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Foreword

Fusion powers the stars and could in principle provide almost unlimited, envi-
ronmentally benign, power on Earth. Harnessing fusion has proved to be a much
greater scientific and technical challenge than originally hoped. In the early 1970s
the great Russian physicist Lev Andreevich Artsimovich wrote that, nevertheless,
“thermonuclear [fusion] energy will be ready when mankind needs it.” It looks as
if he was right and that that time is approaching. This excellent book is therefore
very timely.

The theoretical attractions of fusion energy are clear. The raw fuels of a fusion
power plant would be water and lithium. The lithium in one laptop computer
battery, together with half a bath of water, would generate 200,000 kWh of elec-
tricity — as much as 40 tons of coal. Furthermore, a fusion power plant would not
produce any atmospheric pollution (greenhouse gases, sulphur dioxide, etc.), thus
meeting a requirement that is increasingly demanded by society.

The Joint European Torus (JET), at Culham in the United Kingdom, and the
Tokamak Fusion Test Reactor (TFTR), at Princeton in the United States, have
produced more than 10 MW (albeit for only a few seconds), showing that fusion
can work in practice. The next step will be to construct a power-plant-size device
called the International Thermonuclear Experimental Reactor (ITER), which will
produce 500 MW for up to 10 minutes, thereby confirming that it is possible to build
a full-size fusion power plant. The development of fusion energy is a response to
a global need, and it is expected that ITER will be built by a global collaboration.

A major effort is needed to test the materials that will be needed to build fusion
plants that are reliable and, hence, economic. If this work is done in parallel with
ITER, a prototype fusion power plant could be putting electricity into the grid
within 30 years. This is the exciting prospect with which this book concludes.

As early as 1920 it was suggested that fusion could be the source of energy in the
stars, and the detailed mechanism was identified in 1938. It was clear by the 1940s
that fusion energy could in principle be harnessed on Earth, but early optimism

XV



xvi Foreword

was soon recognized as being (in Artsimovich’s words of 1962) “as unfounded as
the sinner’s hope of entering paradise without passing through purgatory.” That
purgatory involved identifying the right configuration of magnetic fields to hold a
gas at over 100 million degrees Celsius (10 times hotter than the center of the Sun)
away from the walls of its container. The solution of this challenging problem —
which has been likened to holding a jelly with elastic bands —took a long time,
but it has now been found.

Garry McCracken and Peter Stott have had distinguished careers in fusion
research. Their book appears at a time when fusion’s role as a potential ace of
trumps in the energy pack is becoming increasingly recognized. I personally can-
not imagine that sometime in the future, fusion energy will not be widely harnessed
to the benefit of mankind. The question is when. This important book describes the
exciting science of, the fascinating history of, and what is at stake in mankind’s
quest to harness the energy of the stars.

Chris Llewellyn Smith
(Professor Sir Chris Llewellyn Smith FRS is Director UKAEA Culham Division, Head of

the Euratom/UKAEA Fusion Association, and Chairman of the Consultative Committee
for Euratom on Fusion. He was Director General of CERN [1994-98)).



Preface

Our aim in writing this book is to answer the frequently asked question “What
is nuclear fusion?” In simple terms, nuclear fusion is the process in which two
light atoms combine to form a heavier atom, in contrast to nuclear fission—in
which a very heavy atom splits into two or more fragments. Both fusion and
fission release energy. Perhaps because of the similarity of the terms, fission
and fusion are sometimes confused. Nuclear fission is well known, but in fact
nuclear fusion is much more widespread — fusion occurs continuously through-
out the universe, and it is the process by which the Sun and the stars release energy
and produce new elements from primordial hydrogen. It is a remarkable story.

There has been considerable research effort to use fusion to produce energy
on Earth. Fusion would provide an environmentally clean and limitless source of
energy. However, to release fusion energy, the fuel has to be heated to unbe-
lievably high temperatures in the region of hundreds of millions of degrees
Celsius — hotter in fact than the Sun. The obvious problem is how to contain
such very hot fuel —clearly there are no material containers that will withstand
such temperatures. There are two alternative ways to solve this problem. The
first approach uses magnetic fields to form an insulating layer around the hot
fuel. This approach, known as magnetic confinement, is now, after 50 years of
difficult research, at the stage where a prototype power plant could be built. The
second approach is to compress and heat the fuel very quickly so that it burns and
the fusion energy is released before the fuel has time to expand. This approach,
known as inertial confinement, is still at the stage where the scientific feasibility
remains to be demonstrated.

In this book we present the complete story of fusion, starting with the devel-
opment of the basic scientific ideas that led to the understanding of the role of
fusion in the Sun and stars. We explain the processes of hydrogen burning in the
Sun and the production of heavier elements in stars and supernovae. The devel-
opment of fusion as a source of energy on Earth by both the magnetic and inertial

Xvii



xviii Preface

confinement approaches is discussed in detail from the scientific beginnings to
the construction of a fusion power plant. We briefly explain the principles of the
hydrogen bomb and also review various false trails to fusion energy. The final
chapter looks at fusion in the context of world energy needs.

The book has been structured to appeal to a wide readership. In particular we
hope it will appeal to readers with a general interest in science but little scientific
background as well as to students who may find it useful as a supplement to more
formal textbooks. The main text has been written with the minimum of scientific
jargon and equations and emphasizes a simple and intuitive explanation of the
scientific ideas. Additional material and more technical detail is included in the
form of shaded “boxes” that will help the more serious student to understand some
of the underlying physics and to progress to more advanced literature. However,
these boxes are not essential reading, and we encourage the nonscientist to bypass
them — the main text contains all that is needed to understand the story of fusion.
We have tried to present the excitement of the scientific discoveries and to include
brief portraits of some of the famous scientists who have been involved.

November 2004
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» Chapter 1

What Is Nuclear Fusion?

[1.1] The Alchemists’ Dream

In the Middle Ages, the alchemists’ dream was to turn lead into gold. The only
means of tackling this problem were essentially chemical ones, and these were
doomed to failure. During the 19th century the science of chemistry made enor-
mous advances, and it became clear that lead and gold are different elements
that cannot be changed into each other by chemical processes. However, the
discovery of radioactivity at the very end of the 19th century led to the reali-
zation that sometimes elements do change spontaneously (or transmute) into
other elements. Later, scientists discovered how to use high-energy particles,
either from radioactive sources or accelerated in the powerful new tools of
physics that were developed in the 20th century, to induce artificial transmu-
tations in a wide range of elements. In particular, it became possible to split
atoms (the process known as nuclear fission) or to combine them together (the
process known as nuclear fusion). The alchemists (Fig. 1.1) did not understand
that their quest was impossible with the tools they had at their disposal, but in
one sense it could be said that they were the first people to search for nuclear
transmutation.

What the alchemists did not realize was that nuclear transmutation was occur-
ring before their very eyes, in the Sun and in all the stars of their night sky. The
processes in the Sun and stars, especially the energy source that had sustained
their enormous output for eons, had long baffled scientists. Only in the early
20th century was it realized that nuclear fusion is the energy source that runs the
universe and that simultaneously it is the mechanism responsible for creating all
the different chemical elements around us.



2 Chapter 1 What Is Nuclear Fusion?

Figure 1.1 »  An alchemist in search of the secret that would change lead into gold.
Because alchemists had only chemical processes available, they had no hope of making
the nuclear transformation required. (An engraving from a painting by David Teniers the
younger, 1610-1690.)

[1.2] The Sun’s Energy

The realization that the energy radiated by the Sun and stars is due to nuclear
fusion followed three main steps in the development of science. The first was
Albert Einstein’s famous deduction in 1905 that mass can be converted into
energy. The second step came a little over 10 years later with Francis Aston’s
precision measurements of atomic masses, which showed that the total mass of
four hydrogen atoms is slightly larger than the mass of one helium atom. These
two key results led Arthur Eddington and others, around 1920, to propose that
mass could be turned into energy in the Sun and the stars if four hydrogen atoms
combine to form a single helium atom. The only serious problem with this model
was that, according to classical physics, the Sun was not hot enough for nuclear
fusion to take place. It was only after quantum mechanics was developed in
the late 1920s that a complete understanding of the physics of nuclear fusion
became possible.

Having answered the question as to where the energy of the universe comes
from, physicists started to ask how the different atoms arose. Again fusion was
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the answer. The fusion of hydrogen to form helium is just the start of a long and
complex chain. It was later shown that three helium atoms can combine to form
a carbon atom and that all the heavier elements are formed in a series of more
and more complicated reactions. Nuclear physicists played a key role in reach-
ing these conclusions. By studying the different nuclear reactions in laboratory
accelerators, they were able to deduce the most probable reactions under differ-
ent conditions. By relating these data to the astrophysicists’ models of the stars,
a consistent picture of the life cycles of the stars was built up and the processes
that give rise to all the different atoms in the universe were discovered.

[1.3] Can We Use Fusion Energy?

When fusion was identified as the energy source of the Sun and the stars, it was
natural to ask whether the process of turning mass into energy could be demon-
strated on Earth and, if so, whether it could be put to use for man’s benefit. Ernest
Rutherford, the famous physicist and discoverer of the structure of the atom, made
this infamous statement to the British Association for the Advancement of Science
in 1933: “We cannot control atomic energy to an extent that would be of any use
commercially, and I believe we are not ever likely to do so.” It was one of the
few times when his judgment proved wanting. Not everybody shared Rutherford’s
view; H. G. Wells had predicted the use of nuclear energy in a novel published
in 1914.1

The possibility of turning nuclear mass into energy became very much more
real in 1939 when Otto Hahn and Fritz Strassman demonstrated that the uranium
atom could be split by bombarding uranium with neutrons, with the release of
a large amount of energy. This was fission. The story of the development of the
fission chain reaction, fission reactors, and the atom bomb has been recounted
many times. The development of the hydrogen bomb and the quest for fusion
energy proved to be more difficult. There is a good reason for this. The uranium
atom splits when bombarded with neutrons. Neutrons, so called because they have
no electric charge, can easily penetrate the core of a uranium atom, causing it to
become unstable and to split. For fusion to occur, two hydrogen atoms have to
get so close to each other that their cores can merge; but these cores carry strong
electric charges that hold them apart. The atoms have to be hurled together with
sufficiently high energy to make them fuse.

Man-Made Suns

The fusion reaction was well understood by scientists making the first atomic
(fission) bomb in the Manhattan Project. However, although the possibility that

Atomic energy and nuclear energy are the same thing.
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fusion could be developed as a source of energy was undoubtedly discussed, no
practical plans were put forward. Despite the obvious technical difficulties, the
idea of exploiting fusion energy in a controlled manner was seriously considered
shortly after World War I1, and research was started in the UK at Liverpool, Oxford,
and London universities. One of the principal proponents was George Thomson,
the Nobel Prize—winning physicist and son of J. J. Thomson, the discoverer of
the electron. The general approach was to try to heat hydrogen gas to a high
temperature so that the colliding atoms have sufficient energy to fuse together.
By using a magnetic field to confine the hot fuel, it was thought that it should be
possible to allow adequate time for the fusion reactions to occur. Fusion research
was taken up in the UK, the US, and the Soviet Union under secret programs
in the 1950s and subsequently, after being declassified in 1958, in many of the
technically advanced countries of the world. The most promising reaction is that
between the two rare forms of hydrogen, called deuterium and tritium. Deuterium
is present naturally in water and is therefore readily available. Tritium is not
available naturally and has to be produced in situ in the power plant. This can be
done by using the products of the fusion reaction to interact with the light metal
lithium in a layer surrounding the reaction chamber in a breeding cycle. Thus
the basic fuels for nuclear fusion are lithium and water, both readily and widely
available. Most of the energy is released as heat that can be extracted and used to
make steam and drive turbines, as in any conventional power plant. A schematic
diagram of the proposed arrangement is shown in Fig. 1.2. The problem of heating
and containing the hot fuel with magnetic fields turned out to be much more difficult
than at first envisaged.

However, research on the peaceful use of fusion energy was overtaken in a
dramatic way with the explosion of the hydrogen bomb in 1952. This stimulated
a second approach to controlled fusion, based on the concept of heating the fuel
to a sufficiently high temperature very quickly before it has time to escape. The
invention of the laser in 1960 provided a possible way to do this; lasers can focus
intense bursts of energy onto small targets. The idea is to rapidly heat and compress
small fuel pellets or capsules in a series of mini-explosions. This is called inertial
confinement because the fusion fuel is confined only by its own inertia. Initially
the expertise was limited to those countries that already had nuclear weapons, and
some details still remain a close secret, although other countries have now taken
it up for purely peaceful purposes. Apart from the heating and confinement of the
fuel, the method of converting fusion energy into electricity will be very similar
to that envisaged for magnetic confinement.

[1.5] The Rest of the Story

The considerable scientific and technical difficulties encountered by the magnetic-
and inertial-confinement approaches have caused these programs to stretch over
many years. The quest for fusion has proved to be one of the most difficult
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Figure 1.2 »  Schematic diagram of a proposed nuclear fusion power plant. The deu-
terium and tritium fuel burns at a very high temperature in the central reaction chamber.
The energy is released as charged particles, neutrons, and radiation and it is absorbed in
a lithium blanket surrounding the reaction chamber. The neutrons convert the lithium into
tritium fuel. A conventional steam-generating plant is used to convert the nuclear energy
to electricity. The waste product from the nuclear reaction is helium.

challenges faced by scientists. After many years, the scientific feasibility of ther-
monuclear fusion via the magnetic-confinement route has been demonstrated,
and the next generation of inertial-confinement experiments is expected to reach
a similar position. Developing the technology and translating these scientific
achievements into power plants that are economically viable will be a major step
that will require much additional time and effort. Some have hoped that they could
find easy ways to the rewards offered by fusion energy. This line of thinking has
led to many blind alleys and even to several false claims of success, the most
widely publicized being the so-called “cold fusion” discoveries that are described
in Chapter 8.



This Page Intentionally Left Blank


sabah
This Page Intentionally Left Blank


» Chapter 2

Energy from Mass

[2.1] Einstein’s Theory

Energy is something with which everyone is familiar. It appears in many different
forms, including electricity, light, heat, chemical energy, and motional (or kinetic)
energy. An important scientific discovery in the 19th century was that energy is
conserved. This means that energy can be converted from one form to another but
that the total amount of energy must stay the same. Mass is also very familiar,
though sometimes it is referred to, rather inaccurately, as weight. On the Earth’s
surface, mass and weight are often thought of as being the same thing, and they do
use the same units — something that weighs 1 kilogram has a mass of 1 kilogram —
but strictly speaking weight is the force that a mass experiences in the Earth’s
gravity. An object always has the same mass, even though in outer space it might
appear to be weightless. Mass, like energy, is conserved.

The extraordinary idea that mass and energy are equivalent was proposed by
Albert Einstein (Fig. 2.1) in a brief three-page paper published in 1905. It was
written by a young man who was virtually unknown in the scientific world. His
paper on the equivalence of mass and energy followed soon after three seminal
papers — on the photoelectric effect, on Brownian motion, and on special relativ-
ity — all published in the same year. Henri Becquerel had discovered radioactivity
10 years previously. Using simple equations and the application of the laws of
conservation of energy and momentum, Einstein argued that the atom left after a
radioactive decay event had emitted energy in the form of radiation must be less
massive than the original atom. From this analysis he deduced that “If a body
gives off the energy E in the form of radiation, its mass diminishes by E/c“.”
He went on to say, “It is not impossible that with bodies whose energy content is
variable to a high degree (e.g., radium salts) the theory may be successfully put
to the test.”
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Figure 2.1 »  Wedding photograph of Maria Maric and Albert Einstein, January 1903.
Einstein had graduated in 1901 and had made a number of applications for academic jobs,
without success. He eventually got a job as technical expert, third class, in the Swiss patent
office in Berne, which meant that he had to do all his research in his spare time.

Einstein’s deduction is more commonly written as E = mc?, probably the
most famous equation in physics. It states that mass is another form of energy
and that energy equals mass multiplied by the velocity of light squared. Although
it took a long time to get experimental proof of this entirely theoretical predic-
tion, we now know that it was one of the most significant advances ever made
in science.

[2.2] Building Blocks

To see how Einstein’s theory led to the concept of fusion energy we need to go
back to the middle of the 19th century. As the science of chemistry developed, it
became clear that everything is built up from a relatively small number of basic
components called elements. At that time about 50 elements had been identified,
but we now know that there are around 100. As information accumulated about the
different elements it became apparent that there were groups of them with similar
properties. However, it was not clear how these were related to each other until the
Periodic Table was proposed by the Russian chemist Dmitri Mendeleev. In 1869
he published a table in which the elements were arranged in rows, with the lightest
elements, such as hydrogen, in the top row and the heaviest in the bottom row.
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Elements with similar physical and chemical properties were placed in the same
vertical columns. The table was initially imperfect, mainly because of inaccuracies
in the data and because some elements had not yet been discovered. In fact, gaps
in Mendeleev’s table stimulated the search for and the discovery of new elements.

Each element consists of tiny units called atoms. Ernest Rutherford deduced
in 1911 that atoms have a heavy core called the nucleus that has a positive elec-
tric charge. A cloud of lighter particles called electrons with a negative electric
charge surrounds the nucleus. The negative electric charges of the electrons and
the positive charge of the nucleus balance each other so that the atom overall has
no net electric charge. The number of positive charges and electrons is different
for each element, and this determines the element’s chemical properties and its
position in Mendeleev’s table. Hydrogen is the simplest element, with just one
electron in each atom; helium is next, with two electrons; lithium has three; and so
on down to uranium, which, with 92 electrons, is the heaviest naturally occurring
element. Schematic diagrams of the structure of the atoms of hydrogen and helium
are shown in Fig. 2.2.

The chemists developed skilled techniques to measure the average mass of
the atoms of each element — the atomic mass (this is also known as the atomic
weight). Many elements were found to have atomic masses that were close to
being simple multiples of the atomic mass of hydrogen, and this suggested that,

Hydrogen Isotopes
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Figure 2.2 »  Structure of the different atoms of hydrogen and helium. Atoms with
the same number of protons and different numbers of neutrons are known as isofopes
of the same element.
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in some way that was not understood at that time, hydrogen might be a sort
of building block for the heavier elements. To take some common examples,
the atomic mass of carbon is approximately 12 times that of hydrogen, and the
atomic mass of oxygen is 16 times that of hydrogen. There were some puzzling
cases, however, that did not fit the general pattern. For example, repeated mea-
surements of the atomic mass of chlorine gave a value of 35.5 times that of
hydrogen.

The next significant step in the story was the direct measurement of the masses
of individual atoms. During the period 1918-1920 at Cambridge University, UK,
Francis Aston (Fig. 2.3) built an instrument (Box 2.1) that could do this. Having
studied chemistry at Birmingham, Aston had become interested in passing currents
through gases in low-pressure discharge tubes. In 1910 he was invited to the
Cavendish laboratory at Cambridge by J. J. Thomson, who was studying positive
rays, also by using discharge tubes. Aston helped Thomson to set up an apparatus
for measuring the mass-to-charge ratio of the positive species in the discharge.

Figure 2.3 »  Francis Aston, 1877-1945, Nobel Laureate in Chemistry 1922. He
started his scientific career by setting up a laboratory in a barn at his parents’ home while
still a schoolboy.
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The Mass Spectrograph

The Aston mass spectrograph was an important development in the study of
atomic masses. Starting by ionizing atoms either in an electric discharge or by
an electron beam, a beam of ions is produced that is accelerated in an electric
field to a fixed energy, eV, determined by the equation

15
—mv< =eV
2

where m, v, and e are the mass, velocity, and charge of the ions and V'is the
voltage through which the ions are accelerated.

The ions then pass into a uniform magnetic field, which exerts a force on
them at right angles to the direction of the field and to the direction of the ion.
The magnetic field provides the centripetal force on the ions, forcing them to
follow a circular path whose radius is given by the equation

mv2/r = Bev

Because all the ions have the same energy, the radius r of their circular path
depends on their mass-to-charge ratio. The ions are thus dispersed spatially,
rather as light is dispersed by a prism. One of the principal advantages of the
geometry chosen by Aston is that the ions with the same ratio of mass to charge
are spatially focused at the detector, thus optimizing the efficiency with which
the ions are collected.

Many variations of the mass spectrograph (using electrical detection it is
known as the mass spectrometer) have been developed and are widely used
for routine analysis of all types of samples. One interesting application is its
use for archaeological dating by measuring the ratio of the abundances of two
isotopes of an element. If one isotope is radioactive, the age of a sample can
be deduced. This analysis is often applied to 14C and to the rubidium isotopes
85Rb and 87Rb, but other elements can be used, depending on the age of the
sample being analyzed.

After World War I, Aston returned to Cambridge and started to measure the mass
of atoms by a new method, and this was a great improvement on the Thomson
apparatus. He subjected the atoms to an electric discharge, which removed one or
more of their electrons. This left the nucleus surrounded with a depleted number
of electrons and thus with a net positive electric charge — this is known as an
ion. These ions were accelerated by an electric field to a known energy and then
passed through a magnetic field. By measuring the amount by which they were
deflected in the magnetic field, Aston was able to determine the mass of the atoms.
The instrument was dubbed a mass spectrograph because the beams of ions were
dispersed into a spectrum in a similar way that a prism disperses light. Aston was



12 Chapter 2 Energy from Mass

a brilliant experimentalist with an obsession for accuracy. Gradually he developed
greater and greater precision until he was able to determine the mass of an atom to
an accuracy of better than one part in a thousand. These precision measurements
yielded a number of entirely unexpected results. It is a good example of pure
scientific curiosity leading eventually to valuable practical information.

Aston found that some atoms that are chemically identical could have differ-
ent masses. This resolved the puzzle about the atomic weight of chlorine. There
are two types of chlorine atom; one type is about 35 times heavier than hydro-
gen, the other about 37 times heavier. The relative abundance of the two types
(75% have mass 35 and 25% have mass 37) gives an average of 35.5 —in agree-
ment with the chemically measured atomic mass. Likewise, Aston found that the
mass of a small percentage (about 0.016%) of hydrogen atoms is almost double
that of the majority. Atoms with different masses but the same chemical properties
are called isotopes.

The reason for the difference in mass between isotopes of the same element
was not understood until 1932, when James Chadwick discovered the neutron.
It was then realized that the nucleus contains two types of atomic particle: pro-
tons, with a single unit of positive electric charge, and neutrons, with no electric
charge. The number of protons equals the number of electrons, so an atom is over-
all electrically neutral. All isotopes of the same element have the same number
of protons and the same number of electrons, so their chemical properties are
identical. The number of neutrons can vary. For example, chlorine always has
17 protons, but one isotope has 18 neutrons and the other has 20. Likewise the
nucleus of the most common isotope of hydrogen consists of a single proton; the
heavier forms, deuterium and tritium, have one proton with one and two neu-
trons, respectively, as shown in Fig. 2.2. Protons and neutrons have very similar
masses (the mass of a neutron is 1.00138 times the mass of a proton), but elec-
trons are much lighter (a proton is about 2000 times the mass of an electron).
The total number of protons and neutrons therefore determines the overall mass
of the atom.

[2.3] Something Missing

The most surprising result from Aston’s work was that the masses of individual
isotopes are not exactly multiples of the mass of the most common isotope of
hydrogen; they are consistently very slightly lighter than expected. Aston had
defined his own scale of atomic mass by assigning a value of precisely 4 to helium.
On this scale, the mass of the light isotope of hydrogen is 1.008, so the mass of a
helium atom is only 3.97 times rather than exactly 4 times the mass of a hydrogen
atom. The difference is small, but Aston’s reputation for accuracy was such that
the scientific world was quickly convinced by his results.

The significance of this result was quickly recognized by a number of people.
One was Arthur Eddington (Fig. 2.4), now considered to be the most distinguished
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Figure 2.4 »  Arthur Eddington, 1882-1944, from the drawing by Augustus John.

astrophysicist of his generation. He made the following remarkably prescient state-
ment at the British Association for Advancement of Science meeting in Cardiff in
1920, only a few months after Aston had published his results.

Aston has further shown conclusively that the mass of the helium atom
is less than the sum of the masses of the four hydrogen atoms which
enter into it and in this at least the chemists agree with him. There is
a loss of mass in the synthesis amounting to 1 part in 120, the atomic
weight of hydrogen being 1.008 and that of helium just 4.00.... Now
mass cannot be annihilated and the deficit can only represent the
mass of the electrical energy liberated when helium is made out of
hydrogen. If 5% of a star’s mass consists initially of hydrogen atoms,
which are gradually being combined to form more complex elements,
the total heat liberated will more than suffice for our demands, and we
need look no further for the source of a star’s energy.
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If, indeed, the subatomic energy in the stars is being freely used to
maintain their furnaces, it seems to bring a little nearer to fulfillment
our dream of controlling this latent power for the well-being of the
human race — or for its suicide.

Eddington had realized that there would be a mass loss if four hydrogen atoms
combined to form a single helium atom. Einstein’s equivalence of mass and energy
led directly to the suggestion that this could be the long-sought process that pro-
duces the energy in the stars! It was an inspired guess, all the more remarkable
because the structure of the nucleus and the mechanisms of these reactions were
not fully understood. Moreover, it was thought at that time that there was very
little hydrogen in the Sun, which accounts for Eddington’s assumption that only
5% of a star’s mass might be hydrogen. It was later shown in fact that stars are
composed almost entirely of hydrogen.

In fact, according to the classical laws of physics, the processes envisaged
by Eddington would require much higher temperatures than exist in the Sun.
Fortunately, a new development in physics known as quantum mechanics soon
provided the answer and showed that fusion can take place at the temperatures
estimated to occur in the Sun. The whole sequence of processes that allows
stars to emit energy over billions of years was explained in detail by George
Gamow, by Robert Atkinson and Fritz Houtermans in 1928, and by Hans Bethe
in 1938.

The question as to who first had the idea that fusion of hydrogen into helium
was the source of the Sun’s energy led to some bitter disputes, particularly between
Eddington and James Jeans. Each thought they had priority, and they were on bad
terms for many years as a result of the dispute.

As the techniques of mass spectroscopy were refined and made increasingly
more accurate, detailed measurements were made on every isotope of every
element. It was realized that many isotopes are lighter than would be expected
by simply adding up the masses of the component parts of their nuclei — the pro-
tons and neutrons. Looked at in a slightly different way, each proton or neutron
when combined into a nucleus has slightly less mass than when it exists as a free
particle. The difference in mass per nuclear particle is called the mass defect,
and, when multiplied by the velocity of light squared, it represents the amount of
energy associated with the forces that hold the nucleus together.

These data are usually plotted in the form of a graph of the energy equivalent
of the mass defect plotted against the total number of protons and neutrons in
the nucleus (the atomic mass). A modern version of this plot is shown in Fig. 2.5.
While there are some irregularities in the curve at the left-hand side, for the lightest
isotopes, most of the curve is remarkably smooth. The most important feature is
the minimum around mass number 56. Atoms in this range are the most stable.
Atoms to either side have excess mass that can be released in the form of energy
by moving toward the middle of the curve, that is, if two lighter atoms join to form
a heavier one (this is fusion) or a very heavy atom splits to form lighter fragments
(this is fission).
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Figure2.5 »  Theenergy equivalent of the mass defect per nucleon of the elements plot-
ted as a function of their atomic mass. The most stable elements, around iron and nickel, have
the lowest energy. The amount of energy released when one atom is transmuted to another,
either by fusing light atoms or by splitting heavy ones, is equal to the difference in their
masses.

It turns out that splitting the heavy atoms is very much the easier task, but the
discovery of how it can be done was quite accidental. After the neutron had been
discovered, it occurred to a number of groups to bombard uranium, the heaviest
naturally occurring element with an atomic mass of about 238, with neutrons in
order to try to make even heavier transuranic elements. The amount of any new
element was expected to be exceedingly small, and very sensitive detection tech-
niques were required. Some genuine transuranic elements were detected, but there
were some reaction products that did not fit the expectations. In 1939 Otto Hahn
and Fritz Strassman performed a series of experiments that showed conclusively
that these unexplained products were actually isotopes of barium and lanthanum
that have mass numbers of 139 and 140, respectively, roughly half the mass of the
uranium target nuclei. The only possible explanation was that the neutron bom-
bardment of the uranium had induced fission in the uranium nucleus, causing it
to split into two approximately equal parts. Moreover it turned out that additional
neutrons were released in the process. It was quickly realized that these neutrons
could in principle induce further fission reactions, leading to a chain reaction. This
led to the building of the first atomic reactor by Enrico Fermi in Chicago in 1943
and the development of the atomic bomb in Los Alamos.
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» Chapter 3

Fusion in the Sun and Stars

[3.1] The Source of the Sun’s Energy

At the beginning of the 20th century there was no convincing explanation for
the enormous amount of energy radiated by the Sun. Although physics had made
major advances during the previous century and many people thought that there
was little of the physical sciences left to be discovered, they could not explain
how the Sun could continue to release energy, apparently indefinitely. The law
of energy conservation requires that there be an internal energy source equal
to that radiated from the Sun’s surface. The only substantial sources of energy
known at that time were wood and coal. Knowing the mass of the Sun and the
rate at which it radiated energy, it was easy to show that if the Sun had started
off as a solid lump of coal it would have burnt out in less than 2000 years. It
was clear that this was much too short—the Sun had to be older than the Earth,
and the Earth was known to be older than 2000 years —but just how old was
the Earth?

Early in the 19th century most geologists had believed that the Earth
might be indefinitely old. This idea was disputed by the distinguished physi-
cist William Thomson, who later became Lord Kelvin (Fig. 3.1). His interest
in this topic began in 1844 while he was still a Cambridge undergraduate. It
was a topic to which he returned repeatedly and that drew him into conflict with
other scientists, such as John Tyndall, Thomas Huxley, and Charles Darwin. To
evaluate the age of the Earth, Kelvin tried to calculate how long it had taken
the planet to cool from an initial molten state to its current temperature. In 1862
he estimated the Earth to be 100 million years old. To the chagrin of the biol-
ogists, Kelvin’s calculations for the age of the Earth did not allow enough time
for evolution to occur. Over the next four decades, geologists, paleontologists,
evolutionary biologists, and physicists joined in a protracted debate about the
age of the Earth. During this time Kelvin revised his figure down to between

17
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Figure 3.1 » William Thomson,
later Lord Kelvin (1824-1907).
Kelvin was one of the pioneers of
modern physics, developing thermo-
dynamics. He had a great interest
in practical matters and helped to
lay the first transatlantic telegraph
cable.

20 million and 40 million years. The geologists tried to make quantitative esti-
mates based on the time required for the deposition of rock formations or the
time required to erode them, and they concluded that the Earth must be much
older than Kelvin’s values. However, too many unknown factors were required
for such calculations, and they were generally considered unreliable. In the first
edition of his book, The Origin of Species, Charles Darwin calculated the age
of the Earth to be 300 million years, based on the time estimated to erode the
Weald, a valley between the North and South Downs in southern England. This
was subjected to so much criticism that Darwin withdrew this argument from
subsequent editions.

The discrepancy between the estimates was not resolved until the beginning of
the 20th century, when Ernest Rutherford realized that radioactivity (discovered
by Henri Becquerel in 1896, well after Kelvin had made his calculations) provides
the Earth with an internal source of heat that slows down the cooling. This process
makes the Earth older than was originally envisaged; current estimates suggest
that our planet is at least 4.6 billion years old. Radioactivity, as well as providing
the additional source of heat, provides an accurate way of measuring the age of the
Earth by comparing the amounts of radioactive minerals in the rocks. The age of
the Earth put a lower limit on the age of the Sun and renewed the debate about the
source of the Sun’s energy — what was the mechanism that could sustain the Sun’s
output for such a long period of time. It was not until the 1920s, when Eddington
made his deduction that fusion of hydrogen was the most likely energy source, and
later, when quantum theory was developed, that a consistent explanation became
possible.
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[3.2] The Solar Furnace

Hydrogen and helium are by far the most common elements in the universe and
together account for about 98% of all known matter. There is no significant amount
of hydrogen or helium in the gaseous state on Earth (or on Mars or Venus) because
the gravity of small planets is too weak to keep these light atoms attached; they
simply escape into outer space. All of the Earth’s hydrogen is combined with
oxygen as water, with carbon as hydrocarbons, or with other elements in the
rocks. However, the Sun, whose gravity is much stronger, consists almost entirely
of hydrogen. The presence of hydrogen in the Sun and the stars can be mea-
sured directly from spectroscopic observations, since every atom emits light with
characteristic wavelengths (or colors) that uniquely identify it.

Although there is plenty of hydrogen in the Sun for nuclear fusion, how can we
know that conditions are right for fusion to occur? The temperature and density of
the Sun can be determined by a combination of experimental observations using
spectroscopy and by theoretical calculations. The most likely fusion reactions
can be deduced from studies of nuclear reactions in the laboratory, using particle
accelerators. The energy release in the Sun involves the conversion of four protons
into a helium nucleus. However, this does not happen in a single step. First, two
protons combine to form a nucleus of the heavy isotope of hydrogen known as
deuterium. The deuterium nucleus then combines with another proton to form the
light helium isotope known as helium-3. Finally two helium-3 nuclei combine to
form helium-4, releasing two protons in the process. Overall, four protons are
converted into one helium nucleus. Energy is released because the helium nucleus
has slightly less mass than the original four protons from which it was formed,
as discussed in Chapter 2. The structure of the different nuclei was illustrated
in Fig. 2.2. The reactions are shown schematically in Fig. 3.2, with the original
nuclei on the left-hand side and the products on the right. Energy is released in each
stage of the reactions. The total amount of energy released for each conversion of
four hydrogen nuclei into a helium nucleus is about 10 million times more than
is produced by the chemical reaction when hydrogen combines with oxygen and
burns to form water. This enormous difference between the energy released by
nuclear reactions compared to chemical reactions explains why fusion can sustain
the Sun for billions of years. It is about 10 million times longer in fact than the
estimate of a few thousand years that was obtained when the Sun was considered
to be a lump of coal.

The energy has to be transported from the Sun’s interior core to the surface. This
is quite a slow process, and it takes about a million years for the energy to get out.
The Sun’s surface is cooler than the core and the energy is radiated into space as
the heat and light that we observe directly. Under standard conditions, the solar
power falling on the Earth is about 1.4 kilowatts per square meter (kW m™~?2).

The first stage of the reactions just described (see also Box 3.1) is known to
nuclear physicists as a weak interaction. The process is very slow, and this sets
the pace for the conversion to helium. It takes many hundreds of millions of years
for two protons to fuse together. This turns out to be rather fortunate. If the fusion
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Figure 3.2 »  The three reactions that convert hydrogen to helium in the Sun. The
overall charge balance is conserved through emission of a positron, a particle with the same
mass and properties as an electron but with positive electric charge.

reaction took place too quickly, then the Sun would have burned out long before
life on Earth had a chance to evolve. From our knowledge of the nuclear reaction
rates and of the amount of initial hydrogen, it is estimated that the time to use up
all the hydrogen is about 10 billion years. From radioactive dating of meteorites
it is estimated that the age of the solar system is 4.6 billion years. Assuming the
Sun is the same age as the meteorites, then it is approximately halfway through its
life cycle. For comparison, the most recent estimate of the age of the universe is
about 13.7 billion years.

The proton—proton reaction tends to dominate in stars that are the size of our
Sun or smaller. However, in larger stars there is another reaction cycle, involving
reactions with a carbon nucleus (see Box 3.2), by which protons can be converted
into helium nuclei.

[3.3] Gravitational Confinement

The hydrogen in the Sun’s core is compressed to very high density, roughly 10
times denser than lead. But the Sun’s core is not solid —it is kept in an ionized,
or plasma, state by the high temperature. This combination of high density and
high temperature exerts an enormous outward pressure that is about 400 billion
(4 x 10'") times larger than the atmospheric pressure at the Earth’s surface.

An inward force must balance this enormous outward pressure in order to pre-
vent the Sun from expanding. Gravity provides this force in the Sun and stars, and
it compresses the Sun into the most compact shape possible, a sphere. At each layer
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The Neutrino Problem

The first stage of the chain of reactions in the Sun—that between two
protons — also releases a particle called a neutrino (v):

p+p—D+Te+v

Neutrinos were first predicted by Enrico Fermi, to explain a discrepancy in the
energy measured in the process known as beta decay. Neutrinos have a very
low probability of undergoing a nuclear reaction with other matter and therefore
have a high probability of escaping from the Sun.

It was realized that if these neutrinos could be detected on Earth, they could
be useful in determining the rate of fusion reactions in the Sun and also would
help to answer other questions of fundamental physics. By devising very sen-
sitive detectors and placing them deep underground, where they are shielded
from other forms of radiation, it proved possible to detect these solar neutrinos.
It came as a surprise that the neutrino flux detected was only about one-third
of that expected from other estimates of the rate of fusion reactions in the
Sun. It was predicted that there should be three types of neutrino: the electron
neutrino, the muon neutrino, and the tau neutrino. The product of the proton—
proton reaction in the Sun is an electron neutrino, but it gradually began to be
suspected that the electron neutrinos might be changing into one of the other
types on the way from the Sun to the Earth. The puzzle has recently been
solved at a new laboratory built some 2000 m underground in a nickel mine in
Canada. The Sudbury Neutrino Observatory (SNO) started operating in 1999
with a detector using 1000 tons of heavy water. These detectors are able to
measure the total neutrino flux as well as the electron neutrino flux. It was
shown that some of the electron neutrinos had indeed changed into the other
types during their passage from the Sun to the Earth. When the total neutrino
flux is measured, it is found to be in good agreement with the flux calculated
from the Standard Solar model.

inside the sphere there has to be a balance between the outward pressure and the
weight of the material above (outside) pressing downward (inward). The balance
between compression due to gravity and outward pressure is called hydrostatic
equilibrium. The same effect occurs in the Earth’s atmosphere: The atmospheric
pressure at sea level is due to the weight of the air above — this is the combined
gravitational force acting on the air molecules. The atmosphere does not collapse
to a very thin layer on the ground under the pull of gravity because the upward
pressure of the compressed gas in the lower layers always balances the downward
pressure of the upper layers.

In some ways the structure of the Sun is similar to that of the Earth, in the sense
that it has a very dense core that contains most of the Sun’s mass surrounded by
less dense outer layers known as the solar envelope (Fig. 3.3). The temperature in
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The Carbon Cycle

A second chain of nuclear reactions can convert hydrogen into helium. This
was proposed independently by Carl von Weizacker and Hans Bethe in 1938,
and it is now thought that it is the dominant process in stars that are hotter and
more massive than the Sun. The reaction sequence is as follows:

b+ 126 — BN 18G4 o* 4y
p+13C — %N
p+14N—>150—>15N+e++v

p+ 1N — 12C 4 4He

In the first stage a proton reacts with a '2C nucleus to form nitrogen 13N,
which is unstable and decays to '3C. Further stages build up through '#N and
150 to 15N, which then reacts with a proton to form '2C and 4He. At the end
of the sequence the 12C has been recycled and can start another chain of
reactions, so it acts as a catalyst. Overall four protons have been replaced
with a single helium nucleus, so the energy release is the same as for the

pp cycle.

the core is about 14 million degrees Celsius but falls quite rapidly within the
radius — falling to about 8 million degrees Celsius at a quarter of the radius and
to less than 4 million degrees Celsius at half the radius. Fusion reactions are very
sensitive to temperature and density and take place only in the core. The fusion
power density falls to 20% of its central value at 10% of the radius and to zero
outside 20% of the radius.

Fusion energy is transported outward from the core as heat, first by radia-
tion through the layers known as the radiative zone. But as the radiative zone
cools with increasing distance from the core, it becomes more opaque and
radiation becomes less efficient. Energy then begins to move by convection
through huge cells of circulating gas several hundred kilometers in diame-
ter in the convective zone. Finally the energy arrives at the zone that emits
the sunlight that we see, the photosphere. This is a comparatively thin layer,
only a few hundred kilometers thick, of low-pressure gases with a tempera-
ture of 6000°C. The composition, temperature, and pressure of the photosphere
are revealed by the spectrum of sunlight. In fact, helium was discovered in
1896 by William Ramsey, who found features in the solar spectrum that did
not belong to any gas known on Earth at that time. The newly discovered
element was named helium in honor of Helios, the mythological Greek god
of the Sun.



Figure 3.3 »  The main features of the Sun. Energy is released by thermonuclear reactions in the core and transported
outward, first by radiation and then by convection, to the surface, from where it is radiated.
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Gravity is a very weak force compared to the forces of nuclear physics, and it
can confine a hot plasma only when the mass is very large. This is possible in the
Sun and stars but not for the much smaller plasmas that we would like to confine
on Earth. Also the fusion power density in the core of the Sun is very low, only
270 watts per cubic meter, compared to the megawatts per cubic meter required
for a commercial power plant. Other methods of providing confinement have to
be found, as will be discussed in later chapters.

The Formation of Heavier Atoms

In 1929, the American astronomer Edwin Hubble, by measuring the Doppler shift
of the spectral lines from many stars and galaxies, discovered that the universe
is expanding. He showed that the lines are shifted to the red end of the spectrum
and hence that these bodies are moving away from the Earth. The effect is often
known as the red shift. Hubble also showed that the further the objects are away,
the faster they are moving. One explanation for this effect was that there was
continuous creation of matter balancing the expansion, the steady-state theory of
the universe. However, the presently accepted theory is that everything started
about 13.7 billion years ago with a gigantic explosion known as the Big Bang. The
idea of an expanding universe was proposed in 1927 by the Belgian cosmologist
Georges Lemaitre, and the model was described in detail by George Gamow
(Fig. 3.4), Ralph Alpher, and Hans Bethe in 1948 in their famous “Alpher, Bethe,
Gamow” paper. Their model predicted that there should be observable radiation
left over from the Big Bang. This radiation, now known as the Cosmic Microwave
Background Radiation (CMBR) (Box 3.3), was first observed by Arno Penzias and
Robert Wilson in 1964 and found to be close to the predicted level. The predictions
of the background radiation and of the correct abundances of hydrogen, helium,
and lithium, which are now observed by spectroscopy of gas clouds and old stars,
are the major successes of the Big Bang theory and are the justification for taking
it to be the most likely explanation for the origin of the universe.

At the inconceivably high temperatures in the primeval fireball, mass and
energy were continually interchanging. As the fireball expanded, it cooled rapidly,
and at this stage the energy was converted permanently into mass —first as the
underlying subnuclear building blocks were formed and then as these building
blocks themselves combined to form protons and neutrons. Some deuterium and
helium nuclei were formed, via the fusion reactions discussed earlier, when the
conditions were suitable.

As the universe expanded it became too cold for these initial fusion reactions to
continue, and the mix of different nuclei that had been produced was “frozen.” It
is calculated that this stage was reached only 4 minutes after the initial Big Bang.
At this point the universe consisted of an expanding cloud composed mainly of
hydrogen (75%) and helium (25%), with small amounts of deuterium and lithium.
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Figure 3.4 » George Gamow
(1904-1968). Gamow was a Ukrai-
nian, born in Odessa and educated
in Leningrad, but in 1934 he immi-
grated to the US, where he was pro-
fessor of physics, first at George
Washington University and then at
the University of Colorado. He was
a prolific writer of books on science
for the layperson, particularly on cos-
mology; many of these works are still
in print.

Cosmic Microwave Background Radiation

The initial observations of microwave radiation, by Penzias and Wilson at Bell
Telephone Laboratories, were made quite by accident. They were testing an
antenna designed for communications satellites, and in order to check the
zero level of their instrument they had pointed it at a region of the sky where
they expected no radio sources. To their surprise they obtained a radiation
signal that they could not explain. A few months later Jim Peebles at Princeton
University heard of their results. He had been doing calculations based on
the Big Bang theory, which predicted that the universe should be filled with
a sea of radiation with a temperature less than 10 K. When they compared
results, the observed radiation was in good agreement with predictions. As the
measurements have improved, including more sophisticated instrumentation
on satellites, it was found that not only was the intensity correctly predicted, but
the measured CMBR also has precisely the profile of intensity versus frequency
to be consistent with the Big Bang model.

In 1992 the COBE satellite showed for the first time that there are slight
variations of the CMBR intensity with direction in the sky. These observations
have been even further improved using the Wilkinson Microwave Anisotropy
Probe in 2002. The radiation is calculated to have been generated 380,000
years after the Big Bang— over 13 billion years ago. It shows minute variations
in the temperature of the CMBR. These tiny irregularities are the seeds of the
cosmic structures that have been amplified by gravitational forces to become
the stars and galaxies that we see today.
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The universe today is known to contain 92 different elements ranging in mass
from hydrogen to uranium. The theory of the Big Bang is quite explicit that nuclei
much heavier than helium or lithium could not have been formed at the early stage.
The obvious next question is, what is the origin of all the other elements, such as
carbon, oxygen, silicon, and iron?

[3.5] Stars and Supernovae

The formation of the stars occurs by gradual accretion, due to gravitational attrac-
tion in places where there were local density variations of the material spewed out
from the Big Bang. As stars form they are compressed by gravity, and the interior
heats until it becomes sufficiently hot for fusion reactions to start heating the star
still further. There is an equilibrium where the internal pressure balances the com-
pressive force due to gravity and, when all the fuel is burned up and the fusion
reaction rate decreases, gravity causes the star to contract further. Stars form in a
range of different sizes and this leads to a variety of different stellar life cycles.
For a star of relatively modest size like our Sun, the life cycle is expected to be
about 10 billion years. When all the hydrogen has been consumed and converted
into helium, the Sun will cool down and shrink in size; with the Sun too cold for
further fusion reactions, the cycle ends.

Larger stars heat to a higher temperature and therefore burn more rapidly. The
fusion processes in these stars occur in a number of phases, forming more and
more massive nuclei. After the first stage is completed and the hydrogen has been
converted to helium, the bigger star’s gravity is sufficiently strong that the star can
be compressed further until the temperature rises to a value at which the helium
nuclei start to fuse and form carbon in the core. This again releases energy, and
the star gets even hotter. The mechanism by which helium burns was a puzzle
for many years because the fusion of two helium nuclei would produce a nucleus
of beryllium (®Be), which is very unstable. It turns out that three helium nuclei
have to join together to form a carbon nucleus (!>C), as explained in Box 3.4.
When most of the helium has been consumed and if the star is big enough, further
compression causes the temperature to rise again to the point at which the carbon
burns, forming much heavier nuclei, such as neon (20Ne) and magnesium (24Mg).
Neon is produced by the combination of two carbon nuclei followed by the release
of a helium nucleus. In succession there are stages of neon burning and then silicon
burning (Box 3.5). The reactions are shown schematically in Fig. 3.5.

The detailed verification of the models of the production of all the various ele-
ments has depended very largely on many years of study of the individual nuclear
processes in physics laboratories. Rather as Aston’s painstaking study of the pre-
cise masses of the elements led to the eventual realization of the source of nuclear
energy, so the detailed measurements of the exact types and rates of nuclear reac-
tions under a range of different conditions enabled the detailed evolution of the
universe to become understood. Measurements that were initially made in the
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The Triple Alpha Process

When a star has converted most of the hydrogen into helium, the next stage
would seem to be for two helium nuclei to combine. But this would produce
8Be—a nucleus of beryllium with four protons and four neutrons that reverts
back into two helium nuclei with a lifetime of less than 10~ 17 s. There is a further
problem —even if the 8Be nucleus is formed, the next stage in the chain,

8Be + *He — '2C

is not allowed because the energy cannot be removed as kinetic energy
with a single reaction product without violating the law of conservation of
momentum. Thus there appeared to be a bottleneck preventing the formation
of the elements heavier than helium.

The English astronomer Fred Hoyle reasoned that nuclei heavier than He
do in fact exist in nature —so there must be a way around the so-called beryl-
lium bottleneck. He proposed that if the carbon nucleus has an excited state
with energy of 7.65 MeV above the ground level of the carbon — exactly match-
ing the energy released in the nuclear reaction — the reaction energy could be
absorbed in the excited state, which could then decay to the ground state by
the release of a gamma ray without any problems with momentum conserva-
tion. However no excited state was known at the time and so Hoyle approached
William Fowler at the University of California at Berkeley and suggested to him
that they conduct an experimental search for this state. Fowler agreed to look,
and the excited state of carbon was found, thus verifying the mechanism by
which the higher-mass nuclei are produced.

Overall the triple alpha process can be looked on as an equilibrium
between three 4He nuclei and the excited state of 12C, with occasional leakage
out into the ground state of '2C. This is a very slow process and is viable only
in a star with enormous quantities of helium and astronomical times scales to
consider.

pursuit of fundamental academic research turned out to be crucially important in
the understanding of the universe. Of course no one has made direct measure-
ments inside the heart of a star; even the light that we can measure remotely with
telescopes and analyze by spectroscopy comes from the star’s surface.

At the end of a star’s lifetime, when its nuclear fuel is exhausted, the release of
fusion energy no longer supports it against the inward pull of gravity. The ultimate
fate of a star depends on its size. Our Sun is a relatively small star and will end its
life rather benignly as a white dwarf, as will most stars that begin life with mass up
to about two to three times that of our Sun. If the star is more massive, its core will
first collapse and then undergo a gigantic explosion known as a supernova and in
so doing will release a huge amount of energy. This will cause a blast wave that
ejects much of the star’s material into interstellar space. Supernovae are relatively
rarely observed, typically once in every 400 years in our own galaxy, but they can
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BOX 3.5 Heavier Nuclei

After carbon has been produced, nuclei of higher mass can be formed by
reactions with further alpha particles. Each of these nuclear reactions is
less efficient in terms of energy production than the previous one, because
the nuclei formed are gradually becoming more stable; see Figure 2.5. The
temperature increases, the reactions proceed more quickly, and the time taken
to burn the remaining fuel gets shorter. In a large star the time to burn the
hydrogen might be 10 million years, while to burn the helium takes 1 million
years, to burn the carbon only 600 years, and to burn the silicon less than one
day! As each reaction dies down, due to the consumption of the fuel, gravity
again dominates and the star is compressed. The compression continues until
the star is sufficiently hot for the next reaction to start. It is necessary to reach
successively higher temperatures to get the heavier elements to undergo
fusion. The last fusion reactions are those that produce iron (°6Fe), cobalt,
and nickel, the most stable of all the elements.

The principle reactions going on in various stages of the life of a massive
star just prior to its explosive phase are shown in the following table (and
schematically in Figure 3.5). The calculated density, temperature, and mass
fraction in the various stages are shown, together with the composition in that
stage.

Stage Mags Temp Density Ma.in Composition
fraction (°C) (kg - m~3) reactions

| 0.6 1 x 107 10 TH— 4He TH,%He

[ 0.1 2x 108 1 x 108 4He—12Cc160  4He

I 005 5x108 6 x 108 120_,20Ng 24mg 120,160

v 015 8x108 3x107 20Ne—16024Mg 160,20Ne,24Mg
Vv 002 3x109 2x10° 160_,28g; 160,24\g,28g;
VI 008 8x109 4x10'2 28gi56Fg56); 28g;32g

also be observed in other galaxies. Perhaps the most famous supernova historically
is the one that was recorded by Chinese astronomers in 1054 AD. The remnants of
this explosion are still observable and are known as the Crab Nebula. Since the
Chinese observation, two similar explosions have taken place in our galaxy — one
was observed by the famous Danish astronomer Tycho Brahe in 1572 and another
by Johannes Keplerin 1604. Kepler, who was Brahe’s pupil, discovered the laws of
planetary motion. In 1987 the largest supernova to be observed since the invention
of the telescope was seen in the Large Magellenic Cloud, the next nearest galaxy
to the Milky Way. The last phase of the explosion occurred in a very short time in
astronomical terms. It reached its brightest phase about 100 days after the original
explosion and then started fading. Photographs taken of the original star before
it exploded and then when the supernova was at its peak intensity are shown in
Fig. 3.6.
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Shell Burning

Stage

Composition

Figure 3.5 » A schematic picture of the various fusion reactions occurring in the
life of a large star, leading to the buildup of more and more massive nuclei. In the final
stage the most stable elements around iron are formed. The normal chemical symbols for
the elements are used. Just before the explosive stage, different reactions are occurring at
different layers of the star, as shown.

The importance of supernovae in forming the elements is that their tempera-
ture is very high and large numbers of energetic neutrons are produced. These
are ideal conditions for production of the higher-mass elements, from iron up to
uranium. The energetic neutrons are absorbed by iron and nickel to form heavier
atoms. All of the elements that have been created in the stars, both during the
early burning phases and during the catastrophic phase of the supernovae, are
redistributed throughout the galaxy by the explosion.

An idea of how an exploding supernova disperses in the universe is seen in the
photograph of the Veil Nebula, Fig. 3.7. This is the remains of a supernova that
exploded over 30,000 years ago. The material spreads out in fine wisps over an
enormous volume. The dust created can then gather together to form new stars and
planets and us. The second and subsequent generations of star systems, formed
from the debris of supernovae, thus contain all the stable elements. The two paths
by which primary and secondary stars can form are illustrated in Fig. 3.8. Our own
solar system is an example of a secondary star system.
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Figure 3.6 »  Photographs of the supernova that exploded in February 1987 in the
Large Magellenic Cloud. This was the first supernova since the invention of the telescope
that was bright enough to be visible to the naked eye. The view on the left shows the
supernova at peak intensity, and the view on the right shows the same region before the star
exploded.

Figure 3.7 »  Photograph of the Veil Nebula showing wisps of matter remaining
after the explosion of a supernova more than 30,000 years ago. The nebula is 15,000 light
years away and has grown to enormous size, yet it maintains a fine filamentary structure.
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Figure 3.8 »  Illustration of the two principal stages of the formation of the elements
showing how the first-generation stars contained only the light elements from the Big Bang,
while second-generation stars contain the heavier elements from the supernovae explosions.
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The remains of the cores of supernovae are thought to form strange objects
known as neutron stars and black holes. The pull of gravity becomes so enormous
that matter is squeezed tightly together, and nuclei, protons, and electrons all
convert into neutrons. A neutron star has roughly one and a half times the mass of
our Sun crammed in a ball about 10 kilometers in radius. Its density is therefore
100 trillion times the density of water; at that density, all the people on Earth
would fit into a teaspoon! As the core gets smaller, it rotates faster and faster, like
a skater who pulls his or her arms in. Strong radio radiation is emitted and can
be detected on Earth as pulses, and so neutron stars are also known as pulsars.
Neutron stars are relatively rare, only about one in a thousand stars, and the nearest
one is probably at least 40 million light years away.

The stars that eventually become neutron stars are thought to start out with
about 15-30 times the mass of our Sun. Stars with even higher initial masses are
thought to become black holes — a region of space in which the matter forming it
is crushed out of existence. The mass of a black hole is so large and the resulting
gravitational field at its surface so strong that nothing, not even light, can escape.

The roles of nuclear fusion in the universe can therefore be summarized under
two main headings. Firstly, fusion is the source of all the energy in the stars, thus
supplying the energy by which we on Earth, and possibly other civilizations on the
planets of other stars, survive. Secondly, fusion is responsible for the formation
of the elements out of the primeval hydrogen. Some of the light elements (mainly
hydrogen and helium) were formed by fusion in the Big Bang at the very start
of the universe. The elements in the lower half of the periodic table are formed
by the steady burning of the largest and hottest stars, and the very heaviest of
the elements are produced by the very brief but intense reactions in the exploding
supernovae.
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Man-Made Fusion

Down to Earth

Chapter 3 discussed the processes by which the Sun and stars release energy from
fusion. There is no doubt that fusion works, but the obvious question is, can fusion
energy be made useful to mankind? The physics community had been skeptical at
first about the possibility of exploiting nuclear energy on Earth; even Rutherford
had gone so far as to call it “moonshine.” However, speculation on the subject
abounded from the days when it was suspected that nuclear processes might be
important for the stars.

Impetus was added when the first atom bombs were exploded in the closing
stages of World War II, with the dramatic demonstration that nuclear energy could
indeed be released. If nuclear fission could release energy, why not nuclear fusion?
The present chapter discusses the basic principles of how fusion energy might be
exploited on Earth.

The chain of reactions in the Sun starts with the fusion of two protons — the
nuclei of the common form of hydrogen — to form a nucleus of deuterium — the
heavier form of hydrogen. When two protons fuse, one of them has to be converted
into a neutron. This is the most difficult stage in the chain of reactions that power
the Sun, and it takes place much too slowly to be a viable source of energy on Earth.
However, after the slow first step, the fusion reactions only involve rearranging
the numbers of protons and neutrons in the nucleus, and they take place much
more quickly. So things look more promising if one starts with deuterium. Though
deuterium is rare in the Sun, where it is burned up as fast as it is produced,
on Earth there are large amounts of this form of hydrogen remaining from earlier
cosmological processes. About one in every 7000 atoms of hydrogen is deuterium,
and these two isotopes can be separated quite easily. The Earth has a very large
amount of hydrogen, mainly as water in the oceans, so although deuterium is rather
dilute, the total amount is virtually inexhaustible (Box 4.1).

33
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BOX 4.1 Source of Deuterium

The reaction between deuterium and tritium has the fastest reaction rate and
requires the lowest temperature of all the fusion reactions, so it is the first
choice for a fusion power plant. Adequate sources of deuterium and tritium are
thus important, independent of what type of confinement system, magnetic or
inertial, is employed.

One gram of deuterium will produce 300 GJ of electricity, and providing
for all of the world’s present-day energy consumption (equivalent to about
3 x 10'! GJ per year) would require about 1000 tons of deuterium a year.
The source of deuterium is straightforward because about 1 part in 6700 of
water is deuterium, and 1 gallon of water used as a source of fusion fuel could
produce as much energy as 300 gallons of gasoline. When all the water in the
oceans is considered, this amounts to over 101 tons of deuterium —enough
to supply our energy requirements indefinitely. Extracting deuterium from water
is straightforward using electrolysis (see Box 8.1), and the cost of the fuel would
be negligible compared to the other costs of making electricity.

The fusion reaction between two deuterium nuclei brings together two protons
and two neutrons that can rearrange themselves in two alternative ways. One
rearrangement produces a nucleus that has two protons and a single neutron. This
is the rare form of helium known as helium-3 (see Fig. 2.2). There is a neutron
left over. The alternative rearrangement produces a nucleus with one proton and
two neutrons. This is the form of hydrogen known as tritium, which has roughly
three times the mass of ordinary hydrogen. In this case a proton is left over. These
reactions are shown schematically in Fig. 4.1. Energy is released because the sum
of the masses of the rearranged nuclei is slightly smaller than the mass of two
deuterium nuclei, as in the fusion reactions in the Sun.

SHe neutron

Figure 4.1 »  The two alternative branches of the fusion of two deuterium nuclei.
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Figure 4.2 »  The reactions between deuterium and tritium or helium-3, forming
helium-4.

The tritium and the helium-3 produced in these reactions can also fuse with
deuterium. This time there are five nuclear particles to rearrange — two protons
and three neutrons in the case of the reaction between deuterium and tritium or
three protons and two neutrons in the case of deuterium plus helium-3. The result
in both cases is a nucleus with two protons and two neutrons. This is the common
form of helium with four units of mass — helium-4. It is an inert gas that can be
used to fill balloons and airships. There is either a free neutron or a free proton
left over. These reactions are shown schematically in Fig. 4.2.

All of these reactions are used in experiments to study fusion. The reaction
between deuterium and tritium, usually abbreviated as DT, requires the lowest
temperature to get it started and therefore is considered to be the best candidate
for a fusion power plant. Tritium does not occur naturally on Earth because it
is radioactive, decaying with a half-life of 12.3 years. Starting with a fixed quan-
tity of tritium today, only half of it will remain in 12.3 years time, there will
be only a quarter after 24.6 years, and so on. Tritium will have to be manu-
factured as a fuel. In principle this can be done by allowing the neutron that
is produced in the DT reaction to react with the element lithium (see Box 4.2).
Lithium has three protons in its nucleus and exists in two forms — one with three
neutrons, known as [lithium-6, and one with four neutrons, known as lithium-7.
Both forms interact with neutrons to produce tritium and helium. In the first
reaction energy is released, but energy has to be put into the second reaction. The
basic fuels for a fusion power plant burning deuterium and tritium thus will be ordi-
nary water and lithium. Deuterium will be extracted from water, and tritium will be
produced from lithium. Both basic fuels are relatively cheap, abundant, and easily
accessible. The waste product will be the inert gas helium. The overall reaction
is shown schematically in Fig. 4.3. The economics of fusion will be discussed in
more detail in Chapter 12.
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Tritium Breeding Reactions

The most convenient way to make tritium is in the reaction between neutrons
and lithium. There are two possible reactions, one with each of the naturally
occurring isotopes, ®Li and 7Li:

6Li+n— *He + T + 4.8 MeV

“Li+n— *He +T+n—2.5 MeV.

The 6Li reaction is most probable with a slow neutron; it is exothermic, releas-
ing 4.8 MeV of energy. The ’Li reaction is an endothermic reaction, only
occurring with a fast neutron and absorblng 2.5 MeV of energy. Natural lithium
is composed 92.6% of “Li and 6.4% of SLi. A kilogram of lithium will produce
1 x 10° GJ of electricity.

Basic fuels Waste products
2 /J3 — 0-33
99 9
33

‘He
6Lj

Figure 4.3 »  The overall fusion reaction. The basic fuels are deuterium and lithium;
the waste product is helium.

Getting It Together

In order to initiate these fusion reactions, two nuclei have to be brought very
close together, to distances comparable to their size. Nuclei contain protons and so
they are positively charged. Charges of the same polarity, in this case two positive
charges, repel each other; there is thus a strong electric force trying to keep the two
nuclei apart. Only when the two nuclei are very close together does an attractive
nuclear force become strong enough to counter the electric force that is trying
to keep them apart. This effect is shown schematically in Fig. 4.4 — which plots
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Figure 4.4 »  Adiagram illustrating the potential energy of two nuclei as their distance
apart is varied. When far apart they repel each other — their electrostatic repulsion increases
as they get closer together. When they become very close, a nuclear attraction becomes
effective and the potential energy drops.

potential energy against the distance separating the two nuclei. Potential energy
is the form of energy that a ball has on top of a hill. Bringing the two nuclei
together is rather like trying to get a golf ball to roll up a hill and fall into a hole
on the top. The ball has to have enough energy to climb the hill before it can
fall into the hole. In this case the hill is very much steeper and the hole much
deeper and smaller than anything one would find on a golf course. Fortunately
physics comes to our aid. The laws of quantum mechanics that determine how
nuclei behave at these very small distances can allow the “ball” to tunnel partway
through the hill rather than having to go all the way over the top. This makes it a
bit easier, but even so a lot of energy is needed to bring about an encounter close
enough for fusion.

Physicists measure the energy of atomic particles in terms of the voltage
through which they have to be accelerated to reach that energy. To bring about a
fusion reaction requires acceleration by about 100,000 volts. The probability that
a fusion reaction will take place is given in the form of a cross section. This is
simply a measure of the size of the hole into which the ball has to be aimed. The
cross sections for the three most probable fusion reactions are shown in Fig. 4.5.
In fusion golf, the effective size of the hole depends on the energy of the colliding
nuclei. For DT, the cross section is largest when the nuclei have been acceler-
ated by about 100,000 volts (to energy of 100 keV); it decreases again at higher
energies. Figure 4.5 shows why the DT reaction is the most favorable — it offers
the highest probability of fusion (the largest cross section) at the lowest energy.
Even then the hole is very small— with an area of about 10728 square meters.
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Figure 4.5 »  The probability that a fusion reaction will take place (cross section) for
a range of energies of deuterium ions. The data for three reactions are shown: deuterium
plus deuterium, deuterium plus tritium, and deuterium plus helium-3. At lower energies the
probability for the DT reaction is much higher than for the other two reactions.

Voltages of hundreds of thousands of volts sound rather high compared to the
hundreds of volts of a normal domestic electricity supply. However, in 1930 John
Cockroft and Ernest Walton, working in Rutherford’s laboratory at Cambridge
University, designed and built a particle accelerator capable of generating these
voltages. This sort of equipment is now commonplace in physics laboratories.
In fact, physicists studying the structures within protons and neutrons use accel-
erators that take particles into the gigavolt range of energies, that is, thousands of
millions of volts, and they have plans to build feravolt machines, that is, millions
of millions of volts.

Accelerating nuclei to the energies needed for fusion is not difficult in the labora-
tory. It is relatively easy to study fusion reactions by bombarding with accelerated
deuterium nuclei a solid target containing tritium. This is how the cross sections
shown earlier were measured by Marcus Oliphant and Paul Hartek in Cambridge,
UK, in 1934. The problem lies with the very small cross section of the “fusion
hole” and the very steep “hill.” Most of the accelerated nuclei bounce off the “hill”
and never get close enough to the target nucleus to fuse. The energy that has been
invested in accelerating them is lost. Only a tiny fraction of collisions (1 in 100
million) actually results in a fusion event. To return to the golfing analogy, it is
rather like firing ball after ball at the hill in the hope that one will be lucky enough
to find its way over the top and into the hole. Very few will make it when the par
for the hole is 100 million; most balls will roll off the hill and be lost. In the case
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of fusion the problem is not so much the number of lost balls but the amount of
energy that is lost with them.

A better way has to be found. Clearly what is needed is a way to collect
all the balls that roll off the hill and, without letting them lose energy, to send
them back again and again up the slope until they finally make it into the hole.
Leaving the golf course and moving indoors to the billiard or pool table illus-
trates how this might be done. If a ball is struck hard, it can bounce back and
forth around the pool table without loosing energy (assume that the balls and
the table are frictionless). Doing this with a large number of balls in motion at
the same time will allow balls to scatter off each other repeatedly without losing
energy. Occasionally two balls will have the correct energies and be moving on
exactly the right trajectories to allow them to fuse together when they collide. It is
important to remember however, that this happens only once in every 100 million
encounters.

This picture of balls moving about randomly and colliding with each other is
rather like the behavior of a gas. The gas particles — they are usually molecules —
bounce about quite randomly, off each other and off the walls of the container,
without losing any overall energy. Individual particles continually exchange
energy with each other when they collide. In this way, there will always be some
particles with high energies and some with low energies, but the average energy
stays constant. The temperature of the gas is a measure of this average energy.

These considerations suggest a better way to approach fusion; take a mixture
of deuterium and tritium gas and heat it to the required temperature. Known as
thermonuclear fusion, this is to be clearly distinguished from the case where
individual nuclei are accelerated and collided with each other or with a station-
ary target. A temperature of about 200 million degrees Celsius is necessary to
give energies high enough for fusion to occur in a sufficiently high fraction of
the nuclei. It is difficult to get a feel for the magnitude of such high tempera-
tures. Remember that ice melts at 0° Celsius, water boils at a 100°C, iron melts
at around 1000°C, and everything has vaporized at 3000°C. The temperature of
the core of the Sun is about 14 million degrees. For fusion reactions, it is nec-
essary to talk in terms of hundreds of millions of degrees. To put 200 million
degrees on a familiar scale would require an ordinary household thermometer
about 400 kilometers long!

Collisions in the hot gas quickly knock the electrons off the atoms and pro-
duce a mixture of nuclei and electrons. The gas is said to be ionized, and it has
a special name —it is called a plasma (Fig. 4.6). Plasma is the fourth state of
matter — solids melt to form liquids, liquids evaporate to form gases, and gases
can be ionized to form plasmas. Gases exist in this ionized state in many every-
day conditions, such as in fluorescent lamps and even in open flames, although
in these examples only a small fraction of the gas is ionized. In interstellar space
practically all matter is in the form of fully ionized plasma, although the density
of particles is generally very low. Since plasmas are a fundamental state of matter,
their study is justified as pure science on the same basis as research into the solid,
liquid, or gaseous state. At the high temperatures required for fusion the plasma is
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Figure 4.6 »  When a gas (shown here as an atomic gas, though many gases are
molecular) is heated to high temperature it breaks up into a mixture of negatively charged
electrons and positively charged nuclei or ions.

fully ionized and consists of a mixture of negative electrons and positive nuclei.
Equal numbers of negative and positive charge must be present; otherwise the
unbalanced electric forces would cause the plasma to expand rapidly. The posi-
tive nuclei are called ions, and this term will be used from now on. One important
property of plasmas is that, with all these electrically charged particles, they can
conduct electricity. The electrical conductivity of hydrogen plasma, at the temper-
atures required for fusion to occur, is about 10 times higher than that of copper at
normal temperature.

What about the walls? The temperature of the ions has to be so high that
there is no possibility of containing the hot plasma in any conventional vessel.
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Even the most refractory materials, such as graphite, ceramics, or tungsten,
would evaporate. There are two options. One is to use a magnetic field to form a bar-
rier between the hot fuel and the wall. The electrical charges on ions and electrons
prevent them from moving directly across a magnetic field. When their motion
tries to take them across the field, they simply move around in circles. They can
move freely along the direction of the field, and so the overall motion is a spiral line
(a helix) along the direction of the field. In this way a magnetic field can be used
to guide the charged particles and prevent them from hitting the surrounding solid
walls. This is called magnetic confinement. The second option is to compress the
fusion fuel and heat it so quickly that fusion takes place before the fuel can expand
and touch the walls. This is called inertial confinement. It is the principle used in
the hydrogen bomb and in attempts to produce fusion energy using lasers. These
two options will be described in more detail in the following chapters.

Breaking Even

One of the fundamental questions is to determine the conditions required for
a net energy output from fusion. Energy is needed to heat the fuel up to the
temperature required for fusion reactions, and the hot plasma loses energy in
various ways. Clearly there would be little interest in a fusion power plant that
produces less energy than it needs to operate. John Lawson (Fig. 4.7), a physi-
cist at the UK Atomic Energy Establishment at Harwell, showed in the early 1950s
that “it is necessary to maintain the plasma density multiplied by the confinement
time greater than a specified value.” The plasma density (usually denoted by n)
is the number of fuel ions per cubic meter. The energy confinement time, usually
denoted by the Greek letter tau (7g), is more subtle. It is a measure of the rate at
which energy is lost from the plasma and is defined as the total amount of energy
in the plasma divided by the rate at which energy is lost. It is analogous to the
time constant of a house cooling down when the central heating is switched off.
Of course the plasma is not allowed to cool down; the objective is to keep it at
a uniformly high temperature. Then the energy confinement time is a measure
of the quality of the magnetic confinement. Just as the house cools down more
slowly when it is well insulated, so the energy confinement time of fusion plasma
is improved by good magnetic “insulation.” Lawson assumed that all the fusion
power was taken out as heat and converted to electricity with a specified efficiency
(he took this to be about 33% which is a typical value for a power plant). This
electricity would then be used to heat the plasma. Nowadays the calculation for
magnetic-confinement fusion makes slightly different assumptions but arrives at
a similar conclusion.

The DT reaction produces a helium nucleus —usually known as an alpha
particle—and a neutron. The energy released by the fusion reaction is shared
between the alpha particle, with 20% of the total energy, and the neutron, with
80%. The neutron has no electric charge, and so it is not affected by the magnetic
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Figure 4.7 » John Lawson
(b. 1923) explaining energy balance
requirements at a meeting of the
British Association in Dublin in
1957. Experimental work was still
secret at this time, and the meeting
was the first time that energy balance
had been publicly discussed. Lawson
worked in the nuclear fusion program
from 1951 to 1962, but most of his
career was devoted to the physics of
high-energy accelerators.

field. It escapes from the plasma and slows down in a surrounding structure, where
it transfers its energy and reacts with lithium to produce tritium fuel. The fusion
energy will be converted into heat and then into electricity. This is the output of the
power plant. The alpha particle has a positive charge and is trapped by the magnetic
field. The energy of the alpha particle can be used to heat the plasma. Initially an
external source of energy is needed to raise the plasma temperature. As the tem-
perature rises, the fusion reaction rate increases and the alpha particles provide
more and more of the required heating power. Eventually the alpha heating is
sufficient by itself and the fusion reaction becomes self-sustaining. This point is
called ignition. It is exactly analogous to using a gas torch to light a coal fire or a
barbecue. The gas torch provides the external heat until the coal is at a high enough
temperature that the combustion becomes self-sustaining.

The condition for ignition in magnetic confinement is calculated by setting
the alpha particle heating equal to the rate at which energy is lost from the
plasma. This is slightly more stringent than the earlier version proposed by
Lawson because only 20% of the fusion energy (rather than 33%) is used to heat
the plasma. The ignition condition has the same form as the Lawson criterion, and
the two are frequently confused. The product of density and confinement time must
be larger than some specified value, which depends on the plasma temperature and
has a minimum value (see Fig. 4.8) in DT at about 30 keV (roughly 300 million
degrees). Written in the units particles per cubic meter x seconds, the condition
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Figure4.8 »  Theignition criterion: the value of the product of density and confinement
time ntg, necessary to obtain plasma ignition, plotted as a function of plasma temperature
T. The curve has a minimum at about 30 keV(roughly 300 million°C).

for ignition is
nxtg>17x 10 m=3s
However, due to the way that the fusion cross sections and other parameters
depend on temperature, it turns out that the best route to ignition is at slightly
lower temperatures. In the range 10-20 keV (100 million to 200 million degrees),
the ignition condition can be written in a slightly different form that includes the
temperature (see Box 4.3),

nTtg >3 x 10! m3 keV's

The units are particles per cubic meter x kilo-electron volts x seconds. This can
be expressed in different units that are a bit more meaningful for a nonspecialist.
The product of density and temperature is the pressure of the plasma. The ignition
condition then becomes: plasma pressure (P) X energy confinement time (tg)
must be greater than 5.
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Conditions for Confinement

The conditions for DT magnetic-confinement fusion to reach ignition and run
continuously are calculated by setting the alpha particle heating equal to the
rate at which energy is lost from the plasma. Each alpha particle transfers
3.5 MeV to the plasma, and the heating power per unit volume of the plasma
(in MWm=3) is P, = npnt av k 3.5 x 10°. The DT fusion reaction rate
v (m3 s~ 1) is the cross section o averaged over the relative velocities v of
the colliding nuclei at temperature T (keV), and np and ny are the densities
(m_3) of D and T fuel ions. The reaction is optimum with a 50:50 fuel mixture,
SO np = Nt = %n, where nis the average plasma density and

]
P, = Zn2ﬂ/k3.5 x 10 MWm—3

The loss from the plasma is determined as follows. The average energy of a
plasma particle (ion or electron) at temperature T is (3/2)kT (corresponding to
% kT per degree of freedom). There are equal numbers of ions and electrons,
so the total plasma energy per unit volume is 3nkT. Here k is Boltzmann’s
constant, and when we express T in keV it is convenient to write k = 1.6 x
1016 J/keV. The rate of energy loss from the plasma P, is characterized by
an energy-confinement time tg such that P, = 3nkT/tg. Setting the alpha
particle heating equal to the plasma loss gives

nte = (12/3.5 x 10%)(T/av) m 3 s

The right-hand side of this equation is a function only of temperature and
has a minimum around T = 30 keV, where

(T/av) ~5x 1022 keV m~3 s,
so the required value of ntg would be
ne~17x100m=3s

(Fig. 4.8).

Usually zg is also a function of temperature (see Box 10.4), and the
optimum temperature comes somewhat lower than 30 keV. Fortunately we can
take advantage of a quirk of nature. In the temperature range 10-20 keV the
DT reaction rate o vis proportional to T Multiplying both sides of the equation
for ntg by T makes the right-hand side (Tz/ﬁ) independent of temperature,
while the left-hand side becomes the triple product nTzg:

nTeg = const ~ 3 x 102" m™3 kev s~!

The precise value in fact depends on the profiles of plasma density and
temperature and on other issues, like the plasma purity. A typical value
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(continued)

taking these factors into account would be
nTrg ~ 6 x 10°' m=3 kev s~ !

It is important to stress that the triple product is a valid concept only for T in
the range 10—20 keV.

The conditions required for a pulsed system (as in inertial-confinement
fusion) can be expressed in a similar form if r¢ is defined as the pulse duration
and the steady-state balance between alpha particle heating and energy loss
is replaced by the assumption that all of the fusion energy is extracted after
each pulse, converted into electricity and some of the output has to be used
to heat the fuel for the next pulse. The efficiency of the conversion and heating
cycles for inertial confinement is discussed further in Boxes 7.1, 7.2, and 11.3.

1012~ Inertial Confinement

s L

©

< o8-

o | Ignition criterion
@

g 104

o L

1L Magnetic Confinement

1 1 1 1 1
10710 1078 1076 104 1072 1
Confinement Time (sec)

Figure 4.9 »  The conditions required for fusion plotted in terms of plasma pressure
(in bars) against confinement time (in seconds). The regions for inertial-confinement and
magnetic-confinement fusion are shown. In both cases a temperature in the range 10-20 keV
(roughly 100-200 million degrees Celsius) is required.

The units are now bars x seconds, and one bar is close to the Earth’s atmospheric
pressure. The relationship between plasma pressure and confinement time is shown
in Fig. 4.9.

For magnetic-confinement fusion, an energy-confinement time of about
5 seconds and a plasma pressure of about 1 bar is one combination that could
meet this condition. It is at first sight surprising to find that the pressure of
very hot plasma is close to that of the atmosphere. However, pressure is density
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multiplied by temperature, so a relatively low density balances the very high
temperature of fusion plasma. For inertial-confinement fusion, the time is much
shorter, typically less than 1 billionth (10~?) of a second, and the pressure has to
be correspondingly higher — more than 5 billion times atmospheric pressure. The
fusion fuel has to be compressed until the density is about 1000 times higher than
water.

The triple product known as n T tau is used as the figure of merit against
which the results of fusion experiments are compared (but note that this is valid
only for temperatures in the range 10-20 keV). Progress toward ignition has
required a long and difficult struggle, but now the goal is well within sight.
Temperatures higher than 30 keV (300 million degrees) have been reached in
some experiments, and confinement times and densities are in the right range.
The most recent results in magnetic confinement, which will be described in later
chapters, have pushed the triple product nT t up to a value that is only a factor of
5 short of ignition. The best results in inertial confinement are about a factor of 10
lower than magnetic confinement.
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Magnetic Confinement

[5.1] The First Experiments

As with most developments in science, many people were thinking along similar
lines at the same time, so it is hard to give credit to any single person as the
“discoverer” of magnetic-confinement fusion. There is some evidence of specula-
tive discussions of the possibility of generating energy from the fusion reactions
before and during World War II. Certainly there had been discussions about
the basic principles of fusion among the physicists building the atom bomb in
Los Alamos. They had more urgent and pressing priorities at the time, and for
various reasons they did not pursue their embryonic ideas on fusion immediately
after the end of the war. However, many of these scientists did return later to
work on fusion.

The first tangible steps were taken in the UK. In 1946, George Thomson (Fig. 5.1)
and Moses Blackman at Imperial College in London registered a patent for a
thermonuclear power plant. Their patent was quickly classified as secret, so the
details were not made public at the time. In essence, the patent outlined a plan
for a hot plasma confined by a magnetic field in a doughnut-shaped vessel that
superficially looks remarkably like present-day fusion experiments. The proper
geometric term for this doughnut shape — like an inflated automobile tire —is a
torus. With the benefit of present knowledge of the subject, it is clear that this early
idea would not have worked — but it displays remarkable insight for its day. This
proposal provoked much discussion and led to the start of experimental fusion
research at Imperial College.

A parallel initiative had been started in 1946 in the Clarendon Laboratory at
Oxford University. Peter Thonemann (Fig. 5.1) had come to Oxford from Sydney
University in Australia, where, earlier in the century, the so-called pinch effect had
been discovered. The heavy electric current that had flowed through a hollow light-
ning conductor during a storm had been found to have permanently squashed it.

47
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Figure 5.1 »  George Thomson (on the left) and Peter Thonemann at a conference in
1979. Thomson was awarded the Nobel Prize in Physics in 1937 for demonstrating the
wave characteristics of electrons.

If the pinch effect was strong enough to compress metal, perhaps it could confine
plasma. The basic idea is quite simple and is shown schematically in Fig. 5.2.
When an electric current flows through a conductor — in this case the plasma —it
generates a magnetic field that encircles the direction of the current. If the cur-
rent is sufficiently large, the magnetic force will be strong enough to constrict, or
pinch, the plasma and pull it away from the walls. In a straight tube the plasma
will rapidly escape out of the open ends. However, if the tube is bent into a torus,
it is possible in principle to create a self-constricted plasma isolated from contact
with material surfaces. This is discussed in more detail in Box 5.1.

Thonemann worked with a series of small glass tori. The air inside the glass
torus was pumped out and replaced with hydrogen gas at a much lower pressure
than the atmosphere. This gas could be ionized to make plasma. A coil of wire
wrapped around the outside of the torus was connected to a powerful radio trans-
mitter. The current flowing through the external coil induced a current to flow
in the plasma inside the torus. After a few years this system was replaced by
a more efficient arrangement using an iron transformer core and a high-voltage
capacitor. When the capacitor was discharged through the primary coil of the
transformer, it induced a current in the plasma, which formed the secondary coil.
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Current flowing
in plasma

Inward
force

Magnetic field
due to current
in plasma

Figure 5.2 »  Schematic drawing showing the physical mechanism that causes an
electric current to compress the conductor through which it is flowing. The current in the
plasma flows round the torus, producing the magnetic field. The force due to the interaction
of the current and its own field is directed inward.

Magnetic Confinement

A charged particle in a uniform magnetic field moves freely in the direction
parallel to the field, but there is a force in the transverse direction that forces
the particle into a circular orbit. The combined motion of the particle is a spi-
ral, or helical, path along the direction of the magnetic field; see Figure 5.3a.
The transverse radius of the helical orbit is known as the Larmor radius pe
(sometimes also called the gyro radius or cyclotron radius), and it depends on
the charge, mass, and velocity of the particle as well as the strength of the
magnetic field. The Larmor radius of an electron

pe =1.07 x 1074795 /B

where Tg is the temperature, in kiloelectron-volts, and B is the magnetic field, in
teslas. An ion with charge number Z and mass number A has a Larmor radius

pi =457 x 10-3(A%5,2)T05/B
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(continued)

Thus a deuterium ion orbit is about 60 times larger than the orbit of
an electron at the same temperature and magnetic field. (See Fig. 5.3).

(@) Magnetic (b)
field

electron

X

Figure 5.3 » (a) Schematic of an ion and an electron gyrating in a straight
magnetic field; (b) an ion collision resulting in the ion being displaced to a new
orbit.

Collision

As in a gas mixture, where the total pressure is the sum of the partial
pressures of the constituents, a hot plasma exerts an outward pressure
that is the sum of the kinetic pressures of the electrons and the ions; thus
P = nekTe + nikT;, where k = 1.38 x 10723 J/°K, or 1.6 x 10~16 J/keV, is
Boltzmann’s constant. For simplicity we can take ne = nj and Tg = T;, but
this is not always true. In magnetic confinement, the outward pressure of the
plasma has to be balanced by an inward force—and it is convenient to think
of the magnetic field exerting a pressure equal to 82/2[1,0, where B is the
magnetic field strength, in teslas, and ;.o = 47 x 10~/ H/m is the permeability
of free space. The ratio of plasma pressure to magnetic pressure is defined
by the parameter g = ZMOP/BZ. There have been many attempts to develop
magnetic-confinement configurations with 8 ~ 1, but the most successful
routes to fusion, tokamaks and stellarators, require for stability rather low
values of 8, typically only a few percent.

In an ideal magnetic-confinement system, charged particles can cross
the magnetic field only as a result of collisions with other particles. Collisions
cause particles to be displaced from their original orbit onto new orbits
(Fig. 5.3b), and the characteristic radial step length is of the order of the
Larmor radius. Collisions cause an individual particle to move randomly
either inward or outward, but when there is a gradient in the particle den-
sity there is a net outward diffusion of particles. The diffusion coefficient has the
form p2/TC, where f; is the characteristic time between collisions. lons, with
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(continued)

an orbit radius significantly larger than the electrons, would be expected to
diffuse much faster than electrons, but they are prevented from doing so by the
requirement that the plasma should remain neutral. A radial electric field is set
up that impedes the ion cross-field diffusion rate so that it matches that of the
electrons —this is known as the ambipolar effect. This simple classical picture
fails, however, to account for the losses actually observed in magnetically-
confined plasmas, and we need to look to other effects (Box 10.3).

WEAK FIELD MAGNETIC FIELD
REGION DUE TO CURRENT
CURRENT
(a) KINK
INSTABILITY
| |
PLASMA

(b) SAUSAGE

INSTABILITY CURRENT

Figure 5.4 »  Anillustration of some of the ways in which a plasma “wriggles” when
an attempt is made to confine it in a magnetic field. If the plasma deforms a little, the outer
side of the field is stretched and weakened. This leads to growth of the deformation and
hence to instability.

Of course it turned out that the creation of a plasma was not so simple in prac-
tice, and it was soon found that the plasma was dreadfully unstable. It wriggled
about like a snake and quickly came into contact with the torus walls, as shown
in Fig. 5.4. Some, but not all, of these instabilities were tamed by adding another
magnetic field from additional coils wound around the torus. It was hard to mea-
sure the temperatures. Estimates showed that, though high by everyday standards,
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52 Chapter 5 Magnetic Confinement

they fell far short of the hundreds of millions of degrees that were required
for fusion.

[5.2] Behind Closed Doors

Fusion research looked promising, not only to the scientists but also to
governments. As well as producing energy, one application that seemed attrac-
tive at the time was that fusion would generate large numbers of neutrons. It
was thought that these could be used to make the plutonium needed for nuclear
weapons more efficiently and quickly than it could be produced in fission
reactors. So fusion research was soon classified as secret and moved away from
universities into more secure government research centers, like that at Harwell
near Oxford, England.

A curtain of secrecy came down, and little more was heard about fusion over
the next few years. A slightly bizarre event occurred in 1951 when Argentine
President Peron announced that an Austrian physicist working in Argentina had
made a breakthrough in fusion research. The details were never revealed, and
the claim was later found to be false. But the publicity did manage to draw the
attention of both scientists and government officials in the US to the subject and
so became a catalyst that activated their fusion research. An ambitious classified
program was launched in 1952 and 1953. There were several experimental groups
in the US that followed different arrangements of magnetic fields for confining
plasma. Internal rivalry enlivened the program. Around 1954 fusion research took
on the character of a crash program, with new experiments being started even
before the previous ones had been made to work.

At Princeton University in New Jersey, astrophysicist Lyman Spitzer (see
Fig. 5.5) invented a plasma-confinement device that he called the (stellarator.
Unlike the pinch, where the magnetic field was generated mainly by currents flow-
ing in the plasma itself,(the magnetic field in the stellarator was produced entirely
by external coils: In a pinch experiment the plasma current flows around inside
the torus — this is called the foroidal direction— and generates a magnetic field
wrapped around the plasma in what is called the poloidal direction; see Fig. 5.6
and Box 5.2. The original idea in the(stellarator had been tolconfine the plasmain a
toroidal magnetic field: It was quickly realized that such a purely toroidal magnetic
field cannot confine plasma and that it was necessary toladd a twist to the field! In
the first experiments this was done simply by physically twisting the whole torus
into the shape of a “figure 8.” Later the same effect was produced using a second
set of twisted coils, the helical winding shown in Fig. 5.7. The stellarator has the
advantage that it is capable of operating continuously. It is still considered to have
the potential to be the confinement system for a fusion power plant, and active
research on stellarators is being pursued in some fusion laboratories.

The fusion research program at Los Alamos in New Mexico studied toroidal
pinches similar to those in the UK and also linear theta pinches, where a strong
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Figure 5.5 » Lyman Spitzer
(1914-1997). As well as being a
distinguished astrophysicist, Spitzer
was one of the founding fathers in the
field of theoretical plasma physics.
The ease with which electricity is
conducted through a plasma is known
as the Spitzer conductivity. He was
Professor of Astronomy at Prince-
ton University from 1947 to 1979,
and among other things he is known
for being the first person to propose
having a telescope on a satellite in
space. His foresight is recognized
by the naming of the Spitzer Space
Telescope, which was launched into
space by a Delta rocket from Cape
Canaveral, Florida, on August 25,
2003.

Toroidal field coils

current

Resulting Toroidal
field current

Figure 5.6 »  Schematic diagram of one of the first toroidal devices, the toroidal pinch.
Two magnetic fields are applied: a poloidal field generated by the current flowing around
in the plasma and a toroidal field produced by the external coils. The poloidal field is
much stronger than the toroidal field. The combined field twists helically around the torus,
as shown.

magnetic field is built up very rapidly to compress the plasma. It was thought that
if this could be done sufficiently quickly, fusion temperatures might be reached
before the plasma had time to escape out of the open ends. The Lawrence Livermore
National Laboratory in California also built some pinches but concentrated on
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54 Chapter 5 Magnetic Confinement

Toroidal Confinement

The earliest magnetic-confinement devices were developed in the UK in the
late 1940s. These were toroidal pinches (Fig. 5.6), which attempted to confine
plasma with a strong, purely poloidal magnetic field produced by a toroidal
plasma current. With a sufficiently strong current, the magnetic field com-
presses (or pinches —hence the name) the plasma, pulling it away from the
walls. But this arrangement proved seriously unstable —the plasma thrashed
about like a snake or constricted itself like a string of sausages (Fig. 5.4). Exter-
nal coils adding a weak magnetic field in the toroidal direction improved stability,
and further improvement was found when this toroidal field reversed direction
outside the plasma—a configuration now known as the reverse field pinch
(RFP). Initially the field reversal occurred spontaneously, but nowadays it is
induced deliberately. The potential to work at high 8 (see Box 5.1) would be
a possible advantage of the RFP, but good energy confinement has proved
elusive.

The second approach to toroidal confinement is the stellarator, invented
at Princeton in the early 1950s. This evolved as an attempt to confine fusion
plasmas by means of a strong toroidal magnetic field produced by an exter-
nal toroidal solenoid — without any currents in the plasma. But such a purely
toroidal field cannot provide the balancing force against expansion of the
plasma (this is one of the reasons the toroidal theta pinch failed). It is nec-
essary to twist the magnetic field as it passes around the torus so that each
field line is wrapped around the inside as well as the outside of the cross section
(see Fig. 5.7). The coils in modern stellarators have evolved in various ways
but share the same basic principle of providing a twisted toroidal magnetic
field. Stellarators fell behind tokamaks in the 1960s and 1970s but now claim
comparable scaling of confinement time with size. The largest experiments are
the Large Helical Device (LHD), which came into operation at Toki in Japan in
1998, and the W7-X machine, under construction at Greifswald in Germany.

The third, and most successful, toroidal confinement scheme is the toka-
mak, developed in Moscow in the 1960s. The tokamak can be thought of either
as a toroidal pinch with very strong stabilizing toroidal field or as using the
poloidal field of a current in the plasma to add the twist to a toroidal field. It is
now the leading contender for a magnetically confined fusion power plant. The
tokamak is described in more detail in Chapter 9.

confining plasma in a straight magnetic field by making it stronger at the ends —
the so-called mirror machine. A similar approach using mirror machines was
followed at Oak Ridge in Tennessee. Some of these linear magnetic config-
urations are sketched in Fig. 5.8 and outlined in Box 5.3. Although a linear
system would have advantages compared to a toroidal one, in terms of being
easier to build and maintain, there are obvious problems with losses from the
ends. A full discussion of all the alternatives that were explored is outside the
scope of this book, which will concentrate on the most successful lines that were
followed.
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Toroidal field coils

/ Poloidal 1oroidal

Helical winding Magnetic
field lines

Figure 5.7 »  Schematic of a stellarator. The outer winding provides the toroidal field,
and the inner helical winding provides the poloidal field that gives the field lines a twist,
causing the magnetic field lines to spiral around inside the chamber. The toroidal field is
much stronger than the poloidal field.

In the Soviet Union, the first proposal for a fusion device came in 1950 from
Oleg Lavrentiev. He was a young soldier, without even a high school diploma,
who was serving in the Soviet army. His proposal to confine plasma with electric
rather than magnetic fields was passed on to scientists in Moscow. They concluded
that electrostatic confinement would not work in this particular way, but they were
stimulated to pursue magnetic confinement. This led to a strong program, initially
on pinches but also expanding into the other areas, such as the open-ended mirror
machines and later into the tokamak, as discussed in Chapter 9. Lavrentiev’s
story is remarkable. He was called to Moscow, where he finished his education
with personal tuition from leading professors. His career continued at Kharkov in
Ukraine, where he still works enthusiastically in fusion research.

[5.3] Opening the Doors

All this research was conducted in great secrecy. Scientists in the UK and the
US knew something of each other’s work, but not the details. Very little was
known about the work in the Soviet Union. Should fusion research be continued
in secrecy or be made open? The pressure for declassification was increased in
quite a dramatic way. In 1956 the Soviet leaders, Nikita Khrushchev and Nikolai
Bulganin, went to the UK on a highly publicized state visit. With them was
the distinguished physicist Igor Kurchatov (Fig. 5.9), who visited the Atomic
Energy Research Establishment at Harwell and offered to give a lecture “On the
Possibility of Producing Thermonuclear Reactions in a Gas Discharge.” This was
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Figure 5.8 »  Sketch of three different linear magnetic configurations that have been
considered for the confinement of hot plasma. All the linear systems had excessive losses
through the ends and were abandoned.

a surprise and of great interest to the British scientists working on the “secret”
fusion program. It was difficult for them to ask questions without revealing what
they knew themselves, and for that they would have needed prior approval. They
discovered that Soviet scientists had been following very similar lines of research
into magnetic confinement as the UK and the US, concentrating on both straight
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BOX 5.3 Linear Confinement

In the linear Z-pinch, a plasma current flowing along the axis between two end
electrodes produces an azimuthal magnetic field that compresses (or pinches)
the plasma away from the walls. Unfortunately the plasma rapidly becomes
unstable, breaks up, and hits the wall. In fact many linear Z-pinch experiments
were built to study the instabilities that had been seen in toroidal pinches. A
variant of the Z-pinch, known as the plasma focus, was studied intensively dur-
ing the 1960s. It has long since been abandoned as a serious candidate for
a fusion power plant, but it continues to provide a source of dense plasma for
academic studies. The linear Z-pinch survives today in the form of ultrafast, very
high-current devices (sometimes using metal filaments to initiate the plasma),
where it is hoped that the plasma compression and heating can take place on a
faster time scale than the instabilities. The potential of these schemes as a route
to magnetic confinement is doubtful, but these ultrafast pinches produce copi-
ous bursts of X-rays and are being studied as drivers for inertial-confinement
fusion (Chapter 7).

The theta pinch is generated by a fast-rising azimuthal current in a single-
turn external conductor that is wrapped around the plasma tube. This produces
an axial magnetic field that compresses and heats the plasma. The SCYLLA
theta pinch, developed at Los Alamos in 1958, was the first magnetic con-
finement system to produce really hot fusion plasmas with neutrons from
thermonuclear reactions. The pulse duration of a theta pinch is very short, typ-
ically about 1 microsecond, but even on this short time scale plasma is lost by
instabilities and end losses. Attempts to stopper the ends with magnetic fields
or material plugs and by joining the two ends to make a toroidal theta pinch all
failed. Both the Z-pinch and the theta pinch are inherently pulsed devices. Even
if all the problems of end losses and instabilities were to be solved, a fusion
power plant based on these configurations would be a doubtful proposition due
to the large recirculating energy.

The third linear magnetic-confinement scheme has the advantage that it
could run steady state. This is the magnetic mirror machine, where a solenoid
coil produces a steady-state axial magnetic field that increases in strength at
the ends. These regions of higher field, the magnetic mirrors, serve to trap the
bulk of the plasma in the central lower field region of the solenoid, though ions
and electrons with a large parallel component of velocity can escape through
the mirrors. At low plasma density, mirror machines looked promising but had
difficulties in reaching the higher densities needed for a power plant. Instabil-
ities and collective effects caused losses that could not be overcome, in spite
of adding complicated end cells to the basic mirror configuration. Development
of mirror machines in the US was stopped in 1986 and programs in the former
Soviet Union have been wound down due to lack of research funding. A mirror
machine, GAMMAA10, still operates in Tsukuba, Japan.

and toroidal pinch experiments. Kurchatov gave an elegant lecture outlining some
of the main Soviet discoveries. He warned that it is possible to get production
of neutrons, indicating that fusion reactions are occurring, without having a true
thermonuclear reaction.
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r

Figure 5.9 »  The visit of the Soviet delegation to AERE Harwell in 1956. John
Cockroft, the Harwell Director, is in the left foreground; next to him is Igor Kurchatov
(1903-1960). Nikita Kruschev is hidden behind Kurchatov, and Nikolai Bulganin is on
Kruschev’s left.

Kurchatov was one of the stars of the Soviet scientific establishment. He had
supervised the building of the Soviet atom bomb, and in 1949 he laid down plans
for the first Soviet atomic (fission) power plant. In 1951 he organized the first
Soviet conference on controlled thermonuclear fusion, and a few months later he
had set up a laboratory headed by Lev Artsimovich. Kurchatov, who died in 1960,
was an advocate of nuclear disarmament; he recognized the importance of having
open fusion research, and his lecture at Harwell was his first attempt at achieving
it. The first open presentation of work on fusion research was at an international
conference in Geneva in 1958.

ZETA

Fusion research at Harwell had expanded rapidly through the early 1950s. Bigger
and ever more powerful pinch experiments were built, culminating in the ZETA
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machine, which started operation in 1957. ZETA was a bold venture and a remark-
able feat of engineering for its day. The aluminum torus of 3 meters diameter and
1 meter bore was originally intended to contain a plasma current of 100,000 amps,
but this specification was soon raised to 900,000 amps. Already in the first few
weeks of operation in deuterium plasmas, currents were running at nearly 200,000
amps, and large numbers of neutrons were recorded, up to a million per pulse.
This caused great excitement, but the important question was, were these neutrons
thermonuclear? Kurchatov had already warned of the possibility that beams of
ions might be accelerated to high energies and produce neutrons that could be
misinterpreted as coming from the hot plasma. The distinction, though subtle, was
very important and would seriously affect the way the results would extrapolate
to a fusion power plant. The uncertainty could have been resolved if it had been
possible to measure the plasma temperature accurately, but the techniques to do
this were still in their infancy.

News of the existence of the top-secret ZETA machine and of its neutrons
quickly leaked to the press. Pressure grew for an official statement from Harwell,
and delays in doing so merely heightened the speculation. It was decided to publish
the results from ZETA alongside papers from other British and American fusion
experiments in the scientific journal Nature at the end of January 1958. The care-
fully worded ZETA paper made no claims at all about the possible thermonuclear
origin of the neutrons. Harwell’s director, John Cockcroft, was less cautious, and
at a press conference he was drawn into saying that he was “90% certain” that the
neutrons were thermonuclear. The press reported this with great enthusiasm about
stories of cheap electricity from seawater. The matter was soon resolved by a series
of elegant measurements on the neutrons that showed they were not thermonu-
clear. ZETA went on to make many valuable contributions to the understanding of
fusion plasmas, but plans to build an even larger version were abandoned.

[55] From Geneva to Novosibirsk

A few months after the publication of the ZETA results, the final veil of secrecy
was lifted from fusion research at the Atoms for Peace conference held by the
United Nations in Geneva in September 1958. Some of the actual fusion exper-
iments were taken to Geneva and shown working at an exhibition alongside the
conference. This was the first chance for fusion scientists from communist and
capitalist countries to see and hear the details of each other’s work, to compare
notes, and to ask questions. In many cases they found that they had been working
along similar lines and had made essentially the same discoveries quite indepen-
dently. Above all, the conference provided an opportunity for these scientists
to meet each other. Personal contacts were established that would lead to a
strong tradition of international collaboration in future fusion research.

The many different magnetic configurations that had been tested could be
grouped into two main categories according to whether the magnetic field was
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open at the ends (like the theta and Z pinches and the mirror machines) or closed
into a torus (like the toroidal pinches and stellarators). Each of these categories
could be further divided into systems that were rapidly pulsed and systems with the
potential to be steady state. In order to meet the Lawson criterion for fusion, which
set a minimum value for the product of density and confinement time (Box 4.3),
rapidly-pulsed systems aiming to contain plasma for at most a few thousandths of
a second clearly had to work at higher densities than systems that aimed to contain
the plasma energy for several seconds.

Leading the field in the late 1950s in terms of high plasma temperatures and
neutron production were some of the rapidly pulsed open-ended systems—in
particular the theta pinches. These had impressive results because the plasma
was heated by the rapid initial compression of the magnetic fields before it
had time to escape or become unstable, but their potential as power plants was
limited by loss of plasma through the open ends and by instabilities that devel-
oped relatively quickly. The open-ended mirror machines also suffered from end
losses. The toroidal pinches and stellarators avoided end losses, but it was found
that plasma escaped across the magnetic field much faster than expected. If
these prevailing loss rates were scaled up to a power plant, it began to look as
if it might be very difficult— perhaps even impossible — to harness fusion energy
for commercial use.

In the 1960s progress in fusion research seemed slow and painful. The optimism
of earlier years was replaced by the realization that using magnetic fields to contain
hot plasma was very difficult. Hot plasmas could be violently unstable and, even
when the worst instabilities were avoided or suppressed, the plasma cooled far
too quickly. New theories predicted ever more threatening instabilities and loss
processes. Novel configurations to circumvent the problems were tried, but they
failed to live up to their promise. Increasingly, emphasis shifted from trying to
achieve a quick breakthrough into developing a better understanding of the general
properties of magnetized plasma by conducting more careful experiments with
improved measurements.

Attempts to reduce the end losses from the open systems met with little success,
and one by one these lines were abandoned. Toroidal systems, the stellarators
and pinches, made steady progress and slowly began to show signs of improved
confinement, but they were overtaken by a new contender — the tokamak —a
configuration that had been invented in Moscow at the Kurchatov Institute. The
name is an acronym of the Russian words foroidalnaya kamera, for “toroidal
chamber,” and magnitnaya katushka, for “magnetic coil.” In 1968, just 10 years
after the conference in Geneva, another major conference on fusion research was
held — this time in the Siberian town of Novosibirsk. The latest results presented
from the Russian tokamaks were so impressive that most countries soon decided
to switch their efforts into this line. This story is continued in Chapter 9.
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» Chapter 6

The Hydrogen Bomb

The Background

Some isotopes of uranium and plutonium have nuclei that are so close to being
unstable that they fragment and release energy when bombarded with neutrons.
A fission chain reaction builds up because each fragmenting nucleus produces
several neutrons that can initiate further reactions. An explosion occurs if the piece
of uranium or plutonium exceeds a certain critical mass — thought to be a few
kilograms — smaller than a grapefruit. In order to bring about the explosion, this
critical mass has to be assembled very quickly, either by firing together two subcri-
tical pieces or by compressing a subcritical sphere using conventional explosives.
The US developed the first atom bombs in great secrecy during World War II
at Los Alamos, New Mexico. The first test weapon, exploded in New Mexico
in July 1945, had a force equivalent to 21 kilotons of high explosive. A few
days later, bombs of similar size devastated the Japanese cities of Hiroshima and
Nagasaki.

Producing the fissile materials for such weapons was difficult and expensive and
required an enormous industrial complex. Less than 1% of natural uranium is the
“explosive” isotope 23U and separating this from the more abundant 33U is very
difficult. Plutonium does not occur naturally at all and must be manufactured in a
fission reactor and then extracted from the intensely radioactive waste. Moreover,
the size of a pure fission bomb was limited by the requirement that the component
parts be below the critical mass. Fusion did not suffer from this size limitation and
might allow bigger bombs to be built. The fusion fuel, deuterium, is much more
abundant than 233U and easier to separate.

Even as early as 1941, before he had built the very first atomic (fission)
reactor in Chicago, the physicist Enrico Fermi speculated to Edward Teller
that a fission bomb might be able to ignite the fusion reaction in deuterium in
order to produce an even more powerful weapon — this became known as the

61
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62 Chapter 6 The Hydrogen Bomb

Figure 6.1 »  Edward Teller (1908-2003). Born in Budapest, he immigrated to the US
in 1935. As well as proposing the hydrogen bomb, he was a powerful advocate of the “star
wars” military program.

hydrogen bomb, or H-bomb. These ideas were not pursued seriously until after
the war ended. Many of the scientists working at Los Alamos then left to go
back to their academic pursuits. Robert Oppenheimer, who had led the devel-
opment of the fission bomb, resigned as director of the weapons laboratory at
Los Alamos to become director of the Princeton Institute of Advanced Study and
was replaced by Norris Bradbury. Edward Teller (Fig. 6.1), after a brief period in
academic life, returned to Los Alamos and became the main driving force behind
the development of the H-bomb, with a concept that was called the Classical
Super.

There was, however, much soul-searching in the US as to whether it was justified
to try and build a fusion bomb at all. In 1949 Enrico Fermi and Isidor Rabi, both
distinguished physicists and Nobel Prize winners, wrote a report for the Atomic
Energy Commission in which they said:

Necessarily such a weapon goes far beyond any military objective and
enters the range of very great natural catastrophes. ... It is clear that
the use of such a weapon cannot be justified on any ethical ground
which gives a human being a certain individuality and dignity even if
he happens to be a resident of an enemy country. ... The fact that no
limits exist to the destructiveness of this weapon makes its existence
and the knowledge of its construction a danger to humanity as a whole.
It is an evil thing considered in any light.
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The debate was cut short in early 1950 by the unexpected detonation of the first
Soviet fission bomb. Prompted by the suspicion that East German spy Klaus Fuchs
had supplied information about US hydrogen-bomb research to the Soviet Union,
President Truman ordered that the Super be developed as quickly as possible.
However, no one really knew how to do this, so new fears were raised that Truman’s
statement might simply encourage the Soviet Union to speed up its own efforts to
build a fusion bomb and, more seriously, that the Soviet scientists might already
know how to do it.

The Problems

It was clear that developing a fusion weapon would be even more difficult than
development of the fission bomb had been. It was necessary to heat the fusion
fuel very quickly to extremely high temperatures to start the fusion reaction and
to obtain the conditions for the reaction to propagate like a flame throughout all
the fuel. It was recognized that the only way to do this was to set off a fission
bomb and to use the tremendous burst of energy to ignite the fusion fuel. At first it
was hoped that the fission bomb simply could be set off adjacent to the fusion fuel
and that the heat would trigger the fusion reactions. However, calculations showed
that this approach was unlikely to work. The shock wave from the fission bomb
would blow the fusion fuel away long before it could be heated to a high-enough
temperature to react. The problem has been likened to trying to light a cigarette
with a match in a howling gale.

There were further serious problems in terms of providing the fusion fuel.
A mixture of deuterium and tritium would ignite most easily, but tritium does
not occur naturally and must be manufactured in a nuclear reactor. A DT fusion
bomb with an explosive yield equal to that of 10 million tons of TNT (10 megatons)
would require hundreds of kilograms of tritium. The rough size of the bomb can be
estimated from the density of solid deuterium; it would be equivalent to a sphere
about 1 meter in diameter. Smaller quantities of deuterium and tritium could be
used to boost the explosive force of fission bombs or to initiate the ignition of a
fusion weapon. But to manufacture tritium in the quantities needed for a significant
number of pure DT bombs would require a massive production effort— dwarfing
even the substantial program already under way to manufacture plutonium — and
would be prohibitively expensive. Attention focused therefore on the even more
difficult task of igniting explosions in pure deuterium or in a mixture of deuterium
and lithium. The lithium could be converted into tritium in sifu using neutrons that
would be produced as the fuel burned.

Teller’s original idea had been to explode a small fission bomb at one end of
a long cylinder of frozen deuterium. The basic idea was that the fission bomb
would heat the fusion fuel sufficiently to ignite a fusion reaction in the deuterium.
A refinement was to use a small amount of tritium mixed with the deuterium to
help start the ignition. If this worked, in principle there would be no limit to the
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64 Chapter 6 The Hydrogen Bomb

strength of the explosion, which could be increased just by making the deuterium
cylinder longer. However, calculations by Stanislaw Ulam, another Livermore
scientist, had cast doubts on its feasibility and shown that unrealistically large
quantities of tritium would be required. Teller proposed a number of new designs
in late 1950, but none seemed to show much promise.

Early in 1951, Ulam made an important conceptual breakthrough, and Teller
quickly refined the idea. This followed an idea known as radiation implosion
that had first been broached in 1946 by Klaus Fuchs before he was arrested for
giving atomic secrets to the Soviet Union. Most of the energy leaves the fis-
sion trigger as X-rays. Traveling at the speed of light, the X rays can reach the
nearby fusion fuel almost instantaneously and be used to compress and ignite
it before it is blown apart by the blast wave from the fission explosion, which
travels only at the speed of sound. This is analogous to the delay between see-
ing a flash of lightning and hearing the sound of the thunder, though the much
smaller distances in the bomb reduce the delay to less than a millionth of a second.
A second important requirement is that the radiation from the fission bomb needs
to compress the fusion fuel before it is heated to the high temperature at which
it will ignite. It is much easier to compress a gas when it is cold than when it
is hot.

The technique for compressing the fusion fuel has since become known as the
Teller—Ulam configuration, and it is shown schematically in Fig. 6.2. Although
many of the details remain secret, in 1989 there was a partial declassifica-
tion of the history of American hydrogen bomb development, and the basic
principles are known. A description of the bomb is now included in the Ency-
clopedia Britannica. Like all technical achievements, once it is known that it can
be done, it is much easier to work out how to do it.

The fission bomb trigger is set off at one end of a cylindrical casing in which the
fusion fuel is also contained. The fusion fuel is thought to be in the form of a cylin-
der surrounding a rod of plutonium, and a layer of very dense material — usually
natural uranium or tungsten — surrounds the fuel itself. The X-ray radiation from
the fission bomb is channeled down the radial gap between the outer casing and
the fusion fuel cylinder. The gap is filled with plastic foam that is immediately
vaporized and turned into hot plasma. The plasma is transparent to the X-rays,
allowing the inner surface of the cylindrical casing and the outer surface of the
dense layer surrounding the fusion fuel to be heated quickly to very high temper-
atures. As the outer surface of the layer surrounding the fuel vaporizes, it exerts
a high inward pressure — rather like an inverted rocket engine.

Enormous pressures are generated instantaneously — several billion times
atmospheric pressure—and the fuel is compressed to typically 300 times its
normal density. It is salutary to realize that the explosive force released by the
fission trigger, enough to destroy an entire city, is being used briefly to squeeze
a few kilograms of fuel! The compression and the neutrons from the fission
bomb cause the plutonium rod down the middle of the fusion fuel to become
critical and to explode — in effect a second fission bomb goes off. This explo-
sion rapidly heats the already compressed fusion fuel to the temperature required
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Fission bomb —, :
(uranium) @ Urarnum
casing
Shield —
Plastic |
foam Uranium
Plutonium rod pusher
Fusion Fuel
(Lithium-6 ———+
deuteride)
Fission explosion
Basic creating
construction pressure wave

Figure 6.2 »  Schematic diagram of the elements of an H-bomb. A fission explosion
is first triggered by high explosive. This explosion is contained inside a heavy metal case.
The radiation from the fission bomb causes the implosion and heating of the fusion fuel and
sets off the fusion bomb.

for the fusion reactions to start. Once ignited, the fusion fuel burns outward
and extremely high temperatures —up to 300 million degrees — are reached as
almost the whole of the fuel is consumed. Some recent reports suggest that the
design has been refined so much that the plutonium “spark plug” is no longer
needed.

The first thermonuclear bomb test, code named Ivy-Mike, took place at
Eniwetok Atoll in the Pacific Ocean in November 1952 and achieved a yield
equivalent to 10 megatons (Fig. 6.3). It is estimated that only about a quarter of
this came from fusion and the rest from fission induced in the heavy uranium case.
This was a test of the principle of the compression scheme rather than a deploy-
able weapon. The fusion fuel was liquid deuterium, which had to be refrigerated
and contained in a large vacuum flask. A massive casing of uranium and steel
surrounded this. The whole device weighed over 80 tons — hardly a weapon that
could be flown in an airplane or fired from a missile.

In order to make a more compact weapon, a version using solid fusion fuel,
lithium deuteride, was developed. In this case tritium is produced in the course
of the reaction by neutron bombardment of the lithium, and the principal fusion
reaction is between deuterium and tritium. Lithium deuteride, a chemical com-
pound of lithium and deuterium, is a solid at room temperature, and this approach
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66 Chapter 6 The Hydrogen Bomb

Figure 6.3 »  Photograph of the explosion of the first fusion bomb over Eniwetok
Atoll in November 1952.

obviates the necessity of the complex refrigeration system. The US tested this
concept in the spring of 1954, with a yield of 15 megatons.

Beyond the “Sloyka”

The Soviet Union had also started to think about fusion weapons in the late 1940s
and recognized the same difficulties as the Americans in igniting explosions in
pure deuterium. The first Soviet H-bomb test, in 1953, consisted of alternating
layers of lithium deuteride and uranium wrapped around the core of a fission
bomb. This concept, by Andrei Sakharov (Fig. 6.4), was called the sloyka—a
type of Russian layer cake. The principle was to squeeze the fusion fuel between
the exploding core and the heavy outer layers. Teller had apparently considered
something rather similar that he called the “alarm clock.” This was not a true
H-bomb, in that most of the energy came from fission, and its size was limited to
less than a megaton.
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Figure 6.4 » Andrei Sakharov
(1921-1989). He made many con-
tributions to the nuclear fusion pro-
gram, and, along with Igor Tamm, he
is credited with the invention of the
tokamak. He played a crucial role in
the Soviet atomic weapons program
until 1968, when he published his
famous pamphlet, Progress, Peaceful
Coexistence and Intellectual Free-
dom. He was awarded the Nobel
Peace Prize in 1975 but was harassed
by the Soviet authorities for his dis-
sident views.

Andrei Sakharov is also credited with independently conceiving the idea of a
staged radiation implosion, similar to that of Teller and Ulam, which led to the
first true Soviet H-bomb test in November 1955. It is thought that most subse-
quent thermonuclear weapons, including those developed by other countries, have
been based on principles similar to the Teller—Ulam configuration that has been
described here, although of course most of the details remain secret.
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» Chapter 7

Inertial-Confinement Fusion

Mini-Explosions

The inertial-confinement route to controlled-fusion energy is based on the same
general principle as that used in the hydrogen bomb— fuel is compressed and
heated so quickly that it reaches the conditions for fusion and burns before it has
time to escape. The inertia of the fuel keeps it from escaping— hence the name
inertial-confinement fusion (ICF).

Of course, the quantity of fuel has to be much smaller than that used in a bomb
so that the energy released in each “explosion” will not destroy the surrounding
environment. The quantity of fuel is constrained also by the amount of energy
needed to heat it sufficiently quickly. These considerations lead to typical val-
ues of the energy that would be produced by each mini-explosion that lie in the
range of several hundred million joules. To put this into a more familiar context,
1 kilogram of gasoline has an energy content of about 40 million joules, so each
mini-explosion would be equivalent to burning about 10 kilograms of gasoline.
Due to the much higher energy content of fusion fuels, this amount of fusion
energy can be produced by burning a few milligrams of a mixture of deuterium
and tritium — in solid form this is a small spherical pellet, or capsule, with a radius
of a few millimeters. An inertial fusion power plant would have a chamber where
these mini-explosions would take place repeatedly in order to produce a steady
output of energy. In some ways this would be rather like an automobile engine
powered by mini-explosions of gasoline. The main sequence of events is shown
schematically in Fig. 7.1.

The general conditions for releasing energy from fusion that were discussed
in Chapter 4 are essentially the same for inertial confinement as for magnetic
confinement. To recap, for fusion reactions to occur at a sufficient rate requires
a temperature in the region of 200 million degrees, and to obtain net energy pro-
duction the fuel density multiplied by the confinement time has to be larger than

69
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Inward transported Thermonuclear

Laser energy Ablated material thermal energy burn

¥ v
JAal
’ )

(@) (b) (©) (d)

Figure 7.1 »  The four stages of a fusion reaction in an inertial-confinement capsule:
(a) Laser heating of the outer layer. (b) Ablation of the outer layer compresses the capsule.
(c) The core reaches the density and temperature for ignition. (d) The fusion reaction spreads
rapidly through the compressed fuel.

about 10%! nuclei per cubic meter multiplied by seconds. In magnetic confinement,
the time involved is of the order of seconds and the density of the plasma is in
the range 102°~10?! nuclei per cubic meter — many times less dense than air. In
inertial-confinement fusion, the time involved is a few tenths of a billionth of a
second and the density of the plasma has to reach 103! nuclei per cubic meter —
many times more dense than lead. The term ignition is used in both magnetic- and
inertial-confinement fusion, but with different meanings. Magnetic confinement
aims at reaching steady-state conditions, and ignition occurs when the alpha par-
ticle heating is sufficient to maintain the whole plasma at a steady temperature.
Inertial-confinement fusion is inherently pulsed, and ignition occurs when the fuel
capsule starts to burn outward from a central hot spot.

Itis convenient to express the ignition criterion for inertial confinement in terms
of the radius of the capsule multiplied by its density. Knowing the temperature
of the plasma allows us to calculate the expansion velocity of the capsule and
thus to convert the time in the conventional criterion into a radius (Box 7.1).
The minimum value of the product of density and radius depends on the efficiency
of converting fusion energy output into effective capsule heating. In order to reach
the required value, it is necessary to compress the solid fuel to very high density
(Box 7.2).

Usually solids and liquids are considered to be incompressible. The idea that
they can be compressed is outside our everyday experience, but it can be done if
the pressure on the capsule is large enough. Experimental results show that it is
possible to compress deuterium capsules to densities more than 1000 times their
normal density.

The key to compressing a capsule is to heat its surface intensely so that it
evaporates (or ablates) very rapidly (Fig. 7.2). Hot gases leaving the surface act
like those leaving a rocket engine, and they apply large forces to the capsule.
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Section 7.1 Mini-Explosions 71

Conditions for Inertial Confinement

The conditions required for ICF are determined by the requirement that the
fusion energy produced in one pulse exceeds the energy invested in heating
the fuel to the ignition temperature. The fusion energy (17.6 MeV per reaction)
is extracted after each pulse and converted into electricity, and some of this
energy has to be used to heat the fuel for the next pulse. For breakeven, with
T in keV as in Box 4.3,

—_

- n25v17.6 x 10%ker > 3nkT

N

nt >6.82x10"4(T/av)e 'm3s

Note that  is the pulse duration (the capsule burn time) and ¢ is the overall
efficiency of converting fusion energy in the form of heat into effective capsule
heating. This is the expression that John Lawson derived in the 1960s —and he
was thinking in terms of pulsed magnetic confinement fusion, so he assumed
that all the fusion energy would be converted from heat into electricity with
€ ~ 0.33 and used for ohmic heating of the next pulse. At T ~ 30 keV, this gives
the well-known expression nr > 1 x 1020 m—2 s. However, ¢ « 0.33 for ICF
because of the need to convert heat into electricity and electricity into driver
energy and then to couple the driver energy into effective fuel heating.

An ICF fuel capsule is compressed initially to radius r (Box 7.2) and heated
until it reaches the density and temperature for fusion. Then it starts to burn and
expands in radius. The plasma density (n o 1/r3) and fusion power (Pg « n?)
fall rapidly as the capsule expands, and we assume that the capsule stops
burning when its radius has expanded by 25%, so t =~ r/4v;. The expansion
velocity of the capsule is determined by the ions (the electrons are held back
by the heavier ions) and v; = 2 x 10° 795 m/s (for a 50:50 mixture of deuterium
and tritium). Thus,

nr> 545 (T1'5/ﬁ) e Tm2
The optimum is at T~ 20 keV, where T15/5v~ 2.1 x 1023 keV!®* m—3 s and
nr>1.15 x 10261 m=2

This expression can be written in terms of the mass density p = n x 4.18 x
1027 kg m—3. Thus,

pr> 0.48¢ 1 kg m—2 (or 0.048¢ 1 g cm_2)

This is the (condition for breakeven (when the ((iSORICHCIoouRED is just Gl
ficient to heat the next capsule)

. A fusion power plant has to produce a net
output of power, and the condition is more stringent, as discussed in Box 11.3.
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72 Chapter 7 Inertial-Confinement Fusion

BOX 7.2 Capsule Compression

If the capsule has radius ry before compression and is compressed by a factor
¢ to r = rp/c before igniting, the compressed particle density will be n = c3n0
and the mass density p = ¢3pg. Using the results from Box 7.1, taking pg ~
300 kg m—3 as the uncompressed density of a mixture of solid deuterium and
tritium and expressing rp in millimeters and € as a percentage, the condition
for the minimum compression is

c? > 160(rge) "

For example a capsule with uncompressed radius of 1 mm and conversion effici-
ency of 1% would require compression ¢ ~ 13 to reach breakeven. Clearly it is
desirable to work at high conversion efficiency, but this is limited by the driver
technology.

The maximum capsule size is constrained by the maximum explosion that
can be safely contained within the power plant. The fusion energy released
by burning a capsule with uncompressed radius rp (in millimeters) is 4.25 x
1083 J = 0.425r3 GJ. A 1-mm-radius DT capsule is equivalent to about 10 kg
of high explosive.

The calculations in this box and Box 7.1 contain significant simplifications.
Ideally only the core of the compressed capsule needs to be heated to ignition
temperature, and, once the core ignites, the fusion reaction propagates rapidly
through the rest of the compressed fuel. This reduces the energy invested in
heating the capsule, but account also has to be taken of the energy needed
for compression and of incomplete burn-up. Sophisticated numerical computer
models are used to calculate the behavior of compressed capsules.

The thrust developed for a brief instant in capsule compression is 100 times that
of a space shuttle launcher! If the capsule surface is heated on just one side, the
force of the evaporating gas will accelerate the capsule in the opposite direction,
just like a rocket. However, if the capsule is heated uniformly from all sides, these
forces can generate pressures about 100 million times greater than atmospheric
pressure and compress the capsule.

Using Lasers

Until the beginning of the 1960s there appeared to be no power source large
enough to induce inertial-confinement fusion in a controlled way. The develop-
ment of the laser suggested a method of compressing and heating fuel capsules
on a sufficiently fast time scale. A laser is a very intense light source that can be
focused down to a small spot size and turned on for just the right length of time to
compress and heat the capsule. The principle of the laser (Box 7.3) was proposed
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Laser

Expanding
plasma

Critical
surface

Ablation surface

Figure 7.2 »  The ablation of a capsule by incident laser light creates a plasma expand-
ing outward that applies a force in the opposite direction, compressing the capsule. Laser
light cannot penetrate the dense plasma beyond a layer known as the critical surface. The
laser energy is absorbed close to the critical surface and carried in to the ablation surface
by heat conduction.

by Arthur Schalow and Charles Townes at the Bell Telephone Laboratories in
1958, and the first working laser was built by Theodore Maimon in 1960. This
was just at a time when magnetic-confinement fusion had reached something of
an impasse, so laser enthusiasts saw an alternative approach to fusion. As early as
1963, Nicolai Basov (Figure 7.5) and Alexandr Prokhorov at the Lebedev Institute
in Moscow put forward the idea of achieving nuclear fusion by laser irradiation
of a small target. Some laser physicists thought that they could win the race with
magnetic confinement to obtain energy breakeven, where (SISIIDIOUNEEM cquals
the initial heating energy.

The energy of the early lasers was too small, but laser development was pro-
ceeding rapidly, and it seemed likely that suitable lasers would soon be available.
Basov and colleagues in Moscow reported the generation of thermonuclear neu-
trons from a plane target under laser irradiation in 1968, and the Limeil group
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74 Chapter 7 Inertial-Confinement Fusion

in France demonstrated a definitive neutron yield in 1970. The expertise devel-
oped in the design of the hydrogen bomb included detailed theoretical models
that could be run on computers to calculate the compression and heating of the
fuel. This close overlap with nuclear weapons had the consequence that much of

The Laser Principle

A laser (Fig. 7.3) produces coherent light at a well-defined wavelength with
all the photons in phase. To produce laser light it is necessary to have a suit-
able medium in which atoms or molecules can be excited to a metastable level
above the ground state. The atoms are excited typically by a flash tube, which
when energized emits an intense burst of incoherent light. Some photons from
the flash tube have the right wavelength to excite the atoms in the laser. Having
accumulated a sufficient population of excited atoms in the metastable state,
they can all be induced to decay at'the same time by a process called stimulated
emission. A single photon, of the same wavelength that is emitted, causes one
excited atom to decay, producing a second photon and an avalanche process
develops. The emitted photons have the same phase and propagation direction
as the photon triggering the emission. Mirrors are placed at either end of the
lasing medium so that each photon can be reflected back and forth, causing all
the excited atoms to decay in a time that is typically nanoseconds. The mirrors
form an optical cavity, resonant with the desired wavelength of the laser, that
can be tuned by adjusting the separation between the mirrors.

Flash tube
SILLL LSS S
Output beam
Mirror 1 Laser material Partially
SILLL LSS S I’eﬂeCtI ng
mirror

Figure 7.3 »  Schematic of a simple laser system.

Suitable lasing media, where metastable excited states can be produced,
include solids, liquids, gases, and plasmas. Normally the excitation of the
metastable state is a two-stage process, where the atom is initially excited
to a higher-energy state that then decays to the metastable state (Fig. 7.4).
The laser light is coherent and can be focused to a very small spot, producing
very high-power densities. The first lasers tended to be in the red or infrared
wavelengths, but'suitable media have been found that enable lasers in the vis-
ible, ultraviolet, and even X-ray wavelengths to be produced. It is also possible
to double or triple the frequency of the laser light using special optical materials
that have nonlinear properties. This is particularly important for ICF to bring the
wavelength of the light from a neodymium laser (1.053 xm) into a part of the
spectrum (0.351 um) where the compression is more effective.
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(continued)

- Upper level
Fast transition
Metastable
Initial level
excitation
Laser
NN radiation
— Ground level

Figure 7.4 » The energy levels of an atom in which lasing is produced by
a two-stage process. Excitation to the upper level, followed by prompt decay to
a metastable level, sets up the conditions for stimulated emission.

the inertial-confinement research remained a closely guarded secret, very remi-
niscent of the early days of magnetic confinement. Some details were released
in 1972 when John Nuckolls (Fig. 7.6) and his collaborators at the Lawrence
Livermore National Laboratory in California outlined the principles in their
landmark paper published in the international science journal Nature. Optimists
predicted that inertial-confinement fusion might be achieved within a few years,
but it soon became clear that it was not so easy.

Estimates of the amount of laser energy required to compress and heat a fusion
capsule have increased severalfold since the early days, and present calculations
show that at least 1 million joules will be required. This requires very advanced
types of laser, and the most suitable ones presently available use a special sort
of glass containing a rare element called neodymium. The laser and its associated
equipment fill a building larger than an aircraft hanger. These lasers consist of
many parallel beams that are fired simultaneously and focused uniformly onto the
small fusion capsule. Typical of these types of laser was the NOVA facility at the
Lawrence Livermore National Laboratory in the US (Fig. 7.7).

NOVA came into operation in 1984 and had 10 beams. It was capable of
producing up to 100,000 (10%) joules in a burst of light lasting a billionth (10~)
of a second (Fig. 7.8). For that brief instant its output was equivalent to 200
times the combined output of all the electricity-generating plants in the US. At
the present time the most powerful laser operating in the US is the OMEGA
facility at the University of Rochester. Large lasers have also been developed
at the Lebedev Institute in Russia, at Osaka University in Japan, at Limeil in
France, and at other laboratories around the world. New lasers with state-of-
the-art technology (Fig. 7.9) and energies more than 10 times that of existing
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Figure 7.5 » Nicolai Basov
(1922-2001), Nobel Laureate in
Physics jointly with Charles Townes
and Alexandr Prokhorov in 1964 for
their development of the field of
quantum electronics, which led to the
discovery of the laser. Basov was
the leader of the Soviet program on
inertial-confinement fusion for many
years.

Figure 7.6 »  John Nuckolls (b.
1931) was the lead author of the land-
mark paper on inertial-confinement
fusion in 1972 and a strong propo-
nent of ICFin the US. He was director
of the Lawrence Livermore National
Laboratory from 1988 to 1994.

Chapter 7

Inertial-Confinement Fusion
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D, n"- . . L

. f. F et |

i {‘ F 5
Figure 7.7 » The NOVA laser facility at the Lawrence Livermore National

Laboratory. The central sphere is the target chamber, and the large pipes contain the
optical systems bringing in the multiple laser beams.

Figure 7.8 » A miniature star created inside the NOVA laser target chamber when an
experimental capsule is compressed and heated by laser beams.
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Figure 7.9 »  Schematic of one of the amplifiers of the National Ignition Facility (NIF) being built at the Lawrence Livermore
National Laboratory. The main amplifier section has 11 large slabs of neodymium glass, and the power amplifier has five slabs that
are pumped by arrays of flash tubes (not shown). Laser light enters from a master oscillator and passes four times through the main
amplifier and twice through the power amplifier sections before being directed to the target chamber. The infrared light from the
laser is converted into ultraviolet light in the final optics assembly before it enters the target chamber. NIF will have 192 of these
amplifiers in parallel to meet its requirement of 1.8 million joules.
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facilities are under construction at Livermore in the US and at Bordeaux in France
(Section 7.4).

A neodymium laser produces an intense burst of light in the infrared part of
the spectrum —just outside the range of visible light that can be seen by the
human eye. However, this wavelength is not ideal for capsule compression. When
the outer surface of a capsule is evaporated, it forms a high-density plasma that
screens the interior of the capsule. Laser light in the infrared is reflected by this
plasma screen, while light at a shorter wavelength, in the ultraviolet part of the
spectrum, can penetrate deeper. In order to take advantage of the deeper pene-
tration, the wavelength of the neodymium laser light is shifted from the infrared
to the ultraviolet using specialized optical components, but some energy is lost
in the process. Other types of laser, for example, using krypton fluoride gas, are
being developed to work directly in the optimum ultraviolet spectral region, but
at present they are less powerful than neodymium lasers.

One of the problems inherent in compressing capsules in this way is that
they tend to become distorted and fly apart before they reach the conditions for
fusion. These distortions, known as instabilities, are a common feature of all flu-
ids and plasmas. One particular form of instability (known as the Rayleigh—Taylor
instability) that affects compressed capsules was first observed many years ago in
ordinary fluids by the British physicist Lord Rayleigh. It occurs at the boundary
between two fluids of different density and can be observed if a layer of water is
carefully floated on top of a less dense fluid such as oil. As soon as there is any
small disturbance of the boundary between the water and the oil, the boundary
becomes unstable and the two fluids exchange position so that the less dense oil
floats on top of the denser water. A similar effect causes the compressed capsule
to distort unless its surface is heated very uniformly. A uniformity of better than
1% is called for, requiring many separate laser beams.

An ingenious way of obtaining a high degree of power uniformity was sug-
gested at Livermore around 1975, although the details remained secret until many
years later. The capsule is supported inside a small metal cylinder that is typically a
few centimeters across and made of a heavy metal such as gold, as in Fig. 7.10. This
cylinder is usually called a hohlraum, the German word for “cavity.” The laser
beams are focused through holes onto the interior surfaces of this cavity rather than
directly onto the capsule. The intense laser energy evaporates the inner surface of
the cavity, producing a dense metal plasma. The laser energy is converted into
X-rays, which bounce about inside the hohlraum, being absorbed and reemitted
many times, rather like light in a room where the walls are completely covered by
mirrors. The bouncing X-rays strike the capsule many times and from all direc-
tions, smoothing out any irregularities in the original laser beams. X-rays can
penetrate deeper into the plasma surrounding the heated capsule and couple their
energy more effectively than longer-wavelength light. Some energy is lost in the
conversion, but the more uniform heating compensates for this. This approach is
known as indirect drive, in contrast to the direct-drive arrangement, where the
laser beams are focused directly onto the capsule. Both approaches (Fig. 7.11) are
being studied in inertial-confinement experiments.
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80 Chapter 7 Inertial-Confinement Fusion

Figure7.10 »  Anexperimental cavity, or hohlraum, of the type used for indirect-drive
experiments. Intense laser light is shone into the cavity through the holes and interacts
with the wall, creating intense X-rays. These X-rays heat the capsule, causing ablation,
compression, and heating.

An equally important part of the inertial-confinement process is the design of
the capsules themselves (see Box 7.4). Capsules typically consist of a small plastic
or glass sphere filled with tritium and deuterium — more sophisticated targets use
multiple layers of different materials with the objective of making the processes
of ablation and compression more efficient.

It is important to avoid heating the capsule core too strongly during the early
part of the compression phase because much more energy is then needed to com-
press the hot plasma. Ideally the core of the capsule should just reach the ignition
temperature at the time of maximum compression. Once the core of the capsule
starts to burn, the energy produced by the fusion reactions will heat up the rest
of the capsule and the fusion reaction will spread outward. A more sophisticated
scheme has been proposed by Max Tabak and colleagues at Livermore, where
an ultrafast laser is fired to heat and ignite the core after it has been compressed.
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(a) DIRECT DRIVE (b) INDIRECT DRIVE
TARGET
UNIFORM LAYER TARGET  SUPPORT
IRRADIATION \ ,/
ABLATION \ /

~_“ LAYER

LASER
OR ION
BEAMS

MAIN FUEL
LAYER

GOLD
HOHLRAUM

Figure 7.11 »  Comparison of the principles of direct and indirect drive. Uniform
irradiation is produced by many laser beams in the direct-drive case and by the produc-
tion of X-rays at the wall of the hohlraum in the indirect case. The targets are similar in
size in the two cases, but the direct drive has been shown enlarged to illustrate the typical
structure.

This technique, known as fast ignition (Box 7.5), may reduce the overall energy
requirements for the driver.

Alternative Drivers

The big neodymium lasers presently at the forefront of ICF research are very
inefficient — typically less than 1% of electrical energy is converted into ultra-
violet light, and there is a further loss in generating X-rays in the hohlraum.
A commercial ICF power plant will require a much higher driver efficiency
(see Chapter 11), otherwise all its output will go into the driver. Using light-
emitting diodes instead of flash tubes to pump a solid-state laser would improve
the efficiency and permit the rapid firing rate needed for a power plant— but
diode systems are extremely expensive at the moment, and costs would have to
fall dramatically. Other types of lasers might also be developed, and ICF research
is looking at alternative drivers using beams of energetic ions and intense bursts of
X-rays.

Low-mass ions, such as lithium, would be attractive as drivers because they
can be produced efficiently with energy in the range needed to compress and heat
a capsule. Systems to accelerate and focus intense beams of light ions have been
developed at Sandia National Laboratories, but it has proved difficult to achieve
adequate focusing, and the power intensities required for an ICF driver have not
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82 Chapter 7 Inertial-Confinement Fusion

Capsule Design

The ICF target capsule is generally a spherical shell filled with low-density
DT gas (<1.0 mg cm~3), shown schematically in Fig. 7.1a. The outer layer is
usually a plastic shell, which forms the ablator, and the inner layer of frozen
deuterium—tritium (DT) forms the main fuel. The driver energy is deposited
rapidly on the ablator layer, which heats up and evaporates. As the ablator evap-
orates outward, the rest of the shell is forced inward to conserve momentum.
The capsule behaves as a spherical, ablation-driven rocket. The compression
is achieved by applying a laser pulse that is carefully shaped in time so that it
starts off at a low intensity and then increases to a maximum. A larger, thinner
shell that encloses more volume can be accelerated to higher velocity than a
thicker shell of the same mass, but the maximum ratio of capsule radius to shell
thickness that can be tolerated is limited by Rayleigh—Taylor instabilities. The
peak implosion velocity determines the minimum energy and mass required for
ignition of the fusion fuel. The smoothness and uniformity of the capsule sur-
face are important factors in determining the maximum compression that can
be re7ached. The typical surface roughness must be less than 100 nanometers
(10~ m).

The reference design target for the National Ignition Facility (NIF) is a 2.22-
mm-diameter capsule with an outer plastic ablator shell. The DT fuel solidifies
on the inside wall of the plastic shell, leaving the center filled with DT gas at
3x1074 g cm~3, corresponding to the vapor pressure of the cryogenic layer.
The target is predicted to implode at a velocity of 4 x 107 cm s~ to a peak fuel
density of 1.2 kg cm—3, corresponding to pr= 1.5 g cm—2.

In its final, compressed state, the fuel reaches pressures up to
200 gigabars and ideally consists of two regions, a central hot spot contain-
ing 2-5% of the fuel and a cooler main fuel region containing the remaining
mass. Ignition occurs in the central region, and a thermonuclear burn front
propagates outward into the main fuel. Double-shell capsules with an inner
gold shell are also being investigated but so far have not performed as well as
expected.

been obtained. Another difficulty is that the focusing elements have to be a very
short distance from the target, while in order to survive the effects of the fusion
mini-explosion these elements should be at least several meters away.

Heavy-ion beams, such as xenon, cesium, and bismuth, are also being studied as
drivers. Heavy ions need to be accelerated to a much higher energy than light ions,
about 10,000 MeV, but the current would be smaller, and focusing to a small spot
would be easier. However, the beam current requirements are still many orders of
magnitude beyond what has been achieved in existing high-energy accelerators.
The heavy-ion approach to ICF is certainly interesting and promising, but testing
the basic physics and technology will require the construction of a very large
accelerator.
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Fast Ignition

The conventional scheme for inertial confinement uses the same laser for both
compression and heating of the capsule. Fast ignition uses one laser to com-
press the plasma, followed by a very intense fast-pulsed laser to heat the core
of the capsule after it is compressed. Separating the compression and heat-
ing into separate stages could lead to a reduction in the overall driver energy
requirements.

Laser light cannot penetrate through the dense plasma that surrounds the
compressed capsule core, and the key to fast ignition is that a very intense,
short-pulsed laser might be able to bore its way in. Laser light focused onto
a very small spot with intensity as high as 10'8-102" W cm~2 produces
a relativistic plasma with beams of very high-energy electrons moving close
to the speed of light, so they can in fact keep up with the laser beam. The
basic idea is that the relativistic electron beam punches a channel through
the compressed fuel and heats the core to ignition. Relativistic electron beams
are produced when laser beams are focused onto target foils, but instabilities
might break up these beams and prevent them from reaching the core of a
compressed capsule. This is currently an active area of experimental and the-
oretical research.

An ingenious way around the problem has been suggested. A small cone
is inserted into the fusion capsule to keep a corridor free of plasma during
the compression along which the fast ignition laser pulse can propagate to the
center of the compressed fuel. This idea was tested successfully in 2001 by
a Japanese/UK team using the Gekko XlI laser at Osaka University, Japan,
to compress a capsule and a 104 W (100 terawatts) fast laser to heat it.
Fast lasers at least 10 times more powerful —in the petawatt (101° W) range
will be needed to approach breakeven and are being developed in several
laboratories. If these developments are successful, then it is probable that fast
ignition will be an option for the NIF and Laser Megajoule (LMJ) facilities.

The Sandia Z facility which had been built to study light-ion beams, is now test-
ing a different configuration that might drive ICF by producing an intense burst
of X-rays from an ultrafast pinch discharge in an array of thin tungsten wires.
Electrical energy is stored in a large bank of capacitors and released through a
special circuit that delivers a current of 20 million amps in a submicrosecond
pulse (Fig. 7.12). The wires vaporize, forming a metal plasma that is acceler-
ated by the enormous electromagnetic forces to implosion velocities as high as
750 kilometers per second (7.5 x 10° ms~!). In one arrangement, known as a
dynamic hohlraum, the tungsten wire array surrounds a high-gain ICF capsule
(Fig. 7.13) in a block of low-density plastic foam. The imploding wire array forms
a metal plasma shell that acts as the hohlraum wall, trapping the X-ray radiation
that is formed when the plasma interacts with the foam and ablates the outer shell
of the capsule.


dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight

dikolev
Highlight


84 Chapter 7 Inertial-Confinement Fusion

Figure 7.12 »  An open-shutter photo of the Z facility at Sandia National Laboratories
in Albuquerque showing the “arcs and sparks” produced when the energy storage bank is
fired.

Figure 7.13 »  Schematic of the dynamic hohlraum concept. The ICF capsule is sur-
rounded by low-density plastic foam at the center of the array of thin tungsten wires. An
ultrafast pinch discharge drives a metal plasma inward at very high velocity, vaporizing the
foam and forming its own hohlraum around the capsule.
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Figure 7.14 »  Schematic of the National Ignition Facility (NIF) being built at the Lawrence Livermore National Laboratory and
due to be completed in 2010. The building contains the lasers and all the support equipment to deliver a laser pulse with an energy of
1.8 million joules (MJ) and a peak power of 500 million million watts (TW) onto the ICF capsule in the target chamber.
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86 Chapter 7 Inertial-Confinement Fusion

The Future Program

A demonstration of ignition and burn propagation is the next important goal of
the inertial-confinement program. Two large laser facilities are under construc-
tion: the National Ignition Facility (NIF) at the Lawrence Livermore National
Laboratory in California and the Laser Megajoule (LMJ) facility near Bordeaux,
in France. Both facilities will be used for ICF and for a variety of basic science
studies, although their construction was motivated to maintain scientific expertise
in nuclear weapon technology following the introduction of the treaty banning
nuclear weapons testing.

The NIF and the LMJ facility are based on neodymium glass lasers, whose
output in the infrared at 1.056 micrometers will be converted to the ultraviolet at
0.35 micrometers. The energy is specified to be about 1.8 million joules, a big step
when compared with the earlier NOVA laser. The building for the new NIF laser
system (Fig. 7.14) is as large as a football stadium. The LM]J facility will be very
similar, and many of the laser components are being developed jointly by the two
projects.

NIF proposes to use both the direct-drive and the indirect-drive approaches
discussed earlier in this chapter. To meet the stringent requirements of direct
drive, it is being built with 192 laser beams, and optical smoothing techniques
are being developed that will allow very uniform heating. The program for LMJ
will concentrate on indirect drive and will have fewer but more energetic beams
(60 beams, each of 30 kilojoules) to arrive at the total energy of 1.8 megajoules.
A test beam is already under construction, and experiments with an energy of
60 kilojoules are planned. The full system of 60 beams will be completed in
2010. The target chamber will be 10 meters in diameter and is designed to absorb
up to 16 megajoules of neutrons, 3 megajoules of X-rays, and 3 megajoules of
particle debris.

When these new facilities come into operation, they will allow the ICF concept to
be tested with both direct and indirect drive in conditions close to energy breakeven.
The parallel development of ideas such as fast ignition and alternative drivers holds
the key to the prospects of developing ICF as a potential source of energy.
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» Chapter 8

False Trails

Fusion in a Test Tube?

The world was taken by surprise in March 1989 when Stanley Pons and Martin
Fleischmann held a press conference at the University of Utah in Salt Lake
City to announce that they had achieved fusion at room temperature “in a test
tube.” Although Pons and Fleischmann were not experts in fusion, they were well
known in their own field of electrochemistry, and Martin Fleischmann was a Fellow
of the prestigious Royal Society. Their claims quickly aroused the attention of
world media, and “cold fusion” made all the headlines. It seemed that these
two university scientists with very modest funding and very simple equipment
had achieved the goal sought for decades by large groups with complex experi-
ments and budgets of billions of dollars. The implications and potential for profit
were enormous — if fusion could be made to work so easily and on such a small
scale, fusion power plants soon would be available in every home to provide
unlimited energy.

Within days, the results were being discussed animatedly in every fusion
laboratory around the world. Many fusion scientists suspected that something
must be wrong — the details were sparse, but from the little that was known these
results seemed to violate fundamental laws of physics. Such skepticism is the
norm in scientific circles whenever unexpected results are published, but in this
case, when it came from established experts in fusion, it was regarded as the
malign jealousy of opposing vested interests.

Pons and Fleischmann had used the process of electrolysis (Box 8.1), which
is well known and can be demonstrated easily in any high school laboratory. An
electrolysis cell, shown schematically in Fig. 8.1, is a vessel containing a liquid
(for example, water) and two metal electrodes. Passing an electric current between
the electrodes ionizes the water, releasing hydrogen at one electrode and oxygen at
the other. The cells used by Pons and Fleischmann contained heavy water, where
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Anode Palladium
positive cathode,
negative
_— Gas vent

Deuterated
> (heavy) water

Figure 8.1 »  Schematic diagram of the electrolysis cells used by Pons and
Fleischmann. Deuterated water (also known as heavy water) is contained in a glass vessel
into which two metal electrodes are inserted. A current is passed through the water, and
the deuterium is ionized and accumulates at the palladium cathode. It was claimed that
energy was released from the cathode due to the occurrence of fusion reactions in it.

deuterium took the place of normal hydrogen, and the electrodes were of a special
metal — palladium. It had been known for more than a century that hydrogen is
absorbed in metals like palladium and can reach very high concentrations, with
one or more atoms of hydrogen for every atom of metal. Pons and Fleischmann’s
objective was to use electrolysis to pack deuterium into the palladium to such
high concentrations that atoms might get close enough for fusion.

In fact the idea was not so new — something rather similar had already been
tried in Germany in the 1920s and again in Sweden in the 1930s, but these earlier
claims for cold fusion had been abandoned long ago. Surprisingly, a second
group, led by Steven Jones and Paul Palmer, was working on a similar topic
in parallel to Pons and Fleischmann, only 30 miles away at Brigham Young
University, but they were much more cautious in their claims. The competi-
tion between the two groups was one of the reasons that prompted the hurried
press conference.
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Electrolysis

Electrolysis is the passing of an electric current through a liquid that contains
electrically charged ions, known as an electrolyte. Water, being covalent, has
very few ions in it, but the addition of a dilute acid or a salt such as sodium chlo-
ride provides sufficient ions to pass significant current. If sulfuric acid is used,
as in the rechargeable battery of an automobile, the ions produced are H
and (SO%)~. The positive hydrogen ions are attracted to the negative cathode,
where they pick up an electron, normally combine to form a molecule, and
are released as a free gas. The negative sulfate ions go to the positive anode,
where they are neutralized, but then react with water to produce more sulfuric
acid and release oxygen. The sulfuric acid acts as a catalyst, and the result is
the splitting up of water into hydrogen and oxygen.

It was known that if an electrode such as titanium, tantalum, or palladium,
which reacts exothermically with hydrogen, is used as the cathode, the metal
becomes charged with hydrogen. Instead of being released as free gas, the
hydrogen enters the metal and diffuses into the lattice. Hydrides can form with
concentrations of up to two hydrogen atoms per metal atom.

The electrolysis cells got hot, and the temperature increase was measured in
order to compare the energy that came out with the energy put into the cell by
the electric current. The measurements were delicate and great care was needed
to account for everything, for there were many complicating factors. Pons and
Fleischmann claimed that more energy was released than was put in—a very
startling result, and they ascribed the additional source of energy to nuclear fusion.
It was natural that there should be skepticism about this interpretation. The process
of hydrogen absorption in metals had been studied for many years, and it was
known that the absorbed atoms are much too far apart for fusion ever to take place.
It would take much more energy than normally can be found in a metal to force
the deuterium nuclei close enough together for fusion. What could provide such
energy? One explanation argued that the high concentration of deuterium in the
palladium might cause cracking of the metal, a known effect, and that this could
produce a large electric field, which might accelerate the deuterons to high-enough
energies to cause them to fuse.

It was difficult for other scientists to obtain enough information to scrutinize
the claims. The results had been presented at a press conference, allowing just
the barest of details to be revealed, rather than by following the recognized
procedure of publishing the results in a scientific journal, which would demand
more serious evidence. A detailed description of the equipment was not released
because it was intended to take out a patent on the process, which naturally was
thought to be very valuable. This reluctance to give details of the experiments
and to respond openly to questions inevitably aroused suspicions.

Later, when Pons and Fleischmann submitted a paper describing their results
to the prestigious international journal Nature, referees asked for more details, but
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the authors then withdrew the paper on the grounds that they did not have time
to provide the requested information. One concern that the referees expressed
was that proper control experiments had not been carried out. An obvious control
would have been to compare identical cells, one with heavy water and one with
ordinary water. The probability of fusion in normal hydrogen is negligible, and
there should have been a clear difference between the cells if fusion really was
taking place, as claimed, in deuterium. Although such a control experiment was so
obvious, Pons and Fleischmann never presented any evidence to show that they had
done one.

There were other discrepancies and grounds for concern. A genuine deuterium
fusion reaction would produce other distinctive products that could be measured —
tritium, helium, and neutrons — as well as energy. Pons and Fleischmann di