Heisenberg’s Uncertainty Principle




Teacher’s Version. 

This file is just like the student version, but with added instructions and answers in bold.

1) A laser is pointed at the wall and forms a spot as shown in Figure1. 




Warning! The laser spot will not look as simple as Figure 1. There will probably be interference fringes around the central spot, especially if the distance is large and the room is dark. Draw students’ attention to the main feature and inform them that the extra bits are going to be ignored for now. This is just like ignoring air resistance in dynamics.

2) You will be forming a long horizontal slit from two pencils and two elastics as shown in Figure 2. The elastic will be wound between the pencils several times. 

Use round pencils like coloured pencils. Don’t use the hexagonal ones or you will get extra reflection effects that will confuse things. Wrap the elastic several times to make the slit larger to start with. This means the slit will be larger, so there will be little or no diffraction at the start. It also means that it will require more force to squeeze them together, which will make the tactile experience stronger. 

On a whiteboard draw a large version of Figure 1 and sketch on it what you think the spot will look like when viewed through the horizontal slit. Draw your answer below and explain why you think this will happen. 

It’s really important for students to make predictions and to write them down. This causes them to be more fully engaged in making and altering mental models. A few possible sketches are shown below, but not the explanations, which are really varied. You also might get students with the correct prediction of a long vertical stripe either because they are confused or because they have really understood and remembered light’s wavelike behaviour. Include this as an option, but don’t highlight it in any way.



No change.                                     Spot gets narrowed.
Spot is narrowed      

                        and lengthened.   

3) Find students with different answers. Record their answers below and their reasons.

This gets the students talking and considering other possibilities. 

After this exchange, get a selection of all the possibilities that the class has come up with and the reasoning. Label each possibility A, B, C etc. and have the students vote for the one they now think is most likely. Encourage them to listen to others and to change their opinions if they hear a ‘better’ answer.

4) Make the slit and sketch what happens in the space below. Sketch what happens when you squeeze the pencils closer and closer. 

Give the students time to explore by looking through their slits at a laser spot on the wall. Afterwards, point the beam through two pencils so that everyone is looking at exactly the same pattern. Use clamps to hold everything steady and to apply pressure to the pencils. Warning! The students will see more than just diffraction. They will see single slit interference. Once again, have them focus on the central slit and leave the other maxima until later or never.


5) What is this behaviour called? Where else can it be seen?

Diffraction. This is classic wave behaviour. You might want to reinforce this with a ripple tank, photos waves or with a simulation like the following http://phet.colorado.edu/simulations/sims.php?sim=Wave_Interference 




6) A laser pointer is shone onto a screen through slits of different widths, w. The width, d, of the central spot on a screen 14 m away is measured. 

a) When w is graphed against d, what will you see? Sketch this on a whiteboard.  
Most will show an inverse curve. Give them a chance to compare answers.

b) Record the data in the table below.

	w(mm)
	1.6
	0.8
	0.4
	0.2
	0.1

	d(mm)
	13
	22
	43
	68
	140


If you don’t have the appropriate set of slits you could just give them this data. I would recommend getting a set; they illustrate many aspects of light interference, clearly and quantitatively.  Here are two sources;

a) Boreal has a set of two slides with many different slit patterns for $63. One of the two slides is the classic Cornell set of gratings that I used. http://sciencekit.com/diffractionandndash%3Binterference-resolution-kit/p/IG0023801/. 

b) Pasco has similar slits mounted on two rotating disks, which will let you switch from one set to another without worries about lining up the laser with the slit. Unfortunately, they don’t post a price. They are generally pricey. 

http://store.pasco.com/pascostore/showdetl.cfm?&DID=9&Product_ID=1728&groupID=634&Detail=1
c) When w is graphed against 1/d what do you expect to see? 

Most will show a straight line through the origin, which is actually what you get, but a curve up or down is also reasonable if you don’t examine the data closely.

d) Graph the data and find the slope of the line.
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Note that the units for w and s are both in millimetres. This means that the slope of the line, ws, is 20 x 10-6 m2. (The width of the central spot in single slit interference is usually written as 2x or 2x1 and is equal to 2L/w. Therefore, the slope should be equal to 2L = 2 x 0.63 x 10-6 x 14 = 18 x 10-6 m2. The error is probably due to the difficulty in deciding where the centre of the first minimum is, because the pattern is so fuzzy. A more accurate value of x could be achieved if the distance between many minima was used and divided by the appropriate whole number. However, this would detract from the point of this lesson.)

7) Describe how the behaviour of waves passing through a slit is different from particles, like sand, falling through a slit.

You might like to have an example of something like this set up. All you would need is a couple of boards and some salt or sand. Have them predict the pattern for a wide slit and a narrow slit. With particles, the more narrow the slit, the more narrow the pattern. With waves, it is the reverse. As well, waves can give extra maxima beyond the central slits.

8) If you turn the intensity of light down, you find that the light is detected as a series of discrete bundles of energy called photons. We can’t do this with the school’s equipment so we will use a simulation. Go to http://phys.educ.ksu.edu/vqm/html/singleslit.html and select the source that is the second from the right.  This source produces photons – light particles. Make the wavelength as small as possible (300 nm) and the slit width as wide as possible (10 000 nm) and press start. 

a) How wide is the central spot? 6 units. 
b) What happens to the size of this width if you turn the intensity of the light down and then wait for more time until the same number of photons is detected? 

There is no difference. This is very important. We usually ‘explain’ light’s behaviour with a classical wave model, but this wave behaviour is the result of many, many photons. Photons are quantum objects, i.e. neither classical waves nor particles.
9) Describe the behaviour of light going through a single slit in terms of wave-like behaviour and particle-like behaviour. Is light a particle or a wave?

The pattern is wave-like but the detection is particle-like. It can’t be a classical particle because it diffracts and it can’t be a classical wave because it is always detected at a localized spot. It is something else – a quantum object.

10) Go back to the simulation and look at the behaviour of the other objects: protons, neutrons, electrons and pions. Do they behave like particles or waves?

They all show this same combination of behaviours. 

11) One of your classmates thinks that the diffraction can be explained by particles bumping into each other as they go through the slits. How can you use this simulation to convince your classmate that this is not occurring?

You can turn the simulation down until there is only one photon at a time. The pattern doesn’t change.

12) Another classmate thinks that the diffraction occurs because of collisions off the edges of the slit. How can you convince your classmate that this is not occurring?

This one is harder. The edge effects should only affect the small fraction of particles that pass close enough to the edge to hit it. The bulk of the particles should just pass through, with a wider slit, giving rise to a wider pattern. 

13) When we narrow the slit, we have a better idea of where the photon was. What effect does this have on our ability to predict where it will go? 

As the slit narrows, the pattern spreads out more, which means the light can go in a greater variety of directions. We have less ability to predict where it will go.

14) This relationship between position and momentum is one example of the Heisenberg Uncertainty Principle, which states the limits of our knowledge of quantum objects. Specifically, x p >= h/2. The uncertainty in position is +/- the half width of the slit, or x  = w/2. The uncertainty in momentum, p, is related to the spread of the central spot. This uncertainty can be calculated by considering similar triangles. The triangles below represent the light’s path in the diffraction experiment. The height is the distance to the first minimum, x1, and the length is the distance to the screen, L. The triangles also could represent the momentum of the photon. The length is the momentum of the photon as it heads toward the slit, p = h/. The height is the uncertainty in momentum afterwards, +/-p. Solve for x p. Does it satisfy the uncertainty relation?


The distance to the first minima in double slit interference is given by x1 = L/w.

Using the similar triangles, p/p = x1 /L, therefore p = p x1 /L = h/*L/wL = h/w. 

x p = w/2 * h/w = h/2. 

Yes, it does. It is roughly three times bigger than the limit. This is because the uncertainty is defined to contain 68% (one standard deviation) not 100% of the sample, so we have made an overestimate by using half the slits width. It may appear that we made an underestimate using just the first maxima – but that is where most of the photons appear. The full statistics is unnecessarily complicated for high school appreciation of HUP.

Heisenberg’s Uncertainty Principle is not just about position and momentum. There is a similar relationship between energy and time. This energy-time relation allows for quantum tunnelling, black hole evaporation and the creation of the virtual particles that transmit forces. These topics could all take up a class on their own. You might want to let your really keen students research how HUP applies to one of these.

References

1) I found the demonstration of diffraction using two pencils and elastics in the “Diffraction of Light” resource from Cornell’s Center for Nanoscale Systems Institute for Physics Teachers at http://www.cns.cornell.edu/cipt/labs/DiffractionofLight.html.

2) This explanation of HUP through diffraction can be found in the Feynman Lectures on Physics V III, page 2-2. You can also hear it explained in a video of a lecture by MIT Prof. Walter Lewin of MIT from 32 to 42 minutes at

http://ocw.mit.edu/OcwWeb/Physics/8-01Physics-IFall1999/VideoLectures/detail/embed34.htm 
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