the 

space in the vicinity. To understand his theory in detail requires very 

complex mathematics, but we can use analogies to establish its qualitative 

meaning. In ancient times, it was generally believed that the Earth was a 

flat disc, with the sky forming a dome. The idea that the Earth was round 

was surely greeted with disbelief. The contrast between flat and curved 

space, and between Euclidean and non-Euclidean geometry, is readily 

understood by consideration of the Earth’s surface. According to the plane 

geometry of Euclid, the sum of the angles in a triangle is 180 deg, the 

hypotenuse of a triangle is the square root of the sum of the squares of 

the sides, and the shortest distance between two points is a straight line. 

Although such theorems hold in a very small region on the surface of the 

globe, they break down when applied to extensive regions. Natural 

coordinates for spherical geometry are 7, 0, and ¢ as shown in Figure 25-2(a). 

To illustrate, let us consider the locations of two large cities, as in Figure 

25-2(b). New York City (NY) is at longitude ¢@y = 73°59'39”’ (measured 

from the Greenwich Meridian) and latitude 6y = 40°45’06’’ (measured 

Greenwich 
meridian 

(b) Distance between points 

Latitude Longitude 

New York 40°45'06" 73°59'39" 
Los Angeles 34°3'15” 118°14'28" 

FIGURE 25-2 

The Earth's surface 
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from the Equator). Los Angeles (LA) is at ¢: = 118°14’28” and @; = 

34°3/15"’. Thus NY is 6.70° north and 44.25° east of LA. Now, 1 deg of 

latitude is 69.1 mi and 1 deg of longitude at the location of LA is 69.1 

cos 6, = 57.25 mi. Thus the height and base of the spherical triangle 

formed are respectively 462.8 mi and 2533 mi. If the Pythagorean theorem 

were applicable, the distance between cities would be 2575 mi. The actual 

distance as part of a great circle, calculated by use of spherical trigonome- 

try is instead 2447 mi. The sum of the three angles in the triangle is 207 deg, 

not 180 deg. 

Let us now ask, What is it that characterizes a particular type of 

space? A generalized Pythagorean theorem can be developed relating 

changes in the coordinates. For example, if we start at a city located on the 

globe at coordinates @ and ¢ and travel to one nearby, making changes Aé@ 

and Ag, it is easily shown that the distance between cities is 

(As)? = (r cos 0)?(Ad)? + 
r?(A@)? 

where r is the Earth’s radius. Coefficients (7 cos @)? and r? multiply the 

squares of displacements in this coordinate system. These are called metric 

coefficients, labeled g, and depend on the nature of the surface. 

In the non-Euclidean geometry employed by Einstein to represent dis- 

placements in four-dimensional world space, the generalized Pythagorean 

theorem is still more complicated. Let x, y, z, w represent small displace- 

ments, and s be the resultant. Then, 

s? = guxv? + gooy® + gase” + gasw? + 2gvry + 2oisxe + 2uxrw 

+ 2go3yz + 2guyw + 2ssew 

where there are 10 of the g’s. HKinstein proposed that the presence of a 

chunk of matter causes local variations in the values of these coefficients, 

thus disturbing the space from flatness for which gu = go = 933 = as 
= 1, and the rest are zero. Particles move on paths in warped space 

along geodesics, which are the shortest distances between pairs of points 

(the great circle on a spherical surface). We interpret this motion as that of 

a particle in a gravitational field created by the matter. 

To get some further feeling for this effect, let us consider an analogy. 

A thin rubber sheet is stretched out flat, supported on all edges. We drop 

an object, such as a golfball, on the sheet, causing a depression. If the sheet 
had grid lines marked on it, the stretching would cause the coordinate 
system in the region of the depression to be distorted in such a way that the 
Pythagorean theorem and other aspects of Euclidean geometry would no 
longer hold in that vicinity: the space will have become curved because of 
the presence of the object. Carrying the analogy further, let us compare 
the motion of a marble rolling on the sheet when it is flat and then on the 
curved sheet. In the latter case, the marble rolls into the depression. By 
the same token, free space is considered to be “flat,’”’ while the space near a 
gravitational mass is “curved,” and the acceleration of bodies in gravita- 
tional fields is due to that curvature. 
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Tests of the Theory 

Experimental verifications of the theory of general relativity are few 
in number, because the effects are extremely small. One of Einstein’s 
predictions was that light from a distant star would be deflected on passing 
a large gravitational body. The light should follow the straightest path, a 
curve in the distorted space. During a solar eclipse by the Moon, distant 
stars are visible, and a comparison can be made of the apparent star 
position and the location if light is undeflected. Displacements in the 
range 1.7—2.0 seconds of are are observed, comparing very favorably with 

predicted 1.75 seconds. Another proposed experiment involves bouncing 

high-frequency radar off the planet Mercury as it passes behind the Sun 

and observing the shift in time for the waves to return to the Earth. 

A second prediction is related to the behavior of the planet Mercury 

itself as it moves about the Sun. According to the theory of general 

relativity, the major axis of its elliptical orbit changes direction in time. 

Measurements show that the change is 43.6 seconds of arc each century, 

compared with a predicted 43.0 seconds. Consideration is being given to 

sending a gyroscope up in an orbit around the Earth in order to detect 

shifts in the axis of rotation of the gyroscope. 

The third prediction has been only partially verified. Einstein stated 

that light coming to us from massive stars should experience a decrease in 

frequency, shifting the color toward the red end of the spectrum. There is 

evidence of such a gravitational “red shift,’ but the observed amount does 
not agree with theory in all cases. 

A terrestrial check of the principle of equivalence has been made 

possible by the discovery of new means of producing and detecting light. 

We recall from Section 22-1 that the light from atoms such as hydrogen is 

emitted at unique frequencies related to internal energy changes. In an 

incandescent gas with the atoms moving at high speeds in all directions and 

serving as moving sources, the observed light has a significant spread of 

frequency due to the Doppler effect. A similar situation exists for gamma 

rays emitted by moving nuclei. Méssbauer found that extremely sharp 

spectral lines would be produced by radioactive elements embedded in a 

solid crystal, where the emitter could be considered as ‘“‘frozen.”’ Relative 

motions of emitter and detector composed of materials that exhibit this 

Mossbauer effect are readily distinguished by observing the shift in fre- 

quency. In an experiment conducted by Pound and Rebka in 1960, radia- 

tion was sent downward from a height of 22 meters above the detector at 

ground level. The difference in gravitational field between the levels 

produced an observable change in frequency of the light. The excellent 

agreement between theory and experiment provided a direct verification of 

Einstein’s principle of equivalence. 

The success of Einstein’s efforts to unify mechanics and gravity 

encouraged him to seek still further unification, that of gravitation and 

electromagnetism, with the hope of including an explanation of elementary 
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particles and the results described by quantum mechanics. Although he did 

not realize this ambition, his vision has continued to inspire his successors 

to continue the work. 

Recently, a rival theory has been advanced by Dicke and Brans. It 

conceives of gravity having two components—a scalar field with no 

directional aspects, and a tensor field that is directional in a generalized 

vector sense. A combination of 5 per cent and 95 per cent of the two types 

is estimated to be correct. New sensitive measurements are needed on the 

deceleration of light as it passes by massive objects in order to test the 

difference between the Einstein and Dicke views. 

Ultimately, a truly general field theory may be developed, as a 

mathematical concept and description that encompasses mechanics, 

electromagnetism, gravity, nuclear forces, relativity, particles, fields, and 

quantum mechanics. Although we are presently far from this goal, it must 

be remembered that science is still only about a thousand years old and that 

most of its progress has taken place in the last century. 

25-2 ASTRONOMY AND COSMOLOGY 

The character of processes within distant stars and galaxies must be 

inferred from limited information, gathered at terrestrial or satellite ob- 

servatories. We shall first review some of the methods of observation 

and deduction. Naturally, the status of astrophysics and cosmology 

changes as new information is gained by means of ever-larger optical and 

radio telescopes through refinements in detection methods, and the develop- 

ment of space observatories. We shall discuss qualitatively the various 

theories that have been developed to render consistent the measurements 

of electromagnetic waves and cosmic particles that come to the Earth. Of 

special interest is the mechanism by which the universe was formed, if 
indeed the concept of origin is meaningful. 

Star Characteristics 

Let us first note the properties that can be observed or deduced. The 
distance from the Earth can be obtained for a few hundred stars in our 
vicinity by the method of parallax (Section 21-3). Generally, however, 
distances are found by indirect means. Certain near stars, the Cepheids, 
of which the pole star is an example, were ovserved to vary in brightness in 
a regular cycle with the period directly related to the distance away. This 
information greatly extends the range of measurements of distances to stars 
in other galaxies besides ours. The light from a given star as a radiator is 
distributed in wavelength as discussed in Section 19-3. The higher the 
temperature, the shorter the characteristic wavelength—i.e., the bluer its 
color. Because of the elemental composition of the star, it will exhibit 
discrete spectral lines as well. The fourth-power law of black-body radia- 
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tion provides a direct connection between the temperature and the rate of 
radiation of energy per unit area. The apparent brightness or luminosity— 
that observed by detectors on Earth—can be translated into absolute 
brightness at the star surface by taking account of the inverse-square 
reduction with distance. Then, the knowledge of the rate of radiation per 
unit area and the total rate of radiation permit the calculation of the star 

surface area, and hence its dimensions. Masses can be computed for a 

number of double stars that revolve around each other, by applying the 

principles of mechanics and gravitation to the period. Through this 

sequence of measurements and deductions the properties of distance, 

temperature, luminosity, size, and mass are established. Generally, stars 

are divided into the “normal” and “abnormal” classes. In the former 

group—the main sequence—the true brightness decreases as one proceeds 

from large hot stars down to small cool stars. In the latter category are 

white dwarfs, red giants, and supergiants. The interpretation of the traits 

_ of stars involves a very involved combination of the theories of gravita- 

tional contraction, nuclear fusion, thermal radiation, and general relativity, 

and remains far from being a closed subject. One fact with which any 

cosmological explanation must deal is the existence of galaxies or star 

clusters, in contrast with a uniform distribution of stars throughout space. 

Our particular galaxy has a diameter of about 100,000 light years and 

contains about 200 billion stars. 

The most unusual phenomenon to be explained is the apparent 

expansion of the universe. The wavelengths of spectral lines from stars are 

found in general to be longer—i.e., toward the red end of the spectrum— 

than those observed on Earth. On the basis of the Doppler effect (Section 

12-4), this implies that the stars are receding from the observer. It is found 

that the lower the intensity of light from a star, the greater the shift. If we 

presume that the lower intensity is associated with greater distance of the 

stars away from us, it must be concluded that the universe is expanding. 

If d is the estimated distance away and v is the speed inferred from the 

Doppler shift, then d/v is a time t, which turns out to be about the same for 

all galaxies, and is about 10 billion years. It is tempting to conclude that 

the universe was formed 10 billion years ago by an explosion in a small 

region of space, setting all of the cosmic bodies into motion. 

Another important observed feature is that the night sky is relatively 

dark—or, conversely, that there is remarkably little light from a universe 

known to be of such tremendous size. If one assumes that space on the 

average of large regions is equally populated by stars, then the total light 

we receive from every spherical layer of space should be the same. The 

inverse-square reduction in intensity as we go outward is just balanced by 

the direct-square area increase with distance. The total light received from 

the universe, we might then reason, should be nearly infinite. The flaw in 

this deduction is that it neglects the possibility of expansion, which would 

reduce the density of stellar material and thus the intensity from the more 

distant regions of space. 
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Theories of the Universe 

Of the many theories of cosmology, there are two that deserve 

special discussion. One model is called an evolving universe, the other a 

steady-state unierse. 

The evolving model, conceived by Lemaitre, a Belgian, is based on 

general relativity. It involves the concept that the universe is unbounded 

but finite, meaning that if one goes outward continuously from the Earth 

he eventually returns to it, in analogy to circumnavigation of the globe. 

This strange situation has been described by Sir James Jeans as analogous 

in a four-dimensional sense to a soap bubble, the surface of which is the 

universe. The theory also supposes that a primeval nuclear explosion of a 

super-body took place many billions of years ago. The popular term “‘bzg- 

bang theory” is applied to this view. The initial expansion was presumably 

slowed by gravitational attraction, but a second effect peculiar to general 

relativity may have taken over, that of repulsion increasing with distance. 

The formation of galaxies is attributed to the cooling and condensation 

under local gravitational forces. 

The steady-state model states that if the universe is viewed on a large 

enough scale, it is seen as uniform in space and unchanging in time. How- 

ever, if the universe is expanding, the average density of matter is decreas- 

ing indefinitely, which would be counter to the requirement of steady 

conditions. Thus the idea is introduced that there is a continual creation 

of matter out of nothing. This would seem to be an apparent gross violation 

of our conservation laws, but it has been proposed that the energy of 

expansion plays a role in the formation of matter. Within the cosmic 

steady state, it is presumed, galaxies are created by condensation and move 

away from each other as they age. At any time, however, the universe looks 

the same. A variant on these theories is the model of a pulsating universe 

that cyclically collapses and expands with a period of billions of years. 

The determination of the correctness of any theory of cosmology 

obviously rests on observations rather than controlled experiments. 

Strictly speaking, it is the incorrectness that should be investigated, since 
the failure to explain some well-established fact can eliminate a given 
theory. Let us briefly cite some of the tests to be applied in such evalua- 
tions. We note first that what we see of distant parts of the universe, 
millions to billions of light years away, are conditions as they existed when 
the light was emitted. According to the evolutionary theory, there should 
thus be marked differences in the appearance of galaxies at various distances, 
but with the steady-state theory little difference would be expected, since 
continous creation would favor uniformity. Also, if the steady-state 
concept is to be considered reasonable, some consistent theoretical mecha- 
nism must be found to explain the formation of new galaxies in the presence 
of old ones. 

The recent discovery of quasars (‘“quasi-stellar” sourées) has opened 
a new chapter in the subjects of astronomy and cosmology. These are dim 
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stars that are very powerful sources of radio waves, well localized in space 
at distances that are billions of light years away, as determined by their 
high speeds. Quasars number about a hundred, randomly scattered about 
the universe. To be visible at such distances from the Earth, the objects 
would have to give as much light as 50 galaxies each containing some 100 
billion stars. They have an unexplained variation in intensity of as much 
as one per cent per month, which implies that they are small in comparison 
with the distance light travels in a month—i.e., far less than a light year. 
Various conjectures have been advanced, such as the idea that quasars are 
superstars that collapse with the speed of light, or involve negative mass, 
or are supernovae in a state of explosion. There is some possibility that the 

tremendous release of energy is related to the annihilation of matter and 
antimatter. 

25-3 THE INVESTIGATION OF SPACE 

A great new interest in the space outside the Earth and its atmosphere 

has arisen in the scientific world in recent years. There had been for 

centuries a continuing study of the motion of stars and planets—the 

subject of astronomy. The composition and radiations from stars, including 

the Sun, formed the more modern field of astrophysics. Interest developed 

also in cosmic rays—the primary particles from space, and the secondary 

radiation due to processes in the atmosphere. The achievement in the 

1950’s of long-range military missiles, using rockets for propulsion, led 

naturally to consideration of travel into the space outside the Earth. 

Extensive research programs were established by several countries, 

especially the United States and the U.S.S.R. The goal of such studies is to 

learn more of the mysterious regions of space and planets than can be 

observed from the Earth, using vehicles with instruments and carrying men 

as needed. 

The Radiation Belts 

The existence of enormous zones of high-energy radiation near the 

Earth was one of the new discoveries of recent years. By the use of bal- 

loons, rockets, and artificial satellites, it was found that there were two 

“belts” of radiation encircling the planet at about 1 and 3 Earth radii from 

the surface. Figure 25-3 shows a map of these regions, where the radiation, 

composed of protons and electrons, is so high that space travelers going 

through them would receive significant dosages of radiation. The shape of 

these rings suggests that they are caused by the interaction of the magnetic 

field of the Earth (Section 6-4) and moving, charged cosmic particles, as 

from the Sun. Charged-particle motion in corkscrew paths take place 

along field lines of the Earth. The loops are large at the level of the 

Equator, where the field is weak, and tight near the poles, where they 



FIGURE 25-3 

Radiation belts around the Earth 

collide with the high-density atmosphere. There ionization and radiation 

is produced, explaining the aurora borealis or “northern lights.” The 

reason for two belts instead of one is not well understood. 

Satellite Orbits 

The first artificial satellite of the Earth was Sputnik I, put into orbit 

by the Soviet Union on October 4, 1957. Soon after, in 1958, Explorer I 

was launched by the United States. The latter was a small sphere of mass 

30.8 Ib, which achieved a 106-min orbit at altitude ranging from 217 to 1100 

mi. Since that date, several scores of instrumented satellites have been 

successfully placed in orbits around the Earth and sent to the Moon, to the 

nearby planets, and out farther into space. Physics has played an im- 

portant role in these projects in several ways: (1) in the determination of 

the mechanics of motion under the influence of rocket thrust and the 

gravitational forces of celestial bodies; (2) in the invention of instruments 

and detection devices to control the vehicles, protect them from damage, 

and to provide technical information to the Earth-based tracking stations; 

and (3) in the observation and interpretation of space measurements of 

temperatures, pressure, charge density, energy and composition, solar 

radiation, meteorite frequency, and magnetic fields. Three practical 

applications of spacecraft are discussed below. 

1. Meteorology. The science of weather prediction has long remained 
inexact because of insufficient information. Views of the Earth from out in 
space as provided by weather satellites yield new sources of data on cloud 
formation, beginning hurricanes, and radiation supply and loss. Long- 
range weather forecasts may become possible, using the satellite Aeros with 
24-hour period such that it remains fixed in space over a point on the 
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FIGURE 25-4 

Weather patterns viewed from Earth satellite 

Equator. Figure 25-4 shows photographs of cloud formations taken from 

the satellite Gemini VI (1965) at a height of 177 miles. 

2. Communications. The direct transmission of electromagnetic 

waves between widely separated points on the Earth’s surface is not 

possible because of the intervening Earth mass. In the case of radio, 

reflection from the charged upper atmosphere (ionosphere) is possible. 

Television, however, with its shorter wavelengths is not so reflected. A 

satellite in the form of a thin metal balloon 135 feet in diameter (Echo) has 

been found capable of providing a suitable surface for reflection. The 

relaying satellite Telstar, solar-powered, is far more effective in that signals 

to receiver are transmitted with greatly-amplified strength to distant 

points. Figure 25-5 shows the schematic operation of this communications 

satellite. Radio control of the electronic circuits is achieved from the Earth. 

3. Planetary investigations. Conditions on nearby planets can be 

explored remotely by the use of space probes. Guided through space by 

radio waves and electronics, the probe Mariner sent back information on 

the planet Venus from a distance of a few thousand miles. Among the early 

findings were that the surface temperature is extremely high (600°F), 

probably because of a dense cloud cover; that there is a weak magnetic 

field; and that there is little daily rotation of the planet. Photographs of 

Mars were taken by television cameras on Mariner spacecraft and 
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FIGURE 25-5 

Television relaying satellite 

transmitted by radio back to Earth by coded signals of intensity. The 

pictures showed that the surface was covered with craters, and resembled 

that of our Moon. 

Space Travel 

Success in achieving manned flight from the surface of the Earth to 

the surface of the Moon, as in the Apollo-11 voyage, can be regarded as a 

first step toward the exploration of the solar system and the space beyond. 

Using the rocket principle, particles having mass are given energy by some 

fuel to provide the needed thrust. The requirements depend on the ‘‘mis- 

sion” selected—orbit about the Earth, escape from-Earth to the Moon and 

return, travel to the nearby planets Mars and Venus, trips to the limits of 

our planetary system, and finally to planets of the stars. 

Propulsion based on chemical reactions is adequate for missions of 

relatively short distance and small “payload.’”’ For manned exploration 

of Mars, however, a nuclear rocket is regarded as necessary. The engine of 

such a spacecraft would consist of a nuclear reactor (Section 23-4) in which 

fission serves to heat hydrogen gas, which is then expelled to provide 
thrust. 

It is interesting to imagine a rocket for very long voyages using the 

best fusion reaction, in which protons combine: 

4,H! —> .He4 + 2_,e° + 26.7 MeV 

If all the energy goes into the resulting alpha particles, each of mass 
4.002 amu = 3728 MeV, the propellant speed v, found from 

dmv; = (Am)c? 

is close to § the speed of light. Relativity tells us that the ratio of initial 
to final rocket mass for a flight that involves launching, coasting at speed V, 
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and landing is 

Mo <= ( + ra) 

m 1— V/c 

For a trip with V = 0.9c, using the above fusion reaction, the ratio is 
(19) = 1.7 X 101°. Even if we neglect the weight of the rocket completely, 
to send a small man of mass 50 kg would require a fantastic mass of 

8.5 X 101! kg or about 1 billion tons. However, at lower speeds, say V = 

0.2c, the mass ratio is only (1.5)®§ =-25.6, which is much more easily 
obtained. 

The most serious limitation to distant exploration is time. The 

nearest star, Alpha Centauri, is 4.3 light years away, and since speeds of 

material objects are less than the speed of light, any voyage there will 

require a time of 4.3(c/V) years. The fact that clocks and all biological 

processes including aging would be slower on a moving ship is helpful to the 

occupants only at high speed. According to the Lorentz transformation 

(Section 3-4), the elapsed ship time is 

but since the distance traveled in Earth time tis X = Vt, we find that 

Paihia 
t Cc 

At V/c = 0.9, the Earth time is ¢ = 4.3/0.9 = 4.78 years, and since 

T/t = V1 — (0.9)? = 0.436, we find the astronauts will have aged only 

2.08 years. However at V/c = 0.2, t = 4.3/0.2 = 21.5 years, T/t = 

V1 — (0.2)? = 0.98, and T = 21.1 years. The conclusion is that we save 

time by using mass or save mass by using time. The nearest planet whose 

climatic conditions can support life might accompany the nearest star. 

On the other hand, it may be necessary to travel for centuries to find such 

a planet. Only by the use of hibernation or colonization methods could 

such voyages be possible. 

25-4 ELEMENTARY NUCLEAR PARTICLES 

Four elementary particles—the electron, proton, neutron, and photon 

—are sufficient to describe a very large part of the phenomena of physics: 

the structure of nuclei, atoms, molecules, and bulk matter; the flow of 

electricity; the emission and absorption of light; and many nuclear reac- 

tions. 

A host of new particles have been found in the last half-century. 

Their discovery was made possible for various reasons: (1) methods of 
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measurement became more precise; (2) higher-energy nuclear projectiles 

were available from accelerators; (3) advanced theories of matter and fields 

predicted their existence. Below, we mention and point out the role of only 

a few of these. 

Positron. The positron has the same mass as the electron, but is 

positively charged. Predicted by Dirac in his quantum theory that took 

account of relativity, it was the first example of “antimatter,” a rare and 

unusual substance that has properties opposite to ordinary matter. 

Positrons were first observed by Anderson in 1932 in cosmic-ray studies, 

and_since then many examples of their production in radioactive decay 

have been found. When a positron collides with an electron, both particles 

are annihilated, with two photons of light appearing in their place. In 

reverse, the energy of a gamma photon can be converted into mass of an 

electron—positron pair in a process referred to as pair production. 

Antiproton. Existence of a negatively charged particle like the 

proton had been expected by analogy to the electron—positron relation. 

Only until accelerators of high enough energy were built could a successful 

observation be made by Segré and Chamberlain in 1955. When the 

antiproton collides with the proton, annihilation occurs, giving radiation in 

the form of gamma rays. The antineutron is the opposite of the neutron, 

presumably having the opposite internal-charge distribution. It has been 

conjectured that some stars and planets may be constructed of antimatter, 

which thus might be called “other-world”’ substance. One can imagine the 

catastrophic result of landing a spaceship from the Earth on such planets. 

Neutrino. In the radioactive decay of nuclei that give rise to beta 

particles (electrons), a peculiar discrepancy of energy was noted. The 

simplest illustration is observed in the reaction for neutron disintegration: 

on! — ,H? + _,e° + y° 

The same reaction takes place in 6-decay in many isotopes, where the 
measured kinetic energy of the products is not as large as the mass differ- 
ence between original and final particles. Rather than conclude that the 
law of energy conservation was wrong, Pauli and Fermi proposed a neutral 
particle—the neutrino (“little neutral one”’)—that has zero rest energy, but 
at its speed c has the requisite energy, The neutrino is extremely difficult 
to detect, since it penetrates miles of solid matter without a collision. 
Reactions involving 6-decay are classified as “‘weak’”’ since the forces that 
come into play are far smaller than the binding forces between nucleons. 

Pion. The pion, of rest mass 273 times that of an electron (therefore 
lighter than a proton), was predicted before it was observed. An analogy 
was used. Fermi’s theory of the electrostatic field stated that photons 
were continually emitted and reabsorbed by the electron. Yukawa reasoned 



Particle Matter Antimatter m/Me ee et Se Pa ce a 

Nucleon 

-“ © © © - 
Electron 

Neutrino @) ©@) 0 

Photon @) 0 

Twelve elementary particles 

FIGURE 25-6 

that the nuclear force was due to similar processes employing a meson, 

~ which since has been given the name pi meson or pion. Its escape from and 

capture by a nucleon occurs so rapidly that no energy change is detectable. 

If sufficient energy (135 MeV) is supplied, the pion can be observed. Three 

types are known, positive 7+, negative z~, and neutral 7°, with the latter 

being its own antiparticle. Figure 25-6 shows the particles just discussed 

and the photon. The ratios of their masses to that of the electron are listed. 

Other particles. Among other particles that have been identified 

in high-energy cosmic-ray and accelerator-produced reactions are the mu 

meson or muon, of mass 207 times that of the electron. The negative muon 

uw is a decay product of the pion, according to 

ew —> p+ 7p 

where 7° stands for the antineutrino. The negative muon also disintegrates 

to yield an electron and two neutrinos: 

Fee SE Ce a 

A positive muon is also known. Heavier than protons (2100-2600 electron 

masses) are the xt, sigma, and lambda particles; lighter ones (about 970 

electron masses) are the K-mesons. All properties of these new particles 

(shown in Figure 25-7) are not yet fully known, nor is their exact role in the 

structure or processes of nature. 

In a qualitative sense, the process of “atom smashing” by the 

injection of particles of ever-increasing energy has brought us to our present 

state of knowledge of nuclear structure. The early cathode-ray tube of 

Thomson showed the existence of the electron and its role in ionization and 

the production of light from atoms. Rutherford’s bombardment of matter 

with energetic alpha particles first revealed the existence of a concentrated 

nucleus, and showed that transmutation of elements was possible. The 
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Eighteen other elementary particles 

electron-scattering experiments of Compton and of Davisson and Germer 

led to new concepts of particles and waves. The neutron was discovered by 

Chadwick as a byproduct of the interaction of alpha particles with beryl- 

lium, and later the neutron was found to be the projectile that initiated the 

fisson process. The pi meson (pion) was discovered by Powell as a rare 

component of cosmic rays, and modern high-energy particle accelerators 

now produce pions in large quantities. Antimatter was found to exist by 

the use of a bevatron, an accelerator giving particles energy in the vicinity 

of 6 BeV. The particles of mass greater than that of the proton (Figure 

25-7) were also identified as products of high-energy reactions. 

Some of the questions yet to be resolved are: What is the relation of 

mass and charge? Are heavy particles merely excited states of more basic 

particles? What are the truly basic forces and what is the smallest number 

of conservation laws required to describe all nuclear processes? Exploration 

to give answers continues along two lines. A consistent theoretical explana- 

tion is sought for the roles of the many particles and various types of force. 

According to Gell-Mann, there are only three basic building blocks, named 

“quarks’”’.* At the same time, new accelerators are being planned or de- 

veloped that provide higher energy and more copious numbers of product 

particles. The continued study of the properties of the new rare particles 

and their interactions with matter may well give new insight into the 

structure of the universe. 

25-5 APPLICATIONS OF THE DISCOVERIES 

OF PHYSICS 

The growth of science may turn out to be the most important histori- 
cal characteristic of the twentieth century. The concept has evolved that a 

* From a word in James Joyce’s Finnegan’s Wake. 
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nation’s progress is intimately related to the proportion of its resources 
devoted to scientific investigations. It is noted that many technological 
innovations are the outgrowth or ‘“‘spinoff” of basic research, and that the 
application bears no predictable relation to the subject of study. For 
example, the modern computer is partly the unexpected consequence of 
research on semiconductors. Similarly, the nuclear reactor is partly the 
result of studies on the interaction of neutrons with matter. 

The process of translation of discovery into practicality is still 
underway; we shall illustrate this process by reviewing three interesting 
subjects: cryogenics,* the laser, and nuclear fusion. 

Low-temperature Phenomena 

As discussed in Section 17-1, the resistivity of most metals tends to 

decrease gradually as the temperature is lowered. Qualitatively, this effect 

can be correlated with the reduction in freedom of motion of the electrons 

and-atoms of which the substance is composed. In 1911, Onnes discovered 

that cooling of a mercury wire to the very low temperature of 4.2°K, the 

boiling point of helium, resulted in a sudden remarkable reduction of 

resistivity. It has since been found that below some transition temperature 

T. some alloys have a resistance that is at least 10—!” times that at room 

temperature. For all practical purposes, this is zero, which means that a 

current once started in a wire will flow practically forever. A superconductor 

tends to deflect lines of magnetic field. Also, superconductivity can be 

destroyed by the application of a magnetic field that is as large as some 

critical value @,. Such a field can be produced by the current in the wire 

itself. Adapting relations discussed in Section 7-2, we find that the current 

in a wire of radius r required to achieve a field ®, at its surface will be 

I, = r@-/2ky. The explanation of superconductivity requires the applica- 

tion of quantum mechanics to the motion of electrons and atomic-lattice 

vibrations and will not be attempted here. 
The liquefaction of gases in general is done by an adaption of the 

refrigerator. The gas to be cooled is first compressed; the heat developed is 

removed by a colder liquid surrounding the pipes containing the gas; the 

gas expands which cools it still more, and eventually it liquefies. The 

modern helium cryostat invented by Kapitza produces liquid He by allowing 

the gas to drive an engine, with the heat going to provide mechanical 

motion. Just as steam condenses to water in the steam engine, helium gas 

condenses to liquid helium. 

Very unusual effects appear as liquid He is cooled from its boiling 

point 4.2°K to its \~point, 2.19°K. There, the liquid flows without friction 

through the smallest openings, a phenomena known as superfluidity. The 

substance has gone into a new state, called Helium II. Its ability to flow is 

remarkable. Picture a test tube dipped in He II as in Figure 25-8. A very 

rapid flow along the surface causes the tube to fill until the levels are equal. 

* Greek kryos, ‘‘icy cold.” 



FIGURE 25-8 

Flow of Helium-II at the \-point 

The substance is visualized as actually a mixture of two forms of helium. 

One is the superfluid, composed of He atoms in their lowest energy or 

ground state, the other a normal liquid, consisting of atoms with higher- 

energy levels. The two fluids tend to act independently except that energy 

exchange takes place. The superfluid conducts no heat, since it is already 

at its lowest energy. The two fluids can flow in opposite directions to each 

other. 
There are many present and future uses of superconductivity. 

Magnets containing alloys such as niobium-titanium exhibit no resistance 

heating. Studies are underway on the possibility of using persistent 

currents for memory cores in computers. Other possible applications are 

(1) the creation of very high magnetic fields; (2) motors without friction 

and heating effects due to resistance, thus reaching 100% efficiency, (8) the 

transmission of electricity over great distances without loss. Unfortu- 

nately, it is difficult to reach the low temperatures needed for these pur- 

poses. 

The Laser 

We have seen in Section 19-2 that the forced oscillation of electrons 

gives rise to electromagnetic waves in the radio, television, and microwave 

regions. These are rather pure sine waves that can be emitted in phase with 

each other and travel in a single direction. The wavelengths are limited, 

however, to the order of the physical dimensions of the source, which for 
practical reasons can be no smaller than about 1 mm. On the other hand, 
the shorter wavelength of visible light has a great mixture of frequencies, 
the waves are out of phase with each other (incoherent), and the direction 
of radiation is random, because the light is due to chaotic atomic processes. 
By discovery of the laser (light amplification by stimulated emission of 
radiation), the excellent properties of radio waves have been obtained for 
visible light, opening up a great new field of communication, electronics, 
and research. 

To understand its operation, only one basic quantum idea is needed. 
Visualizing the Bohr atom model, suppose that energy is supplied to an 
atom to raise its electron from ground to a higher state, as in Figure 25-9(a). 
We now send in light of a frequency v corresponding to the energy differ- 
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Atomic reactions in the laser 

ence, as in Figure 25-9(b). The jump back to ground is stimulated to take 

place prematurely. Two photons of frequency v are now available. In the 

laser, a great deal of energy is ‘“‘pumped” into a medium containing many 

atoms. At a certain stage, a photon produced spontaneously can trigger a 

chain reaction of light emissions. It strikes an atom with stored energy, 

giving rise to 2 photons; these strike 2 other atoms and 4 photons result, ete. 

The burst of light is of single frequency. By an ingenious arrangement, the 

other desired features are obtained. A typical laser (Figure 25-10) is 

composed of the gem known as ruby, which is basically aluminum oxide 

containing a few chromium atoms (which give it the red color). The ends 

of a ruby rod, typically + in. thick and 2 in. long, are polished smooth, 

flat, and as nearly parallel to each other as possible. Coatings of silver 

permit light to reflect back and forth inside many times before escaping 

through one partially silvered end. If the chain reaction starts at one end, 

a buildup in number of photons takes place along the length of the rod 

(Figure 25-11). They are reflected at the end and sweep back, stimulating 

Partly-silvered end 

Silvered end Flash lamp 

Coolant 

FIGURE 25-10 Power supply 

Ruby laser 
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FIGURE 25-11 

Cascade of photons in the laser 

other atoms to emit. Out of the partly transparent end comes a wave of 

light that is in phase and is extremely close to being parallel. It spreads 

only about 5 feet per mile—only 345 as much as a searchlight beam. By the 

use of lenses it can be focused to give a spot on the Moon only 2-mi across. 

A laser can act as a super “‘burning-glass.’’ The large power can be focused 

to a spot 0.1-mm wide, giving a density of 100 billion watts per m*, which 

will vaporize any known material. The agreement in phase of all parts of 

the wave is readily demonstrated by putting the two slits of Young’s 

experiment (Section 21-4) almost on the end of the laser. The interference 

pattern is very clear, showing the beam to be highly coherent and parallel. 

There are many possible applications to astronomy, signaling, amplification 

of weak light, induced chemical reactions, and new frequency generators. 

Control of Thermonuclear Energy 

The process of fuston of light nuclei, if it could be made practical, 

could provide the world with power for ages to come. Deuterium from the 

water of the vast oceans could serve as the fuel for the process. The fraction 

of deuterium in the hydrogen of water is small, 0.00015, but on an energy 

basis, 1 gallon of water is equivalent to about 250 gallons of gasoline. In 

terms of the Q-unit of energy, which is 10'8 Btu (or 1.05 X 10?! joules), the 

heat consumed in the world is about 0.1Q per year. The mass of sea water 

is so great that there is enough D, to last for a billion years even at an 

energy consumption of 15Q per year. 

Several nuclear reactions provide a large energy release, as discussed 
in Section 23-3. Those most favorable involve deuterium H?, tritium H3, 
and a helium isotope :He’: 

iH? + iH? —> 1H3 a 1H! fe 4.03 MeV 

1H? + ,H? > .He® + on! + 3.27 MeV 

1H? -+- iH? > oHe4 + on! + 17.6 MeV 

iH? ++ oHe? > oHe! + iH} ob 18.3 MeV 

All of these reacticns can be accomplished on a laboratory scale. Because 
of the electrostatic barrier of a nuclear target, the ions that act as pro- 
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jectiles must have a large energy for there to be a good chance of reaction, 
as mentioned in Section 23-3. One approach is to contain the particles in an 
electrical discharge, where part of the energy of nuclear reaction is used to 
accelerate the particles. The ultimate goal is a continuously operating 
machine that has enough energy left over for useful purposes. There are 
serious losses, however, due to bremsstrahlung (Section 19-2). As electrons 
come within the field of an ion, radiation proportional to the square of the 
acceleration takes place. Only if the temperature is very high, above 400 
million degrees Kelvin, will the energy provided by fusion outweigh the 
energy loss by radiation. 

Realizing that even the most heat-resistant materials disintegrate at 

temperatures of a few thousand degrees, we see the need for nonmaterial 

“containers.” The only possible way to confine ions is by electromagnetic 

forces—i.e., by specially arranged electric and magnetic fields. The latter 

might be provided by superconducting magnets. Recall that charges can 

only move in spiral paths along magnetic field lines, with radii inversely 

proportional to the magnitude of ®. This suggests that by increasing 8, 

the volume of reacting ions can be made as small as desired. 

Imagine a deuterium ionic “gas” or plasma, produced perhaps by a 

strong electrical discharge in which all the neutral atoms have been 

ionized. Collisions of ,;H? particles having energies corresponding to the 

temperature (H = 3kT) result in nuclear reactions that release energy in 

the form of kinetic motion of the products such as ;H*. The latter then 

react further with deuterium, or by collisions share the new energy with 

1H”. There is a tendency for particles to diffuse away from the center of the 

discharge and be lost from the plasma. However, streams of like charges 

moving in the same direction tend to be forced toward each other (see 
Section 5-4), a phenomenon labeled the “pinch effect.”’ This magnetic 

constriction acts to counteract the electrostatic repulsion of charged 

particles. The resulting dense column of ions favors the needed higher 

temperature. 

Ions having any motion other than perfectly straight paths can gener- 

ate opposing and competing electromagnetic fields. Thus an electric 

discharge tends to be very unstable and can “blow up,” which stops the 

reaction just as a wind can extinguish a match flame. The solution of the 

problem of releasing practical thermonuclear energy demands new and in- 

genious concepts of the interaction of particles and a combination of 

external and self-induced electromagnetic fields, in the presence of electro- 

magnetic radiation. If a self-sustaining reaction is achieved, there still 

remains the practical matter of extracting energy in a useful form. 

25-6 THE RELATION OF PHYSICS 

AND TECHNOLOGY 

Recognizing that the science of physics is basic to the understanding 

of natural phenomena and manmade devices, we now wish to describe its 



670 

MAN AND 

THE UNIVERSE 

professional aspects. The processes of discovery, invention, and application 

are considered, along with the views held by the people about their 

profession. The urge to analyze and to classify has resulted in dis- 

tinctions both between kinds of activity and between types of motivation. 

Below, we shall note the conventional description of these various classes, 

keeping in mind that they are artificial, since there is a continuous variation 

of tasks to be done and of personal attitudes. First, we can compare “‘pure’”’ 

physics and ‘‘applied” physics. 

The objective of pure physics is to extend the boundaries of basic 

knowledge by the use of theory and experiment. An example is the 

measurement of the properties of some new particle and the interpretation 

of its role in the structure of matter. Whether the particle is of any 

practical use or not is immaterial to the pure physicist—he regards the 

advancement of knowledge as adequate motivation. Naturally, he would 

be pleased if some material benefit to man resulted from his studies, but he 

is not searching for applications. 

The purpose of applied physics is to develop better understanding of 

mechanisms related to useful processes and devices. Examples are the 

measurements of the characteristics of solids that may lead to improved 

transistors or nuclear reactors or aircraft. Of course, the applied physicist 

would be pleased to make a discovery of fundamental import, but is not 

aiming toward that goal. 

There is an overlap between the two types of scientist in that both are 

motivated by the satisfactions coming from creative effort. The investiga- 

tions of pure science occasionally result in major new applications. A 

classic example is the relativity theory of Einstein that was the forerunner 

of the discovery that mass can be converted into.nuclear energy. Con- 

versely, work directed toward utility occasionally leads to major improve- 

ments in knowledge—the microwaves that were the outgrowth of wartime 

development of radar are widely used for the study of the structure of 

molecules. 

The function of the engineer is closely allied to that of the scientist, 

and in some ways is indistinguishable. The engineer has the goal of design- 

ing and developing practical, reliable, and economically useful devices and 

processes. The technological needs of the consumer and, more generally, 

those of society tend to be uppermost in his mind. In general, the engineer 
is said to use the results of existing scientific information. This stereotyped 
view does not take into proper account the engineer’s use of highly scientific 
techniques, or the abstract studies that often must precede design and 
development. 

Serendipity 

. The role of accident further complicates the relation between the 
various technical investigators. Many discoveries have been unexpected, 
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and in fact unrelated to the objective of the studies underway.* For 
example, Count Rumford was led to the concept that work and heat energy 
were related while watching the process of boring of cannon. While 
casually looking at light reflected from windows, Malus in 1808 discovered 
that electromagnetic waves were polarized by reflection (a process closely 
related to the action of Polaroid sunglasses). Galvani in 1792 discovered 
current electricity by noting the contraction of frog’s legs placed in contact 
with dissimilar metals. Roentgen in 1895 discovered X rays by observing 

that light came from the surface of certain chemicals at considerable 

distance from an electron-accelerating tube. Becquerel in 1896 discovered 

radioactivity while attempting to study X rays, noting that uranium itself 

gave off radiation that affected photographic plates. Although purely 

accidental discoveries are important, it is generally conceded that usually 

it is the combination of a good background and hard work that puts a 

scientist in a position where he can properly interpret unusual observations. 

Such accidents happen only to those who deserve them, as Lagrange said 

of Newton. 

Discoveries may not be recognized as such by the worker. While 

investigating filaments for electric light bulbs, Edison found that the 

introduction of another electrode would permit conduction of current in one 

direction only. He had discovered the principle of the vacuum-tube diode, 

but did not examine the phenomenon further. The credit for the invention 

is given to deForest, who found the effect again, but years later. 

The time lapse between a discovery and its application is closely 
related to the availability of resources and the degree of need for the 

product. For instance, the rocket was invented many centuries ago by the 

Chinese, but it was not until recent times that it was used as a weapon and 

as a vehicle for space flight. Television was technically possible as early as 

the 1920’s, but a waiting period of some twenty-five years elapsed before 

there was a demand for large-scale commercial production. It is a sign of 

our accelerated age that the time between the discovery of a scientific 

relationship and its incorporation into a useful device has grown pro- 

gressively shorter. It required only about five years for the laser to be 

transformed from a laboratory curiosity into a powerful new tool of 

research and industry. 
Finally, it must be noted that the ever-widening scope of man’s 

activities requires the cooperative effort of scientists from all disciplines and 

engineers of every branch, making use of industrial capability and economic 

resources. Major national projects—such as the development of useful 

nuclear energy and the investigation of space—demand every type of 

professional talent available. In the nuclear energy program, there is a need 

for engineers of many types—chemical, electrical, mechanical, metallurgi- 

cal, civil, and biological—as well as for scientists who specialize in physics, 

chemistry, biology, and medicine. In the space program, physicists study 

* The gift of discovery by accident is often labeled “serendipity” after the heroes 

of The Three Princes of Serendip, who often found things they did not seek. 
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the character of radiation in space, doctors test the reactions of the pilots 

of spacecraft, biologists are concerned with possible types of life on other 

planets, and psychologists investigate reactions to weightlessness. Special- 

ists do not yet exist in some subjects—for example, interplanetary law and 

lunar geology. 

25-7 SCIENCE AND SOCIETY 

The tremendous growth of science and technology in the twentieth 

century has brought us a host of devices that reduce the need for manual 

effort, that increase our mobility, and that increase the speed of communi- 

cation. It has provided means for maintaining health and prolonging life. 

Accompanying these benefits to our standards of living are many new 

problems and challenges to society and its technical manpower. Even in the 

United States, which is generally regarded as the wealthiest and most highly 

developed nation in the world, there are many improvements to be made, 

by a combination of scientific study, engineering development, and com- 

mercial and governmental enterprise, led and supported by people who 

seek a better society. A few of the challenges to our ingenuity and humanity 

are now examined in light of our technical capabilities. 

The decay and congestion of the cities. The transition from an 

economy based on farming to one based on industry has followed the 

mechanization of agricultural processes. The consequence has been mass 

migration to cities, resulting in overcrowding, inadequate housing, sub- 

standard employment conditions, overloaded transportation systems, and 

problems of air and stream pollution by wastes. The renovation of the 

cities is possible with the help of ingenious manufacturing and construction 

techniques, careful community planning, and adequate economic support. 

Unemployment accompanying automation. Ever since the 

advent of the Industrial Revolution, there has been a temporary displace- 

ment of workers accompanying the installation of new labor-saving ma- 

chinery. It has been repeatedly demonstrated that more jobs eventually 

became available, because of economic expansion and the need for in- 
creased service functions. No one knows whether or not this process of 
accommodation to change will persist indefinitely, especially with the rapid 
adaption of computer techniques. The matter is of much concern to 
organized labor, to industrial management, and to government. Solutions 
appear to include the introduction of new industry in depressed areas, 
massive organized retraining programs, the acceptance of shorter working 
days or weeks, or earlier retirement, with the expansion of commercial 
activities geared to increased leisure time. 

The depletion of natural resources. The history of man’s care- 
less exploitation of his environment is familiar to everyone. The indis- 
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criminate destruction of the forests, the plowing of the prairies, and the 
exhaustive cultivation of the soil resulted in the drought and duststorms 
of the Midwest in the early part of this century. The complete extinction 
of the passenger pigeon and near-disappearance of the American bison are 
well-known facts. The profligate use of irreplaceable coal, oil, and natural 
gas is believed by many to foretell serious future shortages of natural 
materials. The substitution of nuclear fuels such as uranium and thorium 
for fossil fuels has the effect of greatly stretching out the time span before 

energy resources are exhausted, and permits the conversion of fossil 

materials into vitally needed chemicals. Even the use of nuclear reserves 

in the crust of the Earth requires control, since the only natural fissionable 

isotope U** constitutes less than 1 per cent of all uranium, and since the 

cost of fuel increases as the readily-available deposits are depleted. It is 

necessary to pursue actively the development of practical breeder reactors 

for conversion to useful form of the inert isotopes U2*8 and thorium yet 

available. The practicality of widespread use of the energy of sunlight has 

yet-to be demonstrated, but the potential yet exists for harnessing the same 

nuclear fusion processes in terrestrial machines. The waters of the Earth 

would contain an almost inexhaustible source of deuterium as fuel for 

thermonuclear devices, if and when they are developed. A nominal effort 

is now being devoted to research toward such devices, on the grounds that 

much yet remains to be learned about the basic processes before develop- 

ment is attempted. 

The needs for food and water. The absolute minimum require- 

ment for human subsistence is an adequacy of food and water. These are 

related, of course, in that the growth of plants or animals for food depends 

on water supply. Only in the last century has agricultural and commercial 

fertilizer machinery been used on a large scale to provide an abundance of 
food in America, and many areas of the world still employ primitive farming 

methods. Inadequate distribution systems for water and the growing needs 

for agricultural, human, and industrial consumption conspire to create a 

growing problem, compounded by inadequate control of purity in streams 

and lakes. Water is abundant in many areas of the world, and the sea is an 

inexhaustible source, if only salt could be removed. Solutions of the prob- 

lem include the development of mammoth diversion and distribution 

systems; economical methods for desalinization of sea water, including the 

likely use of nuclear energy; and careful control of wastes. 

The information explosion. The increased emphasis on scientific 

investigation in the twentieth century has resulted in the phenomenon 

called the “information explosion.’’ New discoveries lead to more powerful 

research tools, which collect data of greater scope and extent. These in turn 

lead to a deeper knowledge of life processes, our environment, and of 

manmade products and devices. Our standard of living is greatly enhanced 

by the commercial application of such information. The finiteness of man’s 

available time and capacity to absorb and retain knowledge has caused 
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scientists to become more highly specialized in their work, to the point that 

communication is limited to a single group of experts in each field. Also, the 

number of years devoted to preparation for a professional career tends to 

increase, and the amount of information to be gained requires a more 

intensive effort. The rapidity with which the technological world changes 

requires that education of all workers be continuous rather than terminat- 

ing with the formal study period. A solution of these problems may well lie 

in the greater use of the technical developments themselves, such as a 

combination of telecommunications—telephone, radio, and television— 

with the power of the high-speed electronic computer to store, manipulate, 

and analyze information. 

The inequitable distribution of progress. During the period 

of rapid technological development, there has been an uneven distribution 

of the fruits of scientific discovery and application throughout the world, 

such that only part of the nations have benefited significantly. In most of 

South America, Asia, and Africa, the standard of living of the people has 

been little improved, and the gap between conditions in advanced and 

developing countries tends to widen. Factors that have hindered progress 

are the lack of knowledge, of financial resources, and of the will to change. 

A solution appears to be possible only through a deliberate effort on the part 

of “have’’ nations to assist ‘have-not’’ nations to break the cycle of defeat. 

The population explosion. <A problem that is believed by many 

to overshadow all others is the phenomenal rise in world population in 

recent years. Throughout history, disease and famine have kept down the 

rate of population growth, but the advent of modern drugs and sanitation 

practices have greatly reduced infant mortality and increased life ex- 

pectancy. As a result, the world population is increasing at a rate faster 

than technical advances can be assimilated to provide adequate food and 

standards of living. It is possible that new discoveries may change this 

relation, but many people are convinced that the only answer is planned 

parenthood based on birth control. This solution is very complicated on an 
international basis because of the many factors that must be considered— 
technical, educational, economic, political, religious, and cultural. 

The threat of nuclear warfare. The discovery of nuclear weapons 
that have the potential to annihilate all of mankind has led to a pervading 
sense of fear, and to many a sense of futility. One approach to the situation 
is to provide full physical protection against radiation and blast accompa- 
nying a nuclear attack. Although this is feasible if a sufficient fraction of 
national wealth is allocated to such construction, the strategic and psycho- 
logical consequences are unknown. It is debatable whether defense or 
retaliatory systems serve as a deterrent or a stimulus for another nation to 
act, and whether or not their existence is beneficial to the spirit of the 
people. International agreements to avoid the use of nuclear weapons can 
be sought, to provide some assurance of safety. Ultimately and ideally, it 
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is through the development of fullest understanding and good will among 
nations that the hazard can be eliminated. 

Technology in the future of society. Every new discovery, 
invention, and technical development opens up the possibility of further 
improvements in man’s condition in two ways. First, the new knowledge 
and equipment is available for application to the accumulation of additional 
information on control of the environment. Second, opportunities are 
provided for increased economic strength to exploit material resources. 
We now have the power to accomplish almost any technical feat if we 

choose to devote sufficient manpower, time, and money to its achievement. 
Evidence for the truth of this concept has come from the rapid application 

of new discoveries. Examples are the dominance of automobile and air 

transportation, the universality of television in the home, the advent of 

nuclear-fueled electrical plants, the essential elimination of polio as a 

disease, and the amazing accomplishments in space exploration. It is 

believed that the question is not one of feasibility, but one of choice as to 

which are the preferable objectives. 

All problems, challenges, and opportunities that face the world today 

have technical aspects of great complexity, but more important are the 

underlying human factors of physical and spiritual need and aspiration. 

The necessity for communication, understanding, and cooperation is 

evident at every level of our society—between persons, communities, and 

nations. To accomplish the task of adjustment to new realities, followed 

by progress toward the goals within our reach, the best efforts are needed 

from all segments of our society, including scientists, engineers, industri- 

alists, teachers, ministers, and political leaders, as well as the general public. 

Such responsibilities can be met through understanding, capability and 

willingness to make decisions, and creative action, by citizens and leaders 

who have appreciation of both the inherent technological implications and 

the fundamental cultural and human values. In this era of increased 

specialization, the demands to broaden our horizons of thought are ever- 

increasing. The adjustment to the changing world—indeed, survival 

itself—depends on our success. Most of us believe, however, that man can 

do more than exist, and has the potential of developing toward a state of 

perfection. We can look hopefully toward a near-utopian civilization in 

which man is no longer subject to the uncertainties of his environment and 

has become master both of his world and himself. 

PROBLEMS 

25-1 Estimate the deflection of a 1-MeV photon as it traverses a space- 

craft of diameter 2 m, under 3-g acceleration. 

25-2 Show that the fractional changes in the frequency of light Av/v due 

to the gravitational red shift are (a) gz/c? for small displacements z near the 

Earth’s surface; (b) k¢Ms/Rsc? for photons coming to us from the Sun’s 

surface. 
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25-3 Using the masses (in atomic-mass units; 1 amu = 931 MeV) of the 
H atom, the neutron, and the deuterium atom—respectively 1.007825, 

1.008665 and 2.014102—find the energy release when a neutron is captured. 

25-4 How many tons of hydrogen fuel per year would supply the world’s 

heat needs of 0.1Q per year if the reaction 4 1;H! — »He* + 2_,e° + 26.7 

MeV could be used? 

25-5 Find the ratio of initial mass to final mass for a relativistic rocket 

with speed V = 0.3c and propellant speed v, = sc. 

25-6 Compare the Earth time and plane time in a flight of 3000 mi across 

the U.S. at 600 mph. 

25-7 Compute the energies, in MeV, of the neutrinos emitted on decay of 

the pion z— and the subsequent decay of the muon yu-, assuming that the 

two from the latter are directed oppositely. 
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678 A PHYSICAL CONSTANTS * 

Eo (For many calculations three significant figures are sufficient.) 

Speed of light, c 2.997925 X 108 m/sec 

Avogadro’s number, Na 6.02252 < 107 /kmole 

Electronic charge, e 1.60210 X 10-* C 

Electron rest mass, ™e 9.10908 « 10-2 kg 

Proton rest mass, 7p 1.67252 X 10-” kg 

Neutron rest mass, 7%n 1.67482 K 10-7 kg 

Planeck’s constant, h 6.62559 103" J-sec 

“ Here 1.054494 x 10-* J-sec 
20 

Energy of 1 atomic-mass unit (amu) 931.478 MeV 

Energy of electron mass 0.511006 MeV 

Bohr orbit, Ri = ne Se ilay Se ee m 
me 

Stefan—Boltzmann constant, o 5.6697 X 1078 W/m2-(°K)4 

Boltzmann’s constant, k 1.388054 X 107% J/°K 

Gas constant, R 8.31434 X 108 J/°K-kmole 

Bohr magneton, po = oe 9.27382 X 10-* A-m? 

Volume of kilomole of gas, Vo 22.4136 m'’/kmole 

Faraday constant, F = Nae 9.64868 X 10? C/kmole 

Rydberg constant, ® 1.0967759 X 107 m7 

(hydrogen) 

*E. R. Cohen and J. W. M. Du Mond, Reviews of Modern Physics, October, 
1965, p. 590. 
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A 

activity, d/sec 

a constant 

area, m? 

amplitude, m 

a 

acceleration, m/sec? 

semimajor axis of ellipse, m 

a distance, m 
B z 

binding energy, J or MeV 

B 

magnetic induction field, N-sec/C-m or Wb/m? 

b 

semiminor axis of ellipse, m 

Cc 

circumference, m 

heat capacity, keal/°C 

electrical capacitance, C/V or F 

a constant 

c 

specific heat, kcal/kg-°C 

speed of light, m/sec 

torsion constant, m-N/rad 

a constant 

c 

“centi-” (prefix) 

D 

diameter, m 

a distance, m 

diffusion coefficient, m?/sec 

electric displacement, V/m 

d 

distance, m 

E 

a modulus of elasticity 

energy, J 

E, potential energy, J 

E,, kinetic energy, J 

& 

electric field, V/m or N/C 

e 

electronic charge, C 

base of natural logarithms, 2.718... 

“electron” (subscript) 
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PF 

force, N 

F-number 

f 
a function 

a fraction 

focal length, m 

G 

“oravitational” (subscript) 

5 
gravitational field, N/kg 

g 

acceleration of gravity, m/sec? 

H 

a height, m 
“half” (subscript) 

5 

magnetizing force, A 

h 

height, m 

Planck’s constant, J-sec 

intensity of radiation, W/m?-sec 

moment of inertia, kg-m? 

electrical current, A 

a 

current density, A/m? 

et 
“index” (of one of several items—subscript) 

J 

particle current, sec 

rate of radiation per unit area, J/m-sec 

j 
a particle-current density (m*-sec) 

K 

force constant, N/m 

k 

“kilo-” (prefix) 

propagation constant, m7! 

Boltzmann’s constant, J/°K 

Einstein’s [1 — (V/c)?]-1? 

a constant, such as ke, kz, and ku 

“kinetic” (subscript) 

L 

angular momentum, J-sec 
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heat of change of state, kcal/kg 

l 

a length, m 

M 

mutual inductance, ohms 

mass of an object, kg 

dipole moment—electric, N-m?/V; magnetic, N-m’/Wb 

m 

mass of an object, kg a = 

“milli-” (prefix) 

N 

torque, m-N 

number of atoms per unit volume, m~* 

number of turns of wire 

number of particles in a sample 

Na 

Avogadro’s number, (kmole)™ 

n 

number of particles per unit volume, m~ 

number of turns of wire per unit length, m™ 

a quantum number 

“neutron” (subscript) 

index of refraction 

n 

“nano-” (prefix) 

P. 

power, W 

pressure, N/m? 

polarization 

Pp 
“potential” (subscript) 

“proton” (subscript) 

momentum, kg-m/sec 

object distance, m 

“photon” (subscript) 

pole strength 

relative permeability 

p 
“nico-” (prefix) 

Q 
amount of charge, C 

amount of thermal or nuclear energy, J 

q 

amount of charge, C 
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a radial distance, m 

resistance, ohms 

gas constant per mole, keal/°K-kmole or J /°K-kmole 

R 

Rydberg constant, m™ 

range of particles, m 
TL? 

central-force constant, aa 

i 

radial coordinate, m 

rate of discharge, kg/sec 

resistance, ohms 

S 

entropy, kcal/°K or J/°K 

surface area, m? 

s 

arc or path length, m 

fe 

temperature, °F, °C, or °K 

period, sec 

t 

time, sec 

thickness, m 

U 

internal energy, kcal or J 

U 

speed or velocity, m/sec 

V 

potential or potential difference, V 

speed or velocity, m/sec 

v 

volume, m® 

speed or velocity, m/sec 

Ww 

work, N-m 

a weight, N 

work function, eV 

w 

a weight, N 

thermodynamic probability 

x 

a distance, m 

a 

coordinate, m 
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7] 

coordinate, m 

Z 

impedance, ohms 

z 

coordinate, m 
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a (alpha) 

coefficient of linear thermal expansion, (°C) 

an angle, rad or deg 

angular acceleration, rad/sec? 

B (beta) 

coefficient of volume thermal expansion, (°C) 

an angle 

7 (gamma) 
: C. 

ratio of specific heats, 

a constant 

an angle 

5, A (delta) 

a difference or change 

an angle 

€ (epsilon) 

emissivity 

eccentricity 

efficiency 

permittivity 

n (eta) 
viscosity coefficient, kg/m-sec 

number of neutrons 

6 (theta) 

angular coordinate 

x (kappa) 
thermal conductivity, J/m-sec-°C 

dielectric constant 

d (lambda) 

wavelength, m 

mean free path, m 

be (mu) 
“micro” (prefix) 

attenuation coefficient 

micron 

coefficient of friction 

mobility, m?/V-sec 

permeability 

pv (nu) 

frequency, sec 

Poisson’s ratio 

w (pt) = 3.14159... 

p (rho) 
mass density, kg/m? 



685 charge density, C/m? 

Appendix B resistivity, ohm-m 

o (sigma) 

electrical conductivity, A/V-m or (ohm-m)- 

cross-section, m? 

surface-charge density, C/m? 

> (sigma) 

summation symbol 

T (tau) 

a time constant, sec 

(phi) 
an angle 

® (phi) 

flux 

x (cht) 
compressibility, m?/N 

susceptibility—electric or magnetic 

W (pst) 

quantum-mechanics wave function 

w (omega) 

angular speed, rad/sec 



C ATOMIC WEIGHTS 

(Based on the atomic mass of Cl” as 12) 

ATOMIC ATOMIC ATOMIC ATOMIC 

NUMBER NAME Sympot WEIGHT NUMBER NAME SymBoL WEIGHT 

ia ee ee 

1 Hydrogen H 1.00797 53 Iodine I 126.9044 

2 Helium He 4.0026 54. Xenon Xe 131.30 

3 Lithium Li 6.939 55 Cesium Cs 132.905 

4 Beryllium Be 9.0122 56 Barium Ba 137.34 

5 Boron B 10.811 57 Lanthanum La 138.91 

6 Carbon Cc 12.01115 58 Cerium Ce 140.12 

7 Nitrogen N 14.0067 59  Praseodymium Pr 140.907 

8 Oxygen O 15.9994 60 Neodymium Nd 144.24 

9 Fluorine F 18.9984 61 Promethium Pm [145] 

10 Neon Ne 20.183 62 Samarium Sm 150.35 
11 Sodium Na 22.9898 63 Europium Eu 151.96 

12 Magnesium Mg 24.312 64 Gadolinium Gd 157.25 
13. Aluminum Al 26.9815 65 Terbium Tb 158.924 
14 Silicon Si 28.086 66 Dysprosium Dy 162.50 
15 Phosphorus 12 30.9738 67 Holmium Ho 164.930 
16 =©Sulfur N) 32.064 68 Erbium Er 167.26 
17 Chlorine Cl 35.453 69 Thulium Tm 168.934 
18 Argon A 39.948 70 Ytterbium Yb 173.04 
19 Potassium K 39.102 71 Lutetium Lu 174.97 
20 Calcium Ca 40.08 72 Hafnium Hf 178.49 
21 Scandium Se 44,956 73 Tantalum Ta 180.948 
22. Titanium Abi 47.90 74 Tungsten W 183.85 
23 Vanadium V 50.942 75 Rhenium Re 186.2 
24 Chromium Cr 51.996 76 Osmium Os 190.2 
25 Manganese Mn 54.9380 77 ~=Iridium Ir 192.2 
26 ~=Iron Fe 55.847 78 Platinum PE 195.09 
27 Cobalt Co 58.9332 79 Gold Au 196.967 
28 Nickel Ni 58.71 80 Mercury Hg 200.59 
29 Copper Cu 63.54 81 Thallium aM 204.37 
30 =Zine Zn 65.37 82 Lead Pb 207.19 
31 Gallium Ga 69.72 83 Bismuth Bi 208.980 
32 Germanium Ge 72.59 84 Polonium Po 210 
33 Arsenic As 74.9216 85 Astatine At [210] 
34 Selenium Se 78.96 86 Radon Rn 222 
35 Bromine Br 79.909 87 Francium Fr [223] 
36 Krypton Kr 83.80 88 Radium Ra 226 
37. ~=Rubidium Rb 85.47 89 Actinium Ac 227 
38 Strontium Sr 87.62 90 Thorium Th 232.038 
39 Yttrium Y 88.905 91 Protactintum Pa 231 
40 Zirconium Zr 91.22 92 Uranium U 238.03 
41 Niobium Nb 92.906 93 Neptunium Np (237)T 
42 Molybdenum Mo 95.94 94 Plutonium Pu (239) 
43  Technetium Te [99]* 95 Americium Am (248) 
Ad Ruthenium Ru 101.07 96 Curium Cm (244) 
45 Rhodium Rh 102.905 97  Berkelium Bk (249) 
46 Palladium Pd 106.4 98  Californium Cf (252) 
47 Silver ; Ag 107.870 99 Einsteinium Es (258) 
48 Cadmium Cd 112.40 100 Fermium Fm (257) 
49 Indium In 114.82 101 Mendelevium Md [258] 
50 Tin Sn 118.69 102. + Nobelium No [255] 
51 Antimony Sb 121.75 103. Lawrencium Lw [263] 
52. Tellurium Te 127.60 104 [261] 
— eee 

all ]= atomic weight of most stable artificial isotope. 
tat ) = atomic weight of most abundant artificial isotope. 



687 D DERIVATIONS IN THE SPECIAL THEORY 

Appendix D OF RELATIVITY 

Some of the mathematical manipulations involved in Einstein’s 
special theory, Sections 3-4, 4-7, 8-7, and 12-4, are collected here for refer- 
ence. 

The Coordinate (Lorentz) Transformation 

The linear relations between coordinates proposed by Einstein are 

«= k(X + VT) 

X = k(x — Vt) 

Divide the first equation by T and the second by ¢ to obtain 

x ix 

To KF + v) 
xX x x= KF - v) 

Measurements of the speed of light in each of the two frames of reference 
give the same value, C = c. Then introduce x = ct and X = cT' and mul- 
tiply the equations together: 

ct cP _ ip és Tt = k?(c + V)(c — V) 

Simplifying, 

cs 
2 ee 7, 

or 

rt goer Se te 
V1 — (V/c)? 

The Velocity Transformation 

Let the speeds of an object as observed from the plane and ground be 

U = X/T and u=2/t, respectively. In the first of these, insert the 

Lorentz transformation equations 

X= he V1) 

Va p= (i 2) 
Thus 

x—Vt 

lie Va 
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Solve for 

Doppler Effect for Light 

The observed frequency of light emitted by a moving source is 

derived using relativistic ideas. The light reaching an observer from an 

approaching object such as a jet plane (used as an example in Sections 3-4 

and 4-7) appears to be a wave of the form 

sin Ex (e+ ct) | 

that is, moving in the negative z-direction, while the plane as a source 

describes it as 

sin Ex (X + 7) | 

It is the same light in reality, and the wave expressions must be the same. 

Thus 

vo(x + ct) = v(X + cT) 

Insert the Lorentz transformation 

X=he+vo, T=Ke+ 72) 

where k = (1 — V?/c?)—? and the sign before V is positive since the plane 

is moving in the negative x-direction. For a perfect match, coefficients of 

x and ¢ must be equal on both sides of the equation. A little algebra shows 

that the ratio of observed and source frequencies is 

Me VI+V/e 
% V1—V/c 

Relativistic Formulas 

A set of formulas that allow one to work back and forth between phy- 
sical quantities is listed for reference. For example, Z is given in terms of 
Ei, by ii, - moc?. 
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E PARTICLE TRANSPORT 

A formula for the rate of flow of particles in a gas is developed. 

Visualize, as in Figure A-1, a plane unit area across which flow is to be 

found. A particle of speed v that collides at P has a chance e~"*" of reaching 

the plane without making another collision, and a chance ee of being 

aimed correctly. Now, in a volume AY, if the particle and target-number 

densities are respectively n and N, and the cross-section for their interac- 

tion is , then the rate of collision in that volume is nvuNoAV. Each of the 

Flight of 
particle 

Unit area 

FIGURE A-1 

scattered particles experiences the chances listed above. Assume that n 

varies only in the z-direction, so that all particles originating in a small 

ring-shaped volume (Figure A-2) 

AV = (rAé) (Ar) (277 sin 6) 

behave similarly. Finally, if the mean free path is short, most of the 

particles crossing the area come from near the plane, and linear variation 

of n can be assumed, n(x) = mo + nox, where np and no are respectively 

Volume AV 

FIGURE A-2 
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the number density and its slope at the origin. Combining all these 
relations and adding up contributions from all of the space above the 

plane, the number of particles per second per unit area that flow in the 

negative x-direction is obtained. Using integral calculus 

4a? 

C) a/2 C rf) 

ie / . i = (no + nor cos 6) (vNo) (rdé) (dr) (27 sin a)( os Jerver 

which reduces to 

A similar derivation shows that for the flow in the positive x-direction the 

sign between terms is negative. Thus the net current 7 is 

5 ee 
J+ jJ- = 3No 

Since \ = 1/No and no = dn/dz, we obtain 

which is the derivative form of the expression in Section 16-3. 
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F ELECTROMAGNETIC WAVES 

A demonstration that waves are consistent with the principles of 

electromagnetism is provided. Assume that the electric and magnetic 

fields point in the z- and y-directions, respectively, and are governed by the 

equations of a wave propagated in the z-direction: 

& = & sin (kz — at) 

B® = Bo sin (kz — ot) 

Faraday’s law, discussed in Section 7-4, could be written in terms of the 

circulation of &: 

For the loop around which & is summed, select a rectangle in the z-z plane 

of any height h and base Az, lying along the z-axis, as shown in Figure 

A-3(a). Also shown is the form of the electric wave at an instant. As one 

proceeds around the loop, the fields cancel except for the small difference 

A&, and thus the circulation reduces to hA&. Now, the magnetic field @ is 

perpendicular to the loop, with area hAz, and thus the flux is ®hAz. Apply- 

ing Faraday’s law yields 

By analogy with the relation of position x and speed Ax/At, form 

AB A& 
ats = — Bow cos (kz — wt) and Non Sok cos (kz — wt) 

Thus 

Sok = Bow 

However, since k = 27/\ and w = 2mv, where the speed of the electro- 
magnetic wave is c = )y, the ratio of amplitudes of the electric fields is 

Next, turn to Ampeére’s law as generalized by Maawell, involving the 
circulation of ® (Section 7-3). When there are no true currents, as in free 
space, 

_ ky Abs 
Oa ese 7 

The loop around which ®& is summed is taken to be a rectangle in the y-z 
plane, height h, base Az along the z-axis, as shown in Figure A-3(b). The 



(=) 

<< 

i=) 

(a) Use of Faraday’s law 

FIGURE A-3 

(b) Use of Ampére’s law Derivation of electromagnetic relations 

circulation of the magnetic field is —hA®, while the electric flux is &hAz. 
Applying Ampére’s law, 

AB _ _ky AE 
Az ~—s ig At 

Now, A@/Az = Bok cos (kz — wt) and A&/At = —&w cos (kz — wt), so that 

Bok = ky Sow 
ky 

However, &/®9 = c and w/k = c, and thus 

that is, the speed of light is the square root of the ratio of the electric and 

magnetic constants of proportionality. Inserting numbers yields 

eS A 
san 1077 = 3 X 108 m/sec 

in agreement with the measured speed of light in free space. 
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G ANSWERS TO SELECTED PROBLEMS 

1-2 

1-4 

1-5 

1-8 

1-10 

1-14 

1-17 

1-18 

2-1 

2-3 

2-6 

2-9 

2-11 

2-12 

2-15 

2-17 

2-20 

2-21 

2-23 

3-1 

3-3 

3-6 

3-7 

3-9 

3-12 

8.64 X 10": 3.16 X 10” 

ill S< i 

1.45 X 10" kg/m; 5.23 X 10” lb/in.? 

16 lb 

ADO xe 102 

Gell Sx LO 

VE 25.8 X 10° mi; ME 48.8 X 10° mi 

Ose 

3:35 min 

2.57 sec 

200, 3.46 X 107m 
—31.2 ft/sec?; 4.82 sec 

159 ft, 3.12 sec; 101 ft/sec 

1.75 X 107 rad/sec, 1.46 X 1074 rad/sec; 2.8 X 104 m/sec, 

1.75 X 10 m/sec 

800 mi/hr, 200 mi/hr; 400 mi/hr 

195 mi; 31.5 deg 

7.34 X 104 mi/hr; 1.88 & 107? ft/sec? 

24.2 ft/sec; 0.76 

788 m/sec? 

2.99793 X 108 m/sec; 0.000002 X 108 m/sec; 0.00002 < 108 m/see 

—0.0001, —0.0001, —0.01; —0.01, —0.009, —0.9; —8.1, —0.81, —81 

1.55 X 1077; nonrelativistic 

11 ft 

4.32 sec 

3 yr 

2.4 X 104 kg-m/sec, 4.2 X 104 kg-m/see; 1.8 X 104 kg-m/sec; 

4.5 X 10° N 

5.389 X 107 m/sec? 

1000 m/sec; 2.60  10-* m/sec?; 1.92 K 10” N 

5900 N; 1.80 m/sec? 

wv h(2r — h)/(r — h) 

2.06 X 104 N 

216 lb 

They accelerate upward the same; 827 N 

71.4 ft/sec? 

4.73 X 10; 2.76 K 107° m 

1.93 lb/ft®; 0.031 

1.08 tons 

1660 lb 

1.22 m 



695 

Appendix G 

2.04 & 107 ke; 6.11 & 10-2! ke-m/sec 

1.45% 

0.90; 22,800 mi 

1/3% 
6.82 X 1077 N 

600 ft 

5.74 X 10% C; 6 X 10° kg 

0.118 m 

3 X 108 m/sec 

OZ alm, 

44,700 ft 
1.4 hr 

5.1 XK 104 m; 204 sec; 3.5 X 10° m 

r= y | (5 - 1); 0.152 m 

24.9 m/sec 

0.07 

0.27 

6.1 N/kg 

9.56 N/kg 

830 N/C 

5.4 X 10 N 

216 KOEN (C 

46 deg from z-axis; 6.08 X 10% N/C 

8.64 X 10-*/R?; 5.4 X 101° N/C 

1.58 K 10? N/C 

1.88 & 10% N/C 

0.686; 120 deg from x-axis 

(Hes 2¢ IO)? 

proton 2.09 & 108 m; alpha 4.18 10% m 

1.41 X 10° N; ratio 1.8 x 10 

5.21 cm 

0.10 cm 

8.0 X 10° A/m?; 500 C, 3.1 * 10 

a6% 104 N 

1:25 % 107 CP 7.8 X10? 

1.91 A 

Toward the wire 

4.1 cm 

0.02 x 10" C/kg (high) 

2130 ft-lb 

5.88 X 10° J 

1.88 X 10~* J; 532 



696 8-8 WPA e AMVs | 

appenvices 8-10 — 4.35 X 10° J; — 27.2 eV 
8-12 420 m 

8-14 980 J; 2 
8-18 5.9 X 10° m/sec; 0.2% 

8-19 9000 V 

8-21 —52.7 V 

8-23 1.30 X 109 J, 361 kWh; 1.23 X 10° Btu 

8-25 2.55 X 107 m 

8-26 24.9 m/sec?; 59.6 km/sec 

8-28 1.05 X 104 lb 

8-30 0.558 hp; 896,000 cal; 45% 
8-32 1.76 X 10° ft-lb/sec; 3.20 X 10° hp; 2.39 X 10° kW 
8-34  —40°F, —40°C; 11.4°F, —11.4°C 
8-36 047°C 
8-40 5.63 X 10-' J; 0.0352 eV 
8-42 3.0 eV 
8-43 1.57 X 10" J 
8-44 400 ke 
8-47 5.16 yr 
8-48 1.5 X 107° J, 9.4 X 108 eV; 3.4 X 10 J, 2.1 X 10" eV 
8-51 7.5 X 10” 

9-2 ball 10 ma 

9-5 0.0520 nm from H-H band 

9-7 1.67 grams high 

9-10 2.5 m; no 
2 

9-12 6 = tant (&)s Ami) deg 
9-14 2.96 X 10 kg-m? 

9-16 4MR? 

9-18 450 N-m; 3750 N 

9-20 21.1 ft-lb 

9-21 7.86 X 108 lb-ft 

9-26 51.4 ft-lb 

9-27 105 rpm 

9-28 1.0 rad/sec? counterclockwise 

9-29 2.0 rad/see 

9-31 85 N-m; 1700 N; 382 Ib 

9-33 4.08 X 10 Wb/m? 

9-36 7.18 X 10% kg-m?/sec; 4.832 X 10-? C/kg; 1.1 x 10” 

10-1 2.92 m/sec 

10-4 1640 

10-6 0.005 m 

10-8 18 J 

10-11 1110 kg/sec 
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10-12 

10-13 

10-17 

10-18 

10-20 

10-23 

10-25 

10-27 

10-32 

10-33 

10-36 

10-37 

10-38 

10-39 

11-2 
11-5 
11-7 

11-10 

11-13 

11-14 

11-17 

11-20 

1]-21 

11-23 

11-25 

11-28 

11-31 

11-32 

11-34 

11-36 

11-37 

11-40 

11-42 

12-1 

12-3 

12-5 

12-6 

12-9 

12-11 

12-13 

12-14 

12-16 

0.632 

0.252; 0.48 mo 

102 mi/hr, 8 mi/hr; 50.9 mi/hr, 4.1 mi/hr 

0.0022 

1.52 X 10’ m/sec; 2.75 X 10° m/sec 

Ratios of final to initial neutron energy 0.64 for Be, 0.11 for H? 

2.28 X 10-* kg-m/sec; 9.7 X 10% m/sec 

6 mv 

“ML 
4.75 hr 

14.5 deg; 3870 mi/hr 

~~ 2.52 X 10” ke-m?/sec 

Hyperbolic; 3.6 < 10” kg-m?/sec 

1.53 X 1071* see 

8.56 X 108 mi?/sec 

2.83 

—6.99 m/sec; 2.1 sec later 

7.96 cps 

“ 

8 
4.94 X 10-* N-m/rad 

0.83 sec 

0.065 Wb/m? 

2.96 X 10! N 

4.26 sec 

9.91 m/sec?; 0.13 m/sec? 

0.0622 m; 0.26 mm 

9.78 m/sec? 

5.54 sec 

3.23 cps 

536 N/m; 1.28 < 10" eps 

83.3 m; 377 rad/sec; 0.0754 /m 

1.43 X 10° eps 

39.6 m/sec 

17.9 m/sec; 19.9 eps 

11.4 m, 0.0214 m 

d Z -$) 2A cos 9 sin (a kz 9 

3750 cps 

20; 540, 560 

0.00054 sec; 465 sec; 29.3 sec 

3.7 

Error 0.3% 

3.10 kg 

140 eps 
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12-20 

12-21 

12-23 

12-25 

12-27 

12-29 

12-31 

13-1 

13-5 

13-7 

13-9 

13-11 

13-13 

13-15 

13-17 

13-18 

13-22 

13-23 

13-27 

13-28 

13-31 

13-34 

13-36 

14-2 

14-4 

14-5 

14-7 

14-9 

14-12 

14-15 

14-17 

14-19 

15-1 

15-3 

15-5 

15-7 

15-9 

15-11 

15-14 

15-15 

15-19 

15-20 

16-1 

20; 49, 9, 31; 38, 2, 42; ete. 

882 cps 

780 cps, 1800 cps, 1560 eps, ete. 

1330 cps, 385 cps 

6.0 min 

6.36 X 10° m/sec 

37.8 eV, 151 eV 

Doe LON 

3.0514 10 cm 

0.36 in. 

278°C 

1.4 deg 

1.44 X 1077 m®; 1.44 X 1077 m?; 1.19 X 10° N 

1.37 atm; 2.69 X 10% /m? 

0.765 m; 0.28% 

20.6 km 

0.57 cm 

0.008%; 2.9¢ 

25.5 N; 0.51 m/sec?; 3.44 sec 

2.77 ft/sec; 34.6 ft/sec; 42 lb/in.? 

1.08 kg/m; 6.12 km/sec; 1.62 X 10° N 

0.1 cal/g-°C; iron 

1.29 X 104 kg 

1.24 X 10-* J; 0.78 eV; 8.62 X 10* m/sec 

9X 104 J; 1.5 * 104-°K: 4.2 % 10? m/sec 

4,23 atm; 3.23 atm 

3.83 X 10” /sec 

7.8% 10727.6 3 10" 

3100, 650 J/kg-°C 

2652; 1892 

2200 m/sec 

0.00523 

8.0 X 104 J; 5.08 x 104 J 

0.040 

2.08 X 10! J/°K, 4.96 keal/°K; 2.94 X 104 J/°K, 6.94 keal/°K 

10 to the power (—7 X 10”) 

420 

0.268; 0.268 J 

Increasing; drops to 0.242 

32.7 lb/in.?; 588 J; 7.95 em 

C19 X 1050 

1kW 

3.11 X 10-® m?, 1.63 X 107 m; 1.63 X 107 m 



699 16-3 1.73 X 10”/m!; ratio 6.4 X 1078 
Appendix G 16-5 111 see 

16-7 2.25 X 103/V-m-sec 

16-8 0.06 m?/V-sec; 1.87 X 10 sec 

16-10 1.12 X 107 m?/V-sec; 125 m/sec 

16-11 Ratio 1:9 

16-13 1.85 J/sec 

16-16 20°C 

16-19 175 Ib/in.? 

16-20 298 m/sec; 6.42 < 10’ m/sec 

17-1 = _3.3 mm 

17-4 2400 ohms, 3090 ohms 

17-6 15.6 A; 3.06 X 10-§ ohm-m; within 17 W 

17-7 0.8 ohm; 3.08 ohms; 388 ohms 

17-10 4 ohms, 12 ohms 

17-12 1.6 X 107% ohm; 4.73 J; 1.18 sec 

17-13 6.62 uF; 72.8 wk 

17-15 50 wF; 1.66 wF; 818 uF 

17-17 4.48 X 1073 m?; 5540 puF 

17-20 277 uF; 10* ohms 

17-23 1.40 X 10° A/m; 1.64 X 10-78 A-m?; 79% 

17-24 1.12 X 10 henry 

17-26 30 V 

18-1 31.8 grams 

18-3 0.15 ohm 

18-5 0.4 A; 7.5 ohms 

18-7 12,560 ohms 

18-8 0.0402 ohm ; 12,490 ohms 

18-11 I, = —48 A, Ip = 6.88 A, I; = 2.08 A 

18-12 17.3 N-m; 1500 N-m 

18-15 3775 ohm; 7040 uwuF 

18-16 710, 505, 411, 874 cps 

18-19 X, = 133 ohms; Z = 518 ohms; ¢ = —14.4 deg; Ip = 0.328 A 

18-21 9.8 & 10° m/sec, 2.45 em; 1000; 774 m 

wRE;, 
18-22 20Vo 

18-23 1.63 X 1071! Wb/m?; much smaller 

18-27 4,16 X 10° cps, 0.272 Wb/m?, 785 m 

18-28 6.25.5¢,.10") 100 W 

19-2 2.4 X 10sec; 1.2 X 107! m; 4.45 X 108 
19-4 2.92 x 10-? V/m 
19-5 4.7 X 10-8 W; 7.0 X 10-9 W 
19-7 3960 W 

19-10 0.129; 62.5 W/m*-°C 
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19-12 

20-2 

20-3 

20-6 

20-7 

20-10 

20-11 

20-14 

20-17 

21-3 

21-4 

21-6 

21-10 

21-11 

21-12 

21-15 

21-17 

21-19 

21-21 

21-23 

21-24 

21-26 

21-28 

22-1 

22-3 

22-6 

22-8 

22-10 

22-12 

23-3 

23-4 

23-7 

23-9 

23-11 

23-12 

23-14 

23-15 

23-17 

23-19 

23-22 

24-3 

24-5 

24-6 

4050 m? 

760 sec 

106 W/m? 

By a factor of 9 

4.69 X 107m 

6.94 « 107 sec 

22 deg 

0.0204 
3 
4 

3 cm in front 

6 m behind object, real, inverted; 3 m behind mirror, virtual, erect 

0.024 in. 

1.41 

10 cm 

0.0513 m from lens; 0.026 

4.3 cm 

5.05 m; 3.4 m square 

3.4 cm 

0.22 cm; shz sec 

8.8 light years 

5.6 X 10°° m 

168 ft 

8.8 <X 10°/m 

2, 5; no 

6.2 X 10 eps 

658 mu; He 

1.538 X 10% eV; 0.83 eV; 3.96 X 104 eV 

62.9 m/sec 

1.59 X 10’ eps; 8 X 107° 

0.024 m 

7.97 MeV 

0.70; 1.388 X 10° d/sec 

61 
ont; son; gg Kr? 

—2.14 MeV; 2.14 MeV 

3300 yr 

gg0r, 55Bal? 

4.7 MeV 

0.45 mg/m 

82/m; 24 cm 

3.75 X 10-7 
1.2 X 107 yg 
0.167 m 
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24-10 

24-12 

24-13 

24-14 

25-1 

25-5 

25-7 

0.264 m; convergent 

5500 eps; 10~* 

1000; 100001; 1111111; 100111001; 1010101010; 1111101000 

53; 729; 37; 187; 85; 1023 

6:0 X 10m 

144 

32 MeV; each 52.5 MeV 





INDEX 

A 

Absolute zero, 351, 426, 427 
Absorptivity, 524 
Acceleration: 

average, 33 
centripetal, 47 
instantaneous, 33, 34 
as vector, 47 

Acceleration of gravity: 
effect of centrifugal force, 125, 126 
measurement, 35 
variation with location, 113, 114 

Accelerators: 
betatron, 508 
cyclotron, 506 
linear, 505 

Activity, 611, 612 
Adiabatic, 411 
Age of Earth, 614 
Airfoil, 379 
Air resistance: 

in automobile motion, 219 
dependence on speed, 133, 134 
effect on motion, 137-139 

Alpha particle scattering, 292-294 
Alternating current, 498-504 
Ammeter, 490, 491 
Ampére, A. M., 173, 175 

703 

Ampeére’s law: 
circulation theorem, 179 
as generalized by Maxwell, 187 
statement, 176 
and waves, 692-693 

Ampére (unit), 173 
Amplifier, 496 
AM radio, 522 
Angular acceleration, definition, 42 
Angular measure, 28 
Angular momentum: 

conservation, 282-284 
definition, 249 
in gyroscope, 258, 259 
in planetary motion, 285, 286 

Angular speed, definition, 41 
Animal senses, 641, 642 
Antineutrino, 662 
Antineutron, 662 
Antinode, 332 
Antiproton, 662 
Approximations: 

of kinetic energy, 227, 228 
mathematical, 57, 58 

Archimedes’s principle: 
applications, 371-374 
statement, 371 

Asteroids, 18 
Astronomical data, table, 289 
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Astronomy: 
planets and stars, 15-19 
theories of, 654-657 

Atmosphere, properties, 15 
Atmosphere (unit), 100 
Atomic masses: 

of isotopes, 606 
of light elements, 7 

Atomic mass unit, amu (unit), 606 

Atomic weights, table, 685 
Atoms: 

construction of, 4-10 
masses, 7, 8 
sizes, 6, 7 

Attenuation coefficient: 
of electromagnetic waves, 535 
of gamma rays, 627 

Average of measurements, 59 
Avogadro’s number, 97, 396 

B 

Backspin, 256 
Barn (unit), 617, 627 
Barometer, description, 102 
Battery, 483, 484 
Beats, 339, 340 
Bernoulli’s principle: 

applications, 375-381 
derivation, 374, 375 

Betatron, 508, 509 
Bevatron, 664 
Binary arithmetic, 644, 645 
Binding energy: 

concept, 605, 606 
semiempirical formula, 609 

Biological evolution, 633 
Black body, 525 
Bohr magneton (unit), 466 
Bohr’s correspondence principle, 597 
Bohr’s quantum condition, 587 
Bohr’s theory of hydrogen atom, 586-589 
Boiling point, table, 385 
Boltzmann distribution, 417 
Boltzmann’s constant, 368, 417 
Bragg’s law, 579, 580 
Breeding, 620 
Bremsstrahlung: 

in fusion process, 669 
production, 521, 625 

Brewster’s angle, 543 
British system of units, 24 
British thermal unit, Btu (unit), 223, 382 
Bulk modulus, 360 
Buoyancy, 371-374 

Cc 

Calorie (unit), 223 
Calorimeter, 382 
Camera, 565, 566 

Candlepower (unit), 534 
Capacitance: 

addition, 460, 461 
concept, 459 
of parallel plate capacitor, 459 

Capacitor: 
electric field in, 155, 156 
parallel plate, 459 

Carbon cycle in stars, 618 
Carbon-14 dating: 

in biological processes, 634 
method, 618, 619 

Carnot cycle: 
description, 420, 421 
efficiency, 421, 422 
formulas, table, 422 
and temperature, 427 

Celsius, 222 
Center of gravity, 247 
Center of mass: 

definition, 241 
measurement, 247, 248 
in particle collisions, 280, 281 
of system of particles, 245, 246 
of two particles, 242, 243 

Central force: 
definition, 205 
solution of problem, 285 

Centrifugal force, 124-127 
Centripetal acceleration, derivation, 47 
Centripetal force, 123, 124 
Cesium clock, 29 
Charge, 2, 117 
Chlorophyll, 634 
Circular motion: 

description, 41, 42 
relation to vibration, 302, 303 

Circulation: 
electric, 179 
magnetic, 185, 186 

Clapeyron’s equation, 419 
Cloud chamber, 624 
Coaxial cable, 536 
Cobalt-60, 612 
Collisions: 

elastic, 275-277 
of molecules, 283, 284 

Combustion: 
description, 381 
heat of, table, 382 

Comets, 18 
Component of vector, 43 
Compton effect: 

in gamma ray attenuation, 625, 626 
theory, 279, 280 

Computer, 643-646 
Conduction, electrical, 432 
Conductivity, electrical, 442, 454 
Conductor, 453, 474 
Conservation: 

of angular momentum, 282, 283 
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Conservation (Cont.) 
of charge, 3 
in collisions of particles, 275, 277 
concept, 268, 269 
of mass-energy, 226 
of mechanical energy, 197-199, 219, 220 
of thermal energy, 224, 384, 408 
of total energy, 221 

Conservative forces, 219-221 
Constant: 

electric, 117 
gravitational, 113 
magnetic, 120 

Convection: 
forced, 445 
free, 445 

Conversion factors: 
for length, 26-28 
for Newton’s law, 94-96 

Coordinates, polar, 40, 41 
Copernicus, 16 
Coriolis force, 127-129 
Cornea, 638 
Cosmology, 654-657 
Coulomb, C. A., 116 
Coulomb’s law, statement, 117 
Coulomb (unit), 116 
Critical point, 399 
Cross section: 

calculation for gas particle, 435 
definition, 433 
gamma ray, 626 

Cryogenics, 665 
Curie point, 467 
Curie (unit), 628 
Current: 

alternating, 498-504 
definition, 173 
direct, 487-490 
in electrical circuit, 488 
particle, 436, 437 
properties, 119 

Current density, 173, 174 
Curvature of space, 651, 652 
Cycle, definition, 302 
Cyclotron, 506-508 
Cyclotron frequency, 172 

D 

Dalton’s law, 396 
Damped vibrations, 312 
Davisson and Germer experiment, 590, 591 
De Broglie’s hypothesis, 589, 590 
Decay constant, 611 
Declination, angle of, 163, 164 
Degree (unit of angle), 28 
Degree (unit of temperature), 222 
Density: 

definition, 97 
table, 98 

Deuterium, 5, 668 
Dielectric, 462, 463 
Dielectric constant: 

definition, 462, 463 
table, 462 

Diesel engine, 425, 426 
Diffraction: 

of electrons, 591 
by single slit, 573-575 

Diffusion: 
description, 432 
law of, 437, 438 

Diffusion coefficient, 438 
Dimensions, 93 
Diode, 494, 495 
Dipole: 

electric, 129 
induced, 129 
torque on, 260 

Direct current, 487-490 
Disorder, 413 
Dispersion: 

definition, 537 
of grating, 578, 579 
by prism, 561, 562 

Displacement, 31 
Displacement current, 186 
Distribution function, 401-404 
DNA, 632 
Doppler effect: 

for light, 344, 345 
for sound, 343, 344 

Dose, 628 
Drift speed, 442, 443 

E 

Ear, 640, 641 
Earth, properties of, 15 
Earth’s gravitation, 114, 115 
Earth’s magnetic field, 163, 164 
Eccentricity, definition, 287 
Einstein, Albert, 65 
Einstein’s formula # = mc?, 226 
Einstein’s theory of general relativity, 

649-654 
Einstein’s theory of special relativity, 

64-72 
Elastic collision, general theory, 280-282 
Elasticity: 

of bone, 635, 636 
description, 131, 132 
theory of, 355-362 

Electrical conductivity, 442 
Electric dipole: 

description, 158, 159 
oscillations, 519, 520 

Electric field: 
due to changing magnetic field, 182-184 
due to cutting magnetic lines, 183, 184 
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Electric field (Cont. ) 
lines of, 148, 149 
between parallel plates, 155, 156 
of plane conductor, 154, 155 
of plane sheet, 154 
of wire, 152, 153 

Electrolysis, 482, 483 
Electromagnetic forces, in fusion device, 

669 
Electromagnetic spectrum, 516-519 
Electromagnetic waves: 

attenuation, 535, 536 
derivation (appendix), 692, 693 
dipole, 519-521 
production, 341, 342 
properties, 517 

Electromotive force, 487 
Electron properties, 3 
Electron shells, 9, 10 
Electron spin, 601 
Electron-volt (unit), 212 
Electroplating, 483 
Electroscope, 118 
Electrostatic force: 

description, 115-119 
in nuclei, 608, 609 

Ellipse, 286-291 
Emissivity, 525 
Energy: 

in capacitor, 471, 472 
of combined motion, 254, 255 
concept, 192 
conservation, 198 
fluid, 374, 375 
forms, 197 
in harmonic motion, 307, 308 
heat, 221-224 
in inductor, 472 
kinetic, 196, 197 
light, 228-231 
mass equivalence of, 224-228 
mechanical, 198 
potential, 197, 204-208 
thermal, 351-355 
thermonuclear, 668-669 
transformation, 231 

Energy levels: 
of electron in square well, 345, 346 
in hydrogen atom, 588 
of statistical system, 414-417 

Engineering, 670-672 
Entropy: 

definition, 417, 418 
of mixing, 418, 419 
properties, 418, 419 
relation to life, 635 

Equilibrium: 
in gas, 416 
neutral, 239 
rotational, 239-245 
static, 239, 240 

Equilibrium (Cont.) 
thermal, 392 
translational, 239-241 

Equipartition of energy, 400, 401 
Equipotentials: 

definition, 209, 210 
motion on, 219, 220 

Error: 
average, 59, 60 
determination, 58-60 
systematic, 59 

Escape speed: 
from Earth, 216 
from planetary orbit, 215, 216 

Expansion: 
of gas, 411 
thermal, 363-368 
of universe, 655 

Experiment, definition, 22 
Eye, 638-640 
Eyepiece, 566 

Fahrenheit, 222 
Falling bodies, 34-39 
Faraday, Michael, 148, 192 
Faraday’s law: 

in betatron, 508, 509 
and electromagnetic waves, 692 
and generator, 485 
statement, 183 

Faraday (unit), 483 
Farad (unit), 459 
Farsightedness, 639, 640 
Fermat’s principle: 

applications, 545, 546 
statement, 545 

Ferromagnetism, 467 
Field, concept, 145-147 
Film, quarter wavelength, 572 
Fission, description, 619, 620 
Fission fragments, 622 
Fission products, 622 
Flux, definition, 149 
FM radio, 522 
F-number, 565 
Focal length: 

of concave mirror, 557 
of lens, 563 

Focus, 557 
Foot-pound (unit), 195 
Force: 

addition, 83, 86, 87 
classification, 111, 112 
Coriolis, 127-129 
definition, 77 
elastic, 131, 132 
electromagnetic, 119-121 
electrostatic, 115-119 
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Force (Cont.) 
examples, 75, 76 
frame-dependent, 122-129 
gravitational, 112-115 
interatomic, 129, 130 
on moving charge, 171, 172 
nuclear, 121, 122 
units, 79 

Frame of reference: 
definition, 30 
use in relativity, 60-62 

Frequency: 
definition, 49, 302 
of mass on spring, 306 

Friction: 
coefficients, table, 135 
description, 1382-135 
effect on rolling, 255, 256 
effects, 135-139 
kinetic, 1386 
rolling, 134, 135 
static, 135 
work due to, 194-196 

Fundamental mode, 332 
Fusion, latent heat, table, 385 
Fusion, nuclear: 

for energy in future, 668, 669 
propulsion of rocket, 660, 661 
reactions, 616, 617 

G 

Galaxy, size, 18 
Galilean transformation, 62, 63 
Galilei, Galileo, 35 
Galileo: 

contributions, 39-40 
experiments on acceleration, 33-37 
measurement of speed of light, 530 

Galvanometer, 490 
Gases, real, 398-399 
Gas law: 

kinetic basis, 395, 396 
statement, 368-370 
thermal processes, 408-413 

Gauss’s law: 
application to electricity, 152-157 
application to gravity, 153, 154 
derivation, 151 
of magnetism, 162, 163 

General relativity: 
concept, 649-653 
tests, 653, 654 

Generator, electrical, 484-486 
Geodesics, 652 
Gram-molecular weight, 97 
Gravitational field: 

inside Earth, 154 
of Earth, 147, 148 

Gravitational red shift, 653 

Gravity, effect of, 91 
Greek symbols, 684, 685 
Ground, potential, 204, 205 
Group, 544 
Gyromagnetic ratio, 262 
Gyroscope, 258-260 

Half life, 611 
Harmonie, 333 
Hearing, 640, 641 
Heart, 636, 637 
Heat, as a form of energy, 220-224 
Heat capacity: 

definition, 383 
measurement, 447, 448 

Heat pump, 423 
Heat transfer: 

conduction, 443-445 
convection, 445-448 
description, 432 

Heat transfer coefficient, 446 
Helium, 5 
Henry, Joseph, 182 
Hooke’s law: 

and elasticity, 355, 356 
statement, 131 

Horsepower, 217 
Huygens’s principle: 

applications, 546-548 
in interference, 569-571 
statement, 546 

Hydrogen, isotopes, 5 
Hydrogen atom: 

Bohr theory, 586-589 
quantum states, table, 599 

Hyperbola, orbit, 286, 293, 294 
Hysteresis, 467 

Illumination, 534 
Impedance: 

calculation, 504 
definition, 501 

Impulse, 272 
Inclination, angle of, 163, 164 
Incline, 203, 204 
Index of refraction: 

definition, 537 
of quartz, table, 537 

Induction, magnetic, 182, 183 
Inductor, description, 468, 469 
Inelastic collision, 272, 273 
Inertial frames, 64 
Insulator, 453, 474 
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Intensity of radiation: 
definition, 532 
reflected, 541, 542 
transmitted, 541, 542 

Interactions, of pairs of particles, 391 

Interference, 569 
Interferometer, 572, 573 

Internal combustion engine, 423-425 

Internal resistance, 489 

Inventions: 
list of, 18-15 
role of, 12 

Inverse square fields, 147-157 
Inverse square law, of force, 113 
Inverse square spreading, 532-534 
Ion, definition, 10 
Tonic bond, 129 
Tonization: 

by heavy particles, 623, 624 
of hydrogen, 215 
of salt, 10 

Tonization chamber, 624 
lonosphere, 536 
Irreversible, 413 
Isobar, 613 
Isothermal, 411 
Tsotopes, definition, 4 
Isotropic scattering, 280 

Joule (unit), 198 
Jupiter, properties of, 18 

K 

Kelvin, 222 
Kelvin scale of temperature, 426 
Kepler, Johannes, 290 
Kepler’s laws, 291, 292 
Kilocalorie (unit), 223 
Kilogram (unit), 78 
Kilogram-force (unit), 96 
Kilomole (unit), 97 
Kinetic energy: 

definition, 196, 197 
relation to temperatures, 394, 404 
relativistic, 224-226 

Kinetic theory of gases, concept, 392 
Kirchhoff’s law, 524, 525 

Laser: 
applications, 668 
description, 666-668 

Law of gravitation, 113 

Length: 
measurement, 24 
relativistic contraction, 66-68 

Lens, 562 
Lensmaker’s formula, 563 
Lenz’s law, 183 
Lever, 201 
Lever arm, definition, 241 
Light: 

effect of gravity on, 653 
as form of energy, 228-231 
forms, 517, 518 
measurement of speed, 530-532 
reflection, 555-559 

Light year (unit), 27, 28 

Linear accelerator, 505, 506 
Lines of force, 148, 149 
Lithium, 5, 6 
Lorentz contraction, 66-67 
Lorentz transformation, 66 
Lumen (unit), 534 

M 

Machines, 201-204 
Mach number, 336 
Magnet, bar, 161, 162 
Magnetic field: 

at center of current loop, 177 
due to changing electric fields, 184-187 
of Earth, 163-165 
effect on hydrogen spectrum, 600, 601 
experiments, 175-178 
of long wire, 177-179 
measurement, 308, 309 
motion of charge, 172-174 
of solenoid, 179-181 

Magnetic force, on current, 175 
Magnetic moment, 161, 162 
Magnetic poles: 

of bar magnet, 131, 161 
of Earth, 163, 164 
proof of nonexistence, 181, 182 

Magnetic susceptibilities, table, 466 
Magnetization, 464 
Magnetometer, 261 
Magnifying glass, 563 
Magnifying power: 

of lens, 563, 564 
of telescope, 566 

Mars, properties of, 16, 17 
Mass: 

definition, 77 

relativistic increase, 103-105, 224 
Mass-energy, 224-228 
Masses, atomic, 606 
Mass spectrograph, 606, 607 
Mathematics, role in physics, 53 
Matter waves, 589-592 
Maxwell, James Clerk, 185 
Maxwell-Fresnel equations, 542 
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Maxwell’s equations, 186, 187 
Maxwell’s relations, 419 
Mean free path, derivation, 435, 436 
Measurement, definition, 22 
Mechanical advantage, 201, 204 
Mechanics, 263 
Melting point: 

definition, 352 
table, 385 

Mercury (element), 102 
Mercury (planet): 

orbit, 653 
properties of, 16 

Mesons, 663, 664 
Metabolism, 634 
Meter (instrument), 490 
Meter (unit), definition, 24 
Metric coefficients, 652 
Metric system of units, 24 
Michelson, measurement of speed of light, 

531 

Michelson and Morley experiment, 70, 71 
Micron (unit), 24 
Microscope, 567, 568 
Millikan, oil drop experiment, 83 
Millimeters of mercury (unit), 102, 397 
Mirror: 

concave, 557 
curved, 556 
parabolic, 558, 559 
plane, 555, 556 

Model, definition, 55 
Moderator, nuclear reactor, 278 
Modulation: 

of light, 575 
of radio waves, 522 

Molecular forces, 313-317 
Molecular structure, 9-10 
Molecule: 

definition, 8, 9 
diatomic, 9 

Moment: 
of electric dipole, 158, 159 
magnetic, 161, 162 

Moment of inertia: 
definition, 249 
table, 250 

Momentum, angular: 
conservation, 282 
definition, 249 

Momentum, linear: 
conservation, 270 
definition, 79 
and viscosity, 439, 440 

Moon: 
properties of, 16, 289 
travel to, 211, 212 

Mossbauer effect, 653 
Motion: 

rotational, 248-252 
translational, 238, 239 

Motor: 
description, 493, 494 
torques in, 261 

Multiplication factor, 621 
Music, 335-340 
Mutation, 633 
Mutual inductance, 470 

N 

Nanometer (unit), 24 
Nearsightedness, 639, 640 
Nervous system, 642, 643 
Neutrino, 662 
Neutron: 

capture, table, 627 
properties of, 3 
radiation effect on body, 279 
slowing in reactor, 278 
wave properties, 591 

Newton, Isaac, 76, 113 
Newton’s law of cooling, 446-448 
Newton’s laws: 

for angular motion, 249 
applications to particles, 82-91 
statement, 76-82 

Newton (unit), 79 
Node, 332 
Normal law of error, 59, 60 
Nuclear reactions, 616-619 
Nuclear reactor, 620, 621 
Nucleons, definition, 4 
Nucleus: 

binding energy, 605 
construction of, 4 
radius, 604, 605 

O 

Objective, 566 
Observations, definition, 21-24 
Ohm’s law, statement, 453 
Ohm (unit), 454 
Orbit: 

of electron, 586, 587 
of planet, 286-292 

Organ, pipe, 338, 339 
Oscillations, 304-311 
Overtone, 332 

P 

Pair production, 625, 626, 662 
Parallactic displacement, 568 
Parallax, 568 
Paramagnetism, 466 
Particles: 

collisions of, 275-282 
properties of, 2, 3 
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Pascal’s principle, 376 
Peltier effect, 486 
Pendulum, 309, 310 
Period: 

definition, 49, 302 
of mass on spring, 306 
of pendulum, 311 

Periodic motion, example, 301, 302 
Periodic table of elements, 4 
Permeability: 

definition, 464 
table, 468 

Perpetual motion, 427, 428 
Phase: 

in ac circuit, 499-501 
description, 312, 313 

Phase difference, in interference, 571 
Photoelectric effect: 

description, 229, 230 
in gamma ray attenuation, 625, 626 

Photon: 
effective mass, 228, 229 
energy, 588 
momentum, 229 
properties of, 3, 228 

Photosynthesis, 634 
Physical constants, table, 678 
Physics, pure and applied, 670 
Piano, 337 
Pion, 662, 663 
Pisa, Leaning Tower of, 34 
Pitot tube, 379, 380 
Planck’s constant, 230, 528 
Planets: 

description, 16-18 
properties, table, 289 

Plasma: 
as electrical discharge, 308 
for thermonuclear reaction, 669 

Pluto, properties of, 18 
Poisson’s ratio, 360 
Polar coordinates, 40, 41 
Polarization, electrical, definition, 463 
Polarization of light, concept, 549-551 
Polaroid, 549-551 
Pole, magnetic, definition, 130 
Positron, 662 
Potential: 

definition, 208 
in electrical circuit, 488 
of electric dipole, 212 
sources, 482-487 
of system of charges or masses, 211 

Potential barrier, of alpha particle in 
nucleus, 614, 615 

Potential difference, 208, 209 
Potential energy: 

of charge distributions, 204-207 
definition, 197 
gravitational, 207, 208 
in molecule, 314-316 

Potential energy (Cont.) 
uniform electrical field, 204, 205 
uniform gravitational field, 204, 205 
with variable force, 205, 206 

Potentiometer, 489, 490 
Pound (unit), 94, 95 
Power, definition, 216 
Power factor, 503, 504 
Precession, 258 
Pressure: 

absolute, 101 
air, 370 
definition, 100 
in fluid, 375-381 
of gas, 393-395 
gauge, 101 

Principle of equivalence, 649, 650 
Prism, 561, 562 
Probability, 413, 414 
Probability distribution, 402, 403 
Probable error, 59, 60 
Propagation constant: 

definition, 322 
for light, 539 

Proton, properties of, 3 
Pulley, 202, 203 
Pulse, in spring, 317-319 
Pythagorean theorem, 40, 41 

Q 

Quantization, 346 
Quantum mechanics, 585 
Quantum numbers: 

for hydrogen atom, 587 
in vector model, 599 

Quantum theory, origin, 527, 528 
Quarks, 664 
Quasars, 656, 657 

Radian (unit), 28 
Radiation: 

classes, table, 622 
inverse square spreading, 532-534 
of thermal energy, 526, 527 

Radiation belts, 657, 658 
Radiation field, 520 
Radiation hazards, 628 
Radio, 521, 522 
Radioactive decay, 609-616 
Radioactivity, definition, 11 
Radius of gyration, definition, 250 
Range: 

of alpha particles, 624 
of beta particles, 625 

Rarefaction, 336 
Rayleigh’s criterion, 575, 576 
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Reactance: 
capacitative, 500 
inductive, 500 

Rectifier, 495 
Reduced mass, 316 
Reflection, total internal, 539 
Reflection of light, law, 539 
Refraction of light: 

by curved surface, 562, 563 
law, 539 
at plane boundary, 559-561 

Refrigerator, 423 
Relative velocity, 276 
Relativistic mass, 103-105 
Relativity: 

derivations, appendix, 687-689 
Doppler effect, 344 
Einstein’s general theory, 648 
Einstein’s theory, 64-72 
experimental tests, 70-72 
Newton’s theory, 62-64 

- philosophical aspects, 105 
Resistance: 

addition, 455, 456 
concept, 452-454 

Resistivity: 
definition, 455 
table, 455 
temperature coefficient, table, 457 

Resolving power, 575-577 
Resonance, electrical, 502 
Resonance, vibrations, 313 
Rest energy, 225, 226 
Rocket: 

forces on, 89-91 
propulsion, 273-275 

Rocket nozzle, 380 
Rolling, 253-256 
Rutherford, Ernest, 292, 293 
Rydberg constant, 586, 589 

s 

Satellite orbits, 290, 658, 659 
Saturn, properties of, 18 
Scalars, definition, 43 
Scattering: 

of alpha particles by nuclei, 292-294 
isotropic, 280 

Schroedinger’s equation, 595 
Scientific method, 39-40 
Second (unit), 29 
Self-inductance, 469 
Semiconductor, 453, 474 
Serendipity, 671, 672 
Shear, 361, 362 
Sight, 638 
Significant figures, 22, 23 
Simple harmonic motion: 

definition, 304 
of mass on spring, 304-308 

Size, range in universe, 25 
Skin effect, 535, 536 
Slug (unit), 94, 95 
Snell’s law, derivation, 539 
Society, problems in, 672-675 
Solar constant, 532 
Solar system: 

description, 16, 17 
diagram, 17 

Solenoid, 179-181 
Sound: 

description, 335-337 
speed, 336 

Spacecraft: 
Explorer X, 290 
gravitational force on, 159, 160 
heating, 526 
launching, 292 

Space investigation, 657-661 
Space probes, 659, 660 
Space travel: 

from Earth to Moon, 211, 212 
escape from Earth, 216 
with fusion propulsion, 660, 661 

Specific gravity, 98, 99 
Specific heat: 

at constant pressure, 410 
at constant volume, 409, 410 
definition, 382 
of gas, 399, 400 
measurement, 383 
ratio, 411 
of solids, 401 
of solids and liquids, table, 382 

Spectrograph, 577, 578 
Spectrum: 

electromagnetic, 516-519 
of heated body, 522-524 
of sunlight, 585, 586 

Speed: 
average, 31 
instantaneous, 32 
range of, 34 
relativistic addition, 68, 69 

Speed of gas particles: 
average, 403 
most probable, 403 
root-mean-square, 404 

Speed of light: 
derivation, 693 
in material, 535-537 
measurement, 530-532 

Spin, 601 
Standing wave, 331, 332, 338 
Stars, characteristics, 654-657 
Statistical mechanics, 413 
Statistics, 407, 632, 633 
Stefan-Boltzmann constant, 525 
Stefan-Boltzmann law, 525 
Stopping power, 624 
Strain, 356 



712 Streamline flow, 374 Translation: ; 

Stress, 356 analogy to rotation, table, 252 

INDEX Sun, properties of, 16 relation to center of mass, 245 

Superconductivity, 665 
Superfluidity, 665, 666 

Superposition, 157, 330, 331 

Susceptibility, electric, 464 
Susceptibility, magnetic, 465 
Symbols: 

concepts, 294-296 
list (appendix), 679-683 

at 

Technology and society, 675 
Telecommunications, 509, 510 
Telescope: 

description, 566, 567 
resolving power, 576, 577 

Telstar, 659 
Temperature: 

and materials, 351-355 
scales, 221, 222 
of space, 526 

Tension, force of, 85 
Thermal conductivity: 

concept, 440 
table, 444 

Thermal energy, 351-355 
Thermal equilibrium, 392 
Thermal expansion: 

coefficients, table, 364 
description, 363 
linear, 363-365 
volume, 367, 368 

Thermionic emission, 494 
Thermocouple, 486, 487 
Thermodynamic probability, 416 

Transport: 
concept, 431 
of electric charge, 441-443 
particle (appendix), 690, 691 
table, 440 

Transport processes, examples, 431, 432 

Transverse wave, 317 
Triode, 495, 496 
Triple point, 426 
Tritium, 5 

U 

Uncertainty principle: 
derivation, 592, 593 
statement, 593 

Units: 
of charge, 116 
conversion factors, 26, 27 
of length, 24 
systems of, 93-96 
of thermal energy, 223 
of time, 29 

Universe, 16 
Universe, theories of: 

evolving, 656 
steady state, 656 

Uranium, electron orbits, 8 
Uranium fission, 620 
Uranus, properties of, 18 

Vv 

Thermodynamics: Vacuum tube, 494-496 
applications of first law, 409-413 Valence, 9, 10 
laws, 407 Van de Graaff accelerator, 213 

Thermoelectric cell, 486 Van der Waals gas formula, 398, 399 
Thermoelectric effects, 476 Vaporization, latent heat of, table, 385 
Thermonuclear energy, 668, 669 Vapor pressure: 
Time: dependence on temperature, table, 397 

range of, 30 
units of, 29 

Time dilation: 
concept, 67, 68 
in space travel, 661 

Toroid, 179 
Torque: 

on current loop, 261, 262 
definition, 241 
on electric dipole, 260 
on magnetic dipole, 260, 261 

Torricelli’s theorem, 377 
Torsional oscillator, 307, 308 
Transformer, 471 
Transistor, 496-498 

description, 353 
Vector model of atoms, 598-602 
Vectors: 

addition of, 43-45 
algebra, 43-49 
application to ac circuit, 501 

Velocity, definition, 45 
Venus, properties of, 16 
Vibration: 

damped, 312 
forced, 312, 313 
resonance, 313 

Virtual image: 
of double concave lens, 564 
of mirror, 555, 558 



713 Viscosity : Weber (unit), 172 
Dex coefficient, 440 Weight: 

concept, 4382 definition, 84, 85 
table of coefficients, 448 as force of gravity, 113 

Viscous flow, 448, 449 Weightlessness, 126, 127 
Vision, 638 Work: 
Voltage: definition, 192, 194 

terminal, 487 on gas, 408, 409 
Voltmeter, 491 units, 195 
Volt (unit), 209 Work function: 

definition, 230 
table, 230 

WwW 

Water:.- X 
density, 367, 368 
effect of temperature on, 351-355 X rays: 

Watt (unit), 216 diffraction, 579, 580 
Wave function: genetic effect, 633 

and interference, 595, 596 origin, 519 
and radioactivity, 615 

Wave guide, 536 
Wavelength: 

of electromagnetic radiations, table, 518 
of particle, 345, 589 
in wire, 320 

Y 

Year (unit), 29 
Young, Thomas, 569 
Young’s experiment, 569, 570 

Wavelet, 546, 547 Young’s modulus: 

Eevee definition, 356 
addition of, 329-332 table, 357 
matter, 345, 346 
production, 319, 320 Z 
speed, 323, 324 

Weather satellite, 658, 659 Zeeman effect, 600 
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