The Strange World of the Quantum

A first introduction to quantum mechanics using the GDC’s spectacular vortex cannon, the giant wave cable and the laser interferometer.

Age range: Years 10-12

This one day project involves observation and measurement on four different systems, based on lasers, sounds, waves and vortex rings. Finally a thought experiment will expose the central mystery of quantum physics.  The day could be combined with free fall experiments an astronomy night in an overnight excursion (stay at Eschol Springs Bunkhouse).

Abstract

This module exposes students to quantum mechanics...the physics theory that underpins the designs of computer components and lasers,  explains the properties of atoms and molecules,  explains how stars work and how all the matter we are made of was created in the big bang and inside stars. The fundamental idea behind quantum mechanics is that anything that moves sometimes acts like a particle and sometimes acts like a wave. When light acts like  a stream of particles, we call them photons. When sound acts like particles we call them phonons. In this module we will study vortex rings which are fluid motions which act like particles, cable waves that can act like particles or waves, and our laser interferometer where the light shows itself as a wave. We will finish with a thought experiment which exposed the central mystery of quantum physics.

Introduction.

In quantum mechanics the weirdest thing that is almost impossible to understand is the phenomenon known as wave-particle duality. Physicists see this every day but no one can explain it. In this module you will get an understanding of the basic idea through observation of air flow with our vortex cannon, waves in a huge stainless steel cable and light waves.

History: In the 19th century physicists believed that light was a wave. In 1905 Albert Einstein proved that light came in packets called quanta...and that was the beginning of quantum mechanics. As time went on more and more things were found to be quantised. The quanta of light were called photons, quanta of sound were called phonons,  and all sorts of other "ons" were discovered.....electrons, protons, neutrons, mesons, bosons, plasmons etc. The light we see has billions of photons every second, so many that it seems like a continuous wave.

All of this sounds easy enough...just think of everything as if it is little particles like atoms. But that is where it all goes wrong. We find that all those things also can act like waves. The main distinguishing thing about waves is that they can 'interfere" with each other and cancel out. Vibrate a big bowl of water and you can observe the lovely patterns of water wave interference. Look at the colour patterns in a soap bubble. Those shimmering colours are because light waves corresponding to some colours have cancelled out and other colours  have added together, leaving an effect of shimmering rainbow colours

Whenever waves add up they can add or cancel, but it is hard to see how cricket balls or atoms could add or cancel . Yet physicists have proved that ordinary matter does act like waves...called matter waves. Perform a web search for matter waves and you can find lots of information.

Vortex Rings

Vortex rings or smoke rings are examples of gas that collectively act more like  weird particles. In the 1960's it was discovered that even these things were quantized. They came with only  fixed amounts of "circulation" ...they could have one unit of circulation, or 2 or 3 or a billion but never a fractional amount. In the same way electrons have one unit of electric charge and atomic nuclei come with 1, 2, 3...up to about 92 (for uranium) units of positive electric charge.

In this module we will study how wave things act like particles.

Module Experiments.

1. Interference with Sound. Carefully observe the exhibit : Sounds visible. Take a photograph of the interference pattern which shows up in the sand patterns.  Photograph some of the sand patterns which are called Chladni Figures. The sand collects on the aluminium plate at locations where the plate has no vibration because it has been cancelled out.

2. Vortex cannon

Use the vortex cannon to create big smoke rings.

First use a stop watch and a person as a target. Estimate the vortex ring velocity. Experience the impact of the vortex ring: feel how it hits you like a particle. First create vortex rings without smoke so you can feel them but not see them. Then add smoke and repeat the experiment.

Quantitative study: Take a digital camera video clip of a moving, slowing vortex ring. Analyse the video frame by frame (using standard video editing software) Try  to estimate the vortex ring velocity. You can use the bricks of the GDC building (1 meter long, 350 mm high) to estimate how far it moves in each video frame (usually 40 milliseconds) Plot the velocity against distance and determine how they slow down. Make fast ones and slow ones. Notice how they expand as they slow down. Try to estimate diameter and velocity and see if you can  make a rough graph of the speed-diameter relation.

3. Wave cable

The GDC’s wave cable allows you to create massive waves in a heavy cable. Use the wave cable in two ways. First oscillate it slowly and create long standing waves. Experiment with the different wave patterns you can create. Record results with digital photos.  Notice how the big waves are not localised. It would be difficult to estimate their speed.

Now calm down the cable and make a sharp karate chop with your hand. Caution: do not do it so hard you hurt yourself and watch out for the return impact. Take a video clip this time. This time the wave will be much more like a particle. Film it as it runs to the end and reflects back...much like a photon reflecting off a mirror. Time the return trip and calculate the wave velocity.

Notice how you can make wave structures pass through each other. 

4. Laser Interferometer

A laser interferometer takes a laser beam, splits it, sends it down to two mirrors at right angles to each other, and then re-combines the two beams. The waves can add (to make bright light) or cancel (to make darkness).  We see patterns of light and dark on the screen. They change when we tap the table. This is changing the spacing of the mirrors by about a wavelength of light – half a millionth of a meter – tiny but easily detected.

Tap the table and take a video of the pattern of interference changing. This can only happen because the light is acting like a wave.

5. Thought Experiment: confronting the weirdness of quantum physics

Physicists often use thought experiments. Imagine you were to turn down the brightness of the laser until there is only one photon coming out of the laser every second. Then each photon would take its journey from the laser to the screen quite separately from any other ones ....after all it only takes a few nanoseconds to get there!  Suppose you took a time exposure photo of the pattern of light on the screen after it had been running for a long time. Would there still be an interference pattern.

Well if light was particles it would seem impossible!  There would never be two photons in the apparatus at the same time. Interference requires  two waves to be overlapping and therefore present at the same time. Only then can they add up or cancel themselves out. So you would say those dark bands should vanish if the number of photons got few enough. But it doesn't!  Interference always happens however few photons you use.....this is the mystery of quantum mechanics and nobody knows the answer!
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