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Chapter 5

The Atomic Nucleus
THE MAIN IDEA

5.9 Nuclear Fusion

In the graphs of Figures 5.27 and 5.28, we see that the steep-
est part of the energy valley goes from hydrogen to iron. 
Energy is gained by the nucleons as light nuclei combine. 
This combining of nuclei is called nuclear fusion, and it is the 
opposite of nuclear fission. We can see from Figure 5.29 that 
as we move along the list of elements from hydrogen to iron, 
the average mass per nucleon decreases. Thus, when two 
small nuclei fuse—for example, a pair of hydrogen isotopes—
the mass of the resulting helium nucleus is less than the mass 
of the two small nuclei before fusion. The mass difference is 
released in the form of energy (Figure 5.30).

The atomic nucleus is the source of a 
tremendous amount of energy.

How does the mass of a 
pair of hydrogen isotopes 
about to fuse compare 
with the mass of the 
resulting helium nucleus?

READING CHECK

<  Figure  5.29
The mass of each nucleon 
in a hydrogen-2 nucleus is 
greater than the mass of 
each nucleon in a helium-4 
nucleus, which results from 
the fusion of two hydrogen-2 
nuclei. This lost mass is mass 
that has been converted to 
energy, which is why nuclear 
fusion is a process that 
releases energy.
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For a fusion reaction to occur, the nuclei must collide at 
a very high speed in order to overcome their mutual electric 
repulsion. The required speeds correspond to the extremely high 
temperatures found in the Sun and other stars. Fusion brought 
about by high temperatures is called thermonuclear fusion. 
In the high temperatures of the Sun, approximately 657 million 
tons of hydrogen is converted into 653 million tons of helium 
each second. The missing 4 million tons of mass is converted to 
energy—a tiny bit of which reaches our planet as sunshine. So 
thermonuclear fusion is the energy source of our sun, which is, 
in turn, the ultimate energy source of life on Earth (Figure 5.31).

^  Figure 5.30 
The mass of a nucleus is not equal to the sum of the mass of its parts. (a) The fission fragments of 
a uranium nucleus are less massive than the uranium nucleus. (b) Two protons and two neutrons 
are more massive in their free states than when they are combined to form a helium nucleus. Can 
you relate this to the graphs of Figure 5.28 and 5.29?

Figure 5.31 > 
Thermonuclear fusion takes place 
in stars, such as the Sun. Some 
day, humans may produce vast 
quantities of energy through ther-
monuclear fusion, as the stars have 
always done.
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Such reactions are, quite literally, nuclear burning. 
Thermonuclear fusion is analogous to ordinary chemical combus-
tion. In both chemical and nuclear burning, a high temperature 
starts the reaction; the release of energy by the reaction maintains 
a high enough temperature to spread the fire. The net result of the 
chemical reaction is the combination of atoms into more tightly 
bound molecules. In nuclear fusion reactions, the net result is more 
tightly bound nuclei. In both cases, mass decreases as the corre-
sponding amount of energy is released.

How are the atoms of your body 
connected to sunlight?

CONNECTIONS
CHEMICAL

C O N C E P T   C H E C K
1. Fission and fusion are opposite processes, yet each releases energy. Isn’t this contradictory?
2. To get a release of nuclear energy from the element iron, should iron undergo fission or fusion?

CHECK  YOUR  ANSWER    
1. No, no, no! This is contradictory only if the same element is said to release energy by both fission 
and fusion. Only the fusion of light elements and the fission of heavy elements result in a decrease 
in nucleon mass and a release of energy.

2. Neither, because iron is at the very bottom of the “energy valley.” Fusing a pair of iron nuclei produces 
an element to the right of iron on the curve, in which the mass per nucleon is higher. If you split an 
iron nucleus, the products will lie to the left of iron on the curve and again have a higher mass per 
nucleon. So, no energy is released. For energy release, “decrease mass” is the name of the game—any 
game, chemical or nuclear.

Prior to the development of the atomic bomb, the tempera-
tures required to initiate nuclear fusion on Earth were unattainable. 
When researchers found that the temperature inside an exploding 
atomic bomb is four to five times the temperature at the center of 
the Sun, the thermonuclear bomb was but a step away. This first 
thermonuclear bomb, a hydrogen bomb, was detonated in 1952. 
Whereas the critical mass of fissionable material limits the size of a 
fission bomb (atomic bomb), no such limit is imposed on a fusion 
bomb (thermonuclear, or hydrogen, bomb). Just as there is no limit 
to the size of an oil-storage depot, there is no theoretical limit to the 
size of a fusion bomb. Like the oil in the storage depot, any amount 
of fusion fuel can be stored with safety until ignited. Although a 
mere match can ignite an oil depot, nothing less energetic than 
an atomic bomb can ignite a thermonuclear bomb. We can see 
that there is no such thing as a “baby” hydrogen bomb. A typical 
thermonuclear bomb stockpiled by the United States today, for 
example, is about 1000 times more destructive than the atomic 
bomb detonated over Hiroshima at the end of World War II.

The hydrogen bomb is another example of a discovery used 
for destructive rather than constructive purposes. The potential 
constructive possibility is the controlled release of vast amounts 
of clean energy.
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Elements are created in stars 
as smaller nuclei fuse to form 
larger nuclei. This process is 
energy releasing only up to 
iron. The manufacture of 
elements heavier than iron 
cannot be sustained within 
a shining star. So, where do 
heavier elements, such as 
gold, come from? The final 
stage of certain very large 
stars involves a mighty col-
lapse, called a supernova. 
The energy of a supernova 
can outshine an entire 
galaxy, and it is this energy 
that makes the heavier-
than-iron elements. The gold 
atoms in your jewelry were 
created using the abundant 
energy of a supernova that 
exploded very long ago, 
likely in a galaxy very far 
away.

FOR YOUR
INFORMATION

Controlling Fusion
Carrying out fusion reactions under controlled conditions 
requires temperatures of millions of degrees. There are a variety 
of techniques for attaining high temperatures. No matter how 
the temperature is produced, a problem is that all materials 
melt and vaporize at the temperatures required for fusion. One 
solution to this problem is to confine the reaction in a nonma-
terial container.

A nonmaterial container is a magnetic field, which 
can exist at any temperature and can exert powerful forces 
on charged particles in motion. “Magnetic walls” of sufficient 
strength provide a kind of magnetic straitjacket for hot ionized 
gases called plasmas. Magnetic compression further heats the 
plasma to fusion temperature.

Although there are no nuclear fusion power plants cur-
rently in operation, an international project now exists whose 
goal is to prove the feasibility of nuclear fusion power in the 
near future. This fusion power project is the International 
Thermonuclear Experimental Reactor (ITER) (Figure 5.32). The 
reactor will house electrically charged hydrogen gas (plasma) 
heated to about 150 million degrees Celsius, which is about 10 
times hotter than the center of the Sun. In addition to produc-
ing about 500 MW of power, the reactor could be the energy 
source for the creation of hydrogen, H2, which could be used to 
power fuel cells.

If people are one day to dart about the universe in the 
same way we jet about the Earth today, their supply of fuel 
is assured. The fuel for fusion—hydrogen—is found in every 
part of the universe, not only in the stars but also in the space 
between them. About 90 percent of the atoms in the universe are 
estimated to be hydrogen. For people of the future, the supply 

of raw materials is also assured, because all the elements 
known to exist result from the fusing of more and more 
hydrogen nuclei. Future humans might synthesize their 
own elements and produce energy in the process, just as 
the stars have always done.

<  Figure  5.32
A cross-sectional view of the ITER 
(rhymes with “fitter”) now underway 
in Cadarache, France.


