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Radioactive Decay

OBJECTIVES:

8. Describe the phenomenon of natural radioactive decay.

9. Describe alpha, beta and gamma radiation and their properties.

10. Explain why some nuclei are stable while others are unstable.

11. Determine the atomic and mass numbers of the products of nuclear decay in a transformation or in a series of transformations.

12. State that the radioactive decay is a random process and that the average rate of decay for a sample of a radioactive isotope decreases exponentially with time.

13. Define the term half-life.
14. Solve radioactive decay problems involving integral numbers of half-lives.

How do you suppose protons and neutrons are held together so tightly in the nucleus? Positive electric charges repel each other, so why don't the protons in a nucleus push each other away? Another force, called the strong force, causes protons and neutrons to be attracted to each other.
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The particles in the nucleus are attracted to each other by the strong force.

The strong force is one of the four basic forces and is about 100 times stronger than the electric force. The attractive forces between all the protons and neutrons in a nucleus keep the nucleus together. However, protons and neutrons have to be close together, like they are in the nucleus, to be attracted by the strong force. The strong force is a short-range force that quickly becomes extremely weak as protons and neutrons get farther apart. The electric force is a long-range force, so protons that are far apart still are repelled by the electric force.

Some atoms, such as uranium, have many protons and neutrons in their nuclei. These nuclei are held together less tightly than nuclei containing only a few protons and neutrons. If a nucleus has only a few protons and neutrons, they are all close enough together to be attracted to each other by the strong force. Because only a few protons are in the nucleus, the total electric force causing protons to repel each other is small. As a result, the overall force between the protons and the neutrons attracts the particles to each other. 

However, if nuclei have many protons and neutrons, each proton or neutron is attracted to only a few neighbors by the strong force. The other protons and neutrons are too far away. Because only the closest protons and neutrons attract each other in a large nucleus, the strong force holding them together is about the same as in a small nucleus. However, all the protons in a large nucleus exert a repulsive electric force on each other. Thus, the electric repulsive force on a proton in a large nucleus is larger than it would be in a small nucleus. Because the repulsive force increases in a large nucleus while the attractive force on each proton or neutron remains about the same, protons and neutrons are held together less tightly in a large nucleus. 


Protons and neutrons are held together less tightly in large nuclei. The circle shows the range of the attractive strong force.
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Small nuclei have few protons, so the repulsive force on a proton due to the other protons is small.
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In large nuclei, the attractive strong force is exerted only by the nearest neighbors, but all the protons exert repulsive forces. The total repulsive force is large.

In many nuclei the strong force is able to keep the nucleus permanently together, and the nucleus is stable. When the strong force is not large enough to hold a nucleus together tightly, the nucleus can decay and give off matter and energy. This process of nuclear decay is called radioactivity. 

Large nuclei tend to be unstable and can break apart or decay. In fact, all nuclei that contain more than 83 protons are radioactive. However, many other nuclei that contain fewer than 83 protons also are radioactive. Even some nuclei with only one or a few protons are radioactive. 

Almost all elements with more than 92 protons don't exist naturally on Earth. They have been produced only in laboratories and are called synthetic elements. These synthetic elements are unstable, and decay soon after they are created. 

The atoms of an element all have the same number of protons in the nucleus. For example, the nucleus of all carbon atoms contains six protons. However, not all naturally occurring carbon nuclei have the same numbers of neutrons. Some carbon nuclei have six neutrons, some have seven, and some have eight neutrons. The element carbon has three isotopes that occur naturally. The atoms of all isotopes of an element have the same number of electrons, and have the same chemical properties. 

Isotopes of elements differ in the ratio of neutrons to protons. This ratio is related to the stability of the nucleus. In less massive elements, an isotope is stable if the ratio is about 1 to 1. Isotopes of the heavier elements are stable when the ratio of neutrons to protons is about 3 to 2. However, the nuclei of any isotopes that differ much from these ratios are unstable, whether the elements are light or heavy. In other words, nuclei with too many or too few neutrons compared to the number of protons are radioactive. Radioactive isotopes are sometimes called radioisotopes. 
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These two different isotopes of helium each have the same number of protons, even though they have different numbers of neutrons.

Radioactive decay is basically atoms (or more specifically nuclei) spontaneously breaking off small parts (alpha, beta and gamma particles) of themselves. This was accidentally discovered due to the effects of these particles on photographic film which was being kept in a drawer with them. 
When an unstable nucleus decays, particles and energy are emitted from the decaying nucleus. These particles and energy are called nuclear radiation. The three types of nuclear radiation are alpha, beta, and gamma radiation. Alpha and beta radiation are particles. Gamma radiation behaves like a wave that is similar to light but of much higher frequency. 

When alpha radiation occurs, an alpha particle is emitted from the decaying nucleus. An alpha particle is made of two protons and two neutrons. Notice that the alpha particle is the same as a helium nucleus. The symbol for an alpha particle is the same as for the helium nucleus, [image: image6.png]He



. An alpha particle has an electric charge of +2 and an atomic mass of 4. 
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Compared to beta and gamma radiation, alpha particles are much more massive. They also have the most electric charge. As a result, alpha particles lose energy more quickly when they interact with matter than the other types of nuclear radiation do. When alpha particles pass through matter, they exert an electric force on the electrons in atoms in their path. This force pulls electrons away from atoms and leaves behind charged ions. Alpha particles lose energy quickly during this process. As a result, alpha particles are the least penetrating form of nuclear radiation. Alpha particles cannot even pass through a sheet of paper. 

However, alpha particles can be dangerous if they are released by radioactive atoms inside your body. Biological molecules inside your body are large and easily damaged. A single alpha particle can damage many fragile biological molecules. Damage from alpha particles can cause cells in your body to no longer function properly, leading to illness and disease. 

When an atom loses an alpha particle, it no longer has the same number of protons, so it no longer is the same element. Transmutation is the process of changing one element to another through nuclear decay. In alpha decay, two protons and two neutrons are lost from the nucleus, so the new element formed has an atomic number two less than that of the original element. The mass number of the new element is four less than the original element. The nuclear equation in the following figure shows a nuclear transmutation caused by alpha decay. Notice in the equation that the charge of the original nucleus equals the sum of the charges of the nucleus and the alpha particle that are formed. 
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In this transmutation, polonium emits an alpha particle and changes into lead.
A second type of radioactive decay is called beta decay. Sometimes in an unstable nucleus a neutron decays into a proton and emits an electron. The electron is emitted from the nucleus and is called a beta particle. Beta decay is caused by another basic force called the weak force. 
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Because the atom now has one more proton, it becomes the element with an atomic number one greater than that of the original element. Atoms that lose beta particles undergo transmutation. However, because the total number of protons and neutrons does not change during beta decay, the atomic mass number of the new element is the same as that of the original element. The following figure shows a transmutation caused by beta decay. 
[image: image10.png]=, =,

Sl - Se i Xe
® -+

+53 = N -84





Nuclei that emit beta particles undergo transmutation. In this process, iodine changes to xenon.
Beta particles are much faster and more penetrating than alpha particles. They can pass through paper but are stopped by a sheet of aluminum foil. Just like alpha particles, beta particles can damage cells when they are emitted by radioactive nuclei inside the human body. 

The most penetrating form of radiation is not made of protons, neutrons, or electrons. Gamma rays are a form of radiation called electromagnetic waves. Like water and sound waves, gamma rays carry energy. They have no mass and no charge, and they travel at the speed of light. They usually are released along with alpha or beta particles. 
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Thick blocks of dense materials, such as lead and concrete, are required to stop gamma rays. However, gamma rays cause less damage to biological molecules as they pass through living tissue. Suppose an alpha particle and a gamma ray travel the same distance through matter. The gamma ray produces far fewer ions because it has no electric charge. 
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Here are two examples of specific radioactive decay processes:
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If an element is radioactive, how can you tell when its atoms are going to decay? Some radioisotopes decay to stable atoms in less than a second. However, the nuclei of certain radioactive isotopes require millions of years to decay. A measure of the time required by the nuclei of an isotope to decay is called the half-life. The half-life of a radioactive isotope is the amount of time it takes for half the nuclei in a sample of the isotope to decay. The nucleus left after the isotope decays is called the daughter nucleus. The following figure shows how the number of decaying nuclei decreases after each half-life. 
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The half-life of [image: image15.png]


is 12.3 years. During each half-life, half of the atoms in the sample decay into helium.

Half-lives vary widely among the radioactive isotopes. For example, polonium-214 has a half-life of less than a thousandth of a second, but uranium-238 has a half-life of 4.5 billion years. 
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The law of radioactive decay predicts how the number of the not decayed nuclei of a given radioactive substance decreases in the course of time. 

	N   =   N0 ·   2-t/T 


N = number of the not decayed nuclei
N0 = number of the initially existing nuclei
t = time
T = half-life period
For a given type of radioactive nucleus, the number of nuclei that decay (N) in a time t is proportional to the number N of parent nuclei present:

N = -N t

The proportionality constant, , is called the decay constant and is characteristic of the given nucleus.  The number N of nuclei remaining after a time t decreases exponentially

N  e-t

As does the activity, N / t.  The half-life, T1/2, is the time required for half of the nuclei of a radioactive sample to decay.  It is related to the decay constant by

 = 0.693 / T1/2
Example Problem 

The time it takes for half of the atoms of one element in a piece of rock to change into another element is called its half-life. Scientists use the half-lives of radioactive isotopes to measure geological time. Potassium-40 has a half-life of 1.28 billion years before it produces the stable daughter product argon-40. If three-fourths of the potassium-40 atoms in a rock had changed into atoms of argon-40, how old would you predict the rock to be? 

Solution 
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This is what you know:

	
	half-life of potassium-40 = 1.28 billion years

	
	75% of potassium-40 atoms have decayed
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This is what you want to find:

	
	age of the rock
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Set up a pattern to help solve:

	
	The age of the rock would be 2.56 billion years old.
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http://www.colorado.edu/physics/2000/isotopes/radioactive_decay3.html
http://www.shodor.org/UNChem/advanced/nuc/nuccalc.html
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