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Foreword
by Sir Christopher Hinton

AToMIc ENERGY is new; it need not be mysterious. There is no greater mystery about
it than there is about any other source of power. It is, however, the most important
thing that has happened in this century and wisely used can be of immense benefit to
mankind. It is, therefore, the duty of everyone to try to understand it and get some
grasp of the problems and difficulties that are involved. Only in this way will the fear
of anything ‘atomic’ be lessened.

These were the motives that persuaded me to accept an invitation from the External
Services of the BB C to broadcast a series of seven talks entitled ‘The AB C of Atomic
Energy’ on which this book is based.* The object of the series and of this book is to
explain in the simplest possible terms what atomic energy is and how we can get elec-
tricity from it. No scientific knowledge is assumed on the part of the reader.

I am, after all, an engineer not a scientist, and when I was first appointed Managing
Director of the Industrial Group of the United Kingdom Atomic Energy Authority, I
knew nothing about nuclear physics. Before I could design and build the atomic energy
factories, which included Calder Hall, I had to sit at the feet of a nuclear physicist and
have the principles, stripped of all jargon, explained to me. My daughter who was then
still at school asked me to give a talk on atomic energy to the girls. It was in this way
that the lecture which I later called ‘Atomic Energy Made Easy’ originated. This lec-
ture, modified and improved, was then adapted for radio by John Dixon of the Atomic
Energy Authority, and Philip Daly of the BB C, and a talk on Fusion was added. The
result of their work forms the basis of this book.

Many scientists will say that I have over-simplified the subject, but I think it is
better to have a simplified picture than no picture at all.

* The talks were broadcast in English in the BBC’s General Overseas Service, in London Calling, Asia,
and London Calling Europe, and in other languages in the BBC External Services which are transmitted
on many wavelengths in forty-one languages (for Overseas and European Services see page 38.)

Times and details of the European Services are in the weekly magazines LONDON CALLING EUROPE and
HIER SPRICHT LONDON. Information about the BBC broadcasts beyond Europe are in the weekly airmail
Jjournal LONDON CALLING. For copies and subscription forms: BBC, 35 Marylebone High Street, London W.1.



INTRODUCTION

In a conventional power station we burn coal or oil to boil water which produces steam: the
steam turns the blades of a turbine rather like the wind turns the sails of a wind-mill: the
turbine drives large dynamos which in turn produce electricity. In an atomic power station
exactly the same thing happens except that instead of boiling water by burning coal or oil we
boil it by using some of the energy locked up inside the atom. This is the only difference.
Instead of the conventional furnace in which coal is burnt we have an atomic furnace, called
a reactor, in which we generate heat by splitting atoms.

You would not expect me to explain how we get heat by burning coal because it is an every-
day experience. We are 2ll so accustomed to it that we accept it and use it without any ex-
planation, and so it is with anything we ere used to. But wken something lies outside our
common experience we can only get a grasp of it by understanding exactly how it happens.
Now the means by which we are able to get heat from atoms are very far from being com-
mon experience, and so to understand exactly how we do it we have to stert at the very
beginning and exemine the atem itself.

THE ATOM

When I was at school, I was taught that everything was made up of tiny little particles called
molecules, and that these, in their turn, were made up of even smaller particles called atoms.
You could take two or more atoms and build them up into a single molecule and you could,
by suitable means, break a molecule down into the separate atoms forming it, but that, we were
taught, was as far as you could go. You could not break atoms into anything smaller; they were
the ultimate particles of matter and we used to regard them rather as teing tiny, solid balls.
But even &t the time when I was being taught this at school, which is quite a number of years
ago, the scientists had got a pretty good idea that this conception of the atom was quite wrong.

Today, far from regarding an atom as a tiny, solid ball, scientists believe that it is much
more like a very small solar system, made up in very much the same way as the solar system
in which we live. You can think of the atom as being an entire solar system with the sun in
the centre and the planets circling around it. Corresponding to the sun in the centre is a
collection of particles which we call the nucleus. Circling round the nucleus as planets circle
round the sun are other particles which we call electrons. They move in orbits just as the
Earth, Jupiter, Mars, and other planets do in our own solar system.

Now tefore we go any further, I think we should get some idea of the size of these atomic
solar systems. Let us suppose thet we have an atom and a football side by side. If we magnify
them both at the same rate we find thzt by the time the atom is as big as the footbell, the
football is as big as the earth. In fact, an average sized atom is as much smaller than a football
as a football is smaller than the earth.

And rememter that here I am talking about the size of the orbit of the outermost electron
or planet. The nucleus itself, the sun, is far, far smaller, so now let us magnify the atom still



further, until the nucleus becomes as big as a football. We now find that the outer electrons
are something like rifle bullets flying round and round the football a few miles away from it.
All the intervening space is completely empty. In fact, atoms contain nearly as much empty
space as the solar system in which we live.

At first sight it is difficult to understand how hard matter, the wall or the floor of your house,
can be made up of particles which consist of so much empty space. The reason is the enor-
mous speed at which the electrons travel round their orbits.

Let me give you a comparison. When the wheel of a bicycle is stationary you can put your
hand through the gaps between the spokes and come to no harm. If, however, you are foolish
enough to try the same thing when the wheel is spinning you will find to your cost that the
wheel does not appear to have any gaps, it is virtually a solid disc. In reality, of course, the
gaps are still there.

In the same way when an aeroplane propellor is rotating at speed it appears to be as solid
as a wall. Now the tip of the aeroplane propellor is moving at a speed which is a mere im-
perceptible crawl compared to the speed of the electrons in their orbits round the nucleus,
and this is why the atom is able to appear so solid.

Now it is possible, by using suitable timing gear, to shoot machine gun bullets through the
gaps between the blades of a propellor while it is rotating because the bullets are travelling
at such high speeds. In exactly the same way, some atomic particles move so fast that they
can pass through this barrier of circling electrons which seems so solid to us.

This fact, that atomic particles can pass through the barrier of the circling electrons, is im-
portant, as we shall see later. In fact, if the particles could not get through the electrons to
the central nucleus the energy locked up there could not be released. We could not split the
atom.

I have dealt so far with the planets in our atomic solar system; now let us have a look at the
sun in the centre, the nucleus. This we find is made up of two kinds of particles, one we call
a proton, the other a neutron.

These two particles, the proton and the neutron, together with the circling electron, are the
only three particles we shall meet. They make up all the different atoms that exist—your
body, your home, everything.

There is one important fact about these particles which I have not yet mentioned. The
protons in the centre of the atom and the electrons circling around them both carry electric
charges. These charges are just like the charges you can produce by rubbing the top of your
fountain pen on your sleeve. Every schoolboy has amused himself doing this and then picking
up scraps of paper on the end of the pen. The reason why this trick works is that in the
rubbing an electric charge is produced on the pen. We call this a negative charge. But the
rubbing also produces an electric charge on the sleeve. This balances the charge on the pen
and so we call it a positive charge.

In the same way the electron, like the pen, carries a negative electric charge and the proton,
like the sleeve, has a balancing positive charge. The third kind of particle, the neutron, is as
its name implies, neutral. It carries no electric charge at all.

Now generally speaking, objects are not electrified, and it is therefore fair to conclude that
the individual atoms making them up are not electrified either. This means that in each atom
the negative charges on the electrons must balance the positive charges on the protons, and this
in turn means that the number of protons in the central nucleus must equal the number of



electrons circling around it. If there are six of one there must be half a dozen of the other.

The number of protons, however, varies in different atoms, and it is this varianon which
gives us different elements such as silver, gold, iron, and oxygen. Each element has its charac-
teristic number of protons, ranging from hydrogen with 1, helium with 2, and so on up to the
biggest atom found in nature, uranium, which has 92 protons and, of course, 92 electrons to
balance them.

Quite often we find there are atoms with the same number of protons but a differing num-
ber of neutrons. These atoms all belong to the same substance, the same chemical element,
because they all have the same number of protons, but they differ in weight due to the varying
number of neutrons. These atoms we call isotopes. You can think of isotopes as brothers
and sisters—they all have the same family name—but they differ in weight.

Although reference to isotopes has only recently become commonplace, isotopes them-
selves are not something new arising from atomic energy. Certainly atomic energy has created
a lot of artificial isotopes, but many ordinary elements in nature consist of mixtures of iso-
topes. An atom of iron, for example, always contains 26 protons in its nucleus, otherwise it
would not be iron, but while some atoms of iron contain 28 neutrons others may have 30, 31,
or even 32 neutrons.

CHEMICAL AND NUCLEAR REACTIONS

Let us now see what happens to atoms when they take part in reactions. Take first a well-
known chemical reaction, burning coal.

Coal consists largely of carbon atoms, and when we burn coal one atom of carbon links up
with two atoms of oxygen from the air to form a molecule of carbon dioxide ( figure /). The
central nucleus of each atom in the molecule remains separate, distinct, and unchanged. The
linking is done by the electrons. Instead of each electron circling just round its own nucleus
as in the three separate atoms, they weave a complicated pattern round all three and bind them
into a single molecule. It is like a parcel containing three boxes tied up with string. The
string holds the boxes together but their contents remain separate, distinct, and unchanged.
In the molecule the electrons do the job of the string, and the contents of each box represent
the protons and neutrons in each nucleus. That may explain what happens, but what about
the heat from our coal which, of course, is what we are after when we burn it? Where does
that come from? Well, heat is one form of energy—and there are several other forms—which
can be interchanged. When you apply the brakes on a bicycle you find the brakes get hot.
What you have done is to transform energy of movement into heat.

Every atom contains a certain amount of energy. Part of it is electric energy due to its
electric charges, and part of it is energy of movement—because the electrons are moving at
high speed. The total amount of energy is called the ‘ energy content of the atom ’. In the
same way the molecule which is produced by joining together the atoms also has an energy
content. But the interesting and important thing is that if we work it out we find that the
energy content of the molecule we finish up with in this chemical reaction is less than the total
energy content of the three separate atoms we started with. Now since energy cannot be
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destroyed something must happen to it. Itis in fact converted to heat which is given out as the
chemical reaction takes place, and this is where the heat comes from when we burn coal.

Let us now consider an even simpler chemical reaction, this time using atoms of hydrogen
(figure 2a). An atom of hydrogen is the simplest possible. Its nucleus consists merely of
one proton, it therefore has only one electron circling round it. When we combine two of
these atoms of hydrogen to form a molecule of hydrogen the two nuclei remain separate,
distinct, and unchanged. The only difference is that now the electrons move round both
nuclei instead of each circling its own. But just as in our example with coal the two separate
atoms of hydrogen together contain more energy than the molecule and the surplus energy is
given off in the form of heat.

Hydrogen is one of the elements which consists of a mixture of isotopes. Of every sixz
thousand atoms of hydrogen one is different. It has a neutron as well as a proton in its nucleus.
We cell these rare atoms  heavy hydrogen’ atoms or ‘ deuterium ’ atoms, and they behave
chemically like all the others. Two of them will combine to form a molecule ( figure 2b)—and
again there is a release of energy when this happens, and again the nuclei in the molecule are
separzte, distinct, and unchanged.

If, however, we can make two of these heavy hydrogen atoms collide at very high speed
then it is possible for the nuclei themselves to combine together for a moment and then break
up again ( figure 2c). The original nuclei have been transformed into a new nucleus and an
escaping neutron. This nucleus now contains two protons and one neutron, so by definition
it is no longer hydrogen. In fact, instead of a molecule of hydrogen we have an atom of helium
which has three particles in its nucleus and we are left with a spare escaping neutron.

Let us go back to our example of the boxes made into a parcel. Imagine this time you
have two boxes each containing two small objects. You tie the boxes up into a parcel and
you have the equivalent of a molecule of hydrogen, the contents of the boxes remain separate,
distinct, and unchanged. But if by some magic we could make these two boxes into one we
should then have a parcel containing one box in which there were now four objects. This is
what we do when we drive these atoms of heavy hydrogen together. By mixing the nuclei
of the two atoms of heavy hydrogen we form one atom of helium and the magic we use is forcing
them to collide at very high speed. The energy content of the helium atom so formed is even
less, very much less, than the energy content of the hydrogen molecule, and therefore this
reaction, which we call a nuclear reaction, releases much more heat than the chemical reaction.
In fact, we get about fifty million times as much heat from the same two atoms. And this is
generally true of all nuclear reactions, namely, that from the same quantity of matter we get
millions of times more heat than from an average chemical reaction.

Unfortunately, it is very difficult to make this type of nuclear reaction work. The atoms
have to collide at very high speed, and one way of achieving this speed is to raise their tem-
perature. After all, you have to heat coal to start it burning. But while coal will begin to burn
at a few hundred degrees centigrade, these nuclear reactions in which the nuclei join or fuse
together—what we call fusion reacsions—only begin to work at several million degrees centi-
grade. Now to start the reaction and control it is a very difficult and expensive process, and
many years of research will be needed to make it commercially practicable. However, a
great deal of work has already been done in several countries and in particular our scientists
at Harwell have achieved promising results. I shall deal more fully with this fusion reaction
later.
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Fortunately there is another type of nuclear reaction, which also releases energy on this
enormous scale, and which will work at ordinary temperatures. We call it a fission reaction
because it consists not of joining atoms together but of splitting very heavy atoms apart. Fis-
sion merely means splitting.

URANIUM

Of all the different types of atom which occur in nature, there is only one with which we can
carry out the fission process, and this one is an isotope of uranium. Like all uranium atoms
its nucleus contains 92 protons, and it also contains 143 neutrons making a total of 235 particles.
So it is called, in scientists’ shorthand, uranium 235. This is a very big and complex nucleus
and if a stray neutron succeeds in penetrating the barrier of the circling electrons ( figure 3a)
the nucleus is so unstable that it breaks into two pieces—two smaller nuclei. These two
pieces are called the fission products ( figure 36). Also their combined energy content is much
less than the energy content of the original uranium atom, and the surplus energy is again
given off as heat. This surplus energy drives the fission products apart at enormous speeds.
They very quickly lose their speed by colliding with the surrounding atoms, and their energy
of movement is converted to heat, just as happens when you apply the brakes on a bicycle
and the brakes get hot.

There is one other important effect of this fission reaction. Besides the big pieces, the
fission products, separate neutrons shoot out of the splitting nucleus. Sometimes only one
neutron escapes, sometimes there are two and sometimes three. On the average we get
about two and a half neutrons from every fission, although, of course, there is no such thing as
half a neutron. Remember we started all this off with one neutron and we now have two or
three new ones.

The importance of these new neutrons is that in a lump of uranium 235 they can split still
more atoms thereby releasing more heat and producing still more neutrons, and so on in an
ever expanding chain reaction. In this way the number of fissions builds up very rapidly
and each one produces heat. The whole thing happens so quickly that in a fraction of a
second so much heat will be produced that there will be an explosion. In fact, this is what
happens in an atomic bomb.

But remember this fission process—this splitting and release of heat—only takes place with
one kind of uranium atom and this kind is comparatively rare. When we extract uranium ore
from the earth and purify it, we get a heavy metal which is a mixture of two kinds of uranium
atoms, two isotopes, which we call uranium 235 and uranium 238. Uranium 235 we have
just considered—it splits when its nucleus is struck by a neutron. Uranium 238 behaves
very differently. If a neutron strikes its nucleus the neutron is captured and eventually that
atom is converted to an atom of an artificial element called plutonium. Plutonium behaves
like uranium 235—when struck by a neutron its nucleus splits, produces fission products and
heat, and releases more neutrons. It is, in fact, an artificial nuclear fuel.

We can now see how we should like our nuclear reactions to carry on inside our reactor.
Let us suppose we have a lump of natural uranium and we expose it to neutrons—neve
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mind where the neutrons come from at the moment, I shall deal with that later. The reac-
tion starts when one of these neutrons strikes an atom of uranium 235 ( figure 4). The atom
splits, fission products are formed, heat is given off, and two or three neutrons shoot out.
Let us suppose it is two neutrons from each fission, as I did say that on average 2} neutrons
appear but some are inevitably lost. To keep our reaction going one of these two neutrons must
hit another atom of uranium 235 but the other can hit an atom of uranium 238. This does
not produce heat, but the uranium 238 atom is converted to plutonium which gives us fresh
fuel. If we can carry on like this, using one neutron from each fission to cause a further
fission, and the other neutron to convert uranium 238 to plutonium, we get a steady production
of heat and a steady production of plutonium. The steady flow of heat is really what we are
after as it is this heat which we can use to boil water to raise steam in our nuclear power sta-
tion. The simultaneous production of plutonium is a fortunate bonus or by-product as we
call it. Now all this sounds splendid but there is one big snag. For every atom of uranium
that will split and give off heat there are 139 atoms that will not.

PLUTONIUM

PLUTONIUM

FIGURE 4
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CALDER HALL—the world’s first full-scale nuclear power station

Unless we can somehow improve the chances of the neutron hitting the rare atoms this ideal
chain of events will break down. Just imagine you have a box with one white ball and a hun-
dred and thirty nine coloured balls in it, and you are then asked to shut your eyes and pick
out two balls—how often do you think you could pick the white ball unless you had something
to help you?

Similarly we must improve the chances of the neutrons striking the rare atoms of uranium
235, and fortunately there is an easy way of doing this. When the neutrons first shoot out
from the splitting atom they are travelling at tremendous speeds, and it has been found that
if they can be slowed down sufficiently they are then much more likely to split other atoms
of uranium 235 and less likely to be absorbed by the more plentiful atoms of uranium 238.
How do we slow them down? We do it by making them bounce about amongst atoms of a
substance which is unlikely to capture them. We call the substance a moderator, because it
moderates the speed of the neutrons. There are various possible moderators, but the one
we have used in most of our reactors in Britain is carbon in the form of very pure graphite.
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THE REACTOR

The essential structure of a reactor is a mass of graphite with lumps of uranium spaced regu-
larly in it. In fact the first reactor ever built in 1942 was just that. If the reactor is going to
produce heat, we must also provide some means of collecting the heat. We can do this by forc-
ing a gas through the graphite and uranium structure, where it picks up heat from the hot
lumps of uranium and we can then use this heated gas to boil water.

Let us now consider what happens to the neutrons. We start with two and a half from each
fission, and one of these must cause a further fission if the chain reaction is to continue. Of the
rest, some will be captured by atoms of uranium 238, and others by the materials of the reactor.
Some will escape altogether. If the graphite and uranium structure, which we call the core,
is small, so many neutrons will escape that there will not be enough left to keep the chain
reaction going. But as the size of the core is increased the proportion which escapes gets less.
It is like having a flock of sheep in a pen. If there are only ten sheep in the pen and five of
them manage to get out you have lost half your sheep, but if in the pen you have got several
hundred sheep then twenty or thirty can escape without making a noticeable difference to the

THE CONTROL ROOM of a Calder Hall reactor
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size of the flock. In other words as the size of the flock increases the proportion of sheep
which escapes gets less. In the same way with our reactor: as the size of the core increases
the proportion of neutrons which escapes gets less. When this proportion is low enough to
leave just enough neutrons to carry on the chain reaction, we say the core has reached the
critical size. Anything smaller, and the reactor will not work at all. Anything bigger will
leave us with neutrons to spare.

Imagine you have a pair of scales and on one side you place a pound weight. If you start
weighing grains of rice you will find that to start with you can add rice by the handful and
there will be no noticeable effect on the scales. But there comes a time when just one more
grain is needed to tip the scales. The amount of rice has reached what we call the critical
size. If you add still more then obviously you will have enough and some to spare.

A practical reactor must be bigger than the critical size so that there are spare neutrons to
enable the fission reaction to build up. But we must not let it build up too far, or the release
of heat will be too great—our reactor will get too hot. So we must have some means of con-
trolling the reaction, and we do this by absorbing the spare neutrons when the number of
fissions has reached the level we want.

THE WORKING DECK of a Calder Hall reactor showing the top of the charge tubes
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Certain substances absorb neutrons very readily, and one of these is a metal called boron
which is a glutton for neutrons. Boron can be made into an alloy with steel and if we push rods
of boron steel into the core the rods will absorb some of the neutrons and prevent them from
splitting uranium 235 atoms. The further we push them in the more neutrons they will
absorb, and in this way we can control the level of the reaction, just as we can control the
rate at which an ordinary fire burns by pushing a damper into the chimney. If we push the
rods in far enough, we can stop the reaction altogether.

It is always wise to have a reliable safety device like a fuse in an electric circuit, to prevent
an accident if something goes wrong. In the same way we want to be sure of being able to
shut down our reactor in case of need, even if something goes wrong with the control rods.
We achieve this by having a similar set of boron steel rods hung above the reactor core, and in
an emergency they will fall into the reactor under their own weight and shut it down. One
final problem has to be faced. If our reactor is producing heat it will inevitably produce fission
products and these are highly radioactive. Something must therefore be done to protect the
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men who operate the reactor from too much exposure to this radioactivity. This we do by
building a concrete box several feet thick round the reactor. The concrete will absorb suffi-
cient radioactivity to make it biologically safe, and for this reason we call it a biological shield.

Let us now summarize the basic features of a reactor ( figure 5). On the outside we have
the massive concrete box to absorb the radioactivity. Inside this concrete box is our graphite
moderator which slows down the neutrons. At regular intervals in the graphite are the lumps
of uranium, our nuclear fuel. Now for a variety of reasons you cannot put lumps of uranium
into a reactor like you can throw lumps of coal on a fire. You have to make the uranium up
into bars and seal the bars in metal containers. This assembly we call the fuel element. As
the atoms split in the fuel element the container gets very hot. This is the heat we are after
and we collect it by pumping gas past the hot containers and then use the heated gas to boil
water. Finally we have our control and safety rods, the control rods to absorb any excess
neutrons and so regulate our atomic furnace, and the safety rods to shut it down completely
if the need arises.

Now to deal with a point I mentioned earlier. Where do the neutrons come from to start
the whole reaction? Well, they could come from anywhere. Wherever you may be at this
moment there are a few stray neutrons flying about you. We could rely on such stray neutrons
to start off our reactor, but in addition to these we sometimes put inside the reactor what
we call a neutron source, which will give us a steady supply.

RADIOACTIVITY

In describing the construction of a reactor I mentioned the need of a concrete biological shield
to protect the men operating the reactor from radioactivity. Now I think it is important to
get radioactivity and its effects on the human body into perspective. Radioactivity is not
new: it did not start with the discovery of uranium nor with the first use of X-rays sixty years
ago. There has always been radioactivity everywhere on the earth. Some of it comes from
outer space in the form of cosmic rays and some from minerals in the earth’s crust. You can
think of radioactivity as being something like sunlight, all of us are exposed to it all our lives,
and our bodies are designed to accept a certain amount of it without ill effects. You know
that too much sun can make you ill and it could even kill you. In the same way too much
radioactivity can make us ill, and if we receive sufficient it can also kill us. The difference
is that none of our five senses enables us to detect radioactivity, so we have to use instruments,
called monitors, to give us warning, just as miners use instruments to give them warning of
dangerous gas.

A lot has been said about the possible dangers from the widespread industrial use of atomic
energy and I think it most important to realize the true position. We have sufficient know-
ledge from experience with radiography to know at what level radioactivity begins to be
harmful. We can lower this level still more to allow a wide safety margin and then ensure by
good design that our atomic power stations will not release more than this safe amount. In
Britain very stringent health regulations control the amount of radioactivity which may be
released, and constant checks are made to see that these regulations are observed. In fact, I
believe that you cannot have a safer job than working on a nuclear reactor.
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CALDER HALL

The world’s first atomic power station to produce electricity on a commercial scale was built
at Calder Hall in the north of England. The design of the reactors is basically the same as I
have already described and was developed from earlier reactors of the same type which had
been built at Harwell and Windscale. The Harwell reactors GLEEP and BEPO were experi-
mental models; the first large reactors were at Windscale. These were designed to produce
plutonium for defence purposes, but of course they produce heat as well, because as we have
seen every reactor of this type inevitably produces both heat and plutonium. When we built
them around 1949 we did not know enough to run the reactors at a high enough temperature
to be able to harness the heat economically, so that what heat was produced just went up the
chimney. We realized that this was very wasteful, but a lot of research was needed to enable
us to raise the temperature high enough so that we could use the hot gas coming from the
reactor to produce steam.

By 1953, when it was decided to build more reactors, this time at Calder Hall, the problems
had to some extent been solved and besides using the reactors to make plutonium we were
able to use the heat from them to boil water. The steam thus produced drives turbines and
the turbines drive alternators, which generate electricity ( figure 6). Let me remind you of

URANIUM FUEL ELEMENTS being prepared for loading into a reactor at Calder Hall
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what I said right at the beginning—the only difference between a nuclear power station and a
conventional power station burning coal or oil lies in the source of the heat. The rest—the
boilers, the turbines, and the alternators—are all the same, and the electricity which comes
out at the end is the same.

As Calder Hall is the prototype of the civil atomic power stations now being built it is
worth while to study it in some detail. This will show us how practical engineering require-
ments led to modifications of the basic design and will also give us some idea of the size and
complexity of an industrial reactor.

At Calder Hall ( figure 7) the moderator is made up from 58,000 separate pieces of graphite
into a structure 36 feet across and 27 feet high. Every piece was made to an accuracy of
two thousandths of an inch. The channels in which the uranium fuel elements are placed run
from top to bottom instead of from side to side and there are some 1,700 of them. Each fuel
element consists of a rod of uranium about an inch in diameter and 40 inches long and is sealed
in a metal container with spiral fins to help in transferring the heat from the uranium to the
gas. Six of these fuel elements are stacked one on top of another in each channel, which
means that there are over 10,000 fuel elements in each reactor. To load them into the reactor
a charge chute is inserted in the appropriate tube passing through the roof and the fuel ele-
ments are lowered down it. They are later extracted in the same way.

The gas we use to carry away the heat is carbon dioxide, and to remove the heat more effi-
ciently we keep the gas circulating under a pressure of 100 pounds per square inch. Because
of this pressure we have to surround the graphite core with a steel vessel two inches thick.
This pressure vessel has four large pipes leading away from the top and another four leading
back into the bottom.

Gas flows up through each of the channels round the fuel elements, collecting the heat
as it passes, then flows out through the top pipes to the heat exchangers or boilers. Here the
gas loses its heat to water and converts it to steam. By the time the gas reaches the bottom of
the heat exchangers it is comparatively cool and it is then pumped back into the pressure
vessel through the pipes at the bottom to begin its journey all over again. It flows round and
round in this way, collecting heat from the fuel elements and delivering it to the water in the
heat exchangers. The speed of flow is so fast that a ton of gas flows back into the pressure
vessel every second.

Surrounding the pressure vessel is the biological shield which reduces the radiation from
the reactor to a safe level. The walls of the shield are made of reinforced concrete seven feet
thick with an eight-foot concrete roof. To prevent the concrete from getting too hot we line the
entire inside surface with thick steel plates, which we call the thermal shield. A six-inch gap
separates the thermal shield from the concrete, and through it cold air is constantly flowing.

The top of the eight-foot concrete roof forms the working deck of the reactor. From here
the fuel elements are loaded into the core thirty feet below through tubes which pass through
the concrete and into the pressure vessel itself. In order to reduce the number of openings
in the pressure vessel, each of these charge tubes serves sixteen fuel channels.

The position of the control rods in the moderator has been altered from our basic design.
Instead of being pushed in and out from the sides, they operate in special vertical channels.
These channels are directly beneath the charge tubes which pass through the roof, and this
enables us to put a winding mechanism on the top of the tube and hang the control rod from
it on a steel cable. The winding mechanism raises or lowers the control rods in the reactor
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core and so enables us to regulate the power level. In an emergency, the control rods fall into
the core under their own weight and we do not therefore need a separate set of safety rods.

In addition to all this, the Calder Hall reactors are fitted with elaborate equipment for detect-
ing the occasional fault which may develop in a fuel element and locating the channel containing
it. There are also numerous instruments for measuring such things as temperatures, gas
pressures, and the number of neutrons at various points. All this information is automatically
fed to the reactor control room, where it is displayed on an array of dials and charts. From
here one man controls the entire operation of the reactor.

THE BRITISH NUCLEAR POWER PROGRAMME

By 1966 Britain plans to be generating a quarter of its electricity from a chain of nuclear power
stations thereby saving the equivalent of nearly twenty million tons of coal a year. These
stations will be built by British industrial firms and operated like the conventional stations
by various Electricity Authorities. The construction of the first four stations started in 1957
and should be completed by 1961.

These commercial atomic power stations are based on the Calder Hall design, but already
many engineering improvements have been made. For example, the temperature of the fuel
elements will be higher and the pressure of the heat collecting gas greater. The output from
a reactor has been increased so much that a single commercial reactor will produce more
electricity than all four of the reactors at Calder Hall put together.

The first commercial atomic power station will produce electricity cheaper than many of the
existing conventional ones, and the further advances that can be made with this type of reactor
will quickly make them more economical than the test conventional stations. In fact, based
on foreseeable developments I estimate that reactors built twenty-five years from now will
generate electricity at half the cost of coal-fired stations.

THE DOUNREAY REACTOR

All these atomic power station reactors are producing not only heat but plutonium as well.
This inevitable by-product is an artificial nuclear fuel of great value. Every industry tries to
find a use for its by-products, so as to reduce the cost of its main product and in the same way
we want to find the best means of using this plutonium which is formed in our reactors.

One way, of course, is to mix it with uranium which has lost some of its uranium 235 atoms
—the fuel atoms which can be split—so as to restore it to its original standard as a fuel. If,
however, you have a highly concentrated fuel, it is generally a bad thing economically to dilute
it down: it is far more economical to design a machine which can take advantage of its special
properties, and this is what we have done.
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At Dounreay in the north of Scotland, we have built a reactor which is designed to work
with a very rich fuel like plutonium. The Calder Hall reactors, remember, use uranium as
it is extracted from its ore—what we call natural uranium—and less than one per cent of this
can act as fuel. Because these fuel atoms—uranium 235—are so few we have to provide a
large mass of graphite to slow down the neutrons so as to ensure that a sufficient number of
the neutrons do manage to split the rare fuel atoms, and do not get captured instead by the
atoms of uranium 238. If all or most of the atoms present are fuel atoms, we do not have to
worry about the neutrons being captured, and so we need not provide any moderator to
slow them down. This means we can get rid of over a thousand tons of graphite, and put
our fuel close together. This makes the core of our reactor very much smaller. Instead of being
something like the size of a house, it is now the size of a dustbin,

You will remember that the two and a half neutrons produced on the average each time an
atom is split can go one of three ways. One from each fission must cause another atom to
split to keep the chain reaction going; some are wasted because they are caught by materials
in the reactor and get lost, and the rest are used to convert atoms of uranium 238 to plutonium.

DOUNREAY—showing the sphere housing the fast radar reactor
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In this plutonium fuelled reactor, there is much less material in which our neutrons can get
lost, so there are more neutrons available to convert atoms of uranium 238 to plutonium.
There is, of course, no uranium 238 in the core, so we surround the core with rods of this
uranium and these capture the spare neutrons. Of the neutrons produced from each fission
one keeps the chain reaction going by splitting another plutonium atom, on average about a
quarter of a neutron is lost, leaving one and a quarter neutrons to escape from the core and
convert uranium 238 to plutonium. So each time we split a plutonium atom in the core we
get one and a quarter new plutonium atoms produced, that is for every four atoms we burn,
we get five new ones. In fact, we make new plutonium faster than we burn it. We call this
breeding. Also because we do not slow the neutrons down, but use them when they are still
travelling fast, it becomes a fast fission reactor. This combined with its ability to breed more
new fuel than it burns makes it a fast fission breeder reactor.

Now how do we ensure that the spare neutrons do not go on hitting more atoms of plu-
tonium instead of leaving the core and converting the uranium round the outside into fresh
fuel? The answer lies in the precise arrangement of the plutonium in the core arrived at by a
combination of intricate mathematical calculations and skilful design.

So in this reactor (figure 9) we have a core consisting of plutonium fuel elements surrounded
by rods of uranium 238. Because the fuel is richer and closer together, the heat produced is
much more concentrated than it is in the Calder Hall type of reactor. In fact, it is so con-
centrated that no gas could remove the heat fast enough, and we have to use a liquid metal.
This liquid metal is a mixture of sodium and potassium which looks rather like the mercury
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in a doctor’s thermometer. The mixture is pumped through the core of the reactor where it
collects heat from the fuel. This heat we use to boil water and produce steam for our turbines
just as in the other atomic power stations. Unfortunately, while the liquid metal is collecting
the heat it becomes radioactive as well, so we cannot allow it to come outside the biological
shield. Also, for various technical reasons, we do not want to take the water inside the biological
shield. So in order to transfer the heat from the liquid metal to the water we have to provide
a link between the two in the form of a completely separate circuit or loop of this sodium-
potassium mixture, which we call the secondary liquid metal circuit.

Round the reactor core, and inside the biological shield, are the primary heat exchangers.
They are made up of coils of double tubes, one inside the other. The liquid metal which
has been heated in the core flows through the inner tube, while the secondary liquid metal
flows through the outer tube. In this way the heat but not the radioactivity is transferred to
the secondary liquid metal which we can then bring out through the shield to the secondary
heat exchangers or boilers. There it passes its heat to water and produces steam.

The only other feature of the Dounreay reactor that I want to mention is probably the
best known of all. Surrounding the reactor, the primary heat exchangers and the shield is a
huge metal ball, 135 feet across. That is there to prevent the escape of radioactive material in
case there should be a fire, because sodium is very inflammable and burns very fiercely.

I told you that the object of building this fast fission breeder reactor was to burn the plu-
tonium which is inevitably produced in the industrial power stations of the Calder Hall type.
But from what I have just said it will be clear that once we have given this fast reactor its first
supply of plutonium fuel it produces more fuel than it burns. That means that as long as
we keep up a supply of uranium 238, which you remember is not fuel, it will keep itself going.
So we can see a possible pattern of industrial power stations in Britain for the future. Stations
with reactors of the Calder Hall type will produce by-product plutonium which we can use
to start up an increasing number of fast reactor stations, which will then keep themselves
going indefinitely. But there is another important advantage to be gained from building these
reactors—this time an economic one. They enable us to burn up all our uranium, instead of
only a small fraction, since the uranium 238—the atoms which will not split—can all eventu-
ally be converted to plutonium and used as fuel.

Indeed we can go further. There is another natural element—thorium—which can be
converted into nuclear fuel. Its atoms will not split at all, but like atoms of uranium 238,
thorium atoms can capture neutrons and change into another isotope of uranium—uranium
233 which is also an artificial nuclear fuel. So we could surround the core with thorium rods
in place of the uranjum 238 and still breed new fuel. This means that the fast breeder reactor
will enable us to add all the earth’s store of thorium to the stocks of uranium as a potential
source of fuel for atomic power stations.

In saying this I am looking quite a way into the future. It may well be ten years before the
fast breeder reactor is developed as a commercial proposition. There are many difficult prob-~
lems yet to be solved, though the reactor at Dounreay in the north of Scotland—which is really
a big experiment—should give us a lot of the answers.

During this period of development, improvements to the Calder Hall type of reactor, which
are continually being made, will provide a reliable and efficient source of heat for nuclear
power stations, and of course that kind of reactor has the great merit that it runs on natural
uranium.
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FUSION

The two types of reactor I have described so far are typical of the large range of possible
systems, all of which work on the fission principle—the production of heat by splitting atoms.
We can, however, as I outlined on page 10, also release heat by the opposite process—build-
ing atoms up instead of splitting them down—what we call the fusion process. The simplest
of these fusion processes is the joining together of two nuclei of heavy hydrogen to form a
nucleus of helium and a spare escaping neutron.

An atom of heavy hydrogen contains one proton and one neutron and when two of these
atoms collide at very high speed their nuclei fuse together for a moment and form one atom
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of helium. This atom of helium contains the two protons from the heavy hydrogen atoms
but only one of the neutrons. The other escapes.

The difficulty with this process is that the atoms have to be travelling at enormous speeds
before their nuclei will fuse together. One way of speeding them up is to raise their tem-
perature, but to get them going fast enough to fuse needs a temperature of several million
degrees—far hotter than the surface of the sun. Clearly, we cannot reach this sort of tem-
perature, or anything approaching it, by heating the atoms over a fire or in a furnace since all
known materials would melt and vapourize at temperatures far lower than this, and so we
have to find some other way.

The most promising way, it seems, is to pass a powerful electric current through heavy
hydrogen gas in a tube. By this means the gas can be made extremely hot but there is the
further task of maintaining this temperature long enough for fusion reactions to take place.
Some very successful work has already been done along these lines in both the United States
and Britain, and in January 1958, Harwell announced for the first time that they were able
to heat up heavy hydrogen gas to a temperature of five million degrees and hold it for a few
thousandths of a second.

How was this done? British scientists and engineers at Harwell built a large apparatus
called Zeta. It looks like a big transformer the size of a double decker bus. The vital part
of Zeta is a large container shaped like the inner tube of a motor car tyre; this tube is about
ten feet across and has thick aluminium wells. Heavy hydrogen gas is put into this tube and
a jolt of electricity is passed through it from a transformer. The object of this electric current
is to heat the gas to a temperature at which the atoms of heavy hydrogen will fuse together.

Fortunately as soon as the electric current begins to flow the gas is automatically squeezed
into a narrow column in the middle of the tube away from the walls ( figure 10a). This happens
because all electric currents have meagnetic forces acting round them, and in a gas these mag-
netic forces pinch the gas towards the centre of the tube.

Up to this point nature works in favour of the scientist. But as soon as the gas is squeezed
like this, we face a major problem. The gas carrying the electric current immediately begins
to wriggle and jump about inside the tube ( figure 10b). Unless we can do something about
this wriggle it will touch the walls and lose its heat and perhaps melt the wall. It is essential
to keep the gas in the centre of the tube for as long as the electric current lasts.

In Zeta the gas is kept centrally in the tube and well away from the walls by imposing addi-
tional magnetic forces along the path of the current (figure 10c). These magnetic forces are
generated by winding coils of wire round the outside of the aluminium tube and then passing
electricity through the coils. When this is done the wriggle disappears.

The main achievement with Zeta has been to hold the gas in the centre of the tube long
enough, and at temperzatures high enough, to observe fusion taking place. Now how can we
observe fusion?

Well, remember the fusion of two heavy hydrogen atoms gives an atom of helium containing
three atomic particles in its nucleus, and in addition a spare neutron. These spare neutrons
escape from the tube altogether and it is by detecting them that we know that fusion must
be taking place in Zeta.

The next step facing research scientists is to raise the temperature of the gas even higher
by putting still more electrical energy into Zeta and its successors. At higher temperatures
held for longer times the amount of energy produced from fusion of the gas will increase until



zETA—Zero Energy Thermo-Nuclear Assembly at Harwell

it exceeds the amount of energy needed to create the tremendous heat. We shall then start
showing a profit, and ultimately be able to convert this energy gain into electrical power.
But scientists estimate that in order to show the profit we are after we shall need to heat the
gas to temperatures exceeding a hundred million degrees.

So the main problems facing scientists are heating the gas to a temperature above a hundred
million degrees, holding it at that temperature for much longer times and finding ways of
converting the energy gain into electricity. No one can say just how long it is going to take
them to crack these enormous nuts—it may well be many years. And even when these major
problems have been solved, many engineering difficulties will have to be overcome before we
see the fusion equivalent of Calder Hall. (Figure 11).

What then is the advantage of the fusion reaction which justifies all this elaborate research?
The answer lies in the fuel it burns. We get it from ordinary water. Water is made up of
oxygen and hydrogen and I said earlier that most hydrogen atoms have one proton but no
neutron, but that one atom in every six thousand is different. It has both a proton and a
neutron and is called an atom of heavy hydrogen or deuterium. This in fact is our fuel.
It is obtained by a separation process costing only a few shillings a gramme to produce. The
energy stored in this thimbleful of deuterium is equivalent to the energy stored in several tons
of coal. So the fuel is not only cheap—its supply is inexhaustible.
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Power to
foster new
industry

In many corners of the world,
the bare essentials of primitive
living are still laboriously made by
hand. Industry could bring new
hope to such places; lack of it
brings only bitterness and
distrust. Their first need is for
power, plentiful and cheap.
Nuclear energy promises
such power, and in Britain
that promise is fast becoming
a fact.
At Berkeley, one of the
first of our nuclear power
stations is making rapid
progress. The AEI-John
Thompson Company has
harnessed the skills of
such mighty firms as
John Thompson, BTH
and Metropolitan-Vickers
to the task. Today, this
consortium of talents
is at the service
of the world.
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Britain leads

in this Atomic Age

Over 1,000 British firms are now manufacturing nuclear
equipment, or are directly involved in the development of
nuclear engineering techniques. British Industry

can, therefore, claim to be effectively organised to give
complete service in this important field.

The Nuclear Energy Trade Associations' Conference (N.E.T.A.C.)
welcomes the opportunity to assist enquirers and

intending purchasers with advice and information about
appropriate British manufacturers and sources of

supply of any nuclear equipment — from a single instrument
to a complete nuclear power station.

Enquiries should be addressed to:

THE NUCLEAR ENERGY TRADE ASSOCIATIONS’
T CONFERENCE

. 32, Victoria Street, London, S.W.1., England.
(Telephone: Abbey 2141,)

The members of the

Nuclear Energy Trade Associations' Conference are:

British Chemical Plant Manufacturers' Association

British Electrical and Allied Manufacturers’ Association

British Engineers' Association

British Industrial Measuring and Control Apparatus
Manufacturers’ Association

Scientific Instrument Manufacturers’ Association

Society of British Aircraft Constructors Ltd.

Water-Tube Boilermakers’ Association
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