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Section 14.3 

Nuclear Reactors 
Weapons weren’t the only possibilities open to nuclear scientists and engineers at the end 
of the 1930’s. While nuclear fission chain reactions and thermonuclear fusion were 
clearly ways to unleash phenomenal destructive energy, they could also provide virtually 
limitless sources of useful energy. By controlling the same nuclear reactions that occur in 
nuclear weapons, people have since managed to extract nuclear energy for constructive 
uses. In the half-century since their conception, nuclear fission reactors have developed 
into a fairly mature technology and have become one of our major sources of energy. Nu-
clear fusion power remains an elusive goal, but efforts continue to harness this form of 
nuclear energy as well. 

Questions to Think About: Why doesn’t a nuclear reactor explode once it reaches a 
critical mass? How is the energy released in a nuclear reactor turned into electricity? 
What caused the famous accidents at Three Mile Island and Chernobyl? How can hydro-
gen fusion be initiated in a container? How is hydrogen held together at the temperatures 
needed for fusion? 

Experiments to Do: A nuclear reactor operates very close to critical mass. Below critical 
mass, each spontaneous fission induces a limited number of subsequent fissions. Above 
critical mass, the number of subsequent fissions becomes unlimited. A similar effect oc-
curs in a sand pile as it becomes steeper. If you pour sand slowly onto the pile, its shape 
will change and its steepness will increase. Initially, the grains will stay where they land, 
but once the pile becomes quite steep, they will begin to roll down the pile’s sides. If the 
pile becomes too steep, a single grain of sand can trigger an avalanche. That same behav-
ior occurs in a reactor that’s near critical mass—a single spontaneous fission can trigger 
an enormous number of subsequent fissions. 
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Nuclear Fission Reactors 

Assembling a critical mass of uranium doesn’t always cause a nuclear explosion. 
In fact, it’s rather hard to cause a big explosion. The designers of the atomic bomb 
had to assemble not just a critical mass but a supercritical mass and they had to 
do it in much less than a millionth of a second. That’s not something that hap-
pens easily or by accident. It’s much easier to reach a critical mass slowly, in 
which case the uranium will simply become very hot. It may ultimately explode 
from overheating, but it will not vaporize everything in sight. 

This slow assembly of a critical mass is the basis for nuclear fission reactors. 
Their principal product is heat, which is often used to generate electricity. Fission 
reactors are much simpler to build and operate than fission bombs because they 
don’t require such purified fissionable materials. In fact, with the help of some 
clever tricks, nuclear reactors can even be made to operate with natural uranium. 

Let’s begin by showing that a fission chain reaction doesn’t always lead to 
an explosion. What’s important is just how fast the fission rate increases. In an 
atomic bomb, it increases breathtakingly quickly. At detonation, the fissionable 
material is far above the critical mass so the average fission induces not just one, 
but perhaps two, subsequent fissions. With only about 10 ns (10 nanoseconds) 
between one fission and the two it induces, the fission rate may double every 
10 ns. In less than a millionth of a second, most of the nuclei in the material un-
dergo fission, releasing their energy before the material has time to blow apart. 

But things aren’t so dramatic right at critical mass, where the average fis-
sion induces just one subsequent fission. Since each generation of fissions simply 
reproduces itself, the fission rate remains essentially constant. Only spontaneous 
fissions cause it to rise at all. The fissionable material steadily releases thermal 
energy and that energy can be used to power an electric generator. 

A nuclear reactor contains a core of fissionable material. Because of the way 
in which this core is assembled, it’s very close to a critical mass. Several neutron-
absorbing rods, called control rods, which are inserted into the reactor’s core, 
determine whether it’s above or below critical mass. Pulling the control rods out 
of the core increases the chance that each neutron will induce a fission and moves 
the core toward supercriticality. Dropping the control rods into the core increases 
the chance that each neutron will be absorbed before it can induce a fission and 
moves the core toward subcriticality. 

A nuclear reactor uses feedback to maintain the fission rate at the desired 
level. If the fission rate becomes too low, the control system slowly pulls the con-
trol rods out of the core to increase the fission rate. If the fission rate becomes too 
high, the control system drops the control rods into the core to decrease the fis-
sion rate. It’s like driving a car. If you’re going too fast, you ease off the gas 
pedal. If you are going too slowly, you push down on the gas pedal. 

The car driving analogy illustrates another important point about reactors. 
Both cars and reactors respond relatively slowly to movements of their controls. 
It would be hard to drive a car that instantly stopped when you lifted your foot 
off the gas pedal and leaped to supersonic speed when you pushed your foot 
down. Similarly, it would be impossible to operate a reactor that immediately 
shut down when you dropped the control rods in and instantly exploded when 
you pulled the control rods out. 

But reactors, like cars, don’t respond quickly to movements of the control 
rods. That’s because the final release of neutrons following a fission is slow. 
When a 235U nucleus fissions, it promptly releases an average of 2.47 neutrons 
which induce other fissions within a thousandth of a second. But some of the fis-
sion fragments are unstable nuclei that decay and release neutrons long after the 
original fission. On average, each 235U fission eventually produces 0.0064 of these 
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delayed neutrons, which then go on to induce other fissions. It takes seconds or 
minutes for these delayed neutrons to appear and they slow the response of the 
reactor. The reactor’s fission rate can’t increase quickly because it takes a long 
time for the delayed neutrons to build up. The fission rate can’t decrease quickly 
because it takes a long time for the delayed neutrons to go away. 

To further ease the operation of modern nuclear reactors, they are designed 
to be stable and self-regulating. This self-regulation ensures that the core auto-
matically becomes subcritical if it overheats. As we’ll see later on, this self-
regulation was absent in the design of Chernobyl Reactor Number 4. 

CHECK YOUR UNDERSTANDING #1: No Delayed Decays 

If the fission of 235U produced only stable fission fragments, would a nuclear reac-
tor be easier or harder to operate? 

Thermal Fission Reactors 
The basic concept of a nuclear reactor is simple: assemble a critical mass of fis-
sionable material and adjust its criticality to maintain a steady fission rate. But 
what should the fissionable material be? In a fission bomb, it must be relatively 
pure 235U or 239Pu. But in a fission reactor, it can be a mixture of 235U and 238U. It can 
even be natural uranium. The trick is to use thermal neutrons—slow moving 
neutrons that have only the kinetic energy associated with the local temperature. 

In a fission bomb, 238U is a serious problem because it captures the fast mov-
ing neutrons emitted by fissioning 235U nuclei. Natural uranium can’t sustain a 
chain reaction because its many 238U nuclei gobble up most of the fast moving 
neutrons before they can induce fissions in the rare 235U nuclei. The uranium must 
be enriched, so that it contains more than the natural abundance of 235U. 

But slow moving neutrons have a different experience as they travel 
through natural uranium. For complicated reasons, the 235U nuclei seek out slow 
moving neutrons and capture them with unusual efficiency. 235U nuclei are so 
good at catching slow moving neutrons that they easily win out over the more 
abundant 238U nuclei. Even in natural uranium, a slow moving neutron is more 
likely to be caught by a 235U nucleus than it is by a 238U nucleus. As a result, it’s 
possible to sustain a nuclear fission chain reaction in natural uranium if all of the 
neutrons are slow moving. 

But the previous paragraph seems to be hypothetical because 235U nuclei 
emit fast moving neutrons when they fission. That’s why pure natural uranium 
can’t be used in a fission bomb. However, most nuclear reactors don’t use pure 
natural uranium. They use natural uranium plus another material that’s called a 
moderator. The moderator’s job is to slow the neutrons down so that 235U nuclei 
can grab them. A fast moving neutron from a fissioning 235U nucleus enters the 
moderator, rattles around for about a thousandth of a second, and emerges as a 
slow moving neutron, one with only thermal energy left. It then induces fission in 
another 235U nucleus. Once the moderator is present, even natural uranium can 
sustain a chain reaction! Reactors that carry out their chain reactions with slow 
moving or thermal neutrons are called thermal fission reactors. 

To be a good moderator, a material must simply remove energy and mo-
mentum from the neutrons without absorbing them. When a fission neutron 
leaves a good moderator, it has only thermal energy left. The best moderators are 
nuclei that rarely or never absorb neutrons and don’t fall apart during collisions 
with them. Hydrogen (1H), deuterium (2H), helium (4He), and carbon (12C) are all 
good moderators. When a fast moving neutron hits the nucleus of one of these 
atoms, the collision resembles that between two billiard balls. Because the fast 

❐ The first nuclear reactor was CP–
1 (Chicago Pile–1), a thermal fission 
reactor constructed in a squash 
court at the University of Chicago. 
Each of the graphite bricks used in 
this pile contained two large pellets 
of natural uranium. By December 2, 
1942, the pile was complete and 
would reach critical mass once the 
control rods were removed. As En-
rico Fermi, the project leader, di-
rected the slow removal of the last 
control rod, the pile approached 
criticality and the neutron emis-
sions began to mount. It was noon, 
so Fermi called a famous lunch 
break. When everyone returned, 
they picked up where they had left 
off. At 3:25PM, the pile reached 
critical mass and the neutron emis-
sions increased exponentially. The 
reactor ran for 28 minutes before 
Fermi ordered the control rods to 
be dropped back in. 
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moving neutron transfers some of its energy and momentum to the nucleus, the 
neutron slows down while the nucleus speeds up. 

Water, heavy water (water containing the heavy isotope of hydrogen: deute-
rium or 2H), and graphite (carbon) are the best moderators for nuclear reactors. 
They slow neutrons down to thermal speeds without absorbing many of them. Of 
these moderators, heavy water is the best because it slows the neutrons quickly 
yet doesn’t absorb them at all. However, heavy water is expensive because only 
0.015% of hydrogen atoms are deuterium and separating that deuterium from 
ordinary hydrogen is difficult. 

Graphite moderators were used in many early reactors because graphite is 
cheap and easy to work with (see ❐ ). However, graphite is a less efficient mod-
erator than heavy water, so graphite reactors had to be big. Furthermore, graph-
ite can burn and was partly responsible for two of the world’s three major reactor 
accidents. Normal or “light” water is cheap, safe, and an efficient moderator, but 
it absorbs enough neutrons that it can’t be used with natural uranium. For use in 
a light water reactor, uranium must be enriched slightly, to about 2–3% 235U. 

The core of a typical thermal fission reactor consists of small uranium oxide 
(UO2) fuel pellets, separated by layers of moderator (Fig. 14.3.1). A neutron re-
leased by a fissioning 235U nucleus usually escapes from its fuel pellet, slows 
down in the moderator, and then induces fission in a 235U nucleus in another fuel 
pellet. By absorbing some of these neutrons, the control rods determine whether 
the whole core is subcritical, critical, or supercritical. The 238U nuclei are basically 
spectators in the reactor since most of the fissioning occurs in the 235U nuclei. 

In a practical thermal fission reactor, something must extract the heat re-
leased by nuclear fission. In many reactors, cooling water passes through the core 
at high speeds. Heat flows into this water and increases its temperature. In a boil-
ing water reactor, the water boils directly in the reactor core, creating high-
pressure steam that drives the turbines of an electric generator (Fig. 14.3.2). In a 
pressurized water reactor, the water is under enormous pressure so it can’t boil 
(Fig. 14.3.3). Instead, it’s pumped to a heat exchanger outside the reactor. This 
heat exchanger transfers heat to water in another pipe, which boils to create the 
high-pressure steam that drives a generator (Fig. 14.3.4). 

When properly designed, a water-cooled thermal fission reactor is inher-
ently stable. The cooling water is actually part of the moderator. If the reactor 
overheats and the water escapes, there will no longer be enough moderator 
around to slow the fission neutrons down. The fast moving neutrons will be ab-
sorbed by 238U nuclei and the chain reaction will slow or stop. 

CHECK YOUR UNDERSTANDING #2: Nuclear Candles 

Would wax made from hydrogen and carbon atoms be a good moderator? 
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Fig. 14.3.1 - The core of a 
thermal fission reactor consists 
of uranium pellets, interspersed 
with a moderator that slows the 
fission neutrons to thermal 
energies. Neutron-absorbing 
control rods are inserted into 
the core to control the fission 
rate. A cooling fluid such as 
water flows through the core to 
extract heat. 
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Fig. 14.3.2 - In a boiling water reac-
tor, cooling water boils inside the 
reactor core. It creates high-
pressure steam that drives steam 
turbines and an electric generator. 
The spent steam condenses in a 
cooling tower and is then pumped 
back into the reactor. 

High-
pressure
steam

Water

Low-
pressure
steam

Steam

Water

Coolant
pump

Water
pump

Steam
turbines

Cooling
towers

H
ea

t
ex

ch
an

ge
r

Reactor
core

 
Fig. 14.3.3 - In a pressurized water 
reactor, liquid water under great 
pressure extracts heat from the re-
actor core. A heat exchanger allows 
this cooling water to transfer heat 
to the water used to generate 
electricity. Water in the generating 
loop boils to form high-pressure 
steam, which then powers the 
steam turbines connected to the 
electric generators. The steam 
condenses back into liquid water 
and returns to the heat exchanger 
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Fast Fission Reactors 
Thermal reactors require simple fuel and are relatively straightforward to con-
struct. But they consume only the 235U nuclei and leave the 238U nuclei almost un-
affected. Anticipating the day when 235U will become scarce, several countries 
have built a different kind of reactor that contains no moderator. Such reactors 
carry out chain reactions with fast moving neutrons and are thus called fast fission 
reactors. 

A fast fission reactor operates much like a controlled fission bomb and it 
requires highly enriched uranium fuel as well. While a thermal fission reactor can 
get by with natural uranium or uranium that has been enriched to about 2–3% 
235U, a fast fission reactor needs 25–50% 235U fuel. That way, there are enough 235U 
nuclei around to maintain the chain reaction. 

But there is a side effect to operating a fast fission reactor. Many of the fast 
fission neutrons are captured by 238U nuclei, which then transform into 239Pu nu-
clei. Thus the reactor produces plutonium as well as heat. For that reason, fast 
fission reactors are often called breeder reactors—they create new fissionable fuel. 
The 239Pu can eventually replace the 235U as the principal fuel used in the reactor. 

A thermal fission reactor makes some plutonium, which is usually allowed 
to fission in place, but a fast fission reactor makes a lot of it. Because plutonium 
can be used to make nuclear weapons, fast fission reactors are controversial. 
However, because they convert otherwise useless 238U into a fissionable material, 
they use natural uranium far more efficiently than thermal fission reactors. 

One interesting complication of the unmoderated design is that fast fission 
reactors can’t be water-cooled. If they were, the water would act as a moderator 
and slow the neutrons down. Instead, they are usually cooled by liquid sodium 
metal. The sodium nucleus 23Na rarely interacts with fast moving neutrons so it 
doesn’t slow them down. 

CHECK YOUR UNDERSTANDING #3: A Mix-up at the Uranium Plant 

What would happen if they fueled a fast fission reactor with natural uranium? 

Fission Reactor Safety and Accidents 
One of the greatest concerns with nuclear fission reactors is the control of radio-
active waste. Anything that comes in contact with the reactor core or the neutrons 
it emits becomes somewhat radioactive. The fuel pellets themselves are quickly 
contaminated with all sorts of fission fragments that include radioactive isotopes 

 

Fig. 14.3.4 - The North Anna 
Nuclear Power Station in Mineral, 
Virginia uses two Westinghouse 
pressurized light water reactors to 
generate a total of 1900 MW of 
electric power. At capacity, each 
reactor produces more than 
2,900 MW of thermal power and 
can generate 950 MW of electric 
power. Waste heat from the plant is 
deposited in nearby Lake Anna. 
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of many familiar elements. Some of these radioactive isotopes dissolve in water 
or are gases and all of them must be handled carefully. 

The first line of defense against the escape of radioactivity is the large and 
sturdy containment vessel around the reactor. Because most of the radioactive 
materials remain in the reactor core itself or in the cooling fluid, they are trapped 
in the containment vessel. Whenever the nuclear fuel is removed for reprocess-
ing, care is taken not to allow radioactive materials to escape. 

The other great concern is the safe operation of the reactors themselves. 
Like any equipment, reactors experience failures of one type or another and a 
safe reactor must not respond catastrophically to such failures. Toward that end, 
reactors have emergency cooling systems, pressure relief valves, and many ways 
to shut down the reactor. For example, injecting a solution of sodium borate into 
the core cools it and stops any chain reactions. The boron nuclei in sodium borate 
absorb neutrons extremely well and are the main contents of most control rods. 
But the best way to keep reactors safe is to design them so that they naturally 
stop their chain reactions when they overheat. 

There have been three major reactor accidents in the past half-century. The 
first of these accidents occurred in 1957 at Windscale Pile 1, one of Britain’s two 
original plutonium production reactors. This thermal fission reactor was cooled 
by air rather than water and had a graphite moderator. During a routine shut-
down, the reactor overheated. The graphite’s crystalline structure had been 
modified by the reactor’s intense radiation and had built up a large amount of 
chemical potential energy. When that energy was suddenly released during the 
shutdown, the graphite caught fire and distributed radioactive debris across the 
British countryside. 

The second serious accident occurred at Three Mile Island in 1979. This 
pressurized water thermal fission reactor shut down appropriately when the 
pump that circulated water in the power-generating loop failed. Although this 
water loop wasn’t directly connected to the reactor, it was important for remov-
ing heat from the reactor core. Even though the reactor was shut down with con-
trol rods and had no chain reaction in it, the radioactive nuclei created by recent 
fissions were still decaying and releasing energy. The core continued to release 
heat and it eventually boiled the water in the cooling loop. This water escaped 
from the loop through a pressure relief valve and the top of the reactor core be-
came exposed. With nothing to cool it, the core became so hot that it suffered 
permanent damage. Some of the water from the cooling loop found its way into 
an unsealed room and the radioactive gases it contained were released into the 
atmosphere. 

The third and most serious accident occurred at Chernobyl Reactor Num-
ber 4 on April 26, 1986. This water-cooled, graphite-moderated thermal fission 
reactor was a cross between a pressurized water reactor and a boiling water reac-
tor. Cooling water flowed through the reactor at high pressure but didn’t boil 
until it was ready to enter the steam generating turbines. 

The accident began during a test of the emergency core cooling system. To 
begin the test, the operators tried to reduce the reactor’s fission rate. However, 
the core had accumulated many neutron-absorbing fission fragments, which 
made it incapable of sustaining a chain reaction at a reduced fission rate. The 
chain reaction virtually stopped. To get the chain reaction running again, the op-
erators had to withdraw a large number of control rods. These control rods were 
motor-driven, so it would take about 20 seconds to put them back in again. 

The operators now initiated the test by shutting off the cooling water. That 
should have immediately shut down the reactor by inserting the control rods, but 
the operators had overridden the automatic controls because they didn’t want to 
have to restart the reactor again. With nothing to cool it, the reactor core quickly 
overheated and the water inside it boiled. The water had been acting as a mod-
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erator along with the graphite. But the reactor was overmoderated, meaning it 
had more moderator than it needed. Getting rid of the water actually helped the 
chain reaction because the water had been absorbing some of the neutrons. The 
fission rate began to increase. 

The operators realized they were in trouble and began to shut down the re-
actor manually. However, the control rods moved into the core too slowly to 
make a difference. As the water left the core, the core went “prompt critical.” The 
chain reaction no longer had to wait for neutrons from the decaying fission frag-
ments because prompt neutrons from the 235U fissions were enough to sustain the 
chain reaction on their own. The reactor’s fission rate skyrocketed, doubling 
many times each second. The fuel became white hot and melted its containers. 
Various chemical explosions blew open the containment vessel and the graphite 
moderator caught fire. 

The fire burned for 10 days before firefighters and pilots encased the 
wreckage (Fig. 14.3.5) in concrete. Many of these heroic people suffered fatal ex-
posures to radiation. The burning core releasing all of its gaseous radioactive iso-
topes and many others into the atmosphere, forcing the evacuation of more than 
100,000 people. 

Although not a true reactor accident, the September 30, 1999 disaster in To-
kai-mura, Japan did involve a critical mass and a resulting chain reaction. At 
about 10:35, employees of the Conversion Test Facility of JCO Co., Ltd. Tokai 
Works were pouring a solution of uranyl (uranium) nitrate into a precipitation 
tank. Destined for an experimental fast fission reactor, this uranium had been 
enriched to about 18.8% 235U. Although the equipment and facilities were de-
signed to prevent the assembly of a critical mass, the workers decided to save 
time by circumventing the safeguards. 

After pouring six or seven batches of uranyl nitrate solution into the 
stainless steel tank through a sampling hole, the solution suddenly reached criti-
cal mass. With about 16.6 kg of enriched uranium in the tank, a sudden burst of 
radiation was released. The water temperature leapt upward and its resulting 
expansion dropped the mixture below critical mass. But as heat flowed into the 
water-cooled jacket around the tank, the mixture again approached critical mass. 
An episodic chain reaction continued in the tank for about 20 hours, until drain-
ing the cooling jacket and its neutron-reflecting water finally put an end to the 
critical mass. 

CHECK YOUR UNDERSTANDING #4: A Breath of Not-So-Fresh Air 

One of the common fission fragments of 235U is 131I, a radioactive isotope of iodine. 
Iodine sublimes easily and becomes a gas. What will happen if you sit in a room 
full of used uranium fuel pellets? 

Nuclear Fusion Reactors 
Nuclear fission reactors use a relatively rare fuel: uranium. While the earth’s 
supply of uranium is vast, most of that uranium is distributed broadly through-
out the earth’s crust. There are only so many deposits of high-grade uranium ores 
that are easily turned into pure uranium or uranium compounds. Fission reactors 
also produce all sorts of radioactive fission fragments that must be disposed of 
safely. There is still no comprehensive plan for safe keeping of spent reactor fu-
els. These must be kept away from any contact with people or animals virtually 
forever. No one really knows how to store such dangerous materials for hun-
dreds of thousands of years. 

 
Fig. 14.3.5 - Several hours after a 
misguided experiment caused it to 
exceed critical mass and vaporize 
parts of its core, Chernobyl Reactor 
Number 4 continues to emit radio-
active smoke and steam. 
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An alternative to nuclear fission is nuclear fusion. By joining hydrogen nu-
clei together, heavier nuclei can be constructed. The amount of energy released in 
such processes is enormous. However fusion is much harder to initiate than fis-
sion because it requires that at least two nuclei be brought extremely close to-
gether. These nuclei are both positively charged and they repel one another 
fiercely. To make them approach one another closely enough to stick, the nuclei 
must be heated to temperatures of more than 100 million degrees Celsius. 

The sun combines four hydrogen nuclei (1H) to form one nucleus of helium 
(4He), a very complicated and difficult nuclear fusion reaction. For fusion to occur 
on earth, it must be done between the heavy isotopes of hydrogen: deuterium 
and tritium. These are the isotopes used in thermonuclear weapons. If a mixture 
of deuterium and tritium are mixed together and heated to about 100 million de-
grees, their nuclei will begin to fuse and release energy. The deuterium and trit-
ium become helium and neutrons. 

In contrast to fission reactions, there are no radioactive fragments pro-
duced. Tritium itself is radioactive, but can easily be reprocessed into fuel and 
retained within the reactor system. The dangerous neutrons can be caught in a 
blanket of lithium metal, which then breaks into helium and tritium. It’s conven-
ient that new tritium is created because tritium isn’t naturally occurring and must 
be made by nuclear reactions. Thus, fusion holds up the promise of producing 
relatively little radioactive waste. If the neutrons that are released by fusion 
events are trapped by nuclei that don’t become radioactive, then there will be no 
radioactive contamination of the fusion reactor either. This is easier said than 
done, but it’s better than in a fission reactor. 

Unfortunately, heating deuterium and tritium and holding them together 
long enough for fusion to occur isn’t easy. There are two main techniques that are 
being tried: inertial confinement fusion and magnetic confinement fusion. 

Inertial confinement fusion uses intense pulses of laser light to heat and com-
press a tiny sphere containing deuterium and tritium (Fig. 14.3.6). The pulses of 
light last only a few trillionths of a second, but in that brief moment they vapor-
ize and superheat the surface of the sphere. The surface explodes outward, push-
ing off the inner portions of the sphere. The sphere’s core experiences huge in-
ward forces as a result and it implodes. As it’s compressed, the temperature of 
this core rises to that needed to initiate fusion. In effect, it becomes a tiny ther-
monuclear bomb with the laser pulses providing the starting heat. 

To date, inertial confinement fusion experiments have observed fusion in a 
small fraction of the deuterium and tritium nuclei. The technique is called inertial 
confinement fusion because there is nothing holding or confining the ball of fuel. 
The laser beams crush it while it’s in free fall and its own inertia keeps it in place 
while fusion takes place. Unfortunately, the lasers and other technologies needed 
to carry out inertial confinement fusion are sufficiently complex and troublesome 
that it may never be viable as a source of energy. Nonetheless, these experiments 
provide important information on the behaviors of fusion materials at high tem-
peratures and pressures. 

The other technique being developed to control fusion is magnetic confine-
ment. When you heat hydrogen atoms hot enough, they move so quickly and hit 
one another so hard that their electrons are knocked off. Instead of a gas of atoms 
you have a gas of free positively charged nuclei and negatively charged elec-
trons, a plasma. A plasma differs from a normal gas because it’s affected by 
magnetic fields. 

As we saw in the section on television, moving charged particles tend to 
circle around magnetic field lines, a behavior called cyclotron motion 
(Fig. 14.3.7). If the magnetic field surrounding a charged particle is carefully 
shaped in just the right way, the charged particle will find itself trapped by the 
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Fig. 14.3.6 - In inertial confinement 
fusion experiments, several laser 
beams are focused onto a tiny 
sphere containing deuterium and 
tritium. These ultra-intense pulsed 
beams compress and heat the 
sphere so that fusion occurs. 
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Fig. 14.3.7 - When a charged parti-
cle moves in the magnetic field be-
tween two magnetic poles, it travels 
in a spiral path around the mag-
netic field lines connecting them. 
The particle is confined to a particu-
lar region of space. 



14.3.  NUCLEAR REACTORS 9 

magnetic field. No matter what direction it heads, the charged particle will spiral 
around the magnetic field lines and will be unable to escape. 

Magnetic confinement makes it possible to heat a plasma of deuterium and 
tritium to fantastic temperatures with electromagnetic waves. Since the heating is 
done relatively slowly, it’s important to keep heat from leaving the plasma. Mag-
netic confinement prevents the plasma from touching the walls of the container, 
where it would quickly cool off. 

One of the most promising magnetic confinement schemes is the tokamak. 
The main magnetic field of the tokamak runs around in a circle to form a mag-
netic doughnut or toroid, the geometrical name for a doughnut shaped object 
(Fig. 14.3.8). The magnetic field is formed inside a doughnut-shaped chamber by 
running an electric current through coils that are wrapped around the chamber. 
Plasma nuclei inside the chamber travel in spirals around the magnetic field lines 
and don’t touch the chamber walls. They are confined inside the chamber and 
race around the doughnut endlessly. The nuclei can then be heated to the ex-
tremely high temperatures they need in order to collide and fuse. 

Magnetic confinement fusion reactors have observed considerable amounts 
of fusion (Fig. 14.3.9). They can briefly achieve scientific break-even, the point at 
which fusion is releasing enough energy to keep the plasma hot all by itself. 
However, much more development is needed to meet and exceed practical 
break-even, where the entire machine produces more energy than it needs to op-
erate. 

CHECK YOUR UNDERSTANDING #5: Trying for Fusion in Your Basement 

Why can’t you initiate fusion by running an electric discharge through deuterium 
and tritium in a glass tube? 
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Fig. 14.3.8 - A tokamak magnetic 
confinement fusion reactor consists 
of a doughnut shaped chamber 
with a similarly shaped magnetic 
field inside it. Plasma particles 
moving inside the tokamak’s 
chamber travel in spirals and circle 
around the field lines inside the 
chamber. Because the plasma 
doesn’t touch the walls of the to-
kamak, it retains heat well enough 
to reach temperatures at which 
fusion can occur. 

 

Fig. 14.3.9 - The Tokamak Fusion 
Test Reactor at Princeton University 
is an experimental facility used to 
learn how to induce fusion between 
hydrogen nuclei. 


