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Chapter 5

The Atomic Nucleus
THE MAIN IDEA

5.7 Nuclear Fission

Biology students know that living tissue grows by the division 
of cells. The splitting in half of living cells is called fission. In a 
similar way, the splitting of an atomic nucleus into two smaller 
halves is called nuclear fission.

Nuclear fission involves the delicate balance between 
two forces within the nucleus. One force is the strong nuclear 
force, which is a force that holds all the nucleons together. The 
second force is the repulsive electric force occurring among 
all the like-sign protons. In most nuclei the nuclear strong 
force dominates. In uranium, however, this domination is 
weak. If the uranium nucleus is stretched into an elongated 
shape (Figure 5.20), the electric forces may push it into an 
even more elongated shape. If the elongation passes a crit-
ical point, the electric forces overwhelm the strong nuclear 
forces, and the nucleus splits. This splitting process is called 
nuclear fission.

The absorption of a neutron by a uranium nucleus 
supplies enough energy to cause such an elongation. 
The resulting fission process may produce many differ-
ent combinations of smaller nuclei. More significantly, 
the energy released by fission is enormous—about 7 mil-
lion times that of a TNT molecule explosion. This energy 
is mainly in the form of the kinetic energy of the fission 
fragments, which fly apart from one another. A much 
smaller amount of energy is released as gamma radiation. 

The atomic nucleus is the source of a 
tremendous amount of energy.
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Here is the equation for a typical uranium fission reaction:

Note that in this reaction 1 neutron starts the fission of a 
single uranium nucleus, which produces nuclear fragments and 
3 neutrons. These 3 neutrons can cause the fission of 3 more 
uranium atoms, releasing 9 more neutrons. If each of these 9 
neutrons succeeds in splitting a uranium atom, the next step in 
the reaction produces 27 neutrons, and so on. Such a sequence, 
illustrated in Figure 5.21, is called a chain reaction. A chain 
reaction is a self-sustaining reaction in which the products of 
one reaction event initiate further reaction events.

Why do chain reactions not happen in naturally occurring 
uranium ore deposits? They would if all uranium atoms fissioned 
so easily. Fission occurs mainly in the rare isotope U-235, which 
makes up only 0.7 percent of the uranium in pure uranium metal, 
as shown in Figure 5.22. When the more abundant isotope 
U-238 absorbs neutrons created by fission of U-235, the U-238 
typically does not undergo fission. So, any chain reaction is 
snuffed out by the neutron-absorbing U-238, as well as by the 
rock in which the ore is imbedded.

^  Figure 5.20
An elongation of the nucleus may result in the repulsive electric force’s overcoming the attractive strong nuclear 
force, in which case fission occurs.

What exactly is a chain 
reaction?

READING CHECK
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Chain reactions are more effective in large chunks of ura-
nium than in smaller chunks. In smaller chunks, neutrons easily find 
the surface and escape, as shown in Figure 5.23. As the neutrons 
escape, the chain reaction no longer builds up.

If two small chunks of uranium are suddenly pushed together, 
they make a larger chunk. Within this larger chunk, neutrons are 
no longer able to escape as easily. Instead, they continue the chain 
reaction, which becomes sustainable. The minimum size of a chunk 
needed for a sustainable chain reaction is called the critical mass. 
Any chunk at or above the critical mass produces a steady release 
of energy. With the correct engineering, this release of energy can 
be controlled, which is what happens within a nuclear power plant. 
A different sort of engineering, as shown in Figure 5.24, produces 
an explosion of energy, which is the basis of a nuclear fission bomb
 Constructing a fission bomb is a formidable task. The diffi-
culty is in separating enough uranium-235 from the more abundant 
uranium-238. Separation is difficult because, except for their slightly 
different masses, the two isotopes have the same physical and 
chemical properties. Scientists took more than 2 years to extract 
enough of the 235 isotope from uranium ore to make the bomb that 
was detonated at Hiroshima in 1945. To this day, uranium isotope 
separation, also known as uranium enrichment, remains a difficult 
process.

<  Figure  5.21
A chain reaction.

^  Figure 5.22
Only 1 part in 140 of naturally 
occurring uranium is U-235.
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Nuclear Fission Reactors
The awesome energy of nuclear fission was introduced to the 
world in the form of nuclear bombs, and this violent image still 
colors our thinking about nuclear power, making it difficult for 
many people to recognize its potential usefulness. Currently, 
about 20 percent of electric energy in the United States is gen-
erated by nuclear fission reactors (whereas most electric power 
is nuclear in some other countries—about 75 percent in France). 
These reactors are simply nuclear furnaces. They, like fossil fuel 
furnaces, do nothing more elegant than boil water to produce 
steam for a turbine (Figure 5.25). The greatest practical dif-
ference is the amount of fuel involved: a mere 1 kilogram of 
uranium fuel, less than the size of a baseball, yields more energy 
than 30 freight-car loads of coal.

A fission reactor contains four components: nuclear fuel, 
control rods, moderator (to slow the velocity of the neutrons, 
making them effective for the fission process), and a liquid (usu-
ally water) to transfer heat from the reactor to the turbine and 
generator. The nuclear fuel is primarily U-238, plus about 3 per-
cent U-235. Because the U-235 isotopes are so highly diluted 
with U-238, an explosion like that of a nuclear bomb is not 
possible. The reaction rate, which depends on the number of 

<  Figure  5.23
This exaggerated view shows that a chain 
reaction in a small piece of pure ura-
nium-235 runs its course before it can 
cause a large explosion because neutrons 
leak from the surface too soon. The surface 
area of the small piece is large relative to its 
mass. In a larger piece, more uranium and 
less surface are presented to the neutrons.

Figure 5.24  > 
Simplified diagram of a uranium-fis-
sion bomb. Two smaller masses of 
uranium are initially apart from 
each other. The bomb is ignited 
when high explosives (gunpow-
der) force the two masses to come 
together into a single lump with a 
critical mass.
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neutrons that initiate the fission of other U-235 nuclei, is controlled 
by rods inserted into the reactor. The control rods are made of a 
neutron-absorbing material, usually metals like cadmium or boron.

Heated water around the nuclear fuel is kept under high 
pressure to keep it at a high temperature without boiling (see 
Section 8.4). It transfers heat to a second, lower-pressure water 
system, which operates the turbine and electric generator in a 
conventional fashion. In this design, two separate water systems 
are used so that no radioactivity reaches the turbine or the outside 
environment. The entire setup resides inside a building like the one 
shown in Figure 5.26.

<  Figure  5.26
The nuclear reactor is housed within 
a dome-shaped containment build-
ing that is designed to prevent the 
release of radioactive isotopes in the 
event of an accident. The Soviet built 
Chernobyl nuclear power plant that 
reached melt- down in 1986 had no 
such containment building, leading 
to the release of massive amounts 
of radiation into the surrounding 
environment.

^  Figure 5.25
Diagram of a nuclear fission power plant. Note that the water in contact with the fuel rods is completely 
contained and that radioactive materials are not involved directly in the generation of electricity.

A nuclear power plant “melt-
down” occurs when the 
fissioning nuclear fuels are 
no longer submerged within 
a cooling fluid, such as water. 
The temperature rises to the 
point that the solid nuclear 
fuel and the reaction vessel 
itself melt into a liquid phase 
that has the potential of pen-
etrating through the floor of 
the containment building.

FOR YOUR
INFORMATION
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A significant disadvantage of fission power is the gen-
eration of radioactive waste products. Light atomic nuclei are 
most stable when composed of equal numbers of protons and 
neutrons, as discussed earlier, and heavy nuclei need more 
neutrons than protons for stability. For example, there are 143 
neutrons but only 92 protons in U-235. When uranium fissions 
into two medium-weight elements, the extra neutrons in their 
nuclei make them unstable. They are radioactive, most with very 
short half-lives, but some with half-lives of thousands of years. 
Safely disposing of these waste products, as well as materials 
made radioactive in the production of nuclear fuels, requires 
special storage casks and procedures. Although fission has been 
successfully producing electricity for a half century, disposing 
of radioactive wastes in the United States remains problematic.

The benefits of fission power are plentiful electricity, con-
servation of the many billions of tons of fossil fuels that every 
year are literally turned to heat and smoke (and in the long run 
may be far more precious as sources of organic molecules than 
as sources of heat), and the elimination of the megatons of sulfur 
oxides and other poisons that are put into the air each year by 
the burning of these fossil fuels.

C O N C E P T   C H E C K
A 52-kilogram ball of uranium-235 has critical mass, but the same ball broken up into small chunks 
does not. Explain.

CHECK  YOUR  ANSWER  The small chunks have more combined surface area than the ball from 
which they came. Neutrons escape via the surface of each small chunk before a sustained chain 
reaction can build up.

Sustainable fission chain 
reactions are a prime 
source of heat found within 
Earth’s core, which is to say 
that Earth itself is a plane-
tary-sized nuclear reactor. 
Know nukes before you say 
“No nukes”!

FOR YOUR
INFORMATION


