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Consider a force like gravitation which varies predominantly inversely as the square of the

distance, but which is about a billion-billion-billion-billion times stronger. And with another
difference. There are two kinds of “matter,” which we can call positive and negative. Like kinds repel
and unlike kinds attract—unlike gravity where there is only attraction. What would happen?

>
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A bunch of positives would repel with an enormous force and spread out in all directions. A bunch of
negatives would do the same. But an evenly mixed bunch of positives and negatives would do
something completely different. The opposite pieces would be pulled together by the enormous
attractions. The net result would be that the terrific forces would balance themselves out almost
perfectly, by forming tight, fine mixtures of the positive and the negative, and between two separate
bunches of such mixtures there would be practically no attraction or repulsion at all.

There is such a force: the electrical force. And all matter is a mixture of positive protons and negative
electrons which are attracting and repelling with this great force. So perfect is the balance, however,
that when you stand near someone else you don’t feel any force at all. If there were even a little bit of
unbalance you would know it. If you were standing at arm’s length from someone and each of you had
one percent more electrons than protons, the repelling force would be incredible. How great? Enough
to lift the Empire State Building? No! To lift Mount Everest? No! The repulsion would be enough to
lift a “weight” equal to that of the entire earth!

With such enormous forces so perfectly balanced in this intimate mixture, it is not hard to understand
that matter, trying to keep its positive and negative charges in the finest balance, can have a great
stiffness and strength. The Empire State Building, for example, swings less than one inch in the wind
because the electrical forces hold every electron and proton more or less in its proper place. On the
other hand, if we look at matter on a scale small enough that we see only a few atoms, any small piece
will not, usually, have an equal number of positive and negative charges, and so there will be strong
residual electrical forces. Even when there are equal numbers of both charges in two neighboring
small pieces, there may still be large net electrical forces because the forces between individual
charges vary inversely as the square of the distance. A net force can arise if a negative charge of one
piece is closer to the positive than to the negative charges of the other piece. The attractive forces can
then be larger than the repulsive ones and there can be a net attraction between two small pieces with
no excess charges. The force that holds the atoms together, and the chemical forces that hold
molecules together, are really electrical forces acting in regions where the balance of charge is not
perfect, or where the distances are very small.

You know, of course, that atoms are made with positive protons in the nucleus and with electrons
outside. You may ask: “If this electrical force is so terrific, why don’t the protons and electrons just get
on top of each other? If they want to be in an intimate mixture, why isn’t it still more intimate?” The
answer has to do with the quantum effects. If we try to confine our electrons in a region that is very
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close to the protons, then according to the uncertainty principle they must have some mean square
momentum which is larger the more we try to confine them. It is this motion, required by the laws of
quantum mechanics, that keeps the electrical attraction from bringing the charges any closer together.

There is another question: “What holds the nucleus together”? In a nucleus there are several protons,
all of which are positive. Why don’t they push themselves apart? It turns out that in nuclei there are, in
addition to electrical forces, nonelectrical forces, called nuclear forces, which are greater than the
electrical forces and which are able to hold the protons together in spite of the electrical repulsion. The
nuclear forces, however, have a short range—their force falls off much more rapidly than 1/ r?. And
this has an important consequence. If a nucleus has too many protons in it, it gets too big, and it will
not stay together. An example is uranium, with 92 protons. The nuclear forces act mainly between
each proton (or neutron) and its nearest neighbor, while the electrical forces act over larger distances,
giving a repulsion between each proton and all of the others in the nucleus. The more protons in a
nucleus, the stronger is the electrical repulsion, until, as in the case of uranium, the balance is so
delicate that the nucleus is almost ready to fly apart from the repulsive electrical force. If such a
nucleus is just “tapped” lightly (as can be done by sending in a slow neutron), it breaks into two
pieces, each with positive charge, and these pieces fly apart by electrical repulsion. The energy which
is liberated is the energy of the atomic bomb. This energy is usually called “nuclear” energy, but it is
really “electrical” energy released when electrical forces have overcome the attractive nuclear forces.
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We may ask, finally, what holds a negatively charged electron together (since it has no nuclear forces).
If an electron is all made of one kind of substance, each part should repel the other parts. Why, then,
doesn’t it fly apart? But does the electron have “parts”? Perhaps we should say that the electron is just
a point and that electrical forces only act between different point charges, so that the electron does not
act upon itself. Perhaps. All we can say is that the question of what holds the electron together has
produced many difficulties in the attempts to form a complete theory of electromagnetism. The
question has never been answered. We will entertain ourselves by discussing this subject some more in
later chapters.

As we have seen, we should expect that it is a combination of electrical forces and quantum-
mechanical effects that will determine the detailed structure of materials in bulk, and, therefore, their
properties. Some materials are hard, some are soft. Some are electrical “conductors”™—because their
electrons are free to move about; others are “insulators”—because their electrons are held tightly to
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individual atoms. We shall consider later how some of these properties come about, but that is a very
complicated subject, so we will begin by looking at the electrical forces only in simple situations. We
begin by treating only the laws of electricity—including magnetism, which is really a part of the same
subject. ‘

We have said that the electrical force, like a gravitational force, decreases inversely as the square of
the distance between charges. This relationship is called Coulomb’s law. But it is not precisely true
when charges are moving—the electrical forces depend also on the motions of the charges ina
complicated way. One part of the force between moving charges we call the magnetic force. It is really
one aspect of an electrical effect. That is why we call the subject “electromagnetism.”

There is an important general principle that makes it possible to treat electromagnetic forces in a
relatively simple way. We find, from experiment, that the force that acts on a particular charge—no
matter how many other charges there are or how they are moving—depends only on the position of
that particular charge, on the velocity of the charge, and on the amount of charge. We can write the
force F on a charge ¢ moving with a velocity v as

F =q(E +v x B). (1.1)

We call E the electric field and B the magnetic field at the location of the charge. The important thing
is that the electrical forces from all the other charges in the universe can be summarized by giving just
these two vectors. Their values will depend on where the charge is, and may change with time.
Furthermore, if we replace that charge with another charge, the force on the new charge will be just in
proportion to the amount of charge so long as all the rest of the charges in the world do not change
their positions or motions. (In real situations, of course, each charge produces forces on all other
charges in the neighborhood and may cause these other charges to move, and so in some cases the
fields can change if we replace our particular charge by another.)

We know from Vol. T how to find the motion of a particle if we know the force on it. Equation (1.1)
can be combined with the equation of motion to give

d { muv
dt (1-— U2/C2)1/2

]:F:dE+va) (1.2)

So if E and B are given, we can find the motions. Now we need to know how the E’s and B’s are
produced.

One of the most important simplifying principles about the way the fields are produced is this:
Suppose a number of charges moving in some manner would produce a field E, and another set of
charges would produce F. If both sets of charges are in place at the same time (keeping the same
Jocations and motions they had when considered separately), then the field produced is just the sum

E=E, +E,. (1.3)

This fact is called the principle of superposition of fields. It holds also for magnetic fields.



























