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introduction

This paper emerged from a work done for this year’s Croatian High School Astronomy Competition by a fifteen-years-old high school student Natko Bajić from Split. The author was a supervisor to young Natko, and found his work interesting enough to be presented, with slight modifications, at ICPS 2000. It is an example that in physics even seemingly trivial experiments should be seriously done, and that we should avoid relying on appearances rather than on measuring devices.

As we were really short of time, with the competition just three days away, our aim was to play it safe by running the experiment found, among some other sources on the internet, in a classic introductory university physics textbook ([1] pp 378-379). That way, we thought, we could produce the work needed to enter the competition with almost no effort. You just set the experimental apparatus, take few readings, draw the graph and wrap it all up with a simple and ‘well known’ conclusion (after all, it is in the textbook!). But, surprise was in store…

Before we get to the results, it would be appropriate to back you up on some simple theoretical facts which our experiment, directly or indirectly, addressed. 

Atmospheric scattering of sunlight

Atmospheric Absorption and Dispersion of Sunlight

Along its passage through the atmosphere, sunlight interacts with the particles that make up this atmosphere such as water vapour molecules, dust grains and electrons in nitrogen and oxygen molecules. Result of this interaction is the change in the sunlight intensity and spectral characteristics.

One rather extreme, but for us humans very important example of this spectrum-characteristics change is the almost complete absence of the ultra-violet radiation, normally present in the pure solar spectrum, at the surface of our planet. It is almost completely absorbed by the ozone molecules (O3) in the highest atmospheric layers.

Basically, there are two mechanisms that are involved in this spectrum re-tailoring. First of these is absorption, in which the radiation is just swallowed by whatever absorbs it, and the energy content of the absorbed light emerges in some other form (thermal motion, ionisation, radiation of other wavelength). 

The second mechanism, and the one that was of more interest to us, is dispersion. It is just the other name for deviation – photon comes in from one direction, interacts, and after interaction moves on along the different direction, with all its other properties (frequency, i.e.) unchanged. This way the radiation beam intensity is reduced, and the Lambert-Beer law describes this reduction:
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where s is a straight-line distance that a beam has travelled from the place where its intensity was I0, and linear attenuation coefficient k is positive quantity which generally depends on wavelength and on properties of the medium. The inverse of k is obviously the distance along which the beam intensity is attenuated by factor e. 

The product ks is called optical depth, and we shall denote it by (, that is:
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So optical depth 1 corresponds to the path length k-1.

Relations among Wavelength, Scatterer Dimensions and Attenuation

Two scattering regimes, differing in the ratio of scatterer dimensions and wavelength, were of interest to us.

If the wavelength ( is much greater than scatterer size, the scattering is of Rayleigh type ([1], pp 378-379, [2] pp 422-423), and Lambert-Beer law takes the form:
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where x is the volume density of the scatterer particles, and ( is a constant needed to keep the exponent dimensionless.

In inverse case, when the size of scatterer is much larger than wavelength, the intensity follows:
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where ( is a constant analogous to ( of the previous equation. In this case, the dispersion does not depend on wavelength.

The phenomenon of atmospheric dispersion of sunlight is of the first type, as scatterers are bound electrons in oxygen and nitrogen molecules, whose dimensions are much smaller than the wavelength of visible light. Hence, red light is much less scattered than the blue light, and that’s why the clear daytime sky is blue and the rising or setting Sun is red.

‘Modelling’ of atmospheric dispersion with milk-water mixture

Says so in the Book…

When you add a drop of milk into a jar with water, water gets foggy. More milk you add, foggier it gets. 

If you now take the flashlight, turn it on, and look at its light through the mixture in the jar, it seems slightly reddened. If you look at the jar from the side to direction of the light source, the mixture seems bluish.

Conclusion? Certainly, the blue light is more scattered by the mixture than the red light. So the book says, and indeed so it seems.  

The Experiment

How do you go about measuring this experimentally? Our setup is shown in Fig. 1.

First, as we wanted to see how different components of light are affected by the passage through mixture, we clearly needed to employ some filters. We have used red, yellow and blue filters from school laboratory kit (Fig. 2). We also made measurements without filter.

Further, as it should be quite obvious, in our experiment it would have been quite inconvenient to change the length s of the light’s path through the mixture, as the shape and size of our jar are fixed. Hence, path length was fixed But, we could have easily changed the milk concentration, to which x is proportional, and in that way controlled the optical depth. The milk was added to the initial 600 ml of water with a micropipette (Fig. 3) in steps of 1 ml.

 The intensity was measured with a photodiode detector (Fig. 4) whose spectral response was almost constant throughout visible part of the spectrum.

Fig. 5 shows the main part of the setup in place: source (laboratory lamp with collimator) is the dark grey tube on the right, lab bottle with mixture in the middle and photodiode detector (transparent stick with blue wire coming out of its end) on the right.

Results that Nobody Expected

From equations (3) and (4), it can be seen that for each filter there should be linear relationship between log(I(x)/I0) (I0 was the intensity transmitted through pure water, with no milk added, i.e. x=0), and concentration x. 

Since we ‘knew’ that the blue light was scattered more than the red, we expected the slope of graphs for each filter to be different, depending on wavelength. For Rayleigh scattering, the slopes for red (cred), yellow (cyellow) and blue (cblue) filter would stand in proportion (1/(red)4 : (1/(yellow)4 : (1/(blue)4 which is roughly 1 : 2 : 7 ((red(660 nm, (yellow(580 nm, (blue(410 nm).

What did we get? Results are displayed in Table 1 and on Fig. 6. The slopes for various filters, obtained from the least square method are:

cno filter=1.26±0,01

cred=1.26±0,01

cyellow=1.26±0,02

cblue=1.21±0,02

Conclusions

From the above results, it is quite obvious that slopes for all filters are almost identical and Rayleigh scattering has nothing to do with the mechanism that causes scattering of light in our mixture. 

However, these results fit nicely to the equation (4). The fact that slopes for all filters are identical (within the experimental error) with the slope for no filter, further supports the conclusion that the optical depth of the mixture in the whole optical region is independent of wavelength. The size of the scatterer particles (presumably large protein molecules in milk) is much larger than the optical wavelengths.

The open question then remains, why does it seem to us that the blue light is scattered more than the red light by the water-milk mixture. It might be purely psychological so that it’s just an optical illusion, or it might be physiological and related to the properties of our visual cortex. Whatever the reason, it obviously would be a good practice, whenever experimenting, never to overestimate the precision of our senses, especially if the problem we’re working on is so simple that the experimental apparatus can be set up easily.
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