FIGURE 32-7 Fevnman diagram showing a photon acting

as the carrier of the electromagnetic force between two
electrons, This is sort of an x vs. f graph, with ¢ increasing
upward. Starting at the bottom. two electrons approach
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FIGURE 32-8 Meson exchange
when a proton and neutron interact
via the strong nuclear force.
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For the electromagnetic force, it is photons that are exchanged between two
charged particles that give rise to the force between them. A simple diagram
describing this photon exchange is shown in Fig. 32-7. Such a diagram, called a
Feynman diagram after its inventor, the American physicist Richard Feynman
(1918~ 1988), is based on the theory of quantum electrodynamics (QED).

Figure 32-7 represents the simplest case in QED, in which a single photon is
exchanged. One of the charged particles emits the photon and recoils somewhat
as a result; and the second particle absorbs the photon. In any collision or
interaction, energy and momentum are transferred from one charged particle to
the other, carried by the photon. The photon is absorbed by the second particle
very shortly after it is emitted by the first and is not observable: hence it is
referred to as a virtual photon, in contrast to one that is free and can be delected
by instruments. The photon is said to mediate, or carry, the electromagnetic force.

By analogy with photon exchange that mediates the electromagnetic force,
Yukawa argued in this early theory that there ought to be a particle that mediates
the strong nuclear force—the force that holds nucleons together in the nucleus.
Yukawa called this predicted particle a meson (meaning “medium mass”). Figure 32-8
is a Feynman diagram showing meson exchange: a meson carrying the strong force
between a neutron and a proton,

We can make a rough estimate of the mass of the meson as follows. Suppose
the proton on the left in Fig. 32-8 is at rest. For it to emit a meson would require
energy (to make the meson’s mass) which, coming from nowhere, would violate
conservation of energy. But the uncertainty principle allows nonconservation of
energy by an amount AFE if it occurs only for a time At given by (AE)(At) = h/2w.
We set AE equal to the energy needed to create the mass m of the meson:
AE = mc’. Conservation of energy is violated only as long as the meson exists, which
is the time Ar required for the meson to pass from one nucleon to the other, where
it is absorbed and disappears. If we assume the meson travels at relativistic speed,
close to the speed of light ¢, then At need be at most about At = d/c, where d is
the maximum distance that can separate the interacting nucleons. Thus we can write
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The range of the strong nuclear force (the maximum distance away it can be
felt), is small—not much more than the size of a nucleon or small nucleus (see
Eq. 30-1)—so let us take d = 1.5 % 107" m. Then from Eq. 32-3,
he (6.6 X 104 J-5)(3.0 X 10°m/s)
T 2md (6.28)(1.5 x 10" m)

The mass of the predicted meson, roughly 130 MeV/c’, is about 250 times the
electron mass of 0.51 MeV/¢’.|
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me = 2.1 ¥ 107" ] = 130 MeV.

"Note that since the electromagnetic force has infinite range, Eq. 32-3 with d = oo tells us that the
exchanged particle for the electromagnetic foree, the photon, will have zero rest mass, which it does.
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