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Chapter 7: Protected by Physical Science

In the beginning the universe was created. This has made a lot of  
people very angry and has been widely regarded as a bad move. 

Douglas Adams (1952 – 2001)
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 Nucleus at the centre of the atom
Physical science and quantum mechanics

Unlike biological  science,  which relates to  life  on Earth,  physical  science 
applies everywhere in the universe and at all times. We know this because 
when new instruments allow us to look in more remote places or reconstruct 
what happened at earlier times, science finds that the same laws at work as 
apply here and now. Of course it is the ambition of every young red-blooded 
scientist  to find conditions where predictions based on current  knowledge 
fail.  Science  aims  not  to  defend  its  current  ideas  against  attack,  as  its 
detractors  sometimes suppose,  but  to mount  such attacks  itself.  A lack of 
success in this object represents a triumph for the state of the science. The 
way in  which  the  laws  of  physics  are  used  to  make  predictions  is  what 
scientists  call  theory,  a  description  that  can  give  rise  to  some  popular 
misunderstanding.  There  is  nothing  iffy about theory. At  the  end  of  the 
nineteenth century, classical physics, the theory that had been built up on the 
foundations  laid  by  Galileo  and  Newton,  was  found  to  give  wrong 
predictions,  but  in the  early decades  of  the  twentieth century the  laws of 
quantum mechanics were established, culminating in the work of Paul Dirac, 
one of the most brilliant physicists of all time [1]. Today quantum theory or 
quantum mechanics  –  we  use  the  descriptions  interchangeably –  appears 
quite  secure  in  spite  of  its  counter-intuitive  results.  Some  of  these  are 
important, even for a brief understanding of the atom and its nucleus.

Here is  an everyday example of  the strange ways of quantum mechanics. 
When an electric current passes along a wire, electrons (which are particles 
of  ordinary  matter)  travel  through  solid copper  with  only  the  smallest 
hindrance.  This  is  incomprehensible  to  common  sense  and  to  classical 
physics too, but is quite normal in quantum mechanics. It is not really weird 
because it happens every time we turn on an electric light! It is the real world 
and we should take it on board.

In the 1920s some of the more wacky consequences of quantum theory were 
thought to be quite beyond the reach of actual experiment, but the scientific 
papers of the day described what should happen in these experiments if you 
ever could do them  – they were called Gedanken or thought experiments. 
Physicists  in those days  were wrong to think that  these would be forever 
impossible to do, and recently such experiments have been carried out and 
have shown that the theory was correct in its predictions. So there is every 
reason to be confident  in the current  theory of the physical  world,  which 
means that it can be used productively for the benefit of society, knowing that 
it is unlikely to fail. In practical applications, it is normal to use a common 
sense or classical  picture of physical science (even though it is technically 
wrong), referring to quantum theory only where it has something important 
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and significantly different  to say – and that  is  the case for  the simplified 
descriptions in this book, usually classical, but sometimes quantum. So what 
are the elements of physical science and how do they behave?

The cast – proton, neutron and electron
The theory is like a play with a cast of characters and a script or plot for how 
they interact or relate as the story develops. Here is a simplified summary – 
correct  but  omitting  some  characters  that  do  not  come  into  our  story of 
everyday  energy  and  the  environment.  (These  extra  characters  are  well 
known and have been studied carefully at laboratories like CERN, Geneva.) 
The cast consists of a colossal number of particles, of which there are only 
three different kinds: the proton, the neutron and the electron. Every electron 
has the same negative electric charge, rotates on its axis (spin), has a mass of 
9.1×10-31 kg, and behaves as a point in space. It is a principle of quantum 
mechanics  that  all  electrons  are  completely  indistinguishable  from  one 
another.  The proton and neutron have positive and neutral  electric charge 
respectively, also rotate, but are some 2,000 times heavier than the electron. 
The  script  tells  us  that,  electrically,  the  electrons  and  protons  attract  one 
another, but that electrons mutually push one another apart with an inverse 
square law; and any number of protons do likewise. Neutrons, being neutral, 
are uninfluenced by the electric charge of electrons and protons. But there is 
another force called the strong force that acts between neutrons and protons 
when they are very close [2]. If protons and neutrons are further than a few 
times 10-15 metres apart, the strong force is absent – this distance is 100,000 
times smaller than an atom. Just as the neutron is oblivious of the electric 
force, so the electron is oblivious of the strong force. So essentially, electrons 
and  neutrons  never  collide  –  it  is  as  if  they can  pass  right  through  one 
another.

Atomic structure of matter
So  how  do  these  simple  ingredients  with  their  mutual  attractions  and 
repulsions determine the structure of matter, that is, the aggregation of very 
large numbers of electrons, protons and neutrons? There will be much more 
to say about energy in the next section, but here we just need the principle 
that the most stable structure should be the arrangement of lowest energy. 
That is the structure that you get when these electrons, protons and neutrons 
just fall  in on top of one another,  so to speak. The result  is many neutral 
atoms, each composed of a roughly equal number of electrons and protons 
with some neutrons. Within each atom the neutrons and protons fall inwards 
to form the very dense nucleus at the centre of each atom. To understand the 
details  we need  to  look at  how the arrangement  of  lowest  energy comes 
about.
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The energy concerned will be made up of simple kinetic energy, ½MV2 for a 
mass M with speed V, and the potential energy due to the forces described. 
The strong force dominates, so, first of all, the protons and neutrons cling 
together under their mutual attraction. This ceases to be effective for very 
large numbers of protons and neutrons when the cumulative mutual electrical 
repulsion between the protons, with its longer range, becomes larger than the 
strong attractive but short range force [3]. This limited composite of protons 
and neutrons is the nucleus; all nuclei are about the same size within a factor 
5,  that  is  a  few times  10-15 metres  across.  The  most  stable  has  about  26 
protons and a few more neutrons, but those with up to 90 protons and 150 
neutrons are also more or less stable. This is the story behind the nuclear 
binding energy curve shown in Illustration 28, where the heaviest and lightest 
are  the  least  favoured,  energetically.  So  energy  can  be  released  in  two 
different  ways:  firstly,  if  a  nucleus  with  the  very largest  value  of  A,  the 
number of protons and neutrons, could split into smaller ones – this is called 
nuclear fission; secondly, if a pair with the very smallest number  A can be 
combined in some way – this is called nuclear fusion. 

That  such  changes  are  quite  extraordinarily difficult  to  achieve  is  closely 
related to the inherent natural safety of nuclear energy. The effectiveness of 
this security completely overshadows any regulation that might be imposed 
by any human safety authority.  To see how this happens we need to look 
further at the structure of matter on a wider scale.

Because of their large positive charge there is a very strong mutual repulsion 

Illustration 28: A graph showing how the nuclear binding energy 
depends roughly on A, the number of protons plus neutrons, for the 
more stable nuclei.
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between nuclei, and consequently they are pushed to positions at a maximum 
distance  apart.  What  sets  the  scale  of  this  separation  and,  therefore,  the 
average density of all  normal matter? This is  where the electrons play an 
essential part. To minimise the overall electrical energy their number equals 
the number of protons. So each nucleus is surrounded by enough electrons to 
balance the number of its protons, roughly speaking. Indeed the outermost 
electron should balance the combined charge of the nucleus and all the other 
electrons further in. This is a single question: how does an electron behave 
when orbiting around a net equal and opposite charge. 

We need quantum mechanics to understand 
nature's  solution  to  this  question.  It is  a 
matter  of  the balance between two effects, 
the electrical one that pulls the electron and 
nucleus  together  and  another  force  that 
pushes  them  apart  – this  is  where the 
quantum wave nature of the electron comes 
in. You cannot put a wave into a region that 
is  smaller  than  its  wavelength  –  putting it 
graphically,  the region needs to be at  least 
one wiggle in size, as sketched in Illustration 
29. Since the work of Louis de Broglie in 
1923, it has been known that the momentum 
of a particle (its mass times velocity) when multiplied by its wavelength is a 
constant,  known  as  Planck's  constant  – and  this  is  precisely true  for  all 
particles  at  all  times.  Consequently,  it  takes  kinetic  energy,  the  energy of 
motion, to keep a particle in a small region, and the smaller the region the 
more  energy  it  requires.  By  balancing  this  energy  against  the  electrical 
attraction between an electron and a nucleus, the size and energy of an atom 
is  set.  We  can  calculate  this  ourselves,  as  given  in  the  boxed discussion 
below. If you prefer, you can skip this and just pick up that the size of every 
atom is roughly 10-10 metres across. 

Illustration 29: A sketch of a  
wave reflecting back and 

forth within a box.

Roughly, what is the energy of a mass   M   held in a box of size   X  ?  

In Newton's mechanics any mass M with speed V has kinetic energy 
E = ½MV2, and also a momentum P = MV.   This means that E = P2/2M.

In quantum mechanics information about the momentum P is given by a 
wave with wavelength λ = h/P  where h is Planck's constant, 6.6×10-34 J s.
If the wave describes the position of  M, it cannot be kept in a region  X 
smaller than about half a wavelength, as sketched in Illustration 29.
So  h/P  ≈ 2X and  P  ≈ h/2X,  where the wavy equal sign means we have 
ignored  that  space  is  3D  but  the result  is  still  approximately  correct. 
continued on overleaf.
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Notice that if you skipped the calculation in the box, you will have to trust 
the result. The only alternatives are to turn your back on the whole business 
or to study it yourself. In general these are the three options: trust, ignore and 
study. But only the trust and study options lead to better prospects for life.

Nuclear sizes and energies
What happens if a similar argument is applied to the protons and neutrons 
inside an atomic nucleus? The nuclear size was measured to be some 10-15 

metres  in  the  early  twentieth  century  by means  of  Rutherford  Scattering 
experiments. The energy of protons and neutrons inside comes out at about 
20 MeV by the same argument as used for the energy of an electron confined 
to an atom.

Using  this  result  we  can  replace  P in  the  formula  E  =  P2/2M  
to get E ≈ h2/8MX2.
This is what we wanted to find, a formula for E given the values of M and 
X.  Now we can put in some numbers and find some answers:
What is the size of an atom, roughly?

For an electron (M = 9.1×10-31 kg) in orbit round a nucleus, this kinetic 
energy should about match the electrical potential energy e2/4πε0X in 
standard SI units which means X ≈ 4πε0h2/8Me2

So putting in the numbers, the size of the atom is calculated to be about 
X = 3×10-10 m across. Actual measured sizes are 2 to 3 times smaller.

What is the energy of an electron in an atom, roughly?

Putting in numbers for an electron in an atom of size X ≈ 3×10-10 m gives 
kinetic energy E ≈7×10-19 J, that is 4 eV. 
The measured energy of the hydrogen atom, as an example, is 13.8 eV.

These calculations are over-simplified, which is why the answers come 
out  slightly  wrong.  Using  quantum mechanics  to  calculate  the  actual 
wave shape in  three  dimensions,  highly accurate  energies  are  derived. 
Although the answers then depend on the details, the broad principles are 
already here. As a study of chemistry relates, these finer details depend on 
the way in which neighbouring atoms share electrons to form molecules, 
and a study of condensed matter physics describes how these molecules 
or  atoms  configure  themselves  in  a  3D-crystal,  or  in  a  liquid  or  gas. 
However,  within  a  factor  ten,  all  atoms  are  of  similar  size,  and  the 
energies of their outer electrons are similar too.
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So there is a factor of a million between the energy of an electron in an atom 
and the energy of a proton or neutron in a nucleus, as described by simple 
quantum mechanics.  Chemical energy,  for instance the energy released by 
burning carbon fuels, comes from the electrons when atoms are rearranged in 
molecules. In a similar way, nuclear energy comes from rearranging protons 
and neutrons in nuclei. So this factor is the basic reason why nuclear energy 
is about a million times more powerful than carbon fuel combustion. These 
simple calculations have extraordinary consequences.

 Energy in physical science
Conservation of energy

Energy  is  a  crucial  quantity  in  basic  physical  science,  and  hardly  less 
important  in  everyday life.  One of  the  underlying  laws of  science is  that 
energy is conserved, so energy cannot be made and can only be transformed 
from one form to another or moved from one place to another – that is why 
conservation is important. So whenever reference is made to saving energy or 
generating  energy, that  can  only  mean  retaining  it  in  a  usable  form,  or 
transforming it from a stored to a more readily accessible form. 

That is rather an important point. It means that a search for a way to  store 
energy is just a search for another energy source – a source and a store are 
similar. The science that describes what you can do in principle when you 
move energy around is called thermodynamics, but we need only its simplest 
idea  here,  that  energy is  conserved.  As  a  consequence,  energy stores  are 
potentially just as dangerous as energy sources. Consider the energy stored 
by a  hydroelectric dam.  A crack,  whether initiated by an earthquake or  a 
design failure, may be a precursor to the release of a wall of water on those 
who live downstream. To avoid this it is necessary to be able to release the 
energy stored in the full dam as fast as possible, but without causing loss of 
life. So the problem of dispersing stored energy in the event of an accident is 
not peculiar to a nuclear reactor with a rapidly rising temperature, like the 
ones  at  Fukushima  Daiichi.  If  a  sufficiently  large  energy  store  were 
developed to accumulate energy from wind or solar, it would have a similar 
problem in the event of an accident – even if the principle of making such a 

What is the energy of a proton (or neutron) in a nucleus, roughly?
Using the same formula E ≈ h2/8MX2 that we used for an electron in an 
atom, we put in the values for a proton mass (M = 1.7×10-27 kg) and a 
nucleus of size X ≈ 3×10-15 metres (eg for carbon-12). 
The calculation gives a value E ≈ 3×10-12 J, that is 20 MeV. 

Actual observed proton and neutron nuclear energies are a few MeV.
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store sufficiently large could be solved. At present there is no such solution, 
so the problem of its safety has not arisen yet.

A brief discussion of energy should help us to compare different sources.

Kinetic energy – the energy of motion
Material in motion carries energy in a form called kinetic energy. Examples 
are the movement of wind and water, or the rotation of a turbine. It is notable 
that the energy of a moving mass increases with the square of its speed, so, as 
road safety demonstrations are always keen to point out, a car moving at 40 
miles per hour has four times the energy that it has if moving at 20 miles per 
hour.  This  energy  also  increases  with  the  mass  of  the  moving  object. 
Thinking about the energy of wind, the mass of air reaching the blades of a 
wind  turbine  each  second  increases  with  the  wind  speed.  Therefore,  the 
energy per second available from a perfect wind turbine increases with the 
cube of the speed. So there is a thousand times as much energy available 
from a turbine in a wind at 50 miles per hour as at 5 miles per hour. That is a 
significant  problem for  a  wind  farm that  is  intended to  provide  a  steady 
supply of electricity in variable wind conditions. In high-wind conditions this 
energy is  liable to damage the turbine,  even to destroy it  – and therefore 
much of the cost of a wind turbine goes into ensuring that it is strong enough 
to  withstand  the  highest  wind  conditions.  This  can  be  done  but  it  is 
expensive. Wind energy is a poor resource because the mass is low, the wind 
speed is not great and is highly variable. 

Tidal currents are more predictable and water has a higher density than air, 
but the speeds are very low even in the best isolated locations. Wave power 
has  higher  speeds  than  tidal  but  all  of  the  unpredictability  of  wind.  The 
destructive  power  of  wave  energy  is  legendary,  and  defence  against 
exceptional storms is difficult and expensive.

Thermal energy
Higher energy is available when larger masses move at higher speeds, like 
the speed of sound. The molecules in a gas move around randomly at such 
speeds, which is how they are able to transmit the pressure waves of sound so 
fast.  These moving molecules  in  a hot  gas or  liquid are  therefore a good 
energy source in principle – and this is what we know as thermal or heat 
energy. As this way of introducing it suggests, heat is a very powerful source 
compared to wind, although there are problems because the motion is random 
in  direction.  The  Second  Law  of  Thermodynamics  sets  the  maximum 
efficiency with which such random thermal energy can be converted into a 
more useful form like a rotating turbine or an electric current. This efficiency 
is  seldom good.  In  a  typical  oil,  gas,  coal  or  nuclear  power  station  this 
efficiency may be as low as 30%. That means twice as much energy is going 
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to the cooling tower or  heating the river as is coming out  in the form of 
electrical energy. 

This is the reason that a fossil fuel plant may generate three times as much 
carbon  dioxide  as  you  might  expect.  For  instance,  power  plants  may be 
described as 3,000 MWth (meaning thermal power) or 1,000 MWe (meaning 
electrical power). That difference is large and matters. It means that 2,000 
MW of energy has to be discarded and this applies to carbon-burning plants 
as much as to nuclear ones. There are processes that can make good use of 
discarded  heat,  such  as  greenhouses  and  local  combined  heat  and  power 
(CHP) schemes.

Here is a rough comparison between wind energy and thermal energy. (This 
refers to the energy per kg and so does Table 7. As already pointed out, in 
terms  of  the  energy per  second,  light  winds come out  even worse  in  the 
comparison because the mass of air, the number of kgs hitting the turbine, 
falls as the wind speed drops.)

Directional energy
There are other forms of directional energy such as gravitational energy that 
can be converted to electrical energy more efficiently than thermal energy. 
Lifting  a  mass  upwards  by  a  distance  increases  its  potential  energy  and 
dropping  it  turns  this  extra  energy  into  directional  kinetic  energy.  If  a 
frictional  brake is  applied,  the  energy ends up as  thermal  energy and the 
brake  will  get  hot.  Note  how  kinetic  energy  can  be  turned  back  into 
gravitational  energy quite easily,  but  once the  energy becomes thermal,  it 
cannot efficiently revert to potential energy again – this is the influence of the 
Second Law of Thermodynamics. Hydro-power is the important example; the 
efficiency means that energy can be stored; that is surplus energy can be used 

We omit the details here, but this maximum efficiency is given by the 
quantity (1-T1/T2) where T1 is the absolute temperature of the exhaust and 
T2 is the absolute temperature of the hot source. T1 is never much less than 
ambient temperature, 293 K, so that there is great advantage in having T2 

as high as possible,  whether in a diesel car engine or a nuclear power 
station.

The energy of mass  M moving at speed V is  ½MV2. So air moving at 60 
miles an hour, that is 22 ms-1, carries 240 Joules of energy per kg, as wind. 

The random motion of the molecules of the same kg at room temperature 
is 770 miles an hour, that is 345 ms-1, that is 59,500 Joules as heat energy. 

So the energy of wind in each kg, even blowing at 60 mph, is smaller than 
its thermal energy by a factor 200.
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to pump water up into a reservoir, and then reconverted back into electricity 
at a later time, although the number of sites where this can be done on a 
grand  scale  taking  advantage  of  natural  land  formation  is  limited. 
Consequently such storage is insufficient to support a whole national energy 
policy. The cost is quite high and safety is a concern, as always for energy 
storage. Directional  chemical energy storage – battery storage in fact  – is 
another important solution that is useful, but has limited capacity.

Energy density
A useful  measure  when discussing energy is  energy density [see  Selected 
References  on  page  279,  SR1].  Imagine  a  waterfall,  as  an  example.  You 
might get the same flow of energy from a very high waterfall with a trickle of 
water passing over it, as you do from a large flow of water passing over a low 
waterfall. Nevertheless, the high waterfall provides a more powerful source 
of energy that could push back the flow of a low waterfall, as it were. We can 
describe this by looking at the energy per kg instead of the total energy. This 
energy density is  called the  potential.  Sources  of  high energy density are 
much  to  be  preferred;  they  are  compact,  require  less  mass  of  fuel  and 
generate less waste. Table 7 shows the vast difference between the energy 
density of different sources, even neglecting the poor efficiency factor of  ⅓ 
for coal and nuclear, both being non directional.

Lead-acid 
battery

5 mph 
wind

60 mph 
wind

100m high 
waterfall

Fossil 
(coal)

5% enriched
uranium

0.15 
million

1.7 240 1000 24 
million

4 million 
million

Table 7: Energy density for various sources (measured in joules per kg).  
Note that the energy density of wind is 144 times larger per kg at 60 mph 
than at 5 mph, but the energy per second is another factor 12 times higher  
because more kgs hit the turbine in a second at 60 mph.

All  forms of energy contribute to the energy  E in the equation  E = Mc2, 
where  M is  the  mass  change.  In  spite  of  what  you  may find  in  popular 
accounts, this famous equation has no special relationship to nuclear energy. 
For example, the water at the top of a waterfall has slightly more mass than 
the same water at the bottom when stationary although the difference is tiny. 
Because  nuclear  energies  are  large,  the  mass  change  is  measurable  when 
some E is extracted. The exchange rate, c2, is an impressive 9×1016 joules per 
kg. This is how much energy you would get if all the mass were turned into 
energy, but the entries in Table 7 are much smaller. Comparison between the 
columns shows what really matters. In particular, the number for uranium is 
larger than that for coal by the same factor as 1 hour of work on one hand, 
and a lifetime at 60 hours a week on the other [4]. When it comes to the 
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amount of waste produced per unit of energy, the mass of waste produced by 
nuclear  is  smaller  than  that  produced  by coal  by 167,000.  This  factor  is 
deduced by taking the numbers from the Table, 4 million million divided by 
24 million. If the part-used nuclear fuel is recycled, the situation is even more 
beneficial.

Here is a slightly different  comparison. A modern Li-ion battery stores as 
much as 0.2 kWh of energy in 1 kg of lithium. How does that compare with 
the nuclear fission energy stored in 1 kg of thorium,  for  example? In the 
nuclear fission of a nucleus the energy released is about 200 MeV – that is 
1/1000 of the total  Mc2 of the atom. So there are 9×1013 joules of fission 
energy per kg of thorium. That is 2.5×107 kWh per kg, or 100 million times 
the energy capacity of  the Li-ion battery.  That  number  means there  is  no 
contest  between  a  chemical  battery  and  nuclear  energy  as  a  source  of 
electricity. A battery can just about serve as short-term portable storage, but it 
needs to be recharged frequently from a base load power plant.

Natural apprehension
It is natural that without sufficient reassurance large energies cause concern. 
Standing  at  the  base  of  a  major  hydroelectric  dam  would  generate  an 
unpleasant  frisson of  fear  for  most  people.  Tanks of  volatile  inflammable 
fossil fuel and stores of chemical explosives are no better. Once ignited, fossil 
fuels  fires  are  liable  to  spread  without  control,  especially  when  the  fire 
escapes into the environment. Mankind has had to face up to living with this 
risk for many millennia. A question is whether the assurance of safety that 
cannot be given convincingly for fire can be given for nuclear energy. Since 
the energy density is very much higher, the assurance needs to be that much 
more complete. 

Surprisingly, this assurance is provided from three separate and independent 
sources. Firstly, it comes in principle from physical science, as described in 
the remainder of this chapter. Secondly, it comes in principle from biological 
science, as described in the next chapter. Finally, it comes in practice from 
the  experience  of  seventy years  of  deployment  of  nuclear  energy with  a 
safety record that is better than offered by any other energy source.

 Nuclei inviolate
Isolation by the coulomb barrier

Although nuclear energy is immensely powerful on paper, it is far safer than 
expected. Each nucleus lives an isolated celibate life with its nuclear energy 
securely locked  and the  nucleus  of  one  atom never  meets  the  nucleus  of 
another. In fact, on Earth only one nucleus in a million has changed at all 



 166     Chapter 7: Protected by Physical Science

since the Earth was formed more than 4,500 million years ago, and then only 
by  decay.  The  laws  of  physics  that  describe  the  unconditional  electrical 
repulsion between like charges ensures that the nucleus is  prevented from 
doing anything at all. Apart from being carried about passively at the centre 
of its atom, the only activity possible for some nuclei is rotation – and for 
more than half of them even that is excluded. (Interestingly, this rotation is 
the basis of MRI, more fully described as nuclear magnetic resonance (NMR) 
imaging – the adjective  nuclear is usually omitted from the name out of a 
misguided sensitivity to popular nuclear phobia.) Each nucleus is individually 
packaged in its own enveloping electronic atomic cloud, 100,000 times its 
size, and held in position by an intense electrical force. This packaging is 
extraordinary.  It  is  no  wonder  that  none  is  ever  damaged!  One  can  only 
marvel at the degree to which nuclei are isolated from one another. 
When Rutherford analysed the first experimental data in which two nuclei 
(helium and gold) were fired at one another, he was able to show that because 
they could bounced off one another at 180 degrees without penetrating one 
another, all of their electric charge must be concentrated in a nucleus of tiny 
dimensions. The inverse square law means that the electric force increases by 
a factor of 1010 in moving close to the nucleus. This electric defence is called 
the Coulomb barrier  – Coulomb was the pioneer in the unravelling of the 
physics of electricity who first described the force between electric charges.
So even the most energetic nuclei can only bounce off one another and do not 
have  enough  energy  to  penetrate  the  barrier.  In  their  isolation  they  are 
prevented from releasing their energy under almost any circumstances. Only 
at the centre of the Sun at a temperature of some 15 million degrees does a 
nucleus get enough energy to meet and react with another, and even there, 
only once  every few billion  years.  In  the  entire  life  of  the  Sun  such  an 
encounter  will  happen just  once for  each hydrogen atom. That  is  when it 
reacts  with  another  to  form  helium,  releasing  the  energy  that  gives  us 
sunshine and the mainspring of energy for life here on Earth – the details are 
more complicated, but the idea is that simple.

Nuclei protected from alpha, beta and gamma 
radiation

This isolation of each nucleus from every other is entirely electrical in origin. 
But can radiation penetrate this barrier and so react with the nucleus? Alpha 
particles and other beams of positively charged particles are repelled by the 
positively charged nucleus and cannot reach it at normal energies. This does 
not  apply to  negative  and  neutral  particles,  but  let's  look  at  each  of  the 
candidates: first, energetic electrons and photons – we come back to beams of 
neutrons and what they might do on page 172. 
In the environment,  electron and photon radiation (beta and gamma) may 
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have an energy up to about 2 MeV. Within the target nucleus the neutrons and 
protons  are  tightly  bound,  and  a  certain  minimum energy  is  required  to 
dislodge one. This is analogous to the photoelectric effect in an atom, where a 
certain minimum energy is required to dislodge an electron, as mentioned in 
Chapter 5. In the nuclear case the minimum energy varies between about 5 
and 7 MeV – similar to the energy of nuclear quantum waves worked out 
roughly  in  the  box  on  page  161.  As  in  the  photoelectric  effect  nothing 
substantial can happen unless the energy given by the electron or photon to 
the nucleus is greater than this value. So in the environment, alpha, beta and 
gamma radiation can do no more than just bounce off a nucleus. Only in a 
research laboratory can radiation be given enough extra quantum energy to 
tweak a target nucleus enough to make a material radioactive.
This is  a  crucially important  result  for  nuclear safety.  It  says  that  nuclear 
radiation – that is alpha, beta or gamma – can  never make another nucleus 
radioactive.  That  means  that  radioactivity  never  spreads  from material  to 
material:  it  never  catches  and  increases  in  the  way  that  fire  does. 
Radioactivity  may  be  carried  from  place  to  place,  but  each  individual 
radioactive nucleus can decay just  once, so as time goes by,  the radiation 
emitted must die away. This gives nuclear a degree of safety and proliferation 
resistance that is qualitatively superior to any fossil fuel hazard. Following 
the  Fukushima accident  nobody seems to  have told the  families  in  Japan 
about this. They looked on radioactive material as if it was contaminated by a 
virus, Ebola for instance. They were frightened of catching its effect, when 
there was no reason to be. The difference is simple and it should have been 
explained to them that radioactivity is not contagious. That was negligent.

 Radioactive power in nature
Components of background radiation

The nuclear security provided by the Coulomb barrier is so good that it was 
not until the last years of the nineteenth century that the existence of nuclear 
energy  was  stumbled  upon.  Nobody guessed  the  presence  of  this  buried 
treasure.  Its  impenetrable  bulwark  has  provided  protection  from  the 
accidental  release  of  this  latent  energy,  ever  since it  was  breached in  the 
extreme conditions of element-forming nuclear explosions that preceded the 
formation  of  the  Earth.  Everything  on  Earth  today,  except  hydrogen,  is 
actually nuclear waste from that epoch. Since then, thanks to the Coulomb 
barrier, activity cooled off rapidly. Most of the unstable nuclei that were left 
decayed to stable forms, leaving the particular atoms that we find around us 
today. Although that was a long time ago there are a few exceptional isotopes 
with  such  long  lifetimes  that  they  are  still  present  and  decaying  today, 
notably uranium-235,  uranium-238,  thorium-232  and potassium-40.  These 
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are the sources of the radioactivity that we call natural. In reality there is no 
comfort  at  all  to  be  attached  to  this  not-made-by-man label.  Such  make-
believe  descriptions  owe  more  to  man's  desire  for  security  than  to  any 
objective  science.  These  primordial  radioactive  isotopes  are  scattered 
everywhere at low concentrations. Potassium-40, naturally present in all life, 
gives most of the internal radiation dose that the human body gives itself, that 
is 0.24 mGy per year, discussed in Chapter 5. The radioactive nuclei present 
in rocks, soil and water give much of the external dose to the human body 
(about  1.2  mGy per  year,  including gamma rays  and radon gas);  the  rest 
comes in the form of medical doses and cosmic rays from space. These rays 
produce  showers  of  secondary  particles  in  collisions  at  the  top  of  the 
atmosphere, and some of these reach ground level.
This  so-called  natural  radiation  amounts  to  about  1.0  mGy per  year,  but 
varies a lot according to location. The composition of the local rock and the 
radon that it releases is responsible for the wide variation of tens of mGy per 
year  in  places  such  as  Brazil,  Cornwall,  the  Czech  Republic,  India  and 
Colorado. Reported doses depend on conditions, for instance whether buried 
in the sand, unventilated in a cellar, or taken in the fresh air. Spas which offer 
health benefits from radon in their waters are common in these regions, as 
well as in Japan, Jamaica and Germany. 
Closer proximity to the Earth's magnetic polar regions and greater altitude 
increase  exposure  to  cosmic  rays  because  these  are  less  deflected  by the 
Earth's magnetic field and absorbed by the atmosphere, respectively. 

Radiation history of the Earth
After the Earth formed and started to cool, life evolved to be tolerant of the 
slowly declining flux of ionising radiation, for if it had not, it would not have 
survived. In early times the flux of radiation came, as it does today, both from 
local radioactive decay within the rock, soil and water of the Earth and from 
radiation reaching the Earth's  surface from space.  Knowledge of the half-
lives of radioactive isotopes, some still in the Earth's crust today, and a few 
others  that  decayed  away  in  the  past  4,500  million  years,  comes  from 
laboratory experiments. This enables us to know the activity of the Earth's 
crust after the first  1,000 million years,  and the dominant change was the 
gradual decay of uranium-235 (lifetime 700 million years). The lifetimes of 
the other major isotopes,  potassium-40 (1,250 million years),  thorium-232 
(14,100  million  years),  and  uranium-238  (4,500  million  years)  are 
sufficiently long that their activity has not changed much. Neptunium-237 (2 
million years) would have died away quite early.  It  is simple to work out 
what the activity was 2,000 million years ago. The answer is that it was just 
over twice what it is now. That is not a larger difference than the variation 
from one place to another in radiation from rocks today. The big difference 
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between then and now would have been in the energy available to drive the 
movement of the tectonic plate; this would have been greater by the same 
factor two. Earth's volcanic activity must have been that much greater. Even 
today, shifts in the Earth's crust have a greater impact on the safety of life 
than radiation itself, as was evident in Japan in March 2011.
Today the flux of radiation from space, when filtered by the atmosphere, is 
the source of only about 10% of the typical natural dose. The composition of 
the atmosphere varied in the past and changes in the ozone layer affect the 
flux of UV reaching the surface. In the past it is likely that external events 
including stellar outbursts, within and beyond the galaxy, altered the flux of 
cosmic rays. These are also influenced by the Earth's magnetic field, and data 
show that has changed frequently in the past.
While there were times when the atmosphere was thicker with extra CO2 and 
water vapour than today, it is probable that there were other times when the 
atmosphere was a less effective radiation shield. Whatever those variations, it 
is likely that they were more significant to the viability of life than changes in 
the flux of radiation from rocks. Indeed, we are faced by such atmospheric 
changes today and the importance of these will continue to dominate the flux 
of radiation.

Power for plate tectonics
The main sources  of  natural  radioactivity are  listed in  Table  8  with their 
abundances in the Earth's crust.

potassium-40 thorium-232 uranium-235 uranium-238

Half life 1.27 × 109 yr 14.1 × 109 yr 0.5 × 109 yr 4.5 × 109 yr

Absolute 
element 

abundance

20,900 ppm 9.6 ppm 2.7ppm 2.7 ppm

Relative 
isotopic 

abundance

0.01% 100.00% 0.70% 99.30%

Table 8: The main naturally occurring primordial radioactive isotopes 
(ppm means parts per million).

The energy that their decay releases is sufficient to maintain the Earth's high 
internal temperature, and this generates the slow radial convective circulation 
of the Earth's mantle. As a result sections of the Earth's crust that float on top 
of the mantle are moved about. These sections are the tectonic plates whose 
collision  and  relative  motion  are  responsible  for  all  volcanic  and  seismic 
activity. So the  Japanese earthquake and tsunami  of  11 March 2011 were 
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caused  by  the  Earth's  own  natural  radioactive  decay  heat,  vastly  more 
damaging  than  the  effects  of  the  man-made  decay  heat  released  by  the 
Fukushima reactors.
If we look upwards, our view of the universe is almost unobstructed, but if 
we look down our ability to see what is happening a few hundred metres into 
the Earth is almost non-existent. We do know that the temperature in a deep 
mine is elevated and this increase continues towards the centre of the Earth. 
The  gradient  in  temperature  means  that  heat  is  continuously  flowing 
outwards, by convection and conduction, and has been since the Earth was 
formed.  The  current  heat  loss  is  measured  as  about  44  TW  (terawatt), 
corresponding to the Earth cooling by about 2 degrees every million years (if 
the  heat  were  not  replaced).  Such a  calculation,  first  carried out  by Lord 
Kelvin in 1862 without any knowledge of the contribution of radioactivity, 
suggested that the Earth should have cooled much more than it has in its 4.5 
billion year life.

One  large-scale  manifestation  of  the  movement  of  plates  on  the  Earth's 
surface is the Ring of Fire [5], a line of volcanoes, trenches and earthquake 
locations that stretches in a huge arc around the Pacific Ocean from New 
Zealand,  crossing  the  Equator  between the  islands  of  Indonesia,  north  to 
Japan,  across  to  Canada,  along  the  San  Andreas  Fault  in  California  and 
southwards along the Chilean coast of South America. 

Darwin and the 1835 Chilean Earthquake
Charles  Darwin  on  his  voyage  aboard  HMS  Beagle  observed  the  Great 
Chilean  Earthquake  and  Tsunami  of  1835 that  destroyed  Concepción  and 
Talcahuano [6, page164-166]. In his journal for 20 February he wrote:

This day has been memorable in the annals of Valdivia, for the most  
severe earthquake experienced by the oldest inhabitant. I happened  
to be on shore, and was lying down in the wood to rest myself. It  
came on suddenly,  and lasted two minutes,  but  the time appeared  
much  longer.  A  bad  earthquake  at  once  destroys  our  oldest  
associations:  the  earth,  the  very  emblem  of  solidity,  has  moved 
beneath our feet like a thin crust over a fluid;− one second of time  

If  the  internal  radioactivity  of  the  Earth  produces  a  steady 44.2  TW 
(4.42×1013 watts), to what radioactive energy dose does this correspond? 

The mass of the Earth is 5.9×1024 kg, so in a year it receives 0.23 mGy 
(that is 2.3×10-4 J per kg). This simple calculation shows that the internal 
dose of the Earth is about the same as the internal dose that every human 
body receives in a year from his or her own internal radioactivity, in that 
case mainly carbon-14 and potassium-40.
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has created in the mind a strange idea of insecurity, which hours of  
reflection would not have produced. 

And on 4 March he saw the effect of the tsunami created by the earthquake:
We entered the harbour of Concepcion. While the ship was beating 
up  to  the  anchorage,  I  landed  on  the  island  of  Quiriquina.  The  
mayor−domo of the estate quickly rode down to tell me the terrible  
news  of  the  great  earthquake  of  the  20th:  "That  not  a  house  in  
Concepcion  or  Talcahuano  (the  port)  was  standing;  that  seventy  
villages were destroyed; and that a great wave had almost washed  
away the ruins of Talcahuano." Of this latter statement I soon saw 
abundant proofs − the whole coast being strewed over with timber  
and  furniture  as  if  a  thousand  ships  had  been  wrecked.  Besides  
chairs,  tables,  book−shelves,  etc.,  in  great  numbers,  there  were  
several roofs of cottages, which had been transported almost whole. 

His  scientific  observations  are  impressive  and  show  profound  physical 
intuition:

The effect of the vibration on the hard primary slate, which composes  
the foundation of the island, was still more curious: the superficial  
parts of some narrow ridges were as completely shivered as if they  
had  been  blasted  by  gunpowder.  This  effect,  which  was  rendered 
conspicuous  by  the  fresh  fractures  and  displaced  soil,  must  be  
confined to near the surface, for otherwise there would not exist a  
block of solid rock throughout Chile; nor is this improbable, as it is  
known that the surface of a vibrating body is affected differently from 
the  central  part.  It  is,  perhaps,  owing  to  this  same  reason  that  
earthquakes do not cause quite such terrific havoc within deep mines  
as would be expected.

But his remarks on the social effects are notable too:
It was, however, exceedingly interesting to observe, how much more  
active and cheerful all appeared than could have been expected. It  
was  remarked  with  much  truth,  that  from  the  destruction  being 
universal,  no  one  individual  was  humbled  more  than  another,  or  
could suspect his friends of coldness − that most grievous result of  
the loss of wealth.

Social reaction to a natural disaster
Though the public may be accepting of natural disaster at the time, looting 
and  dissension  often  follow.  In  1906  the  San  Francisco  Earthquake  was 
followed by a serious fire. While no one could blame the authorities for the 
quake itself, much dissent surrounded the question of responsibility for the 
fire [7, page 301]. Five months after the quake the British Consul General of 
the time wrote of the insurance debacles, about the strikes and riots that he 
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felt were gripping the city, about the fractious and disputatious mood of the 
place, and of how even the local press was abandoning its eternal optimism 
and beginning to ask questions about the city's long-term future.

Such  a  loss  of  trust  in  society  seems  to  be  the  most  serious  avoidable 
consequence  of  a  natural  disaster.  Since  nothing  can  be  done  about  the 
disaster  itself,  the  distrust  is  focussed  onto  a  secondary  consequence,  a 
human accident around which blame and litigation can continue to rage for 
many  years  after.  In  the  case  of  San  Francisco  it  was  the  fire,  and  at 
Fukushima the release of nuclear radiation. Though precedent says that such 
human reaction may be expected, the distrust  may not  be justified by the 
evidence at all,  and twenty-four-hour media enable such distrust to spread 
around the world, more than in the past. This makes it all the more important 
that responsible people appreciate this social phenomenon. 

The public loss of confidence in nuclear power following Fukushima is the 
case in point.  The public should understand that  from a physical  point of 
view, nuclear power is extraordinarily safe at the point of production – in fact 
so safe that only with considerable large-scale investment and great technical 
expertise is it possible to realise any nuclear energy at all. Any man-made 
regulation of nuclear material is a pale shadow of the security with which 
physical  nature  has  surrounded  this  energy  source.  In  his  day,  Darwin's 
conclusions about nature were obstructed by the prevailing religious way of 
thinking  –  today,  realistic  attitudes  towards  nature  are  obstructed  by  the 
popular zeitgeist of radiation phobia.

 Physical security of nuclear energy
The neutron, unique key to the nuclear energy lock

In spite of  its  extraordinary physical  security it  is  just  possible  to unlock 
nuclear energy. The key is the neutron whose existence was unknown until 
1932 because it too decays (with a half-life of a few minutes) and so does not 
exist freely in the wild at all. The only place that free neutrons are to be found 
is inside a working nuclear reactor, and fleetingly in an exploding nuclear 
weapon [8]. When a nuclear fission reactor is shut down, as was the case for 
all the reactors in Japan immediately following the earthquake, the neutrons 
are all absorbed and nuclear fission is halted immediately. The only further 
energy release is by nuclear decay, that is the decay heat. 

The neutron is the brother of the proton from which it differs only in having 
no electric charge. Oblivious of the electric Coulomb barrier, a neutron can 
pass freely into a nucleus. 
Sometimes  it  just  bounces  off  the  nucleus,  which  may  sound  rather 
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unimportant, but it is the way that neutrons in a working reactor transfer their 
energy to the moderator, often water or graphite. This energy is then carried 
to the steam turbines to generate electricity.
Sometimes the neutron reacts with a nucleus to make a new isotope which 
will  usually be radioactive. This is the only way that  new radioactivity is 
created. Examples that have been mentioned already are the production of 
plutonium, americium, cobalt-60 and tritium. When a reactor is shut down, 
materials of neutron-absorbing elements like cadmium and boron are dropped 
into the reactor core.
Sometimes a neutron hitting a nucleus can cause it to split in two, to fission. 
In fact this is truly exceptional. Although the nucleus of iron (A = 56) is more 
stable than any heavier nucleus (see Illustration 29 on page  158) fission is 
inhibited by the Coulomb barrier. Without stimulation fission is suppressed 
[9],  but a neutron can provide the required extra fillip to an exceptionally 
heavy  nucleus  with  an  odd  number  of  neutrons,  such  as  uranium-233, 
uranium-235, and plutonium-239. Fast neutrons can cause heavy nuclei with 
an even number of neutrons to fission too [10]. Only if this key is inserted into 
this lock ‒ a neutron is the key and these relatively rare isotopes are the lock 
‒ can nuclear energy be released by fission. No greater safety is imaginable, I 
maintain.

Inherent physical safety
Fire can catch and spread to make an enlarged conflagration; so can disease, 
which  multiplies  and  spreads  by  infection.  As  described  on  page  166, 
radioactivity cannot do this: it can be transported from one place to another, 
but not increase. In fact it can only diminish with its own particular half life. 
Each radioactive nucleus emits radiation just once as it changes to a lower 
energy nucleus – and that is it – finish (unless the daughter nucleus happens 
to be radioactive in its own right). 
The rate of decay is unaffected by temperature, pressure, chemical agents – in 
fact it was this property that impressed Marie and Pierre Curie most of all, 
and made them realise that the radiation was coming from somewhere deeper 
inside the  atom than had ever  been studied before.  Their  observation has 
other  more  practical  consequences  that  are  seldom  appreciated  by  those 
outside  the  field.  Because nuclear decay is  unaffected at  all  by any other 
influence,  it  does  not  matter  if  the  radioactive  material  melts  or  boils.  A 
nuclear  meltdown, an idea so central to many nuclear horror films, has no 
effect whatever on nuclear decay. It might spill or disperse the radioactivity 
into the environment, but it does not increase the amount of radioactivity or 
the rate at which it decays. The popular reaction to nuclear accidents would 
be  more  restrained  if  this  was  explained,  even  though it  might  spoil  the 
shock-horror impact of many fictional stories – and the mistaken descriptions 
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by the press of actual incidents too. The decay of radioactivity is unlike the 
persistence  of  chemical  poisons,  such  as  arsenic  or  lead,  that  remain 
hazardous indefinitely. There were sad stories in the Japanese press in the 
months following the Fukushima accident of people being ostracised on the 
basis  that  they  had  been  irradiated  and  might  infect  others.  The  same 
happened to the Hibakusha, the survivors of Hiroshima and Nagasaki.
In  their  apprehension  people  worry that  ionising  radiation  might  cause  a 
particular disease or type of damage. But as explained in Chapter 5 radiation 
is quite indiscriminate. It is not tuned to damage any particular molecule and 
its  energy  is  much  larger  than  the  energy that  keeps  ordinary  molecules 
together. The damage is purely molecular and electronic, and the nuclei of the 
material take no active part in the impact of the radiation and the damage it 
causes. 

Waste from an ancient reactor
The  nuclear  reactor  built  by  Enrico  Fermi  in  Chicago  in  1942  is  often 
described  as  the  world's  first,  but,  interestingly,  that  is  untrue  by a  wide 
margin. In the 1970s the remains of a uranium reactor that operated more 
than 2,000 million years ago were discovered at Oklo in Gabon, West Africa. 
It  was  a natural  reactor  that  ran by itself,  and when its  fuel  ran low the 
nuclear waste that it had created stayed put where it lay. The fascinating story 
is told in a Scientific American Report [11].

In uranium ore the concentration of uranium-235 in the majority uranium-238 
is 0.720%. But when a rich deposit  of uranium was discovered by French 
geologists  at  Oklo,  it  was found that  the  concentration was only 0.717%. 
Further detective work proved what had happened. Uranium-235 decays by 
alpha emission with a half life of 700,000 years, so 2,000 million years ago 
the concentration of uranium-235 must have been about 3%, much higher 
than today and about the same as the enriched fuel used in many of today's 
reactors. The other crucial ingredient for such a nuclear reactor is water, and 
at Oklo all those years ago as the seasons came and went, the water table rose 
and fell, regulating the reactor. The rare isotopes in the waste left behind have 
enabled scientists to reconstruct what happened. 

There is an important message in this discovery: it is wrong to suppose that 
radioactive waste is just released into the environment like carbon dioxide 
from combustion: the evidence shows that it may stay where it lies for half 
the age of the Earth. Worries about nuclear waste leached by ground water 
should  be  seen  in  proportion.  There  is  little  danger  of  it  leaving  even  a 
therapeutic spa for our successors.

http://en.wikipedia.org/wiki/Hibakusha
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Notes on Chapter 7

1) The Strangest Man A biography of Paul Dirac by Graham Farmelo, Faber (2009).
2) The strong and electric forces determine the structure of matter. In addition there 

are gravity and the Weak Force (related to the electric force). 
3) They are also pushed apart at short range by the Fermi degeneracy pressure, a 

quantum effect that comes from the lack of distinction between protons (or 
between neutrons). It also applies to electrons and is related to the Pauli 
Exclusion Principle.

4) This is the point that the Churchill quotation at the head of Chapter 4 is trying to 
make. It seems that he was quite well briefed in 1931! 

5) http://en.wikipedia.org/wiki/Ring_of_Fire  
6) Voyage of the Beagle Charles Darwin, 

http://www.boneandstone.com/articles_classics/voyage_of_beagle.pdf 
7)  A Crack in the Edge of the World by Simon Winchester, Penguin (2006) 
8) A rare exception: a tiny number of free neutrons per year are released at the top of 

the atmosphere by cosmic radiation, just enough to make the few atoms of 
carbon-14 whose concentration, about 1 part in 1012, is measured in the process of 
radiocarbon dating used in archaeology.

9) Only 1 in 2 million uranium-238 nuclei decays by fission, even though its half 
life is 4,500 million years. So without neutron stimulation the fission decay rate is 
10-16 per year.

10) The variety of fast neutron reactors, actual and proposed, is summarised, for 
instance, at https://en.wikipedia.org/wiki/Fast-neutron_reactor 

11) The Workings of an Ancient Nuclear Reactor Meshik AP, Scientific American 
(2005/9)  http://www.scientificamerican.com/article/ancient-nuclear-reactor/ 
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