
Episode 514: Patterns of decay

This episode assumes that students already have an idea of half-life, and links it to the empirical decay curve.

Summary

Discussion and demonstration: Measuring half life. (40 minutes)

Worked examples: Involving whole numbers of half lives. (30 minutes)

Student example and discussion: Plotting a graph. (30 minutes)

Student questions: Calculations. (30 minutes)

Discussion + demonstration:

Measuring half life

Each radioactive nuclide has its own unique half-life. Values range from millions of years (e.g. uranium-238 at 4.47×109 years) to minute fractions of a second (e.g. beryllium-8 at 7×10-17 s).

Sealed school/college sources have half-lives chosen to ensure that they will remain radioactive over a period of years (though Co-60 will become significantly less active year-by-year):

	Radiation
	Source
	Nuclide
	Notes
	T1/2

	
	americium-241
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	Also emits gammas
	458 y

	β
	strontium-90
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	The energetic betas come from the daughter Ys-90.
	28.1 y

	
	cobalt-60
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	Also emits betas, but these may be absorbed internally
	5.26 y


You need something else if you are to measure half-life in the course of a lesson. A short half-life source commonly available in schools and colleges is protactinium-234, T1/2 = 72s. Another is radon-220, T1/2 = 55s.

Demonstrate the measurement of half-life for one of these. (There is a data logging opportunity here.) It is vital to correct for background radiation. Explain how to find T1/2 from the graph.

(Students could repeat this experiment for themselves later.)

(Diagram: resourcefulphysics.org)
Demonstration of half life of protactinium:

Measuring half life

TAP 514-1: Half life of protactinium 

Worked examples:

Involving whole numbers of half-lives

Here is a set of questions involving integral numbers of half lives. You could set them as examples for your students, or work through them to explain some basic ideas.

Question:  The nuclear industry considers that after 20 half lives, any radioactive substance will no longer present a significant radiological hazard. The half life of the fission product from a nuclear reactor, caesium-137, is 30 years. What fraction will still be active after 20 half lives?

Answer: Use the long method. Calculate 1/2 of 1/2 and so on for twenty steps:

1/2, 1/4, 1/8, 1/16, 1/32, …, 1/1024 after 10 half lives

1/2048, …, 1/1048576 after 20 half lives

i.e. less than one millionth of the original quantity remains radioactive.

A quicker method is to calculate (1/2)20. Show how this is done with a calculator, using the yx key.

Question: How many years into the future will Cs-137 be “safe”?

Answer: 20 ( 30 = 600 years

Question: If after ten half lives the activity of a substance is reduced to one thousandth of its original value, how many more half lives must elapse so that the original activity is reduced to one millionth of its original value?

Answer:  Ten half lives reduces activity by a factor of 1/1000. One millionth = 1/1000 × 1/1000, so ten more half lives are needed.

Student example + discussion:

Plotting a graph

Provide your students with the following data.

	Time /s
	0
	5
	10
	15
	20
	25
	30
	35
	40

	Activity /Bq
	10057
	6253
	3648
	2296
	1403
	798
	508
	307
	201


Ask them to inspect the data and estimate the half-life. (It lies between 5 and 10 seconds.)

Now ask them to plot a graph and thereby determine the half life of the substance. They should deduce a total time of 35 seconds for five halvings of the original activity, gives a half life of 7 seconds.

Emphasise the definition of half life T1/2. The half life of a radioactive substance is the time taken on average for half of any quantity of the substance to have decayed. (Check the precise wording of your specification.)

Introduce the term exponential to describe this behaviour, in which a quantity decreases by a constant factor in equal intervals of time.

TAP 514-2: Half life
Exponential behaviour in nature is very common. It appears in the post-16 specification several times, so this may not be the first time your students have met it. (The equalisation of electric charge on a capacitor C whose plates are connected via a resistor R; the reduction in amplitude of a damped simple harmonic oscillator; the absorption of electromagnetic radiation passing through matter (e.g. rays by lead, visible light by glass); Newton’s Law of Cooling. So either refer back to previous situations and make the analogy explicit, or flag forward to other examples to come.

TAP 514- 1: Measuring half life of protactinium

Following your school or college’s safety procedures carefully, measure the half-life of a short-lived radioactive isotope. Plot a suitable graph showing how the activity of the sample changes with time, and hence show that the decay is indeed exponential.  Have a spills tray available.
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	Radioactive sources 

Follow the special local rules for using the protactinium source. (Do not open the bottle! To avoid contamination if the plastic bottle should leak, keep the bottle in a tray and wear suitable gloves, a lab coat and eye protection.)



Introduction

The isotope of protactinium 234Pa has a half-life of several tens of seconds. You can monitor its decay using a GM tube connected to a ratemeter or scaler or to a data logging interface and computer, and hence determine its half-life experimentally. The notes here are aimed at explaining how to make the right measurements, but do not proceed until you are sure how to handle the source safely. The precise details of your experiment will vary depending on your school or college’s local rules for handling radioactive sources. Make sure that you are aware of these rules and follow them carefully.

The sample of 234Pa is produced by the decay of 238U. Pa234 is the grand-daughter of U238: alpha decay to Th234 followed by beta decay to Pa234, as described later. The 238U is in the form of uranyl nitrate dissolved in water and is contained in a sealed plastic bottle. The bottle also contains an oily solvent that floats above the water. The bottle will already have been prepared for you. Do not open the bottle! To avoid contamination if the plastic bottle should leak, keep the bottle in a tray and wear rubber gloves, a lab coat and eye protection.

When the bottle is shaken some of the 234Pa in the watery layer dissolves into the oily layer. Once the two layers have separated out no more 234Pa moves into the oily layer, so we have a fixed sample of 234Pa in the oily layer. 234Pa emits energetic beta radiation, which can penetrate the plastic bottle and travel some distance in air. This is the radiation that you will monitor.

Procedure

Without shaking the bottle, set up the apparatus as shown below.
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Measure the background radiation (it comes from the bottle and the lab), counting for a suitably long period.

Shake the bottle for about 30 s and place it back in position. Wait for the layers to settle and start the clock.  The GM tube window should be close to the oily layer and is best mounted on a retort stand.

Take readings from the GM tube as frequently as you can accurately manage until the count rate is the same as the background count.

Analysis of results

Subtract the effects of background radiation from your readings, and hence calculate the counts per second from the 234Pa in the oily layer. This is the corrected count rate (CCR); it corresponds to the activity of the sample.

Plot a graph of corrected count rate against time and a graph of log(CCR) against time.

Do your graphs correspond to what you already know about exponential decay?

Use each graph to calculate the half-life of the 234Pa. (Hint: one of these involves using the gradient.)

The accepted value for the half-life of 234Pa is 72 s. Discuss any disparity between your measurement and this accepted value. How great was the uncertainty in your measurement? 

Which of your two ways of determining T1/2 was the most reliable? What were the main causes of uncertainty in your result? How could you improve on your procedure?

Practical advice

This is a standard demonstration, the precise details of which will depend on the apparatus you have available. If data-logging is available, then we strongly recommend that you use it. It is vital that students correct the readings for background count.

Make sure that students are clear that the half-life of an exponential decay is not exactly the same as the time constant, the latter is the time for a quantity to decay to 1/e of its initial value, not 1/2, and so the half-life is always a bit shorter than the time constant.

A discussion of the units for λ and T1/2 can bring out several useful teaching points:

· There is an enormous range of half-lives.

· It is conventional to quote half-lives in whatever units are most suitable, and it would be ludicrous always to insist dogmatically on SI units (seconds) to express very long half-lives.

· The decay constant is usually expressed in units that tally with those used for the half-life (e.g. s-1, yr-1 as appropriate).

· It is vital always to quote the units of half-life or decay constant – a number on its own would be highly ambiguous.

· While the half-life and decay constant may have any one of several units, they always have dimensions of time and time -1, respectively.

Some details of the decay may be of use and could be used to give students more experience of writing a set of decay equations.

	Decays by
	
	α
	
	β
	
	β
	

	Decay chain
	238U
	–>
	234Th
	–>
	234Pa
	–>
	234U

	Half Life
	4.5 x 109 /years
	
	24.1

/days
	
	72

/s
	
	2.5 x 105
/years


234Pa is extracted from a solution containing the parent 234Th and ’grandparent’ 238U with which it is in equilibrium.  Once extracted the decay of 234Pa can be recorded.  The recovery of 234Pa can be followed in the aqueous layer if desired.

About 95% of the protactinium is removed together with some uranium when the bottle is shaken.  The GM tube does not detect the alpha from the 238U or the weak beta particles (about 0.2 MeV) from the 234Th but detects only the energetic (2.32 MeV) beta radiation from the 234Pa.

Technician’s notes
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	Radioactive sources 

Follow the special local rules for using the protactinium source.  (Do not open the bottle! To avoid contamination should the bottle leak, keep the bottle in a lined tray and wear suitable gloves, a lab coat and eye protection.)


Apparatus

· Thin walled polythene bottle (50 cm3) containing: uranyl nitrate, 2.5 g, dissolved in 7.5ml pure water, concentrated hydrochloric acid, 17.5 ml, 25 ml of amyl acetate (pentyl ethanoate)
· GM tube + holder
· Scaler/ratemeter and stopwatch/clock or datalogger
· Tray lined with paper towel in case of spillage
· Retort stand, boss and clamp to align the GM tube with the appropriate part of the bottle
Dissolve the uranyl nitrate in 7.5 ml water and add the hydrochloric acid. Then add the amyl acetate. Pour into the polythene bottle and screw the cap securely. Putting thin plastic film (e.g. cling-film) between cap and bottle can help make a better seal.  Wear ‘chemical splash’ rubber gloves, a lab coat and eye protection, follow local radiation rules and dispose of any contaminated material safely.

A source in a polythene bottle should not be kept for more than 12 months. Polypropylene bottles last longer. Teflon bottles (provided the wall is thin enough to let the betas through) will last 10 years.

A recipe based on a 30 ml bottle is on CLEAPSS Recipe Card 57.
The bottle should be labelled with the radiation symbol and also TOXIC and IRRITANT
It is advisable to check the activity of the solution each year.  Some teachers prefer to use fresh solution each time.

Uranyl nitrate can be obtained from:

TAAB Laboratory Support Limited, 3 Minerva House, Aldermaston RG7 8NA.  

Tel: 0118 981 7775 

E-mail: _sales@taab.co.uk 

Prices as of September 2005: 1g for £7.99 and 25g for £69.50.

External references

This activity is taken from Salters Horners Advanced Physics, section RftS, Activity 9, which was an adaptation of Revised Nuffield Advanced Physics experiment F6

TAP 514- 2: Half Life

The half-life of strontium-90 is 27 years. The half-life of sodium-24 is 15 hours.

1.
Sketch two curves on one set of axes to show how the number of atoms of each change 
with time.




Two samples are prepared, one containing 1020 atoms of strontium and the other containing 1020 atoms of sodium.

2.
Which of the two samples has the highest activity?



3.
A sample of iodine-131, with half-life 8.04 days, has an activity of 7.4 x 107 becquerel. 

Calculate the activity of the sample after 4 weeks?



4. 
234Th has a half life of 24.1 days.

(a) 
What fraction of a sample remains after 96.4 days?

(b) 
What fraction of a sample remains after 241 days?

Answers and worked solutions

1.
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2.
Sodium, since a longer half-life means the source is less active.

3.
First find the number of half-lives in 4 weeks:
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The activity will be:
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(a) 
96.4/24.1=4   so 4 half lives so (1/2)4 = =1/16 or .0625

(b) 
241/24.1=10 so 10 half lives (1/2)10 = 1/1024 or 9.8 x 10-4
External references

This activity is taken from Advancing Physics chapter 10, 20S which was an adaptation of Revised Nuffield Advanced Physics question 15 section F.
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