LIGHT SCATTERING
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The many visual phenomena in the sky have always produced amazement and speculation. Why is the sky blue? Why are sunsets red? Why is it that if you look up through Polaroid sunglasses sometimes light from the sky is polarized and sometimes not? All these questions can be answered by considering the sunlight that is scattered.

There are several things that light can do when it strikes an object. It can be absorbed. It can be reflected. (Angle of incidence = angle of reflection.) or it can be scattered. Scattering can be thought of, as light that bounces off an object that doesn't come off at the angle of incidence. For reasonably large objects all three things can happen, but if the object is much smaller than the wavelength of light, reflection loses its meaning. In that case, the light wave completely engulfs the object, and we don't have angles of incidence anymore. So we speak only of absorption and scattering.

The blue color of the sky has been associated with light scattering for many years. Scattering by dust particles, for example, was identified centu​ries ago. But it wasn't until the last part of the 19'th century that Lord Rayleigh, one of the greatest scientists of all time, provided the correct explanations for what you see in the sky. He assumed that the scatterers were molecules of air. A typical molecule might be a few Angstroms in diame​ter, while a wavelength of light might be thousands of Angstroms. Rayleigh's theory treated this case, where scatterers are much smaller than the wavel​ength of the scattered light. For bigger particles you need a different theory, which was worked out at a later date by Mie.  So you have Rayleigh theory for small particles and Mie theory for big particles. Today we'll talk about Rayleigh theory. Mie theory is much more complicated.


Rayleigh theory says that the scattered light intensity S is given by  S = k  N d6/(4.  N is the number of molecules, so the more molecules that you have the more scattering that you get. d is the diameter of the particles, so large parti​cles (say, 100 Angstroms) scatter much much much more effectively than small particles (say, 10 Angstroms). ( is the wavelength of light, so if you have short wavelength light (blue) scattering is much much better than long wavelength light (red). And k is just a constant that has to do with which molecules or particles are doing the scattering.

Let's shine a bright light through a beaker of water. What do you see? Well, some light is reflected or scattered off the glass sides of the beaker. We're not interested in that. Can you see any light scattered from the water molecules? Maybe you can see some scattering from bubbles or little particles floating in the water. They are pretty bright, but they are "Mie" particles, and we're looking for Rayleigh scattering. It's hard to tell if you see anything from water itself. There are many water molecules (N is large in the formula), but water molecules are so small (d is small) that scattering is pretty small.

Let's help things out some. We'll add a bit of cremora. Not much. Certainly far fewer cremora molecules than water molecules. But cremora molecules are so much bigger than water molecules that the light scattering goes way way up. Now you have no trouble seeing the scattered light.

Do you see that the light coming out the side of the bulb is blue? Light coming out that way was scattered, so according to the formula it ought to be blue. Look at the sky, away from the sun. How does that light get from the sun to your eye? Since it didn't go in a straight line if you're looking away from the sun, it must have been scattered. Blue light scatters better than any other color, so the light that you see is mostly blue. That's why the sky is blue.

Now, what's coming through the beaker? Well, most of the blue light has been scattered away, while the red and orange light just keeps marching on. By the time the beam of light gets all the way through the beaker, all the blue light is gone and the light coming through is red. Think about the earth and the sun.
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On the left, it's noon, sunlight goes through about 100 miles of atmosphere, not enough to scatter away much light, so the sun looks about its true color, yellow. On the right, it's sunset, sunlight goes through maybe 500 or 1000 miles of atmosphere. Now, nearly all the blue light is scattered away, so by default, the sun looks orange. That's why sunsets are orange.

Finally, what about polarization? Think of a beam of light going into the page. What does that mean? Well, there's an electric field that's oscillating up and down and moving at the speed of light into the page. Which way is up and down, which way is left and right? The light beam doesn't care. The only rule is that it can never oscillate in the direction that it's moving. So I've drawn two double‑headed arrows representing a beam of light travelling into the page with its electric field oscillating up and down and a beam oscillating left and right. We can separate these kinds of light with a Polaroid sheet.
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Let's imagine a beam of light coming into the beaker with its polarization up and down. When it gets scattered its polarization doesn't change. So as it heads out toward you on the side, its polarization is still up and down. No problem. Now imagine a beam of light coming into the beaker with its polarization left and right (horizontal). That means that the electric field is oscillating directly toward and away from you. Again, when it's scattered, the polarization has to stay the same. So if it scattered toward you its polarization and its direction would be along the same line. That's against the rules. Therefore, it just won't get scattered toward you. The result? The only light that gets to you is light that is polarized up and down. The light is called polarized. You can check that the light from the projector is unpolarized but that the scattered light is polarized. Now, let's look at the sky. If you look 90 degrees away from the sun through Polaroid lenses you'll discover that the skylight is rather strongly polarized. If you look at any other angle from the sun the light is less polarized. You can see why if you try to use the arguments on the beaker that I just used. They don't work too well if you're not looking at 90 degrees. Finally, how come the light from the beaker isn't 100% polarized if you look at 90 degrees? That's because the cremora also has some big particles in it, particles bigger than the wavelength of light. These "Mie" particles don't obey the same rules that "Rayleigh" particles do, and so the light that they scatter isn't colored or polarized. Tiny water droplets in the air (clouds) are Mie particles, so if you have a cloudy day the sky is not blue, and the light is not polarized. Even on cloudy days, however, sunsets are red. Why? Because the air molecules still scatter blue light, even while the water droplets are scattering all colors. So by the time the light gets to you the blue light has been lost more than the red light, and even on cloudy days the sunsets are red.
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