Quantum Uncertainty

Introduction

High school physics tends to put a lot of emphasis on the wave nature of light. The wave model is used to explain refraction, diffraction, polarization and interference. Some curricula also look at quantum physics and the wave-particle duality of light. However, often these curricula merely point out the failure of the wave model in double-slit interference. Students may leave the course with the impression that light is a classical wave. The truth is that every wave-like property of light can be demonstrated photon-by-photon and is therefore a quantum property. Every time we demonstrate light’s wave-like behaviour in the classroom - it is actually a demonstration of its quantum behaviour. 

Classical Diffraction
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This two-pencil arrangement has got to be the cheapest variable single-slit device ever! The idea came from the “Diffraction of Light” resource from Cornell’s Center for Nanoscale Systems Institute for Physics Teachers. You can find details of this and other resources at http://www.cns.cornell.edu/cipt/labs/DiffractionofLight.html.

Ask the students to draw what they think they will see. Have them discuss why. Then let them try it. Direct the students to look at any small bright light source. It can be a laser spot on the wall, an LED, a crack of sunlight coming through a curtain, a showcase lamp or whatever. Most students will be really surprised. The device lets each student experience directly how squeezing the slit gives more diffraction.

If you want to explore single-slit interference, ask the students what they will see if a laser beam is pointed through the slit. Again, they will be surprised. If you don’t want to go into Huygen’s wavelets and all that, you can still do the demo but use a fairly wide slit and direct their attention toward the central spot. You can just give them the formula for the half-width of the central spot x = L/w and point out its similarity to the expression for the double slit, x  = ½ L/w.

Quantum Diffraction

Ask your students what we will see as we turn the intensity of the light down further and further. We spend so much time teaching our students that light is a wave, that they will be surprised by the correct answer. The photoelectric effect won’t do it. It would be great to do the experiment in class but the detectors cost several thousand dollars. The next best thing is showing them video footage of real experiments. 

Diffraction is an example of wave behaviour, which occurs because the wave is spread out. However, a photon is not spread out – it is localized like a particle. This is an example of wave-particle duality. The photon’s behaviour is determined by the electromagnetic wave, which is a mathematical – not a physical entity. Its square gives the probability that a photon will found in a particular location. 

Diffraction is a specific example of Heisenberg’s Uncertainty Principle, x p >= h/2.  The more you know about where a quantum object is - a more narrow slit gives a smaller x - the less you can know about which way it is going – the light spreads out which gives a larger p. 
The uncertainty in position can be approximated by x = ½ w. The uncertainty in momentum can be found using similar triangles yielding p/p = x1 /L. The momentum of the light is given by p = h/ and the first maximum spreads away from the centre line by x1 = L/w. Therefore x p = h/2. this is really a simplified, order of magnitude calculation. The HUP is actually as x p > h/2. This more precise relationship is much harder to derive. For starters the uncertainties refer to standard deviations, which is where 33% of the values will be. Our uncertainty in position was too big because it covers 50%. The uncertainty in momentum will be very complicated to work out because of the interference pattern. 

Kansas State University has a very nice simulation of single photon diffraction at http://phys.educ.ksu.edu/vqm/html/singleslit.html. It also shows the same effect with electrons, protons, neutrons and pions. 

You can see a video lecture by Prof. Lewin of MIT making the connection between diffraction and the Heisenberg Uncertainty Principle, from 32 to 42 minutes http://ocw.mit.edu/OcwWeb/Physics/8-01Physics-IFall1999/VideoLectures/detail/embed34.htm  

Rather than doing a derivation of HUP, you might want to explore this concept by turning it into an experiment. If you have a set of single slits of known widths, you can have the students measure the widths of the central spots and then multiply each slit width by the corresponding spot width.  The products should yield a fairly constant value. You can then explain how this is an example of HUP.

Classical Polarization 

Students can’t be expected to predict what they will see for polarized light, because it is not something that they have experienced. Therefore, it makes more sense to engage them by asking what they see and then challenging them to make a model that will explain their observations. However, after dealing with filters at 0( and 90( it is reasonable to ask them to predict what they will see at 45( or 60( etc. It is then reasonable to ask them what they will get if a third filter is placed between filters at 90( to each. This is a great opportunity to work with components.

The polarized glasses can be purchased from http://www.rainbowsymphonystore.com for 50 cents each when you buy in bulk. You can also get free ones if you speak nicely to the manager of a movie theatre that is showing one of the new 3-D animated films. These are much better quality, but they are also circularly polarized which is a bit harder to explain. I like using the glasses because they are silly and it connects polarization to an important application. It also leaves your hands free to hold the third polarizing filter. 

The effect of crossed polarizers is often explained using a rope and picket fence analogy. This helps visualization but is somewhat misleading. A filter lets through the component of the electric field that is perpendicular to the long molecules. If the field is parallel to these molecules it induces a current, which robs that component of its energy.

There is much, much more that can be explored in polarized light: stress analysis, photography, LCD displays and sunglasses, for example. An interactive lesson with good simulations to understand classical polarization can be found at http://www.colorado.edu/physics/2000/index.pl 

Quantum Polarization

After learning about photons and classical polarization, they should be able to discuss what will happen with polarizers and single photons. Experiments under such conditions are standard practice in quantum cryptography but I don’t know of any simulations or videos of this. You are stuck with thought experiments. Ask your students what will happen if a single photon goes through a vertical polarizer and then hits a i) horizontal filter, ii) vertical filter or iii) filter halfway in between? The first two will be straightforward. The third one is more trouble some. You can’t have ½ a photon and we know that if there are many photons we get half the light, so we must get half the photons. 

What determines which of the photons pass? Nothing, it is strictly and implicitly random. It is not a lack of knowledge – there is no way of knowing. A similar thing occurs in diffraction – one photon will land in one spot and another photon in a different one, even thought there was no difference between them. The results of individual quantum experiments are uncertain because they are intrinsically random. Polarization is also another example of Heisenberg’s Uncertainty Principle. Instead of position and momentum, the uncertainties are in different polarization bases. If you know that a photon went through one polarizer, you are completely uncertain of whether it will pass through another one at 45( to it, except that it has a 50% chance of passing.

Classical Double-Slit Interference

There are no obvious slits here. Ask your students to predict what they will see and why. A pin in the middle of a laser beam will form a double-slit interference pattern because the edges of the laser beam define the outside edges of the ‘slits’. Why won’t this work with other light sources? The beam must be narrow to define a small d and therefore form a large enough pattern to be visible; x = L/d. 

Quantum Double Slit Interference

After doing looking at quantum polarization and diffraction, your students will know what the pattern on the screen will look like under really faint light. Show them the footage here, http://www.physics.brown.edu/physics/demopages/Demo/modern/demo/7a5520.htm, the source of the photon interference in the new video from PI. 

You can also show a short video of electron-by-electron interference by Tonomura, which uses a biprism, which acts much like the pin in our classical example.http://www.hitachi.com/rd/research/em/doubleslit.html
There is a great simulation from Physics Education Technology (PhET) of the interference of photons, electrons, neutrons and helium atoms. http://phet.colorado.edu/simulations/sims.php?sim=Quantum_Wave_Interference
However, seeing the results doesn’t really make us understand them. It is reasonable to ask which way the object went. 

The quantum eraser is based on an article in Scientific American article which you can find at http://www.sciam.com/slideshow.cfm?id=a-do-it-yourself-quantum-eraser. The article did this demonstration with the filters attached to a pin. Instead of this, use a pre-fabricated or photocopied double-slits. You can find a master to copy onto a transparency at http://www.arborsci.com/Data_Sheets/Files/Doubleslit.pdf
Quantum Thin Film Interference

You might want to watch a video of Richard Feynman explaining how thin film interference is a quantum process from minutes 40 to 60 at http://vega.org.uk/video/programme/45.

Laser Safety

In 2000 Dr. Dennis Robertson of the Mayo Medical School, conducted an experiment on human eyes and concluded that “The risk to the human eye from transient exposure to light from commercially available class 3A laser pointers having powers of 1, 2, and 5 mW seems negligible“. However, a later study using green laser pointers of the same power found that 60 s exposure had a measurable effect on the retinal pigment, but no noticeable effect on the patient’s vision. You can read the text in full at http://archopht.ama-assn.org/cgi/content/full/123/5/629. 
More Stuff

Support for these activities and others in modern physics (worksheets, links, concept questions, PowerPoint slides etc.) can be found at http://roberta.tevlin.ca/ 

