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The Laser Musicbox Christopher Smeenk Department of Physics Joint Attosecond Science Lab University of Ottawa and NRC Canada [email protected]



Abstract New developments in laser technology make it possible to use light to create and control sound. We show how a focused ultrashort laser pulse generates sound, and demonstrate how the laser system can be tuned to play music. The coupled production of light and sound via ultrashort laser pulses extends sound into the optical domain and gives a new perspective on the visualization of music.



Introduction: Light and Sound The visualization of music and sound is a rich topic. In ancient Greece Pythagoras and his followers speculated on the connection between the musical scale and the motion of heavenly bodies [1]. Early attempts to realize the connection are found in the abstract paintings of Wassily Kandinsky who developed algorithms for translating pitch, volume and duration into different shapes, colours and lines. More recently, sophisticated computer animation algorithms and high speed photography have brought new perspectives on how a sound looks. All these techniques have one thing in common: the physical object that produces the sound you hear (a speaker or musical instrument) is distinct from the object that generates the colours you see (paint, film, LCD screen, etc.). This allows for tremendous freedom and creativity in representing a sound, however, the image and sound are only loosely coupled. On the other hand, in the natural world there is one case where sound and light are created from the same physical source: a thunderstorm. The electric discharge that creates a lightning bolt simultaneously generates a rapid heating of the air molecules along the lightning channel [2]. This produces a sound wave that propagates away from the lightning channel – what we call thunder. We will show how short pulse (femtosecond ∼ 10−15 s) laser technology can be harnessed to control the coupled production of light and sound. In a manner very similar to the generation of thunder, a short laser pulse also generates an electric discharge that creates an audible sound. By controlling 1



Figure 1: The time for the carbon nuclei to vibrate in a bio-molecule is ∼ 30 femtoseconds – similar to the duration of a short laser pulse. Such pulses are used like a strobe light to watch motion on the atomic scale. the laser system we can manipulate the sound and play music. In addition we will discuss how the process creates new colours of light that cover the entire visual spectrum.



How the Laser Musicbox Works Modern laser systems are capable of producing short pulses (∼ 30 fs) having several millijoules of energy at repetition frequencies of several kHz. Although this does not sound like a lot of energy, when it is compressed to a short amount of time, the resulting intensity is large. The pulse duration 30 fs is similar to the time scale for the vibration of carbon atoms inside a bio-molecule (see figure 1). Hence, a major scientific direction is using ultra-short laser pulses to control and image atomic and molecular scale motion. In 1999 the Nobel Prize in Chemistry went to Ahmed Zewail for developments in this field. Short pulsed laser systems have several properties that make them well suited to playing music. The repetition frequency of a cutting edge laser system is currently a maximum of 10 kHz. By comparison the human audible spectrum reaches from low bass sounds at 20 Hz to the highest squeaks at 20 kHz. So current laser technology doesn’t cover the entire audible spectrum, but there’s lots of good music below 10 kHz! By controlling the laser repetition frequency, the frequency of sound production can be tuned. By adjusting the laser repetition rate we can play different notes; adjusting the laser intensity controls the volume. Then we can modulate the repetition frequency in time, thereby playing a melody. Modulating and focusing several pulses in parallel will create chords.



Creating the Sound When a short, high intensity laser pulse is focused into air it rapidly rips away electrons from the neutral nitrogen, oxygen and carbon dioxide molecules present. Energy is absorbed from the laser pulse leaving a gas of free elec+ + trons, and the residual positive ions N+ 2 , O2 , CO2 , etc. This gas of charged particles is called a plasma and it can only exist for a short time under at2
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Figure 2: The interaction of the high intensity laser pulse with air molecules simultaneously creates both sound and light. t1 – The laser pulse is beginning to focus onto the neutral air molecules (sketched as the coloured circles). t2 – The laser pulse ionizes a fraction of the molecules, temporarily creating a plasma, i.e. a gas of free electrons (sketched in black) and residual positive ions. t3 – The pulse exits the focus. The laser wavelength has been shifted to cover the entire visible spectrum. Meanwhile, the plasma expands away from the focus, creating a shock wave that propagates through the air as sound. mospheric conditions. In the core of stars, however, conditions are much for favourable and most matter exists in a plasma. The plasma is created in the region of the highest laser intensity (see figure 2) and it is very hot. Because it is surrounded by cooler, lower pressure air, the plasma expands into the cooler air. The expansion of the plasma creates a shock wave that propagates though the air as a sound wave. The process of ionization, plasma expansion followed by creation of a shock wave is repeated by each successive laser pulse. Hence the frequency of the sound wave is equal to the repetition frequency of the laser pulses. By controlling the laser pulses, we can select the frequency at which the plasmas are produced and thereby the frequency of the sound emitted. In the natural world, thunder is produced in much the same way. A bolt of lightning acts as a temporary wire connecting the negatively charged thundercloud with the net positive charge on the surface of the earth. Along the lightning channel, a huge amount of energy is deposited in the air molecules in a short time. Just like in the laser case, this creates a plasma which expands and creates a sound wave. In the natural world, however, it is much more difficult to control all variables. In the atmosphere there are pressure and density fluctuations, the strike point is uncontrollable and each lightning bolt is often composed of more than one strike [3]. This creates a more
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Figure 3: A photograph of the colours generated by focusing an ultra-short laser pulse into air.



complex sound wave. In the atmosphere there is also absorption and scattering of the sound wave as it propagates away from the lightning channel. But the underlying physical process responsible for sound production is the same in a thunderstorm as in a laser pulse.



Creating the Colours One feature that is unique to the laser musicbox is the generation of the entire visible spectrum from the same physical source that plays the music (see figure 3). This doesn’t happen during a thunderstorm, and it has never been achieved in other approaches to visualizing music. Both the sound and colours are produced when a plasma is created in the laser focus. The generation of the continuous visible spectrum (aka “continuum generation”) happens because of the time-dependent change in the properties of air due to plasma production. As the laser ionizes more neutral molecules, it creates more and more free electrons (recall t2 in figure 2). The presence of more free electrons increases the plasma density in the focus – the air medium has been changed by the light. However, the light still continues to pass through the modified medium. The light first changes the medium, doing work to ionize the air molecules. Then the medium does work on the light, shifting it to new frequencies. The process is actually exactly the same as a more familiar phenomenon called the Doppler effect. We experience the Doppler effect whenever a moving source of sound travels past us, for example, a police car running it’s siren. As the car approaches our position we hear it’s siren shifted to slightly higher frequencies; as it passes us and moves away the siren shifts to lower tones. The laser case is very similar except it is the optical frequency that’s shifted, not the sonic frequency. The plasma created by the first half of the pulse acts like an object moving toward the latter half of the pulse. When the latter half strikes the plasma it begins to speed up, and the change in velocity creates new frequencies. It’s very similar to the way the police car changes it’s frequency as it speeds past an observer.
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