Now consider the closed path for the situation of Fig. 22-3, where a capacitor
is being discharged. Ampere’s law works for surface 1 (current [ passes through
surface 1), but it does not work for surface 2 because no current passes
through surface 2. There is a magnetic field around the wire, so the left side of
Ampere’s law is not zero around the circular closed path; yet no current flows
through surface 2, so the right side is zero for surface 2. We seem to have a
contradiction of Ampére’s law. There is a magnetic field present in Fig. 22-3,
however, only if charge is flowing to or away from the capacitor plates. The
changing charge on the plates means that the electric field between the plates is
changing in time. Maxwell resolved the problem of no current through surface 2
in Fig. 22-3 by proposing that the changing electric field between the plates is
equivalent fo an electric current. He called it a displacement current, [;;. An
ordinary current [ is then called a “conduction current,” and Ampére’s law, as
generalized by Maxwell, becomes

B, Al = oI + Ip).

Ampere’s law will now apply also for surface 2 in Fig. 22-3, where [, refers to
the changing electric field.

By combining Eq. 17-7 for the charge on a capacitor, Q = CV,
with Eq. 17-4a, V = Ed, and Eq. 17-8, C = e, A/d, we can write
O = CV = (e, A/d)(Ed) = e, AE. Then the current I, becomes
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where @, = EA is the electric flux, defined in analogy to magnetic flux
{Section 21-2). Then, Ampere’s law becomes

Ad,

SBy Al = pol + pyeg— (22-1)
This equation embodies Maxwell’s idea that a magnetic field can be caused not
only by a normal electric current, but also by a changing electric field or
changing electric flux.
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m Production of Electromagnetic Waves

According to Maxwell, a magnetic field will be produced in empty space if there
is a changing electric field. From this, Maxwell derived another startling conclu-
sion. If a changing magnetic field produces an electric field, that electric field is
itself changing. This changing electric field will, in turn, produce a magnetic field,
which will be changing, and so it too will produce a changing electric field; and so
on. When Maxwell worked with his equations, he found that the net result of
these interacting changing fields was a wawve of electric and magnetic fields that
can propagate (travel) through space! We now examine, in a simplified way,
how such electromagnetic waves can be produced.

Consider two conducting rods that will serve as an “antenna” (Fig. 22-4a).
Suppose that these two rods are connected by a switch to the opposite terminals
of a battery. As soon as the switch is closed, the upper rod quickly becomes
positively charged and the lower one negatively charged. Electric field lines are
formed as indicated by the lines in Fig. 22—4b. While the charges are flowing, a
current exists whose direction is indicated by the black arrows. A magnetic field
is therefore produced near the antenna. The magnetic field lines encircle the
rod-like antenna and therefore, in Fig. 22-4, B points into the page (®) on
the right and out of the page (@) on the left. Now we ask, how far out do
these electric and magnetic fields extend? In the static case, the fields extend
outward indefinitely far. However, when the switch in Fig. 22-4 is closed, the
fields quickly appear nearby, but it takes time for them to reach distant points.
Both electric and magnetic fields store energy, and this energy cannot be trans-
ferred to distant points at infinite speed.

FIGURE 22-3

Surface 2

A capacitor

discharging. No conduction current
passes through surface 2. An extra
term is needed in Ampére’s law.

Ampéres law
{generalized)

FIGURE 22-4 Ficlds produced by
charge flowing into conductors. It
takes time for the E and B fields to
travel outward to distant points.
The fields are shown to the right of
the antenna, but they move out in
all directions, symmetrically about

the (vertical) antenna.
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