Chapters 16, 17, 24, and 27 – Waves 
The nature of waves

· A wave is a traveling disturbance that carries energy from one place to another, and even though matter may be disturbed as a wave travels through a medium, there is no net movement of matter since the matter will return to its initial position after the wave passes.
· Mechanical waves (water, sound, waves on a rope, etc.) require a material medium.
· Electromagnetic waves (light, radio waves, X-rays, etc.) do not require a known medium and travel at the speed of light (c=3.00 X 108m/s in a vacuum).
· Basic characteristics of  all waves that you should be familiar with include interference, diffraction, reflection, refraction, and the Doppler Shift
· Two types of waves based on structure
1. Transverse waves cause the particles in the medium to vibrate perpendicularly to the motion of the wave (direction of energy transfer).
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 Longitudinal waves (also called pressure or density waves) cause the particles of a medium to vibrate parallel to the direction of the wave.  Longitudinal waves consist of alternating regions of greater-than-normal pressure (compressions or condensations) and less-than-normal pressure (rarefactions).  Sound is a common example of a longitudinal wave, since the medium through which a sound wave moves is repeatedly compressed and expanded.
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· Note that some waves are neither truly transverse nor longitudinal.  For example, waves in water produce circular motion of water particles because there is both a transverse and longitudinal component. 
Calculating speed of a wave (v=(x/t=(/T=(f)
· Speed of a mechanical wave depends on the properties of the medium.  The two factors that determine the speed of a mechanical wave are elasticity and density of the medium (elasticity is related to force and density to mass in Newton’s 2nd law F=ma).  Elasticity increases the speed and density slows it down and the interaction of these two factors determines the speed in a given medium.  For example, metal pipes are very dense but so elastic that the wave speed in metals is very fast.  
· The speed of a wave is constant for any given medium.  For example, the speed of sound is typically faster in liquids than in gases, and typically the fastest in solids.  But in a given medium, all sound waves travel at the same speed.  This is easily verified by listening to the sound produced at a concert.  Sound waves from different instruments reach your ears at the same moment, even when the frequencies of the sound waves are different.  If speed remains constant and frequency changes, wavelength must change accordingly.  Speed only changes when the wave travels from one medium to a medium with different properties.
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Sound

· Sound is a longitudinal wave produced by a vibrating source that causes regular variations in air pressure (P in graph below).  
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· Audible range of sound for most people is 20 Hz to 20,000 Hz.  Infrasonic waves are below 20 Hz and ultrasonic waves are above 20,000 Hz.
· Frequency determines the pitch – how high or low we perceive the sound to be. The higher the frequency the higher the pitch.
· Loudness depends upon amplitude.
· Speed of sound waves depends upon the properties of the medium as described on the previous page.  The speed of sound in air @ 1.0 atm and 20o C is 343 m/s.  The speed of sound in air generally increases by 0.6 m/s for each increase of 1o C.  Speed of sound is generally greater in liquids than gases and typically fastest in solids.  
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Intensity of a sound wave is the rate of energy flow through a given area.  Sound waves propagate spherically outward from the source.  Since the original amount of energy is spread out over a larger amount of surface area, the intensity of sound decreases by the inverse square law as it moves away from the source.  
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· The intensity of sound determines its loudness or volume, but the relationship is NOT directly proportional.  This is because the sensation of loudness is approximately logarithmic in the human ear.  Relative intensity, which is found by relating the intensity of a given sound to the threshold of hearing, corresponds more closely to human perceptions of loudness.  Relative intensity is measured in decibels ((=10 log (I/Io); Io = threshold of hearing = 1.0 x 10 –12 W/m2).  A 10 dB increase (10 X the intensity) in sound level is heard as being as about twice as loud.
· Threshold of hearing (Io)– softest sound that can be heard by the average human ear

Doppler Effect
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Doppler Effect or Doppler Shift is the change in frequency (and wavelength) due to relative motion of source and/or detector.  When the source is moving toward the detector, the observed frequency is higher and, since velocity does not change in a given medium, the wavelength is shortened.  Higher frequency sounds have higher pitch, and higher frequency light is called “blue-shifted”.  Observed frequency is lower (and wavelength longer) when source and observer are moving away from each other.  This results in lower pitched sounds and “red-shifted” light.

Wave interference

· Interference occurs whenever two waves meet at the same point in space.  The superposition principle states that the displacement of the medium caused by two or more waves is the algebraic sum of the displacements caused by the individual waves.  

1. Constructive interference (exactly in phase) occurs when wave displacements are in the same direction, as shown below left.  The amplitude of the resultant wave is larger.

2. Destructive interference (exactly out of phase) occurs when amplitudes are in opposite directions, as shown below right.  The amplitude of the resultant wave is smaller.

· For two wave sources vibrating in phase, a difference in path lengths that is zero or an integer number (1, 2, 3, …) of wavelengths leads to constructive interference; a difference in path lengths that is a half integer number (1/2, 3/2, 5/2, …) of wavelengths leads to destructive interference.
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· Note that after the pulses move past the point of interference each pulse returns to its original shape.
Reflection of waves at a fixed versus free boundary 

· Whenever a wave reaches a boundary it can be reflected.  If the boundary is fixed the reflected wave will be inverted, but if the boundary is free to move the reflected wave will not be inverted.

1. A wave reflected at fixed boundary will be inverted relative to the original wave (below left). 
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A wave reflected at a free boundary will be on the same side as the original wave (below right).
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Standing waves 
· When you pluck a guitar string, you create waves on the string.  Since the string is held between two fixed ends, the waves will continuously reflect back and forth between the ends undergoing interference at all points in between.  Waves that are “trapped” between two boundaries like those on a guitar string can produce standing waves.  As shown in the diagram below, a standing wave is a wave pattern that results when waves of exactly the right frequency interfere producing a resultant wave that appears to “stand in place” as it oscillates.  This is because the same type of interference occurs at the same points along the string as it vibrates.  Destructive interference occurs at the nodes and constructive interference occurs at the antinodes.  The relative position of the nodes and antinodes on the string do not change.

[image: image25.png]AL

s

AN

W




[image: image26.png]


 Standing waves on a vibrating string

· Only certain frequencies of vibrations can produce standing wave patterns.  The minimum frequency (fundamental frequency) that will produce a standing wave on a string fixed at both ends occurs when the length of string is equal to ½ the wavelength.  All subsequent harmonics can also produce a standing wave.
· The fundamental frequency or first harmonic (fo or f1) is the lowest possible resonant frequency for a vibrating object.
· Harmonics are integer multiples of the fundamental frequency (f2 =2fo, f3 =3fo, f4 =4fo, etc.).  The 2nd harmonic is also known as the 1st overtone, the 3rd harmonic is the 2nd overtone, etc.
[image: image27.png]


Example 1.  To demonstrate standing waves, one end of a string is attached to a tuning fork with frequency 120 Hz.  The other end of the string passes over a pulley and is connected to a suspended mass M as shown in the figure below.  The value of M is such that the standing wave pattern has four "loops."  The length of the string from the tuning fork to the point where the string touches the top of the pulley is 1.20 m.  

a.   
Determine the wavelength of the standing wave. 
b.   
Determine the speed of transverse waves along the string.

c.   
The speed of waves along the string increases with increasing tension in the string. Indicate whether the value of M should be increased or decreased in order to double the number of loops in the standing wave pattern. Justify your answer.

d.   
If a point on the string at an antinode moves a total vertical distance of 4 cm during one complete cycle, what is the amplitude of the standing wave?

Standing waves in an air column
· Closed-pipe resonator (closed at ONE end)
· Resonance occurs when the frequency of a force applied to an object matches the natural frequency of vibration of that object.  When a sound wave has a wavelength that matches the resonance length of the tube, a standing wave is produced and the sound heard.  The shortest column of air that can resonate in a closed-pipe resonator is ¼ wavelength
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· Each additional resonance length is spaced by an increase of exactly ½  a wavelength from that point since a displacement antinode must be located at the opening of the tube.  Because of this restriction, there is no 2nd harmonic or any even # harmonics in a closed end pipe.  Only odd harmonics are present in a closed pipe resonator.
· Open-pipe resonator (open at BOTH ends)
· The harmonic pattern for an open-pipe resonator is identical to the harmonic pattern for a string fixed at both ends.  Minimum length of an open-pipe resonator is ½ wavelength and all harmonics are present.
 [image: image7.png]


  [image: image8.png]


  [image: image9.png]DOCK




[image: image28.png]N





Example 2.  A hollow tube of length l open at both ends, as shown above, is held in midair. A tuning fork with a frequency fo vibrates at one end of the tube and causes the air in the tube to vibrate at its fundamental frequency. Express your answers in terms of l and fo
a.    Determine the wavelength of the sound.

b.    Determine the speed of sound in the air inside the tube.

c. Determine the next higher frequency at which this air column would resonate.
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The tube is submerged in a large, graduated cylinder filled with water The tube is slowly raised out of the water and the same tuning fork, vibrating with frequency fo, is held a fixed distance from the top of the tube.

d.    Determine the height h of the tube above the water when the air column resonates for the first time. Express your answer in terms of l.
Beat frequency
· Beats occur when two waves of slightly different frequencies interfere; the pattern varies in such a way that the listener hears an alternation between loudness and softness.  The beat frequency will be the difference between the two frequencies that are interacting.  For example, the beat frequency will be 4 Hz when a 356 Hz tone is interacting with a 360 Hz tone.
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Electromagnetic waves

· As shown below, an electromagnetic wave is a transverse wave consisting of mutually perpendicular oscillating electric and magnetic fields.  Electromagnetic waves are ultimately produced by accelerating charges.  A changing electric field produces a changing magnetic field which in turn produces a changing electric field and so on.  Because of this relationship between the changing electric and magnetic fields, an electromagnetic wave is a self-propagating wave that can travel through a vacuum or a material medium since electric and magnetic fields can exist in either one.
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· All electromagnetic waves travel at the same speed in a vacuum ( c).  Speed of light in a vacuum is 299,792,458 m/s or approximately 3.00 ( 108 m/s.
The Electromagnetic Spectrum

· Electromagnetic waves exist with an enormous range of frequencies.  The frequency of an electromagnetic wave is determined by the oscillation frequency of the electric charges at the source of the wave.

· Since all electromagnetic waves travel at c, as frequency increases wavelength decreases.
· Note that visible light is only a small portion of the entire electromagnetic spectrum.
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Single slit diffraction
· Diffraction is the bending of waves around obstacles or the edges of an opening.
· Huygens’ principle, as demonstrated below left, states that every point on a wave front acts as a source of tiny wavelets that move forward with the same speed as the wave; the wave front at a later instant is the surface that is tangent to the wavelets.
· As demonstrated below right, the extent to which a wave bends around the edges of an opening is determined by the ratio of the wavelength to the width of the opening ((/W); smaller values of (/W, less diffraction; larger values of (/W, more diffraction.
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· Single slit diffraction, shown below, occurs when a wave passes through a narrow opening.  The interference pattern produced on a viewing screen behind consists of a large central maximum with much smaller higher-order maximums.  The dark bands are found using sin(=n(/W when n is a whole number.
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Double slit interference

· [image: image38.png]


Young’s double slit experiment is a historic experiment first performed in 1801 by Thomas Young.  It demonstrated the wave nature of light and was also used to first determine the wavelength of light.  Double slit interference occurs when coherent light (or any wave) is passed through a pair of closely spaced narrow slits producing a pattern of alternating bright (constructive interference) and dark bands (destructive interference) on a viewing screen.  The bright fringes are found using d sin(= m( when m is a whole number.
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· A diffraction grating consists of a large number of parallel, closely spaced slits.  When light passes through a diffraction grating and falls on a viewing screen, the light forms a pattern of bright and dark bands that are much sharper and narrower than those from a double slit.  Diffraction gratings can be used to more precisely determine the wavelength of light

· The mathematics is the same as for double slit interference; use the equation d sin(= m( with d=1/(# of slits per unit length).
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Example 3.  Coherent monochromatic light of wavelength ( in air is incident on two narrow slits, the centers of which are 2.0mm apart, as shown above.  The interference pattern observed on a screen 5.0 m away is represented in the figure by the graph of light intensity I as a function of position x on the screen.

a.   
What property of light does this interference experiment demonstrate?
b.   
At point P in the diagram, there is a minimum in the interference pattern.  Determine the path difference between the light arriving at this point from the two slits.
c.   
Determine the wavelength, (, of the light.
d.   
Briefly and qualitatively describe how the interference pattern would change under each of the following separate modifications and explain your reasoning.


i.
       The experiment is performed in water, which has an index of refraction greater than 1.
ii. One of the slits is covered.
iii. The slits are moved farther apart.
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Example 4.  A transmission diffraction grating with 600 lines/mm is used to study the line spectrum of the light produced by a hydrogen discharge tube with the setup shown above.  The grating is 1.0 m from the source (a hole at the center of the meter stick).  An observer sees the first‑order red line at a distance yr = 428 mm from the hole.

a.   
Calculate the wavelength of the red line in the hydrogen spectrum.

c. Qualitatively describe how the location of the first‑order red line would change if a diffraction grating with 800 lines/mm were used instead of one with 600 lines/mm.
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Example 5.  Light consisting of two wavelengths, (a = 4.4 x 10‑7 meter and (b = 5.5 x 10‑7 meter, is incident normally on a barrier with two slits separated by a distance d.  The intensity distribution is measured along a plane that is a distance L = 0.85 meter from the slits as shown above.   The movable detector contains a photoelectric cell whose position y is measured from the central maximum.   The first‑order maximum for the longer wavelength (b occurs at y = 1.2 x 10‑2 meter.

a.    Determine the slit separation d.

b.    At what position Ya does the first‑order maximum occur for the shorter wavelength (a?

Thin-film interference (explains why  light reflected off soap bubbles appear multicolored)
· Whenever light is incident on a transparent medium, some of the light may be reflected and some may be transmitted into the medium.  If the second medium is thin, the transmitted light can be reflected at the second boundary back to the first medium and interfere with the first reflected light wave.  The type of interference that occurs depends on the thickness of the film relative to the wavelength of light in the film and whether or not the light undergoes a phase shift at each boundary (when light reflects off a surface of higher index of refraction, a 180° phase shift in the wave is introduced.) Light in air, reflecting off just about anything (glass, water, oil, etc.) will undergo a 180° shift. On the other hand, light in oil, which has a higher n than water does, will have no phase shift if it reflects off an oil-water interface as shown below. Note that a shift by 180° is equivalent to the wave traveling a distance of half a wavelength                                             
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Example 6.  The surface of a glass plate (index of refraction n3 = 1.50) is coated with a transparent thin film (index of refraction n2 = 1.25).   A beam of monochromatic light of wavelength 6.0 x 10 ‑7 meter traveling in air (index of refraction n1 = 1.00) is incident normally on surface S1 as shown above. The beam is partially transmitted and partially reflected.

a.    Calculate the frequency of the light.

b.    Calculate the wavelength of the light in the thin film.

The beam of light in the film is then partially reflected and partially transmitted at surface S2
c.    Calculate the minimum thickness d1 of the film such that the resultant intensity of the light reflected back into the air is a minimum.

d.    Calculate the minimum nonzero thickness d2 of the film such that the resultant intensity of the light reflected back into the air is a maximum.

Polarization 

· Polarization of a wave occurs when the oscillations occur along a single plane.  Only transverse waves can be polarized since the oscillations are perpendicular to the direction of energy transfer.  Polarization is meaningless for longitudinal waves such as sound waves since the oscillations are parallel to the transfer of energy.  The diagram to the right illustrates the idea of polarization and shows how a transverse wave perpendicular to the transmission axis is blocked (b).   
· Since electromagnetic waves are transverse waves, they can be polarized.  A linearly polarized electromagnetic wave is one in which all oscillations of the electric field occur along one direction.  Waves generated by a straight wire antenna are linearly polarized with the orientation of the antenna.  Light given off by an incandescent bulb is unpolarized due to the fact that the light waves are emitted by a large number of atoms “randomly” arranged.  Unpolarized transverse waves can be polarized by passing the waves through a polarizing filter (Polaroid sunglasses), as shown below.  
To get constructive interference, the two reflected waves have to be shifted by an integer multiple of wavelengths. This must account for any phase shift introduced by a reflection off a higher n material, as well as for the extra distance traveled by the wave traveling down and back through the film. With the oil film example, constructive interference will occur if the film thickness is 1/4 wavelength, 3/4 wavelength, 5/4 wavelength, etc.  Destructive interference occurs when the thickness of the oil film is 1/2 wavelength, 1 wavelength, 3/2 wavelength, etc.











Reflected waves undergo a 180o phase shift when n2 > n1, and no phase shift when reflecting from a medium of lower index of refraction (n2 <n1).  This is analogous to the reflection of a wave at a fixed boundary versus a free boundary as described earlier.
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The speed of a wave is determined by the medium.   


The frequency of a wave is determined by the source.


The wavelength is dependent on the combination of the above two factors.








If the wave is inverted at only one boundary, a film thickness of ¼ ( leads to constructive interference.  If the wave is inverted at both boundaries, a film thickness of ¼ ( leads to destructive interference.
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