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Introduction

[image: image1.wmf]As Physics teachers we face the challenge of stimulating the interest of our students. The more that we can connect what we teach with the real life of our students the more we will be able to engage those who are not in the small group, mostly boys, who simply enjoy Physics in the abstract. Sound is a topic that easily reaches into the world of students. Many of them are musicians of varying degrees themselves and nearly all of them have an interest in popular music. Much of the physics in the Sound area of study can be easily related to popular music and its instruments. However, we need not completely surrender to the musical interests of the students. We can take the opportunity to broaden and deepen their appreciation of music. This session outlines some of the ways that I link the study of sound in VCE Physics to the context of popular music and music of other cultures. This increases the interest in the topic and provides concrete demonstrations of the physics in action. 

Physics and Music

Pythagoras' study of pitch is the oldest known experimental science. Pythagoras believed, as a result of his study of music that number governs all nature. All of the mathematical models we have of natural phenomena follow Pythagoras' study of music.
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Sound in Strings

The electric guitar is a magnificent instrument for studying sound. If you don't have one your school or one of your students probably will. They are also cool. Remember you don't have to be a rock star, it is just another piece of laboratory equipment but one the students generally admire.

Electric guitars are easily plugged into wave analysis programs, CROs, and are easily amplified to clearly demonstrate certain effects. The electric guitar is a harmonically rich instrument and therefore many fascinating things can be done with it. We can use it to discuss transverse and longitudinal waves, wavelength, superposition, standing waves, harmonics, effect of string length, and to calculate wavespeeds, which are all features of the VCE course.

Firstly the guitar can demonstrate what every guitarist knows: the shorter the string the higher the note. Guitarists change the length of their strings by pressing it against one of approximately 21 frets on the fretboard. 

Each string is about 65cm long. If the guitar is tuned to standard pitch then the A string (the 2nd fattest, or second string from the top) has a fundamental frequency of 220Hz. This can be investigated with the CRO or computer or an electronic tuner. The speed of vibration in the string can be calculated using v = f(, where ( is twice the length of the string. The calculated value is only about 143ms-1, but this is the speed of a transverse wave travelling in a string, not the speed of a longitudinal sound wave in steel. The length of the strings on a guitar is equal so the fact that they produce different notes is due to the difference in the speed that the vibrations travel along the strings. This is achieved by having strings of different gauges and different materials, at different tensions.

A slinky spring can be used to demonstrate several modes of standing wave. The simplest is the fundamental with both ends stationary and the centre oscillating about its rest position. This would produce a pure harmonic wave with a wavelength equal to two string lengths. (Unfortunately I am unable to produce oscillations in this spring at anything like the minimum of 20Hz required for me to hear the longitudinal wave it produces in the air. The spring provides a fabulous demonstration but following it up with a plucked guitar string links the demonstration to sound and music production.) However, analyse the output of an electric guitar by connecting it to a CRO or wave analysis program and you will clearly show that the guitar is not producing a wave of this shape. A little effort will demonstrate a couple of other standing waves in the spring. The wave in the guitar string is caused by a superposition of several of these standing waves.

Understanding these harmonics is one of the keys to understanding the difference between music and noise. The particular combination of harmonics that a guitar string produces is one of the most important reasons for the difference between the sound of a guitar and another instrument. Also the harmonics of a note determine the sounds that work nicely together in a piece of music (consonance) and those that clash (dissonance). 

It is easy to demonstrate the presence of harmonics in the sound of a guitar. In a slinky spring the easiest standing wave to produce after the first harmonic is the second, which has one node in the middle in addition to the nodes at each end. The strings on the guitar also easily produce this harmonic. Play the string in the normal place (about a quarter of the way along from the body end of the string) then lightly touch the string at its halfway point (12th fret). The sound of the string rings on but at an octave higher than the usual note of the string. Touching the string anywhere else along its length stops this note. The finger stopping the string allows only those harmonics with a node in the centre to ring. By far the most prominent of these is the 2nd harmonic. Play the string again but this time pluck it in the centre (12th fret). This time we have forced an antinode in the centre of the string. The note sounds quite different. If you stop the string by lightly touching at the twelfth fret little sound is produced by the string. Plucking where the node should be does not encourage the harmonics with a node in the middle of the string. So if we pluck the string at different locations we emphasise different harmonics and slightly change the sound of the string. If we hold the string at the twelfth fret we play a note of the same frequency as the 2nd harmonic but now this is a first harmonic of a shorter string. So there are two ways to change the note played on a guitar string at a particular tension: emphasise a different harmonic, or change the length of the string. Both of these methods need to be familiar to the students. It is also clear why the twelfth fret is positioned halfway along the length of the string. A chromatic scale (all the notes in modern western music) contains twelve notes (A-G plus sharps/flats). The guitar fretboard layout can be quite mysterious but is loaded with physics. 
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The third harmonic divides the string into thirds. This is also reasonably easily obtained in a slinky spring. The third harmonic has two nodes apart from the ends of the string. If we stop the string at either of these points we eliminate all harmonics that don't have a node at that location - including the dominant first and second harmonics. One third of the way along the string is indicated by the seventh fret. Play the harmonic at this fret. Again, the intensity of the harmonic depends on where the string is plucked. If the string is plucked near the 19th fret (seven up from 12), the intensity is small. Playing the harmonic by stopping the string at the 19th fret produces the same note, as should be expected. The first and the third harmonic sound nice together. The interval in pitch produced by playing the third harmonic is known as a perfect fifth. This is a very common combination of notes. The first notes in Baa Baa Black Sheep and The Last Post are a perfect fifth apart. In rock music playing the fundamental (tonic) together with the perfect fifth is called a power chord. Power chords are very popular with the likes of Black Sabbath and Nirvana. The note produced by the guitar when fretted at the seventh fret is an octave lower than the third harmonic. Why? The harmonic and the note at the 19th fret are the same. 

If we do the same analysis for the fourth harmonic we find that the nodes are at the fifth fret, the twelfth fret and over the top of the pick-up closest to the neck (on my stratocaster). As the pick up works by detecting movements in the string the fourth harmonic would have little influence in the sound when this pick-up is selected. This explains why most electric guitars have more than one pick up. They are able to produce different sounds by exploiting the features of the standing waves formed in the strings. Playing the string pressing against the fourth fret produces a completely different note. Why is this?

Sound in Pipes

Pipes such as flutes and recorders contain a vibrating air column when they are played, rather than a vibrating string. The open end of a pipe is a pressure node because there is zero pressure variation, it readily maintains equilibrium with the air pressure outside the pipe. Actually the node is effectively beyond the end of the pipe so the sound produced by pipes is always a little lower than what would otherwise be expected given the length of the pipe.

One of the simplest pipes to play is the recorder. The first thing that you notice is that the note played lowers in pitch the longer the pipe is made (by closing progressive holes). With a recorder the mouthpiece section can be extended in order to adjust the tuning of the instrument. The pitch is also slightly affected by the diameter of the holes. Looking at the diameter of the holes on the recorder you will see that they are of different sizes. This affects the tuning of the instrument. Traditional instruments will have holes bored into them and then have the diameter increased until the correct pitch is produced. The effect is small but can be detected by partially uncovering one of the holes. Some instruments have double holes to enable easy changes of semitones. 

Open pipes can model recorders and similar instruments such as flutes. On recorders and similar instruments it is possible to play the first three harmonics of the lower notes. 

If you close all the holes and the end of the recorder you have a pipe closed at one end. Only soft high pitched harmonics are heard because the first and third harmonics for this new instrument are too low to be played. The sounds produced are higher harmonics and therefore quite soft. Similar experiments can be done with just the mouthpiece section of the recorder.

When any of the holes are open the effective length of the recorder is more difficult to determine and does not agree with calculations we would make using the pipe model.  What features of the recorder make the model inaccurate?

An instrument that closely resembles the closed pipe model is the panpipe (siku). These consist of a pipe of a fixed length for each note. Each pipe has a uniform bore along its length. Again the longer the pipe the lower the pitch. A computer can be used to determine the frequency of the note produced by a pipe. Using end correction and the model for closed pipes it is possible to calculate the speed of sound.





Comparing the length of the panpipe with the length of the recorder to produce the same note shows again that the recorder is more complex than the simple closed pipe model. The pipes that produce the same note as the recorder are not exactly half of the used length of the recorder and can deviate from this expectation dramatically.

The VCE course concentrates on the role of the length of the pipe in producing the sound. Why are the panpipes of different diameters, becoming smaller as the length decreases?
Bottles partially filled with water work effectively as similar instruments to the panpipes. Adjusting the water level to alter the pitch might suggest an answer to why panpipes have different diameters. 

An activity that the students enjoy is to make an instrument out of a drinking straw. I picked this one up at a lecture called String and Sticky Tape Experiments. Cut the end of a straw on both sides to produce a pointed end, then blow. The pitch of this instrument can be altered by cutting bits off the end as you play it. Students can experiment with cutting holes along the length of the straw and trying to play harmonics other than the first. Hint: do this activity towards the end of a lesson or you may have trouble regaining the students' attention!
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Panpipes known as siku are native to the people who inhabit the highlands in the Andes of South America. They have another instrument called a quena that is similar to a recorder. Would the sound that these instruments make at 4000m, where they are normally played, differ to the sound they make here? How?

Khoomei Singing

Some cultures in central Asia, particularly Tuva, have developed a form of singing known as throat singing, or Khoomei. This fascinating and mysterious vocal style enables the singers to sing two or three notes at a time. The Khoomei singer creates a drone in his (most Khoomei singing is male) throat that is rich in harmonics. The singer creates a resonant cavity in his mouth that resonates to particular harmonics present in the drone. Using this method it is possible to have the sound of the drone with a high pitched melody over the top sung simultaneously by the same person. This singing is an example of the rich mixture of harmonics that are contained in many musical notes providing the wonderful textures available from different musical instruments. It also is a good example of resonance and resonant cavities. There are cds of this music available in shops that specialise in world music or you can find samples and information at

http://www.feynman.com/tuva/txt/music/theory.html
Contact

If you have any comments, related ideas or questions, please e-mail me at phillips@eisa.net.au

� EMBED MS_ClipArt_Gallery  ���





"A" string





Pick ups





fretboard





Tuning keys (Head)





Bridge (On guitar body)





The first harmonic





The second harmonic





String touched 12th fret





The octave, string fretted at twelfth fret





The third harmonic, string touched at 7th or 19th fret





The fifth, string fretted at 7th fret





Figure 1 The Stratocaster





Figure 2: Harmonics of a guitar string (in each case only the dominant harmonic is depicted).
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Recorder: first harmonic shown





Recorder: length increased by closing holes, pitch the same because 2nd harmonic played





Recorder: length increased by closing holes, pitch an octave lower
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Figure 3: pressure variations of standing waves in a recorder as modelled by a pipe. How does a real recorder differ form this?
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Figure 5: Cut straw to make a "reed".
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Figure 4: Siku consist of several pipes bound together and are played by blowing over the opening at the top.
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