Photon momentum and force. Suppose the 10" photons
emitted per second from the 100-W lightbulb in Example 27-5 were all focused
onto a piecce of black paper and absorbed. (a) Calculate the momentum of
one photon and (b) estimate the force all these photons could exert on the paper.

APPROACH Each photon’s momentum is obtained from Eq. 27-6, p = h/A.
Next, each absorbed photon’s momentum changes from p = h/A to zero. We
use Newton's second law, F = -_'\p/-_'\r, to get the force.
SOLUTION (a) Each photon has a momentum
_h 663 xX107%]-s
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(b) Using Newton’s second law for N = 10" photons (Example 27-5) whose
momentum changes from //A to 0, we obtain
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This is a pretty tiny force, but we can see that a very strong light source could
exert a measurable force, and near the Sun or a star the force due to photons
in electromagnetic radiation could be considerable.

=13 % 107 kg -m/s.
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- NI! ~ (10s7)(107 kg-m/s) = 10°*N.

Photosynthesis. [n photosvnthesis, pigments such as
chlorophyll in plants capture the energy of sunlight to change CO, to useful
carbohydrate. About nine photons are needed to transform one molecule of CO,
to carbohydrate and O,. Assuming light of wavelength A = 670 nm (chlorophyll
absorbs most strongly in the range 650nm to 700 nm), how efficient is the
photosynthetic process? The reverse chemical reaction releases an energy of
4.9 eV /maolecule of CO,.

APPROACH The efficiency is the minimum energy required (4.9 ¢V) divided
by the actual energy absorbed, nine times the energy (hf) of one photon.
SOLUTION The energy of nine photons, each of energy hf = he/A s
(9)(6.63 x 107 7-8)(3.0 x 10°m/s)/(6.7 x 107" m) =27 x 07T or 17eV.
Thus the process is (4.9eV/17eV) = 29% efficient.

* FZBE] Compton Effect

Besides the photoelectric effect, a number of other experiments were carried
out in the early twentieth century which also supported the photon theory.
One of these was the Compton effect (1923) named after its discoverer,
A.H. Compton (1892-1962). Compton scattered short-wavelength light (actually
X-rays) from various materials. He found that the scattered light had a slightly
longer wavelength than did the incident light, and therefore a slightly lower
frequency indicating a loss of energy. He explained this result on the basis of
the photon theory as incident photons colliding with electrons of the material,
Fig. 27-9. Using Eq. 27-6 for momentum of a photon, Compton applied the laws
of conservation of momentum and energy to the collision of Fig. 27-9 and
derived the following equation for the wavelength of the scattered photons:

h
AM=A+—(1 — cosq),
MyC ( ¢)

where m, is the rest mass of the electron. (The quantity h/myc, which has
the dimensions of length, is called the Compton wavelength of the electron.)
We see that the predicted wavelength of scattered photons depends on the angle ¢ at
which they are detected. Compton’s measurements of 1923 were consistent
with this formula. The wave theory of light predicts no such shift: an incoming
EM wave of frequency f should set electrons into oscillation at frequency f;
and such oscillating electrons would reemit EM waves of this same frequency [
(Section 22-2), which would not change with angle (). Hence the Compton
effect adds to the firm experimental foundation for the photon theory of light.
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FIGURE 27-9 The Compton
effect. A single photon of
wavelength A strikes an electron in
some material, knocking it out of its
atom. The scattered photon has less
energy (since some is given to the
electron) and hence has a longer
wavelength A", Experiments found
scattered X-rays of just the wave-
lengths predicted by conservation of
energy and momentum using the
photon model.
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