California Physics Standard 4f                 Send comments to: layton@physics.ucla.edu
4. Waves have characteristic properties that do not depend on the type of wave.  


As a basis for understanding this concept:
f. Students know how to identify the characteristic properties of waves: interference (beats), diffraction, refraction, Doppler effect, and polarization.

When waves from different sources come together in the same place, they combine to form a single wave.  This combination can lead to a momentary reinforcement, called constructive interference or perhaps a momentary cancellation called destructive interference.  This effect can be easily demonstrated using pulses on a snake spring.   With a student at the other end of the spring, carefully instruct them on how to generate quick transverse pulses.  (See the illustration and discussion in Waves 4b.)  
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After the pulses cross over in the center of the spring, point out that they spring back into life and retain the same phase as they had before they interfered.  When waves interfere, they will return to their original condition after they cross over one another.  
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Two loudspeakers at the same frequency
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Beats occur when two sound sources of about the same loudness but of slightly different frequency are sounded together.  Since the frequencies of the two sources are different, at times they will be in phase and reinforce each other but slightly later they will be out of phase and will cancel each other.  With a little practice, it is possible to have a speaker and audio oscillator produce a given frequency and a musically inclined student could sing the same frequency and then sing it slightly out of tune producing beats.  It is difficult to have two musically inclined students produce this effect but it is possible.  Musical instruments might be employed in this demonstration.  Finally, if you have several tuning forks of the “same” frequency, it is almost certain that they will not be the same frequency.  Select two that are the most different, sound them together and very slow beats should be heard.  It is fairly easy to show that the number of beats produced per second when two different frequencies are sounded together will be the difference between the two frequencies.

Diffraction occurs when waves pass by a barrier.  The waves will bend around the barrier and if the frequency is high enough, an interference pattern will be observed.  The lower the frequency of the waves, the more easily they will bend around the barrier.  A simple demonstration of this is to hold your hand in front of your mouth while you sing a note.  The students will observe that the sound is hardly changed in loudness even though they can’t see your mouth.  Sound waves are of such a low frequency that they easily diffract around your hand but light waves are of such a high frequency, they are completely blocked by your hand.

Laser Demonstrations of Diffraction
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the beam strikes a screen.  The shadow will not be sharp but will show a pattern of dark and light bars as the light fades into the dark shadow of the razor blade.  This diffraction pattern was first observed by Grimaldi in 1665 (long before the invention of the laser) and is used today as a clear proof of the wave nature of light.  More interesting diffraction patterns can be demonstrated using single and double slit wave plates.  Such plates are available from scientific supply houses or can be made by carefully scratching a painted microscope slide with a razor blade (for a single slit) or two razor blades held tightly together (for a double slit.)

Refraction is usually associated with the behavior of light when it passes through transparent materials, but refraction is a general property of all waves.




The term index of refraction, usually associated with light, also applies to waves and is the ratio of the velocity of waves in one substance to the velocity of the waves in another substance.  In the case of light, index of refraction is, by definition, the velocity of light in a vacuum over the velocity of light in a particular substance.  The index of refraction of a substance for light (such as glass) will always be greater than one.  If the velocity of the waves gradually change rather than change abruptly as in the above illustration, the waves will bend slowly in the slower moving direction.  This can explain why ocean waves that can originate from almost any direction at sea almost always approach the shore straight on.  As the waves in deep water begin to approach the shallow waters near the shore, the waves will turn and eventually roll into the shore straight on. With light, this can be use to explain why the sun seems to flatten out as it sets and why the sun actually sets later than it would if there were no atmosphere.

Doppler effect in sound is the apparent change in pitch of a sound source due to the relative motion of the source and the observer.  This is often observed when a car honking its horn passes you traveling in the opposite direction at a high speed.  The pitch of the horn is high as it approaches and drops to a lower pitch as it passes you.  It is important to appreciate that the actual frequency of the horn does not change.   When the car approaches the wavelengths are shorter and when it recedes they are longer, causing the observer to hear first a higher pitch then a lower pitch.  It’s important that students understand that the Doppler effect deals with pitch and not loudness.  A very simple demonstration to illustrate the Doppler effect is shown on the right.  Firmly tie a tuning fork to a strong string. Strike the fork and swing it in a circle as shown.  The class should be able to hear the rise and fall in the pitch of the fork as it approaches and recedes from them. 

The Doppler effect is also observed with light.  An approaching light source would have the light shifted to the blue and a receding light source would produce light shifted to the red.  The fact that galaxies at greater distance from us have their light increasingly shifted to the red has led to the understanding that the universe is expanding.

An interactive program that shows how the motion of a wave producing source produces shorter and longer wavelengths can be found at:

http://ephysics.physics.ucla.edu/physlets/edoppler_shift.htm
Polarization only occurs with transverse waves.  If a transverse wave is linearly polarized, then the transverse vibrations in the wave are all in the same direction. Light is frequently used as an example of polarization.  The light that is emitted by an incandescent light bulb is not polarized since the electromagnetic waves produced will be vibrating in random directions.  However, using certain crystals, or by using a special plastic polarizing films, the transverse vibrations of a light source can be made to all vibrate in the same direction.  (The fact that light can be polarized was the first proof that it was a transverse wave.)  Radio, TV and even cell phone transmissions are produced by accelerating charges in a particular direction.  For this reason, these electromagnetic waves are polarized.  Light coming directly from the sun is not polarized, however, when the light interacts with the earth’s atmosphere, the light coming from the sky at right angles with the sun is highly polarized.  (Photographers make use of this when photographing the sky to enhance the appearance of clouds.)  When light reflects at an angle from a substance like water, it becomes polarized.  This is why polarized sunglasses are so effective in reducing glare from horizontal surfaces.

Experiments with polarized light.
Plastic polarizing films can be obtain from scientific supply houses.  (Cynmar 094-07136 or Sargent Welch WLS-70944, etc.)  Several simple experiments can be done with these films to show the effects of polarization. 



Go outside in bright sunlight on a clear day.  Look at the sky at right angles with respect to the sun with a polarizing filter.  Rotate the filter and there will be an orientation that produces a maximum decrease in brightness.  Look at the sky at angles different from 90º with respect to the sun, a lesser decrease in brightness will be observed.  (The scattering of light by the atmosphere produces a maximum polarization at right angles from the sun.  However, clouds do not polarize the light that reflects from them.  This can be used to great advantage when photographing the sky.)

What happens to the energy when two out of phase pulses interfere?

This question was asked earlier with the demonstration of interfering pulses on a spring.  The key to understanding this “paradox” is that we were using the principle of superposition only to explain displacement vectors.  As the pulse moves along the spring, certain portions of the spring have a velocity as well as a displacement.  To see this, consider the following:


Now consider two in phase pulses moving in the opposite direction.  When they combine both the displacement vectors and the velocity vectors must be combined.



Now consider what happens when two pulses of opposite phase moving in the opposite direction superpose:


A careful consideration of spring potential energy (PE = 1/2kx2) and particle kinetic energy (KE = ½ mv2) can show that energy is conserved, always.
�





Coordinate launch times so you and the student start the pulses at the same time.  If the pulses are in phase, they will double in amplitude when they cross in the center of the spring.
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Now have the student continue to launch the same pulse as before only you reverse the phase of your pulse.  This time the combined pulse will give no displacement. 





An important question that will be addressed in some detail at the end of this section is:  What happened to the energy of the two out of phase pulses as they seemed to destroy themselves when they crossed over one another in the center of the spring?
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Another simple demonstration to show the interference of sound waves is to have a student slowly rotate a tuning fork near her ear and note there are directions in which the sound will be loud but other directions where the sound will be soft.  A careful note of where the sound is loud and where the sound is soft will reveal that each time the fork is rotated 45º the sound will go from loud to soft.  The explanation for this is illustrated on the right.  From top view the fork tines vibrate in and out in the same plane.  At an instant when compressions are produced in one direction, at the same instant, rarefactions are produced in a direction at right angles.  These compressions and rarefactions interfere at the places where they cross over, as shown.
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This same interference of sound waves from a tuning fork can be shown to the entire class by striking the fork, holding it in a vertical position and rotating it fairly rapidly about its vertical axis, as illustrated on the left.  Students should hear a rapid increase and decrease of the loudness of the fork as you rotate it.  Slower rotation will show that whenever the fork is at an angle where the compressions in one direction overlap the rarefactions generated, the loudness will decrease.  (In the illustration on the previous page, these nodes will be at 45º, 135º, 225º, and 315º).


If you have access to two loudspeakers and an audio oscillator, excellent demonstrations of interference can be presented by placing the speakers about two meters apart, driving the speakers with a signal of approximately 200 Hz, and allowing the students to move around the room and listen to the interference produced.  If a higher frequency is used, the interference nodes and antinodes will be heard to be closer together.  It is suggested that the students place a finger in one of their ears to better hear the effect.  (An individual’s two ears may be far enough apart so at least one would be out of the center of the node hence the large decrease in sound intensity would not be noticed.)  (Audio oscillator programs are available on the web.)
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effects.  Direct the laser beam just over the top of a sharp edge, such as a razor blade.  Study carefully the result as  
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 If waves on the surface of water were moving in relatively deep water and were suddenly to encounter shallow water, the waves would slow down.  Since the waves slow down, should they strike the shallow water at an angle, the entire wave front will change direction as illustrated on the right.  This change in speed of the wave and corresponding change in direction is called refraction.
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Pass light from a directed source through a single polarizing filter and rotate it.  No appreciable difference will be noticed, however, when a second polarizing filter is placed in the beam of the first and rotated, a large difference in brightness will be observed. 
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Bounce a light beam off of a flat piece of glass.  Rotate a polarizing film held in the reflected beam.  A particular orientation of the film will produce a minimum brightness.  If the light beam is directed at different angles, a particular angle will produce the maximum decrease in the reflected brightness.  This is the Brewster angle.
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As the transverse pulse illustrated moves to the right, ask you class: What must be the directions of the velocities of the spring particles at each of the lettered points indicated?
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It takes a little thought to appreciate that in order for the pulse to move to the right, the vectors shown in the illustration on the right represent the correct velocity directions.
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Later they combine





If the pulses are symmetrical, at the instant they combine all the displacement vectors will add but the velocity vectors will cancel.  Only potential energy exists.
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If the pulses are symmetrical, at the instant they combine although the displacement vectors cancel, the velocity vectors double and now all the energy is kinetic energy.








