known at the time Yukawa made his bold proposal.

Yukawa'’s proposal of particle exchange as the method of force transfer is intriguing. But how can we verify his
proposal if we cannot observe the virtual pion directly? If sufficient energy is in a nucleus, it would be possible to
free the pion—that is, to create its mass from external energy input. This can be accomplished by collisions of
energetic particles with nuclei, but energies greater than 100 MeV are required to conserve both energy and
momentum. In 1947, pions were observed in cosmic-ray experiments, which were designed to supply a small flux
of high-energy protons that may collide with nuclei. Soon afterward, accelerators of sufficient energy were creating
pions in the laboratory under controlled conditions. Three pions were discovered, two with charge and one neutral,
and given the symbols z*, 7™, and 7r0, respectively. The masses of zT and 7~ are identical at 139.6 MeV/cz,
whereas 7¥ has a mass of 135.0 MeV/c?. These masses are close to the predicted value of 100 MeV/c? and, since
they are intermediate between electron and nucleon masses, the particles are given the name meson (now an
entire class of particles, as we shall see in Particles, Patterns, and Conservation Laws).

The pions, or Zz-mesons as they are also called, have masses close to those predicted and feel the strong nuclear
force. Another previously unknown particle, now called the muon, was discovered during cosmic-ray experiments in
1936 (one of its discoverers, Seth Neddermeyer, also originated the idea of implosion for plutonium bombs). Since
the mass of a muon is around 106 MeV/c2, at first it was thought to be the particle predicted by Yukawa. But it was
soon realized that muons do not feel the strong nuclear force and could not be Yukawa’s particle. Their role was
unknown, causing the respected physicist I. I. Rabi to comment, “Who ordered that?” This remains a valid question
today. We have discovered hundreds of subatomic particles; the roles of some are only partially understood. But
there are various patterns and relations to forces that have led to profound insights into nature’s secrets.

33.2 The Four Basic Forces

LEARNING OBJECTIVES
By the end of this section, you will be able to:
- State the four basic forces.
- Explain the Feynman diagram for the exchange of a virtual photon between two positive charges.
- Define QED.
= Describe the Feynman diagram for the exchange of a between a proton and a neutron.

As first discussed in Problem-Solving Strategies and mentioned at various points in the text since then, there are
only four distinct basic forces in all of nature. This is a remarkably small number considering the myriad phenomena
they explain. Particle physics is intimately tied to these four forces. Certain fundamental particles, called carrier
particles, carry these forces, and all particles can be classified according to which of the four forces they feel. The
table given below summarizes important characteristics of the four basic forces.

Force Approximate relative strength Range +-* Carrier particle
Gravity 10738 00 +only | Graviton (conjectured)
Electromagnetic 1072 0 +/ - Photon (observed)

Weak force 10713 <1078 m | +/- wt w-, z0 (observed?)
Strong force 1 <107 m | +/- Gluons (conjecturedi)

TABLE 33.1 Properties of the Four Basic Forces

1 + attractive; - repulsive; + /— both.
2 Predicted by theory and first observed in 1983.
3 Eight proposed—indirect evidence of existence. Underlie meson exchange.
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FIGURE 33.4 The first image shows the exchange of a virtual photon transmitting the electromagnetic force between charges, just as virtual
pion exchange carries the strong nuclear force between nucleons. The second image shows that the photon cannot be directly observed in
its passage, because this would disrupt it and alter the force. In this case it does not get to the other charge.
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FIGURE 33.5 The Feynman diagram for the exchange of a virtual photon between two positive charges illustrates how the electromagnetic
force is transmitted on a quantum mechanical scale. Time is graphed vertically while the distance is graphed horizontally. The two positive
charges are seen to be repelled by the photon exchange.

Although these four forces are distinct and differ greatly from one another under all but the most extreme
circumstances, we can see similarities among them. (In GUTs: the Unification of Forces, we will discuss how the four
forces may be different manifestations of a single unified force.) Perhaps the most important characteristic among
the forces is that they are all transmitted by the exchange of a carrier particle, exactly like what Yukawa had in mind
for the strong nuclear force. Each carrier particle is a virtual particle—it cannot be directly observed while
transmitting the force. Figure 33.4 shows the exchange of a virtual photon between two positive charges. The
photon cannot be directly observed in its passage, because this would disrupt it and alter the force.

Figure 33.5 shows a way of graphing the exchange of a virtual photon between two positive charges. This graph of
time versus position is called a Feynman diagram, after the brilliant American physicist Richard Feynman
(1918-1988) who developed it.

Figure 33.6 is a Feynman diagram for the exchange of a virtual pion between a proton and a neutron representing
the same interaction as in Figure 33.3. Feynman diagrams are not only a useful tool for visualizing interactions at the
qguantum mechanical level, they are also used to calculate details of interactions, such as their strengths and
probability of occurring. Feynman was one of the theorists who developed the field of quantum electrodynamics
(QED), which is the quantum mechanics of electromagnetism. QED has been spectacularly successful in describing
electromagnetic interactions on the submicroscopic scale. Feynman was an inspiring teacher, had a colorful
personality, and made a profound impact on generations of physicists. He shared the 1965 Nobel Prize with Julian
Schwinger and S. I. Tomonaga for work in QED with its deep implications for particle physics.

Why is it that particles called gluons are listed as the carrier particles for the strong nuclear force when, in The
Yukawa Particle and the Heisenberg Uncertainty Principle Revisited, we saw that pions apparently carry that force?
The answer is that pions are exchanged but they have a substructure and, as we explore it, we find that the strong




force is actually related to the indirectly observed but more fundamental gluons. In fact, all the carrier particles are
thought to be fundamental in the sense that they have no substructure. Another similarity among carrier particles is
that they are all bosons (first mentioned in Patterns in Spectra Reveal More Quantization), having integral intrinsic
spins.
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FIGURE 33.6 The image shows a Feynman diagram for the exchange of a z+ between a proton and a neutron, carrying the strong nuclear
force between them. This diagram represents the situation shown more pictorially in Figure 33.4.

There is a relationship between the mass of the carrier particle and the range of the force. The photon is massless
and has energy. So, the existence of (virtual) photons is possible only by virtue of the Heisenberg uncertainty
principle and can travel an unlimited distance. Thus, the range of the electromagnetic force is infinite. This is also
true for gravity. It is infinite in range because its carrier particle, the graviton, has zero rest mass. (Gravity is the most
difficult of the four forces to understand on a quantum scale because it affects the space and time in which the
others act. But gravity is so weak that its effects are extremely difficult to observe quantum mechanically. We shall
explore it further in General Relativity and Quantum Gravity). The W, W, and z0 particles that carry the weak
nuclear force have mass, accounting for the very short range of this force. In fact, the W+, W™, and Z0 are about
1000 times more massive than pions, consistent with the fact that the range of the weak nuclear force is about 1/
1000 that of the strong nuclear force. Gluons are actually massless, but since they act inside massive carrier
particles like pions, the strong nuclear force is also short ranged.

The relative strengths of the forces given in the Table 33.1 are those for the most common situations. When
particles are brought very close together, the relative strengths change, and they may become identical at extremely
close range. As we shall see in GUTs: the Unification of Forces, carrier particles may be altered by the energy
required to bring particles very close together—in such a manner that they become identical.

33.3 Accelerators Create Matter from Energy

LEARNING OBJECTIVES
By the end of this section, you will be able to:
- State the principle of a cyclotron.
= Explain the principle of a synchrotron.
- Describe the voltage needed by an accelerator between accelerating tubes.
- State Fermilab’s accelerator principle.

Before looking at all the particles we now know about, let us examine some of the machines that created them. The
fundamental process in creating previously unknown particles is to accelerate known particles, such as protons or
electrons, and direct a beam of them toward a target. Collisions with target nuclei provide a wealth of information,
such as information obtained by Rutherford using energetic helium nuclei from natural « radiation. But if the energy
of the incoming particles is large enough, new matter is sometimes created in the collision. The more energy input
or AE, the more matter m can be created, since m = AE/c?. Limitations are placed on what can occur by known
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