Light Rays
Geometric Optics / Wave Theory of Light
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Overview:

Light consists of electromagnetic waves, yet we often describe light in the mathematical language of geometry, as if light consisted of lines, rays and angles. This activity explores two of the basic rules of geometric optics, the Law of Reflection and the Law of Refraction. The activity also links the rules and the language of geometric optics to the rules and the language of wave motion.

PART 1   The Law of Reflection
The “Law of Reflection” for light beams may seem rather simple: The angle of incidence is equal to the angle of reflection or Θi = Θr. Applying this law in practical situations, however, is often more difficult than might be expected. While the fundamental principle has been understood and used for many centuries, it still remains at the heart of much cutting-edge technology. Texas Instruments, for example, manufactures a Digital Light Processing™ module with over 750,000 micromirrors within a total area of less than 2 cm2. Each micromirror moves independently, changing position up to 1000 times per second to reflect light and produce high-quality television and theater images. (See http://www.dlp.com/ for an animated demonstration and additional information.)
Moving mirrors are also used in large-scale applications, for example in the manufacture of steels for electrical transformers. AK Steel scans a high-power Nd:YAG laser beam across rapidly moving rolls of steel to break apart the magnetic domains, thereby reducing energy losses within the transformer. Particularly when dealing with high-powered lasers, it is much more practical to move the light beam with mirrors, rather than attempting to move the light source itself. (http://www.aksteel.com/pdf/markets_products/electrical/Oriented_Bulletin.pdf)
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Work with the class to identify and measure a layout which simulates the environment at AK Steel—but without the dangers and the costs associated with high-power lasers and fast-moving sheets of steel. On Part 1 of the Report Form, make a careful scale diagram of the layout, showing the location of the light source, the boundaries of the steel roll and the position of the mirror. Also measure and label the angles in degrees to show how far left and right of its center line the light beam must move to scan from one edge of the steel to the other edge.
The SAMREFLECT (SREFLECT) program will pivot the mirror using your inputs for the angular displacement, A, and the angular speed, U.. The angular displacement must be in degrees. Positive angles indicate counterclockwise pivots and negative angles indicate clockwise pivots. The speed should always be positive.
2. Decide on the angular displacement of the mirror that will move the light beam to the right edge of the steel target and test your prediction using a speed of 10 degrees/second. Report the results of your trial on the Report Form.

3. Decide on the angular movement of the mirror which will scan the light beam from the right edge of the steel target to the left edge in 20 seconds. Test your prediction and report the results of your trial on the Report Form.

4. Decide on the angular movement of the mirror which will scan the light beam from the left edge of the steel target back to the right edge in 12 seconds. Test your prediction and report the results of your trial on the Report Form.
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Laser applications such as the steel processing at AK Steel require rapid, continuous movement. In these applications, it is generally more effective to use a set of continuously rotating mirrors, instead of a single mirror which sweeps back and forth. One possible arrangement uses eight mirrors, positioned on the edges of a rotating octagon like the one shown at right.
5. Design an 8-mirror system which will sweep the beam from right to left across the target, repeating the sweep every 10 seconds. This may require moving the mirror closer to the target or further away. Your plan should specify the position of the rotating octagon and the rotational speed, U. Test the system using A = 720 degrees to verify that it functions correctly for at least 2 full rotations. Describe your plan on the Report Form.
Light Rays
REPORT FORM (Part 1)
NAME(S)  ____________________________________________________________________

1. Make a careful scale drawing in the space below to show the location of the light source, the boundaries of the steel roll and the position of the mirror. Also draw and label the angles in degrees to show how far left and right of its center line the light beam must move to scan from one edge of the steel to the other edge.
	Steel Target

	
	


2. Predicted angular displacement of the mirror to move the beam to the right edge of the target:
A = ___________ degrees

Describe the results of the trial:
3. Predicted angular movement of the mirror which to scan the light beam from the right edge of the steel target to the left edge in 20 seconds:
A = ___________ degrees
U = ___________ degrees/second
Describe the results of the trial:

4. Predicted angular movement of the mirror which to scan the light beam from the left edge of the steel target back to the left edge in 12 seconds:
A = ___________ degrees
U = ___________ degrees/second
Describe the results of the trial:

5. Make a careful scale drawing in the space below to show the location of the light source, the boundaries of the steel target and the position of the rotating octagon. Also specify the rotational speed which will sweep the beam across the target once every 10 seconds:
U = ________ degrees/second

	Steel Target

	
	


PART 2   The Law of Refraction
Light beams bend as they move from one medium to another. Snell’s Law is normally written in terms of the index of refraction, n, for each medium, “n1 sinΘ1 = n2 sinΘ2.” In this form, Snell’s Law describes this bending; however, it does not explain why the bending occurs. Deeper explanations of the bending rely upon the wave theory of light and upon an understanding of how the speed of light changes in different medium.

Rewritten in terms of wave velocity, v, Snell’s Law becomes:

sinΘ1        v1
——   =   —

sinΘ2        v2
The SAM robot is certainly not a light photon, but it does illustrate the relationship between speed and direction. Since it is a rigid body rather than a packet of electromagnetic waves the robot turns in an arc as it crosses from one medium to another; however, Snell’s Law does still apply to the initial and final directions of the robot’s motion. The robot can even display “total internal reflection.” In this part of the activity, you will use the robot to model the behavior of a light photon and to predict how its path will change as the “photon” reaches the boundary between two different optical media.
1. Work with the class to measure the robot’s speed in each of the two media, and record the results in Part 2 of the Report Form.

2. Use Snell’s Law to predict how the robot will turn if it strikes the boundary as shown in question 2 on the Report Form. Show your calculation and draw the expected path, then test your prediction with the actual robot.
3. Repeat the process for a “photon” moving across the boundary in the opposite direction as shown in question 2.

4. You will be assigned a “target” and a “crossing point.” Decide where and how to place the robot so it will cross the boundary at your assigned crossing point and go on to strike your target. Show your calculations on the Report Form and draw your planned path. Also test your prediction and describe the results.

The maximum possible angle of refraction after a photon crosses from one medium to another is 90°. If v2 > v1, the maximum angle of incidence which allows the photon to actually leave the first medium is the critical angle, Θ1C, which can be calculated as follows:
sinΘC        v1

——   =   — 
sin90°        v2
or         sinΘC  = (v1/v2)

5. Find the critical angle for these two media and select an angle, Θi, which is slightly greater than the critical angle. On the Report Form, sketch a plan to demonstrate total internal reflection and test your plan. NOTE: The fact that the robot is actually a rigid body rather than a true wave means that the entire robot begins to turn as soon as either wheel strikes the boundary. The angles you find in your test should be correct, but the reflection may occur before the center of the robot actually reaches the boundary.
Light Rays
REPORT FORM (Part 2)
NAME(S)  ____________________________________________________________________

1) Work with the class to measure the robot’s speed in each of the two media, and record the results below.

Medium ____________      Distance: ___________    Time: _________   Speed: _________

Medium ____________      Distance: ___________    Time: _________   Speed: _________
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Use Snell’s Law to predict how the robot will turn if it strikes the boundary at the angle shown at right. Show your calculation below and draw the expected path on the diagram. Label all angles clearly with their degree measures.
Test your prediction with the actual robot and describe the results here.
3) Use Snell’s Law to predict how the robot will turn if it strikes the boundary at the angle shown at right. Show your calculation below and draw the expected path on the diagram. Label all angles clearly with their degree measures.
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Test your prediction with the actual robot and describe the results here.
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4) You will be assigned a “target” and a “crossing point.” Decide where and how to place the robot so it will cross the boundary at your assigned crossing point and go on to strike your target. Show your calculations below and draw your planned path on the diagram at right. Label all angles clearly.

Test your plan and describe the results.

5) Find the critical angle for the two media, and show your calculation below.






Select an angle, Θi, which is slightly greater than the critical angle and sketch your plan to demonstrate total internal reflection and test your plan. Label all angles clearly.
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Test your plan and describe the results. In what ways was the robot’s motion like that of a photon? In what ways was the robot’s motion different from the motion of a photon?
PART 3:  A Lens
1. A convergent lens causes all parallel light rays to converge at its focal point. Design and build a “lens” which will cause the robot to arrive at the same point, regardless of which parallel path it takes among those shown on the Report Form.
2. Test your lens and measure its focal length.

Light Rays
REPORT FORM (Part 3)
NAME(S)  ____________________________________________________________________
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Design and build a “lens” which will cause the robot to arrive at the same point, regardless of which parallel path it takes among those shown. Sketch your design carefully at right.

















2) Test your design and measure the focal length of the lens.
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