Radioactivity Activities – Teacher’s Guide

This lesson is set up to explore one of the key concepts in quantum mechanics – intrinsic randomness – through an examination of alpha decay. 

It assumes that students are familiar with what happens when quantum particles - not waves -go through a double slit. It also assumes that they are familiar with the nuclear model of matter, alpha particles and isotopes. 

The lesson is best done in pairs or small groups with whiteboards. Give the students lots of time to explore the ideas fully. The graphing can be made clearer if there is a transparency with a grid clipped onto it. The whiteboard markers work fine with these. Make sure you have them ink-side down or the grid may get erased along with the marker. The student sheet is identical to this one, but with the answers - in bold - removed.

Section E can be left as a student homework exercise.


Another clear example of this intrinsic randomness is radioactive decay. 
B) Decay Simulation with Dice
1) Each person will represent an atom that may decay. Whether you decay or not, depends on the roll of a die. If you roll a one, you have decayed. What will a graph of the number of undecayed atoms vs. roll number look like? Graph the expected curve on the grid below.


The actual values will depend on how many people are in the class. A dice was chosen rather than a coin, because the statistics are less obvious and because the actual results will stray more noticeably from the predicted curve.

2) Plot the results of the experiment on the graph above. How and why did the results differ from your prediction?

The results should show a similar downward curve, but the values will lie noticeably above and below the predicted curve because the results are random and the sample is not very big. You can predict the statistical results of many die, but not a few.

3) Which description best describes the results of the roll of a die? 

a) The results are only pseudo random. They depend in a strict causal way on properties of the die and how it is released. 

b) The results are intrinsically random. There is no cause and effect.

If we had a high-speed camera and computer, we could monitor the position and speed of a die and predict how it will land. If everything is the same at the start, the results will be the same. The more closely it is measured, the better your predictions will be. 

C) PhET Simulation of Nuclear Decay
Go the PhET simulations at http://phet.colorado.edu/simulations/ and choose Quantum Phenomena, Nuclear Physics. Hit the reset button a few times.







4) Label the diagram above locating the

a) total energy of the alpha particle

b) potential energy of an alpha particle due to Coulomb repulsion

c) potential energy of an alpha particle due to the strong nuclear force

d) the classical limit of how far the electron can go from the centre of the nucleus

e) the quantum limit of how far the electron must go, to be able to escape

5) How is the movement of the alpha particle different from a classical particle?

The alpha particles appear in random locations much like an electron does in an atomic orbital. They do not move classically from place to place, but appear and disappear. 

6) A particle that appears beyond the quantum limit and then repelled, is said to have ‘tunnelled’ through the barrier. How is this different from classical tunnelling?

The alpha particle does not go from the inside to the outside by a continuous path. It just appears outside. At this point, it does not have enough energy to climb back in and it is repelled away from the nucleus. It has decayed. Tunnelling is the only way for alpha decay to occur in an atom and for fusion to occur in the sun. In both cases, there is not enough energy and according to classical but not quantum physics it won’t occur.

7) Why won’t a second alpha particle escape?

The first alpha particle took energy with it that is no longer available to the other alpha particles. The total energy of the alpha particles is now below the potential barrier everywhere.

8) How long will it take until the next decay? 

You can’t know what the next decay time will be, however there are more examples between 1 and 500 ms than between 500 and 1000 ms. This should be apparent even after watching a few decays. (The half-life is 520.) Your best bet would be to choose a number close to 500.  Your odds of winning – making the closest guess – are 1 : the class size, if everyone is as observant as you. 
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9) Is the PhET simulation intrinsically random or just pseudo random? 

Pseudo random because, random number generators for computers start with a ‘seed’ number – like the present time and then apply a number of mathematical calculations. There is a strict deterministic path. With enough time and technical skill, the details could be found and the next decay time predicted. 

D) Half-Life

10) The half-life of a nucleus is the time needed until there is a 50% chance that it will have decayed. This can be found by taking a large sample of nuclei and measuring how long until half of them has decayed.

a) Calculate how many rolls is the half-life? Explain how you get your answer.

After one roll the population is 5/6 or 83%. Then it is 25/36 = 69%, 58% and then 48%. The population is halved just before 4 rolls. To two digits it is 3.8.

b) Do an experiment with twenty dice. Record the data below.

	Roll #
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19

	Still Alive
	16
	14
	14
	12
	9
	7
	6
	5
	5
	4
	4
	3
	2
	2
	2
	0
	
	
	

	Decayed this turn
	4
	2
	0
	2
	3
	2
	1
	1
	0
	1
	0
	1
	1
	0
	0
	2
	
	
	


c) What was the half-life?

In the case above, it was between 4 and 5 rolls.

d) What were the half-lives that other groups got? Why were they different? 

If the student only has twenty dice, the answer will probably be between 3 and 8 rolls. More dice, will narrow these numbers. 

e) What was the average half-life for all the groups? 

This should get closer to 3.8, the theoretical value.

f) The half-life is not the same as the average lifetime. Calculate the average lifetime of your dice. Show your steps.

They need to multiply each number that die by the number of rolls they survived before dying. For the values in the table above it would be 4 + 4 + 8 +15 + 12 + 7 + 8 + 10 + 12 + 13 + 32 = 125, 125/20 = 6.25. The theoretical mean life is the half-life divided by 0.693, so with a large sample it should be 5.5.

g) Why were these answers different? 

If the student only has a dozen dice, the answer will probably be between 2 and 10 rolls. More dice, will narrow these numbers. 

h) Calculate the percentage difference of your two answers. 

The percentage difference will be (3.8 – number of rolls) *100/3.8.

i) What would you need to do to get them exactly the same? 

You can’t have 3.8 roles, so it can’t be done. However, you can get the answer to one digit, i.e. 4,  if you have a large sample or if you have a small sample and are lucky. 

j) What is the whole-life? How long should it be until all the dice have decayed?

In two half-lives, three quarters will have decayed. In three half-lives seven eights will have decayed. This theoretical trend never gets to zero. Experimentally, they will eventually all die but as the numbers get smaller the behaviour becomes more impossible to predict. 

k) Suppose you came in late and there were 15 students in the class still undecayed. How many rounds would you think occurred while you were out? Explain how you got your answer. 

This can be done by looking at the graph - if it was graphed this far - or by taking the starting number and repeatedly multiplying by 5/6. If you start with 30 students it occurs closest to the fourth roll. The numbers are 30, 25, 21, 17 and 14.5. However, it could easily have occurred on the third or fifth roll.

11) Go to the PhET simulations at http://phet.colorado.edu/simulations/ and choose Quantum Phenomena, Nuclear Physics. 

a) Measure and record the decay times for 25 events. 

b) What was the half-life for these 25 nuclei? Explain how you calculated this. 

The students can’t take the decay times and average them. They need to arrange the times from greatest to least and then select the middle one. 

c) Compare your answer to someone else’s. How different is it? Why is it different?

d) To three digits, the half-life of Po-111 is 520 ns according to Fred Noel Spiess in Physics Review 94, 1292-1299 (1954). How many decays would you need to be certain to have two significant digits?

For 10, 20, 30, 40 and 50 times the middle values were (in ms) 172, 462, 426, 525, and 489 so we are getting one digit of accuracy with 50 data points. The next digit will take a hundred? The half-life is 0.693 times the mean life for decays in the particle world. 

12) In 2000 the mean life expectancy in America was 77 years and the half-life was 80 years. These numbers are almost the same. Why are they so different for dice and radioactive nuclei?

The longer someone lives, the more likely they are to die in the next year because the body ages. Dice and radioactive nuclei don’t age.

13) Radioactive decay is used to date fossils, rocks etc. They measure the ratio of decayed nuclei to undecayed nuclei. However, for this information to be useful, you need to know what the starting value was. Do research to find out how this is done for two different techniques.

Carbon-14 is formed in the atmosphere by cosmic ray collisions. Living organisms incorporate into their bodies, the same ratio of C-14 to regular C-12 that is in the atmosphere. However, once they die the ratio decreases as the C-14 decays with a half-life of 5730 years. Wood that is cut down and made into an artefact or burnt and left behind in the coals can be dated from the time the tree was chopped down. It is used to date artefacts up to 60,000 years old.

The radioactive isotope 40K decays to 40Ar and 40Ca with a half-life of 1.26x109 years. 40Ca is the most common form of Ca, however, so the increase in abundance due to K decay results in a negligible increase in total abundance. The 40Ar isotope is much less abundant, and is therefore a more useful isotope. Because argon is a gas, it is able to escape from molten rock. However, after the rock has solidified, the 40Ar produced by potassium decay will begin to accumulate in the crystal lattices. In order to determine the 40Ar content of a rock, it must be melted and composition of the released gas measured using mass spectrometry. The ratio between the 40Ar and the 40K is related to the time elapsed since the rock was cool enough to trap the Ar. Due to the long half-life, the technique is most applicable for dating minerals and rocks more than 100,000 years old. Although it finds the most utility in geological applications, it plays an important role in archaeology. Source: Wikipedia

Uranium-lead is one of the oldest and most refined dating schemes, with an age range of about 1 million years to over 4.5 billion years, and with precisions in the 0.1 - 1 percent range. The method relies on the decay of 238U to 206Pb, with a half-life of 4.47 billion years and 235U to 207Pb, with a half-life of 704 million years. This decay occurs through a series of alpha decays, of which 238 U undergoes seven total alpha decays whereas 235U only experiences six alpha decays. Uranium-lead dating is usually performed on the mineral zircon which incorporates uranium and thorium atoms into its crystalline structure, but strongly rejects lead. Source:Wikipedia

14) Go to http://www.idquantique.com and read about their random number generator. Explain how it works.  

Businesses recognize that QM events are more fundamentally random than other processes.  A Swiss company, id Quantique, markets a random number generator that uses photons heading towards a partially transparent mirror. 

NEW! id Quantique has released a USB 2.0 version! 
Read the press release. 
Although random numbers are required in many applications, their generation is often overlooked. Being deterministic, computers are not capable of producing random numbers. A physical source of randomness is necessary. Quantum physics being intrinsically random, it is natural to exploit a quantum process for such a source. Quantum random number generators (QRNG) have the advantage over conventional randomness sources of being invulnerable to environmental perturbations and of allowing live status verification. 

Quantis is a physical random number generator exploiting an elementary quantum optics process. Photons - light particles - are sent one by one onto a semi-transparent mirror and detected. The exclusive events (reflection - transmission) are associated to "0" - "1" bit values. The operation of Quantis is continuously monitored to ensure immediate detection of a failure and disabling of the random bit stream. 
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A) Introduction 





Processes governed by quantum mechanics are intrinsically random. For example, we can’t know where the next particle will land in the two-slit experiment. We can only predict the pattern we will get if there are many, many particles.
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