
Photons Handout

Does light have momentum? In the 1890s, it was already known that light has momentum. This falls out of Maxwell’s
equations for electromagnetism. In addition, the ratio between the energy and momentum of light was known to be the
speed of light c.

Elight = plightc (1)

How can you understand light having momentum? If we consider light travelling in the ẑ direction, which is polarized
such that the electric field is in the ŷ direction, and the magnetic field is in the ẑ direction. Then we can imagine this
light wave hitting a charged particle. The electric field will push the charge up and down. This accelerating charge will
absorb the radiation. Just as an accelerating charge will emit radiation, it can also absorb radiation. (This follows from
time reversal symmetry which dicatates that unless entropy is involved, any process that can happen forwards can
also happen in reverse.)

The electron that is wiggling in the ŷ direction clearly has a velocity in that direction. Since there is also a magnetic
field in the x̂ direction, there must be a magnetic force as well as the force from the electric field. The magnetic force
is given by F⃗ = qv⃗ × B⃗, which gives us an additional force in the ẑ direction. This force in the direction the light is
travelling will convey momentum to the particle (which the up-and-down wiggling did not in net), which comes from the
momentum of the light.

1 Comparing particles with light

Electrons are a wave! Light is a wave!
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2 Counting photons

A typical red laser pointer has a power of 5 mW. 5 mJ/s = 0.005 J/s. I can picture the light as an electromagnetic wave,
or as a beam of particles (photons). Each photon has an energy given by

Ephoton = hf =
hc

λ
=

[6.6× 10−34 J s][3× 108 m/s]

[6.6× 107 m]
= 3× 10−19 J ≈ 2 eV (2)

To get a total energy rate of 5× 10−3 J/s we must have

photon rate =
[5× 10−3 J/s]

[3× 10−19 J/photon]
= 1.6× 1016 photons/second (3)

3 Human vision and photons

We have two types of photoreceptors in our eyes: rods and cones. The rods are only active in low light, and provide
monochromatic (non-color) vision. The cones are effective only in high light conditions, and provide color vision.

Videos are played at 30 frames per second (fps), since that matches the response time of the cones in our eyes. After
about 30 ms, the light receptor cells in our eye will report to the brain, “I saw something.” In contrast, the rods average
the light over about 100 ms, so watching a movie played at moonlight intensity would be perceived in black and white,
but you’d also need fewer frames per second. A money saving venture?

A receptor cell in our eye needs at least one photon to “see” something (this is the minimum for any detector). Our
rods can actually perceive a single photon. The cones, however, require many more photons (the number depends on
wavelength) in order for us to see something.
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Our rods can see a flash that has about a hundred photons incident on a dark-adapted eye. This is even though a
single photon can be detected by a single rod. We need more photons because many of them do not hit rods at all, and
also because our rods sometimes activate even in the dark, so we need to detect enough photons to ensure it wasn’t a
random action potential.
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https://scholar.google.com/scholar_lookup?hl=en&publication_year=1972&author=B+Sakitt&title=Counting+every+quantum
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