Light Rays
FACILITATOR NOTES

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 Snell’s Law of Refraction. Students design and test systems which connect each law to practical application. The activity also links the rules and the language of geometric optics to the rules and the language of wave motion.
Goals of the Activity

· Apply the Law of Reflection in controlling the motion of a reflected beam of light.
· Use measured velocities and Snell’s Law to predict the change in direction (refraction) of a simulated wave packet as it moves from one medium to another.
· Design and test a lens for focusing a group of simulated wave packets at a common point.
Standards

National Science Education Standards (NRC)

B.
Physical Science

Transfer of Energy
-- Light interacts with matter by transmission, absorption, or scattering. To see an object, light from that object—emitted or scattered from it—must enter the eye. (6-8)

Interactions of Energy and Matter
--- Waves, including sound and seismic waves, waves on water, and light waves, have energy and can transfer energy when the interact with matter. (9-12)
--- Electromagnetic waves result when a charged object is accelerated or decelerated. Electromagnetic waves include radio waves, microwaves, infrared radiation, visible light, ultraviolet radiation, x-rays, and gamma rays. The energy of electromagnetic waves is carried in packets whose magnitude is inversely proportional to the wavelength. (9-12)
E

Science and Technology
Abilities of Technological Design

-- Implement a proposed design (9-12)

-- Evaluate technological designs or products (9-12)
Standards for Technological Literacy (ITEA)
8

Apply the Design Process
-- Identify criteria and constraints and determine how these will affect the design process. (9-12)
-- Refine a design by using prototypes and modeling to ensure quality, efficiency, and productivity of the final product. (9-12)
-- Evaluate the design solution using conceptual, physical, and mathematical models at various intervals of the design process in order to check for proper design and to note areas where improvements are needed. (9-12)
-- Develop and produce a product or system using a design process. (9-12)
-- Evaluate final solutions and communicate observation, processes, and results of the entire design process, using verbal, graphic, quantitative, virtual, and written means, in addition to three-dimensional models. (9-12)
Secondary School Math Standards (NCTM)

Geometry
-- Use trigonometric relationships to determine lengths and angle measures. (9-12)
-- Use Cartesian coordinates and other coordinate systems, such as navigational, polar, or spherical systems, to analyze geometric situations. (9-12)
-- understand and represent translations, reflections, rotations, and dilations of  objects in the plane by using sketches, coordinates, vector, function notation, and matrices.. (9-12)
Connections
-- Recognize and apply mathematics in contexts outside of mathematics. (9-12)
Representations
-- Use representations to model and interpret physical, social, and mathematical phenomena. (9-12)
Equipment/Software Needed

FOR EACH GROUP OF 2 TO 6 STUDENTS:

Protractor

Ruler

Scissors

Poster board

FOR THE CLASS:

SAM EDE1200 Robot with TI-83 or TI-84 calculator and CBL2 or LabPro interface

A well-focused flashlight. Do NOT substitute a laser pointer for the flashlight (See Investigating Safely, page 108 for further information.)
Plane mirror mounted on a block of wood
Octagon with 8 mirrors (See Appendix A for instructions)

2 light probes (Vernier #LS-BTA or similar)

2 small flashlights

Wood mount for light probes (See Appendix B for instructions)

Sheets of poster board (either 2 contrasting colors or one color to contrast with tiled floor)

Masking tape

Small “targets,” such as coins or blocks or poker chips
CALCULATOR PROGRAMS: SREFLECT, SREFRACT and SAMPIV
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Activity Set Up

Prepare the SAM robot, calculator and CBL2 or LabPRO interface and load the three calculator programs.

For Part 1 on Reflection

Identify clear boundaries (such as the ends of a white or black board or the front corners of the classroom) which can mark the edges of the simulated roll of steel. If necessary, mark the boundaries with masking tape or colored paper. Use either two tables or one long table to support the robot and the light source where they will be in full view of the class. Both the robot and the light source should be below eye level to avoid shining the light into anyone’s eyes. Both the light source and the robot should be centered as shown. The angular distance from center to edge across the target is not critical, but it should be between 20° and 60° for best results. Attach a single flat mirror to a small block or wood or other support and place it centered on the robot so the light beam reflects back at the source. (You may want to tilt the mirror back slightly, so the beam goes just above the light source.) Have the octagonal mirror system ready to use, as described in Appendix A.
For Part 2 and 3 on Refraction
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Assemble the 2 light probes and small flashlights on the robot as described in Appendix B.
Identify a smooth workspace on the floor at least 1.5 meters x 1.5 meters and prepare several sheets of poster board. If the floor is smooth and uniform in color, you should be able to use just one contrasting color of poster board—black usually works best. If the floor is rough or varies in color, you will need to use two distinct types of poster board, one dark and one light. Use masking tape on the underside to faster 2 sheets of like-colored poster board together side-to-side, making sure that the joint is smooth enough not to catch the robot’s tail. If the floor is not uniform enough, add 2 more sheets of poster board in a contrasting color.
Pre-Activity Discussion

Review some of the history of theory of light, mentioning both Newton’s particle theory and Huygens’s wave theory. Also discuss the on-going practical applications of light, including newer technologies such as optical fibers, satellite imaging, digital photography, flat-screen TVs and laser surgery as an alternative to eyeglasses. Emphasize too that light is just one example of an electromagnetic wave--the basic principles of light also apply to radio waves, microwaves, ultraviolet, X-rays and all the other forms as well.
Facilitating the Activity

Part 1: Law of Reflection
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Explain the task and demonstrate how the robot moves, without allowing the light beam to reach either side of the target. Have volunteers from the class (or from the group) measure the critical dimensions—the width of the target and the distance from the target to the mirror. If students want, also measure the precise location of the light source, although that data is not necessary to achieving the intended result. After each group has made its prediction, try all predictions. Continue the discussion as necessary until everyone understands that (1) left rotations require a negative angle, and (2) the light beam rotates through twice as many degrees as does the mirror itself.
Repeat the process for question 3 and 4, helping everyone to understand that each movement of the mirror increases both the angle of incidence and the angle of reflection, so both the angular displacement and the angular speed of the light beam are double that of the mirror itself.
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Note: The activity with the octagonal mirror can be omitted or used as an additional challenge for more advanced students. It is also possible (but less motivating) to use it as a purely theoretical exercise without the actual octagonal mirror.
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Show the octagonal mirror to the class with using it to reflect light. Provide help as needed to individual groups in diagramming the arrangement. If necessary, guide them with the diagram shown at right. At the point where the light beam shifts from one mirror to the next, the angle of incidence with both the old and new mirror face is 22.5°. The correct result is therefore achieved by placing the mirror where the angle to the edge of the target will be 45°.
Part 2: Law of Refraction
Prepare the robot with 2 light sensors and 2 small flashlights as described in Appendix B.

Run the SREFRACT program and select the two media. This process can be done prior to class or once for several classes, provided you use the same calculator and do not modify any of the physical conditions or the strings, list or constants used by the program. For most trials, it is probably best to select ‘vacuum” and one of the two glasses as the media. All the materials listed—except the fictional Stylommatocine—have relative speeds which approximate those of the actual material. Stylomaatocine slows the robot even more than diamond slows light, and it therefore produces very pronounced turns. You must “teach” the robot to recognize each of the two materials as instructed by the program and the two materials need to show distinctly different light readings. When instructed by the program, place the robot with both light sensors in material 1 and let the program take a reading, then repeat for the second medium. It does not matter which material is lighter or darker, but moving the robot from one medium to another must produce a change in both sensors which is large compared to the difference between the two sensors.
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To start the actual activity, place the robot entirely within one medium and select “MOVE” to let the students measure the robot’s velocity. Repeat for the second medium.
Have students measure the angle of incidence shown in Question 2 of the Report Form (Part 2), then let them guide you as you place the robot in the correct medium and pointed in the correct direction. Give each group a marker to use as a target. In addition to making their predictions on paper, ask each group to place its marker on far edge of the poster board where the robot will end its trip.

Repeat the process for Question 3.
For Question 4, either place a marker on the poster board at the boundary and at the far edge, or assign each group a different target.

Let each group test its prediction for Question 5.

Part 3: A Lens
As written, the activity is intended to be qualitative, not quantitative. Provide each group with poster board and let them cut out a large lens shape, then let them test their prediction. You might want to add specific criteria for each group by requiring, for example, that one lens be flat on the front surface, another flat on the back surface, another curved on both surfaces and another made entirely of flat prisms. You can then compare the advantages and disadvantages of the various shapes. Any shape that is thicker at the center than at its edges should produce at least a rough focal point.
See the section below on “Extending the Activity” for additional possibilities.

Post-Activity Discussion

Emphasize that the robot’s motion is intended to aid in visualizing and understanding some aspects of the behavior of light and other electromagnetic waves, not to reproduce the behavior of light exactly. Ask for evidence that light does not really consist of tiny, 2-wheeled “photons” like the robot, and discuss double-slit and other interference patterns as key examples of wave behavior which the robot cannot replicate.
Group Activity Questions

See Report Forms.

Individual Assessment
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Question that may be used on a quiz or test:

1) As shown in the diagram at right, a laser beam is aimed at a mirror mount that is free to rotate. The operator wants to use a plane mirror to direct the beam to the target shown. On the illustration:

a. sketch the orientation of the mirror that will make the beam hit the target,

b. show the normal at the point of reflection for the ray, and

c. label the angle of incidence and the angle of reflection for the ray.
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A designer proposes to use total internal reflection in a cylindrical lens to redirect a beam of light as shown at right. The speed of light in the glass lens is 2.27x108 m/s. Will the system work? Justify your answer carefully.
3) A beam of light in air strikes a boundary with glass at an angle of 48°, as shown at right. The speed of light in the glass is 2.00 x 108 m/s.

a. Sketch the refracted beam and label the angle of refraction.

b. Calculate the angle of refraction.
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An optical fiber is made as shown below from glass that has been coated with a plastic cladding. (The cladding protects the glass from scratches but is not intended to carry light.) The speed of light in the glass is 1.96 x 108 m/s and the speed of light in the plastic cladding is 2.36 x 108 m/s. Find the critical angle for total internal reflection of a ray within the glass fiber.
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Extending the Activity

Additions to Part 1 on the Law of Reflection can include a three-dimensional component, requiring the students to redirect the beam vertically by tilting the mirror up or down. You can also provide additional mirror configurations to supplement the octagon.
The work with refraction can be expanded to include a wide variety of light-bending devices that supplement the converging lens in Part 3. Example include diverging lenses, systems of 2 or 3 lens, a optical fiber or a prism used as a mirror. Many different configurations could also be combined to create moderately complex path ways, challenging students to guide the robot through a prescribed path using nothing by poster board taped to the floor.
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Mathematically advanced students can be asked to investigate the claim that Snell’s law applies to the robot, comparing this case to the standard textbook derivation using similar triangles. One proof goes like this:
(a) If S1 and S2 represent the arc lengths traveled by the wheels in medium 1 and 2 respectively and t is the time required to execute the arc, then 

S1 = v1 t and S2 = v2 t

Since the arcs form the same angle, v1 t / (R + D/2) = v2 t / (R - D/2)

or (R + D/2) / (R – D/2) = v1 / v2

[Solving for R, the radius of curvature of the robot’s center, gives the additional result that
R = (D/2) * (v1 + v2) / (v1 - v2).]
(b) The angel of incidence, Θ1, and the angle of refraction, Θ2, are each equal to the corresponding interior angles of right triangles as shown in the diagram. Since h is a part of both triangles,

h = (R + D/2) sin Θ2 = (R - D/2) sin Θ1

or,  sin Θ1 / sin Θ2 = (R + D/2) / (R – D/2)

(c) Combining results a and b gives Snell’s Law: sin Θ1 / sin Θ2 = v1 / v2

(d) The result differs from Snell’s Law for waves, however, in that the straight-line paths of the robot in the 2 media do not intersect at the actual boundary, but are shifted both away from the actual crossing point both parallel and perpendicular to the boundary. For large angles of incidence this shift can be very large—in fact it approaches infinity in the direction parallel to the boundary as Θ2 approaches 90°. (As a practical matter, the effects of this shift can be greatly reduced by tracking the motion of the wheel which first strikes the boundary, rather than tracking the center of the robot.)
Troubleshooting
If the system fails to operate, check all connecting cables and make sure the batteries in the LabPro or CBL2 are fresh. Load and run DCUINIT to verify that the calculator and interface are communicating correctly.

If the LabPro or CBL2 beeps unexpectedly when you run the programs, you made need to upgrade the LabPro’s firmware. The programs use commands that were not included until firmware version 6.26. The upgrade and instructions are available on Vernier’s website at http://www.vernier.com/calc/flash.html
Additional Resources
· Investigating Safely: A Guide for High School Teachers by Juliana Texley, Terry Kwan and John Summers, NSTA Press, 2004, ISBN10: 0-87355-202-4, available from http://store.nsta.org.

· A good student-written summary of Newton’s particle theory of light vs. Huygen’s wave theory is available at http://www.liverpoolcollege.org.uk/Science%20Magazine/light.htm.
· An interesting and understandable introduction to Digital Light Processing is available at http://www.dlp.com/. The site includes an animated demonstration of the technology.
· Information about steels for electrical transformers is available from AK Steel at http://www.aksteel.com/markets_products/electrical.asp.

· If you want to see the technical standards from ASTM (American Society for Testing and Materials ) for transformer steels, these are available at http://www.astm.org/cgi-bin/SoftCart.exe/DATABASE.CART/REDLINE_PAGES/A876.htm?E+mystore 
Appendix A: Making the Octagonal Mirror

NOTE: The activity can be completed without an actual octagonal mirror, but it is more motivating with one.
MATERIALS:

8 small, identical rectangular mirrors

A square piece of light wood (such as pine or balsa) which is at least as thick as the mirrors are wide and which measures 2.414 times the length of the mirror ( L + 2L cos45° ) on each side. (Wood is commonly sold by its unfinished dimensions and the actual width is almost always less than the nominal width.)

A plastic drinking cup or other object to serve as a pedestal for the octagonal mirror

Double-sided mounting tape
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Measure 0.707 L from each corner and cut off the corners to produce the octagon.

· Attach the mirrors to the octagon with double-sided foam tape.

· Attach the cup or other pedestal to the center of the octagon to support high enough above the center of the robot so the light beam will not be blocked by the calculator and other components.

Appendix B: Making the Support for the Light Sensors

MATERIALS:

wood molding or a small rectangular board, 37 cm (14.5 inches) long. (The width and height are not critical.)
2 small right-angle brackets

rubber bands or masking tape

small wood screws (or bolts and nuts)

· Attach the right-angle brackets as shown, being careful to allow enough clearance so the support can be placed directly over the wheel without touching the wheel.

· Use rubber bands or masking tape to attach the light sensors and small flashlights.

· Attach the support to the robot directly above the wheels, either using masking tape for a temporary attachment or screws for a more permanent one.

· Adjust the light sensors and flashlights so they are 1 cm or less above the surface.



�





�





�





�





�





�





�
�
�
�
�
�






�





Question 3


�





�





Question 4


�





Question 1


�





Question 2


�








1
Light Rays
Facilitator Notes
Feb. 4, 2006
page 11

