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, Alpha Decay. 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) Real Radioactive Decay

10) Is atomic decay truly intrinsically random?

i) What did Einstein think?

It can’t be intrinsically random. God does not play dice. There must be an underlying cause as to why one atom decays and not another. We may never be able to measure these variables, but they must be there. 
ii) What is the Copenhagen Interpretation?

There is no internal clockwork that causes the decay. Furthermore if something can’t be measured - no matter how good technologies can get - then it doesn’t exist.
iii) Who is right?

Experiments examining the difference between these two interpretations, seem to support intrinsic randomness – no cause and effect. (See: Bell’s theorem and Alain Aspect’s experiments.) Physicists are still debating what the results of QM mean. Businesses seem to consider QM events to be 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. 

For more information see http://www.idquantique.com
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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E) Half-Life

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

a) How many rolls is one half-life? Explain how you get this answer.

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

b) Do an experiment with many dice. What was the half-life?

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

c) Why were these answers different? 

d) Calculate the percentage difference of your two answers. 

e) 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 if you have a small sample and are lucky or if you have a very large sample. 

f) What is the whole-life? How long will 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 all die but as the numbers get smaller the behaviour becomes more impossible to predict. 

g) Suppose you came in late and there were 15 students in the class still undecayed. How many rounds do 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, Alpha Decay. 

a) Measure the decay times for 25 events. 

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

The students can’t take the decay times and average them – though some will. 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 rolls 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? 

12) 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
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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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										34 times ordered

		num		time		ave time				3450				Ordered times with midpoint highlighted

		1		326		326				2807				326		3450		3450		4863		4863										roll number		undecayed												Calculations with whole N0.s

		2		100		213				1793				100		2807		2807		3450		3450										0		100				decayed		decay *num		average decay time								weighted

		3		1105		510.3333333333				1639				1105		1639		1639		2807		2807										1		83				16.6666666667		16.6666666667						83				17

		4		1603		783.5				1603				1603		1603		1603		2472		2472										2		69				13.8888888889		27.7777777778		0.4444444444				69		69.1666666667		28

		5		480						1458				480		1440		1458		1793		1793										3		58				11.5740740741		34.7222222222		0.7916666667				58		57.5		33

		6		172						1440				172		1204		1440		1639		1639										4		48				9.6450617284		38.5802469136		1.1774691358				48		48.3333333333		40

		7		2807						1204				2807		1105		1204		1603		1603										5		40				8.0375514403		40.1877572016		1.5793467078				40		40		40

		8		54		830.875				1105				54		734		1105		1458		1458										6		33				6.6979595336		40.1877572016		1.9812242798				33		33.3333333333		42

		9		571						1032				571		571		734		1440		1440										7		28				5.5816329447		39.0714306127		2.371938586				28		27.5		35

		10		127						734				127		480		715		1386		1386										8		23				4.6513607872		37.2108862978		2.7440474489				23		23.3333333333		40

		11		18		669.3636363636				715				18		462		697		1250		1286										9		19				3.8761339894		34.8852059042		3.092899508				19		19.1666666667		36

		12		734		674.75				697						426		571		1204		1250										10		16				3.2301116578		32.301116578		3.4159106738				16		15.8333333333		30

		13		1440						571						326		480		1105		1204										11		13				2.6917597148		29.6093568631		3.7120042424				13		13.3333333333		33

		14		462						525						245		462		1060		1105										12		11				2.2431330957		26.9175971483		3.9811802139				11		10.8333333333		24

		15		245						489						172		444		1032		1060										13		9				1.8692775797		24.3006085367		4.2241862992				9		9.1666666667		26

		16		1639		742.6875				480						154		426		1023		1032										14		8				1.5577313165		21.8082384303		4.4422686835				8		7.5		14

		17		154						462						127		426		734		1023										15		6				1.2981094304		19.4716414557		4.6369850981				7		6.6666666667		15

		18		426						444						127		344		715		897										16		5				1.0817578586		17.3081257384		4.8100663555				6		5.8333333333		16

		19		1204						426						100		326		697		897										17		5				0.9014648822		15.3249029975		4.9633153855				5		5		17

		20		3450		855.85				426						54		245		571		734										18		4				0.7512207352		13.5219732331		5.0985351178				4		4.1666666667		18

		21		127		821.1428571429				344						18		245		525		715										19		3				0.6260172793		11.8943283069		5.2174784009				3		3.3333333333		19

		22		36						326								235		489		697										20		3				0.5216810661		10.4336213218		5.3218146141								20.5

		23		235						245								172		480		607										21		2				0.4347342217		9.1294186566		5.4131088006

		24		715						245								154		462		571										22		2				0.3622785181		7.9701273986		5.4928100746								22.5

		25		444		746.96				235								127		444		525										23		2				0.3018987651		6.9436715973		5.5622467906

		26		426						172								127		426		489										24		1				0.2515823042		6.037975302		5.6226265436								24.5

		27		697		733.2222222222				154								100		426		480										25		1				0.2096519202		5.2412980052		5.6750395237

		28		344						127								54		344		462										26		1				0.1747099335		4.5424582712		5.7204641064								5.905

		29		245						127								36		326		453										27		1				0.1455916113		3.9309735039		5.7597738414

		30		1458		728.1333333333				100								18		245		444										28		1				0.1213263427		3.397137596		5.7937452174

		31		1032		737.935483871				54								1032		245		444										29		1				0.1011052856		2.9320532822		5.8230657502

		32		489						36										235		426										30		0				0.0842544047		2.5276321399		5.8483420716

		33		1793						18										172		426										31		0				0.0702120039		2.1765721204		5.8701077928

		34		525		733.8														154		344										32		0				0.0585100032		1.8723201036		5.8888309938

		35		4863																154		344										33		0				0.048758336		1.609025089		5.9049212447

		36		154																127		326										34		0				0.0406319467		1.3814861875		5.9187361066

		37		2472																127		245										35		0				0.0338599556		1.1850984452		5.9305870911

		38		1250																100		245
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		41		1023		924.1707317073														18		172
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		43		136																		154

		44		897																		136

		45		36																		127

		46		453																		127

		47		344																		100

		48		1286																		54

		49		235																		36

		50		444																		36

		51		897		847.568627451																18
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