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preface

Just as one can appreciate the beauty of a Beethoven quartet without
being able to read a note of music, it is possible to learn about the scope and
power and, yes, beauty of a scientific explanation of nature without solving
equations.

For many years the University of California at Berkeley has offered the
course Physics 10 "Descriptive Introduction to Physics". This is a one
quarter course designed to acquaint non-science students with some of the
ideas of modern physics. It is taken as an elective by students with widely
varying backgrounds, whose major interests lie in such diverse fields as
business administration, physical education, or landscape architecture.
Few of these students are required to take any physics course at all. They
choose it, from among many options, to help fulfill a loose "cultural breadth"
requirement in the liberal-arts curriculum. Similar standards exist at most
American colleges and universities.

Of the thousands of students who have taken this course at Berkeley, there
is a good chance that one of them will one day be a representative in the U.S.
Congress. There are some who will become judges and other government
officials, elected or appointed. There are certainly many who wjll be business
executives and public administrators. All of these people will be called upon
to make many decisions, and some of the decisions may involve scientific
considerations. This course is probably their last, perhaps their only, formal
exposure to scientific ideas.

The person who designs such a course faces a two-fold challenge. He must
make it attractive enough that the students will choose to take the course.
He must teach those who do elect the course something lasting and relevant.
He must convey to these students some ideas about the nature of modern
science that will remain with them for the rest of their lives.

Many students at American schools arrive with a built-in bias against
science. They understand that mathematics is involved. Their last encounter
with math is likely to have been a high-school algebra class that they disliked
and whose subject matter is fading rapidly from their consciousness. These
are the students at whom this course and this text are aimed.
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There is much in science that can be communicated without invoking
the full mathematical apparatus. We can hope to inform the student how
scientists operate, what they can do and what they cannot, using verbal
description and qualitative reasoning only.

This is not a trivial course. The student is asked to think hard about the
subject, and the line of reasoning often leads to unexpected and profound
conclusions. When necessary, we do not shy away from the methods oflogical
deduction, of drawing graphs, or of doing numerical calculations. These
are usually confined to "boxes" outside of the main stream of the text, how
ever. These can be skipped by the student, or instructor, who is interested
in pressing ahead with the basic ideas. The questions at the end of each chap
ter can normally be answered with a few sentences of thoughtful reasoning.
There are several coherent threads that run through this book. We examine
the process by which new scientific ideas gain acceptance. We learn that our
"common sense" can be deceptive when we begin to deal with regimes far
from the realm of ordinary experience. We discover that even great and intel
ligent scientists can be mistaken some of the time.

If there is one lesson that I hope the students will retain, it is the idea of
the limits that scientific laws sometimes place on our abilities. We show, in our
study of relativity, that there is a limit to how fast we can travel. The laws
of thermodynamics show that the energy our bodies and our societies require
cannot be fashioned out of nothing. Even when energy is present, it cannot
be used with perfect efficiency. The Uncertainty Principle of quantum
mechanics sets limits on our very knowledge of the state of the world around
us. If students in this course will remember nothing more than the message
of this paragraph, I would consider that we have succeeded in our teaching.

A course that attempts to survey all of physics in one quarter necessarily
has to leave something out. Short shrift is given to Newton's Principles of
Mechanics, although the role they play in the development of physics is made
clear. Such concepts as acceleration and momentum, the core of conventional
elementary physics courses, are barely mentioned. Some "practical" applica
tions, like geometric optics or electrical circuits, are omitted entirely. The
philosophy adopted in this text is that we must not get bogged down in the
mire of problem-solving and "plug-in" equations, so that we lose sight of
the whole edifice of science.

The course embodied in this text is both easier and more difficult than the
conventional elementary physics course as it is taught in American colleges
and high schools. The absence of detailed calculations makes it more accessi
ble to the student with a weak mathematical background. But the course
demands of the student a degree of intellectual effort no less rigorous than
that required for the study of, let us say, the plays of Shakespeare. The process
of becoming educated is not a simple task.

At an average of one chapter per week, this entire course can be taught
in one semester. In the ten-week quarter allotted at Berkeley, I have never
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managed to cover the entire text. I found that Chapter VIII, on Chemical
Energy, can be omitted without breaking the stream, and that any of the last
four chapters can be taught out of sequence without relying on the others.
Chapter VI, on Wave Motion and Sound, can probably be omitted if desired,
but I have not done so in my own teaching of the course.

Metric units are used exclusively and without apology in this text. Students
at this level are as unfamiliar with pounds (not to mention slugs and
poundals!) as they are with kilograms. With the minimum of quantitative
calculations employed here, it makes little sense to worry about conversion
factors from English units. We proceed, rather, as if "yards" and "inches"
simply do not exist (as they would not, for a child learning measurements
in, say, France or Sweden). The question, "What is a meter?" is best
answered, "It is the length of this meter stick."

In our non-mathematical spirit, we eschew scientific notation. When it is
necessary to display a particularly large, or particularly small number, we
exhibit it with all the zeroes. This is done rarely; such numbers are equally
meaningless to the students no matter how denoted. In accordance with
American usage, one billion will mean here 1 000 000 000, and one trillion
is 1 000000000000.

There are many excellent books extant in popular science, biography,
and the history of science, and about the problems of science and society.
I have customarily asked the students to read two such books in the quarter
and to submit written reports on them. This practice has enriched the stu
dents' experience and has enabled those who interested in some particular
aspect of the course to learn more about that topic. The reading list used
at Berkeley is appended in the section, "List of Suggested Readings."

GILBERT SHAPIRO
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We are always making up explanations. We can't help it. It is the way our
minds work. The things we see and hear and feel are complex and varied.
To deal more easily with our experiences, we use our intelligence to sort
them out.

Often it is enough just to give a name to something. A farmer hears a loud
sound from the sky and says, "It is thunder." A doctor examines a sick patient
and concludes, "He has influenza." The name itself does not always tell us any
more about the subject. But being able to give it a name is reassuring. It means
that we have had a similar experience before, and can recognize it. It shows
that other people have also seen or heard or felt the same sort of things.

We can use our experience to help us tell what is likely to happen next.
The farmer says, "It will rain soon." The doctor thinks, "This patient will
get better in a few days." We have been able to organize our sense impressions
so that we recognize common patterns. We have learned to use information
to deal with what we find in our everyday lives.

But humans are not usually satisfied with just recognizing patterns. We try
to put our knowledge together into wider groupings. We want to know what
is the reason something happens. We ask ourselves what is the relation
between an experience of one kind and some other experience.

The peasant may say, "Heaven is angry, and is throwing thunderbolts
at us. Heaven will then feel sorry, and send us rain." On other occasions the
same Heaven may send sunshine, or wind, or snow.

The physician may conclude, "A virus has infected your body." Other
viruses may cause other diseases.

The kind of explanation that satisfies the farmer might not appeal to the
doctor. A lot depends on what we have already learned. Or on what we think
we have learned. Once we are used to a certain way of thinking, it is hard
to change our mental habits. This is as true for a learned scientist as it is for
a superstitious peasant.

There is good reason why not to give up old, established ways of thought.
Ifwe had to "unlearn" every day what we had just learned with such difficulty
the day before, we would soon become quite confused. Just because someone
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comes up with a new idea, there is no reason to drop everything and accept
the new doctrine right away. So it is quite natural that we are slow to change
our minds.

The history of human progress is, nevertheless, full of cases where people
were persuaded to accept new ideas. This is particularly true of science,
the accumulated body of observed facts, explanations, and uses of things
that happen in nature. New ideas are always coming out in science. Many
of them fall by the wayside. Once in a while a theory is so convincing that
scientists are ready to accept it. This doesn't happen often. When it does,
the changes in the ways of scientific thinking can be dramatic.

What we call science is not true because your teacher, or some famous
scientist, says it is so. It is not true just because it is written in this texbook.
Parts of what we now accept as scientific knowledge may turn out not to be
true at all. The only validity science has is based on its ability to explain facts
of nature in a simple and useful way.

In this chapter we shall explore what we mean by a scientific explanation
of the events of nature. We shall try to see what features a new scientific idea
must have to help it become accepted. Through examples that we shall give
in this and later chapters, we hope to show what science is, how it has grown,
and what may be expected of it.

A simple experiment We begin this course with a simple demonstration.
Most of you have seen something like this before. If you haven't, you might
be a bit surprised at what happens.

Try to make an objective description of what takes place. That is, describe
the events without putting your own interpretation on them. We just want
the facts.

You might not realize that you already have a lot of built-in notions. For
example, you will probably want to talk about something called "air."
The idea of "air" is not really objective. Air is not something we see or hear
or feel. We have been taught about "air" since childhood, to help explain
other facts that we can sense directly. The fact that "everybody knows"
about air doesn't matter. At this stage we must be careful to keep our direct
experience separate from our explanations of it.

Demonstration: Hot-Air Balloon
A bag is prepared, made of a light, plastic material. The bag has a rather

wide mouth at the open end, perhaps supported by a hoop around the
mouth. The open end of the bag is held over something hot, like a hot plate
or a Bunsen burner.

The bag stands up straight and swellsout as much as it can. The teacher then
lets go of it. The bag rises to the ceiling of the room. It remains there for a
moment, and then slowly falls to the floor.

What happened? Why did it happen?
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Types of
explanation

The nature of an explanation

Figure 1-1

There are many different ways to explain events in nature. The kind of
explanation we accept depends on what we already know and what we have
come to expect. An explanation that one person likes may not satisfy some
body else at all. Perhaps we can show, by the following examples, what sort
of explanations have been acceptable to some people at various times in
history, even to various people alive today, or to the same person at differ
ent stages of life. Perhaps we can show why some of these explanations are
more acceptable to a scientist than others.

Very well, then. The question is, "Why does the bag rise to the ceiling?"

The Animistic Answer. Animism: The belief that natural objects (such
as rocks, trees, wind) are alive and have souls.

"Because it wanted to get away from the fire." This answer would satisfy
most small children, and many primitive tribesmen. To them, all things are
alive, and have a will of their own. The fact that the bag is able to rise is no
more surprising than that the child is able to walk to the door.

The animistic world is a chaotic world. All natural objects are behaving
according to their natural whims. You can no more predict what the bag will
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do than you can tell what the child himself, changeable creature that he is,
will want to do five minutes from now.

Survival in this world requires you to be able to know what is likely to
happen next, and if possible, control it to some extent. The child, and the
primitive man, soon progress to the next level of explanation.

The Magical Explanation. Magic: The art of producing effects or con-
trolling events by charms, spells, and rituals.

"The lecturer is a wizard, who knows a secret trick." There is some incanta
tion, or special formula, or sleight-of-hand, that the teacher knows, that
enables him to astound the audience. The image of the scientist-as-parlor
magician, capable of doing all sorts of tricks, is probably widespread even
today. A century or more ago, it was common for scientists to make money
by giving lecture demonstrations with lots of sparks flying and chemicals
foaming.

The primitive man had to deal with situations he could not control. He
came to feel that if he could only learn the right secrets, all things would be
possible to him. Experience eventually led him to admit that there were some
things beyond his control. He continued to believe that there existed superior
beings who could do things that a human could not.

The Supernatural Explanation. Supernatural: Caused by supposed forces
beyond the normal, known forces of nature.

"A miracle has occurred." In other words, there exists some Being or Power
that is able to intervene in natural affairs, and to cause events to occur that
would not ordinarily come to pass. This Being, like some arbitrary medieval
king, has the ability to violate the Laws of Nature, even if the Laws were
originally decreed by the Being itself. A more orderly. Ifmore passive, version
of this type of explanation is:

The Theistic Explanation. Theism: Belief in a God who is the creator 'and
ruler of the universe.

"It is the will of God." Whether or not there has been a miracle, all things
happen according to a scheme ordained by a Supreme Being. If there are
Natural Laws obyed by all nature, it is He who has established them. And
if events take place in violation of these laws, it is He alone who is responsible.
In the end, all actions that take place do so because He willed them, and
directly or indirectly made them happen.

Many sincere people, including scientists, hold these or similar beliefs.
It is not the purpose of this course to criticize them, or to discuss them at any
length.

From a scientist's point of view, however, this type of explanation by itself
explains too little because it explains too much. If everything is due to Divine
will, and if that will is beyond human knowing, then we know nothing at all.
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If, on the other hand, a deity exists or existed that originally established the
natural system, and the laws of nature, however established, are now univer
sally obeyed, then it is the goal of the scientist to figure out the nature of the
laws. It is an unspoken tenet of science that such laws do exist, and that they
are basically simple.

The Teleological Explanation. Teleological: Directed toward a definite
end, or having an ultimate purpose.

"It is the nature of warm air to rise." This quotation is almost direct from
Aristotle. It is the first of our explanations that deal directly with the details
of the experiment itself. Indeed it was only when we warmed the bag that it
began to rise. After it moved away from the heat, and had a chance to cool
down again, the bag began to fall. By various experiments we can verify that
indeed the factor of heat is associated with the rise of the bag.

At this point we begin to speak about a strange substance, which we can
never see, and not always feel or hear or smell, a substance called air. It is air
that fills the bag, causing it to stand erect and swell. It is the air in the bag
that absorbs heat and gets warm and carries the bag containing it to the
ceiling. Why are we inclined to accept the existence of such an invisible
substance? It is not because we can sense it directly, but because it helps to
explain so many other things that we can sense.

Not every such concept survives the test of time. The ancient Greeks and
their followers also thought there was another material called fire. The mod
ern view of the nature of fire is, as we shall see in Chapter 8, quite different.

According to the ancient view, a warm vapor is a mixture of air and fire.
The warmer the vapor, the more fire it was supposed to have in it. Many
observations led to a generalization about the behavior of such vapors.
Warm vapors tend to rise; cooler vapors tend to fall.

The explanation reported by Aristotle of why the warm vapor rises has
to do with the purpose of things. In this scheme each element seeks its natural
place. The natural place for fire is upward. When the vapor cools, some of
the fire supposedly leaves it. The remaining air is then free to seek its own
natural place, which is lower down.

In a teleological scheme, we find further explanations by seeking more
general purposes. Thus, we may say that warm air rises so that the earth may
be cooled, so that plants may grow, so that we may have food to eat, and so
forth. Explanations of this sort offer a fruitful ground for philosophical
discussions. They do not, however, reflect the direction that has been followed
by modern physical science.

An Empirical Explanation. Empirical: Based on practical experience,
("fitting the data"), without trying to understand why it should be so.

Archimedes' principle: "A body immersed in a fluid is buoyed up by a force
equal to the weight of the displacedfluid."
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Gay-Lussac's (or Charles') law: "A gas that is heated (or cooled) at constant
pressure will expand (or contract) in direct proportion to the increase (decrease)
in temperature."

These two principles differ from the previous explanations in two important
respects. They are quantitative; they tell how much of an effect to expect.
And they can be applied to more experiments than just the one we are talking
about.

Applying these two principles to the hot air bag is straightforward. When
the air is heated, according to Gay-Lussac, it expands. Thus, it displaces a
quantity of cooler air, outside the bag, that is heavier than the warm air
inside. Then, according to Archimedes' principle, the immersed body (namely,
the bag of warm air) is buoyed up by a force that is greater than its own
weight. Therefore, the bag rises to the ceiling. When the air inside it cools,
it becomes as heavy as the surrounding air. So the extra weight of the bag
itself is enough to make it descend.

Archimedes' principle and the law of Gay-Lussac are examples of empirical
laws. They have the form: "Whenever A happens, B follows." An empirical
law describes, as accurately as it can, what takes place. It usually does not
give much insight into why it should be true. This type of explanation is
characteristic of relatively new fields of science.

Figure 1-2 Archimedes, 287-212 B.c. (THE BETTMAN ARCHIVE INC.)
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ARCHI
MEDES
AND HIS
PRINCIPLE

The nature of an explanation

Archimedes lived in the then-Greek city of Syracuse, about 200 Be. The
story goes that he discovered his famous principle when his king, Hi , asked
him to find a way to decide whether a new crown he had bought uly
made of gold. Such a valuable item clearly had to be treated nondestructively.
No bending, melting, clipping off samples, or the like, was to be permitted.
Legend has it that the idea came to Archimedes as he lay immersed in the
public bath. So excited was he by his discovery that he ran through the streets
of Syracuseshouting, "Eureka!" ("I have found it."), clad in the usual manner
of men in the Greco-Roman public baths, which is not at all.

Suppose the crown weighed one kilogram (about 2.2 pounds). Lead is a
lighter metal than gold, and so a kilogram of lead takes up more space than a
kilogram of gold.

A kilogram of gold displaces about 50 grams of water (nearly 2 ounces),
whereas a kilogram of lead displaces about 80 grams of water. So the test
Archimedes devised was to weigh the crown first in the air, and then under
water.

A gold wn should "lose" 5% of its weight (50 grams out of 1000)under
water, w a lead crown would lose 8%. Even in Archimedes time the
scales were good enough to tell that much difference. Archimedes proved that
~iero's crown was a "ringer," and won undying fame. The fate of the gold
smith was less fortunate.

1 kilogram of gold

Figure 1-3

1 kilogram of lead

Crown weighs 1000
grams in air.

... but only 920
grams under water.

Figure 1-4 Was it gold or lead?
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A deeper
explanation of
Archimedes'
principle

A deeper explanation of Archimedes' principle

In the case of Archimedes' principle, we can give an explanation of the
principle itself that goes a bit deeper than the empirical level. We are about
to show that the law is a simple consequence of the nature of a fluid. In
logic this sort of proof is called a reduction. In it we show that whenever
certain simple conditions hold, the more complicated-sounding principle
will always be true. This is satisfying to the scientist. We would like to keep
our assumptions about nature as simple as we can.

Proof: that Archimedes' principle is a simple consequence of the nature
of a fluid.

We define a fluid as a material that is free to flow. It can and will change
its shape or size to adjust to unbalanced forces. Liquids and gases are fluids.

Since a fluid will move around in response to unbalanced forces, the position
in which it finally settles will be one in which the forces are balanced every
where within the fluid. Take a region of any shape inside the fluid. Suppose
we imagine this region surrounded by a lightweight plastic bag.

There are two types offorces acting on the fluid inside the imaginary plastic
bag: (1) The weight of the fluid inside the bag is a force pulling downward.
(2) The pressure of the fluid outside the bag is pushing in many directions.
The net effect of the second type must be upward. In fact it must just balance
the weight of the fluid inside the bag. Otherwise there would be an imbalance
of forces, and the fluid would readjust.

Suppose we replace the fluid inside the bag with some other object that
has the same shape as the bag. The fluid outside the object will have the same
distribution as before. The outside fluid will exert the same pattern of pres
sures on the object as they did on the imaginary bag. The net upward force
will be the same as before, namely, equal to the weight of the displaced fluid.
But this is just the buoyant force specified in Archimedes' principle.

Pressure of outside
~ fluid on the bag

Weight pulling down

Figure 1-5
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The kinetic
theory ofgases

The nature of an explanation

Hence, we have derived Archimedes' principle from some rather simple
assumptions that involve the nature of a fluid and the notion of balanced
forces. We have been rather loose in our use of terms like weight, force,
and pressure, leaving them to your intuitive sense, rather than supplying
rigid definitions. This was on purpose. We are trying to show how one law
can be derived from simpler assumptions. Logical exactness will come later.

Having made this reduction, we can now rephrase the empirical explana
tion of why the bag rises.

1. Gay-Lussac's law, as before.

2. Air is a fluid.

We hesitate to label this as the ultimate scientific explanation. It is the
most advanced explanation we shall offer of why the bag rises.

"A gas consists of a large number of very small molecules in rapid
motion, moving independently of each other, colliding frequently with
each other and with the container walls, and obeying the laws ofmechanics
in all their motions."

At first sight this does not seem to be any explanation at all. But we can
quickly show that Archimedes' principle (at least applied to gases) and
Gay-Lussac's law are both immediate consequences of the kinetic theory of
gases. A large assembly of independently moving molecules will clearly
behave like a fluid (think of a bag of marbles, or better, a bag of very fine
sand). Archimedes' principle, as we have shown, applies to this as to any
fluid.

If we identify higher temperature with faster motion of the molecules,
we can also derive Gay-Lussac's law from the kinetic theory. If we heat
the gas, the molecules will move faster. They will hit the container walls
more often and harder. Thus, the walls are forced to expand. So the same
number of molecules fill up a larger volume. This is just what Gay-Lussac's
law says.

The kinetic theory of gases has two parts: a model and a set of principles.
The model, in this case "a gas as a large collection of molecules in motion,"
is what we think the physical situation is for this problem. The set of prin
ciples, in this case "the principles of mechanics," are supposed to be a simple
set of rules by which we can tell what will happen next in any situation,
in particular the one described by the model.

The model for any theory may be as complicated as we need. A complete
model for Geology, the theory of the structure of the Earth, would require
us to know where every rock, every drop of water, on the Earth is. This is
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clearly not possible. Our information about the Earth is incomplete. Even
if we had it, our computers couldn't handle all the data. So we must resort
to simplified models, that will not tell the whole story, but, we hope, will
describe the main features. But then, if the theory fails to predict an earth
quake, we would blame this failure on the insufficiency of the model. We
would still feel that we understand the principles involved.

Most scientists hope and believe that a simple and universal set of princi
ples can be found and applied to all theories and models of physical nature.
The "principles of mechanics," that is, Newton's principles, came close to
fulfilling this hope. Using them, one could unify such diverse fields as
mechanics, heat, sound, astronomy, fluids, and others. In the 20th century
other principles have had to be introduced to deal with new regions of experi
ence (the very small, the very distant, the very fast). These principles all
reduce to Newton's laws in the region of common experience. But as yet
there is no single unifying concept.

We need not be satisfied with the kinetic theory of gases as the final
explanation of why the bag rose to the ceiling. We might ask, for example:
"Why do molecules exist? What are they made of?" While scientists may
offer answers to these questions, the answers themselves would probably
suggest still further questions. As anyone who has listened to a child's ques
tions knows, there is no end to asking "Why?"

From a philosophic point of view, there is probably no answer to the ques
tion, "Why does the bag rise?" or to any other question about nature, that
will satisfy everybody. Perhaps we have indicated here, by illustration, the
sort of answer that might be satisfactory to a modern scientist.

The question now arises, "What does it take to convince somebody that a
given explanation is correct?"

The answer depends, of course, on which type of explanation we are dealing
with. Someone who is inclined to accept a theistic explanation might be
convinced by being shown that the explanation agrees with certain Holy
Books. Another person might accept an idea if it is endorsed by somebody
else who is considered learned and wise. These arguments would probably
not persuade a scientific audience.

There can be more than one scientific explanation of something. Sometimes
one explanation can include another, the way the kinetic theory of gases
encompassed the law of Gay-Lussac. Sometimes a new theory, even if it is
scientific in nature, can be incorrect. Even if a theory is right, it may be slow
to gain acceptance. What does it take, then, to convince the scientific com
munity that a given theory of nature is likely to be correct?

A survey of cases in which new theories of nature came to be accepted may
shed some light on the process. Some examples will be given in later chapters.
We can identify some features that help to make a theory persuasive.
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Suppose that at some stage of history, there is a generally accepted theory
of nature that gives an explanation of events, and that seems to work well
in many cases. Let us call this the Previously Accepted Theory. We presume
that this theory has some shortcomings that are recognized by at least some
scientists. Under these conditions a New Theory may be proposed, partly
to fix the shortcomings. The following factors will be effective in helping to
persuade the scientific community to accept the New Theory:

Reducibility. The new theory must be at least as good as the old. There is
a large body of information that is more or less well-accounted for by existing
theories. A new theory, to be acceptible, must do equally well in accounting
for this material.

The usual way to satisfy this criterion is to show that in the pertinent
situations the new theory reduces to the old. Thus, once we show that Archi
medes' principle follows from the properties of a fluid, we don't have to prove
that each experiment that had been used to verify Archimedes' principle will
also follow from the new theory. On the other hand, if the new theory makes
some prediction that contradicts a well-verified consequence of the old
theory-if it said, for example, that a block of wood should sink in water
there would be strong grounds for rejecting the theory.

When a large body of information has accumulated in some field, any
attempt to improve on it must also account for all the succeses of the existing
theories. This means that anyone who wishes to add to the knowledge in such
a field must first learn all about it. This may explain why a theory advanced
by an untrained individual usually has such difficulty getting a hearing.

Any prominent scientist or teacher often gets letters from strangers pro
posing in all sincerity to overturn all the laws of physics. A typical proposal
might insist that the earth is hollow. We could point to the seismic waves
that seem to come directly through the Earth at such high speed that they
must be moving through a solid. But how can we explain this to someone
who does not understand the nature of wave propagation? The "outsider"
may not even be aware of the body of knowledge that already exists, and can
not comprehend in what respect his ideas fail to take account of problems
that are dealt with by the existing scientific doctrine.

To summarize the first criterion: A new theory must lead to the same results
as previously accepted theories in all cases where the latter have proved
successful.

Novelty. The new theory must be better than the old. Giving the same
results as a previous theory is not enough. If the old and the new theories
give the same predictions in all cases, they are said to be equivalent. The
choice between them is a matter of taste. If the new idea is really to supersede
the old, it must add something new to the picture.

Thus, the kinetic theory of gases not only reproduces all the successes
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of Gay-Lussac and Archimedes, but also helps to explain phenomena about
which the earlier theories had nothing to say. On the basis of kinetic theory,
we can calculate the speed of sound and the resistance of air to projectiles
passing through it.

Most noteworthy is the case of a new theory that is able to make correct
predictions where the old theory was known to be wrong. This is the classical
situation in which a new theory comes to replace a clearly inadequate older
one. Thus, the "classical" theories of physics, as they were understood in
the year 1900, said that an electrically charged electron in orbit about an
atom must radiate away all its energy and spiral down into the center. The
experiments showed that atoms did consist of electrons in orbit about a
small, heavy nucleus, and that the atoms were nevertheless stable. It took
the 20th century theory of quantum mechanics to account for the stability
of the atom.

The word "prediction" is sometimes used in a peculiar sense in this context.
One speaks of a theory "predicting" the results of experiments that have
already been done. It would make better semantics to speak of a theory as
accounting for results that are already known.

A new theory must account for facts that are either not encompassed
by previously accepted theories or are predicted incorrectly by the latter.

Testability. It should be possible to tell whether a theory is right. Physics
is an experimental science. This means that a theory of physics must stand
or fall on its ability to predict the results of experiments. Usually the con
vincing argument in favor of a new theory is that it make a real prediction
of the result of an experiment that has not yet been performed. Maxwell's
theory of electricity and magnetism, proposed in 1873, predicted that electro
magnetic signals could be sent across empty space at a speed equal to the
speed of light. The discovery of radio waves by Heinrich Hertz, and their
application to "wireless telegraphy" by G. Marconi, constituted the final
verification of this great theory.

There are some theories that are so vague or complicated that they resist
experimental testing. The Delphic oracle of ancient Greece claimed to be
able to predict the future. But the wording of its predictions was always so
contrived that, if the apparent prediction failed to come true, it could be
argued that it had been misinterpreted. A theory that can always be re
adjusted to account for whatever experimental results are found is clearly
not in a satisfactory state.

There are some theories that are so phrased that they cannot be tested at
all. For example, the statement that "there exists a parallel universe which
has absolutely no contact with our own," may amuse science-fictionwriters,
but it is not subject to experimental test. Such a theory is not a theory of
physics; it is said to be unphysical.
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It must be possible to derive consequencesofa new theory which differ
from those of competing theories, and which can be tested by experiment.

Elegance. A theory of nature should be beautiful. There is another ele
ment-we may call it "elegance" or "beauty"-that helps to gain acceptance
for a new theory. Scientists believe that the basic laws of nature are simple
in form. The most powerful physical theories of the past have been simple.
This quality is not easy to define, though easy to recognize. Often it takes the
form of a particularly brief mathematical expression, such as "F = rna"
or "E = mc-."

A new theory should incline toward a particularly brief, powerful,
and universal statement of its principles.

We want to call attention to the sort of criteria that are not to be applied.
It is not necessary for a scientific theory to be in accord with the writings
of V.I. Lenin, for example, or the sayings of Chairman Mao, or for that
matter with the Biblical account of Creation. A theory need not be ratified
by a vote of the Academy of Sciences, or approved by the editor of the Phys
ical Review. It cannot be argued that personal feelings do not ever enter into
scientific discussions. But it is expected that, in the long run, scientific ideas
will be accepted or rejected on the basis of the above, generally objective
criteria.

In following chapters we will show how specific theories have come to gain
scientific acceptance.

air-invisible fluid which supposedly fills up the space around us. The "air"
model helps explain such facts as why balloons rise.

animism-the belief that natural objects (such as rocks, trees, wind) are alive
and have souls.

Archimedes' principle-a body immersed in a fluid is buoyed up by a force
equal to the weight of the displaced fluid.

elegance-the criterion that a new theory should incline toward a particularly
brief, powerful, and universal statement of its principles.

empirical-based on practical experience ("fitting the data"), without trying
to understand why it should be so.

fire-supposed by the ancient Greeks to be one of the "elements" out of
which matter is made up. The modern view of what fire is is discussed
in Chapter 8.

fluid-a material that is free to flow. A fluid can and will change its shape
or size to adjust to unbalanced forces. Liquids and gases are fluids.

force-an effect, such as a push or pull, that can make something begin to
move. A more precise definition of force will be given in Chapter 5.
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gas-a light-weight fluid that can change its size and shape easily. Air and
steam are examples of gases.

Gay-Lussac's law-a gas that is heated (or cooled) at constant pressure will
expand (or contract) in direct proportion to the increase (or decrease)
in temperature.

kinetic theory of gases-a gas consists of a large number of very small mole
cules, moving independently of each other, colliding frequently with
each other and with the container walls, and obeying the laws of
mechanics in all their motions.

liquid-a fluid, usually much heavier than most gases, that can change its
shape easily, but not its volume. Water and oil are examples of liquids.

magic-the art of producing effects or controlling events by charms, spells,
and rituals.

model-the part of a theory in which we describe what we think the physical
situation is.

novelty-the criterion that a new theory must account for facts that are
either not encompassed by previously accepted theories, or are pre
dicted incorrectly by the latter.

objective-dealing with real facts that all observers would agree on, regardless
of our personal interpretations or feelings.

pressure-the forces, per unit area, that are exerted by (and on) a fluid on
(and by) its walls and objects immersed in it. A more precise definition
of pressure will be given in Chapter 5.

principles-a simple set of rules, part of any theory, by which we can tell
what will happen next in any situation.

quantum mechanics-a 20th century theory that accounts for the stability
of the atom. We will say more about quantum mechanics in Chapter 11.

radio waves-electromagnetic signals that can be sent across empty space
at a speed equal to the speed of light. They were predicted by Maxwell
in 1873, found later by Heinrich Hertz, and used by Marconi.

reducibility-the criterion that a new theory must lead to the same results
as previously accepted theories in all cases where the latter have proved
successful.

reduction-a logical proof that a complicated-sounding principle will always
be true whenever certain simpler conditions hold. For example, Archi
medes principle can be reduced to being a consequence of the properties
of a fluid.

supernatural-caused by supposed forces beyond the normal, known forces
of nature.

teleological-directed toward a definite end, or having an ultimate purpose.
testability-the criterion that it must be possible to derive consequences of

a new theory that differ from those of competing theories and can be
tested by experiment.
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theism-belief in a God who is the creator and ruler of the universe.
vapor-see "gas"
weight-the downward-pulling force that the Earth exerts on a given object.

Weight will be discussed more fully in Chapter 4.

1. Which of the explanations of the bag rising do you find acceptable?
Why do you reject the others?

2. Why is the idea of air not objective? Would you have guessed that such
a thing existed, if you had not been taught about it?

3. Give three different kinds of explanation of why it rains.

4. What kind of explanations are the following?
(a) "It rains so that plants can grow."
(b) "It always rains after there is thunder."

5. Why is cool air heavier than warm air?

6. What uses can you think of for Archimedes' principle? Why should
a swimmer keep her head down in the water?

7. It has been suggested that, if certain laws of physics had been slightly
different, a planet like the Earth could never have formed, and intel
ligent creatures like ourselves would not be here to talk about it. What
class of explanation of nature is this?

8. Can you give examples of empirical rules in other fields of study?

9. Is molasses a fluid? Is air?

10. On the basis of the kinetic theory of gases, how would you expect the
pressure to change if (a) you raised the temperature of a gas confined
in a rigid container; (b) you compressed the gas to half its original
volume, while keeping the temperature fixed? In kinetic theory we iden
tify the pressure of a gas with the rate and the impact of molecules
colliding with the walls of the container.

11. Identify the model and the principles in some theories you know, not
necessarily in physical science. (Suggestions: The Theory of Evolution,
The Law of Supply and Demand, Grimm's Law of Linguistics)

12. The following simplified model of rush-hour traffic is supposed to make
reasonable predictions of the number of cars on the highway: Let us
say there are 80,000 drivers working in the central city. Beginning at
4 :30 p.m. each of them flips a coin, and then repeats the coin flip every
15 minutes until arriving home. The first time the coin comes up heads,
the driver takes the car onto the highway. The next time heads is flipped,
the driver gets off at the nearest exit.
How much traffic does the model predict at any given time, say, 4:50
p.m.? Because a model gives accurate predictions, does it necessarily
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give a true picture of the state of affairs? What features of rush-hour
traffic might this model fail to predict accurately?

13. Can you think of any other criteria, not necessarily scientific, that
might be applied to a new theory of nature?

14. It has been argued that human events can be predicted from the posi
tions of the heavenly bodies ("astrology"). What arguments can you
marshal for and against such a theory? Would an astrologer be willing
to give up this theory on the basis of a wrong prediction? What is the
mechanism for adding new ideas to the field? Where did the original
wisdom come from?

15. Do the following questions have physical answers? What happened
before the world began? Has anyone ever disappeared without a trace?
Do miracles really happen?
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In this chapter we will show how one specific theory came to be accepted.
We don't expect you to learn all the details. What we want you to understand
is how it came into being.

We will be talking about the motions of the sun, the moon, the stars, and
the planets. People have been looking at them for thousands of years. Long
ago many accepted the idea that maybe the events in the heavens had some
thing to do with what took place on Earth. If this were so, and if some men
were able to predict the motions of the heavenly bodies, that would mean that
those men could foretell the future. So wise men through the ages made up
sehemes that helped them know in advance the positions of the stars.

The movement of the planets is tricky, full of speed-ups and slow-downs,
zigzags and back-tracking. The models that were used to explain these
motions became more and more complicated, full of circles within circles,
needing long tables of numbers. In the 16th century, Copernicus showed how
much simpler the calculations were when he assumed that the sun, not the
earth, was the center of the world.

Others, notably Galileo, Kepler, and Newton, developed Copernicus'
idea. The crowning triumph of the age came with the publication, in 1686, of
Newton's Principia. In it he showed that the motions of all the heavenly
bodies could be predicted from a very simple scheme. The rules of this
scheme could be stated in three or four sentences.

The remarkable feature of these rules for the motion of planets is that they
are the same rules that apply to the motion of objects on Earth. The laws of
mechanics, the science that deals with machines and falling bodies, with
pendulums and wheels, were shown to apply to the motion of the moon and
of Mars. No wonder that thinkers of the century or two after Newton came
to regard the universe as a giant clockwork. They looked on the world as a
great piece of machinery that, once set in motion, would continue to move,
predictably and unpreventably, according to the unchanging rules of the
science of mechanics.
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It is obvious to anyone who spends much time out doors at night that the
stars appear to move in a rigid pattern across the sky. The position of the
moon with respect to this pattern changes from night to night. The sun also
shifts its position, though more slowly than the moon. We know this because
we see different stars in the night sky at different times of year. We can guess
that the stars we miss at any season are the ones that are near the sun's posi
tion, and are outshone by its brilliance.

If you look closely night after night you might notice that there are a few
star-like objects that don't stay put against the heavenly background. These
objects were called planets, from the Greek word for "wanderer." We know
five of them today by the names of Roman gods: Mercury, Venus, Mars,
Jupiter, Saturn. There are others known today, but these five planets were
the only ones that could be seen before telescopes were invented.

The ancient idea that the positions of the heavenly bodies had something
to do with what happened on Earth was not completely wrong. The spring
rains usually began soon after the sun passed from the region of the sky
known as Pisces to the region called Aries. The ocean tides were known to
be higher at the times of new moon and of full moon than at other times of
month.

Perhaps, the ancients though, the little planets also had some subtle influ
ence on earthly affairs. Whether or not this belief was correct, and today
most scientists would say it is not, it certainly put a premium on being able to
predict the motion of the sun, moon, and the planets. And so the early civili
zations set out to learn all they could about star motions.

The sun and the moon The motions of the sun and the moon are easy
to predict in advance. The sun repeats itself in position once a year. So, if you
spend a year noting each day where the sun is among the stars, you can pre
pare a table that can be used year after year to tell you which stars are near
the sun on any given day.

The moon has a repeating cycle of just under thirty days. Once you have it
well measured, you can prepare a similar table for the position of the moon.

The phases of the moon are equally simple to predict, once we accept that
the moon shines by light reflected from the sun. This fact was understood
long ago. When the moon is near the sun's position in the sky, the moon's
sunlit face is turned away from us. We see only a thin crescent edge of it, if
we see the moon at all. This time of month is known as the new moon phase.
When the moon is directly opposite the sun, we see the fully illuminated face.
This phase is called the full moon. At times in between we can see only a
fraction of the moon's face, always on the side of the moon nearest the sun.
These phases are called the first and last quarter moon.

The moon does not follow the same path as the sun across the starry back-
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Figure 2-1 Phases of the moon

ground. If it did, the moon would pass in front of the sun at every new moon,
blocking out its light, and causing the condition known as an eclipse of the
sun. Conversely, at every full moon Earth would block the sun's light from
reaching the moon, thus dimming the moon's appearance, a condition called
eclipse of the moon. The moon's path across the stars makes an angle of 5
degrees with the path of the sun. In most months the moon passes over or
under the position of the sun, avoiding an eclipse. Only very rarely does the
new moon occur at the time of month when the moon's path crosses that of
the sun, and that is when an eclipse can occur. The alignment must be very
exact, so much so that the total eclipse is visible from only a limited part of
the Earth.

A total eclipse of the sun is a dramatic and rare event. It was often sup
posed to foretell some disaster on earth: the death of a king, or the loss of a
battle, for instance. Think then of the exalted state of an astronomer who
could know in advance exactly when the next eclipse would take place.

The planets The positions of the planets are not nearly as simple as
those of the Sun and the moon. Each planet appears to have some overall
period of repetition, usually much longer than a year. But the motion is
uneven, full of halts and jerks and zigzags. If we follow the motion of the
planet Mars for a few years, we will see that for most of that time the planet
marches smoothly across the star pattern On nearly the same path as the sun,
but at a slower pace. Every so often it will slow down in its track, stop, and
begin to retrace its path back past the stars it has just passed. After many
weeks of this back-tracking, the planet will stop again, turn, and resume its
normal advance past the fixed stars.
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Figure 2-2 Total eclipse of the sun (LICK OBSERVATORY
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Consider, then, the problem of an old-time court astrologer who was
asked to foretell the next time that Jupiter and Venus would pass each other
in the region of Capricorn. There was no simple table in which he can look it
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up. He had to make the calculation on his own. To do this he needed to
know how to go about it.

Every worker who has to make many new calculations soon learns to use
memory aids and tricks of the trade, so that he doesn't have to memorize too
many things. You have, no doubt, done this yourself. In the same way the
old court astrologer needed an easy way to remember how to calculate the
motions of the planets.

Over the centuries a model had been developed for the motion of the heav
enly bodies. It was used by most Western scholars from the time of the
ancient Greeks until the 16th century and later. The model went something
like this:

Figure 2-4 The Ptolemaic system (THE BETTMAN ARCHIVE INC.)
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The heavenly bodies are supposed to be embedded in a series of perfectly
clear, hollow spheres that surround the Earth. The fixed stars, that is, nearly
all of the objects in the sky, were in a single outer layer. The sun, the moon,
and the planets each had a shell. Each of these spheres was supposed to fit
snugly inside the next, like the layers of an onion, with the Earth in the
middle.

According to this model, there was a prime mover that pushed on the
outermost sphere, the one with all the fixed stars, and turned it once about
the Earth each 24 hours. The shell next to the outer one held one of the
planets. It also turned, but it slipped a little. Thus, the planet in it appeared
to shift position with respect to the fixed stars in the outer layer. The inner
levels, each with one planet (or the sun or the moon), slipped a bit more. So
each of these bodies appeared to have its separate motion.

The principle of motion for this theory was uniform circular motion. Since a
circle was a perfect figure in geometry, and the heavenly bodies were assumed
to be perfect, it was natural to suppose that they moved in perfect circles at an
unchanging rate.

This model had a fair success as an aid to calculation. You could look up
how fast any sphere was turning, and at what angle. Then you could figure
out approximately where the sun or the moon would be on any given day.

Some people took the model a bit too seriously. They made guesses about
what material the spheres were made of. They asked whether they made
sounds as they rubbed against each other, the so-called "music of the
spheres." But this sort of speculation had little to do with the real value of
the model as an aid to calculation.

It was recognized right away that the simple model of the spheres could
not explain the back-and-forth motion of the planets. The theory needed
some "patching." A very clever change was proposed by the Greek mathe
matician Hipparchus, who lived in the 2nd century B.C. Hipparchus' idea
was the basis for a book, called the Almagest, written by Claudius Ptolemy
in the 2nd century A.D. The ideas outlined in that text have been known as
the Ptolemaic system. We do not use the Ptolemaic system any more, but for
nearly 2000 years it was the most widely accepted theory of astronomy.

In Hipparchus' model, a planet like Mars did not stay rigidly attached to
the sphere assigned to it. Instead, there was supposed to be an "ideal" Mars
that was stuck to the sphere of Mars. The ideal Mars would move smoothly
about the heavens, but it could not be seen by humans. The real, visible
planet Mars was supposed to revolve in a separate circle centered on the
ideal Mars. Real Mars would then move in a looping fashion, shifting now
ahead, now behind its ideal position. Its motion was as if you attached a
flashlight to the spokes of a bicycle wheel, and watched the light loop and
swirl as a rider came by in the dark. In this way the motion of Mars, and the
other planets, could be calculated as the sum of two circular motions.
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Copernicus

This, of course, was more complicated than the idea of simple rotating
spheres. For each planet men then had to list not only the motion of the
ideal sphere, but also the description of the little circles, the so-called epi

cycles, in which the planets moved around their ideal positions. They needed
tables that gave the size of each epicycle, how long it took to go around, and
which way the circle was tilted. Given all this, they could then figure out
where to expect to see the planet on any given night. The system worked well
enough to satisfy the needs of the astrologers all through the Middle Ages.

When sailing ships began to make long voyages of discovery far from
home, they needed better information about the planets. They had to know
exactly where they were, what time it was, and other similar questions. The
hope was to guide the ships by the positions of the stars. It became clear that
the old tables were not quite right, and corrections would have to be made.

At first men simply tried to put better numbers into the tables. If that
didn't work, they patched the model again. They moved the centers of circles
away from the ideal position, for example. They even went Ptolemy one
better, and invented a second level of epicycles. In such a scheme, there was
the ideal Mars as before. There also was a second invisible object, a pseudo
Mars, going about the ideal Mars in an epicycle. The visible Mars then
circled the pseudo-Mars in a second epicycle. If this didn't work well enough,
they added still more little circles.

Given enough patchwork, men could probably have fit the motions of the
planets as well as was needed. But soon it was no longer a simple model.
Long tables of numbers were needed, and not many people could understand
them. Some thinkers even wondered why God had designed such a com
plicated system.

Nikolaus Kupfernick (1473-1543), a Polish-German clergyman better known
by his Latinized name, Copernicus, thought he had a better idea. He lived at a
time when the voyages of Columbus and Magellan had convinced some
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people that the Earth was not flat, but a globe. Why not, he began, suppose
that the Earth, and not the heavenly spheres, turned once on its axis every
day? This turning would explain the most obvious motion of the heavens,
and leave only much slower changes to be accounted for. In particular, it
would mean that all the fixed stars really were fixed, and didn't have to move
at all. This first suggestion was not very radical; it had occurred to others.

Figure 2-6 Nikolaus Kupfernick (Copernicus) 1473-1543
(THE BETTMAN ARCHIVE INC.)

Copernicus' big idea was to propose that the Earth was not the center of
the world, but that it and the other planets all moved in circles about the
sun.

This model easily explained the back-and-forth apparent motion of the
planets. Take, for example, the case of the Earth and Mars. Let us suppose
that both circle the sun in the same direction, the Earth in a smaller circle
than Mars, and moving faster. We can figure out the apparent position of
Mars on a given day by drawing a straight line from where the Earth is to
where Mars is on that day. Continue this line outward toward the fixed stars.
They form a constant backdrop to this drama, at a very long distance away.
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Figure 2-7 Explanation for Mars' apparent erratic motion,
according to Copernicus' scheme

When the line of sight from Earth to Mars passes near a fixed star, it will
look to us on Earth as if Mars is passing that star. If we draw such lines of
sight on succesive days, we can trace the progress of Mars across the fixed
stars.

Mars circles the sun in 687 of our days, while the Earth does so in 365
days. In a little over two of our years, the Earth gains a lap on Mars and over
takes it in its orbit. During most of these two years the two planets are fairly
far apart. As both progress around the sun, the line of sight between them
marches rather evenly around the sky. But as the Earth begins to overtake
Mars, the projected line flexes backward. So Mars appears to retrace its path
back past some of the stars it has just passed.

Thus, with a very simple assumption, the back-and-forth motion of the
planets was easily explained. The heavy burden of the Ptolemaic theory, with
all its patchwork, could be thrown out. Sailors and astrologers could calculate
from a much simpler model. They needed only to assume that all the planets,
and the Earth, revolved about the sun.

But the Copernican model was slow to gain acceptance. His work was
published, but it was largely ignored for nearly a century. There are several
reasons why.
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The work was presented as an aid to calculation, a "hypothesis,"
It was suggested that the calculations might be easier if they were
done "as if" the Earth revolved about the sun. But the reader
didn't have to take this idea seriously. (The book could probably
not have been published without such a caution.)
Europe at this time became embroiled in the great turmoil of
Reformation and Counter-Reformation. A man's position on
scientific matters could become a touchstone against which his
loyalty was to be judged.
Copernicus had some rather poor data on which to base his tables.
Calculations based on them did not make a very good fit to the
observed positions of the planets.
In the end Copernicus felt it was necessary to bring back a few of
the epicycles that had made the Ptolemaic system so cumbersome.

Galileo Galilei (1564-1642), an Italian, had read Copernicus' book, and took
up the ideas in it even more wholeheartedly than Copernicus himself. This
position put him in great personal danger, and the story of his conflict with
the authorities is well known. His many scientific accomplishments, dealing

Figure 2-8 Galileo Galilei 1564---1642 (THE BETTMAN ARCHIVE INC.)
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with such ideas as the telescope, the pendulum, fal1ing bodies, etc., could fill
many chapters. We shall deal here with just one contribution of Galileo: the
principle of inertia.

One of the main scientific objections to the Copernican model was that, if
the Earth is hurtling through space at the high speed implied by the model
(30 kilometers per second, as we now know), why didn't everybody fall off?

The answer Galileo put forth is that the natural behavior of objects in
motion is to keep on moving at the same speed in the same direction. Al1 the
people on Earth are moving along with it. Unless something happens to
change their state, they will keep moving with the Earth.

Aristotle had said that the natural state of objects was to come to rest.
Galileo's point was that it took ajorce to slow down an object. According to
the principal of inertia, it doesn't take any force to keep an object going if it
is already in motion. Only changes in the state of motion-slowing down,
speeding up, turning-require an outside force.

If we rol1 a bal1 on the sand, it soon stops. If we roll it on a smooth table, it
continues rol1ing for a while. If we slide it on a flat, icy pond, it keeps going
even longer. The slowing down comes because of the roughness of the sur
faces, which exert a force cal1edjriction on the ball. The smoother the surface,
the more nearly the Galilean ideal is approached.

It was Galileo who first introduced the idea of relativity into physics.
According to this idea, a system in steady motion should appear to people
moving with it just as if the whole system was standing still.

Have you ever eaten a meal in an airplane? If the ride was not bumpy, the
food sat perfectly stil1 in the plate, even though the plane was travel1ing
through the air at a speed of 1000 kilometers per hour. Galileo's example was
similar, though keyed to the speeds available in his time. Could a prisoner
below decks on a fast boat, he asked, tell whether the boat was moving or
becalmed, by the way water spil1ed? If he faced forward, and the boat was
moving, would the water splash on his clothes? Of course not, he answered,
because the water in the cup was also partaking of the boat's motion.

We now skip a few years backward in time to Tycho Brahe (1546-1601), the
Danish royal astronomer, who was assisted in Bohemia by Johannes Kepler
(1571-1630). Tycho set out to prove Copernicus wrong by taking very care
ful sightings of the stars and planets. He worked without a te1escope
telescopes had not yet been invented-but his work was very accurate.
Kepler was later to discard one of his own theories because it disagreed with
Tycho's measurements by 1/15 of a degree. He knew that Tycho could not
have been that far off.

Tycho had his own pet theory, a compromise between Ptolemy and
Copernicus. In Tycho's scheme the sun and moon revolved about the Earth,
but all the other planets revolved around the sun. Tycho died before he could
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Figure 2-9 The scheme of Tycho Brahe: The sun and moon
revolveabout Earth, but the planets revolve about the sun. (THE

BETTMAN ARCHIVE INC.)

do the calculations. Kepler was left with all of Tycho's data books. He
spent years doing the math work over and over again. Unlike Tycho, Kepler
had the feeling that Copernicus was right.

Kepler's first try was to fit all the observations with orbits of the planets
that went in perfect circles around the sun. He hoped that, with the good
data he now had, he wouldn't need to use any epicycles. To his disappoint
ment, he couldn't make things work out that way. Then, with a flash of
insight, he decided to try the next best thing to a circle. He would fit the
orbits of the planets to a curve known as an ellipse.
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Figure 2-10 (a) An ellipseobtained by cutting through a cone;
(b) Drawing an ellipse with string and tacks

An ellipse is an oval-shaped curve, known to the Greek mathematicians. If
we make a slanted cut through a cone, the curve that emergesis an ellipse.

We can draw an ellipse with two thumbtacks and a piece of string. The
points we stick the thumbtacks into the paper will be the foci (singular,
focus) 0 llipsewe draw. Attach the ends of the string to the tacks. Hook
the string with a pencil and pull the string taut. Slide the pencil along the
string, keeping the string always taut, and trace the curve on the paper. In this
way the sum of the distances from the pencil tip to each of the tacks stays the
same all the way around the curve.

The length the string used is equal to the length of the major axis, the
longest str line that can be drawn inside the curve. When the two foci
are close t er, the ellipse is very close to being a circle. When they are
apart, the ellipse becomescigar-shaped and is called eccentric.

An ellipse has some amusing properties. Suppose we have a hockey rink or
a pool table with ellipse-shapedwalls.Ifwe start a ball at one focus and send
it rolling toward the wall in any direction, it will bounce in such a way as to
always reach the other focus. A sound echo will do the same thing. The
rotunda of the Capitol building in Washington has an elliptical dome for a
ceiling. A whisper spoken at one focus can be heard quite clearly across the
room at the other focus.

Kepler's discoveries can be summarized in his three laws of planetary
motion. These are empirical laws. They fit the data well, but Kepler had no
idea why they should be true, or how they could be applied to anything but
the planets. Nevertheless they are important. They describe, simply and
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accurately, the motion of all the planets. Scientists after Kepler did not have
to compare their theories painstakingly with the data, as Kepler had. They
only had to show that the new theory gave the same results as Kepler's laws.

Kepler's First Law. Each planet moves about the sun in an ellipse, with the
sun at one focus.

Under this law no more cycles and epicycles are needed. The ellipse is not
as "perfect" a figure as a circle, but using it is a lot simpler than the old
Ptolemaic system, and more accurate.

Since the orbit of a planet is not a circle, its distance from the sun changes.
Sometimes it swoops a bit closer to the sun, at other times it ranges a bit
farther away. Its speed does not have to stay the same all the way around its
orbit. Thus a second law is needed to tell how the planet speeds up and slows
down as it goes around the sun.

Kepler's Second Law. The speed of a planet changes in such a way that the
line from the sun to the planet sweeps out equal areas in equal times.

When the planet is closer to the sun it moves faster than when it is farther
away.

o C

A

B

Figure 2-11 Kepler's second law: If the shaded areas are
equal, it takes as long for the planet to go from C to D as it does
from A to B.

If the shaded areas are equal, it takes as long for the planet to go from C
to D as it does from A to B.

The second law only tells how to relate the motion of the same planet to
itself at different parts of its orbit. Different planets sweep out areas at dif
ferent rates. In order to relate the motion of one planet to another, a third
law is needed.

Let us define the distance of a planet from the sun as the average distance
over its orbit. More precisely, it is half the length of the major axis of its
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ellipse. The period of a planet is the time it takes to revolve once around the
sun.

Kepler's Third Law. The ratio (distance times distance times distance)
divided by (period times period) is the same for all planets.

To see how well the third law works, look at Table 2-1. We use as a con
venient unit of distance the "astronomical unit" (A.U.), which is the average
distance from the Earth to the sun, about 150 million kilometers. Our unit of
time is the year, the period ofrevolution of the Earth around the sun.

Table 2-1 KEPLER'S RATIO FOR THE PLANETS

Planet Distance Period of Kepler's
from sun revolution ratio
(in A.V.'s) (in years) (in these units)

Earth 1 (by 1 (by
definition) definition)

Mercury 0.387 0.2408
0.387 x 0.387 x 0.387

0.2408 x 0.2408
= 1.0008

Mars 1.524 1.881 1.0004
Jupiter 5.203 11.862 1.001

The remarkable thing about Table 2-1 is how precisely Kepler's ratios are
the same for all the planets. They are equal within one part in a thousand.
Even the small differences among them are probably due to uncertainty
about the exact values of the planets' distances and periods.

One feature should not be missed in this discussion. The fact that Kepler's
ratio for the Earth is the same as that for Mercury, Mars, and Jupiter (and
the others) shows in a numerical way that the Earth is one of the planets. The
Ptolemaic system, or even Tycho's scheme, which set the Earth in a special
place, could not explain, except as a remarkable coincidence, why the Earth's
distance and period should agree so well with the Kepler ratio for all the
other planets.

The moon does not fit in at all with the planets. Its distance from the earth
is about 1/400 of an A.U. Its period ofrevolution is about 1/12 of a year. So
Kepler's ratio, in these units, is about 0.000003. The fact that the moon
revolves about the Earth, and not about the sun, has something to do with
this big difference.

During Kepler's lifetime, Galileo discovered that there were several satellites
revolving about the planet Jupiter. Later,moons were found around Saturn
and some of the other planets. It was found that all the moons of Jupiter
obeyed Kepler's third law with a ratio that was smaller than that for the
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planets, but larger than that of the Earth's moon. The value of Kepler's ratio
depends on the central body being rotated about. The larger the central
body, the greater Kepler's ratio for its satellites.

1
:

Figure 2-12 Halley's comet photographed in 1910 (LICK

OBSERVATORY PHOTOGRAPH)

Comets, those spectacular objects with long fiery tails that appear once in a
while in the sky, have been noted since history began. Usually a comet
remains visible for only a few weeks, being brightest when it is near the sun,
and dimming out as it moves farther away. In the light of Kepler's findings,
it was suggested that perhaps comets, like planets, follow elliptical paths.
Unlike the planets, whose orbits are not very different from circles, the
comets travel in very eccentric ellipses. The royal astronomer of England,
Edmund Halley, tracked a comet that appeared in 1682. He figured out how
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long the major axis should be, and used Kepler's laws to calculate that this
comet should come back every 76 years. He checked old records that showed
a comet like this one had been seen before at just about the expected times.
He then predicted that it would return again in 1758, 1834, 1910, 1986, etc.
Halley's comet has come back every time as predicted. Many other comets
have since been found to follow repeating, elliptical orbits around the sun.

Isaac Newton (1642-1727) was born the same year Galileo died. He studied
math at Cambridge, and also spent a good part of his life studying the Bible.
During the plague year, 1666, the university was closed, and the 23-year-old
Newton went back to his mother's farm where he had little to do but think.
It was during this time that his great ideas on mechanics and gravity first came
to him.

Figure 2-13 Isaac Newton 1642-1727
(THE BETTMAN ARCHIVE INC.)
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The story has it that the idea came to him while he was watching an apple
fall. Most likely he wondered how far up it was still true that all bodies fall at
the same rate. Galileo had shown that on Earth all objects, apples, stones,
raindrops, cats, when released, picked up speed downward at the same rate.
Why then, Newton wondered, didn't the moon fall? At what height does
gravity stop working? Does it ever stop?

Ball with hole
drilled through it

Hammer

Catch

Figure 2-14 Apparatus for launching horizontally moving
ball at the same time as a second ball is released at rest. When
catch is removed, coiledspring drives the rod and hammer toward
the ball at right. The length of the rod and the position of this
ball are set up so that as the hammer reaches this ball, the far end
of the rod passes out of the hole drilled through the ball at left.
So the ball at left begins to fall just as the ball at right is launched.

Newton knew that if you throw a stone horizontally, the time it takes to
hit the ground is the same as if it were released from rest (see the box). It
takes 1 second for the stone to drop about 5 meters, starting from rest.
Suppose you throw the stone, at a speed of 2 meters per second, sideways
from the top of a ladder 5 meters high. It will still take 1 second to reach the
ground. In the meantime it will have travelled 2 meters to the side. If you throw
it at 10 meters per second, it will move 10 meters horizontally in 1 second
before it hits the ground. You can use a slingshot, or a cannon, to get the
stone to go faster. It will still take 1 second to fall 5 meters. The faster its
horizontal speed, the farther it will go in one second.
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A consequence ofrelatMty The rocket-satellite that circles the Earth was
something that Newton could only imagine, not make. His calculation of its
orbit depended on a crucial assumption: that it would fall at the same rate no
matter how fast it was moving horizontally.

This idea can be tested easily for slower projectiles.

Experiment Two metal balls are placed on a high stand. A trigger is set
up in such a way that one of the balls is released to fall straight down at the
same instant that the second ball is fired horizontally. Listen for the sound of
the balls hitting the floor. Can you tell if one hits the floor ahead of the other?
According to our assumption, the balls should hit at exactly the same time.

Repeat the experiment at a different height, or with a different speed for the
horizontal ball.

The fact that the two balls should fall at the same rate follows from Gali
leo's principle of relativity. This principle says that there is no way for a pas
senger in a fast airplane (for example) to tell how fast he is moving without
comparing himself to things outside the plane.

Suppose a passenger drops a fork and times how long the fork takes to hit
the floor. From the point of view of a man on the ground, the fork is not
falling straight down. It is moving in a long arc. By the time it hits the floor of
the plane, it has moved hundreds of meters from its starting point.

If there were the slightest difference in how long the fork takes to fall, we
could design a new kind of speedometer. Airplanes could carry a faIling-body
setup, with some photoelectric cells for fast timing. By checking exactly how
long the weight takes to fall a set distance, the pilot might be able to figure
out his ground speed without looking outside the cabin. But this is just the
sort of thing that the relativity principle says we cannot do. .

So you see how we can start with a negative-sounding idea: You cannot tell
how fast you are moving without comparing yourself to things outside. And we
use it to reach a positive result: The time it takes for something to fall a certain
distance is the same no matter how fast it is moving horizontally.

We know that the Earth is not flat. If you take a horizontal straight line and
project it for 8000 meters, the straight line will be five meters higher off the
ground than when it began. This is because the earth is curving away from
the line.

So if we sent off a rocket horizontally at just 8 kilometers per second, the
rocket will fall 5 meters in the first second. But it won't get any closer to the
earth! Its rate of fall will just match the curvature of the earth. At the end of
one second the rocket will be just as far off the ground as when it started. It
will still be moving horizontally. If there were no air resistance, it would still
be going at the same speed.

In the next second, the rocket would repeat this sequence. It would move 8
more kilometers to the side. It would fall 5 more meters without getting
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Figure 2-15 (a) Paths of stones thrown horizontally from a
ladder; (b) Paths of projectiles launched horizontally

closer to the ground. In the third second it would do the same thing. The
rocket could continue in this way all the way around the earth.

The Earth is 40,000 kilometers around. At 8 kilometers per second, it
would take 5000 seconds for this rocket to circle the earth. This is 83 1/3
minutes, or 1.4 hours. In fact, we know today that this is just about how long
it takes a low-orbit, man-made satellite (say, 200 kilometers above the
ground) to go around the earth.

Newton couldn't make such a rocket in his day, but he could figure out how
fast it had to go.

Let us now prepare a Kepler's third law table, to compare the moon with
this low-flying satellite. For fun, we include a second satellite 35,900 kilo
meters above the earth's surface ("Telstar"). We will use different units of
distance and time than in Table 2-1: thousands of kilometers for distance,
and hours for time. So the value of Kepler's ratio will come out differently
than before. The only thing that is important about this ratio is that it will be
the same for all the satellites.
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Table 2-2 shows that the moon is a satellite of the Earth, in the same sense
that the low-flying rocket is. The some forces must be responsible for keeping
both in their orbit. Gravity, the pull of the Earth, makes the rocket fall. It
must be the same gravity that keeps the moon in its orbit.

Table 2-2 KEPLER'S RATIO FOR SATELLITES OF EARTH

Distance from Period of
center of earth revolution Kepler's
(thousands of about earth ratio

Satellite kilometers) (hours) (these units)

Moon 384.41 655.7 132.1
Satellite at surface
of Earth 6.37 1.4 131.9
"Stationary"
satellite 42.4 24.0 132.3

According to the principle of inertia, the moon would fly off at a tangent if
there were no forces acting on it. The force of gravity is just enough to keep
the moon forever falling at a rate that just matches the curvature of its orbit
around the Earth.

Is the force of the Earth's gravity the same at the moon as on the Earth's
surface? It turns out to be quite a bit weaker. Newton could do this calcula
tion, too; it is the inverse of the one he could do about the low-orbit satellite.
Knowing the speed of the moon in its orbit and the radius of its orbit, he
could figure the rate offall, due to earth's gravity, in the neighborhood of the
moon. It turns out to be 1/3600 as great as near the surface of the earth. If
you released an object from rest, out in space at 400,000 kilometers from the
Earth, it would fall only 5/3600 meters in the first second.

The moon is 60 times as far from the Earth's center as we are on the
Earth's surface. Noticing that 60 times 60 is 3600, Newton supposed that the
force of gravity falls off as the square of the distance from the attracting
body. If we go twice as far away, the force is only 1/4 as strong. This is just
the rate of falloff needed to give exactly Kepler's third law. So the "inverse
square" law for gravity is shown to be true out to distances at least as far as
the farthest planets and comets in our solar system.

Newton's law of universal gravitation Every object in the universe
attracts every other object with a force that increases in proportion to the
amount of material in the two objects, and decreases in proportion to the
square of the distance they are apart.
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Newton'sthreelaws of mechanics are very simple to state. Theirconse
quences are so widespread that entire courses of physics are devoted to
studying them. That is not the intentionhere, But no text in physicswould be
completewithout atleast stating what these principles are.

Newton's FirstLaw.The same as Galilee's principle of-inertia: In thesbsence
ofany outside forces, a body at rest will remain at rest, and a body in motion
will remain in motion at the same speed in the same direction.

Newton's Second Law. When forces do act, the effect isto produce changes
in the state of motion'. We define acceleration as the rate of change of the
velocity of an object. Acceleration.can bea speeding up, a slowingdown, or a
change indirection.

The more force is applied, the faster the velocity changes. The more mate
rial in a body, the moreforce is needed to make the same acceleration.

The second law can be summarized by the formula

F=mxa

The force needed to make a certain rate ofchange ofthe velocity ofan object
is equal to the product ofthe amount of material in it times the acceleration
produced in that body.

Newton's Third Law. "Action and Reaction." Ifone body exerts a forc« on
a second body, then the second object exerts a force on tne first that is-equal'in
strength but opposite in direction.

Making use of this law, together with his three principles of mechanics (see
box), Newton was able to show that each of Kepler's laws could be derived
from Newton's laws. But they go further than just the description of plane
tary motion.

In order to get further with his theory, Newton had to invent calculus.
With this mathematical invention, he was able to answer many questions
raised by his theory. Some examples;

Question: If, in a large body like the Earth, every stone, every drop of
water, is pulling on an apple, the pulls being in different directions with
different strengths, what is the net force on the apple? Answer: If the Earth is
perfectly spherical, the force on objects outside it is the same as if all the mass
of the Earth were concentrated at the center.

Question: What happens if the satellite rocket is started off a little faster
than 8 kilometers per second, or if it is aimed slightly upward instead of
exactly horizontally? Answer: It rises to a maximum height, then falls a bit
lower than its launch height, returning eventually to its starting point. The
exact orbit is an ellipse (!), with the center of the Earth at one focus.
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Question: Can we account for Kepler's second law? Answer: It is a direct
consequence of the principles of mechanics and the fact that the attraction of
gravity is always directed at the central body. It is the same effect as when a
figure-skater begins to rotate more rapidly when she draws in her arms.

The fact that a satellite speeds up when it gets closer to the central body
can also be understood as a consequence of its having "fallen" from a greater
distance. The speed of a falling body is always fastest at the bottom of its
fall. Conversely, the speed of a projectile is least at the top of its climb. A
satellite in an elliptical orbit can be thought of as rising to its maximum
height ("apogee"), where it is moving at its slowest, then falling to its mini
mum ("perigee"), where it is going fastest, overshooting the Earth and rising
again to apogee, and so forth.

Other consequences ofgravitation.

The Tides. Because of the "Action and Reaction" principle, the moon
also exerts a gravitational attraction on the Earth. The parts of the Earth
closer to the moon feel a stronger pull than the parts farther away. So the
Earth as a whole is under a stress.

B

Pole to measure
water height

A To moon

Figure 2-16 Cause of the tides. The unequal pull by the moon
causes the water to "pile up" at A. But it also pulls the solid earth
away from the water at B, forming another pile-up there.

The part of the Earth that is fluid, especially the ocean, has to change shape
to adjust to this stress. On the side facing the moon, the water "piles up" a
few meters higher than average. There is also a pile-up on the side opposite
the moon. This happens because the moon's force tends to pun the solid
earth away from the water. So the surface of the ocean assumes a stretched
out shape, pointing both toward and away from the moon.

If you stick a pole into the ocean bottom near the shore, you can observe
the water level rise and fall. As the Earth rotates, the pole wil1 pass through
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the region of the water bulges, and the tide wiIl rise. This happens twice a
day, when the pole passes the side facing the moon, and again on the opposite
side. At times in between, the water level is not so high, and we have low
tide.'

The sun also contributes to the tides. Since the sun is farther away than the
moon, the difference in the sun's force from front to back of the Earth is less
pronounced than in the moon's case. When the sun, moon, and earth all lie
in a straight line, the stretching due to the sun reinforces the tidal effect of
the moon. So at new moon and fuIl moon, the tides are higher than usual, the
so-caIled spring tides. When the sun is at right angles to the moon, during the
quarter-moon phases, the tides are less pronounced than usual, the so-caIled
neap tides. The moon's force tends to stretch the ocean surface toward and
away from the moon. But at the neap tides, the sun is stretching it in a dif
ferent way, tending to puIl the ocean back toward a spherical shape.

Planets Acting on Each Other. The attractions of the planets for each
other cause smaIl changes from the Kepler orbits. These can be calculated.
Sometimes such calculations show that there is an extra force acting on one
of the outer planets that is not due to any known planet. So astronomers
begin to look for new planets that cannot be seen by eye.

In 1785 Sir WiIliam Herschel found the planet Uranus. He knew where to
look for it from the changes it made in Saturn's orbit. When Uranus had
been tracked long enough to see the changes in its orbit, it was possible to
find the planet Neptune. This discovery was made in 1846. In 1930 a similar
study of Neptune's orbit led to the discovery of the planet Pluto. So the use
of Newton's laws has repeatedly allowed astronomers to predict the positions
of new planets.

Measurements on Earth. The force of gravity is actually a rather weak
one. It takes very large objects, like the Earth and the sun, to exert such a
total force that the effect is noticeable. In principle, every object is attracting
everything else. You are attracting, and being attracted by, other people, the
buildings around you, your pencil, etc. But the force is so weak that you can
not feel it at all.

In 1783 Henry Cavendish, using a very sensitive balance, was able to
measure the gravitational attraction of two lead baIls for each other. He thus
confirmed what Newton had predicted about the universal nature of gravity.
By that time there was no serious doubt that Newton's theories were basicaIly
correct.

! The details of the daily tides in any given place depend the features of local geography,
water depth, and wind patterns.
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Almagest-A book written in the 2nd century A.D. by Claudius Ptolemy,
based on Hipparchus' ideas, and setting forth what has been known as
the Ptolemaic system.

apogee-That point in the motion of a satellite (of the Earth) when it is far
thest from the Earth.

Aries-The constellation of the "ram." In Greek and Roman times the sun
entered the region of Aries at the beginning of spring. Nowadays the
sun's position passes across Aries during the month of May.

astronomical unit-The average distance from the Earth to the sun, 150
million kilometers. A convenient unit for reckoning distances within
the solar system.

Capricorn-The constellation of the "goat." The sun's position is seen in
Capricorn during the winter.

Cavendish, Henry-British physicist who in 1783 showed that two lead balls
attract each other. This confirmed Newton's idea of Universal gravita
tion, that everything attracts everything else.

comets-Small members of the solar system, spectacular in appearance, that
travel in highly eccentric orbits around the sun.

Copernicus-Full name, Nikolaus Kupfernick (1474-1543). The first person
to publish the idea that Earth and the planets revolve around the sun.

eccentric-The property of not being circular. The farther apart two foci of
an ellipse are, for a given length of major axis, the more eccentric an
ellipse is.

eclipse-A dramatic event when the moon passes directly between the sun
and Earth. During a total eclipse of the sun the sky becomes dark for
a few minutes in the middle of the day. An eclipse of the moon takes
place when the Earth's shadow covers the moon.

ellipse-A geometric figure resembling a football or a cigar. An ellipse has
two foci. The sum of the distances from the two foci to each point on
the curve is the same all the way around.

epicycle-In the Ptolemaic system, the small circle in which each planet sup
posedly looped around its ideal position.

first quarter (moon)-The phase of the moon about one week after the new
moon, when half of the moon is illuminated.

fixed stars-The great majority of stars, whose position relative to each other
is the same night after night.

focus-One of the two points inside an ellipse that determines its exact shape.
The sun is at one focus of the elliptic path of each planet. The other
focus has no physical importance. It may even change position slowly,
over the centuries, mainly because of the attraction of the other planets.

full moon-The phase of the moon when the moon is in the opposite direc
tion from the sun, as seen from the Earth. Spring tides, and eclipses of
the moon occur at full moon.

Galileo Galilei (I 564-1642)-Italian physicist who took up Copernicus' idea
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that the earth and planets revolve around the sun. He put forth the
principle of inertia and the idea of relativity to explain why we didn't
fall off the moving Earth. Galileo is also well known for such inventions
as the telescope and the pendulum clock.

gravity-The attraction of all massive objects for each other. (See Newton's
law of universal gravitation.) In particular, the attraction by the Earth
for all objects on its surface and nearby it.

Halley's comet-A comet that comes close to the sun every 76 years. Its
predicted return in 1758 was a confirmation of Newton's theories.

Hipparchus-A Greek mathematician of the 2nd century B.C. whose ideas
about epicycles became part of the Ptolemaic system.

inertia-The inability of matter, by itself, to change its state of motion. The
principle of inertia states that, if no force is acting on it, a body at rest
will remain at rest, and a body in motion will remain in motion, at the
same speed in the same direction.

Jupiter-The largest of the planets. It circles the sun at a distance of 5.203
astronomical units, once every 11.862 years.

Kepler, Johannes (1571-1 630)-Assistant to Tycho Brahe, who used Tycho's
data to help formulate an accurate description of the motion of the
planets around the sun.

Kepler's (empirical) Laws of Planetary Motion-(1) The orbit of each planet
is an ellipse with the sun at one focus. (2) The speed of a planet changes
in such a way that the line from the sun to the planet sweeps out equal
areas in equal times. (3) The period of revolution and the distance from
the sun of the different planets are related to each other in such a way
that Kepler's ratio (which see) is the same for all of them.

Kepler's ratio-The cube of the distance divided by the square of the period
of revolution, of a planet or satellite. "Distance" means one-half the
major axis of the elliptical orbit. Kepler's ratio, when expressed in the
same units, is the same for all the planets or satellites that revolve
around a given central body. The larger the central body, the larger is
Kepler's ratio for its satellites.

last quarter (moon)-The phase of the moon about one week after a full
moon. Half of the face of the moon is illuminated.

major axis-The longest straight line that can be drawn within a given
ellipse. It passes through both foci.

Mars-The planet that passes nearest to the Earth. It circles the sun at a
distance of 1.524 astronomical units every 687 days.

mechanics-The scientific study that deals with the motion of objects when
they are subjected to various forces. Newton showed that the principles
of mechanics (which see) applied to the planets as well as to machines
and falling bodies on earth.

Mercury-The smallest of the planets and closest to the sun, only 0.2408
astronomical units away. Its period is 88 days.

•
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moon-A satellite of the Earth, held in orbit by the same gravitational forces
that make an apple fall. The pull of the moon raises tides in the
Earth's oceans. Its distance is 384,000 kilometers and its period is
27.3 days.

neap tide-Less pronounced tides that occur at the time of quarter moon,
when the effects of the sun and moon in raising tides tend to cancel.

Neptune-The eighth planet from the sun. It was discovered in 1846, after a
study of the effects it had on the planet Uranus. Its distance from the
sun is 30 astronomical units, and its period is 164 years.

new moon-The phase of the moon when the moon is nearest the sun. Very
little, if any of the face toward Earth is illuminated at this time. Spring
tides occur at this time. An eclipse of the sun can occur at new moon if
the moon's path is crossing the sun's apparent path at that time. In
most months the moon passes over or under the sun.

Newton, Isaac (i642-1727)-English physicist well known for his unification
of the scientific studies of mechanics, planetary motion, and gravitation.
He also did research into the nature of light and of sound.

Newton's Law of Universal Gravitation-Every object in the universe attracts
every other object with a force that increases in proportion to the
amount of material in the two objects, and decreases in proportion to
the square of the distance they are apart.

Newton's Principles of Mechanics-(i) The Principle of Inertia (which see);
(2) F = m X a; (3) Action and Reaction.

perigee-That point in the motion of a satellite (of Earth) when it is closest
to the earth.

period-The time it takes a planet or satellite (or any system undergoing
repetitive motion) to return to its initial position.

Pisces-The constellation of the "fish." In Greek and Roman times the sun
was seen in Pisces in late winter. Nowadays the sun is in this region
during the month of April.

planets-Small star-like objects in the sky that do not stay in a fixed position
relative to the main body of stars. The modern model for the planets
holds that they revolve in elliptical orbits around the sun, following the
laws of Kepler and Newton. According to this model, the Earth is one
of the planets.

Pluto-The most distant of the known planets. It was discovered in 1930
after a study of the effects it had on the planet Neptune. Its average
distance from the sun is 39.4 astronomical units and its period is 246
years. Its orbit is quite eccentric, and it is expected to get closer to the
sun than Neptune at its closest approach.

Ptolemaic system-The model for the motion of the planets suggested by
Hipparchus, and set forth by Claudius Ptolemy in his book, the
Almagest (2nd century A.D.). According to this model the planets
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moved in epicycles about their ideal positions, which in turn moved in
uniform circular motion about the Earth. This model was commonly
used in Europe for many centuries.

quarter moon-The times of month when the line from Earth to moon is at
right angles to the line from Earth to sun. The tides are less pronounced
at this time. Only half the face of the moon visible from earth is illu
minated at quarter-moon time.

relativity-The idea that the laws of physics have the same form no matter
how fast you are moving (in a straight line at uniform speed).

satellites-Objects such as moons, planets, comets, rockets, or rings (as of
Saturn) that move in orbit about some central body.

Saturn-The most distant of the planets visible to the unaided eye. It circles
the sun at a distance of 9.569 astronomical units every 29.5 years.

spring tide-The very pronounced tides, both higher and lower, that occur at
the times of new moon and full moon. The effects of the sun and the
moon in raising tides reinforce each other at these times.

sun-The nearest star; the massive central body about which the known
planets, comets, asteroids, etc., revolve.

Telstar-An artificial satellite of Earth placed in orbit at such a distance that
its period of revolution is exactly 24 hours. It will appear to stay fixed
in the sky above some chosen spot on the earth's surface.

tides-The rise and fall of the oceans caused by the unequal pull of the moon
(and to a lesser extent, the sun) on the opposite sides of the Earth. As
explained by Newton, the tides rise and fall twice a day. The exact pat
tern of the tides at any given coast can be more complicated, depending
on local geography.

Tycho Brahe (1546-1 601)-Danish astronomer who set out to make accurate
measurements of the motions of the planets, working without a tele
scope, but with great patience and ingenuity, Kepler used Tycho's work
to develop his famous laws of planetary motion.

uniform circular motion-The principle of motion used in the Ptolemaic sys
tem and also by Copernicus. Since a circle was "perfect," it was rea
soned, the heavenly bodies must move in circles, and at a constant
speed. This principle was abandoned by Kepler in his first two laws,
and eventually was superseded by Newton's principles of mechanics.

Uranus-The seventh planet from the sun. Not visible to the naked eye, it
was discovered in 1785 by Sir William Herschel after he studied its
effects on Saturn's orbit.

Venus-The second planet from the sun. It circles the sun, in the least eccen
tric orbit of all, at a distance of 0.7233 astronomical units every 224.7
days.

year-The time it takes Earth to make one revolution around the sun, 365.2564
days.
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1. Is there a reasons why spring begins when the sun passes a certain part
of the sky? Is there a reason why tides are higher at new moon and full
moon? Would you expect to find similar detectable effects from the
positions of the planets?

2. When Galileo turned his telescope on Venus, he found that it had
phases like our moon ("quarter Venus," "crescent Venus," etc.). What
does this prove about the light by which we see Venus? Can we ever see
a "full Venus" phase?

3. Show that the principle of inertia and the idea of relativity are related.
Let us agree that an object at rest and subject to no forces will remain at
rest. Let us further insist that this law must appear to hold true, no
matter how fast our system is moving. What must we then conclude
about the future course of an object in motion, if no forces act on it?

4. What was the model and the principles for the Ptolemaic system? What
were they for Newton's theory?

5. Was the Ptolemaic system wrong? Why do you think so? Can you
think of a better word than "wrong" to describe it?

6. Compare Copernicus' theory to the Ptolemaic system, on the basis of
the criteria for acceptance of a new theory, as given in Chapter 1. Not
all four criteria are met. Do you think this fact caused some of the
delay in gaining acceptance for Copernicus' scheme?

7. What is friction? Name three ways in which friction can be useful.

8. Give three ways in which an airplane pilot can measure his ground
speed. Show that each of these ways depends on referring to things
outside the airplane. This includes the air outside the plane, that is not

.moving along with it.

9. Tycho's scheme had the sun and moon revolving around the Earth,
and all the other planets revolving about the sun. Would this scheme
give a prediction for the relative positions of the planets different from
that of Copernicus? Why not?

10. Using string and thumbtacks, draw an ellipse that is almost a circle.
Draw another that is highly eccentric.

11. Show that a comet in a very eccentric orbit will spend much more time
in the far-out part of its orbit than in sweeping in close to the sun.

12. If the value given in Table 2-1 for Jupiter's distance and period were
off by one unit in the last decimal place, would Kepler's ratio be closer
to 1.0000?

13. Which planets and satellites have the highest speed, those closer in or
those farther out?
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14. Apply the four criteria of Chapter 1 to the case where Kepler's laws
are the previously accepted theory, and Newton's scheme is the new
theory.

15. Describe in your own words why the tides rise and fall twice a day.

Thought Provoker: In 1735 the French Academy of Sciences sent an expedi
tion to Lapland, in the far north of Europe. They went there to measure
the exact shape of the Earth. Newton had predicted that, because of its
spinning motion, the Earth would bulge out near the equator and be flat
tened near the poles. When the expedition returned, reporting the predicted
results, the philosopher Voltaire mocked them with the couplet:

"Vous trouvez en voyages dans pays pleins d' ennui
Ce que Newton conniit sans sortir de chez lui."
("To distant and dangerous places you roam
To discover what Newton knew staying at home.")

Was Voltaire scientifically justified?
Can scientific theories be conceived solely from "armchair" thinking and

debating, without being checked by experiments "in the field"?
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The first example we gave of how a new theory came to replace a previously
accepted model seems today to have been a rather one-sided case. Hardly
anyone now takes the Ptolemaic model of the universe seriously. Looking
back, a reader might think that the older theory was something of a "straw
man," set up just to be knocked down.

In this chapter we will consider a second example, in which the "previously
accepted theory" is one of the strongest and best verified structures of physics,
the classical theory of electricity and magnetism. The result of the revolution
in thinking that came about in the early 20th century was not to reject classical
electromagnetic theory-we still use the same equations-but to change our
interpretation of it.

One of the great areas of scientific advance in the 19th century was in the
study of electricity and magnetism. This effects had been known since ancient
times. But it was only after the spirit of scientific inquiry had been established,
by such men as Galileo and Newton, that systematic study and interpretation
became possible.

It had long been known that under certain circumstances, many kinds of
objects can be "electrified," or in other cases, "magnetized." Such objects
were known to attract or repel each other, even when they were not in direct
contact. Such "action-at-a-distance" was much like the forces of gravitation,
but the electrical and magnetic forces seemed to be very much stronger.

The effects of electricity and magnetism had been studied separately, and
much written about them, before the year 1820. A series of discoveries in
the following years showed that these two fields were related. Electric charges
in motion, so-called electric currents, were shown to affect magnets. Magnets
in motion could also give rise to electric forces. Electricity and magnetism
were shown not to be separate effects, but different aspects of a single phe
nomenon, what we now call electromagnetism. Another great unification of
fields of science had been achieved.

The story of unification was not over. In 1864 James Clerk Maxwell,
a British scientist, wrote down some equations that seemed to summarize
all that was known about electromagnetism. These equations had many
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solutions, most of which corresponded to the already well-known behavior
of electric charges and currents. But there were some surprising new solutions.
In certain cases, Maxwell found, electromagnetic signals could be produced
and sent from place to place at a speed of 300,000 kilometers per second.
This is almost exactly the speed of light! In fact, the new type of electromag
netic signal behaved in so many ways like light signals that he was led to
conclude that light itself is an electromagnetic signal.

Another great unification had been achieved. The science of optics, until
then an entirely separate field of study, now was studied as part of electromag
netic theory.

The unification of electricity, magnetism, and optics under the title of
electromagnetism stood apart from the other great unification of physics,
the union of such diverse fields as astronomy, heat, and sound under the
edifice of Newtonian mechanics. Spurred by their success up to this point,
scientists of the late 19th century tried to achieve the final unification of all
branches of physics.

They did so mostly by trying to construct a mechanical model for electro
magnetism. They thought of an elastic substance, called the "ether," that
supposedly filled all of space. Electromagnetic effects were supposed to be
the strains and vibrations of the ether.

There was a stumbling block that made unification of Newton's and
Maxwell's theories difficult. Newton's laws, and all the consequences based
on them, obey Galileo's principle of relativity. They are true, no matter how
fast your reference system is moving.

Maxwell's equations, on the face of them, do not. There seemed to be one
preferred frame, supposedly the frame in which the ether was at rest, in which
they were true. In any other frame of reference, you would have to correct
for your motion through the ether

One or the other theory, that of Newton or of Maxwell, would have to
be modified to achieve unification. The bias of the 19th century physicists
was to give up on the principle of relativity. It was a nice idea, they felt, but
it was valid for only a subset of physics. They thought that as soon as electro
magnetism was accepted, relativity had to be dropped.

Further reasoning proposed that if there is no principle of relativity, then
it ought to be possible to measure how fast we are moving "through space,"
or at least through the ether. In a famous experiment, Michelson and Morley
attempted to do just that. To their surprise they found that the Earth is
apparently not moving with respect to the ether. Even though we know that
the Earth is circling the sun at a speed of 30 kilometers per second, and the
experiment was sensitive enough to see such an effect, no motion could be
detected.

Various explanations were offered. Either (1) just by accident the combined
motion of the Earth and the solar system happened to match that of the ether,
or (2) the Earth dragged part of the ether around with it, or (3) apparatus
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moving through the ether shrank in just the right proportion to give Michel
son and Morley their null result. Explanations (I) and (2) were tested by
experiment, and were found wrong. Explanation (3) is of such a nature that
that it cannot be tested. If everything shrinks in the same proportion, there
is no way to measure it. It does seem strange, however, that nature conspires
to arrange things exactly so that we cannot measure our motion through the
ether.

Albert Einstein proposed to take this natural conspiracy and make it
into a basic principle. The laws of physics do appear the same in all reference
frames, he asserted. There is no way to measure how fast you are moving
through space. The principle of relativity is still valid, he said.

There was a difference between Einstein's relativity and Galilee's. Einstein
insisted that Maxwell's equations and their consequences-the speed of light,
the null Michelson-Morley result-were true in every uniformly moving refer
ence system, without correction. But for this idea to be valid, some other
accepted notion had to be given up. What we had to abandon, Einstein
suggested, was the idea that the size of an object, or the time interval between
events, was the same no matter who did the measuring.

Einstein showed that, according to his new principle of relativity, the size
of any object shrinks and that time appears to pass more slowly for an
observer in rapid motion, as compared to another observer "at rest." He
proved that there was no inconsistency in this idea. There really wasn't
any way to make a direct comparison of rulers and clocks. Two observers
moving with respect to each other, he demonstrated, could not even agree
on whether two events happened at the same time or not. If they adopt
reasonable procedures for trying to synchronize their clocks, he explained,
each of them will soon conclude that the other's clock is running slow.

These were heady ideas. They go against all our senses. Perhaps we might
be willing to accept the idea that solid objects shrink when they are going
very fast. But our sense of time?

It is not easy to accept an idea that disagrees with all our experience.
The truth is that we do not have much experience at travelling at very high
speeds. When we do put Einstein's predictions to the test of experiment,
they pass every trial. For example, some very accurate atomic clocks were
recently put in an airplane and flown around the world. It turned out that
they did run slower than identical clocks left on the ground, by precisely the
amount predicted.

Einstein's theory of special relativity meets all the criteria for acceptance
of a new theory. It agrees precisely with the previous theories, those of
Newton and Maxwell, when we deal with speed very much slower than that
of light. It explains effects like the Michelson-Morley experiment, that could
be accounted for only very awkwardly, if at all, under the old ideas. It predicts
effects, such as the slowing down of clocks, that can be tested by experiment.
And it is above all such a simple and elegant explanation of nature that it



57

Electric charge

Introduction and summary

commended itself to the artistic soul of many scientists even before the experi
mental tests were done.

Demonstration: Attraction and Repulsion Two plastic spheres hang
from separate threads. A third sphere, also plastic, is held at the end of a
wooden stick in the lecturer's hand. At first the spheres are shown to have
no visible effect an each other, even when they are brought quite close
together.

Figure 3-1

Like charges repel Opposite charges attract

One of the hanging spheres is rubbed with eat's fur. The second hanging
sphere is rubbed with silk. The hand-held sphere is also rubbed with eat's
fur. Then the hand-held sphere is brought close to each of the hanging
spheres. It is found to repel the first one, which, like itself, was rubbed with
eat's fur. It attracts the sphere that was rubbed with silk. The two hanging
spheres, when brought together, are also seen to attract one another.

The spheres are seen to exert forces on each other even when they are not
actually touching. The forces can be either attractive or repulsive in different
cases. They are obviously much stronger forces than the gravitational attrac
tions between these objects, which would be too weak to measure easily.
Objects that exert such forces on each other are said to possess electric
charge.

Benjamin Franklin (1706-1790), the American statesman and also the
first American physicist, showed that there must be two kinds of electric
charge, which he named positive and negative. Positive electric charge is the
kind the plastic ball had after it was rubbed with silk. Negative electric
charge is the kind received by the sphere that was rubbed with eat's fur.
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The rule for whether electric forces are attractive or repulsive is simple.
Objects with the same kind of electric charge, positive or negative, repel each
other. Objects with opposite electric charges-one positive, the other negative
-attract each other. An object with no net electric charge, with an equal
amount of negative and positive charge, is said to be electrically neutral.
Electrically charged objects exert no forces, neither attraction nor repulsion,
on neutral objects.

The modern picture is that all matter-cat's fur or silk, plastic or air,
liquid or metal-is made of large numbers of very tiny molecules that in turn
are composed of atoms. This will be discussed in more detail in later chapters.
The atoms themselves have electrically charged parts. The parts with negative
electric charge are called electrons.

An atom in its natural state has an equal amount of positive and negative
electric charge. It is thus electrically neutral. But electrons can be detached
from atoms in some circumstances. An atom that has lost one or more elec
trons has a net positive charge. Atoms can also pick up extra electrons. Such
an atom has a net negative charge.

Cat's fur is a material from whose atoms electrons are easily detached. So
the plastic balls rubbed with eat's fur obtained a negative charge. The atoms
of silk have a tendency to attract extra electrons. So the sphere rubbed with
silk lost some of its electrons and remained with a net positive charge.

Charles Augustin de Coulomb (1736-1806) in 1785 showed that the
forces between electric charges have some features in common with gravita
tional forces. Whereas gravitational forces increase in strength in proportion
to the mass of the objects involved, electric forces are proportional to the
electric charges of the objects. The greater the net electric charge, the stronger
the electric force.

Electric forces also become weaker the farther objects are apart. Coulomb
showed that, similar to the case of gravitational forces, electric forces decline
in proportion to the square of the distance the objects are apart. If objects
are moved twice as far apart, the strength of the electric forces between them
falls to one quarter of what it had been.

Despite these similarities between electric forces and gravitation, there
are several important differences. Gravitation is a universal force, between
every pair of objects, whereas electric forces affect only objects that have
electric charge. Gravitation is always an attractive force, whereas electric
forces can be either attractive or repulsive. Gravitation is a rather weak
force, its effects easily observable only when one of the attracting bodies is
at least as large as a planet or a moon. Electric forces between even small
objects are strong enough to be observable in a classroom demonstration.

The forces that electrically charged objects exert on each other, as dis
cussed in this section, are known as electrostatic forces. The electrostatic
forces between two objects are the same whether they are at rest or in motion.
There are additional forces between electric charges when they are in motion,
as we shall study in the following sections.
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Other kinds of objects, not electrically charged, have long been known to
exert forces on each other, even when not touching. Such objects include bar
magnets, compass needles, and the Earth itself. The forces that such objects
exert on each other may be termed magnetic forces.

Up to a point, we can describe magnetic forces in ways we used to deseribe
electrostatic forces. Just as there are electric charges, there seem to be
magnetic poles, both positive ("north-seeking," or "N") poles and negative
("south-seeking," or "S") poles. Poles of the same kind repel each other.
Opposite poles attract. There even seems to be an inverse-square law that
that governs the way the forces between magnetic poles decrease with
distance apart.

Every bar magnet has both a North and South pole.
If we cut the bar magnet in half.

_____SII_N _
... each half develops a new pole, opposite to

the one it had.

Figure 3-2

The important difference is that it is not possible to separate positive and
negative magnetic poles completely from each other. Up to the present
writing (1978) there has been no verified case ofany object possessing a nonzero
net magnetic pole strength. Every object that seems to have a positive magnetic
pole in one part of it has an equal negative pole somewhere else.

Suppose we have a long bar magnet that seems to have a positive (N)
magnetic pole near one end and a negative (S) pole near the other. If we cut
the bar magnet in half near its midpoint, we do not obtain isolated Nand S
poles in the two halves. Instead, we find that on the half that contained the
original N pole there is now a new S pole near the cut. There is also a new N
pole near the cut on the other half. Each of the halves thus keeps zero net
magnetic pole strength.

The clue to the real nature of magnetic forees came after scientists learned
how to set up electric currents. An electric current is a set of electric charges
in motion together. The material, often a metal wire, through which an
electric current can flow, is known as an electrical conductor.

The discoveries of how to make electric current flow through conductors
were made by two Italian scientists, Luigi Galvani (1737-1798) and
Alessandro Volta (1745-1827).
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It is possible to have a conductor carry an electric current and still be
electrically neutral. This is in fact the usual situation.

In a typical metal conductor, some of the electrons are free to move
between the atoms. The current consists of the group motion of these
electrons. The atoms from which the electrons have come, have a net
positive charge. These atoms are not free to move.

There is an equal amount of positive charge on the fixed atoms as there
is negative charge on the moving electrons. So the net charge on the
conductor as a whole is zero. But the negative charges, the electrons, are in
motion, while the positive charges are not. So there is a nonzero electric
current in the wire.

Electrically conducting wire

Figure 3-3 Electrically conducting wire

Hans Christian Oersted (1777-1851), a Danish schoolteacher, in 1820
made the important discovery that an electric current in a wire can deflect
a magnetic compass needle. This discovery was followed rapidly by others,
notably by Andre Marie Ampere (1775-1836) of Paris, and Michael Faraday
(1791-1867) of London.

Ampere showed that two wires carrying electric current exert forces on
each other. He pointed out that a coil of wire carrying electric current could
behave exactly like a bar magnet or a compass needle. He went so far as to
assert that every magnet behaved as it did because of electric currents that
circulated among the atoms.

Thus the sciences of electricity and magnetism had been unified. The
forces that had been called "magnetic" were seen to be forces between electric
currents. These currents could be either measurable currents flowing in a
wire, or internal currents flowing among the atoms of an iron magnet.

Demonstration: Forces between Currents Two long copper wires are set
up parallel to each other. The wires are flexible enough to bend in response
to forces. A battery and connectors are provided so that the electric currents
in the two wires can be made to flow in the same direction, or in opposite
directions.

When the currents flow in the same direction the wires are seen to attract
each other. When the currents flow in opposite directions, the wires repel
one another.
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(a) Parallel currents attract

~-~~~;:.. :)
(b) Antiparallel currents repel

Figure 3-4
rents repel

(a) Parallel currents attract; (b) Antiparallel cur-

Electromag
netic theory

Thus we have demonstrated that current-carrying wires exert forces on
each other. One of the laws governing such forces is that parallel currents
attract each other, and anti-parallel currents repel each other.

Faraday pursued the connection between electricity and magnetism further.
He had the intuition that if electric curents could produce magnetic effects,
perhaps magnets could induce electric currents in wires. He was able to show
that, by moving a magnet around in the vicinity of a conducting wire,
electric current could be made to flow in the wire. The same effect also could
be achieved simply by increasing or decreasing the strength of the magnet,
without moving it at all. Faraday's discoveries lie at the base of most modern
electrical machinery.

James Clerk Maxwell (1831-1879), a British mathematician, in 1873
published "Treatise on Electricity and Magnetism" (based on earlier work he
had done) in which he summarized the discoveries of Coulomb, Oersted,
Ampere, Faraday, et. al., by a series of mathematical equations. Maxwell's
equations are still used as the basic statement of electromagnetic theory.

Maxwell made one more addition to the already discovered laws. Faraday
had shown that a changing magnetic configuration could induce electrostatic
effects. For the sake of symmetry, and also to make his equations consistent
with one another, Maxwell guessed that a changing electrostatic configura
tion might likewise lead to magnetic effects.

Maxwell then found that, if both these effects happened, it was possible to
send an electromagnetic signal across space without any charges or wires
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being pressent at all. He began by setting up a changing electrostatic field.
This then induced a magnetic field that also changed with time. The changing
magnetic field induced more electrostatic fields, and so forth. The signal
spread out from its source at a speed charactristic of Maxwell's theory,
namely, 300,000 kilometers per second.

Figure 3-5 James Clerk Maxwell 1831-1879 THE BETTMAN ARCHIVE, INC.

Light as an electromagnetic signal This speed is familiar to us as the
speed at which light signals travel. In fact, Maxwell's electromagnetic
signals resembled light signals in many other ways. He concluded that light
signals are electromagnetic signals of this nature. Another great unification of
fields of physics was thus achieved.

How can electromagnetic signals be generated to begin with? Maxwell
showed that such signals are always sent out whenever an electrically charged
object is accelerated. How can such signals be detected? One way is to place
a conducting wire in the path of such a signal. The electrons in the wire will
move in response to the electrostatic fields of the signal. This motion of the
electrons makes up a current in the wire that can be detected.
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Light signals turn out to have such rapid variations in them that no man
made apparatus can yet generate them directly. They arise from the rapid
motions of electrons within atoms. But it should be possible, MaxweIl said,
to make signals similar to light, but with much slower osciIlations. Such
signals are what we now caIl radio waves. These signals also travel at the
speed of light.

In 1885 Heinrich Hertz showed that MaxweIl was right. It was possible to
send and detect electromagnetic signals that travel across space just at the
speed of light. Within another decade Gugrielmo Marconi had put the
discovery to practical use by sending messages over long distance by means
of radio signals.

Electromagnetic theory and Galilean relativity The unification of all
physics, it seemed, was almost at hand. Already the studies of heat and
sound, astronomy and dynamics had been gathered together under the prin
ciples of Newton's mechanics. Now it also had been shown that the fields of
electricity, magnetism, and optics foIlow Maxwell's equations. AIl that
remained was to join these two great edifices together, and physics would be
complete.

There was one important stumbling block. Newton's Principles had
Galileo's principle of relativity built into them. If they were true in one frame
of reference, they should be equaIly true in any frame that was moving at
constant velocity with respect to the first. No experiment, based on any of
the fields of physics that obeyed Newton's principles, could ever determine
how fast a given laboratory was moving "through absolute space."

Maxwell's equations do not foIlow Galilee's principle of relativity.
Consider, for example, the forces between two electricaIly charged plastic

baIls at rest in the laboratory. If they are at rest, they should exert electro
static, but not magnetic, forces on each other. However, the Earth is moving
at 30 kilometers per second around the sun. So the two spheres are not
"really" at rest. They are in paralIel motion through the solar system, at
30 km/sec, Charges in motion constitute electric currents. Currents exert
magnetic forces on each other. We should be able to teIl how fast the labo
ratory is moving absolutely, by measuring the strength of the magnetic
attraction between the two charged balIs.

Consider a second example. Maxwell's equations say that a light signal
travels at 300,000 km/sec. But suppose the Earth, sun, and galaxy, are all
speeding through space at, say, 10,000 km/sec, Would it not seem likely that
a light signal that meets us head-on would appear to be coming at us faster
than normally? At 310,000 km/sec, perhaps? And wouldn't a signal
approaching us from behind seem to be closing the gap at only 290,000
km/sec ? So can't we teIl which way the earth is moving, and how fast, by
measuring whether light signals approach us at different speeds when they
come from different directions?
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CHARGES
AND
CURRENTS

tic sphere that has been rubbed with silk has an electric charge. If it
motion, it does not have an electric current. It will react to electro

forces. It will not be affected by magnetic forces that act only on cur-

A metal wire can conduct an electric current, yet have no net electric charge.
The negative charges in motion within the metal are balanced by positive
charges that are at rest. Such a wire is electrostatically neutral. It will not be
attracted nor repelled by electrically charged objects that are not in motion
outside the wire. The wire carrying current will, of course, respond to mag
netic forces.

It is possible to have both current and charge present at the same time. Any
electrically charged object in motion constitutes an electric current as well as
a charge. an object can give rise to, and be affected by, both electrostatic
a orces. The total force on such an object is the combined effect

types of forces.
n example of a situation where charges and currents are both present is a

beam of electrons. Such a beam can be maintained in a vacuum. You have
certainly seen many examples of electron beams inside evacuated glass tubes.
Television tubes, oscilloscopes, x-ray generators, vacuum-tube amplifiers, all
have electron beams inside them. The beams are electrically charged because
each electron carries a negative electric charge. They constitute a current
because the electrons are in motion.

The beam can be deflected electrostatically by putting stationary electric
charges near it. This is commonly done in oscilloscopes. Or it can be deflected
by magnetic forces by activating an electromagnet close to the beam's path.

Vacuum

Phosphorescent screen

Electron source _.-'r-
(hot tungsten wire) Electron be~~---c: -~ 11 /----/-

:tI Magnetic force due to yoke1+ deflects electrons to side

Electrostatic plate with positive
charges to attract electrons away
from source and speed them up

Figure 3-6 A television tube
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This is the function of the yoke in a television set. Both kinds of forces can act
at the same time. For example, a television tube uses electrostatic plates to
speed up the electron beam at the same time that the magnetic forces, due to
the yoke, are deflecting the beam from side to side.

It is possible, although not so common, to build a tube with two parallel
electron beams. In such a setup the two beams will both electrostatic
and magnetic forces on each other.

All the electrons have a negative electric ch Since like charges repel
each other, the beams have a tendency to blow other away.

But the beams also constitute a current. So they will also exert magnetic
forces on each other. The rule is that parallel electric currents attract each
other. So the tendency of the magnetic forces is to pull the two beams
together.

Which of these two types of forces will prevail? Apparently it depends on
how fast the electrons are moving. If they are going very slowly, there is very
little current. In that case, there is practically no magnetic force. So for very
slow beams the electrostatic repulsion is the dominant effect.

If the electrons in the beam are moving faster, there is more current. The
faster the charges move, the more current there is. The more current, the
stronger the magnetic forces. The electrostatic repulsion, on the other hand,
does not depend on whether the electrons are moving fast or slow, or are at
rest.

The net effect is that the force of repulsion between the beams is dimin
ished as the electron speed increases. The electrostatic repulsion still prevails,
at least at low to moderate electron speeds, but the magnetic attraction can
cels out part of it.

Clearly, magnetic forces depend on the speed of both beams. If the electrons

------ - -----------±-_--

I

--t-----------------T----

Because of electrostatic forces, the
electron beams repel each other,

but magnetic forces are
attractive in this case.

Figure 3-7 A tube with 2 electron beams
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in one beam are moving rapidly and those in the other are not, there will be
little current in the second beam. Therefore, it will not respond strongly to
m tic forces. It seems that the magnetic forces must depend on the product
of peeds of the electrons in the two beams.

If both beams are set up to have the same electron speed, the magnetic force
should depend on the square of that speed. That is, the product of that speed
(for the first beam) times the same speed (for the second beam).

The total force between beams is the difference between the electrostatic
repulsion (which does not depend on the speed of the beams) minus the mag
netic attraction (which increases in proportion to the product of the two
speeds).

We can test this idea by experiment. We can run the electrons at different
speeds and measure how much the beams repel each other. For the moderate
electron speeds we can easily obtain, the data follow the predicted curve.

Thus, an interesting speculation arises. At high enough speed, appears
that the magnetic forces would just balance the electrostatic forces, and there
would be no net force at all between the two bearns. At even higher beam
speeds, presumably the magnetic attraction would dominate.

Such speeds are not attainable, but their value can be calculated from the
data. The speed at which the magnetic attraction between two parallel beams
of charged objects just cancels their electrostatic repulsion, depends only on
the laws of electricity and magnetism. It does not depend on what kind of
particles are used, or how far apart the beams are, or any other details of the
particular experimental setup.
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Maxwell's equations appeared to be absolutely correct in only one frame
of reference. In any other frame, it seemed, correction would have to be made
for the speed at which that frame was moving.

The ether The scientists of the late 19th century tried to close the gap
between Newton's and Maxwell's laws by thinking up a mechanical model
for electricity and magnetism.

They compared light signals to signals of sound. Sound travels through air
(and also through water, solids, and other media). An observer at rest in the
air hears sound signals coming at him at the same speed from all directions.
If he is moving through the air, he observes signals coming at him at dif
ferent speeds from different directions. This effect is not due to his absolute
motion through space. It arises from his very real motion through the air.
This motion can be detected by such other effects as the wind blowing in his
face.

In a similar way, 19th century physicists argued that light signals travel
through a medium they called ether. Unlike air that ends a few hundred
kilometers above us, the ether was believed to fill all of otherwise empty space.
They said it must extend at least as far as the most distant stars, for we cer
tainly can see light signals from them.

We live in a vast bowl of jelly, they argued. When the jelly shakes, we see
light signals. When it is strained or distorted, we observe electric and mag
netic effects. The jelly must be very slippery to electrically neutral objects.
Such objects, be they even as large as the moon or the planets, can apparently
slide right through the ether without ever slowing down in the least. But an
electrically charged object seemed to have "barbs" that hooked onto the
ether-jelly, pulled it, and was pulled by it. Electric and magnetic forces arose,
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they claimed, when one charged object distorted the ether, which then pulled
or pushed along other charged objects.

The mechanical ether was a nice model in many ways. It gave hopes of
uniting Maxwell's theory with the older branches of physics. It provided the
frame in which Maxwell's equations would be true without correction. And,
like any useful explanation of nature, it could be tested by experiment.
Unfortunately for the model-makers (Maxwell himself was one of their
leaders), the model of ether failed the experimental test.

The Michelson-Morley experiment It seemed a reasonable test to measure
just how fast the Earth was moving through the ether. So the American
physicist, Albert Michelson (1852-1931), and the chemist, Edward Morley
(1838-1923), set out to measure the apparent speed at which light travels in
various directions, and from these differences tell how fast the Earth is
moving absolutely.

The perplexing result they got was that the Earth does not appear to be
moving at all! To the limit of their accuracy, which was very good, light
signals travelled at exactly the same speed in all directions within their
laboratory.

There was no shortage of explanations proposed to account for this result,
once it was announced.

Perhaps, just by accident, the motion of the Earth around the sun was
exactly opposite to the motion of the solar system as a whole. The two
motions would then have cancelled out each other. At the date that Michelson
and Morley did their experiment, the Earth might have been at rest, or nearly
so, in the ether.

Michelson and Morley repeated the experiment six months later. The
Earth was then moving in the opposite direction around the sun, as always
at about 30 kilometers per second. Their apparatus was sensitive enough to
see the difference. But the result was the same as before. The speed of light
was still the same in all directions. The Earth did not appear to be moving
through the ether.

Another explanation was that the Earth dragged part of the ether along
with it, the way a fish-net drags along some of the surrounding water. This
explanation failed, however. If it had been true, we should have seen certain
shifts in the apparent positions of distant stars. Such effects were not seen.
For this kind of explanation to work, the part of the ether that the Earth
dragged along with it would have to reach all the way to the stars. This
seemed too much to demand.

A third explanation was offered by H. A. Lorentz (1852-1928) and G. F.
Fitzgerald (1851-190 I). They pointed out that all matter is made of atoms
that have electrically charged parts. It seemed reasonable to suppose that as
the atoms move through the ether, they might become compressed along the
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direction of motion. If the atoms become flattened, all objects composed of
atoms (in other words, everything) would also shrink. We would have no way
of noticing this, because all our measuring rods are made of atoms, too.
They would contract in the same proportion.

Lorentz and Fitzgerald calculated that if all atoms contracted by the right
amount, the Michelson-Morley result would be explained. Michelson and
Morley could not detect differences in the speed of light, they reasoned,
because a speed is a distance divided by a time interval. The "fixed" distance
over which they timed the light signals was, let us say, the distance between
the ends of a meter stick. But if the stick changed length when it was turned
in different directions, the experimenters might be deceived into calculating
an incorrect value for the speed of light.

The Lorentz-Fitzgerald idea explained the results of the Michelson
Morley experiment, but it could not be tested in any other way. It required
that all atoms flatten out along their direction of motion. It said that the
amount of contraction depends only on the speed, not on the kind of atom.
The effect could be observed only in experiments like that of Michelson and
Morley. The size of the effect had to be exactly such as to give that experiment
its null result. It was as if there was a conspiracy of nature to keep scientists
from ever measuring the speed of the Earth through the ether.

Albert Einstein (1879-1955), a young man then working as an inspector for
the Swiss patent office, proposed in 1905 that we turn this conspiracy of
nature into a basic principle of physics. It appeared to him that it is not
possible to measure the speed of the Earth, or any other system, through
absolute space. Only its motion relative to other material bodies can be
detected. Let us take it as a principle, he suggested, that no experiment can
ever tell us how fast we are moving, except in relation to other objects. Let us
assert, with Galileo, that the laws of physics appear to have the same form
whether we are standing still ofmoving at a constant velocity.

But what about electromagnetic theory? We have seen how it did not seem
to fit Galileo's idea of relativity. Must this theory, successful in so many
ways, be abandoned?

No, said Einstein. Maxwell's equations are among the laws of nature. If
they are correct, they must appear to be correct in every uniformly moving
system. In particular, one very important conclusion from these laws, the
numerical value of the speed of light, must appear the same, no matter how
fast we are moving.

The difference, said Einstein, lies in the interpretation we give to Maxwell's
laws, and to the speed of light. The mechanical model of electricity and
magnetism would have to be given up. There is no ether. At least, there is no
way to detect its presence. So by the scientific standards we set forth in Chap
ter I the concept of the ether is a very unphysical idea.
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Figure 3-9 Albert Einstein 1879-1955 THE BETTMAN ARCHIVE, INC.

Simultaneity There need be no contradiction, Einstein pointed out, if
we are very careful to understand how measurements are made. To measure
the speed of light, we need to know how long it takes for the signal to get
from one place to another. To do the measurement well, we need to have good
clocks at both places. The problem of synchronizing the clocks is not as easy
as it might seem.

It won't do simply to take a clock and move it from one place to another.
Because of effects similar to the Lorentz-Fitzgerald contraction, a moving
clock might not keep the same time as a clock at rest. We might send signals
from one place to another, to get the clocks timed in. But we know of no
signals that travel faster than light. So we are forced to use light (or radio)
signals themselves to do the synchronizing.

This is in fact how such things are done in practice. There are government
time stations near Washington and London that send out radio signals, as
accurately as they know how, exactly on the stroke of each minute. Suppose
the London station finds that the Washington signals always arrive 10
milliseconds after the minute in London. And suppose that the Washington
station finds that the signals from London are arriving 20 milliseconds after
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the minute, Washington time. The two stations would conclude that the
signals take 15 milliseconds to cross the ocean, and the British clock is 5
milliseconds slow compared to the American one. Appropriate adjustments
in one or both clocks could then be made.

Einstein pointed out that, while this is a perfectly rational way of synchro
nizing clocks, certain untestable assumptions go into it. Most particularly it
is assumed that the speed of light is the same in both directions. This is the
conventional assumption to make, but there is no independent way to tell
whether it is correct. We might have made a different convention. For exam
ple, we might have corrected for the Earth's motion around the sun.

This conventional approach leads, however, to some very strange con
clusions. One of these is that events which seem simultaneous to one observer
may not seem so to a second observer who is moving with respect to the
first.

The example Einstein gave is that of a train struck by lightning at the
front and back ends. The center of the train is a well-marked spot. The
conductor is standing there, in position to watch both ends of the train.
There is a track worker standing on the ground alongside the train.

A brief time after the conductor has passed him, the track-worker sees
lightning flashes striking both the front and the back ends of the train. Both
flashes reach his eyes at the same time. The conductor (who has very good
time-discriminating ability) reports that he saw the bolt hit the front of the
train slightly before he saw the flash from the back of the train. Everyone is
agreed on what the two men saw. But the interpretation of the events may be
different.

"I can explain it all," says the track worker. "The lightning hit both ends of
the train at the same time, just at the instant the midpoint of the train was
passing me. So both light signals had the same distance to travel to reach my
eyes. It was only natural that I, standing still on the ground, saw both flashes
at the same time. The conductor was moving toward the front end of the
train, and away from the spot where the lightning hit the back end. By
the time the signals reached his eyes, he had moved a bit. He actually saw
the flash from the front end before 1 did. He saw the rear-end flash a bit after
me, since that signal had farther to travel. But it is clear that the two flashes
really were simultaneous."

"Why should 1 be the second-class citizen because 1 ride the train ?" asks
the conductor. "The train was going westbound at night, so 1 was more
nearly at rest in the solar system than the man on solid earth. I saw the front
end flash before 1 saw the back end flash. 1 was standing right at the mid
point of the train. That means to me that the front-end flash did occur first.
The track-worker must make a correction for his motion around the sun."

Which of the two observers is correct? Einstein argued that both men have
equal claims to validity. There is no basis for saying that the train is "really"
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moving and that the track-worker is "at rest." From the point of view of
relativity there is no preference between the two.

The accompanying box about the Mars explorer gives another illustration
of how observers with different points of view can reach different conclusions
about the simultaneity of events. This is an inescapable conclusion from the
theory of relativity. Ifwe accept the premise that the speed oflight is the same
in all directions and for all observers, we must expect that events that appear
to occur at the same time in one system may not appear simultaneous to
another.

A landing.vehicleon the planet Mars communicates with Earth by sending
backtelevision signals. These signals are analyzed bya computer. (Rapid
decisionsmust sometimes bemade and cannot be entrusted to the slow reac
tions of humans!) The computer can digest the information and send.back an
answeringsignal in lessthan a millisecond, one thousandth ora second.

However, the Earth and Mars are 100million kilometers apart at this time.
It takes about 51 minutesfor the television signal, even at the speed of light,
to get from Mars to Earth. It takes just as long for the answeringsignal to get
back to Mars.

One of the televisionsignalsshows that the landing vehicleis about to crash
into a large rock. The computer on Earth sends back a warning messagetothe
landing vehicle to stop. Alas, the message arrives too late! The crash has
already occurred.

In fact, reports the landing vehicle, the crash took place exactly halfway
between the time the televisionsignal was sentout and the time the answering
messagewas received. How ironical, that the crash was occurring in precisely
that millisecond that the Earth computer was composing the warning!
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"Not at all," argues the engineer at the space center. "The distance between
Earth and Mars is now decreasing at the rate of 6 kilometers per second. In
5l minutes, that amounts to 2000 kilometers. The return signal had to travel
2000 kilometers less than the original television signal from Mars. So the
original signal had 6 or 7 milliseconds longer to travel than the return signal.
The crash occurred halfway between your sending a signal and your receiving
an answer. It must have been happending several milliseconds be/ore we
received the television signal."

"Maybe, and maybe not," commented a scientist who heard the story.
"After all, the Earth is moving around the sun at 30 kilometers persecond, and
Mars is going at 24 kilometers per second. By the time the first signal reached
Earth, the Earth had moved 10,000kilometers closer to the source than when
that signal was first emitted. By the time the answering signal got back to
Mars, that planet had moved 18,000 kilometers from where it had been when
the first signal went out. The return signal had 18,000 kilometers longer to
travel than the first signal. At the speed of light, the return signal took 60 mil
liseconds longer than the first. The warning message must have been sent
out well before the crash."

Which of these observers is correct? All of them, from their own points
of view. The theory of relativity insists that it is impossible to decide which of
several frames of reference is at rest, and which is "really" moving. Therefore,
it is impossible to decide about events that take place far apart, whether they
were simultaneous or whether one or the other came first. So it is a moot

Figure 3-11 A Mars landing vehicle (Courtesy NASA)
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"If only," mused the track worker, "we had a signal that could go faster
than light. Then we could use it to synchronize our watches, and decide once
and for all who is right."

And there we are led to another conclusion of the theory of relativity.
There can be no signal that travels faster than the speed of light.
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If there were such a signal, the whole theory would immediately fall
apart. We could use the faster signal to time in our clocks. Then we could
measure the speed of light absolutely. It might be different in different
directions. That would show how fast we are moving through space. But
this is what the theory says we cannot do.

Many other contradictions would also arise. Thus, if the theory is to
make any sense at all, faster-than-light signals cannot be allowed.

Material objects, like stones or electrons, can be used to carry signals.
We can throw a stone, or send off a burst of electrons. The detected arrival
of these objects is as good a signal as a radio pulse. The theory requires
that no signal travel faster than light. This means that no material object
can move at faster-than-light speeds.

No signal of any kind can go faster than light. If we push at one end of
a meter stick, the side nearest our finger begins to move right away. But
the far end of the stick may not change immediately. The motion of the far
end can be used as a signal. Until there has been time for a light signal to
travel the length of the stick, the far end must stay as it was. During this
brief interval the rod is distorted. Its near end is moving, but its far end is
at rest. This argument applies not only to meter sticks, but to any solid
object. The theory of relativity requires that all objects become distorted
when we try to change their speed. There is no such thing as an absolutely
rigid object.

Time and space
Einstein's statements about relativity were very radical. They almost

appear contradictory. They need not be, Einstein pointed out, but we must
relax our ideas about time and space.

We have already seen that the simultaneity of events can depend on
your point of view. We shall now see that other concepts, like the passage
of time or the length of a meter stick, can also depend on who measures
them.

We can define one minute as the time it takes the second hand of our
watch to make one complete sweep. We try to make the timepiece as
accurate as we can. If necessary, we can compare it with standard clocks,
such as the signals sent out by the government radio time station.

We can make two watches so they are exactly the same, and keep the
same time. If one of these watches is in my hand on the ground, and the
other is in your hand in a moving automobile, we expect both of them to
keep good time. If for any reason, they should later disagree, we would
have no reason to suppose that one or the other is the more accurate.

As your car passes me, we can touch hands and agree that that is "time
zero." You continue to drive and I to stand on the ground. We are both to
report when exactly one minute has passed. By the time this has happened,
Wi: are no longer at the same place. Will the two events, the two watches
completing a one-minute sweep, occur at the same time?

Not from every point of view. We know that simultaneity of remote
events depends on the observer. It may turn out that, from my point of
view, my watch completes its cycle before your watch does. You might
reach the opposite conclusion. We both conclude that the other's watch is
slow.

This in fact turns out to be a general conclusion of the theory of
relativity. A clock in motion (from a given point of view) appears to keep
slower time than an identical clock at rest.

The term "clock" can be applied to any natural process that can be used
to tell time. Not only wristwatches or atomic standard clocks, but pulse
beats and biological rhythms that, however crudely, can be used to mark
the passage of time must also fall under this category. If there were any
such "clock" that did not appear to slow down when in motion, we could
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use it to calibrate the others. And this would contradict the assumption
that you cannot tell by yourself whether you are moving or not. The
conclusion is: from every observer's point of view, all other systems in
motion appear to be "living slow."

This is a new prediction of the theory that can be tested by experiment.
It has been shown many times that certain unstable subatomic objects
appear to have longer lifetimes when they are in rapid motion than when
they are standing still. It is as if their internal clock, which tells them when
they should disintegrate, is running slower when they are in motion.

More recently some highly accurate atomic clocks were taken aloft in
airliners and flown around the world. They were then compared with
several clocks that had been left behind on the ground. Sure enough, it was
found that all the clocks in motion ran slower, by the predicted amounts,
than the clocks at rest. This remarkable prediction of Einstein's theory
turned out to be accurate in all respects.

Our concept of distance turns out also to be relative. The length of a rod
can be defined as the distance from one end of the rod to a point at the
other end at the same time. Since observers in relative motion cannot agree
on simultaneity, it should come as no surprise that they may not agree on
where the far end of a rod is at the same time that the near end is at zero
on their measuring stick.

Suppose the two observers set out to measure the speed of a radio signal
travelling from Washington to London. The observer in the fast plane
might conclude that the time elapsed between sending and receiving of the
signal was a shorter interval than the observer on the ground would
measure. But we expect, by the assumptions of the theory, that he will
measure the same speed for the radio signal that the ground observer does.

Speed is calculated by dividing distance by time. So, from the point of
view of the flying observer, the distance from Washington to London also
shrinks. It contracts by the same factor that the time interval decreases.
This turns out to be the same factor that Lorentz and Fitzgerald had
calculated to explain the Michelson-Morley experiment.

So we see that an effect that had once been proposed solely to explain a
single experiment now becomes a natural consequence of a simply stated
and beautiful general theory.

Einstein's special- theory offers a classic illustration of how a new scientific
theory came to supersede a previously accepted one. The previously accepted
theory is in this case Maxwell's theory of electricity and magnetism.

The many well-tested predictions of Maxwell's theory continue to be valid
under the new theory. It had previously been thought that Maxwell's equa
tions would have to be corrected before they were applied to frames moving
rapidly through the ether. Einstein now insisted that Maxwell's equations
should be equally correct in all uniformly moving frames.

We have really not had much experience with rapidly moving frames. The
fastest large- objects that we know about-rocket ships, comets, meteors,
the planet Mercury-do not achieve speeds of one-thousandth the speed of
light. At such "low" speeds the slowing-down of clocks, or the Lorentz
Fitzgerald contraction, do not amount to one part in a million. At speeds

1 There is also a more complex general theory of relativity that applies the ideas of
relativity to gravitation. More will be said in Chapter 14.

2 Today we know of subatomic particles that travel at close to the speedof light. These
had not been discovered before Einstein's time.
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much less than the speed of light there is hardly any difference between the
predictions of the older theory and those of Einstein's theory of relativity.

Einstein's theory accounted for facts that could not be explained, or were
explained clumsily, by the previously accepted theory. The Michelson
Morley experiment could hardly be understood under the mechanical ether
model of electromagnetism. Only by invoking what seemed like a special
effect, the Lorentz-Fitzgerald contraction, which could only be observed in
this one kind of experiment, could the older theory explain the Michelson
Morley results at all. Whereas the theory of relativity made these results
naturally obvious.

The theory of relativity makes new predictions that can and have been
tested experimentally. It predicts that "clocks" (by which we mean any
process that has a natural time scale) slow down when in rapid motion. It
predicts that no object, no matter how energetic, can travel faster than the
speed of light. It predicts, as we shall examine in a later chapter, that objects
increase in mass as they get more energy. All these predictions can be tested.
The experiments to date all confirm Einstein's theory of relativity.

The theory is particularly simple and elegant. It can be summarized in a
single sentence: The laws of physics, in particular Maxwell's equations and
the speed of light, must appear to have the same form in all uniformly moving
frames of reference. No experiment can ever, even in principle, tell which
frame is moving and which frame is standing still. This is a statement about
a basic symmetry of nature. No equations or other mathematical apparatus
are needed to state the theory.

But the consequences that can be derived from the theory are wide
ranging. We were led to conclude that such intuitive concepts as the simul
taneity of events, the passage of time, the distance between points, could be
different for observers with different points of view. Yet many experimental
results, some of them done before Einstein's time, some of them predicted
by him, could be explained so simply and so naturally by the new theory.
What was getting to be a complicated and unwieldy model, that of the
mechanical ether, could now be replaced by a single sentence.

It should come as no surprise that scientists quickly, and virtually unani
mously, came to accept Einstein's theory of relativity.

Einstein's theory is full of surprises. Again and again we draw.conch.lsions
from it that go against our "common sense." Can these results possibly be
true? The only way to answer that question is to do the experiments.

Every experiment that has so far been done to test Einstein's ideas on rela
tivity has come out exactly the way he would have predicted. Ofcourse, all
these tests can't ever prove him right. All it takes is one failing prediction to
discredit the whole theory. All we can say is that, sofar, that hasn't happened.
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In this section we will show how some of the better-known, but still "sur~

prising," results follow naturally from the theory ofrelativity.

No material object can travel as fast as light. We have already
concluded that no signal can travel faster than c. Since material objects can
carry information with them, this limit applies to them as well as to other kinds
of signals. Now we shall prove an even stricter limitation. A material object
must always travel slower than the speed of light.

We have to say what we mean by a material object. Let us define it as some
thing that can sit still. A light beam is not a material object in this sense. It
must always be moving, at its special speed, or it would not be a light beam.

Let us consider some material object, a bullet, say, or a rocket, or an atom.
Even though it may be moving very fast from our point ofview, there is always
some frame in which it is standing still. This frame would be the one that is
moving along with the object. From the point of view of someone sitting in a
rocket ship, the ship itself is not moving.

Suppose there is a light beam about to strike the object. In the moving
frame we would observe the object itselfat rest. The light beam approaches it,
at the speed c, and eventually hits it.

Now let us look at the same system from a frame in which the object is
moving rapidly away from the light beam. According to our principle, the
light beam is still a light beam and still is moving at the speed c.

We still see the same event happen. The light beam eventually strikes the
object. From the new point of view we would say that the light beam is chasing
the object and eventually catches it.

If a light beam, traveling at speed c, can overtake a material object, that
object must be moving at a slower speed. This is true no matter from which
frame we look at it.
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From the point of view of the observers on the ground the light pulse fol
lows a diagonal path. The distance travelled by the light pulse, from their
point of view, is capital D.

It is obvious from Fig. 3-13 that capital D is longer than small d. What are
the.observers on the ground to conclude? Not that the light beam is travelling
at a different speed. That would contradict the principle of relativity.

The only consistent conclusion is that capital Tis a longer time than small t,

The time between ticks, as observed from the ground, is longer than what the
people on the train think it is. The people on the ground conclude that the
moving clock is running slow.

The ratio of small t to capital T is in fact the same as the ratio of small d to
capital D. A student with only a little skill in geometry and algebra can
quickly calculate exactly how much the time-shrinkage factor must be. Figure
3-14 gives this ratio for different speeds of the train.

Let us point out that for slow train speeds the effect is very small. The third
leg of the triangle will then be very short, and D will be hardly any longer
than d. Only when v is a sizable fraction of c, like 10%, do the effects become
noticeable.

This explains why the conclusions seem so strange. Such high speeds are
completely outside our experience. The fastest large objects we know of
rocket ships, comets, the planet Mercury-are slower than one-thousandth
the speed of light. The slowdown of a clock at such "low" speeds is less than
one part in a million.

To test the prediction of time shrinkage we must use either very fast sub
atomic particles or very accurate clocks Both kinds of tests have been done,
and the results were as predicted.

Ampere, Andre Marie (l775-1836)-Showed that wires carrying electric
current exerted forces on each other. He reasoned that since the behavior
of any magnet could be imitated by a suitably designed electromagnet
(which see), there were no "real" magnets at all, but only loops of
electric current.

Atoms-The extremely small particles that can be put together to build all
the molecules of normal matter. Atoms have electrically charged parts,
including negatively charged electrons. Electrons can be removed from
an atom, or extra ones added to it, but in its most common state an
atom is electrically neutral.

conductor-A material through which electric current can flow easily. Most
metals are good conductors because some of the electrons can move
freely from atom to atom.

Coulomb, Charles Augustin (1736-1806)-Discovered that the forces between
electric charges decrease in proportion to the square of the distance
they are apart.
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current-A flow of material. Any electric charges in motion constitute an
electric current.

Einstein, Albert (l879-1955)-Famous for his theories of relativity. He also
explained the photoelectric effect (see Chapter 11). His explanation of
Brownian motion, the random motion of small objects being buffeted
by nearby atoms, gave the first indication of what the size of an atom
really was. He also made contributions to kinetic theory and the study
of heat.

electric charge-An object that is attracted to or repelled by other objects
known to be electrically charged, is said to possess an electric charge
itself. Electric charge comes in two varieties, called positive and nega
tive. We can tell them apart by the rule that similar charges repel each
other and opposite charges attract. To complete the definition we say
that a plastic ball rubbed with eat's fur acquires a negative electric
charge.

electricity-The various effects produced by or on objects that have or can
obtain an electric charge.

electromagnet-A magnet made by causing electric currents to flow through
conducting wires. An electromagnet can be designed to behave exactly
like any specific "permanent" magnet. It has the additional features
that its magnetism can be "turned off" by shutting off the current, or
made stronger by increasing the current.

electromagnetic forces-The forces produced on, and by, objects in which
electric currents are flowing. Ampere showed that all effects previously
thought to be magnetic in nature could be mimicked by a suitable
arrangement of electric currents.

electromagnetic signal-A signal that can be sent across otherwise empty
space by means of varying electric and magnetic fields. Maxwell
predicted that such signals exist, and Hertz confirmed this by discov
ering what we now call radio waves. Light is also thought to be an
electromagnetic signal.

electromagnetism-The combined study of electricity and magnetism, united
by Maxwell on the basis of the many discoveries of the early 19th
century.

electrons-The low-mass, highly mobile, negatively charged particles that
are found in every atom of matter. Electrons can be detached from a
neutral atom, leaving a positively charged atom behind. Some types of
matter can attract extra electrons and acquire a negative charge. In
conducting materials, including most metals, electrons are free to move
from atom to atom through the whole conductor. A beam of free elec
trons can be set up in an evacuated space, such as inside a television
tube.

electrostatic forces-The forces of attraction and repulsion between elec
trically charged objects that exist whether or not they are in motion.
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ether-The mechanical medium suggested by 19th century physicists to try
to unite electromagnetism with Newtonian mechanics. Electromagnetic
signals were supposed to be ripples in the ether. The laws of electro
magnetism (i.e., Maxwell's equations) were supposed to be exactly
true only if things were at rest in the ether. In other frames corrections
would have to be made for motion through it. The major difficulty was
that experiments, such as the Michelson-Morley experiment, designed
to measure how fast things were moving through the ether always gave
a null result. Einstein suggested that since the ether was undetectable,
we should leave it out of any physical theory.

Faraday, Michael (l791-l867)-English physicist who made many discov
eries in electricity and chemistry. One of his most important discoveries
was the law of electromagnetic induction: a changing magnetic field
whether caused by moving a bar magnet or by switching an electro
magnet on and off-can force charged objects to begin moving and make
electric currents flow in conductors.

Galvani, Luigi (l737-1798)-Italian physician who first studied the effects
of electric currents. He was interested in how animal nerves and muscles
responded to these currents.

Hertz, Heinrich (I 857-1894)-German physicist who first made and detected
what we now call radio waves. This experiment confirmed Maxwell's
prediction that electromagnetic signals, similar in many ways to light,
could be sent and received in this way.

light-A signal detectable by our eyes that brings us most of the information
we receive about the world around us. Light signals travel through
empty space at almost 300,000 kilometers per second, and at lower
speeds through materials like glass, water, and air. On the basis of
Maxwell's theory of electromagnetism we consider light to be one
form of electromagnetic signal, similar to radio waves in many respects.

Lorentz-Fitzgerald contraction-An effect proposed to help explain the
Michelson-Morley experiment. The original argument was that all
atoms, and hence all matter made of atoms, since they have electrical
parts, might get shorter when they move through the ether. This con
traction would not be detectable since everything shrinks by the same
fraction. Einstein's special theory of relativity gives a natural explana
tion of the Lorentz-Fitzgerald contraction without referring to the
ether.

magnetism-The forces that magnets exert on each other and on magne
tizable materials like iron. Wires carrying electric current are also
affected by magnetic forces. Such wires in turn exert magnetic forces
on magnets and on each other.

Marconi, Guglielmo (I 874-1937)-Italian inventor who made use of the radio
waves discovered by Hertz to send wireless signals over long distances.
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Maxwell, James Clerk (pronounced Clark) (l83l-l879)-British physicist
and mathematician. He formulated the laws of electromagnetism,
predicting that electromagnetic signals, such as radio waves, would
exist and travel at the speed of light. He also made important contribu
tions to the kinetic theory of gases.

Maxwell's equations-Four equations of calculus that express the discoveries
of Coulomb, Ampere, and Faraday in mathematical terms. They form
the principles for the theories of electromagnetism and optics.

Michelson-Morley experiment-An experiment, first done in 1887, to measure
how fast the Earth is moving through the ether. The idea was to see
whether the speed at which light approaches us is different in different
directions. The surprising result was that there was no difference. It
was as if the Earth was always standing still in the ether. Various
attempts to explain this result led finally to Einstein's special theory
of relativity.

molecule-The smallest particle of a material that can exist alone and still
behave like that material. All normal matter is thought to consist of
large numbers of very small molecules. Molecules themselves are made
up of one or more atoms bound together.

negative electric charge-The kind of electric charge that a plastic ball
acquires when rubbed with eat's fur. Any electrically charged object
that is repelled by a negatively charged object can be said to have
negative charge itself. Electrons have negative charge. Most large
objects with negative charge are thought to have that charge because
they hold an excess of electrons.

neutral-An object is electrically neutral if it is neither attracted nor repelled
by electrically charged objects. Atoms and larger objects that are
electrically neutral are thought to contain an equal amount of positive
and negative electric charge.

Oersted, Hans Christian (1777-l85l)-A Danish schoolteacher who first
noticed that electric currents flowing in wires can deflect magnetic
compasses, and other magnetized objects. This discovery was the first
step in finding the connection between electricity and magnetism.

optics-The study of the nature and propagation of light. After Maxwell
showed that light could be explained as an electromagnetic signal,
optics became a branch of electromagnetism.

poles-Magnetic poles once played the same role in magnetism that electric
charges play in electrostatics. Magnetic N poles are attracted to the
Earth's north magnetic pole (see question 4), and magnetic S poles are
repelled by it. Like magnetic poles repel each other, and unlike poles
attract. The difficulty is that no object has ever been found that does
not contain equal strength of Nand S poles within itself. Ampere
insisted that there are no real magnetic poles, that all magnetic effects
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can be explained by the forces between coils of currents. Thus, as every
coil of wire must have two ends, every magnet must have both Nand S
poles.

positive electric charge-The kind of electric charge that a plastic ball obtains
when rubbed with silk. Any electrically charged object that is repelled
by a positively charged object is said to have positive charge itself. The
nucleus of an atom has positive charge. Most large objects that have
positive charge are thought to have that charge because they have lost
some electrons.

relativity-Einstein's Special Theory of Relativity holds that (1) the laws of
physics have the same form no matter how fast you are moving (in a
straight line, at uniform speed); (2) among these laws are the value c
for the speed of light, as deduced from Maxwell's equations. From
these assumptions we derive such "strange" conclusions as that no
signal can travel faster than light, or that clocks perceived in motion
appear to run slow. These conclusions can be tested and have been
verified many times.

simultaneity-The perception that two events happened at exactly the same
time. According to Einstein, two different observers may not agree
whether two events occurred at the same time. Neither is right; neither
is wrong. It is just that the perception of simultaneity depends on the
frame of reference from which the events are viewed.

Volta, Alessandro (l745-1827)-Italian physicist who showed how to main
tain steady electric currents in wires, using a battery he invented. This
invention made possible the study of the effects of such currents,
including the discoveries of Oersted, Ampere, and Faraday.

yoke-The electromagnet that flanks the neck of a television tube, by means
of which the current of the electron beam within the tube can be
deflected from side to side.

1. In the light of our modern picture of atoms and electrons, would it have
been better for Benjamin Franklin to have named positive and negative
charge in the opposite sense from what he did?

2. What do we mean when we say that an object has an electric charge?

3. What is an electric current?

4. According to the definition of "poles" in the glossary, should the Earth's
north magnetic pole be considered an N-pole or an S-pole?

5. Why should the magnetic forces between two beams of electrons depend
on the product of the speeds of the two beams?

6. Give an example in which electrostatic forces, but not magnetic forces,
are present. Give an example in which magnetic forces, but not elec-
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trostatic forces, are present. Give an example in which both are acting
at the same time. Which force is stronger in the last example you gave?

7. Suppose some unconventional scientist insisted today that the mecha
nical ether really does exist and that Einstein's theory is not needed. Do
you think he could account for all experiments? What objections might
you raise to his ideas?

8. Why does the conductor, in Einstein's train example, see one flash of
lightning before the other? Did one flash really occur before the other?

9. Which of the points of view about the Mars landing vehicle is the
"correct" one? (None of them? All of them ?) Why?

10. How fast are you moving right now? Think: What meaning does this
question have?

11. In what respects does Einstein's theory of relativity differ from Galileo's
idea of relativity? What do the two have in common?

12. Show how Einstein's theory of relativity meets the criteria, stated in
Chapter I, for a new theory of nature to supersede a previously accepted
theory.

13. The instructor stands in the middle of the room and asks students at
opposite ends of the room to synchronize their watches to a light flash
that the instructor sends out. Should the students correct for the fact
that the room is moving, with the Earth, at 30 kilometers per second
around the sun?

14. Suppose a faster-than-light signal existed that could have been used to
prevent the crash of the Mars landing vehicle. Show that, from at least
one point of view, such a message would have arrived before it was sent.

15. Speculate on the possibility of prolonging your life by flying about at
high speeds, thus slowing down all your biological processes.

Summary question: Give three examples of experiments or observations
that confirmed the predictions of some scientific theory. In each case, name
the theory being tested, describe the measurements that were made, and tell
how the results were different from what might have been expected if the
theory were wrong.

Avoid "predictions" of results that were already known at the time the
theory was proposed, or of behavior that was already known and could be
expected to repeat itself.
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Up to now we have been trying to show the way in which some of the laws
of physics came to be accepted. We have chosen examples from several
different parts of science. If any of these ideas interested you, maybe you
will find time to read more about them.

Now we are going to talk about a specificidea ofphysics, the idea of energy.
Energy can be defined in terms of what it can be used for. It takes energy to
lift a weight, to wind up a spring, to set a car in motion, to boil a cup of
water. Any property of any system that can be converted to one of these
uses must be a form of energy.

The most important thing about energy is that the total amount of it does
not change. Energy is not created out of nothing, nor does it disappear,
though it often changes its form. When you add up all the forms of energy
after some process, they add up to exactly the same total as before the process
began. This is the law of conservation of energy.

The idea of an essence that never changes, despite the appearance of con
stant change in the world, came from Plato. To some thinkers it is a comfort
to know that, despite everything that happens, there are some things that
never change. One of these constants is, to the best of our knowledge, the
total amount of energy in the world.

Businessmen have long made use of a similar principle, that account books
must balance. The label on a certain sum of money may change frome
"inventory" to "accounts receivable" to "cash on hand." But when the books
are closed each day, "debits" must always equal "credits." In a similar way
the chemical energy in a liter of gasoline turns into kinetic energy when it
is used to speed up an automobile, then into gravitational energy when the
car climbs a hill, and finally into heat energy when the brakes are applied.
There is a global system of bookkeeping that makes sure that, in one form
or another, the energy is always there.

There also is a moral to the law of conservation of energy. We get out
only as much as we put in. If a job takes energy, then it will not be done until
the required amount of energy is supplied. If energy is once put into a system,
it must all be accounted for. You cannot stop a speeding train without ab-
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sorbing the energy that went into speeding it. In the world of energy you get
what you pay for, and you pay for what you get. Nobody has yet found a
way to cheat the system.

Some of the most useful and important laws laws of physics take the form
of conservation laws. Suppose there is something called X that obeys a
conservation law. Such a law will say that whenever X increases in one form
or place or object, there must be an equal decrease of X in some other place
at the same time. The total amount of X stays always the same. X in said to
be conserved.

In this chapter we will talk mostly about the law of conservation of energy.
Energy is not the only thing in physics that is thought to be conserved. There
are, for example, the laws of conservation of electrical charge and of momen
tum. However, because energy is so much a part of every known process,
and because it has so many different forms, it probably is the most important
of these conserved substances.

A conservation law does not tell the whole story about any process. It does
not tell whether an allowed process will actually happen. It does not say
how fast the change will take place. The most a conservation law can say
about any process is whether or not such a change is possible. Other laws
of science are needed to describe all the details.

To give an example of how a conservation law wor let us pretend that
we have found a new law of nature, the "law of co tion of water." We
might have noted that we can measure out a liter of water, and pour it from
one container to another. We can separate it into several smaller cups, and
then pour them them all back together again. If we have been careful not to
lose any, we should have as much left as we started with.

But suppose we have a critic among us, who does not believe in this
"Put the water in a cold enough place," says this spoilsport, "and it willfreeze.
It will no longer pour easily like the water we know, but become a cold, solid
substance that we call ice." "Yes," we answer, "but if we weighthe ice, it will
be just as heavy as the water it replaced. Ifwe melt the ice, wecan get back all
the water we started with. So let's consider that ice is another form of water.
Then the sum of the weight of water plus ice should always stay the same."

"All right," says the critic, "but you know very well that if you let water
stand open in a warm place, it will gradually disappear." This is harder to
answer. We make a guess that there is another form of water called water
vapor. This is an invisible gas that mixes with air. We can test this idea by
putting a small amount of water in a large glass bottle that is tightly closed
with a stopper. We can weigh the bottIe with the water in it. Then we gently
heat it until much of the water has evaporated. The water vapor will still be
trapped in the bottle, so the whole thing should weigh the same. As a further
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test we canletthesystem cool down again. The water vaporwillthen condense
into liquid water again, the same amount that we started with. So now our
conservation law must include the weight of water vapor plus ice plus liquid
water.

The critic, however,has SOme more problems for us. Mix the water with

IIIII II
One liter of water

Pour it into smaller
containers.

Pour them back together.
Still one liter!

Weigh the water. Freeze it. Still weighs the same.

1
Water in a closed
container.

Heat it. Some of
it turns into water
vapor.

Cool it down. The
vapor condenses
into water again.

Figure 4-1
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cement powder, he suggests.The whole thing wiIl turn solid. Yes, we agree,
but perhaps the water is.trapped in the crystals of solid cement. If we heat it
enough, maybe the cement will crumble and releasethe water as vapor. Then
wecould condense it and recover it all. This is a more difficult experiment than
before, but in principle it could be done.

But now the critic has a devastating argument. Pass an electric current
through the water, he urges. The water willseparate into hydrogen and oxygen
gases in a processcalled electrolysis. These gasesare very different from water.
They will not condense at all except at extremelycold conditions. If they are
kept separate, you cannot getback water from either gas alone. So this experi
ment proves that water is not conserved in every process.

It is true that if you mix hydrogen and oxygen together under the right
conditions, they will combine explosively to form water. So perhaps it ispos
sible to define a new form of "water" that would allow us to keep using the
conservation law. This would not be very useful, however, because it would
soon force us to defineany chemical that contains hydrogen or oxygen to be
a form of water.

So our critic wins the day. Weare not able to inventenoughforms of water
to explain every experiment. Reluctantly we conclude that there is no law in
physics of the conservation of water.

The fact that a conservation law does not depend on the details can be
very useful. Sometimes the details are very complicated. When a hard elastic
ball bounces off a hard flat surface, many things happen. The ball changes
shape, shock waves travel back and forth across it. Using the conservation
laws of physics, we can figure out how high the ball will bounce, without
knowing exactly what went on at the moment of collision.

Sometimes we do not yet have a good enough theory to make all the
calculations. When two subatomic particles collide, we do not know in ad
vance what reaction will occur. But we can use the law of conservation of
energy to help us tell whether any of the final products of the reaction have
escaped our detectors.

Energy, as we have said, has many different forms. Perhaps once in a
generation scientists have found a process in which the total of all the known
forms of energy was not being conserved. In each case they were able to
define a new form of energy that made it come out right. These discoveries
marked some of the greatest advances in our understanding of nature.

Can we go on inventing new forms of energy without end? There are some
restrictions on how energy may be defined, as we shall see in the next section.
If there were too many different forms of energy, say, thousands of them,
the idea would not be very useful. So there are limits to how far we can
extend the notion of energy.

Energy is not something, like water, that we can easily recognize for what
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it is. The most important feature about energy is that it obeys a conservation
law. If energy were not conserved, we would have a hard time defining it,
and it would not be a very useful idea even if we could. We should not be
asking: "Is energy really conserved?" A better question, given the restric
tions on how it may be defined, would be: "Is there such a thing as energy
at all?"

The answer, like all scientific explanations, can be only a tentative one,
possibly to be changed as our understanding increases. To the best of our
present knowledge, there are no exceptions to the law of the conservation of
energy.

From time to time we may have to define a new form of energy, but we are
not completely free in the way we do this. It is not enough to say, "The wind
carried some energy away," or "The sun supplied us with some energy."

If the idea of energy is to have any meaning, we should be able to find
some measurable change that goes with the gain or loss of energy. Did the
air get a little cooler after the wind passed? Does the sun lose a small
amount of its mass when it sends out its light? Whenever energy seems to be
appearing or vanishing, we ought to be able to track it down. We ought to
be able to find the changes that the gain or loss of energy produces.

Measurability. We must be able to figure out the energy of a set of things
from measurements we can make on them. There are many different kinds
of measurement that can be made. Nearly all of them are important in
determining some form of energy.

The speed of an object, how fast it is moving, relates to its kinetic energy.
This is the first form we shall study.

The position of an object, how high it is off the ground, or how far from
other objects, gives a measure of its gravitational potential energy.
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The shape and size of an object, such as a spring that is stretched out of
its normal shape, determines its elastic potential energy.

These are only a few examples of the sort of measurements that can be
made. (In one of the questions at the end of this chapter, you are asked to
suggest some others.)

Once we have made the measurements, we can get the energy by some
known calculation. Sometimes we have to multiply two measurements togeth
er. In other cases we can read the energy from a chart or table. For every
form of energy there is a set of measurements to be taken, and a way of
combining the results to tell how much energy is present in that form.

The fact that we can measure the energy leads to an important result. The
energy does not depend on how things got the way they are. We can always
figure out the energy from measurements on the present state of things. The
past history makes no difference.

The energy of a car parked on top of a hill is the same, no matter how it
got up there. It makes no difference whether it was lifted there by a crane,
or whether it was driven there under its own power. It does not matter

It takes no energy to hold a
weight perfectl y steady!

However, our muscles tend to
tremble. The up-and-down
motion costs us energy.

A support stand can hold the
weight indefinitely without
any energy input.

Figure 4-3
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whether it went up slowly or fast, by a short-cut or the long way around. (Of
course, by some of these methods, some energy may have been transferred
to other forms: heating up the tires or the air, or making noises, for example.)
The amount of energy stored in the car, the energy that could be retrieved
by letting the car coast back down the hill, is the same in every case.

If no changes take place, there is no transfer of energy. It takes no energy
to hold a weight perfectly still over your head. You may get tired, but this
is because you are not really holding it steady. Human muscles tend to trem
ble, relaxing and then tensing again. The resulting up-and-down motion
consumes energy. If you put the weight on a support stand, the stand can
hold the weight steady as long as desired without any input of energy.

Additivity. The total energy of a system, made up of separable parts,
is the sum of the energies of the parts. If several different forms of energy
are present, the total energy is the sum of the energies in each of the forms.

This seems like a trivial thing to say. If we have more than one kind of
energy present, or we have several objects, each with its own amount of
energy, we get the total by adding all the amounts. The whole is equal to the
sum of all its parts. It is important to understand that we are making this
assumption, however natural it seems. There are some consequences that
are not so trivial.

If we have one piece of steel moving at a certain speed at a certain height
off the ground, that represents a certain amount of energy. Suppose we have
a second piece of steel, exactly the same size as the first, moving at the same
speed and located at the same height. Since all the measurements on the
second piece would come out the same as for the first piece, its energy must
also be the same. So if we put the two pieces together we have twice as much
energy as either piece alone.

Thus we can add more identical pieces to our system, all with the same
speed and height. The more we add, the more energy there is in the system.
This a general feature of most forms of energy. In other words, if all other
measurements are equal, the amount of energy in a system increases as more
material is added.

~~~ 1 meter/sec

~~~ 1 meter/sec

Kinetic energy ~ 1 joule

Kinetic energy ~ 1 joule

Two equal masses moving at the same speed.
Put them together and what do you have?

Figure 4-4

[ j~~ 1 meter/sec

4 kg

Kinetic energy ~ 2 joules
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WEIGHT
AND MASS

Restrictions on what we may call energy

If all the objects we have to think about were made of the same material,
say, steel, it might not be very hard to figure how much material each con
tained. We could measure its size and shape, and calculate its volume. If
the shape is too complicated, we might plunge it into water and see how much
water it displaces. Or we might weigh it.

Weighing an object seems to be a natural way of measuring how much
material it contains. The more material, the more it weighs. When it comes
to comparing the masses of two objects made of different materials, almost
the only practical method of comparison is to weigh them together. Two
objects that weigh the same at the same place are presumed to contain the
same amount of material. This we shall call the mass of the objects.

Since energy is additive, we expect that, other things being equal, the more
mass something has, the more energy it carries. We shall find that the for
mulas for many important forms of energy have the mass of the objects in
them explicitly as a multiplying factor. This shows that these forms of energy
increase directly in proportion to the amount of matter involved.

GG
Two equal masses ...

. .. have the same weight.

Put them together. The combination weighs twice as much.

Figure 4-5

The weight of an object is the force of attraction that Eart
exert on it. The same piece of steel will rent
places. It will weighless on tha Far 0

have practically no weight
On the other hand, we recognize that there is something the same about the
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piece of steel, no matter where we weigh it. We have been calling this the
"amount of material." In physics it is called the mass.

Two identical pieces of steel obviously have the same mass. They will also
have the same weight, no matter where we weigh them. Ifwe cut up one of the
pieces and reshape it without adding or taking away any material, it will still
have the same total mass. We can then verify that it weighs the same as the
unchanged piece. Ifwe put the two pieces together, there will be twiceas much
mass as either alone. The combination will also weigh twice as much. If you
cut one piece into two equal halves, each half will have half the mass and half
the weight of the original.

The more mass a piece of steel contains, the more it weighs. We can com
pare the masses of any two pieces of steel by weighing them. The weighing
must be done at the same place to avoid the problem of varying forces of grav
ity.

The above discussion IS fine, so long as we are comparing pieces of the same
material. How do we compare the mass of a piece of steel with that of a block
of wood? We can guess that the way to do it is to weigh them both. We can
say that if two objects made of different materials have the same weight at a
given place, they also have the same mass.

This is the way masses are compared in practice. There is a standard mass,
a cylinder of platinum-iridium, kept in the International Bureau of Standards
in Sevres, France, that is 1 kilogram. Any other object with the same weight
as the standard, at a given place, is said to have a mass of 1 kilogram. Frac
tions and multiples of a kilogram can be defined by the process ofhalving and
doubling, as we did with pieces of steel.

The mass defined by weighing something is sometimes called the gravita
tional mass. The mass that must be used in the formula for kinetic energy is
called the inertial mass. Are the two exactly the same? This is something that
can be tested.

To the best that anyone has been able to measure, and some experiments
were sensitive to a difference of less than one part in a billion, there is no dif
ference between the two ways of defining mass. If two objects, no matter what
they are made of, have the same weight at a given place, they also have the
same inertial mass.

Conservation. Whenever the amount of energy in some place or form
increases, there must be a corresponding decrease in some other place or
form of energy, and vice versa. This is, as we have said before, the most
important fact about energy. Without it, the very idea of energy would not
exist.

The conservation law is also important because we can use it to find out
how much energy it takes to make a given amount of a new form of energy.
Whenever we notice that the amount of known forms of energy seem to be
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disappearing, we expect that energy will show up in some new form. We
can recognize the new form by changes that take place. The object goes up
in the air, for example, or it gets warmer. But how much energy does it take
to make it go up I meter, or to get 1 degree warmer? Is it always the same?
We can answer these questions by letting a known amount of energy change
into one of the new forms. This procedure is called the calibration of the new
form of energy.

The law of conservation of energy, in a practical sense, is really a set of
rules for calibrating a new form of energy. Whenever we suspect that such
a new form exists, we follow certain steps to define it. First, we list the
changes by which we can recognize the new form. Then we measure how
much energy, taken from previously known forms, is needed to make a cer
tain change. Then we must show that it always takes the same amount of
energy to make the same change, no matter when or how it takes place. Only
when all these steps have been followed can we say that the new form is well
defined. And only then can we say that the law of conservation of energy is
verified.

Kinetic energy We have to start somewhere by defining one form of energy. We recognize
that it takes energy to make things begin to move. It takes energy to make
a moving object go faster. The energy associated with the motion of an object
is called its kinetic energy, abbreviated KE.

Let us make the following primitive definition:
The amount of energy required to set a 2-kilogram mass, previously at

rest, into motion at a speed of 1 meter per second, shall be known as 1 joule.
All other forms of energy, including different amounts of kinetic energy

itself, can be measured in terms of the joule.
The way we made the definition implies several facts about kinetic energy.

It says that the only measurements we need are mass and speed. The kinetic
energy of an object does not depend on the material it is made of, nor on its
size and shape. It does not depend on where the object is, whether on Earth
or on the moon or in outer space. These assumptions can be tested. If they
are wrong, we get inconsistent results in trying to define other forms of
energy.

The additivity of energy implies that the more mass an object has, the
more kinetic energy it has, other things being equal. In this case the "other
things" can be only the speed. So we must conclude that two objects moving
at the same speed have kinetic energy directly in proportion to how much
mass they contain. Put another way, the kinetic energy must be equal to the
mass multiplied by a factor that depends only on the speed.

This factor must be zero if the speed is zero. An object at rest has no
kinetic energy. The factor must be 1/2 if the speed is 1 meter per second, to
satisfy our definition of the joule. What the factor is at other speeds is some
thing that can be measured.
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One way that we can do this is to use a slingshot that can be stretched to
store the same amount of energy each time. Then we can load the slingshot
with balls of different masses. We measure the speed of each shot just as it
leaves the sling, when all the energy stored in the sling has been converted
into kinetic energy of the ball.

Different projectiles will leave the sling at different speeds. They will all
have the same kinetic energy, namely, the energy that was stored in the sling
shot. Their speed should depend only on the ratio of energy divided by mass.
The relation between the speed and the energy per unit mass is what we wish
to measure.

Experiment: How KE Depends on the Speed. We will use an air-track
on which small projectiles can coast horizontally with very little friction to
slow them down. A timing device measures the speed of each projectile. The
mass of each one is measured by using a balance.

A spring at one end of the air-track is set up with a reproducible trigger,
so that it can give each projectile the same amount of energy. We do not
know in advance how much energy this will be. Let us call it I "springload."

Figure 4-6 The air-track apparatus for measuring the relation
between kinetic energy and speed (Photo by Barrie Rokeach)
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Use projectiles of several different masses, differing by at least a factor
of four. For each projectile, record the mass and the time it takes to travel
a known distance. Calculate its energy-per-unit-mass (in "springloads per
gram") and its speed.

Make a graph of energy-per-unit-mass versus speed. Is the graph straight
or curved? Make a second plot of energy-per-unit-mass versus the square
of the speed. Do the points fall on a straight line now?

Repeat the experiment with a different springload.
Many experiments like this one have shown that, for the range of speeds

that we can usually measure, the kinetic energy per unit mass goes up with
the square of the speed of the projectile.

/;x
/

x

xl
~ ----~--By definition

I

2

Speed (meters/second)

Figure 4-7

Putting all this information together, we can say that the kinetic energy
(in joules) of an object is equal to one-half its mass (in kilograms) times the
square of its speed (in meters per second).

The factor of one-half appears for historical reasons, to agree with a defini
tion of kinetic energy based on Newton's laws of motion.'

Kinetic energy is always a positive quantity when it is not zero. It is zero
only when everything is at rest. If there is any motion at all, there is more
kinetic energy than if all is still. So energy must always be supplied from
some other form to make things begin to move.

Motion can be started only if some other form of energy can decrease.
There are many situations in which the other forms of energy have their
lowest possible value. A stone lying at the bottom of a pit, or a watchspring
that is completely unwound, are examples. Nothing will begin to move

! The energy required to accelerate an object of a given mass from rest to a given final
speed is equal to the product of the mass times the final velocity times the average speed
during the acceleration. If the speed goes evenly from zero to the final velocity, its average
value during that time is one-half the final speed.
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because the other forms of energy cannot decrease any more. Such a situa
tion is said to be stable.

In a stable situation the sum of all the forms of energy, except kinetic, has
its lowest possible value. If the kinetic energy is also zero, nothing more will
happen, at least until new energy is supplied from outside the original system.

Examples of stability are all around you. The books on the shelf, the chairs
on the floor, the pencil on the table, do not suddenly jump out of place. Any
motion requires kinetic energy. There is no immediate source of energy on
which these objects can draw.

Clearly, kinetic energy by itself is not conserved. We constantly see things
start to move or come to rest, speed up or slow down. There are a few inter
actions, such as the collision of billiard balls, in which kinetic energy is the
only form of energy involved. For the most part, the things that we see happen
every day require exchanges of energy between kinetic energy and other
forms.

I beforehand, and thus learn its mass. We can use a
to help find out how fast it is moving when it leaves

measurementswe can figure how much kinetic energy

Suppose we have a water bucket and we want to find out how much water
it holds. Suppose also that we have a wine bottle that is known to hold 1
liter. We can pour one wine bottle full of water at a time into the bucket,
keeping count of how many it takes to fill it up. Or we could fill the bucket
first, then empty it by drawing off 1 liter at a time in the wine bottle. Once we

byeither method, wecan use the bucket itselfto measureother
We are said to have calibrated the bucket as a volume mea-wate

surer.
In a similar way we can calibrate new forms of energy. Suppose we know

how to measure kinetic energy, but do not yet know how to measure . a
tional potential energy. So we set out to convert a known amount of etic
energy m. We can do this by throwing a ball straight up and
seeing

We can
motion pic
our hand. From
we started with.

At of its elimbthe ball is momentarilyat rest. It has no more kinetic
energy. is conserved, it must all have been converted into the new
form. S nelude that the gravitational potential energyat the top of the

b kinetic energy it started with.
that the faster we throw the ball, the higher it will rise. So

height easure of gravitational potential energy. The additivity of
energy suggests that the mass of the ball also must be considered. The more
mass weraise to a givenheight, the more energy it takes.

We can throw the ball up at differentspeeds and See how high it rises. We
can plot a graph of height reached against kinetic energy at the start. The

CALffiRA
TION:
FIGURING
THE CON
VERSION
FACTOR
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graph seems to be a straight line. But when we use a heavier ball wefind that it
does not rise as high for the same energy input. However, if we plot not the
height alone, but the product of height times mass against kinetic energy
input, we find that all the points lie on the same straight line. So we conclude
that the gravitational potential energy is equal to some number-call it g
times the product of height times mass.

Once we know the value ofg, we know completely how to measure gravita
tional energy. We call g the "gravitational field strength." For our purposes it
can be called the conversion factor for this form of energy. It is the number
you have to multiply the measurements by to get the amount of energy pre
sent.
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Gravitational
potential
energy

Energy

We shall seethat there is a conversionfactor for each new form of energy.
Finding its value is a necessary part of defining the energy form. Until the
conversion can be determined, and shown to be the same in many different
experiments, we cannot be sure that the new form of energyis welldefined.

If we let go of a pencil, it falls. A falling body continues to increase in speed
all during its fall, up to the moment it hits the ground. If you throw a ball
up in the air, it will rise to a certain height, slowing down as it rises. The
rule for inanimate objects in free flight seems to be, the higher it goes, the
slower it moves. Conversely, the lower it falls, the faster it goes.

The form of energy associated with the height of an object above the
earth (or distance from any gravitating body) is known as the gravitational
potential energy.

Experiment: Calibrating GPE. Use the same spring that we have used
before, one that can be cocked repeatedly with the same amount of energy.
Fire balls of different masses straight up in the air. Measure how high each
ball rises. Calculate the product of mass times height in each case. Are these
products the same for all the balls?

Experiment shows that, for distances that we can conveniently measure,
the gravitational energy is proportional to the product of mass times height.
We would like to express this form of energy in joules. To do this we must
multiply the product of mass times height by a conversion factor, which is

n:--rIt
I II,
: I
I I Measure
I t height
I reached

Balls of "";0",m."----J~
~_Catch

Spring_~ _

Figure 4-9 Calibrating gravitational potential energy
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usually called g. We can measure the value of g by converting a known
amount of kinetic energy into gravitational potential energy.

The gravitational potential energy of an object is equal to the product of
its mass times its height times the gravitational conversion factor, g.

The factor g is not exactly the same everywhere. Its value is close to 9.8
joules per kilogram-meter at most places on Earth. It is slightly higher where
there are heavy mineral deposits underground, slightly lower at high alti
tudes. At distances of thousands of kilometers from the Earth g is quite a
bit less than 9.8. Its value is only 1.6 (in these units) on the surface of the
moon. It is calculated that g is about 26 joules per kilogram-meter at the
surface of Jupiter, and ten times that at the surface of the sun. Far out in
space, g may be very much smaller.

To make the numbers in our sample calculations come out simpler, we
will often "round off" the value of g to 10 joules per kilogram-meter. From
now on, we will abbreviate gravitational potential energy as GPE. Kilograms
will be abbreviated as kg, meters as m, and joules as J. So the value of g on
Earth is approximately 10 Jjkg-m.

The height that appears in the formula for GPE is, strictly speaking, the
height above sea level. However, since only increases or decreases in GPE
lead to changes in other forms of energy, it makes no difference what level
We take as the "zero" of height.

Rapid City, S.D., is nearly 1000 meters above sea level. We can get the
relative GPE of any object by measuring its height above ground level. If we
insist on having the "sea-level" GPE, we can easily get that by adding to the
relative GPE the product of the object's mass times 1000 meters times g,
that is, 10,000 times the mass in kilograms, if g is 10. If several objects are
involved, we can get the "sea-level" GPE by adding 10,000 times the total
mass to the relative GPE. After some change has taken place, the relative
GPE may have changed, but the total mass will still be the same. So the
difference between the relative G.P.E. and the "sea-level" GPE is still 10,000
times the total mass. The change in the "sea-level" GPE, the amount of
energy converted into other forms, is the same as the change in the relative
GPE. So there is no need to carry the large term, 10,000 times the total mass,
which never changes anywa.y, in all our calculations.

We can take as our zero level of height the ground level, or the level of the
floor in our room, or the level of the table top, or any other convenient level.
We only need to be consistent. In a given situation, all measurements of
GPE should be referred to the same zero level of height.

The law of conservation of energy holds at every stage of a process, not
just at the beginning and the end. Let us take as an example the flight of a
ball thrown straight upward by a baseball player. We can take motion pic
tures of the entire flight. From the pictures we can measure the height and
the speed of the ball at each point of its motion. From these measurements,
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and knowing the mass of the ball, we can calculate the kinetic energy and
the G.P.E. at each stage.

Let the mass of the ball be 1/10 of a kilogram. Suppose the player gives
it an initial speed of 40 meters per second; that is about as fast as the best
players can throw a ball. The kinetic energy when the ball leaves his hand is

1: x 0/10 kg) x (40 m/sec) x (40 m/sec) = 80 joules.

For GPE we use as zero level the height of the ball as it is released. Then
the GPE is zero when it leaves the player's hand, since the height is zero. The
total energy is the sum of kinetic energy and GPE, 80 joules plus zero, or
just 80 joules.

At the peak of its flight the speed of the ball drops momentarily to zero.
At this point there is no kinetic energy. The total energy must still be 80
joules. So the height must have a value to give 80 joules of GPE. Since the
mass is 1/10 kg, and we use g of 10 J/kg-m, the product of mass times g is
just I joule per meter in this case. For this mass ball, the GPE in joules is the
same number as its height in meters. The ball has a GPE of 80 joules when it
has risen 80 meters above its launch point.

Using the motion picture film, we can prepare a graph of the GPE of the
ball versus time. This is the same as the graph of the height of the ball against
time, since the GPE and the height are numerically the same for this mass
ball. For other masses, GPE and height would have different values, but
the shape of the two curves is the same.

The kinetic energy begins at 80 joules and decreases to zero at the moment
when the ball is at the top of its flight. Then the ball begins to speed up again
as it falls toward the ground. When the ball has fallen back to its starting
height the GPE is again zero. At this point the kinetic energy is back up to
80 joules. The ball has the same speed as it started with, 40 meters per second.

At an intermediate point in the flight, the ball has both kinetic energy and
GPE. Take the moment when the ball is at a height of 60 meters. The GPE
is then 60 joules. The total energy is always 80 joules, so that leaves 20 joules
of kinetic energy. The ball will have this much kinetic energy if its speed at
that moment is 20 meters per second.

1: x 0/10 kg) x (20 m/sec) x (20 m/sec) = 20 joules

We can make the same kind of calculation at every point of the balI's
trajectory.

What does a graph of total energy versus time look like? At every point
in the ball's motion, add up kinetic energy and GPE. The total is always 80
joules. So the graph of total energy against time is just a horizontal straight
line. This is the meaning of the law of conservation of energy. The total
energy does not change with time.
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All solid objects have a natural size and shape that they take on when they
are not under stress. Stress can be applied in many ways. Objects can be
squeezed or stretched, bent or twisted. It takes energy to do this. If the stress
is too great, a permanent change can be made. The object can be broken or
crushed or permanently bent. But if we are careful not to go too far, the object
will tend to return to its natural size and shape when the stress is removed.

We can usually define some number to measure how far an object is out
of its natural shape. In the case of twisting stress, for example, this measure
would be the angle of twist. Let us confine ourselves here to a spring which
can be stretched or compressed from its unstressed length. We call x, the
displacement, the difference between its length under stress and its natural
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length. The displacement can be positive when the spring is stretched, or
negative when it is compressed.

The lowest state of energy of such a spring is when it is in its natural state
and x is zero. We define this state to have zero elastic potential energy. Any
other value of x, whether positive or negative, requires an input of energy
to the spring. This suggests that the elastic potential energy of a spring
depends on the square of x, which is always positive, no matter whether x
is positive or negative. We guess that the formula for elastic potential energy,
which we shall abbreviate as EPE, is some number, k, times the square of the
displacement.

EPE = kx?

The number, k, the elastic conversion factor, is different for every spring.
The stiffer the spring, the more energy it takes to stretch it by a given dis
placement; therefore, the larger k is.

The formula for EPE is an approximation that is expected to work only
for small displacements. Certainly, it is not valid under stresses large enough
to break the spring. How well the formula works depends on the spring.

Each different spring, or any other elastic object, must have its EPE cali
brated separately. This can be done in the usual way. A known amount of
energy is converted into E.P.E., and the resulting displacement is measured.
On the other hand, we can start with a certain displacement in the spring,
convert it all into kinetic energy and/or G.P.E., and see how much is released.

The curve of EPE against displacement can thus be measured for every
elastic object. The exact formula may be rather complicated and is different
for every spring. The important fact is that it always takes the same amount
of energy to cause the same displacement. That is the meaning of conserva
tion of energy as applied to elastic objects.

+1.0+0.5

Approximate formula: EPE ~ kx 2
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The three forms of energy described in this chapter, kinetic energy, GPE,
and EPE, are known collectively as mechanical energy. They are the forms of
energy that can be determined by measuring distances and times and masses.
Other forms of energy require more subtle measurements.

In a later chapter, mechanical energy will be called useful energy. The
different forms of mechanical energy can be easily and completely converted
into each other. Each of the three forms is a way in which energy can be
stored. Water can be pumped into a high mountain reservoir. A watch spring
can be wound up tight. A massive flywheel can be set spinning. Each of these
cases represents a storehouse of energy, ready to be used for any purpose
as it is needed.

When the kinetic theory of matter was proposed in the last century, some
scientists thought that maybe mechanical energy was the only kind of energy
known. You will recall that this theory proposed that all matter is made up
of large numbers of very tiny molecules. According to kinetic theory, sound
energy is the organized vibrations of millions of molecules moving back and
forth together. Heat energy is supposed to be the random disorganized motion
of all the molecules. If we could only make measurements on a small enough
scale, we could account for all these forms of energy as mechanical energy
on a molecular scale.

This simplification turned out to have exceptions. It was learned that
electromagnetic forms of energy cannot be explained as mechanical energy.
Nuclear energy was discovered, but it did not fit into any of the known forms.

On the other hand, most elastic energy seems to arise from the attractions
and repulsions among the molecules within the elastic object. This is also
true of what we call chemical energy, such as the energy released by burning
a chunk of coal. The forces between molecules, in turn, are thought to be
electrical in nature. The different forms of energy are closely intertwined.

In later chapters we shall explore some of these other forms of energy.

additivity-The property that the total energy of a system, made up of
separate parts, is the sum of the energies of the parts.

calibration of energy-Determining how many joules it takes to produce a
given amount of a new form of energy. Whenever a new form of energy
is defined, we must calibrate it by converting a known amount of energy
into (or out of) the new form. In this way we measure the conversion
factor.

conservation law-A law of nature that says that the total amount of some
physical quantity (such as energy) never changes. Though it may change
its form, it is never created out of nothing, nor can it disappear com
pletely. Whenever the amount of the conserved quantity increases in
one place, an equal amount of it must decrease in some other part of
the system. There are laws of conservation of electric charge and of
momentum, as well as the law of conservation of energy.
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conversionfactor-The number of joules it takes to produce a certain change
in a new form of energy. For example, it takes 9.8 joules to raise 1
kilogram 1 meter against the pull of Earth's gravity. We will later see
that it takes 4.186 joules to make I calorie 'of heat energy, and that it
takes 90 million billion joules to create I kilogram of matter.

displacement-The amount by which an elastic solid is distorted out of its
natural shape. The elastic potential energy of the solid depends on the
magnitude of its displacement.

elastic potential energy (EPE)-The energy that must be supplied to distort
an elastic solid out of its natural shape and size, and which can be
released when it returns to its undistorted condition. We say that the
object possesses the EPE while it is distorted.

electrolysis-The separation of water into hydrogen and oxygen by passing
an electric current through it.

energy-The measurable, additive property of a system, the amount of which
can be converted into, or out of, forms which are known to require
energy. These forms include the setting of massive objects into motion,
the lifting of weights and the stretching of springs.

g-The conversion factor for gravitational potential energy, it expresses
how many joules it takes to raise one kilogram one meter. On the
surface of the earth, g has the value of 9.8 joules per kilogram/meter.

gravitational definition of mass-Two objects, of whatever material, are said
to have equal masses if, at a given place, it takes the same amount of
energy to raise either one a certain distance against the pull of gravity.
Thus, any two objects that balance each other on a balance scale, are
said to have the same mass, by this definition.

gravitational potential energy (GPE)-The energy that must be supplied to
lift a massive object a given distance against the pull of gravity, and
which can be released when the object falls to a lower position. We say
that the object possesses the GPE while it is in the elevated position.

height-The position of some object above a level of reference. This reference
can be sea level, but any other reference level will do. The height of
an object is an important measurement in determining its GPE.

hydrogen-A very simple and lightweight chemical element. Pure hydrogen
is an invisible gas. But hydrogen atoms can combine with many other
kinds of atoms to form compounds. The most common such compound
is water, each molecule of which contains atoms of hydrogen and
oxygen.

ice-The solid form of water. Ice is made of the same kind of molecules as
liquid water. When ice melts, the water that forms weighs the same as
the ice did before melting. So we conclude that ice and water are
simply different forms of the same basic substance.

inertial definition of mass-Two objects, of whatever material, are said to
have the same mass, under this definition, if it takes the same amount
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of energy to bring them each from a state of rest up to a state of motion
at a given speed. Experiments have shown that, to a very high preci
sion, the inertial and the gravitational definitions of mass are equivalent.

joule-The unit in which energy is measured. It is the amount of kinetic
energy possessed by a mass of 2 kilograms moving at a speed of I meter
per second. Energy in any other form that can be converted into, or
out of, this much kinetic energy, is equal to I joule.

kilogram-The unit in which mass is measured. It is the mass of a standard
kilogram kept at the International Bureau of Weights and Measures,
and of any other mass that would balance the standard kilogram. A
liter of water-I,OOO cubic centimeters-has a mass of close to a kilo
gram (in English units, 2.2 pounds).

kinetic energy (KE)-The energy that must be supplied to accelerate a mas
sive object from a state of rest to a state of motion at a given speed,
and which is released when the object slows down to rest again. We
say that the object possesses the KE while it is in the state of motion.

mass-The amount of material in an object. The mass of two objects made
of the same material can be compared by comparing their sizes. Objects
made of different materials can be compared by using either the gravi
tational or the inertial definitions of mass (which see).

measurability-That property of energy that the energy of a system can be
determined completely from measurements of the present state of the
system. This means in particular that the energy does not depend on
how the system got that way.

mechanical energy-The forms of energy measurable by the large-scale mo
tions and positions of the objects in a system. Mechanical energy
includes kinetic energy, gravitational potential energy, and elastic
potential energy.

oxygen-A common chemical element. Pure oxygen is a gas; it is the part
of the air that we breathe. Atoms of oxygen can combine with other
atoms to form molecules of many kinds. One important kind of mole
cule that contains oxygen is water.

speed-How fast an object is moving; the distance covered divided by the
time elapsed. Speed is an important measurement in determining the
kinetic energy of a system.

stable-Not sensitive to small change. A system in a stable state is one in
which any change requires energy to be supplied. It is likely to stay
in the stable state until the extra energy is put in, and to return to the
stable state if the extra energy is lost.

volume-The three-dimensional space occupied by a solid object or by a fluid.
water vapor-The gaseous form of water. At high temperatures it is also

known as steam. The water vapor that forms when water boils, or
evaporates, has the same mass as the original mass of the water.

weight-The gravitational force that Earth, or any other gravitating body,
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exerts on an object. The energy it takes to raise the object 1 meter
against the pull of gravity.

1. What is the most important fact about energy?

2. What is the meaning of "conservation of energy" ?

3. Can you invent another "form of water" so that the total amount of
water is conserved in a process like electrolysis?

4. It is sometimes said that the total energy of a completely isolated system
never changes. What is meant by a "completely isolated system"? (The
inside of a turned-off refrigerator? The universe as a whole?) Is any
real system ever 100%free of energy leaks?

5. The statements made in the "Weight and Mass" section about the
equality, doubling, or halving of the masses of various pieces of steel
amount to definitions of what we mean by the "same," "twice," or
"half" the mass. Are the statements made about the weight of these
pieces also true by definition, or are they subject to experimental test?

6. Can you calibrate GPE, not in the way described in this chapter, but
by letting balls drop from various heights? Tell how you would go
about doing this, what measurements to take, and what graphs to plot.

7. A balance is a device for comparing the weights of two objects. It is
made in such a way that if one of the objects moves downward, the
other moves upward exactly the same distance. Show that the GPE
of the system is so arranged that, starting from rest, motion is possible

Balance

Figure 4-12

When one side goes
down a distance, h .

.. the other side goes up
an equal amount.
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if, and only if, the heavier object goes down. What if the masses are
exactly equal?

8. Give some examples of measurements that can be made-other than
mass, speed, and position-to help determine the energy of something?

9. What is the shape of a graph of total energy versus time?

10. Suggest a way to measure the gravitational conversion factor, g, at
different places on earth.

11. Suppose an object is tumbling or spinning as it moves, so that not all
parts of it are moving at the same speed. How would you go about
finding its total kinetic energy?

12. If an object is accelerated from rest to close to the speed of light, the
usual kinetic energy formula doesn't work. Use the information in the
footnote on page 101, and take account of the fact that the object spends
a large fraction of the acceleration process moving at nearly the speed
of light. What formula emerges in this case?

13. Give a way to measure the elastic conversion factor, k, for a given
spring. How would you check how well the formula suggested for EPE
works for any given spring?

14. Suppose you had a certain amount of energy stored in the form of a
spinning, heavy wheel. What form of energy is this? How could you
use that energy to lift a weight?

15. Suppose you have a certain amount of energy stored in the form of
water behind a dam? What form of energy does this represent? How
could you use that energy to make a mill wheel turn? Can you think
of a way to use the energy to make a vehicle move?
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In the last chapter we defined what we meant by the idea of energy. Now we
age going to show how the idea of energy can be used to explain the features
of many kinds of motion. Our examples will range from the motion of a pole
vaulter to that of an automobile, from a mass bobbing at the end of a spring
to an evacuated can collapsing under the pressure of the air.

Some important quantities will be defined in terms of the rate of transfer of
energy. Power is the rate of transfer of energy per unit time. Force is the rate
of transfer per distance moved. Pressure is the energy required to make a unit
decrease in volume. Torque, surface tension, and voltage are defined as the
rate of energy transfer with, respectively, angle, area, and electric charge.
Thus we see that many familiar terms in physics are directly related to the
concept of energy.

We have the intuitive notion that the harder a task is to do, the more
energy it takes. But some jobs that we find difficult to do right away, can be
done if we take our time, or otherwise stretch out the job. We cannot lift an
automobile straight up by ourselves. But we can get the car lifted up even
tually, using only our own strength, by making use of a bumper jack.

Human muscles, or any kind of engine, given enough time and enough
fuel, can transfer an indefinite amount of energy. But there are always limits
on the rate at which the energy can be delivered. There are a maximum power
and a maximum force that our muscles can exert. Motors have their limita
tions, too, though perhaps higher limits than ours.

From our understanding that energy is the same, no matter where it comes
from, we can design devices to help us concentrate the energy we have, and do
the hard jobs that face us.

Experiment: Mass Hanging on a Spring. Hang a spring from a support
stand. Attach a weight to the end of the spring. A pointer attached to the
assembly helps to measure the position of the weight with respect to a meter
stick alongside.

Hold the weight up so that the spring is in its unstressed condition. Release
the spring from rest. Observe the motion.
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We can prepare a graph of the various forms of energy versus position of
the pointer. The elastic potential energy is zero at the starting point where
the spring is not stressed. The energy increases for any displacement, up or
down, away from this position.

The gravitational potential energy can be graphed against pointer position
in a similar way. The GPE decreases as the pointer goes down. Through most
of the motion, then, the GPE is lower than it is at the starting point.

We can add the two forms of potential energy together. Notice that both of
these forms depend only on the position of the pointer. The potential energy
does not depend on how fast things are moving. Whenever the pointer is at a
given mark, the potential energy is always the same.

Meter stick
0.9

0.8

<:-e:
:>
~ Pointer
~ ~ 1.0

Weight

Figure 5-1

The kinetic energy at the starting point is zero, since the weight is released
from rest. At other points in the motion, the kinetic energy will be greater
than zero. If the total mechanical energy is constant, the kinetic energy must
make up the difference between the total and the potential energy.

As the weight descends from the starting point, the potential energy drops
from its initial value. So the kinetic energy increases by an equal amount.
The speed continues to increase until the pointer pases the 0.90 meter mark,
where the potential energy has its lowest value. At this point the kinetic
energy is highest. Beyond this mark the kinetic energy decreases. The motion
slows down.

Finally, the pointer reaches the 0.80 meter mark, where the potential energy
is equal to its starting value. The kinetic energy must be zero at this point.
The weight is momentarily at rest. The pointer cannot go lower than this
unless more energy is supplied from outside the system.

The place where the potential energy equals the total mechantcal energy is
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called the turning point. Here the system comes to rest for an instant. Since
the motion can go no farther, the only thing it can do is to reverse its direc
tion. That is what happens. The pointer retraces its steps. The kinetic energy
increases again, as we pass positions of lower potential energy.
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Dissipation

We pass the minimum potential energy point. After this the kinetic energy
declines again. The pointer approaches the starting point. The starting point
is really another turning point, for the potential energy curve crosses the total
energy line. So once again the motion reverses itself.

The motion continues in this pattern indefinitely. The system swings back
and forth between the turning points. It speeds up near the potential energy
minimum. It slows down to a momentary stop at each end. Such a repeated
back-and-forth behavior is called an oscillation.

If we follow the oscillations of the spring-and-mass system for several
minutes; we might notice some changes. The pointer no longer returns all
the way up to its original starting point. The other turning point is not as low
as it once was. The maximum speed is less than it had been.

The reason for these changes is that some of the original mechanical
energy is being converted into other forms. The spring becomes warmer. The
air around the system gets stirred up. Creaking noises are emitted. The
transfer of energy from mechanical (or electrical) energy to less useful forms
is known as dissipation.

Joules
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9Y,

\ T t I original total /
o a ener = .

\- gy mechanical energy /
\-----+----7

\ Energy dissipated /

/
-, j /

't:: // Total mechanical energy
.......__..... after some dissipation

Final resting point

Figure 5-4
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In the system we have been using, the dissipation is slight. We hardly
notice a change over a period of a few swings. Only after many oscillations do
the effects of dissipation become noticeable. So we are justified in drawing a
horizontal straight line for the total mechanical energy. Over the period of
one swing, this line will not change enough to make a noticeable difference.

After many oscillations, however, enough energy may have been dissipated
that we can measure a total mechanical energy somewhat lower than we



120

The pole
vaulter

More about energy

started with. We can draw a horizontal straight line that is lower than the
original. This new line will account for the motion over the next few swings.

The turning points are closer together. The kinetic energy at any position
is less than it used to be. But the total mechanical energy stays nearly con
stant at this reduced value over the period of a few oscillations.

As dissipation continues, the level of mechanical energy keeps dropping.
Eventually it reaches the value of the minimum potential energy. When this
happens, the oscillations come to a halt. No further motion takes place,
because the kinetic energy is zero. The potential energy is as low as it can get.
There is no more dissipation, since there is no mechanical energy left to dis
sipate. The system remains at rest at the stable position, where the potential
energy has its lowest value.

A second example of the application of energy conservation is provided by
the film of a pole vaulter in action.

The aim of the pole vaulter, in energy terms, is to provide as much GPE
as possible to the system composed of himself plus the pole. In other words he
wants to get his own mass up as high as he can. The key to his problem is the
fact that there is only about I second between the time he leaves the ground
and the time he crosses the bar. The amount of energy his body can provide
in I second is quite limited. The energy for the vault has to be provided before
the jump begins. The trick is to convert as much as possible of the kinetic
energy from his running start into GPE at the crucial moment.'

The vaulter begins by running along the approach path as fast as he can.
The kinetic energy he develops during this stage becomes the total store of
energy upon which he draws during his later motion. From the time his pole
strikes the pivot, and his feet leave the ground, until he hits the mat, the
vaulter and his pole form an isolated system. The total energy of vaulter plus
pole remains essentially constant for the rest of his jump.

As soon as the vaulter leaves the ground, several changes take place. The
direction of his motion changes from horizontal to mainly upward. His speed
slows down, as kinetic energy is converted into other forms. His GPE
increases as he rises from the ground. Most important, the pole flexes sharply.
Elastic potential energy is being stored in it. By the time he has reached half
the height of the bar, the kinetic energy has dwindled to a small fraction of its
starting value. The rest of the energy is by now divided about equally between
GPE and EPE.

For the second half of the climb, the energy stored in the pole is converted
into GPE. In a successful vault, as little energy as possible is left in the pole.

1 The world track records correspond to speeds of 10 meters per second. This is a kinetic
energy of 50 joules per kilogram, or 3500 J for a 70-kg man. The pole vault record is 5.5
meters. This corresponds to 55 J/kg, or 3750joules for a 70-kg man. The near equality of the
energy for the two events suggests the truth of our assumption.
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Figure 5-5 Pole vaulter in action (Photograph by Ira Atkins)

The vaulter releases it unflexed (that is, with little EPE) and not quivering
(i.e., no kinetic energy left in the pole).

Center ofgravity There are some other tricks that pole vaulters know.
One of these relates to the fact that the height that enters into the GPE
formula is the average height of the whole body. This is sometimes called the
height of the center of gravity. The center of gravity of a large object is the
point such that, if all the mass of the object were concentrated at that point,
the GPE would be the same as for the real distribution of mass.

A man standing upright has his center of gravity halfway up, in the vicinity
of his hips. If he bends his body to touch his toes, the center of gravity is
between his knees and his chest.

The pole vaulter can clear the bar in such a way that much of his mass, at
first his legs, later his head, is always below the level of the bar. If he does this
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Power

properly his center of gravity can stay always below the bar. This cuts down
on the GPE needed to clear a given height.

The motion of the vaulter after he releases the pole, until he hits the cushion,
is free fall. Kinetic energy replaces GPE as he drops, in the same manner as
in a falling baseball.

We have stated in the previous chapter that the energy of a system does not
depend on how it got that way.

Consider for example the system of a man whose mass is 70 kilograms
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climbing a hill 100 meters high. Taking g as 10 J/kg-m, we find that the
increase in GPE is 70 kg times 10 J/kg-m times 100 meters, which is 70,000
Joules.

It takes this much energy to get the man to the top of the hill (assuming
very little energy is wasted) no matter how he gets there. Whether he runs up
the hill at top speed, or takes all day to make the climb; whether he climbs
straight up a steep face or goes around by the gentle slope at the rear-in
principle it makes no difference. The energy involved depends only on the
difference between the final state (man at the top of the hilI) and the initial
state (man at the bottom of the hilI). We grant that some climbing methods
may be more wasteful than others, so that a complete description of the
initial and final states should include measurements of the man's body
temperature, the air, and so forth. We assert that for a reasonably steep
climb accomplished in a reasonable time, the GPE is the predominant form
of energy involved.

But, you claim, this violates all your senses. It is obviously harder to run up
the hill than to walk. So something is not the same in the two cases. The thing
that is different is not the energy, but the rate at which energy is supplied.

We define power as the rate at which energy is transferred per unit time.

transfer of energy
power = -=:"':""'-'ti"':'m-e-~"'-

Given enough time a human being can supply very great quantities of
energy. But the amount of energy he can supply per unit time is limited.
Therefore, a bicycle rider going up a steep hill steps down his gears. So his
bicycle moves more slowly. Thus, it takes longer for his bicycle to reach the
top. Therefore, the denominator in the power formula is larger, and the power
is reduced to the level that the bicycle rider is able to supply.

The great-advantage of a bicycleovera runner On .alevelor downhillcourse
is that the bicycle wastes much less of the rider's energy. It takes very little
energyto keepgoingon levelground at constant speed.Only the small losses
to wheel friction and air resistancemust be supplied.

Whereasarunner,on c1oseexamination, is undergoingaseries .ofup-and
down partial stops.. witheveryfootfall. A. largefraction of the runner's kinetic
energyis dissipatedon everystep and must.beresupplied.

On an uphill.course, where mostof the energysuppliedgoes intoOPE,the
bike rider loses his advantage. Itmight beworth testingwhether, on a steep
enough hill, a runner canmake just as good time.asa bike rider.
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If energy is measured in joules, then power is measured in joules per
second. This unit is used so often that it has a name of its own; the watt.

watts = joules per second

The electric company supplies you with power, so many watts or kilowatts.
But it bills you for energy, that is, power multiplied by the time you use it.

one kilowatt-hour = (1000 watts) X (one hour)

= (1000 joules/second) X (3600 seconds)

= 3,600,000 joules

Another derivative of the energy is the force. We have mentioned force
before, but we have not yet defined it. The following definition (not the same
as in many other textbooks) is a valid one:

force = en~rgy transferred
distance moved

The usual formula is to turn this equation around and say that:

energy transferred = force X distance moved

Force can also be defined in the absence of motion. We can say that force
is the energy that would be transferred per unit distance moved, if motion in
a given direction were to take place.

soo meters

Figure 5-7

For example, consider a 70-kg weight being moved up a hill 100 meters
high. The energy required is 70,000 joules, as we have calculated before.

If we try to pull the weight straight up the steep face, the force required is
70,000 joules divided by 100 meters, or 700 joules per meter. (A joule per
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meter is also called a newton). If we pull it up the long slope, of length 500
meters, the force required is only 70,000 joules divided by 500 meters, or 140
joules per meter. This is obviously a much easier job.

A similar principle operates when you jack up an automobile. You do not
have the strength to lift up the automobile directly. You use a jack, which has
the property that it transmits energy with much smaller distances moved than
the motion of the jack handle. You then make many moves through long
sweeps, exerting a moderate force each time. The jack transmits the energy in
such a way as to move a heavy weight (the car) a small distance. The product
of force times distance, the energy transmitted, should be the same at each
end.

There are several other physical quantities that are related to the rate of transfer
of energy. Power and force were defined as the rate of energy transfer with
respect to time and distance. If we put other measurements in the denomi
nator, we can define other quantities of interest.

Pressure The pressure exerted by a system is the energy required to
compress it by a unit amount of volume.

energy transferred
pressure = volume decrease

The harder it is to compress something, the more energy it takes to make its
volume decrease, the higher the pressure it is said to be exerting.

The pressure of the air at sea level is about 100joules per liter. This means
that it takes 100 joules to push all the air out of a volume the size of a l-Iiter
wine bottle. No wonder there is such a strong tendency for air to rush into
any evacuated space.

If you pump the air out of a thin-walled can, the can will be crushed by the
pressure of the air outside. A suction cup clings to a flat surface because it has
been pressed so close that, to pull it away, you must create a small vacuum
between the cup and the surface.

To keep your own body from being crushed by the pressure of the air, your
body fluids, especially your blood, exert an equal pressure outward.

Place a flat rubber disk smoothly against the ceiling.It will resist falling,
becauseto do so would require the creation of a small vacuum betweendisk
and ceiling. Pushing the air out of any volume takes energy.

Let.the area of the disk be 10 square centimeters. To pull it Lcentimeter
awayfrom the ceilingwould ereate avacuum oLIO cubiccentimeters,or 1/100
of a liter. (Aliter is 1000cubic centimeters.) If the air pressure. is 100 joules
per-liter, it takes an energyof 1joule to evacuatesuch a volume.
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Hang a I-kilogram mass from a hook attached to the disk. If this weight
were to drop I centimeter, its GPE would decrease by (I kg times 10 J/kg-m
times 1/100 meter) 1/10 of a joule. This is not enough to provide the energy
needed for the evacuation. So the disk can support the weight. It can support
any mass up to 10 kilograms.

Ten square cen ers of disk can support up to 10 kilograms hung from
The larger the the more weight it can support. The pressure of the air

is such that it can support a mass of 1 kilogram per square centimeter of sur
face area. This is a unit of pressure often found on pressure gauges in Europe.

The pressure of the air can support a column of water about 10meters high.
The space just above the water column must be cleared of most of its air. Sup
pose the column has a cross-sectional area of 1 square meter. The volume of
the column 10 meters high is 10 cubic meters, or 10,000 liters. The mass of
such a volume of water is 10,000 kg.

If the whole column were to drop by 1 meter, the GPE would decrease by
10,000 kg times 10 J/kg-m times 1 meter, or 100,000 joules. But such a drop
would n additional cubic meter of vacuum above the water. That is, it
would lace 1000liters of air. Under an air pressure of 100joules per liter,
it takes 100,000joules to do this. So the energy exchange just balances. If there
were less water in the column, there would not be enough GPE to release. So
the water level could not drop. If there were more water in the column, the
level would drop until it was only 10 meters.

Such a high column of water is inconvenient to handle in the laboratory.
Air pressure is often measured by using a column of liquid mercury. Mercury
is 13.6 times as dense as water. The normal air pressure will support a column
of mercury 0.76 meters high.

Why is the air pressure as high as it is? It is mainly because the air at sea
level has to support the weight of all the air in the atmosphere above it. If the

Evacuated volume created when disk
is drawn away from flat ceiling

Weight

Figure 5-8
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Evacuated volume

10m

Figure 5-9

Surface tension All liquids have a tendency to form up into round drops.
A sphere is the shape that has the smallest surface area for a given amount of
liquid. It appears that there is a form of energy associated with any increase of
the surface area of a liquid. The stable shape for a liquid, the shape with
lowest energy, is the one with smallest surface area. We can define surface
tension as

surface tension = energy tran~ferred
surface area increase
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Surface tension helps determine the size and shape of bubbles. It enables
small insects to walk on the surface of water. The increase in surface energy
required to make the insect sink into the water is greater than the decrease in
GPE. So the insect cannot sink without outside energy input.

Torque When we are dealing with machinery that is rotating or twisting,
the quantity of interest is often not the distance moved, but the angle turned.
We define torque as

torque = energy transferred
angle turned

As in the case of force, it is not necessary for the energy actually to be
transferred, for torque, pressure, or surface tension to exist. These quantities
can all be defined as the energy that would be transferred if there were a unit
small change in angle, volume, or area.

Electrical units The electrostatic potential, or voltage, can be defined as

volta e = ene~gy transferred
g electnc charge moved

Electric charge is measured in units called coulombs. The unit of electrical
potential is the volt. One volt is the electrical potential between two points
such that it takes 1 joule of electrical energy to move I coulomb of charge
from one point to the other.

1 volt = 1 joule per coulomb

Electric current is the rate of transfer of electric charge. If I coulomb of
charge moves through a wire in 1 second, the wire is said to be carrying a
current of 1 ampere.

I ampere = I coulomb per second

If a volt is a joule per coulomb, and an ampere is a coulomb per second, we
can multiply them together to get

volts X amperes = joules per second = watts

A typical home electrical power circuit delivers up to 3 amperes of current
at 120 volts. You can draw 3600 watts maximum power from such a circuit.

The same amount of power can be delivered by sending 0.3 ampere at
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12,000 volts. Such high voltage might not be safe in your home, but it is
convenient to use it in transmission lines that carry energy between power
stations. The losses in transmission lines increase rapidly with higher current.
So it pays the electric company to use high voltage and low current in
transmitting electrical energy. Just before reaching your home the power is
transformed to a low-voltage house current.

The energy transmitted per second is the product of volts times amperes.
This should be the same both before and after the transformer. The trans
former has no extra energy to supply. If it is a good transformer, it does not
dissipate very much energy.

An electrical storage battery is a device for storing electrical energy. It
makes use of the fact that the molecules that make up the material of the bat
tery are hard to pull apart. It takes energy to break the moleculesinto smaller
groups of atoms. The energy can be released by allowing the atoms to re
combine into the original molecules. A storage battery is set up in such ay
that the atoms cannot recombine unless an electric current flows outsi
battery itself, from one terminal of the battery to the other.

A lead storage cell, the kind used commonly in automobiles, stores energy
by breaking up lead sulfate molecules. When the battery is fully charged,
there is no lead sulfate present. There is a negative plate made of lead and a
positive plate coated with lead dioxide. Both plates are dipped into the same
solution of sulfuric acid.

The solution is mostly water, with many ions moving around within it.
Ions are atoms, or groups of atoms, that have an electric charge. There are
two types of ions in sulfuric acid: positivelycharged hydrogen ions and nega
tively charged sulfate ions.

Energy is released when the ions move to the plates, combine with the lead,
or lead dioxide, to form lead sulfate, which sticks to the plates. Some new
water molecules are also formed at the positive plate. About 2 of
energy are released for each gram of lead that combines into lead su fate.

There is some excess negative charge brought to the negative plate by the
sulfate ions. The hydrogen ions bring an excess positive charge to the other
plate. If this excesscharge is allowed to build, it soon begins to repel the ions
still in the water. The reaction stops, and no more energy is released.

The excess charge can be allowed to flow from one plate to the other
through wires outside the cell. When this happens, the reaction in the battery
willcontinue, releasingenergyas it goes on, until the sulfate ions are depleted.
The energy so released might be converted into kinetic energy of the elec
trons moving through the wire.

This energy can be extracted by suitable electric devices for various useful
purposes. It can be used to turn the starter motor of the car or to drive the
fan. It can light the headlights or power the radio. When energyfrom the cell
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·is not needed, the energy still remaining can be preserved by simply discon
necting the wire between the plates.

To put energy back in the cell, we force the current to flow in the opposite
direction. This causes the lead sulfate molecules to break up again, restoring
the battery to its starting condition. One device that can force the current to
flow this way is a battery charger. It draws its energy from the local power
company's lines. Another such device is the automobile al (in older
models, the generator). Its source of energy is the gasoline in the car's
engine.

How much energy can a battery store? Consider a typical6-volt automobile
battery. Such a battery is formed by connecting three lead storage cells in
series. Each cell maintains a voltage of 2 volts between its plates. Suppose
such a battery is given a charge of 10 ampere-hours through a battery charger.
The total charge passed through the battery is

10 ampere-hours = 10 coulombs/second x

= 36,000 coulombs
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OPE = 1000 kg

How fast
energy?

Answer:

kinetic energy

ampere-The unit of electric current; a flow of 1 coulomb of electric charge
per second.

battery, electric storage-A device for storing electrical energy. An electric
storage battery maintains a steady voltage between its two terminals.
Energy is stored in the battery by forcing electric charge to flow from
the negative to the positive terminal. This energy can be released by
allowing the charge to flow back the other way.

center of gravity-The average position of the mass of an extended object.
The height of the center of gravity is equal to the GPE, summed over all
the parts of the object at their different heights, divided by the weight
(mass times g) of the whole object.
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coulomb-The unit of electric charge. In principle it should be defined in
terms of a standard coulomb as the kilogram is. In practice, it is easier
to define a standard ampere and to say that a coulomb is the amount of
electric charge deposited by a current of I ampere flowing for I second.
A coulomb is equal to the electric charge of 6 billion billion electrons.

dissipation-The transformation of mechanical energy into nonmechanical
forms such as heat and sound. This loss of useful energy takes
place through the action of friction ("rubbing"), air resistance, colli
sions, etc.

force-The energy that is transferred (or that would be transferred) to an
object per unit distance moved.

lead storage cell-An electric storage battery, used in automobiles, that stores
(and releases) energy by the chemical change of lead sulfate into (and
out of) lead metal and lead oxide plus sulfuric acid.

newton-Unit of force. One newton is a force of such strength that it takes I
joule of energy to move an object I meter against such a force.

oscillation-A back-and-forth motion that repeats itself at regular intervals.
power-Energy transferred per unit time.
pressure-The energy it takes, or would take, to decrease by I unit the volume

of an object, or a fluid. Comparing the definitions of pressure and force,
we can see that pressure is the force per unit surface area exerted on
(and by) the substance.

regenerative braking-A means of avoiding dissipation when a battery
powered vehicle is brought to rest. With regenerative braking, the
disappearing kinetic energy of the vehicle is used to charge the batteries.
In ordinary cars this energy appears as heat in the brakes.

surface tension-The energy it takes, or would take, to increase the surface
(usually of a liquid) by I unit of area.

torque-The energy that is transferred (or that would be transferred) to an
object per unit of angle turned.

transformer-An electrical device that can change the high-voltage, low
current power in an electrical transmission line into the low-voltage,
high-current power needed inside your house. The transformer supplies
no power of its own. The product of voltage times current, which is the
power delivered, is therefore the same on both sides of the transformer.

transmission line-Cables that carry electrical power from the generating
plant to the user. Losses in a transmission line depend strongly on the
current it carries. It is, therefore, an advantage to operate the lines at
low current and high voltage.

volt-The unit of electrical potential (or voltage). It takes an energy of I joule
to move an electric charge of I coulomb from one point to another
against a voltage difference of I volt.
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voltage-The energy that is transferred (or that would be transferred) to an
electrically charged object, per unit of electric charge moved from one
point to another.

watt-The unit of power. It is equal to an energy transfer of I joule per second.

1. Can the energy of a system be less than zero? What does it mean for the
energy to be negative?

2. Why can a system without energy input not move beyond a turning
point, where the potential energy curve crosses the line of total mechan
ical energy?

3. Using your own weight and the length of your own arms, figure how
many joules it takes to "chin" yourself, that is, to lift your whole body's
mass by a height equal to your arms' length. How many seconds does it
take to chin yourself? How much power can your arm muscles develop?

4. A boy stretches a slingshot and uses it to propel a stone into the air. The
stone rises to its maximum height, then falls into a nearby pond with a
splash. Draw graphs of the following quantities versus time: EPE,
GPE, kinetic energy, total mechanical energy, total energy.

5. An acrobat is bouncing on a trampoline. Draw graphs versus time of
kinetic energy, GPE, EPE, and total energy. Cover the period from the
peak of one bounce to the peak of the next bounce.

6. Time how fast you can run up a steep hill. Time yourself riding a bicycle
up the same hill. How much power can your leg muscles develop?

7. How much force does it take to lift a lO-kilogram weight? (Think: How
much energy does it take to raise it I meter?) What is the heaviest weight
you can lift? How much force can your body exert?

8. If an animal is placed in an evacuated chamber, its blood vessels break
open, and bubbles form within the body fluids. ("The blood boils.")
Explain why this happens.

9. Air weighs about I gram (1/1000 of a kilogram) per liter. How high a
column of air at this density can be supported by the air pressure at sea
level?

10. If you spill some water onto a flat table, it forms into drops that are
rounded on the edges, flat on the bottom. What would happen if there
were no surface tension? What shape would the drops take if there
were no GPE?

11. The performance of an automobile is often quoted in terms of "miles
per gallon." The energy released in burning a gallon of gasoline is about
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127 million joules. Show that the gasoline consumption of a car is
directly related to the force required to make it go.

When the car is not accelerating or climbing hills, the main forces to
overcome are (a) friction within the engine and other moving parts, and
(b) air resistance. At high speeds the force of air resistance dominates.
It increases rapidly with increasing speed. How does gasoline consump
tion behave as the car is driven at high speeds?

12. The gear ratio in an automobile relates the distance moved by the car
itself to the distance moved by the engine parts. Explain why a high gear
ratio helps cut down on energy wasted in engine friction. When extra
force is needed, as in climbing a steep hill, why is a low gear ratio better?

13. About 1000 coulombs of electric charge flows between the plates of a
lead storage cell for each gram of lead converted into lead sulfate.
Knowing the energy released for each gram converted, 2000 joules, tell
how many volts appear between the plates of a single such cell.

14. With the aid of a long crowbar, a man can lift an object with a mass of
thousands of kilograms. Explain how this is possible. Hint: How far
does the man's end of the crowbar move compared with how far the
heavy object is lifted?

15. Compare the volume displaced by the point of a thumbtack to the
volume swept out by the head of the tack. With respect to which
physical quantity does the design of a tack increase our capabilities?
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The idea of wave motion seems to show up in nearly every branch of physics.
A wave is not a physical object, the way a ball or a stone is thought of. Rather,
a wave is a shape or a form or a pattern that moves. We can lump these terms
together into the word "disturbance." A wave is then defined as a disturbance
that moves.

Waves can be classified in many ways. There are physical waves that can
carry energy and information, and there are nonphysical or "phase waves."
We shall mostly deal with physical waves in this chapter. Physical waves move
because the wave disturbance acts on the less disturbed neighboring parts of
the system. There is a cause-and-effect relation in the motion of a physical
wave.

Waves can be compressional or transverse. Compressional waves, of which
sound waves are an example, have their disturbances directed along the
direction of motion. Transverse waves, such as surface waves on water, have
disturbances at right angles to the motion.

A wave pattern that repeats itself at regular intervals is called a wave train.
A wave train has a period, the time between repetitions. It has afrequency, the
number of periods per second. It has a wavelength, the distance in space
between repetitions. It is a basic relation for all wave trains that the product of
wavelength times frequency is equal to the speed at which the wave moves.

The energy carried by a wave is not really a new form of energy. Usually it
can be identified as a form of energy we already know. Kinetic energy,
elastic, and gravitational potential energy can all be recognized in the parts of
a system that are disturbed when a wave passes. In the case of waves of light,
electromagnetic energy is known to be involved. The so-called wave energy is
really just an organization of the more familiar forms of energy.

Just the same, the organization is so striking, and stays together so well,
that we are tempted to give names to the various forms of wave energy. We
talk about sound energy and light energy, as if they were really separate new
forms.

In this chapter we will study some behavior that is typical of wave motion.
The motion of a physical object like a ball or a bullet will not have these
features.
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The motion of a wave depends only on the kind of wave it is and the
material through which it moves. It does not depend on the motion of the
body that starts the wave. This fact leads directly to the Doppler effect. In this
effect the frequency of a wave train becomes higher (or lower) than the fre
quency of the source when the waves are sent forward (or backward) from it.

When the source of the waves is moving faster than the wave speed, a shock
wave can develop. This shock wave is known as a bow wave or a sonic boom or
Cerenkov light for the various kinds of waves. It carries all the wave energy
emitted over the whole path of the source's motion in a single sharp blast.

The most characteristic feature of wave motion is the ability of individual
wavelets to reinforce each other or to cancel each other. This is called wave
interference. It can lead to situations where each of two separate sources can
be heard by itself, but the combination of the two is silence.

Diffraction is the process by which waves bend around obstacles. When the
wavelength is short enough, the obstacles can cast sharp geometric shadows
that would make you think the wave energy travels in a straight line. But
when the obstacles are not large, compared to the wavelength, the shadows
fuzz out. The waves then have no difficulty reaching the regions behind the
obstacles that should be in shadow.

Wave motion is found in nearly every branch of physics. It is a simple idea
whose application to many different situations speaks for the unity of science.

Demonstration: Waves in a "Slinky" Toy A long metal coil ("slinky toy)
is stretched across the front of the room. The instructor squeezes a handful of
coil turns together, near one end of the long coil. Then he lets go.

The group of compressed coils seems to move like a ripple down the coil. It
travels across the room to the far end of the long coil. There it seems to

Start with compression here

The compressed region
moves down the coil

Figure 6-1 A compressional wave moving down a metal coil
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bounce against the coil's end, and come travelling back to its starting point.
It gets reflected again at this end, and continues to move back and forth
across the room.

As the motion continues, the compressed region gets wider, and less
sharply outlined. At last it becomes hard to recognize this region. The
motion is spread out over the whole coil, just a general shaking and
tumbling. Eventually even this disorganized motion ends, and the coil
comes to rest.

Everybody who saw the demonstration must have felt that something was
moving back and forth along the coil. Yet there was no single piece of metal
that ever got more than a few centimeters away from its starting point. What
was it that moved across the room?

What moved as the pattern of the coil turns, the region where the turns were
closer together than usual. Any pattern or shape or form that moves can be
called a wave.

We can be more precise and define a disturbance as any arrangement of the
parts of a system that is different from its natural, resting condition. A
physical wave is a disturbance that moves because of the effect that the parts
of the system have on each other.

It is not hard to think of a wave that is not a physical wave. We can shine a
flashlight on the moon. In a fraction of a second we can turn the flashlight so
that the spot shifts thousands of kilometers from one end of the moon to the
other. The light spot on the moon's surface fits the definition of a wave as a
"moving pattern." But such a wave could not be used to send a signal directly
from one base on the moon to another. Waves of this type, which carry no
information or energy, are called phase waves.

A physical wave can be used to send information. Suppose we turn out the
lights, with the instructor at one end of the coil and a student at the other. The
instructor can send signals by pinching the coil turns at his end. The student
can receive the signal by feeling when the compressed region reaches his end.
After the motion dies down, another signal can be sent. A code, such as the
Morse code, can be used to send long messages. In this way the entire lecture
can be delivered.

Actual classroom lectures are usually delivered in a faster, but not basically
different, way. Instead of compression waves in a "slinky" toy, we use sound
waves in air. The instructor sends messages by talking, and the student
receives them by listening. The code we use is known as the English language.
We hope that some useful information gets transmitted in this way!

Physical waves can also carry energy from one place to another. Fasten a
slip of paper to the far end of the metal coil. Before the wave is sent, the paper
is at rest. When the disturbance passes the slip of paper, it flutters back and
forth. Since the paper has mass, this motion indicates that some kinetic
energy has been conveyed to the paper.
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The energy carried by a wave has such a special character that we often
treat it as a separate kind of energy. We will talk about sound energy, light
energy, and other kinds of wave energy. We can see that the energy the metal
coil carries is just the kinetic and elastic potential energy of the various pieces
of metal within it. This sort of thing is true for other kinds of wave energy.
Sound energy is mechanical energy of the molecules that transmit the wave.
The energy of a light wave is electromagnetic energy. Though we shall often
talk about sound energy, and other wave energies, we should remember that
they are not really new forms of energy. They are basically well-organized
forms of other, well-understood kinds of energy.

For the rest of this text we will use the word "waves" to mean physical
waves. These are the waves that carry energy and information. Clearly these
are the kinds of waves that play the most important roles in physics.

Types of waves The wave we sent down the metal coil in our earlier demonstration was
started by pinching some of the coils together. We can send a different kind of
wave down the coil by plucking one or more turns to the side and releasing it.
The sideward disturbance in the coil moves down the length of the coil and
back. The two kinds of waves have many features in common. Some prop
erties are different. For example, they probably travel at different speeds.

Waves in which the disturbance is along the direction of motion are known
as longitudinal or compression waves. When the disturbance is at right angles
to the direction of wave propagation, the wave is called transverse.

Sound waves are longitudinal in nature. Surface waves on water are mostly
transverse. Light waves are transverse. The elastic waves that travel through
the earth after an earthquake carry both longitudinal and transverse dis
turbances.

We will take surface waves on water and other liquids as our model for all
wave motion. Everybody has seen these waves. They are the ripples that
spread out when you drop a pebble in a pond. They are the swells that form

Figure 6-2 A transversewavemovingdown a metal coil
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when the wind blows over oceans and lakes. Nearly all of the features that are
connected with wave motion can be seen in surface waves.

Sound is the type of wave motion we deal with most often. Sound waves
are compression waves. You can start them off by "pinching" the air. When
you snap your fingers, or clap your hands, you make a sound wave very much
like the wave we made in the metal coil.

Sound waves travel through every kind of material. Solids, liquids, and
gases are all conductors of sound. The speed of sound is different for different
materials. It travels at about 350 meters per second in air, and at 1500 meters
per second through water. It goes as fast as 5 kilometers per second in strong
metals like iron and aluminum. In vulcanized rubber the speed of sound can
be as slow as 50 meters per second.

The only "material" that will not transmit sound waves is an absolute
vacuum. But sound waves do have trouble crossing the boundary between
materials in which the speed of sound is very different. Waves tend to be
reflected back from such surfaces. So a very good sound barrier can be made
by forcing the waves to cross many such reflecting boundaries.

It is probably not very obvious that the sound we hear with our ears really
is a form of wave motion. We cannot see the waves. The disturbance is really
very slight. The loudest sound our ears can tolerate corresponds to a variation
in air pressure of only 0.03 %. There are now instruments sensitive enough to
detect these small changes. But the idea that sound is a wave motion was
accepted long before such instruments were ever made.

We can make the analogy between surface waves and sound. Surface waves
are easy to see. We can observe their behavior and can show that they behave
in certain ways. Then we use the behavior of these surface waves as a model
for sound waves. We can then show that sound behaves in just the way we
would expect of waves. The more effects we can explain in this way, the more
successful the model is. This is the method of argument that convinced
scientists of the wave nature of sound. It is the method we will use in this
chapter.

Up to now we have talked about waves whose initial disturbance had a short
extent, and was not repeated. The compression wave in the metal coil, the
pebble in the pond, the hand-clap and finger-snap, all had the character of
"once briefly and nevermore." Such a short-burst type of wave is known as a
wave pulse.

When the disturbance that starts the wave is repeated at regular time
intervals, we have a train of waves. You can make a train of surface waves
by moving a stick up and down repeatedly at one spot in the water. You can
make a train of sound waves by singing or whistling or playing a single
musical note.

Wave trains differ from each other in how rapidly the pattern is repeated.
You can bob the stick up and down in the water vigorously, making a train
of closely-spaced ripples. Or you can do it more slowly. The ripples will then
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A wave pulse

A wave train

Figure 6-3

be farther apart. You can whistle a high-pitched musical note. Or you can
hum a low note.

The time between repetitions of the pattern is called the period of a wave
train. The number of repetitions each second is called the frequency.

The frequency and the period of a regular wave train have a simple relation
to each other. The product of the frequency times the period is always the
number one. If the period is one-tenth of a second, the frequency is 10 cycles
per second. If the frequency is 1000 cycles per second, the period is one
thousandth of a second (or 1 millisecond).

The unit of frequency, "cycles per second," is often abbreviated as a hertz,
or Hz. In the usual manner of the metric system, then, a kilohertz (or kHz) is
1000 cycles per second, and a megahertz (MHz) is 1 million cycles per second.

One way to make a train of sound waves is to clap your hands rhythmically.
Each clap sends out a sound pulse. The repeated clapping sets up a wave
train. If you clap once each second the period of the train will be 1 second.
The frequency will be 1 hertz.

By the time you make the second hand-clap, the sound pulse from the first
clap will have travelled considerable distance. If the speed of sound in air is
350 meters per second, the first pulse will have a 350-meter "head start" on
the next one. If you keep on clapping once per second, each sound pulse will
be 350 meters ahead of the next one. You will thus set up a train of sound
pulses, each pulse spaced 350 meters from the next one.

The distance over which the pattern of a wave train repeats itself is called
the wavelength of the train. The sound wave train you set up by clapping once
per second has a wavelength of 350 meters.

You can clap your hands faster than once per second. Suppose you clap
twice per second. The claps are then just half a second apart. The first pulse
travels only 175 meters in the half second before the next clap. So the wave
length of this train is 175 meters.
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Figure 6-4

We see that the wavelength of a train is the distance a pulse can travel
during one period. But the speed of the wave is just this distance divided by
this time interval. So we reach the important conclusion that the wavelength
divided by the period of a wave train is equal to the speed of the wave motion.

We can use the relation between period and frequency to state this a slightly
different way. The product of the wavelength and the frequency of any wave
train is equal to the speed of propagation of the wave.

Suppose a musical note has a frequency of 350 cycles per second (350
hertz). The wavelength of the sound wave train it produces in air will be 1
meter. The product of the wavelength, 1 meter, times the frequency, 350
hertz, is just the speed of sound in air, 350 meters per second.

If the note has a frequency of 10,000 hertz, the wavelength of its sound
wave must be 0.035 meters (or 35 millimeters). Again, the product of 0.035
meters times 10,000 hertz comes out 350 meters per second.

The Doppler effect You have certainly had the experience of standing by
the side of a highway as fast automobiles or motorcycles sped by. You must
be familiar with the "rrrr-mmmm" change in sound as each vehicle passed.

MUSICAL
INSTRU
MENTS
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it takes a wave, moving at normal speed, to travel up and downthelength of
the string. The.action will now repeat itself over and overagain, with a repeti
tion period.just equal to this length of time.

A stringed instrument like a guitar has a soandingboardto help make sound
waves out of the vibrations of the string. The sounding board is often the
hollow:wooden body of the instrument itself. When the string •• vibrates, the
sounding board shakes at the same frequency. The air inside and around
the sounding board also beginsto move back and forth at this rate. This leads
to a sound wave we can hear. In this way the energy of the elastic wave in
the string gets transformed into the sound energyofamusical note in the air.

In a wind instrument, such as an organ pipe or a flute, the original wave
train is already a sound wave. A pulse ofsound energy can be madehyblow
ing or pumping air into the pipe of theinstrument.This pulse then bounces
back and forth inside the pipe. The repeating period of the. system is deter
mined by how long it takes the sound pulse to make one round trip. Openings
at the end of the instrument allow some of the sound wavesinside to escape
into the air of the room and be heard.

There are two ways that a musician can change the frequency (that is, the
"pitch")of the notes he plays. One way is to change thelength of the string or
the wind-pipe. A guitar player presses the string against the fret to effectively
shorten the string. A trombone player changes the Iengthofthewind-pipe.
The round-trip time for the original wave will be less jf the length it must
travel is shorter. So we can produce higher frequencies (more rapid repeti
tions) by shortening the instrument. Conversely, we can make lower-pitched
notes by lengthening it.

The second way to change the frequency is to change the speed at whichthe
waves travel. This is easily done.in a stringed instrument, simply by tightening
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The sound you hear arises from the vibrations of the engines. This is
hardly a musical note in the ordinary sense, but it does have a definite repeti
tion rate. The sound waves thus produced register in your ear and brain as
a humming noise.

The change in pitch of the engine hum, as the auto passes you, is quite
noticeable. You know very well that every driver does not suddenly decrease
his engine speed just as he passes you. The pitch change takes place because
of a difference in the way the soundwaves reach your ear. This shift in
frequency goes by the name of the Doppler effect.

The Doppler effect is a change in the frequency of a wave because of
the motion of the source emitting the waves, or of the observer receiving
the wave energy.

Consider an automobile moving at a speed of 35 meters per second, whose
driver honks the horn once each second. The speed of sound in air is 350
meters per second. By the time the driver makes his second horn honk, the
wave pulse from the first honk has travelled 350 meters from the place where
it was emitted. But the car has also in that time moved 35 meters from that
spot.
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The sound wave pulse from the second honk of the horn is only 315 meters
behind the forward-going pulse from the first honk. The two wave pulses
will stay 315 meters apart from then on. If the car keeps moving at the same
speed, and honking at the same rate, a train of sound waves will be emitted
forward from the car, each pulse 315 meters ahead of the next.

~ _ 35 meters per second

I

------------M-----------
At time of
first horn-honk

Sound wave pulses

-

At time of second
horn-honk I

r
350 meters > I: E 350 meterSl1 second

later

35meters I~

t=-385met-ers-+-'F0L315 m,,,,~
Figure 6-6

To a listener on the ground, far in front of the car, the sound pulses will
be arriving faster than once per second. The pulses are 315 meters apart in
the air, and travelling at 350 meters per second. The time between the listener
hearing one sound pulse, until he hears the next one is 315/350, or 0.9 second.
If the honking continues long enough, he can count 10 honks in 9 seconds.
This is a general result. A listener stationed ahead of a moving sound source
will hear the sound pulses at a higher frequency than the source emits them.

There is a different story for the sound waves emitted backward from the
car. By the time the car emits its second horn-honk, it is 385 meters away
from the backward-going pulse from the first honk. So the backward wave
train has pulses 385 meters apart. It will take more than 1 second for a
listener behind the car to hear successive sound pulses. In fact it will take
385/350, or 1.1 second between pulses. It will take the listener behind the
car 11 seconds to count 10 honks.

Again this is a general result. The frequency of a wave train emitted by a
source moving away from the observer will have a lower frequency than that of
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the source. The wavelength of the train will be longer in this case than if the
source were standing still.

And so the shift in pitch of the engine hum, as a fast car moves past you,
is explained. The "rrrr" sound that you hear as the car approaches you is a
higher frequency than the actual engine rate. The "rnmmm" sound you hear
after the car passes is a lower pitch. Both sounds are Doppler-shifted, one
up, the other down, from the sound you would hear if you were riding in the
car.

The Doppler effect depends on the fact that the speed of a wave is the
same no matter how fast the source that emits it is moving. Once a sound
wave leaves its source, it travels at the speed of sound, in air or whatever
medium it passes through. There is no Doppler shift for objects, like baseballs
or rifle bullets, fired from a moving platform. These objects, unlike wave
pulses, move at speeds that depend on how fast the platform was moving.
(See Question 10 at the end of this chapter.)

The fact that Doppler shifts are observed for optical signals is taken as
evidence that (1) light is a form of wave motion, and (2) the speed of light
waves is independent of the motion of the source.

If you stand in an open field (to avoid echoes) and listen to someone call
from a distance, you can usually tell which direction the sound is coming
from. You can argue that this proves that the sound pulse of a voice comes
directly to you in a more-or-less straight line. If it did not, you would hear
the sound coming from many directions, or from the wrong direction, and
would not be able to locate the speaker.

On the other hand, if someone walks out of the room you are in, and calls
to you from the hallway, you can still hear the voice. There may be a wall
between you that is a strong baffle to all sound waves. The sound can still
make its way through the open door and reach your ears by a path that is
far from a straight line. This common experience shows that sound waves
can bend around obstacles.

The process in which waves bend around obstacles is known as diffraction.
The amount of diffraction that takes place in any given case depends on the
relation between the size of the obstacles and the wavelength of the wave.

A good way to study this feature of wave motion is to look at surface waves
in water.

In Fig. 6-7(a) we have an example of a short-wavelength wave passing
through a wide hole in a barrier. The waves to the right of the barrier are
strong directly in front of the hole. There is very little wave motion outside
this region.

You can draw straight lines outward from the edge of the hole. Between
the lines the wave activity is strong. Outside the lines there is practically no
wave present. It is as if the barrier was casting a sharp shadow.

1
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Figure 6-7 (a) Short wavelength through wide barrier; (b)
Waves passing through hole comparable in sizeto the wavelength;
(c) Holes much smaller than the wavelength; (d) Long wavelength
waves around small obstacle (Photographs by Barrie Rokeach)

What do we mean when we say that the wave appears to travel in straight
lines? Don't we mean that if we put a barrier between source and receiver,
it will stop the wave? If I put a screen between you and me, you can't see me.
If! put a sound barrier between us, you will have difficulty hearing me.
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The ability of barriers to cast a sharp shadow is often taken as evidence
that the wave energy travels in straight lines. Our experience with water
waves shows that this is nearly the case when the wavelength is short and the
obstacles are large. We conclude that waves whose wavelength is very short
compared to the obstacles they meet behave very much as if they travelled in
straight lines.

Figure 6-7(b) shows water waves passing through a hole whose size is com
parable to the wavelength. The wave pattern is still strongest directly in front
of the hole. But there is also quite a bit of wave activity along either side of
this region. There is no longer a sharply defined shadow. Some wave energy
does penetrate into the shadow region. The wave energy is able to bend
around the obstacle.

In Fig. 6-7(c) the hole has been made much smaller than the wavelength.
The wave pattern emerging to the right of the hole spreads out more-or-Iess
uniformly in all directions. There is no information in the wave pattern of
the size or shape of the hole. There is no semblance of any shadow.

In Fig. 6-7(d) we have the wave pattern of long-wavelength light encounter
ing a small obstacle. There is some disturbance of the pattern close to the
obstacle. Several wavelengths beyond it, however, the waves have formed
back into their originally smooth pattern. You would hardly know, from
looking at the waves far downstream, that there had been any obstacle at
all. Long wavelength waves cannot be used to detect small objects.

We conclude that when waves encounter obstacles that are the same size or
smaller than the wavelength, the waves will tend to bend around the obstacle.

Demonstration: Interference between Two Loudspeakers A pair of loud
speakers, both playing a musical note from the same source, are mounted
on a pivot.

There are certain directions in the class such that the sound is very faint.
When the speaker system is rotated about the pivot, every student in the class
can hear the sound grow faint and loud again as the system goes through
different positions.

We now hold the system steady and concentrate on the line of students
who say the sound is faint. When we disconnect one of the speakers, those
students can hear the sound from the other speaker quite well. When the
first speaker is reconnected, and the second disconnected, they can again
hear the first speaker well. But when both play together, the sound is faint!

We have the remarkable situation that the sound waves from two speakers,
either one of them loud enough by itself, can cancel each other when they
are both on at the same time.

The ability of waves to cancel each other is one of their most notable
features. The process by which waves can cancel, or reinforce, each other is
called interference.
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Figure 6-8

Suppose the wave train from one of the speakers alone arrives at our ear
in a time pattern like that shown in Fig. 6-9(a). Suppose the wavetrain coming
from the second speaker has a pattern like that shown in Fig. 6-9(b). The total
wave pattern, when both speakers are on, is the sum of the two individual
wave-patterns, shown in Fig. 6-9(c).

This is no wave pattern at all! The peaks of the wave train from the first
speaker have just filled in the troughs of the wavetrain from the second
speaker, and vice versa. There are no variations at all in the air pressure at
the listener's ear. So no sound at all is heard.

The two wave trains that cancelled each other are said to arrive out of
phase. One of them has a trough at just the point where the other one has a
peak.

If we could delay one of them by one-half of the wave period, the two
would be in phase. The peaks would come at the same time and the troughs
would come together also. The combined wave would have double the peak,
and double the trough, of the individual signals. Such a sound will be louder
than the individual wave trains. When the waves arrive in phase they reinforce
each other.

Why do certain positions in the class hear the weak cancelled sound, while
others hear the reinforced sound? The cancelled sound is heard at just those
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positions where the wave from one speaker takes one-half period longer to
reach the listener than the wave from the other speaker. These waves arrive
one-half period out of phase and there is maximum cancellation.

The reinforced sound is heard by those students directly along the mid
line of the speaker system. For them the sound from both speakers takes the
same time. The wave trains arrive in phase, and reinforce each other.

(a) Wave train from first source

D""',""""~Time

(b) Wave train from second source, out of phase with first

(c) Sum of the two wave trains: No wave at all!

Figure 6-9

There is also reinforcement at positions such that the signal from one
speaker takes a full period longer to arrive than the signal from the other
speaker. In this case the peaks in the wave train from the farther speaker will
overlap the peaks of the next cycle of the wave train from the closer speaker.
Again there will be reinforcement.

In a similar way there will be cancellation when the difference in time is
one and a half periods, and reinforcement when the difference is two full
periods, and so on.

Figure 6-10 shows the pattern of surface waves from two point sources
moving at the same frequency. The lines along which there is close to com
plete cancellation are easily visible.
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Figure 6-10 Interference of two point sourcesin water waves
(Photograph by Barrie Rokeach)

The speed of surface waves on water is not very fast, a few tens of meters per
second. It is easy for a motorboat to travel as fast or faster than the waves it
makes.

A boat moving just slightly slower than the waves it is making soon runs
into a pile-up of waves in front of it. This accumulation of closely spaced
waves forms a heavy swell in front of the boat that makes it hard for the
boat to speed up any more.

This resistance to motion close to the wave speed is called the wavebarrier.
A very similar resistance is felt by airplanes moving at just under the speed
of sound. That is known as the sound barrier.

A motorboat that is powerful enough can break through the wave barrier.
Once it does, the resistance from this cause drops. The boat no longer has
to fight the swells from its own waves.

The waves still do pile up, but not in front of the boat. Instead they come
together to the side of, and behind, the boat's path.

You can draw a straight line that just touches all the waves that the moving
boat sent out. Along this line the individual waves reinforce each other. Here
the water disturbance is the greatest. At other places the waves tend to cancel
each other, and there is little or no disturbance.

All the wave energy sent out by the boat, since it started going at its present
velocity, is concentrated into this one wave front. A swimmer in the water
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(a)

(b)

Figure 6-11 (a) Speedboat moving just slower than wave
speed-waves pile up in front of boat, forming a "sonic barrier";
(b) Speedboat moving faster than wave speed-wave energycol
lects into bow wave

alongside the boat gets hit by the accumulated energy of these waves all at
once. The shock front created in this way is known as a bow wave.

A very similar thing happens when an airplace travels through the air
faster than the speed of sound. The shock wave that the plane makes is known
as the sonic boom.

This sort of thing can happen with any kind of wave/Whenever an object
that can produce waves passes through a material at a speed faster than the
wave speed in that material, a shock wave can be produced.
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Figure 6-12 Bow waves from a speedboat (Photograph by
Barrie Rokeach)

The speed of light waves in materials like water, or glass, is considerably
less than the 300,000 kilometers per second that light travels through empty
space. Even through a gaseous material, like air, the speed of light may be a
meter or two per second less than it is in a vacuum.

The limit on the speeds of objects, required by Einstein's theory, is the
speed of light in vacuum. It is thus possible for a electricalIy charged object
to move through a material at a speed less than the relativistic limit, but
faster than the speed of light waves in that material. From what we have
learned in this section, we expect such a fast charged object to produce a
shock wave of light. This does happen, and the light produced this way is
calIed Cerenkov light.

We have seen that wave motion shows up in many different ways in nature.
We have talked about elastic waves in coils and strings. We have used
surface waves in water to help us visualize some features of waves. We
have studied sound waves. We have mentioned light waves. These are only
a few of the many kinds of waves than can exist.

There are many aspects of wave motion that are common to alI kinds of
waves. Waves travel at speeds that are independent of the object that created
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Figure 6-13 Cerenkovlight from a water-cooled nuclear reac
tor. (Photo courtesy of the Dept. of Nuclear Engineering,
California, Berkeley)

them. This fact leads to effects like the Doppler shift and to bow waves and
sonic booms. Waves can reinforce each other or they can cancel each other.
This comes about because waves are disturbances in a medium, rather than
objects in their own right. The reinforcement or cancellation between waves
is called interference. It is largely because of this feature of wave motion that
they can sometimes cast sharp shadows and sometimes appear to bend
around obstacles. The bending of waves around obstacles is called diffraction.

The widespread presence of waves in many branches of physics has on
occasion inspired theories that propose that everything in nature can be
explained as waves. Not the least of these theories is the 20th century idea
ofquantum mechanics, of which we shall learn more in a later chapter. We are
not ready to claim that this will be the last word about the nature of matter,
but we must be impressed with how universally the idea of waves seems to
show up in nearly all the fields of science.

bow wave-The shock front that forms on the surface of water when a
speedboat is moving faster than the speed of the surface waves.

Cerenkov light-Light emitted in a shock cone when a charged object moves
through some medium, like glass or water, at a speed faster than the
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speed of light in that medium (which may be quite a bit less than the
speed oflight in empty space, which no particle can exceed).

compressionalwave-A wave in which the disturbance is along the direction
of motion of the wave. Examples of compressional waves are (I) the
"slinky" toy when a section is squeezed; (2) sound waves.

diffraction-The bending of waves around obstacles. Diffraction is most
pronounced when the obstacle is much shorter than the wavelength.

disturbance-Any arrangement of the parts of a system that is different from
its natural, resting condition.

Doppler effect-The shift in frequency and wavelength of a wave train when
the source of the wave is moving toward (frequency gets higher, wave
length shorter) or away from (frequency gets lower, wavelength longer)
the observer. The Doppler shift arises because the speed of the wave,
once it leaves the source, does not depend 011 how the source was
moving.

frequency-The number of times per second that a repetitive system, such
as a train of waves, repeats its pattern.

hertz-The unit of frequency. One hertz corresponds to a repetition rate of
1 cycle per second.

interference-The cancellation (or reinforcement) between two or more
coherent waves, arriving at a given place via different paths. If the crests
of one wave arrive at the same time as the troughs of the other, the two
waves can cancel each other. If the crests arrive together, the waves
reinforce each other.

kilohertz-A unit of frequency corresponding to a repetition rate of 1000
cycles per second.

light-A transverse wave, detectable by our eyes, of electromagnetic nature.
longitudinal wave-Same as compressional wave.
megahertz-A unit of frequency corresponding to a repetition rate of 1 million

cycles per second.
period-The time between repetitions of a system, such as a train of waves,

that repeats itself at regular intervals.
phase wave-A wave (i.e., a moving disturbance) that carries no energy and

information. In a phase wave there is no direct cause and effect between
the disturbance at one place and the disturbance at the place next to
it. An example of a phase wave is a flashlight beam from Earth being
swept rapidly across the face of the moon.

physical wave-A wave that moves because of the direct effect that distur
bances in one part of the medium have on the parts of the system next
to it. Physical waves can carry energy and information. They move at
a speed that is set by the properties of the medium.

pulse-A disturbance of short duration that does not necessarily repeat itself.
shadow-The region behind an obstacle that would not receive any wave

energy if the waves travelled strictly in straight lines. When the wave-
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length is much shorter than the size of the obstacle, very little energy
reaches the shadow region.

sonic boom-The cone-shaped shock wave that develops in air (or any other
sound-carrying medium) when an object is moving through it faster
than the speed of sound.

sound-A compressional wave, detectable by our ears, that arises from the
organized motion of, and collisions between, large numbers of mole
cules in the medium that transmits it.

sound barrier-The difficulty encountered by an object, moving at just below
the speed of sound, because the sound waves created by the object are
accumulating directly in front of it.

speed of wave-The rate at which the patterns in a wave move from place to
place. For a repetitious wave train the product of wavelength times
frequency is always equal to the wave speed. The wave speed is deter
mined by the properties of the medium, and does not usually depend
on such factors as the motion of the source or the shape of the wave.

surface waves-Waves, generally transverse in nature, that appear on the
surface of a liquid, such as water, when that surface is disturbed.

transverse wave-A wave in which the disturbance is at right angles to the
direction of motion of the waves. Examples are: (I) the wave in the
string of a guitar when it is plucked sideways; (2) surface waves on
water.

wave-A disturbance that moves.
wave barrier-The difficulty encountered by a wave source moving at just

below the wave speed, because the waves it has created are piling up in
front of it.

wavelength-The distance in space between repetitions of a wave train.
wavetrain-A wave pattern that repeats itself at regular intervals.

1. On a crowded highway one car slows down, forcing cars behind it to
slow down in turn. The lead car then speeds up again, allowing the
following cars to speed up also. Show that this action causes a wave to
travel through the traffic pattern. What determines the speed of this
wave? Is it compressional or transverse?

2. Could a flashlight spot on the moon move faster than the speed of
light? Would this violate Einstein's theory of relativity?

3. Give some examples of waves other than the ones mentioned in the text
(sound, light, and surface waves). Are your examples physical waves?
Do you know whether they are longitudinal or transverse?

4. Explain why several layers of sheetrock, or other solid, with air spaces
between layers, make a good sound barrier.

5. What is the frequency of a wave train if its period is one millionth of a
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second (1 microsecond)? What is the period if the frequency is 50
cycles per second (50 hertz)?

6. What is the wavelength in air of sound wave trains having the frequency
and period of the examples in Question 5? The speed of sound in air
is 350 meters per second. Will the wavelength in water, where the speed
of sound is 1500 meters per second, be longer or shorter?

7. Sing a musical note. Feel the base of your throat with your fingers. Sing
a high note; sing a low note. Whistle. Speak normally. Whisper. Shout.
What changes in your voice-box (Larynx) enable you to make these
sounds?

8. Suppose a car is honking its horn once per second while standing still.
A second car, moving at 30 meters per second, drives past the first car.
Will the second car notice a shift in frequency of the sound waves? When
will the frequency received be higher than that of the source? Under
what conditions will it be lower?

9. Will there be a Doppler shift for waves emitted sideward, or at an angle,
from the source?

10. A man stands on a truck moving at 10 meters per second and throws
baseballs forward at one-second intervals. He can throw the baseballs
at a speed of 20 meters per second. How fast do the baseballs travel
with respect to the ground? How frequently do the baseballs strike a fixed
wall in front of the truck? How far apart are the baseballs in the air?

11. The bat is an animal that uses sound waves to help it avoid obstacles
and find food. The sound waves the bat uses are so high-pitched that
humans cannot hear them. What is the advantage to the bat of using
such high-frequency sound waves?

12. Explain why there is cancellation between wave trains when the dif
ference in source-to-listener travel times is I h 2t, 3t, etc. periods of
the wave. Why is there maximum reinforcement when the difference is
a whole number of wave periods?

13. Some early thinkers thought of sound as a puff of air sent from speaker
to listener, rather than a wave. Show that this model would fail to
explain interference.

14. Draw pictures of the wavelets made by a boat moving (a) just slightly
faster than the wave speed; and (b) very much faster than the wave
speed. Show that the bow wave forms a much narrower "V" shape in
case (b).

15. We often hear weathermen and others speak of a "heat wave." Can
there be such a thing, with the word "wave" defined as in this chapter?
Describe the nature of such a wave.
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Isaac Newton and the scientists of the 18th century who followed him didn't
know about the law of conservation of energy. They knew about kinetic
energy and GPE, the sum of which they called the "vis viva".' But they didn't
know that energy as a whole was conserved.

It is easy to understand why. Suppose we toss a pencil in the air. It has
kinetic energy and it has gravitational potential energy. The pencil falls to
the ground and stops. It has neither type of energy any more. There appears
to be less energy in the system than there used to be.

We have been saying that the energy has been dissipated into sound and
heat. But this is a fudge. The amount of heat generated in the fall of a pencil
is too slight, and too widely diffused, to make it practical to measure. We do
assert that if we were careful, and collected all the heat and sound energy
produced, it would indeed equal the mechanical energy we lost. But we don't
do this experiment all the time in everyday life.

From the modern point of view, heat and sound are forms of mechanical
energy on the molecular level. So there is basically no difference from the
forms of energy we have already been discussing. But molecules are also
hard to observe.

We should not be surprised, then, to learn that, until the middle of the
19th century, heat was considered an entirely different substance. It was given
names like "caloric" or "phlogiston." From hindsight we can see that it is a
form of energy that we shall call heat energy from now on.

The 18th century scientists did not yet have a theory of conservation of
energy, but there was a well-developed theory of conservation of heat energy.
Such a theory, we know now, can be only partly valid. It works only for
processes in which no other forms of energy are involved. But there are
plenty of examples of such processes, so the theory of heat conservation had
a long and useful life.

1 Actually the term "vis viva" usually meant what we would now call twice the sum of the
kinetic energy and the gravitational potential energy. If scientists had stuck to this defini
tion, we would not have had the factor of one-half in our definition of kinetic energy.
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In the past, before enough was understood to join it to other fields, each
field of science, named its own units. This is particularly true for the units of
energy and its derivatives. Thus, the intensity of sound energy is expressed in
decibels, that of light energy in lumens. Nuclear energy is measured in Me V
("millions of electron volts"), radiation dose in rads, and so forth. Heat energy
was traditionally measured in calories.

Energy, in whatever form it takes, is still just energy. Any unit in which
energy is measured ought to be convertible to joules. Whenever a new form of
energy is being introduced the crucial questions that have to be answered
are: How many joules does it take to make one unit of the new form of
energy? Is this conversion factor always the same?

So the crucial experiment, to show that heat is a form of energy, is to
measure how many joules there are in a calorie. As part of this chapter, we
will conduct an experiment in which a known amount of mechanical energy
is converted into heat energy. We hope to demonstrate that the ratio of the
number of joules put in, to the number of calories of heat energy produced,
is well defined. In fact, it should be the same ratio, 4.186, that scientists have
been measuring for over a century.

We are all familiar with the idea of temperature. Weather reports are always
informing us of the temperature of the air. Baking recipes tell us the temper
ature at which to set the oven. When we feel sick, we measure the temperature
of our body to help us tell how serious the illness is.

The general notion we have about temperature is that the warmer some
thing feels, the higher the temperature is likely to be. We have a similar
notion about heat. The more heat there is in some object, the hotter it feels.
Many people (even some dictionaries!) do not make any clear distinction
between the words "heat" and "temperature".

In physics there is a difference between heat energy and temperature. We
can show what this difference is by thinking about 100 separate grams of
water, all at the same temperature. If we put them all together, we have one
hundred times as much energy as there is in a single gram. The additivity
of energy makes this true. But they are all at the same temperature as the
individual grams of water were.

Suppose we have a stove that supplies energy at a constant rate. It will
take longer to boil a large pot of water on this stove than it will to boil a
small cup of it. But the temperature at which water boils is the same in both
cases.

All forms of energy, including heat energy, are what are called extensive
quantities. They describe how much of the system we have. If you take two
identical systems and put them together, the doubled system will have twice
as much energy. It will have twice as much of every extensive quantity as the
single system. Examples of extensive quantities are mass, energy, electric
charge, and volume.
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A quantity that describes the state of a system in such a way that it doesn't
change when you double the system, is called an intensive quantity. Examples
are temperature, position, pressure, voltage, and speed.

It is, of course, possible to double the temperature of a system. But this is
not done by doubling the size of the system. To double the size of a glass of
lukewarm water, you add a second glass of lukewarm water. To double its
temperature, you would heat up the single glass. So temperature is an
intensive quantity. You do not change the temperature when you add the
second lukewarm glass.

If you put two objects in contact and wait until all changes stop, they will
come to the same temperature. This is the most important fact about tem
perature. Using this fact, we are able to measure the temperature of anything.

A thermometer is a device whose size, shape, or some other feature changes
in a recognizable and reproducible way when its temperature changes. A
commonly used thermometer consists of a drop of liquid mercury inside a
sealed glass tube. The higher the temperature, the more space the drop of
mercury takes up. We can use these changes in size to measure the tempera
ture of the mercury.
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Figure 7-1
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If we put one end of the thermometer in our mouth, it will soon come to
the same temperature as our body. If we leave it in an open room, it will come
to the temperature of the air. We can plunge the thermometer into ice water
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or into a boiling teapot. The mercury will contract or expand to reflect the
temperature of whatever it is in contact with.

There are many ways to set the scale on a thermometer. The scalecommonly
used in Europe, and by most scientists, is called the Celsius (formerly called
"Centigrade") scale. This scale uses the melting point of ice and the boiling
point of water as its fixed points.

The thermometer is first plunged into melting ice, and the height of the
mercury column is noted by scratching the outside of the glass. This point is
called "zero on the Celsius scale," or O°C. Then this thermometer is placed
amid boiling water. Another scratch is made where the mercury reaches now.
This point is called "one hundred on the Celsius scale," or 100°e.

The temperature at points in between these two can be defined by making
100 equally spaced scratches along the mercury column. Temperatures lower
than O°C, or higher than 100DC, can be defined by making scratches at the
same spacing beyond the two fixed points.

The normal temperature of the human body is 37°C. We would consider
the air temperature chilly below lOoC, and quite warm above 30°e. Mercury
freezes at -40°C ("forty below zero on the Celsius scale"). Below that
temperature we would have to switch to a different liquid in our thermometer.

We don't have to use liquids for our thermometers. We might use solid
metal rods. The changes in length of such rods at normal temperatures are
usually too small to measure accurately. However, a useful thermometer can
be made of strips of two different metals bonded together. When the tem
perature rises, one of the metals will expand more than the other. The result
will be that the bi-metallic strip will bend. The the more temperature change,
the more bending. Bi-metallic strips are found in many common devices,
such as the oven thermometer or the thermostat in your house.

We are now ready to explore the connection between heat energy and temp
erature. It is clear that as we add heat energy to a substance, it will get hotter.
The temperature will rise. But the amount of heat energy needed to make
a given rise in temperature depends on several factors. It depends on the
mass of the substance being heated, the material of which it is made, and the
starting temperature. It depends on whether the substance is in its liquid,
solid, or gaseous state. It may also depend on the pressure. The heat energy
required to bring a substance to a given temperature is a quantity we shall have
to measure.

We begin by defining I calorie as the amount of heat energy required to
raise the temperature of I gram of water from 15°C to 16°e.

In principle we can then measure the amount of energy required to raise
the temperature of I gram of water from any temperature to any other
temperature.

For example, start with I gram of water at O°C and another gram at 16°e.
Place them in contact. Wait until the second gram has cooled to 15°C. In so
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doing it will have released 1 calorie of heat energy. Measure the temperature
of the first gram at this moment. It will be nearly, but not exactly, 1°C. This
then is the temperature rise produced by 1 calorie of heat energy in 1 gram of
water at O°C.

Or start with 1 gram of water at 40°C and a second gram at 15°C in contact
with each other. Wait until the second gram has warmed up to 16°C. This
takes 1 calorie of heat energy. See what the temperature of the first gram has
dropped down to. It will be close to 39°C. So this is the temperature drop
caused by the loss of 1 calorie of heat energy by 1 gram of water at 40°C.

We can proceed in this manner to patch together the whole curve of heat
energy versus temperature. We find that between O°C and lOO°C it takes
close to 1 calorie to raise the temperature of 1 gram of water each degree
Celsius.

When the water is in the form of ice, the results are quite different. One
calorie of heat energy will raise the temperature of 1 gram of ice by two
degrees Celsius, e.g., from -lOoC to -8°C. When the ice reaches O°C, its

Beginning of experiment

A short time later, after
transfer of 1 calorie

16°C

O°c

1 gram 1 gram
of water \ of water

t-- Copper
good th

15°C

1°C

wall, for
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Many minutes later, both
sides reach the same
temperature.

BOC BOC

Figure 7-2 Measuring the heat energy in 1 gram of water at
various temperatures
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melting point, an even greater change takes place. We find that it takes 80
calories of heat energy (that is, 80 grams of water cooling from 16°C to
15°C) to melt I gram of ice, without any temperature change at all.

At 100°C, the boiling point of water, it takes 540 calories to boil I gram of
water before the temperature can rise any higher.

These results can all be summarized in a graph like the one in Fig. 7-3.
This graph shows the heat energy that must be added or taken away from a
gram of water at O°C to bring it to the temperature and state shown.

A similar graph can be drawn for 100 grams of water or for any other
amount. Since heat energy is an extensive quantity, all the numbers on the
vertical scale would be multiplied by 100. Since temperature is an intensive
quantity, the numbers on the horizontal scale stay the same.
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Figure 7-3 The heat energy in 1 gram of water, as a function
of temperature
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The law of conservation of energy, in this case heat energy, helps us to
answer. these questions easily.

Problem J... Mix 50 grams of water at oDe with 50 grams ofwater at
lO!J°e.What will the final temperature be?

We express the law ofconservation of energy in the forre:

total energy before == total energy after

In-this problem heat energyis the only form of energy involved.

Heat energy before = 50 grams @ oDe+ 50 grams @ 1000e

== 0 calories + 5000 calories

= 5000 calories

All energies are given as the amount needed to heat that many grams of
water from oDe to the given temperature.

At the end of the mixing process all 100 grams of water are at the same
temperature; call it T.

Heat energy after = 100grams at temperature T

= 100 times T calories.

This has to equal 5000 calories, the heat energy we started with. It will be
that if Tis 50oe, for 100times 50 is just 5000. So we are led to the conclusion,
perhaps not surprising, that if we mix equal amounts of water, half at oDeand
half at 1oooe, the mixture will come to a final temperature of 50°e.

Problem 2. Mix 50 grams of water at 700e with 10 grams of water at
lODe. This problem is not so easy to answer because we are mixing unequal
amounts of water. We expect that the final temperature will be closer to 700e

than to lODe.

Heat energy before = 50 grams @ 700e + 10 grams @ lODe

= 3500 calories + 100calories

= 3600 calories

Heat energy after = 60 grams at temperature T

= (60 times T) calories.

If Tis 60oe, then the heat energy after mixing comes to 3600 calories, the
same as we started with. So 600e is the final temperature.

Problem 3. Mix 50grams of ice at oDewith 50grams of water at 1OO°e.
The heat energy is a gram of ice at oDe is 80 calories less than that in liquid

water at the same temperature. Since we are using liquid water at oDeas our
reference level of energy, the heat energy in the ice will be less than zero. It
will be a negative number.



167

Specific heat

Specific heat

It takes 5000 caloriesto h from OQC to 1oo
QC. But you

must remove 4000caloriest uid waterat OQC into ice.
The total heat energyat the start of t p m is 1000 caloriesmore than

if the whole 100 grams had been liquid water at OQC.

Heat energy after = 100 grams at temperature

= (100 times T) calories

Most materials don't require as much heat energy per gram to warm them to
a given temperature as water does. We have seen that a gram of ice takes only
half a calorie to warm up I degree Celsius. Consider I gram of copper metal,
compared to I gram of water.

It takes only 9.2 calories to warm 1 gram of copper from O°C to 100°C.
This fact accounts for why, when nearly empty, a copper teakettle heats up
so much faster than when it is full of water. It explains why hot metals can be
cooled so rapidly with small amounts of cold water.

The specific heat (also called "heat capacity") of a substance is the amount
of heat energy, in calories, required to raise the temperature of I gram of that
substance I degree Celsius.

The specific heat of water is 1. The specific heat of ice is l The specific
heat of copper is 0.092.

The heat energy required to raise a given amount of some material a
certain number of degrees Celsius is:

Heat energy required (in calories) =

Mass (in grams) times temperature rise (in degrees Celsius)
times specific heat of the substance
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Figure 7-4 Comparing the heat energy in 1 gram of copper to
that in 1 gram of water

The same formula can also be used to find the heat energy released when
the material cools by a certain number of degrees Celsius.

Many changes that require input or release of heat energy take place without
any change of temperature. The melting of ice is one example. The boiling
of water is another. The heat energy required, per gram of material, to make
such a change is called the latent heat of the process.

Here are a few examples of latent heats:
The latent heat offusion (or "heat of melting") is the heat energy required

to cause 1 gram of a solid substance to melt completely. The heat of fusion
of ice is 80 calories per gram.

The heat of evaporation is the heat energy required to cause 1 gram of a
liquid substance to change completely into its gaseous form. The heat of
evaporation of water at 100°C is 540 calories per gram.

The heat of sublimation is the heat energy required to turn 1 gram of a
solid directly into a gas. There are some solids that change directly into gas,
without going through the liquid phase. One of the best known such sub
limating materials is solid carbon dioxide, commonly known as "dry ice."
At low enough pressure nearly any material can sublimate. A block of
water ice placed in an evacuated container will emit some water vapor, for
example.

The heat ofsolution is the heat energy released when 1 gram of a substance
is dissolved in water.
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ofenergy

AN EXPERI
MENTTO
MEASURE
HOWMANY
JOULES IN A
CALORIE

Heat energy by itself is not always conserved. It is easy to create heat energy
out of other forms. Rub a spoon vigorously with a piece of steel wool, or
a screwdriver with sandpaper. Feel that the rubbed object gets warmer.

Benjamin Thompson, Count Rumford (1753-1814), who was born in
America, but served the King of Bavaria in 1798, is usually credited with
the observation that heat energy can be created out of mechanical motion.
He noticed that boring out the insides of cannons made the metal very hot.
This could in no way be explained by the then accepted caloric theory of
heat.

Sir Humphry Davy (1778-1829) showed that he could melt ice by rubbing
two pieces of it together. This demonstrated that there is no law of con
servation of (what we call) heat energy alone. Somewhere new heat energy is
being generated.

In 1847 Hermann von Helmholz (1821-1894) published a paper proposing
that heat is a form of energy, and that total energy is conserved. He was the
first 10 advance such a law.

The crucial experiment demonstrating that heat is a form of energy was
done by James Prescott Joule (1818-1889) in 1850. He showed that the same
amount of heat energy was generated whenever a given amount of mechanical
energy was dissipated. In essence he measured the number of joules in a
calorie.

This experiment was carried out by the author in f
The numbers recorded here were the ones actually
performance. They give some feeling for the accur
demonstration.

The idea of this experiment is to convert a k
energy-that is, a known number of joules-into en
many calories are produced, we can then figurehow rna
calorie. The experiment is designed with two important
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(a) that we know exactly how many joules we put in;
(b) that as much as possible of this energy is

energy in the place we expect it.

The apparatus consists of a copper cylinder c
thermometer to measure the water tern e.
shaft with a handle so it can be turned ro

A strip of copper braid is wrapped around th
hangs from the end of this braid. The f
braid should be sufficientto support the
braid can be anchored lightly to a wall or

is a
ona

mass
d the

pper end of the
sition.
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Figure 7-5
calorie

Experiment to find out how many joules are in 1
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strap's mass was 20.95 grams, the cylinder had a mass of 122.25 grams, and
the water in it measured 50.00 grams. All of these masses are accurate to
within ±0.05 gram, which is probably better than we need.

How many calories does it take to raise the temperature of this assembly by
one degree Celsius? The water alone takes 50.00 calories. There are 122.25

20.95 = 143.20grams of copper. Since the specific heat of copper is 0.092,
it takes 143.20 times 0.092 = 13.2 calories to raise all the copper by one
degree Celsius. We have rounded off the number (13.2) to the nearest tenth of
a calorie.

There are other parts of the system (the thermometer, the air, the supports,
etc.) that may also absorb some of the heat energy. We may guess at how
much energy each of these elements absorbs, or we may neglect them enti
rely. In either case, there is a small uncertainty involved. It makes no sense to
carry extra decimal digits when this additional uncertainty is probably more
than one tenth of a calorie anyway.

We conclude that the water and copper require 50.0 + 13.2 = 63.2 calo
ries to rise by one degree Celsius.

We measured the temperature of the assembly before turning the crank to
be 20.6°C. After 200 turns the temperature was 26.2°C, a rise of 5.6 degrees.
From our calculation above, we know that it takes 5.6 times 63.2, or 344
calories, to raise the water and copper that many degrees. We have rounded
off again, this time to the nearest calorie, because we feel that our accuracy is
no better than that. The temperature change, for example, might easily have
been as little as 5.5 degrees, or as much as 5.7 degrees, as well as we were able
to read the thermometer.

We can then compare the 1470joules that we say we dissipated in 200 turns
of the crank with the 344 calories that we measured to be produced. Dividing
1470by 344givesa ratio of 4.3 joules per calorie. Once again wehave rounded
off to the nearest 0.1, based on our estimate of the uncertainty in the measure
ment.

We should not be dismayed that the value we found is not exactly equal to
the "accepted" value of 4.186joules per calorie. Rather, we should be pleased
that, considering the uncertainties of the measurements, the result we got dif
fers by less than 3% from the average of all the careful determinations by
many good scientists.

If the circumference of the cylinder was really only 0.147 meter instead of
0.150, or the temperature rise was closer to 5.7 than to 5.6 degrees, we would
have had a numerical result closer to the "true" value. Such is the nature of
experimental physics. No result is ever absolutely precise. The best we can
hope to get is agreement "within the experimental errors". In the present case,
we certainly have done that.

The fact that once again we get substantially the same value as others have
for the conversion of joules in~o calories demonstrates that heat is a form of
energy. The conversion factods always the same, no matter when or where
or how the energy transfer 'is made.
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The "accepted" value for this conversion factor, the average of many
careful experiments done in different ways, is

one calorie = 4.186 joules

The modern view of matter is that everything is composed of very large num
bers of very tiny objects called molecules. These molecules are supposed to be
moving about rapidly, colliding frequently, and presenting a rather chaotic
picture when viewed on a small enough scale.

If the molecules are fairly far apart and able to move independently of each
other, the material they make up behaves as a gas. If they are in close contact,
but still able to slide easily past each other, the material is a liquid. If they are
locked together by fairly firm attractions, the material is a solid. Even in the
solid state, the molecules are each able to jiggle around, oscillating about
their stable positions.

According to the kinetic theory of matter, the heat energy of an object is
precisely the mechanical energy of all the molecules in it. The more energy the
molecules have, the hotter the object will be. This mechanical energy is
largely in the form of kinetic energy, especially for gases. In the case of liquids
and solids, considerable amounts of elastic and electrical potential energy
are also involved.

The latent heat needed to change the material from one state to another
represents the energy needed to break the bonds of attraction between the
molecules. So the latent heat is largely the collective potential energy of the
molecules.

The temperature of a material, according to this theory, is related to the
average kinetic energy of the molecules. The faster the molecules are moving
on the average, the higher the temperature.

The evidence for the correctness of kinetic theory is all indirect. Nobody
has ever seen a molecule of water. But a scientist can use kinetic theory to
calculate the specific heat, or other thermal properties, of a substance. When
these predictions come out right again and again, our belief in the validity of
the model becomes ever stronger.

Absolute zero An interesting question arises out of the kinetic theory, as
it relates to heat energy and temperature. Suppose we cool a substance until
all the molecules are in their lowest possible energy state. The kinetic energy
would be practically zero, and the potential energy would have its minimum
value. This would be the lowest temperature possible. We could not cool the
material any lower.

Another way to approach this idea is through the law of Gay-Lussac.
This law, you will recall, states that a gas will expand in proportion to any
rise in temperature. Conversely, a gas will contract if the temperature is
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Figure 7-6 The volumeof variousamounts of different gases.
All the linesextrapolate to zero volumeat absolutezero tempera
ture.

lowered. By examining the graph of the volume of a gas versus its tempera
ture, we can extrapolate the line back to a temperature cold enough that the
gas will have no volume at all!

All real gases will condense into a liquid at a higher temperature than the
one at which the volume extrapolates to zero. But it is interesting that this
temperature seems to be the same for all the gases that we know about, in
whatever quantity and at whatever pressure the graph was measured.

The temperature at which the volume of all gases extrapolates to zero is
273.16° below zero on the Celsius scale. This is also the lower limit to the
temperature that any scientists have been able to produce in the laboratory.
This temperature is known as absolute zero.

No experiment has ever attained a temperature of exactly absolute zero.
It is probably not possible. But it has been claimed than a temperature within



174

Glossary

Heat energy

1 microdegree (one one-millionth of a degree Celsius) of absolute zero has
been achieved. Since nearly all materials are solid at this temperature, it is
not easy to make a reliable thermometer this cold.

There is a scale of temperature called the Absolute or Kelvin scale that uses
Absolute Zero as its fixed point. The degrees on this scale are the same
magnitude as on the Celsius scale. Thus the melting point of ice is +273.16 on
the Absolute scale, and the boiling point of water is +372.16°K ("degrees
on the Kelvin scale").

absolute zero-The lowest possible temperature. At this temperature all
molecules are in their lowest energy state, all gases will have condensed.
No experiment has ever reached exactly absolute zero of temperature,
but we can get very close to it.

calorie-The amount of heat energy required to raise 1 gram of water from
15° to 16° on the Celsius scale. Measurement shows that 1 calorie is
equivalent to 4.186 joules.

Celsius scale (formerly called "Centigrade")-The scale of temperature on
which water freezes at 0° and boils at 100°.

Davy, Sir Humphrey-English scientist (1778-1829) who showed, by melting
two pieces of ice by rubbing them together, that heat energy by itself
is not conserved.

evaporation, heat of-The heat energy required to change 1 gram of a sub
stance from the liquid state into gas. The heat of evaporation of water
is 540 calories per gram.

extensive quantity-A quantitative property of the state of a system that
doubles when you double the size of the system. Examples of extensive
quantities are mass, energy, volume, electric charge.

fusion, heat of (also called "heat of melting")-The heat energy required to
change 1 gram of a substance from a solid to a liquid state. The heat of
fusion of ice is 80 calories per gram.

heat energy-A form of energy that shows itself, for example, by raising the
temperature of water and other substances. According to the kinetic
theory, heat energy is the mechanical energy of a substance's molecules
in random motion.

Helmholz, Hermann von-German physicist (1821-1894) who first proposed
the idea that heat is a form of energy, and that total energy is conserved.

intensive quantity-A quantitative property of a system that does not change
its value when the system is doubled. Examples of intensive quantities
are temperature, position, pressure, voltage, and speed.

Joule, James Prescott-English physicist (1818-1889) who first measured the
number of joules in a calorie. The fact that this number is always the
same, when measured carefully, shows that heat is a form of energy.

Kelvin scale (also called "absolute scale")-The scale of temperature in which
absolute zero is at 0°, and the melting point of ice is 273.16°. The
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degrees on the Kelvin scale are the same size as degrees on the Celsius
scale, but the starting point is shifted.

latent heat-The heat energy required (or released) to change the state of
system, such as to melt a solid or boil a liquid, without changing its
temperature.

Rumford, Count, BenjaminThompson-American-born (1753-1814) expatriate
engineer and scientist who first showed that the old caloric theory of
heat could not account for the unlimited amount of heat energy that
can be produced while boring out a cannon.

solution, heat of-The heat energy released when I gram of a substance is
dissolved in water or some other solvent.

specific heat (also called "heat capacity")-The heat energy required to raise
1 gram of a substance 1 degree Celsius. The specific heat of water is 1,
by definition. The specific heat of copper is 0.092 calories per gram per
Celsius degree.

sublimation,heat of-The heat energy required to change I gram of a substance
directly from the solid state to the vapor.

temperature-An intensive property of a system that describes how hot or
cold it is. Any two systems left in contact long enough will come to the
same temperature. This fact enables us to measure the temperature of
any system by putting it in contact with some thermometer. In the
kinetic theory, temperature is identified with the average kinetic energy
of the molecules.

thermometer-A device that changes its outward appearance in some way
when its temperature changes, so that it can be used to measure tem
perature. Examples of thermometers are: an expanding column of
mercury, a bimetallic strip, a thermocouple (whose voltage output
changes with temperature).

1. Give five examples of extensive quantities and five examples of intensive
quantities. Try to make them different from the examples given in the
text.

2. Which of the following quantities are extensive and which intensive?
Force, EPE, height, surface tension, weight, electric current, number
of molecules.

3. Draw a graph of heat energy added versus temperature for 100 grams
of ice, starting at -40°C.

4. Weigh a cupful of warm water. Remember to subtract the weight of the
cup. Measure its temperature. Do the same for a cupful of cold water.
Mix the two together and measure the final temperature. Is this result
what you would have predicted, using the law of conservation of
energy?

5. Describe a way to measure the heat of vaporization of water.
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6. Describe a way to measure the specific heat of copper.

7. In the experiment to measure the conversion of joules to calories, we
neglected the heat absorbed by the air, the thermometer, the supports,
etc. If a maximum of 10 grams of material shared the heat energy with
the water and copper parts, and if its specific heat averaged 0.1, how
much difference would this make in the final result ? Would the number
of joules per calorie be larger or smaller than what we got?

8. Consider the following information: Things feel warm only when they
are at higher temperatures than our bodies. They feel cool when their
temperatures are lower than 37°C. Good heat carriers, such as metals,
tend to feel hotter (or colder) at a given temperature than poor heat
carriers, like wood. Would you say that our feelings of "hot" or "cold"
are related to the rate of heat energy transfer to or from our bodies?

9. What would you say the kinetic theory predicts about the rate at which
heat energy spreads through still air (no wind blowing)? How should
this rate change with the temperature of the air? What would be the
difference if we substituted for air a gas with much heavier or lighter
molecules?

10. Can there be any temperature colder than absolute zero? What would
the kinetic theory say?

11. A British Thermal Unit (Btu) is defined as the amount of heat energy
needed to raise the temperature of 454 grams of water 5/9 of a Celsius
degree. How many calories is 1 Btu? How many joules? Why do you
suppose such perculiar amounts are used in this definition?

12. Suppose you have a cooking stove that supplies heat energy at a con
stant rate. Your object is to heat each of the following systems from
O°C to the normal boiling point of water. Which of these systems will
reach that temperature first? Which will be last?
(a) 100 grams of water in a 100-gram copper pot
(b) 50 grams of water in a 500-gram copper kettle
(c) 50 grams of ice in a IOO-gram copper pot

13. What was proved by the experiment to measure how many joules there
are in a calorie?

14. Hammer a nail into a block of wood. Feel the nail both before and
after the hammering. Where did the heat energy come from?

15. It is observed that a dead body will cool from body temperature, 37°C,
to a room temperature of 20°C, in about 6 hours. Estimate how many
calories it takes each day to keep a living 70-kilogram man (you may
assume that most of that mass is water) from having his body go cold.
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There are some processes we are all familiar with that seem to release a great
deal of energy. We can burn a stick of wood. Great quantities of heat and
light energy are produced in the fire. We can eat some food. Our body finds
from it the energy to do all kinds of work, and also to keep itself warm. An
electrical battery can be taken off the shelf and connected to a circuit. It then
releases the energy to turn on lights, or turn over an automobile engine, or
produce sound from a radio.

All of these processes have some common features. Obviously, they all
release energy. Where the energy came form is not so obvious. None of the
forms of energy we have studied so far were present in large quantities before
the reactions took place.

But the energy source is not inexhaustible. The fuel for the fire can be
burned only once. The food cannot be eaten again. The battery must even
tually be recharged or replaced. This suggests that there is a form of energy
associated with the unburned fuel, the uneaten food, the charged state of the
battery.

We call this new form of energy chemical energy.
There is a model that explains chemical energy in terms of the attractive

forces between atoms. In this model the burning of a lump of coal consists of
trillions of trillions of carbon atoms combining with oxygen molecules from
the air to form a molecule of carbon dioxide. The formation of each such
molecule releases a small amount of energy. The overall energy release from
all these molecules results in the fire we see.

Chemical energy represents a very efficient way to store energy. The amount
of energy stored per unit mass is much higher than in other forms of energy,
such as heat or kinetic energy, that we have studied. The energy stored this
way can be kept indefinitely, so long as the fuel is not allowed to combine
with oxygen (or whatever). But the chemical energy can be released quite
easily when we want it, as by starting a fire.

It is also possible to convert other forms of energy into chemical energy.
We can recharge a storage battery, for example. The most important pro
cess to form chemical energy on Earth is the conversion of the energy of sun-
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light into sugars and starches by living plants. This process is called photo
synthesis.

The food we eat, the wood we burn, received their chemical energy from
photosynthesis in plants that were recently alive. The energy we use from
burning fossil fuels-coal, oil, and natural gas-was stored by plants that
lived millions of years ago.

The amount of chemical energy stored on Earth in forms like these is very
great, but it is not infinite. Ifwe consume it faster than it is being replaced, we
must sooner or later use it all.

Demonstration A match is struck and fire is set to a piece of paper.
Several forms of energy are released. Most noticeable are light and heat
energy. Can you identify any others?

What was the source of the energy released in the burning of the paper?
The paper was at rest on the table, not under stress, before it was set afire.

So there was no mechanical energy to be released.
A small amount of mechanical energy was supplied by the demonstrator

in striking the match. But this was surely a small amount compared to the
light and heat that we saw emitted. And we know very well that we could
have burned ten times as much paper, and released that much more heat and
light, from the striking of the same match.

The paper was at room temperature before we burned it. The ashes and
gases left over after the burning are, if anything, warmer than the paper
was before. So heat energy in the paper cannot be the source of the energy
released.

Perhaps there is a new form of energy present in the unburned piece of
paper. If there is, we have to calibrate this new form.

We can do the following experiment. Weigh a certain amount of paper to
be burned. Put the paper inside a container, surrounded by a water bath.
This is designed so that all the energy released in the burning is absorbed by
the container walls and by the water. We should be careful to provide enough
air inside the container so that the burning is complete.

We measure the temperature of the water before and after the burning.
From the increase in the heat energy of the water, we can determine how
much energy is released by burning.

It turns out that: (I) When the same weight of paper is burned, the same
amount of energy is released each time: (2) when more paper is burned,
more energy is released. The energy released goes up in proportion to the
mass of paper burned.

The energy released per gram of material burned is called the heat of
combustion of the material.

The heat of combustion of paper is about 4000 calories per gram. The
exact value depends on the kind of paper. This is a lot of energy for such a
small mass. Remember that it takes only 540 calories to boil I gram of water.
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Figure 8-1

Chemical energy The evidence points to a new form of energy associated
with the paper when it has not yet been burned. This energy is released in the
process of burning it.

Any material that can be burned-wood, oil, coal, and so forth-pos
sesses some of this form of energy. The materials left over after the burning
ashes, smoke, water vapor, carbon dioxide-do not have energy of this kind
left in them. At least they do not have as much of it as the materials we
started with. The original energy has been mostly converted into light and
heat energy during the burning.

There is a simple model to explain burning that we were all taught in grade
school. The material being burned combines with oxygen gas from the air.
A new compound is formed, linking the fuel material to the oxygen. There is
less energy in the compound than there was in the unburned fuel. The rest
of the energy was released during the burning.

The final compound cannot be burned again. It already has all the oxygen
in it that it can take. There is no more energy to be released.

There are reactions that, like burning, release energy, but do not involve
oxygen. For example, the metal zinc can combine with the gas chlorine,
emitting a bright flame as the compound zinc chloride is formed.

Burning is an uncontrolled release of energy. There are ways to make
the same reactions proceed in a slow controlled manner. Instead of forming
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zinc chloride so explosively, by combining zinc and chlorine directly, we
can let it form gradually at one terminal of a zinc-acid battery. The same
total energy is released in the long run. In the battery, much of it is
converted into electrical energy, rather than light and heat.

As already stated, we can this new form of energy chemical energy. A
material is said to possess chemical energy if that energy can be released by
combining the material with other substances, like oxygen, to form new
compounds. We shan be more precise about defining chemical energy in the
following sections.

In earlier chapters, we mentioned the Kinetic Theory. According to this
model, every material is composed of a very large number of very tiny
molecules, moving and colliding, attracting and repelling each other, like
passengers on a very crowded bus. Using this model, we are able to explain
the pressure and the temperature behavior of any substance, particularly of
gases.

There is a different kind of molecule for every kind of material. There are
molecules of water, of salt, of sugar, of rubber, of chalk, and so forth. There
may be millions of kinds of materials in nature. There must be an equally
large number of kinds of molecules. There are thick handbooks, used by sci
entists, that are filled with their names.

A very great simplification can be made by supposing that there are smaller
building blocks out of which the molecules are made. We suppose that there
are such small objects, which we call atoms, but there are not many kinds of
atoms. Following certain rules, however, we can put two or more atoms
together to make compound molecules. Thus, there is virtually no limit to
the number of ways atoms can be combined to make different kinds of
molecules.

There are less than 100 different kinds of atoms found in nature. A few
additional kinds can be created by man-made devices. The complete list of
known kinds of atoms is given in Table 8-1 at the end of this chapter.

The mass of each kind of atom is given in atomic mass units. Six trillion
trillion atomic mass units weigh 10 grams. An atom is very tiny indeed.

Only about thirty kinds of atoms are needed to make up most of the
materials we see every day. There are different atoms for each of the common
metals. There are atoms of iron, and copper, tin and aluminum. There are
atoms of the precious metals like gold, silver, and platinum. There are atoms
of metals that are nearly always found combined into molecules: sodium,
potassium, magnesium, calcium.

The air and water around us, and the material of our bodies themselves,
are largely made up of atoms of nitrogen, oxygen, hydrogen, and carbon.
Most of the atoms in every living thing are of these four kinds. The materials
that are made from living things, wood and oil, cotton and fur, are likewise
composed largely of these four kinds of atoms.
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A few nonmetallic atoms are fairly common. Silicon atoms are present in
sand and rock. Sulfur, phosphorus, and chlorine playa small but important
role in our bodies and those of other living creatures. The once-rare atom,
germanium, on the border between being a metal or a nonmetal, is now
widely distributed in transistors and other electronic divices.

A molecule of table salt

A water molecule

Carbon dioxide gas molecu Ie

Figure 8-2

A molecule of table salt is made of 1 sodium atom and 1 chlorine atom.
A water molecule has 2 hydrogen atoms and 1 atom of oxygen. The carbon
dioxide gas that we exhale with every breath has molecules made of 1 carbon
and 2 oxygen atoms.

In some cases a molecule can be a single atom. Molecules of the liquid
metal mercury are single mercury atoms. Molecules of the light gas helium
are single atoms of helium.

At the other end of the scale, many molecules found in living matter
contain hundreds of atoms. One of the most complicated molecules whose
complete structure is known, that of the hormone insulin in cows, has 777
atoms: 254 of carbon, 377 of hydrogen, 65 of nitrogen, 75 of oxygen, and 6
of sulfur. Molecules of DNA, the material that carries the genetic code in
the cells of most living creatures, may have many thousands of atoms.

Nobody, however, has ever seen a single atom. Under some circumstances
it may be possible to take a picture of atoms, not with visible light but with

,
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X rays or an electron microscope, but such a feat adds little to what we
already know about atoms.

Our confidence in the atomic model does not rest on seeing atoms directly.
The argument for this model is that it gives such a simple explanation of so
many facts. The almost limitless variety of materials found in nature can be
explained as combinations of a small number of kinds of atoms. The mass of
each kind of molecule can be explained as the sum of the masses of the atoms
it contains. The size and shape of the molecules can be explained in terms of
the arrangement of the atoms within them.

The energy released in a chemical reaction, such as the burning of a piece
of paper, can be explained in terms of the energy arising from the attractive
forces between atoms. We shall explore this further in the next section.

The study of the ways in which atoms can be combined and arranged (and
recombined and rearranged) to make different kinds of molecules is the
science of chemistry. In a sense, this whole science is based on the atomic
model for which there is very little direct evidence. The success of chemistry
in making sense of a vast number of experiments, carried out over the past
two centuries or more, argues for the validity of this model. By using the
atomic model we are able to explain easily a great many facts that no other
rival theory has ever approached.

Atoms and chemical energy The atomic model gives a simple explanation
for the energy that is released in a reaction like the burning of a piece of
coal.

We suppose that various atoms 'exert attractive forces on one another.
These forces are basically electrical. They arise from the attractions and
repulsions among the electrically charged parts within the atom. (We will
not go into the details here.)

The fact that the forces are attractive means that there is less potential
energy when the atoms are closer together than when they are farther apart.
Energy must be supplied to pull the atoms apart. Energy can be released when
the atoms come together.

We can sketch a curve of potential energy versus distance apart between
two atoms or groups of atoms. To be specific, let one of them be an atom of
carbon, such as is found in a lump of coal. Let the other group be a pair of
oxygen atoms, a molecule of oxygen as it is found in the air.

When the two atomic groups are very far apart, they exert no forces on
each other. It takes no energy to change their separation. So the left-hand
part of the potential energy curve is a horizontal straight line. At large
separations the atoms can get a little closer together, or a little farther apart,
without any change in energy.

When the atoms get close enough to almost touch, there is an attractive
force. This is represented by a dip in the potential energy curve. If the atoms
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Figure 8-3 Potential energy due to the forces between atoms

are this close together, energy must be supplied to pull them apart. If they
happen to pass this close to each other, after having been apart, their kinetic
energy will increase to match the decrease in potential energy,

At even closer distances, the potential energy rises, The atoms have a
finite size. Their centers cannot be brought closer than a minimum distance
without squeezing the atoms. To do this would take more energy. So the
force between atoms at close distances is a force of repulsion.

When a carbon atom and a oxygen molecule pass close to each other,
they speed up a bit as the potential energy drops. Many times the two mole
cules will continue on past each other. The kinetic energy will return to its
original value as the potential energy goes back to zero.

However, if some of the energy is dissipated during a collision, the carbon
and oxygen molecules cannot separate again. The total energy of the two
molecules would be less than what it takes to get very far apart from each
other. The dissipation might take place by the release of energy in the form
of light, or by collisions with another molecule.

Having lost some of their combined energy, the carbon and the oxygen
molecules are stuck to each other. They now form a compound molecule,
carbon dioxide.

The compound molecule can continue to dissipate energy, just as the mass
on the spring did in Chapter 5. Eventually it reaches a resting condition with
its energy near the minimum of the potential energy curve. The total energy
released in the reaction is the difference between the initial potential energy,
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when the molecules were far apart, and the potential energy at the final
resting point.

When a lump of coal burns, the process just described takes place trillions
of trillions of times. Each time a molecule of carbon dioxide is formed, a
certain amount of energy is relased. The number of molecules in a gram of
carbon dioxide is a large but very definite number. Whenever a gram of
carbon dioxide is formed, that many molecules have released their energy
of combination. So the amount of heat and light released in the formation of
1 gram of carbon dioxide is always the same. If you burn twice as much coal,
you form twice as many molecules of carbon dioxide, and so will release
twice as much energy.

Definition ofchemical energy We can now define the/ormation energy of
a molecule. We start by defining the formation energy of a free single atom,
of any kind, as zero. The formation energy of a molecule is the difference
between the energy of the molecule in its resting condition, and the energy
of the state in which all the atoms that make up the molecule are running free.
Put another way, the negative of the formation energy of a molecule is the
energy released if all the free atoms that make up the molecule were to come
together at once to form the molecule.

The formation energy of any stable molecule is a negative number, less
than zero. If the formation energy were positive, energy could be released by
letting the molecule fly apart into the atoms that make it.

The chemical energy of any material is the sum of the formation energies
of all the molecules that make it.

Thus, we see immediately that the chemical energy of a lump of coal, plus
the oxygen gas that it can combine with, is higher than the chemical energy
of the carbon dioxide formed by burning it. The difference is just equal to
the amount of heat and light energy released in the burning process.

In a similar way the energy released in any chemical reaction is the dif
fenence between the chemical energy of the materials that go into the reaction
minus the chemical energy of the products formed that remain after the
reaction is complete.

The storage of energy in a convenient form, to be used when needed, has
always presented a problem. The main difficulty has been to keep the energy
from being dissipated while it is being stored.

Kinetic energy is easily dissipated by frictional forces. A modest amount
of kinetic energy can be stored for a short time in a device like aflywheel. A
flywheel is a massive rotating wheel that energy can be supplied to or with
drawn from. A potter's wheel is an example. Unless extra special care is
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taken, the flywheel can dissipate its energy in a short time through friction at
the bearings that support it, and with the air around it.

Gravitational potential energy can be stored by lifting weights. On a large
scale, it can be done by pumping water above a high dam. Energy stored in
this form can be kept for long periods and in large amounts. Converting it
into other forms is sometimes a complicated and difficult job.

Elastic potential energy can be stored by winding up a spring. The ordinary
wristwatch is an example of energy stored in this way. Very large springs are
not common. The amount of elastic potential energy that can be stored in
one place is not large.

Electrical energy can be stored in a battery or similar device. The "shelf
life" of a typical dry cell battery is a few months or years. The amount of
energy stored is modest. To store enough energy to run a small car for one
day requires hundreds of kilograms of battery material.

Heat energy can be stored for a limited time in a heat reservoir, such as
the boiler of a steam engine. The heat has a tendency to leak out through the
walls of any such heat storage device. Good design can slow the rate of heat
loss, but never completely eliminate it. A heat reservoir that can hold its
heat energy for more than a few days is considered to be very well insulated.

Nobody has yet designed a way to store energy in the form of light or
sound for more than a few seconds.

By contrast to the above methods of energy storage, chemical energy
offers immense advantages. The chemical energy stored in a lump of coal
can be (and has been) kept for millions of years, as long as the coal is not
allowed to burn by combining with oxygen. The energy that can be stored
in this way is unlimited. There is enough coal in the ground to supply all
present human energy needs many decades. The energy can be easily con
verted, when it is needed, by simply burning the coal.

The reverse process, in which energy is converted from other forms into
chemical energy, can also take place. One way to do this is to pass an electric
current through a sample of ordinary water. The electrical energy driving
the current can separate the hydrogen from the oxygen atoms in each mole
cule of water. Hydrogen gas collects at the negative electric terminal and
oxygen gas at the positive end. The process of separating molecules into their
elements by means of an electric current is called electrolysis.

The hydrogen separated by electrolysis can be stored, out of contact with
oxygen, until the energy is needed. The chemical energy so stored can be
released by setting fire to the hydrogen. It burns with a fierce blue flame.
The energy released in the burning of hydrogen, 143,000joules per gram of
hydrogen burned, is by far the highest heat of combustion of any material
known.

The chemical energy can also be released in a more controlled manner
than by burning. Hydrogen and oxygen (or many other reactants) can be



187

HOW TO
START A
FIRE

The storage ofenergy

combined in a fuel cell, which is essentially an electrolysis system run back
ward, to convert the chemical energy directly into electrical energy.

You have certainly noticed that a lump of coal in contact with oxygen in
the air does not immediately break forth into flames. You have to set fire to it
before it will burn.

The explanation we offer is that most of the carbon atoms are hidden deep
within the lump of coal and out of contact with the air. It is certainly easier to
start a fire with powdered charcoal, or with thin paper, wher~ far fewer carbon
atoms are hidden in the interior.

Most metal atoms can combine with oxygen in a manner similar to carbon
atoms. Usually we do not think of metal "burning," although the chemical
reaction very much resembles burning.

Atoms on the surface of a metal li.l5.e aluminum can combine with oxygen
to form aluminum oxide molecules. These molecules remain stuck to the sur
face of the metal. When all the surface aluminum atoms have been oxidized in
this manner, the reaction stops. The oxygen cannot get to the atoms below the
surface.

Pure iron metal, as opposed to combinations (like steel) of iron and other
materials, can combine completely with oxygen. The iron oxide that forms
has a reddish color that we call rust. In the case of pure iron, the surface layer
does not protect the interior, and the iron can rust all the way through. When
the iron is finely divided, as in iron filings or "steel wool," the metal can be
set afire and burns quite well.

The difference between slow oxidation, as in rusting metals, and burning
has to do with how easily the atoms of the material to be burned can be
shaken loose from their surroundings. Often it is a matter, as in the lump of
coal, of breaking the atom off the surface of a solid.

In other cases, as in the burning of hydrogen gas or liquid petroleum, it is
necessary to break the atoms loose from the molecules they are already in.
They can then combine with oxygen to form molecules with lower total chem
ical energy than the molecules we started with.

According to the kinetic theory, the higher the temperature is, the more
violently the molecules, and the atoms within them, are moving about. When
this motion is energetic enough, the atoms can break loose from the molecul ~
or solid they are in. So a certain temperature, depending on the material,
must be reached before burning can begin. Once the reaction starts, enough
energy is released in the burning itself to keep the reaction going.

The energy needed to shake an atom loose from its surroundings, so that it
can participate in a reaction, is called the activation energy for that ial.
The temperature at which a sufficient number of atoms have the vation
energy, so that the reaction can proceed, is called the kindling temperature for
that process.
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Our bodies need energy for all the things we do. We need energy to walk, to
talk, to do work, even to breathe. We need energy to keep our bodies warm.
We use energy for such internal functions as pumping our blood around,
fighting disease, and growing. The energy needed by our bodies for all these
purposes can be more than 10 million joules per day.

We get this energy from the food we eat. For example, the combustion of
1 gram of sugar releases 15,000 joules of chemical energy. Nearly every
item of food we can eat is able to release some energy by being "burned."

The "Calories" usually referred to in diet discussions are really
kilocalories, or 1000of the calories defined in Chapter 7. Sometimesa
capital C is used to distinguish the kilocalorie. The 15,000 joules released
in combustion of a gram of sugar, is just less than 4000calories, or 4
kilocalories. A nutritionist would say that the dietary value of the gram of
sugar is about 4 Calories.

To avoid confusion in this text, we will normally refer to chemical energy
in terms of joules.

The body does not burn its food by direct combination with oxygen. The
energy is released in a controlled manner. Usually the molecules go through
the changes in several steps, releasing some of their energy at each step.

The final products of all these changes, mainly carbon dioxide and water,
are the same as if the food had been directly set on fire. The total energy
released, which is the difference in chemical energy between the initial and
final states, is the same whether the process goes by direct burning or con
trolled changes.

When we eat food with high-energy content, much of it gets changed into
sugar in our stomachs. In this form it can pass through the stomach walls
and dissolve in the blood.

If the body does not need the energy right away, the sugar is changed into
fat. A fat is a substance with high chemical energy that does not dissolve.
The body can store large amounts of chemical energy in the form of fat.
When the energy is needed, the fat can be changed back to sugar again.

A cell that needs energy to perform its work absorbs sugar from the blood.
Inside the cell the energy from the sugar is transferred to molecules of the
chemical adenosine tri-phosphate (ATP).

ATP is a compound that has a high level of chemical energy. When it is
formed energy is held in temporary storage for use by the cell. When the
energy is released, the ATP changes to molecules oflower energy.

In the process of transferring energy from the sugar to the ATP, oxygen
is consumed. In effect, the sugar has been "burned" within the cell. But the
burning releases little heat and no light. Most of the energy released in the
sugar burning is converted directly into the chemical energy of ATP.

How the energy is finally used depends on the type of cell. In a muscle
cell, the energy released by the ATP enables the molecules of the cell to curl
up and shorten in length. The cell contracts and pulls with it the neighboring
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cells. We can say that the elastic potential energy of the cell increases, just
like that of a coiled spring.

The energy of the coiled muscle cells can be converted directly into other
forms of mechanical energy. We can throw a ball or lift a weight or push a
bicycle pedal.

Thus we see how the body can use chemical energy in the form of food to
produce mechanical energy. The chain from raw food to sugar, to fat, back
to sugar, to ATP, and then to muscular energy is a remarkably efficient way
to use the energy in the food we eat.

Energy is not the only useful thing we get from food. Food also contains
building materials-proteins, vitamins, minerals-that we can use to make
new living matter. Thus, food is necessary for us to grow and to maintain
or replace existing cells. These processes usually require energy as well as
building materials. So the energy content of our food plays a role even
when the prime function is body-building.

We now explore the question of how the chemical energy got into the food
in the first place.

When we eat a piece of steak, the chemical energy we receive comes mostly
in the form of fatty tissue that the steer's body had been storing for its own
use. The steer, of course, got the energy for its fat from the food it ate. The
steer's diet is largely grass and other plant material. So the chemical energy
in the meat we eat comes originally from plants.

We can also eat vegetables and get the chemical energy directly from the
plants. So we see that all the energy in our food comes to us, directly or
indirectly, from plants.

Plants need energy too. They need energy to grow and to point toward
the sun. Some very small plants, such as one-celled algae, need energy to
sWim.

Plants can get energy from sunlight, as we shall see, but they need to store
some of it. The energy so stored can be used at night and on cloudy days
when there is not enough sunlight. The stored energy can also be used by
sprouting seeds, in the days before the young plant is able to gather enough
energy on its own from sunlight.

The chemical energy stored by plants goes mainly into the form of plant
starches and sugars. It is fortunate for the entire animal kingdom that plants
store a great deal more chemical energy than they will ever use. Animals
cannot use sunlight directly. They derive their energy by eating plants or by
eating the meat of other animals who have eaten plants.

The process by which plants convert the energy of sunlight into chemical
energy is known as photosynthesis. In a sense photosynthesis is the opposite
of burning. This process takes water and carbon dioxide, the molecules that
are produced by the burning of fuel, and turns them into sugars and starches
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and other materials with high chemical energy. In the process, oxygen gas is
released into the air.

When we breathe, we take in oxygen and exhale carbon dioxide. When
we burn fuel the same overall changes take place. Animals-and plants, too,
when they need to use energy-are constantly using the oxygen in the air
and producing carbon dioxide. It is clear that all creatures owe a great debt
to living plants.

The steps by which photosynthesis takes place, though complicated, have
been worked out by biochemists. The process takes place in a part of plant
cells called a chloroplast. It is mediated by the green substance chlorophyll,
whose presence gives its color to leaves and grass.

At a crucial stage in the photosynthesis process, energy must be put in to
allow a certain molecular change to take place. This energy is supplied by
sunlight. The energy coming to Earth from the sun, in the form of visible
light, is absorbed directly by the plant in the course of its photosynthesis
reactions. The energy thus absorbed is changed into the chemical energy of
plant sugars and starches.

The grand result of the whole cycle of photosynthesis and eating and breath
ing can be summarized simply. The molecules like oxygen and carbon dioxide
and chlorophyll return at last to their original state. Though energy was
stored for a time in some chemicals, it was not supplied nor consumed by
them. Energy was absorbed by the plants from sunlight. And at a later stage
it was released by the burning, direct or indirect, of food and fuel.

The fuel we burn for our energy needs comes generally from the parts of
plants where chemical energy has been stored. Sometimes, as when we burn
logs, we use energy stored by a tree that was recently alive. In other cases we
use the energy stored by plants, and animals, that lived millions of years ago.

Fossil fuels, coal and petroleum and natural gas, derive from the remains
of creatures that lived and died long before man appeared on Earth. Coal
was formed from ancient trees and plants that fell and were buried. Oil and
gas are derived from the fatty tissue of animals, including insects and sea
creatures, that were similarly buried. Millions of years of being pressed down
by the earth above them have shaped these tissues into their present form.

When we take these fossil fuels from the ground and burn them for our
energy needs, we are consuming in a brief time what it has taken the natural
cycles of the earth hundreds of millions of years to store up. When they are
finally all used, they cannot be replaced on any human time scale.

This chapter should have made clear by now that nearly every source of
energy we use regularly on Earth, the food we eat, the fuel we burn, depends
on the energy 'delivered by sunlight. The photosynthesis in plants, trapping
the sunlight and storing its energy in plant chemicals, now and in the past, is
the major channel for most of the energy we use today.

There is some energy that comes from the sun but does not pass through
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the photosynthesis channel. Sunshine falling on lakes and oceans can evapo
rate some of the water and warm the water molecules. These warm molecules
then rise in the air, converting the heat energy into gravitational potential
energy. Eventually they may condense again into liquid water droplets that
form clouds and fall again as rain. The gravitational energy released by
rainwater running downhill can be used to turn wheels and can also be
converted into electrical and other forms of energy.

The energy of the winds and of ocean waves derives also from the action
of sunlight. If we use this energy to drive windmills or sailboats, we are again
benefitting indirectly from the sun.

There are some sources of energy that do not derive from sunlight. There
is the energy stored in the earth itself. The heat energy of the hot material
deep within Earth, which drives geysers and volcanos, can be tapped to run
geothermal power plants. The kinetic energy of Earth's rotation, which is
responsible for the ocean tides, is another reservoir of energy that might be
turned to our needs. Nuclear energy, which will be discussed in a later chapter,
is also stored in some of the materials found on Earth. None of these non
solar sources of energy have been used extensively until very recently.

Humans have used many seemingly different sources of energy in our
history. We have used our own muscles, and those of horses and oxen. We
have burned wood. We have trimmed sails on our boats. We have used water
wheels and windmills. We have burned coal and oil to drive our engines. It
is remarkable that all these sources commonly used by men have derived
their energy from a common source-our sun.

Table 8-1 THE ATOMS OF THE KNOWN CHEMICAL ELEMENTS

Name ofatom Symbol Mass *

1 Hydrogen H 1.0 in water, living matter, stars
2 Helium He 4.0 a rare gas on earth, but abundant

in the sun and other stars
3 Lithium Li 6.9 in rocks and minerals
4 Beryllium Be 9.0 a rare metal
5 Boron B 10.8 in boric acid
6 Carbon C 12.0 in livingmatter, coal, diamonds
7 Nitrogen N 14.0 in air, living matter
8 Oxygen 0 16.0 in air, water, livingmatter
9 Fluorine F 19.0 in "Freon," used as a refrigerant

10 Neon Ne 20.2 neon lights
11 Sodium Na 23.0 in rocks and minerals, common-

salt
12 Magnesium Mg 24.3 in rocks and minerals

*Masses of atoms are given in atomic mass units. Six trillion trillion atomic mass units
have a mass equal to 10 grams.
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Table 8·1 (Cont.)

Name ofatom Symbol Mass *
13 Aluminum AI 27.0 a common metal; in clays
14 Silicon Si 28.1 in sand, rocks, electronic devices
15 Phosphorus P 31.0 in living matter, fertilizer
16 Sulphur S 32.1 in sulfuric acid
17 Chlorine CI 35.5 in common salt, cleaning fluid
18 Argon A 39.9 about 1% of the air
19 Potassium K 39.1 in many salts, nerve cells
20 Calcium Ca 40.1 in bones, chalk, limestone
21 Scandium Sc

45°122 Titanium Ti 47.9
metals mixed into some forms of

23 Vanadium V 50.9
steel

24 Chromium Cr 52.0
25 Manganese Mn 54.9
26 Iron Fe 55.8 a common metal; in steel; in blood
27 Cobalt Co 589)28 Nickel Ni 58.7

fairly common metals
29 Copper Cu 63.5
30 Zinc Zn 65.4
31 Gallium Ga 697)
32 Germanium Ge 72.6

used in electronic devices
33 Arsenic As 74.9
34 Selenium Se 79.0
35 Bromine Br 79.9 used in photographic film
36 Krypton Kr 83.8 a rare gas
37 Rubidium Rb

855)38 Strontium Sr 87.6
39 Yttrium Y 88.9 fairly common metals, found in
40 Zirconium Zr 91.2 some minerals
41 Niobium Nb 92.9
42 Molybdenum Mo 95.9
43 Technetium Tc 98.9 man-made; not found in nature
44 Ruthenium Ru

101.1145 Rhodium Rh 102.9 fairly rare metals
46 Palladium Pd 106.4
47 Silver Ag 107.9 a precious metal; used in coins and

photographic film
48 Cadmium Cd 112.4} fairly rare metals
49 Indium In 114.8
50 Tin Sn 118.7 a common metal
51 Antimony Sb 121.81
52 Tellurium Te 127.6 nonmetals
53 Iodine I 126.9
54 Xenon Xe 131.3 a rare gas
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Table 8-1 (Cont.)

Name a/atom

55 Cesium
56 Barium
57 Lanthanum
58 Cerium
59 Praseodymium
60 Neodymium
61 Prometheum
62 Samarium
63 Europium
64 Gadolinium
65 Terbium
66 Dysprosium
67 Holmium
68 Erbium
69 Thulium
70 Ytterbium
71 Lutetium
72 Hafnium
73 Tantalum
74 Tungsten

Symbol

Cs
Ba
La
Ce
Pr
Nd
Pm
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta
W

Mass *

132.9}
137.3
138.9
140.1
140.9
144.2
(145)
150.4
152.0
157.2
158.9
162.5
164.9
167.3
168.9
173.0
175.0

178.5}
180.9
183.9

fairly uncommon metals

man-made; not found in nature

rare metallic elements, very simi
lar to each other; known collec
tively as "rare earths"

fairly uncommon metals

used in cathode-ray tubes (as in
TV or X rays)

75 Rhenium Re
76 Osmium Os
77 Iridium Ir
78 Platinum Pt
79 Gold Au
80 Mercury Hg

81 Thallium Tl
82 Lead Pb
83 Bismuth Bi
84 Polonium Po
85 Astatine At
86 Radon Rn
87 Francium Fr
88 Radium Ra
89 Actinium Ac
90 Thorium Th

91 Protactinium Pa
92 Uranium U

93 Neptunium Np

186.21
190.2
192.2

195.1 }
197.0
200.6

204.4
207.2
209.0
(209)
(210)
(222)
(223)
(226)
(227)
(23iO)

231.0
238.0

237.0

fairly uncommon metals

precious metals

a liquid metal; used in thermome
ters
an uncommon metal
a common metal
a fairly uncommon metal

a gas
radioactive elements, found in as
sociation with uranium, or man
made
a metal, possibly a future nuclear
reactor fuel
man-made
a metal, used as fuel in nuclear
reactors
man-made; not found in nature
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Table 8-1 (Cont.)

Name of' atom Symbol Mass *
94 Plutonium Pu (244) man-made; used in bombs; possi-

ble future use as reactor fuel
95 Americium Am (243)
96 Curium Cu (247)
97 Berkelium Bk (247)
98 Californium Cf (251)
99 Einsteinium Es (254)

100 Fermium Fm (257) man-made elements not found in
101 Mendelevium Md (256) nature, usually short-lived
102 Nobelium No (254)
103 Lawrencium Lr
104 Rutherfordium Rf
105 Hahnium Ha
106 (not yet named)

Glossary activation energy-The energy needed to shake an atom loose from its
surroundings so that it can participate in a reaction.

adenosine tri-phosphate (ATP)-An energy-rich compound found in cells.
ATP gets its energy from the oxidation of sugar brought to the cell by
the blood. It releases its energy to enable the cell to do its work, for
example, to enable a muscle cell to contract.

atomic mass unit (abbreviated amu)-The unit in which the masses of atoms
and molecules are commonly measured. Thus, a carbon atom has a
mass of 12 amu. It takes 600 trillion trillion atomic mass units to make 1
kilogram.

atoms-The extremely small particles that can be put together to build all
the molecules of normal matter. Nobody can ever see an atom directly,
They are so small that the waves of ordinary light will diffract around
them. Our belief in the existence of atoms is based On the success of this
model in explaining so many facts about, for example, chemistry or
heat.

carbon dioxide-A gas found in small amounts in the atmosphere. It is
produced whenever a carbon-containing material-such as coal, oil,
wood, or sugar-reacts with oxygen to release energy. Carbon dioxide
is produced in most burning. It is exhaled when we breathe.

chemical energy-The energy that a certain amount of material has by virtue
of its state of chemical combination; the sum of the formation energies
of all its molecules. The chemical energy of a material consisting
entirely of atoms of the elements in their uncombined state can be
taken as zero. If energy is released when the atoms combine, the energy
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of the resulting combination is less than zero, by just the amount of
energy released. Although, by this convention, the chemical energy of
any stable compound is a negative quantity, some are more negative
than others. For example, a system of unburned wood plus oxygen gas
has a higher chemical energy than the state of carbon dioxide, water
vapour, and ash that remains after it has been burned.

chemistry-The branch of physical science that deals with the ways in which
atoms can be combined and arranged to make different kinds of
molecules.

chloroplast-The part of a plant cell in which photosynthesis takes place.
compound-A material composed of molecules containing atoms of more

than one element.
electrolysis-The process by which water, or some other liquid, can be

separated into its elements by passing an electric current through the
liquid. Energy must be supplied to break up a stable compound such as
water.

element-One of 106 now known substances whose molecules are made of a
single kind of atom. No chemical process can reduce an element to
any simpler substance. All other sub tances are made of combinations
of atoms of the various elements.

fat-A compound, high in chemical energy, not soluble in water, which is
used to store excess energy in the bodies of animals and humans.

flywheel-A massive rotating wheel in which kinetic energy can be stored for
a short time.

fire-A chemical reaction in which elements and compounds high in chemical
energy combine rapidly-usually with oxygen gas-to form compounds
like carbon dioxide that are lower in chemical energy. The difference in
chemical energy is released mainly in the form of heat and light.

formation energy, of a molecule-The difference between the energy of the
molecule, in its resting condition, and the energy of the state in which
all the atoms that make up the molecule are free. The formation energy
of any stable molecule is a negative quantity; energy must be supplied
to break it up. But some molecules have more negative formation
energy than others.

fossil fuels-Coal, oil, natural gas; fuels derived from the fats and starches
of animals and plants that died long ago. The energy-rich compounds
in their bodies escaped consumption and have been preserved in the
ground for millions of years. There may be enough fossil fuels on
Earth to supply human energy needs for several generations. But they
are not being replaced as fast as they are consumed, and so they must
eventually run out.

fuel cell-A device in which a chemical reaction, similar to the burning of
fuel, is allowed to proceed in a controlled way, releasing energy in an
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electrical form rather than as heat and light. In a hydrogen fuel cell,
hydrogen and oxygen are kept apart, so they do not combine explo
sively, but only through the intermediary of a current passing through
a water solution. This fuel cell resembles an electrolysis process run
backward.

geothermal-Referring to energy derived from the internal heat energy of
Earth. Geothermal energy sources include geysers and other places
where hot material from within Earth comes near the surface. The
origin of the heat energy of Earth is: (1) gravitational energy released
when the rocks and dust that formed Earth first collapsed together;
and (2) nuclear energy released when radioactive materials, like ura
nium, within Earth undergo decay.

heat of combustion-The energy released, per gram of fuel material, when a
substance is burned. The heat of combustion of many carbon-containing
materials-coal, wood, paper, sugar, oil-is about 15,000 joules per
gram.

kindling temperature-The temperature needed to start a fire. At the kindling
point the average mechanical energy of the molecules is high enough
to break atoms loose from their surroundings so that they can combine
with oxygen. The burning releases more energy that heats up the remain
ing molecules to keep the process going.

molecule-The smallest particle of material that can exist alone and still
behave like that material. All normal matter is thought to consist of
large numbers of very small molecules. Molecules themselves are made
of one or more atoms bound together.

oxidize-To combine with oxygen, usually releasing energy. Oxidation can
take place rapidly, as in a fire, or slowly, as in the rusting of iron.

photosynthesis-The process by which plants use the energy from sunlight
to help them create energy-rich compounds, such as sugars, out of
carbon dioxide and water. The net reaction is to reverse the oxidation
of sugar-either by direct burning or by animal use of food energy.
Carbon dioxide is removed from the air, oxygen is released back into
it, and energy from the sun is transformed into the chemical energy of
sugars and starches stored in the plant.

rust-The oxidation, or slow burning, of iron. Also, the reddish compound,
iron oxide, that forms when iron rusts.

starch-An energy-rich compound containing carbon, hydrogen, and oxygen
atoms, not soluble in water, which is used to store excess energy in
plants.

sugar-An energy-rich compound containing carbon, hydrogen, and oxygen
atoms, soluble in water, which is used to store and transport chemical
energy in plants and animals.
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1. What forms of energy appear when a piece of paper is burned?

2. Where does the energy come from when it is released in the burning
of a piece of paper?

3. Why can't the paper be burned twice?

4. How much ice can be melted with the energy released in the burning
of 1 gram of paper?

5. Suppose there were only 20 kinds of atoms, and that each molecule
was made of exactly 2 atoms. How many different kinds of molecules
could we make under these rules?

6. What makes us believe that there are such things as atoms and
molecules?

7. How much energy can be stored in a kilogram of coal by lifting it to a
height of 100 meters? How much energy is conveyed to the kilogram by
setting it in motion at a speed of 100 meters per second? Compare this
with the energy that can be released by burning 1000grams of coal.

8. Why doesn't a piece of paper, in contact with air, break into flame
spontaneously?

9. How can you keep a piece of iron from rusting?

10. Give three reasons why our bodies need energy. How are these energy
needs supplied?

11. Give three reasons why plants need energy. How are these energy needs
supplied? Under what conditions will plants use more oxygen than
they produce?

12. Consider the process of a boy throwing a ball. Trace the energy used in
this process from its origin in the sun until it is finally dissipated.

13. Consider the process of a battery-powered car being driven up a hill,
coasting down, and then stopping. Suppose that the local source of
electric power is derived from water flowing over a dam. Trace the energy
used in this process from its origin in the sun until it is finally dissipated.

14. Name 10 different sources of energy that can be used to meet society's
energy needs. What is the original source of the energy in each case?

15. Is there a limit to how much energy human society can consume per
year? What sets this limit? (Hint: In the long run, all the reserve fuels
nuclear as well as fossil fuels-may be used up. After that we cannot
consume energy any faster than it can be replaced.)
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Up to now, every time we have talked about changing between heat energy
and mechanical energy, the transfer has always gone one way. Mechanical
energy has been dissipated into heat energy. Is it possible to make the transfer
go the other way? Can heat energy ever be converted into more useful forms?

The answer is yes, at least partially. There are devices that take heat energy
as input and convert some of it into mechanical energy. Such a device is
called a heat engine. An automobile motor is one type of heat engine. A steam
turbine, such as is used by electrical power companies, is another. The fact
that heat engines exist is proof that we really can extract useful forms of
energy from heat sources.

But it is also true that the transfer from heat to mechanical energy is not
as simple as the other way around. You can dissipate mechanical energy
into heat by rubbing your hands together. Making a working heat engine
takes knowledge and skill. The first steam engine was not invented (by a
British engineer, James Watt) until the mid-18th century. Before then, there
were no practical heat engines.

Is there a reason why energy flow is so much easier in one direction than
the reverse? The law of conservation of energy gives no clue why this should
be true. According to that law, transfer of energy in either direction is pos
sible. That, we have seen, is correct. But a second law of heat science (or
thermodynamics) is needed to explain why heat energy is harder to convert
to mechanical energy than the other way around.

The Second Law of Thermodynamics can be expressed in several different
ways. One statement of the law says, basically, that heat energy will not
convert itself spontaneously and completely into mechanical energy. Another
statement of the Second Law says that heat energy will not flow naturally
from a cold source to a wanner one. These very different statements turn
out to be equivalent. If either one were false, the other statement would have
to be false also. There are other ways to express the Second Law. Most of
them take the form that there are certain kinds of processes that simply do
not occur by themselves in nature.

The great trend of nature, according to the Second Law, is all downhill.
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Mechanical energy is dissipated into heat energy, and cannot be completely
recovered. Hot and cold substances, when mixed together, come to the same
lukewarm temperature, and don't unmix again. Air, water, and the environ
ment are readily polluted, and can be cleaned up only at great expense. We
can scramble an egg easily, but we don't know how to unscramble one. In
the long run, this law predicts, everything comes to equilibrium at the same
temperature, uniformly mixed, and spread out all over.

According to the kinetic theory we have argued before, on a molecular
scale there is no difference between heat energy and mechanical energy. Heat
energy is the mechanical energy associated with the random motion of the
molecules. Where does the Second Law fit into such a theory? We can argue
that the Second Law is really a law of probabilities. It is far more likely, since
there are so many more combinations possible, that the molecules of a
substance will move in random directions (which we would call "heat") than
that large numbers of them should all move together (which we might con
sider as "mechanical" energy). When sound is produced, it is more likely to
be "noise" than "music." On the molecular scale, the Second Law can be
expressed in the idea that it is much more probable to produce disorder from
order in molecular motions than the other way around.

c.P. Snow, the British novelist and scientist, in his essay, "The Two
Cultures," has expressed the opinion that every educated person should be
as familiar with the Second Law of Thermodynamics as with the plays of
Shakespeare. It is the content of this chapter to acquaint the student with
the meaning and implications of the Second Law.

Heat engines Demonstration: A simple heat engine. We make use of a toy "dipping
bird" that can be purchased in novelty shops. Inside the "bird" is a liquid,
such as methylene chloride, whose boiling point is just above room tempera
ture. The "body" is mounted on a pivot, with most of the liquid in the "tail."
The action is started by rubbing the tail with your hand, or by wetting the
"beak" with cool water. This sets up a temperature difference between tail
and beak.

The bird still sits stationary after rubbing or wetting. Then, quite suddenly,
. the beak tilts downward and drops into the "drinking cup." Immediately as

it reaches the cup, the tail tilts back down again. The bird comes to its
original position, where it remains for many seconds, until it is ready to
repeat the cycle. This repeated action can continue for hours. If the tail is
kept warm and the drinking cup full of cool water, the action can go on
"forever."

How does it work? The liquid in the tail, which is kept warmer than the
rest of the toy, keeps evaporating, turning into vapor. This vapor condenses
in the beak, which is kept cooler. Some of the vapor collects in the tail, which
is so warm that it does not condense there. The warm vapor in the tail builds
up to a higher pressure than the cool vapor in the beak. This means that
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energy can be released if the vapor in the tail expands and forces some of the
liquid up the neck of the bird. This is what happens.

When enough liquid has been transferred from tail to beak, the system gets
unbalanced and tips over. Once it has tipped over, the excess liquid in the
beak can run down the neck of the bird and back into the tail. The tail tips
back down again, and the cycle starts over.

This toy is actually an example of a heat engine. It is a device for converting
heat energy into more useful forms, such as mechanical energy. This toy
could be used, for example, to wind up a clock or ring a bell. It has several
features in common with all heat engines, which we should notice here.

(a) Heat energy must be supplied to keep it going. In this case we must
provide the latent heat of vaporization to the fluid. This comes from the heat

Pressure of the warm vapor in the
tail forces liquid up the neck.

\

... and condenses here.

Liquid evaporates here ...

When it tips over, liquid can run back to tail.

Water keeps beak cool.

Figure 9-1 How the "Dipping-Bird" toy works
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of our hand, or sunlight, or simply the warm room air. The toy will not
work in a very cool place.

(b) Mechanical energy appears, where none was present before. Gravi
tational potential energy appears first, when the liquid is transferred from
the lower tail to the higher beak. Then this GPE is converted into kinetic
energy, as the beak moves downward and the tail up.

(c) A temperature difference must be maintained. The beak must be
cooler than the tail, so that more vapor will condense in the beak. The action
of the toy will stop if we dip the tail in the same cool water that the beak
touches.

(d) Much of the heat energy is not converted into mechanical energy,
but is simply transferred from the warmer to the cooler region. When the vapor
condenses in the beak, the latent heat of vaporization is released. This goes
largely to warm up the water that sticks to the outside of the beak. (Usually
the beak is covered with cotton or felt to soak up some of the water from the
cup.) More cool water must be supplied from the drinking cup each cycle
to absorb the heat energy thus transferred.

(e) The working substance inside the heat engine returns to its original
condition after each cycle. The liquid goes back to the tail ready to be warmed
up and evaporate again. This is a necessary feature if we are to have repeated
action. We could certainly build a "one shot" engine that would release its
energy on the first cycle and then not work again. But a useful heat engine
should be capable of converting as much heat energy as we can supply. This
can happen only if the working substance returns to its original state after
each cycle. The source of the energy is not the working substance itself, but
an external heat supply.

A heat engine, as we have said above, is a device for converting heat energy,
at least partially, into useful mechanical or electrical energy.

A heat engine generally makes use of a working substance, a material
whose size or shape changes when heat energy is added or taken away. The
working substance returns, after each cycle of the heat engine, to its original
state so it can be used again to convert more heat energy. The energy of the
working substance is the same at the end of the cycle as it was at the begin
ning. In any complete cycle of a heat engine, no net energy is supplied or
absorbed by the working substance.

Gases are typically used as the working substance of a heat engine. The
volume of a gas can change dramatically upon rather modest changes in
temperature or pressure. Even more effective is a liquid that can vaporize
into a gas, changing its volume by a factor of a thousand. The steam engine
and our dipping-bird are examples. A liquid, such as gasoline, that can change
into gases by a chemical reaction, can be both the working substance and the
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source of energy at the same time. I Heat engines can also be made to use
solid substances that expand or change shape when heated.

During part of the cycle of any heat engine, heat energy is supplied to the
working substance to make it expand. This heat energy can come from a
part of the system that is kept at high temperature, such as the boiler of a
steam engine.

At another point in the cycle, heat energy must be extracted from the
working substance, so that it can return to its original condition to be used
again. This can be done by bringing the working substance in contact with
a cool part of the system, such as the exhaust of a steam engine.

These are general features of heat engines. There is a source of heat energy,
a warm reservoir, at a high temperature. And there is a cool reservoir to
absorb the excess heat energy at the end of the cycle. Every heat engine
known depends on there being a temperature difference between the two
reservoirs. It is obvious that a heat engine needs a source of heat energy.
But it is equally true that a cool reservoir is a needed part of the system. The
cool reservoir can be, for example, water drawn from a nearby lake or river.
Or it can be simply the cool air surrounding the engine.

We can summarize these features of a heat engine by the diagram in Fig.
9-2. During each cycle, an amount of heat energy, HI, is extracted from the

Warm reservoir

Heat energy in, H 1

Mechanical energy out, M
Working substance

Heat energy out, H
2

Cool reservoir

Figure 9-2 Energy flow in a typical heat engine

I In an internal combustion engine, such as the motor of an automobile, the working sub
stance does not return to its original state. The analysis is more complicated than described
in this chapter.
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warm reservoir. At the end of each cycle an amount of heat energy, H 2 , is
deposited in the cool reservoir. Call M the amount of mechanical energy
produced during the cycle.

The law of conservation of energy requires that

All the heat energy put into the system must be accounted for. Part of it
goes into useful mechanical energy, such as lifting a weight or turning a
wheel. The rest goes into the heat energy of the reservoir that cools the
exhaust part of the engine.

M is always less than HI, because H 2 is not zero. So a heat engine does
not convert all of the heat energy supplied into useful mechanical energy.
We can define the efficiency of a heat engine as M divided by HI' The effici
ency is a number between 0 and 1. It can also be expressed as a percent.

Often the efficiency of heat engines is not very high. The efficiency of an
automobile engine is less than 5 %. The engineers at your local power com
pany would be quite pleased if the efficiency of the steam turbines, which
produce electrical energy from the heat energy of burning fuel, were as high
as 40%.

The fact that a heat engine is not 100%efficient has significant consequences,
some of immediate practical importance, and others of a philosophical
nature:

1. The necessity of having a cooler reservoir available places a limita
tion on the location of industrial plant sites. Adequate cooling is a necessity
for operating a heat engine of any type.

2. Thermal pollution. The exhaust of heat energy always goes along
with any form of heat engine. This will be true even if we someday discover
a virtually inexhaustible, clean source of energy. The warming of rivers and
lakes may affect the animals and plants living in them. The heating of the air
and the water may eventually cause unwanted changes in the climate.

Even the mechanical energy produced by a heat engine will usually
be dissipated into heat energy before long. The brakes of your automobile
heat up when you stop the car. Television sets, electric light bulbs, power
tools, dishwashers-all convert electrical energy into heat. The fate of nearly
all mechanical and electrical energy in our experience is to be turned into
heat energy.

The very fact that we use energy creates thermal pollution. Even the
useful mechanical and electrical energy is soon dissipated. But since the heat
engine that produced the useful energy probably had low efficiency, an even
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larger amount of heat energy was tranferred to the environment right at the
power plant. The only way to avoid thermal pollution is to use less energy.

3. Impossibility of perpetual motion. Since ancient times, mechanics
and philosophers have been fascinated by the idea of building a machine that
would persist forever in undiminished motion. Such a machine would make
a fascinating toy. It might even, so it was thought, have useful functions
such as driving a mill wheel, or at least a clock, that would never run down.

We know now, from the law of conservation of energy, that we cannot
extract useful mechanical energy from any system without slowing it down
in some way. So it is hopeless to expect to extract useful energy from a
perpetual motion machine.

Even a perpetual motion toy, from which no energy is taken, will not
work. Every real system in motion has some friction, some form of dissipa
tion. With even the slightest amount of dissipation, some mechanical energy
will be converted into heat energy. When this has gone on long enough, all
the kinetic energy of any system will be dissipated, and the motion will stop.

With our understanding that heat is a form of energy, we can think of
a perpetual motion machine of the second kind. In such a machine, the heat
energy generated by friction is used to run a heat engine. In this way we hope
to recover the mechanical energy lost through dissipation.

Since no heat engine is perfectly efficient, even this scheme will fail.
At least part of the heat energy is transferred to cool reservoirs, and is not
recovered as mechanical energy. Energy that has once been converted to heat
energy cannot be completely recovered.

4. The eventual "heat death" of the universe. Heat energy is con
stantly being generated by friction and other forms of dissipation. Even the
best heat engines cannot recover all of it. Eventually, some people believe,
we must come to the state where all the available energy is transformed into
heat energy. In such a state, all material will be evenly mixed up and dis
tributed. Everything will be at the same temperature. Aside from the effects
of chance fluctuation, nothing useful can happen further.
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Most gases at low pressure and high temperature behave very much like ideal
gases.

The warm and the cool reservoirs are so massive that they can pro
vide, or absorb, all the heat energy required' by the engine without any sig
nificant change in the temperature of the reservoirs.

3. Each step of the engine cycle is carried out so slowly and carefully
that the working substance has time to adjust completely to the changed con
ditions. Thus, no energy is wasted by needlessly stirring up the working gas.

The engine consists of a fixedamount of ideal gas confined in a metal cylin
der in which a sliding piston is free to move up and down. The piston fits

Cylinder
Start of cycle - gas compressed.

Piston

arm reservoi

Step One
Gas expands at
constant temperature.

Cool reservoir

Step Three
Gas contracts at
constant temperature.

Step Two
Gas continues to expand,
cooling as it does so.

, ,
Step Four
Gas continues to contract,
under pressure, warming as
it does so.

Figure 9-3 A Carnot cycle heat engine
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snugly in the cylinder, so no gas can escape or enter around its edges. Various
weights can be placed on the piston to increase or decrease the pressure on the
gas.

At different parts of the cycle the cylinder can be put in contact with either
of the two reservoirs. This is done by connecting a heat switch that allows heat
energy, but no material, to flow between the working gas and one of the heat
reservoirs. A strip of a good conducting metal, like copper or silver, in tight
contact with the cylinder, makes a good heat switch.

We can start the cycle at any point. Let us begin at the point where the
working gas is compressed to its smallest volume at the highest pressure of the
cycle.

In the first step of the cycle, the heat switch is closed between the working
gas and the warm reservoir. The gas is made to expand at the constant tem
perature of this reservoir. Mechanical energy is extracted as the weights on the
piston are lifted. This energy has to come from somewhere. It does not come
from the gas itself. Since its temperature is kept constant, the kinetic energy
of its molecules stays the same. So the energy for raising the weights must
come out of the heat energy of the warm reservoir.

The area shaded in cross-hatch in the pressure-volume graph of Fig. 9-4
represents the energy, HI> extracted from the warm reservoir during this part
of the cycle.

In the second step of the cycle, the cylinder is isolated from both reservoirs.
It is allowed to expand further, as the weights are gradually removed. More
mechanical energy is extracted. The source of this energy can be only the
internal energy of the working gas itself. So the gas cools down. The kinetic
energy of its molecules decreases. This step of the cycle continues until the
gas reaches the temperature of the cool reservoir.

In step three, the cylinder is placed in contact with the cool reservoir.
Weights are gradually added to the piston to make the gas contract at constant
temperature. Mechanical energy is released as the weights fall. This energy
must go somewhere. In the Carnot cycle we are careful not to let it go into
kinetic energy of the piston. Such energy would be soon dissipated by fric
tional forces, and lead to waste.

The energy released does not go into the working gas. The gas is kept at
constant temperature during this phase, which means the kinetic energy of
its molecules does not change.

So the mechanical energy released during step 3 is all transferred into heat
energy of the cool reservoir. The amount of energy thus released in this step
is represented by the area shaded in gray in the pressure-volume graph.

In step 4, weights are added to the piston to compress the gas back to its
star' conditions. This step is carried out with the cylinder isolated from

heat reservoirs. The energy released by the falling weights goes into
ding up the internal motions of the gas molecules. So the temperature of

the gas rises. The separation point between steps 3 and 4 is set in such a way
that the gas comes back to exactly its starting temperature, pressure, and
volume. The cycle can then begin again.

Because the Carnot cycle is carried out under such idealized conditions, it
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• Starting (and finishing) point

Step
four

'-'-,
'--.

Lower ~---.::!
temperature, T 2

Volume

~ Energy extracted from hot reservoir during Step one, W,

IiI Energy delivered to cool reservoir during Step three, W2

Figure 9-4 Pressure, volume, and temperature relations in a
Carnot cycle heat engine
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This state of affairs is called the "heat death" of the universe. Calcula
tions of the time scale for the "heat death" show that it is so far in the future
that many other predictable catastrophes are likely to have ended all life on
Earth long before the "heat death" comes about.

A heat engine can be run in reverse. Mechanical energy can be applied to
force heat energy to flow from a cooler to a warmer reservoir. An engine used
in this fashion is caned a refrigerator.

We can draw a diagram to show the energy flow in a refrigerator by revers
ing all the arrows in the diagram for the heat engine. In your home refrigera
tor, working under steady conditions, the "cool reservoir" is the meat, milk,
vegetables, and air inside the refrigerator. These materials get heat energy
that leaks into the refrigerator from the room outside, either through the
inulation, which is never perfect, or when the door is opened.

The "warm reservoir" is the air of the room outside. It gets into contact
with the inside parts, through the vanes at the back or top of your refrigerator.
Feel the vanes on your own home refrigerator. Do they get warm?

The "working substance" is Freon or some other refrigerating substance,
a liquid/gas with a low boiling point. This material is pumped around inside
the coils of the refrigerator. The mechanical energy for the refrigerator motor
is supplied by plugging it into the local electrical outlet.

It is clear that HI, the heat energy supplied to the warm reservoir in a
refrigerator, is larger than M, the mechanical energy supplied. In typical
conditions of your home refrigerator it can be 10 times as large.

We will call the ratio of M divided by HI the counterefficiency of the
refrigerator. The smaller the counterefficiency, the less mechanical energy
is needed to pump a given amount of heat.
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Warm reservoir

Heat energy out, H,

Mechanical energy in, M
Working substance ..

Heat energy in, H2

Cool reservoir

Figure 9-5 Energy flow in a refrigerator

The Second
Law

A very poor heat engine makes a very good refrigerator when run in
reverse. Clearly, refrigerators work best when they operate at low tempera
tures and between reservoirs that have a small temperature difference.

When only electrical energy is available, a very efficient device for heating
your home is a heat pump. A heat pump is a refrigerator whose "cool reser
voir" is the outdoors and whose "warm reservoir" is the inside of your house.
It is as if you mounted a refrigerator in your window with the door open and
facing outward. Your attempt to cool down the world outside would result
in the transfer of heat energy to the vanes of the refrigerator, which are
inside the house.

Suppose you have electrical energy available to heat your house. You can
simply dissipate it in an electrical heater. The heat energy thus produced will
equal the electrical energy dissipated. Or you can use the electrical energy
to run a heat pump. The heat energy transferred to your house then will,
depending on the counterefficiency of the heat pump, be several times the
electrical energy used.

In Chapter 7 we calculated that, if we mixed 50 grams of water at O°C with
50 grams of water at 100°C, the mixture would settle at a temperature of
50°C. It would not contradict the law of conservation of energy for a 100-g
beaker of water at 50°C to separate itself into 50 g at O°C and 50 g at 100°C.
Nor would such a process violate any other principle of mechanics.

But we know very well that such things do not happen spontaneously in
nature. There is a natural direction in which processes take place. Heat flows
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from warm bodies to cold bodies, and not vice versa. We can think of many
other examples ofprocesses that have this irreversible property.

A new principle of physics is needed to account for the inversibility of
such processes. It is called the Second Law of Thermodynamics. (The first
law of thermodynamics is the law of conservation of energy, with heat energy
recognized as one form ofenergy.)

This new principle can be stated in many ways. We will use the following
statement, first proposed by Rudolph Clausius (1822-1888):

"There is no process which takes place in which the final net result is
that heat energy has moved from a cooler to a warmer body and nothing
else has changed."

In other words, there is no such thing as an ideal refrigerator, one that
works with no input of mechanical or electrical energy.

This statement of the second law means that no such process is possible,
no matter how indirectly it is accomplished, nor how complicated an appara
tus we use. This gives the statement of the Second Law very powerfull
consequences. Using it we can show that a large number of other processes
also cannot take place. For if they did, it would be possible to use them to
build an ideal refrigerator.

To illustrate the power of the Second Law, we show, in the accompanying
box, that one cannot build a perfectly efficient heat engine, one in which no
heat energy needs to be transferred to a cool reservoir. This fact can be
summarized in an alternate statement of the Second Law, one proposed by
Lord Kelvin (1824-1907).

"There is no process which takes place in which the final net result is
that a single warm object has lost heat energy, an equal amount of
mechanical energy has been generated, and no other change has taken
place."

The "no other change" provision means in particular that the working
substance in any heat engine has gone back to its starting condition.

Applications of the Second Law The second law, no matter how stated,
leads to several important results. For one thing, the Kelvin statement of the
Second Law tells us that, even in principle, there is no such thing as a 100%
efficient heat engine. This leads to all the consequences that were outlined
in an earlier section of this chapter. Thermal pollution must always accom
pany the operation of any heat engine. Perpetual motion machines do not
work. And so forth.

We can use the Second Law to prove that there has to be a difference in
temperature to make a heat engine run. (Can you supply the proof?) This
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fact places a severe restriction on the availability of heat energy to do useful
work.

For example, there are billions of joules of heat energy that would be
released if the water in the ocean could all cool down by just 1 degree Celsius.
But this energy is not available to run machines. There is no cooler reservoir
into which the exhaust energy could be conveniently deposited."

If heat energy keeps flowing from warmer to cooler reservoirs, eventually
all the warmer bodies will cool down, and the cooler ones will warm up. To
keep our engines running we must rely on the continual supply of heat
energy at high temperatures. It is this feature that makes a fuel that burns at
high temperature so valuable.

We shall prove in this section that if the Clausius statement of the Second
Law (that there is no ideal refrigerator) is correct, then the Kelvin statement
(that there is no perfectly efficientheat engine) must be true.

Our method of proof will be to assume the opposite. We will suppose the
Kelvin statement is false, that there is a way to make a perfectly efficientheat
engine. Then we will show that, if this were the case, we could use it as part of
an ideal refrigerator. But the Clausius statement says that there is no way,
however indirect, to build such a refrigerator. Therefore, we will see that if
the Kelvin statement were false, the Clausius statement would also be false.
So, by a well-known step in logic, we will conclude that if the Clausius state
ment is true, the Kelvin statement must also be true.

The construction of the ideal refrigerator, given that there is a perfectly
efficient heat engine, is simple. Suppose there is such a heat engine that can
deliver, say, 100joules of mechanical energy in 1 cycle by extracting an equal
amount of heat energy at, say, 100°C.

Let us also suppose we know how to make an ordinary refrigerator that
pumps heat energy from a reservoir at, say, O°C to another reservoir at 100°C.
Let the counterefficiency of this refrigerator be such that, if 100 joules of
mechanical energy are put into it, about 200joules of heat energy will be trans
ferred from the cool reservoir, thus delivering a total of 300 joules to the
warm reservoir. The exact numbers are not important here, only the fact that
some heat energy is transferred from the cool reservoir.

The way to make the ideal refrigerator is to connect the output of the per
fectly efficientheat engine to the input of the ordinary refrigerator. The warm
reservoir of both devices can be the same body at 100°C.

2 Proposals have been made to make use of the fact that not all the ocean water is at the
same temperature. A heat engine could be run whose warm reservoir is the water at the
surface of the ocean. The cool reservoir would be the water, only a few degrees lower in
temperature, at a depth of 100 meters or so. Such a heat engine would have very low effi
ciency. But it would tap a great source of energy that is now going to waste.
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Figure 9-6 (a) The supposed perfectly efficient heat engine
(b) The ordinary refrigerator (c) The ideal refrigerator that
could be made by connecting the supposed perfectly efficient
heat engine to the ordinary refrigerator
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Sunlight, which is an abundant source of energy, usually comes to us at
rather modest temperatures. This is why it is so hard to use sunlight effici
ently to run machines directly.

There are other consequences of the Second Law of thermodynamics that
do not seem to involve heat energy at all. For example, if a hole opens in the
side of an evacuated container, the outside air rushes in to fill the space. On
the other hand, it does not happen that the air spontaneously moves out of
one side of a box, leaving a vacuum in that half of it, while the other half has
twice the normal amount of air. You are asked (in Question 12) to show
whether or not, if such an effect took place, you could use it to build a heat
engine that would violate the Second Law. Therefore, this effect does not
take place.

The Second Law can even be used to get quantitative results. In Question
13 of this chapter, we show that there is a definite relation between the
specific heat, the thermal expansion, and the tension in a metal, that is
required by the Second Law.

We have been careful in this chapter always to say that certain processes
"do not take place." There is a reason for our choice of words.

It is not forbidden by any law of physics that the air molecules in a room
could at some instant all be moving toward the nearest wall. It this ever
happened, the next few moments would see the center of the room become
empty of air molecules. The unfortunate people in that spot would be left
gasping for breath.

We know from experience that this sort of thing does not happen. Such
an occurrence would be a violation of the Second Law, as we have seen. It
does not happen, not because it is impossible, but because it is extremely
unlikely.

From the molecular point of view, the Second Law of thermodynamics is
the statement that events that are extremely unlikely do not in fact take
place.

Consider a box that is so well evacuated that there are but 2 molecules in
it. Let one be an oxygen molecule, say, and the other a nitrogen molecule.
Each molecule spends about half its time in each half of the box. If we took
snapshots of the box we would find that 25%of the time the oxygen molecule
would be in the left half of the box and the nitrogen molecule in the right
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half. Another 25% of the time the oxygen would be in the right and the
nitrogen in the left. We would find both molecules in the left, with the right
half completely empty 25% of the time. The remaining 25% of the time
would see both molecules in the right, with the left half of the box vacant.

In a system that has only two molecules, local vacuums occur rather often.
The Second Law is violated regularly.

If there are 4 molecules in the box, the Second Law is violated less fre
quently. There is I chance in 16 that the right half of the box will be evacu
ated, and au equal probability of finding the left half empty.

When there are as many as 100 molecules, the violations of the Second
Law become more rare. Two-thirds of the time there will be between 45 and
55 molecules in each half of the box. The probability that one side of the
box will be completely vacant is less than 1 in 1,000,000,000,000,000,000,
000,000,000,000!

If there are a million molecules in the box, even small deviations from an

One-quarter of the time:
Oxygen on left side;
Nitrogen on right

One-quarter of the time:
Oxygen on right side;
Nitrogen on left

One-quarter of the time:
Both molecu les on left;
right side vacant

One-quarter of the time:
Both molecu les on right;
left side vacant

Figure 9-7 Two molecules in a box
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equal distribution of molecules are unlikely. We will find that 99.6%of the
time there are between 498,500 and 501,500 in each half of the box. A state
where there was as much as 1%difference between the number of molecules
in each half would occur so seldom that we would call it a miracle if it did.

Imagine, then, how unlikely it is to get even a small nonuniformity in a
normal gas, which has 16 billion billion molecules in every cubic centimenter.
We will almost never see a measurable difference in the number of molecules
in any visible fraction of the box.

The Second Law rests, then, on the very large number of molecules involved
in any real process. The law of large numbers applies: The more molecules
involved, the less likely we are to see any deviations from the expected
average behavior. On the molecular scale, the Second Law is not really a
"law" at all, but simple a statement of probabilities.

Another way of looking at the Second Law is to say that it predicts the
transition from structure to randomness, from order into chaos.

A highly ordered condition is one in which there are relatively few combi
nations of molecular states that will give the same overall appearance. The
molecules in a crystal at low temperature, all lined up in regular rows and
columns, is one example. All the molecules in a box gathered into one corner
is another.

A more chaotic condition is one in which there are many molecular combi
nations that can give the same appearance. The crystal can melt and let the
molecules move about in random fashion. The gas molecules can spread out
to fill the entire room. By definition, the chaotic condition has a higher
probability than the more ordered condition.

The Second Law, then, predicts that order will give way to chaos. Mole
cules will become more uniformly mixed, heat energy will flow in such a
direction to even out all the temperatures. Crystals will break and melt, and
not easily form again.

It is possible to force local increases in the state of order. We can make a
refrigerator that pumps heat energy from a cold body to a warmer one. We
can make a vacuum pump that forces the air out of a container. But we do
so only at a price. We must convert mechanical energy, which is usually
highly structured, into the randomness of heat energy. And the amount of
order we lose in this way is always greater than the amount of order we
create with the refrigerator or vacuum pump.

We can make a mathematical definition of the amount of order (sometimes
called the "information") or the amount of disorder (called the "entropy")
of a system. The Second Law says that the changes in these quantities go
always in the same direction. The total information decreases; the total
entropy increases.

This, then, is the context of the Second Law of Thermodynamics. We can
transform more random forms of energy, like heat energy, into more useful
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forms, like mechanical energy. But we do so always at a price, such as
dumping some heat energy into cool reservoirs. And the price we pay, in
terms of turning order into chaos, is always at least as much as the benefit
we gain.

Carnot engine-An idealized heat engine, useful in showing how such engines
can work. Its importance lies in setting a limit to the efficiency that any
real engine can have, operating between the same two temperatures.

Clausius, Rudolph (1822-l888)-German physicist, pioneer in the study of
thermodynamics, responsible for the Clausius statement of the Second
Law.

Clausius' Statement of the Second Law-"There is no process which takes
place in which the final net result is that heat energy has moved from a
cooler to a warmer body and nothing else has changed."

cool reservoir-A system into which heat energy can be dumped, large enough
so that its temperature does not rise very much when it receives moder
ate amounts of heat energy.

counterefficiency-In a refrigerator, the ratio of the mechanical energy
required to operate it for a cycle, divided by the heat energy transferred
to the warm reservoir. A good refrigerator has a low counterefficiency.

efficiency-In a heat engine, the ratio of the mechanical energy produced in
1 cycle of the engine, divided by the heat energy transferred from the
warm reservoir. The efficiency is a fraction between 0 and 1 (or a
percentage between 0 %and lOO %). In a heat engine it is desirable to
have the efficiency as high as possible.

entropy-A measure of the degree of disorder in a system. In any real process,
according to the Second Law, the total entropy of all parts of the system
always increases.

exhaust-The cool reservoir of a heat engine; the part of the system where
the unused heat energy is dumped.

heat death-The eventuality, long in the future, when all systems come to
equilibrium at the same temperature, all materials are uniformly mixed
together, and nothing more of interest happens. Though the heat death
of the universe may be long in coming, every real process moves us
another step in that direction.

heat engine-A device to transform heat energy, at least partially, into
mechanical or electrical energy, or some other useful form.

heat pump-A device to make best use of mechanical or electrical energy in
heating a room. Rather than simply dissipating the available energy
(as an electric heater does) a heat pump uses it to pump heat energy
from the cool outdoor environment into the room being heated. In
operation a heat pump works much like a refrigerator, but the "warm"
and "cool" reservoirs are identified differently.
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heat switch-A device that, when inserted in place, permits heat energy
but no material-to flow across it. A heat-conducting metal plate can
make a good heat switch.

information-A measure of the degree of order in a system, the opposite of
entropy. In any real process, according to the Second Law, the total
information present in all parts of any system always decreases.

Kelvin (William Thomson, Baron Kelvin) (l824-1907)-British physicist and
mathematician, who made discoveries in thermodynamics and in
electromagnetism, and gave his name to the absolute scale of tempera
ture.

Kelvin's statement of the Second Law-"There is no process which takes place
in which the final net result is that a single warm object has lost heat
energy, an equal amount of mechanical energy has been generated,
and no other change has taken place." In other words, there are no
100%efficient heat engines.

perpetual motion machine-A device that continues to move forever, without
the input of any energy. The first and second laws of thermodynamics,
together with the unavoidability of some dissipation, guarantee that
no perpetual motion machine can exist.

refrigerator-A device to pump heat energy from a cooler to a warmer
reservoir, using mechanical energy as input. In outline, a refrigerator
operates like a heat engine with all the energy flows reversed.

reservoir-A system into and from which heat energy can be transferred, and
which is large enough so that its temperature does not change very
much under moderate transfers of heat energy.

Second Law ofThermodynamics-A general statement that any process involv
ing mixing, or energy flow, will take place naturally in one direction
only; that most natural processes are irreversible. The exact content
of the Second Law can be made in many equivalent statements. If any
one of them is true, so are all the others:
Examples:

1. Clausius' statement (which see).

2. Kelvin's statement (which see).

3. Many other statements, such as: The arr In the room will not
spontaneously collect in one spot.

4. The entropy (degree of chaos) of any complete system never
decreases; the information (degree of order) never spontaneously increases.

thermal pollution-The transfer of heat energy to the environment, which
accompanies the operation of every heat engine.
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thermodynamics-The study of processes that involve the flow of heat energy.
warm reservoir-A system from which heat energy can be extracted, large

enough so that its temperature does not drop very much when moderate
amounts of heat energy are removed.

working substance-A material that changes size (or other physical feature)
under input of heat energy, so that it can be used as part of a heat
engine, to convert heat energy partly into mechanical energy. In a
complete cycle, the working substance returns to its initial state. Thus,
it does not overall provide nor absorb any of the energy used.

1. Does the internal combustion engine, whose working substance does
not return to its original state, offer a way to circumvent the Second
Law?

2. Some of the small artificial satellites that have been put into orbit
around the earth are expected to stay up for more than a million years.
Can these satellites be considered perpetual motion machines?

3. Suppose you are trying to heat your house with only electrical energy
available (not having gas, oil, or coal to burn). You can connect a heat
ing coil, which dissipates all the energy supplied, directly to the elec
trical outlet. Or you can use a heat pump. Compare the effectiveness of
the two heating methods. Why is the argument not valid if you have fuel
to burn, rather than electrical energy, available?

4. Name five processes that always take place in one direction and not
spontaneously in the opposite direction.

5. Prove that if the Kelvin statement of the Second Law (that there are
no perfectly efficient heat engines) is true, the Clausius statement (that
there are no ideal refrigerators) cannot be false.

6. Use the Second Law to prove that it is impossible to achieve absolute
zero of temperature. (Think of a Carnot engine with a cool reservoir
at absolute zero.)

7. On the basis of the Second Law, show that two objects free to exchange
heat energy with each other, must come to equilibrium at the same
temperature.

8. Show that the efficiency of a Carnot heat engine is equal to the ratio of
the difference in temperature between its two reservoirs, divided by
absolute temperature of the warmer reservoir, i.e., that
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9. Prove that there has to be a difference in temperature to make a heat
engine run. (Hint: What is the counterefficiency of a refrigerator with
zero temperature difference?)

10. What is the source of the energy that drives the heat engines (mentioned
in the footnote on page 213) that operate on the difference in water
temperature between the surface and the deeper part of the ocean?

11. The law of conservation of energy says that energy never disappears.
We always have as much total energy at the end of any process as we
ever started with. Why, then, is there so much concern about the "con
sumption of energy?" How can there be an "energy crisis" when energy
is always conserved?

12. Suppose that the air in one half of a container could be induced to move
on its own completely into the other half, leaving the first half evacu
ated. Show that this effect could be used to build a heat engine that
violated the Second Law.

13. Most metals expand when heated and shrink when cooled. Consider a
weight hanging from the ceiling by a cable made of such a metal. You
might suppose that the cable could heat up and grow longer. The
internal heat energy required might be supplied from the GPE released
as the weight attached to it goes down.

Show that the Second Law doesn't allow this. The heat energy needed
to expand the wire must always be more than the energy transferred
in stretching it. (Hint: Use a cool reservoir to bring the system back to
its original state. Show that the net result is an ideal refrigerator.)

In this example we have shown that the Second Law can lead to
detailed relations between such properties as the specific heat, the
thermal expansion rate, and the tension in a metal cable.

14. Suppose we have a box with a small number of molecules in it. We
watch it carefully until all the molecules are in the left half, then quickly
pull down a partition and trap all the molecules in that half. We then
use the difference in pressure between the two halves of the box to make
a piston move, and thus withdraw mechanical energy. Would this
arrangement violate the Second Law? Do you think we could make
widespread applications of this type of device?
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15. A student tries to cool off on a hot day by sitting in front of the open
refrigerator door. He forgets that the vanes of the refrigerator are also
in the room with him. The doors and windows are closed. When the
air in the room becomes thoroughly mixed, will it be warmer or cooler
than when he first began?
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In Chapter 3 we mentioned that it was possible to send signals through
space at the speed, c, of 300,000 kilometers per second. We said that these
signals were electromagnetic in nature. And we said that visible light was one
example of this type of signal.

In Chapter 5 we defined voltage. The voltage difference between any two
points is the energy it takes to move a coulomb of electric charge from one
point to the other. The energy that exists in this form is known as electrostatic
potential energy.

In Chapter 6 we studied the nature of waves. We defined a wave as a shape
or form or disturbance that moves with time. We learned that waves can
cancel or reinforce each other ("interference"), and that they can bend
around barriers ("diffract"). We saw that a wave that repeated its pattern
with a regular frequency in time will also repeat its pattern in space. The
separation between places where the pattern repeats is called the wavelength.

In this chapter we put these ideas together to form the concept of an
electromagnetic wave. An electromagnetic wave is a pattern of voltages in
space that moves with time.

Our basic theory of electricity and magnetism, due to James Clerk Maxwell,
tells how to create electromagnetic waves. They are made any time any
electric charge is accelerated. The 'theory also tel1s us how these waves behave
once they are formed. They propagate through empty space at a speed of
300,000 kilometers per second. They travel through many materials at
slower speeds, depending on the material.

Electromagnetic waves can be detected because of the energy they carry.
There is a pattern of voltages in space associated with each wave. We can
place electrical1y charged objects in the path of such a wave, free to move in
response to voltage differences that they meet. When the wave reaches the
detector charges, they wil1 begin to move. Thus, they wil1 extract electro
magnetic energy from the wave and turn it into their own kinetic energy.
When we observe the detector charges in motion, we know that an electro
magnetic wave has reached them.

The type of detector we use takes many forms. It may be electrons in the
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radio aerial of an automobile. Or it may be the electric charges within the
atoms in the retina of your eye. The detector depends on the form of elec
tromagnetic waves we are detecting, and these waves take many forms.

Basically, however, all electromagnetic waves are the same. They are
created by electric charges in acceleration. They travel at the speed c in empty
space. They are detected by their effect on other electric charges. They differ
from each other mainly in how rapidly the wave pattern repeats itself. In
other words, they differ in their frequency and in their wavelength.

There is a very wide spectrum of electromagnetic waves. They range in
wavelength from very low-frequency radio waves, whose pattern repeats
itself at intervals of thousands of miles, down to gamma rays whose
wavelength is smaller than the nucleus of an atom.

The wavelength is very important as to how we regard these waves. An
efficient system for making waves, or for detecting them, should be somewhat
the same size as the wavelength of the waves being made or detected. A
radio antenna is much too large to generate visible light waves. The atoms in
your eye are much too small to detect radio waves.

In this chapter we begin the discussion of electromagnetic waves with the
longest wavelengths. In following chapters we shall work our way down to
the shorter wavelengths of the spectrum.

Voltage has been defined as the transfer of energy per unit of electric charge.
An obvious way to measure voltage is to allow some electric charges to move
under its influence. We can then see how much kinetic energy the charges
acquire.

A common way to measure the voltage difference between two points-say,
between the two terminals of a battery-is to connect a rather poor con
ductor between those points. We use a poor conductor because we don't
want to draw too much energy out of the system. We are trying to measure
the energy. We don't want to change the thing we are measuring while we
are doing the measurement.

Call this poor conductor "wire A." Since there is a voltage difference
between the two ends of wire A, the electrons in the wire will begin to move.
They will make many collisions with the fixed atoms in the wire. These
collisions keep the electrons from moving too fast; that is why the wire is
said to be a "poor" conductor.

The moving electrons make up an electric current in the wire. The greater
the voltage difference, the faster the electrons move; hence, the more current
there is.

We detect the presence of current in wire A by making use of magnetic
forces. We know that two wires carrying electric current exert magnetic
forces on each other. We provide a second wire, wire B, already carrying
current, close to wire A.

There will not be any electrostatic forces between the two wires because
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Wire A

Wire S, already
carrying current

"Poor" conductor e

0~0(e-Voltage between these two
points being measured

-Gets deflected

Figure 10-1

Wire A
Of------

O-~'Voltage being
measured

Figure 10-2 A simple voltmeter

each wire as a whole is electrically neutral, The positive charges of the atomic
nuclei balance the negative charges of the electrons, But only the electrons,
not the heavy atoms, are in motion, so each wire does have a nonzero electric
current.

When the current begins to flow in wire A, the two wires mutually deflect
each other. The amount of deflection in wire B depends on how much current
there is in wire A, This, in turn, depends on the voltage difference between
the two ends of wire A, So the amount of deflection of wire B is then a
measure of the voltage we set out to determine.

Very often wire B is wound around the needle of an electric meter. When
you read "the dial," what you are measuring is the deflection of wire B.

Wire B need not be a solid wire at all. It can be a beam of electrons trav
elling across an evacuated cathode-ray tube. Such a beam of electrons in
motion also constitutes a current.
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We see the spot on the face of the tube to indicate the place where the
electron beam strikes the face. When the beam is deflected, by passing a current
through wire A, the spot is observed to move.

Demonstration; A cathode-ray oscilloscope, with a spot visible on its
face. The input wire pair ("wire A") is touched to the opposite terminals of
a 45-volt battery. The spot moves downward. The input wire pair is then
connected to the terminals of a 90-volt battery. The spot moves twice as far
from its original position. The input wires are interchanged, so the current
in wire A flows in the opposite direction. The spot is now deflected upward.

Cathode-ray tube

Wire A

Spot when no
current is in Wire A

Deflected spot when
current passes through
Wire A

Figure 10-3
voltmeter

The oscilloscope-a cathode-ray tube used as a

Thus, the deflection of a spot on the oscilloscope screen can be used to
measure the voltage difference between two points.

The input wires are now connected to an oscillator, so that the voltage is
changing with time. The spot on the screen moves up and down.

So we have a means of measuring voltages that are changing with time.
The oscillator frequency is gradually increased. The spot on the screens

bobs up and down ever more rapidly. Finally, the spot blurs into a vertical
line on the screen.

The horizontal sweep of the oscilloscope is turned on. This sweeps the
beam from left to right, in proportion to the time elapsed. So we have a display
on the screen of the voltage versus the time. At low frequencies we can see
the spot trace out the wavy curve.

As the frequency increases, the loops of the curve crowd closer together
and the motion of the spot itself fades into a continuous blur.
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A voltage that is changing rapidly with time is not yet a wave. Remember
that in Chapter 6 a wave was defined as a "form, shape, or disturbance that
moves." An electromagnetic wave is a pattern of voltages that travel across
space.

The key to producing the electromagnetic waves lies in the oscillator box.
This instrument produced the changing voltage that we saw on the oscil
loscope. It did this by shuttling electric charges back and forth within its
circuits. Because of this shaking of the electric charges, electromagnetic
waves are being sent out.

HOW TO
MAKE
WAVES
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Figure 10-4 Oscilloscope traces of voltage signals of increas
ing frequency. Note how the moving spot becomes increasingly
blurred. (Photographs by Barrie Rakeach)

An electrically charged object that has been in the same place for a while
gives rise to a well-known pattern of electrostatic forces. It will repel other
objects that have similar charges. It attracts those with opposite charges. The
farther away the other object is, the weaker the attraction or repulsion willbe.

Suppose that suddenly the charged object is jerked out of its resting state
and sent rapidly in motion in some direction. The pattern of forces it exerts
willnow becomedifferent.It is closer to some objects and willrepel, or attract,
them more strongly. It is farther from others and will have a weaker force on
them. In other cases, the direction of the force willchange, since the attraction
or repulsion is directed to its new position. Since the charge is now in motion,
making a current, there will also be magnetic forces.

It is a principle of Einstein's theory of relativity that no signal, no informa
tion, can travel faster than speed e, 300,000 kilometers per second. This princi
ple is built into all our modern theories, especially that of electricity and
magnetism.

People far enough away from the charge, so far that no signal have
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reached them yet, will not know that the charge has be
tern of electrical forces they will observe is just as if the
rest in its original position.

Observers who are closer will have had time to get the m
see a pattern of forces that correspond to the new position and motion of the
charge.

There is a boundary region between the peoplQ who can detect the new con
ditions, and those whom the information has not yet reached. This boundary
is a rapidly expanding sphere, centered on the position of the central charge.
The sphere is expanding at speed c.

In the vicinity of the boundary there is a sudden shift in the pattern of elec
tric and magnetic forces. This sudden shift, this moving pattern, is the essence
of the electromagnetic wave. It signals the arrival of the information that the
charge has changed its state of motion.

Out here, forces are
directed toward the
old position.

""------- e-

__e

The information has not
yet reached this point.

\
\
\
\
\
\
\
I
I
I
I
I
I

~- /
e /

/
I

I

I
I Rapidly expanding

boundary

/

.......----e
In here, the forces
correspond to the
new position of the
charge.

New position fD

and motion t

Old position O
of the sou rce
charge

Figure 10-5 A wave pulse generated by a charge suddenly
starting to move

As is explained in the box on the adjacent page, electromagnetic waves are
produced whenever electrically charged objects are accelerated.

If the source charge is given a single jerk, and then left at rest again, the
wave that results is just a single moving pulse. However, if the source is
repeatedly accelerated back and forth, the resulting pattern is a train of
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Figure 10-6
and down

A wavetrain generatedby a chargeoscillating up

Frequency
and
wavelength

waves. Each time the source charge is accelerated, another wave front forms
and propagates outward at speed c. Eventually we produce a series of wave
fronts all spreading outward from the dancing charges at the center.

If we accelerate the source charge once per second, each wave front will move
a distance of 300,000 kilometers away from the source before the next wave
front is formed. We say that the wavelength, the distance between similar
wave fronts, is 300,000 kilometers.

If the source is accelerated back and forth 60 times a second, each wave
front can travel only 1/60 of 300,000, or 5000 kilometers, before the next
wave front forms. Sixty cycles per second, or 60 hertz, as it is called, is the
standard repetition rate of household electric current in the United States.
Five thousand kilometers is roughly the distance form New York to Los
Angeles. Signals in this range of repetition rate are known as very low
frequency (VLF).

The reader will recall, from Chapter 6, the relation between wavelength
and frequency. This is that the product of the wavelength of a wave times the
frequency of its repetition is equal to the speed with which the wave propa-
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gates. Electromagnetic waves travel at speed c in empty space, so for these
waves, wavelength times frequency equals c. The more rapid the frequency of
repetition, the closer together the wave fronts; hence, the shorter the
wavelength will be.

In discussing the diffraction of waves, we learned that a wave can bend
around an obstacle comparable in size to, or smaller than, its wavelength.
Very low-frequency waves have wavelengths comparable to the size of
Earth.

Such a wave can reach all parts of Earth's surface by simply bending
itself around all obstacles. It is easy to see why some military people have
been interested in VLF for emergency long-distance communications. Shorter
wavelength radio waves can travel around the earth only by bouncing off the
electrically charged layer at the top of the atmosphere, which may not be
dependable at all times.

There are disadvantages to using VLF for communications. The rate of
information that can be sent is low, roughly only 60 dots or dashes per
second. An efficient apparatus for generating waves has to be comparable
in size to the wavelength. In the case of VLF waves the generating equipment
would have to be hundreds of kilometers in length.

By increasing the repetition rate we can generate radio waves of shorter
wavelength. This is an advantage because electromagnetic waves are easier to
generate and to detect, the more closely the size of the antenna matches the
wavelength of the radiation.

Table 10-1 gives typical wavelengths and frequency for some commonly
used types of electromagnetic waves. One hertz means 1 cycle per second.
Broadcast band radio waves have no difficulty bending around hills, whereas
FM radio and television stations are generally limited to the line of sight. On
the other hand, long wavelength signals have difficulty penetrating holes
that are much narrower than the wavelength.

If waves can bend around objects smaller than their wavelength, this also
means that they are not satisfactory for examining the details of such objects.
If we wish a radar instrument to detect an object like an airplane or a car,

Table 10-1 SOME MAN-MADE ELECTROMAGNETIC WAVES

Type of wave

Very low frequency
Broadcast band radio

FM radio
and TV signals

Microwaves, radar

Typical frequency

60 hertz
1,000,000 hertz

(or 1000 kilohertz)
100,000,000hertz

(or 100 megahertz)
10 billion hertz

(or 10 gigahertz)

Typical wavelength

5000 kilometers
300 meters

3 meters

3 centimeters
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much less give us information about its size and shape, we must use
wavelengths that are appreciably shorter than the size of the object under
examination. This is why such short wavelengths are needed for radar
applications.

A radar signal works by sending out a burst of high-frequency, short
wavelength (a few centimeters) electromagnetic waves. These waves will
bounce off objects that are (1) made of material that is at least partly an
electrical conductor, and (2) much larger in size than the wavelength of the
radar signal. By timing how long it takes for the reflected signal to bounce
back, we can calculate how far away the detected object is. If the object is
moving, there is also a Doppler shift (see Chapter 6). The frequency of the
reflected signal will be different from the transmitted signal. This information
can be used to determine the speed of the detected object.

A radio signal that repeats the same pattern forever does not carry much
information. At most it tells the receiver that the station sending the signal
is on the air ..Inorder to convey more information than that, we have to make
variations in the signal that can be detected and understood by the person,
receiving them. Such variations in the basic repeating signal are known as
modulations.

The simplest kind of modulation is simply to turn the signal on and off for
various lengths of time. A sequence of shorter or longer wave trains ("dots
and dashes") can be transmitted, following Morse code or some other well
known system. This was the way electromagnetic signals were first used to
send "wireless telegraph" messages over oceans and other long distances in
the early 20th century . This method of transmitting information over waves is
known as pulse modulation.

It is not necessary to turn the signal completely off to transmit information.
We can easily vary the strength of the signal gradually up and down, over
many cycles of the basic.wave pattern. This method is known as amplitude
modulation (AM).

One way to use AM is to take the pattern of sound waves representing an
hum.an voice and to modulate the strength of a high-frequencyradio wave up
and down in step with the ups and downs of the soundwave pattern.

.Thesound waves that humans can hear have patterns that change relatively
slowly with time. The highest-pitched whistle you canhear fluctuates no more
often than 20,000 times per second. On the other hand the electromagnetic
wave that is used as a carrier may have a repetition rate of 1 million cycles per
second. When such a radio wave is modulatedwith a voice pattern, therewill
beat least 50 repetitions of the carrier wave between even the fastest changes
in the modulation signal.

When anam.plitude modulated radio signal is detected, .the problem of
decoding it is more complicated than in the pulse modulated case. All of this
decoding is done by electrical circuitry.

The antenna responds to the electromagnetic wave by lettingitselectrons
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Figure 10-7 (a) An amplitude modulated (AM) signal (b) a
frequency modulated (FM) signal (Photograph by Barrie
Rokeach)

dance up and down in synchronism with the wave pattern. This produces a
time-varying voltage within the circuits that mimics the wave pattern. A tuned
circuit is used to. select only those wave patterns whose carrier frequency is
close to the one we want.Tnthis way we "tune out" all the other stations that
may be on the air at the same time. Next,.. a rectijier andfilter circuit "smooths
out" the high-frequency carrier wave so that only the slow modulation signal
remains.. Anamplijier circuit then increases this signal.in size, so that it is
strong enough to drive the speaker. The speaker vibrates back and forth in
step with the detected modulation signal. This sets up sound waves in the air
much like the waves that were first used to shape. the modulation signal.
Finally, our ear detects the sound waves, and our brain does the fimd deco
ding.

Amplitude modulated electromagnetic waves can sometimes run into prob
lems. The strength of the signal can vary for other reasons than that they were
modulated by the sending station. Electrostatic charges in the atmosphere,.for
example, can have undesired effects on radio waves. This Jeadsto distortion
and "static" at the receiver.

One way to get around this problem is to use frequency modulated (FM)
radio transmission. In this system the carrierwave does not have a single fre
quency. Its frequency varies dep.ending. on the strength of the modulating
signal. If the modulating signal is strong,the carrierwill have.a slightly higher
frequency than normal. If the modulating signal is low for a moment, the
carrier will have a slightly lower frequency.

It takes a more complicated detecting circuit to decode an FM signal. But
the final decoded modulationsignal does not dependmuch on howstrong tb.e
carrier signal is. So it is likely to be more-freeof atmospheric distortion.

A'radiostatien that transmits voice signals does not use just asingleJre
quency..but rather a.band of frequencies. This should be obvious in the case
of an FM station, but it is also true for AM stations. The band of frequencies
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Figure 10-8 Inside an AM radio receiver

must be at least wideenough to accomodate the human voice, whichranges
up to 20,000 hertz. To avoid interference between neighboringstations, they
must have central frequencies at least 50,000 hertz apart.

The AM radio band, whichruns from about 500,000 hertz to about 1,500,
000 hertz, can accomodate at most about 20 stations separated by 50,000
hertz each. The same number of FM stations can operate between 100mega
hertz and 101 megahertz, whichis only a small fraction of the total FM band.

The
detection of
electromag
netic waves

In principle, electromagnetic waves can be detected by an apparatus not
very different from that which generated them. It is necessary to put electric
charges that are free to move in the path of the wave. These are most easily
to be found in the interior of a piece of electrically conducting material, such
as a strip of metal wire. This is called an antenna.

In response to the shifting pattern of voltages in the electromagnetic
wave, the electrons in the antenna will dance up and down. This motion of
the charges can be detected in many ways. The oscilloscope demonstrated
earlier in this chapter is one such way. Another is in a radio receiver, as
described in the accompanying box.

If the wavelength of the wave being detected is much shorter than the
antenna, the pattern of voltages in the wave will reverse itself many times
along the length of the detector. This means that some electrons will move in
one direction, while others in a different part of the antenna will be moving
the opposite way. Thus, they will cancel out each others' effect, and the net
signal received will be small. It is clear that a detector cannot be longer than
the wavelength of the wave you are measuring.

On the other hand, if the antenna is too short, it will not have enough
electrons in it to yield a detectable signal. So the ideal antenna should be as
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long as possible up to about one-fourth of the wavelength of the waves
being detected.

The electromagnetic waves discussed so far have all been generated by
man-made apparatus. They are detected by human-scale apparatus. Thus, we
can measure the voltage between points in the air by putting up an antenna,
connecting it to an oscilloscope, and noting the deflection of the electron
beam.

As we proceed to shorter wavelengths and higher frequencies this becomes
more difficult to do. The limit of modern techniques to measure voltages
directly is reached at wavelengths shorter than about one-tenth of a mil
limeter. Beyond that we must use indirect means to measure the energy
involved, and we must make use of natural systems (such as atoms) to gen
erate the radiation.

Infrared radiation occupies the region of the electromagnetic spectrum from
a wavelength of about 0.01 centimeter down to about 0.0001 centimeter. At
the upper limit we are dealing with sizes so small that the unaided human eye
can barely resolve them. At the lower limit we are talking about sizes almost
too small to be distinguished under the best optical microscope.

Infrared radiation cannot be seen. Neither can it be detected by ordinary
receivers with antennas. It occupies a region of the spectrum between micro
waves and visible light. It has some features in common with both.

Like visible light, infrared radiation is emitted by the sun. However, much
of it does not reach the ground because it is absorbed by the air above us.
Like microwaves, infrared radiation can be absorbed by many materials,
the energy it carries being converted into heat. If it is intense enough, we can
detect infrared radiation by the sensation of heat it produces in our skin.

Our skin is not a reliable detector of infrared, for there are many ways
that heat can be carried to us. The one feature that distinguishes infrared
from the other carriers of heat is that only electromagnetic waves can travel
across empty space.

Figure 10-9
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The instrument commonly used to detect infrared radiation is called a bolom
eter. The principle of this instrument is so general it can be used to detect
radiation of almost any sort.

A bolometer is a piece of material that absorbs all the radiation that strikes
it. Hence, a bolometer that works for visible light will appear black in color.

As a consequence of the absorption of the electromagnetic energy, the
heat energy of the bolometer will increase. Hence, its temperature will rise.
Knowing its specific heat, and knowing the conversion factor from calories
to joules, we can calculate how much electromagnetic energy was absorbed.
So our measurement of infrared radiation depends on our previous knowledge
of heat as a form of energy.

The most common source of infrared radiation is warm objects. The kinetic
theory says that heat energy is really the mechanical energy of molecules.
Remember that atoms and molecules are known to have electrically charged
parts. If they are constantly moving back and forth, colliding, and other
wise accelerating, then by Maxwell's laws they will be radiating electro
magnetically.

The higher the temperature, the faster the motion. Hence, we expect that
as the temperature increases:

1. The total energy radiated will increase.
2. The average frequency will increase; hence, the average wavelength

will get shorter.

Demonstration: Radiation from a Lamp Bulb. The thin wire in a lamp
bulb is heated by dissipating electric current through it. When the temperature
is moderate we can see no change in the wire. But the outside of the bulb
does get warmer, indicating that some heat energy is being transmitted. The
temperature is increased and the wire is seen to glow a dull red. The tem
perature is increased further and the light emitted is brighter and yellower.
As the temperature continues to increase the lamp becomes a brilliant white
color.

The radiation emitted by a warm body consists of many wavelengths at
once. There is a spectrum of radiation emitted. The spectrum can be repre
sented by the curve shown in Fig. 10-10.

The light that appears dull red has a lot of infrared radiation present that
we can't see. The light that appears white has blue and red and all the other
colors mixed in together.

Infrared radiation is about as nondescript as any form of electromagnetic
radiation. The instrument used to detect it, a bolometer, would be equally
useful to detect any form of radiation. The natural way to produce it, by
radiation from warm bodies, could be used to produce any part of the
spectrum, if the temperature were set properly.
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Figure 10-10 Typical radiation spectra from warm objects

INFRARED
RADIATION
FROM A
MAN'S
HAND

And yet, infrared radiation is the most plentiful form of electromagnetic
waves on Earth. A visitor from outer space who could see this radiation
might be impressed by how brilliantly Earth and its inhabitants shine in the
infrared. Perhaps our senses have been adapted to ignore this form of radia
tion, because it is so abundant, just as we ignore the presence of the air in
which we move about, just as a fish must ignore the presence of the water.

Infrared waves, at the long wavelength end of that spectrum, may be the
most abundant radiation in the universe. Since the mid-1960s we have been
aware of the presence of a low-level radiation that seems to pervade all
space. This universal radiation peaks in intensity at a wavelength of about I
millimeter. It has a spectrum and intensity that correspond to the radiation
emitted by a black body at a temperature of 2.7°K, that is, 2.7 degrees above
absolute zero. Speculation about what this universal black body radiation
could mean must wait for a later chapter.

These pictures were taken with a detector that is sensitive to infrared
radiation. The radiation is emitted by a man's warm hand.. The warmer parts
of the hand appear brighter in the photo.

The hand in the picture at the left appears unifor ght. It shows the
normal distribution of temperatures in a hand. H s a cigarette for
a few minutes. The biological effect is to reduce n of his blood.
So the extremities of his body are reduced in te erature. The picture at the
right, taken under these conditions, shows his pa m still bright but his finger-
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Figure 10-11 (a) Normal hand. (b) After smoking for three
minutes. (c) After smokingsixminutes. (Thermograph, courtesy
AGA Corporation, Secaucus, NJ)

tips no longer visible. The amount of infrared radiation is quite sensitive to
small changes in temperature.

Some of the terms discussed in this chapter, having to do with wave motion,
(such as frequency, wavelength, etc.) are in the glossary for Chapter 6.
amplifier-A device that makes a large copy of any signal that is fed to its

input side. Most amplifiers work on electrical signals, but there are
some mechanical amplifiers too. The energy of the amplified signal is
taken from the power supply that every amplifier must have.

amplitude modulation (AM)-A common way of attaching a signal to a high
frequency carrier wave. The carrier wave is made stronger or weaker at
various times, in proportion to the signal that is being sent.

antenna-A length of conducting material that can be used either to send
out or to receive electromagnetic waves. Antennas work better the
longer they are, until they reach one-quarter of the wavelength of the
waves for which the antenna is used.

bolometer-A device for detecting any kind of radiation, by absorbing it
completely and converting the energy into heat.

broadcast band-The range of frequencies from 500,000 to 1,500,000 hertz
(wavelengths between 600 and 200 meters) of electromagnetic waves,
used in this country by AM radio stations.

carrier wave-A wave of high frequency that can be made to carry informa
tion by having gradual changes ("modulations") made in its strength
or shape.

cathode-ray tube-An evacuated glass-walled device, inside which a beam
of electrons is directed onto a screen. The cathode ray tube can be used
as a sensitive detector of electrical signals, as a television screen, and as
an X-ray generator, among other uses.
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electromagnetic wave-A pattern of voltages in space that moves with time.
Radio waves and visible light are examples of electromagnetic waves.

filter-A device to remove certain frequencies from a signal, and to pass
others. For example, the electronic filter in a radio circuit will block
rapidly varying signals, such as the carrier wave, and pass slowly
changing voltages, such as the modulation signal.

frequency modulation (FM)-An advanced method of attaching signal a to
a carrier wave. The frequency of the carrier waves is changed slightly,
in proportion to the signal that is being sent. Frequency modulated
signals will not be distorted by effects, like static electricity in the air,
that change the strength of the carrier wave.

infrared radiation-The range of electromagnetic waves whose wavelengths
are too short to be generated by man-made antennas (less than a few
tenths of a millimeter), and too long to be seen by our eyes (more than
0.7 microns).

microwaves-The range of electromagnetic radiation whose wavelength is
shorter than about 1 meter (the limit of technology about 1940) and
longer than a few tenths of a millimeter (the limit of our ability now).
Microwaves are used in radar and communications. Their ability to
penetrate dry tissues, but to be absorbed readily by water, makes them
useful as a cooking device.

modulation-The gradual changes that can be made in the shape or strength
of a high-frequency carrier wave, in order to make the wave carry
information.

pulse modulation-The simplest method of attaching a signal to a carrier
wave. The wave is turned on and off for various lengths of time. A
signal in Morse code can be sent in this manner. A more powerful
method is "pulse-code modulation," in which the size of the signal
(such as a voice or a TV scan) is sampled many times, the measurements
are converted into whole numbers, and the code for these numbers is
the information sent out over the waves.

radar-("radio detecting and ranging") A system that uses microwaves of a
few centimeters wavelength to detect the presence of large metal
objects, such as airplanes, ships, and cars. A pulse of microwaves is
emitted by the radar source. When the pulse is reflected back from the
metal object, the time of flight tells how far away the object is. The
Doppler shift tells how fast it is moving.

radio waves-Electromagnetic waves having a wavelength longer than about
1 meter and up to hundreds of meters. They are much used in
communication.

rectifier-An electronic device that passes current in one direction, but not in
the other. One use of a rectifier, together with an electronic filter, is
to produce an output equal to the slowly varying strength of a modu-
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lated signal, while throwing away the rapid variations of the carrier
wave.

speaker-The part of a radio receiver or phonograph in which the electronic
signals are converted into mechanical motion, setting up sound waves
in the nearby air that the listener can hear.

spectrum-The way the energy of a source of waves is distributed among the
different wavelengths. For example, we can say that "the spectrum of a
hot tungsten wire has a peak in the infrared region." The work is also
used to mean the whole range of possible wavelengths, as when we talk
about the "electromagnetic spectrum."

tuned circuit-The part of a radio receiver, or other electronic device, that
will accept only one narrow band of carrier wave frequencies (that is,
oneparticular radio station) and reject all others.

Very Low Frequency-The range of electromagnetic waves with wavelengths
on the order of hundreds of kilometers. Such waves can penetrate the
deep ocean and bend around the earth by diffraction. They have a low
rate of carrying information, however, and require enormous antennas.

voltmeter-A device for measuring the voltage difference between two
points.

1. Explain why two wires carrying current do not exert any electrostatic
forces on each other, although they do exert magnetic forces.

2. What is the difference between an electrical current and an electro
magnetic wave?

3. Use the principle of relativity to show that a charged object moving at
constant velocity does not emit waves. Hint: How does the pattern of
its electrostatic attractions and repulsions appear to observers who are
moving at the same velocity as the charged object?

4. Why would AM radio signals have difficulty penetrating a long tunnel?
Explain why an antenna strung along the inside of the tunnel improves
reception. Hint: The antenna is both a receiver and a transmitter.

5. Look at an AM radio and FM radio. What is the highest and the lowest
carrier frequency on each dial? To what wavelength do these
correspond?

6. What is the typical size for a television antenna? The first television
channel in the United States operates at about 60 megahertz. What
wavelength does this correspond to?

7. What is the typical size of an UHF (Ultra High Frequency, channels 14
and above) television antenna? A typical frequency for an UHF station
is 200 megahertz. What wavelength does this correspond to?
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8. What are some ways that heat can be transmitted other than by infrared
radiation?

9. Infrared radiation was sometimes known as Radiant Heat. Why do you
suppose this name was applied? Explain the difference between heat
energy and infrared radiation.

10. What would ever make us believe that infrared radiation is a form of
electromagnetic waves? What experiments might be done to tell whether
this belief is correct or not?

11. It is generally true that electromagnetic waves do not penetrate through
materials that are good electrical conductors. Why should this be so?
What happens to the energy of an electromagnetic wave that is trying
to penetrate a conductor?

12. A wire-mesh cage is nearly as good in shielding out low-frequency
electromagnetic signals as a box of solid metal. Explain why. But also
explain why the argument does not work for visible light, which is also
an electromagnetic signal. (Can you see through a wire mesh cage?
Will a radio work inside a wire mesh cage?)

13. Why should a frequency-modulated signal be less sensitive to "static"
in the air than an amplitude-modulated signal?

14. Suppose your eyes could see infrared radiation. What do you imagine
the room you are in would look like? What would be the brightest
objects? Would you be able to see through walls?

15. The speed of light in glass is only about 200,000 kilometers per second.
What will happen to the wavelength of a given type of electromagnetic
wave when it begins to travel through glass? Hint: The frequency should
not change, since that is determined by the rate of oscillation of the
source charges.
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The bulk of our information about the world around us comes to us through
our eyes. What we see and what we read make up the most important sources
for what we learn and what we know. No human is so severely handicapped
in perception as one who has lost the sight of both eyes.

The human eye is a very efficient detector of a very narrow band in the
electromagnetic spectrum, the band that we know as visible light. This band
extends only from a wavelength of 0.00007 centimeters down to a wavelength
of 0.00004 centimeters, less than a factor of two. Even the AM radio band,
whose longest wavelengths are more than three times as long as its shortest,
seems richer. Yet, just as the radio band includes many stations, so the
visible light band comprises all the colors of the visible spectrum. Red,
yellow, orange, green, blue, and violet light, and all the shades between, are
seen to differ mainly in the wavelength and frequency of the waves that
carry the energy of the light.

Isaac Newton did many experiments with light, about the year 1700. He
understood that what appears as white light is a combination, of all the
colors of the rainbow. He recognized that objects having a definite color,
have it because they reflect that color better than the others.

But Newton did not know that the difference between colors was their
wavelength. He did not think of light as waves at all. Newton thought of a
light beam as a stream of particles, like a spray of pellets from a shotgun.

Other scientists in Newton's time had suggested that light might consist
of waves. But so great was Newton's authority that the particle theory of
light persisted for a century after his death.

In the early 19th century other experiments showed that light does propa
gate like waves. Effects like diffraction, the bending of waves around obsta
cles, and interference, the cancellation (or reinforcement) between overlapping
wave trains, can be explained only on the basis of a wave theory of light.
By the middle of the 19th century, Maxwell's theory had claimed to show
that visible light was an electromagnetic wave. It travelled at the same speed,
and had other properties in common with radio and microwaves.

Then in the 20th century, the pendulum of the theory of light swung back
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toward the particle idea. Einstein showed that experiments like the photo
electric effect, in which electrons are knocked out of atoms by light beams,
could best be explained if light were composed of little packets of energy
called quanta.

The wave versus particle controversy continued for a quarter century. The
resolution of the problem came with recognition that light moves like waves,
but interacts with matter like particles. Moreover, the same statement is
true for electrons and other material objects that had always been thought of
as particles. The theory that embraces this idea is known as quantum mecha
nics.

Quantum mechanics has been very successful in explaining nearly every
experiment that can be done with atoms. But its success has come at the
expense of a loss in our ability to picture the atomic world. An object that
moves like a wave cannot be located more closely than within 1 wavelength.
The picture we have now of electrons in atoms is a sort of smear, rather than
that of a point object. In many cases quantum mechanics cannot predict the·
exact outcome of an experiment, but only the probabilities of various pos
sible outcomes.

The debate over the interpretation of quantum mechanics is still a lively
one. Scientists have little doubt that the theory works. But philosophers are
not agreed what it means. Does the fact that the theory sometimes gives only
probabilities mean that it is really incomplete? Or does this very incomplete
ness leave some room for free will in a science that for three centuries had
seemed so deterministic? These are open questions, to which we encourage
every student of physics to contribute his own thoughts.

It was Isaac Newton who first showed that white light is a mixture of the
various colors. He sat in a dark room into which a ray of sunshine came
through a small hole in a curtain. He put a wedge of glass in the path of the
beam. The light coming out of the glass wedge had all the colors of the
rainbow.

Newton concluded that what we perceive as white light is really a mixture
of all the natural colors.

He then put a screen with a hole in it behind the wedge. He could move
this screen so that only one color at a time passed through it. He then sat
behind this screen and held up various objects to the beam of separated
colors.

A tree leaf held up to the red light beam looked red. An apple held up to
the green light beam looked green. Held up to the blue light beam, both the
leaf and the apple looked blue. But the leaf was brightest when exposed to
the green light beam. And the apple shone best when placed in the red beam.

Newton concluded that an apple looks red to us because it reflects red
light better than any other color. It also reflects green and blue and other
colors, but not as well. If no red light is present, we see the apple dimly in
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the other colors. But if red light strikes the apple, it gets reflected so strongly
that it outshines all the other colors, and we get the impression that the
apple is red.

In the same way the tree leaf reflects green light more strongly than the
other colors. We say that the leaf is green because, if green light is present,
it gets reflected from the leaf so much more strongly than the other colors
that we notice only the green.

Throw up a cloud of chalk dust in the path of a beam of light. The track of
the beam becomes outlined for us in the light that is scatteredby the small
bits of chalk dust.

Without the chalk dust, we could not see the light beam. It is not directed
atour eyes. Each dust particle takes the small amount of light that strikes-it,
and scatters it in all directions ..Some of it reaches our eyes. We say that we
can "see" the light beam. What we are really seeing is the light that is scat
tered out of the beam.

Ifenough dust.is' placed in the path of the beam, nearly all of the lightin it
can get scattered. The beam itself is much weakened from passing through
the dust cloud, Eventually there.is no beamat all, only scattered.lighL

Water droplets in the air, such as in·a cloud or a fog,canalso scatter light.
When we.look atthesun through a thin cloud, we can often see adimrned
image of the sun's disk. The water droplets in the cloud have scattered much
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of the origtnalbeam. When the cloud is thick enough, we douotseeany ofthe
direct beam, but only the scattered light that seems to comefrom all over the
cloud.

Chalk dust andf(')g droplets appearwhitewhentheyare ina beamof white
light. This is because.they are equally good at scattering all colors ofvisible
light. The scattered light is visible at almost any angle we look at it. This is
because scattered light is sent nearly equally in all directions.

The molecules in. the air can.also scatter Iight. The amountoflight scat
tered by each molecule is tiny. You cannot see even the light scattered by the
enormous number of air molecules in abeam oflight that passes across the
room. But the combined effect of many molecules ina beam path several
kilometers long begins to be visible.

The air molecules, unlike the chalk dust and the fog, are much smaller than
the wavelength of visible light. This means that the. molecules do not make
good antennas for absorbing and rebroadcasting theJight waves (which is
basically how light-scattering works). The molecules.work-betterasantennas,
the more closely they are matched to the wavelength ofthe light. This means
that they will scatter shorter wavelengths more easily than longer wave
lengths. So the air molecules are much more effective at scattering shorter
wavelength blue light than at scattering longer wavelength red light.

If we look at the sky overhead when the sun is in another part of the sky,
the lightwe see is sunlight that has been scattered bythe molecules high up in
the atmosphere. .Sincethese molecules are so much more effective at scat
tering.blue light than longer wavelengths, the sky appears blue overhead.
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Why does the sky not appear violet? Violet light has even a
shorter wavelength than blue, and should be scattered even more
effectively. The answer i is that some of the violet light gets
absorbed by the air, its en changed into heat and other forms.
Also, our eyes are more sensmve to blue light than to violet. An
equal mixture of blue and violet light light would appear blue to our
senses.

On the other hand, when we look toward the sunset, at sunlight that has
come through many kilometers of air to reach our eyes, the light appears
reddish. The blue light in the sunlight has been largely scattered out of the
beam. What remains is the longer wavelength red light. So the sun appears
red at sunset.

On the moon, or in outer space, there is no air to scatter the sunlight. The
sun is an intense white-so bright that we dare not look directly at it-at all
times of the lunar "day." The sky everywhere else is pitch black. Stars are
visible in the daytime, since there is no scattered sunlight to drown them out.
Any place that is in shadow is also absolutely black. Without an atmosphere
to scatter the light, the contrasts from black to white are sharp everywhere.

Some moleculesare better at scattering light than others. A type
of moleculecalled ozone, which has three oxygenatoms rather than the
usual two, can be found in the upper atmosphere. Being longer than
ordinary air molecules, ozone moleculesmake better antennas for

light. Most of the effects that we have attributed to
mo in this section are largely due to ozone. The ozone

layer is also responsible for preventing most of the sun's ultraviolet
radiation from reaching us on Earth.

Some "colors" that we are familiar with do not appear by themselves in
the rainbow. We have seen that white is an equal mixture of all the pure
colors. Black is the sensation we get when there is no visible light present.
Various shades of brown are produced by mixing red, orange, yellow, and
green light in different proportions. Purples and magentas are obtained by
mixing red light with blue and violet.

Inks and paints work by absorbing all the light except the color they are
supposed to be. Red paint absorbs most of the violet, blue, green, and yellow
light that strikes it. It reflects red light well, and possibly some orange light
less well.

Yellow paint absorbs violet, blue, and red light. It reflects yellow light
strongly, and some of the neighboring colors, like green or orange, less
strongly.

When we mix red and yellow paint, the yellow paint absorbs the red light,
and the red paint absorbs the yellow light. The mixture will reflect light in
the colors that both paints reflect in common; in this case, orange. So when
we mix red and yellow paint, the mixture appears orange to our eyes.



The wavelength
of visible light

The centimeter is an awkward unit for discussing wavelengths shorter
than infrared. Let us make use of a more convenient one. We define an
angstrom unit as follows:

1 angstrom unit = 0.00000001 centimeter

One hundred million angstrom units make 1 centimeter. The angstrom unit
(abbreviated A) is convenient in atomic physics because the diameter of a
typical atom is about 1 A.

Visible light occupies a very narrow region of the electromagnetic spec
trum. There is less than a factor of two between the longest and the shortest
wavelength of visible light.

Table 11-1 gives the ranges of wavelength usually associated with each
color of the visible spectrum.

Table 11-1

Color

red
orange
yellow
green
blue
violet

THE WAVELENGTHS OF VISIBLE

LIGHT

Range of wavelengths

6470 to 7000 A
5850 to 6470 A
5750 to 5850 A
4912 to 5750 A
4240 to 4912 A
4000 to 4240 A
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We have maintained since Chapter 3 that light consists of electromagnetic
waves. But we do not pretend that we can really measure the voltage that
varies rapidly as the wave passes us. The evidence for the electromagnetic
wave nature of light is circumstantial.

What makes us think that light is electromagnetic in nature? For one
thing, it travels at speed c, predicted for all electromagnetic waves and
actually measured for radio and microwaves, which we know to be electro
magnetic. For another, we know that light is produced in such obviously
electrical discharges as lightning flashes and electric sparks. Light does not
penetrate materials that are good electrical conductors, such as metals.

Light can be made to interact with various electrical devices. Photoelectric
cells and photoconductors can signal the fact that light is striking them by
beginning to conduct electric currents. Solar batteries put out useful voltages
when struck by sunlight.

Light certainly carries energy and information. We can measure the energy
carried by a light beam. We can use a bolometer to absorb all the energy in
the beam, and see how much heat energy it turns into. As for information
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carried by light, the input we receive about the world through our eyes
outweighs all our other senses by a wide margin.

What makes us think that light consists of waves? Here the evidence is all
indirect. We do not actually observe the waveforms of light. But many of
the features of waves discussed in Chapter 6 can be shown to apply to light.

If we look closely enough, we can detect light bending around obstacles,
showing diffraction. We usually think that light travels in straight lines. The
practice of surveying, for instance, depends on this fact. But this only appears
to be true because the wavelength of visible light is so short. When the obsta
cles have sharp edges, with features smaller than the wavelength of the light,
the light can bend around them. This diffraction is, of course, a characteristic
of wave propagation.

Two or more light beams can cancel each other in the process known as
interference. We can set up a situation in which each beam by itself produces
a bright spot on a screen, but the two together produce no spot at all. Inter
ference between waves can be understood. The two waves arrive at the spot
in such a way that the crests of one wave train fill in the troughs of the other.
The sum of the two wave trains is then an unchanging level, which is no wave
at all. On the other hand, if we think of a light beam as a stream of particles
of some sort, it is difficult to understand how interference can take place.

There are other features of light that help confirm our belief that light
consists of electromagnetic waves. We can observe refraction, the sudden
change in the direction of a light beam when it passes from air to a material
like glass or water. The wave picture explains this effect on the basis that
light travels slower in the heavy medium than in air. In Newton's particle
picture, refraction was explained by having the particles travel faster in glass
than in air. In fact, measurements show that light does travel slower in the
heavy medium.

We can detect polarization of light. This is the difference in the waveform
when the voltage pattern varies from top to bottom, or when it varies instead
from left to right, as we observe it looking along the beam.

We can measure the Doppler effect, the change in wavelength and frequency
when the source of light is moving toward or away from us.

Taken altogether, the arguments for the wave nature of light seem to be
very strong.

Demonstration: Diffraction and Interference of Light. A laser is used to
show the wave-like properties of light. The laser is not essential to the experi
ment. Any source of single-color light will do. But the laser makes a source
bright enough for the whole class to see.

First, the laser light is passed through a pair of slits that are wide and
spaced widely apart. We see mainly the image of the two slits. Even so, there
are indications that the light doesn't follow exactly straight lines. There are
dark and light fringes at the edge of the slit images, showing that light is
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Figure 11-3 (a) Image of two wide slits well-spaced apart.
Note diffraction fringes outside the region of the direct slit im
ages. (b) Pattern observed from two narrow slits well-spaced
apart. The diffraction pattern from each slit dominates over the
direct image. (c) Pattern observe from two narrow slits close
together. The wavesemerging from the two slits now overlap, and
interference is observed. The interference pattern of many equally
spaced fringes bears little resemblance to the slit images. (Photo
graphs by Barrie Rokeach)

getting into the region of the geometrical shadow. The first bright fringe
occurs at such a position that light travelling from the far end of the slit has
to travel two wavelengths farther than light coming from the near edge of
the slit.

The fringes show the effect known as diffraction, of waves bending around
obstacles. Diffraction experiments can be used to measure the wavelength
of the waves.

As the slits are made narrower and closer together, the direct image, the
one we would expect from drawing straight lines from the source through
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Figure 11-4 Diffraction from a wide slit

the slits to the screen, becomes less important, and the fringes become more
pronounced. The wave properties of light are emphasized.

When the waves from the two slits begin to overlap, the effect of interfer
ence takes place. We may think of the waves as radiating from each slit as a
series of concentric rings, alternating troughs and peaks. When the peak of
one wave train happens to coincide with the peak of another, they reinforce
each other, and we see a bright spot. When the peak of one wave hits the
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Figure 11-5 Interference between waves from two slits
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trough of another they cancel each other, and we have a dark point in the
pattern. So the overall pattern is one of alternating light and dark fringes.

Hold a pointer up to the screen in a position where there is a dark fringe
in the overall interference pattern. Cover one slit. Notice whether some
light now hits the pointer. Open the first slit and cover the other one. Notice
that some light again reaches the pointer. But when both slits are uncovered
the pointer is dark. The sum of two sources of light, each of which sends
some light to the pointer when acting by itself, is thus shown to give a dark
spot when the slits act together.

Interference and diffraction are considered to be characteristic properties
of waves. So experiments like these are generally thought to be proof of the
wave nature of light.

The range of wavelengths starting at the lower limit of the visible, below
4000 A, is known as the ultraviolet. Ultraviolet light is very difficult to
work with because it is so readily absorbed by so many materials. Glass will
not pass most of the ultraviolet spectrum. Below about 3000 A, even air
will not transmit ultraviolet.

The reason ultraviolet is absorbed by so many materials is the existence of
the photoelectric effect. Briefly, the photoelectric effect takes place when
electromagnetic energy is absorbed by an atomic system in such a way that
electrons are ejected from the atoms. We may study this effect by using a
photoelectric cell.

Q""'''OO
~ +

electromagnetic radiation, Atom
such as ultra Violet

After o
/8 Electron with energy

Figure 11-6 The photoelectric effect on an atom

A typical photoelectric cell has two conducting plates, called electrodes,
in an evacuated bulb. We shine light on one of the electrodes, called the
photocathode. Electrons escape from it. Some of them reach the other elec
trode, called the anode.
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Figure 11-7 A photoelectric cell

The anode and the photocathode are connected, outside the bulb, by a
wire. In the usual way, we can detect current flowing in this circuit. Such a
current will flowwhen the right kind oflight shines on the photocathode.

The electrons that come off the photocathode are quite energetic. They
have enough kinetic energy to reach the anode even when a modest negative
voltage is put there to repel them.

It is found that with any given photoelectric cell, light of too long a wave
length won't make current flow. If the wavelength is longer than a certain
maximum, which is different for each cell, there will be no photoelectric
current, no matter how bright the light is. Light whose wavelength is shorter
than this maximum can make the photocurrent flow, even when the light is
fairly dim.

The quantum
idea

An explanation of the strange features of the photoelectric effect was pro
posed by Albert Einstein in 1905. He suggested that energy can be emitted
or absorbed from electromagnetic radiation only in units of 1 quantum. The
amount of energy that makes up 1 quantum is different, depending on the
frequency of the radiation.

The higher the frequency, i.e, the shorter the wavelength, the more energy
it takes to make a quantum of that frequency light. There is a simple formula
that relates the energy of 1 quantum to the frequency of the radiation. We
use a quantity known as Planck's constant, usually symbolized h, a very
small number that keeps appearing in many places in atomic physics. The
energy in each quantum is given by Planck's constant times the frequency.
Planck's constant is so small that it takes 3 billion billion quanta of red
light to make 1 joule!
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At low frequencies, where the energy per quantum is small, even a very
weak beam will have trillions of quanta in it. A radio receiver tuned to some
radio station will absorb a few quanta (or even a few million!) from the
beam sent out by that station. This does not keep the rest of the beam from
continuing. A radio listener standing behind the first receiver can hear the
same station on his own set. The loss of a few million quanta to the first
receiver can hardly matter when there are so many to spare.

Radio beam

Figure 11-8

Receiver

One radio set does not remove enough quanta from
the beam to keep the second receiver from hearing
the same station.

Single quantum

But if one detector absorbs a photon, no
second detector receives any of its energy.

On the other hand, a low intensity beam of ultraviolet, or of some even
shorter wavelength, radiation might consist of only a single qunatum at a
time. A beam of electromagnetic radiation whose total energy is only 1
quantum is known as a photon. There is an all-or-nothing aspect to such a
beam. Either it is completely absorbed by some detector in the beam, or it
passes through completely intact. No two eyes can see the same photon.

What does all this have to do with explaining the photoelectric effect?
Consider a light beam striking a metal conductor. Its wavelength is a few
thousand Angstrom units. This means that the wave is spread over at least
that distance in space. Within such an area on the surface of the metal plate,
there are millions of electrons.

According to "classical" (before 1900) electromagnetic theory, all of the
free electrons in the metal would respond to the changing voltages in the
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wave by dancing up and down a bit in rhythm with the wave. Each electron
would thus absorb a small fraction of the energy in the wave.

We suppose that it takes a certain minimum amount of potential energy
for the electron to escape from the metal. According to the classical picture,
no single electron would ever accumulate enough energy to escape.

According to the quantum picture, however, if the energy of a quantum is
less than what is required to remove an electron from the metal, it will still
be true that no electrons will get out. This explains why long wavelengths
(meaning low frequency, and hence low value of the quantum energy) don't
work in making the photoelectric effect. But if the frequency is high enough,
an electron can absorb I quantum, thus getting enough potential energy to
escape from the metal, and even have some kinetic energy left over.

Of the millions of electrons in the path of the photon, one will be chosen
to absorb all the energy. The other electrons are completely unaffected.

How can this happen? It is as if light was made up of little darts, aimed
at random at the metal plate. Quite by accident, one of the electrons gets
hit by a quantum of light, absorbs the whole quantum, and bounces out of
the metal. This is the way light might behave if it were composed of a stream
of particles.

But we have abundant evidence, which we have outlined already in this
chapter, that light behaves like waves. How can we resolve the contradiction?

We see that there are some effects, like diffraction and interference, that are
explained most easily if light behaves like a wave. On the other hand, there
are experiments, most notably the photoelectric effect, that seem to prove
that light has particle-like properties.

The wave versus particle controversy was not easy to resolve. The problem
occupied physicists throughout the first quarter of this century. In the words
of W. H Bragg, "On Mondays, Wednesdays, and Fridays we consider them
waves. On Tuesdays, Thursdays and Saturdays they are particles."

The clue to this problem lay in noticing that the experiments that indicated
wave-like properties for light mostly tested the way in which light moves
from place to place. The experiments that showed particle-like properties
mostly tested how light interacts with other kinds of matter. In short, light
moves like a wave, but interacts like a particle.

This leads us back to the old question: Light waves are waves of what?
After Einstein, we had rejected the idea of light as waves in the "ether." A
picture had been substituted of electromagnetic waves as voltage differences
in space, which oscillated back and forth, and could be detected with a
suitable antenna. But such a detection system will work only if we are careful
to extract only a small amount of energy from the beam. But if the beam
consists of a single quantum, we cannot extract a "small" amount of energy
from it. To detect it at all, we must absorb the whole quantum. So our
electromagnetic model, while it may be useful in calculating some properties

l
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of a light beam, cannot really be directly verified when we get down to the
quantum level.

Another problem: Consider the double-slit interference experiment. We
shine light through a baffle with two slits in it. We observe a series of dark and
bright parallel stripes on the screen. We can take a photograph of this pat
tern. We can even take a photograph with light so dim that we are sure that
only one photon at a time goes through the baffle. This picture would have
to be a long-time exposure, of course. The interference pattern persists, even
in such dim light.

Very well, then, suppose a particular photon went through the slits and
reached the film, and exposed a single grain in the emulsion. So we know the
photon reached that particular grain and none of the others. What happens
to the rest of the wave, when the quantum is absorbed?

Can we find out which slit the photon went through? Let us put a detector
in front of one slit. Let it be a little mirror that reflects the light off to our eye
every time a photon passes through that slit. If we do that, we absorb the
whole photon whenever it goes through the slit we are watching. This is the
same as if we closed the slit, so far as the interference pattern is concerned.
Trying to see which slit the photon passed through leads to destruction of
the interference pattern.

Max Born, in 1926, suggested that we interpret the waves as being waves
of probability. The more intense the wave is at some point in space, the more
likely we are to find a quantum absorbed at that position. But the photon is
only at one place. When it interacts, it is then localized to one particular
spot. Until that happens we do not have any knowledge of exactly where in
the wave the photon can be found. We have only the probability of finding
it at various places.

The idea of introducing probability into physics met with considerable intel
lectual resistance, from no less an intellect than Albert Einstein himself.
Einstein said repeatedly that he could not believe that "God plays dice with
the universe." The theory was strong enough to resist the attacks of the
world's best-known scientist. Most physicists today would say that they
accept the probabilistic interpretation of the wave function.

This is not probability in the sense of the Second Law. In the kinetic theory
case, we could say, for example, that it was extremely improbable that all
the molecules in a room would collect in one corner. But if such an event
were ever to happen, we might in principle know it in advance if we made
careful note of all the molecular motions. According to the quantum ideas,
even the information about where a photon is about to materialize is not
available.

The French mathematician Laplace, in about the year 1800, envisioned a
"perfect mathematician" who could calculate, on the basis of the present
position and speed of every molecule in the universe, using the principles of
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mechanics, exactly where every molecule would move next. Thus, the master
computer could predict exactly the entire future. He could also work back
ward and reconstruct the entire past. Science in that era seemed to be indicat
ing a world that was completely determined for all time, with no room for
choice, no possibility of free will.

The advent of quantum physics brought science to the conclusion that the
information Laplace required was not available. So the future cannot be
predicted with absolute certainty. So there is room for free will after all.

For, suppose we desire to measure the position and speed of even a single
electron. Let us use electromagnetic radiation as part of our detector. If we
want to locate the electron precisely, we must use short wavelength light,
since longer wavelengths will bend around small objects and lead to impreci
sion in locating the electron. But we can detect the electron only if it absorbs
(or at least reflects) some of the light. But it cannot absorb or reflect a smaller
amount than I quantum. Since we were using short wavelengths, the fre
quency of the radiation is high, so the quantum energy is high. Thus the
electron gets a considerable "kick" from absorbing or reflecting I quantum.
The price we pay for using short wavelengths to position the electron accu
rately, is that we give it such a kick that we are uncertain about its speed.

On the other hand, if we try to measure its speed more accurately, by using
photons with low quantum energy (so there will be less of a kick when a
quantum is absorbed), we pay the price of not knowing precisely where it
is, since we are then using longer wavelength radiation.

The situation is summarized in the Uncertainty Principle of Werner
Heisenberg. We may measure the position of a bit of matter as accurately
as we wish, or else we may measure its momentum (the product of mass times
velocity) as well as we desire, but we may not do both simultaneously. Quan
titatively, the product of the uncertainty in position times the uncertainty
in momentum, may be no smaller than Planck's constant.

Planck's constant is a very small quantity, so in most large-scale situations
we can measure both position and speed closely enough for most purposes.
But on an atomic scale the uncertainty principle becomes crucially important.

Quantum mechanics is the set of principles that embody the wave-particle
dual nature of matter and energy. In this century quantum mechanics has
superseded Newton's principles of mechanics as the basic theory of physics.
Of course, in any large-scale phenomenon-the motion of the planets or the
design of airplanes, for example-quantum mechanics and Newton's princi
ples give nearly identical results. An astronomer or an engineer would be
likely to use Newton's laws, since they are simpler. But in atomic and sub
atomic calculations, quantum mechanics must be used.

According to the ideas of quantum mechanics all matter (electrons and
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atoms, as well as photons) exhibits both wave and particle properties in its
motions and interactions. The advent of quantum mechanics has led to some
important new features in the philosophical outlook science gives us. Among
these are the ideas that:

1. Observation of the state of any system cannot be separated from
the disturbance of that system.

2. Exact knowledge of the state of any system, in the sense of LaPlace,
is not obtainable.

3. We cannot predict the future, or reconstruct the past, with absolute
certainty.

Quantum mechanics is not a negative theory, despite all the "cannots" in
the last paragraph. It makes a great many important predictions about atoms,
many of which have been verified. To illustrate the sort of new phenomena
embraced by quantum mechanics, let us consider the idea of metastability.

In Newtonian mechanics a system in equilibrium may be stable, unstable,
or neutrally stable. In a stable system (for example, a truck stuck in a ditch)
any change in the system requires energy input. So the system tends to remain
in its lowest energy state (in the example, at the bottom of the ditch). In an
unstable system (for example, a stick balanced on its end) any small change
releases energy, so the system is likely to move away from the balanced posi
tion. In a neutrally stable system (for example, a ball rolling on a flat table)
changes can be made without any change in energy.

In a metastable system, any small change requires an input of energy. But
there are states of the system with lower energy than the metastable state. So
energy could be released if a sudden large change were to take place.

The example we will use is the water in a mountain lake. Energy frpm sun
light has caused water from sea level to evaporate and eventually reach-the
mountain lake as rainfall. Here the water is in a high state of gravitational

Can any of the water
get to here?

Figure 11-9 A metastable situation
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potential energy. If the water were free to cascade down the mountain, much
energy would be released in the falL But there is a ridge blocking its fall, In
order for the water to get over the ridge some energy must be supplied so that
it can reach the top of the ridge first. Classically, the lake is in stable equilib
rium. The winds that blow on the mountain may make the water slosh around
a bit in its basin. But they do not supply enough energy for the water to reach
the top: of the ridge. So the water molecules, considered as particles, cannot
escape from the.basin of the lake.

Is it ever possible for a water molecule suddenly to appear on the far side
of the ridge, at the same levelas the lake surface? This position would require
no energy input.

Surprisingly, quantum mechanics says that this may happen! The water
moleculesare .governedby the uncertainty principle, which says that you can
not be completely certain that the water molecules are positioned inside the
lake basin. There is atleast some small probability that some molecule is on
the far side of-the ridge already. If that is so, the molecule may yet materialize
there. If you insist that the wave function be so tightly constrained that there
is.nopossibility that any moleculeslie outside the lake basin, you do this only
at the expense of leavingsome probability that a molecule has enough energy
to get over the top of the ridge anyway.

angstrom unit (A)-A unit of length commonly used in measuring wavelengths
and sizes on the atomic scale. The diameter of a typical atom is about
1 angstrom unit. One hundred million such units make 1 centimeter.

anode-A metal conductor inside an electronic device (such as a photo
electric cell or a cathode-ray tube) that is kept positively charged, so
that it attracts electrons.

Born, Max (1882-1970)-German theoretical physicist who did much work
in the development of quantum mechanics. He made the suggestion
that the waves that describes the motion of photons and of particles
of matter, be interpreted as a wave of probability.

color-The sensation we get when our eyes detect visible light of various
wavelengths. The color of an object is determined by which wavelengths
of light it reflects most strongly.

diffraction-See Chapter 6.
Doppler effect-See Chapter 6.
electrode-A metal conductor inside an electronic device (such as a photo

electric cell or a cathode-ray tube). Depending on the charge kept on
the electrode, it may attract or repel electrons.

Heisenberg, Werner (1901-1976)-German theoretical physicist who was
one of the inventors of quantum mechanics. He is best known for the
Uncertainty Principle, which sets limits on our ability to measure all
the features of an atomic-sized system.

l
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interference-See Chapter 6.
Laplace, Pierre Simon de (l749-1827)-French mathematician. He argued

that, given a set of principles such as Newton's, the complete future of
the world (and also the past) could be calculated from detailed know
ledge of the present state. In such a scheme, there is no room for free
will; everything that will ever happen is already determined.

metastability-The state of a system in which no small change can take place
unless energy is supplied, but in which energy can be released if a large
change (skipping all the positions in between) is allowed. Metastable
states often occur in atomic systems under the laws of quantum
mechanics.

ozone-A gas whose molecules have 3 atoms of oxygen, instead of the normal
two. A layer of ozone is found at the top of our atmosphere, where it
is effective in scattering light of shorter wavelengths. The ozone layer
keeps ultraviolet radiation from reaching us. Its scattering is respon
sible for the blue color of the daytime sky.

photocathode-The metal conductor inside a photoelectric cell that releases
electrons when struck by light of short enough wavelength.

photoelectric cell-A device that uses the photoelectric effect, putting out
an electric current when it is exposed to light of the right wavelengths.

photoelectric effect-The release of electrons from atoms, metal surfaces, and
other systems, when energy is absorbed from an electromagnetic
wave.

photon-A beam of electromagnetic radiation so weak that its total energy
is only 1 quantum, the minimum amount of energy that can be absorbed
or emitted at the frequency and wavelength of that kind of radiation.

Planck's constant-A very small physical quantity that relates the energy of
1 quantum of any kind of radiation to the frequency of that radiation.
Planck's constant is of such magnitude that the product of the wave
length of any kind of electromagnetic radiation (measured in angstrom
units) times the quantum energy of that radiation (measured in electron
volts) is 12,400 ev-A

polarization-A property of transverse waves, that the disturbance can be
either from side-to-side or up-and-down, with respect to the direction of
motion of the wave. The fact that light waves can be polarized shows
that they are transverse waves. This is what is expected of electro
magnetic waves, according to Maxwell's theory.

quantum-The minimum amount of energy that can be absorbed from or
emitted into a wave. Under the quantum idea, the energy in a wave
can exist only in multiples of the quantum unit. When the last quantum
is absorbed, the wave disappears completely.

quantum mechanics-The principles of the 20th century theory that have
superseded Newton's principles of mechanics. Quantum mechanics
takes account of the fact that both electromagnetic radiation (such as
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light beams) and material objects (such as electrons) move about like
waves, but interact like particles.

refraction-The change in direction of a beam of light when it passes from
one medium (such as air) to another (such as glass or water). Eyeglasses,
telescopes, camera lenses, and microscopes all make use of refraction
to focus and magnify optical images.

scattering-The random dispersal of part of a beam of light (or other kind
of beam) by small objects in its path.

ultraviolet radiation-The range of electromagnetic radiation whose wave-
length is shorter than 4000 angstrom units (the limit that our eyes can
see) and longer than about 100 angstrom units. Ultraviolet radiation is
readily absorbed by all kinds of materials, the more so the shorter its
wavelength, because of the photoelectric effect.

Uncertainty Principle-One of the major principles of quantum mechanics:
It is impossible to measure precisely both the position and the momen
tum of any object at the same time. The product of the uncertainty in
one measurement times the uncertainty in the other is always at least
equal to Planck's constant.

visible light-The range of electromagnetic radiation between 4000 and 7000
angstrom units in wavelength, which can be detected by our eyes.

1. Is an apple really red, or a leaf green? In the darkness, do they have
any color at all? What do we mean when we say that an object has a
certain color?

2. Why is it that when we mix red and yellow light, the mixture appears
brown, but when we mix red and yellowpaint, the mixture looks orange?

3. A painter trying to give the impression of many colors in a scene, will
make separate spots of red, green, yellow, etc. Why doesn't he simply
mix all these paint colors together?

4. How is scattered light different from reflected light?

5. The sun in the middle of the day has a yellowish cast. Why does it
appear this color rather than white?

6. Pilots flying at extremely high altitudes report that the sky appears violet
to them. Can you explain why?

7. How many cycles per second is the frequency associated with, say,
orange light?

8. How can you use effects like interference and diffraction to measure the
wavelength of a particular color of light?

9. When two light beams overlap in such a way as to cancel each other at
one spot on the screen, what happens to the light energy that was in
each beam?
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10. If our eyes could see only ultraviolet light, what color would glass
appear?

11. Do you find it strange that, in order to find the energy of a quantumof a
particular kind of light, it is necessary to know the frequency of the
wave?

12. Suppose a photon collides with a free electron at rest. The photon is
not absorbed, but merely bounces off the electron, forming a scattered
beam. (This is known as the Compton effect.) The electron recoils, thus
taking up some kinetic energy. What will the relation be between the
frequency of the scattered photon and the frequency of the original
beam, taking into account the recoiled electron's energy? What would
classical electromagnetic theory say would be the frequency of the
scattered beam?

13. Give three pieces of evidence that light behaves like waves. What evi
dence is there that it sometimes behaves like a stream of particles?

14. Some physicists have tried to reintroduce certainty into quantum mecha
nics. They maintain that when a photon approaches a sheet of film,
for example, there is some "hidden" pointer that determines exactly
which grain in the film it will expose. Does such a theory have any ad
vantages over conventional quantum mechanics?

15. Give two examples of metastable systems, one from the large-scale
world, and one from the atomic realm.
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We continue our survey of the electromagnetic spectrum down to the shortest
wavelengths. One hundred years ago, scientists did not suspect even the
existence of such short wavelengths as we study in this chapter. The accidental
discovery of X rays by Wilhelm K. Roentgen in 1896, and the almost imme
diate practical use of them, makes one of the great adventure stories in modern
science.

X-rays occupy the region of the spectrum from roughly 100 angstrom
units down to less than 0.1 A. A dramatic change takes place when the
wavelength is shorter than about 1 angstrom unit, because 1 A is a typical
size of an atom. The atoms make poor antennas for wavelengths smaller
than the atom itself.

The photoelectric effect, by which quanta of light are absorbed in knocking
electrons out of atoms, is very effective throughout the ultraviolet region.
This is what makes ultraviolet so hard to use. It is absorbed by the first layer
of atoms it meets.

But X-rays whose wavelength is shorter than atomic size are less effective
at ejecting electrons. So they travel much farther through material. The
penetrating nature of X-rays is their most obvious feature.

Gamma rays are not different from X-rays in their basic properties. They
are however of even shorter wavelength. Any radiation with wavelength
below about 0.1 A is considered a gamma ray.

Whereas X-rays are usually produced by the motions, especially the sudden
slowing down, of electrons, gamma rays are often created during the rearran
gement of the charged particles within the nucleus of the atom. But gamma
rays can also be made by decelerating electrons. Man-made gamma rays have
been produced in this way with wavelengths shorter than lone-millionth of
an angstrom unit. Even shorter wavelength may be found in outer space.
There is no known lower limit to the wavelengths of the electromagnetic
spectrum.

When the wavelength of a gamma ray is shorter than 0.01 A, a new
phenomenon can be seen. An electron and a positron pair can be created
out of the energy of a gamma ray quantum. That is, a form of matter that
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starts with pure electromagnetic energy can be produced. This sort of experi
ment offers convincing proof that matter itself is a form of energy.

In his theory of relativity Einstein had made the statement that, as the
kinetic energy of any object increased, its mass increased in proportion. This
argued that mass and kinetic energy were just different aspects of the same
thing, can it mass-energy.

But what of other forms of energy, and other forms of mass? Does a
change in potential energy also reflect itself in a change in mass? Does the
mass that an object has when its kinetic energy is zero, its rest-mass, also
constitute a form of energy? Einstein speculated that the answer to these
questions must also be yes. The observation of electron-positron pair crea
tion, through the absorption of a quantum of gamma ray energy, gave dra
matic proof that this answer was correct.

The dividing line between very short wavelength ultraviolet radiation and
what we commonly can Xi-rays is not sharply defined. We can place it roughly
at a wavelength of 100 angstrom units. The lower limit of the X-ray spectrum
is, again roughly, at a wavelength below one-tenth of an angstrom unit.

Like ultraviolet, the longer wavelength X-rays are quickly absorbed by any
kind of matter. They can hardly penetrate even a few layers of molecules
before they undergo the photoelectric effect with one of the atoms and lose
a quantum of energy. Even to study radiation in this region of the spectrum
requires that the whole apparatus be kept under vacuum.

A dramatic change sets in when the X-ray wavelength is less than a few
angstrom units. The photoelectric effect still takes place. But the probability
that any given atom will absorb a quantum drops by a factor of 1000 or
more. So X-rays at shorter wavelengths can penetrate easily through thick
layers of material. This penetrating feature is what we usually think of when
we talk about X-rays.

Why is it that X-rays below I Aare so penetrating while X-rays above 10 A
are so quickly absorbed? The answer has to do with how the size of the
atoms compares with the wavelength of the radiation. The size of most
atoms is about I angstrom unit. We have discussed in an earlier chapter how
an antenna becomes less effective when it is longer than one-quarter of the
wavelength of the radiation it is detecting. So atoms, and the electrons in
them, do not make good antennas when the wavelength is too short.

The reader may be surprised that we can estimate the probability that the
atom will absorb a quantum, by treating it as if it were an antenna detecting
waves. This is one of the ironies of the wave-particle dual nature of elec
tromagnetic radiation.

For lighter atoms like hydrogen, which has only I electron, or carbon
atoms with 6 electrons, nitrogen with 7 or oxygen with 8, the electrons are
spread out loosely over the fun diameter of the atoms. These are the kind of
atoms that make up most of the material in living tissue. They make poor
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Light atoms, with the electrons widely spaced,
make poor antennas for absorbing X-rays.
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Heavier atoms, with the electrons closely packed,
make better antennas. More X-rays are absorbed.

Figure 12-1

X-ray antennas below 1 A, and so the X-rays pass through these materials
largely undisturbed.

Heavier elements, like calcium, which has 20 electrons in 1 atom, iron
with 26 electrons, and lead with 82, have concentrations of electrons close in
to their center. These concentrations, being smaller than the typical X-ray
wavelength, are better adapted to absorbing X-rays. So X-rays are more
readily absorbed by bones (containing calcium), most metals, and other beavy
elements. This explains why X-rays transmitted through the human body will
expose the film where they pass through fleshy parts, but cast a shadow where
they strike the bone.

The methods for detecting X-rays depend on the photoelectric effect. In
a photographic film, a quantum of radiation is absorbed to knock one
electron out of a silver atom. The silver atom that has lost one electron is
more chemically active than when it was neutral. It can be used to form the
center of a visible grain of silver when the film is developed. This effect works
for X-rays as well as for ultraviolet and visible light.

In an electronic radiation detector, the X-rays knock electrons out of the
atoms of a gas. With so many free electrons present, the gas can conduct an
electric current that we can measure.

How to make X-rays The method used today to make X-rays is not very
different from the way Roentgen first discovered them. We use an evacuated
glass tube with some metal electrodes sealed inside. The electrodes are con-
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Figure 12-2 X-ray photograph of human hands. Note the
ring. (Courtesy Lawrence BerkeleyLaboratory)

nected, by wires that pass through the glass, to sources of high electric
voltage.

One of the electrodes, the anode, is kept at 0 volts. That is, there is no
voltage difference between the anode and the general level of metal con
ductors in the room. This level of zero voltage is known as the local ground,
or common, voltage. For safety, the outside surface of all metal cabinets
containing electrical equipment is kept at ground voltage.

THE
DISCOVERY
OF X-RAYS

If someone had asked Professor Wilhelm to invent a way to
examine bones or locate foreign object it is very unlikely
that he would have started by applying ed glass bulbs.

Professor Roentgen was pursuing pur his experi-
ments for reasons of curiosity about nature, y thought of what the
applications might be. His discovery of X-ra a classicexample of serendi-
pity, the art of findingwhat you were not looking for. Once the discoverywas
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Figure 12-3 Wilhelm K. Roentgen 1845-1923 (American In
stitute of Physics, Niels Bohr Library, W.G. Meggers Collection)

made, Roentgen was quick to recognize the uses that could be made of it.
The year was 1895. The place, Wurzburg, Germany. An important research

topic at that time was gaseous discharges, the sort of thing that takes place in
lightning strokes or electric sparks.

It was understood that atoms could occasionally be broken into electri
cally charged parts. We now know the negatively charged pieces as electrons,
but in 1895 even the word "electron" had not been invented. The positively
charged atom left behind when one or more electrons are split off is called an
"ion."

Roentgen's equipment included a partially evacuated glass bulb. There was
enough gas left in the bulb so that there would bea reasonable number of ions
and electrons present. But the gas was not so dense that they would often
collide with each other and recombine into neutral atoms.

Roentgen's purpose was to make the electric charges in the gas go very
fast, byapplying a high voltage across the bulb. He hoped to give them enough
kinetic energy so that they could penetrate the thin window of the bulb. The
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Figure 12-4 Diagram of the tube with which Roentgen dis-
covered X-rays

fast particles would lose much of their energy by collisions with the molecules
in the glass. But if they were going fast enough, he hoped, they would not lose
all their energy in collisions. They would then come all the way through the
window and into the air outside. There he could study the electrical dis
charges the fast charged particles caused in the air.

Roentgen had sealed two metal plates, or electrodes, inside the bulb, with
wires from each coming out through the glass. Between these plates he applied
a voltage difference of several thousand volts, produced by a high-voltage
generator he had built. To see the glow of the discharge better, the room was
kept in darkness. In order not to be confused by the glow of the gas inside the
bulb, the whole bulb was covered with a shield of thin black cardboard.

In the room some fluorescent ("glow-in-the-dark") crystals that had
been used in xperiments. He noticed that whenever the high voltage
was turned on, crystals would glow. Roentgen began to look for the
source of energ aking the crystals light up. He put obstacles in
the way, but the cryst ntinued to glow despite the obstacles.

Roentgen made a screen by depositing a layer of these crystals on a sheet
of paper. The screen glowed equally well whether he turned the front or the
back of it toward the glass bulb. The source of the mysterious radiation,
which he called X-rays, seemed to be the spot where the electrons struck the
glass.

He held his hand in front of the screen, and saw for the first time the out
line of the bones now so familiar in X-ray photographs. In fact, it was he who
discovered that photographic filmwas sensitive to X-rays. He took some expo
sures-his wife's hand with the wedding ring prominent, the body of a sala
mander-and published them. The announcement caused a world-wide
sensation.

Within three months, X-rays were being used by a Vienna hospital in con
nection with surgical operations. Since Roentgen's time, X-rays have revolu
tionized certain phases of medical practice.

The value of pure research is illustrated by Roentgen's discovery. If he had
set out deliberately to find a way to help surgeons set bones, does anyone
suppose he would have gone about it as he did? What do high voltages and
evacuated glass tubes have to do with broken bones? Yet this was the method
of research that led to the discovery of X-rays.
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The other electrode, the cathode, is kept at a high negative voltage, such as
-10,000 volts. The cathode nowadays is usually a filament of tungsten wire.
When such a filament is heated, electrons within the tungsten metal can get
enough energy to overcome the potential energy barrier at the metal surface,
and escape into the vacuum.

An electron that has just escaped from the filament, but is still close to the
cathode, has electrostatic potential energy. It may also have a small amount
of kinetic energy that it retains from being heated inside the filament. This
is a very small amount of kinetic energy compared to what it will get later.
We shall neglect the kinetic energy of the electron at this point. For all
practical purposes, it is zero.

electron at cathode: energy = electrostatic potential energy

= (charge of electron) times voltage

The charge of an electron is -0.00000000000000000016 coulomb. If
the voltage is -10,000 volts, then the energy is +0.0000000000000016
joule.

It is usually more convenient to express energy on an atomic scale in units
of electron volts. An electronvolt is equal to the electrostatic potential
energy an object with the same electric charge as a single electron, at a voltage
of -I volt.

So the energy of one electron at the cathode, when the voltage is -10,000
volts, is + 10,000 electronvolts.

When the electron reaches the anode, which is at zero voltage, the elec
trostatic potential energy is zero (since the voltage is zero). The total energy,

X-ravs generated when
electrons hit anode

Electrons

.--~.--
Vacuum

.--
Hot filament

---\11
......

Glass tube

Cathode (-)

-10,000 volts

a volts

Figure 12-5 Diagram of a modern X-ray tube
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by the law of conservation of energy, must be the same as before, namely,
+10,000 electronvolts. It is now in the form of kinetic energy.

at anode: energy = kinetic energy

= +10,000 electronvolts

We could figure from this, and from the known mass of the electron, how
fast it is moving. This calculation, however, is not necessary. The energy is
soon transformed into another form.

Roentgen's apparatus was arranged so that the electrons could fly past
the anode to the glass wall. In modern X-ray generators, the electrons usually
collide with the anode itself.

When the electron reaches solid matter, it comes rapidly to rest by colliding
with the atoms of the material. The 10,000 electronvolts is distributed among
various forms of energy such as heat (mechanical energy of the atoms of the
solid), electrostatic energy (electrons knocked loose from atoms), and chemical
energy (molecules of the solid broken apart).

Some of the energy goes into electromagnetic radiation. Some such radia
tion must always be emitted, according to Maxwell's theory of electricity
and magnetism, whenever a charged object is accelerated or, as in this case,
is rapidly slowed down.

The ideas of quantum mechanics have not changed the prediction that
electromagnetic radiation, including X-rays, is given off when electrons are
brought rapidly to rest.

But the quantum idea does set a limit on the spectrum of wavelengths
produced. The most energy that any single electron can put into X-rays is
just the total energy the electron has. In this case, that is 10,000 electron
volts. It is of course not only possible bu! likely that the electron will put less
than its total energy into electromagnetic energy, transferring the rest of it to
other forms.

The shortest wavelength X-ray that an electron, with 10,000 electronvolts
total energy, can produce is one whose quantum energy is just 10,000 electron
volts. This wavelength turns out to be 1.24 A for this quantum energy. To
produce shorter wavelength X-rays, we need higher energy electrons that
will require higher voltage on the X-ray tube.

We never expect to be able to see an atom directly. The visible light that our
eyes can see has a wavelength thousands of times the size of any atom.
Diffraction effects would completely blur out any image of atomic-sized
objects we might try to form with visible light.

X-rays, on the other hand, have wavelengths that are comparable to, or
shorter than, the sizes of atoms. So it should be possible to form X-ray images
of atoms and molecules that can be photographed and examined. Much of
what we know about the structure of crystals and large molecules comes
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from X-ray studies. X-rays were of prime importance in figuring the "double
helix" structure of the biological molecule DNA. This molecule, found in
every cell of every living creature, holds the coded genetic information that
enables the cells to reproduce themselves.

We wish to calculate what wavelength corresponds to a given quantum
energy. We start with the relation:

quantum energy = Planck's constant times frequency

from which we can solve for the frequency:

frequency =
ntumenergy
ck's constant

We also have the basic relation for waves that:

wavelength times frequency = wave speed

For electromagnetic radiation, the wave speed is, of course, the.speed of
light. Solving again for. frequency:

wave speed
frequency = wavelength

We can.equate the two expressions for frequency:

quantum energy wave speed
Planck's constant = wavelength

which can be rewritten

quantum energy times wavelength =

Planck's constant times wave speed

Planck's constant, .and the speed of light, are well-known constants. We
can combine our knowledge on this topic to the simple relation:

The product 0/ the quantum energy 0/ a given type 0/ electromagnetic
radiation, expressed in electronvolts, times the wavelength 0/ that radia
tion, expressed in angstrom units, is a universal constant whose numerical
value is 12,400.

quantum energy times wavelength = 12,400electronvolt fit..
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Electrons and other material objects are thought sometimes to show
wave-like properties. For slow electrons, the formula relating
quantum energy and wavelength is not the same as for photons.
•What is still true is that the product of frequency times wavelength
equals the wave speed. It is also stilI true that the quantum energy
equals Planck's constant times the frequency.

An electron with a kinetic energy of 1OOOelectronvolts has a speed
of less than. one-tenth the speed of light. Such an electron would have
a wavelength less than one-tenth that of a photon with the same
frequency, i.e., the same quantum energy. At l000electronvolts
kinetic energy, the electron's wavelength is less than I angstrom unit.
A photon with this energy has a wavelength; by the formula above,
of 12.4A.

At very high energies, when the electron is moving at nearly the
speed of light, the relation between wavelength and quantum energy
is almost exactly the same for electrons as for photons.

It is hard to form X-ray images because it is very difficult to make a lens
for X-rays. Except in very special circumstances, X-rays do not reflect from
mirrors, nor change direction (refract) when passing from one material to
another. Without lenses we cannot focus an X-ray beam nor magnify an
image. So we usually do not make direct pictures of atomic systems with X
rays. Instead, scientists examine the diffraction patterns found when X-rays
scatter from arrays of molecules. Then they use a computer to help reconstruct
what the shape of the molecules must be.

Quantum mechanics teaches us that, just as light waves have some particle
behavior, particles such as electrons can sometimes behave like waves. The
importance of this fact is that electrons can be focussed by magnetic and
electrostatic lenses. These are arrangements of currents and charges, designed
to make a beam of electrons converge on a focal point, so that a beam of
electrons can be used to take a real picture of atomic-sized objects. If the
wavelength is short enough, diffraction effects do not blur the picture.

A device that uses an electron beam to make such pictures is known as an
electron microscope. The present limit on examining small objects is set by
how well the focussing system can be designed. It is claimed that electron
microscope photographs have been made that show the outline of a single
atom. Pictures that can separate objects 10 angstrom units apart are com
monly made with this device.

The electron microscope has some drawbacks. Low-energy electrons have
little ability to penetrate matter. So the samples to be photographed must be
very thin and mounted in vacuum. Higher-energy electrons are more pene
trating, but more difficult to focus. Some of these problems are avoided by
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Figure 12-6 An electron microscope in operation (Courtesy
Lawrence Berkeley Laboratory)

Figure 12-7 Photograph of plant cells taken with an electron
microscope (Courtesy Lawrence Berkeley Laboratory)
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the scanning electron microscope. This device sweeps a small beam spot
across the sample. A direct photograph is not taken. Instead, the point-by
point detector response is used to make an image on a television screen.

The nucleus of an atom, that incredibly tiny part in the center that contains
nearly all the atom's mass, is 100,000 times smaller than the atom itself. If
X-rays of 12,400 electronvolts quantum energy have a wavelength of I
angstrom unit, it takes radiation with at least 100,000 times that energy to
examine the atomic nucleus in detail. This means we are talking about
quantum energies above I billion electronvolts.

At such high quantum energies, it is rare for any beam to contain more
than I quantum at a time. So a beam of such electromagnetic radiation is
just a succession of photons. Electrons with this much energy are travelling
at 99.99999 % of the speed of light. Except for the fact that electrons carry
electric charge, electrons and photons are very much alike at such high en
ergy. Either can be used to probe the nucleus of the atom.

It is not possible, with methods known today, to apply a direct voltage of
I billion volts across the plates of something like an X-ray tube. The air, the
glass, the insulating stands that separate the plates, would all fall victim to
electrical breakdown. Giant sparks and streamers would jump across the
gap, short-circuiting all the high-voltage equipment.

One solution is to give the electrons a moderate voltage "kick," say,
several thousand volts, at a time. Suppose we have the electrons pass through
a series of ring-shaped electrodes.

While the electrons are between the first and second rings, the second ring
is kept several thousand volts higher than the first. The electrons are accel
erated toward the second ring. They gain several thousand electronvolts
kinetic energy in going from the first to the second ring.

As soon as the electrons pass the second ring, the voltages are switched.
The third ring is now several thousand volts higher than the second. So the
electrons are again accelerated while going from the second to the third ring.

These steps are repeated all down the line. As the electrons pass each ring,
the voltage between rings is switched. The total effect is that the electrons
get many millions of electronvolts kinetic energy. A machine that speeds up
electrons in this way is called an electron linear accelerator, or "LlNAC" for
short.

The world's highest energy electron LlNAC is in Stanford, California.
The string of electrodes at Stanford is more than 3 kilometers long. The
electrons coming out of the tube have kinetic energies of more than 20
billion electronvolts.

The Stanford Linear Accelerator began operation in 1967. Its beams have
been used to study the structure of the particles that make up the atomic
nucleus, such as protons and neutrons.
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Several thousand volts maintained
between these two electrodes while
the electrons are in this region.

Voltage reversed so that the accelerating
voltage is between these two electrodes
after the electrons pass into this region

Figure 12-8 Part of a linear electron acceleration

Figure 12-9 The two-mile-long Stanford Linear Electron
Accelerator (Photo courtesy SLAC)

Other machines to speed up sub-atomic particles to very high energies use
magnets to keep them going in a circular path. This saves on real estate, and
means that only a few electrodes are needed. The particles pass the same
electrodes over and over, getting accelerated with each pass. Such circular
accelerators are called cyclotrons, if the magnetic field is steady in time, or
synchrotrons, if the magnets increase in strength as the beam energy goes up.

At the time of this writing, the world's most powerful synchrotron is the
one at Fermi National Accelerator Laboratory in Batavia, Illinois. This
machine, which began operation in 1972, has accelerated protons to energies
as high as 500 billion electronvolts. In a typical experiment with these high
energy beams, the beam particles are made to collide with the nuclei of atoms
in a piece of target material. The new forms of matter that can be produced
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Figure 12-10 The proton synchrotron at the Fermi National
Accelerator Laboratory, Batavia, Illinois (Photo courtesy FNAL)

in such collisions are of great interest to scientists working at the "frontier"
of our understanding of the very small.

Synchrotron radiation Maxwell's theory has always said that charged
particles being accelerated will send out electromagnetic waves. This effect
poses a problem for high-energy particle accelerators. If too much energy
is radiated away, its loss can keep the particles from reaching the desired
energy. The problem is worse for circular than for straight-line
acceleration. It is very much worse for electrons than for the more massive
protons. This explains why the highest energy electron accelerator is a
LINAC, and why the highest energy synchrotrons accelerate protons.

The "synchrotron radiation" sent out in this fashion comes in all
wavelengths, down to the minimum set by the quantum effect. A high
energy electron beam moving in a circle makes a very strong source of
ultraviolet and X-rays. This source can be used by scientists interested in
studying those wavelengths.

Synchrotron radiation, at radio and microwave wavelengths, is often
generated in outer space. Whenever fast electrons are moving around in
circles, which they will do if magnetic fields are present, this radiation
comes out. "Synchrotron" radio sources in space range from the planet
Jupiter to distant exploding galaxies.

Any form of electromagnetic radiation whose wavelength is shorter than
about 0.1 A is called a gamma ray. The quantum energy of gamma rays is
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thus 124,000 electronvolts or higher. Even some longer wavelength radiation
can be called a gamma ray if it is emitted by an atomic nucleus.

There are no really sharp distinctions between very short wavelength
ultraviolet rays, X-rays, and gamma rays. Perhaps the main differences
among them is the size of the atomic and subatomic systems that typically
emit and absorb each type of radiation.

The quantum of ultraviolet radiation has an energy sufficient to knock
some of the more loosely bound "outer" electrons from most atoms. Hence,
it is ultraviolet rays that usually cause the photoelectric effect.

The quantum of X-radiation has enough energy to knock loose the more
tightly bound "inner" electrons from most atoms. Hence, X-rays are most
readily absorbed by the heavier atoms that have more of the inner electrons.

The quantum of gamma radiation has enough energy to knock loose, or at
least rearrange, the protons and neutrons that compose an atomic nucleus.
Gamma rays are very often emitted by metastable nuclei as the latter drop
from an energetic "excited" state to their lowest energy configuration.

An important new feature occurs for gamma rays whose energy is greater
than 1,022,000 electronvolts. This corresponds to a wavelength less than
one-eightieth of an angstrom unit.

When a photon of such gamma radiation passes close to an atomic nucleus
it can be transformed into a pair of material particles, namely, an electron
and a positron. A positron is a subatomic particle having the same mass as
an electron, but a positive electric charge.

The process of pair creation, which was not discovered until the 1930s,
would be enough to convince us that neither energy nor mass is separately
conserved. Consider that, before the pair creation took place, there was
energy in the form of the quantum energy of the photon of electromagnetic
radiation, but there were no massive objects in the system.

After the pair creation takes place, the photon has disappeared. In its place
there are two massive objects, the electron (e) and the positron (e"). Fur
thermore, since the pair are usually created in motion, there is also kinetic
energy.

In our previous discussions, whenever some form of energy was observed
to disappear in some process, we always tried to deduce the existence of some
new form of energy. If we were able to measure the new form of energy and
determine the calibration of it, then we could conclude that energy, including
the new form of energy, was still conserved. This was the procedure when we
introduced various potential energies, heat energy, sound energy, etc.

So now, observing a known form of energy disappearing and matter
appearing in its place, we might deduce that mass is a form of energy. We
could then set out to measure the calibration constant: How many joules
does it take to make a gram? It would turn out that it takes a very great many
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Figure 12-11 Pair creation. This is a photograph of the tracks
made in a bubble chamber by, among other particles, two
electron-positive pairs. The gamma rays that were converted into
these pairs originated at the "kink" in the track entering from
the bottom. The gamma rays themselves leave no tracks in the
chamber. A strong electromagnet around the chamber causes
the electron and the positron tracks to curve in opposite direc
tions. (Courtesy Lawrence Berkeley Laboratory)

Before:

Planck's constant
Gamma ray energy =

times frequency

After:

Figure 12-12 Pair creation

Energy = mec
2 plus mec

2 plus kinetic energy

joules to make a gram; the calibration constant is a very large number. But
this measurement can be made, and the results are consistent.

The inverse process to pair creation can also be observed. If a positron
comes into contact with an electron, the two can annihilate each other. In
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this process, the electron and the positron disappear and electromagnetic
radiation, in the form of two or more photons, is created in their place.

If the annihilation takes place at rest, with no kinetic energy for electron
or positron before annihilation, and if only two photons are created, then
each photon will have a quantum energy equal to the mass energy of one of
the particles annihilated. For electrons and positrons, this turns out to be
511,000 electronvolts, which corresponds to a wavelength of one-fortieth of
an angstrom unit. So when a positron annihilates with an electron, with
both initially at rest, the two photons emitted will have this wavelength.

The annihilation need not take place at rest. Either the electron or the
positron, or both, may be moving at high speed when the annihilating collision
takes place. At the Stanford LINAC there is a storage ring into which high
energy electrons and positrons can both be injected. They then circulate
around the ring in opposite directions. Occasionally there is a head-on anni
hilating collision between one electron and one positron. In such high-energy
annihilations, not only photons are created but any form of matter which
there is sufficient energy to produce.

Figure 12-13 Photograph of the colliding electron-positron
storage-ring facility at the Stanford Linear Electron Accelerator.
Electrons and positrons from the main linear accelerator are
injected into these rings, and revolve in opposite directions. Occa
sionally two of them collide and often annihilate each other.
(Photo courtesy SLAC)
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Historically the understanding of the equivalence of mass and energy is older
than the discovery of positrons. It is one of the most famous results of
Einstein's theory of relativity. The argument goes as follows: There are two
related effects that take place as we increase the speed of an object:

1. Its energy increases. The faster a particle goes the more kinetic
energy it has. We can continue to "push" the object as long as
desired. So there is no limit to amount of energy we can transfer
to it. The formula for kinetic energy, 1/2 mu", turns out not to be
valid at very high speeds. The formula was only an approximation,
good at low speeds. As the speed gets close to c, a new, more exact
formula is needed.

2. The object becomes increasingly difficult to accelerate. Since a mate
rial object can never attain speed c, it is very hard to speed it up
when it is already going at nearly the speed of light. If we define
mass in the sense of Newton's laws, in terms of the resistance of
an object to acceleration, then we must say that the mass of any
object increases greatly as the speed approaches c.

In Einstein's theory the increase in mass can be calculated, and it can be
related to the kinetic energy. The relation is

kinetic energy = mass increase times calibration constant

Numerically the calibration constant turns out to be equal to the speed of
light squared. Since the value of c is

300,000,000 meters per second,

the calibration constant is

90,000,000,000,000,000 (meter/sec)",

In most everyday examples the increase in mass of a moving object is so
small as to be unmeasurable. For example, suppose we impart to an object
weighing 1 kilogram, a kinetic energy of 1 joule. The increase in its mass
would be 1/(90,000,000,000,000,000) of a kilogram. So the total mass would
then be 1.000000000000000011 kilogram. We are quite justified in neglect
ing the small increase in mass for objects moving at ordinary speeds.

The formula E = me? implies more than just that mass is a form of energy.
It says that mass is energy and that energy is mass. Whenever we increase
the energy of a system, we are increasing its mass as well. This applies not
only to kinetic energy but also to other forms of energy.
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Glossary

If we heat up an object, increasing its heat energy, then its mass must
increase slightly, If we stretch a spring, increasing its elastic potential energy,
we increase its mass, too, The gamma ray, because it carries energy, also
possesses mass. The electron-positron pair, even at rest, because they possess
mass, also possess energy. In this sense both energy and mass are conserved
in the pair-creation or pair-annihilation processes, because both mass and
energy are different aspects of the same thing.

accelerator-A machine designed to make subatomic particles travel at very
high speeds. Examples include cyclotrons, X-ray tubes, synchrotrons,
and linear accelerators.

anode-See Chapter II.
cathode-A metal conductor inside an electronic device, such as an X-ray

tube, that is kept negatively charged to repel electrons. A cathode in
the form of a hot, thin wire filament made of tungsten is often used
as a source of electrons.
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cyclotron-A machine designed to make subatomic particles travel very
fast, keeping them moving in circular paths by means of a steady
magnetic field. The accelerating voltage is reversed in step with the
period of revolution, so that the particles get an increase of kinetic
energy each time around.

electrode-See Chapter II.
electron microscope-A microscope that uses fast electrons rather than light

waves for illumination. The electrons can have much shorter wavelength
than visible light. This reduces diffraction problems when we look at
very small objects.

electronvolt-A unit of energy. The kinetic energy that a single electron (or
any object with the same electric charge) gets when it is accelerated
through a voltage of I volt. It takes 6 billion billion electronvolts to
make I joule.

gamma rays-The range of electromagnetic radiation having a wavelength
less than one-tenth of an angstrom unit.

ion-An atom that has acquired an electric charge through the gain or loss
of electrons.

linear accelerator-A machine to make subatomic particles go very fast.
The voltages between electrodes are reversed in step with the passage
of the particles through them, so that they get an increase in kinetic
energy at each electrode.

mass-energy-The single conserved quantity that shows itself as either mass
or energy, or both. A system increases in mass whenever its energy
increases. Energy is released whenever the mass of a system decreases.

pair annihilation-The disappearance of an electron and positron when they
collide. The mass of the two particles is converted into energy, usually
in the form of gamma rays.

pair creation-The appearance of a positron and electron pair, accompanied
by the disappearance of some other form of energy, such as a gamma
ray.

positron-A subatomic particle identical in mass and in many other ways
to an electron, but having positive electric charge. Positrons do not
last long on Earth because they soon collide with electrons and anni
hilate each other.

rest-mass-The mass an object has when it is at rest. In earlier chapters this
was called the "amount of material," or simply its "mass." Under
proper conditions the rest-mass, like mass-energy, can be converted
into other forms of energy.

Roentgen, Wilhelm Konrad (I 845-1923)-German physicist who discovered
X-rays while investigating electrical discharges in gases.

storage ring-A machine to keep fast subatomic particles, such as electrons
and positrons, moving in a circular beam where they can collide with
each other.
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Questions

X-rays, gamma rays, and E = Me2

synchrotron-A machine designed to make subatomic particles move very
fast while keeping them in a circular path by means of a changing
magnetic field. A synchrotron works much the same as a cyclotron. It
has the advantage of occupying only a narrow ring, instead of a solid
circular area. So synchrotrons can be built much larger than cyclotrons.

synchrotron radiation-The radiation emitted by charged particles when
they are forced to travel in circular paths (i.e., accelerate) by magnetic
fields. Synchrotron radiation is found not only at particle accelerators,
but also in inter-stellar space.

X-rays-The range of electromagnetic radiation whose wavelength lies
between 100 angstrom units and 1/10 of an angstrom unit.

1. What is the difference between pure and applied research? What is the
value of each?

2. How many joules are in 1 electronvolt?

3. The mass of an electron is 0.000 000 000 000 000 000 000 000 000 000 9
kilogram. About how fast is it going when it has a kinetic energy of
12,500 electronvolts (0.000 000 000 000 002joule)?

4. What is the minimum voltage difference needed across an X-ray tube
to produce X-rays of wavelength 1/10 of an angstrom unit?

5. What is the quantum energy of orange light at a wavelength of 6200 A?
What is the quantum energy of X-rays at a wavelength ofl/2 an angstrom
unit?

6. What is the minimum wavelength X-rays that can be produced by a
typical dental X-ray machine that operates with a voltage of 62,000
volts?

7. Suggest a way to measure the wavelength of a beam of X-rays.

8. How might we measure the quantum energy of a photon of gamma
radiation?

9. Choose three different parts of the electromagnetic spectrum. Tell one
way we might produce each type of radiation, and one way we might
detect it. Not all three methods should be the same.

10. Why are there so few positrons usually found on Earth? What is the
fate of any positron that happens to be created here?

11. What would be the consequences if electrons could annihilate with
protons, the positively charged massive particles found in the nucleus of
all atoms? Would Earth and its people still be here if such annihilation
could take place?
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12. Would energy losses due to emission of synchrotron radiation cause a
problem in keeping electrons in a storage ring? How might these losses
be compensated for?

13. Show, from the old formula for kinetic energy, that any calibration
factor that relates joules to kilograms must have units of a velocity
squared.

14. What does the formula E = me? mean?

15. If a photon has mass, shouldn't it be affected by gravitational forces?
Suggest an experiment to detect this effect.
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The study of nuclear physics has grown spectacularly in this century. One
hundred years ago no one knew that every atom had a tiny, but heavy,
nucleus at its center. No one even suspected then that there was such a form
of energy as what we now call nuclear energy.

Today we know that the release of nuclear energy is what makes the sun
and stars shine. We know the dangers of nuclear explosives. We know some
of the benefits, and the hazards, of nuclear reactors. Some of us hope to make
up for our dwindling supply of fossil fuels with more use of the controlled
release of nuclear energy.

The first inkling that there were such things as a nucleus and nuclear energy
came from experiments early in this century. These showed that most of the
mass and all of the positive electric charge of an atom were concentrated into
a tiny hard lump in its center, called the nucleus. The rest of the atom was
mostly empty space, with some lightweight, negatively charged electrons
circling around.

Some new force, the nuclear force, was needed to explain why all the
positive charges in the nucleus did not fly apart from each other.

A second set of experiments, also in the early 1900s, showed that certain
kinds of atoms could release rather large amounts of energy, suddenly and
with no known source of energy. Such atoms were called radioactive.

Gradually it came to be understood that radioactive atoms were those with
more than average amounts of nuclear energy stored in them. If a radioactive
atom changes itself ("decays") into an atom with less nuclear energy (a more
"stable" atom), the extra energy can be released.

This energy-releasing change does not always happen right away. A radio
active atom can live for quite some time in its unstable state. Then, suddenly
and unpredictably, it releases its energy and changes its identity.

Each kind of radioactive atom has its own half-life, the time in which
half the atoms of that kind will decay. The half-life for some kinds of atoms
may be shorter than a second. For others the half-life may be billions of
years.
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By the middle of this century, a very simple picture of the nuclear atom
had been painted. The nucleus is made up of a certain number of protons,
fairly heavy objects with positive charge, and of neutrons, about the same
mass as protons, but with no electric charge.

The number of protons in the nucleus is balanced by an equal number of
electrons in orbit around the center. This number of protons and electrons
is called the atomic number of the atom. The way the atom combines with
other atoms to make molecules (the chemical behavior of the atom) is com
pletely set by its atomic number.

The nucleus needs a certain number of neutrons in it to help hold the
protons together. But extra neutrons can often be added to the nucleus of
an atom. The extra neutrons don't change the chemical behavior of the
atom. They only make it a bit heavier. Kinds of atoms that have the same
atomic number, but differ only in the number of neutrons in the nucleus, are
called isotopes of the chemical element they both represent.

Protons and neutrons are sometimes classed together under the name
nucleons.

The amount of nuclear energy, per nucleon, stored in each atom is slight
ly but importantly different for each kind of atom. The atoms with the
lowest level of nuclear energy per nucleon are those in the middle of the
table of elements, atoms like iron and copper. These atoms are the most
stable, with respect to nuclear energy. To change them into anything else,
extra energy would have to be supplied.

Very light nuclei-free protons, free neutrons, or combinations of only
a few of these-have a much higher level of nuclear energy. Energy can be
released when these light nuclei come together to form heavier ones. This
process is known as fusion.

Very heavy nuclei-such as uranium-also have a rather high level of
nuclear energy. Energy can be released if the nucleus can be made to split
apart into more stable nuclei in the medium-weight range. This process is
known asfission.

Both fission and fusion have been used to release nuclear energy. We are
all familiar with the uncontrolled release of energy in the explosion of nuclear
bombs. We also know of the controlled release of energy in reactors based
on nuclear fission. Perhaps soon we shall also find a way to release the energy
of nuclear fusion in a controlled way.

In recent decades, the nuclear physicists have concentrated on studying
subnuclear particles. They are interested in finding what the nucleons them
selves are made of. In their quest they have predicted and searched for such
strange objects as neutrinos, antiparticles, and quarks. The first two were
found after 25 years of searching. Quarks have not yet been found.

The study of nuclear and subnuclear physics is still going on. The last
chapter has still to be written.
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A classic experiment in 1910 by Geiger and Marsden established the shape
of the atom. They shot fast subatomic "bullets" at the atoms in a thin piece
of foil. Most of the projectiles passed straight through, practically undeflected.
A very few, perhaps one out of every 10,000, came bouncing back in the
direction from which they had come. What did this all mean?

Ernest Rutherford (1871-1937) proposed a model to explain Geiger and
Marsden's results. He suggested that most of an atom is empty space, with
an occasional lightweight electron circulating about. These would offer little
obstruction to the fast projectiles of Geiger and Marsden. At the very center,
however, occupying a very small space, was a hard massive nucleus. If the
fast projectiles happened to hit the nucleus, they bounced back.

The atom can be compared to a bale of cotton, deep inside which are
hidden some small steel objects. Bullets fired at random into the cotton
will mostly pass through. If the bale is thick enough some bullets may
lodge in the cotton. The occasional bullet that finds a hidden steel object
ricochets back out of the bale at a wild angle.

The model of the atom that Rutherford suggested resembles a little solar
system. The heavy nucleus at the center, like the sun in the heavens, keeps
the light-weight electrons, like so many planets, in orbit about the center.
The force that holds the atom together is electrostatic rather than gravita
tional. But since both forces follow an inverse-square law, the paths of the
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Figure 13-1 The nuclear model of the atom
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electrons in an atom are expected to bear some resemblance to the orbits of
planets and comets around the sun.

The atom as a whole is electrically neutral. So the total positive electric
charge in the nucleus must just balance the negative charge of all the electrons
revolving about it.

The number of charges in the nucleus (and the equal number of negative
electrons circling it) determines what kind of atom it is. A hydrogen atom
has a single electron in orbit around a nucleus with a single positive charge.
An atom of uranium has 92 electrons circling a nucleus with 92 positive
charges, just enough to balance the negative charges of the electrons.

There were two very strong objections to the nuclear model of the atom.
The first question was why the electrons did not spiral down into the nucleus,
emitting large amounts of energy as light and radiation. Calculations showed
that every atom should collapse this way within a fraction of a second.

Quantum mechanics solved this problem. The uncertainty principle pro
vided the answer. If an electron becomes localized closely in the center of
the atom, the uncertainty in its speed must become very great. If that is so
the electron has a good probability of escaping out to a wider orbit.

According to modern theory, an electron settles down into some minimum
orbit within the atom. Here it emits no more radiation. It does not spiral any
closer to the nucleus. So it took quantum mechanics to explain why Ruther
ford's nuclear atom does not collapse into its center.

A second objection to the nuclear atom was harder to meet. The many
positive charges so close to each other within the nucleus should repel each
other with enormous force. The laws of electrostatics say that like charges
repel. The closer together they come, the stronger the repulsion.

How then can the 92 positive charges in the nucleus of an uranium atom be
kept together? Why doesn't it fly apart immediately?

The nuclear force The only explanation we can offer is that there is
another force, which we shall call the strong or the nuclear force, that holds
the nucleus together.

Even after more than half a century of study, the details of the way the
nuclear force acts are still obscure. But some of its important features can
be summarized.

The strong force of attraction between two nuclear particles must be about
100 times greater than the electrostatic repulsion between them. This explains
why a nucleus as charged as uranium can hold together. Nuclei with many
more charges than that are unstable, and are not found in nature.

The nuclear force is very short-range. It operates only when the nuclear
particles are so close together that they practically touch. When the charges
are separated by as much as 0.001 angstrom unit (i.e. 10 to 100 times the
size of an ordinary nucleus) they exert only electrostatic repulsion on each
other, with no sign of nuclear attraction.
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The electrons in an atom are not affected by the nuclear force. Just as an
uncharged object is not subject to electrostatic force, so there are particles
that are "turned off" to the strong nuclear force. We might say that an
electron, while it possesses an electric charge, is neutral to the nuclear force.
Particles, like electrons, that do not partake of the nuclear forces are clas
sified as "leptons," from the Greek word for "weak." Objects that are subject
to the strong forces are known as "hadrons;" from the Greek word for
"strong."

In 1932 James Chadwick of Cambridge, England, discovered the neutron.
The pieces of the puzzle were beginning to fall into place.

The neutron is massive. It is slightly heavier than a proton that, in turn,
is more than 1800 times as heavy as an electron. The neutron has no electric
charge. Most important, the neutron is a hadron; it responds to the strong
forces that hold the nucleus together.

-() ()-
The positive charges of two nuclei repel
each other at moderate distances

~
~

But they stick together when they
are close enough to make contact

Figure 13-2

It is possible to make an extra neutron stick to the nucleus of almost any
kind of atom. Since the neutron has no electric charge, it wiIl not be repelled
by the positive charge of the rest of the nucleus. Since the neutron is a hadron,
it is likely to be attracted by the other hadrons-protons and neutrons
already in the nucleus. Of course, the extra neutron must get close enough
for the nuclear force to take effect.

An atom to which an extra neutron has been added is stiIl very much like
it was without the neutron. It has the same number of protons and electrons
as before. It can make all the same reactions with other atoms as before.
It can form all the same combinations. Chemically, the atom with the extra
neutron is almost identical to an atom without it.

Two atoms of a given chemical element, which differ from each other only
in the number of neutrons in the nucleus, are caIled isotopes of that element.
The word comes from Greek words, meaning "the same place." Two different
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isotopes of the same element will fit together into the same place in a table
of chemical properties (such as Table 8-1 in Chapter 8). There can sometimes
be several isotopes of a single element, each differing from the next by having
one more neutron in its nucleus.

0), ~
~

~

~
~

Figure 13-3
new isotope

A nucleus absorbing an extra neutron to form a

The element tin has 10 stable isotopes. An atom of tin has 50 protons and
50 electrons in it. Depending on which isotope it is, it may have as few as 62
or as many as 74 neutrons. On the other hand there are some elements, such
as aluminum or iodine, for which there is only one stable isotope. 1

Of course there are some differences between the isotopes of an element.
Extra neutrons make the atom heavier. A heavier atom moves more slowly than
a lighter atom subject to the same forces. This effect is greatest when the atom
has only a few neutrons and protons. When there are already 100 or more,
the addition one more neutron makes less than 1%difference in the mass.

There can be considerable difference in the nuclear properties of different
isotopes. For example, the ability of the nucleus to absorb still one more
neutron depends strongly on how many neutrons it already has.

A nucleus that has too many neutrons, or too few, for the number of
protons in it, can be unstable or radioactive. A radioactive nucleus is one
that can release energy by changing itself into a different nucleus. In some
cases, when an isotope has too many neutrons, energy can be released if one

1 There are some elements for which no combination of neutrons can form a stable
nucleus. These elements are never found in nature, and can only be created artificially. Some
examples are: technetium that would have 43 protons and electrons if it were stable, and
promethium that would have 61 of each.
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neutron can be changed into a proton. In other cases, when there are too
few neutrons, energy can be released by changing one proton into a neutron.
In still other cases, involving the very largest nuclei, energy is released when
the nucleus splits into smaller pieces.

If a nucleus is radioactive, it may last for a time in its unstable form. Sooner
or later, however, it must undergo the energy-releasing change that transforms
it into a more stable nucleus. The time scale for this change to happen is
different for each isotope. Some very unstable isotopes may disappear com
pletely in less than a second. For an atom like uranium-238 (92 protons and
electrons, 146 neutrons) the time scale is measured in billions of years, longer
than the age of the Earth and the sun. So even though uranium-238 is radio
active, it takes so long for it to decay that most of the original uranium is
still to be found on Earth in this unstable state.

One of the most important stable isotopes is the atom of heavy hydrogen,
or deuterium. An ordinary hydrogen atom has a single proton and no neu
trons in its nucleus. A deuterium atom has a nucleus containing a proton and
a neutron. This nucleus is called a deuteron from the Greek word for
"second". ("Proton" means "first.")

If an ordinary hydrogen atom absorbs a neutron, it becomes a deuterium
atom. If we look carefully at the hydrogen we find on Earth-in sea-water,
for example-l hydrogen atom in 6000 is the deuterium isotope.

Deuterium atoms are twice as heavy as ordinary hydrogen atoms. This fact
makes it fairly easy to separate samples of pure deuterium from ordinary
hydrogen gas. Water in which all of the hydrogen atoms of the molecules
are the deuterium isotope is called heavy water.

There is another known isotope of hydrogen whose nucleus has 1 proton
and 2 neutrons. This isotope is called hydrogen-3, or tritium. Tritium is not
a stable isotope. It is radioactive, with a half-life of 12 years. In the absence
of nuclear reactions on Earth, there would be no tritium at all found in
nature.

An atom of strontium-90contains 38protons, 38electrons,and 52neutons,
More than half a milliondectronvolts of energycan be released if one of the
neutrons could somehow be changed into a proton (plus an electron, to keep
electric charge balanced).

Sooner or later this will happen. The strontium-90 atom is not a stable
isotope ofstrontium. His radioactive.

The change does not happen right away. The odds are even that any given
strontium-90 atom will last more than 29 years before giving up its energy.
Put another way, if we started with a hundred atoms of strontium-90, after
29years about half of them-50, giveor take a few-would still be strontium
90. The rest would have released their energy and changed their form
("decayed" is the word often used).
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Twenty-nine years is the half-life of strontium-90. The half-life of a radio
activeisotope is the time over which half the atoms that we startwith can be
expected to decay. The half-life is different for each isotope. It can be shorter
than 1 second or longer than a billion years.

Can we tell in advance exactly when a given atom will decay? Apparently
not. We do not know how to identify an atom that is about to decay radio
actively. Even if we knew what information to look for,we probably couldn't
get it without breaking apart the nucleus. The uncertainty principle of quan
tum mechanics makes sure this is so.

The 50 or so atoms of strontium-90 that are left after 29 years look exactly
the way they did 29 years before. In fact.: they look no different from any
brand-new strontium-90 atoms you could make. Given that they survived the
first 29 years, the.odds are now even that they will lastanother 29 years. After
58 years, there will be about 25 strontium-90 atoms left of the original 100.
After another 29 years, about half of them will have decayed. The process
continues until only one atom is left.

This one atom will have 50% chance of decaying within the next 29 years.
If it survives one half-life, it willhave an even chanceoflasting 29 more years,
and so on. When the last radioactive atom finally decays, there will be no
strontium-90 left at all.

As long as the strontium-90 does not decay, it behaves just like any other
atom of strontium. Strontium is a chemical element very much like calcium.
If you eat it in your food, it is likely to get into your bones. Thereit will stay
for the rest of your life- if it is a stable isotope--or for the rest of its life if it
is radioactive.

That is the rub. When a radioactive isotope finally decays, its excess energy
is released. This energy is delivered to the atoms and molecules nearby. These
atoms and molecules are pulled apart, knocked out .of place, or otherwise
disturbed by the violent release of energy.

Usually your body is able to repairfhe damage. We are always being hit
with manykinds of damaging energy releases. We would not have survived
long as living creatures if our bodies could not recover from .small injuries.

But sometimes someone gets such a large dose ofradioaetivity-thathis body
cannot recover immediately.He then gets a radiation burn, or worse,radiation
sickness. In extreme cases a victimofa very large radiation dose may die.
Such overdoses can occur when a nuclear bomb explodes,orwhen there is a
radiation accident at some nuclear plant. With the end of bomb-testing in the
open air, and with careful controlat all nuclear facilities,.radiation burns and
radiation sickness can be made extremely rare.

There are more.subtle effectsof radioactivity. Sometimes a key molecule in
a living cell can be altered just enough that the cell doesn't die__most dead
cells can be replaced-but it begins to grow out ofcontrol.

A cell that grows and multiplies out ofcontrol is said to be malignant. The
growth and spread of malignant cellsis the principal feature of the diseases
called cancers.

The decay of radioactive atoms in the body isone possible cause ofcancer.
It is not the only cause; many other cancer sources are known. It is not even a
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likely source. A random release of energy inside a living cell has avery small
chance of causing the exact change that makes the cell malignant. Only when
a large number of radioactive decays take place in a person's body do the
chances become appreciable that one of those decays will cause a cancer.

The particular threat posed by strontium-90 is due to a combination. of its
chemical properties and its half-life. Its chemistry makes it likely to find its
way to your bones and stay there. Radioactive isotopes of elements that don't
get absorbed by your body are much less dangerous. An atom of radioactive
argon, an inert gas that doesn't combine easily with other elements, would not
lodge itselfin your body.

If the half-life of strontium-90 were very short, only a few minutes.or days,
it would all decay before it could get to you. If the half-life were very long,
thousands or millions of years, very little of it would decay even while it-was
lodged in your body. The half-life of 29 years matches well with a.human life
span. It gives thestrontium-90 that might escape from a nuclear explosion or
accident time to get into your bones, and then to decay gradually throughout
your lifetime. Sooner or later one of the decays might just produce a malig
nancy.

We must not suppose that radioactive isotopes are a complete evil. We
must respect their danger .and handle them with care. But this is no different
from many other kinds of dangerous, but useful materials.
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A radioactive tracer is a small amount of radioactive material that is used
to follow the course of some process. We use the fact that we can detect the
decayofeven a singleradioactive atom, becauseof the large amount of energy
released. So if a volunteer takes a drink containing only a fewatoms of radio
active iodine, wecan easily foUowjustwhere in the body the iodine goes, and
how fast it gets there.. Radioactive tracers can be used to help study the details
of what is goingonin many processes, such as in livingbodies or in industry.

Radioactive sources can be used to treat cancer and other diseases. The
energy release of-the radioactive decay can also kill the malignant cells.

Radioactive atoms represent a way of storing energy.. A quantity of radio
active material can be used asa power supply, slowlybut.reliably releasing its
energy over a long period. This kind of energy source, while expensive, is
useful in places that are hard to resupply. Stations on the moon and on satel
lites, and in remote Antarctica, have been powered by radioactive cells.

One serious problem with radioactive material is that it cennot be "turned
off" when it is not wanted. Radioactive atoms continue to decay at their self
determined rate for as long as they exist. There is no known way to speed it
up or slow it down.

An unwanted sample of radioactive material must be stored in a safe,
shielded place until enough half-liveshave passed for nearly all of it to disap
pear. When the half-life is.many thousands of years, finding•a storage place
that Will. stay safe for all that time presents a serious problem.

Radioactive material can beboth a hazard and a useful tool. There are bene
fits to be gained from the careful use of radioactive atoms. There are unique
problems to.besolved in handling them. It seems likely that we shall have to
deal with many kinds of radioactivity from now on. We shall have tolearn
how best to cope with them.

At the other end of the table of elements there is an important isotope of
uranium, called uranium-235. This atom has 92 protons in its nucleus, like
other atoms of uranium, but only 143 neutrons. About one out of every 140
uranium atoms, as they are now found in nature, is uranium-235. (Most of
them are uranium-238.) Uranium-235 is radioactive, with a half life of 7
hundred million years. It is disappearing faster than uranium-238, but the
Earth is not so old that all the uranium-235 is gone. This is fortunate for us
because uranium-235 plays a very important role as a source of energy,
which we shall discuss later.

Stahle isotopes The total number of neutrons and protons in the nucleus
of an atom is called the nucleon number. We shall use the letter A to symbolize
it. This is the number that we have been attaching to the names of isotopes
(e.g., strontium-90, uranium-238). For any given value of A, there is one
combination of neutrons and protons that gives the most stable nucleus.
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For most values of A there is only one combination of neutrons and
protons that is stable. This is always true when A is an odd number. It is
true about half the time when A is even. In most of the rest of the cases
there are two stable isotopes with the same value of A. Very rarely are
there three. In a few cases, notably A = 5 and A = 8, there are no stable
isotopes.

If there are too many neutrons or too many protons for that value of A,
the nucleus is unstable and the isotope is radioactive.

For A up to about 40, the most stable isotope has an equal number of
protons and neutrons. Thus, carbon-12 (6 protons, 6 neutrons), oxygen-16
(8 of each), silicon-28 (14 and 14) are examples of particularly stable nuclei.

An unstable nucleus like nitrogen-l 6 (7 protons, 9 neutrons) will decay very
rapidly into oxygen-16, with one neutron turning itself into a proton. Simi
larly nitrogen-12 (7 protons, 5 neutrons) will quickly release its excess energy
by changing one proton into a neutron, to become a stable carbon-12 atom.

In heavier atoms, the most stable nuclei tend to have more neutrons than
protons. This is because the protons in the nucleus are repelling each other,
while the neutrons are not. So there is more room for extra neutrons than
for protons.

As we go up in nucleon number the neutrons tend to outnumber protons
more and more. The most stable isotope of iron has 26 protons and 30
neutrons. Tin-118 has 68 neutrons to only 50 protons. By the time we reach
uranium, the neutrons outnumber the protons by 50 %. It is the force of
those extra neutrons, pulling on all the protons, that keeps the nucleus from
flying apart.

A carbon-12 nucleus does not weigh quite as much as the 6 protons and 6
neutrons that make it up. The whole is not equal to the sum of all its parts.

If we were to mix 6 kilograms of protons with 6 kilograms of neutrons,
and somehow get them all to stick together as carbon-12 nuclei, the aggregate
would weigh only 11.9 kilograms, rather than the 12 kilograms of matter
we started with.

There is one-tenth of a kilogram less mass in the system than we started
with. We have learned that mass is a form of energy. So there is also less
energy than we started with. The energy lost in the formation of all the
carbon-12 must have been converted into other forms. In this case it may have
been emitted as gamma rays.

The energy given off in this supposed reaction is really quite enormous.
Using the formula E = mc-, the loss of one-tenth of a kilogram of mass
results in the release of

0.1 kilogram x (300,000,000 meters/seer-

= 9,000,000,000,000,000 joules



307 The curve ofbinding energy

This is enough energy to power a large city completely for several days.
This is also a lot more energy than we could get by, say, burning the 11.9
kilograms of carbon. If the energy were released all at once, the explosion
would destroy the whole city where it happened.

The fact that carbon-12 weighs less than the protons and neutrons in it
explains why it is such a stable nucleus. In order to break up this nucleus we
would have to resupply all the energy that the gamma rays carried off when
it was formed. This would be even harder to do than making the nucleons
stick together in the first place. A carbon-12 nucleus does not fall apart by
itself, because so much energy would have to be supplied from outside to
allow it to do so.

The argument holds equally well for any other nucleus. If a nucleus had
even slightly more mass than the sum of all its protons and neutrons, energy
could be released by letting the nucleus fly apart. Even if its mass were
exactly equal to the sum of its nucleons, there would be no reason why it
couldn't fall apart by itself. But if its mass is only slightly less than that, the
nucleus cannot be broken up without putting in energy from outside. For
this reason we should not be surprised to learn that the mass of every known
nucleus is less than the sum of the masses of the protons and neutrons that
make it up.

Figure 13-5 plots the masses of many of the stable nuclei, and a few radio
active ones, versus A, the number of neutrons and protons. In order to get
them all on the same graph, we divide the mass by A in each case.

The mass per nucleon is nearly the same for all nuclei. In energy units, it is
always between 930 and 940 million electronvoIts per nucleon. In order to
show the differences between nuclei more clearly, we display only the "tip
of the iceberg," the top 1% of the graph. Zero on this scale is far off the
bottom of the page.

The nuclei that lie lowest on this graph are the most tightly bound. It would
require the most energy per nucleon to tear them apart. Atoms that lie higher
on the graph are energy-rich. If their nucleons could somehow be transformed
into the lower-lying atoms, energy could be released.

Free neutrons and protons are by far the most energy-rich particles on the
graph. As we have said in a different way before, all of the known nuclei have
less mass per nucleon than the free neutrons and protons. To a lesser extent,
there is much energy content in such light nuclei as deuterons, tritons, helium
3, and lithium atoms.

Notice how tightly bound the helium-4 nucleus is, compared to other atoms
of such low mass. This unusual stability of helium-4 is recognized by its
having a special "nickname," the alpha particle.

If two deuterons, with masses of 938 MeV per nucleon, come together to
form an alpha particle, at 932 MeV per nucleon, we figure to release 6 MeV
per nucleon by the reaction. The energy so released might be carried off by a
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Figure 13-5 The curve of binding energy

gamma ray. This kind of reaction, in which energy is released by the combina
tion of light nuclei, is known as fusion.

The fusion reactions in which alpha particles are formed from more energy
rich light nuclei (like protons and deuterons) are called thermonuclear reac
tions. They are very common in nature. The sun and most other stars derive
their energy from such reactions. In recent years it has been possible to set
off thermonuclear explosions on Earth, also known as "hydrogen bombs."

It would be very useful to release this kind of energy in a controlled way.
The difficulty is that two deuterons, both with positive electric charges, repel
each other. Only when they are going very fast can they get close enough
together for fusion to happen. The usual solution is to try to make the
deuterium very hot, so the atoms have high kinetic energy. The temperature
needed is so high that any container would melt.

A large research effort is now underway to find how to release the energy
of thermonuclear fusion in a controlled way. It may take many years for
this effort to succeed, but the rewards will be very great. There is enough
deuterium in the oceans of the Earth to supply energy that, even at our
present rate of energy use, would last us billions of years!

You will also notice from Fig. 13-5 that carbon-12 lies even lower in mass
per nucleon than helium-4. This means that even further energy can be
released if 3 alpha particles came together to form a carbon-12 nucleus. Some
very old stars are known to get their energy from this reaction.
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Figure 13-6 Two deuterons fusing to release energy by form-
ing an alpha particle

We can squeeze even more energy out of the nuclei by forming still heavier
nuclei, such as oxygen-16, but the returns are diminishing. At a nucleon
number of about A = 60, the mass per nucleon is at its minimum. To form
heavier atoms we have to put in energy.

The fact that the nuclei at the right of the graph are not as tightly bound
as those near A = 60 has to do with the electrical repulsions between the
protons. It is not so easy to bind a nucleus together, with 80 or 90 or more
protons pushing each other apart, as when there are only 20 or 30 protons.

If energy cannot be released beyond A = 60 by sticking nuclei together,
perhaps we can do it by breaking heavy atoms apart.

If uranium nuclei, at more than 931.5 MeV per nucleon, can be broken
into atoms near the minimum of930.5 MeV per nucleon, we can release about
1 million electron volts per nucleon. This is not as much energy per nucleon
as in thermonuclear fusion, but since a uranium atom has over 200 nucleons
in it, it is much more energy per atom. In any case, it is a great deal of energy
to be released. It is much more, for a given amount of fuel, than in any
chemical reaction, such as burning.

The problem was that most heavy atoms do not simply split in half on their
own. If they did, there would be few of them left on Earth by now.

Several of the heaviest nuclei are so energy-rich that they can release energy
by splitting off 2 protons and 2 neutrons as an alpha particle, leaving behind
a slightly smaller nucleus. This process is known as alpha decay. It doesn't
happen very often. It is not very likely that the 4 nucleons inside the big
nucleus will come together in just the right configuration to make an alpha
particle. Even if they do, it is even less likely that the alpha will hold together
and escape in the face of all the other nucleons pulling it back. Once in a
while the odds are overcome, and an alpha particle does escape. How seldom
this happens is shown by the case of uranium-238, whose half-life is 5 billion
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years. The odds are even that not once in 5 billion years will an alpha particle
manage to escape from a uranium-238 atom.

If it is so hard to break off an alpha-particle, how much less likely is it to
form a carbon-12 nucleus, much less a fragment with A = 60 or more?
Moreover, if there were a special nucleus that could split apart easily, it
wouldn't last very long. You would have to make it right there in the
laboratory.

The surprising discovery of the years around 1940 was that it was possible
to make a nucleus that could split in half fairly easily. You made such a
nucleus by attaching a slow neutron, one with very little kinetic energy, to a
fairly stable but special "fuel" nucleus. There are three such fuel isotopes
known. The first one discovered was uranium-235. The others are thorium
232 (90 protons, 142 neutrons) and plutonium-239 (94 neutrons, 145 neu
trons). When a slow neutron is absorbed by any of these nuclei, it turns into
a new nucleus that is likely to split in half by itself, or fission.

Suppose a uranium-235 atom absorbs a neutron. It might split in many
different ways. A typical split is shown in Fig. 13-7.
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Figure 13-7 Neutron-rich fission fragments

The fission fragments come off with high kinetic energy. Most of the energy
of the fission is released in this form. A glance at the table of stable isotopes
shows us that both fragments have too many neutrons. This will usually be
the case. Uranium atoms have a higher proportion of neutrons than the
stable isotopes with A around 100to 150, characteristic of the fragments.

The balance can be adjusted if the fragments release a few neutrons. There
is usually enough energy left over to allow this to happen. But this means
that there are neutrons available to be absorbed by still other uranium atoms.
And so we have the makings of a chain reaction. (See the box.)
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The energy released by the fission of uranium has been demonstrated by
the successful operation of many nuclear reactors. There is enough uranium
235 on Earth to last at least as long as the fossil fuels as an energy source.
The possibility of creating plutonium-239 from the more plentiful uranium
238 would increase the amount of fuel from this source by a hundred-fold.
But, of course, the use of these fuels creates problems of radioactive waste
disposal that still have to be solved.

Demonstration: Mousetrap Chain Reaction. Inside a'wireframe cageJO
or 40 mousetraps are.set. Each mousetrap' is. mounted with two corks in such
a way that when the trap is sprung the corks are thrown into the air. A cork
falling on any trap can spring it.

A single cork is dropped into the cage. Within seconds, all of-the traps are
sprung. As each trap is sprung it releases flying corks. that can spring. still
other traps. This process is a very graphic illustration of chain reaction.

A nuclear chain reaction can come about because: (1) a neutron can make
an isotope like uranium-235 split apart, and (2) each time such a fission takes
place, more neutrons are released. These neutrons can then make.other atoms
undergo fission, and so forth.

If the fuel material is pure uranium·235,..or pure plutonium·239, the reaction
is likely to go on uncontrollably until all the fuel is used up. When this hap
pens,wehave a nuclear explosion, a so-called "atom bomb."

Even a single stray neutron, which is almost always present, can set off the
whole chain reaction. The explosion canbe avoided, however, if the material
is spread out so .that most of the neutrons get away. This will happen ifthe
sample of fissionable atoms is too small. A sample that is so small that too
many neutrons escape is said to be subcritieal.

When enough fissionable material is put together in one place, the neutrons
do not get away. The chain reaction then goes to completion. The size of the
sample needed for.this to happen is called the critical mass..The exact size of a
critical mass depends on the design and shape of the device. It is estimated to
be a few kilograms ofU-235 or plutonium. Whenever a critical mass of fis
sionable material is forced together, the chain reaction will go off almost
immediately.

The first nuclear bomb was made of pure uranium-235. The problem. of
separating U-235 from the much more common U-238, with which it-isalways
found mixed, was a tough one.. All isotopes of uranium react the same way
with other atoms -.So.no chemical reaction can separate them. The best that
can be done. is.to make use of the-fact.that. U-235 atoms,beingabout 1%
lighter than U-238 atoms, might move a little faster in getting through a filter.
So if such a step is carried out many times, the.. fraction of U-235 can be in
creased.

Controllednuclear reactors do not require pure U·235, but they do need an
enriched sample .• It is enough if the fraction of V·235 is 1 in 20 or 30 atoms,
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rather than the one-in 140 mixture found in nature. It is, of course, much
easier to make this enriched uranium than to make pure U-235.

Plutonium,being a different chemical element, is much easier to separate
from uranium. You can dissolve plutonium in certain liquids. that will not
affect uranium. Plutonium is not found in nature, however. It must be made.

When uranium-238 absorbs a neutron, it becomes uranium-239. This atom
is radioactive, with a half-life of23 minutes, decaying into neptunium-239 (93
protons, 146 neutrons). This isotope is also radioactive, and in a few days
decays into plutonium-239.Plutonium-239has a half-life of 24,000 years,
quite long enough to be separated from the other atoms, and worked on
mechanically. Plutoniumis the material now used for most nuclear explosives.

Ina controlled nuclear reactor, we do not use pure uranium-235. Several
other kinds of atoms are present to absorb some of the neutrons. This includes
the uranium-238 atoms that come mixed with the U-235. There are also graph.
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iteor water, or sometimes liquid sodium and lithium. These atoms serve to
slow down the neutrons, and to carry away the heat energyreleased by the
reactions.

There are also control elements, like cobalt, that are good at absorbing
neutrons. If the reaction is going too fast, the control rods can be inserted
deeperinto the reactor to slow it down.If the reaction seemsto be dyingdown,
the control rods can be pulledout somemore. A careful balanceis maintained
between the neutrons that escape, those that are absorbed, and those that
continue the chain reaction.

Nuclear engineers are quite certain that a nuclear reactor cannot explode
like a bomb. If it overheats, the control rods fall in, absorb the neutrons, and
stop the reaction. What is more of a danger is that some of the radioactive
materials formed in the reactor can escape into the environment. When a
reactor is working properly, essentially none of the radioactivity gets out.
Whether an accident can allow such an escape, and how likely such an acci
dent is, are matters of concern and debate. The safety record of the nuclear
industry has so far been extremelygood.

The story of the invention of the neutrino, and its eventual discovery, is one
of the more bizarre episodes in the history of science. So convinced were
physicists of the law of conservation of energy, that they could not admit
that energy appeared to be disappearing in some radioactive decays. Instead,
they insisted that the missing energy was being carried off by particles so
elusive that no apparatus then existing could detect them. These ghostly
objects were given the name "neutrinos" ("little neutral ones," in Italian).

Twenty-five years were to pass from the time that neutrinos were thought
of until apparatus sensitive enough to catch a few of them could confirm
their existence. During all those years physicists continued to talk about
neutrinos as if their existence was already certain. The law of conservation
of energy was not easily given up.

A free neutron is radioactive. With a half-life of 12 minutes it will, if
undisturbed, turn into a proton, emitting an electron as it does so, to balance
electric charge. This decay is not the usual fate of free neutrons, however.
Most of them are absorbed by the nuclei of atoms they pass close to, long
before the decay takes place.

Neutrons inside radioactive nuclei, those that have too many neutrons to
be stable, can decay the same way. The fast electron that gets emitted when
this happens is sometimes called a "beta particle." This form of radioactive
process is called "beta decay."

The energy released when a beta decay occurs is just equivalent to the
difference in mass between the radioactive atom, and the more stable atom
into which it decays. It was expected that this released energy would show
up as the kinetic energy of the emitted fast electron.
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Such was not the case. The beta particle would sometimes come off with
nearly all the released energy. Just as often it would come off with hardly
any kinetic energy at all. Most of the time its kinetic energy was somewhere
in between. What was happening to the rest of the energy?

In one experiment, a radioactive source was placed inside a water bath.
The experimenters knew exactly how many atoms were decaying. From the
masses of the atoms, before and after decay, they knew how much energy
was released with each decay. If all of that energy was being transformed
into heat, they could measure it by the rise in temperature of the water.

Only half the expected energy showed up as heat. Whatever form the rest
of the energy was taking, it was escaping completely from the bath. The bath
and its walls were thick enough to absorb X-rays, neutrons, and any other
known carrier of energy. Here were the elements of a mystery.

Wolfgang Pauli, a Swiss theoretical physicist, proposed in 1931 a solution
almost as mysterious as the problem it set out to solve. When a neutron
(bound or free) decayed into a proton, it emitted not only a fast electron but
also another particle. Enrico Fermi, the Italian physicist, soon suggested the
name neutrino for this object.

The neutrino was to be electrically neutral, so that electric charge stayed
balanced. It was also to be neutral to nuclear forces. It was, like the electron,
a lepton. Since the neutrino responded to neither nuclear nor electromagnetic
forces, it had practically no interactions with any other form of matter. Such
an object could pass easily through the water bath. It could pass right through
the center of Earth!

The neutrino was supposed to carry off the missing energy from every beta
decay. No detector then existing had a chance of detecting a neutrino. It
would pass right through everything as though it wasn't there.

Mystery piled upon mystery. The neutrino was believed to have very little,
if any, mass. Certainly, it was at least a thousand times lighter than even the
electron. Possibly, it had no rest mass at all. It was an object of pure kinetic
energy. It travelled, like photons, at the speed of light.

The only forces to which the neutrino was subject were gravitation-which
is so weak on the tiny neutrinos we can forget about it-and the so-called
"weak interactions." These latter are the forces that acted when the neutrino
was created in the first place.

We can work backward from the rates for beta decay to calculate the
probability of reverse reaction: a neutrino interacting with a bound neutron
to produce, say, a proton and an electron. The rates are very small. If a
neutrino passed straight through the center of Earth, the odds are 1 chance
in 10 billion that it would react with even a single neutron on the way.

Nevertheless, the odds are not zero. If we put a massive detector near the
world's largest nuclear reactor, there is a possibility that once in a while you
might detect a neutrino. Our apparatus would have to be buried behind many
meters of shielding to make sure that no other particle but a neutrino could
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get through and fool you. The experiment was finally done, in 1956, and the
detection of neutrinos was announced, by F. Reines and G. Cowan.

The law of conservation of energy was verified once again. Even if half
the energy released in every beta decay was escaping undetected, physicists
could rest confident that the energy had not really disappeared. It was simply
being carried off by neutrinos.

The nuclear atom has always seemed a little unsymmetric. Why should posi
tive charges always be carried by the heavy protons in the nucleus, and nega
tive charges always by the light, non-nuclear electrons? Why can't it be the
other way around?

The perhaps surprising answer is that it can be. The fact that all the atoms
we know are the way they are may only be an accident of the way matter
is distributed in this corner of the universe.

We have already encountered the positron, a particle with positive electric
charge, but otherwise very much like the electron. The positron is the anti
particle, or mirror image, of the electron.

Antiparticles have the same mass as each other. If they are unstable, they
have the same half-life. If they are electrically charged, they have equal and
opposite charges.

Particles and antiparticles can be created in pairs, if enough energy is
available. If they come in contact, they can annihilate each other.

A theory proposed by the British theorist, P.A.M. Dirac, in 1928 (later
revised) suggested that every particle in nature has an antiparticle.

The same year that the neutrino was first detected, the antiproton and the
antineutron were also discovered, by a group at the University of California,
in Berkeley.

An antiproton has a negative electric charge. It has the same mass as a
proton. An antineutron is electrically neutral. But it is not identical to the
ordinary neutron. When an antineutron undergoes beta decay, it turns into
an antiproton, never into a positive proton. A neutron and an antineutron
will annihilate each other, whereas two ordinary neutrons will not.

Many other kinds of subnuclear particles have been discovered. In every
case the corresponding antiparticle has always been found.

We can speculate about a planet somewhere whose atoms all have posi
trons circling nuclei made up of antiprotons and antineutrons. So complete
is the symmetry that people living on such a planet, if there are any, would
not suspect that their world was any different from ours. Only on the dramatic
day when one of their spacecraft came to pay us a visit would we discover the
difference.

The description of matter given so far in this chapter, which was the way
most physicists accepted it about the year 1945, was the simplest we have
ever had. All materials were made up of molecules. All molecules were
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composed of atoms, of which there were only about 100 different kinds.
Atoms were made of electrons circling nuclei composed of protons and
neutrons.

Protons, neutrons, electrons and their respective antiparticles. Photons
of electromagnetic radiation. The mysterious neutrinos. And that was it.

In the 1940s and following years, nuclear physicists began a program of
examining the nucleus in even greater detail. The requirements of the uncer
tainty principle were clear. If you wanted to see the details of a nucleus down
to very small distances, you needed to use ever higher-energy projectiles.

So scientists began to build high-energy accelerators, of the kind described
in Chapter 12. The idea was to shoot very fast protons or electrons at various
kinds of atomic nuclei to try to learn how they were put together. It is a very
crude method. It is like shooting bullets at a fine watch, and trying to figure
out how the watch worked from the shape of the pieces that get knocked out.
But this method is the only way we have of studying the nucleus.

The results of these experiments were surprising. The "pieces" that got
knocked out of a nucleus were not just protons and neutrons. New objects,
whose existence had not been suspected before, were being created in these
high-energy collisions. The world of subnuclear particles was being discovered.

The subnuclear particles are created out of the energy of the colliding
nuclei. This is very much like the way electron-positron pairs are created out
of pure gamma-ray energy. The higher energy the projectile has, the more
numerous the subnuclear particles can be. Also, the more different kinds of
particles can be made.

Subnuclear particles corne in many sizes. Such a particle might have barely
one-tenth the mass of a proton. It might be ten times the proton's mass. Or
it might have many values in between.

Some of them are electrically charged, and some are neutral. When a sub
nuclear particle has a charge, it is exactly equal in strength to the charge of
an electron or of a proton. Why this should always be so has not yet been
explained.

All of the new subnuclear particles are radioactive. The half-lives are
extremely short. None of them has a half-life as long as a millionth of a
second. That is why they are so very rare in nature.

Usually the subnuclear particles are created travelling at very high speeds,
almost at the speed of light. They have enough energy to knock many elec
trons loose from the atoms they pass close to. This trail of radiation damage
can be used to trace their paths. The particles themselves are never seen
only their "footprints."

If the half-life of a particle is as long as 1 ten-billionth of a second, it can
have a track long enough to measure. Travelling at nearly the speed of light,
it can move a centimeter or more in that time. If the half-life is much shorter
than that, it can be detected only through the characteristic form of the



317 Subnuclear particles

Figure 13-9 Subnuclear particles being created in a high
energy collision in a bubble chamber. (Courtesy Lawrence
Berkeley Laboratory)

lighter particles it decays into. There are some subnuclear particles whose
lifetime is believed to be so short that their track is no longer than the size
of the nucleus itself.

The list of subnuclear particles grows longer year by year. Each has its
own properties: its rest mass, its electric charge, its half-life, the particles it
decays into. They have names ("mesons," "hyperons," "strange particles")
or Greek letters ("pi," "rnu," "omega," "psi," etc.) to identify them. The
Greek alphabet has been nearly exhausted in naming them all. Sometimes a
number, giving its mass-energy in millions of electronvolts, is also used (e.g.,
the "Delta-1920"). There are now more subatomic particles known than there
are chemical elements.

Quarks The idea of the nuclear atom had helped to explain the existence
of so many different chemical elements. In a similar way, a new idea has
been proposed to simplify the table of subnuclear particles.

In 1961, Murray Gell-Mann and George Zweig, American physicists, sug
gested that all the subnuclear particles could be put together out of three
basic building blocks. Every atom can be built out of protons, neutrons, and
electrons. The protons and neutrons and other subnuclear particles might be
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themselves composed of these new elementary objects. GeIl-Mann caIled
these new things "quarks."

We can make many different combinations out of just three kinds of
quarks. There are 27 ways (3 times 3 times 3) you can put three quarks
together to make a subnuclear particle. One of these combinations might
turn out to be a proton. Another might be a neutron. The others would
correspond to some of the short-lived particles discovered in recent years.
In a similar way you can make nine combinations of one quark and one
antiquark. (Like all other subnuclear objects, quarks have their antiparticles.)

The quark model gives a very good accounting of the table of subnuclear
particles. AIl of the quark combinations that are aIlowed by the theory
correspond to subnuclear particles that have been found. In some cases they
were found after the theory was proposed, showing that the quark theory
can make valid predictions. Very few, if any, particles have been found with
properties that do not fit one of the allowed combinations.

There are some troubles with the quark theory, nevertheless.
One of them is that none of the quarks themselves have ever been detected.

The search has gone on for more than 15 years now. As each new high-energy
accelerator is completed, one of the first experiments is to try to create free
quarks. Searches have been made in places from the bottom of the ocean to
the moon, from the Antarctic to outer space, with no success. We cannot
easily explain why quarks can fit so easily into combinations, can jump from
one atom to another in a coIlision, but never seem to break completely free
of each other.

The other main problem with the quark theory is that it is getting more
complicated. Some very recent experiments (1974-1976) seem to require a
fourth (and perhaps a fifth and a sixth) kind of quark. Meanwhile some other
versions of the theory require three copies of each kind of quark. The pendu
lum that swings between complication and simplification in subatomic physics
may be swinging toward complication again.

We have not reached the end of the trail in research into the very small.
Physics is still alive. There is more work to be done. We are working here
on one of the frontiers of our state of knowledge. Many fascinating dis
coveries have been made on this frontier-all within the lifetime of people
still alive! We cannot help but believe that many more such discoveries lie
ahead of us.

alpha particle-The nucleus of the helium atom, made up of 2 protons and 2
neutrons. Alpha particles are sometimes released in the decay of the
heavier radioactive nuclei.

antiparticle-A "mirror image" of a subatomic particle, having the same mass
and other properties, but opposite electric charge. The positron is the
antiparticle of an electron. When a particle and an antiparticle come
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together they can annihilate each other, turning into pure energy. It is
thought that every kind of particle in nature has an antiparticle.

atomic number-The number of electrons in a neutral atom of a given kind,
equal to the number of protons in its nucleus. The atomic number
determines how the atom can combine with other atoms, that is, its
chemistry.

chain reaction-A reaction that goes explosively, when each collision releases
energy or particles that help induce more such reactions to take place.

deuteron-A nucleus made up of I neutron and I proton. It is important in
fusion reactions. An atom with a deuteron as its nucleus is called deu
terium, or heavy hydrogen. It is an isotope of hydrogen, found (at a
rate of I in 6000) everywhere that hydrogen is found, particularly in
the ocean.

fission-The release of nuclear energy by the splitting apart of heavier nuclei,
such as that of uranium.

fusion-The release of nuclear energy by the combining of light nuclei, such
as those of hydrogen into helium and larger nuclei.

hadron-A subnuclear particle that is affected by the strong nuclear forces.
Protons and neutrons are the most common hadrons.

half-life-The period of time, for a given kind of radioactive nucleus, such
that the odds are even that it will release its energy and undergo decay.
If the nucleus survives one half-life, the odds are still even that it will
last another half-life, and so on.

isotope-A species of nucleus with a certain number of protons and a certain
number of neutrons in it. Nuclei with the same number of protons,
but differing numbers of neutrons, are said to be isotopes of the same
chemical element.

lepton-A subnuclear particle that is not affected by the strong nuclear forces.
Electrons and neutrinos are examples. of leptons.

neutrino-A subnuclear particle with no electric charge; it is not affected by
the strong nuclear forces. Neutrinos are produced in certain kinds of
radioactive decay (notably those in which electrons are also produced).
Neutrinos are very difficult to detect, since they pass easily through
everything. They were invented in 1931 to explain how energy was being
carried away in certain reactions. They were finally detected in 1956.

neutron-A particle having about the same mass as a hydrogen atom, no
electric charge, but subject to the strong nuclear forces. A free neutron
is radioactive, with a half-life of about 12 minutes. However, neutrons
bound into nuclei are quite stable themselves, and are needed to help
hold the nucleus together.

nuclear energy-A form of energy, not yet completely understood, whose
existence is needed to explain why nuclei hold together.

nuclear force-The strong force that holds protons and neutrons together in
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nuclei. The nuclear force also governs the reactions between many
kinds of subnuclear particles.

nuclear physics-The branch of physics that studies the structure of nuclei,
the particles of which they are composed, the interactions between
them, and the forces that hold the nucleus together.

nucleon-A proton or a neutron.
nucleon number-The number of protons plus the number of neutrons in a

given nucleus. The nucleon number is the nearest whole number to what
is called in chemistry the atomic weight.

nucleus-The small, massive, positively charged bit of matter found at the
center of every atom.

proton-The nucleus of a normal hydrogen atom; also, the positively charged
particles that combine with other protons and neutrons to make up
every kind of atomic nucleus. The charge of a proton is equal but
opposite to that of an electron. Its mass is such that 6 trillion trillion
protons would weigh 10 grams.

quark-A hypothetical kind of particle that is supposed to go into making
up protons, neutrons, and other subnuclear particles. No single quarks
have been detected, as of 1978.

radiation damage-The disruption caused in matter when fast subatomic
particles pass through it and deposit their energy. When this happens,
large numbers of atoms can be broken loose from the molecules and
crystals in which they were bound. The effects often show up as the
weakening of metals, the darkening of glass, and sickness and muta
tions in living cells.

radioactivity-:The condition of a nucleus when it can release energy by
rearranging its neutrons and protons, but it does not do it immediately.
Radioactive nuclei release their energy after an almost random interval,
whose time scale is set by the half-life of the particular nucleus.

reactor-A nuclear reactor is an installation in which nuclear energy is
released in a slow, controlled manner. Fission reactors work by the
splitting of uranium nuclei within them. A nuclear reactor can be used
as the source of heat energy for the warm reservoir of a heat engine.

subnuclear particle-One of a whole class of short-lived objects that can be
created in the collision of two nuclei, thrown at each other at very high
energy. The study of subnuclear particles is at the frontier of our know
ledge today.

thermonuclear-Said of energy that is released in the fusion of light nuclei,
such as isotopes of hydrogen, into helium and heavier nuclei. Ther
monuclear reactions power the sun and the stars, and dominate the
energy released in hydrogen bombs. The design of a controlled ther
monuclear reactor is one of the aims of modern research.
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What do we now think an atom looks like? What experimental evidence
makes us think this?

What objections were raised to the nuclear model of the atom? How
were these objections overcome?

In what ways can different isotopes of the same element behave dif
ferently from each other? In what ways do they behave similarly?

What chance is there that a single atom of strontium-90 will last 58
years? 116 years? Forever?

Trace how strontium-90, released into the air and settling on the grass,
might find its way into your bones.

Name three benefits that arise from the use of radioactive materials.
Narne some hazards.

Why can't a carbon-12 nucleus left by itself fly apart?

What is the difference between fusion and fission?

Compare the amount of energy available on Earth from (a) burning
fossil fuels, (b) fission of heavy elements like uranium, (c) fusion of light
isotopes like deuterium.

10. The interior of the Earth and similar planets is thought to be made of
iron. Explain why iron is so abundant in the world.

11. In the mouse-trap demonstration, where did all the energy come from
that was released when the traps were sprung? What is the source of
the energy released in a nuclear chain reaction?

12. What is the difference between a controlled nuclear reactor and a nuclear
bomb? How is the reactor kept under control?

13. If you had been a scientist during the years before the neutrino was
found, would you have believed in its existence? Why, or why not?

14. What would happen if a space-craft from a planet made of antimatter
arrived on Earth? What steps could we take to prevent this catastrophe?

15. What do we mean by an "elementary" particle? Give three different
stages of history when scientists thought they had defined the basic
elements out of which all nature is made.
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This book started by talking about scientific explanations of nature. People
have always been curious about the world we live in. Any explanation of
nature, scientific or not, has to answer certain questions about the world.

How big is the world? How did it get the way it is now? What is "the way
it is now"? How long has it been here? When and how will it end?

There is no lack of answers to these questions. They are the subject matter
of myth and legend, of sacred books and the writings of wise men. Modern
science, too, has its model of the universe.

This model may very well be wrong. It is certain to be revised many times.
It has already gone through many revisions. But people want to know the
answers to their questions about the world. And science tries to provide the
best answers it can.

What makes it hard to answer questions about the universe is that we are
going so far beyond our normal experience. We must deal with objects so
far away that we can never hope to travel to them. We talk about events that
happened so long ago that no living creature could have been there to see
them. We observe temperatures far higher than have ever been felt on Earth.
We have to discuss conditions so different from what we know on Earth
that we can hardly imagine them.

It is no surprise that science often makes mistakes in this realm. What
scientists try to do is take the laws and principles that we already know,
and try to apply them to the extreme conditions of the universe. But theories
are on shaky ground when we try to apply them beyond the area where they
have been tested. We have seen how scientific theories have foundered, and
had to be replaced, when they had to deal with the very small or the very
fast. We cannot be sure that our present ideas are good enough to handle the
very large or the very distant.

We cannot do experiments with the universe. We can't control what
happens in the stars. Most processes in the distant heavens take place so
slowly that we cannot even wait for changes to happen. All we can do is
observe, and try to explain.

In this chapter we give the best explanation we can about the universe.
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We expect our picture of the world to change as new discoveries are made
and new ideas are presented. Nevertheless, the picture we have fits together
remarkably well. Science in the late 20th century has provided us with a view
of the world that is fascinating and exciting. You must decide for yourself
whether the answers it gives to our questions about the world are satisfying.

As the sun shines it pours enormous amounts of energy out into space. It
has been doing this at a steady rate for all recorded history, and for long
ages before there were any men on Earth.

The only source we know of that can provide so much energy over so
long a time is nuclear energy. We think that the sun, and most of the stars,
get their energy from nuclear fusion. In the hot interior of the sun free
protons are able to combine to form nuclei of atoms like helium. The energy
released in this fusion comes out of the sun mainly in the form of visible
light and infrared radiation.

We can figure about how long the sun has already been shining. We can
measure how much fuel has already been burned, how much helium has
already been formed. Suppose the sun has been been shining all those years
about as brightly as it is now. How long must it have taken to consume all
that fuel?

The best estimate we can make now is that the sun has been shining for
at least 5 billion years. There is enough fuel left to keep it burning at the same
rate at least another 5 billion years. There is no danger of the sun burning
out very soon.

There is another way of finding out the age of the solar system. Certain
rocks that are thought to be very old contain a few radioactive atoms. These
particular atoms have half-lives of several billion years. They were in the
rock when it was formed and have not all decayed yet. We can measure how
many of the radioactive atoms have already decayed and how many are
still left. From these measurements we can get the age of the rock.

The oldest rocks found on Earth. were formed about 4-t billion years
ago. Rocks brought back from the moon are also that old.

Meteors are chunks of rock and iron that fly about in the space between
the planets. They may be pieces of a planet that once broke up. Or the meteors
may be bits of material that never got together to form a planet. Occasionally
a meteor crashes into Earth, leaving a fiery trail as it roars through the air.
Some meteors that didn't burn up completely have been found on the ground.

The latter, called meteorites, can be dated by how many radioactive atoms
they have in them. The oldest meteors are also found to be about 4-t billion
years old.

The pieces of the picture fit together. Sometime, about 5 billion years ago,
the sun began to shine. At about the same time, or not long after, Earth, the
moon, and the meteors, shaped up in close to their present form.

We can speculate that the other planets are also the same age. Some day
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space vehicles may measure the age of rocks on the distant planets and
their moons and test this idea.

What was there before the solar system was formed? We have no direct
information, but we can invent models and theories. We can try to find
clues by looking at places in the sky where perhaps we can see new suns being
formed even now.

There seems to be quite a bit of gas and dust in some regions between the
stars. It is not very thick by our normal standards, maybe 1 atom per cubic

Figure 14-1 The Great Nebula in Orion, where new stars are
forming out of intersteIIer dust. (Lick Observatory Photograph)
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centimeter. But there is enough of it that the pull of gravity, with which
each atom attracts all the others, can eventually clump a large mass together
into a thick cloud.

According to this model, a star is formed out of a swirling cloud of gas
and dust. Most of the material gets pulled closer and closer together by its
own gravity. When the atoms get close enough together, and move fast
enough, nuclear fusion can begin. And the star begins to shine.

Not all of the material winds up in the center. If the cloud has any spin to
it, some of the material will be left in orbit around the new star. Very often
there will be enough of the cloud left out to make a second, and even a third,
star. Perhaps half of the stars we can see turn out on close inspection to be
double or multiple star systems, in orbit around each other.

It does not seem unlikely that planets can form, much of the time, when a
star condenses out of a gas cloud. We do not know of any other star that
has planets. They would be too dim to see with even our best telescopes.
But if this model is correct, every star that is not a double or multiple star
system is a good candidate for having planets like our own sun.

What will be the end of our sun?
To answer this question we need to use all the predictive powers of our

theories of nature. We don't have any experience at all with the subject. We
don't have time enough to wait and see what happens. But the question has
interested humans since man first began to think.

We can look again to the stars for clues. Most of the stars seem to be
shining as steadily as our own sun. Some are a bit brighter, some are dimmer.
In no way does our sun seem out of the ordinary.

This is reassuring. If the sun is just like most of the other stars, if they all
have long careers both behind and ahead of them, then we can look forward
to no disturbing changes for ages to come.

It would be different if the sun were unusual. An unusual kind of star is
probably one that is changing. Or it is going through a rather brief stage
in its life. If the stars we see are of all different ages, then the way we see most
stars represents the way they spent most of their lives. If every star spends
5%of its life in a certain unusual stage, then 5%of the stars we see at any
moment are likely to be going through that stage when we see them.

We can guess at the future of our sun by listing some of the unusual kinds
of stars the can be seen in the sky. We can use some of our models of how stars
behave to see how these various kinds of stars might relate to the possible
future of the sun.

Red giants There are quite a few stars, some of them very prominent in
the night sky, that fall into the red giant category. Their dull color shows that
their surfaces are not very hot (for a star). Yet their brightness means that
they must have a very large surface area to make up for the dullness.
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The star Betelgeuse, in the shoulder of Orion and easily seen in the winter
sky, is an example of a red giant. It is estimated to be so large that, if our sun
were that size, Earth and Mars would be inside the star.

The model says that red giants get much of their energy from the fusion
of helium nuclei into carbon-12. It takes 3 helium-4 nuclei ("alpha particles")
to make a carbon-12 nucleus. This reaction does not happen in ordinary
stars because it is so rare to find 3 helium nuclei together.

An ordinary star becomes a red giant when it has been shining so long that
a large concentration of helium has built up. Once the fusion of helium begins,
it goes very fast. So much energy is released in the center of the star that the
outer mantle is forced to expand. This causes the characteristic large size of a
red giant star.

The red giant stage does not last very long, as star lifetimes go. After a few
tens or hundreds of millions of years, the helium is used up. The stages that
follow are even shorter.

Supernovas Every few centuries a star will flare up so brightly that it out
shines the combined light of all the other stars in the sky. This happens in
a spot where no star had been noticed before. For a few days or weeks this
supernova shines so brightly that it can be seen in broad daylight. Then the
star dims and disappears, leaving behind a large expanding cloud of material
that can still be seen, with a telescope, hundreds of years later.

It has been nearly 400 years since a supernova appeared that was visible
to the naked eye. Before that a very famous supernova was recorded by Chi
nese historians in 1054 A.D. Its remnant, known as the Crab Nebula in the
constellation Taurus, can still be observed. Many other supernovae have
been spotted by telescope in distant galaxies; the supernova is as bright as
the whole galaxy combined.

A supernova is a star that is literally blowing itself apart. It uses up nuclear
fuel at a fantastic rate. Possibly the remaining helium and carbon-12 is being
fused into oxygen and silicon and iron, and all the other elements, to release
the final scraps of nuclear energy in one great blow-up.

We can only guess at what processes are taking place inside an exploding
supernova. It is possible that some of the heavier elements, from tin to lead
to uranium, are being made inside the supernova, even though this process
would actually consume nuclear energy.

The fact that much of the material in a supernova is blown off into space
is important. Eventually this debris becomes mingled with the gas and dust
of interstellar space, forming the material out of which new stars are born.

We notice that in the solar system, the sun seems to be mostly hydrogen
and helium, but on Earth there are plenty of heavier elements. When did all
the iron and oxygen and silicon and uranium get made? Is the whole solar
system made of "recycled" material, the remnants of past supernova explo
sions? There are some scientists who think so.
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Figure 14-2 The Crab Nebula (Lick Observatory Photograph)

If this model is correct, the sun is a second- or third-generation star. The
original stars and their planets, if any, were a sterile lot. They were mostly
made of hydrogen and helium, out of which few kinds of solid structures
can be built. But the original stars have long since burned themselves out.
Their materials, particularly the heavy elements made in their dying spasms,
were hurled out again into space, where they coalesced again into new stars
and new planets. Among these is our sun and the planets of our solar system.

Dead stars Most stars do not go through a supernova stage. Even if a
star does explode and blow off most of its outer shells, a small core at the
center may still hold together.
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There are several fates that can befall a star that is no longer releasing
energy in large amounts. Which of these fates comes about depends mostly
on how much mass is left in the star.

Gravitational forces are always working to make a star collapse into a
smaller and smaller bundle. As long as the star is burning nuclear fuel, this
collapse will be resisted. The energy being released, and trying to escape,
will generate enough internal pressure to keep the star from collapsing. Once
the fuel is gone, the star will collapse until the atoms are pressed very closed
together. Atoms resist being pushed too close to each other. This resistance
may be strong enough to balance the gravitational forces. If it is, we have a
stable dead star. If not, there may be runaway gravitational collapse.

In th is region gravity
overwhelms all pressure

Mass of star

Sun's mass

White dwarf

c::\\
I

... 1

Normal star

/ I Giant star

In this region, energy
released in nuclear
reactions can keep
star from collapsing

In this region internal
pressure resists
gravitational collapse

10 km

Line of balance
between gravity
and internal pressure

Figure 14-3 Mass versus radius of stellar objects, showing
stable and unstable regions

At one extreme, there are low-mass objects like planets. There is no
doubt that the weight (that is, the gravitational force) of Earth's mantle
presses very hard on its core. But the strength of the rocks and metals of
which Earth is made is enough to hold up the weight. So Earth does not
collapse.

Even as large a planet as Jupiter does not collapse under gravity. It does
not even get compact enough to ignite the nuclear fuel, hydrogen, which
Jupiter has in abundance.
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The planets are not, and never were, stars. There must be a minimum
mass, bigger than Jupiter, less than the sun, that is needed to turn on a
star. Every star must be at least that minimum mass.

When an object that is big enough to have once been a star collapses, new
things begin to happen.

White dwarfs White dwarf stars are dim objects. They glow because they
still have some heat energy left. Their temperature is fairly high, but they are
not releasing any more nuclear energy.

White dwarfs are not much bigger than Earth in size. But their mass is
closer to that of the sun. And the sun is 300,000 times as massive as Earth.

The material in a white dwarf must be extremely tightly packed. A tea
spoonful of it would weigh several tons. It is unlike anything we have ever
experienced.

In such material the atoms are so close together that it cannot be decided
which electron belongs to which atom. Rather, all the electrons are stripped
from their parent atoms and go running around freely, and at high speed,
through the whole material.

It is the electrons themselves that resist being compressed even more. The
more closely an electron is confined, the more energy it must have, on the
average. This is to satisfy the uncertainty principle of quantum mechanics.
The white dwarf reaches a balance when the gravitational energy that would
be released by contracting a bit more would not equal the energy needed to
confine the electrons that much closer together.

Neutron stars, pulsars An even more collapsed kind of star than a white
dwarf was discovered in 1967. Because we receive short bursts of radio waves
from this kind of stars at regular intervals, they are called pulsars.

The bursts repeat themselves at such exact periods that you can keep time
by them. Some pulsars repeat at a rate of about once per second. There is at
least one that pulses 30 times a second. The pulses themselves may last only
a few thousandths of a second.

The best explanation we have is that these stars are rotating at the rate of
once or several times per second, and that they have a "radio beacon" fixed
in the star which points toward Earth once during each turn.

These stars must be very small to be able to spin so fast. Even an object
as large as a white dwarf would surely fly to pieces if it were spinning 30
times per second.

The pulsar with the fastest rate of rotation is located at the center of the
Crab Nebula. That is exactly where the Chinese saw a supernova explode
900 years ago. Perhaps pulsars are the remnants of the core of a supernova,
the part that was not blown off. Perhaps the other pulsars are much older and
have slowed down over the years. The Crab Nebula pulsar is observed to be
slowing down also.
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Figure 14-4 Three positions in the rapid rotation of a pulsar.
Only for a brief period during each cycle does the beacon point
toward Earth. We observe a short burst of radio waves once
during each cycle.

The theoretical idea that most nearly fits what we observe about pulsars
is that of a neutron star, proposed by l.R. Oppenheimer in 1939. A neutron
star has the mass of about that of the sun. But it may be only 10 kilometers
across!

In a neutron star there are no electrons. All of them have been forced to
combine with protons in the nuclei to form neutrons. A neutron star is like
a giant nucleus of a single atom. It is so unbelievably dense that we have
difficulty even imagining what this kind of material must be like.

When we left Albert Einstein, back in Chapter 3, we had seen h is
"Special" Theory of Relativity had helped explain some difficulties i
well's theory of electromagnetism.

In Chapter 12,we pointed out that some changes were needed in Newton's
Principles of M ics; Objects moving at close to the speed of I
hard to accelerate. e said that they gained mass as their ener

There are also some problems reconciling the laws of gravita
ideas of relativity.

For one thing, the effects of gravitation cannot spread out faster
speed of light. If the Earth changes its position, the moon will
attracted toward the old position, at least for the 1t seconds
information to travel from the Earth to the moon.

This delay in the onset of gravitation leads to the existence of
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gravitation. The reasoning is similar to the explanation given in Chapter 10,
for electromagnetic waves. Einstein predicted that gravitational wavescan be
found. However, they are weak and hard to detect. Searches are being made
for such waves, but none have been reliably reported yet.

A second problem with the law of gravity has to do with the mass of the
attracting body. The mass of a star or planet depends on its speed, as we have
seen. The speed is different in different frames of reference. Will its gravita
tional attraction for other bodies also be different in each such frame?

Einstein's General Theory was an effort to reconcile gravitation with the
principle of relativity.

He started with the observation, made by Galileo, that all objects, no mat
ter how massive, fall at the same rate under gravity.

He noted a similarity with a situation on a fast-turning merry-go-round.
If you put a marble on the turntable floor, it quickly flies off on a tangent.
This is not surprising to someone on the ground. The marble is just following
the law of inertia. But someone on the merry-go-round, not realizing he is
turning, might claim that there is a "gravitational force" acting, pulling the
marble outward. He would note that, just as in the case of other gravitational
forces, all marbles of whatever masses get accelerated at the same rate.

We, of course, know that if the observer would just get off the merry-go
round, and look at things from the more natural frame of the solid ground,
there would be no need to invoke special "forces."

By the same token, Einstein argued, the reason weclaim an apple falls from
a tree is because we insist that the surface of Earth is standing still. A more
"natural" frame might be inside a freely falling elevator. h a frame
everything, falling at the same rate, would all.

Such a falling elevator can beused to "transform away" the effectsof grav-
ity at a sing me. But wecannot stay in such an elevator too long,
for it wi near the Earth, we would have to use
elevators falling in different directions, and at different rates.

Einstein was led into a complicated problem 0 metty that requires
advanced mathematics to solve. He achieved a solution by applying
his principle of relativity in a more general form:

"The laws o/physics must be expressed in such a way that they have the
same mathematical/orm, no matter which coordinate system is used."

This idea led him directly to a unique mathematical equation.
The solutions of this equation, in most ordi ost the s

as the results of Newton's laws of gravitation ect, fr
our first criterion for acceptance of a new scientifictheory. Newton's laws had
been tested in so many ways, over so long a time, that any major differences
in results would have led us to .

The differences that do show d Newton's predic-
tions are either very tiny and hard to measure, or show up in such inaccessible
places as the inside of collapsing stars.
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So. far, the verified predictions of general relativity include:

Light, and other electromagnetic waves, are deflected by gravity.
A photon that "falls down" under gravity will gain in energy, and
thus increase in frequency. A photon that rises against gravitywill
lose energy, and thus decrease in frequency.
A radar .. signal sent from Earth to Mercury and back will take
longer to make thetrip,over the same appearent distance, when it
has to pass closeto the sun than When it does not.
A planet in an eIlipticalorbitaboutthe sun will have its motion
affected in such a way that-the second focus of the ellipse (the one
not at the.. sun) will slowly rotate around the sun.

The more. dramatic. predictions ofgeneral relativity, about gravitational
waves andblackholes,.about the."big.bang" or the.expansion of the universe,
are harder to confirm. We are only now, more than 60 years after the theory
was proposed, getting to the point where we can test some of the predictions.
We cannot be sure thetheory is correct in all details, nor do we expect that it
will-bethe.lastword. At this stage of our knowledge, the general theory of
relativity is'the.besrbasis we have in our ideas about the universe.

Runaway gravitational collapse, black holes If a star is too massive, it
cannot find stability as either a white dwarf or a neutron star. When such a
large star runs out of fuel, there is nothing to stop it from collapsing to
practically nothing.

How much mass is "too massive" ? Calculations show it is not out of range.
A star only one-third more massive than the sun could not be stable as a white
dwarf. We are not exactly sure what the most massive neutron star could be.
lt is almost certainly less than twice the mass of the sun. Any star heavier
than this limit must, unless it loses some mass, eventually collapse completely.

The speculation grows more and more outside our realm of experience.
For the complete gravitational collapse of a star we have only theories to
describe the possible situation. A very nice theory, but one that has not been
tested in this realm, is Einstein's general theory of relativity (see box).

In a situation of gravitational collapse, the general theory describes the
star as "digging itself a hole in space-time and pulling the hole in after it."
At some point the space itself around the star is collapsing so rapidly that
nothing, not even a light signal, is fast enough to escape.

This kind of star has been called a "black hole." We cannot see a black
hole, since light cannot escape from it. Hence, the name.

We can detect the presence of a black hole in a couple of ways. For one
thing, its gravitational pull on objects outside itself is the same as ever. If
one of the stars in a double star system has become a black hole, the two will
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continue to revolve around each other. We can watch the normal companion
star, and use its motion to learn about the black hole.

We can also see some of the energy released when some new material
falls into the black hole. This energy comes out in the form of X-rays that can
be detected with instruments above our atmosphere.

Scientists have been looking for signs of black holes for many years now.
In some cases they may even have found such an object. If they have indeed
done so, it would be a striking confirmation of a prediction of the general
theory of relativity.

It isn't easy to measure the distance to a star.
For some of the closer stars we can reckon the way a surveyor would. We

can look for the slight shift in angle when we look at the star, first from one
side of Earth's orbit, and then 6 months later when Earth is on the opposite
side of the sun. From this shift we can figure how far away the star is.

For more distant stars it is more of a guessing game. We estimate how
brightly the star is actually shining. Then we observe how much light reaches
us. This gives us an idea how far away the star must be. We may not guess
right on the true brightness of any given star. We assume that on the average
all stars of a given type will be about the same brightness.

Kilometers are not very useful units for giving the distance between stars.
Even the astronomical unit, the distance from Earth to the sun, is not big
enough. So we use as our unit of length the light-year.

One light year is the distance a signal, moving at the speed of light, can
travel in I year. It takes light 8 minutes to get from the sun to Earth. It takes
radio signals a few hours to get from Earth to the most distant planets. A
light-year is thus more than a thousand times the size of our solar system.

The nearest star to our sun, Alpha Centauri, is more than 4 light-years
away. This star is visible from south of the equator on Earth. It is actually a
triple star system, not likely to have any stable planets around it.

The nearest star that can be seen in the northern hemisphere is Sirius
("the dog star"), 8 light-years away. Most of the stars that we can see easily
are a few tens or hundreds of light-years away.

In one region of the sky ("the Milky Way") there are so many stars that
we do not see them separately, but as a white patch in the sky. The sun and
the nearby stars are actually part of this great system, which we call the
Galaxy (written with capital G), from the Greek word for "milk."

It is not easy to map out the Galaxy from our position inside it. More than
half of it is blocked from our vision by clouds of dust between the stars. We
can imagine what its shape must be by comparing our Galaxy with other
star systems outside of it that we can see more clearly.

The stars in the Galaxy mostly lie within a region shaped like a flat disk.
This disk is about 100,000 light-years across, and about 10,000 light-years
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Figure 14-5 The great spiral galaxy in Andromeda (Lick
Observatory Photograph)

thick. There must be over 100 billion stars in the Galaxy. They are arranged
into a densely packed center with long spiral arms stretching out, much like
the spiral galaxy in Fig. 14-5.

The sun and our solar system lie along one of the spiral arms, about two
thirds of the way out from the center of the Galaxy. The whole system is
spinning about its center. The sun revolves around the center of the Galaxy
once in about 200 million years. To make this journey the solar system has to
be moving at a speed of 300 kilometers per second through the Galaxy.
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The halo of the Galaxy is the spherical region above and below the main
disk. Some stars in the halo are gathered together into what are called
globular clusters. From the amount of fuel they have used up we can estimate
that the stars in the globular clusters are older than average for the Galaxy.
From this we infer that the Galaxy was once more sphere-shaped than it is
now, filling up the halo as well as the main disk.

With telescopes astronomers can look beyond the Galaxy and find other
star systems very similar to- ours. These are known as galaxies (with a
small g).

Some galaxies have spiral arms like our Galaxy. Others are shaped like
footballs or like bars. Some have no definite shape at all.

The nearest galaxies outside our own are roughly 1 million light-years
away. Several galaxies besides our own form a group known as the Local
Cluster.

Galactic halo

;is:· .
;~ ...,~ Globular clusters~~\
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Figure 14-6 Our Galaxy

Beyond the Local Cluster galaxies are visible all over the sky. Thousands
of them have been charted and listed in star catalogs. Many, many more
galaxies are no doubt visible through strong telescopes. Only the lack of time
to chart them all limits our knowledge of all these galaxies.

The distance to other galaxies ranges from the million light-years of the
Local Cluster up to more than a billion light-years away. There are probably
galaxies even farther away, but at a distance of a billion light-years even a
huge galaxy looks like a tiny point of light in our best telescopes. It would be
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hard to tell the difference between such a galaxy and some dim star close by
in our own Galaxy. So the limit is set by our telescopes, and by the air above
them which limits how well they can make out tiny features. As far away as
any telescope can make them out, there are plenty of galaxies visible.

The light from stars-and from galaxies, that are made of many stars-is
often extra bright at certain special wavelengths. They may be somewhat
dimmer than average at other special wavelengths. These special colors are
characteristic of the atoms that are usually found in the outer layers of the
stars.

If the star or galaxy is moving away from us, these special wavelengths will
be a bit longer than if the star is standing still. This is the Doppler effect,
explained in Chapter 6. The faster the source is moving away from us, the
more the special colors will be shifted toward the red (longer wavelength)
end of the spectrum.

Edwin Hubble, the American astronomer, found in the 1920s that all the
galaxies beyond the Local Cluster had such a red shift. All appeared to be
moving away from us. The farther away a galaxy is, the greater its red shift,
i.e., the faster it appears to be speeding away.

The model that explains Hubble's finds most easily is that the universe is
expanding. All the galaxies are flying apart from each other.

Take a sheet of thin rubber. Paint dots on it to represent the galaxies.
Stretch the sheet. The dots will move apart from each other. The farther
apart the dots are, the faster the distance between them is increasing. From
the point of view of any single dot-galaxy, the picture is the same. All the
other dots are moving away from it. The farther away to the other dot,
the faster it is receding.

What does this mean for the future of the universe? Will the galaxies
continue to fly apart forever? Or will they someday turn around and come
back toward each other? We can only speculate on the answer. And we will
not be around to find out whether we were right.

The big bang We can take Hubble's results and work backward in time.
If all the galaxies are flying apart, then in the past they must have been closer
together. If we assume that the rate of expansion has always been the same,
we can even figure a time when they were all close together. There are some
uncertainties in the exact measurements, however, but we can make a
reasonable estimate that the expansion began about 20 billion years ago.

If we had difficulty imagining the conditions inside a white dwarf or a
neutron star or a black hole, we are really up against it now. If we take
Hubble's findings backward to the extreme, we find that 20 billion or so years
ago there was a great cataclysm. All the matter in the universe, all the stars,
all the galaxies, all of what are now planets and comets and interstellar dust,
were all close together in one small spot. This state of affairs is known as
"the big bang."
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How all the matter in the world was put into the big bang, we have no
way of knowing. What made it blow apart and send what became the future
galaxies flying apart, we can only guess. Whether it all really happened this
way, we cannot be sure.

Can we see the big bang today? In a way, we can, but we must know what
to look for.

At the moment before the big bang blew itself apart, the sky must have
been blazing with light. This was coming equally from all directions, because
we were surrounded by matter on all sides. Any light that we now see from that
time will also then be coming equally from all directions.

The light that we see now from the big bang will be coming from the
farthest stretches of the universe. It will come from beyond the farthest
galaxy. The light we see now wiIl be that part of the big bang that started out
so far away that it has been travelling for 20 billion years to reach us. Like a
man running up a "down escalator," the light has been struggling against the
expansion of the very space it had to cross.

By the time it reaches us now the light from the big bang has been red
shifted so much that is not visible light any more. Its wavelength is now a
few centimeters, in the middle of the microwave region of the spectrum.

Another way to explain why the light from the big bang now has such a
long wavelength is to say that space itself has expanded. The distance
between crests of the light waves, once a few thousand angstroms, has
expanded with the universe, and is now 10,000 times as long as when it
was first emitted.

Interestingly enough, this microwave radiation, supposedly from the big
bang, has been found. Many different experiments have detected this cosmic
background radiation. As expected, it comes in equally brightly from all
directions. The cosmic background has been found not only close to the earth,
but in some cases it has been shown to be warming the gases between the
stars. If our model is right, the cosmic background is present everywhere,
between galaxies as well as among the stars.

The discussion of the universe would not be complete without mentioning
one kind of object for which we have no explanation at all.

They are called "quasi-stellar objects", or quasars, because they look as
point-like as any star through even the best telescopes. Sometimes they are
associated with large clouds alongside of them that emit radio waves.

The quasars themselves are certainly quite small. Some quasars get brighter
or dimmer over a period of weeks or months. This proves that they cannot be
as large as 1 light-year across. (Why? See Question 9 at the end of this
chapter.)

AIl quasars have rather large red shifts. If we interpret the red shift accord
ing to Hubble's law, we would guess that they must be billions of light years
away, farther than any galaxy we can identify.



340

Conclusion

Glossary

Beyond the solar system

If they are, how can we see them at all? The quasars must be shining a
thousand times brighter than any galaxy. We have no idea what their energy
source must be.

On the other hand, if the quasars are not really that far away, why do they
have such large red shifts? And why don't we see anything that looks like a
quasar closer in?

We have no answers to these questions yet. The world is full of mysteries,
and quasars are some of the biggest mysteries we have met.

The universe is full of very strange things. Red giants, white dwarfs, and
black holes form a spectrum of mysteries. The big bang, pulsars, and quasars
stagger the imagination. What will the astronomers find next?

In an earlier chapter we mentioned c.P. Snow's comment that an educated
person should be as familiar with the second law of thermodynamics as he is
with the plays of Shakespeare. We have dealt with the second law already.
Perhaps here is the place to invoke a pertinent quotation from Shakespeare:

"There are more things in heaven and earth, Horatio,
than are dreamt of in your philosophy."

big bang-A model of the universe that supposes that 15 or 20 billion years
ago all the matter which is now in all the stars and galaxies was con
centrated very close together. For some unknown reason, it all began
to fly apart (according to the model), resulting in the universe which
we see today.

black hole-A star so massive and so compact that it is undergoing runaway
gravitational collapse. The space around a black hole is contracting so
rapidly that nothing, not even a light beam, can escape from it.

cosmic background radiation-A low but significant level of microwave
radiation that seems to be always present around us. It comes at us with
equal intensity from alI directions, and perhaps fills all of interstellar
and intergalactic space. According to the big bang model, the cosmic
background is the light left over from the days when the universe
started.

Galaxy-The group of about 100 billion stars to which our solar system
belongs. Most of the stars in our Galaxy lie in the white patch of sky
known as the Milky Way (for which "galaxy" is the Greek word).
The Galaxy lies mostly within a disk-shaped volume, of diameter
100,000 light-years and thickness about 10,000 light-years. We are in
one of its spiral arms, about 30,000 light-years from the center.

galaxy-A grouping of billions of stars, similar to our own Galaxy, bound
together by gravity and separated from other galaxies by millions of
light-years. Thousands of galaxies have been identified by telescope,
and no doubt many billions of them are out there.
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globular cluster-A grouping of millions of stars, found in the halo of our
Galaxy. The stars in these globular clusters are believed to be IO to IS
billion years old, among the oldest in the Galaxy.

halo-The spherical region, about 100,000 light years in diameter, centered
around our Galaxy. Perhaps in its early days the Galaxy was ball
shaped. Now most of its material has collapsed into a disk, but some
stars and other material (particularly the globular clusters) remain in
the halo.

Hubble, Edwin (1889-1953)-American astronomer who discovered that:
I) the galaxies are at least millions of light-years away, and not part of
our own star system; and 2) the distant galaxies are all flying away
from us at high speed.

Hubble's law-The discovery by Edwin Hubble that the other galaxies are all
flying away from us (and from each other) at high speeds, and that the
more distant the galaxy is, the faster it is receding. This law suggests
that the whole universe is expanding at a fairly uniform rate.

light-year-The distance travelled by a light beam, moving at 300,000
kilometers per second, in one year. A light-year is about a thousand times
the size of our solar system. It is comparable to the distance between
stars in our neighborhood.

local cluster-The group of galaxies nearest to our own. It includes the
Andromeda nebula, the Magellanic Clouds, and a few smaller galaxies.

meteor-A chunk of solid material that has been in orbit in the solar system.
One that lands on Earth is called a meteorite. Meteors may be
fragments of a planet that broke up long ago. Or they may be pieces
of rock that formed in the early days of our solar system and hadn't
yet been collected into a large planet.

neutron star-A collapsed star that has about the same mass as our sun,
but only a few kilometers in size. The matter is so closely packed
together in a neutron star that we may think of it as one giant atomic
nucleus.

pulsar-An astronomical object that emits short bursts of energy at regular
intervals of I second or less. Pulsars are believed to be rapidly rotating
neutron stars.

quasars ("quasi-stellar objects")-Compact astronomical objects that have
large Doppler shifts. If this shift is interpreted according to Hubble's
law, the quasars are billions of light-years away. The fact that we can
see them at all means they must be very bright, perhaps a thousand
times as bright as a whole normal galaxy.

red giant-A star in a late stage of its life when it is using helium fusion as
its fuel. Red giant stars can be as large as our whole solar system.
The time spent as a red giant is fairly short as star lifetimes go, perhaps
a few hundred million years.
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supernova-A star in a final stage of collapes. For a few days or weeks,
a supernova can be as bright as a whole galaxy. No supernovas have
been seen in our Galaxy for a few centuries (visible from Earth, that is),
but they can be seen fairly often from scanning a large number of other
galaxies.

white dwarf-A star that has used up most of its nuclear energy and has
collapsed into a size not much larger than Earth. At this density, most
of the electrons have been stripped from the atoms within the star.
The pressure of these electrons keeps the star from collapsing further.

1. In an old rock containing radioactive atoms, how can we estimate how
many atoms have already decayed?

2. If an average star lives 10 billion years as a normal star, and then goes
through a red giant stage that lasts only 100 million years, what fraction
of the stars that we see will be red giants?

3. Why does it consume energy to make atoms like tin and uranium?

4. How many kilometers are there in a light-year?

5. How does the speed of the sun through the Galaxy compare with the
speed of Earth around the sun?

6. If the average distance between neighboring galaxies is a million light
years, how many galaxies do we expect there to be within a billion
light-years of our own?

7. If we take Hubble's findings to their extreme, we might expect some
galaxies to be so far away that they are receding from us at faster than
the speed of light. Is this possible? Could we ever see such a galaxy?

8. If the sun is really moving at 300 kilometers per second around the
Galaxy, shouldn't the cosmic background look a little brighter in the
direction we are heading than behind us? Does this suggest a new
version of the Michelson-Morley experiment?

9. If a quasar were more than a light-year across, could the information
that one part of it had started to flare up affect the rest of the quasar
within a few weeks? Is it possible that the whole quasar can change
coherently in less than a year? Why or why not?

10. If we know how brightly a star is really shining and we see how bright
it looks to us, how can we figure how far away it is?

11. The special theory of relativity says that no information can travel at
faster than the speed of light. In this chapter we have met cases (such as
the inside of black holes) where the distance between certain objects
is increasing faster than the speed of light. Can you reconcile these two
statements?
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12. Using the criteria for acceptance of a new scientific theory, from
Chapter I, compare Einstein's general theory of relativity with Newton's
theory of gravitation.

13. What might you conclude from the fact that the sky is dark at night?
How would it look if we had an unblocked view of an infinite number
of stars spread out evenly over space?

14. Trace the history of the atoms that now make up your body from the
time of the "big bang" until now.

15. If things continue to happen at their present rate, what do you expect
the world will be like when it is twice as old as it is now?
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spectrum 240-241. 244
speed 94,99-101, III
speed of wave 142,156, 234
spring tide 45, 49
stable 96, III, 263
star 22, 308, 326 passim
starch 189, 196
storage ring 286, 289
sublimation, heat of 168, 175
subnuclear particle 297, 315, 320
sugar 188-189,196
sun 22-24,49. 308, 325
supernatural 7, 17
supernova 328-329,342
surface tension 127-128, 132
surface waves 139 passim, 156
synchrotron 282-283,290
synchrotron radiation 283,290

teleology 8, 17
Telstar 41-42,49
temperature 161-163,175
testability 15,17
theism 7,18
thermal pollution 205-206, 220
thermodynamics 200. 220
thermometer 162-163,175
thermonuclear 308,320
tides 44-45, 49
torque 128, 132
transformer 129,132
transmission line 129. 132
transverse wave 137, 139,156
tuned circuit 237-238, 244

ultraviolet radiation 257 passim, 266
Uncertainty Principle 262,266. 299
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uniform circular motion 27, 49
uranium 193, 305-313
Uranus 45,49

vapor 18, 91-92
Venus 23,49
Very Low Frequency 229, 234-235,244
visible light 248-253,266
volt 128, 132
Volta, Alessandro 59,84
voltage 128, 133, 229 passim
voltmeter 229-231, 244
volume 102, 111,125

warm reservoir 204,208-210,215,220

water vapor 91, III, 165
Watt, James 200
watt 124, 133
wave 136-154,156, 228,232,333
wave barrier 151, 156
wavelength 141,156, 234,278
wavetrain 140,156
weight 11,18, 97-98, III
white dwarf 331, 342
working substance 203, 206, 221

X-rays 270-279,290

year 36,49
yoke 65,84
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