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 Chapter 3  The Atomic Nucleus

His enormous head bristled with red hair; between his 

shoulders was an enormous hump…

The feet were huge; the hands monstrous. Yet with all 

that deformity was a certain fearsome appearance of 

vigour, agility and courage… 

'It's Quasimodo, the bell ringer. Let all pregnant women 

beware!' cried the students. 

'…Oh that hideous ape! ... As wicked as he is ugly

…it's the devil.'

The women hid their faces.

Victor Hugo, writer (1802–1885)

Powerful and beneficial

In  his  novel, The  Hunchback  of  Notre  Dame,  Victor  Hugo

introduces the central figure with these words. While the citizens

of mediaeval Paris are repelled by his ugliness and afraid of his

strength,  no  one  cares  to  discover his  true  nature. As the story

unfolds,  Quasimodo  reveals  a  natural  gentleness  and kindness

towards Esmeralda, the beautiful gypsy girl, who is condemned

to death on the gallows.  The people's fear  prevents  them  from

appreciating him until he uses his strength in the attempt to save

Esmeralda's life. 

Such is the public image of radiation. Like Quasimodo, it is seen

as ugly, strong and dangerous. Like him it  engenders an almost

universal reaction of fear and rejection. Many do not want to be

near  anything to do with radiation  or  even  to  understand  such

things. This is unfortunate, because the human race has survived

through the power of thought and understanding. The suspension

of that power is not good news for the future. 

The following descriptive but scientifically robust account shows

how radiation and the atomic nucleus fit into the natural physical

world. 
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Size scales
The stage on which the science of radiation,  radioactivity and

fundamental life processes is set requires a broad range of scales

– very small  distances  as  well  as larger  ones,  and very small

energies  and  much  larger  ones  too.  Despite  their  differences

these  distances  and  energies  are  inter-related  through

fundamental science.

Figure 2  The scales of the different structures relevant to the

interaction  of  radiation  with life,  from man through cells,

molecules and atoms to nuclei. 

Figure 2 gives an idea of these spatial  scales,  starting from a

human on the scale of a metre, Figure 2a. Roughly speaking the

biological structure of each human is realised in the form of a

large ensemble of cells,  each on a scale of about 10-5 metres,

Figure 2b, although some cells are very much smaller and some

larger. This means that some are just about visible with the naked

eye but for many a microscope is needed. Cells vary as much in

function as in size. Each is composed of about 70% water and a

large number of biological molecules. 

Figure  2c is  a  sketch  of  a  section  of  a  biological  molecule  –

typically these form long chains that fold up within cells. Such
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are the working proteins and the double-helical DNA that holds

the genetic records. Each molecule is a particular sequence of

chemical atoms. Simple diatomic molecules, like the oxygen and

nitrogen in the atmosphere, have just two atoms. The polyatomic

ones,  like  carbon  dioxide,  methane  and  water,  have  three  or

more, so that they can stretch, turn and wriggle about – which

gives  them  their  greenhouse  gas  properties.  Big  biological

molecules are composed of hundreds of thousands of atoms.

Whereas  there  is  a  multitude  of  different  molecules,  there are

only a small number of different types of atom. The information

and variety of molecules lies in the arrangement of these atoms

and  their  chemical  connections.  Biological  molecules  are

composed of hydrogen, carbon, nitrogen and oxygen atoms only,

with  special  additional  roles  for  calcium,  phosphorus,  sodium

and potassium. Within less than a factor two all atoms have the

same size, about 10-10 metres across. In other words, each atom is

as about 100,000 times smaller than a typical cell, roughly the

same factor by which a cell is smaller than a man. 

Figure 2d shows an atom as made of a tiny nucleus surrounded

by a cloud of electrons. The number of electrons in this cloud is

known as the atomic  number Z and this  alone determines  the

atom's chemical behaviour – the nucleus with a balancing charge

Ze makes the atom electrically neutral overall but takes no part in

the 'social' behaviour between atoms. This is because the scale of

the  nucleus  is  100,000  times  smaller  than  the  atom  itself,

coincidentally the same ratio as an average cell is to a man and

as an atom to an average cell. All types of nuclei are of a similar

size, about 10-15 metres across. 

What do we know about these atoms and nuclei, and how were

they discovered? 

Atoms and electrons
To  the  eye  and  to  the  touch  most  materials  are  smooth  and

continuous.  A few are grainy but the grains  vary and are not

fundamental in any sense. Only the occurrence of crystals with

their highly regular facets gives a clue of hidden structure. But
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that  was  not  why  the  Greeks,  Leucippus  and  Democritus,

suggested  that  matter  is  composed  of  atoms.  Their  arguments

were not really based on observation at all, it seems. They were

simply unhappy in principle that matter  should be indefinitely

divisible.  Based  on such  a  vague  argument,  perhaps  it  is  not

surprising  that  the  atomic  idea  fell  into  disfavour  in  classical

times, not least because Aristotle was not impressed by it.

Only  at  the  start  of  the  19th  century  did  the  atomic  theory

reappear, this time to account for observations. These were that

the  proportions  of  pure  chemicals  taking  part  in  reactions,

burning  for  example,  are  related  by  simple  whole  numbers.

Altogether  there  are  over  90  different  types  of  atom  –  the

elements. These atoms themselves do not change – changes to

their  mutual  groupings  are  all  that  is  needed  for  a  simplified

account of chemistry. As these patterns change, the stored energy

may increase or decrease, and when this energy is released, the

material becomes hotter. 

Some chemical changes do not happen unless the atoms are hot

in the first place. This can lead to a runaway process, in that, the

hotter the material becomes, the more heat is released. This is the

unstable process that we all know as fire, a chain reaction that is

often  highly  destructive.  It  was  an  early  and  crucial  stage  in

human development when man learnt how to control fire, to use

it for warmth and to cook with it. He came to accept its risks in

exchange for  the  better  life  that  it  brought.  Even today much

expense is incurred in protecting against its dangers and many

still  die  every  year  through fire  accidents.  In  spite  of  this  no

civilisation has banned fire on safety grounds – it is too valuable

a technology to lose.

But there are lessons that early man did not learn about fire. The

waste  products  are  solid  ash  and  gas,  predominantly  carbon

dioxide and water vapour, released into the atmosphere. Once in

the atmosphere, if the temperature is sufficiently low, the water

condenses out in a few hours or days in the form of rain, but the

carbon  dioxide  persists.  Only  now  has  mankind  started  to

appreciate  the  danger  of  releasing  the  waste  of  this  chain
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reaction. Unfortunately he did not understand this when he first

started making use of fire in prehistoric times.

But  it  was  discovered  that  there  is  more  to  the  behaviour  of

atoms than simply rearranging them to make different molecules.

Towards the end of the 19th century with advances in glass and

vacuum  technology  it  became  possible  to  make  sealed  glass

tubes of low pressure gas through which electric currents could

be passed between metal electrodes if one of these was heated.

These currents emit light and this technology is the basis of the

sodium and mercury lights commonly used in street lighting, the

neon tube used in signs, and energy-saving fluorescent tubes. If

fully  evacuated,  such  a  tube  is  called  a  cathode  ray  tube  –

familiar today as an old TV tube, now largely replaced by flat

panel displays. In the science laboratory two early fundamental

physics discoveries were made with such tubes. 

Firstly,  the current, as it passes through a cathode ray tube, is

composed of a stream of charged particles of very small mass.

Remarkably  these  electrical  particles  are  of  the  same  type,

whatever the atomic composition of the electrodes or gas. These

particles,  present  in  all  atoms,  are  electrons,  a  new  universal

particle discovered in 1897 by J J Thompson. In a TV tube the

picture  is  'painted'  by  a  beam  of  these  electrons  striking  the

inside of the front face of the tube and lighting up the different

coloured phosphors there.

Secondly,  if these electrons are given enough energy and then

strike  a  metal  plate,  invisible  uncharged  radiation  is  emitted.

These X-rays  were found to be electrically  neutral  and highly

penetrating, unlike the parent electron beam. This discovery was

made  by  Röntgen  in  1895.  Very  quickly  the  value  of  the

penetrating power of this radiation was appreciated for medical

imaging and therapy. The relationship between electrons, atoms

and the electrically charged ions, as they appear in the workings

of electric cells and batteries, was explained – ions are formed

when an uncharged atom gains or loses one or more electrons.

However, knocking such small parts off an atom – an electron

forms less than one thousandth of the weight of an atom – did
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not reveal much about the composition or structure of the rest of

the atom. There was more to be discovered, deeper within.

The nuclear atom

The  first  evidence  of  activity  inside  the  atom,  beyond  the

addition  or  loss  of  electrons, came  with  the  discovery  of

radioactivity  in  1896  by  Henri  Becquerel,  whose  work  was

followed  later  by  the  discoveries  made  by  Pierre  and  Marie

Curie.3 They  found  that  all  chemical  salts  of  certain  heavy

elements  emitted  radiation  and  that  this  energy  was  not

dependent  on  the  ionised  state  of  these  elements,  or  on  their

physical and chemical state.  Evidently the energy was coming

from  the  deeper  inner  atom  and  not  from  the  surrounding

electrons. Through careful work the Curies showed that chemical

elements  were  being  transformed,  so  that  new ones  appeared

whenever an atomic nucleus emitted radiation connected with its

radioactivity. Three types of this radiation were identified, alpha,

beta and gamma – quite often in physics discoveries are given

such enigmatic names, because, initially at least, not enough is

known to name them in terms of their true characteristics. Later

it was shown that alpha, beta and gamma radiation are in fact

streams of helium ions, electrons and electromagnetic radiation4,

respectively. 

Radioactive atoms are very unusual and heavy – the implications

for  the  structure  of  ordinary  elements  that  are  not  radioactive

were quite unclear initially. Some years later Ernest Rutherford

showed  by  experiment  that,  for  every  atom,  all  of  the  mass

(except for the electrons) and all the balancing positive charge

are concentrated in a tiny volume at the centre of the atom – the

nucleus. With its surrounding atomic electrons, this is the atom

3 The discoveries of 1895, 1896 and 1897 were so unexpected and came in

such short succession that less careful experimenters felt encouraged to come

forward  with  claims  based  on  fantasy.  In  particular  the  magical  powers

attributed  to  so-called  N  rays were  only  shown  to  be  false  after  much

publicity. 
4  Described in Chapter 4.



Radiation and Reason    27

as we understand it today. The arrangement has been compared

with the Sun and its solar system of planets. But this is deceptive

– the proportions are wrong. The Sun is a thousand times smaller

than the solar system while the nucleus is a hundred thousand

times smaller than the atom. Seen from the edge of the atom, the

nucleus would be far too small to be seen with the naked eye – if,

for a moment, you can imagine yourself on such a scale. The rest

of the atom is quite empty apart from the thin cloud of electrons.

Since  the  1920s  quantum  mechanics,  the  radical  shift  in  our

understanding  of  the  physical  world,  has  explained  in  full

precisely why molecules, atoms and nuclei have the structure and

behaviour  that  they  do.  Recently,  as  computers  have  become

faster,  it  has  been  possible  to  extend  such  explanations  and

predictions to the properties of larger and larger chemical  and

biological molecules. 

For reasons explained below, nuclear change is very energetic

compared  with  chemical  change  and  it  powers  the  Sun  upon

which life depends. Earlier in the history of the Universe all the

chemical  elements  were  formed  by  nuclear  change  from  the

primordial  hydrogen  and  helium  that  remained  after  the  Big

Bang.  However,  since  the  Earth  was  formed  roughly  six

thousand million years  ago, only one nucleus in a million has

undergone any change at all. Within a small range all materials

are  99.975%  nuclear  by  weight  –  electrons  only  account  for

0.025%.  So  nuclear  material  is  very  common  but  substantial

nuclear change is quite remarkably rare.

In the early 1930s it was shown that every nucleus is composed

of a certain number of protons and neutrons. The proton is the

positively charged nucleus of simple hydrogen, and the neutron

is its uncharged counterpart. The proton and neutron are almost

identical in size and weight, and their properties differ only on

account of electrical charge. Elements are characterised by their

chemistry – that is by the number of surrounding electrons. This

is  the  same as  the  characteristic  number  of  protons  to  ensure

electrical  neutrality.  However,  a  given  element  may  exist  in

several forms called isotopes – the only difference between these
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is the number of neutrons each contains. Apart from the variation

in mass, different isotopes behave identically, except on the rare

occasions when nuclear change is involved. They are named by

their element and then their atomic mass number A – this is just

the  total  number  of  protons  and  neutrons  that  each  contains.

Examples are uranium-235, lead-208 and oxygen-16.

Whereas the number of neutrons that an atom contains has little

influence  on  its  external  behaviour,  the  internal  structure  and

stability  of  the  atomic  nucleus  are  significantly  affected,

including  whether  it  rotates.  In  fact  each  element  has  only  a

small number of isotopes, of which only a few are stable. Most

unstable ones have decayed away long ago and are no longer to

be found in nature.  If a nucleus rotates,  it  behaves like a tiny

magnet.5 In a large magnetic field these rotating nuclei tend to

line up like iron filings or compass needles. Their alignment can

be controlled and measured using radio-waves without invoking

any nuclear change. This is called nuclear magnetic resonance

(NMR) and is the basis of magnetic resonance imaging (MRI). In

clinical use the description nuclear has been dropped from the

name,  in  deference  to  the  risk  of  worry  that  this  label  might

cause! In fact the magnetic energy of a nucleus in MRI is about

one millionth of a typical chemical energy.

On  the  other  hand  the  typical  energy  of  a  proton  or  neutron

inside a nucleus is large – about a million times larger than the

energy of an electron inside an atom, that is  normal chemical

energy.  The  reason  for  this  is  a  universal  basic  feature  of

quantum mechanics.  The simple  two-line  calculation  given  in

footnote 6 at the bottom of the next page gives a factor of about

five million. This ratio does not change much if calculated more

precisely and sets the scale of the enhancement of nuclear energy

over  chemical  energy.  So  roughly  speaking,  a  nuclear  power

station  gives  a  million  times  as  much energy per  kilogram of

fuel, and per kilogram of waste, as a fossil fuel power station

delivering the same electrical energy.

5  Every rotating charge behaves as a magnet – this is a universal relationship.

Conversely, all magnets are due to rotating or circulating charge.



Radiation and Reason    29

The quiescent nucleus

Each nucleus remains really rather isolated at the centre of its

atom. Other than flipping its spin under the influence of radio-

waves, as in MRI, it can do nothing. It may be moved passively

within its deep shield of surrounding electrons, but only as an

inert mass. What prevents it taking a more active role? There are

several reasons for this remoteness.

Like the electrons the behaviour of a nucleus within an atom is

described by quantum mechanics – in both cases there are only a

certain number of states that can be occupied. For the electrons

these states are not far separated in energy.  As a result  atoms

change  electronic  state  frequently,  emitting  or  absorbing  light

and generally taking part in chemical or electrical activity. But

nuclei  cannot  do this  because  the  separation  of  their  states  is

typically  five  million  times  greater.6 So  nuclei  are  effectively

'frozen' into their lowest state unless extreme energy is available.

The second reason for the remoteness of the nucleus is that the

electrons ignore it, except through the electrical attraction. As a

result the electrons on the one hand and the protons and neutrons

on  the  other  keep  their  own  company  and  the  nuclear  core

remains separated at the atomic centre. 

Even if nuclei do not interact with electrons much, why do they

not  interact  with  each  other?  Actually  this  is  not  possible

because, being all highly positively charged, they are kept well

apart by their strong mutual electrical repulsion. This acts like a

6  In quantum mechanics a proton or electron of mass m contained in a region

of size ℓ must have a momentum P of about ħ/ℓ, where ħ is Planck's constant.

In simple mechanics, for a mass m with velocity v, there is a relation between

the momentum P = mv and the kinetic energy E = ½mv2. So that

E = P2/2m = ħ2/(2mℓ2). 

Using this formula we can compare the energy of an electron in an atom with

that of a proton or neutron in a nucleus. The ratio of the size of the region ℓ is

100,000;  the  ratio  of  mass  m is  1/2000.  The  formula  tells  us  that  typical

nuclear energies are larger than atomic (that is chemical) energies by the ratio

of mℓ2, that is about 5 million. 
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powerful spring between them and it takes enormous energy to

drive them close enough together to touch, effectively.

Nuclei are not excited when illuminated by beams of radiation

either, unless the energy of the radiation is quite exceptionally

high or the radiation is composed of neutrons. If the radiation is a

beam of protons or alpha particles, these are repelled before they

ever  get  close  to  any  nucleus.  A  beam  of  electrons  or

electromagnetic radiation is equally ineffective because these do

not react with nuclei except electrically,  as just discussed. The

only way in which the outside world can effect any change in a

nucleus is through collision with a neutron. Having no electrical

charge, neutrons are not repelled and can enter a nucleus with

ease. But free neutrons are unstable, decaying with a half-life7 of

15 minutes, and so their presence in the natural environment is

exceptional.

If the influence of the environment on a nucleus is very rare, how

about  the  other  way  around?  When  do  nuclei  affect  the

environment? On its own, all that a nucleus can do is decay, if it

is  unstable,  thereby  releasing  a  certain  energy  into  the

environment.  Most  naturally  occurring  nuclei  are  stable  and

cannot do this. For the handful of naturally occurring nuclei that

do  decay,  the  process  is  very  slow and rare,  and this  is  why

unstable nuclei were not discovered until 1896. Most varieties of

nuclei that could decay, already did so within a few million years

of being formed, more than six thousand million years ago. 

When a nucleus decays, the total energy of the emitted radiation

and the residual nucleus (including its mass) must equal the total

energy of the initial nucleus (including its mass). This is because

in a decay no energy is lost – and no electric charge is lost either.

7  In  a  group  of  neutrons  the  decay  of  any  particular  one  occurs  quite

randomly in time – except that each can decay only once. So the number that

remain falls naturally with time, and consequently so does the rate at which

these decay.  If the time for half of the nuclei to decay is  T (called the  half-

life), then the number left is reduced by a further factor of a half with every

successive time interval T. This is called an exponential decay and describes

any unstable atom and nucleus.
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The same is true for the atomic mass number A, the sum of the

number of neutrons plus protons, that is N+Z. The total A present

before the decay equals the combined number afterwards.8 Table

1 explains how the alpha, beta and gamma decays first studied by

the Curies match with these rules. 

Table 1  The usual types of natural radioactivity, alpha, beta

and gamma, where N and Z are the numbers of neutrons and

protons in the initial nucleus.

In alpha decay both N and Z of the residual nucleus decrease by

two and an alpha particle,  a helium ion composed of the four

nucleons, is emitted.  In beta decay a neutron becomes a proton

with emission of an electron to balance electric charge. There is a

second type of beta decay in which a proton is changed into a

neutron and a positive anti-electron (or positron) – such decays

are of great importance in nuclear medicine. Actually in all types

of  beta  decay  another  particle  is  emitted  too.  It  is  called  the

neutrino. But we are not interested in neutrino radiation in this

context because it effectively disappears, without depositing any

energy or doing any damage.9 

In fission decay the nucleus splits into two fairly equal halves

with  the  emission  of  a  few  extra  neutrons.  Such  decays  are

exceedingly  rare  'in  the  wild',  even  for  radioactive  isotopes,

which  are  themselves  rare.  However,  in  the  artificial

8  The rules for charge and energy conservation are deeply embedded in the

principles of physics, although the rule for A is empirical.
9  Neutrinos interact so seldom that they can pass right through the Sun or the

Earth, although after 50 years of experiments they are now well understood.

Type Residual nucleus Radiation

Neutrons Protons Charge Form Charge

Alpha N2 Z2 Z2 helium nucleus +2

Beta N1 Z+1 Z+1 electron 1

Gamma N Z Z electromagnetic 0
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circumstance  in  which  a  nucleus  has  just  absorbed a neutron,

fission can occur  efficiently  and quickly.  This induced fission

process requires a flux of such neutrons – for instance inside a

fission reactor. Each fission releases further neutrons that may

then be absorbed by other  nuclei,  thus building up a neutron-

induced  chain  reaction.  This  is  like  a  chemical  fire  which  is

stimulated  by  its  own  heat  production.  A  difference  in  the

nuclear case is that remarkably few materials are 'combustible',

as it were, and the 'fire' is very difficult to ignite.

Energy for the Sun

The Sun provides the energy that drives all aspects of life and the

environment. Without the energy of the Sun, the Earth's surface

would cool towards minus 270ºC, the temperature of inter-stellar

space.  Only  the  dull  heat  of  the  radioactive  energy  released

within the Earth would raise the temperature at all. 

Viewed  over  geological  periods,  fossil  fuels  act  as  chemical

batteries that absorb the Sun's energy in one geological period

and then give it back in another. The problem for mankind is that

these  batteries,  charged  over  millions  of  years,  are  being

discharged on the timescale of a century. 

It is no surprise that the Sun was worshipped as a god in ancient

times as the source of heat and light – a rather sensible choice of

deity.  An  important  question  is,  where  does the  Sun  gets  its

energy? If this came from a chemical fire, it would have run out

of  fuel  after  about  5,000 years,  but  it  has  been shining for  a

million  times  longer  than  that  already.  The  Sun  is  made  of

hydrogen and a small quantity of the element helium.10 However,

10 The name, helium, comes from the Greek name for the Sun. It is scarce on

Earth but abundant in the Sun where its presence was first discovered. It is a

very light gas that escapes upwards in the atmosphere on Earth – indeed it is

used to fill fairground and party balloons for that reason. Fortunately plentiful

supplies of helium for these and other uses come from the emission of alpha

radiation in the decay of naturally radioactive atoms in the rocks of the Earth's

crust. 
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there  is  no  air  or  oxygen  with  which  to  support  chemical

combustion of the hydrogen. 

The source of the Sun's energy is nuclear – it is a large reactor in

which hydrogen 'burns' by fusion to form helium. The increase in

energy relative to a chemical fire will enable the Sun to shine for

many more thousand million years yet. This fusion reaction can

only  happen  in  the  centre  of  the  Sun  where  the  temperature

reaches several million degrees. Just as a chemical fire has to be

started by a source of heat to get the reaction going, so to ignite a

nuclear fusion fire, the  hydrogen  atoms must be given enough

energy  that,  when  they  collide  head-on,  the  nuclei  can  fuse

together.  At  lower  temperatures  they  simply  bounce  off one

another  without  touching  because of  their  mutual  electrical

repulsion.  The  visible  surface  of  the  Sun  is  at  5,800ºC but  the

temperature  rises with depth, and towards the centre it gets hot

enough  for  this  fusion  to  occur,  a  process  that is  now  well

understood. The energy released near  the centre then  finds  its

way slowly outwards towards the solar surface. 

The  Sun  burns 600  million  tons  of  hydrogen  every  second  and

yields 596 million tons of helium in its  place. This curious  loss

of mass  is  balanced  by the  energy  that  streams  out  in  all

directions, such as towards the Earth. The rate at which the Sun

loses energy E is related to the rate at which it loses mass m, the

four million tons per second, by the equation E = mc2 where c is

the  velocity  of  light.  It  is  sometimes  suggested  that  nuclear

physics  has  a  special  connection  with  Einstein's  Theory  of

Relativity, but this is not true – energy of all kinds is connected

to  mass  in  this  way.  One  kilogram  of  mass  is  equivalent  to

9×1016 Joules, or about 2×1010 kilowatt-hours. This is so large

that  it  is  only  in  the  nuclear  case  that  the  mass  change  is

noticeable.  In the case of hydrogen fusing to helium it  is  just

under 1%. This vast solar energy flux spreads as it radiates away.

By  the  time  it  reaches  the  radius  of  the  Earth's  orbit  it  is  a

pleasantly warm 1.3 kilowatts per square metre. 

Pleasant, maybe, but such a nuclear energy source deserves to be

respected by modern man, as it was by the ancients. It is unwise
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to lie out in its radiation for long periods. However, the majority

of  people  take a  sensible  attitude, enjoying a modest exposure

without expecting that the risk of sunburn or skin cancer can be

completely eliminated.  By applying ultraviolet  blocking  cream

and by limiting the duration of exposure, the warmth of sunshine

at longer wavelengths may be enjoyed. No one seeks absolute

safety from the Sun's rays – otherwise summer vacations taken in

total darkness deep under ground would be keenly sought after!

As with fire, mankind has learnt to live with the Sun, enjoying its

benefits and avoiding its hazards. In both cases straightforward

education and simple rules play their part. A similar measured

attitude to other kinds of radiation would be beneficial.


