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CATEGORIES IN THE IAEA SAFETY SERIES

Under the new categorization scheme, the various publications in the IAEA 
Safety Series are grouped as follows:

Safety Fundamentals (silver cover)

Basic objectives, concepts and principles to ensure safety.

Safety Standards (red cover)

Basic requirements which must be satisfied to ensure adequate safety for 
particular activities or application areas.

Safety Guides (green cover)

Recommendations, on the basis of international experience, relating to the ful
filment of basic requirements.

Safety Practices (blue cover)

Practical examples and detailed methods which can be used for the application 
of Safety Standards or Safety Guides.

Safety Reports (purple cover)

Independent reports of expert groups on safety matters, including the develop
ment of new principles, advanced concepts, and major issues and events.

Safety Fundamentals and Safety Standards are issued with the approval of the 
IAEA Board of Governors; Safety Guides, Safety Practices and Safety Reports are 
issued under the authority of the Director General of the IAEA.

There are other publications of the IAEA which also contain information 
important to safety, in particular in the Proceedings Series (papers presented at 
symposia and conferences), the Technical Reports Series (emphasis on technological 
aspects) and the IAEA-TECDOC Series (information usually in a preliminary form).
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FOREWORD

By the Director General

In 1982 the IAEA published the revised Basic Safety Standards for Radiation 
Protection (Safety Series No. 9), which was sponsored jointly by the IAEA, the 
International Labour Organisation, the World Health Organization and the Nuclear 
Energy Agency o f the Organisation for Economic Co-operation and Development. 
The Basic Safety Standards were based on the recommendations of the International 
Commission on Radiological Protection (ICRP) that were issued in 1977 (ICRP 
Publication No. 26). The relevant recommendation of the ICRP requires compliance 
with the system of dose limitation. This consists o f three interrelated components; 
namely, the justification of a practice, the optimization of protection and individual 
dose limitation. This system has been adopted internationally and by most national 
organizations.

The principles of radiation protection developed by the ICRP are consistent 
and coherent for application to exposures that are assumed to occur with a probability 
of unity, usually during the normal operation of an installation causing exposure. The 
situation is rather different, however, for exposures that are not certain to occur; that 
is, for exposures that may occur, with a given probability. This usually applies for 
the conditions that pertain after an accident, whose probability of occurrence is, by 
definition, less than one.

In 1983 the IAEA initiated an expanded programme of activities in the area 
of radiation protection, which includes a component on the application of principles 
of radiation protection to sources potentially causing exposure. The aim of this 
activity is to develop guidelines for a unified approach to the application of principles 
of radiation protection both to radiation exposures occurring with certainty and to 
exposures that may or may not occur. The programme began with an Advisory 
Group meeting in October 1985. This was followed by a meeting of a group of 
consultants in April 1986 to complete the first draft of a document, which was then 
circulated among the members o f the Advisory Group for comments. A second 
Advisory Group meeting was held in January 1987, and a consultative document was 
prepared and circulated to Member States in March 1988 for comments. The 
comments received were considered with the assistance of a consultant in July 1988, 
and the document was revised for consideration by a third Advisory Group. This 
Advisory Group met in November 1988 to finalize the document for publication as 
a report in the IAEA Safety Series.

The IAEA wishes to convey its thanks to all the participants in the Advisory 
Group meetings and consultants meetings for their contributions to this work.

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



CONTENTS

1. INTRODUCTION ........................................................................................................ 3

2. BASIC PRINCIPLES ........................................................................................  5
2.1. Justification of the practice.................................................................  5
2.2. Optimization of protection...................................................................  5
2.3. Individual dose limitation ....................................................................  6
2.4. Extension of the basic principles of radiation protection ............. 7

3. CONCEPTS AND QUANTITIES ................................................................. 7
3.1. Practice and source ...............................................................................  7
3.2. Normal exposure events ......................................................................  8
3.3. Harm ........................................................................................................ 8
3.4. Dose and the dose-response relation ................................................  9
3.5. Uncertainty .............................................................................................. 10
3.6. Probability ...............................................................................................  10
3.7. Probability and frequency ...................................................................  11
3.8. Risk and probability of harm .............................................................  11

4. MEASURES OF SOCIETAL RISK .......................................................... 13

5. JUSTIFICATION ..............................................................................................  15

6. OPTIMIZATION OF POTENTIAL EXPOSURES ....................................  16

7. LIMITATION OF INDIVIDUAL RISK ....................................................... 18

8. CONCLUSIONS ................................................................................................  20

REFERENCES ............................................................................................................. 23

LIST OF PARTICIPANTS .......................................................................................  25

SUMMARY ..................................................................................................  1

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



SUMMARY

The principles of radiation protection recommended by the International 
Commission on Radiological Protection for the normal operation of a radiation 
source constitute a dose limitation system that has three components; namely, the 
justification of a practice, the optimization of radiation protection and the limitation 
of individual doses. This report describes how the application of these principles may 
be extended to unexpected or accidental situations by changing from the dose based 
system of radiation protection to a unified approach within a probabilistic frame
work. The key conceptual link in this transition is the recognition that the receipt of 
a given dose by an individual confers a corresponding probability of harm, as 
represented by a dose-response curve. The concept of limitation of individual doses 
may therefore be transformed relatively straightforwardly into the concept of limita
tion of the probability of harm to an individual. The other two principles, the justifi
cation principle and the optimization principle, can also be translated to the 
probabilistic framework, but the procedure for so doing is not as straightforward as 
that for the principle of limitation of individual doses, owing in part to the fact that 
the other two principles are not as simple to apply in practice.

1
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1. INTRODUCTION

The system of dose limitation recommended by the the International Commis
sion on Radiological Protection (ICRP) [1] and adopted by the IAEA [2] is intended 
for application only to situations in which radiation exposures result from normal 
operations with radiation sources that can be controlled. National and international 
standards for protection against exposure to ionizing radiation in such situations are 
usually based on this system. Such exposure is usually termed ‘normal’ exposure, 
although it is more properly referred to as exposure resulting from intended opera
tions of radiation sources.

Different considerations apply for exposure of the type that is sometimes 
termed ‘accidental’, which arises as a result not only of accidents but also of 
probabilistic events that were not intended or planned for as part of normal opera
tions with the source. Exposures that may potentially occur in such situations have 
also been termed ‘probabilistic’ or ‘potential’ exposures. In the present report, 
exposures of this type are referred to as potential exposures.

As an example of exposures that may or may not occur, consider the potential 
exposure pathways for a radiation generator enclosed in a radiotherapy room. 
Persons will be exposed to radiation that penetrates the shielding. The levels of 
exposures and the associated radiation risks depend on variables such as the charac
teristics of the source, the shielding attenuation factor, the locations of the exposed 
persons and the periods of their exposures. Radiotherapy rooms are usually equipped 
with interlocks to prevent unintentional exposures. If these interlocks fail, however, 
someone might enter the room when the generator is in operation. Such a ‘potential’ 
event is not certain to occur, but has a probability of occurring and thus giving rise 
to doses, and therefore also entails a radiation risk.

Essentially all sources of radiation give rise to normal exposures and could 
give rise to potential exposures. The relative importances of the two modes of 
exposure may differ enormously for different sources, but in principle both modes 
should be considered for every source.

The definition of so-called ‘normal’ exposures is of crucial importance in 
determining whether the traditional system of dose limitation of the ICRP should be 
applied. The present work to develop principles for protection against potential 
exposures is not intended to result in the exclusion of sources or exposure situations 
from consideration under the system of dose limitation. The intention is that the 
general principles should also be applied to potential exposures so that a consistent 
level of protection is extended to sources that have not previously been included in 
the system of dose limitation. The distinction between normal and potential 
exposures is not always clear; however, it is possible to make a judgement of the 
two types of exposure situation for any source on a case by case basis.

3
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The development of principles for evaluating sources of potential exposure is 
a useful measure for the radiation protection community to take. One of several 
advantages of framing the extension of the system of protection in terms of risk 
(probabilities and consequences) is that radiological hazards can thus be directly 
compared with non-radiological hazards. The basic concepts and principles of the 
limitation of risk are generally applicable to all practices with radiation, including 
nuclear power generation, the transport of radioactive material and the management 
of radioactive waste. These concepts and principles should also be useful in defining 
criteria for the exemption of radiation sources from various regulatory requirements. 
However, their practical applicability varies with the particular practice under 
consideration.

A unified approach to radiation safety for both normal and potential exposures 
is desirable in order to establish the coherence of principles of protection for various 
exposure situations, and also because there are practical difficulties in applying 
radiation safety principles consistently and coherently for wide ranges of sources and 

> exposure scenarios. There is also some inconsistency between considerations of
. radiation protection and safety considerations when different principles apply to

exposure in normal operations and accidental exposure, such as for nuclear power 
plants. In some circumstances an increase in protection against exposures presumed 
to be certain may result in a decrease in protection against potential exposures, and 
an increase in protection against potential exposures may lead to a decrease in protec
tion against exposures presumed to be certain. An example of this is the conflict 
between the requirements of occupational radiation protection and operational safety 
requirements such as the conduct of maintenance and inspections. A coherent and 
consistent approach to radiation safety in general is required in these situations.

In recent years there has been substantial discussion at the international level 
of the ‘interface’ between the systems of regulation and control for normal exposures 
to ionizing radiation and those for potential exposures. These discussions have taken 
place because of, for example, the need to establish procedures for assessing the 
safety of radioactive waste repositories [3] and the desire to consider the relation 
between routine exposure of workers and requirements for safety related main
tenance or inspections.

This dialogue is continuing and can be expected to have far reaching conse
quences. This report does not discuss all the details or ramifications of the unified 
scheme proposed. Its purpose is to present the general principles and fundamental 
ideas of a risk based approach to sources of potential exposure. It is recognized that 
there are many complexities and difficulties associated with the extension of the 
present system o f radiation protection beyond normal operations to unplanned or 
accidental situations. A particular approach may not be practicable in all cases. 
However, once a measure of consensus on the basic principles and fundamental ideas 
has been attained, further reports can be prepared to elaborate the unified scheme 
and to provide guidance on the application of these principles in specific situations.

4
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2. BASIC PRINCIPLES

The system of dose limitation recommended by the ICRP in its Publication 
No. 26 [1] and described in the Basic Safety Standards for Radiation Protection: 
1982 Edition, IAEA Safety Series No. 9 [2], for application to normal exposures is 
based on three basic, interrelated principles:

(1) No practice shall be introduced unless its introduction yields a positive net 
benefit (‘Justification of the practice’);

(2) All exposures shall be kept as low as reasonably achievable (ALARA), 
economic and social factors being taken into account (‘Optimization of 
protection’);

(3) The dose equivalent to individuals shall not exceed the appropriate limits 
recommended for the circumstances by the ICRP (‘Individual dose limita
tion’).

2.1. JUSTIFICATION OF THE PRACTICE

The first principle of the system of dose limitation, termed justification, pro
vides that no practice shall be adopted unless its introduction yields a positive net 
benefit. The term practice, as applied to, for example, the generation of electrical 
energy by nuclear power or the radiosterilization of medical products, comprises the 
set o f all processes, industrial operations and actions that produce the benefit. The 
net benefit should be determined by assessing both the benefits yielded by and the 
efforts and detriments, including costs and possible harm due to radiation, resulting 
from the introduction of the practice.

Although the justification of practices is a fundamental concept of radiation 
protection, decisions on justification usually have many aspects not directly con
cerned with radiation protection, which is only one input to the decision making 
process. For example, the decision whether a country should proceed with a nuclear 
power programme would be a political one, and would include considerations such 
as the availability of other fuels, the need for electrical energy, the strategic advan
tage of a diversity of power sources, and the relative capital and operating costs of 
the alternative means of generating electricity, as well as the general health and 
safety implications of normal operation and of potential accidents. Once a decision 
to proceed has been made, practical radiation protection rests with the other two 
components of the system of dose limitation.

2.2. OPTIMIZATION OF PROTECTION

The second principle of the system, termed the optimization of protection, 
requires that the radiation protection for a source of exposure be optimized in order

5
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that all doses be kept as low as reasonably achievable, with economic and social 
factors taken into account. Optimization requires an evaluation of the various possi
ble options for protection and an assessment of their different features against prefer
ence criteria. The features to which these criteria apply include improvements in 
protection, such as reductions in the doses and favourable changes in their distribu
tions in time and in terms of the levels of dose; and the efforts, such as in meeting 
costs and overcoming difficulties, required to achieve such improvements in protec
tion. Since some of these criteria may be in conflict with others, evaluation for other 
than the simplest problems will require some kind of decision aiding technique to 
differentiate between alternative options for radiation protection. One particular 
technique recommended by the ICRP is that of cost-benefit analysis [4]; however, 
it has been emphasized that this is only one possible way of quantifying some of the 
inputs to the optimization process. Other techniques, such as multiattribute analysis, 
are also being investigated by the ICRP.

2.3. INDIVIDUAL DOSE LIMITATION

The third principle of the system of dose limitation requires that the doses 
incurred by individuals should not exceed the dose limits recommended for the 
prevailing circumstances by the ICRP. This is equivalent to a limitation of the 
individual risk. For occupational exposure the effective dose equivalent limit is 
50 mSv in any one year, with additional overriding limits on the dose equivalent 
incurred in and committed to individual organs and tissues. For individual members 
of the public, the principal limit on the effective dose equivalent currently recom
mended by the ICRP is 1 mSv in a year. However, it is permissible to use a subsidi
ary dose limit of 5 mSv in one year for a few years, provided that the average annual 
effective dose equivalent over a lifetime does not exceed the principal limit o f 1 mSv 
in a year [5], The limits for the public apply to a particular, though extensive, set 
of sources defined by the ICRP to be all those not falling into the categories of 
exposure to natural radiation or exposure as a patient to medical uses of radiation.

It is important to realize that the meaning o f the ICRP dose limits has changed 
considerably over the past decades. Originally, doses below the dose limit were 
believed to carry an unconditionally acceptable risk and were recommended for 
‘purposes of planning and design’. However, since radiation protection has increas
ingly been directed towards the design of sources and protective equipment, for 
which the optimization of protection is the dominating principle, the main purpose 
of the limits has become to provide boundary conditions for the optimization result. 
Exposures that approach the limits are therefore no longer considered acceptable 
unless doses have been reduced to be ‘as low as reasonably achievable’. The dose 
limits therefore now indicate the lower boundary of a risk that is always 
unacceptable.

6
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2.4. EXTENSION OF TH E BASIC PRINCIPLES OF RADIATION
PROTECTION

It seems reasonable to extend these same principles of radiation protection to 
sources of potential exposure in order to achieve a unified approach to radiation 
safety. In such situations, a risk limit could be used to limit the probability of harm 
to an individual. The risk limit would also serve as the boundary condition for the 
optimization of protection against potential exposures.

On this basis, the basic principles of radiation protection against potential 
exposure corresponding to the basic principles for normal exposure would be:

(1) No practice shall be adopted unless its introduction yields a positive net benefit 
(justification);

(2) All risks shall be kept as low as reasonably achievable, economic and social 
factors being taken into account (optimization);

(3) There shall be a limitation of the a priori risk to any one individual.

3. CONCEPTS AND QUANTITIES

One of the difficulties of developing a unified scheme for principles of radia
tion protection against both normal and potential exposure is the differences in mean
ing and usage of certain terms that are used. For example, terms such as uncertainty, 
probability and risk have been used with various connotations by different authors. 
It is important to be clear how these terms are to be used to prevent misunderstanding 
of the intent and the implications of the proposals presented in this;report. To avoid 
confusion, the uses of certain terms in this report are defined in this section. In 
particular, it is essential that the definition and use of the term probability be clearly 
understood. For the definitions that follow, the IAEA Radiation Protection Glossary
[6] has been used.

3.1. PRACTICE AND SOURCE

As stated in IAEA Safety Series No. 89 [7], a ‘practice’ may be defined as 
“ a set of co-ordinated and continuing activities involving radiation exposure which 
are aimed at a given purpose, or the combination o f a number of similar such sets” . 
A source may be defined as “ the physical entity whose use, manipulation, operation, 
decommissioning and/or disposal are constituents o f the co-ordinated set of activities 
defined as the ‘practice’ ” .
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3.2. NORMAL EXPOSURE EVENTS

The definition of an exposure scenario as ‘normal’ or ‘planned’ and therefore 
subject to the system of dose limitation recommended by the ICRP is dependent upon 
a large number of factors. Thus, no specific definition that is satisfactory in all 
circumstances can be provided and to attempt to give one might even defeat the 
purpose. Nevertheless, some o f the definitions that have been suggested are 
presented here:

(1) Any exposure within the dose limits should be considered as a normal 
exposure; or

(2) A normal exposure results from any situation which, for planning purposes, 
is assumed to occur; that is, the probability of occurrence is then postulated 
to be equal to one; or

(3) A normal exposure results from any situation in which the source is controlled; 
or

(4) A normal exposure results when the scenario has been included in design and 
planning for the intended operation of a nuclear facility.

It is the responsibility of national authorities to determine an appropriate definition 
to be used.

3.3. HARM

Radiation harm in its widest sense means any deleterious effect of ionizing 
radiation. Although the term is most often used to denote biological harm to persons, 
it is not necessarily restricted to this meaning. In the context o f societal risk, the harm 
could also, for instance, denote the fact that for a prolonged period a contaminated 
area is no longer available for habitation or for agricultural production. There are 
thus many manifestations of harm and many indices to measure harm that could be 
envisaged. However, to clarify ideas, the following discussion is concentrated on 
individual harm and specifically on fatal health effects; that is to say, death from 
either radiation induced cancer or severe genetic effects or acute death due to high 
doses. It should be recognized that the use of risk based principles of radiation 
protection, as developed in this and the subsequent sections, is not necessarily 
restricted to this narrow meaning of harm; the principles could also be adapted for 
application to other types of harm.

In applying the principles o f radiation protection to sources of potential 
exposure, it is important to note that harm has an associated probability that a certain 
effect will occur. This is well known for low doses; for example, if a person receives 
a dose of, say, 10 mSv in one year, then this dose carries a certain probability that 
the person will later die from cancer caused by that dose. This probabilistic interpre
tation can be generalized to effects other than death from cancer: for example, to

8
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deleterious genetic effects in the succeeding two generations. For any dose one may 
assign a corresponding probability that a given effect will occur. This probability is 
denoted in this report by the function p(eff |D), where the dose D is the independent 
variable and the effect eff is specified uniquely. In most applications, the effect will 
be death due to irradiation, but it could be any well defined effect provided that it 
is used consistently throughout. What is crucial and allows the application of the 
probability concept is that the function p(eff | D) relates doses uniquely to probabili
ties of harm.

3.4. DOSE AND THE DOSE-RESPONSE RELATION

Doses corresponding to the low dose region of the dose-response relation 
cause only stochastic effects. These include fatal cancers in the irradiated individual 
and severe genetic effects in the succeeding generations of descendants of the irradi
ated individual. For this dose range and for dose levels higher than the background 
dose level, it is assumed for planning purposes that to any increment of dose there 
corresponds a proportional increment, which is independent of the dose rate, in the 
probability of an effect. This is not necessarily an exact representation of radio
biological data, but it should be seen as a simplifying assumption that means, among 
other things, that uncertainties pertaining particularly to low doses and low dose rates 
are not represented. The dose-response relation is therefore assumed to be linear in 
this range. The dose is expressed in terms of the effective dose equivalent, and the 
probability of a stochastic effect can be determined by multiplying the dose in 
sieverts by the risk factor (in Sv-1).

In addition to stochastic effects, non-stochastic effects may also occur for doses 
that exceed some tenths of a sievert, delivered in a short period of time. These effects 
are of increasing severity with increasing radiation dose. The appropriate unit is the 
absorbed dose in the organ, and the relation between the probability of such effects 
and the dose (expressed in units o f grays) can be approximated by a sigmoid relation
ship. As for the stochastic range, this is an approximation and the exact relation 
depends on a number of factors. If relevant, some such factors (such as the dose rate) 
could be taken into account for a particular scenario.

Finally, at doses higher than about 5-10 Gy, delivered in a short period of time 
to the whole body, practically all exposed individuals will suffer an acute radiation 
syndrome and may eventually die as a consequence of the exposure. Again, the 
dose-response relation would depend on factors such as the availability of medical 
treatment, up to approximately 15 Gy. For doses above this level, all irradiated 
individuals would be expected to die. As a conservative approximation, it may be 
assumed that the probability of severe effects is unity for doses higher than about 
5-10 Gy to the whole body.

It should be noted that the probability of individual harm and the probability 
distribution of consequences will, in general, have time distributions that might be
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very different according to the type of source. For example, exposure arising from 
a radiation generator can only occur while it is operating, whereas a radioactive 
waste repository is a source of potential exposure over a time-scale that extends into 
the distant future. Furthermore, the types and magnitudes of potential exposure may 
vary with time, as for a waste repository in the pre-closure and post-closure periods. 
A change in the safety features applied to the source will invariably introduce a 
change in these potential exposures and in their time distributions.

3.5. UNCERTAINTY

Uncertainty is a concept expressing the incompleteness of the knowledge of, 
or the imprecision in, an estimate or assessment. It should be noted that some uncer
tainties exist independently of the assessment method used. Whether modelling is 
performed ‘deterministically’ or ‘probabilistically’, the uncertainties are present. 
Probabilistic approaches can explicitly account for some of the uncertainties, since 
probability theory is intended for situations of incomplete knowledge. However, this 
does not mean that uncertainties cannot be dealt with in deterministic approaches. 
Whatever approach is used, it must be remembered that uncertainties will always be 
present in the assessment and must be taken into account in some manner.

3.6. PROBABILITY

The concept of probability has two customary interpretations:

(a) ‘Probability’ as the mathematical limit of the relative frequency of occurrence 
of an event (the frequentistic interpretation).

(b) ‘Probability’ as an expression of the degree of belief that an event will occur 
(the subjectivistic interpretation).

Generally, the frequentistic interpretation of probability is used to quantify 
uncertainty arising from possible stochastic variation, whereas the subjectivistic 
interpretation is used to quantify uncertainty arising from inaccurate knowledge of 
deterministic (‘fixed’) values. Both types of probability can be quantified on the basis 
of sample evidence, with sufficient experience, or on the basis of expert judgement 
if there is insufficient statistical information.

It should be noted that a probability assigned on the basis o f belief is not an 
arbitrary value. Such probability values are assigned on the basis o f the information 
available, which includes scientific knowledge, expert judgement and historical 
experience. The use of a probability assigned in this manner is acceptable as long 
as the quantitative value assigned is consistent with the quantitative value of the rela
tive frequency for situations for which more information is available. This can be 
true regardless of whether the safety assessment is being performed deterministically
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or probabilistically. Thus, the probabilities assigned for various events will be con
sistent and continuous, and low probability events can be integrated with higher 
probability events into a complete analysis of the situation under consideration.

3.7. PROBABILITY AND FREQUENCY

The probability of occurrence of an event, strictly defined, is always the proba
bility that the event occurs within a given period of time T. This probability can be 
derived from a more basic quantity, the frequency of occurrence, or simply the 
frequency, denoted by f. It is irrelevant in principle whether the quantity f  is known 
from past experience and measurements or is estimated on a subjective basis. For 
periodic events, the frequency is just the inverse of the period of the event, with 
dimensions of time-1. For stochastic events, the frequency is the inverse of the 
average period or of some estimate of the average period. In estimating the probabil
ity of an event one always starts with the question “ how often does the event occur: 
does it occur once every 10 years, or once every 10 000 years?” Thus, in most situa
tions, one first seeks to estimate the average period or, equivalently, the frequency, 
which is the inverse of the time period.

The frequency f  of an event is a quantity such that the probability that the event 
occurs within an infinitesimally small time interval dt is f  - dt. That is, the probability 
rate is f. The probability p(T) that the event occurs within the finite period of time 
T is then given, on the assumption of a constant average frequency, by:

where e 17 is the probability that the event does not occur within the time period T. 
If the product fT is small, the probability p(T) can be approximated as:

and the error of the estimate is o f the order of (fT)2.
In principle, the time period T over which the probability of occurrence fT is 

considered may be chosen arbitrarily, as long as it is kept fixed throughout the ana
lysis. However, in radiation protection practices it is customary for regulatory con
trol purposes to select T to be one year.

3.8. RISK AND PROBABILITY OF HARM

This report uses the term ‘risk’ in the commonly understood meaning of proba
bility of harm and the nature or magnitude of that harm. Thus, risk is a general term 
and no functional relationship is implied or assumed.

P(T) =  1 — e-fr (1)

p(T) = fr (2)
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For radiation safety purposes there is a need for a single, mathematical defini
tion of a measure o f individual health risk. This measure should be appropriate and 
should be defined for all situations of radiation exposure. A definition that satisfies 
these criteria is: the probability of a serious, deleterious health effect to an 
individual. This quantity is termed ‘risk’ in ICRP publications but, since there are 
other extant definitions of the word ‘risk’, the quantity is termed ‘probability of 
harm’ in this report. Mathematically, the probability P, of harm to an individual due 
to an event i can be expressed as:

Pi =  Pi(D)-p(eff |D) (3)

where Pi(D) is the probability of occurrence of the event i that gives rise to a dose 
D and p(eff | D) is the probability of a specified serious detrimental health effect aris
ing from dose D. Many events or processes give rise to a distribution of doses rather 
than to a single unique dose. Therefore, more generally, the differential probability 
dPj of harm due to an event i that gives rise to a dose between D and D +dD  may 
be defined as:

dP; =  Pi-Pi(D ).p(eff|D )-dD  (4)

where pt is the probability o f occurrence of the event or the process and P j(D ) is the 
normalized probability density distribution of delivered dose, given that the event has 
occurred; that is, the probability of the delivery of a dose between D and D +dD  is 
P i( D ) -dD, given that the event has occurred. The total probability of harm due to 
the occurrence o f the event is given by integrating (summing) over all doses:

Pi =  j  prPi(D)p(eff|D )-dD  (5)

The total probability of harm due to a set of mutually independent events i is thus 
given by:

P«o*i =  1 -  r i(l -  Pj) (6)

If the Pi are small, the total probability of harm is simply the linear sum of the 
individual probabilities of harm for all the events:

(7)
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As mentioned in Subsection 3.7, in radiation protection it is customary, for 
regulatory purposes, to limit doses and related probabilities to a time period of one 
year and, in fact, to apply the limitation to the doses and probabilities committed in 
one year. If the quantities pj and Pj(D) in the formulas are used in that sense, then 
Ptotai is the probability of harm committed in one year to an individual. Also, in 
relation to the foregoing formulas, two points should be noted:

(a) at very low probabilities of occurrence, it is difficult to demonstrate the mutual 
independence of the events i;

(b) for every specified effect j, there is a corresponding set of p(effj|D).

4. MEASURES OF SOCIETAL RISK

For traditional radiation protection purposes, societal risk is measured in terms 
of detriment. Detriment has been defined by the ICRP as the mathematical expecta
tion of harm, after weighting for the severity of each different type of harm. The 
‘objective health detriment’ (for example, the mathematical expectation of the num
ber of severe health effects such as death from cancer and severe hereditary harm) 
is then assumed to be proportional to the product of the number of individuals 
exposed and their average dose; that is, to the collective dose.

For normal exposures, the societal risk is assumed to comprise only stochastic 
risks, because of the limitation of individual doses. When societal risk is considered 
for potential exposures, however, the possibility of non-stochastic effects must also 
be considered. The corresponding detriment cannot be assumed to be proportional 
to the collective dose, but it would still be proportional to the number of individuals 
exposed to high doses. Furthermore, the weighting to be applied to stochastic and 
non-stochastic risks in determining the societal impact would not necessarily have 
to be the same.

For situations in which exposure may or may not occur, the expectation value 
would include the probability of occurrence of the event that leads to the conse
quence. In these circumstances, the societal risk would be proportional to the expec
tation value of the collective risk provided that the probability of occurrence o f the 
causative event is not so small that the usefulness of the expectation value is dubious. 
The use of an expectation value as a measure of societal risk runs into difficulties 
when the probability of an event is low but the consequence is high.

The following example illustrates the problem: consider an accident sequence 
that has a low probability P of occurrence and that has a high consequence C if  it 
occurs (but of course no consequences if it does not occur). The expectation value 
of harm is given by the product PC. If P is very small and C is very large, the product 
PC will have an intermediate value that does not provide the decision maker with
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an adequate numerical representation of the situation, namely that there will be either 
no consequences or major consequences. In other words, the extremes of probability 
and consequences are not evidenced to the decision maker and it is therefore not pos
sible to include them in the decision making process.

The use of an expectation value of risk is thus not considered to be a good mea
sure of societal risk when the numerical value does not reflect a result that can actu
ally occur. In these cases other measures of societal risk must be sought, such as by 
applying an appropriate weighting factor to the consequences, separating the proba
bility of the event from its consequences, or incorporating a risk aversion factor into 
either the probability or the consequences.

One possible mechanism for modifying the expectation value in order to incor
porate an aversion to certain magnitudes of risk has been suggested [8]. In this 
approach a risk aversion factor denoted by a is used to generalize the expectation 
value such that the product PC becomes PCa. The assessment o f a is generally 
based upon some type of survey [9],

A second method that could be used to provide a perspective on the probability 
of an event and the magnitude of its consequences is to present the relation between 
these two factors graphically. One type of graphical presentation that has been 
adopted by some national authorities uses the complementary cumulative probability 
density function (CCDF). Other types of curves might also be appropriate, depen
dent upon the type of information to be presented.

For potential exposures, radiation detriment (and specifically the objective 
health detriment) would only be one element of societal risk. Other types of impacts 
on society must also be considered for the purposes of justification of a practice and 
optimization of protection; for example, economic losses and other deleterious 
effects such as the need to restrict the use of contaminated areas or products. Public 
anxiety and any consequent changes in living habits, although less easy to quantify, 
would also contribute to the detriment. Some of the other types of societal impacts 
of radiation that could be considered might include psychological detriments, eco
nomic detriments, environmental detriments, strategic impairment such as loss of 
sovereignty, and social disruption. Techniques that use, for example, utility func
tions or multiattribute analysis may be required in order to aggregate these diverse 
detriments, which in many cases go well beyond the realm of radiation protection 
to include social and political considerations.

It has been suggested that a measure of societal risk should be used as some 
type of limit, objective or goal in the justification of a radiation practice and in the 
optimization of protection. In general, such an a priori use is not appropriate, for 
the following reasons. Firstly, societal risk will have different meanings and uses in 
the contexts of justification and of optimization. Secondly, the use of a design objec
tive could interfere with the optimization analysis by restricting the options that could 
be considered. Finally, the magnitude of societal risk will depend upon the source 
under consideration and will be unique for that source. However, some national
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authorities may wish to investigate further some type of limitation on societal risk 
that goes beyond that currently implied by the application of the dose limitation 
system.

Consideration of societal risk will be an important factor in both the justifica
tion of a practice and the optimization of protection. For these principles to be 
properly extended to sources of potential exposure, the measures of societal risk used 
by the decision maker should include the probability of the occurrence of an event 
and the associated consequences, as well as any other factors that may be necessary 
to characterize the harm.

5. JUSTIFICATION

The first basic principle of the system of dose limitation recommended by the 
ICRP provides that no practice shall be adopted unless its introduction yields a posi
tive net benefit. This principle is usually termed the ‘justification of a practice’.

The justification of a practice with regard to radiation protection is a prerequi
site for and an important input to the broader scope of decision making, which may, 
in fact, require a decision between several possible options for how to proceed. Deci
sions of this broad type usually have many aspects that are not directly concerned 
with radiation protection, and thus radiation protection is only one input to the whole 
decision making process. The objective of justification, from the standpoint of radia
tion protection, is to assess new sources and practices in terms of their dominant radi
ation risks and benefits to society, in order to verify that there is a net benefit. As 
such, justification is not a choice between the options that might be under considera
tion on the broader scale, but is a decision on whether or not the particular option 
under consideration provides a net benefit to society.

In determining whether a source or practice is justified, the decision maker 
should take into account the total harm to society due to both normal exposures and 
potential exposures. One important factor that should be considered will be the 
individual risk levels. However, the societal risk will, in most cases, be the dominant 
factor in the justification process. For normal exposures, the societal risk is ade
quately represented by the collective dose. However, when the basic principles are 
extended to potential exposures, the societal risk cannot be expressed in a simple 
way, as is discussed in Section 4. Thus, the factor of societal risk may actually be 
composed of several factors in order to take into account the probability of the 
exposure and the magnitude of the consequences.

Situations may arise in which societal impacts are so severe that they simply 
cannot be allowed to occur, irrespective of the benefits that may be yielded; that is, 
there is no conceived benefit that would be sufficient to outweigh the deleterious 
effects and yield a net benefit to the society. Such a situation implies a de facto limit
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on the societal risk. However, such a limit should not be applied a priori, as is the 
case when the individual risk limit is applied as a constraint in the optimization 
process. Instead, such a determination should be the direct result of the justification 
process itself.

In the justification process, the question of societal risk and the yield of a net 
benefit can be approached in two different ways. One approach is to use a compara
tive process in which the risks and benefits are compared with those of other prac
tices that have already been justified. This is a commonly used approach that 
provides some degree of flexibility, and the results can often be explained in terms 
of practices and sources that are familiar to most people. However, such an ad hoc 
approach has the disadvantage that only relative standards are applied, which may 
result in the inconsistent treatment of different cases.

A second type of approach to the justification process is an ‘absolute’ 
approach, in which the costs and benefits are compared in absolute terms, without 
any reference to other decisions that may have been made in the past. Such an 
approach may improve the consistency between decisions but has the disadvantage 
of being difficult to explain.

6. OPTIMIZATION OF POTENTIAL EXPOSURES

The second basic principle of the system of dose limitation recommended by 
the ICRP for normal operations is that the measures for radiation protection applied 
to a source of exposure must be optimized in order that all doses be kept as low as 
is reasonably achievable (ALARA), economic and social factors being taken into 
account. Optimization is constrained by the dose limits and requires evaluations of 
the various possible options against preference criteria. The health detriment as well 
as the cost o f protection should be taken into account in order to determine the best 
possible allocation of resources for protection. This requirement has, in general, led 
to individual doses that are below the individual dose limits.

Ensuring that no single individual or critical group will incur an unduly high 
risk due to potential exposures is a necessary, but not necessarily sufficient, condi
tion for ensuring an appropriate level of safety. The question remains whether there 
could or should be further efforts or controls in order to further reduce risks due to 
potential exposures; that is, whether the optimization principle should be extended 
to potential exposures.

The concept of optimization requires a choice between various possible options 
for protection: factors such as the total health detriment to the exposed population 
and the costs of protection being taken into account. It should be recognized, 
however, that, dependent on the problem in question, other factors may be taken into
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consideration, such as whether the doses are received by workers or members o f the 
public, the average level of individual doses or even the distribution of doses.

In its most general sense, decisions about an optimum solution could also 
include consideration of other objects of protection (environmental locations, con
sumable and non-consumable products, animals, and so on) or other social and eco
nomic values. These considerations may be beyond the scope of radiation protection 
in its traditional sense, but they are factors that will be part of decision making.

In extending the basic system of radiation protection to sources of potential 
exposure, it will be necessary to include in the optimization analysis both the proba
bility and the consequences of potential exposures. For the purpose of optimization, 
however, it may not be helpful to assign, for simplicity, an equal weight to the 
stochastic and non-stochastic health effects, as is suggested in Section 7. Instead, the 
various consequences could be treated separately and the relative importances of the 
various health effects could be taken into account by using different weighting 
factors. It may also be useful to take into account other relevant human considera
tions, such as the number of people who need to be evacuated or the area of farmland 
contaminated with radioactive material in excess of a particular level.

Before commencing the optimization analysis, the decision maker must deter
mine which relevant factors will be taken into account and how they will be 
weighted. The appropriate decision aiding technique may then be chosen for the 
comparison of options. Rather simple studies can be made by techniques such as cost 
effectiveness analysis or cost-benefit analysis. However, for more complex studies, 
sophisticated techniques based on, for example, utility functions or multicriteria 
analysis may be used.

The optimization process requires that the inputs to the analysis should be 
realistic rather than deliberately pessimistic. This requirement would also apply to 
the optimization of potential exposures.

In addition to the question of which factors should be compared in the optimi
zation analysis, there is the problem of how to include in the comparison process 
quantities that are not expressed in commensurate units (for example, costs, collec
tive doses or risks, non-stochastic effects). Factors that should be taken into account 
may include: the nature and degree of preference for smaller consequences over 
moderate to high or very high consequences; the social costs o f restrictions or incon
veniences; morbidity versus mortality; and the relative importance attached to the 
various manifestations of health effects.

Quantities that are not directly or linearly comparable can be compared by 
means of utility functions or multicriteria analysis. Preferences for quantities of 
differing types are expressed by means of a utility function that prescribes how the 
different types of factors are to be combined for the purposes of comparison. The 
resulting utility functions are then processed by means of a decision mechanism to 
arrive at a ‘best under the circumstances’ (i.e. optimized) option. Possible implemen
tations o f this approach are discussed in the literature [10, 11],
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Safety criteria for nuclear reactors have, in some cases, been expressed as 
objectives that establish an acceptable relation between the probability of an event 
and the magnitude of its consequences. In keeping with the philosophy of individual 
risk outlined in Section 6, these objectives should be below the risk limits, that is, 
comparable with the risk upper bound, and may be taken as establishing an optimum 
design.

7. LIMITATION OF INDIVIDUAL RISK

The third principle in the system of dose limitation recommended by the ICRP 
is the limitation of the dose received by any one individual. In order to extend this 
principle to sources of potential exposure, it seems reasonable to focus on the idea 
of a limit on individual risk as one necessary, although not sufficient, requirement 
for a unified approach to radiation safety. The ICRP has made a start towards devel
oping this concept in the context of radioactive waste disposal [3],

In applying the system of dose limitation to the normal operation of a source, 
early (non-stochastic) effects are prevented by setting the dose equivalent limit low 
enough to ensure that the thresholds for such effects are not exceeded [1]. For unex
pected events or accidents, however, such effects cannot be excluded in this way. 
Early effects can be dependent upon both whole body and organ doses. These doses 
must therefore be evaluated in order to obtain the associated probabilities of harm.

The concept of committed dose as used in the system of dose limitation [1] is 
not applicable for the calculation of early effects because the individual concerned 
would die before incurring all the projected dose that would be the cause of death. 
An approximate integration time for this dose (possibly up to several months at most) 
will have to be given, together with the other information needed to assess the proba
bility of early death. This becomes important for the accidental intake of long lived 
radionuclides with long biological half-lives (such as 239Pu in the lung).

In a unified approach, it is preferable to combine the probability of harm 
associated with early (non-stochastic) effects and the probability of harm associated 
with stochastic effects by means of appropriate weighting factors. It is not necessary, 
in principle, to assign the same weighting to all types of harm. If, for instance, the 
loss of man-years were used as a weighting function, then acute death would be given 
a greater weighting than death from cancer after a latency period. However, the 
simplest approach is to give the two types of harm (stochastic and non-stochastic) 
an equal weighting, so that the total probability of harm caused by uncertain events 
or accidents is the simple sum of these two components.

One possible method for incorporating potential exposures into a unified 
approach is simply to combine potential risks with the risks associated with normal
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operation of the source. To do so it would be necessary to convert the doses 
associated with normal operation into the risks due to those doses so that risks could 
be combined. However, this approach might lead to changes in the existing dose 
limitation system and could imply a trade-off between normal and potential 
exposures.

Another way o f dealing with potential exposures is to define separate limits for 
normal situations and accidents. The current system for control of doses resulting 
from normal operation would then not need to be changed. Furthermore, the doses 
arising from normal operations or the related derived quantities (for example, 
releases of radioactive substances or environmental radiation levels) can be measured 
in order to check for compliance with the respective limits, whereas there is no 
equivalent method for directly measuring future risks. Thus, the system for the con
trol of risks would be implemented in a different manner from that for the current 
system for the control o f doses. The simplest method of incorporating accidental 
events or processes into a risk based system of radiation protection is to define a 
separate risk limit for unexpected or accidental situations and to retain the current 
dose limits for normal operations.

In general, the probability of harm to any one given individual before an event 
has occurred is the product of at least three factors, namely: (1) the probability of 
the initial event; (2) the probability that this event will lead to radiation exposure of 
the given individual; (3) the probability of the occurrence of harm given that 
exposure. This a priori probability of harm should be calculated for the average 
individual of a critical group.

A limitation of the individual risk for all sources should be established for an 
average individual of the critical group. The risk limit to be used should be consistent 
with the risk implied by the dose limit for normal operations recommended by the 
ICRP for occupational and public exposures.

Since a member of the public can be at risk from more than one source or prac
tice, the ICRP introduced the concept of the source upper bound [12], which is 
recommended by the IAEA for limiting releases of radioactive materials to the 
environment [13]. A consistent approach to dealing with potential exposures requires 
an apportionment of the risk limit, and this apportionment for a particular source is 
usually termed the source related risk upper bound. The upper bound limits the aver
age risk to the members of the critical group arising from a single source to some 
fraction of the total limit. The fraction in question may be different in different 
circumstances; thus different fractions may be chosen for waste disposal, nuclear 
power plants and irradiation facilities. A further reason to use an upper bound is the 
uncertain knowledge of the various sources to which an individual may be exposed 
in the future. A risk upper bound, allocated for a given source, is to be used in the 
design and regulation of a particular facility, in the same manner as current dose 
upper bounds are used. This allows potential exposure to be treated consistently in 
the safety analysis.
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In order to assess a facility on the basis of a risk upper bound, one may, in 
principle, proceed as follows: the set of scenarios leading to potential exposures is 
analysed, yielding a set of doses. The sum of the risks over all scenarios is compared 
with the risk upper bound. It might, however, be over-conservative to sum all the 
maximum risks if the critical groups are different for the different scenarios. In this 
case, one would first have to identify which of the several critical groups for the 
single scenarios is the one with the highest total risk, and then consider that group 
to verify compliance with the risk upper bound.

For practical application of the risk upper bound, scenarios may be grouped 
into categories. It may not always be easy to identify all the relevant scenarios, to 
analyse them and to sum their corresponding risks. A further apportionment, in addi
tion to that mentioned earlier, may then be made, which consists in apportioning the 
source related risk upper bound to derive a risk upper bound for a single category 
of scenarios. If one already has a fair idea of the totality of relevant scenarios pertain
ing to a category, an apportionment is also possible for each scenario. When the risk 
limit or source related risk upper bound is apportioned, the decision maker should 
make sure that the fraction assigned to a single scenario is not too large. Further
more, some allowance should be made for possible scenarios that have not been 
identified.

8. CONCLUSIONS

This report outlines an approach that national authorities may use to extend the 
basic principles of radiation protection to sources of potential exposure. In most 
cases a source, either radioactive material or a radiation producing device, will have 
associated with it both ‘normal’ exposure resulting from routine operations and 
‘potential’ exposure resulting from unexpected situations or accidents.

It is not recommended that the individual a priori probability of harm be 
limited by applying, to both normal situations and accidents, the risk limit implied 
by the ICRP dose limits for non-accidental situations. Instead, a separate risk limit 
is recommended, in conjunction with the normal risk limitation by adherence to dose 
limits.

The basic principle of individual dose limits may be extended to potential 
exposures by establishing a limit on the probability of harm for a given individual 
that takes into account not only the probability that an effect (such as cancer or 
genetic defects) will occur as a result o f the exposure, but also the probability that 
the exposure itself occurs. By extending the system of dose limitation, the possible 
occurrence of exposures that could result in non-stochastic effects can also be taken 
into account within a single risk framework. It is suggested that the limit for potential
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exposures correspond to the risk implied by the dose limits for normal operations 
recommended by the ICRP for occupational and public exposure.

As with the use of individual dose upper bounds if several sources may cause 
exposure contributions to the same critical group, it is suggested that individual risk 
upper bounds could be established to take account of multiple sources of potential 
exposure, including possible exposure scenarios that have not been identified.

The principles of justification and optimization of protection may also be 
extended to the consideration of potential exposures. Both the justification and the 
optimization principles require assessments of societal risk. When the societal risk 
is expressed as an expectation value (for example, of the total harm, whether bio
logical, economic, political or some combination of these) difficulties arise when the 
probability of the event is low. In this case, the expectation value does not reflect 
the real circumstances, which may be that there is either no consequence or a very 
severe consequence. Thus, the use of the expectation value is not necessarily a good 
measure of societal risk when it suggests a consequence that cannot actually occur. 
In these cases, the societal risk cannot be expressed by a single quantity and both 
the probabilities as well as the spectrum of associated consequences will have to be 
used for the assessment. For very severe potential consequences, society may not 
accept the introduction of a practice even if the expectation value of the consequences 
is very low; that is, there may be a limit on the societal risk in the assessment for 
justification, irrespective of the expected benefit. When this occurs, further informa
tion will be necessary so that political and social factors such as risk aversion can 
be taken into account in decision making.

In moving from a dose based system for normal exposures to a risk based 
framework for potential exposures, the setting of a limit for the total harm to society 
merits further investigation.

The concepts and principles discussed in this report are still in a developmental 
stage, and there still remain difficulties associated with the implementation of a 
unified approach to radiation protection on the basis of probabilistic concepts. These 
difficulties include the treatment of variables and uncertainty in probabilistic safety 
assessments, and the development of mechanisms to determine compliance. 
However, the fundamental principles outlined in this report can serve as a foundation 
for a unified approach to radiation safety.
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