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Prologue

The goal of this report is to inform the reader about
the challenges facing magnetic confinement nuclear
fusion technology, which could someday provide

the planet with a new and unique source of energy.
Like the other Andlinger Center Energy Technology
“Distillates,” this Distillate aims to provide succinct yet
substantive information to policymakers, educators,
students, and other citizens - to fill a gap between
presentations in textbooks and in the popular
literature.

This Distillate was researched, synthesized, and
written by 10 Ph.D. students in the Princeton Energy
and Climate Scholars (PECS) program at Princeton
University, along with our faculty mentor, Robert
Socolow. PECS is a platform that enables a group

of Ph.D. students working on disparate aspects

of energy and climate to have an interdisciplinary
exchange of ideas. The students involved in this
Distillate have a range of expertise: biogeochemistry,
climate modeling, ecology, electrical engineering,
psychology, and public policy. Notably, none of us is
engaged in a dissertation related to nuclear fusion.

The lack of fusion scientists among the authors has
required significant effort on our part to learn and
understand the intricacies of the fusion field. We were
aided by extensive consultations with experts. We

hope that the reader will benefit from our collective
learning process and our fresh perspective on

the fusion enterprise. An exposition emphasizing
objectivity may be particularly helpful for fusion
because the field is currently conducting expensive
experiments that compete for very limited government
funding in many nations, resulting in discourse that
may at times be hindered by the high stakes between
competing approaches and projects.

A special challenge to our objectivity arises from the
fact that the Princeton Plasma Physics Laboratory
(PPPL) is located at the University. Although we
consulted with several fusion experts at PPPL, this
report was written independently of PPPL and does
not represent its views. Nonetheless, the reader may
well anticipate that any document from Princeton

will present fusion’s potential to become a future
energy generation option in an excessively favorable
light. We have sought to write an impartial and
rigorous assessment, the kind that we would most
want to read ourselves. In the process, we hope we
have written a document that will be useful for every
reader with an appetite for introductory technological
analysis and a desire to understand nuclear fusion as
an energy source.
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Article 1: Overview

In the current century the world faces a dual
challenge: providing the energy that enables
continued growth in desired human activity, while
limiting the severity of climate change by constraining
the emissions of carbon dioxide from fossil fuels.
Although this dual challenge is expected to be met
in part by efficient use of energy and extensive
deployment of already well-envisioned low-carbon
energy sources, additional low-carbon options could
help secure a robust path to sustainable global
development. Nuclear fusion energy may be such an
option, provided that significant progress in several
areas of science and technology is made in the next
few decades.

Fusion-generated energy would be uniquely valuable
because of a combination of characteristics not
shared by any existing technology:

1) Fusion could dependably provide energy at a
sufficient scale to meet a significant fraction of
global demand.

2) Locations for fusion plants include sites where
renewable energy sources are unsuitable.

3) Fusion power is expected to have low impact on
public health and local environments.

4) Fusion power has no direct carbon dioxide
emissions. The indirect emissions that are
associated with plant construction and fuel
production are modest.

5) The global supply of fusion fuels is essentially
inexhaustible. Lithium and deuterium extracted
from seawater could provide enough fusion fuel
to meet foreseeable energy demand for millions
of years.

Several significant challenges help explain why the
multiple benefits of fusion energy have not yet led

to its presence in the global energy system, even
though the theory of fusion reactions was developed
in the 1920s and 1930s. The most direct challenges
are in science and technology. Nuclear fusion is

the method by which the Sun creates its energy,

and replicating such a process on Earth requires
recreating conditions comparable with those found
in the Sun’s core. The temperature of the fusion fuel
must be raised to approximately 200 million degrees
Celsius, versus 15 million degrees Celsius in the core
of the Sun. At such temperatures, the fuel is fully
ionized, that is, the fuel’s atoms have been stripped
of all their electrons. This distinctive state of matter
is called “plasma.” Magnetic confinement uses

magnetic fields to retain plasma heat and to control
plasma movement while energy is produced within
the plasma by nuclear reactions.

Creating, maintaining, and manipulating a high-
temperature plasma are unique scientific challenges.
Basic questions in the science of plasma physics

and applied questions related to engineering and
materials have been addressed in both small and
large facilities, but many questions can be tested only
in the largest facilities, which have become steadily
more expensive.

Early research focused on plasma control and

limited the number of nuclear fusion events in order
to reduce complications. Now the frontier includes
“burning plasmas,” where enough fusion reactions
occur to maintain the high temperature of the plasma
with little or no external heating. The behavior of a
burning plasma is new territory for science.

The scientific, technological, and economic challenges
of fusion energy research go hand in hand with the
policy challenges of fusion energy. Because fusion
research requires large and long-term financing,
funding has come primarily from governments rather
than private investors. However, in national politics,

it is difficult to sustain many decades of investments
on the scale of hundreds of millions of dollars
annually when the outcomes are uncertain and the
end goal - a commercial reactor - will at best be
economically competitive decades in the future. The
fusion endeavor struggles to fund expensive research
facilities and long-term horizons with bounded and
fluctuating budgets.

One way that the fusion community is dealing with
financial challenges is by forming international
collaborations to pool funds for its larger experiments.
The most ambitious collaboration in fusion is the
International Thermonuclear Experimental Reactor
(ITER), which is currently under construction in
France. It will be discussed at some length in this
Distillate. ITER is expected to allow for extensive
experimentation under burning plasma conditions.

Magnetic confinement fusion is one of the two
principal approaches to achieving nuclear fusion
energy currently being explored. The other is inertial
confinement fusion, which uses pulses from multiple
lasers or particle beams to squeeze tiny pellets of fuel
and trigger a rapid succession of fusion reactions.
Both magnetic and inertial confinement fusion are
based on the same nuclear fusion reactions, but due
to their vastly different configurations, the obstacles
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in these two paths to commercial fusion energy are
entirely different. Here, we focus nearly exclusively on
magnetic confinement fusion, presenting the major
technological and economic issues associated with
its potential for commercial success. To further bound
our Distillate, we do not discuss the relatively few,
small-scale, private-sector-funded fusion ventures
that are seeking alternatives to the mainstream
government-funded approaches.

A commercially competitive fusion power plant would
be a remarkable human achievement. As the science
unfolds, however, it is possible that the emergent
technological, economic, and political requirements
will not reveal a path forward. For now, achieving
competitive nuclear fusion energy is an open-ended
endeavor.

The remainder of this Distillate consists of five
articles. Article 2, “Key Concepts and Vocabulary,”
provides background for the later articles. Article 3,
“Technology,” presents some of the basic science
relevant to fusion energy and a few of the central
technical challenges being addressed in current
fusion research. Article 4, “Economics” discusses
issues likely to determine the prospects for
commercial fusion: the costs of reactor construction
and ongoing maintenance, the strength of climate
policy, and the success of fusion’s competitors. Article
5, “Fusion and Fission,” discusses how well nuclear
fusion power will address several of the vexing
problems that currently challenge nuclear fission
power. Article 6, “Politics and Progress,” reviews the
current global effort to develop nuclear fusion.



P andlinger center
for energy+the environment

Article 2: Key Concepts and

Vocabulary

Power and energy

Energy is a fundamental physical quantity that comes
in many different forms, and the quantity of energy
does not change as it is transformed from one form
to another. In a magnetic fusion reactor, there are
many forms of energy. Electric currents flowing
through coils of conducting wires create magnetic
energy in the form of magnetic fields that confine the
region where fusion occurs. During a fusion event,
injected fuel reacts and releases nuclear energy that
is then transformed into kinetic energy of the fusion
products. These fusion products slow down through
collisions with the surrounding material, transforming
their kinetic energy into thermal energy. Some of the
thermal energy sustains the plasma temperature,
and some is converted into electricity. Finally, some
of the electricity is used within the power plant to
power magnets and other auxiliary systems, but

most of the electricity is sent on transmission lines to
provide consumers with power for refrigerators, lights,
computers, and many other devices.

Although amounts of energy are expressed in

many different units, depending on the country

and the context, the scientific community uses a
unified system of joules for macroscopic energy and
electron volts for energy at the scale of atoms and
nuclei. Associated with the joule is a rate of energy
consumption, one joule per second, which is called
the watt. Two multiples of the watt are widely used:
the kilowatt (1,000 watts) and the megawatt (one
million watts). Most nuclear fission power plants
today have the capacity to produce electricity at a
rate of about 1,000 megawatts, and fusion plants are
currently expected to have a similar capacity.

At the microscopic level, the reference unit energy,
the electron volt (eV), is approximately six quintillion
(six billion billion, or six followed by 18 zeros) times
smaller than the joule. One million electron volts, a
common unit for nuclear science, is abbreviated MeV.

Atoms, nuclei, electrons,
ions, plasma

Matter is made of nuclei and electrons. When matter
is not very hot, it is structured as atoms, each of
which has a tiny, positively charged, dense nucleus
at its center. The nucleus is made of protons (p,
positively charged) and neutrons (n, electrically
neutral). Surrounding the nucleus are electrons, each

carrying one negative electric charge. In an electrically
neutral atom, the positive charge of the nucleus is
balanced by the negative charges of electrons. When
there is not perfect balance, the atom is called an ion;
an ion can be positively or negatively charged.

At a very high temperature, such as that created in
a fusion reactor, nearly all the electrons become
free from their nuclei, and the result is a state of
matter, called “plasma,” where 1) nearly all matter
is ions and electrons, and 2) overall, there is no (or
very little) net electric charge. A plasma behaves
fundamentally differently from a gas because in a
plasma the particles attract or repel one another
over a distance through electromagnetic forces, but
in a gas the particles interact by colliding with each
other. Plasmas are called the fourth state of matter,
alongside solids, liquids, and gases. The field of
plasma physics examines the behavior of plasmas,
including the conditions under which they are stable
or unstable. Our Sun is a plasma whose core is at

a temperature of 15.6 million degrees Celsius. The
temperatures in fusion research reactors are even
higher.

Isotopes and radioactivity

The chemical behavior of an atom is determined by
its electrons. For example, a neutral atom with 26
electrons (iron) will have a nucleus with 26 protons.
The chemical behavior of an atom does not depend
on how many neutrons are in the nucleus, and the
nuclei of an element can have varying numbers of
neutrons. Atoms with the same number of protons
but different numbers of neutrons in their nuclei are
called isotopes of one another. A widely used notation
for isotopes provides the name of the atom and the
total number of protons and neutrons. Iron-56, one
of the isotopes of iron, has a total of 56 neutrons

and protons; since the iron atom has 26 electrons
balancing a total positive nuclear charge of 26, it has
26 protons and 30 neutrons. lron-56 is also written as
56Fe; Fe is the chemist’s abbreviation for iron.

Isotopes can be either stable or radioactive. All
stable isotopes are found on Earth, along with
some radioactive isotopes. The stable isotopes in
the Earth’s crust occur in specific proportions. For
example, 56Fe happens to be the most common
isotope of iron in the Earth’s crust, accounting for
92 percent of the iron in the crust; the next most
common is %*Fe, accounting for six percent. As for
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radioactive isotopes of iron, these can be created
in nuclear reactions. For example, when the steel
in a nuclear fission or fusion reactor is exposed to
bombardment by energetic neutrons, some of the
resulting isotopes are the iron isotopes, *°Fe, %°Fe,
and ®°Fe.

Every radioactive isotope has a half-life, meaning that
if a given amount of an isotope is present at a given
moment, then - as a result of radioactive decay - half
as much will be present after one half-life. The other
half will have been transformed into another isotope,
usually an isotope of another element. The half-life of
5%Fe, for example, is 45 days; after 45 days, half of it
has become %°Co, a stable (non-radioactive) isotope
of cobalt, and half is still *°Fe. After 90 days (two half-
lives) three quarters has become ®°Co. The half-lives
of %°Fe, *°Fe, and ®°Fe are 2.7 years, 45 days, and 2.6
million years, respectively. They are the radioactive
isotopes of iron with the three longest half-lives.

Importantly for fusion, there are three isotopes of

the hydrogen nucleus: the ordinary hydrogen nucleus
(called the proton, written as either *H or p, consisting
of one proton and no neutron); the deuterium nucleus
(called the deuteron, written as either 2H or D,
consisting of one proton and one neutron); and the
tritium nucleus (called the triton, written as either *H
or T, and consisting of one proton and two neutrons).
1H and 2H are the two stable isotopes of hydrogen,
and ordinary hydrogen is far more prevalent on Earth.
Only one out of every 6,500 hydrogen atoms at the
Earth’s surface is deuterium. Tritium is radioactive,
with a half-life of 12.3 years. Due to its short half-life
almost no tritium exists naturally on Earth.

Nuclear reactions

Just as chemicals react to produce other chemicals

in a chemical reaction, nuclei can react to produce
other nuclei in a nuclear reaction. Many reactions

in both cases also produce energy. For example,
when gasoline burns, this is a chemical reaction that
produces carbon dioxide and water and releases
energy; energy is also released in the nuclear
reactions discussed below. Nuclear reactions typically
release roughly a million times more energy than
chemical reactions.

For a nuclear fusion reaction to be possible, the total
number of protons must be the same in the reactants
and the products, and the equality must also hold
true for the neutrons. We give two examples of energy-
producing nuclear reactions important to fusion here:

Reaction 1: °H + °H — n + “He + 17.6 MeV. The

reactants are a deuteron and a triton, with a total of
two protons and three neutrons. The products are a
neutron (n) and a “helium-4” nucleus. The helium-4
nucleus has two protons and two neutrons. (It has a

special name, the “alpha” particle.) Thus, in all, the
two products have two protons and three neutrons,
just as the reactants do. Also, 17.6 million electron
volts (MeV) are released, initially in the form of the
kinetic energy of the two products. Of all the nuclear
reactions, this “deuterium-tritium” or “D-T” reaction
is the least difficult to produce in a hot plasma and
accordingly is the focus of most of the work seeking
to commercialize fusion energy. It will be discussed
extensively in this distillate.

Reaction 2: n + °Li — 3H + “He + 4.8 MeV. The
lithium atom has three electrons, and this particular
lithium nucleus, the lithium-6 nucleus, has three
protons and three neutrons. Thus, there are a total

of three protons and four neutrons in the reactants.
There are also three protons and four neutrons in the
products, which are tritium and the helium-4 nucleus.
Reaction 2 plays a critical role in D-T fusion by
creating tritium from lithium. Lithium is an abundant
resource, but tritium, as noted above, is essentially
absent from the Earth and yet is needed as a reactant
for D-T fusion. Reactions 1 and 2 can be combined so
that the neutron produced in Reaction 1 becomes a
reactant for Reaction 2. Then the net result is that two
“He nuclei are produced, and a deuterium nucleus
and a lithium-6 nucleus are consumed. Tritium is
destroyed in the first reaction but replenished in the
second. The two reactions produce a total of 22.4
MeV.

Magnetic confinement of
charged particles

A magnetic confinement fusion reactor features

large and very strong magnets. The magnetic fields
created by these magnets can be shaped into specific
configurations that force all of the charged particles
in the plasma to move within a specific region of the
fusion reactor’s vacuum vessel. One then says that
the plasma is “confined.”

At a fusion plant with conventional magnets, the
power requirements for the magnets can become
a significant fraction of the energy produced by
the power plant. However, when currents run
along wires that are made of a particular class of
materials called “superconductors,” no power is
required to sustain the current and the magnetic
fields. Magnets produced by current flowing in wires
made from superconducting materials are called
superconducting magnets. The world’s largest
and strongest superconducting magnets are being
designed for use in fusion test facilities.

To date, no material has been found that is
superconducting at room temperature, but

some materials are superconducting at very low
temperatures, only a few degrees above absolute zero

6
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(zero Kelvin degrees, which is equivalent to -273.15
degrees Celsius and -459.67 degrees Fahrenheit).
Thus, to enable superconducting magnets to be
used, a large amount of cooling equipment must be
installed at a fusion plant. However, even taking the
cooling equipment into account, superconducting
magnets require much less power than ordinary
magnets.

In the most common configuration, a plasma is
confined in a space resembling a donut, also called
a torus. Figure 2.1 differentiates the two kinds of
loops on a torus: toroidal and poloidal. In fusion .
research, one speaks of toroidal and poloidal Poloidal loop
magnetic fields.

Figure 2.1: The two kinds of circular paths around a
donut (torus) are identified.
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Article 3: Technology

We consider only magnetic confinement fusion here.
The history of magnetic confinement fusion research
can be split roughly into two eras: From the 1950s

to the 1990s fusion research focused mostly on
magnetic confinement and the physical properties of
the core of the plasma. The hydrogen in the plasmas
was usually deuterium without tritium, because in

an all-deuterium plasma the D-D nuclear reactions
(reactions between pairs of deuterium nuclei) are rare
at the temperatures of the laboratory plasmas and, as
a result, little radioactivity builds up in the walls of the
reactors. However, the small amount of radioactivity
was useful for diagnosis of the detailed performance
of the plasma; a plasma made of ordinary hydrogen
would produce too little radioactivity to serve this
purpose.

We are now in the second era, where the goal is

to achieve a “burning plasma” - a plasma heated
predominantly by the energy from fusion reactions
occurring within the plasma, rather than by external
sources. The new era began cautiously in the 1990s
when deuterium-tritium (D-T) plasmas, which are
much more likely to lead to nuclear reactions than
D-D plasmas, were created in some reactors. Also,
research attention shifted to the edges of the plasma
where heat is lost and materials are damaged. The
new era features the intertwining of two strands: the
science of plasmas and the science of nuclear fusion
reactions.

Here, we first introduce these strands separately.
Then we present some of the issues that arise when
they are combined, such as the burning plasma,
neutron bombardment of structural materials, and the
regeneration (“breeding”) of tritium.

Occasionally, for specificity, we refer to the expected
performance of the International Thermonuclear
Experimental Reactor (ITER), the large international
magnetic confinement research project slated to
begin operating in 2026. We discuss the political
history of ITER in Article 6 of this Distillate.

Magnetic Confinement

Tokamaks and stellarators

The principal configurations for plasma confinement
being explored today have the shape of a donut,
formally called a torus. On the torus there are two
different directions, toroidal and poloidal (see Figure
2.1). Toroidal field magnets produce magnetic fields
in the toroidal direction, and poloidal field magnets
produce magnetic fields in the poloidal direction [1].

The combination of toroidal and poloidal magnetic
fields confines the plasma, steering it away from solid
surfaces.

Fusion research is focusing on two toroidal
configurations: the tokamak and the stellarator.
Tokamaks were initially developed in the Soviet Union
at the same time as stellarators were being developed
in the United States and elsewhere. Tokamaks

proved able to achieve better confinement and higher
temperatures and became the dominant design. ITER
is a tokamak. However, stellarators may be making

a comeback because they have advantages in two
areas relevant to commercial viability: 1) stellarators
have intrinsic advantages in sustaining a plasma
continuously, and 2) stellarators may be better at
avoiding the large-scale disruptive instabilities that
can seriously damage plasma-facing components.

Figure 3.1 shows the complex array of magnets

that confines a plasma in a generic tokamak. The
tokamalk, in addition to its toroidal and poloidal
magnets, has a central structure running through the
donut hole, called a solenoid. When the current in
the coils of the solenoid changes, it induces a voltage
that drives the plasma’s current. (A transformer on an
electric utility’s distribution network transfers power
by the same inductive process.) The ITER tokamak will
have a central solenoid 13 meters high that weighs
1,000 tons, as well as 18 D-shaped toroidal-field coils
and six ring-shaped poloidal-field coils. Construction
of these components in the ITER member countries
has begun (see Article 6).

Coil current

Coils for toroidal
magnetic fields

Solenoid Coils for poloidal

magnetic fields

Figure 3.1: Magnetic coils and fields in a tokamak
reactor. Note that the coils for the toroidal magnetic
fields follow a poloidal path and the coils for the
poloidal magnetic fields follow a toroidal path. Image
credit: Max Planck Institute for Plasma Physics.
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Figure 3.2 shows configuration of the most recent
stellarator, Germany’s Wendelstein 7-X (W7-X); it
began running in the summer of 2015. Stellarators
do not have a central solenoid, but instead have

a complex three-dimensional geometry that is

an engineering challenge to manufacture and is
currently responsible for added costs. Stellarators
are benefiting from the arrival of supercomputers
powerful enough to design an optimal magnetic coil
configuration for plasma confinement.

Figure 3.2: Configuration of magnetic coils in the
Wendelstein 7-X stellarator [2].

Steady progress has been made in plasma
confinement since the 1960s. In Figure 3.3, progress
by decade for tokamaks and stellarators is tracked
with the help of two parameters. The horizontal axis is
the temperature of the ions (mostly, hydrogen ions) in
the plasma core. The vertical axis is the product of the
density of ions in the plasma (measured in ions per
cubic meter) and the confinement time (in seconds).
Also shown are the parameters for two important
devices at the frontier of current fusion science: ITER
and W7-X. Below, we elaborate on temperature,
density, and confinement time.

lon temperature

The ion temperature at the core of the plasma is
plotted in Figure 3.3. The temperature is quantified
in two ways: 1) as the absolute temperature, in
degrees Kelvin (K), which at such high values is
trivially different from the temperature in degrees
Celsius; and 2) as the energy equivalent of the
absolute temperature in thousands of electron volts
(keV). 1 keV = 11.6 million degrees Kelvin, as can be
confirmed by comparing the two horizontal scales in
Figure 3.3. The core ion temperature has marched
upward in actual fusion devices by a factor of about
1,000 (from two hundredths keV to 20 keV, or,
equivalently, from about 200 thousand degrees to
200 million degrees) over approximately the first 40

years of fusion research. The highest temperatures
reached at the end of the 1990s are approximately
as large as the temperature goal for ITER. Far more
improvement is required for the other variables than
for temperature.

The plasma temperatures required for fusion reactors
generally cannot be reached without supplementing
the energy from the reactor’s electric fields with
additional energy sources. One strategy is to inject

a beam of energetic neutral particles, like diatomic
deuterium (D,), that collide with the plasma’s
particles and raise their temperature. Radiofrequency
heating is also used.

In a plasma, the temperatures of the positively
charged nuclei (ions) and the negatively charged
electrons can be different when one or the other

is being heated or cooled selectively. The ion
temperature will exceed the electron temperature
when an external beam of neutral particles heating
the plasma preferentially heats the ions. The same
inequality in temperature occurs in plasmas when
electrons cool themselves by emitting radiation;
radiation cooling can be one of a plasma’s important
energy loss mechanisms.

Core lon Temperature (K)

10° 107 108

QE’ 121 ! ! N
b= 107 Plasma Breakeven
e
[}
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g_:.) 1020 |-
€
S » Stellarator (~2000)
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L \
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S 10}
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0.1 1 10 100
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Figure 3.3: Performance of the world’s tokamaks and
stellarators over the past decades [3]. Many devices
are included within each oval. The current goals of ITER
(a tokamak) and Wendelstein 7-X (W7-X, a stellarator)
are also shown. The lower U-shaped band (dark brown)
is the approximate region for “plasma breakeven,”
where as much energy is generated within a plasma as
is supplied to the plasma from external sources. The
upper U-shaped band (dark blue) shows the “ignition”
region, where fusion energy output is sustained without
external energy input.
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lon density

Characteristic best values associated with the 1990s
tokamaks are a confinement time (see below) of

one second and an ion density of 1x102%° ions per
cubic meter, resulting in values of their product near
the top in Figure 3.3. The density of atoms in a gas
at atmospheric pressure and room temperature

is approximately 2.5x10%° atoms per cubic meter

- about 250,000 times greater than this plasma

ion density. Doubling the ion density in a plasma
results in four times more fusion reactions (since the
reactions are encounters of pairs of ions) and thus
four times more power is generated in that volume,
other things being equal.

Confinement time

The confinement time is a measure of the ability of
the plasma to stay hot in spite of thermal losses;
the more the energy in the plasma is insulated
against these losses, the longer the confinement
time. Quantitatively, the confinement time is the
amount of energy in the plasma divided by the rate at
which energy is being lost from the plasma, which in
equilibrium is the same as the rate at which heat is
being provided to the plasma to sustain it. The heat
can be provided to the plasma either externally or
from the energetic helium-4 nuclei produced in the
fusion reactions in the plasma, or both ways. The
longest confinement times to date have been about
one second.

As seen in Figure 3.3, the product of confinement
time and ion density improved about 10,000 times
during the first era of fusion energy. Some of the
lengthening of confinement time was the result

of experimental fusion reactors becoming larger.
lons and electrons simply take longer to diffuse to
the walls from the center of the plasma in a bigger
reactor, other things being equal.

Plasma breakeven and ignition

Figure 3.3 shows, at the upper right, two parabolic
bands labeled “plasma breakeven” and “ignition.”

A plasma has achieved plasma breakeven when the
nuclear energy generated within the plasma is as
large as the energy that sustains the plasma from
external sources. Ignition occurs when fusion energy
can be sustained with no external energy source at
all: the energy deposited within the plasma arises
entirely from its nuclear reactions. The two bands are
U-shaped and the ignition band is displaced directly
upward by less than a factor of ten. At the bottom of
the U, the product of density and confinement time is
smallest, and the core temperature, for both plasma
breakeven and ignition, is about 20 to 30 keV. Since
increasing the confinement time or the density is
difficult, research with the goals of plasma breakeven
and ignition has sought to achieve a plasma whose
core temperature is near this minimum.

Two tokamaks in the 1990s were fueled with
deuterium and tritium and for about one second
achieved conditions only slightly below plasma
breakeven. ITER’s goal is to generate 10 times as
much fusion power as the external power required to
sustain the plasma, thereby coming close to achieving
ignition. The temperature in the core of the plasma is
expected to reach about 20 keV.

Superconducting magnets and pulse duration
Fusion research reactors in the 1990s created fusion
power as high as 16 megawatts, but in short pulses

- pulses lasting about one second. To achieve longer
pulses, superconducting magnets are required rather
than ordinary magnets. The distinctive characteristic
of a superconducting magnet is that it does not
require energy to sustain a magnetic field because
the superconducting material exerts no resistance

to current flow. At a fusion plant, these savings

in magnetic energy would be far higher than the
energy for the refrigeration that lowers the magnet
temperature to where it is superconducting - close to
absolute zero. In addition, superconducting magnets
can create stronger magnetic fields for long pulses
than ordinary magnets. Several experimental fusion
reactors with superc