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Nuclear Reactions, Fission, and Fusion

OBJECTIVES:

15. Define the term unified mass unit.

16. State and apply Einstein’s mass-energy equivalence relationship.

17. Describe the processes of nuclear fission and fusion.

18. State that nuclear fusion is the main source of the Sun’s energy.

In 1905, while developing his special theory of relativity, Einstein made the startling suggestion that energy and mass are equivalent.  He predicted that if the energy of a body changes by an amount E, its mass changes by an amount m given by the equation

E = mc2
where c is the speed of light.  Everyday examples of energy gain are much too small to produce detectable changes of mass.  The changes of mass accompanying energy changes in chemical reactions are not much greater and cannot be used to prove Einstein’s equation.  However, radioactive decay, which is a spontaneous nuclear reaction, is more helpful.  Thus for a radium atom, the combined mass of the alpha particle it emits and the radon atom to which it decays is, by atomic standards, appreciably less than the mass of the original radium atom.  Mass appears as energy and the two can be regarded as equivalent.  

In nuclear physics, mass is measured in unified atomic mass units (u).  1u being 1/12 of the mass of the carbon-12 atom, which equals 1.66 x 10-27kg.  A unit of energy may therefore be considered to be a unit of mass.  If the principle of conservation of energy is to hold for nuclear reactions, it is clear that mass and energy must be regarded as equivalent. 
The implication of E = mc2 is that any reaction producing an appreciable mass of decrease is a possible source of energy.

Do you know what the first step in a game of pool is? One player shoots the cue ball into a triangle of densely packed billiard balls. If the cue ball hits the triangle right on, the balls spread apart, or break. In 1938, two physicists named Otto Hahn and Fritz Strassmann found that a similar result occurs when a neutron is shot into the large nucleus of a uranium-235 atom. The nucleus is split. 

Lise Meitner was the first to offer a theory to explain the splitting of a nucleus. She concluded that the neutron fired into the nucleus disturbs and distorts the uranium-235 nucleus. The nuclear strong force is no longer enough to overcome the electrical repulsion within the nucleus, causing it to split into two nuclei. The process of splitting a nucleus into two nuclei with smaller masses is called nuclear fission. The word fission means "to divide." 


When a neutron hits a uranium-235 nucleus, the uranium nucleus splits into two smaller nuclei and two or three free neutrons. Energy also is released.

Only large nuclei, such as the nuclei of uranium and plutonium atoms, can undergo nuclear fission. The products of a fission reaction usually include several individual neutrons in addition to the smaller nuclei. The total mass of the products is slightly less than the mass of the original nucleus and the neutron. This small amount of missing mass is converted to a tremendous amount of energy during the fission reaction. 

The energy released in a nuclear fission reaction is much greater than the energy released by the natural, spontaneous decay of a radioactive isotope. The neutrons produced in the fission reaction can then bombard and split other nuclei in the sample. These reactions each release more neutrons. If some other material is not present to absorb some of these neutrons as they are released, an uncontrolled chain reaction can result. A chain reaction is an ongoing series of fission reactions. Billions of reactions can occur each second during a chain reaction, resulting in the release of tremendous amounts of energy. 
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A chain reaction quickly grows larger and larger if there are enough nuclei to keep it going.

Tremendous amounts of energy can be released in nuclear fission. In fact, splitting one uranium-235 nucleus produces about 200 million times more energy than chemically reacting one molecule of dynamite. Even more energy can be released in another type of nuclear reaction, called nuclear fusion. In nuclear fusion, two nuclei with low masses are combined to form one nucleus of larger mass. Fusion fuses atomic nuclei together, and fission splits nuclei apart. 

For nuclear fusion to occur, positively charged nuclei must get close to each other. However, all nuclei repel each other because they have the same positive electric charge. If nuclei are moving fast, they can have enough kinetic energy to overcome the repulsive electrical force between them and get close to each other. 

Remember that the kinetic energy of atoms or molecules increases as their temperature increases. Only at temperatures of millions of degrees Celsius are nuclei moving so fast that they can get close enough for fusion to occur. These extremely high temperatures are found in the center of stars, including the Sun. 

The Sun is composed mainly of hydrogen. Most of the energy given off by the Sun is produced by a process involving the fusion of hydrogen nuclei. This process occurs in several stages. The net result of this process is that four hydrogen nuclei are converted into one helium nucleus. As this occurs, a small amount of mass is changed into an enormous amount of energy. Earth receives a small amount of this energy as heat and light. 
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The fusion of hydrogen to form helium takes place in several stages in the Sun. One of these stages is shown here. An isotope of helium is produced when a proton and the hydrogen isotope H-2 undergo fusion.

Pros and Cons of Nuclear Fission 

· Pros 

1. Extremely efficient source of power. 
2. Nuclear power plants need less fuel than ones which burn fossil fuels (one ton of uranium produces more energy than is produced by several million tons of coal or several million barrels of oil). 
3. No greenhouse gasses emitted.
· Cons 

1. Accidents happen: 

· e.g.  Chernobyl, USSR in 1986 - A runaway fission reaction at the power plant caused a violent explosion. 

31 people were killed, 15,000 people are estimated to die within the next 50 years from radioactive fallout. 

· e.g.  Three Mile Island, US in 1979 - Partial meltdown.  
2. Nuclear waste: storage, transportation, etc.  Not only of used fuel rods, but also the entire reactor structure once the power plant cannot be used (nuclear reactors only last for about forty to fifty years).
Pros and Cons of Nuclear Fusion
· Pros 

1. The fuels that could be used are relatively inexpensive and readily available. 

2. The products of a fusion reaction are not radioactive, thus thee are no nuclear waste problems. 

3. Fusion is not a chain reaction, therefore it can be stopped at anytime and there is no threat of a meltdown. 

4. Fusion would be a virtually inexhaustible energy supply that could eliminate most of the world's dependence on other fuels. 

· Cons 

1. Ignition temperature is extremely high (input energy is greater than output energy right now). 

2. Any substance at these high temperatures is in the plasma state which is very difficult to contain (magnetic fields being tested). 

3. Large-scale fusion reactions are very expensive (input energy vs. output energy). 
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