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ter,” in which deuterium takes the place of the hydrogen 
atoms in water molecules. Graphite (12C) is also a com-
mon moderator material and was used in the first nuclear 
reactor, constructed by Enrico Fermi in 1942. Although 
carbon is around twelve times more massive than a neu-
tron, around a hundred collisions with carbon nuclei will 
sufficiently slow neutrons to the point that they will be 
readily absorbed by 235U.

In order to sustain the chain reaction while avoiding a 
potentially catastrophic sudden release of energy, the re-
action must also be maintained at a critical level (K = 1). 
Control rods, consisting of a neutron-absorbing material 
such as boron, can be inserted or removed to regulate the 
speed of the chain reaction. When the reactor first starts, 
the reaction must be allowed to briefly go supercritical 
until the desired reaction rate is achieved. The control 
rods can then be reinserted to maintain the reaction at 
criticality. 

Enrico Fermi and his research team at the University 
of Chicago generated the first controlled chain reaction 
in 1942. In a racquet court on the university campus, 
Fermi assembled a nuclear “pile” of graphite bricks sur-
rounding small pieces of uranium. Cadmium control 
rods were used to regulate the rate of reaction. On De-
cember 2, 1942, by measuring the neutron output at var-
ious points in the pile, Fermi’s team concluded that the 
nuclear chain reaction had in fact been self-sustaining.

Although nuclear reactors are most commonly used 
for commercial power generation, they are also em-
ployed for many other applications. For instance, ships 
and submarines propelled by nuclear reactors can oper-
ate for years without refueling. Nuclear reactors can also 
be used as a source of neutrons for research, medical, or 
industrial purposes.
Power Plant Operation

Nuclear power plants use the energy released by fis-
sion reactions to heat water to boiling, producing steam 
that drives a turbine connected to an electric generator. 

The first generation of usable electricity by a nuclear 
reactor occurred on December 20, 1951.

Figure 31

Nuclear power reactor designs.

surrounded by the moderator substance (usually water in 
modern reactors). Nuclear fuel tends to be enriched ura-
nium containing 3 4 percent 235U
within a reactor vessel made of thick steel, which is lo-
cated within a heavily reinforced concrete containment 
structure. A coolant (usually water, or sometimes liquid 
sodium) is pumped through the core, where it absorbs 
thermal energy from the fission reactions. 

Heavy water reactors, commonly employed in Cana-
da, use heavy water as a moderator substance. Although 
heavy water is more expensive to obtain than ordinary 
water, it is so effective at slowing neutrons that heavy 
water reactors are able to achieve criticality with natu-

of heavy water is offset by the lack of expense for fuel 
enrichment.
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temporarily curtailed the growth of the nuclear power 
industry in the U.S.

The Chernobyl accident, widely considered the worst 
nuclear power incident in history, occurred on April 26, 
1986. The incident was the result of a flawed reactor de-
sign coupled with human operational error. A sudden 
power surge led to a rupture in the reactor vessel, result-
ing in a massive explosion that released a giant radioac-
tive cloud. The Chernobyl accident released 400 times 
more radioactive material than the nuclear bombing of 
Hiroshima. Thirty-one deaths were directly attributed 
to the incident, and hundreds of thousands of people 
needed to be relocated. Although significant differences 
between Soviet and American reactor designs made the 
possibility of a similar incident in the U.S. extremely 
unlikely, the Chernobyl accident only fueled concerns 
about the safety of nuclear power.

We previously described how an earthquake and tsu-
nami triggered a meltdown at the Fukushima Daiichi 
power plant on March 11, 2011. Immediately following 
the earthquake, the control rods had been inserted to 
cease reactor activity as a safety precaution. Even after 
shutting down, the fuel rods were still hot enough that 
they required continuous coolant circulation for sever-
al days. After both the primary and secondary coolant 
pumps lost power, the reactors overheated and suffered 
meltdown. Extensive evacuations of the surrounding area 
minimized hazardous radiation exposure, and a 2013 
study reported that any negative health impacts among 
evacuees were likely to be too small to detect. Following 
the Fukushima incident, Japan powered down all fifty-
four of its nuclear power plants for a safety assessment.

Contrary to popular belief, a nuclear meltdown is not 
an explosion of nuclear material, but rather an overheat-
ing of the nuclear fuel. Indeed, it is impossible for the 
uranium fuel in a nuclear reactor to explode like a nu-
clear bomb. Why? Recall that reactor-grade uranium is 
enriched to 3–4 percent, far below the weapons-grade 
enrichment of 90 percent. There is simply not a high 
enough concentration of uranium-235 in a nuclear reac-
tor to generate a bomb-like explosion. Any explosions 
that accompany reactor accidents are due to pressure 
buildup or other failures elsewhere in the system.
Nuclear Weapons

The development of a nuclear weapon was the driving 
force behind early research into nuclear fission during the 
1940s. The term “atomic bomb” conventionally refers to 
weapons that rely exclusively on nuclear fission to gener-
ate an explosive output of energy. Nuclear weapons are 
designed to release as much energy as possible as quickly 
as possible. They are designed to operate above critical-
ity, with an exponentially growing energy output until 
their fuel is depleted. This is very different from a nuclear 
reactor, which is designed to maintain a constant power 
output. The total energy produced by a fission bomb can 
range from just below a single ton of TNT to 500,000 

tons of TNT.
Neutrons emitted during fission reactions will travel 

through the material until they collide with another ura-
nium nucleus and trigger another fission event. If the 
mass of uranium used in a bomb is too small, the neu-
trons will “leak” through the surface of the material be-
fore encountering another uranium nucleus. For larger 
masses of fuel, neutrons will penetrate through more 
material and are more likely to generate another fission 
event before escaping. The critical mass is the minimum 
amount of fissile material necessary to sustain a nuclear 
chain reaction. At the critical mass, each fission event 
causes an average of one additional fission event. The 
critical mass of weapons-grade uranium-235 is a sphere 
about 6.8 inches in diameter, about the size of a large 
cantaloupe.

Critical mass has important implications for the de-
sign of nuclear weapons. The nuclear fuel must be kept 
below critical until the time of detonation. In practice, 
this is achieved by splitting the fuel into multiple pieces, 
each below the critical mass, and then rapidly driving 
them together at the instant of detonation. The two pri-
mary means for achieving critical mass are the “gun-
type” method, in which two subcritical pieces are fired 
together using conventional explosives; and the “implo-
sion” method, in which a subcritical mass is compressed 
inward by explosives, thereby increasing its density above 

Figure 33

Two types of fission weapon design.

http://www.britannica.com/event/Chernobyl-disaster



