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A. 

Theory of Radioactive Decay and the Characteristics of Radiation
A.1. The atom: building blocks of everything
The atom has three major constituents: protons, neutrons, and electrons. Although we do know that the proton and neutron are made of smaller particles called quarks, for our purposes we do not need to consider this more complicated model.

We picture protons and neutrons as little spheres, and in fact there is strong evidence that they are spheres.  Each has a radius of about 10-15 meters (one femtometer).  If we could line up a string of protons or neutron, we would be able to get about 250,000,000,000 across the head of a pin.  The proton and neutron have about the same mass: the proton mass is 1.6726 X 10-27 kg and the neutron mass is 1.6750 X 10-27 kg.  A tablespoon of water (about 15 milliliters) has a weight of 0.6 ounces and contains about 1025 neutrons and protons.  Although the mass of the neutron is only slightly larger than that of the proton, by 0.14% to be exact, this difference is important when we discuss radioactivity.

The electron is more elusive as far as size and shape are concerned.  We tend to picture an electron as a sphere, but an electron is so small that we do not have any good evidence of its exact shape or size. However, we do know its mass: 9.11 X 10-31 kg, which is 1837 times less than the mass of the neutron or proton.  

The proton and electron have one property that is important to the structure of the atom: charge.  Charge is difficult to explain; it is just there!  Charges come in two varieties: positive and negative; the proton has a positive charge and the electron has a negative charge. Benjamin Franklin made arbitrary assignments  for positive and negative charges, but the names have no affect on the interaction between the charges. The neutron, as the name implies, is neutral; it has no charge.

The basic rules are simple: like charges repel and opposite charges attract: two protons repel each other as do two electrons. An electron and a proton attract each other. We call this force of attraction or repulsion of charges the electrostatic force. 

The parts of the atom are too small to observe directly; nobody has actually seen a proton, neutron, or an electron. However, from a variety of experiments we have deduced that the atom consists of a nucleus that contains the protons and neutrons in a small sphere. Electrons orbit around this nucleus much as the moon orbits the earth or the planets orbit the sun. 

The simplest atom is that of hydrogen. Most hydrogen atoms have a single proton in the nucleus with a single electron orbiting it much as the moon orbits the earth. A few hydrogen atoms have a neutron attached to the proton and a very few have two neutrons in the nucleus. Figure 1 shows the simple hydrogen atom.
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But what keeps the electron in orbit around the nucleus? What keeps the moon in orbit around the earth or the earth around the sun? The attractive force of gravity keeps the earth in orbit around the sun.  Likewise, the attractive force between the proton and electron keeps the electron in orbit.

Figure 1 may be deceiving. The ratio of the moon orbit to the earth radius is not even close to the ratio of the electron orbit to the proton radius. If the proton had the same radius as the earth, the electron would have an orbit nearly a thousand times that of the moon. In fact the electron would have an orbit distance twice the distance from the earth to the sun. Obviously an atom has a lot of empty space.

A.2. The nucleus: source of everything radioactive
The nucleus of an atom consists of protons and neutrons piled close to each other in the shape of a sphere. However, if we try to put two protons close to each other the electrostatic force will push them apart. To get protons to stay together, then there must be a force stronger than the electrostatic force which can hold the protons together.  This force, called the nuclear force or strong force, is very strong but acts in a manner different than the gravitational or electrostatic forces. 

The nuclear force is very strong when the two protons are within 1 femtometer (10-15 meters) of each other but beyond one femtometer, the force is zero. Unlike the gravitational or electrostatic forces, the force does not decrease with distance between the two protons. And, the nuclear force is the same between two neutrons, between two protons, and between a proton and a neutron.  

If you were to bring a neutron close to a proton, they would experience no force until they were about a femtometer apart, then they would experience a large attractive force and slam together. This is similar to Velcro. Picture two balls with Velcro on each. As long as they do not touch, they each go on their merry way. But if they get close enough for the Velcro to act, they stick and hold together tightly.

In a nucleus containing more than one proton, a battle ensues. The electrostatic force wants to push the protons apart while the nuclear force wants to hold them together. This tug-of-war between these two forces, plus a few other forces we won’t mention here, is the reason some nuclei are radioactive.  Figure 2 shows two simple nuclei: one with two neutrons and one proton (a) and one with two protons and one neutron (b). 
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In Figure 2(a), only the nuclear force is present which acts to hold the protons and neutrons together. In the second case, Figure 2(b), the two protons repel each other because of their positive charges. In this case the nuclear force must be stronger than the electrostatic force if the nucleus is to stay together.

Now that we have a positively charged nucleus, all we need are some negatively charged electrons to complete the atom. If we were to throw some electrons at a nucleus, the positive charge on the nucleus would attract the electrons and the electrons would crash to the nucleus just as an asteroid or meteorite would crash into the earth. However, quantum mechanics, that special field that governs the physics of microscopic objects, does not allow the electrons to do that. Quantum mechanics  says that the electrons must keep their distance so the electrons happily orbit the nucleus just as shown in Figure 1.

We might think that atoms with more protons in the nucleus, and therefore more electrons orbiting around the nucleus, would have a larger size than atoms with fewer protons and electrons. However, the additional positive charge in the nucleus from the additional protons causes a stronger attractive force on the electrons. This stronger force pulls in the electrons so that the electrons have orbits about the same size as the single electron orbiting a single proton in the hydrogen atom. This arrangement has more electrons in orbits about the size of the hydrogen but with a larger nuclear radius However, there is still lots of empty space.

Let's compare a typical atom with the solar system. The diameter of a medium-sized nucleus is about 10 femtometers (10-14 meters). The average diameter of most of the outer electrons of this atom is about 10-10 meters, so the ratio of the orbit diameter is 10-10 ÷ 10-14 = 104, or about 10,000. The size of the atom is about 10,000 times the size of the nucleus.

The diameter of the sun is 1.4 X 106 kilometers and the diameter of the outer planets is about 1010 kilometers. The ratio of the planets orbit diameter to the diameter of the sun is 1010 ÷ 1.4 X 106 = 7,000. The size of the solar system is about 7,000 times that of the sun, very close to the 10,000 ratio of the atom to the nucleus. This give a good picture of what atoms looks like.

A.3. Nomenclature
Now that we have the basic building blocks, we can play with our blocks to construct atoms. The basic ground rules are simple: make a nucleus out of protons and neutrons, put in some nuclear glue to hold them together, then add orbiting electrons. However, the atom must have zero net charge. Because the positive charge on a proton has the same magnitude as the negative charge on an electron the number of orbiting electrons must equal the number of protons. An atom with unequal numbers of protons and electrons will get rid of or attract electrons to make the numbers equal.

Ready to start? The simplest atom, hydrogen, consists of one proton in the nucleus and one orbiting electron. We discussed this hydrogen atom previously, but hydrogen also can also exist with one or two neutrons; we will discuss these cases below. The next element is helium which has a nucleus consisting of two protons and two neutrons, and two orbiting electrons. Just as hydrogen can exist with different numbers of neutrons in the nucleus, helium can also exist with two protons and just one neutron in the nucleus. Figure 2(b) shows this nucleus. 

The next element is lithium which has three protons and three or four neutrons. We can proceed in this manner to create all the other atoms that we know; we just have to follow our simple rules. Appendix A lists many common combinations of atoms, but not all possible combinations.

When we define an element, we are actually defining the number of protons in the nucleus.  Hydrogen has one proton, helium has two protons, lithium has three, carbon has six, etc.  The number of electrons orbiting the nucleus is the sole determining factor for the chemical characteristics of that element. The one electron in hydrogen, for example, gives hydrogen the ability to combine with oxygen to form water. However, the two electrons in helium make it impossible for helium to join with any other element to form a compound. Because the number of electrons in an atom depends only on the number of protons in the nucleus, the neutrons in the nucleus are immaterial to the chemical characteristics of an element. 

However, the number of neutrons does have a large bearing on the stability of the nucleus.  Let's consider hydrogen as the simplest case.  Most of hydrogen is made of a nucleus with just the one proton.  However, a small fraction of hydrogen has a nucleus that has the one proton (therefore defining it as hydrogen) but also has one neutron.  This particular atom has a name: deuterium; the "deu" part of the name means "two" for the two particles.  If the hydrogen nucleus has two neutrons, it is called tritium (ah ha- the "tri" is for "three"). Figure 2(a) shows the tritium nucleus.

If you think that you are getting the hang of naming different nuclei, ignore this thinking: hydrogen is the only element that has such quaint names, the rest of the nuclei have rather mundane names.  In fact, we just use the chemical symbol and the total number of neutrons and protons to define a particular nucleus.  

For example, simple hydrogen (one proton only in the nucleus) is called H-1 or 

 ; deuterium is H-2 or 

 and tritium is H-3 or 

. The second notation (

, 

, and 
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) gives the number of protons at the lower left of the chemical symbol (in this case 1). It also gives the total number of neutrons and protons (collectively called nucleons) at the upper left.

Helium, which has two protons, can have either one or two neutrons so it can have a total of 3 or 4 nucleons; the two varieties of helium would be called He-3 or 

 and He-4 or 

. 

Because the chemical name is defined by the number of protons, the number of protons and the chemical symbol are redundant information, so we normally do not include the number of protons at the lower left; all carbon atoms have 6 protons in the nucleus, all oxygen atoms have 8 protons, etc. Other sample elements are carbon-12 (C-12 or 

, or 12C; 6 protons plus 6 neutrons), oxygen-16 (O-16 or 

 or 16O; 8 neutrons and 8 protons), radon-222 (Rn-222 or 

 or 222Rn; 86 protons plus 136 neutrons), etc. 

Other isotopes of these elements are 14C, 18O, and 220Rn. The word isotope defines all the nuclei that have the same number of protons , i.e., the same element but with different numbers of neutrons. Figure 3 shows the two different isotopes of carbon, 12C and 14C; they have the same number of protons and electrons; carbon 14 just has two additional neutrons. 
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Let’s consider the hydrogen atom again. We said that it can exist with either zero, one, or two neutrons. Why not three or four or more? Can’t the nuclear force keep pulling more neutrons to the nucleus? The neutrons may come and the nuclear force will do its glue job, but they will not stick because other forces become strong enough in these situations and make it impossible for the hydrogen nucleus to accept more than two neutrons. In fact life in the hydrogen camp is not all that rosy with two neutrons. 

A.4. Radioactivity
The deuterium nucleus has one proton and one neutron. The nuclear force holds the neutron and proton of deuterium together and the neutron and proton are quite happy to be together.  If we were to put a deuterium atom on a table, walk away and come back a few hours later, the atom would still be exactly the same as when we left.  In fact, we could return several days, years, centuries, and millennia later and find the atom just as we left it.  We call this a stable nucleus.  

However, for a tritium nucleus, the story is not the same.  In this case the nuclear force is not strong enough to keep this arrangement together forever. The other (quantum mechanical) forces are strong enough to make the nucleus unstable.  If we had a tritium nucleus on the table and returned in a few hours, most likely it would be just as we left it, returning in a few days or weeks most likely it would still be the same.  But, if we wait for several years, we might find it changed, but in a strange way. One of the neutrons will have changed to a proton so the atom now is helium.  In the process of change, the nucleus emits a particle.  

Because the nucleus does change at some time we define tritium as unstable, or radioactive.  The process of change has historically been called the decay of a nucleus, although a proper term is disintegration. Neither term seems to properly describe the process exactly; decay implies that something disappears or becomes less vigorous and disintegration implies that the nucleus falls apart. Probably “transformation” would be a better word because the nucleus does transform from one state to another. However, by tradition “decay” is the word to use, so who are we to break tradition?

Of the 107 known elements, 81 have at least one combination of protons and neutrons that is stable. All elements have several combinations that are unstable, or, radioactive. All of the elements with at least one stable combination have 83 protons or less; every element with more than 83 protons (which is bismuth) is radioactive. Appendix A contains a list of all stable radionuclides plus many that are radioactive.

One characteristic of radioactive nuclei is that they emit a particle of some kind and many also emit something called a gamma ray. (Particles and gamma rays will be discussed in greater detail later).  These particles and gamma rays are called radiation and it is this radiation that actually is harmful to living tissue.  Radioactive nuclei (or radioactivity) emit radiation and this radiation exist only for a fraction of a second. 

In the process of radioactive decay , the original (radioactive) nucleus is called the parent.  When it decays it changes into a progeny (previously called a daughter). We can represent this process by an equation that shows the decay from parent to progeny and shows what is emitted:



Parent   -->  Progeny  +  particle  ( + gamma ray(s))

The parentheses around gamma ray(s) indicate that gamma radiation appears in most, but not all, radioactive decays.

A.5. Binding Energy
The particle that is emitted in radioactive decay is moving fast; some move at speeds very close to the speed of light. Therefore radiation has energy. But where does the energy come from?  Let’s go back to hydrogen again and look at what happens when we make deuterium. 

The basic building blocks are one neutron and one proton, so go to your local nucleon store and get one of each. The recipe calls for just combining these two nucleons, no baking required. We bring the neutron slowly toward the proton until they are about one femtometer (10-15 meters) apart at which time the nuclear force pulls the neutron to the proton. The nuclear force is strong so the two smash together rather violently, somewhat like two magnets attracting each other. Just as sound is emitted when two cars collide (and sound has energy), energy is emitted when the neutron and proton collide. In this case the energy is in the form of a gamma ray as shown in Figure 4.
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A.6. Conservation laws
We now need to take a small side step and consider one of the basic laws of physics: conservation laws. Conservation laws say that whatever amount you have of some quantity before some event, you must have the exact same amount of that quantity after the event. 

When you burn something (money?) only ashes remain, but if you were to collect all the smoke and gasses that came from the burning process, you would find that every atom that was present before the material burned would be present in the ashes, smoke, and gasses that were left after the fire. This is an example of one of Barry Commoner’s laws of ecology: “Everything must go somewhere”. 

The conservation law we need to consider here is the conservation of energy. Energy cannot be created or destroyed, it can only be transformed from one form to another. You use energy to do work.  For example, you do work to ride a bicycle. The energy you use comes from the chemical energy in the food you eat. If you use more energy than that supplied by the food, you either stop or your body uses chemical energy stored in the fat in your body; i.e., you lose weight.  

An electrical power plant uses some kind of fuel to generate electrical energy; most burn coal, oil, natural gas, or use the energy of falling water, or the energy from nuclear fission. Other sources of energy to produce electricity are electromagnetic radiation energy (solar cells), the kinetic energy of moving air (windmills), and heat from the earth (geothermal). In all cases, the power plants do not create energy. The energy comes from some source; the function of the power plant is just to put the energy into a form that we can use more efficiently.

Now back to our combination of the neutron and proton; if the gamma ray has energy, where does it come from? The neutron and proton have no energy prior to their combination, but when the gamma ray is emitted, the energy of the gamma ray is lost from the system.  But we know that energy is conserved, so the energy for the gamma ray has to come from somewhere. 

If we look carefully at the total mass of the neutron and proton before the collision we find that the mass of the resulting deuterium nucleus is slightly less than the original total mass of the separated neutron and proton. Albert Einstein recognized that mass and energy are the same and gave the world his famous equation: E = mc2 where E is the energy, m is the mass, and c is the speed of light. The gamma ray energy comes from the loss of mass when the neutron and proton collide, The energy of the gamma ray is just equal to the loss of mass multiplied by the square of the speed of light. 

A.7. Binding energy continued
This loss of mass (which we now know is energy) is called the binding energy of the nucleus. The neutron and proton are bound together with this energy. If we now want to separate the neutron from the proton, we must pull them apart, but the nuclear force is holding them together just as the magnetic force holds two magnets together. 

To pull them apart, we need to do work, which requires energy. In fact, we must use the exact amount of energy to pull them apart as the energy lost when we put them together. We need to supply the binding energy to unbind the pair of particles. 

Let’s apply this principle to the process of making nuclei. Every time we add a nucleon to the nucleus, some mass is lost. This loss of mass means that some energy is released and the nucleus has more binding energy (i.e. we need to supply more energy to separate the nucleons). 

Let’s make nuclei by adding a neutron or proton to an existing nucleus, starting with hydrogen (a single proton). First we add a neutron to make 2H; the combination loses mass so this combination releases energy. Then we add a proton to make 3He. More mass is lost and more energy is released. Then we add a neutron to make 4He and more energy is released. If we look at this process carefully we will see that whenever we add a neutron or proton to a nucleus, energy is released. This is like adding dry wood to a fire. Each piece provides more heat energy.

The process of getting energy out when we add protons or neutrons to a nucleus, or, just combine two light nuclei together, is called fusion. The sun derives all its energy from the fusion of hydrogen nuclei (i.e., protons), deuterium nuclei, and helium nuclei. Fusion is also the process used in a hydrogen bomb. Figure 5 shows the process of fusion.
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However, when our process of making nuclei gets to 56 nucleons, the process changes. When we add nucleons to nuclei with more than 56 nucleons, we must add energy to get them to stick. In this situation no energy is released; the process uses energy. And in what form is this energy? It is in the form of added mass. This added mass is actually stored energy.

Now let’s consider the reverse, removing neutrons and protons from a heavy nucleus. Because we added mass to make these nuclei, when we take away neutrons and protons, we get this mass back in the form of energy. However, there is no convenient way to remove neutrons or protons one at a time. But we can get the same effect by splitting the nucleus into two smaller nuclei. This splitting of heavy nuclei is called fission. A few heavy radioactive nuclei fission naturally, but the rate is slow. Figure 5 shows the process of fission.

Nuclear power plants that generate electricity use the fission process to supply the energy for the electricity. The fuel is uranium-235 which is one nucleus that fissions naturally. Because the natural process is so slow, the power output from naturally fissioning nuclei would be too small to produce useful amounts of energy. However, when a uranium nucleus fissions, in addition to the energy released it also emits between 2 and 5 neutrons. These neutrons can hit other uranium nuclei and induce them to fission. 

When these uranium nuclei fission their neutrons induce others to fission. This process of one fission inducing another is called a chain reaction. By controlling the number of neutrons available to fission uranium nuclei, nuclear power plant operators can control the rate of energy produced in a nuclear reactor. 

As seen in Figure 5, when a uranium nucleus fissions two lighter nuclei are produced. The fission product nuclei have a number of protons that range from about 35 to 60. Some of the elements produced by fission are iodine, strontium, krypton, xenon, and cesium. One characteristic of these fission products is that they are all radioactive. All of the fission products emit beta particles (discussed in the next section) and many also emit gamma rays when they decay. 

In the case of a nuclear weapon (an atom bomb), the chain reaction is uncontrolled and the fission process releases the energy in a short time and hence the weapon explodes. In a nuclear power plant, the chain reaction is controlled so the energy is released gradually. By design, the fuel in a nuclear reactor cannot explode; the concentration of fissionable uranium (U-235) is too small for a nuclear explosion.

A.8. Another conservation law
When the tritium nucleus decays one of the neutrons in the nucleus changes to a proton so the nucleus changes from one proton and two neutrons to two protons and one neutron. Because the progeny has two protons, it is now helium, specifically, helium-3 (3He).  Now let's try to deduce the characteristics of the decay and the particle that is emitted.  To solve this mystery we need to understand a few basic facts of the case, or, in this situation, a second conservation law.  

This conservation law says that electric charge cannot be created or destroyed; if a system has 10 positive charges before some event, then it must have a total of 10 positive charges after the event. Positive and negative charges add and subtract just as positive and negative numbers do: 5 positive charges and 3 negative charges have a net charge of 5 + (-3) = 5 - 3 = 2 positive charges.  

A.9. Beta decay; neutrinos and anti-neutrinos
In the case of tritium, if there is only one positive charge in the nucleus before the decay (i.e. one proton with one charge), then there can be only one net positive charge after the decay, but we observe two positive charges on the two remaining protons in the nucleus.  To have only one net positive charge then somewhere there has to be a negative charge to cancel one of the positive charges. The emitted particle must have that negative charge.  In fact, upon closer examination, we find that the emitted particle is just an electron.  But, when this radiation was first observed the observers did not know what it was and just called it a beta particle, or more specifically a beta-minus particle; ß-.

Now let's consider the conservation of energy again.  As we have seen, energy can neither be created nor destroyed, it can just change from one form to another.  Although there are several different forms of energy, we will only consider a few for this discussion.  When the beta particle is emitted from the nucleus it has some velocity and therefore some energy we call kinetic (i.e., motion) energy.  

Consider a bullet shot from a rifle; before you pull the trigger, the bullet is at rest and has no kinetic energy.  But, when you pull the trigger the hammer strikes the end of the bullet casing igniting a small charge of gunpowder and the explosion (i.e., expansion of gasses from the burning gunpowder) gives the bullet its kinetic energy. The burning gunpowder supplies the energy for the bullet.  But there is no gunpowder in the nucleus; what is the source of the energy to give the beta particle its kinetic energy?  

If we measure the mass of the tritium nucleus before decay and the mass of the He-3 nucleus after decay we will find that the He-3 mass is less than the tritium mass. Remember that when we made the tritium by putting the two neutrons and one proton together, energy was released and the nucleons became bound together with binding energy equal to the loss of mass in the process. Now we have some more energy lost (the fast-moving beta particle has some of this lost energy) from the nucleus because of the loss of mass. 

But when we study many decays of tritium nuclei we find that the beta particle does not always have all the energy that is lost in the decay process. A few have this energy, but most have less. This would be like putting in the same amount of gunpowder into several bullets but when each were fired, some would have a high velocity, some a low velocity, some even just dribbling out of the gun barrel.

Where is the rest of the energy? It would appear that an invisible bullet also comes out and this invisible bullet takes up some of the gunpowder energy. In fact, there is an “invisible bullet” that comes from beta decay. This bullet is a neutrino. Based on the missing energy and on some other apparent violations of other conservation laws, Enrico Fermi predicted the existence of the neutrino. He named this particle the "neutrino" ("little one") and derived its characteristics.  [Actually for beta-minus decay, the particle is an anti-neutrino, the anti-particle of the neutrino.] It took many years before detectors were built that could actually detect the neutrino, but when found, it was just as Fermi had predicted.  

Because neutrinos (and anti-neutrinos) do not interact with matter readily (in fact they pass through the earth almost as if it were not there), we just ignore it when we deal with radiation.  The only major consequence of the neutrino emission is that the energy of the beta particle does not have a definite value for each decay of a certain radioactive nucleus. The energy of the emitted beta particles can range from zero to the maximum energy of the decay (i.e., E = mc2 value where m is the mass loss in the decay of the nucleus); the neutrino takes up the remaining energy.

The process of beta decay for tritium and of other beta emitting nuclei are shown below. In each case the number of protons in the progeny is one more than the parent because the process of beta decay changes one neutron inside the nucleus to a proton and a beta particle.




   -->  

  +  ß-  +  Anti-neutrino




   -->  

  +  ß-  +  Anti-neutrino




   -->  

  +  ß- +  Anti-neutrino + gamma ray




  -->  

  +  ß-  +  Anti-neutrino + several gamma rays

Figure 6 shows the beta decay of carbon 14. The carbon-14 nucleus is unstable so at some time one of the neutrons will change into a proton and emit a beta particle and an anti-neutrino. The total energy of these two particles have exactly the energy that is lost by the decrease in mass when carbon-14 changes to nitrogen-14.
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The above four beta decays are ones that we will discuss later. Tritium is a naturally radioactive nuclide (produced by cosmic radiation). In addition,  nuclear power plants produce tritium. Cosmic radiation also produces carbon 14 so we find it in nature. Potassium-40 (40K; decaying to calcium-40) is also a naturally radioactive nuclide that is part of our bodies. Iodine-131 (131I; decaying to xenon-131) is used extensively in nuclear medicine and is produced in the nuclear fission process in nuclear power plants and nuclear weapons.

A.10. Alpha decay
Now let's consider another type of decay - alpha decay.  For this we will use radon for our example.  Radon-222 has 86 protons and 136 neutrons.  When it decays, we find that the remaining nucleus has 84 protons and 134 neutrons.  In this case we can use the conservation of charge and the conservation of nucleons (i.e., we cannot destroy neutrons and protons, but we can change them from one to another).  The remaining nucleus is missing two protons and two neutrons. These two pairs of particles come out of the decaying nucleus as a group.  We call this particle an alpha () particle and is just the nucleus of a helium-4 atom.  

After emission from a radioactive nucleus, alpha particles pick up two electrons and become helium atoms. This process is the source of the helium gas we use for many things including the inflation of balloons.  In addition to radon (Rn), other heavy elements such as uranium (U), thorium (Th), radium (Ra), polonium (Po), and some forms of radioactive lead (Pb), emit alpha particles when they decay.  

All of these elements are found in rock and soil so we will find helium in any rock and soil.  When we extract natural gas from wells we find the helium in this gas. The helium came from the alpha decay of the above elements in the rock around the gas wells. When the natural gas is extracted from the ground, the helium is separated from the natural gas.

Examples of the alpha decay of radon and of other alpha emitting nuclei are shown below. The number of protons and neutrons in the progeny are each two less than the parent because the alpha particle has two protons and two neutrons.




   -->    

  +  

   (alpha particle)




   -->    

  +  
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  -->    

  +  



   -->    

 +    +  gamma ray (for 3% of the decays)

All of the above parents are naturally occurring radionuclides.  Uranium (U) is the parent of a long chain radioactive nuclei and radium-226 (226Ra) and radon-222 (222Rn) are part of that chain.  Thorium-232 (232Th) is the parent of another long chain of radioactive nuclides. Figure 7 shows the decay of radium-226 into radon-222. 
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A.11. Gamma radiation
Figure 7 shows that along with an alpha particle, the decay of radium-226 also produces a gamma ray for 3 percent of the decays. For these 3 percent of the decays, the alpha does not take away all the energy from the E = mc2 mass-energy loss, so the remaining radon nucleus has some energy left over. It releases this energy in the form of a gamma ray.

Gamma radiation is a form of electromagnetic radiation. We know electromagnetic radiation in other forms: visible light, ultraviolet light, radar, microwaves, radio and television waves, and x-rays. Of all the electromagnetic radiation, gamma rays have the highest energy. 

A.12. Radiation intensity as a function of distance
When we turn on an incandescent light bulb, the light comes out in all directions. Except under the bottom of the bulb where the light is blocked by the base of the bulb, we can see light from the bulb from any location around it. Likewise, alpha, beta, and gamma radiation emitted by a decaying radioactive nucleus comes out in all directions. If nothing were to block the radiation, we would find radiation anywhere around the radioactive source.

A light bulb produces a certain amount of light. If you look on the package it will list that amount of light in lumens. If you are close to the bulb, say a few inches away, the light is very bright; probably bright enough to hurt your eye. But, as you move back from the bulb, the brightness decreases. If you were to move a mile or two from a bulb, you would barely be able to see it even if there were no other lights to interfere with your vision. Or, think about the brightness of stars. Many stars produce more light that our sun does, but because they are so far away, the amount of light we receive is much less than that from the sun.

If we wanted to capture all the light from a light bulb, we would enclose it with a closed surface, say a large sphere. Put a large spherical balloon around the bulb and every bit of light from the bulb will hit the balloon somewhere. No matter what size we make the balloon, all the light will hit it. But, what is the difference between a small and large balloon? The light per area (or the brightness) is less for a bigger balloon. If we divide the light emitted by the bulb (in lumens) by the area of the balloon, we would get the light intensity. Area is measured in square inches, square feet, square meters, or square of any unit of length. Therefore, the light intensity will be in terms of lumens per square feet, or per square meter, or whatever unit you want to use.

Think of radiation emitted from a radioactive source as light from a light bulb. And suppose the source is enclosed by a large balloon. The radiation per area (radiation intensity) will be measure of the number of alphas, betas, or gammas per area. And, the number per area gets smaller for larger balloons. 

Because the number per area decreases with the area, and the area depends on the square of the distance from the source, the radiation intensity decreases as the square of the distance from the source. If the source produces an intensity of 400 gamma rays per square centimeter at a distance of 10 centimeters from the source. At a distance of 20 centimeters, i.e., twice the distance, the intensity will be one-fourth of that at 10 centimeters, or, 100 gammas per square centimeter. At 40 centimeters, the intensity will be 25 gammas per square centimeter. At a distance of 5 centimeters, the intensity will be four times that at 10 centimeters, or, 1600 gammas per square centimeter.

Later we will discuss what we do to protect ourselves from radiation. One of the ways is to have a maximum distance between you and the radioactive source. You can now see why this works. Because the radiation intensity falls off as the square of the distance form the source, a small increase in distance from the source causes a large decrease in the intensity.

A.13. Half-life
You have just been assigned the job of traffic fatalities predictor: you are asked to predict the total number of traffic fatalities in the US. for next year, for next month, and tomorrow. Where would you start? Most likely, you would get information on the number of fatalities during the past several years and use those numbers to make your predictions. For example, the number of fatalities is about 39,000 per year or 3250 per month (39,000 ÷ 12) or 107 per day (39,000 ÷ 365). Of course, there will be some uncertainty in the numbers because traffic accidents fall into the random event category. 

Then you are asked to name the victims for next year, for next month and for tomorrow!  Could you do this? Most likely not. You might be able to predict those with a better chance of becoming a fatality (those who drink alcohol and drive, those who do not wear seat belts, those who drive too fast, etc.) but because traffic accidents are random events, trying to predict the actual persons who will die is impossible.

Now you decide to change jobs: you will be the predictor of radioactive nuclei decays.  You are presented with a billion tritium atoms and are asked to predict the number that will decay during the next year, the next month, tomorrow, and the next minute. Where would you start? Again, you would look to past experience; you would find someone who has measured the decay rates of tritium and use that information. 

Based on past experience you would predict that 107 would decay during the next minute, 154,000 during the next day, 4,710,000 during the next month, and 54,800,000 during the next year.  Upon measurement you would probably find that your predictions were close although not exact.  Because of uncertainties, the number per minute would most likely be somewhere between 95 and 130, the number per day between 153,500 and 154,500, and the number per month between 4,705,000 and 4,715,000.  

Could you predict the exact nuclei that would decay in these times (assuming that you could see each one)?  The time when any radioactive nucleus decays is totally random. Just as you are not able to predict the names of traffic victims you cannot predict the particular radioactive nuclei that would decay at a given time. But, as with traffic deaths, you can predict, with reasonably accuracy, the number of decays per year, per month, etc.   

Now consider the statistics on traffic fatalities when we start a new year.  If a person survives one year of vehicle travel, does that make the probability of death in the next year any more likely?  The answer is no - each year starts over with the same probability as the previous year.  And, the statistics are the same for radioactive nuclei - if a tritium atom does not decay during the first year, then the probability of decay will be the same for the second year.  

What does this do to the rate of decay as time passes?  For tritium, the probability of decay is 0.000154 per day which is why we predict that 154,000 of our billion tritium atoms will decay in that day. We get this number by multiplying the probability of decay (0.000154) by the number of nuclei that can decay (1,000,000,000).  

However, after that first day, only 999,846,000 (1,000,000,000 minus the 154,000 that decayed) are present so during the second day 153,976 (= 0.000154 X 999,846,000) will decay leaving 999,692,024. The next day 153,952 will decay.  We could go on day-by-day with this process, but you should see that, although the probability of decay remains constant, with each passing day there are fewer decaying because the number present is decreasing.  As we continue this process we will find that it will take many years for all the nuclei to decay; in theory it will take nearly 400 years for the last one of our billion tritium atoms to decay.  

We really would like to have some measure of the time a radioactive material will exist.  However, as seen by the tritium example, we cannot predict the exact time for any one nucleus to decay so we cannot define a "lifetime" for radioactive nuclei.  What can we use to measure how long a radioactive sample will exist?  

If we extend the daily predictions we started above we would find that after 12.3 years half of the billion tritium atoms have decayed with the other half still un-decayed.  Remember that the probability of decay for the remaining half is still the same so in another 12.3 years half of that half will decay, so after 24.6 years one-quarter remain.  We continue this process, half at a time, until we get to the last remaining atom at which time it decays whenever it wants.
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We therefore can use the time for half of the sample to decay as a measure of the time a radioactive sample will exist.  This time is called the half-life.  Radioactive nuclei can have half-lives from billionths of a second to billions of years.  Tritium has a half-life of 12.3 years, Uranium-238 has a half-life of 4.5 billion years, Radon-222 has a half-life of 3.8 days, and polonium-214 (the fourth progeny of radon-222) has a half-life of 167 millionths of a second.

A plot of the fraction of nuclei remaining as a function of the number of half-lives is shown in figure 8. For this example we start with 1000 nuclei.  At five half-lives the number of nuclei decrease to about 3% of the original and at seven half-lives the number is less than 1% of the original Because the activity depends directly on the number of radioactive nuclei, Figure 8 is also a plot of the activity as a function of time.

A.14. Probabilities

When we discussed the probable number of decays we would expect in one hour, we said that there should be 107 but predicted that we would measure between 95 and 130.  Why do we not get 107 each time?  Remember that the process of radioactive decay is a random process, just as are traffic deaths.  If we use 39,000 as the number of expected traffic deaths per year, then we would expect about 107 deaths per day.  But, on any particular day that number could vary considerably depending on weather conditions, holiday traffic, etc.  We define the variation in the number of predicted events as the uncertainty and although the number of events is not exactly predictable, the uncertainty is predictable.

If we have an average of N events (traffic deaths, radioactive decays, etc.) in a certain time and took repeated measurements for the same times, we would find that 68% of the measurements would fall within N -

 and N + 
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 where 
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 is the square root of N.  In our example of traffic deaths, if we would record the number of deaths each day of the year, we would find between 97 (= 107 - 

) and 117 (= 107 + 
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)  deaths for 249 (68 percent of 365) of the days. For half of the remaining 116 days we would record fewer than 97 fatalities and for the other half of the days more than 117 fatalities.  Similarly, if we took 1000 one-minute measurements of the number of decays of our billion tritium atoms, we would find that for 680 of the measurements we would get numbers between 97 and 117.

The predictability of the uncertainty is based on something called a Normal or Gaussian Curve as shown in Figure 9.  This curve shows the number of times you would expect to get the number of decays per minute (N) from one billion tritium atoms.   Even though the average number of decays per minute is 107,  Figure 6 shows that we would expect to measure the value of 107 for less than 40 of the 1000 measurements.  The Normal Curve also predicts that in addition to the 68% of the values falling within N ± 
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, 95% will fall within N ± 2
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 and 99.7% will fall within N ± 3
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.  So, our 1000 measurements of the decay of the billion tritium atoms would give 950 values between 86 and 128 and 997 values  between 76 and 138.  Note that even though the average number of decays is 107 per minute, for 3 of the 1000 measurements we would get a number below 76 and/or above 138.
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Now suppose we are measuring background radiation.  For small radiation detectors, the average background reading is between 10 and 20 counts per minute.  Let's use 16 as an average value.  If you took 1000 one-minute counts you should get 680 counts ranging from 12 to 20, 950 counts ranging from 8 to 24, and 997 counts ranging from 4 to 28.  Therefore, even if the average background reading is 16 per minute, if you measure 26 this could be the result of some other radioactive  material or it could just be one of those random high background counts.  Obviously if you get a reading of 5, that is just a low, but predictable, random background count.

Figure 10 shows the predicted percent probability of getting any count from 5 to 30 if the average background reading is 16.  The figure shows that there is only a 10% probability of getting 16, i.e. even though the average is 16, you would expect to get readings of values other than 16 for 90% of your readings.  Appendix B has a plot of the expected probabilities for average counts of 16 and 25.  Table B-1 in Appendix B gives the percent probabilities of different counts for a variety of average values. This demonstrates the difficulty of trying to determine the presence of radioactivity if the counts from the radioactive sample is not significantly above background counts.

Note that the distribution in Figure 10 is not symmetric as it is in Figure 9. At average counts of less than 20, the normal curve is not strictly valid. Because counts of less than zero are not possible, the distribution gets skewed to the right. This is called a Poisson distribution. There is a slightly higher probability of getting counts above 16 than below.
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If you do get a high reading, how do you know if it is from a random high background reading or from some other radioactive material?  Take a series of one-minute counts and if the counts remain high, then most likely some source of radioactivity is present.  If the succeeding counts are close to the average background value, then the one high count was just a random high background reading.

Another method to check a high count is to take a longer count.  If your average background is 16 cpm then on the average a 10 minute count will give 160 counts.  However, the Norman Curve (which is now valid because the total count is more than 20) for 160 counts predicts that you would get 68% of the counts between 147 and 173, or between 14.7 and 17.3 cpm.  Taking longer counts reduces the uncertainty of the count.

A.15. Activity
Definitions
The number of decays per time is called the activity.  The units of activity are Curies (abbreviated as “Ci”) or Becquerels (abbreviated as “Bq”).  In technical journals, scientists are phasing out the Curie and phasing in the Becquerel, but the Curie is still the common unit for most other publications.  The Curie (named after Madam Curie) is defined to be the activity of one gram of Radium-226 which is 37 billion decays per second (dps)( 3.7 X 1010 dps ).  

The Becquerel is defined as 1 decay per second (1 dps), and is named for Henri Becquerel who discovered radioactivity in 1896.  Because the past literature available to the public has the old units and even the present literature is still using the old units, we will use them here. However, because the new units should start appearing in the general literature, I will also include the equivalent activity in the new units.  Activities will be given in units of Curies with the activity in Becquerels in parentheses.  For example, a 0.32 Ci source would be listed as 0.32 Ci (1.2 X 1010 Bq).

Basically a Curie is a large activity - enough to require special handling and extreme caution.  When we discuss activities generally found in the environment either naturally or from nuclear facilities, we use smaller units: milliCurie (mCi; one-thousandths of a Curie), microCurie (µCi; one-millionth of a Curie), or picoCurie (pCi; one trillionth (10-12) of a Curie).

On the opposite end of the scale, the Becquerel is such a small unit that we need to use larger prefixes to more easily describe activities. A thousand Becquerels is a kiloBecquerel (kBq), a million (106) Becquerels is a MegaBecquerel (MBq), a billion (109) Becquerels is a GigaBecquerel (GBq), and a thousand billion (1012) Becquerels is a TeraBecquerel (TBq). 

The physical size of a radioactive sample is not a good indicator of its activity. By definition, radium has an activity of one Curie (3.7 X 1010 Bq) in one gram; this gram of radium has a volume of about that of a marble. However, the activity per mass increases as the half-life decreases so radionuclides with half-lives shorter than that of radium (1600 years) will have greater activities for the same one gram mass. For example, cobalt-60 (half-life of 5 years) has an activity of 550 Curies per gram and iodine-131 (half-life of 8 days) has an activity of 125,000 Curies per gram. A Curie of I-131 could fit on the head of a pin. Generally the actual radioactive material is spread among a lot of non-radioactive material, so two similar sized objects could have vastly different activities; either one Curie or one Becquerel. To know the exact activity, you would need to use instruments to actually measure the activity.

Activities of natural and human-produced radioactivity
Soil has many radioactive materials in it: mostly uranium and its radioactive progeny, thorium and its radioactive progeny, and potassium-40. The activity found in one kilogram of soil (about one shovel full) is between 0.1 to 0.5 µCi (3,700 to 18,500 Bq; or 3.7 kBq to 18.5 kBq). The activity from potassium-40 in our body is about 0.1 µCi (3700 Bq, or 3.7 kBq), and the activity of radon-222 in homes can range from 1 to 1000 pCi (0.037 to 37 Bq) per liter of air (a liter is the volume in a cubical box about 4 inches on a side).   An ionization type smoke detector contains about 1 µCi (37 kBq) of Americium-241 (an alpha emitter) and watches with glow-in-the-dark dials have a few mCi (few MBq) of tritium.

The Nuclear Regulatory Commission and state regulatory agencies regulate the possession of radioactive material. They allow anybody to possess from 0.1 to 1000 µCi (3700 to 3.7 X 107 Bq; 3.7 kBq to 37 MBq) of radioactive material without a special license; the exact amount depends on the particular radionuclide.  Possession of most alpha emitting materials is limited to 0.1 µCi (3.7 kBq) while the possession of materials that emit very low energy beta particles only (i.e. no gamma rays; tritium and carbon-14 specifically) has the highest limit of 1000 µCi (37 MBq).  

As may be presumed from the licensing requirements, regulatory agencies do not consider the possession of activities less than about 0.1 µCi (3.7 kBq) as dangerous. Under normal conditions, even considering accidents, nobody would suffer serious harm from the possession of unlicensed quantities of radioactivity. 

As indicated by the limits for different types of particle emitters, alpha emitters are considered more dangerous than beta emitters. However, the EPA recommended “safe” level of radon in air is only 4 pCi (0.000004 µCi) per liter of air. In Becquerels, that is 150 Bq per cubic meter of air. Radon and some of its progeny emit alpha particles and the progeny can stick to the lungs. Although we breathe in only one to two liters per breath, we tend to take many breaths in our lifetime, so the activity in the lungs can get quite large. 

Smoke detectors are an interesting exception to the rules. If you wanted to purchase americium-241 by itself, you would need a license to own more than 0.1 µCi (3.7 kBq). But you can purchase a smoke detector with ten times that amount! Why? This exception is based on a benefit-risk analysis that we need to consider for any hazardous material. 

In this case regulatory agencies have deemed that the risk from the americium-241 activity is much less than the benefits derived from having these smoke detectors in houses. The lives saved because people are alerted to a fire by a smoke detector is much greater than the lives that could be lost if the americium-241 is improperly handled by citizens. If the smoke detector is handled properly (put up and left alone), it poses no hazard at all. However, if you want to dispose of the smoke detector, you should send it back to the manufacturer so the radioactive americium can be sent to a proper radioactive waste facility.

Generally activities above 1 mCi are considered dangerous although constant exposure to smaller amounts can be harmful. The actual hazard of some radioactive material depends not only on the activity, but also on such other factors as the type and energy of the particles emitted, the number and energy of gamma rays emitted, and how easily the radioactive material is taken up by the body if it is inhaled or ingested. 

For example, tritium and carbon-14 emit only low-energy beta particles and no gamma radiation. A Curie (37 GBq) of tritium sitting on a table poses no hazard at all because its beta particles cannot escape any container, and even if they did, they would be absorbed quickly by the air between the source and you.  However, a Curie of cobalt-60 (the radionuclide used in radiation therapy) is a different story. It emits two high energy gamma radiation and is not healthy to have around. Standing 1 meter away for several hours can be fatal.

A.16. Penetration of Alpha, Beta, and Gamma Radiation.

The distance that the three different types of radiation can travel through matter differ considerably.  Although each of these forms of radiation interact with the atomic electrons in the material, the basic nature and probability of interaction is different for each.

Alpha radiation:  Recall that this is a helium nucleus. Compared with other kinds of radiation ,this is a massive particle.  Because of its large mass, it travels rather slowly, generally about one-hundredth the speed of light (rather slow by radiation standards).  As the alpha particle passes through material the electrons in the atoms that make up the material are attracted to the alpha particle.  But these electrons are held in the atom by the attraction of the negative electron charge and the atom's positive nuclear charge so the alpha particle and the atomic nucleus engage in a tug-of-war for any electron close to the alpha particle's path.  

If the alpha particle wins the struggle, then the electron leaves the atom, but at a price to the alpha particle.  To pull the electron out of the atom, the alpha particle uses some of its energy so it slows down.  This would be similar to the way a coasting car slows down; the car uses energy to push the air molecules out of its way causing the car to slow down.  Because the alpha particle is moving so slowly, it has time to interact with many electrons as it passed though the material and consequently slows down quickly.  Alpha particles travel less than a millimeter in any solid or liquid and about one inch in any gas, including air.  One thickness of paper readily stops alpha particles.

Beta radiation:  When passing through matter beta particles also interact with the electrons in the material's atoms, but in this case they repel the atomic electrons as they pass through (remember beta particles are just electrons themselves).  However, beta particles travel at speeds near the speed of light so they have less time to interact with the atomic electrons as do alpha particles and consequently travel further than alpha particles.  Generally beta particles penetrate from a millimeter to almost a centimeter of material depending on the density of the material.

Gamma radiation:  Although gamma rays, which travel at the speed of light, also interact with the atomic electrons, the interaction is different (the gamma ray has no charge).  In fact the probability of a gamma ray interacting with an electron is considerably less than that for alphas and betas so gamma rays travel much further in material.  And, the interaction mechanism is such that the gamma rays are absorbed in the same manner that radioactive nuclei decay: a certain thickness of material will absorb half of the gamma radiation, another equal thickness will absorb half of the remaining half, etc.  The ability of a gamma ray to penetrate material depends on the energy of the gamma ray and on the density of the material.  To absorb half the gamma rays from most sources, it takes  about 15 meters (45 feet) of air, 10 centimeters (4 inches) of aluminum, or 2 centimeters (3/4 of an inch) of lead.

The penetration abilities of the different types of radiation will affect what you will detect with any radiation detector.  In order to detect alpha particles any alpha-emitting material would have to be located right at the face of the  detector. A detector will detect most beta particles unless there is too much material in front of the detector. Most detectors have a sensitive end or side and betas easily enter the detector through these surfaces. However, they may not enter other sides of the detector. Because gamma rays penetrate most any material used to make a detector, a detector will detect gammas from any direction.

A.17. What Makes Something Radioactive?
Most of the radioactivity that we call "natural"  was produced billions of years ago when the elements were formed in the solar system.  They have a very long half-lives so many nuclei are still present.  For example, uranium-238 has a half-life of 4.5 billion years.  The earth has been around for about 5 billion years, so a little more than half of U-238 present when the earth was formed is still present, and is still decaying.  However, there are some natural radioactive nuclei that have short half-lives and should have decayed away by now.  For example, we find tritium (H-3) in all the water on the earth yet it has a half-life of only 12.3 years. Tritium, and other short lived nuclei are produced by cosmic radiation (see Section A.19) that interacts with the gasses in the upper atmosphere.  Cosmic radiation consists of high energy charged and uncharged particles.  Most of the uncharged particles are neutrons. 

To make a nucleus radioactive, something must interact with the nucleus; interacting with the outer electrons will not make the nucleus radioactive.  The only particles that can penetrate the outer layer of negative charge of the atomic electrons are neutrons or a very high energy positively charged particles (i.e., beta particles cannot do the job).  A positively charged particle can get through the outer electrons, but is repelled by the positively charged nucleus.  The greater the charge on the nucleus, the greater the repulsion of the incoming particle.

Alpha particles are positively charged, but only the highest energy ones can touch the nuclei of the lighter atoms.  However, they do not make any nuclei radioactive.  Neutrons can easily reach the nucleus as they are not repelled by the charges of the atom.  Nuclear reactors use the fission of uranium-235 to produce energy and the process of fission produces several neutrons. These neutrons can make material around it radioactive.  For example, the steel reactor vessel slowly becomes radioactive from these neutrons.  

Gamma rays are also uncharged and can hit the nucleus.  However, the energy of typical gamma radiation is too low to change a nucleus from being stable to radioactive.  Gamma rays interact with the electrons surrounding the nucleus and not the nucleus.  Patients who receive gamma or x-ray radiation therapy for cancer do not become radioactive because the gamma radiation does not affect the nucleus; it only affects the outer electrons in the atoms in its path.  Likewise, food irradiated by gamma or x-radiation does not become radioactive.

A.18. Radon

Radon (specifically Radon-222) is a radioactive gas generated from the decay of Uranium-238.  Radon is present in the soils as the sixth progeny of Uranium-238. The first five progeny of U-238 are solids and remain in the soil emitting mostly alpha and beta radiation so they do not produce any significant radiation detectable above the ground.  However, radon, which has a half-life of 3.8 days, is a noble gas that has enough time to float out of the soil and into the air we breathe.  Being a noble gas, it does not chemically react so nothing impedes its movement through the soil or in the air; it moves around as any air molecule would.  

The decay chain of radon is shown below.

222Rn   -->   218Po
 -->    214Pb 
-->    214Bi  
-->    214Po  
-->  210Pb  -->  .....


3.8 d

3.1 m

27 m

20 m

164 µs

where Po is polonium, Pb is lead, Bi is bismuth (see Appendix A for the chemical symbols), and the half-lives are given in terms of days (d), minutes(m), and microseconds(µs; 1 µs = one millionth of a second).  Pb-210 has a half-life of 22 years and for our purposes we can ignore its existence because its activity is so small.  Each polonium emits an alpha particle during decay and the lead and bismuth emit both betas and gammas.

When the radon gas in the air decays, it decays into polonium, lead, and bismuth; these are solids which prefer to be attached to something.  After decay, the progeny nucleus has a charge (either positive after beta decay or negative after alpha decay) and this charge pulls the atom to anything it can find.  This process is much like a static charged comb attracts a piece of paper.  If there are no walls, dog fur, trees, etc. nearby, the progeny will latch onto a dust particle in the air; even what we would call "clean" air has many such particles.  When we consider the health problems of radon, it is the radon progeny on the dust particles that get stuck in our lungs that cause lung cancer.

Radon is measured in picoCuries per liter (pCi/L). Outside air contains from 0.1 to 1.0 pCi/L of radon. The EPA has set an action level of 4 pCi/L in air. Below this level you need not take any action. The health risk is minimal at this level. Houses with levels above about 20 pCi/L should have remediation to bring the level below 4 pCi/L.

Radon in surface water is low to non existent. However, water from wells can have concentrations in thousands of pCi/L. Radon in water has little affect on people drinking the water. The major problem from radon in water is that it comes out of the water when the water is exposed to the air and therefore increases the radon in the air. The general rule-of-thumb is that 10,000 pCi/L in water increases the radon in air by 1 pCi/L. At the present time, the EPA has not set a suggested level for remediation of radon in water.

A.19.  Cosmic Radiation
Cosmic radiation is one of the major contributors to background radiation. Most of cosmic radiation is made of uncharged and charged particles that originate in outer space and in the sun. for example, some of the uncharged particles are neutrons and some of the charged particles are protons.

The atmosphere shields us from most of the cosmic radiation that comes toward the earth. However, a significant part does penetrate the atmosphere and is a major contributor to our background dose. Trying to measure cosmic radiation on the surface of the earth is difficult because of all the other sources of radiation from the ground, air, building materials, etc. The only way to measure cosmic radiation is to remove ourselves from the surface of the earth.

Cosmic radiation increases with altitude. The higher the altitude, the less air above you to shield the cosmic radiation. In fact the dose per altitude is nearly a linear function. 

In addition to the atmosphere, the earth's magnetic field shields us from cosmic radiation. The magnet in the earth has a south magnetic pole at the north geographic pole and a north magnetic pole at the south geographic pole. If you have ever observed iron filings around a magnet, you would have seen that the magnetic field lines come out of the north magnetic pole and circle around to the south pole. 

A charged particle encountering a magnetic field will be deflected if the particle is moving perpendicular to a magnetic field. However, it will not be deflected if the charged particle is traveling parallel to the magnetic field.

A charged particle moving directly toward the equator will encounter the earth's magnetic field. The direction of motion of the particle is perpendicular to the field so the particle deflects from it's straight path and spirals around the field until it interacts with some air which absorbs it. 

However, a charged particle moving directly toward the north or south pole will encounter a magnetic field that is nearly in a direction parallel to the direction of motion. This particle will not deflect and passes directly into the atmosphere. A significant number of these particles get through the atmosphere and strike the surface of the earth. Between the north pole and equator, the cosmic radiation getting to the surface varies from a maximum at the pole to a minimum at the equator. The cosmic radiation dose at 50° latitude is about twice that at 25° latitude.

A.20  Interaction of radiation with atoms
Alpha and beta radiation are charged particles. Because a charged particles experience a force when close to another charged particle (like charges repel, opposite attract), alpha and beta particles feel a force when close to an electron or the nucleus of an atom. Because the nucleus is surrounded by electrons, the most likely interaction is with the electrons rather than the nucleus. 

Atomic electrons are held in the atom by the attractive force between the nucleus and that electron. When a beta particle approaches an atomic electron, they repel each other and most likely the force between the beta and the atomic electron is greater than the force between the nucleus and the atomic electron. As a result, the beta particle knocks the atomic electron out of the atom leaving the atom with a net positive charge. The released (negative) electron and the remaining (positive) atom are called an ion pair (a free charge is just an ion).

Alpha and gamma radiation produce similar results. In the case of alpha particles the force between the alpha and the atomic electron is attractive so the alpha pulls the electron from the atom leaving an ion pair. Gamma rays are electromagnetic radiation that has no charge. However, a gamma ray can interact with an electron and similarly knock the atomic electron out of the atom thus producing an ion pair.

To knock the atomic electron from the atom, the alpha, beta, or gamma radiation must exert a greater force on the atomic electron than the force holding it in the atom. Or, the radiation must have an energy that is greater than the energy holding the atomic electron in the atom. All forms of radiation coming from the nucleus have enough energy to ionize atoms.

Other forms of electromagnetic radiation include light (ultraviolet, visible, and infrared), radar, radio and TV, and waves generated by electrical power lines. The difference between these kinds of radiation is the frequency; gamma radiation has a high frequency (in the order of 1020 cycles per second (cps) or Hertz (Hz); 100 billion billion Hz) while radiation from electrical power lines is 60 Hz. Because the energy of electromagnetic radiation depends directly on the frequency, gamma radiation has much more energy than radiation from electrical power lines.

The order of energy of electromagnetic radiation, from high to low, is: gamma, x-rays, ultraviolet, visible light, infrared, microwaves, TV/FM, AM, 60 Hz. To ionize an atom, the energy of radiation interacting with an atom must be greater than the energy holding the atomic electron. Therefore, only the highest energy electromagnetic radiation can ionize atoms: gamma radiation, x-radiation, and ultraviolet. Visible light, and electromagnetic radiation with less energy, cannot ionize atoms.

The two major consequences depend on the ability of radiation to ionize atoms. First, radiation detectors that use ionization to detect alpha, beta, and gamma radiation cannot detect low energy electromagnetic radiation. Because the detector described later in the experimental section uses ionization, they cannot detect such radiation as microwaves or cell phone waves.

The second consequence is that to initiate cancer, radiation must ionize atoms in living tissue. Therefore, gamma radiation and x-radiation can initiate cancer within a person's body because they can penetrate into the body and ionize atoms inside. Ultraviolet radiation cannot penetrate the skin, but it is capable of initiating cancer on the skin. Visible light, microwaves, and cell phone radiation does not have enough energy to ionize atoms so they cannot initiate cancer.

Most of the following activities are based on the use of a digital radiation meter. Because the radiation detected by any radiation meter is going to be small, in most cases analog meters do not have the sensitivity of measurement offered by a digital meter. Therefore these activities are written for a digital system which can be a Radalert detector which has a one-minute repeating count mode and a total count mode, a Civil Defense (CD) meter connected to a computer (however, see note below), or any another monitor with a computer. In many cases, a Radalert (or any other meter) connected to a computer with counting software will make data taking easier. Where appropriate, instructions are also provided for an analog meter. Note that the CD probe has a tube that rotates an opening over and away from the actual detector inside. When the tube is exposed, the "beta window" is open and when the tube is covered, the "beta window" is closed.

The activities below are designed to be applicable for all grade levels. However, some parts of the procedures and analyses are applicable to certain levels. For example, elementary levels may want to only observe the results from some activities while higher grades can do varying levels of analyses. You are encouraged to use whatever part of the activities that fit into your educational plans.

Before proceeding with the following exercises, you should have read sections A.1 through A.11. These sections discuss the basics of radioactivity which are necessary to understanding the terminology to be used here. Each exercise will then require further reading in one or two other sections.

NOTE: at the time of this writing the author has discovered that the CD probe, when used as a digital meter, does not give the expected normal or Gaussian curve. The curve visually looks like the Gaussian, but the standard deviation is between 1.5 and 3 times 
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 of the average value. (See section A.14.) Therefore do not expect to find 68% of the values within N ± 
 EMBED Word.Picture.8  

.  Also, when doing experiments where the counts are changing (half-life, distance, or absorption) be aware that the counts may fluctuate more than normal, but if you have enough data your final results should be fine.

B.1.  What a radiation meter can and cannot detect
B.1.1.  Material needed

1 digital counting system (or any meter with counting software), or


1 CD analog meter


1 TV or computer monitor


1 cell phone


1 microwave oven


Other devices that are suspected of emitting radiation


1 lantern mantle


1 beta and/or gamma source


1 alpha source (optional)


1 H-3 beta source (optional)

B.1.2.  Introduction  

The term "radiation" refers many types of radiation. The detectors described for use in these exercises detect ionizing radiation; alpha, beta, gamma, and x-radiation. They cannot detect any other electromagnetic radiation except gamma and x-radiation. 

In addition, some detectors cannot detect alpha radiation or some low energy beta radiation. Alpha radiation is readily absorbed by a piece of paper so any detector with a thick cover stops the alpha particles before they reach the gas inside and therefore cannot be detected. Radalert detectors (and similar detectors) have a "thin window" covering the gas inside the tube. This covering is thin enough to allow alpha particles and low energy beta particles (such as those from H-3). Generally this detector has a screen covering the "window" so sharp objects, or even fingers, do not break the window. A CD meter has a metal tube that contains the gas and this tube is too thick for alphas and low energy betas to penetrate.

B.1.3.  Reading preparation  

Read section A.20. before doing this activity

B.1.4.  Procedure  

First, place your detector near a beta or gamma source Observe that the meter registers. If you have a CD meter, the check source on the side is fine; in this case, you can also watch the meter response with the cover over or not over the detector tube. The cover absorbs the beta radiation so with the cover in place, you will detect only gamma radiation.

If you have an alpha or a tritium (H-3) source try measuring the activity from that. For a Radalert detector, place the end of detector (with the screen) directly on the source to get the detector as close to the source as possible. If you don't have a pure alpha source, you can measure the alpha activity from a lantern mantle. Remove a mantle from the package and place the Radalert detector on end so the window is on the bare mantle. Count for one minute. Then slightly raise the detector and slip a piece of paper under the detector, put the detector back on top of the mantle, and count for one minute. The difference is a combination of the alpha activity and low energy beta particles absprbed by the paper.

For a CD meter, have the cover rotated so it does not cover the detector tube and try the same procedure above.

Now that you have determined what you can detect, try to detect other forms of radiation. Place your detector near a TV screen (or computer monitor) to determine if the meter responds. Repeat for other devices. For a microwave oven, DO NOT PUT THE METER INSIDE THE OVEN. With some water in the microwave oven, turn it on and try to measure any radiation around the door that may leak out of the oven. To measure radiation from an AC cord, just put the detector near a cord to an appliance that is operating. Note; a detector may detect some activity from a TV or momitor screen that has been on for along time. This activity may be from radon progeny (see Activity B.13)

B.1.5.  Analysis  

Record what your observed. Can your detector detect beta and gamma radiation? alpha radiation? Did the meter respond to any other forms of radiation?

B.2.  Observation of natural background radiation
B.2.1.  Material needed

1 digital counting system

B.2.2.  Introduction
Radioactivity is everywhere, in soil, air, water, and even our bodies. In addition, cosmic radiation from the sun and from outer space hits the earth. As a consequence, radiation is everywhere. This radiation is called background radiation. The amount of background radiation a radiation meter records depends on the type of meter (small or large detection tube; kind of tube) and where the meter is located (inside a house, near some soil or rock with high radioactivity, in an airplane at high altitudes).  

When doing experiments with radioactive material, we want to count only radiation from the material under study. However, because we cannot escape background radiation, any meter will count background along with the radiation from the material under study. To account for the background radiation, we just count it once and then we can subtract it from any reading we get with the radioactive material under study. This exercise is just to acquaint you with background radiation.

B.2.3.  Reading preparation
No reading needed.

B.2.4.  Procedure
Place the radiation meter on a table away from any know radioactive material. For a Radalert meter, set the meter to "Counts per Minute" and record the values for ten minutes; for a CD or other meter and computer system, set the time to record 10 one-minute counts. This will give 10 values.

(Optional) Because the counts will be low, the number can vary significantly from count to count. (See exercise B.5.) It is better to take a long count (30 minutes to 60 minutes, or even 24 hours) and find the average count per minute (cpm). You can get these data by starting the Radalert meter before class and noting the time. Or, turn it on at the end of the day and record the time and count when you come in the next day.

(Optional) If you have the detector interfaced with a computer, set the program to take repeated one-minute counts for several hours or even days. 

B.2.5.  Analysis
There is no real analysis except to determine the average of the ten one-minute counts. If someone takes a longer count, compare your cpm to the cpm of that long count. You will see that the cpms do not always agree, but that is the nature of random events.

(Optional) If you have computer generated data, have the program plot the frequency of count vs. the count. This should give a curve similar in shape to that shown in Section A, Figures 9 or10. From the data, determine the average.

B.3.  Decrease of radiation intensity with distance.
B.3.1.  Material needed:

1 digital counting system or analog radiation detector


1 gamma source, 1 to 10 µCi



(Cs-137*, Co-60, radium, or another gamma-emitting source),


OR: 2 packages of (2) radioactive gas lantern mantles**


1 piece of aluminum  1/8" thick


1 meterstick or ruler marked in centimeters


1 wooden stand as described in section B.7. (optional)

*If you have a Cs-137 isogenerator for activity B.4., you can use that.

**See materials section to be sure you get radioactive mantles.

B.3.2.  Introduction
A small Cs-137, Co-60 or radium are the ideal sources for this experiment. If such a source is not available, then you can use the lantern mantles as an option. However, they will not give high counts so the accuracy is limited. Generally the counts from mantles are not high enough to give good readings on an analog CD meter. They are adequate if you just want to demonstrate the decreasing intensity without concern for data good enough to show the inverse square property.

Any gamma source available commercially also emits beta radiation. Both Cs-137 and Co-60 emit beta radiation. Radium emits both alpha and beta radiation as well as gamma radiation. The gas lantern mantle contains thorium which is naturally radioactive and decays by alpha decay. However, its progeny and the following several progeny are also radioactive. These progeny emit all three kinds of radiations: alpha, beta, and gamma. 

However, for this experiment we want to detect only gamma rays. To do this we need to absorb the alpha and beta radiation before they get to the detector. Alphas are easy to absorb. The plastic cover over the mantles will do the job as well as the source holder for radium.

Beta radiation is harder to stop (as exercise B.7. will demonstrate) so we need to use an absorber to stop the beta radiation. For the mantles, Cs-137, Co-60, or radium, 1 piece of aluminum one-eighth of an inch thick will do the job. Or, a piece of 1" wood board (actually 3/4" thick) will stop the beta radiation. If the source is in a glass container, that glass is enough to stop the beta radiation.

Therefore, for a mantle or any source that is not in a glass bottle, place a 1/8" thick piece of aluminum or a 3/4" thick piece of wood in front of the source (i.e., between the source and the detector).

B.3.3.  Reading preparation
Read section A.12. before doing this activity.

B.3.4.  Procedure
1. Place the source, detector, and ruler as shown in the Figure B-1 below. The Radalert detector will be "on its side" and the CD meter probe should be placed as shown. To partially correct for the fact that the detector is not a "point" detector, measure the distance from the source to the back of the detector tube as shown in figure B-1.

If you use mantles, keep the mantles in their packages and roll them into a tight ball. Use tape to hold them in this shape. This will approximate a "point" source. Place the end of the meterstick at the center of the wadded mantles. Mantles work with a digital system, but the response of an analog meter is too small.

2. Place the end of the detector so the back of the tube is 5 cm. from the center of the gamma source.

3. Turn on the detector for a one-minute count, or set the radiation counting software to count for one minute. Record the count at the end of one minute. For a CD analog meter, just record the cpm at each location.

4. Move the detector back so the back of the tube is at 10 cm. Count for one minute (or observe the analog reading) and record the value. 

5. Repeat for distances of 15, 20, and 25 cm.  (The last one, and maybe the last two distances may give counts close to background, so they may not be very accurate.)
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Note: If the count for one minute becomes too small (less than about 50), then you should count for longer times. If you count for 3 minutes, set the detector to "Total Count" and use a watch with a second hand and record the count after the three minutes. (Be careful to read the number as it counts; do not switch to "off" or "Counts per Minute" because that will erase the number on the display.) Divide the count by the number of minutes (in this example, 3) to get a value in counts per minute (cpm). Or, if you have a computer system, set the time for three minutes.

6. Remove the mantles (at least 2 meters away) and count background for 5 minutes (see "Note"  in part 5. above). Divide the total count by 5 to get the cpm.

B.3.5.  Analysis
1. Subtract the background cpm from the cpm at each distance. This will give you the counts that came from the gamma source only. 

2a. Observation only:  note how the counts decrease with distance. The net count at 10 cm. should be about one-fourth that of the count at 5 cm. The count at 15 cm. should be about 11 percent of the count at 5 cm. The count at 20 cm. should be about 6 percent of the count at 5 cm. You can demonstrate how rapidly the radiation falls off with distance.

2b. Graphical analysis:   Plot the net counts as a function of distance. It should give a curve that is close to an inverse r-squared curve. Then plot the net count vs. 1/r2. A straight line will verify that the radiation decreases with the square of the distance.

B.4. Half-life
B.4.1.  Material needed:

1 digital counting system, or


1 analog meter


1 stopwatch or watch with second hand


1 (or more) bags of M&M candies, or


1 set of several hundred dice, or


1 random number generator, or


1 phone book


1 Cs-Ba isogenerator

B.4.3.2  Introduction
A radioactive nucleus has a certain probability of decay per time and once a radioactive nucleus decays, it is gone. As an introduction ot the decay process we can use any system that has a given probabiltiy of decay per time. For example, lets consider six-sided dice. The probability of getting one number, say a "2," on one roll is one-sixth. If we roll many dice, then we would expect that one-sixth would come up as a "2." If we remove the "decayed 2's" and roll the remaining dice, then one-sixth of those remaining dice should also come up as "2's." Repearing this process gives the exponential curve shown in Section A, Figure 8. Other systems that give different probabilties of decay are M&M candies (one-half) or random numbers from one to ten (one-tenth). You can generate random numbers from a computer program or recording the last digit in phone numbers in a phone book.

To observe the half-life of some actual radioactive material within a time frame of about an hour, we will need to have a source with a half-life of a few minutes. Most naturally found radioactive materials have half-lives too long to measure by waiting for a sample to decay. Potassium-40 is easy to obtain, but it has a half-life of 13 billion years. This is slightly longer than what most class periods feel like, so we need to find something with a shorter half-life. By the nature of half-life, no material with a short half life that was produced when the earth was formed 5 billion years ago exists today. Cosmic radiation produces some radioactivity, but only those with half-lives of months to years make it from the upper atmosphere to the ground. To do a half-life we must produce some radioactive material in the laboratory.

Some industries produce radioactive material and ship it to customers. But, again, that shipping takes a minimum of one day, so any radioactive material with a half-life of less than about 10 hours decays significantly before reaching its destination. However, we can purchase certain long-lived radioactive materials that decay into a radioactive progeny that has a short half-life. For example, cesium-137 has a half-life of 30 years. It decays into barium-137 which has a half-life of 2.55 minutes. Using a special apparatus, we can flush out the barium without disturbing the  cesium. This "milking" process is used in hospitals every day to generate a special radioactive material, technetium-99, that is used for many nuclear medicine studies.

B.4.3.  Reading preparation
Read section A.13. before doing this activity.

B.4.4.1.   Procedure for demonstration
Dice:
1. Divide up several hundred (more than 500 at least) dice among the class; each student or group of students should have about 50 to 100 dice.

2. Have each group shake the dice and roll them onto the table.  Count and remove the "2's".  Record the number of "2's" removed, and then shake and roll (no rattle necessary) the remaining dice, recording and removing the "2's" again.  Repeat until only a few dice remain.  

3. Tally the numbers for each group, making a table of "decayed dice" for each group for each roll (first, second, etc.). Either on the black(white)board or on a spreadsheet, make a table of the results and find the total number of "decayed 2's" (i.e., the "activity") and plot the sum as a function of the number of rolls. Also record and plot the total number of "un-decayed dice" after each roll. Observe the shape of the curves. Then determine when (i.e., how many rolls) the "activity," or the number of "un-decayed dice," reaches half the original activity. This is the "half-life" of the dice. Also, determine when the "activity" reaches one-fourth the original activity; this should be twice the "half-life."

M&M's:
Repeat the above for M&M's but remove (and eat!) the ones that have the M&M symbol facing up. In this case, the "half-life" should be one roll.

Random numbers:
Repeat the above process for dice using random numbers. Generate 500 to 1000 random numbers  (from one to ten) on a computer or open a phone book and use the last digit of 500 to 1000 phone numbers. Count the number of "2's" and say that those have "decayed." Subtract the number of '2's" from the intital number of random numbers and generate another set of random numbers for this value. For example, if you started with 1000 random numbers and 106 of those were "2's,' then generate another set of 894 (1000 - 106) of random numbers and count the number of "2's" and "remove" them. Repeat until the total number is about 50.

B.4.4.2.   Procedure for actual measurement
1. Place the detector on a table. Be prepared to place the radioactive barium-137 in front of the detector tube as soon as it is ready. If you need a special holder to place the source, then have that ready. For this exercise you will be counting gamma rays because anything that you have to hold the liquid source will be thick enough to absorb all the beta radiation. Therefore, the holder material is not important. However, it should be thin so the source can rest near the detector tube.

Digital:
2a. For a Radalert detector, set the mode for cpm and when the source is ready, turn on the detector. Record the cpm values for seven minutes.

Because the half-life is short, yu may want to obtain better data by taking more counts than just one per minute. To do this, follow procedures 2a and 3a below, or, (optional) if you have the detector connected to a computer, do procedures 2b and 3b,

2b. When the barium-137 source is prepared, place it in front of the detector tube. Turn the detector to "Total Count" and simultaneously start the stopwatch or note the time (seconds) on a watch. One experimenter should watch the count and a second the time.

3b. The timer will call out every 20 seconds and the count watcher should call out the count at that time. Record the count every 20 seconds for about 6 to 7 minutes.

2c. On the counting program, set the time per count to 20 seconds and the run time to 7 minutes

3c. When the barium-137 source is prepared, place it in front of the detector tube. Start the program so it will count for 7 minutes.

Analog:
1. Follow procedure 1 above. You may need a few drops of the source to get the activity high enough so the meter needle does not fluctuate too much. 

2. Follow procedures 2a and 3a (note: an analog meter does not have a "Total Count" mode.) except record the cpm at each 20 second interval.  An analog meter can cause problems because the count rate fluctuates. You can follow one of two procedures. First, as the needle fluctuates, record some estimated average value, averaged over a few seconds prior to the record time. Or, second, look closely at the needle and at the record time, use the cpm value at that specific time. The seond method may generate a curve that "bounces around" more than the first, but because everything is random you should still get a decent graph. You may need to switch scales when the cpm get to the low end of the meter; note this change of scale.

B.4.5.  Analysis
Observation:
Divide the first count by two. Find the time at which a succeeding count reaches this value: that should be about one half-life (2.5 minutes). If the numbers are high enough, also find the time at which the count is one-fourth of the initial; this should be at two half-lives (about 5 minutes).

Graphical analysis: 

Do analyses 1, 2, 3, and 4. Analysis 2a requires the use of exponentials which are covered in a calculus course. The decay of radioactive nuclei follow an exponential curve, so we can use it to do this analysis. This analysis is more easily done with a computer plotting program. If you use graph paper, you can use linear graph paper although semi-log graph paper is better.

1a. If you use a Radalert on the cpm mode (procedure 2a), subtract background (in cpm) from each value.

1b. If you used a running time (procedure 2b and 3b), subtract subsequent counts from each other (i.e., the second from the first, the third from the second, etc.,) to get the counts in each 20 second interval. Using the background data from exercise B.2., calculate the background for 20 seconds (one-third of a minute). Subtract that value from each of the 20-second counts. Call these the corrected counts

1c. If you used counting software, subtract background (20 seconds) from each value.

2. Plot the corrected counts on a graph with counts vs. time. The first point should be at t = 0. The next at t = 1 minute, then t = 2 minutes, etc. (for Radalert in cpm mode), or t = 20 s., then 40 s., etc., in the running time mode or with a counting program.  Draw a smooth line through the points. This is the decay curve.

3. Divide the initial count by 2 and then by 4. Mark these values on the y-axis and starting with each value, draw a horizontal line until it intersects the decay curve. 

4. At the point where the horizontal line intersects with the decay curve, draw a vertical line down to the x-axis. Mark the value of the time at which this line intersects the axis. (See figure 8 in section A.) The first line should give one half-life and the second line a value that is twice the half-life. Compare these values with 2.55 minutes which is the accepted value for the half-life of barium-137.

Optional for advanced analysis
5a. (For semi-log graph paper) Plot the corrected counts values vs. time. You need to be careful about plotting values on the log scale; the scale is not linear. This should give a curve that is close to a straight line. With a ruler, draw a straight line that is the best fit to the data. The line may not intersect the y-axis at the first point. If not, then determine the intersection point. Calculate half and one-fourth of the value of the intersection point. Mark these value on the y-axis and draw a horizontal line to straight line you drew through the data points. Then follow procedure 4 above.

5b. (For linear graph paper) You can get the same graph as that for semilog paper if you calculate the natural log (ln) of each corrected count and plot that as a function of time. This should give a curve that is close to a straight line. With a ruler, draw a straight line that is the best fit to the data. To find the value that is half the starting count, find the intersection of the line with the y-axis. Take the anti-ln of this value to get the count. Divide this count by 2 and then by 4 and take the ln of these values. Mark these values on the y-axis and draw horizontal lines from these points to the straight line fit to the data points. Then follow procedure 4 above. [Note: to eliminate taking lns and anti-lns, you can just subtract .693 (= ln2) from the ln of the y-axis intersection of the fit to the data. This will give the ln of half the initial count. For the one-quarter value, subtract 1.386 (= ln4).]

5c. (For computer plotting program) Calculate the natural log (ln) of the corrected counts. Plot these values as a function of time for each count. Have the program find a linear fit to the data and calculate the slope of the line. This slope is the probability of decay (with a symbol  (lambda)). The half-life is 0.693 divided by . [The curve is given by the equation 

 where A is the activity and Ao is the initial activity and  is the probability of decay. The relation between the half-life 

 and  is  
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= ln2/ ; ln2 = 0.693.]

B.5.  Statistics
B.5.1.  Material needed

1 digital counting system


1 radioactive gas lantern mantle

B.5.2.  Introduction
The decay of a radioactive nucleus is a random process. In addition, the direction the radiation comes out of the radioactive material and the number stopped in the detector are random processes. This means that the number of counts we detect with the detector is totally random. Even with the exact same counting condition, we will not get the same value every time. However, the distribution is predictable. We will investigate the probability curve using counts from background radiation and from a radioactive source.

B.5.3.  Reading preparation
Read section A.14. and Appendix B prior to doing this activity.

B.5.4.  Procedure
This exercise requires over 100 one-minute counts so this will take some time if only one detector is available. However, this is an important exercise for the next activity when we will try to determine if something is radioactive.

1. Take 100 one-minute counts. Using Radalerts, this can be done by volunteers taking 20 to 30 readings over several parts of the day. Or, if you have a computer system, have it record the 100 counts on its own. Or, better, have it collect data over night and get about 1000 counts.

2. Repeat procedure 1 above but have a lantern mantle in front of the detector. 

B.5.5  Analysis
1. Find the average of the counts. If you use a computer program, it should give the average as part of the information provided. Find the square root of this number. This is called the standard deviation and has a symbol .

2. Plot the number of times you recorded a certain number of counts as a function of the number of counts. See figures 9 or 10 in section A.14. The curve should look something like these figures, but not exactly the same. You would need millions of data points to get a nice smooth curve like those. 

[Note: if the average of your counts is less than 20, you should not get a perfect normal curve. You should get something that is called a Poisson distribution. This is similar to a normal curve, but it has more values above  than below the average. Figure 10 in section A.14. and Figure B-1 in Appendix B are Poisson distributions.]

3. Count the number of time you got values between the average minus  and the average plus . This should be about 68 percent of the total number of counts. You can also check the 90 and 95 percent intervals by counting the number of time you got counts between Ave. ± 1.645  and Ave. ± 1.96  respectively.

B.6.  Determining what is radioactive
B.6.1.  Material needed

1 radiation detector (digital or analog, but digital works better)


Assortment of materials, some with detectable radioactivity


   Possible radioactive materials:  lantern mantle; no-salt salt 


   (Potassium-Chloride; KCl) in large container or in single serving 


   packets; fertilizer high in potassium (potash); rocks with 


   appreciable concentrations of uranium, thorium, or potassium; 


   pitchblende ore (uranium); monazite sand (thorium); Fiestaware 


   dinner ware; thoriated tungsten welding rods; old electron tubes 


   containing Cs-137 or Ra-226; old watch dials containing radium; 


   old military dials containing radium; any purchased radioactive 


   source.


  Similar non-radioactive materials:  non-radioactive lantern mantle; 


   regular salt (NaCl); fertilizer low in potassium; local rocks; local soils; 


   orange dinner ware; regular welding rods; new watches that glow in 


   the dark; military dials that do not contain radium

B.6.2.  Introduction
Several consumer products that we use every day are radioactive. The most common ones are smoke detectors and watches that have hands that glow in the dark. Most new smoke detectors contain 1 µCi of americium-241. This radioactive element emits alpha radiation plus a some very low energy gamma radiation. This radioactivity is not detectable outside the smoke detector. The only way to detect this radioactivity would be to remove the source WHICH YOU SHOULD NOT DO!!

New watch dials that glow in the dark use tritium (hydrogen-3) to produce the glow. The beta radiation that comes from the tritium does not have enough energy to pass through the crystal cover so it is not detectable. However, older watches (manufactured prior to about 1970) may contain radium. Radium has a half-life of 1600 years so it does not decay rapidly and it does emit several gamma rays that are easily detected outside the watch. Likewise, many dials on old airplane and ship instruments contain radium to make them glow in the dark. 

Most potassium is potassium-39 which is stable. However, 0.012 percent of potassium is potassium-40 (K-40) which is radioactive. It has a half-life of 1.3 billion years so it will be around for a long time. It emits both beta and gamma radiation. Any product that contains high concentrations of potassium will have detectable radioactivity. Other then pure potassium, the most concentrated form of potassium is potassium chloride. This is available as a sodium free salt for people who are on low sodium diets. This is known as no-salt salt. To get some feel for how much radioactivity is inside the human body, an adult has about 140 grams of potassium. This is contained in 270 grams of KCl (about 9.5 ounces of no-salt). Other products with high potassium concentrations are fertilizers containing lots of potash.

Some consumer products use uranium, mostly in glazes for ceramics. Uranium produces a red-orange color. Fiestaware dinner ware, made many years ago, is still available in antique stores and flea markets. Another form of uranium that produces detectable radiation is pitchblende. This is the ore high enough in uranium to use, with lots of processing, in the manufacture of nuclear power plant fuel rods.

A more widely used radioactive element is thorium. Thorium gives gas lantern mantles the white color when burned. However, many new mantles use yttrium, which is not radioactive, rather than thorium. Certain welding rods contain enough thorium to produce detectable levels of radiation. Several places in the world have monazite sands that have a high concentration of thorium.

Some old vacuum tubes contain microcurie amounts of Cs-137, Co-60, and radium. These emit radiation readily detected by a small radiation detector.

B.6.3. Reading preparation
Read section A.15. prior to doing this activity.

B.6.4. Procedure
The various radioactive and non-radioactive materials should be spread around the room. With the detector, investigate which ones are radioactive and which ones not (or at least not detectable). Place one sample in front of the detector tube and take a one-minute count. If the number of counts after one minute is significantly above background levels, then that sample is radioactive. With a CD analog meter, just record the cpm. However, in many cases the activity is small and barely distinguishable above background.

Some radioactive materials have radiation levels that are close to background. Therefore to be sure that something is (or is not) radioactive, any sample that gives a reading near background needs to be counted for two or three minutes. Divide the count by the time (in minutes) to get the counts per minute. If the cpm is more than about 30 percent higher than background, then the sample probably has enough radioactive material to be detectable.

B.6.5.  Analysis
The only analysis for this activity is to list which samples you found to be radioactive.

B.7.  Absorption of radiation
B.7.1.  Materials needed

1 digital or analog radiation detection system


1 package of 2 radioactive lantern mantles


1 pure alpha emitter (Po-210) (optional)


1 pure beta emitter (Sr-90 or Tl-204) (optional)


1 gamma source (Cs-137 or Co-60) (optional)


25 pieces of cardboard (from the back of pads of paper) about 2" square


8 pieces of aluminum 1/32" thick about 2" square


5 pieces of steel, 1/2" thick, about 2" square, OR


5 pieces of lead, 1/4" thick, about 2" square (if available)


1 wooden stand (optional, but recommended)


1 scale able to read 0.1 grams (for analysis only)


1 meterstick or metric ruler (for analysis only)


1 vernier calipers or micrometer (for analysis only)

B.7.2.  Introduction
The three different kinds of radiation, alpha, beta, and gamma, have greatly different penetration abilities. A single piece of paper, less than two inches of air, or the dead layer of skin on a person's body stop all alpha radiation. Beta radiation can pass through a small notebook or several feet of air. Gamma radiation, however, requires about two feet of paper (a good part of a set of encyclopedias) to stop 99 percent of the radiation. Generally lead is used as an absorber of gamma radiation; about two inches of lead stops 99 percent of the gamma radiation.

As seen above, the distance radiation travels in matter depends not only on the type of radiation but also on the material. In addition, the energy of the radiation determines the distance of travel, especially for alpha and beta radiation. To specify the absorption of radiation, it appears that we need to make lots of charts and graphs for each different material. However, we will see that there is some consistency among materials for a give type and energy of radiation.

All radiations actually interact with electrons in the material, so the number of electrons in the absorber is the key to how well a certain material absorbs radiation. When radiation passes through some material, the number of electrons it sees depends on the density of the material; more dense material, such as lead, has more electrons per volume than less dense material such as aluminum or water. A piece of material of a certain thickness will have a certain number of electrons per area; the more electrons per area, the better the absorber. Or, the greater the mass per area, the better the absorber.

We call this mass per area the areal density (note that is areal (for area), not arial) and it has units of grams per square centimeter (g/cm2), or milligrams per square centimeter (mg/cm2). The convenient aspect of this unit is that it is nearly independent of the actual material. One g/cm2 of aluminum will absorbs nearly the same amount of gamma radiation as one g/cm2 of lead or steel or water.  One g/cm2 will absorb most beta radiation; in the form of water the absorber must be 1 cm (10 millimeters; mm) thick, in the form of aluminum, the absorber must be 4 mm thick, or in the form of lead, the absorber must be nearly one mm thick. Each of these have about the same areal density.

In this activity we will examine the different penetrating abilities of the different radiations. If pure alpha and beta radiation sources are available, the activity is easier and better. However, good data is attainable using a set of lantern mantles which emit all three kinds of radiation.

B.7.3. Reading preparation

Read section A.16. prior to doing this activity.

B.7.4. Procedure
1. Background count for a digital system: Set the detector for Total Count and count for five minutes with no radioactive material nearby. Divide the total count by 5 to determine the counts per minute. (Or: take five one-minute counts and find the average.) This will be the background count. When you analyze the data from the following sections, you need to subtract this number from each one-minute count. For a CD analog meter, try to determine an average background reading.

2. Alpha radiation: 

Note: A CD meter cannot detect alpha radiation.

(i) With Po-210 source: Place the source on a table and slowly lower the radiation detector down to the source with the tube positioned directly over the source (i.e., the detector will be "on end"). The detector should be on "Total Count" and have the sound turned on (for the Radalert, that is the "Count" mode. This allows you to hear the change of count rate. When the tube is about a centimeter above the source, you should hear an increase of count rate.

Lower the detector some more until it rests on the source. Then pick up the detector slightly and slip a piece of paper under the tube. You should hear the decrease in counts. 

Or, set the detector for a one-minute count. Take a one-minute count with the detector on top of the source. Then slip a piece of paper between the detector tube and the source and count for another minute. Compare the two counts.

(ii) With Radalert meter and a lantern mantle: Remove a mantle from the plastic bag and lay it flat on the table. Place the detector (on-end) so it rests on the mantle; the detector tube should be over the approximate center of the mantle. Take a one-minute count. In this position, the detector will detect alpha, beta, and gamma radiation.

Then carefully, tip the detector up slightly, just enough to get a piece of paper between the detector tube and the mantle. Put the detector back on the mantle. [Note: the important aspect of this move is to be sure that the detector tube is over the same part of the mantle for both counts; the activity is not necessarily the same over the entire mantle.]

Take another one-minute count. You should see a noticeable decrease in counts. This decrease is from the absorption of alpha radiation from the mantle. As you will see in the next part, the paper does not absorb an appreciable amount of beta radiation. [Or, put a second piece of paper between the mantle and detector; you may see a slight decrease, but not nearly as large as with the first piece of paper.]

3. Beta radiation:

Digital system:  With a beta source (Sr-90 or Tl-204) or lantern mantle, fasten the source to a wooden stand as shown in the Figure B-2. For a package of mantles, a rubber band is preferable to tape; tape can tear the plastic bag. Place the detector so that the end with the detector tube is about 2 - 3 cm. from the source. If the beta source is a point source mounted in a small holder, be sure that the actual radioactivity is directly in front of the detector tube. The CD probe must have the "beta window" open. Take a one-minute count.

After the count is complete, insert two or three pieces of cardboard between the source and detector and count for one minute. Record the count. Then insert another two or three cardboard pieces and count again. Record that count. [If the source is Tl-204, insert one piece of cardboard at a time.] Repeat this process until the one-minute counts remain somewhat constant. As we saw in the statistics activity (B.5.), even when nothing changes, the counts can vary. Therefore, you need to decide when the counts do not really decrease any more. 

Repeat the process with aluminum absorbers, but insert one at a time for any source. Count until the count rate is about constant.

When you have determined that no more aluminum will decrease the count rate, keep that number of pieces of aluminum between the source and detector. Then take a 5 minute count. These counts will be from background and from gamma radiation that penetrates the aluminum. Call this count the B+G count (background plus gamma). Divide this by 5 to get the cpm.

CD analog meter:  For this you need a good beta source; a mantle does not emit enough beta particles to give good values. Repeat the process above for digital detectors, but just record the average cpm at each absorber thickness.
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4. Gamma radiation

If you have a gamma source, such as Cs-137 or Co-60, fasten it to the wooden stand as you did the beta source. Or, if you have a lantern mantle, place that on the stand as you did for the beta absorption exercise.

If you are using a CD meter, then just closing the beta shield will block all the beta radiation. If not, then you need to absorb all the beta radiation as outlined below.

Before you can begin, you must be sure that the only radiation that you will be detecting is gamma radiation. Nearly all gamma sources also emit either alpha or beta radiation. Cs-137 and Co-60 emit beta radiation along with the gamma radiation. Most likely the source holder is thick enough to absorb the beta radiation, but not necessarily. You may want to check this by placing the detector about 1 cm. from the source and take a one-minute count. Then insert one piece of aluminum between the source and detector and take another one-minute count. If the two counts are about the same, then no beta radiation is coming out of the holder. If the count decreases appreciably, then insert additional pieces of aluminum, one at a time and taking a count after each one, until the count does not decrease with additional pieces.

If the gamma source does have beta radiation coming out of the holder, or if you are using a package of lantern mantles, then you need to absorb the beta radiation before you can begin to measure the absorption of gamma radiation. To do this, determine the number of aluminum pieces needed to stop the beta radiation. For gamma sources that have beta radiation coming out of the holder, the number is the number of aluminum pieces found in the previous paragraph to stop the beta radiation. For lantern mantles, it is the number of pieces you found in part 3 above that stopped all the beta radiation.

Now you are ready to begin. With the source in place and aluminum pieces in front of them, if needed, place the detector about 7 cm. from the source (for the CD probe, move the probe to the gamma position). This distance must not change during the exercise; increasing the source - detector distance decreases the amount of gamma radiation getting to the detector without any change in the number of gamma absorbers.

Take a one-minute count. Or, if the count is low (less than 100), take a second one-minute count and add the two. Insert one piece of 1/2" steel (or piece of 1/4" lead) between the source and detector and count for one minute (or two minutes if that is what you did for the first count) and add the two counts). Repeat for additional steel (or lead) pieces, taking a one- or two-minute count for each one.

If you are using the CD probe in the analog mode, then the source needs to be stronger than a mantle. Record the average cpm for each absorber thickness.

B.7.5. Analysis
Observations
1. First, let's just observe some differences.  Beta radiation travels a longer distance in cardboard than aluminum. The aluminum is denser than the cardboard so it takes a smaller thickness to do the job. If you had a piece of lead with the same thickness as the aluminum or cardboard, that one piece of lead would stop all the beta radiation. 

Then compare the amount of material needed to stop beta radiation with the one piece of paper needed to stop alpha radiation. There is a considerable difference between these two. Interestingly, the energy of the alpha particles from the lantern mantle is about twice that of  the beta particles. Alpha particles (2 neutrons plus 2 protons) are much more massive than beta particles (electrons) that they move much slower, even though they have more energy. Similarly, an 80 ton truck traveling at about 7 miles per hour has the same energy as a one ton car traveling 65 miles per hour!

Finally, the amount of material needed to stop gamma radiation is much more than needed to stop beta radiation. In fact, even though your numbers may be too small to show this, some gamma radiation passes through the total thickness of steel or lead. It may not be much, but some does get through.

Graphical and mathematical analyses
2. Alpha radiation: Measure the mass of the sheet of paper used to absorb the alpha radiation. If you do not have a scale that reads to 0.1 grams, then find the mass of 10 sheets on a scale that measures just to the gram and divide by 10. Measure the lengths of the sides and find the area of the sheet in square cm (cm2). Divide the mass by the area to find the areal density. This is the areal density needed to stop the alpha radiation. Note that this is not a precise measure. The air between the source and detector and the detector tube cover also absorb some of the alpha energy. Actually, one piece of paper is more than enough to absorb the alpha radiation. However, the one thickness of paper gives an order of magnitude value for the areal density needed to stop alpha radiation. About 0.005 g/cm2 is needed to stop most alpha radiation.

3. Beta radiation: Subtract the B+G count (in cpm) that you found in procedure 3 from each one-minute count from the beta absorption exercise. This will give the counts that come from beta radiation only. Let's call these the corrected counts

(a) Measure the thickness of one piece of cardboard and one piece of aluminum. [Depending on the accuracy of your calipers or micrometer, you may want to measure the thickness of 5 pieces and divide by 5.] Determine the thickness corresponding to each net count. For example, if one thickness of cardboard is 0.11 cm and you used three pieces, then the thickness is 0.33 cm. Six pieces would have a thickness of 0.66 cm., etc.

Plot the corrected counts as a function of thickness of cardboard. On the same graph, plot the corrected counts as a function of the thickness of aluminum. You will see that they do not match because cardboard is not as good an absorber as aluminum. For each, plot the first count (with no absorber) at zero thickness.

(b) Measure the sides of each piece and determine the area of each piece. Measure the mass of each. Divide the mass  of the cardboard piece by its area  to determine the areal density. Do the same for aluminum. Then, plot the net count as a function of areal density. Areal densities add, so two pieces of cardboard is just twice the areal density of one piece. Now you should see that the two graphs are about the same. This shows that the absorption of beta radiation really depends on the areal density and not just the thickness.

(c) Compare the areal density needed to totally stop the beta radiation with that needed to stop alpha radiation. The ratio should be several hundred.

4. Gamma radiation: Subtract the average background radiation that you found in activity B.2.4. (in cpm) from each count. If you used two-minute counts, subtract twice the one-minute background count. [If you do not have that background count, or if that background count was taken at a different time or place, take a 5 minute background count and divide by 5 to get a background cpm.]

(4) Plot the corrected counts as a function of thickness of steel (or lead). The first count (for no absorber) is plotted at zero thickness. Draw a smooth curve through the points. This should look like an exponential curve; exactly like the half-life curve in exercise B.4. We can determine the "half-thickness" for the absorber by determining the thickness for which the count is half the initial count (at zero thickness).

Divide the initial count by 2 and then by 4. Mark these values on the y-axis and starting with each value, draw a horizontal line until it intersects the decay curve. At the point where the horizontal line intersects with the absorption curve, draw a vertical line down to the x-axis. Mark the value of the thickness at which this line intersects the axis. (See figure 8 in section A.) The first line should give one half-thickness and the second line a value that is twice the half-thickness. 

(4a) (for linear graph paper) Calculate the natural log (ln) of the corrected counts. Plot these values vs. thickness. This should give a curve that is close to a straight line. With a ruler, draw a straight line that is the best fit to the data. To find the value that is half the starting count, find the intersection of the line with the y-axis. Take the anti-ln of this value to get the count. Divide this count by 2 and then by 4 and take the ln of these values. Mark these values on the y-axis and draw horizontal lines from these points to the straight line fit to the data points. At the point where the horizontal line intersects with the absorption curve, draw a vertical line down to the x-axis. Mark the value of the thickness at which this line intersects the axis. (See figure 8 in section A.) The first line should give one half-thickness and the second line a value that is twice the half-thickness.  [Note: to eliminate taking lns and anti-lns, you can just subtract .693 (= ln2) from the ln of the y-axis intersection of the fit to the data. This will give the ln of half the initial count. For the one-quarter value, subtract 1.386 (= ln4).]

(4a) (for semi-log graph paper) Plot the corrected counts values vs. thickness. You need to be careful about plotting values on the log scale; the scale is not linear. This should give a curve that is close to a straight line. With a ruler, draw a straight line that is the best fit to the data. The line may not intersect the y-axis at the first point. If not, then determine the intersection point. Calculate half and one-fourth of the value of the intersection point. Mark these value on the y-axis and draw a horizontal line to straight line you drew through the data points. At the point where the horizontal line intersects with the absorption curve, draw a vertical line down to the x-axis. Mark the value of the thickness at which this line intersects the axis. (See figure 8 in section A.) The first line should give one half-thickness and the second line a value that is twice the half-thickness. 

(4a) (for computer) Calculate the natural log (ln) of the corrected counts. Plot these values as a function of thickness for each count. Have the program find a linear fit to the data and calculate the slope of the line. This slope is the absorption coefficient (with a symbol µ (mu)). The half-thickness is 0.693 divided by µ. [The curve is given by the equation 

 where I is the intensity of the gamma radiation getting through the absorber (measured in cpm here) and Io is the initial intensity (in cpm, with no absorbers) and µ is the absorption coefficient. The relation between the half-thickness 

 and µ is 
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= ln2/µ; ln2 = 0.693.]

B.8. Irradiation: Does it Make Something Radioactive?
B.8.1. Materials needed 


1 radiation detector


many gamma sources (all you can gather)


Any other object; a piece of fruit would be nice

B.8.2. Introduction  

High levels of gamma and x-radiation are used in the medical field to treat patients for cancer and in food irradiation to kill organisms in the food.  One of the misconceptions about these treatments is that the patient or the food becomes radioactive.  A common feeling is that a person exposed to radiation glows even after the radiation is no longer present.  In fact, there are some conditions under which radiation can make something glow, but only when the radiation is present.  Once the radiation stops, the glow stops.

In this experiment we will investigate what happens when something is irradiated with gamma radiation.  Although the gamma dose will not be anything near those used for cancer treatment or food irradiation, it should demonstrate the process.

B.8.3. Reading preparation  

Read section A.17. prior to doing this activity

B.8.4. Procedure  

1. With no radioactivity near the detector, place the object (fruit if available) in front of the detector and take a 20 minute count.  Either use a stop watch or take 20 one-minute counts and add the values. If you have a computer system, take a total count for 20 minutes or more if desired.  However, whatever time you choose will be the same time you need to count the object after irradiation.

2. Remove the detector and place all the gamma sources as close to the object as possible and leave it there for any length of time you choose.  An overnight  exposure would be best.

3. Remove the gamma sources and place the detector next to the object and count for the same time as the initial count.

B.8.5. Analysis  

Compare the counts taken with the object in front of the detector with the counts taken before irradiation.  Place an uncertainty on each value ( ± 
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 where N is the total count; see section A.1.4.) and determine if the two counts are the same within the uncertainty of each count.

Radon

Several different types of experiments are possible using radon. Radon in the air is too dispersed to measure directly with a small radiation detector. Alpha radiation from radon and polonium travels only an inch or two in air, so only radon or polonium atoms decaying right in front of the detector tube will be counted. [At the EPA recommended action level of 4 pCi/L, only nine radon nuclei decay per hour in a cubic inch in front of the detector. With luck a small radiation detector might detect one every few hours.]  Although beta and gamma radiation from the Pb-214 and Bi-214 progeny travel further in air, there are too few for the small radiation detector to give a significant count above normal background. Therefore, we will need to use methods of concentrating radon and/or its progeny if we want to detect it.

B.9. Radon in air
B.9.1. Materials needed

1 digital radiation system


1- 4" charcoal canister
B.9.2. Introduction
Because radon is an inert gas, it is difficult to collect. It does not chemically react with any other element, but it does adsorb to charcoal. [Adsorb means that the radon sticks to the surface of the charcoal; it does not "soak into" (or absorb into) the charcoal.] Therefore, if we want to collect radon, we need to use charcoal.

This is the basis for inexpensive radon tests. You can purchase a sealed canister of charcoal that you unseal and put out in a room. Over a period of two to five days, radon adsorbs onto the charcoal. Then you seal up the canister and send it off for analysis. Although the radon decays with a half-life of 3.8 days, if the laboratory gets the canister within two or three days, there is still plenty of activity to measure.  The laboratory does not actually measure radon directly, it measures the gamma radiation from the radon progeny Pb-214 and Bi-214. From these measurements, the lab can determine the activity of radon that was in the air in your room.

Although a small radiation detector will detect the gamma radiation from a charcoal canister, it is not as efficient as the large detectors use by professional laboratories. The levels in air need to be above about 6 pCi/L to give count rates that are statistically higher than normal background levels.

B.9.3. Reading preparation
Read section A.18. prior to doing this activity.

B.9.4. Procedure
All procedures are for open-faced charcoal canisters. If you use a barrier type, the instructions will be given [in brackets].

1. Place the charcoal canister on a table in a room, remove the seal and remove the top. Keep the tape seal to reseal it later. Leave the canister open for 48 hours, then replace the top and seal it with the tape. [For barrier canisters, leave the canister open for 5 days (120 hours).]

2. Place the canister upside down on a flat surface and place the Radalert detector on top (i.e., on the bottom) of the canister. Try to center the radiation detector tube (about 1.5 inches long inside the detector case) in the center of the canister. You may need to prop up the back end of the detector to keep it balanced on the canister. For the CD probe, just lay it on top, trying to center the probe on the circular area of the canister.

3. Set the detector on Total Count and use a watch to time a count for at least  10 minutes. An hour is better. Or, with a computer system, have it count for an hour.

4. With the canister far from the radiation detector, take a background count for a time equal to the time of the canister count.

5. To regenerate the canister, remove the top and place the open canister in an oven at 120°C for two hours.

{If you have several canisters to use, place one on each different floor of a building and investigate the dependence on floor.}

B.9.5. Analysis
1. Subtract the background count from the canister count and divide the resulting value by the time (in minutes) of the canister count to give a net cpm. For the Radalert and Vernier detectors, multiply the net cpm by 4 to get the approximate radon concentration in the air in pCi/L. [i.e., 4 pCi/L in the air will cause enough radon adsorption on the charcoal to register 1 count per minute by the radiation detector.] For a CD probe, the multiplier is 3 (pCi/L per cpm)1 .

This calculation is not very accurate for concentrations below about 6 pCi/L. For low concentrations, the count rate of the charcoal canister is close to the background count so the uncertainty in the net count is large.

To get some idea of the certainty of your calculated concentration, add the total counts from the canister to the total background count. Take the square root of that sum and multiply that result by 1.645. Divide this number by the time of the count (either canister count or background count; they should be the same) and multiply that result by 4 (multiply by 3 for the CD detector). This is the value of the 90% confidence limit of the calculated concentration.

For example, suppose a 30 minute canister count gives a total of 510 counts and a 30 minute background count gives 360 counts. The net count is 510 - 360 = 150. Dividing this by 30 gives a net cpm of 5. Multiplying this by 4 gives a radon concentration of 20 pCi/L. To find the uncertainty, add the 510 and 360 counts to give a total of 870. Taking the square root gives 29.5 and multiplying this by 1.645 gives 48.5. Dividing this by the time (30 minutes) gives an uncertainty of 1.6 cpm. Multiplying this by 4 gives an uncertainty of 6.5 pCi/L. Now we can report the radon concentration as 20 ± 6.5 pCi/L. This means that we are 90 percent confident that the actual value is between 13.5 and 26.5 pCi/L. Of course, this assumes that the conversion of 4 pCi/L per cpm is accurate. This conversion factor depends on the temperature and humidity of the air, so this conversion factor has its own uncertainty.

If this activity gives a calculated radon concentration of more than 4 pCi/L, you should consider performing a test with a commercial radon detector.

B.10. Radon in soil air
B.10.1. Materials needed

1 digital radiation system


1 charcoal canister


1 small bucket
B.10.2. Introduction
Although the radon concentration in air, especially outside air, is low, the concentration in soil air are large. In soil air, radon can have concentrations of several thousand pCi/L. Generally the concentration at depths greater than one meter is approximately constant with depth. From one meter depth to the surface, the concentration decreases as some of it escapes the soil air into the atmosphere. However, the radon flowing through the surface is large and can be easily detected.

B.10.3. Reading preparation
Read section A.18. prior to doing this activity.

B.10.4. Procedure
1. Dig a hole large enough to hold the bucket upside down. The depth depends on how deep you want to measure the radon concentration. If you only want to demonstrate that the radon levels in the soil air are high, just put the bucket upside down on the top surface of the soil.

2. Place an opened charcoal canister on the bottom of the hole and cover with it with the upside down bucket. Fill the hole with the soil from the hole. If the canister and bucket are on the top surface of the soil, pile some soil around the bucket edge to partially seal it from outside air.

3. Keep the canister in the bucket for 48 hours. After 48 hours, remove the canister and seal it with the tape.

4, Follow procedure B.9.4. steps 2 through 4 to count the gamma radiation from the radon progeny.

B.10.5.  Analysis
Follow the analysis in B.9.5.  However, you may not need to count for long times. If the canister count rate is significantly above the background count rate, a 5 minute count may be sufficient.
B.11. Radon in water
B.11.1. Materials needed

1 Radalert radiation detector


1 water filter system that uses charcoal filter (see Section C for setails)


2 watches or clocks with second hand, or stopwatches or 


   any combination thereof


1 sealable plastic bag
B.11.2. Introduction
Charcoal not only can adsorb radon that is in air, it can also adsorb radon that is in water. This is one of the methods used to remove radon from  domestic water supplies. Most water supplies that come from surface water (rivers and lakes) have very little radon. However, water from wells can have anywhere from insignificant to hazardous levels of radon. Passing this water through a large charcoal bed removes most of the radon.

B.11.3. Reading preparation
Read section A.18. prior to doing this activity.

B.11.4. Procedure
The following procedure is for a particular set of conditions that the author used to check the ability of a small radiation detector to measure radon in water. The analysis gives some numbers to use to calculate the approximate concentration of radon in the water.  For this you need to duplicate the conditions that generated the conversion factor listed.

If you want to just observe the ability of charcoal to adsorb radon, then you do not need to follow the suggested flow rates and times.

To do procedures 1 through 4, you need two times. One is the total time from the moment you turn on the water and the other is the time for water to fill a quart container. Let's call the first timepiece the total time clock and the second the quart time clock.

1. Put the water filter system on a faucet. Use cold water only. With the system set on the bypass mode (water does not flow through the charcoal) turn on the water. Using the quart clock and a quart measure, adjust the flow so the water fills a quart measure in a little less than one minute. This gives a flow of a little over 0.25 gallons per minute (gpm). 

Switch the system to the filter mode and start the total time clock. This action may decrease the glow rate slightly, so you need to check the actual flow. From this time on, do not turn off the water until 20 gallons have flowed through the filter.

2. Measure the time in seconds to fill the quart. Express the time in minutes by dividing the time in seconds by 60. Multiply the time by 4. Take the inverse of this number to get the actual flow rate in gpm.

3. The goal is to have 20 gallons flow through the system at about 0.25 gpm. To determine the time for 20 gallons, divide 20 by the gpm calculated in procedure 2 above. If the flow were exactly 0.25 gpm, the time will be 80 minutes (20 ÷ 0.25).

4. Let the water flow through the filter for the total time calculated in procedure 3 above. At the end of this time, turn off the water and remove the (entire) system from the faucet. Do not remove the charcoal from its holder.

5. Shake out excess water and put the filter system into a sealable plastic bag. Put this aside for three hours.

6. Set the detector to the Total Count mode and take a 30 minute or longer background count. Divide the count by the time for the count to get background in counts per minute.

7. Three hours (or longer) after removing the system from the faucet, place the detector on the system as shown in Figure B-3. You need to prop up the detector to get it to set flush on the filter.
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8. Set the detector to the Total Count mode and count for 30 minutes or longer. Divide the total counts by the time to get counts per minute.

B11.5.  Analysis
1. Subtract the background cpm (procedure 6) from the total cpm (procedure 8). This is the net cpm from the charcoal. 

2. To determine the approximate activity in the water, multiply the net cpm by 140 to get the radon activity in pCi/L. For example, if the net cpm is 3.5, the approximate activity is 490 pCi/L.

NOTE: Any value derived from this activity is only approximate. There are too many variables that can affect the conversion factor. One major variable is the temperature of the water. Others include chemicals in the water and the flow rate. However, this process should give approximate values. If you get values in the tens of thousands of pCi/L, you should have your water checked by a professional laboratory that can measure radon in water.

B.12. Radon progeny in air
B.12.1. Materials needed

1 digital or analog radiation detector


1 vacuum cleaner


several inches of gauze, gauze pads, or coffee filter
B.12.2. Introduction
Measuring radon progeny in air is rather easy. Because the radon progeny stick to dust particles in air, if we collect the dust, we will also collect radon progeny. And, two of the progeny, Pb-214 and Bi-214, emit beta and gamma radiation, which is ideal for measurement with a small radiation detector. However, trying to make some calculations from the decay of the progeny is difficult. 

Because Pb-214 (half-life = 27 minutes) decays into Bi-214 (half-life of 20 minutes), the total activity of the two is a combination of the two decaying with a simultaneous increase of Bi-214 activity. Our detectors cannot distinguish between them, so we will see a curve of the activity that at first is somewhat constant while the Pb-214 decays into Bi-214 (at about the same rate as Bi-214 is decaying). Then, when most of the Pb-214 has decayed into Bi-214, the activity will decay with a half-life approximately  of that of Bi-214: 20 minutes. However, there will always be some Pb-214 around, so the apparent half-life is a little longer than 20 minutes.

To make life even more complicated, the radon in the air may contain Rn-220 as well as the more common Rn-222. Radon-222 comes from a chain of radioactive nuclei that has a beginning with Uranium-238. Radon-220 comes from a chain of radioactive nuclei that has a beginning with Thorium-232. Radon-220 has progeny Pb-212 and Bi-212 which emit beta and gamma radiation. However, the half-life of Pb-212 is 10.2 hours, so it decays slowly. If a significant amount of Rn-220 progeny is present, then the total activity may take a day or two to decay away.

B.12.3.  Reading preparation
Read section A.18. prior to doing this activity.

B.12.4.  Procedure
1. Fold the gauze so it is about 3 or 4 layers thick or use packaged gauze pad. Place this over the vacuum cleaner hose and tape the sides to the hose. This taping does not needs to be "air tight," it just needs to hold the gauze in place.

2. Turn on the vacuum cleaner for about 5 minutes.

3. Turn of the vacuum cleaner and remove the gauze from the hose.

4. Fold up the gauze as much as possible and tape it over the radiation detector tube. Or, for the CD probe, roll it up and tape it over the probe with the beta window open.

5. Set the detector for Counts per Minute and record the count every minute. Depending how long you want to count, this can be a long process. The activity will take about two hours to decay to some low value (and even longer to decay to background levels). You could set the detector on Total Count and record the count every 5 minutes (using a watch or clock to measure the time). Or, use a computer system to automatically record the data (set the interval for 5 minutes and total count time up to 3 hours). If you use the analog CD detector, then just record the cpm evey five minutes.

B.12.5.  Analysis
No numerical analysis is possible for this activity; too many variables affect the activity of radon or radon progeny in air. However, you can observe the changing activity of the radon progeny.

The activity that you measure is actually that of Pb-214 and Bi-214.  Although the activity of Pb-214 decreases with a half-life of 27 minutes and Bi-214 decays with a half-life of 20 minutes, the decay of Pb-214 produces more Bi-214. (See the decay equation in section A.17.) This combination of decay and build-up produces a somewhat constant activity for several minutes before the rate of decay of the Bi-214 is greater than its rate of production by Pb-214. Then the total activity decreases. When it does decrease, the total activity has a half-life of something more than 20 minutes. It is not a true exponential curve, but it does decrease somewhat in this fashion.

If the activity does not decrease to background in about 3 or 4 hours, then some radon-220 progeny (specifically Pb-212) may be on the gauze. To verify this, you need to count for about 24 hours to observe the 10.6 hour half-life of Pb-212.

B.13.  Radon progeny attracted to items with static electricity
B.13.1.  Materials needed

1 digital or analog radiation detector


1 balloon


1 piece of rabbit or cat fur


1 table tennis ball (and paddles and table)


1 squash and/or racquet ball


   masking tape

B.13.2.  Introduction
Radon decays to progeny that have an excess charge immediately after the decay. These charged particles are attracted to any surface or dust particle in the air. In addition, charged surfaces attract dust particles. For example, a television or computer screen gathers dust readily because the operation of the television or monitor produces a static charge on the screen.

Anything that has a static charge will attract dust particles and therefore attract radon progeny on these dust particles. Anything that develops a static charge will become a radiation source. Among everyday items that produce a static charge are balloons (rub them and they stick to a wall by static electricity), table tennis balls, squash balls, and racquet balls.  

Note that the success of this activity depends greatly on the weather conditions. Dry, cool weather is better for maintaining static charge on balloons and balls, so these conditions are better for getting good results.

B.13.3.  Reading preparation
Read section A.18. prior to doing this activity.

B.13.4.  Procedure
1. Blow up a balloon, twist the end than place a paper clip over the end to seal the balloon. Rub the balloon with the fur to give it a static charge. You can hang it from the ceiling,  stick it to a wall or just have it sit on a table for about 45 minutes.

2. Remove the paper clip and deflate the balloon. Crumple the balloon into a small ball and use some masking tape to hold the deflated balloon over the end of the detector tube; or, place it over the CD probe with the beta window open. Go to procedure step 4 or 5.

3. Use a table tennis , squash, or racquet ball for its intended purpose for about 15 minutes. Hold the ball in front of the detector tube; or, in front of the CD probe with the beta window open.

4. To simply observe the presence of radon progeny, set the detector to Counts per Minute and take a few one-minute counts.

5.  To do an analysis that can give information about the decay of radon progeny, set the detector for Counts per Minute and record the count every minute. Depending how long you want to count, this can be a long process. The activity will take about two hours to decay to some low value (and even longer to decay to background levels). You could set the detector on Total Count and record the count every 5 minutes (using a watch or clock to measure the time). Or, use a computer system to automatically record the data (set the interval for 5 minutes and total count time up to 3 hours).

B.13.5.  Analysis
1. Observation:  Note that the count rate is considerably above background. This will demonstrate the presence of radon progeny on dust particles.

2. If you take a long series of one-minute counts, you can follow the analysis for radon progeny on gauze outlined in B.12.5.

B.14. Radon progeny after a rain
B.14.1. Materials needed

1 digital or analog radiation ssytem


1 sealable plastic bag


1 rain storm

B.14.2. Introduction
Although the activity of radon in outside air is usually small (usually a fraction of 1 pCi/L), a large volume of air contains significant radon and radon progeny. A large vacuum cleaner could collect lots of progeny. Nature actually provides us with such a "vacuum cleaner." It is called rain. A hard rain can wash out significant radon progeny (on the dust particles) and deposit these progeny on the ground. Enough so that a small radiation meter can detect the activity. 

B.14.3.  Reading preparation
Read section A.18. prior to doing this activity.

B.14.4.  Procedure
1. Prior to a rain storm (watch the weather forecast), put the detector in a sealable plastic bag and put it on the ground. Take a series of one-minute background counts. Or, take a 10, 15, or 30 minute background count using a watch to measure the time. If you don't do this prior to the rain storm, you can do it anytime 5 hours after the storm ends.

2. Immediately after a rain storm ends (or when the heavy rain ends), place your detector in a sealable plastic bag and put it on the ground. Set the detector for Counts per Minute and record the count every minute. How long you record the data depends on what analysis you intend to do. For just observation, three or four one-minute counts are sufficient. For a study of the decay of the radon progeny, then a series of counts over a period of about three hours is required. for a longer study, you may want to take five-minute counts, either using a watch to measure the time, or use a computer connection.

B.14.5.  Analysis
1. Observation:  Just observe that the count rate is considerably higher than background.

2. If you take a long series of one-minute counts, you can follow the analysis for radon progeny on gauze outlined in B.12.5.

B.15. Cosmic radiation
B.15.1.  Materials needed

1 Radalert radiation detector 


1 airplane

B.15.2. Introduction
The only way to get away from the surface of the earth is to use an airplane. If you are a pilot, then this is a pleasant way to spend a weekend afternoon. If you are not a pilot, then you can do this as a passenger on a commercial aircraft. 

B.15.3.  Reading preparation
Read section A.19. prior to doing this activity.

B.15.4.  Procedure
This is a simple procedure. First, I would strongly suggest that you set the speaker to mute. As you will see, the meter will produce a lot of clicks at the higher altitudes and this can be disturbing to nearby passengers. 

One way to do this more easily is to have your detector connected to a laptop computer so it takes data continuously.

1. Set the meter to give counts per minute. Record the counts per minute as a function of time. If you take continuous readings, then the reading number is the time in minutes.

2. When the pilot announces an altitude, record the time or list that next to the corresponding radiation reading. Keep taking data until the plane is at its cruising altitude.

3. You can continue to take data, but there should be little variation unless you are flying north to south or vice versa. In this case you will want to take data randomly especially at times when you know your location.

4. When the plane begins its decent, start taking data every minute again.

B.15.5.  Analysis
Plot the cpm as a function of time. You should be able to see the times when the plane was ascending and descending by the increasing or decreasing count rate. When the count rate is constant, the plane was at a constant altitude.

If you have north/south data, look for changes from the start to the end of the time when the plane was at its maximum altitude. You should observe a higher count rate at the northern latitudes. If you have enough data with known locations, plot the count rate as a function of latitude.

C.

Where to Get Materials
The following is a list of suppliers that can provide the materials for the activities in Section B. Other suppliers do exist, but the ones listed here are known to the author at this time. The supplies are listed by activity.

Detectors:
All of the activities require some kind of detector. The easiest to use is the RadalertTM which has a "counts per minute" mode and a "continuous count" mode. The Radalert also has a phono jack that allows connection to a computer with counting software. However, other detectors also work well but require a computer and software program for taking data. These software programs provide many more options for data taking.

Radalert:

A detector that has a one-minute count and total count functions is sold by International Medcom. The Radalert 50 has an end window that allows counting of alpha radiation. The cost is $290 (2001 price). They also have a version, called a Geiger, that is essentially the same as the Radalert 50 but needs a computer and counting software (Vernier LabPro/LoggerPro works for this). The detector has no functions (only on and off) and the detector does not have an end window on the detector tube (which means the detector cannot count alpha radiation). The detector tube is visible on the back which allows visual location of radiation sources for beta and gamma counting.  The cost for the Geiger is $175 (2001 price). Call for possible educator's discount.




International Medcom




7497 Kennedy Road




Sebastopol, CA  95472




Phone: (707) 823-0336




Fax: (707) 823-7207




Web: www.medcom.com

Vernier detectors: 

Vernier Software sells two detectors. One (Student Radiation Monitor) is the same as the Geiger from International Medcom. If you have a Vernier LabPro/LoggerPro computer system and want to use that, then the cheapest detector.  The SRM costs $145 (2001 price). The other Vernier detector, a radiation Monitor, does have an end window sensitive to alpha radiation, but has only an on/off switch so it likewise requires a computer and software. The cost of this detector is $205 (2001 price).




Vernier Software & Technology




13079 SW Millikan Way




Beaverton, OR  97005-2886




Phone: (503) 277-2299




Fax: (503) 277-2440




E-mail: info@vernier.com




Web: www.vernier.com

PASCO detectors: 
PASCO also sells some basic detectors. The nuclear sensor (same a the Medcom Geiger and Vernier Student Detector, sells for $149 (2001 price). In addition, they have a more expensive detectors for $295.




PASCO Scientific




10101 Foothills Blvd.




Roseville, CA  95747-7100




Phone: (800) 772-8700




Fax: (916) 786-8905




E-mail: sales@pasco.com




Web: www.pasco.com

Civil Defense meters: 
Surplus Civil Defense meters are available through Health Physics chapters. These meters are analog (the meter has a needle that indicates counts per minute) and at low count rates the needle fluctuates which makes reading difficult. This meter can be converted to digital with the installation of a 3.5 mm phono jack connected to the earphone output and connection to the Vernier system described below.

Computer interfaces and computer software.
Vernier sells a LabPro interface for $220 (2001 price) and LoggerPro software for $65 (2001 price; includes site license). Connection of a Radalert or a CD meter requires a connecting cable, #RAD-BTB ($5). PASCO has two Science Workshop interfaces, the 500 for $435 or the 750 for $699 and DataStudio software for $99 (all 2001 prices).

Complete experimental stations

Spectrum Techniques has several systems that contain sources, detector, meter, and the ability to interface with a computer. The Basic Nuclear Lab system is $825 and the Introductory system is $935 (2001 prices).

Spectrum Techniques




106Union Valley Road




Oak Ridge, TN  37830




Phone: (865) 482-9937




Fax: (865) 483-0473




e-mail: spectech@esper.com




Web: http://www.spectrumtechniques.com

Activity B.1.
Radiation detector (see “Detectors”)
TV or computer monitor, cell phone, microwave oven: standard material

Radioactive gas lantern mantles:  Some mantles are not radioactive (made with yttrium rather than thorium) so you need to be careful you get radioactive ones. There are several ways to check for radioactivity. Some will say on the back of the package that they are radioactive. Others may not (no exhaustive survey has been done). The best way is to take your radiation meter to the store (under a coat and with the sound off!!) and check the different brands.
Beta and/or gamma source; alpha source: These are available from several science supply companies (CENCO, Frey, Welch) however, they usually come in sets with other sources you may not want.  You can get individual sources from Spectrum Techniques for $35 each (2001 prices): (See “Detectors)

Activity B.2.
Digital counting system: (see "Detectors")

Activity B.3.
Digital radiation detector (see "Detectors")

Gamma source, 1 to 10 µCi (Cs-137, Co-60, Mn-54): (See Activity B.1.)

Piece of aluminum  1/8" thick and meterstick or ruler marked in centimeters
The aluminum can come from shop or local hardware store and the metric scales should be standard laboratory fare.

Wooden stand: For the Radalert, this is just two pieces of 1" lumber (3/4" thick), cut 3 to 4 inches wide, one about 2 inches long and the other about 6 inches long fastened at right angles. For the CD probe, this is just two pieces of 1" lumber, cut 6" wide, one about 3 inches long and the other about 4 inches with two 3/4" broom holders attached to hold the probe. (see the figure in section B.7.)

Activity B.4.
Radiation detector: (See Activity B.1.)

Dice: These are available at game stores and used one are available at gambling facilities (these will have a hole drilled through them, but that does not affect the results)

M&M's: Available at any grocery store or ...

Stopwatch or watch with second hand: Standard laboratory fare, or pick up a cheap one at a local electronics store

Cs-Ba isogenerator: Like radiation sources, this is available through the science supply companies for prices in the $200 range. 

A new isogenerator is now available that has an improved design so eluding the Ba-137 is easier.  That is available for $200 (2001 price) from Spectrum Techniques (see “Detectors”)

Activity B.5.
Radiation detector: (See "Detectors")

Radioactive gas lantern mantle: (See Activity B.1.)

Activity B.6.
Radiation detector: (See :Detectors")

Radioactive Lantern mantle: (See Activity B.1.)

No-salt salt in large container: Grocery store

No-salt salt in single serving packets: you can get these from a restaurant supply house, but usually in boxes of thousands. You might ask a some large restaurant chain if they have it and they will probably give you a few packets.

Fertilizer high in potassium (potash): Local garden store. Potash is the last of the three numbers on fertilizer. Try to get something with at least an 8. For example some vegetable fertilizer is 5-10-10. 

Rocks with appreciable concentrations of uranium, thorium, or potassium: Rocks that give relatively high counts (few hundred per minute) are autunite and tyuyamunite. Rocks that give medium counts (about 100 per minute) are thorite and carnitite. Rocks that give relatively few counts (10's of counts per minute) are uranite, metatorbernite, and uranophane. These numbers were based on one sample of each; activities from other samples my vary considerably. These are available through most science supply companies (CENCO, Frey, Welch). Also from earth science supplier. For example Ward's has a 16-rock collection for  about $60 and a  6-rock collection for about $30:




Ward's Earth Science




Post Office Box 92912




Rochester, NY  14692-9012




Tel: (716) 359-2502  or  1-800-962-2660




Fax: (716) 334-6174  or  1-800-635-8439

Pitchblende ore (uranium); monazite sand (thorium):  No information on sources of these materials.

Fiestaware dinner ware: You can find these at antique stores or flea markets. You will probably have to do some searching. Look for a deep orange color. To be sure, you should take your radiation meter with you to check the dinnerware. (Suggestion: set the meter to "mute" and watch the count rate!!)

Thoriated tungsten welding rods:  You can get these at a welding supply company. Cost is about $70 for a box of 10 rods.

Old electron tubes containing Cs-137 or Ra-226 and old watch dials containing radium, old military dials containing radium: These are not easy to find. Most likely, if you have some, use them. If you do not, most likely you won't find any. Or, horse-trade with a colleague who has some.

Any purchased radioactive source:  Purchase from science supply company, or see Activity B.1.

Non-radioactive lantern mantle:  While looking for radioactive lantern mantles, purchase some that are not radioactive.

Regular salt (NaCl); fertilizer low in potassium; local rocks; local soils; orange dinner ware; regular welding rods; new watches that glow in the dark; military dials that do not contain radium: These are common items.

Activity B.7.
Radiation detector: (See "Detectors")

Radioactive Lantern mantle: (See Activity B.1.)

Pure alpha, beta, and gamma emitters:  The ideal way to observe the absorption of the different radiation is to have sources that emit only one form of radiation. There are many pure alpha emitters and several pure gamma emitters, but only a few pure gamma emitters. The only pure alpha emitter generally available for purchase is Po-210 which has a half-life of 138 days. To do this activity each year with such a source requires the purchase of a new source each year. Pure betas emitters such as Sr-90 and Tl-204 have longer half-lives (28 years and 3.8 years respectively). Although there are no purchasable pure gamma emitters, you can get sources such as Cs-137 and Co-60 (half-lives of 30 years and 5.3 respectively) with enough material in the holder to absorb the betas. Or, just put some aluminum in front of the source to absorb the betas. You can purchase these sources from CENCO, Frey, Welch, or Spectrum Techniques (see Activity B.1. for address)

Pieces of cardboard about 2" square: from the back of pads of paper 

Aluminum 1/32" thick about 2" square: from hardware store, have shop cut to size.

Pieces of steel, 1/2" thick, about 2" square: from local steel supplier; have shop cut it to size

Pieces of lead, 1/4" thick, about 2" square (if available) No information is available for suppliers of this. 

Wooden stand: see Activity B.3.

Scale able to read 0.1 grams; Meterstick or metric ruler; Vernier calipers or micrometer: Standard laboratory equipment

Activity B.8.  

Radiation detector:  (see "Detectors")

Gamma sources: see Activity B.1.

Object: your choice  

Activity B.9. 
Radiation detector:  (see "Detectors")

Charcoal canister:  You can get this from a hardware store or other store that sells charcoal canisters for radon monitoring. However, the cost (generally $20 - $30) also includes analysis which you do not want or need. Option B is to contact a local radon monitoring firm and ask them if they have any old ones they do not plan to use anymore that they might be willing to give away. Option C is to purchase the canisters from a supply company the sells mostly to radon monitoring companies. F&J Specialty Products has charcoal canisters  (product #RA40V) for $3.50 each (plus shipping) for quantities less than 100. (If you want more than 100, call for the price.) They have a calgon charcoal canister (product #RA40VC) (slightly better, and slightly more expensive) for about $3.75 each for quantities less than 100. They also have surface barrier detectors (product #R3OVBD) for about $3.50 each for quantities less than 100. Call or write for exact prices.




F&J Specialty




7056 S.W. 44th Street




Miami, FL  33155




Tel: (305) 888-0383




Fax: (305) 665-3909

Or, contact your State's radiation control agency and ask if they might have any canisters for educational purposes.

Activity B.10.
Radiation detector:  (see "Detectors")

Charcoal canister:  (see Activity B.9.)

Small bucket: at local store; any inexpensive plastic bucket will do.

Activity B.11.
Radiation detector:  (see "Detectors")

Water filter system that uses charcoal filter: Local plumbing supply or mega-builder's supply store. The one used to get the data listed in activity B.10. is OMNIFILTER produced by a company of the same name in Hammond, IN. This one has a pure charcoal filter that is at the top of the system and easy to put the detector next to. This system costs about $11.00.

Activity B.12.
Radiation detector: (see "Detectors")

Vacuum cleaner: Any household vacuum or shop vacuum will do.

Gauze: Local drug store or variety store; gauze pads are convenient to use

Coffee filter: grocery store

Activity B.13.
Radiation detector: (see "Detectors")

Balloons: Party store or variety store

Rabbit or cat fur: Science supply company

Table tennis ball (and paddles and table): Sporting good store. You do not need a regular table, any large table will do which two people can hit the ball back and forth for 10 to 15 minutes.

Squash and/or racquet ball: Sporting good store. However, you need to find a court on your own.

Activity B.14.
Radiation detector: (see "Detectors")

Plastic bag: household material

Rain storm: This you have to do on your own. Washing your car helps as does a picnic. Regular rain storms occur on the west slopes of mountains near the oceans (western Washington state, Hawaii, New Zealand's South Island), so you can travel to those locations to get data. However, the radon progeny concentration may be low in these locations so you may need more than one day of sampling!

Activity B.15.
Radiation detector: (see "Detectors")

Airplane: Very few organizations will purchase a plane, especially a Boeing 747, to do this experiment. You can try, but don't come to me for help! However, they might fund a plane ticket, especially if you need to travel somewhere anyway.

Appendix 
Elements, Stable and radioactive




Percent       
   If radioactive:

Element     Symbola  protons   neutrons    abundanceb   Half-lifec   Radiationd
Hydrogen
H-1
1
0
99.985

 (deuterium) H-2
1
1
0.015

   (tritium)
H-31,6
1
2

12.3 y
-

Helium
He-3
2
1
<0.004


He-4
2
2
100

Lithium
Li-6
3
3
7.5


Li-7
3
4
92.5

Beryllium
Be-71
4
3

53.3 d
EC, 

Be-9
4
5
100



Be-10
4
6

1.6 X 106 y
-

Boron
-10
5
5
19.9


-11
5
6
80.1


-12
5
7

0.024 s
-

Carbon
C-11
6
5

20.4 m
+


C-12
6
6
98.9


C-13
6
7
1.1


C-141,6
6
8

5730 y
-

Nitrogen
N-13
7
6

9.97 m
+


N-14
7
7
99.63



N-15
7
8
0.37


N-16
7
9

7.6 X 10-6 s
-, 
Oxygen
O-14
8
6

1.18 m
+, 

O-15
8
7

2.04 m
+


O-16
8
8
99.76



O-18
8
10
0.20


O-19
8
11

26.9 s
-, 
Fluorine
F-18
9
9

1.83 h
+


F-19
9
10
100


F-20
9
11

11.0 s
-





Percent       
   If radioactive:

Element     Symbola  protons   neutrons    abundanceb   Half-lifec   Radiationd
Neon
Ne-19
10
9

17.2 s
+


Ne-20
10
10
90.51


Ne-22
10
12
9.22


Ne-23
10
13

37.2 s
-

Sodium
Na-221
11
11

2.60 y
+, 

Na-23
11
12
100


Na-241
11
13

14.7 h
-, 
Magnesium
Mg-23
12
11

11.3 s
+, 

Mg-24
12
12
78.99


Mg-26
12
14
11.01


Mg-27
12
15

9.5 m
-, 
Aluminum
Al-25
13
12

7.18 s
+


Al-26
13
13

7.2 X 105 y
+, 

Al-27
13
14
100


Al-28
13
15

2.24 m
-, 
Silicon
Si-27
14
13

4.16 s
+


Si-28
14
14
92.23


Si-29
14
15
4.67


Si-31
14
17

2.62 h
-

Phosphorus
P-30
15
15

2.50 m
+


P-31
15
16
100


P-32
15
17

14.28 d
-

Sulfur
S-31
16
15

2.58 s
+, 

S-32
16
16
95.02


S-34
16
18
4.21


S-35
16
19

87.5 d
-

Chlorine
Cl-34
17
17

1.53 s
+, 

Cl-35
17
18
75.77


Cl-36
17
19

3 X 105 y
+, -


Cl-37
17
20
24.23


Cl-38
17
21

37.24 m
-, 




Percent       
   If radioactive:

Element     Symbola  protons   neutrons    abundanceb   Half-lifec   Radiationd
Argon
Ar-35
18
17

1.78 s
+


Ar-36
18
18
0.34


Ar-37
18
19

35.0 d
EC, 

Ar-39
18
21

269 y
-


Ar-40
18
22
99.60


Ar-41
18
23

1.83 h
-, 
Potassium
K-38
19
19

7.64 m
+, 

K-39
19
20
93.26


K-40
19
21
0.012
1.3 X 109 y     +, -, 

K-41
19
22
6.73


K-42
19
23

12.4 h
-, 
Calcium
Ca-39
20
19

0.86 s
+


Ca-40
20
20
96.94


Ca-41
20
21

1 X 105 y
EC


Ca-44
20
24
2.09


Ca-45
20
25

164 d
-


Ca-47
20
27

4.54 d
-, 

Ca-48
20
28
0.19
2 X 1016 y
-

Scandium
Sc-44
21
23

2.44 d
EC, 

Sc-45
21
24
100


Sc-46
21
25

83.8 d
-, 
Titanium
Ti-45
22
23

3.08 h
+


Ti-48
22
26
73.8


Ti-49
22
27
5.5


Ti-51
22
29

5.76 m
-, 
Vanadium
V-49
23
26

330 d
EC, 

V-50
23
27
0.25
1.3 X 1017 y    +, -, 

V-51
23
28
99.75


V-52
23
29

3.75 m
-, 
Chromium
Cr-49
24
25

42.1 m
+, 

Cr-51
24
27

27.7 d
EC


Cr-52
24
28
83.79


Cr-53
24
29
9.50


Cr-55
24
31

3.50 m
-





Percent       
   If radioactive:

Element     Symbola  protons   neutrons    abundanceb   Half-lifec   Radiationd
Manganese
Mn-53
25
28

3.7 X 106 y
EC


Mn-54
25
29

312 d



Mn-55
25
30
100


Mn-56
25
31

2.58 h
-, 
Iron
Fe-526
26
26

8.28 h
+, 

Fe-53
26
27

8.51 m
+, 

Fe-54
26
28
5.8


Fe-55
26
29

2.73 y
EC


Fe-56
26
30
91.7


Fe-59
26
33

44.5 d
-, 
Cobalt
Co-576
27
30

272 d
EC, 

Co-586
27
31

70.9 d
+, 

Co-59
27
32
100


Co-60
27
33

5.27 y
-, 
Nickel
Ni-57
28
29

1.50 d
+, 

Ni-58
28
30
68.27


Ni-59
28
31

75,000 y
+


Ni-60
28
32
26.10


Ni-63
28
35

100 y
-


Ni-64
28
36
0.91

Copper
Cu-62
29
33

9.74 m
+


Cu-63
29
34
69.17


Cu-64
29
35

12.7 h
+, -


Cu-65
29
36
30.83


Cu-66
29
37

5.10 m
-, 
Zinc
Zn-63
30
33

38.1 m
+, 

Zn-64
30
34
48.6


Zn-65
30
35

24 d
+, 

Zn-66
30
36
27.9


Zn-69
30
39

55.6 m
-





Percent       
   If radioactive:

Element     Symbola  protons   neutrons    abundanceb   Half-lifec   Radiationd
Gallium
Ga-666
31
35

9.49 h
+, 

Ga-676
31
36

3.26 d
EC, 

Ga-686
31
37

1.14 h
+, 

Ga-69
31
38
60.1


Ga-70
31
39

21.2 m
-


Ga-71
31
40
39.9


Ga-72
31
41

14.1 h
-, 
Germanium
Ge-69
32
37

1.63 d
+, 

Ge-71
32
39

11.2 d
EC


Ge-72
32
40
27.4


Ge-74
32
42
36.5


Ge-75
32
43

1.38 h
-, 
Arsenic
As-74
33
41

17.8 d            +, -, 

As-75
33
42
100


As-76
33
43

1.10 d
-, 
Selenium
Se-756
34
41

120 d
EC, 

Se-78
34
44
23.6


Se-79
34
45

65,000 y
-


Se-80
34
46
49.7


Se-81
34
47

18.5 m
-

Bromine
Br-78
35
43

6.46 m
+, 

Br-79
35
44
50.69


Br-80
35
45

17.7 m             +, -, 

Br-81
35
46
49.31


Br-82
35
47

1.47 d
-, 
Krypton
Kr-79
36
43

1.46 d
+, 

Kr-81
36
45

2.1 X 105 y
EC, 

Kr-84
36
48
57.0


Kr-855
36
49

10.7 y
-


Kr-86
36
50
17.3





Percent       
   If radioactive:

Element     Symbola  protons   neutrons    abundanceb   Half-lifec   Radiationd
Rubidium
Rb-84
37
47

32.9 d            +, -, 

Rb-855
37
48
72.17


Rb-861
37
49

18.7 d
-, 

Rb-87
37
50
27.84
4.8 X 1010 y
-


Rb-88
37
51

17.8 m
-, 
Strontium
Sr-83
38
45

1.35 d
+, 

Sr-856
38
47

64.8 d
EC, 

Sr-86
38
48
9.86


Sr-88
38
50
82.58


Sr-895
38
51

50.6 d
-


Sr-905
38
52

28.5 y
-

Yttrium
Y-87
39
48

3.35 d
+, 

Y-88
39
49

107 d
+, 

Y-89
39
50
100


Y-90
39
51

2.67 d
-


Y-91
39
52

58.5 d
-

Zirconium
Zr-89
40
49

3.27 d
+, 

Zr-90
40
50
51.45


Zr-93
40
53

1.5 X 106 y
-


Zr-94
40
54
17.38


Zr-955
40
55

64.0 d
-, 
Niobium
Nb-92
41
51

3.6 X 107 y
+, 

Nb-93
41
52
100


Nb-94
41
53

2.0 X 104 y
-, 

Nb-955
41
54

35.0 d
-, 
Molybdenum Mo-91
42
49

15.5 m
+


Mo-93
42
51

3500 y
EC


Mo-96
42
54
16.68


Mo-98
42
56
24.13


Mo-99
42
57

2.75 d
-, 




Percent       
   If radioactive:

Element     Symbola  protons   neutrons    abundanceb   Half-lifec   Radiationd
Technetium
Tc-96
43
53

4.3 d
+, 

Tc-97
43
54

2.6 X 106 y
EC


Tc-98
43
55

4.2 X 106 y
-, 

Tc-99
43
56

2.1 X 105 y
-


Tc-99me,6
43
56

6.01 h

Ruthenium
Ru-97
44
53

2.88 d
EC


Ru-102
44
58
31.6


Ru-1035
44
59

39.3 d
-, 

Ru-104
44
60
18.7


Ru-1065
44
62

1.02 y
-

Rhodium
Rh-102
45
57

2.9 y               +, -, 

Rh-103
45
58
100


Rh-104
45
59

42.3 s
-


Rh-105
45
60

1.47 d
-, 
Palladium
Pd-1035
46
57

17.0 d
EC


Pd-106
46
60
27.33


Pd-107
46
61

6.5 X 106 y
-


Pd-108
46
62
26.46

Silver
Ag-106
47
59

24.0 m
+, 

Ag-107
47
60
51.84


Ag-108
47
61

2.37 m             +, -, 

Ag-109
47
62
48.16


Ag-110
47
63

24.6 s
-, 
Cadmium
Cd-109
48
61

1.27 y
EC


Cd-112
48
64
24.13


Cd-113
48
65
12.22
9.3 X 1015 y
-


Cd-114
48
66
28.73


Cd-115
48
67

2.23 d
-, 
Indium
In-1116
49
62

2.81 d
EC, 

In-112
49
63

14.4 m             +, -, 

In-113
49
64
4.3


In-114
49
65

1.20 m
+, -


In-115
49
66
95.7
4.4 X 1014 y
-


In-116
49
67

14.1 s
-, 




Percent       
   If radioactive:

Element     Symbola  protons   neutrons    abundanceb   Half-lifec   Radiationd
Tin
Sn-113
50
63

115 d
EC, 

Sn-118
50
68
24.22


Sn-120
50
70
32.59


Sn-121
50
71

1.13 d
-


Sn-123
50
73

129 d
-

Antimony
Sb-120
51
69

15.9 m
+, 

Sb-121
51
70
57.3


Sb-122
51
71

2.70 d             +, -, 

Sb-123
51
72
42.7


Sb-124
51
73

60.2 d
-, 
Tellurium
Te-121
52
69

16.8 d
EC, 

Te-127
52
75

9.35 h
-


Te-128
52
76
31.69
5.5 X 1024 y
-


Te-129
52
77

1.16 h
-


Te-130
52
78
33.80
2.5 X 1021 y 
-


Te-131
52
79

25.0 m
-, 
Iodine
I-1236
53
70

13.2 h
EC, 

I-1246
53
71

4.18 d
+, 

I-1256
53
72

60.1 d
EC


I-1266
53
73

13.0 d              +, -, 

I-127
53
74
100


I-128
53
75

25.0 m             +, -, 

I-129
53
76

1.6 X 107 y
-


I-1306
53
77

12.4 h
-, 

I-1315,6
53
78

8.04 d
-, 
Xenon
Xe-1276
54
73

36.4 d
EC, 

Xe-129
54
75
26.4


Xe-132
54
78
26.9


Xe-1335,6
54
79

5.24 d
-, 

Xe-1355
54
81

9.1 h
-, 




Percent       
   If radioactive:

Element     Symbola  protons   neutrons    abundanceb   Half-lifec   Radiationd
Cesium
Cs-132
55
77

6.48 d             +, -, 

Cs-133 
55
78
100


Cs-1345
55
79

2.06 y
-, 

Cs-135
55
80

3.0 X 106 y 
-


Cs-1365
55
81

13.2 d
-, 

Cs-1375
55
82

30.0 y
-, 
Barium
Ba-131
56
75

11.8 d
+, 

Ba-133
56
77

10.5 y
EC, 

Ba-137
56
81
11.23


Ba-138
56
82
71.70


Ba-139
56
83

1.41 h
-, 

Ba-1405
56
84

12.8 d
-, 
Lanthanum
La-137
57
80

60,000 y
EC


La-138
57
81
0.09
1.1 X 1011 y  EC, -, 

La-139
57
82
99.91


La-1405
57
83

1.68 d
-, 
Cerium
Ce-1345
58
76

3.16 d
EC


Ce-137
58
79

9.0 h
+, 

Ce-139
58
81

138 d
EC,

Ce-140
58
82
88.48


Ce-1415
58
83

32.5 d
-, 

Ce-142
58
84
11.08
5 X 1016 y



Ce-1445
58
86

285 d
-, 
Praseodymium Pr-140
59
81

3.39 m
+


Pr-141
59
82
100



Pr-142
59
83

19.1 h
-, 

Pr-1435
59
84

13.6 d
-

Neodymium Nd-141
60
81

2.49 h
+


Nd-142
60
82
27.13


Nd-144
60
84
23.80
2.1 X 1015 y  

Nd-147
60
87

11.0 d
-, 




Percent       
   If radioactive:

Element     Symbola  protons   neutrons    abundanceb   Half-lifec   Radiationd
Promethium Pm-145
61
84

17.1 y
EC


Pm-146
61
85

5.53 y              +, -, 

Pm-147
61
86

2.62 y
-


Pm-148
61
87

5.37 d
-, 
Samarium
Sm-146
62
84

1.0 X 106 y 


Sm-151
62
89

90 y
-


Sm-152
62
90
26.7


Sm-153
62
91

1.95 d
-, 

Sm-154
62
92
22.7

Europium
Eu-150
63
87

12.6 h              +, -, 

Eu-151
63
88
47.8


Eu-152
63
89

13.33 y             +, -, 

Eu-153
63
90
52.2


Eu-154
63
91

8.8 y
-

Gadolinium
Gd-153
64
89

242 d
EC, 

Gd-158
64
94
24.84


Gd-159
64
95

18.6 h
-, 

Gd-160
64
96
21.86

Terbium
Tb-158
65
93

150 y               EC, -, 

Tb-159
65
94
100


Tb-160
65
95

72.3 d
-, 
Dysprosium
Dy-159
66
93

144 d
EC


Dy-162
66
96
25.5


Dy-164
66
98
28.2


Dy-165
66
99

2.3 h
-, 
Holmium
Ho-164
67
97

29.0 m            EC, -, 

Ho-165
67
98
100


Ho-166
67
99

1.12 d
-

Erbium
Er-165
68
97

10.4 h
EC


Er-166
68
98
33.6


Er-168
68
100
26.8


Er-169
68
101

9.4 d
-





Percent       
   If radioactive:

Element     Symbola  protons   neutrons    abundanceb   Half-lifec   Radiationd
Thulium
Tm-168
69
99

93.1 d
EC, 

Tm-169
69
100
100


Tm-170
69
101

129 d
-, 
Ytterbium
Yb-169
70
99

32.0 d
EC


Yb-172
70
102
21.9


Tb-174
70
104
31.8


Yb-175
70
105

4.19 d
-, 
Lutecium
Lu-174
71
103

3.31 y
+, 

Lu-175
71
104
97.41


Lu-176
71
105
2.59
3.6 X 1010 y
-, 

Lu-177
71
106

6.71 d
-, 
Hafnium
Hf-175
72
103

70 d
EC, 

Hf-178
72
106
27.30


Hf-180
72
108
35.10


Hf-181
72
109

42.4 d
-, 
Tantalum
Ta-179
73
106

1.8 y
EC


Ta-181
73
108
99.99


Ta-182
73
109

115 d
-, 
Tungsten
W-181
74
107

121 d
EC


W-184
74
110
30.67


W-186
74
112
28.6


W-187
74
113

23.9 h
-, 
Rhenium
Re-184
75
109

38.0 d
EC, 

Re-185
75
110
37.40


Re-186
75
111

3.78 d             +, -, 

Re-187
75
112
62.6
4.6 X 1010 y   
-


Re-188
75
113

17.0 h
-, 
Osmium
Os-185
76
109

93.6 d
EC, 

Os-190
76
114
26.4


Os-191
76
115

15.4 d
-, 

Os-192
76
116
41.0


Os-193
76
117

1.27 d
-, 




Percent       
   If radioactive:

Element     Symbola  protons   neutrons    abundanceb   Half-lifec   Radiationd
Iridium
Ir-190
77
113

11.8 d
EC, 

Ir-191
77
114
37.3


Ir-192
77
115

73.8 d
EC, -


Ir-193
77
116
62.7


Ir-194
77
117

19.2 h
-, 
Platinum
Pt-193
78
115

50 y
EC


Pt-194
78
116
32.7


Pt-195
78
117
33.8


Pt-197
78
119

18.3 h
-, 
Gold
Au-196
79
117

6.18 d            EC, -, 

Au-197
79
118
100


Au-198
79
119

2.69 d
-, 
Mercury
Hg-197
80
117

2.67 d
EC


Hg-200
80
120
23.13


Hg-202
80
122
29.80


Hg-203
80
123

46.6 d
-, 
Thallium
Tl-2016
81
120

3.05 d
EC, 

Tl-202
81
121

12.2 d
EC, 

Tl-203
81
122
29.52


Tl-204
81
123

3.78 y
EC, -


Tl-205
81
124
70.48


Tl-206
81
125

4.20 m
-


Tl-2073
81
126

4.77 m
-


Tl-2084
81
127

3.05 m
-, 
Lead
Pb-205
82
123

1.9 X 107 y
EC


Pb-2062
82
124
24.1


Pb-2073
82
125
22.1


Pb-2084
82
126
52.4


Pb-209
82
127

3.25 h
-


Pb-2102
82
128

22.3 y
-


Pb-2113
82
129

36.1 m
-, 

Pb-2124
82
130

10.6 h
-, 

Pb-2142
82
132

26.8 m
-, 




Percent       
   If radioactive:

Element     Symbola  protons   neutrons    abundanceb   Half-lifec   Radiationd
Bismuth
Bi-208
83
125

3.7 X 105 y
EC, 

Bi-209
83
126
100


Bi-2102
83
127

5.01 d
-


Bi-2113
83
128

2.14 m
, 

Bi-2124
83
129

1.01 h
, -, 

Bi-2142
83
131

19.9 m
-, 
Polonium
Po-209
84
125

102 y


Po-2102
84
126

138 d


Po-2124
84
128

3 X 10-7 s


Po-2142
84
130

1.6 X 10-4 s


Po-2153
84
131

0.0018 s


Po-2164
84
132

0.150 s


Po-2182
84
134

3.11 m

Astatine
At-209
85
124

5.41 h
EC, 

At-210
85
125

8.1 h
EC, 

At-211
85
126

7.21 h
EC, 
Radon
Rn-2193
86
133

0.01 s


Rn-2204
86
134

55.6 s


Rn-2222
86
136

3.83 d

Francium
Fr-212
87
125

20.0 m             EC, , 

Fr-216
87
129

7 X 10-7 s


Fr-221
87
134

4.9 m
, 
Radium
Ra-2233
88
135

11.4 d
, 

Ra-2244
88
136

3.66 d
, 

Ra-2262
88
138

1600 y
, 

Ra-2284
88
140

5.75 y

Actinium
Ac-220
89
131

0.026 s


Ac-224
89
135

2.9 h                EC, , 

Ac-2273
89
138

21.8 y
-, 

Ac-2284
89
139

6.13 h
, 




Percent       
   If radioactive:

Element     Symbola  protons   neutrons    abundanceb   Half-lifec   Radiationd
Thorium
Th-2273
90
137

18.7 d
, 

Th-2284
90
138

1.91 y


Th-2302
90
140

75,400 y


Th-2313
90
141

1.06 d
-


Th-2324
90
142
100
1.4 X 1010 y    


Th-2342
90
144

24.1 d
-

Protactinium  Pa-2313
91
140

32,800 y


Pa-2342
91
143

6.70 h
-, 
Uranium
U-232
92
140

70 y


U-2342
92
142

2.5 X 105 y


U-2353
92
143
0.72
7.0 X 108 y




U-2382
92
146
99.27
4.5 X 109 y


U-239
92
147

23.5 m
-

Neptunium
Np-237
93
144

2.1 X 106 y


Np-238
93
145

2.12 y
-, 

Np-239
93
146

2.36 d
-, 
Plutonium
Pu-238
94
144

87.7 y


Pu-239
94
145

24,100 y


Pu-240
94
146

6,560 y

aEach element has many different combinations of protons and neutrons. If all were included, this appendix would be many more pages long. The ones listed are either the stable ones, the more common radioactive, or just typical radioactive isotopes. This listing is far from complete, many more radioactive nuclei can exist, mostly as human-produced radioactivity. However, this list does contain most of the radioactive nuclei that are generated by nuclear fission, those that are found in nature, and those that are used in nuclear medicine. All of the radioactive nuclei that you might meet some day should be listed.

bThe elements have from zero to 10 stable isotopes. Only the two with the highest percentage are listed. When no values are listed, that element has no stable (i.e., non-radioactive) isotopes. For example, tin (Sn) has 10 stable isotopes (only two listed) but promethium has none. If _ half-life is also listed, then that radionuclide has such _ long half-life that enough remains from when the earth was formed that it makes up _ measurable amount of the element.

cSymbols: y = year; d = day; h = hour; s = second

dSymbols: - = beta-minus;+ = beta plus (see glossary), EC = electron capture (see glossary),  = alpha;  = gamma. Most of these radionuclides emit gamma rays but only for _ small fraction of the decays. I have listed only those radionuclides as gamma emitters that emit enough gamma rays to be detected readily in the presence of normal background radiation.

eThe letter “m” after the number signifies _ metastable state. This radionuclide has some energy remaining after decay from the parent and will eventually emit _ gamma ray. But, the time for the nucleus to emit this gamma ray is long, in this case it has _ half-life of 6 hours.

1Cosmic-ray produced (natural) radionuclides.

2Radionuclide in the uranium-238 radioactive series.

3Radionuclide in the uranium-235 radioactive series.

4Radionuclide in the thorium-232 radioactive series.

5Commonly found fission product. The only ones listed are those with an appreciable half-life. In the event of fallout from _ weapons test, these are the ones that would appear in the environment. In the event of _ nuclear power plant accident, these, plus some others with shorter half-lives would appear in the environment.

6Commonly used in nuclear medicine procedures.
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This figure is intended to demonstrate that trying to determine the presence of radioactivity can have large uncertainty if the counts from the radioactive material is not significantly above background. In this case, suppose that the background count were 16 counts per minute and you take only a one minute count. You could get any of the values shown for N = 16. Now suppose that if a radioactive sample were present, it would give an average of 9 counts per minute. That means that, on the average, you would get a total of 25 counts per minute (9 from the sample and 16 from background)

If you don't know if the sample is present and you get a count of 37, then you can be certain that the sample is present because background has essentially a zero probability of giving 37 counts. Or, if you get a count of 7, then you can be certain that no radioactivity is present because 7 is below the range of probabilities of the 25 count.

But, what if you get a count of 20? That has about equal probabilities of coming from background as well as from background plus the sample. In this case you could not tell for certain that radioactivity were present or not. A count of 16 would indicate that  no radioactivity were present, but we are not 100 percent certain. Likewise, a count of 24 would not be clear evidence that radioactivity were present.

Table B-1
The numbers in this chart are the percent probabilities for a given average count. For example, if the average count is 10 per minute and you take many one minute counts, about 9 percent of those counts will be 7, about 13 percent 9, 5 percent 14, etc. These counts are based on a Poisson distribution. The total in each column should total 100, but because of rounding the actual sum may not be exactly 100.

Ave:
10
11
12
13
14
15
16
17
18
20
25
Count

1


2


3
1


4
2
1
1


5
4
2
1
1








6
6
4
3
2
1


7
9
6
4
3
2
1
1


8
11
9
7
5
3
2
1
1


9
13
11
9
7
5
3
2
1
1


10
13
12
10
9
7
5
3
2
1
1


11
11
12
11
10
8
7
5
4
2
1


12
9
11
11
11
10
8
7
5
4
2


13
7
9
11
11
11
10
8
7
5
3


14
5
7
9
10
11
10
9
8
7
4
1

15
3
5
7
9
10
10
10
9
8
5
1

16
2
4
5
7
9
10
10
10
9
6
2

17
1
2
4
5
7
8
9
10
9
8
2

18
1
1
3
4
6
7
8
9
9
8
3

19

1
2
3
4
6
7
8
9
9
4

20


1
2
3
4
6
7
8
9
5

21


1
1
2
3
4
6
7
8
6

22



1
1
2
3
4
6
8
7

23




1
1
2
3
4
7
8

24





1
1
2
3
6
8

25






1
2
2
4
8
26






1
1
2
3
8

27







1
1
3
7

28








1
2
6

29









1
5

30









1
5

31









1
4

32










3

33










2

34










2

35










1

36










1

37










�Barry Commoner, The Closing Circle, Bantam Books, New York, 1971


1 These rather approximate conversion values are for the Radalert™   and Vernier (essentially the same) and the CD detectors only. Other detectors may have similar conversion factors, but the author has not verified the factor for any others.
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