Laboratory #2
Optical Refraction

The refraction of light by transparent materials provides one of the keys to our understanding of the interaction of light with matter. Aside from being the physical basis for the construction of useful devices such as lenses and optical fibers, it serves to distinguish between two models (particle and wave) used to describe the behavior of light.


In the first part of this laboratory exercise, you will observe the paths of light rays refracted by various optical elements. In the second part, you will determine a simple rule that describes the refraction process (Snell’s Law). In the process you will determine the index of refraction of some common substance and hence determine the speed of light in that material.  
Part A General Observations (Qualitative)

Apparatus


The apparatus is shown in Figure 1 and consists of a Ray Box and various optical elements. The Ray Box can be adjusted to produce a single ray of light or a beam of parallel rays. The optical elements are not completely transparent but contain scattering centers that allow the beam inside of the device to be seen.
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Figure 1   Ray Box and smoky optical elements 
Procedure

1. Trace the boundaries of the rectangular block on a sheet of paper. Adjust the single ray from the Ray Box so that the light is refracted by the first surface and leaves the block at the second surface. Locate the path of light outside of the block with two small pencil marks. You may now remove the block and trace the light ray outside and inside of the block. Construct the normal to the surface using a protractor. Is the angle of refraction greater or less than the angle of incidence?

2. Repeat the procedure of Part 1 for the triangular prism. In this setup, you will probably not notice the light dispersed into colors.
3. Adjust the beam angle so that you achieve total internal reflection in the prism as shown in Figure 1. 

4. Observe the rays passing through one or more of the lenses by using multiple rays from the Ray Box.

Part B Snell’s Law and Index of Refraction

Apparatus


The apparatus is shown in Figure 2 and consists of a Ray Box and a semi-circular plastic dish. The Ray Box can be adjusted to produce a single ray of light or a beam of parallel rays. With careful adjustment the light ray can be seen skimming over the polar graph paper allowing for a determination of the angles of incidence and refraction.
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Figure 2   Ray Box, semi-circular dish, and polar graph paper

Procedure

1. Open the EXCEL file snell.xls.

2. Fill the plastic container half full of water.
3. Place the container on the graph paper so that the straight edge is along the 90º/270º line and the center of the container is at the center of the paper. It is very important to check this placement frequently throughout the lab.

4. Align a single ray from the Ray Box along the 10º line on one side of zero, striking the dish at its center.

5. Since the refracted ray will strike the second surface at right angles (because the dish is semi-circular) it will not undergo any additional refraction!
6. Record the angle of refraction “r” in the data table (Column B). Attempt to read the angle to the nearest 0.1º. 

7. Repeat step 5 for every 10 degrees up to about 80º. It may become difficult to see the refracted ray for angles greater than 80º. You may also have to lift the graph paper slightly to see the outgoing ray. It is important that you observe the ray refracted by the water and not a ray going through the bottom of the container (this ray will not be refracted, of course).

8. Repeat the measurements for angles on the other side of zero. Record the angle of refraction “r” in the data table (Column C).
Analysis


Our goal is to construct a model that will describe the refraction process for any angle of incidence. One way to do this is to look for something that is constant as we change the incident angle. 

(a) Column D will contain the average of the values measured to the right and left of zero.

(b) In column E, calculate the ratio of the angle of incidence to the angle of refraction: (
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     (This EXCEL template is “live”, just pace the curser in the cell and you should see the 
      formula in the formula bar.)
(c) In column F, calculate 
[image: image4.wmf]sin

i

and in column G, calculate
[image: image5.wmf]sin
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. You will notice that Excel 

      prefers to have the angle in radians and not in degrees. The formula contains a factor 
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 that does this conversion.

(d) In column H, calculate the ratio:  
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The quantity 
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is the ratio of the index of refraction of water to the index of refraction of air: 
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Qualitative questions:

1. What pattern, if any, do you notice in Columns E and H?

2.  If you had to specify a number that indicated the amount of bending light experiences when it 

     passes from air to water, what would that number be and why would you choose it?
Quantitative Analysis #1


You have probably noticed that Column H appears to contain values that are nearly equal. The fact that they are not is, of course, due to a number of experimental errors. You should be able to list a few of these based on your observations. 


What is the best number to quote based on your measurements? You might decide on the average value. Fortunately, Excel has a built in function to calculate this. Place your cursor in cell H15 and notice the formula bar.


The average value does not really tell the whole story. It does not take into account the variations in the measurements. We might ask: How well do we know the average value? One measure of this is the standard deviation. To calculate this we take the difference between each value and the average, square these values and average them. Fortunately, Excel has a built in function to calculate this. Place your cursor in cell H16 and notice the formula bar. If our measurements follow a bell curve (in physics we call it a normal distribution), we expect that approximately 2/3 of our measurements will fall within (± 1 standard deviation). We could be very cautious and assign this to be our experimental uncertainty

Finally, we might ask what would happen if we were to repeat this experiment a very large number of times. Statistical analysis tells us that the best number to use for an estimate of the experimental uncertainty is the standard deviation of the mean (SDOM). We take the standard deviation and divide by the square root of the number of trials in our one experiment. Place your cursor in cell H17 for this calculation.
Reporting Results
Here is a sample calculation based on a set of typical measurements. 

Average = 1.324459
                   SDOM = 0.00211

Taking into account significant digits, I would quote:


[image: image10.wmf]/1.3240.002

waterair

nn

=±


The percent uncertainty for this result is then:
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It is often interesting to calculate a percent difference between a result and a commonly accepted value. The commonly accepted value for 
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 is 1.333. I would quote for a % difference (note: I prefer not to call this % error!)
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You should learn to make the distinction between % uncertainty and % difference.
% uncertainty tells us something about the precision of the experiment or how well we did the measurements.

% difference tells us something about the accuracy of the experiment or how well did we do in getting an answer close to the true value. If you measure a quantity that has never been measured before, then your measured value is the true value.


Speed of Light in Water

As a final calculation of some interest, let’s calculate the speed of light in water and assume that the speed of light in air is c.
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The uncertainty on this result is known from above, it is 0.15 %.
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Putting everything together, I would write:
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Lab Report based on Part B is due in one week. 
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