
ROYAL COMMISSION 

ENVIRONMENTAL 
POLLUTION 

( I I AIRMAN: SIR BRIAN FLOWERS 

SIXTH REPORT 
NUCLEAR POWER 

A N D THE ENVIRONMENT 

Presented to Parliament by Command of Her Majesty 
September 1976 

LONDON 

H E R M A J E S T Y ' S S T A T I O N E R Y O F F I C E 

£2-65 net 
Cmnd. 6618 



ROYAL COMMISSION
ON

ENVIRONMENTAL
POLLUTION

CHAIRMAN: SIR BRIAN FLOWERS

SIXTH REPORT

NUCLEAR POWER
AND THE ENVIRONMENT

Presented to Parliament by Comrnand of Her Maiesty

September 1976

LONDON

HER MAJESTY'S STATIONERY OFFICE

f.2.65 rct
Cmnd.6618



lst report

2nd report

3rd report

4th report

5th report

Preyious Reports

First Report

Three Issues in Industrial
Pollution

Pollution in some British
Estuaries and Coastal Waters

Pollution Control : Progress
and Problems

Air Pollution Control:
an Integrated Approach

Cmnd. 4585

Cmnd. 4894

Cmnd.5054

Cmnd.5780

Cmnd.637l

February 1971

March 1972

September 1972

December 1974

Jawary 1976

ISBN 0 t0 166180 0



ROYAL COMMISSION
ON

ENVIRONMENTAL POLLUTION

SD(TH REPORT

To the Queen's Most Excellent Majesty

M.ny rr PLEASE Youn M.lJEsrv

We, the undersigned Commissioners, having been appointed "to advise on
matters, both national and international, concerning the pollution of the
environment; on the adequacy of research in this field; and the future possibilities
of danger to the environment";

And to enquire into any such matters referred to us by one of Your Majesty's
Secretaries of State or by one of Your Majesty's Ministers, or any other such

matters on which we ourselves shall deem it expedient to advise:

HUMBLY SUBMIT TO YOUR M,ITNSTY THE FOLLOWING REPORT.

nl
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FOREWORD

l. As a standing Royal Commission on Environmental Pollution we are
able to consider any subject in our field where we believe that there is a need
for independent investigation. It is an important part of our remit that we
should consider long-term possibilities of danger to the environment, of a kind
which may not receive adequate attention from government departments
involved with more immediate problems.

2. Over the last few years there have been signs of increasing anxiety in
many countries about projected growth in nuclear power and about the
environmental risks that this might imply for the future. Early in 1974 we
decided that this was a fitting subject for us to investigate and we announced
the terms of a study of radiological hazards with particular reference to the
development of civil nuclear power.

3. We invited evidence from the many organisations having a specific
interest in the subject and we have received much additional evidence from
other bodies and from the general public. A list ofall those who have contributed
is given in Appendix 3. We leave until the end of this Report our general
acknowledgement of the help we have received, but we wish here to record a
special debt of thanks to the United Kingdom Atomic Energy Authority who
have been unfailingly helpful in their response to our many enquiries.

4. Finally, we think that we should here acknowledge a fact that may be
regarded by some as having a bearing on the independence of our enquiry
(though we confidently expect that on this point our findings will speak for
themselves); namely, that the Commission's Chairman, Sir Brian Flowers, is
a part-time member of the UKAEA Board. We wish simply to record that no
pressure of any kind has been brought to bear on the Chairman by the
Authority.



CHAPTER I
INTRODUCTION

The choice of the study

5. There are few subjects in the field of environmental pollution to which
people react so emotionally as they do to radioactivity. One reason for this is
-ertainly the association with the destructive uses of nuclear energy. Historically,
the awesome power that could be released from the atomic nucleus was first
dramatically demonstrated by the bombs that were dropped on Hiroshima and
Nagasaki, and which terminated the Second World War. Most people who are

alive today have grown up in the nuclear era, in which nuclear weapons have

been deployed in increasing numbers by one state after another, and in which
awareness of the appalling consequences of their use has itself provided a

precarious basis for peace between the powers possessing them. In the early
post-war years the materials and the knowledge required to make nuclear

weapons were held by very few and were closely andjealously guarded, but the

spreid of peaceful nuclear technology to many nations is making this knowledge

and these materials widely available, so contributing to the proliferation of
such weapons and to the risk that they may one day be used.

6. The development of reactors to harness nuclear energy for the generation

of electrical power stemmed directly from the weapons programmes. Early
power reactors were operating in this countly and in the USA by the latter
part of the 1950s. By the mid-1970s about 200 commercial reactors were in
-operation 

in some twenty countries. On current plans, the number of reactors
in operation by the mid-1980s will be about 500 in more than thirty countries.

Some projections of longer-term growthe) suggest that by year 2000 the total
installed nuclear generating capacity throughout the world will be some thirty
times the present capacity. For the UK, as we discuss in detail in a later chapter,
projections of growth in nuclear capacity that have been provided in evidence

lo us indicate a twenty-fold increase by year 2000 and a further quadrupling
by year 2030.

7. The increase that has occurred in nuclear capacity, which has been

especially marked during the early 1970s, and the rapid growth that is envisaged

for the future, reflect the concern of governments to achieve security in energy
supplies in the face of uncertainties about the future availability of fossil
fuet. fne sudden increase in the price of oil in 1973 provided a sharp warning
to industrialised countries of their vulnerability on energy supply, and a powerful
stimulus to lessen their dependence on this source. Though there are considerable
variations in estimates of reserves of fossil fuels, it is certain that these reserves

are not inexhaustible. Estimates of world oil reserves are such that if consumption
were to continue to rise at the rate that has prevailed over the last decade, the
reserves would last until only about the turn of the century. On the long-term
perspective that we are here concerned with the supplies of oil under the seas

2



Introduction

around our coasts appear as no more than a temporary alleviation. The world
feserves of coal are relatively very large but it is by no means clear that coal
could be mined on the scale that would be needed to meet growing energy
demands, or that the environmental problems arising from its extraction and

use would be acceptable. Moreover, it must be remembered that fossil fuels
will be needed not only as a source of energy but as raw materials for the
chemical industry. It has been said that our age will be condemned in retrospect
for its profligate use of these fuels. Against this background the emergence of
nuclear power as an alternative energy source for mankind appears providential.

8. On the other hand, nuclear power introduces environmental risks and
problems, and some of these appear unique in their implications for society.
There is the problem of dealing with the highly radioactive wastes which arise
in the nuclear fuel cycle and which will have to be contained for immense
periods of time. There is the problem of the creation of hazardous materials,
especially plutonium, which may be used in malevolent acts against society.
There is the risk of dangerous releases of radioactivity from reactors or other
nuclear installations, whether by accident or sabotage. Much effort has been,

and is being, devoted to seeking adequate technical and organisational answers

to these problems but it is important that this should not obscure underlying
issues which are political, social and ethical in character and which deserve
wide public debate. Such debate has so far been most notably and vigorously
conducted in the USA, though it is developing in other countries. It is a
reflection of the range and difficulty of the issues that the debate appears to
emphasise the polarisation of view between those who are for or against
nuclear power rather than to give promise of a reconciliation. The proponents
of nuclear power see its development as inevitable if the world's energy needs

are to be met, and believe that the admitted hazards of that development can be

reduced by technical and other safeguards to the level where they should
rightly be accepted in relation to the benefits. The opponents of nuclear
development see it as a step fraught with future danger for mankind and as

one which could and should be avoided by seeking alternative and less hazardous
sources of energy, or even by accepting restraints in energy use which might
imply significant changes in attitude towards economic $owth.

9. Our broad remit is to advise on the future possibilities of danger to the
environment. Early in 1974, and in the light of preliminary consultation with
those bodies principally concerned with civil nuclear matters in the UK, we

decided that the environmental problems that would be associated with a
greatly expanded nuclear power programme would be a fitting subject for us

to study. The UK, like other industrialised countries, then appeared to stand on
the threshold of a major commitment to nuclear power. It was not clear to us

that the environmental implications of such a commitment had been sufficiently
examined, or that the organisational arrangements and procedures that exist
to control nuclear development and to safeguard the public and the environment
were adequate for an expanded future prograllme. Since we started our study
the issues raised by nuclear power have been increasingly debated, and this
has confirmed our original judgment in undertaking it. We have noticed that
the debate is not always well-informed, that sometimes relatively minor matters



Chapter I

receive attention to the exclusion of others potentially more important, and

that the context is often poorly defined. It was an important aim of the study

that we should present the main facts about radioactivity and nuclear power

clearly and simply in our Report, and thus enable the issues to be discussed

objectively and in a proper perspective'

10. We realised from the outset that the study would involve us in some

matters that were beyond our competence and even our terms of reference.

Thus, in attempting to assess the environmental impact of nuclear development

we could not ignore the risks and possible consequences of reactor accidents,

though an authoritative judgment on this subject would call for expert know-
ledge of nuclear technology and the techniques of safety analysis which we

do not possess. Again, elucidation of the social costs and benefits of nuclear
power raises such questions as the nature and implications of the security
measures needed to safeguard hazardous materials, and of the extent of future
need for this source of energy having regard to possible alternatives and to
estimates of energy requirements. It is worth remarking here that the aspects

of nuclear development that cause most dissension tend to be those that relate

not to nornal operation but to the possibility of abnormal events such as

accidents at nuclear irrstallations or malevolent acts against them. We have

felt bound to consider such issues because oftheir importance to a total assess-

ment of the potential impact of nuclear power and also because it did not appear

to us that tliey had been expounded, or were likely to be, by any other official
body. On some of the more specialised aspects of the study we haYe consulted

independent experts and we have been gfeatly assisted by their advice. In those

areai where we have felt unable to reach a definitive judgment, whether because

the factors involved are highly technical or because their nature is such that
we have not thought it our proper function to enquire deeply into them, our
aim has been to illuminate the issues and to point to those that appear to need

consideration bY other bodies.

11. We have limited our study of radioactivity very large$ to that arising

from the nuclear power programme and we have merely touched upon the
question of other sources of radioactivity, such as those used in medicine and

in industry. The amount of radioactivity involved in these uses is many orders

of magnitude* less than that applying to nuclear pow€r (though it should be

emphasised that the exposure of members of the public to radiation arising
from the routine operation of nuclear power is much less than that from the

medical use of radiation in diagnosis and therapy, and from radiation from
natural sources). There are possible uses for nuclear power other than electricity
supply and we have considered, in particular, whether there were likely to be

developments in the use of reactors for merchant ship propulsion such that
we should need to assess their environmental effects. In the light of the report
by the Nuclear Ship Study Groupf), however, it appears that there are major
uncertainties about whether these ships will be developed on a significant scale.

Moreover, many of the problems and risks that arise with marine use are

similar in principle to those arising from land-based nuclear plants.

* One order of magnitude is a factor of 10; two orders of magnitude a factar of 100' and
so on' 

4



Introduction

12. We have not considered the military aspects of nuclear power, which are
clearly beyond our terms of reference, though we are deeply concerned about
the extent to which the proliferation of nuclear weapons may be abetted by the
spread of civil nuclear technology. The threat posed by arsenals of nuclear
weapons would commonly be regarded as perhaps the gravest facing mankind,
and it is one which the world must live with for the foreseeable future. By
comparison, and the proliferation problem apart, to question whether the
assuredly lesser risks stemming from the beneficent use of nuclear power can
safely be entertained might appear to show a want of proportion. But these
risks, though less overt, may be more insidious. Nuclear weapons are properly
subject to military security, and their control and possible use are certainly
matters of very great political consequence. One of the major anxieties that is
expressed about the widespread development of nuclear power is that the
adequate safeguarding of the increasing quantities of potentially dangerous
materials that this will create may lead ultimately to the ireed for security
measures in a civilian context so pervasive as to be damaging and unacceptable
in a democratic society.

13. In our study we have naturally been concerned mainly with nuclear
power in the UK. As we have noted, however, nuclear development is a world
matter and the resulting problems are world problems. The UK cannot be
viewed in isolation. Our general terms of reference as a Royal Commission
embrace international as well as national considerations and we have therefore
not been iUhibited from taking the former into account to the extent that
appeared necessary in our enquiries.

Arrangement of the report

14. Some of the subject matter of the study is inevitably very technicaL
We have perforce had to educate ourselves on these matteis in order to appre-
ciate the issues and reach conclusions. We hope that our Report will be read
by many people who are not familiar with the subject and we have therefoie
given, where appropriate, an elementary exposition of the technical prihciples
involved. Thus, in the next chapter, in which we discuss radioactivity and its
effects on living matter, we have begun with a simplified account of th6 nature
of radioactivity and of the units in which it is measured. We consider in this
chapter a question which is fundamental to the study, namely the biological
effects of plutonium. In Chapter III, after a simplified account of the principles
of nuclear power, we describe the nuclear fuel cycle. Much of this chapt6r is
concerned with the nuclear reactors which produce electricity, but no JesS

important are the other parts of the cycle. The management of the. waste
products, which is one of the important aspects of the study identified in our
original announcement, is briefly described, but we return to this subject in
more detail in Chapter VIII. .:

15. In Chapters II and III we have been largely concerned to provide the
factual foundation for the study. On this basis we turn, in Chapter IV,'to
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consider those issues that are the cause of most anxiety about nuclear develop-
ment and of opposition to it. To a large extent this chapter constitutes a
preliminary discussion of matters which we examine further, and separately,
in later chapters. We thought that this discussion was necessary early in our
Report, and even at the price of some repetition, so that the issues might be
seen as a whole at the start. We are very conscious of the clifficulty of these
issues, and that their resolution must largely rest on subjective judgments. From
this discussion we arrive at some general principles which are relevant to the
consideration ofrnore specific issues in later chapters.

16. In Chapter V we describe the national and international organisations
that are responsible for the control of radioactivity and nuclear power, and
give our conclusions and our recommendations for changes in these arrange-
ments. In Chapter VI we discuss the principles involved in appraising reactor
safety and how they should be implemented. Our main aim here has been to
consider the nature of the risks and to relate nuclear and non-nuclear hazards.
We also discuss siting policy for reactors. Chapter VII is concerned with the
security arrangements required in relation to nuclear power. This is clearly 4
sensitive and specialised subject and it is not one that we have thought it proper
for us to consider, or to discuss, in detail. We decided, however, that our study
would be incomplete if we were not to seek some understanding of how the
security implications of nuclear development are seen by the relevant authori-
ties, and to provide a broad account of our findings. Chapter VIII is about the
management of radioactive wastes: what is being done and what we should
like to see.

17. We are not concerned, as a Commi$sion, with the formulation of energy
policy, though we are certainly concerned with its environmental implications.
It appeared to us, however, that some appreciation of current energy con-
sumption in the UK, of future projections of energy demand, of the ways in
which this demand might be met and of their environmental consequences,
was essential if the development of nuclear power was to be seen in proper
perspective. We have considered this subject in Chapter IX.

18. At this stage in the Report we have completed our account of our
investigations and findings. In Chapter X we draw these matters together in a
discussion which presents our views on the development of nuclear power in
this country. We are conscious that in this chapter and elsewhere in our Report
we have reached conclusions that will be controversial, and will be challenged.
But it is our duty to be a guardian of the future environment and we must
report what we believe to be right. Finally, our conclusions and recommendations
4ps summorised in Chapter XI.

Organisational arraigements in Britain

19. Throughout this Report we shall need to refer fairly frequently to the
main organisatior$ concerned with radioactivity and nuclear power. We
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thought it would be helpful to end this chapter with a brief survey of these

organisations, introducing the acronyms by which they are usually known
and which we shall subsequently employ. We shall consider relevant aspects of
organisation in detail elsewhere in the Report, and especially in Chapter V.

20. After the Second World War, Britain developed nuclear energy for
defence purposes under the Ministry of Supply, and during this time the
research istablishment at Harwell and the production facilities at Capenhurst,
Springfields and Windscale were built, and engineering development was

underlaken at Risley. The UK Atomic Energy Authority (AEA) was established
by Act of Parliament in 1954, to take over both the defence and civil projects of
the Ministry of Supply, and with a mandate to "produce, use and dispose of
atomic energy and carry out research into any matters connected therewith".
The AEA develop prototype power reactors at Dounreay, Windscale and

Winfrith and, in conJunction with the design and manufacturing organisatiol
(see below) and the utilities (the central Electricity Generating Bgard (CEGB)
in Englandand Wales and the South of Scotland Electricity Board (SSEB)), they
carry forward the development to the stage where commercial plants may
be ordered.

21. Over the years, the AEA has been the Adam from whose ribs a number
of different organisations have been created. From the engineering group at

Risley came i number of reactor designers to participate initially in five

industrial consortia, later in two-The Nuclear Power Group (INPG) and

British Nuclear Design and Construction (BNDC)-and finally in one, the

Nuclear Power Company (NPC), a wholly-owned subsidiary of the National
Nuclear Corporation (NNq*. With the development of commercial nuclear

plants, the Nuclear Installations (Licensing and Insurance) Acl was passed in
igSg: this created the Nuclear Installations Inspectorate (NIf). The NII was

within a Government Department, latterly the Department of Energy, lntil 1975,

when it transferred to the new Health and Safety Executive (HSE). It oversees

the design and planning ofplants and processes, and approves their operation,
on licenied nuclear sites. Tlie AEA sites do not require this statutory licensing,

but their safety arrangements are m.ade in consultation with the NII.

22. ln 1971, ttre AEA responsibilities were further divided. The development

of nuclear weapons, primirily carried out at Aldermaston, was made the

responsibility oi the Ministry of Defence, and henceforward the AEA was

concerned only with the civil side of nuclear power. Two commercial under'
takings, which had developed within the AEA since 1965, were established as

privaie companies, but all their shares are held by the Authority on behalf of
ih. Stut". The Radiochemical Centre Ltd (TRC) at Amersham manufactures

and sells radioisotopes for use in industry and medicine. British Nuclear

Fuels Ltd (BNFL) Jt Risley operates fuel cycle services-uranium processing

at Springfields, uranium enrichment at Capenhurst, fuel reprocessing and

organisation in the nucleer business in the UK.

7



Chapter I

plutonium fuel fabrication at Windscale. (See Fig. l). The AEA remained the
research and development organisation with continuing responsibility for
technical support to the nuclear industry, and for the development of new
reactor types such as the Steam Generating Heavy Water Reactor (SGHWR,
see paragraph 106) and the Fast Breeder Reactor (FBR, see paragraph ll2).
The Authority also remain responsible for the provision of advice to Ministers
on all matters pertaining to the civil application of atomic energy.

23. The National Radiological Protection Board (NRPB) was established in
1970 as a result of the Radiological Protection Act 1970. It was required to
provide a national, authoritative point of reference on radiological protection,
to conduct research and to provide advice in the field. It took over the functions
of the Radioactive Substances Advisory Committee appointed under the
Radioactive Substances Act 1948 and the Medical Research Council's (MRC)
Radiological Protection Service, as well as some activities previously conducted
by the AEA. Members and staff of the NRPB contribute to the work of the
International Commission on Radiological Protection (ICRP), an unofficial
body elected every four years by the International Congress of Radiology, &

professional gathering. The ICRP recommend basic standards for radiological
protection which are accepted world wide.

24. The protection of the public from radiation is the direct responsibility of
Government Departments. The Department of Health and Social Security
(DHSS) are concerned with the use of radiation in medicine. Disposals of
radioactive waste from licensed sites in England and Wales are the joint
responsibility of the Department of the Environment (DOE) and the Ministry
of Agriculture, Fisheries and Food (MAFF), each of whom appoints inspectors
for the purpose. Those from the DOE form the Radio Chemical Inspectorate
(RCI), which is also concerned with the disposal of small quantities of radio-
activity onto local tips and into sewers. The control of discharges of
radioactivity to atmosphere is the concern of HM Alkali and Clean Air
Inspectorate (ACAI), which was formerly part of the DOE but was transferred
last year to the HSE. In Scotland the functions of these three Inspectorates
are combined in one body, HM Industrial Pollution Inspectorate (IPI).
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CHAPTER II
RADIOACTIVITY AI\D RADIOBIOLOGY

Introduction

25. In this chapter we have set down the main features of radioactivity to
help in understanding the issues discussed in later chapters. Some technicalities
are unavoidable but we have tried to minimise them and to give a simplified
description in order to assist the general reader. We have described in some detail
the effects that ionising radiation may have on living organisms. A knowledge
of these effects is essential to judgement of the balance of advantage and
disadvantage that is inherent in the determination of permitted levels for
radiation exposure ; ignorance of these effects leads to mistrust of the judgements
that are made. We have not attempted to give a general account of the character-
istics of individual radioactive substances, except for plutonium which is of
prime concern because of its great toxicity and the large scale on which it may
be produced in the nuclear power programme. For this element we have
sought the help ofindependent consultants to enable us to review its biological
effects.

The nature of radioactivity

26. Radioactivity is the emission of certain radiations by the nuclei of unstable
atoms. An atom consists of a central nucleus which contains almost all the mass
ofthe atom and which electrically is positively charged, and a surroundingcloud
of planetary electrons of very little mass which are negatively charged.Normally
an atom is electrically neutral, the central positive charge on the nucleus
being exactly balanced by the negative charges on the electrons. The numberof
electrons in the neutral atom, and hence the charge of the nucleus, determines
the element to which the atom belongs and hence its chemical properties.
In the course of chemical or physical processes it is common for atoms to gain
or lose one or more of their planetary electrons without affecting the charge of
the nucleus, and thereby to acquire an overall negative or positive charge
respectively: in iuch a condition the atom is referred to as an "iono' and the
process is called "ionisation".

27. The atomic nucleus is a compact blob of extremely dense matter which
may be considered to consist of a mixture of two kinds of similar particles-
protons and neutrons. A single proton constitutes the nucleus of the hydrogen
atom; it has a positive electrical charge equal in magnitude to the negative
charge of an electron. It is, however, nearly 2,000 times as heavy. The neutron
has very nearly the same mass as the proton but it is electrically neutral. The
number of protons in the nucleus thus determines the position of the atom
in the periodic table of the elements. Between neutrons and protons in close
contact there are very strong forces, the so-called nuclear forces, which are
capable of binding them together into a stable nucleus in spite of the electrical
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repulsion which exists between the protons. The stability, however, depends

upon a rather precise ratio of neutrons to protons. If there are too many or
too few neutrons the nucleus will be unstable and will remedy the situation
by spontaneously changing the ratio.

28. This it can do in one of two ways, depending upon the precise nucleus
concerned. It may emit a tightly-bound chunk of nuclear matter called an
a-particle which consists of two neutrons and two protons and is actually the
nucleus of a helium atom. In so doing the nucleus loses two positive charges

and so transmutes itself into an atom belonging to a chemical element two
places lower in the periodic table. This process of spontaneous transmutation
iccompanied by the emission of c-particles is known as d-radioactivity.

29. Alternatively, the nucleus may undergo a process known as p-radio-

activity in which a neutron spontaneously changes into a proton' or vice versa'
so that the resulting atom belongs to an element one place higher or lower in
the periodic table. In order to conserve electric charge a B-patticle is emitted
whiCh consists of an electron (if a neutron becomes a proton) or its positive
analogue, a positron (if a proton becomes a neutron).

30. The process of going from a less stable to a more stable state releases

energy. Thii energy is used in propelling the c or p-particles which are therefore
emitied from the atom with considerable speed (usually a significant fraction
of the velocity of light). Being electrically charged they interfere with the electron
clouds of atoms through which they pass, thereby causing ionisation and often
rupturing the chemical bonds which join atoms together to form molecules.
Some of the excess energy may also appear in the form of 7-rays, which are

electromagnetic radiations similar to X-rays but usually of shorter wavelengths,
and which like X-rays are also ionising.

31. Some very heavy unstable elements which always have a large neutron
excess display a third form of instability in which their nuclei break into two
large fragments accompanied by a few free neutrons. This is the process of
"spontaneous fission" in which the heavy elements decay into two elements

in-the middle region of the periodic table. The "fission products" are them-
selves unstable, being usualty p-radioactive. The fission process is acconpanied
by a very large release of energy which mostly manifests itself in the motion
of the two fragments. The fragments are stripped of all or most of their electrons,
are hence electrically charged, and heavily ionising.

32. Atoms of the same chemical element always have the same rlumber
of protons in their nucleus, and hence the same number and configuration of
orbiting electrons. But they may have different numbers of neutrons. Such

different atoms are called "isotopes"* of the element and have identical chemical
properties. They are written i.g. strontium-90 or sometimes strontiumeo,

I The name indicates that they have the same place (in the periodic tabD.
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cbnnoting that the strontium nucleus (which has 38 protons) has 52 neutrons,
making a total of 90 "nucleons". Some isotopes are stable, others such as
strontium-9O emit radiation and are called "radioisotopes". A substance con-
taining unstable atoms is described as radioactive and, as we have seen, may
emit four kinds of radiation: d, F, ^1, and if fission occurs, neutrons. The indi-
vidual processes by which radioactive atoms approach stability by emitting
radiation occur completely at random and are independent of all physical and
chemical circumstances; the process can neither be advanced nor delayed by
ma+. There is, however, for each particular type of radioisotope, a definite
characteristic rale at which the atoms will disintegrate or "decay": this is
iheasured by its physical "halflife", that is, the time in which one half of the
atbms will decayj, The halfJife may be a fraction of a second or it may be
millions of years,'tut it is always the same for a given isotope. After one "half-
life" the amount of radioactivity from the given nuclei will be halved, and after
a second half:life it will be halved again, and so on. Thus the radioactivity will
never reach zero, though after sufficient halflives it will become negligible.t

33. It follows that for a given number of radioactive atoms the activity
(i.e., the rate ofradioactive disintegration) is inversely proportional to the haf-
life. Hence a shortlived substance will be extremely radioactive although for
only a short time, while a long-lived substance will be much less radioactive
but over a very long period. The unit of measurement of radioactivity is the
"curie", abbreviated Ci. One curie corresponds to the amount of activity
displayed by one gram of radium (radfun-226, whose half-life is 1602 years),
namely 37 billion (3.7 x 1010) disintegrations per second. After the passage of
one halflife; the number of curies associated with the particular radioisotope
wiil be halved. If a radioisotope decays more slowly than radium, that is, it
has a longer half-life, then one gram will generally contain only a fraction of a
curie. (One thousandth of a curie is a millicurie, mCi, and one millionth, a
microcurie pCi.) Short-lived radioisotopes may contain thousands of curies
(kCi) or even millions of curies (MCi) per gram: their radioactivity is thus very
c-oncentrated. For the purposes of radiation protection it is the radioactivity,
rather than the mass, of material that is important. For this reason it is usual
to qgpress the amounts of radioactive substances in terms of the curies they
contain.

34. Often a radioisotope dgcays to form a second one, which in turn decays
to"form a third; the process may continue through many stages, e4ch having
its dhdracteristic half-life. The sequence is called a "decay chain", and the
subsequent radioisotopes are referred to as "decay daughters" of the first.
An example is the decay of uranium-238, the principal constituent of natural
uranium, which is found in nature because its half-life (4-5 billion years) is
comparable with the age of the earth. It is a-radioactive and decays to thorium-
234, which is itself unstable. The .chain of "decay daughters" following
thorium-234 includes radium-226 (which is found in nature associated with
much larger quantities of uranium, as in pitchblende ore) and a number of

t Strictly, radioactivity will reach zero when the last.nucleus disiategrates.
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very short-lived radioisotopes such as radon and polonium. The final member
of the decay chain is lead-206, which is stable.

35. The number of curies of a particular radioisotope in a piece of material
will gradually decline as it decays. However since there may be a number
of decay daughters each with associated radioactivity, the total activity con-
tained in the material and its associated biological hazard may not decay
uniformly with time, but actually increase. For example, Fig. 2 shows the decay
over 106 years of an isotope of americium. This element does not occur in nature
but is created in nuclear reactors by the process described in paragraph 137.

During its decay, another isotope of americium, and then ones of curium,
plutonium, and uranium are formed in turn. The q-activity increases to a
maximum, then declines, and then rises to another maximum as thorium-230
and radium-226 are formed bv successive decay.
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The properties of radiation
36. The four kinds of radiation differ in their powers of penetration and in

their interactions with the materials through which they pass. They are listed
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in Table l. a-particles are relatively slow-moving and lose their energy in a
short distance. They are able to penetrate only a few tens of mm of air and are
easily stopped by a sheet of paper. However, because they leave a short but
dense trail of ionisation in the matter through which they pass, they can cause

more damage in living tissue than particles of longer path length. Nuclei
emitting only a-particles, or "o(-emitters", are biologically ineffective unless
they are taken into the body. This may be by inhalation, ingestion, or at the
site of an open wound. But both a- and B-emitters, especially the latter, may
also emit y-radiation.

TABLE 1

The difrerent types of radiation

37. Electrons, or p-particles, vary widely in their energy and it is less easy
to specify a range for their effect. Moreover they are easily deflected because

their mass.is so small. When energetic p-particles are deflected they emit an
electro-magnetic radiation called "bremsstrahlung" or "braking radiation"
which is like y-rays and able to penetrate further than the originating electrons.
Nevertheless, B-particles lose most of their effect if shielded by say a few mm
of perspex. Thus nuclei which are "B-emitters" are again of particular danger
if taken into, or onto the surface of, the body. In practice, however, many
"f-emitters" also emit very peneirating y-radiation which, like X-rays, can
pass easily through matter, and thus irradiate the whole body. Living cells
require to be shielded from ?"Jadiation by considerable thicknesses of heavy
materials such as lead or concrete. Reactors, for example, are usually surrounded
by a "biological shield" several metres thick. Gamma-rays are progressively
attenuated to any desired level given sufficient thickness of material.

38. Neutrons, because they are electrically uncharged, are slowed down only
by direct collisions with nuclei: they pass through atoms almost independently
of the electron cloud. After they have lost most of their energy by making many
such collisions they will be absorbed into a nucleus, which thus becomes a
higher isotope of the same element and will often be radioactive. Absorption
of neutrons takes place most efficiently at low energies because it depends
(amongst other factors) upon the time the passing neutron spends in the neigh-
bourhood of the capturing nucleus. Since nuclei are very small compared with

Type Symbol Particle Stopped by

Alpha

Beta

Gamma

Neutrons

d,

o
P

I

n

Helium-4nucleus
(Heavy, fvecharge)

Electron
(Light, -ve charge)

Photon
(Electromagnetic radiation)

Neutron
(Heavy, uncharged)

A few cm of air: 40 pm tissue

A few mm of plastic: 40 mm
tissue

Progressive attenuation especial-
ly by heavy nuclei; e.9.40 mm
of lead reduces to l/10

Progressive attenuation especial-
ly by light nuclei; e.g. 0'25 m
of water reduces to l/10
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Summary of principal conclusiorts and recommendations

50. There should be no commitment to a large nuclear programme in-
cluding fast reactors until the issues have been fully appreciated and
weighed in the light of wide public understanding. A procedure for
consultation is required to this end (521-524).
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APPENDIX 1

WRITTEN EVIDENCE SUBMITTED BY THE
BRITISH INSTITUTE OF' RADIOLOGY TO THE ROYAL
COMMISSION ON ENyIRONIMENTAL POLLUTION'

MAY 1975

RADIATION EXPOSURE TO THE PUBLIC FROM MEDICAL
RADIOLOGY

Whilst it must be realised that radiation exposure to the public from medical
radiology should be considered separately from all other sources of radiation
exposure, since medical radiography is undertaken specifically to benefit the
individual being exposed, it is nonetheless proper to enquire whether in current
radiological practice reductions can be nade in radiation exposure to the
population-and at what cost?

l. What is the proportion of X-ray films which are spoilt and re-taken, and for
what reasons?

Members of the Radiation Protection Committee of the British Institute of
Radiology have undertaken a survey during January and February 1975, of
the numbers and causes of spoilt X-ray films in four X-ray departments which
represent typical examples of the four major types of hospitals, viz: Teaching
Hospital, District General Hospital (with School of Radiography), Accident
and Emergency Service, and Private Nursing Home. The period during wbtch all
films taken in each department were reviewed was either one or two months.
The data are summarised in Table I. In all four types of X-ray departments, the
majority of films re-taken were required because of exposure faults-particularly
in films taken with portable radiographic equipment. The next most common
cause of failure was positioning faults, which included selection of the wrong I
beam-limiting cone or diaphragm setting, mis-positioning of the cassette relative
to the X-ray beam, failure to push home the cassette tray, etc. The proportion of
films which were rejected as being non-contributory to the examination was
significant only in the teaching hospital in which a higher proportion of complex
procedures were undertaken. Known persistent or recurrent machine faults in
one department reflected the pressure of work which required continued use of a
machine known to be troublesome, but machine faults did not make a large
overall contribution to causing X-ray films to be re-taken. Patient movement
and non-cooperation were of only relatively minor importance in causing X-ray
filns to be spoilt. The predominance of exposure faults makes it relevant to
enquire into the costs of providing automatic exposure control in new X-ray
apparatus; these are detailed in Annex 1. Whilst making similar provisions for
at least some existing X-ray machines is possible, at circa t2,N0 per machine it
is clearly not economically feasible. It must also be pointed out that no sugges-
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tion is made for automatic exposure control for portable X-ray generators. These

latter are a source of a high proportion of films spoilt in current practice, but
portable X-ray generators are normally used only in the worst clinical situations

with very ill patients whose prognosis may be very poor indeed. The costs of
providing automatic limitation of X-ray field size and cassette position are also

detailed in Annex l. Such provisions are already made for all new undercouch

tube systems used with image-intensifiers.

In summary. approximately one patient in seven who undergoes X-ray
examination has at least one film spoilt and re-taken. Overall, however, this
results in only circa 5-6 per cent increase in the population exposure to radiation
which occurs as a result of medical radiography. Providing automatic controls
of exposure and field size on all new X-ray machines, which could only reduce

popuiation exposure by less than circa 5 per cent of the dose resulting from medi-
-afradiography, would add, respectively circa 20-30 per cent and clrca 1 5per cent

to their capital cost.

2. Have there been significant changes in radiation dose per examination since the

Adriqn Committee Report, and what are the cost-benefit relationships for
newer imaging methods?

Since the Report of the Comrnittee chaired by Lord Adrian in the late 1950s,

the number of X-ray examinations carried out annually in the UK has increased

by approximately 80 per cent. In 1960 radiographic work units in England and
WaleJwere 21.78 rnillion.InlgTl the figure was 37'15 million. This is an increase

of70.6 per cent and there has been a regular yearly increase since then. During
the period 1960-71 the population increased by under 7 per cent, although with a
somewhat larger proportion in the older age $oups. This increase of X-ray
examinations has not been confined to UK, in fact figures are higher for almost
all other countries listed. In 1971 there were 335 examinations per thousand
population in England and wales, but between 400 and 600 per thousand in
-Beigium, 

Denmark, France, Finland, Holland and Sweden and 800-1,000 for
Australia, Hungary and USA

e- 
The worst of the radiographic practices revealed by the Adrian Report have

long since been rectified, and due to the appearance of new,screens and X-ray
films the average dose to the patient per film has decreased. However, in the
absence of any firmly-based data, it is the impression of senior radiologists that
the number of complex radiological examinations and hence the average

number of films used per examination has increased. It would be surprising if
the genetically significant dose to the population from medical radiography was

decreased significantly today from the values reported in the Adrian Committee
survey.

Ardran, Langmead and Crooks (1975)* have recently reported the dose

reduction factors which might be possible in diagnostic radiography using

a Ardran, G. M., Iangmead, W. A. and Crooks" H. E., 1975, Exposure reduction using new
screen/fi lm conibination. Brit. I. Radiol. 48 : 233-234.
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newly-available rare earth oxysulfide screens in combination with green-

sensitive X-ray films. It would appear that the application of these new

screen-film combinations might reduce the population dose from medical

radiography to about half the present level whilst maintaining an image quality
adequate for all except very special situations (such as foetal radiography)'
Although the dose reduction per film would undoubtedly be greater than a
factor two, this would be counter-balanced by the unchanged radiation doses

required for fluoroscopic examination. The cost of a change to these new screen-

film combinations would be approximately f I l0 per pair of screens. This would
mean a cost of 95,000-f8,000 per average large department, or some f,l'5 million
taken over the whole country. This is obviously not practicable financially at

this time, and the most that can be hoped is the limited use in average depart-
ments, leaving the majority of patients to receive larger doses from current
film/screen combinations.

3. What proportion of radiographic examinations is clinically avoidable?

This question is largely unanswerable, as the number of divergent replies
obtained will be in direct proportion to the number of doctors asked. In addition
to differences in demands made for X-rays by examining physicians and
surgeons which, in general, tend to decrease with increasing expertise on the
part of the doctor, it must be recognised that (particularly in casualty situations)
i significant number of clinically "unnecessary" radiographs are nonetheless

required for medico-legal reasons to avoid later disputes over the extent of the
injury sustained.

There is, in any case, some evidenc€ to show that the number of films per

examination can be reduced in certain circumstances. J. W. D. Bull, writing in
the British Medical Journal of 0.11.68 b.569), shows how radiological appraisal
of the value of skull examinations in certain conditions enabled him to cut the
number of views from four to one. He referred to this subject in the Langdon
Browne lecture at the Royal College of Physicians (British Medical Journal,
10.8.74 p.394). A further reference from this lecture quotes a leader written
by Dr. Stewart Mason in the Journal of the Royal College of Physicians. He
questioned the value of radiological investigation of the renal tract in hyper-
tension. The Royal College of Radiologists is at present collecting further in-
formation along these lines.

No quantitative estimates are available of the amount by which the use of
diagnoslicX-rays is being avoided because of the availability in the same hospital
of alternative imaging techniques such as ultrasound (which exposes the patient
to no ionizing radiation) or radioisotopes (for which the radiation doses to the
patient are usually considerably lower than for radiographic examinations).
These latter methods are, however, often complementary to radiographic
examination rather than supplanting the need for X-rays.

One area in which concern is often expressed about the use of X-rays is

in pregnancy, and members of the Institute's Radiation Protection Committee
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have undertaken during the past year a survey of the extent to which X-rays
are being used for the assessment of foetal maturity, foetal abnormality and
placental localization. Enquiries in centres throughout the country which are
reasonably typical of radiological practice in both teaching and non-teaching
hospitals show a situation which calls for thought. At eight centres which
were questioned during 1973 and 1974, the percentage of deliveries in which
abdominal X-rays were taken in late pregnancy varied from 8.6 to 35.3 per cent,
with an average of 22'7 per cent (see Table II). The senior clinicians in these
units were under the impression that the figure was five to at most ten per cent !

Because in recent years a higher proportion of.patients is delivered in hospital,
one would have expected that there would be a lower percentage of patients
with potentially abnormal pregnancies who would be Iikely to require an
abdominal radiograph. One worrying inference from the study is that where a
patient attends a hospital with X-ray facilities easily available, these will be
used-at Hospital 5 (Table II) the X-ray set was withdrawn and the patients
sent to a nearby hospital; this small barrier to the use of X-rays may in part
explain the low figure of 8'6 per cent ofpregnancies radiographed at this centre.
Certainly over the last 20 years, the number of X-ray films per obstetric examina-
tion has decreased from circa 3 to one, and, with concomitant increase in
screen and film speeds, the radiation dose per examination has been reduced by
a latge amount. Thus the increase in the number of examinations may be more
than off-set by these improvements of technique, but the need for radiography
and the techniques used should be kept under review. As a general rule, no
non-obstetric examination of the abdomen should be performed in pregnancy
unless the patient's immediate or future life is threatened. Such occasions are
very rare; only one having occurred in the last 15,000 deliveries at Hospital 8

(Table II).

It is clear that the younger generation ofdoctors needs education in the proper
use of radiological facilities, including the possible hazards. This education must
begin at undergraduate level as it is here that longJasting impressions are gained.
Such education requires properly constituted University Departments of
Radiology. Parallel with the need for educating the radiologist is the similar
need to educate the radiographer. Whatever guidelines may be laid down in any
department, it is the radiographer who actually picks up the cassette and
exposes the patient to X-rays. She, too, must be in full possession of the relevant
facts and thereby appreciate the need to reduce foetal dose, or even (through the
radiologist) question the need for a particular examination of the pregnant
abdomen.

4. Turning from radiodiagnosis to radiotherapy, has the marked improvement
in the results of radiotherapy for Hodgkins Disease and related reticuloses
increased signtficantly the population at risk of genetic damage from radiation
exposure ?

An informal survey was carried out of the numbers of such patients treated
during 1974 in radiotherapy departments in the UK from which members of
staffare also members of the Institute's Committees. The consensus obtained
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pointed clearly to the relative rarity of this group of diseases, in comparison
with the common cancers seen in their departnents (e.g. carcinoma of bronchus,
cervix, breast). It was felt that this very small population, while at an assessible
level of personal risk of genetic damage, would not increase significantly the total
pool of genetic abnormality in the general population. It must be pointed out
that for the individual patient, the gain in being cured (in high percentage)
of their disease far outweighs the risk of producing heritable genetic damage
which might put their offspring at risk. Genetic counselling is already a regular
feature of the treatment of such patients.

We are informed that a detailed study of patients with Hodgkins Disease
treated by wide-field radiotherapy is being carried out by Miss F. E. Taylor,
Environmental Studies Group, National Radiological Protection Board,
Harwell, Didcot, Oxon.

This written evidence is submitted in response to specific questions raised by
Professor P. J. Lindop, a member of the Royal Commission.

ANNEX I

1. Automatic exposnre control

.Automatic exposure control in diagnostic X-ray equipment can be of the
ionization chamber or photo-electric type. Most modern X-ray generators
embody facilities such as a falling load system which makes the operation of
automatic exposure control even more accurate. The cost of including such a
system in new apparatus with, say, three working stations would be of the order
of an additional 17-20 per cent ofthe cost ofthe total installation.

A further development of this system is generally termed "Automatic
Programme Radiography", which sets out to eliminate the possibility of ahnost
all operator errors. A number of push buttons are provided which are marked
with the area of the patient to be X-rayed, e.g. wrist, thorax, etc. The pushing of
the button selects the appropriate working site, the right tube focus, the pre-
viously agreed exposure factors, the setting of the density control, etc. Systems
of this type have now been used successfully in many hospitals throughout the
world, and in general add between 27 and 30 per cent to the cost of the complete
installation.

2. Automatic collimation

All reasonably sophisticated fluoroscopic tables now embody automatic
collimation, so that the beam-limiting diaphragm on the under-table tube is
automatically adjusted to cover the image-intensifier field size selected, the
cassette inserted into the serial film changer, the split-film programme selected,
as well as adjusting for the distance between serial film changer and table top.

It is also feasible to add automatic collimators to over-table tubes, providing
the equipment is already equipped with the nec€ssary sensing devices to ensure
alignment of tube and image receptor. The addition of such a system to a two
working station, over-table X-ray installation would add approximately
12-15 per cent to its total cost.
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TABLE I
Spoilt films in X-ray departments

L
(\

S.'

N)

NJ

Type of
Hospital

Number of
Examinations

Sampled

Average
Number of

Examinations
per Patient

Number of
Films Used

Average
Number of
Films per

Examination

Number of
Spoilt Films

Number of
Patients

with
Spoilt Films

Major Causes of
Spoilt Films

1. Teaching 4,198 1.8 17,500 4,1 864(4.9%) s18(r2.4%) 1. Exposure fault (47 %)
2. Positioning fault (25%,)
3. Film non-contributory

to examination (11ft)

2. D.istrict General 1,896 1.3 4,995 2.6 3e7(8.o%) 327(2r.8%) l. Exposure fadt(33%)
2. Positioning fauJt (32)1)
3. Machine failt (14'%)**

3. Accident/Emergency 3,951 1.2 7,366 1,.9 43e(6.0%) *(r3.6%) 1. Exposure fault

4. Private Nursine Home 174 t'2 498 2.9 rs(3.0%) 13(e.r%) 1. Exposurefadt(87'%)
2. Positioning fault (13)o

* Calculated value from average number ofexaminations per patient.
*rMachine in one X-ray room was persistently faulty during period of survey.



Appendix I

TABLE II
Abdominal X-rays during pregnancy

(The figures from each hospital cover a period of twelve consecutive months;
the starting date varied between lst January 1973 and lst January 1974)

Hospital No.
No. of

deliveries

2,196

2,938

3,689

) )\n

2,664

4,049

No. of
abdominal X-rays

1,392

687

310

4,782

)( of deliveries
X-rayed

1

Z

J

5

6

7

8

362

tzo

481

596

228

16'5

24.7

Tor.lr

26.5

8.6

)+'J

35.3

23.O

22.7

Norss: (1) Ultra sound. Available to Nos. 2, 6.
(2) Isotopes. Available to Nos. 2, 3, 6, 7.
(3) Figures from two other Teaching Departments are known to be 18-per cent and

25 per cent but the actual number of deliveries and X-rays was not known.
(4) Hospitals Nos.2, 5, 6,7,are teaching units; Hospital No. 8 is a Central Regional

Hospital; Hospitals Nos. 1, 3,4, are peripheral Regional Hospitals.
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APPENDIX 2

MEMBERS OF THE COMMISSION

This report was undertaken and completed by the Commission under the
chairmanship of Sn BRIAN FLOWERS, MA, DSc, FrNsrp, rns, Rector of
Imperial College of Science and Technology, and with the membership listed
below. On 1 September 1976, having completed his term of office, Sir Brian
Flowers was succeeded as Chairman by Pnornsson HANS L. KORNBERG,
MA, Dsc, scD, FrBIoL, FRS, Sir William Dunn Professor of Biochemistry,
University of Cambridge and Fellow of Christ's College. The membership
of the Commission was reconstituted from the same date.

Trn M*cnoNnss oF ANcrnsBy
Deputy Chairman of the Prince of Wales Committee
Chairman of the Welsh Arts Council

Dn. D. W. Bownrr, MA, LLB, PHD, LLD
President of Queens' College, Cambridge

Pnornsson T. J. CrilNoLER, Msc, PHD
Professor of Geography, University of Manchester
Member of the Clean Air Council
Member of the Natural Environment Research Council

F. J. Cntrrr,n, Esq
General Secretary of the Electrical Electronic Telecommunication and

Plumbing Union
Dn. J. G. ColltNcwooD, Bsc, CENG, FIcHEM E
A director of Unilever
Fellow of University College London

T. O. CoNnc,N, EsQ
Designer
Chairman of Habitat
Pnorrsson E. J. Dn.tToN, cBE, scD, FRs

Secretary of the Marine Biological Association of the United Kingdom and
Director of the Plymouth Laboratory

Honorary Professor, University of Bristol
Fellow of University College, London

Pnorrsson Sn Rlcrreno DoLL, oBE, DM, MD, Dsc, FRcp, FRs
Regius Professor of Medicine, University of Oxford
Pnorrsson P^lrnIcIA J. Lnroor, MB, pHD, Dsc, MRcp
Professor of Radiation Biology, University of London, Medical College of

St. Bartholomew's Hospital

Pnornsson J. M. MIrcnIsoN, scD, FRSE, FIBIoL
Professor of Zoology, University of Edinburgh
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Pnornsson R. E. NIcorL, MSC, FRIcs, FRTII
Professor of Urban and Regional Planning, Strathclyde University
Pnoprsson T. R. E. Sourgwoon, pHD, DSc, ARCS, FrBroL
Professor of Zoology and Applied Entomology, University of London
Chairman of the Division of Life Sciences and Director of Field Station,

Imperial College of Science and Technology

P. P. SrnErrnN, Ese, MA
Warden of Queen Elizabeth House
Director of the Institute of Commonwealth Studies
Fellow of Balliol College, Oxford
Sn Ru,pn VERNeY, Bt, KBE, JP

Forestry Commissioner
Chairman of the Secretary of State for the Environment's Advisory Committee

on Aggregates

Pnorrsson Sn FnnpeRlcr W.e,nNER, Dsc, CENG, FIMECHE, FICHEME, FRs

Senior Partner in Cremer and Warner (Consulting Engineers)
Visiting Professor in Chemical Engineering, Imperial College of Science and

Technology
Visiting Professor in Environmental Engineering, University College London
Pro-Chancellor of the Open University
Chairman, British Standards Institution
Fellow of University College London
Trn B,cRoNEss Wrrrr, ul
Chairman of the Land Authority for Wales
Member of the British Waterways Board
Chairman of Advisory Committee on Oil Pollution of the Sea
Member of the Waste Management Advisory Council
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APPENDIX 3

ORGANISATIONS AND INDTVIDUALS CONTRIBUTING
TO THE STUDY

Those marked* gave oral evidence at meetings of the Commission, usually
following a written submission.

A. Government and other organisations

*Advisory Council on Energy Conservation.

British Institute of Radiology.
*British Nuclear Fuels Ltd.

British Rail.
*Central Electricity Generating Board.

*Commissiorr of the European Communities.

*Conservation Society.

Council for the Protection of Rural England.

Cumbria Area Health AuthoritY.

*Department of Agriculture and Fisheries for Scotland.

*Department of Energy.

*Department of the Environment.

Department of the Environment for Northern Ireland.

Department of IndustrY.

Doctors and Overpopulation Group.

Foreign and Commonwealth Office.

*Friends of the Earth.
*Health and Safety Executive.

*H M Alkali and Clean Air Inspectorate, Health and Safety Executive.

*H M Industrial Pollution Inspectorate for Scotland, Scottish Development
Department.

*Institute of Geological Science.q, Natural Environment Research Council.
*Institute of Oceanographic Sciences, Natural Environment Research

Council.

Lake District Environmental Pollution Research Group'

Lancashire Area Health Authority.
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*Medical Research Council.

Meteorological Office.
*Ministry of Agriculture, Fisheries and Food.

*National Coal Board.
*National Radiological Protection Board.

*Nuclear Power Company.

Royal Society for the Protection of Birds.

Scottish Development Department.

Society for Radiological Protection.
*South of Scotland Electricity Board.

The Radiochemical Centre.
*United Kingdom Atonic Epergy Authority.

Welsh Office.

B. Individuals

Professor A. L. L. Baker, Emeritus Professor of Concrete Structures and
Technology, Imperial College of Science and Technology, University of
London.

Dr. V. T. Bowen, Woods Hole Oceanographic Institution' USA.

R. C. Burton, Esq.

Dr. Robert L. Drew.

George du Boulay, Esq, Consultant Radiologist, the National Hospital.

*Sir Kingsley Dunham, formerly Director of the Institute of Geological
Sciences.

Dr. Michael Flood, Department ofWar Studies, King's College' University
of London.

Henrik Harboe, Esq, formerly Managing Director, Stal-Laval (U.K.) Ltd.

Professor D. Leslie, Professor of Nuclear Engineering, Queen Mary
College, University of London.

Dr. Peter Lindon.

Mrs. Elizabeth Marshall.

Sir Alec Merrison, Vice-Chancellor, Bristol University.

Sir Edward Pochin, Member of the National Radiological Protection Board
and formerly of the Medical Research Council.

P. C. Roberts, Esq, Head of DOE Systems Analysis Research Unit.
*Dr. E. F. Schumacher, CBE, formerly adviser to the National Coal Board.
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Mrs. A. Wilks.

John R. A. Young, Esq, Convenor, Transport and General Workers
Union.

c. During the visits of the commission to various rocalities, in addition to
discussions with the staff of the organisations visited (listed in Appendix 4),
views were put to the commission by staff representatives and members of the
local community. They were:

(i) Hinkley Point Nuclear Power Stations.

Members of the Local Liaison Committee.
Commander M. Ingham, Taunton Deane District Council.
D. J. Hunt, Esq, Chief Environmental Health Officer, Sedgemoor
District Council.
R. J. Organ, Esq, Chief Environmental Health Officer, West Somerset
District Council. '

(ii) Windscale (BNFL)
Staff representatives :

J. Howard, Esq, Chairman, Windscale Branch, Institute of
Professional Civil Servants.
W. Maxwell, Esq, Convenor, National Union of General and
Municipal Workers.

Local representatives :

E. Bushby, Esq, farmer and National Farmers, Union represen_
tative.
Councillor J. J. Colligan, Mayor of Copeland Borough Council.
P. N. Denson, Esq, Chief Executive, Copeland Borough Council,
(Member of Local Liaison Committee).
Dr. J. London, General Practitioner.
Superintendent Murphy, Cumbria Constabulary.
Rev. A. J. Postlethwaite, Vicar of Seascale.
Walter Thompson, Esq, Editor, ..Whitehaven News".
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VISITS

Visits were made by groups of Commissioners to the following organisations:

Arourc ENrERcv RnssARcH Esrlc'srrsllMnnr, H^mwnr,r,.
Assn Snrr MrNe, WEsr GnnueNv.
DouNnr,c.y ExprnrurNrnr Rr,lcron Esranr.tsrn'cNr.
Hnwr,nv Porxr Nucr-sAR PowEn SrrlrroNs.
MAFF R-lorosrorocv L,c,BoRAronv, LowssroFr.
Nlrroxlr R.nprorocrcer, PnorecuoN Bomr.
W:nosclrn (BNFL).
Wrxmrrn Aromc EllsRcv Esr^Aslrslilr'GNr.

Visits were also made by the Secretariat to the following organisations:

Burr-onqc Rrsr.mcn EsrABtr$il'GNT, DOE.
C^a,peNnunsr (BNFL).
DuNceNEss Nucrr^rn Pownn Sr.e,noN.
ENsRcv Trcrruclr- Swponr Ur.rr, Hmwnr,r,.
INsrrrurn of Grorocrcer, Scmucns.
Tm RlotocIrEMIcAL CeIqrRB LrD.
SpruNcpnr.os (BNFL).
SysrsMs Au,lrysIs RrsrencH Umr, DOE.
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1. Technical terms

actinides

activation product

binding energy

blanket

breed

breeding ratio

burn-up

cladding

common-mode

conversion factor

core

GLOSSARY

Elements following actinium in the periodic table.
They include uranium and plutonium. Many of them
are long-lived a-emitters.

Material made radioactive as a result of irradiation.
particularly by neutrons in a reactor.

The energy theoretically needed to separate a nucleus
into its constituent nucleons. It is a measure of stability
ofthe nucleus.

Fuel elements in a fast reactor. that surround the core
and contain depleted uranium a part of which is con-
verted to the fissile plutonium-239 by the neutrons
escaping from the core.

To form fissile nuclei, usually as a result of neutron
capture, possibly followed by radioactive decay.

See conversion factor.

Irradiation of nuclear fuel by neutrons in a reactor.
It is measured in units of megawatt-days (of heat) per
tonne of uranium or plutonium.

A working space for the manipulation of highly radio-
active items; it is surrounded by great thicknesses of
concrete or other shielding and has deep protective
windows.

Material used to cover nuclear fuel (uranium) in order
to protect it and to contain the fission products formed
during irradiation.

Of failures, in which failure in one part of the system
also affects the ability of another, supposedly inde-
pendent part, to respond.

The number of fissile nuclei in irradiated fuel as a
fraction of the number of fissile nuclei in new fuel.

The central region of a reactor where the nuclear chain
reaction takes place, and heat is thereby generated.
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curle

critical

critical group

decay

decay chain

decay daughter

decay heat

delayed

depleted

dose commitment

elements

enrichment

Glossary

The unit of radioactivity in general use, corresponding
to 3'7 x 1010 nuclear disintegrations per second, which
is the amount of activity displayed by one gram of
raditm-226.

Of an assembly of nuclear materials, that it is just
capable of supporting a nucfear chain-reaction.

A group of members of the public who receive more
radiation than any other people as a result of the
discharge of a particular radioisotope to the environ-
ment at a site.

Disintegration of a nucleus through the emission of
rcdioactivity.

A succession of radioisotopes, each one formed by
decay ofthe previous one.

The disintegration product of a nucleus that has
emitted radioactivity.

Heat generated by the radioactivity of the fission
products, which continues even after the chain reaction
in a reactor has been stopped.

Of neutrons, that are emitted shortly after fission
(the delay is of the order of tenths of a second).

Of uranium whose uranium-235 content is less than
the O'71/" that occurs in nature.

Future radiation doses inevitably to be received, often
because a particular radioisotope has been incorporated
in body tissues.

Parts of an assembly of nuclear fuel.

The process of increasing the concentration of the
uranium-235 isotope in uranium beyond O.7ll in
order to make fuel made from it more suitable for use
in a reactor.

environmental pathway The route by which a radioisotope in the environment
is transferred to man, e.9., by biological concentration
in foodstuffs.
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Glossary

fast

fast reactor

fault-tree

fertile

fissile

fission

fission product

fusion

genetic effects

gonads

half-life

heavy water

hex

high-level

Of neutrons, that they are travelling with a speed close
to that with which they were ejected from the fissioning
nucleus, typically 20,000 km/sec.

A reactor in which there is no moderator and in which
the nuclear chain reaction is sustained bv fast neutrons
alone.

A diagram representing the possible initiating events
and sequences of successive failures that would lead
to a serious accident.

Of a nucleus, that it can become fissile by capture of
one or more neutrons, possibly followed by radioactive
decay; uranium-238 is an example.

Of a nucleus, that it will fission readily if it is struck by
and captures a neutron.

The splitting of a heavy nucleus into two (or more)
parts, usually accompanied by a release of energy.

A nucleus of intermediate size formed from the
breakdown or fission of a heavy nucleus such as that
of uranium. Such a nucleus will be highly radioactive
and usually emits p-particles.

The merging of two light nuclei to make a heavier
one, usually with a release of energy.

Effects produced by radiation in the offspring of the
person irradiated, usually malformations.

The organs (testes in men, ovaries in women) containing
the reproductive cells (sperm, ova).

The time in which the number of nuclei of a particular
type is reduced by radioactive decay to one-half.

Water in which the hydrogen atoms all consist of
deuterium, the heavy stable isotope which is present
to the extent of 150 parts per million in ordinary
hydrogen.

Uranium hexafluoride, a corrosive gas (above 56'C).

Of radioactive waste, that requires continuous active
cooling in order to dissipate the internally-generated
heat and prevent dissemination of the material.
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hulls

ion

ionization

isomeric transition

isotopes

light water

maximum permissible
body burden

maximum permissible
concentration

metabolism

mixed oxide

moderator

nuclear fuel cycle

Glossary

Fuel elements or parts thereof from which the uranium
has been dissolved out by acid, leaving only the
cladding.

An atom that has gained or lost one or more electrons
and thus become electrically charged.

The creation of pairs of ions.

The change from an excited state of an isotope to its
ground state. It occurs with a characteristic rate, and is
usually accompanied by the emission of y-radiation.

Two nuclei of the same chemical element that differ
only in their mass. (Also used in place of "nuclides"
in this report.)

Ordinary water, used as moderator and coolant in
some reactors called "LWRs".

The limit (usually the one recornmended by ICRP)
for a particular radioisotope in the body of a radiation
worker that would cause him to be irradiated just to
the level of the recommended basic standards.

The limit (normally the one recommended by the ICRP)
for a particular radioisotope in air or drinking water,
that for a worker exposed to such a concentration for
40 hours a week would cause him to be irradiated just
to the level of the recommended basic standards.

Behaviour within the body of chemical elements taken
in by inhalation, ingestion etc.

A mixture of plutonium and uranium dioxides, used
as the fuel in fast reactors.

A substance used to slow down neutrons emitted during
nuclear fission.

The sequence of operations in which uranium is mined,
fabricated into fuel, irradiated in a reactor, and
reprocessed to yield uranium and plutonium for re-use
as fuel.

Substances in which it is possible to induce
nuclear fissions, usually through the agency
neutron or neutrons.

some
ofa

nuclear material
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Glossary

nuclear park

nuclide

nucleon

plasma

poisons

prefixes

prompt

quality factor

radioisotope
radionuclide

reactivity

rad

A large nuclear site in which there would be several
large reactors, together with their associated fuel
fabrication and reprocessing plants.

Any particular type of nucleus, not necessarily radio-
active, eg strontium-9O.

A neutron (uncharged) or a proton (positively charged).

A completely ionized gas at extremely high tempera-
tures.

Substances that are strong absorbers of thermal
neutrons and therefore make criticality less likely or
reduce the amount of reactivity in fuel elements.

tera (T) x 1012 pico (p) x 10-12
giga (G) x lOe nano (n) x 10-e
mega (M) x 106 micro (p) x 10-6
kilo (k) x 103 milli (m) x IFB

Of neutrons, that are emitted immediately upon fission.

A factor that attempts to account for the differing
biological effectiveness of the various types of radiation.
It is I for p- and.7-radiation, and 10 for c-radiation and
neutrons.

The unit of absorbed radiation, corresponding to 0.01
joules of energy per kg of material. (Radiation Absorbed
Dose).

A nucleus that is radioactive.

Of fuel, its ability to support a nuclear chain reaction;
it is a function of the concentration of flssile atoms and
inversely of the quantity of neutron-absorbing material
present.

The unit of effective radiation absorbed by tissue; the
product of the dose in rads and a quality factor (qv).
(Rdntgen Equivalent, Man; I r<intgen:0.83 rad).

The chemical separation of irradiated nuclear fuel into
uranium, plutonium, and radioactive waste (mainly
fission products).

relnocessing
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shielding

somatic effects

spontaneous fission

stringer

tailings

tails

thermal

vitrification

weapons grade

yellowcake

e-particle

p-particlc

7-radiation

a-emitter

B-emitter

y-emitter

Glossary

Material interposed between a source of radioactivity
and an operator in order to reduce his radiation dose.

Effects produced by radiation in the body ofthe person
irradiated, usually cancers.

The breaking of a heavy nucleus into two lighter ones
without external initiation.

A mechanical link to join two fuel elements.

Crushed uranium ore from which the uranium has been
extracted chemically.

The depleted uranium produced at an enrichment plant,
typically containing only 0'25 per cent of uranium-235.

Of neutrons, that they are travelling with a speed
comparable with that of gas molecules at ordinary
temperatures, about 2 km/sec.

The incorporation of highJevel wastes (mainly the
oxides of metals formed as fission products) into glass.

Of uranium or plutonium, capable of being made into a
nuclear assembly that would be critical on fast prompt
neutrons alone.

A mixture of the two oxides of uranium, a yellow
powder.

A heavy, positively-charged particle; the nucleus of a
helium-4 atom containing two protons and two
neutrons.

An electron; a light, negatively-charged particle.

Electro-magnetic radiation of very short wavelength
(< lO-nn).

A radioisotope emitting d-particles.

A radioisotope emitting B-particles.

A radioisotope emitting y-radiation.
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Glossary

2. Acronyms and Abbreviations

ACAI HM Alkali and Clean Air Inspectorate.
AEA See UKAEA.
AEC See USAEC.
AERE Atomic Energy Research Establishment (Harwell).
AGR Advanced Gas-cooled Reactor.
ARC Agricultural Research Council.
AWRE AtomicWeaponsResearchEstablishment(Aldermaston).

BEIR (Advisory Committee on the) Biological Effects of Ionizing
Radiations.

BNDC British Nuclear Design and Construction.
BNFL British Nuclear Fuels Ltd.
bpm best practicable means.
BWR Boiling Water Reactor.

CANDU CANadian Deuterium-moderated natural-Uranium fuelled
reactor.

CEGB Central Electricity Generating Board.
CFR Commercial-scale Fast Reactor.
CHP Combined Heat and Power.
Ci Curie.
CRPPH Committee on Radiation Protection and public Health

(EURATOM).

DAFS Department of Agriculture and Fisheries for Scotland.
DE Department of Employment.
DHSS Department of Health and Social Security.
DOE Department of the Environment.
DWL Derived Working Limit or Level.

ECCS Emergency Core Cooling Systems.
EEC European Economic Community.
EIS Environmental Impact Statement.
ERDA. (United States) Energy Research and Development

Administration.
ERL Emergency Reference Level (of radiation).
EURATOM EURopean ATOMic Energy Community.

FAO Food'and Agriculture Organisation.
FBR Fast Breeder Reactor.
FI Factories Inspectorate.
FINGAL Fission products INto GLAss.
FRL Fisheries Radiobiological Laboratory (MAFF).
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G lossary

GNP Gross National Product.
GSD Genetically Significant Dose (of radiation).
GW Gigawatts (106 kilowatts).

HARVEST Highly Active Residues Vitrification Engineering STudies.
HMIPI HM Industrial Pollution Inspectorate for Scotland.
HMPI HM Pollution Inspectorate.
HSE Health and Safety Executive.
HTR High Temperature (gas-cooled) Reactor.

IAEA International Atomic Energy Agency.
ICRP InternationalCommissiononRadiologicalProtection.
IGS Institute of Geological Sciences.
IOS Institute of Oceanographic Sciences.
IPI See HMIPI.

LMFBR Liquid Metal-cooled Fast Breeder Reactor.
LWR Light Water Reactor.

MAFF Ministry of Agriculture, Fisheries and Food.
MBA Materials Balance Area.
mca maximum credible accident.
MPBB Maximum Permissible Body Burden (of a radioisotope).
MPC Maximum Permissible Concentration (of a radioisotope).
MPLB Maximum Permissible Lung Burden (of a radioisotope).
MRC Medical Research Council.
MUF Material lJnaccounted For.
MW Megawatts (1000 kilowatts).

NAIR National Arrangements for Incidents involving Radioactivity.
NEA Nuclear Energy Agency (formerly European NEA).
NERC Natural Environment Research Council.
NII Nuclear Installations Inspectorate.
NNC National Nuclear Corporation.
NPC Nuclear Power Company Ltd.
NPT (Nuclear) Non-Proliferation Treaty.
NRPB National Radiological Protection Board.
NWDC Nuclear Waste Disposal Corporation.

OECD Organisation for Economic Cooperation and Development.

PFR Prototype Fast Reactor (the 250 MW reactor at Dounreay).
PWR Pressurised Water Reactor.

RCI Radio-Chemicai Inspectorate.
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Glossary

SDD Scottish Development Department.
SGHWR Steam Generating Heavy Water Reactor.
SI Systdme Internationale.
SNG Synthetic Natural Gas.
SRD Safety and Reliability Directorate (AEA).
SSEB South of Scotland Electricity Board.

TNPG The Nuclear Power Group.
TRC The Radiochemical Centre Ltd.
TWh Terawatt-hour (lOe kilowatt-hours).

UKAEA United Kingdom Atomic Energy Authority.
UNSCEAR United Nations Scientific Committee on the Effects of Atomic

Radiation.
USAEC United States Atomic Energy Commission.

WHO World Health Organisation.
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