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ROYAL COMMISSION
ON
ENVIRONMENTAL POLLUTION

SIXTH REPORT

To the Queen’s Most Excellent Majesty

MAY IT PLEASE YOUR MAIJESTY

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 MAJESTY THE FOLLOWING REPORT.

iii



CONTENTS
FOREWORD

CHAPTER 1

Introduction

The choice of the study
Arrangement of the report .
Organisational arrangements in Brltam

CHAPTER 11

Radioactivity and radiobiology

Introduction
The nature of rad10act1v1ty
The properties of radiation
Units of radiation
Current levels of radiation in the UK
Biological effects of radiation ..
Long-term effects
Genetic effects. .
Acute effects
The biological effects of plutonlum
Movement of radioisotopes in the enwronment
Effects on the natural environment

CHAPTER II

Nuclear power

Introduction

Nuclear physics ..

Fissile materials

The chain reaction

Critical assembly. .

Nuclear reactors .

Types of thermal reactor

The breeding principle ..

The Liquid Metal-cooled Fast Breeder Reactor
The nuclear fuel cycle .
Uranium mining ..
Uranium conversion and fabrlcatlon ..
Fuel loading and discharge

Fuel reprocessing

Radioactive wastes

Plutonium as a reactor fuel
Thermonuclear fusion

Review

Para.

14
19

Page

(=)W, O]



Para.
CHAPTER IV
Major issues raised by nuclear power

Introduction .. .. .. .. .. .. .. 154

World energy demand .. . . .. .. .. 155
Projected nuclear development .. .. . .. 157

Nuclear power and other technologies .. .. .. 162

The proliferation of nuclear weapons capability .. .. 165
Reactor safety .. . .. .. .. .- .. 168
Radioactive waste .. .. .. .. .. .. 178

| The diversion of plutonium .. .. .. .. 182
| The uncertainty of radiological standards .. .. .. 187
The case for nuclear power .. . .. .. . 189

‘ Conclusion .. .. .. .. .. .. .. 196

‘ ' CHAPTER V

International and national control arrangements

| Introduction .. L .. .. .. .. .. 198
| Basic standards .. . .. .. .. .. 200
Radiation standards in the UK .. .. .. .. 213
‘ Derived working limits and discharge limits .. .. .. 215
Emergency reference levels .. .. 218
Arrangements for radiological protect1on in the UK .. 219
The endorsement of basic standards .. .. . .. 220
‘ Research . .. .. .. . .. 227
The control of drscharges .. .. .. . .. 239
Monitoring and surveys. . .. .. .. .. 248
‘ Accidental releases of radroactrvrty .. .. .. .. 254
Conclusion . - . .. .. .. .. 258
‘ CHAPTER VI

‘ Reactor safety and siting

Introduction .. .. .. .. .. 260
The effects of radloactrvrty releases .. .. .. .. 262
‘ Safety considerations .. .. .. .. .. 269
The principles of safety analysrs .. .. .. 272
Reactor design and construction in the UK .. .. 277
The Nuclear Installations Inspectorate (NII) .. .. 280
‘ The maximum credible accident .. . . .. 283
Method of working of the NIT .. . 287
The provision of advice to Government on nuclear safety 291
l Siting policy for reactors .. . .. .. .. 293
Fast reactor safety .. .. .. .. .. .. 297

vi

Page

71
71
72
73
74
76
80

82
83
85

105
105
107
108
112
112
113
114
115
116
117




Para. Page

CHAPTER VII
Security and the safeguarding of plutonium
Introduction .. .. .. .. .. .. .. 305 121
The threat of sabotage .. .. .. .- .. 309 122
The diversion of fissile materlals .. .. .. .. 316 124
International safeguards .. .. .. .. .. 326 127
Effects on civil liberties . . .. .. .. .. 330 128
Security arrangements in the UK .. .. .. .. 334 129
CHAPTER vVIII
Radioactive waste management

Introduction .. - .. .. .. .. .. 337 131
Gaseous waste .. .. .. .. .. . .. 339 131
Liquid waste . . .. .. .. .. .. 348 134
Solid waste (low Ieve]) .. .. .. .. 355 136
Solid waste (1ntermed1ate level) .. . .- .. 361 138

CEGB and SSEB sites .. .. .. .. .. 362 138

AEA and BNFL sites . .. .. .. .. 365 139

Ocean dumping .. . .. .. 369 140
High level waste: interim management .. .. .. 373 142

Waste formation .. . .. .. . .. 375 143

Vitrification of wastes . .. .. .. .. 381 145

Actinide separation .. .. .. .. .. 384 146
High level waste: ultimate d1sposa1

The range of options . . .. .. 389 148

Disposal to geological formatlons on land .. . 398 152

D1sposa1 into the ocean bed .. .. .. 409 155
Other issues in radioactive waste management .. .. 419 160

Transport .. .. .. .. .. .. 420 160

Foreign reprocessing work .. .. .. 422 161

The costs of sound radioactive waste management .. 425 .161
The future: policy and its execution .. .. . .. 427 162

CHAPTER IX
Energy strategy and the environment

Introduction . .. .. . . .. 436 165
Technical cons:deratlons

Units .. . .. . .. .. .. 437 165

Efficiency and conversion .. .. .. .. .. 440 166

Consumer requirements .. .. .. .. .. 443 167

Energy supply and pollution. . .. .. . .. 448 168
World energy demand and supply .. .. .. .. 450 170
UK energy use, past and present .. .. .. .. 460 174
Official energy strategy for the UK .. .. .. .. 466 178
Discussion on official energy strategy .. .. . . 474 181
An alternative energy strategy . . .. .. . .. 485 185

Discussion on alternative strategy .. .. .. .. 492 189

vii



CHAPTER X

Nuclear power and public policy

Introduction ..
The hazards of nuclear power development ..
Aspects of future energy supply

FBR development .

Public assessment of nuclear power

CHAPTER XI

Summary of principal conclusions and recommendations ..

Acknowledgements

FIGURES

Para.

498
502
509
516
521

525
536

Figure 1. Map of the UK showing the licensed nuclear sites and

AEA establishments

Figure 2.  Alpha-activity from decay of lkg of amerlclum-242m

(half-life, 152 yr) and its decay daughters
Figure 3.  The curve of binding energy

Figure 4.  Schematic diagram of a thermal reactor (Magnox)

Figure 5. The changes in numbers of fissile nuclei in Magnox fuel
during irradiation, showing the contribution made, by

Plutonium-239

Figure 6. Schematic diagram of the Prototype Fast Reactor (PFR)

Figure 7. The nuclear fuel cycle

Figure 8.  The variation in radioactive decay heatmg in dlscharged

reactor fuel

Figure 9. The decrease in radloactmty in h1gh-1eve1 wastes with

time for thermal and fast reactors

Figure 10. Contributions to total alpha-activity at dlﬁ'erent times in

high-level wastes from a commercial fast reactor

Figure 11. Sketch of proposed toroidal fusion power reactor

(Tokamak)

Figure 12. Diagram showmg the orgamsatlon of radlo]oglcal

protection in the UK

Figure 13. Incidence of man-made disasters (in the USA)

Figure 14. Incidence of natural disasters (in the USA)

Figure 15. Nuclear reactor accident release frequency limit line
Figure 16. Map of the world showing tectonic plates and abyssal hill

and swale regions

viii

Page

191
192
194
197
198

200
205

Page

13
31
35

42

48
54
62
63
68

93
109
109
110

151




Figure 17.
Figure 18.
Figure 19.
Figure 20.

Figure 21.
Figure 22,
Figure 23.

Figure 24.

Figure 25,

Table 1.
Table 2.
Table 3.

Table 4.

Table 5.
Table 6.

Table 7.

Tabile 8.

Table 9.

Table 10.

Table 11.
Table 12.

Diagram showing the major components of a system
for disposing of radioactive waste in the ocean bed ..

Summer and winter demands on CEGB system in 1974/75
including days of maximum and minimum demands . .

Usage of energy and gross national product per head for
selected industrial countries in 1972

World energy demand, and a possible means of supply,
projected to 2025 .

Usage of energy per head in the UK since 1900
Energy flow in the UK in 1975

The prov1smn of energy for the UK, prOJected to 2025
on the “official strategy”

The effect of price changes on sales of gas and electrlclty
to the domestic market in England and Wales
since 1953..

The prov151on of energy for the UK prOJected to 2025
on the “alternative strategy” .. .

TABLES

The different types of radiation

Dose rates in the UK from ionising radiation ..

ICRP recommendations of allowable radiation dose
equivalents for radiation workers, per year

Radiation doses required to give to various species a
lethal dose to 50 per cent (LD 50) within 30 days

Characteristics of major thermal reactor types ..

The more important isotopes of plutonium, americium
and curiom .. ..

Countries operating or expecting to operate commercial
nuclear reactors above 100 MWe, with their status
under the Nuclear Non-Proliferation Treaty (NPT) ..

Probability of death for an individual per year of
exposure (orders of magnitude only) .. ..

Volumes and activities of various types of solid waste
accumulated at Windscale in 1974 and estimated for
1985. The comparable figures for hlgh-level 11qu1d
waste concentrate are also given

Levels of act1v1ty permitted by the IAEA in SOlld waste
dumped in the ocean. (Under review)

Approximate energy equivalents of 1 TWh

Energy supplied to final consumers in the UK, 1975,
TWh .. .. .. .. .

Page
157
169
171

173
175
177

180

183

187

14
16

21

23
37

61

75

77

139

141
166

176



Table 13.

Table 14.

Plate 1.
Plate 2.

Plate 3.
Plate 4.
Plate 5.

Plate 6.

Plate 7.

Plate 8.
Plate 9.
Plate 10.
Plate 11.

Plate 12.

Appendix 1.

Appendix 2.
Appendix 3.
Appendix 4.

Glossary

The sources of energy used in the electricity supply
industry in the UK, 1975, TWh

AFA-projected programme of electrical generating
capacity installed at end of year indicated, GW

PLATES

The Magnox station at Trawsfynydd, North Wales

Dounreay  Experimental Reactor Establishment,
Caithness, Scotland

Uranium enrichment by means of the centrifuge process
Inspection of uranium oxide fuel assemblies

Interior view of the AGR station at Hmkley Pomt
Somerset

Cooling pond for 1rrad1ated fuel elements at the Wll‘]frlth
100 MW SGHWR

Transport of irradiated fuel by rail to Wlndscale,
Cumbria ..

The Windscale works of BNF L on the Cumbrlan coast.
The reprocessing line for Magnox fuel at Windscale
Magnox fuel cladding being removed

The stainless steel cooling coils for a new hlgh—level
fission product storage tank

The plutonium fuel element factory at Windscale

APPENDICES

Written evidence submitted by the British Institute of
Radiology .. .. .. .

Members of the Commission . .
Organisations and individuals contrlbutmg to the study
Visits

References ..

Index

Page
176

179

39

45
50
52

53
55

56
57
58
60

65
66

207
214
216
219

220

229

232




“If a problem is too difficult to solve, one cannot claim that it is solved by
pointing to all the efforts made to solve it.”

Hannes Alfvén. Energy and Environment
Bulletin of the Atomic Scientists. May, 1972.
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FOREWORD

1. 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 of all 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 1
INTRODUCTION

The choice of the study

5. There are few subjects in the field of environmental poliution to which
people react so emotionally as they do to radioactivity. One reason for this is
certainly 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 and jealously guarded, but the
spread 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 country 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 growth(*) 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
to 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
fuels. The 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
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Introduction

around our coasts appear as no more than a temporary alleviation. The world
reserves 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 growth.

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 programme. 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
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Chapter 1

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 normal operation but to the possibility of abnormal events such as
accidents at nuclear installations or malevolent acts against them. We have
felt bound to consider such issues because of their importance to a total assess-
ment of the potential impact of nuclear power and also because it did not appear
to us that they had been expounded, or were likely to be, by any other official
body. On some of the more specialised aspects of the study we have consulted
independent experts and we have been greatly assisted by their advice. In those
areas 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 largely 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 power (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 Group(®), 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 arders of magnitude a factor of 100, and
so on.
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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 need 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 inhibited 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 mewtably very technical.
We have perforce had to educate ourselves on these matters 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 therefore
given, where appropriate, an elementary exposition of the technical principles
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 thé 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 chapter is
concerned with the nuclear reactors which produce electricity, but no less
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 IT and III we have been largely concerned to provide the
factual foundation for the study. On this basis we turn, in Chapter 1V, 'to
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Chapter 1

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 d:fficulty 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 of more 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 a
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 Commission, 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
are summarised in Chapter XI.

Organisational arrangements in Britain

19. Throughout this Report we shall need to refer fairly frequenﬂy to the
main organisations concerned with radioactivity and nuglear power. We
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Introduction

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 daring this time the
research establishment at Harwell and the production facilities at Capenhurst,
Springfields and Windscale were built, and engineering development was
undertaken 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 organisation
(see below) and the utilities (the Central Electricity Generating Board (CEGB)
in England and 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 a number of reactor designers to participate initially in five
industrial consortia, later in two—The Nuclear Power Group (TNPG) 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 (NNC)*. With the development of commercial nuclear
plants, the Nuclear Installations (Licensing and Insurance) Act was passed in
1959 this created the Nuclear Installations Inspectorate (NII). The NII was
within a Government Department, latterly the Department of Energy, until 1975,
when it transferred to the new Health and Safety Executive (HSE). It oversees
the design and planning of plants and processes, and approves their operation,
on licensed nuclear sites. The AEA sites do not require this statutory licensing,
but their safety arrangements are made in consultation with the NIL

22. In 1971, the AEA responsibilities were further divided. The development
of nuclear weapons, primarily carried out at Aldermaston, was made the
responsibility of 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
private companies, but all their shares are held by the Authority on behalf of
the State. The Radiochemical Centre Ltd (TRC) at Amersham manufactures
and sells radioisotopes for use in industry and medicine. British Nuclear
Fuels Ltd (BNFL) at Risley operates fuel cycle services—uranium processing
at Springfields, uranium enrichment at Capenhurst, fuel reprocessing and

* The state has only a minority shareholding, and the NNC is thus the only privately controlled
organisation in the nuclear business in the UK.
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Chapter 1

plutonium fuel fabrication at Windscale. (See Fig. 1). 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 112).
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, a
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 (IPT).
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CHAPTER 11
RADIOACTIVITY AND 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 of independent 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
of the 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 number of
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 guch a condition the atom is referred to as an “ion” 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
accompanied by the emission of a-particles is known as a-radioactivity.

29. Alternatively, the nucleus may undergo a process known as B-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 f-particle 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. This energy is used in propelling the « or p-particles which are therefore
emitted 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 y-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 usually p-radioactive. The fission process is accompanied
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 rumber
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 e.g. strontium-90 or sometimes strontium®,

* The name indicates that they have the same place (in the periodic table).

11
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connoting that the strontinm nucleus (which has 38 protons) has 52 neutrons,
making a total of 90 ‘“‘nucleons”. Some isotopes are stable, others such as
strontium-90 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: «, f, y, 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
man. There is, however, for each particular type of radioisotope, a definite
characteristic rate at which the atoms will d1s1ntegrate or “decay”: this is
measured by its physical “half-life”, that is, the time in which one half of the
atoms will decay. The half-life may be a fraction of a second or it may be
millions of yeéars, but 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 half-lives it will become negligible.}

33. It follows that for a given number of radioactive atoms the activity
(1 e., the rate of radioactive disintegration) is inversely proportional to the half-
life. Hence a short-lived 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
dlsplayed by one gram of radium (radium-226, whose half-life is 1602 years),
namely 37 billion (3-7 x 10%°) dlsmtegratlons per second. After the passage of
one half-life; the number of curies associated with the particular rad101sotope
will 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 uCi.) Short-lived radioisotopes may contain thousands of curies
(kCi) or even millions of curies (MCi) per gram: their radioactivity is thus very
concentrated. 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 express the amounts of radioactive substances in terms of the curies they
contam

" 34. Often a radioisotope decays to form a second one, which in turn’ decays
to form a third; the process may continue through many stages, each having
its Characteristic 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 (45 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 disintegrates:
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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 10° 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 a-activity increases to a
maximum, then declines, and then rises to another maximum as thorium-230
and radium-226 are formed by successive decay.

FIGURE 2
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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 1. 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 ‘“‘a-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 f-emitters, especially the latter, may
also emit y-radiation.

TABLE 1
The different types of radiation

Type Symbol Particle Stopped by

Alpha o Helium-4 nucleus A few cm of air: 40 um tissue
(Heavy, +-ve charge)

Beta 8 Electron A few mm of plastic: 40 mm
(Light, —ve charge) tissue

Gamma ¥ Photon . Progressive attenuation especial-
(Electromagnetic radiation) ly by heavy nuclei; e.g. 40 mm

of lead reduces to 1/10

Neutrons n Neutron Progressive attenuation especial-

(Heavy, uncharged) Iy by light nuclei; e.g. 0-25 m

of water reduces to 1/10

37. Electrons, or B-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 B-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
*“B-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 y-fadiation 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
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