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FIGURE 27-7 Photoelectric effect:
the maximum kinetic energy of
ejected electrons increases lincarly
with the frequency of incident light.
No electrons are emitted if f << f;.
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First the wave theory, assuming monochromatic light. The two important
properties of a light wave are its intensity and its frequency (or wavelength). When
these two quantities are varied, the wave theory makes the following predictions:

1. If the light intensity is increased, the number of electrons ejected and their
maximum kinetic energy should be increased because the higher intensity
means a greater electric field amplitude, and the greater electric field
should eject electrons with higher speed.

2. The frequency of the light should not affect the kinetic energy of the
ejected electrons. Only the intensity should affect KE,,,, .

The photon theory makes completely different predictions. First we note
that in a monochromatic beam, all photons have the same energy (= hf).
Increasing the intensity of the light beam means increasing the number of
photons in the beam, but does not affect the energy of each photon as long as
the frequency is not changed. According to Einstein’s theory, an electron is
¢jected from the metal by a collision with a single photon. In the process, all the
photon energy is transferred to the electron and the photon ceases to exist.
Since electrons are held in the metal by attractive forces, some minimum
energy W, is required just to get an electron out through the surface. W) is called the
work function, and is a few electron volts (1 eV = L6 % 107 '""J) for most metals,
If the frequency f of the incoming light is so low that if is less than W, then
the photons will not have enough energy to eject any electrons at all, If
hf = W,, then electrons will be ejected and energy will be conserved in the
process, That is, the input energy (of the photon), if. will equal the outgoing
kinetic energy KE of the electron plus the energy required to get it out of the
metal, W:

hf = ke + W. (27-5a)

The least tightly held electrons will be emitted with the most kinetic energy (KEg,y, ),
in which case W in this equation becomes the work function W. and KE
becomes KEp,,:

hf = KEpae + Wy [least bound electrons]  (27-5b)

Many electrons will require more energy than the bare minimum (W) to get
out of the metal, and thus the kinetic energy of such electrons will be less than
the maximum.

From these considerations, the photon theory makes the following predictions:

1. Anincrease in intensity of the light beam means more photons are incident,
so more electrons will be ejected: but since the energy of each photon is not
changed, the maximum kinetic energy of clectrons is not changed by an
increase in intensity.

2. If the frequency of the light is increased, the maximum kinetic energy of the
electrons increases linearly, according to Eq. 27-5b. That is,

KEpax = if — W,.
This relationship is plotted in Fig. 27-7.

3. If the frequency f is less than the “cutoff” frequency fi,, where hf, = W, no
electrons will be ejected, no matter how great the intensity of the light.

These predictions of the photon theory are clearly very different from the
predictions of the wave theory. In 1913-1914, careful experiments were carried
out by R. A. Millikan. The results were fully in agreement with Einstein’s
photon theory.

One other aspect of the photoelectric effect also confirmed the photon
theory. If extremely low light intensity is used, the wave theory predicts a
time delay before electron emission so that an electron can absorb enough
energy to exceed the work function. The photon theory predicts no such
delay—it only takes one photon (if its frequency is high enough) to gject an
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