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Purpose

Nuclear radiation will be observed coming from 3 different sources (alpha, beta, and gamma).  Their ability to penetrate through different substances will be studied.  
References

Knight, Physics for Scientists and Engineers, Chapter 42, Beiser, Concepts of Modern Physics, Chap. 12, Dunlap, Experimental Physics: Modern Methods
Safety

The sources you will use in this lab have low activity and are permanently sealed in plastic discs.  However, we will maintain good lab practice when handling the samples.

The primary principle of radiation safety is ALARA which means “as low as reasonably achievable”.  You can reduce exposure by reducing time, maximizing distance, and using appropriate shielding.
Please use forceps when handling the sources.  You can use the GM tube to look for any radioactive material on your hands.  Do not eat or drink while doing this experiment.  Please wash your hands after the experiment.  Return the sources to the demonstrator.
Optional Pre-Lab

a. Give the equation that relates the decay time  to the half-life.

b. Suppose that we have 1.0 Ci of a substance that has a half life of 5 years.  How many nuclei are there?  If the molecular weight is 150 g/mol how many grams are there of material?  One Curie (symbol Ci) = 3.7x1010 decays per second (Bq, becquerels).

c. Suppose that you have 100 000 particles per second that are emitted in random directions from a source that is small in size and at the origin.  Assuming the particles are not absorbed in transit how many will pass through an area of 1 cm2 at a distance of 10 cm from the source.  What if you were 20 cm from the source?

d. Why do we use lead to absorb radiation?  Compare how many electrons there are in 1 cm3 of lead versus 1 cm3 of aluminum.  The molar volume of lead is 18.3 cm3 and the density of aluminum is 2.70 g/cm3 and its atomic weight is 27 g/mol.  (You will need to look up some other information.)

e. Suppose that a particular material had 1023 electrons in 1 cm3 of volume.  How many electrons would there be in cylinder that was 1 Angstrom (10-10 m) in diameter and 1 mm long?  You can see the shielding power depends strongly on the probability that a given ionizing particle will interact with the electrons in this cylinder. (Interacting with one in a 100 is very different that 1 in a million in terms of passing through this cylinder.)

f. This is tougher.  Maybe best just to think about it.  If an electron with a kinetic energy of 4 MeV collides head-on with an electron at rest, what are the energies of the electrons after the collision?  You will need to use relativistic energy and momentum conservation to do this. 

Background

Nuclear radiation occurs as a result of nuclear decay and/or as a result of various nuclear reactions.  Nuclear is meant to distinguish reactions that occur in the nucleus of an atom rather than a atomic interaction which involves the electrons and their energy levels.  Atomic interactions involve electromagnetism only while nuclear interactions include the strong and weak nuclear forces.  The decay occurs because the nucleus is in some excited state.  The energy per particle is typically in the MeV range.  All nuclear radiation is ionizing so can ionize atoms or even break apart molecules as they move along their respective paths.  The words ray and particle are often used interchangeably.
In this experiment you will study the 3 classic types of nuclear radiation.

Alpha particles (α) are much heavier than electrons.  They have limited penetration ability in most materials because they very quickly give up their kinetic energy to the electrons.  An alpha particle is identical to a helium-4 nucleus containing 2 protons and 2 neutrons.  They are often produced by heavy nuclei.  According to an early model for alpha decay the alpha particle must tunnel through the potential energy barrier formed by strong nuclear and electrostatic repulsion in order to leave the nucleus.  Alpha particles were also used by Rutherford in his scattering experiment to test the “plum pudding” model.
Beta rays (β) are produced when a nucleus decays by the emission of a fast electron (typically with relativistic energies).  They are more penetrating than alpha rays.  Inside the nucleus a neutron is changed to a proton plus the electron which is emitted as a beta ray.  Beta decay is associated with the weak interaction.
Gamma rays (γ) are high energy photons.  If a nucleus decays with the emission of alpha or beta particles or perhaps absorbs some radiation at an earlier time, it may be left in an “excited” state and if the excited state decays through an electromagnetic interaction a gamma ray will be the result.  Unlike alpha and beta particles, gamma rays are uncharged.  For this reason they are more penetrating than alpha or beta radiation.

The Geiger-Muller (GM) counter utilizes a metallic gas-discharge tube with a wire through its center.  With the wire at approximately 960 volts with respect to the tube, high energy radiation passing through the gas, ionizes the atoms releasing free electrons (hence ionizing radiation).  Free electrons that are accelerated in the electric field ionize more atoms resulting in an avalanche effect.   A current pulse is created which is detected after amplification.  This pulse is recorded by the counter as a single count.  If the radiation level too high the tube cannot return to its ambient, non-ionized state quickly enough and the signal saturates.   In addition the GM tube has different efficiencies for the different types of radiation.  You could determine the effective efficiency if you wished by using the absolute activity of the sources.
The decay process is not deterministic and is instead described by probabilities.  So in a given period of time you expect half of the possible decays to have occurred (but you wouldn’t be able to say exactly which nuclei have decayed).  This time is called the half-life t1/2 and is related to  the decay time by ln(2) = 0.693.  If N(t) is the number of undecayed nuclei and N0 is the number of nuclei that we start with at t=0  then
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(1)
The activity R in Becquerels (Bq) or decays per second then is the negative time derivative of N(t) can be given by several expressions.
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    (2)
Here we would identify R0 as the starting activity.
Procedure/Analysis

1. Obtain the radioactive sources from a demonstrator.

2. Use the control program on the computer.  Its operation is straightforward and there is also a manual if you wish.  The HV setting should be 960 V.
3. Keep the sources far away from the GM tube and establish the background rate.

4. If you are counting things with random arrivals (like radioactive decay) then the error in the number of counts N is the square root of N.  Look at counting times and statistics for the gamma source to check this.  Is there any benefit to doing several short trials instead of one long trial?  Plan what you would do to achieve between 5% and 10% accuracy in your values.  For weak sources/ slow counting rates this may not be possible.
5. Look at 3 different sources each with 4 different shielding conditions.
a. No shielding

b. S – 0.125” Pb

c. M - 0.080” Al
d. E – 0.030” Plastic
Keep the distance between source and the GM tube constant when doing these tests (between 2 and 5 cm is a good distance).  Try and organize your results in a table in a way that is easy to understand.
6. Using the shields and your knowledge of shielding identify the “mystery” source.

7. Look at the inverse square law with a source (pick a strong one) with no shielding.  To verify the law plot the inverse of the square root of the intensity versus distance.  What is the meaning of the x-intercept?  Would you expect that the inverse square law is followed as you get very close to the detector?
8. Calculate the activity of the α-source (the number of Curies when the source was produced is on the plastic disc contained the source, in addition to the date produced, and the half life).  Is this the number you have from your detector?  If not, why not?  Do you think the difference in count rate between beta and gamma sources is due to efficiency or activity in the sources?
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