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FOREWORD
by the Director General

The demand for energy is continually growing, both in the developed and
the developing countries. Traditional sources of energy such as oil and gas will
probably be exhausted within a few decades, and present world-wide energy
demands are already overstraining present capacity. Of the new sources n.uclear
energy, with its proven technology, is the most significant single reliable source
available for closing the energy gap that is likely, according to the experts, to be
upon us by the turn of the century.

During the past 25 years, 19 countries have constructed nuclear power plants.
More than 200 power reactors are now in operation, a further 150 are planned,
and, in the longer term, nuclear energy is expected to play an increasingly
important role in the development of energy programmes throughout the world.

Since its inception the nuclear energy industry has maintained a safety
record second to none. Recognizing the importance of this aspect of nuclear
power and wishing to ensure the continuation of this record, the International
Atomic Energy Agency established a wide-ranging programme to provide the
Member States with guidance on the many aspects of safety associated with
thermal neutron nuclear power reactors. The programme, at present involving the
preparation and publication of about 50 books in the form of Codes of Practice
and Safety Guides, has become known as the NUSS programme (the letters being
an acronym for Nuclear Safety Standards). The publications are being produced
in the Agency's Safety Series and each one will be made available in separate
English, French, Russian and Spanish versions. They will be revised as necessary in
the light of experience to keep their contents up to date.

The task envisaged in this programme is a considerable and taxing one,
entailing numerous meetings for drafting, reviewing, amending, consolidating and
approving the documents. The Agency wishes to thank all those Member States
that have so generously provided experts and material, and those many individuals,
named in the published Lists of Participants, who have given their time and efforts
to help in implementing the programme. Sincere gratitude is also expressed to the
international organizations that have participated in the work.

The Codes of Practice and Safety Guides are recommendations issued by the
Agency for use by Member States in the context of their own nuclear safety
requirements. A Member State wishing to enter into an agreement with the
Agency for the Agency's assistance in connection with the siting, construction,
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commissioning, operation or decommissioning of a nuclear power plant will be
required to follow those parts of the Codes of Practice and Safety Guides that
pertain to the activities covered by the agreement. However, it is recognized that
the final decisions and legal responsibilities in any licensing procedures always rest
with the Member State.

The NUSS publications presuppose a single national framework within which
the various parties, such as the regulatory body, the applicant/licensee and the
supplier or manufacturer, perform their tasks. Where more than one Member
State is involved, however, it is understood that certain modifications to the
procedures described may be necessary in accordance with national practice and
with the relevant agreements concluded between the States and between the
various organizations concerned.

The Codes and Guides are written in such a form as would enable a Member
State, should it so decide, to make the contents of such documents directly
applicable to activities under its jurisdiction. Therefore, consistent with accepted
practice for codes and guides, and in accordance with a proposal of the Senior
Advisory Group, "shall" and "should" are used to distinguish for the potential
user between a firm requirement and a desirable option.

The task of ensuring an adequate and safe supply of energy for coming
generations, and thereby contributing to their well-being and standard of life, is a
matter of concern to us all. It is hoped that the publication presented here,
together with the others being produced under the aegis of the NUSS programme,
will be of use in this task.

STATEMENT
by the Senior Advisory Group

The Agency's plans for establishing Codes of Practice and Safety Guides for
nuclear power plants have been set out in IAEA document GC(XVIII)/526/Mod.l.
The programme, referred to as the NUSS programme, deals with radiological safety
and is at present limited to land-based stationary plants with thermal neutron
reactors designed for the production of power. The present publication is brought
out within this framework.

A Senior Advisory Group (SAG), set up by the Director General in September
1974 to implement the programme, selected five topics to be covered by Codes of
Practice and drew up a provisional list of subjects for Safety Guides supporting the
five Codes. The SAG was entrusted with the task of supervising, reviewing and
advising on the project at all stages and approving draft documents for onward
transmission to the Director General. One Technical Review Committee (TRC),
composed of experts from Member States, was created for each of the topics
covered by the Codes of Practice.
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In accordance with the procedure outlined in the above-mentioned IAEA
document, the Codes of Practice and Safety Guides, which are based on docu-
mentation and experience from various national systems and practices, are first
drafted by expert working groups consisting of two or three experts from Member
States together with Agency staff members. They are then reviewed and revised
by the appropriate TRC. In this undertaking use is made of both published and
unpublished material, such as answers to questionnaires, submitted by Member
States.

The draft documents, as revised by the TRCs, are placed before the SAG.
After acceptance by the SAG, English, French, Russian and Spanish versions are
sent to Member States for comments. When changes and additions have been
made by the TRCs in the light of these comments, and after further review by the
SAG, the drafts are transmitted to the Director General, who submits them, as
and when appropriate, to the Board of Governors for approval before final
publication.

The, five Codes of Practice cover the following topics:

Governmental organization for the regulation of nuclear power plants
Safety in nuclear power plant siting
Design for safety of nuclear power plants
Safety in nuclear power plant operation
Quality assurance for safety in nuclear power plants.

These five Codes establish the objectives and minimum requirements that should
be fulfilled to provide adequate safety in the operation of nuclear power plants.

The Safety Guides are issued to describe and make available to Member
States acceptable methods of implementing specific parts of the relevant Codes
of Practice. Methods and solutions varying from those set out in these Guides
may be acceptable, if they provide at least comparable assurance that nuclear
power plants can be operated without undue risk to the health and safety of the
general public and site personnel. Although these Codes of Practice and Safety
Guides establish an essential basis for safety, they may not be sufficient or
entirely applicable. Other safety documents published by the Agency should be
consulted as necessary.

In some cases, in response to particular circumstances, additional require-
ments may need to be met. Moreover, there will be special aspects which have
to be assessed by experts on a case-by-case basis.

Physical security of fissile and radioactive materials and of a nuclear power
plant as a whole is mentioned where appropriate but is not treated in detail.
Non-radiological aspects of industrial safety and environmental protection are not
explicitly considered.
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When an appendix is included it is considered to be an integral part of the
document and to have the same status as that assigned to the main text of the
document.

On the other hand annexes, footnotes, lists of participants and bibliographies
are only included to provide information or practical examples that might be help-
ful to the user. Lists of additional bibliographical material may in some cases be
available at the Agency.

A list of relevant definitions appears in each book.
These publications are intended for use, as appropriate, by regulatory bodies

and others concerned in Member States. To fully comprehend their contents, it is
essential that the other relevant Codes of Practice and Safety Guides be taken into
account.

NOTE

Tlie following publications of the NUSS programme are referred to in the
text of the present Safety Guide:

Safety Series No. 50-SG-G6 Safety Series No. 50-SG-D3
Safety Series No. 50-SG-S3 Safety Series No. 50-SG-D8
Safety Series No. 50-SG-O5 Safety Series No. 50-SG-D11
Safety Series No. 50-SG-O6 Safety Series No. 50-SG-D 13
Safety Series No. 50-C-D

The titles are given in the Provisional List of NUSS Programme Titles printed
at the end of this Guide, together with information about their publication
date. Instructions on how to order them will be found on the last page of
this Guide.

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



CONTENTS

1. INTRODUCTION 1

1.1. General 1
1.2. Scope 1

2. BASIC CONCEPTS OF RADIATION PROTECTION 2

2.1. Design objectives 2
2.2. Dose equivalent limits during operational states 2
2.3. Exposure criteria for accident analysis 3

3. RADIATION PROTECTION ASPECTS IN DESIGN 3

3.1. The ALARA principle 3
3.2. Design practice for operational states 4

3.2.1. Design approach 4
3.2.2. Radiation protection design procedure

for site personnel 5
3.2.3. Assessment of radiation dose 6

3.3. Design practice for accident conditions 7
3.4. Monitoring in radiation protection 7

4. SOURCES OF RADIATION DURING NORMAL OPERATION 8

4.1. Reactor core and vessel 8
4.2. Reactor coolant and fluid moderator system 8
4.3. Steam and turbine system 10
4.4. Waste treatment systems 10

4.4.1. Liquid waste treatment system 10
4.4.2. Gas treatment systems 11
4.4.3. Solid waste 13

4.5. Irradiated fuel 13
4.6. New fuel storage 14
4.7. Decontamination facilities 14
4.8. Miscellaneous sources 14

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



5. SOURCES OF RADIATION UNDER ACCIDENT CONDITIONS 14

5.1. Introduction 14
5.2. Light water reactors 15

5.2.1. Loss of coolant accidents 15
5.2.2. Break of a steam line in a BWR 15
5.2.3. Break of a steam line in a PWR 16
5.2.4. Fuel handling accidents 17
5.2.5. Accidents in auxiliary systems 18

5.3. CO2-cooled reactors with UOj metal-clad fuel 19
5.3.1. Single-channel faults 19
5.3.2. Depressurization accidents 20
5.3.3. Other accidents 20

5.4. Heavy water reactors 21
5.5. Reactors with on-load refuelling 21

6. PROTECTION OF SITE PERSONNEL DURING
OPERATIONAL STATES 21

6.1. Plant layout 22
6.1.1. Supervised areas and controlled areas 22
6.1.2. Zoning 23
6.1.3. Change rooms 24
6.1.4. Access and occupancy control 24

6.2. Coolant transport of radiation sources 26
6.3. System design 28
6.4. Component design 29
6.5. Design support for maintenance 30
6.6. Remote techniques 30
6.7. Decontamination 31
6.8. Shielding 32

6.8.1. Shielding design 32
6.8.2. Shield penetrations 34

6.9. Ventilation 35
6.10. Solid-waste treatment systems 36
6.11. Liquid and gaseous waste treatment systems 37

7. PROTECTION OF SITE PERSONNEL UNDER
ACCIDENT CONDITIONS 38

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



8. PROTECTION OF THE PUBLIC DURING
OPERATIONAL STATES 39

8.1. Exposure criteria 39
8.2. Effluent treatment systems 39

8.2.1. Liquid treatment systems 40
8.2.2. Gas treatment systems 40
8.2.3. Ventilation air treatment systems 41

8.3. Shielding 41

9. PROTECTION OF THE PUBLIC UNDER
ACCIDENT CONDITIONS 41

10. GUIDELINES FOR DETERMINING RADIATION DOSE RATES
DURING OPERATIONAL STATES 42

10.1. Source calculations 43
10.2. Radiation transport through shielding 44

11. CONSIDERATIONS FOR DETERMINING POTENTIAL DOSES
UNDER ACCIDENT CONDITIONS 45

12. MONITORING OF RADIATION DURING
OPERATIONAL STATES 46

12.1. Personnel monitoring 47
12.2. Area monitoring within the plant 47

12.2.1. External radiation monitors 47
12.2.2. Airborne radioactivity and surface contamination

monitoring 48
12.2.3. External individual contamination monitoring 48

12.3. Effluent monitoring 49
12.4. Environmental monitoring 49
12.5. Fluid system monitoring 50

13. MONITORING OF RADIATION UNDER
ACCIDENT CONDITIONS 50

14. PROCESS MONITORING FOR RADIOLOGICAL PROTECTION 51

14.1. Introduction 51
14.2. Failed fuel element monitoring 52
14.3. Secondary systems of indirect-cycle reactors 52
14.4. Auxiliary systems 53

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



15. AUXILIARY FACILITIES 53

ANNEX I. Radioactive releases and exposure limits for
members of the public 55

ANNEX II. Depressurization accidents in AGR reactors 58

ANNEX HI. Zoning of nuclear power plants 60

ANNEX IV. Methodology for source and flux calculations 70

ANNEX V. Statement on the role of quantitative optimization
in nuclear power plant radiation protection 77

ABBREVIATIONS 79

REFERENCES 81

BIBLIOGRAPHY 85

DEFINITIONS 87

LIST OF PARTICIPANTS 93

LIST OF NUSS PROGRAMME TITLES 97

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



1. INTRODUCTION

1.1. General

This Safety Guide has been prepared as a part of the Agency's programme,
referred to as the Nuclear Safety Standards (NUSS) programme, for establishing
Codes of Practice and Safety Guides relating to nuclear power plants. The List
of NUSS Programme Titles is printed at the end of this publication.

The document gives guidance on how to satisfy the objectives contained
in Subsection 2.2 and Section 9 of the Code of Practice on Design for Safety of
Nuclear Power Plants (IAEA Safety Series 50-C-D, hereinafter referred to as
the Code).

This Guide deals with the provisions to be made in the design of thermal
neutron reactor power plants to protect site personnel and the public from undue
exposure to ionizing radiation during operational states and accident conditions.

The radiation protection principles outlined in this Guide are considered
to be consistent with the Basic Safety Standards for Radiation Protection [ 1 ],
which is a radiation protection document prepared under the joint auspices of
the IAEA, the International Labour Office (ILO), the Nuclear Energy Agency
of the OECD and the World Health Organization (WHO)1.

It should be recognized that effective radiation protection is a combination
of good design, high quality construction and proper operation. (Procedures
relating to the radiological protection aspects of operation are contained in
the Safety Guide on Radiation Protection During Operation of Nuclear Power
Plants (IAEA Safety Series No.50-SG-O5)).

1.2. Scope

This Guide:

(1) Describes principles and concepts of the system of dose limitation
(including compliance with the ALARA principle — see Section 2.1)
as a basis for radiation protection measures implemented in the
design of nuclear power plants;

(2) Describes the important sources of radiation and contamination
against which protection for site personnel and the public has to be
provided for in the design;

(3) Describes measures used in the design for radiation protection of
site personnel and the public;

(4) Outlines methods used to calculate on-site and off-site radiation levels,
and to check if a design affords adequate radiation protection.

1 This document incorporates recommendations given in ICRP Publication 26 [2].
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This Guide does not deal with the design measures to be taken to reduce
the probability of the occurrence and development of accidents. These aspects
are considered in the Code and in other Safety Guides. Neither does it consider
the design measures which might be taken to minimize individual and collective
radiation exposures incurred during decommissioning.

2. BASIC CONCEPTS OF RADIATION PROTECTION

2.1. Design objectives

In accordance with the basic principles of radiation protection as outlined
in the Basic Safety Standards [1], provisions shall be made in the design to
comply with the following design objectives:

(1) Radiation exposures of individuals shall not exceed the applicable
prescribed limit established by the appropriate competent authority2.
Annex I gives examples from the regulations of several Member States
concerning radioactive releases and exposure limits for the public.

(2) Radiation protection provisions shall be such as to keep exposures as
low as reasonably achievable, taking account of economic and social
factors (ALARA).

The design shall provide for the monitoring and control measures needed
to achieve the above objectives.

2.2. Dose equivalent limits during operational states

The design of the nuclear power plant shall be such that prescribed individual
dose equivalent limits for site personnel and the public shall not be exceeded
during operational states. Values for prescribed individual dose equivalent
limits are not recommended in this Guide, but are left to the appropriate
competent authority. To comply with the Basic Safety Standards [ 1 ], the
prescribed limits shall not be higher than the values of the dose limits contained
in that document. The prescribed dose equivalent limits should be specified
at an early stage once the decision to go ahead with construction of a nuclear
power plant has been made. The designer shall however design to values as low
as reasonably achievable (see Section 3 of the present Guide, Ref.[ 1 ] and the
relevant ICRP publications).

2 Exposure may be given, for example, in terms of annual effective dose equivalents,
organ doses, annual intake, radioactivity concentration in air, etc. The term 'prescribed limit'
as used and defined in NUSS documents is equivalent to the term 'authorized limit' used in
the Basic Safety Standards [1].

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



Annual dose equivalent limits for the individual members of the public
apply to the average dose equivalent in the critical group of the population, i.e.
a group of persons representative of individuals who receive the highest exposure
as a result of the operation. Pre-operational studies shall be carried out to
identify the critical group and critical pathways of the exposure of such a group
in a manner found satisfactory by the regulatory body.

The prescribed dose equivalent limits are specified as the maximum doses
that a member of the site personnel or the public may receive over a specified
period (e.g. quarterly, annually). It is also general practice to prescribe discharge
limits for radioactivity in liquid and gaseous effluents (e.g. annual, quarterly,
monthly, daily — the shorter terms allowing for increased releases over short
periods).

2.3. Exposure criteria for accident analysis

The adequacy of the design provisions for the protection of the public
and site personnel against postulated accident conditions shall be judged by
comparison of calculated doses with specified design targets. The postulated
accident conditions and design targets shall be acceptable to the regulatory body.
In general the higher the probability of the accident condition, the lower the
specified reference dose should be. The regulatory body may recognize this
principle by setting different reference levels for different ranges of probabilities
of occurrence.

3. RADIATION PROTECTION ASPECTS IN DESIGN

3.1. The ALARA principle3

The requirement to keep all exposures within prescribed limits and 'as low
as reasonably achievable', economic and social factors being taken into account
(ALARA), implies that the radiation exposure resulting from a practice should
be reduced by radiation protection measures to values such that further
expenditure for design, construction and operation would not be warranted by
the corresponding reduction in radiation exposure.

Optimization of radiation protection, i.e. the application of the ALARA
principle, implies in general a choice from a set of protection measures. To this
end, feasible options are identified, the criteria for comparison and their
appropriate values are determined and finally the options are evaluated and

3 In the Basic Safety Standards [1], ALARA is referred to as 'optimization of radiation
protection'. In that document the overall system of justification, optimization and individual
dose limitation is referred to as the 'system of dose limitation'.
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compared. Some of the criteria and input parameters considered in such a
decision making procedure are not easily quantifiable and the protection measure
adopted is often the result of qualitative expert judgement.

In general, the level of sophistication and corresponding degree of effort
given to these assessments should reflect the magnitude of the radiation problem
concerned. In the design of facilities, and especially in making decisions between
design concepts, the use of quantitative methods for optimization might be
appropriate (see Annex V).

A differential cost-benefit analysis has been recommended in the Basic
Safety Standards [ 1 ] as one quantitative method of radiation protection
optimization. The optimum level of protection based on this method will be
identified by assessing the costs of protection and benefits of reductions in
exposure. The optimum level would be that which minimizes the total costs,
i.e. the sum of the cost of protection and the cost of radiation detriment.

The cost of radiation detriment is usually assumed to be proportional to
the collective effective dose equivalent commitment resulting from the plant
during its operating life. If other factors, such as risk perception, are considered
as being an additional part of the detriment, this part is taken to be a function
of the individual doses in the various exposed groups (see Refs [ 1, 2]).

Optimization performed by this method requires the assessment of the
monetary costs of the radiation detriment. If quantitative optimization in
design is required, the monetary values for detriment may be prepared by the
organization having the required expertise and shall be approved by the regulatory
body. Costing problems and other practical aspects of the optimization of
radiation protection are discussed in ICRP Publication 37 [3].

3.2. Design practice for operational states

3.2.1. Design approach

Design practice, as it has developed over the years, is usually not strictly a
quantitative cost-benefit approach to ALARA, but has the same aim and broadly
the same conceptual basis (see Annex V). It encompasses the following points:

(1) Design objectives are set in terms of individual exposure rates at a
specified distance from the surface of components and radioactivity
concentrations in the room atmosphere and often also in terms of
collective doses for the exposure of site personnel and for individual
doses for members of the public. Such values may be derived from
values measured at similar plants that have good operating records
regarding radiaton protection and shall be approved by the
regulatory body.
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(2) The additional cost of a proposed design change and the reduction in
exposure to site personnel and the public which may be achieved by
this design change is evaluated. Different suggested design changes
can be compared with each other, and the most effective ones can be
considered for inclusion in the new design. Obviously, when a
reduction in cost is accompanied by a reduction in dose the change
should be made. However, caution in introducing substantial design
changes should be exercised if the new design is not yet proven.

3.2.2. Radiation protection design procedure for site personnel

In practice the radiological protection design programme should proceed
as follows:

(1) A logical plant layout is prepared and divided into zones based on
expected dose levels, operational procedures (e.g. maintenance) and
past experience. The shielding is reviewed as an integral part of this
process.

(2) An occupational dose target for the site personnel may be established
as a design objective based on experience at other plants and on
staff requirements4. The number of staff required should be determined
by operational requirements only and should not be increased in
order to achieve compliance with given exposure limits. Instead, the
design shall facilitate compliance with the occupational dose target
using one or more of the following measures:

(a) Reduction of dose rate in working areas by:

— source reduction (e.g. by decontamination, material selection,
filtration, purification, control of corrosion, water chemistry, etc.)

— improvement of shielding
- increase of distance between worker and source (e.g. remote

handling).

(b) Reduction of occupancy time in radiation fields by:

— specifying high standards of equipment to ensure very low
failure rates

— ensuring ease of maintenance or removal of equipment
— introducing simplifications in operational procedures (e.g. built-in

auxiliary equipment)
- ensuring ease of access and good lighting.

4 Values in the range of 4 to 10 man-sievert (400 to 1000 man-rem) per year of
routine operation for a 1000 MW(e) plant have been used by Member States for this target.
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(3) The occupational dose target established may be allocated to systems,
to areas of the plant and to operational, maintenance and inspection
work functions.

As the design proceeds, estimates should be made of the contribu-
tion of each system to the radiation exposures during work on that
system. Additional contributions to radiation exposure in the area
by neighbouring systems or airborne radioactive materials should be
estimated. Estimates should also be made for operating and maintenance
functions in the nuclear power plant. It may also be logical to separate
these estimates according to the trades involved, since it is possible
that some specialities such as welders or instrumentation maintenance
workers may become a critical group. Preliminary assessment by the
designer at this stage should make it possible to identify those systems
which exceed the system occupational dose targets or which contribute
to exposures exceeding the limits discussed in Section 2 of this Guide.
These systems should be the subject of further study.

In some reactor systems, collective radiation exposure is already
known from experience in existing plants. Major contributors to the
exposure may then be identified and analysed to determine if substantial
reductions can be obtained by design measures such as those mentioned
in paragraph (2) of this subsection. The cost of additional equipment
and the possible increase of radiation exposure of the site personnel
due to resultant operation and maintenance work that becomes necessary
shall be taken into account.

3.2.3. Assessment of radiation dose

In the design stage of a nuclear power plant it is necessary to examine the
influence of individual components or features on the eventual doses to site
personnel and the public as a basis for assessing their acceptability or the need
for possible exposure restrictions.

The assessments of individual and collective dose equivalents for site personnel
and the public resulting from radioactive sources and releases are discussed in
Section 10. These assessments are based on models describing the transfer of
such substances in the environment and the resulting exposure of man [4].

Such assessments for operational states can be based to a great extent
on information derived from the operational experience of nuclear power plants
of identical or similar design because, for example, the locations and values of
the radiation source terms are known, the quantities of radioactive material
actually released from the plant can be estimated to a high level of confidence,
and the effectiveness of shielding analysis methods have already been verified.
However, for dose equivalent assessments for demonstration of compliance
with individual dose limits, in the case of both site personnel and the public,
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it may be necessary to introduce some conservatisms in order to have high
confidence in the results of the assessment.

For the purpose of ALARA studies, the analyses should be based on
realistic considerations.

3.3. Design practice for accident conditions

The design objectives for accident conditions are to limit to acceptable levels
the risks to the public from potential releases of radioactive material from the
nuclear power plant and the risk to site personnel due to these releases and to
direct radiation exposure. These design objectives are achieved through high
quality design and special features, such as the safety systems, incorporated in
the plant. Achievement of the objectives shall be confirmed by the safety
analysis. The dose equivalent assessments for demonstration of compliance
with acceptable limits should generally be based on conservative assumptions.
This subject is further discussed in Sections 9 and 11 of this Guide and in the
Safety Guide on General Design Safety Principles for Nuclear Power Plants
(IAEA Safety Series No.50-SG-Dl 1).

To achieve the above design objectives, the necessary design provisions
and procedures (e.g. control room access, essential equipment maintenance,
process sampling) shall be such as to enable the plant operators to adequately
manage the accident situation. The radiation protection requirements for site
personnel in such accident conditions are discussed in Section 7.

3.4. Monitoring in radiation protection

Monitoring represents an essential part of any radiation protection pro-
gramme. It permits assessment of compliance with established limits and
supplies information about changes in exposure levels, which may indicate the
need for corrective actions.

Any monitoring should be based on monitoring programmes which have
clearly defined objectives and which identify measuring methods and measuring
equipment, the location and frequency of measurements, and ways of recording
and interpreting the results.

Monitoring for the protection of the site personnel shall include individual
monitoring for the dose assessment for individuals working under conditions
where the annual exposures might exceed three-tenths of the dose equivalent
limits ('Working Condition A' - see Safety Series No.50-SG-O5, Section 4.2.1,
and Ref.[ 1 ], para. 507). For 'Working Condition B' (see Section 12), monitoring
of work places and area monitoring may be sufficient to make an adequate
dose assessment for site personnel falling under these conditions. Monitoring
for protection of the public shall include monitoring of effluents in a way that
checks compliance with the prescribed limits during operational states and
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acceptable limits during accident recovery operations. It also includes monitoring
of the environment outside of the plant as required for operational states and
during and following accident conditions.

The monitoring programme should form the basis for the selection of
appropriate instrumentation.

4. SOURCES OF RADIATION DURING
NORMAL OPERATION

4.1. Reactor core and vessel

During power operation, the fuel elements emit neutrons and gamma-ray
photons as a result of the fission process and the decay of fission products.
Gamma-ray photons are also emitted as a result of neutron capture in the core
and the surrounding material. In addition, in the case of heavy water moderated
reactors, photo-neutrons are emitted from the interaction of gamma rays with
deuterium. Other forms of radiation such as beta particles and positrons are
emitted from the core and vessel region during power operation, but these are
not important in radiological protection because of the limited penetration
range of these charged particles.

After shutdown of the plant, the main radiation sources are the gamma
radiation from the fission products and activation products. For some heavy
water reactor designs, neutrons produced by subcritical multiplication of the
photo-neutron source result in a significant power level and in resultant gamma
radiation for a short period of time (about 24 hours).

In the case of LWRs, activation products will be produced mainly in the
cladding of the fuel pins, in the pressure vessel internals such as the core barrel
and control rods, in the pressure vessel itself and in the water and its impurities.
In the case of GCRs, the activation products will be mainly in the fuel pin
cladding and the shield material within the pressure vessel (i.e. between the
reactor core and the heat exchangers), the restraint tank and to some extent
the heat exchangers. In the pressure tube type heavy water reactors, activation
products are found mainly in fuel pin cladding, pressure tubes, calandria tubes,
control tubes, the calandria tank and the shield tanks.

4.2. Reactor coolant and fluid moderator system

If the coolant contains oxygen, a major source of radiation during power
operation will be 16N, which is formed by the interaction of fast neutrons with
16O as the coolant passes through the reactor core. Since the half-life of 16N
is short (7.1 s), the significance of this isotope will be reduced where the
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transport time between the core and a component in the coolant system is long
compared to the half-life. In this case other activation products of the coolant
such as 41 Ar (gas cooled reactors) 13N, 19O and 18F (water cooled reactors) may
be the most important contributors to the radiation level. In water cooled
reactors, and particularly in HWRs, tritium may be an important source of
internal radiation exposure.

Fission products released by defective fuel pins may become a major source
of radiation in the reactor coolant. Fission products also enter the coolant from
uranium contamination of the cladding. A limit for uranium contamination
(tramp uranium) should therefore be specified.

During maintenance and repair, most of the radiation hazard from the
coolant systems comes from radioactive substances such as the fission products
1311, 134Cs, 137Cs, and activated corrosion products such as 51Cr, 54Mn, 58Co,
59Fe and 60Co, which are carried by the coolant itself and may be deposited on
circuit surfaces (e.g. coolant pumps, piping, heat exchangers).

In cases where there is a separate oxygen-containing fluid moderator system
(PTR), the major activity during reactor operation will be 16N. After shutdown,
the radiation levels round the system will be mainly due to activated corrosion
products. The tritium present in the water coolant or moderator only con-
tributes as a radiation hazard if it is released from the system and becomes airborne.

In the cleanup systems of water cooled and moderated reactors (LWRs, HWRs),
there will be an accumulation of radioactive material in filters and ion exchange
resins. This will consist of fission products such as iodine and caesium which have
escaped to the coolant through fuel cladding defects5, and of radioactive corrosion
products, which are transported by the coolant or moderator. Radioactive noble
gases may be formed in these filters by decay of iodine isotopes. In HWRs
photo-neutrons are produced in the heavy water by the photons from 16N. This
source is significant in determining the shielding requirements of the coolant
circuit external to the core. In GCRs the gas treatment system will accumulate
activated corrosion products such as 58Co and 60Co and fission products such as
iodine and 137Cs, and it will become an important source of radiation.

The coolant of some GCRs contains tritium, 35S in the form of carbonyl
sulphide and 14C. The 3SS is produced mainly from the chlorine impurity in
the graphite moderator and the tritium from the lithium impurity in the graphite
and 14C from the nitrogen impurity in the coolant and moderator. Because
these are pure beta emitters, they only present a health hazard if inhalation or
ingestion of the isotopes is possible.

Carbon-14 is produced in LWRs and HWRs by (n, a) reactions with the
17O present in the oxide fuel and moderator, by (n,p) reactions with the 14N
present in impurities in the fuel and by ternary fission. Because of the large

5 In reactors with on-load refuelling and a failed fuel detection capability, the release
of fission products to the coolant can be kept low.
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moderator mass, 14C is produced mainly from 17O reactions in the moderator
in HWRs. This may be the main source term for this nuclide and a contributor
to the worldwide long-term collective dose commitment. However, in some
HWR systems the contribution of 14C to the total collective dose is relatively
small because 14C is effectively removed from the moderator by the purifica-
tion system.

4.3. Steam and turbine system

In direct-cycle water reactors, 16N, which is to some extent carried in the
steam phase, will be the major source of radiation during power operation.
After the condenser, 19O should also be considered as a major source of radiation.
In the event of fuel pin failures an additional source will be volatile fission products,
mainly the noble gases, and partially volatile fission products such as iodine. During
power operation this source will be of minor importance compared with the 16N,
but after reactor shutdown these isotopes and their daughter products (e.g. 140Ba)
will be the major radiation source in this system. Another source may be non-
volatile corrosion products carried over with the water droplets in the steam.

In PWRs and PHWRs, the steam and turbine system is separated from the
radioactive systems by a material barrier (heat exchangers). Therefore, in these
reactors radioactive material can only reach the steam and turbine system if leaks
occur between the primary and secondary circuits. Provided that the leak rates
are monitored, e.g. by measurement of the radioactivity or the heavy water
concentration in the secondary circuit, and kept to such a level that the radio-
activity in the secondary system is low, protective measures against direct and
scattered radiation from this system are not necessary. However, provisions
should be made for cleaning the fluid circuits and for waste disposal from the
secondary side if primary to secondary leaks occur. An additional source of
secondary system contamination that should be considered is leakage from
radioactive waste concentration equipment that involves steam heating. One
such source of contamination is through tube leaks which allow contaminated
waste to enter the condensed heating steam. Contaminated condensate from
such steam may then be introduced into the secondary system.

4.4. Waste treatment systems

4.4.1. Liquid waste treatment system

The liquid waste treatment system collects liquid waste and purifies it
to such levels that it can either be re-used in the plant or disposed of safely.

The compositions of liquid wastes (i.e. radioactivity, solid and chemical
content) vary according to their origin. It is general practice to segregate and
treat them according to their expected compositions. The liquids in the liquid
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waste treatment system therefore have a wide range of specific radioactivities.
The segregation of liquid wastes could be made in accordance with the
following categories:

— high purity (e.g. leakage from PWR primary circuit during power
operation)

- high chemical content (e.g. decontamination liquors)
— high solid content (e.g. floor drains)
— detergent-containing (e.g. laundry drains, personnel showers)
— oil-containing (e.g. floor drains from GCR circulator lubricating oil

tank area).

In LWRs some of the waste liquids before treatment may have a radio-
activity content as high as the reactor coolant, with the exception of short-lived
nuclides which will have decayed and gases which will have evolved as a result
of depressurization. Concentrations up to a few 1010 Bq/m3 (~0.3 Ci/m3) may
be found in such untreated liquids. Therefore, since the liquid waste treatment
system processes active liquids, radioactive substances will accumulate in parts
of the system such as filters, ion exchangers and evaporators.

In most cases the accumulated activity will consist of activated material
such as 60Co, 58Co, s'Cr, 59Fe and 54Mn (depending upon the composition and
corrosion rates of the material used in the neutron field). Fission products such
as iodine, caesium and strontium isotopes may be important if fuel clad
failure occurs.

4.4.2. Gas treatment systems

4.4.2.1. Off-gas system

A number of relatively short half-life radioactive gases (16N, 19O, 13N) are
formed in water cooled reactors by activation of the coolant. Fission gases are
also released to the coolant through fuel cladding defects. Where necessary,
these gases are removed from the coolant by a special off-gas system. In the
special case of direct-cycle BWRs, these gases will only stay in the coolant a
short period of time before they are removed by the off-gas system. However,
in indirect-cycle systems, such as PWRs, the removal of fission gases may only
be necessary before shutdown of the plant, when it will be essential to reduce
the levels of radioactivity in systems that may have to be opened during shut-
down6. In the case of defective fuel present in the core and a high degassing
rate (e.g. in a BWR), concentrations of the order of 5 X 10n Bq/m3 (~10 Ci/m3)
may be found in the high radioactivity part (head end) of the system. An

6 In such plants gases are usually stripped by the purification system.
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appreciable fraction of the radioactivity will in this case consist of short-lived
isotopes (e.g. with a half-life of less than 1 h). In cases where the average
stay-time of the gas in the primary circuits is long (as may be the case in a PWR
operated at a low degassing rate) isotopes with long half-lives will constitute
the most significant fraction.

Components such as hold-up tanks, hold-up pipes, charcoal delay beds or
cryogenic devices are provided in the off-gas system to delay the release of the
extracted gases to the environment for a time sufficient to allow a large fraction
of the activity to decay.

Of major importance in the design of an off-gas system is the formation
of radiolytic gas in a direct-cycle BWR and the existence of high hydrogen
concentrations in the primary coolant of a PWR. This may lead to the formation
of combustible gas mixtures in such parts of the plant where air may enter the
system. A recombiner should be provided to avoid the formation of such
combustible mixtures. The reduction of the gas volume by the recombiner will
also improve the delay time of a given system by a factor of about 10.

Increasing the delay time will reduce the content of short-lived isotopes in
the effluent but will not significantly alter the content of isotopes with half-
lives longer than the delay time.

4.4.2.2. Process vents

In some cases it is not possible to prevent dilution of radioactive gases with
inactive gases such as air before they are processed. Examples of this are:

— The calandria vault gas (in PTRs).
— Cover gases of containers in which liquids with some content of volatile

substances are stored (e.g. storage tanks for collected reactor coolant
leakage water in LWRs and storage tanks or some other equipment in
the liquid waste treatment system). In some cases gases are formed by
decay, e.g. decay of iodine to xenon.

— Coolant gas leaking out into sections containing air in gas cooled reactors.
— Air which has entered the pressure vessel of an LWR after it has been

depressurized and the water level has been lowered prior to opening
the vessel.

Vents for these gases should be so located that the radioactivity they
contain is kept away from the plant operators. In the case of AGRs and the
calandria vault gas of PTRs, the radioactivity is mostly 41 Ar. In the case of
LWRs, fission product gases usually dominate. The same is true for PTR process
vents which are in direct contact with coolant (storage tanks, etc.).
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4.4.3. Solid waste

Apart from fuel, the following constitute the major radioactivity and
volume arisings of solid radioactive waste7:

(1) Components and structures which become activated or contaminated
and have to be removed (e.g. defective pumps, flux-measuring
assemblies, structures or parts thereof, etc.)

(2) Irradiated fuel assembly components from GCRs (in these reactors the
assemblies are dismantled at the nuclear power plant)

(3) Ion exchange resins, filter material, filter coating material, catalysts,
desiccants, etc.

(4) Concentrates from evaporators, and precipitates
(5) Contaminated tools
(6) Contaminated clothing, towels, plastic sheet, paper, etc.

4.5. Irradiated fuel

The irradiated fuel has a very high radioactivity from the fission products
which accumulate in it. For on-load refuelling systems, delayed neutrons in the
fuelling system should also be taken into account. An additional source of
radioactivity results from activation of construction materials.

During the handling and storage of irradiated fuel, some radioactive nuclides
are released to the surrounding coolant. Radioactive corrosion products (e.g.
fuel clad oxide) may flake from the surface of fuel assemblies as a result of
thermal or mechanical shock. In addition, defective fuel pins may release fission
products, of which noble gases, iodine, caesium and strontium are the most
significant.

For wet fuel storage and handling systems, water cleanup systems with
particulate filtration and ion exchange are provided. They are usually combined
with heat removal systems. The radioactive content of the water is removed
by the filters and ion exchange resins, which then become sources of radiation.
Contamination of the handling, cleanup and heat removal systems also provides
additional sources.

7 The total volume of unprocessed waste arising per year from a 1000 MW(e) nuclear
power plant may be as high as a few hundred cubic metres, the main part being low-activity
waste. The radioactivity of the waste varies over a wide range, with a small percentage
having a maximum radioactivity of the order of 5 X 1016 Bq/m3 (~106 Ci/m3) for activated
components, and 5 X 1014 Bq/m3 (~104 Ci/m3) for ion exchange resins and pre-coat
filter material. In most cases, long-lived activation products, such as 60Co, and - when
fuel cladding defects have occurred long-lived fission products (particularly 134Cs and
137Cs) are the major radioactive sources.
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Advanced gas cooled graphite moderated reactors use a dry fuel handling
system with initial dry fuel storage of fuel assemblies prior to dismantling,
followed by pond storage of the fuel elements. The fuel handling system and
dry fuel store become contaminated as a result of radioactive corrosion
products that flake from the fuel elements. Some components from the dis-
mantled fuel assemblies are stored in a vault at the nuclear power station.

4.6. New fuel storage

The activity of new (unirradiated) fuel is low. Since most of the radiation
emitted by the fuel is not penetrating, it will be largely absorbed by the fuel
cladding. Thus external exposure is of minor significance.

4.7. Decontamination facilities

The radioactive material in the waste solutions arising in the facilities for
decontamination of personnel and of re-usable protective clothing, and in the
facilities provided to remove activity from the surface of parts (see Subsection 6.7)
consists mainly of corrosion products containing 60Co, S8Co, 51Cr, 59Fe,
54 Mn, etc. Whereas the concentrations in the waste arising from decontamination
of personnel and of clothing are low, they may be medium or high in solutions
arising from decontamination of parts prior to major repair work.

4.8. Miscellaneous sources

There are also other sources of radiation at nuclear power plants, e.g.
neutron startup sources and calibration sources for instruments.

5. SOURCES OF RADIATION
UNDER ACCIDENT CONDITIONS

5.1. Introduction

The magnitude of the sources of radiation under accident conditions shall be
determined in the safety analysis of the plant. Guidance on safety analysis
during the design development and for the final assessment is given in Safety
Series No.50-SG-D11.

The main source of radiation under accident conditions for which precautionary
design measures are adopted consists of radioactive fission products. These are
released either from the various systems and equipment in which they are
normally retained or from the fuel elements as a consequence of accidents such
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as a loss of coolant or rod ejection in which the fuel cladding partially fails.
Another case of this type is a spent fuel handling accident, which may result in a
mechanical failure of fuel cladding from the impact of a fuel element which is
dropped. A more complete discussion of accident conditions can be found in
Section 4.3 of Safety Series No.50-SG-Dl 1.

Account should be taken of the possibility of radioactivity accumulating
on air filters or components of the liquid waste treatment system after accidents.
Compared with the radiation emanating from fission products, activation
products are usually of minor importance.

In the following subsections, examples of procedures for determining
radiation sources are described for selected accident conditions.

5.2. Light water reactors

5.2.1. Loss of coolant accidents

The highest number of cladding failures which may be expected as a con-
sequence of any of a spectrum of loss of coolant accidents up to the double-
ended main pipe rupture, and the fraction of each fission product released from
the failed fuel (which depends upon the chemical element) shall be calculated.
The subsequent release of fission products from the coolant to the containment
(or an equivalent confinement) and the behaviour within the containment
(e.g. plate-out, deposition by dousing or spraying) shall be assessed. The leak
rate of the containment after the accident shall be determined on the basis of the
leak rate at design pressure and the time-dependent pressure after the accident.

As an alternative to such a detailed analysis of loss of coolant accidents,
it is the practice in some Member States to specify the fractions of core inventory
of fission products which shall be assumed to reach the containment atmosphere
after that type of accident. This fraction is specified differently for different
categories of chemical elements but will usually be independent of the design
measures against such types of accidents. Thus, these fractions are set as an
assumed upper limit irrespective of the performance characteristics of the
emergency core cooling system [5-7].

The behaviour of the radionuclides after the escape from the containment
depends upon the design of the plant. In some designs, this radioactivity may
reach the atmosphere immediately; in others, it is contained by a second
containment. In other designs it escapes to a surrounding building, from which
it is released at a low rate only after passage through filters.

5.2.2. Break of a steam line in a BWR

The break of a main steam line in a BWR may have more severe consequences
than the break of a coolant recirculation pipe which was discussed in Sub-
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section 5.2.1, depending upon the diameter of this pipe. It is thus necessary
to analyse both situations. There are even BWR designs without recirculation
external to the vessel.

If the location of the steam line break is within the containment, the
sequence of events is similar to that described in Subsection 5.2.1, but with
different fuel rod failure rates. The equilibrium concentration of iodine and
noble gas radionuclides for full power operating conditions shall be assumed.
The design analysis for the potential radioactive release shall include the time
for containment isolation to take place and the effectiveness of the filtering system.

If the location of the steam line break is outside the containment and the
main steam line valves at the containment immediately isolate the reactor,
then only a fraction of the radioactivity which is present in the steam under
operating conditions is expected to be released. Condensation of steam in the
building in which the break occurred, and the plate-out of substances other
than noble gases, will result in a reduction of the radioactive nuclides available
for release to the atmosphere. The location at which the activity will be released to
the atmosphere depends upon the design of the plant. Usually the release of
coolant into a building other than the containment will cause such an over-
pressure that radioactivity will escape from the building either through
predetermined release points (usually in the roof) or through doors or other
weak structures which are opened by the overpressure or by leaks. Mixing of the
steam with the air in the building may be assumed if possible pipe break locations
and the escape points from the building are not close to each other. After the
relief of overpressure, release to the outside will not be through uncontrolled
release points but via the stack through filters (if installed).

In some Member States leakage control systems have been added between
BWR main steam isolation valves to limit escape of radioactivity by this path.

However, the possibility of direct release from the building after the relief
of overpressure should be considered if the overpressure relief openings will
not close and the underpressure of the building relative to the atmosphere cannot
be restored by the ventilation system nor by the natural draft of the stack.

5.2. 3. Break of a steam line in a PWR

The break of a steam line in a PWR will initially release only the minor
quantities of radioactivity which may be present in the secondary system during
normal operation.

The integrity of the steam generator tubes, with account taken of the pressure
difference between the primary and the secondary sides, shall be assessed as a
consequence of the steam line break. If steam generator tube structural integrity
cannot be assured, the amount of primary water which could enter the secondary
side shall be estimated. After shutdown of the reactor, the radioactivity of the
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leaking water may increase with time owing to the spiking effect caused by
leaching of defective fuel penetrated by water.

Depending upon the design of the steam generator, the primary water
being transferred may mix with the inventory of secondary water in the steam
generator. The steam produced shortly after the accident, which will leave
through the broken steam line, will have a higher than normal moisture content
because of the depressurization.

After shutdown, production of steam will depend on decay heat. The
moisture content of the steam will be low because of the low steam flow, and
the efficiency of the steam separators and driers will be high. Thus, steam
which may be released by pressure relief valves will have relatively low concentra-
tions of water-soluble substances such as iodine, caesium, etc. The release of
radioactivity is expected to be terminated by the isolation of the defective
steam generator and other safety actions dependent on the design.

5.2.4. Fuel handling acciden ts

In a design analysis of the effects of a postulated fuel handling accident,
such as the dropping of fuel on its transfer from the vessel to the storage pool,
the first step shall be to determine the radioactive inventory of the fuel at the
time of the accident. Assumptions about the details of the fuel irradiation
history should be chosen so as to lead to conservative estimates of the radioactivity.

The minimum time which elapses between shutdown of a plant and the
beginning of fuel handling shall be used for these calculations. Then the number
of fuel rods which may become defective as a result of the impact shall be
determined either by theoretical considerations or by the evaluation of actual
occurrences with similar fuel elements or of special experiments performed. The
fraction of noble gas inventory which is released to the surrounding pool water
depends upon the volume of free space within the fuel rod. There is no general
agreement as to which is the predominant mechanism of iodine release to the
pool water from rods with cracked cladding. It may be mainly leached out by
water penetrating the defective fuel rod, or the main release may be that of
'gaseous' iodine which is assumed to be present in the free space within the
fuel rod.

The usual, conservative, approach is to neglect the solubility of noble gases
in the pool water. On the other hand, there is general agreement that the major
part of the iodine will be retained in the pool water. The transition of iodine
into the atmosphere above the pool may be best described by a partition
coefficient (ratio of the volumetric radioactivity concentrations (Bq/m3) in air
and in water). For that part of the iodine present in organic compounds such as
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methyliodine8, no solubility in water is conservatively assumed in many
Member States.

In order to determine the amounts of various radioactive species which
finally are released to the atmosphere of the plant, it is necessary to take into
account other features and parameters such as the water/air volume ratio, the
elapsed time until shutdown of the ventilation system, the design and effectiveness
of the system which sucks the air immediately above the pool (pool air sweeping
system), etc.

In order to simplify this individual determination, the fraction of iodine
released from the fuel which is expected to enter the room atmosphere above
the fuel storage pool [8] may be specified9 as a global figure for certain designs.

In addition to iodine, up to a few per cent of caesium inventory may be
slowly leached out by water that penetrates the defective rods. In the water,
this caesium will be in ionic form, and transfer to the air above the pool water
may be neglected.

The amounts of noble gases and iodine released to the environment will be
controlled by the ventilation rate and the type of pool air sweeping system used.
The reduction in iodine by filters in the exhaust air will be taken into account
by an appropriate decontamination factor based on the filter design. The release
may be terminated by isolation of the appropriate part of the plant, especially
if the storage pool is situated within a containment. If this is done by operator
action, then a time delay will usually be assumed. The postulated value of the
time delay varies among Member States. A value between 10 and 30 minutes is
recommended in the Safety Guide on Protection System and Related Features
in Nuclear Power Plants (IAEA Safety Series No.50-SG-D3).

5.2.5. Accidents in auxiliary systems

Examples of accidents in auxiliary systems which may occur are ignition
of filters or absorbers, explosions in storage tanks, spilling of liquid radioactive
wastes, etc. Their consequences are usually less severe than the ones described
in Subsections 5.2.1 to 5.2.4. They depend upon the design features of these
systems, which differ between various manufacturers and various production
lines. For this reason, the assumptions to be chosen for accident analysis should
be made on an individual case basis.

8 In one Member State it is assumed that 10% of the total iodine inventory of the
damaged rods will be released to the pool water; 0.25% of this amount is assumed to be
present in the form of organic species [8].

9 This fraction is the inverse of the 'decontamination factor' that is also sometimes used.
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5.3. CO2-cooled reactors with UO2 metal-clad fuel10

5.3.1. Single-channel faults

For accidents involving fuel in the core, the significant sources of radio-
activity are the fission products in the fuel and the activation products in the
cladding. The design of the core and fuel with regard to fuel rating, cooling
and core-configuration stability is such that melting of the UO2 in a design basis
accident will not occur. Therefore, the actinides are not considered as a source
of radiation that would be released from the fuel under accident conditions.

The most severe credible accident, in terms of radioactivity release, is
considered to be one which results in partial fuel clad melting, with an
accompanying fuel (UO2) temperature rise above the normal operating tem-
perature. Residual flow through the channel (even if a change of fuel
configuration occurs), conduction of heat to the rest of the core structure, and
fuel power density reduction by automatic trips all ensure that the UO2 will not
melt. Under these conditions, a substantial percentage (possibly even 100%) of
the fission product noble gases and fission product iodine nuclides is released to
the coolant from the fuel pins with damaged cladding. In addition, the radio-
activity in the molten cladding is assumed to be released to the coolant. The
percentage release of fission products from the fuel with damaged cladding
depends on its temperature history (variation of temperature with time) following
clad failure and on the resulting oxidation from UO2 to U3O8 by the CO2 coolant.
Appropriate values determined from experiments shall be used for the release
percentages.

Some of the activity present in the coolant as a result of the accident is
released from the coolant circuit by coolant leakage. Provision shall be made in
the power station design to collect the leaking coolant by a ventilation system
and to discharge it to the atmosphere via high-efficiency particulate attenuation
(HEPA) air filters. A typical coolant leakage rate from the coolant circuit of
operating CO2-cooled reactors with prestressed concrete pressure vessels is 3%
of the coolant inventory per day.

After the radioactivity is released to the coolant, the amount available for
discharge will depend on leakage, plate-out, cleanup by the coolant treatment
plant and radioactive decay. In the case of noble gases, plate-out and removal by
the coolant treatment plant are zero. For plate-out of iodine the possibility
of the existence of more than one species of iodine and their different plate-out
behaviour shall be taken into account. Some of the iodine released to the
coolant circuit will be in the form of elemental iodine attached to particles, and
the remainder will be in the form of methyliodine. These two species will

10 This section deals with the design philosophy in the United Kingdom where such
reactors are in operation.
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deposit from the coolant at different rates. Total deposition will be limited by
adsorption or resuspension of the deposited iodine, and this shall be taken into
account in determining the variation of activity in the coolant with time.
Appropriate values determined from experiment shall be used for the fraction
of iodine in each form, for the deposition half-lives of the species and the
limiting plate-out factor.

5.3.2. Depressurization accidents11

In a depressurization (loss of coolant) accident, the cladding of some fuel
pins may fail to remain leak-tight, and these fuel pins will release fission products
to the coolant. The design of the coolant circuit and reactor automatic shut-
down system and the design fuel rating shall be such that clad melting will not
occur in a depressurization accident. It should be noted that failure of a reactor
prestressed concrete pressure vessel is incredible, and that breaches in the coolant
circuit can only occur as a result of a failure of a pressure vessel penetration
(e.g. boiler steam or water pipe penetrations) or a failure of an external coolant
pipe (e.g. pressure relief valve or coolant treatment plant pipes). The largest
breach that can occur would result from failure of a coolant treatment plant
feed or return pipe. To restrict the rate of depressurization, flow restrictors shall
be provided within the pressure vessel penetrations for the coolant treatment
plant pipes.

Design limits for the clad temperature, the fuel temperature and the fission
product gas pressure within the fuel pins shall be such that only fuel pins with
undetected manufacturing defects will fail to remain leaktight during a
depressurization accident.

A fraction of the radioactive nuclides in the coolant (41 Ar, 16N, 3SS, 14C
and 3H) and a fraction of the radioactive particulate matter deposited on circuit
surfaces (principally oxide from fuel cladding) will be discharged in a depressuri-
zation accident.

5.3.3. Other accidents

Areas of the nuclear power plant in which other postulated initiating events
resulting in releases of activity to the environment may occur include:

(1) Fuel handling route (i.e. fuelling machine, dry fuel store, fuel dismantling
cell, fuel storage pond, fuel transport flask loading bay)

(2) Active effluent treatment plant
(3) Fuel pond water treatment and cooling plant
(4) Coolant treatment plant

For additional information see Annex II.
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(5) Solid radioactive waste store
(6) Fuel element debris vault
(7) Ventilation filters.

5.4. Heavy water reactors

Reactors using heavy water as a moderator, a reactor coolant, or both, have
the potential for the same type of accidental release of radioactivity as do the
equivalent light water reactors described in Subsection 5.2. In a pressure tube
reactor the loss-of coolant accident analyses should include ruptures of the
pressure tubes as well as header or pipe breaks. Accidents involving failure of
steam generator tubes or heat exchanger tubes should also be analysed.

The heavy water in the operating plant contains tritium, which is the
activation product of deuterium. The tritium is in the oxide form (water) and
is normally not an important factor in the potential radioactive hazard for the
public following an accident. However, the presence of tritium needs to be
taken into account for site personnel during and following certain accidents.

5.5. Reactors with on-load refuelling

In reactors with on-load refuelling capabilities the possibility of accidents
resulting from faults in the refuelling operation, either while the fuelling
machine is connected to the reactor core or while the spent fuel is being trans-
ferred to the fuel storage pond should be considered. The severity of the
consequences is equal to or less than that for a small loss of coolant, depending
on the location of the fault and the amount of time after removal of the fuel
from the reactor core.

6. PROTECTION OF SITE PERSONNEL
DURING OPERATIONAL STATES

In this section consideration is given to the question of design for protection
of site personnel from the radiation that results from operational states of a
thermal nuclear reactor power plant, and the means of implementing the system
of dose limitation. Reference should be made to Safety Series No.50-SG-O5,
in particular to Sections 4.4 and 4.5.

A general requirement is that from the inception of a design, radiological
protection specialists shall be involved, and their review of the radiological
aspects of the design shall be required as part of the quality assurance programme.

Designing for protection of the public is considered separately in Section 8.
However, at some points there is an overlap, particularly when designing for an
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exposure as low as reasonably achievable to both the public and site personnel at
the same time. For example, the provision of systems to reduce gaseous release
in order to reduce the exposure of the public may increase the exposure of site
personnel, because of the increased maintenance that is required. At some
stage there may even be a net increase in total collective exposure. The possibility
of this has to be remembered when considering the radiological aspects of
nuclear power plant design (see Ref.[l], p. 146, footnote 2).

As stated in Subsection 3.3, reduction of radiation dose rates and reduction
of occupancy time in radiation fields are complementary means by which
radiation exposure of site personnel can be reduced. It is important to recognize
in this respect that efforts to reduce dose rates in a particular plant area may
result in increased occupancy to carry out a particular task. This has to be
borne in mind when any of the design requirements discussed below are
implemented; they should not be considered in isolation.

6.1. Plant lay out

At the design stage an assessment shall be made of the access requirements
for operation, calibration, inspection, maintenance, repair and replacement
of equipment. The layout of the plant shall then be designed both to facilitate
these tasks and to limit the exposure of site personnel and the spread of
contamination. This can be done by providing area segregation, appropriate
ventilation arrangements, equipment handling facilities, change facilities, access
control, remote handling facilities, decontamination facilities and shielding, and
through various other aspects of system and component design.

6.1.1. Supervised areas and controlled areas

To permit effective control over personnel access to radiation areas and to
limit the spread of air or surface contamination, the layout of the station shall
permit the establishment of controlled areas in places where site personnel might
receive doses in excess of three-tenths of the dose equivalent limits during the
anticipated working period (see Working Condition A in Ref.[ 1], para.507).
Each controlled area shall have a single access and egress point for personnel
during normal operation12.

It may be convenient to establish supervised areas outside the controlled
areas. The radiation levels in supervised areas should be such that it is most
unlikely that the annual exposure will exceed three-tenths of the dose equivalent
limits for occupationally exposed persons (see Working Condition B in Ref.[ 1 ],
para.507). Outside the supervised area the radiation levels shall be such that it

2 Other access and egress points are available during emergencies and under certain
operational states.
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is most unlikely that the annual exposure will exceed one-tenth of the dose
equivalent limits for occupationally exposed persons13.

The design shall take account of the need of area monitoring in supervised
areas and additional requirements for controlled areas as detailed in the
following subsections.

Provision shall be made in the main change room for equipment by which
to detect the external contamination of persons14 and equipment. The exit
from the area shall be monitored or guarded to ensure that personnel and
equipment can only leave when a clearance signal is received from a body
contamination monitor or when permission is granted by the radiation protection
personnel.

In addition to radiation monitors, the main change room shall be provided,
at the minimum, with the following:

— personnel decontamination facilities (showers and sinks)
— clean clothing and the necessary storage facilities for it
— containers for contaminated clothing.

Within the controlled area, at selected places between cleaner and potentially
more contaminated areas, sub-change areas should be provided to prevent the
spread of contamination. The facilities included in these areas will depend on
the access requirements to the potentially more contaminated side of the
boundary between the two areas, and on the anticipated contamination level.
In areas designated as sub-change areas at the design stage, service points (e.g.
electricity, water, compressed air) shall be provided. Sufficient space shall also
be allocated for the erection of portable structures to provide temporary
sub-change rooms.

Where the potential air contamination (iodine, particulate, tritium) so
justifies, consideration should be given to permanent change areas with personnel
decontamination facilities, monitoring units plus storage for protective clothing
including plastic suits, and the associated masks, hoods, air lines, vortex coolers,
portable telephones, etc., that may be required for routine, shutdown or
emergency situations.

6.1.2. Zoning

To organize the operation of the controlled area in an effective way, the
area is divided into zones based on.radiation and radioactive contamination
levels (dose rates and surface or airborne activity concentrations). The greater

13 This expected maximum exposure is identical (except for the lens of the eye) with
the dose equivalent limits for the public (Ref.[l], paras 411 and 418).

14 Portable instruments may be sufficient. Portal monitors are often used.
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the radiation or contamination level of the zone, the greater is the operational
control required to be exercised over the access of individuals in order to ensure
compliance with individual annual exposure limits. Requirements for and means
of operational control within the site boundary shall be recognized early in
the planning of the nuclear power plant.

The general practice in Member States is to divide the controlled area of
nuclear power plants into three or more radiation and contamination zones.
Examples of zoning are given in Annex III.

At the design stage consideration should be given to the possibility that
during operation it may be necessary to reclassify certain areas temporarily or
permanently. The planning of access routes needs particular attention in
this regard.

6.1.3. Change rooms

At the entrance to a controlled area, a facility, designated as the main
change room, shall be provided where site personnel change their clothes.
The layout and ventilation of the main change room shall be such as to prevent
the spread of contamination from the controlled to the uncontrolled area.
Within this room, a barrier shall clearly separate the clean area from a potentially
contaminated area. The capacity of the main change room has to be large enough
to meet requirements for work during shutdown periods and allow also for
temporary personnel from outside contractors.

6.1.4. Access and occupancy control

The length of personnel routes through radiation and contamination zones
shall be minimized to reduce the time spent in transit through these zones,
provided that a net increase in radiation exposure will not occur as a result of
making the layout compact. The design should ensure that working time on an
active system will not be increased by inaccessibility.

To minimize the radiation dose incurred by site personnel working in the
controlled area, and the spread of contamination, the layout of the controlled
area shall be such that personnel do not have to pass through areas of high
radiation to gain access to an area of lower radiation, nor through areas of high
contamination to gain access to an area of lower contamination. This design
requirement can only be achieved by giving adequate thought at the design
stage to the many sources of radiation that will arise in the installation once it is
in operation. Guidance as to radiation and contamination levels can best be
gained from operational experience on identical or similar reactor systems.

The occupancy time required in radiation and contamination areas for
maintenance, test and repair shall be consistent with the ALARA principle.
This shall be achieved in the plant layout by:
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(1) Provision of clear passageways of adequate dimensions for ease of access
to plant items. In areas where it is likely that site personnel will have to
wear full protective clothing, including masks with portable air supplies
or connections to a supply by air hoses, the dimensions of the passageways
must take this into account. In particular, a clear passage shall be provided
from the change area to the work area, and ladders and walkways shall be
of adequate dimensions. In areas where protective clothing is likely to be
worn, sharp projections on which clothing may be caught shall be avoided.

(2) Provision of adequate space in the vicinity of plant items for ease of working:
for example, to carry out repairs or inspection, including removal of a
plant item (requiring space for preparation, pulling, lifting and setting down,
and for devices for correcting lifting mechanisms).

(3) Provision of clear passageways of adequate dimensions for ease in removing
plant items to a workshop for decontamination and repair or disposal. The
routes should be as short as possible and such as to minimize the spread
of contamination. The size of any vehicle or transportation frames
required shall be taken into account in determining the size of passageways.

(4) Mounting of components that are likely to be operated frequently, or
to require maintenance or removal, at a convenient height for working.
This may be achieved by the use of ladders and access platforms.

(5) Provision of permanent ladders, access platforms and crane rails (or cranes)
in areas where it can be foreseen at the time of construction that these will
be required to permit maintenance or removal of plant items after the
plant has been put into operation. Cranes or rails for the installation of
temporary shielding can reduce the installation time for such shielding.

(6) Maintenance of plans and drawings up to date, so that working times in
radiation zones are not unnecessarily increased as a result of difficulties
in locating defective plant items. Achievement of this can be assisted by
photographic records taken during and after construction, by up-to-date
models and by well-thought-out and well-located inscriptions and markings.

(7) Provision of facilities for quick and easy removal of shielding and insulation
where this is necessary to perform routine maintenance or inspection.

(8) Provision of special tools and equipment for facilitating the work in order
to reduce exposure time.

(9) Provision of facilities for communication with the control room and between
the site personnel working in radiation or contamination areas.

Decommissioning carried out in accordance with the ALARA principle may
also require consideration of some of the above measures.

The control of personnel access to areas of high dose rate or contamination
shall be achieved by appropriate classification of zones, the provision of door
locks and, where appropriate, the use of interlock schemes. Interlock schemes
are principally used where changes of zone classification can occur as a result of
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movement of sources or a change in the operational state of the reactor. A zone
classification scheme for the controlled area is suggested in Safety Series
No.50-SG-O5, Subsection 4.5, together with the operational procedures to be
adopted for work in this area. The area shall be provided with all necessary
facilities so that the specified operational procedures can be adhered to.

6.2. Coolant transport of radiation sources

The major sources of radioactivity which result in radiation exposure to
site personnel originate within the reactor core. The radioactive materials are
then transported by the reactor coolant, by the moderator in liquid moderated
reactors, and by removal of irradiated fuel from the core to plant areas outside
the main core shields. Any means by which the source strength or the trans-
portation of radioactivity can be reduced should be employed. Leaktightness
and leakage detection features shall be provided, particularly for HWRs in view
of the tritium hazards.

Corrosion products contained in the coolant are activated as a result of
temporary deposition in the core and during normal passage through the core.
They are deposited in other parts of the primary systems such as external pipe
work and heat exchangers. This source of activity shall be minimized by one
or more of the following means: (a) reducing the corrosion and erosion rate of
circuit materials through proper selection of materials and control of the coolant
chemistry; (b) material selection to minimize the concentration of nuclides
(particularly of Co in steel) which from experience are known to become major
sources of radiation; (c) providing removal systems (such as particulate filters
and ion exchange resins); (d) minimizing the concentration of activating
nuclides in feedwater.

The presence of high-cobalt-content materials such as stellite, which are used
for valve seats and bearings because of their hardness, shall be minimized in the
primary coolant circuit. In the case of direct-cycle reactors, their use shall be
minimized in components of the feedwater system which are situated after the
condensate purification plant. On direct-cycle, light water cooled, pressure tube
reactors, where the pressure tube and fuel cladding are made of zirconium or
zirconium alloys of high purity and low activation cross-section, another
important source of corrosion products (crud) is the feedwater circuit following
the condensate polishing plant. Special attention should be paid to choice of
feedwater heater material, and consideration should be given to the possible
installation of magnetic filters in the feedwater or core coolant return circuit as
close to the core inlet as possible.

Material selection and coolant chemistry also have an important part to play
in the reliability of the nuclear steam supply system. Compatibility of materials
and coolant is of the utmost importance to ensure that the minimum of
maintenance, repair and statutory inspection _is required for primary circuit
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components, and thus that exposure of inspection and maintenance personnel
is minimized. Only those materials should be used which, after periods of
testing that are significant in comparison with the life of a reactor system, or
after previous experience, have been shown to be compatible with the coolant
under the conditions (coolant and material temperature and coolant composition)
that will exist in the reactor. A specific concern is the occurrence of inter-
granular, stress-corrosion cracking. In GCRs there is a particular problem in that
the heat exchanger material must be compatible with the coolant on the primary
side and with the water and steam on the secondary side; and the coolant
chemistry must also be adjusted to keep graphite corrosion to an acceptable level.

Systems to remove corrosion products, both radioactive and non-radioactive,
shall be provided in the primary coolant circuit of both water cooled and gas
cooled reactors. These systems are particularly important for GCRs with
stainless-steel-clad fuel such as the AGR to minimize the activity available for
deposition in the coolant circuit. In advanced gas cooled graphite moderated
reactors (AGR), active corrosion products arise in the coolant circuit primarily
from oxidation of fuel cladding. This oxide is released from the core surface in
the form of particles when the fuel experiences a thermal shock as a result of
reactor trip. Channel filters should be provided to remove this active oxide
from the coolant in order to reduce deposition in boilers and in other areas of
the coolant circuit to which access for inspection and maintenance is required.
Consideration should be given to treating the fuel cladding (e.g. by plating) to
reduce spalling. Removal of corrosion products is accomplished in water cooled
reactors by treating the water with ion exchange resins to remove soluble
species, and by providing particulate filters. Their capacities shall be adequate
to cope with spiking effects during startup and cooldown phases.

Traps where flow can stagnate and pockets where activated corrosion
products can collect should be avoided as far as possible in the design of the
coolant circuit. The total number of joints shall be kept to a minimum to

reduce the number of inspections required; and welded joints should be used in
preference to flanged joints, wherever possible, to reduce leakage. Some benefit
will be derived from reducing the roughness of welds.

Drains shall be positioned so that no residual pockets of liquid are left when
a circuit is drained. However, the design of a radioactive liquid circuit should
minimize the number of drain points required, because high levels of contamina-
tion can occur as a result of the stagnant pocket of water in the drain line
when the circuit is full and in operation. Provisions shall be made for tank
draining and flushing to reduce radiation sources.

Defects occurring in fuel elements result in release of fission products to the
coolant, which can add significantly to the coolant activity and circuit contamina-
tion. The nuclides 134Cs and 137Cs are usually most significant in this respect in
terms of radiation exposure to site personnel. Removal of defective fuel elements
as soon as possible after failure occurs will in many cases reduce exposure of site
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personnel from this source. This is most readily achieved where on-load refuelling
and failed fuel element location are incorporated in the design [9].

Fuel storage pond water shall be maintained at a low activity level by means
of a cleanup plant consisting of particulate filters and ion exchange resins.
Experience has shown that a turnover rate for water of the order of once a day
will keep the water clear and the activity at an acceptable level. When stainless-
steel-clad fuel elements from an AGR first enter the water, the thermal shock
can result in release of the oxide film; to prevent contamination of the whole
pond, a small reception area should be arranged from which the water flow to
the cleanup plant should be taken.

6.3. System design

Requirements and recommendations for the design of nuclear power plant
systems are based in the main on experience gained with methods of reduction
of radiation exposure at operating stations. This experience is most valuable
in planning how to improve the radiological protection design of new plants.

The following features to reduce radiation exposure shall be incorporated
into system design unless either there are any overriding considerations which
make them impractical, or their incorporation would be excessively expensive
and therefore inconsistent with the principle of ALARA.

(1) The work space in a high radiation zone around pumps and valves
which require regular maintenance should be shielded from the
radiation emitted by adjacent components of other systems such as
pipework.

(2) Indicators, auxiliary units, drive units, control equipment, and other
non-radioactive components which do not have to be mounted close
to active components should be installed outside high radiation zones.

(3) Adequate shielding shall be provided between duplicate radioactive
systems if maintenance or repair work has to be carried out on one
while the other is in operation.

(4) For sampling active liquids, either remote techniques or some other
means of minimizing exposure shall be provided. To reduce contamina-
tion, drip trays should be provided below sampling points. Appropriate
means shall be provided to dispose of the contents of these trays;
these may include drain connections to an effluent treatment plant.

(5) If shields have to be removed in high radiation areas, lifting aids or
other provisions for quick and easy removal shall be available.

(6) Undesirable sedimentation of radioactive sludge in piping and containers
should be avoided and where this cannot be prevented necessary
countermeasures (e.g. flushing) should be provided.
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Equipment or material which has to be removed from its shielding may
cause a special direct radiation hazard. The necessity for removal should be
minimized.

6.4. Component design

It is outside the scope of this Guide to describe the detailed design of com-
ponents for radiological protection, but certain general principles apply. Many of
the considerations are the same as those that apply to system design.

The main ways in which the component design can reduce radiation exposure
are to provide for minimum maintenance, minimum testing and calibration,
minimum surveillance requirements and maximum reliability. All of these
reduce the time that site personnel must spend working on components and
systems. A reliable component should be specified for the function it must
perform. Where experience indicates that a component has shortcomings, features
should be provided to reduce the anticipated work effort and doses to personnel
(e.g. steam generator tube maintenance and repair activities for PWRs) or
features should be taken from other designs which have been more successful
in those aspects.

Complete units and components in high radiation zones, including non-
radioactive items, should be installed in such a manner that they are removable
as quickly as possible. This may require no more than ensuring that the number
of nuts or bolts holding them in position, or holding access doors and covers,
is no greater than is necessary.

Exposure of site personnel can be reduced by minimizing the amount of
radioactive material in plant components. One obvious way in which this may
be accomplished is to minimize pipe runs which carry radioactive material,
provided that, when the shortest routes are selected, radioactive pipework is
not routed through areas to which access is required and which otherwise would
have been low radiation areas. It is therefore important in power station design
to establish what interconnections are required between systems of components
that carry radioactive fluids and, at an early stage of design, to take this into
consideration in the layout of the plant. For LWRs, examples for such design
and layout considerations are given in Ref.[ 10]. The principle is equally
applicable to other reactors.

As far as is practicable, material should be selected to minimize the strength
of activation sources and the resultant doses (see Subsection 6.2 for examples).

Components liable to contamination should be designed for ease of
decontamination either by chemical or mechanical means. Basically this means
providing smooth surfaces, avoiding angles and pockets where radioactivity can
collect, and providing means of isolation, flushing and drainage for circuits
that contain radioactive liquid. Where it is proposed to use a mechanical means

29

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



of decontamination, e.g. high-pressure water sprays or sandblasting, this should
be taken into account in the design.

Components whose maintenance and repair may result in an exposure which
is a significant fraction of the relevant annual dose limit for an individual shall
be arranged so that only a small fraction of this exposure will be caused by
other components which are not directly related to the specific task. This includes
radiation exposure incurred during transit to and from the working area.

6.5. Design support for maintenance

To reduce the time that site personnel spend on repair and maintenance in
radioactive areas, precise planning of operations and training of personnel in
the work to be carried out is required. A prerequisite for this is the provision
of adequate up-to-date documentation for the new plant. This shall include
maintenance instructions with diagrams of units as-built and the tools required,
instructions on methods of testing and test equipment required, and where
applicable calibration values and curves. Supplementing this documentation
by photographs of a completed plant taken before operation commenced, and
by films taken (possibly by remote control television cameras) when operations
are carried out, can be of great advantage in planning operations to minimize
exposure. Films are of particular value in identifying certain problem areas
and hence in permitting improvements in procedures particularly when the
optimum procedure is evolved as part of the training programme. Models and
mockups of the plant and equipment can also be used to advantage in both
planning operations and training. Finally, training shall be carried out using
appropriate tools and accessories under the supervision of a qualified instructor.
Additional guidance is provided in Safety Guide 50-SG-O5.

6.6. Remote techniques

Remote techniques should be used wherever practicable to reduce to a
minimum the need for personnel to enter high-radiation areas and the duration of
any exposure when entrance is unavoidable. However, these techniques should
not be used if a net increase in exposure will result (e.g. if the technique that
is used results in personnel spending a longer time in a lower radiation zone and
incurring a greater dose) or the cost of the equipment cannot be justified by
the saving in exposure. Techniques which should be considered include arrange-
ments for remote inspection and the removal and reinstallation of equipment.
It is important that all these are considered at the design stage, since space
limitations after construction may make later installation difficult or impossible.
Techniques for inspection and handling of plant items may be only semi-remote,
in that personnel may still have to enter the active plant area to install equip-
ment on rigs. Such techniques are acceptable only if they result in a net reduction
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in exposure. An example of a semi-remote technique is the provision of
equipment for ultrasonic inspection of welds. Access to the weld may be necessary
in order to fit the scanner, but the operator can then retire to a low-radiation
area to operate the equipment controlling the scanner. Similarly, access to a
high-radiation area may be required in order to fit rigs or automatic tools for the
removal of components, but the operator may then move to a lower radiation
area to control the operation.

The simplest means of implementing a remote or semi-remote maintenance
procedure is the provision of long-handled tools, but special care must be taken
that the difficulty of using these does not in fact increase the radiation exposure.
Adequate training and practice on models or on similar but non-radioactive
equipment can help in this respect. For remote visual inspection, television
cameras and windows shielded by lead glass may be used.

6.7. Decontamination

Decontamination shall be considered at the design stage. Where it is believed
that a worthwhile reduction in radiation exposure will result, and the safety of
the plant will not be impaired, the necessary provisions for decontamination
facilities shall be made. After the plant is constructed, addition of facilities
for decontamination of equipment, either in situ or after its removal, may be
difficult because of high radiation levels or space limitations. Thus, routes might
have to be provided for transportation of contaminated items to a decontamina-
tion workshop, as well as special routes for pipework and ducts containing
active liquids or gases. In some cases decontamination attempts may not be
worthwhile, either because the reduction of radiation levels achieved is not
significant or the decontamination process results in more exposure than is saved
in the operation to be subsequently carried out. The best guide here is a
knowledge of what has been attempted and what has been achieved in other
power plants. In the case of plant items to be removed from the controlled area,
particularly for off-site repair, decontamination may be required to meet the
regulatory body's requirements for permitting work on plant items in inactive
workshops (e.g. on manufacturers' premises).

When decontamination facilities are being planned, all components which
are expected to come into contact with coolant or other radioactive material,
e.g. control mechanisms and instrumentation, should be considered as potential
items for decontamination.

Special consideration is necessary for areas where leakage or spills of
contaminated liquid might occur. These areas should be designed to allow easy
decontamination (e.g. specially coated floors with curved edges between floor
and wall, sloped to local drains) and the control of the spread of contamination.

For drains which are likely to become contaminated, adequate shielding
shall be provided.

31

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



The walls and floors of fuel storage ponds, and the fuel handling ponds
and equipment used in these areas, become contaminated as a result of activity
released from fuel elements or contamination of the pond water by water from
the primary circuit. When the water level in such ponds is lowered or when items
are removed from the water, surfaces may dry out and the particulate matter
arising from the dried surface may cause an airborne hazard. Therefore, water
sprays should be provided so that such surfaces can be decontaminated before
they dry out. Suction pipes (underwater vacuum cleaners) can be provided
to remove deposited particulate matter from the floors of ponds.

In GCRs where dry handling of the fuel occurs between the reactor and
the storage pond, the release of radioactive dust along the fuel route results in
contamination. It is therefore essential that the fuel route is confined in such
a manner as to prevent the spread of contamination and that provision is made
for decontamination of the route for maintenance. The areas to be considered
are the charge machine, dry-fuel storage areas (where these are provided) and
the irradiated fuel dismantling and radioactive equipment maintenance cells.

In the fuel dismantling cells of an AGR, permanently installed equipment
shall be provided to carry out remote decontamination of fuel dismantling
equipment prior to personnel access for repair or maintenance.

Other decontamination facilities shall be provided in order to remove radio-
activity from the surface of parts prior to shipment (e.g. a transport container
for irradiated fuel elements) or prior to repair work, and from tools and equipment.

Provision shall also be made for decontamination of personnel and of
re-usable protective clothing.

Drains from the decontamination facilities shall connect to the active
effluent treatment plant.

6.8. Shielding

6.8.1. Shielding design

To design a shield for a specific radiation source, particularly where no
previous experience of individual dose or collective dose is available from a
similar operating plant, it is first necessary to establish the dose rate limit, taking
into account contributions from other sources and the expected frequency and
duration of occupancy of the area. In addition it is necessary to check that the
limiting dose for the public will not be exceeded. Furthermore, the shield
thickness shall be optimized for radiation protection purposes bearing in mind
that such optimization be carried out within the constraints of the prescribed
dose limit.

In establishing shielding requirements, account shall be taken of transient
sources and the buildup of activity over the life of the station due to long-lived
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nuclides. The principal sources of radiation and methods of calculation are
considered in Sections 4, 5 and 10 of this Guide.

After the strength of the source has been assessed, the process of shield
design is usually carried out by initially designing bulk shields, i.e. shields without
penetrations. Next, consideration is given to the penetrations required, such
as those for coolant passages, pipes, cables and access ways, and the provisions
which must be made to retain the efficiency of the shield for protection of site
personnel. Finally the exposure of the public is considered, and any additional
shielding required is calculated.

The choice of materials for a shield is based on the characteristics of the
radiation (e.g. neutron and gamma ray, or gamma ray only) the shielding
properties of materials (e.g. scattering, absorption, production of secondary
radiation, activation), their mechanical and other properties (e.g. stability,
compatibility with other materials, structural characteristics) and space and
weight limitations.

A major consideration in the choice of material is the requirement that
the efficiency of the shield for radiation attenuation shall not fall below
acceptable levels over the life of the station. Losses in shield efficiency may
occur as a result of environmental conditions. Effects which shall be taken into
account are those due to neutron and gamma-ray interactions with the shield
(e.g. burnup of high neutron absorption cross-section nuclides, radiolysis and
embrittlement), those due to reactions with other materials (e.g. erosion and
corrosion by coolant) and temperature effects (e.g. evaporation and softening
of plastic materials). These factors shall be taken into account at an early
stage in the design since they may prevent the use of many materials which
from the point of view of providing the necessary radiation attenuation alone
may appear highly desirable.

In optimizing a bulk shield design, not only the material costs but also
the costs of manufacturing (machinery, etc.), erection and support, and the
monetary effect of the thickness on other aspects of the plant design must
be taken into account. (For example, in GCRs, the internal shield thickness
affects the pressure vessel diameter.)

Neutron shielding has to be provided for the neutron sources such as the
reactor core and vessel, the coolant and fluid moderator system, and irradiated fuel.

A combination or mixture of materials may be required to obtain an optimum
shield design for the core or other sources of neutrons. A cheap material with a
high inelastic scattering cross-section — iron or steel is the usual choice — is
used to reduce the energy of high-energy neutrons. A material containing
elements of low atomic number, such as water or concrete, is used to reduce the
energies of the neutrons that are below the inelastic scattering threshold. The
neutrons must be captured in the shield and the gamma rays emitted as a result
of capture must be absorbed. Concrete is commonly used for bulk neutron
shielding.
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Shields with the same mass per unit area will provide approximately the
same attenuation of a gamma-ray flux, even though they are made of different
materials. Thus for attenuating a gamma-ray flux, the primary requirement is
to provide mass in the shield. There is a second-order effect in that generally
the higher the atomic number of the shield material, the greater is the attenuation
for a given mass per unit area. Because of this, high-density high-atomic-number
materials such as lead are often used where space is restricted. Otherwise, for
economic reasons concrete is used, but its effective density can be increased
by barytes aggregate, or by the addition of iron shot, etc.

Temporary shielding as needed to comply with the principle of ALARA
during maintenance shall be provided between mechanisms such as valves and
their actuators (e.g. between valves liable to contamination or containing
radioactive liquids and the valve wheels or electric motors that actuate them).

In areas where additional temporary shielding may be necessary during
operational states of the plant, the weight of such additional shielding shall be
included in the determination of the necessary strength of building structures.
The maximum permissible additional load in each area where such additional
shielding may be necessary shall be indicated in the appropriate plant procedures
and may be indicated at the location itself.

6.8.2. Shield penetrations

Penetrations are required in bulk shields for a multitude of reasons.
It is beyond the scope of this Guide to present detailed methods of design

for shield penetrations, which represent one of the most difficult tasks in shield
design. However, some general principles can be described.

Penetrations introduce pathways along which preferential transport of
neutrons and gamma rays can occur, resulting in unacceptable dose rates outside
the shield unless deliberate features to prevent this are incorporated in the
design of the penetration. Whether the primary source is one of neutrons or
gamma rays, the basic means of controlling dose rates due to penetrations are
the same. These are:

(1) Minimizing the area and number of all straight-through paths containing
material of very low density (e.g. gases, including air).

(2) Providing shield plugs.
(3) Placing shields of larger diameter than the penetrations, to cover the

ends of the penetrations.
(4) Providing zig-zag or curved pathways in order to ensure that some

shielding exists along any line-of-sight path. In this case an increase
in wall thickness or wall density in the neighbourhood of the penetration
is required to compensate for the loss of material caused by the
penetration.

(5) Filling the gap with grout or other compensatory shielding material.
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The object of these means of reducing the transmission of neutrons and
gamma rays is threefold:

(1) To limit the solid angle containing low-density material through which
transmission can occur;

(2) To place as much material as possible in the path of the radiation;
(3) To scatter radiation into the surrounding material so as to increase

the probability of absorption.

In some cases, depending on the source strength and location with respect
to the penetration, no additional shielding features will be required. In other
cases complex plug designs will be called for, requiring sophisticated methods of
calculation to determine dose rates.

Entry ways to high-radiation areas are a particular case of shield penetration
where the dimensions of the penetration are large compared to the thickness
of the shield. The provisions to be made for shielding entryways depend on
the strength and the limiting dose rate requirement outside the area containing
the source. In some cases a shield door of iron or lead may be adequate for
gamma-ray sources. In other cases it may be necessary to use a labyrinth or
shadow shield so that only scattered radiation can reach the entryway. After
two or more scattering events, the mean energy of photons reaching the
entryway will be typically less than 0.5 MeV, irrespective of the initial energy.
Where a labyrinth is used as a means of reducing the dose rate at an entryway,
it is essential that the direct penetration through the labyrinth wall to the
entryway is checked to ensure that adequate wall thicknesses are provided.

Some design methods for shield penetrations are presented in Ref.[l 1].

6.9. Ventilation

To maintain appropriate ambient conditions in working areas, a room-air
ventilation system shall be provided. Ventilation plays a significant role in both
confinement and cleanliness.

As far as the radiation protection is concerned, the primary objective of
the ventilation system is to control the radioactive airborne contamination of
the working environment in order to keep the radiation exposure and the intake
of radionuclides as low as reasonably achievable for occupationally exposed
persons and to ensure that appropriate limits are not exceeded.

By means of confinement features such as barriers and appropriate pressure
differentials, and air cleaning features such as filters, the spread of contamination
shall be limited and release to the environment controlled in order to protect
the public.
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Other objectives of the ventilation system not necessarily related to radiation
protection are:

(1) To ensure employee comfort by providing air at suitable conditions
(2) To protect the plant structures and to enable the unimpaired

functioning of equipment by controlling the temperature and humidity
of the ambient air as appropriate.

In designing a ventilation system for control of airborne radioactivity, the
following should be taken into account:

- thermal and mechanical mixing mechanisms in any large volumes
— the limited effectiveness of dilution in reducing airborne contamination
— the need to exhaust the air from potentially contaminated areas at points

as near as practicable to the source of contamination
— the difficulty of detecting leakage from non-welded joints and the

resultant possibility of chronic leakage.

In general, the airflow in the ventilation system should be directed from
regions of lower airborne contamination to regions of higher contamination.
In some areas it may be desirable to have closed-loop recirculation including
filters, dryers and coolers, as appropriate, with only a small controlled-flow
discharge.

The pressure in areas with airborne contamination shall be lower than that
in adjacent cleaner areas. A slightly negative gauge pressure is maintained in
the containment and related buildings to permit control and monitoring of
discharges of contaminated air. Care should be taken in design to reduce the
probability of cross-leakage of aerosol in case of power failure.

Within practical limits the location and shielding of filters shall be such as to
minimize the exposure of station personnel to radiation from contaminated filters.

Portable ventilation systems shall be made available in areas where airborne
contamination may arise during maintenance and provision shall be made for
appropriate electric power points and for sufficient space in which to operate
the systems. The ventilation systems should discharge into the contaminated
ventilation exhaust system or if equipped with filters it may be acceptable to
discharge the exhaust into the atmosphere of the building directly. To reduce
carry-over of dust from the external environment into the nuclear power plant
and a possible increase in contamination transport, filters should be used on
the air inlet.

6.10. Solid-waste treatment systems

An assessment shall be made of the expected radioactivity arisings in solid
wastes, and the resultant highest radiation level that can occur in each area of
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the waste treatment system. As a design basis for the radiological design of the
system, the sources which give the highest radiation level (such as ion exchange
resins, discarded radioactive components, filter waste, etc.) at the point of
concern shall be considered. Account shall be taken, in assessment of the
sources and radiation levels, of the changes in the specific radioactivity of wastes
that can occur as a result of treatment, particularly where an increase in specific
radioactivity occurs (e.g. in incinerator ash or compressed waste).

The design of the solid-waste treatment system should be such that solid
wastes can be sorted according to their radioactivity level before further on-site
processing or transporting to an outside processing storage facility.

The treatment or packaging of solid waste depends upon the requirements
for the final product. These in turn will differ depending on whether the waste
to be removed from the plant is to be prepared for final disposal or further
processed outside the plant. For further details see Ref.f 12].

The processes commonly used for on-site processing are solidification of
wet wastes, compression of compressible wastes, cutting up of incompressible
wastes and encapsulation of wastes. Incineration of combustible wastes is
sometimes also used on site.

In general, low-level solid waste from nuclear power plants contains much
material that is non-radioactive. Since in some Member States contractual
disposal is expensive, sorting of the wastes at the origin in the plant, combined
with subsequent radiation survey and sorting on site may be cost effective.
The result can be a large reduction in volume, cost, and impact to the environment.

6.11. Liquid and gaseous waste treatment systems

Radiation protection for site personnel from the liquid and gaseous waste
treatment systems is very important because such equipment contains very
high concentrations of radioactivity and so forms radiation sources of high strength.

The design of these systems shall take account of all the applicable require-
ments of this Guide for the protection of site personnel such as designation of
controlled areas, requirements for system and component design, provision of
shielding and use of remote techniques. These systems are provided primarily
to ensure radiation protection for the public; further details of requirements for
their design are given in Subsections 8.2.1 and 8.2.2 below.

To reduce the level of contamination resulting from leakage of radioactive
liquids, a leakage collection system shall be provided in areas where leakage
might occur.
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7. PROTECTION OF SITE PERSONNEL
UNDER ACCIDENT CONDITIONS

An assessment shall be made of the magnitudes and locations of the radiation
sources that will exist during and after accident conditions and that will require
consideration in the design of the nuclear power plant. Additional provisions
to those required during operational states shall be made for shielding these
sources to ensure that personnel can have access to and occupy the plant control
room or the supplementary control points in order to operate and maintain
essential equipment15 without exceeding acceptable exposure limits16. This
includes access to equipment where maintenance or repair may be warranted
after an accident. In general, provisions should be made to render direct inter-
vention by operators superfluous by installing automatic or remote controlled
equipment.

Provision shall be made to minimize the radioactive airborne contamination
in areas to which access will be required for the safety of the plant or the site
personnel such as the reactor building, fuel storage, plant control room and
supplementary control points. This may be achieved by closing the air intake
and exhaust. In this case heat removal has to be provided by cooling the air
in a recirculation system. An appropriate fraction of the circulation air should
be filtered if the inward leakage of contaminated air can be expected to be too
high to permit occupancy of the room without respiratory protection. The spread
of airborne contamination throughout the plant can be limited by secondary
containment or by ducting to the atmosphere, if necessary through filters.

Consideration should be given to the requirements and means for gaseous and
liquid sampling after an accident (e.g. remote sampling), and shielding provisions
shall be made as necessary to enable these samples to be taken without excessive
individual exposures being incurred.

There should be provisions for alerting and assembling site personnel and
for — at least provisionally — sheltering site personnel not involved in accident

15 Essential equipment here means equipment that must continue to be operable to
prevent escalation of the accident or further radioactive releases (e.g. pumps in water cooled
reactors or gas circulators in GCRs which are required to maintain core cooling), and equipment
required to monitor the state of the plant after an accident.

16 It is practice in some Member States to use as a design basis the requirement that
individual exposures for those operations that are scheduled to be performed after an accident
should not exceed the ICRP annual limits for normal operation. However, operational limits
may be higher. The ICRP does not make recommendations for operational limits following
accidents but does state that for situations which may occur infrequently during normal operation
it is acceptable for a few individuals to receive dose equivalents in excess of the recommended
limits provided this dose equivalent does not exceed twice the relevant annual limit in any
single event and in a lifetime five times this limit (R.ef.[2], para. 113). (See Ref.[13], Art.l 1.)
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control or fire fighting. Communications are required between the control
room, supplementary control points and places where personnel assemble.

Easy identification of rooms, clearly marked signs and the removal of any
obstacles in passageways to enable easy movement of site personnel are essential.
These factors contribute to the protection of personnel, mainly by decreasing
the duration of exposure during safety actions. This should be taken into con-
sideration at the design stage.

In addition, areas shall be identified in which the radiation background is
expected to remain low after an accident, and to which site personnel can be
evacuated and monitored for contamination.

8. PROTECTION OF THE PUBLIC
DURING OPERATIONAL STATES

8.1. Exposure criteria

In order to protect the public from radiation effects due to operation of
the plant, it shall be ensured that the individual dose equivalents for members
of the public resulting from radioactive substances in the effluents and from
direct radiation from the plant do not exceed the prescribed limits, and that
the ALARA principle is applied.

Three types of effluents have to be considered: liquids (mainly water),
gases from process systems, and ventilation air (the moist air from cooling
towers is not radioactive during operational states).

The design procedures for radiation protection of the public shall be
approved and authorized limits for the release of the effluents17 shall be
established by the regulatory body.

8.2. Effluent treatment systems

The flow and the radioactivity of liquid and gaseous radioactive effluents
shall be monitored and controlled to ensure that the prescribed limits are not
exceeded. If the ALARA principle requires the introduction of liquid and
gaseous treatment facilities or if the releases would without them exceed the
specified limits, such facilities shall be provided, as discussed in the following
subsections.

17 The procedure for deriving information needed for establishing limits on the release
of radioactive materials into the environment has been outlined in Ref.[4]. In the calculation
of collective dose equivalents connected with different protection options, the exposure of
both nuclear power plant site personnel and the public shall be considered.
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8.2.1. Liquid treatment systems

Major sources of contaminated water requiring treatment include decontamina-
tion facilities for the plant and for the fuel element flask, laundries and change
room showers, water used to backwash filters and ion exchange resins, primary
circuit leakage in LWRs (occasionally secondary circuit leakage also), and
chemistry laboratories.

Proven methods of treating the radioactive waste water to reduce the radio-
active contamination are mechanical filtration, ion exchange, distillation and
chemical precipitation. In order to give the operator sufficient flexibility to deal
with liquids of different origins and unusual compositions and to re-treat water
if the required low level of radioactivity for discharge is not attained on the first
pass, it is advisable to have the different treatment processes in the liquid waste
treatment system cross-connected. In the case of direct-cycle reactors, which
generally produce larger volumes of radioactive water resulting from the turbine
circuit leakage, water which is of low chemical and solid content is recycled after
suitable treatment to the primary circuit. Radioactive water occurs in the
secondary (turbine) circuit of a PWR and PHWR as a result of operation, with
primary to secondary circuit leakage in the steam generator. In this case
treatment of some of the water from the secondary circuit may be required
to reduce radioactivity.

For water which cannot be recycled into the plant, provision shall be made
to reduce its radioactive contamination to such levels that the design objectives
and limits discussed in Subsections 2.1 and 2.2 are met. If necessary, the
reduction of radioactivity in the water can be achieved by several passages of
the water through the liquid waste treatment system.

8.2.2. Gas treatment systems

All radioactive discharges to the atmosphere shall be reduced in accordance
with the ALARA principle and subject to the prescribed limits (see Subsections 2.1
and 2.2). In order to comply with this requirement, appropriate systems, e.g.
gas treatment system, filters, etc., shall be provided as necessary.

All discharges of radioactive gaseous effluents to the atmosphere should
be from elevated release points.

Process vents may contain radioactive gases or aerosols (e.g. fission-product
noble gases and 41 Ar, 35S and 131I in various chemical forms); thus the direct
release from these process vents may be a major contributor to the release of
radioactivity to the atmosphere. A reduction of this radioactivity is in many cases
possible by the addition of delay systems (to reduce short-lived radioactivity)
or by the use of filters (e.g. to remove iodine). The decision to incorporate such
additional equipment shall be made in accordance with the ALARA principle,
and on a case-by-case basis.
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Items of equipment that may be provided in off-gas systems to reduce the
radioactivity released to the environment include:

- Delay tanks or delay pipes
- Particulate filters or iodine removing charcoal filters
- Charcoal delay beds for noble gases, operating at room temperature

or lower
- Other cryogenic systems which are able to remove or delay noble gases.

The performance of these devices shall be such as to achieve at least the effective-
ness required by the safety analysis.

In the case of direct-cycle systems (BWRs), the volume of gas to be handled
depends mainly on inwards leakage of air to the turbine condenser. Reduction
of this leakage will reduce the size of the off-gas system necessary (e.g. size of
delay bed) to obtain a given reduction in radioactivity.

8.2.3. Ventilation air treatment systems

During operational states the radioactivity - both amount and concentra-
tion — released to the environment by air transport mechanisms may be
reduced to acceptable levels as a result of a number of factors. These include
the ventilation control measures that are implemented to protect site personnel,
the off-gas treatment systems, and dilution by the atmosphere of the environ-
ment after release. However, operational procedures or occurrences and some
external processes such as the concentration of iodine along a grass-milk food
chain, may make necessary the introduction of additional design features for
reducing the radioactive content of the air exhausted from the controlled areas
before it is released to the environment.

8.3. Shielding

The shielding provisions established to protect site personnel during
operational states and to protect the public under accident conditions from
direct or scattered radiation shall be reviewed to ensure adequate protection of
the public during operational states.

9. PROTECTION OF THE PUBLIC UNDER
ACCIDENT CONDITIONS

The design measures taken to protect the public against the radiological
consequences of accident conditions shall have the objectives of reducing the
probability that accidents will occur and reducing the consequences of
accident conditions.
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The design shall be assessed by means of a safety analysis (see Safety
Series No.50-SG-Dl 1). In cases where calculated values exceed the exposure
levels agreed to by the regulatory body, additional protection features shall be
incorporated into the design to meet those levels by reducing the consequences.

Radiological design measures which may be used to achieve reductions in
radiation exposure include:

(1) Increasing the leaktightness of the containment;
(2) Filtering the exhaust air in order to reduce the release of airborne

activity;
(3) Improving the decontamination factor of the filters by using a different

design (new filter material, increase in filter depth) or by providing
air drying in front of the filter;

(4) Adding shielding at places where radioactivity released to the contain-
ment or to a building will otherwise cause radiation exposure above
limits set for the accident analysis because of direct or scattered
radiation (including sky-shine);

(5) Providing means of reducing the exhaust air volume flow in order to
provide decay time within the building;

(6) Reducing the amount of radioactivity released by decreasing the size
of pipes, the discharge velocity of fluids or the closure time of valves;

(7) Increasing the effectiveness of the sprinkler system in trapping iodine
by adding appropriate chemicals (e.g. hydrazine hydrate).

10. GUIDELINES FOR DETERMINING
RADIATION DOSE RATES DURING

OPERATIONAL STATES

This Guide does not give details of calculational methods or the values of
parameters to be used in assessing radiation dose rates that are expected to
occur under operational states. These can be obtained by reference to standard
text books (e.g. Refs [4, 11, 14]) or to research and design organization reports
which may be identified from Ref.[ 15]. A brief outline of the principles
involved is given in this section and in Annex IV.

The first step in any calculation of dose rate is to evaluate the source strength
and its distribution. This may involve calculation of the mass transport of the
source and its redistribution when activated corrosion products or fission
products are carried in reactor coolant (liquid or gas) and deposited away from
the point of origin. The second step is to calculate the fluence rate (flux) at
the dose point as a result of radiation transport from the source to the dose
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point by methods briefly described in Annex IV. The final step is to calculate
the radiation dose rate by multiplying the particle flux by the appropriate
conversion factors.

10.1. Source calculations

Sources of radiation in thermal reactor systems and the ways in which they
arise are described in Section 4 of this Guide.

All radiation sources generated on site originate from the core directly
(e.g. fission and activation products) or indirectly (e.g. activation products
produced by neutron leakage from the core). An initial step in establishing
source strengths is to determine the fission rate, neutron emission rate and the
spatial and energy distribution of the neutron flux within the core. This is
achieved by using computer codes which take account of the spatial distribution
of materials in the core and changes in fuel composition, the production of
actinides and fission product poisons and changes in control poisons (control
rod position, liquid moderator height, poison concentration) with fuel burnup.
The neutron emission rate and neutron flux distributions determined in core
calculations are used as input data to computer calculations which determine
the neutron flux energy and the spatial distributions through the coolant and
structural and shielding materials surrounding the core. The neutron flux
distributions are used in computer codes (which may be coupled to the neutron
flux calculation) or in hand calculations to determine gamma-ray source pro-
duction rates in the core and surrounding materials. Both prompt emission and
delayed emission (activation sources) sources are determined. In the case of
activation sources, the decay of nuclides (half-life) and the irradiation time in
the neutron flux are taken into account in determining the gamma-ray source
strength. In most cases it is the gamma-ray source which determines the dose
rate to personnel.

Methods of performing these calculations and the data required can be
found, for example, in Refs [3, 11, 16]. Suitable computer codes for
implementing the methods, where required, are generally available from the
Radiation Shielding Information Center, Oak Ridge National Laboratories,
Tennessee, USA, and from the European Shielding Information Service, Ispra, Italy.

By using the procedures discussed in these references, the primary
sources of radiation can be determined. In addition, the possibilities of transfer
of sources to other parts of the plant and releases to the environment are
identified, and the resulting sources are assessed. Transport of sources may
occur by: component handling (e.g. irradiated fuel and control-rod removal)
required as part of the operational procedures; in liquids (e.g. activated
corrosion products, impurities, nuclides and fission products in the primary
coolant); and in gases (e.g. activated corrosion products, impurities and coolant
constituent nuclides and fission products in primary coolant).
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In the assessment of dose rates from component handling, it is not only those
resulting directly from the component activity that are considered. Those
produced as a result of contamination of handling equipment by direct contact
or by detachment from the component (e.g. active dust, oxide film or liquid
drops) as a result of thermal or mechanical shock, and those resulting from
transport of active species from the component by gases (including ventilation
air) and liquids with which it comes into contact are also taken into account.

The determination of sources produced by the transfer of active material
by gases and liquids and their accumulation at certain locations, such as filters,
evaporators, etc., involves an assessment of the input rate to the medium from
the primary source, the rate of removal (due to filtration, deposition or absorption)
at the new site from the medium, and the resuspension or deposition rate. The
processes which govern deposition are gravitational settling, Brownian diffusion,
turbulent deposition and precipitation. Standard textbook equations for these
processes are adapted for use with radioactive species in order to take account
of decay. The areas of greatest uncertainty in these calculations are frequently
the release rate from the primary source, the fraction of the material reaching a
surface which initially sticks to it and the rate of desorption. To overcome
these uncertainties, the parameters used are adjusted to give predictions which
agree with measurements made on operating reactors. At the present time this
empirical approach using results from operating reactors is in many cases the
only one available for source predictions.

One process that contributes to the transfer of radioactive material from
one part of the plant to another is evaporation of contaminated water. The
principal mechanisms for getting the material airborne are: (1) droplet forma-
tion by boiling, etc. (e.g. carry-over of radioactivity from the primary coolant
to the steam in a BWR, steam leakage from BWRs and PWRs, or evaporation
from contaminated ponds or pools); and (2) flaking, spalling, etc. of surface
contamination remaining after the evaporation. Empirical transfer factors are
generally used for these mechanisms.

Discharges of radioactivity in gaseous and liquid effluents result in sources
in the environment; these have to be calculated in order to determine the doses
incurred from them by the public. Methods of calculating these sources from
the rate of discharge are presented in Ref.[ 16]. The distributions of nuclides
in the atmosphere and bodies of water, the resultant surface sources from
deposition and the concentration of nuclides in foodstuffs are also calculated.

10.2. Radiation transport through shielding

Methods of calculating the fluence from the radiation source are outlined
in Annex IV. A detailed description of the methods and the data used is
outside the scope of this Guide because of the volume of information involved.
Reference should be made to Ref.[l 1], which contains extensive bibliographies.
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Additional information, in particular on the application of the methodology,
may be found in papers from the International Conferences on Reactor Shielding.
Where computer codes are required to implement the methodology, suitable
codes are generally available through the Radiation Shielding Information Center,
Oak Ridge National Laboratories, Tennessee, USA, or the European Shielding
Information Service, Ispra, Italy.

By means of the methods detailed in the above references, calculations are
carried out for radiation transport (mainly gamma rays) from the sources
through simple single-material bulk shielding, or through shields of complicated
geometry containing regions of low density (gases and voids) and low attenuation
which present preferential transmission paths with scattering surfaces.

In the design of shielding to arrive at acceptable dose levels, the attenuation
calculation is started with an estimated design based on previous experience.
The results should be evaluated in the light of the ALARA principle with regard
to the protection of the site personnel and should then be compared with
limiting values established for maintaining material integrity, taking any radiation
effects into account. If necessary the process has to be repeated in order to
reach acceptable radiation levels. More details about the evaluation are given
in Annex IV.

1 1 . CONSIDERATIONS FOR DETERMINING
POTENTIAL DOSES UNDER

ACCIDENT CONDITIONS

In order to show compliance with the design targets (see Subsection 2.3)
the potential consequences of the design basis accidents have to be determined.

Generally, the only releases that are evaluated for accident conditions
are those to the atmosphere, since a release of large quantities of radioactivity
to bodies of water is usually unlikely. However, this shall be verified for each
specific plant.

The dispersion of radioactive material released into the atmosphere depends
upon the release point and the weather during the accident. It is the usual
design practice to assume that a rather unfavourable weather situation prevails
during and after the accident. In most countries, this weather situation will
be defined by the regulatory body on the basis of the possible weather
conditions in that country [5, 6, 8, 17-19]. Alternatively, analysis may be
based on the statistical evaluation of the actual weather conditions at the
proposed site. (Refer to the Safety Guide on Atmospheric Dispersion in Nuclear
Power Plant Siting (IAEA Safety Series No.50-SG-S3).)

45

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



In demonstrating compliance with the design targets for the public con-
servative assumptions for the location and duration of the exposure shall be
made. In Member States with large population densities, a location outside
the fence of the plant, where maximum exposure will result, is usually selected.
In this case, an unlimited stay will usually be assumed [20].

Member States with lower population densities may select the worst location
within a so-called 'low population area' as one reference point where limited
exposure time (e.g. 2 hours) may be assumed; and the worst location outside
that zone, with unlimited residence time for members of the public, as another
reference point [21].

In the event of exposure by incorporated substances, the committed dose
equivalent (i.e. dose integrated over 50 years after the intake) shall be taken into
account [1].

Unless required by the regulatory body, it is not necessary in the accident
analysis to assume that contaminated food will be eaten because after an accident
food products will be monitored in contaminated areas and food pathways will
be restricted by administrative measures if necessary.

Since operators have to remain safely in the main control room and other
locations during accident conditions to mitigate the consequences, calculations
shall demonstrate adequate protection of site personnel against radiation
exposure at such points.

12. MONITORING OF RADIATION DURING
OPERATIONAL STATES

For the effective implementation of the design provisions for radiological
protection of site personnel and the public, a well-planned radiation monitoring
programme is essential. The operational aspects of this are contained in Safety
Series No.50-SG-O5. Basic information on the design of instrumentation is
given in the Safety Guide on Safety-Related Instrumentation and Control Systems
for Nuclear Power Plants (IAEA Safety Series No.50-SG-D8). (See also Ref.[22].)

The programme should include:

— personnel monitoring
— area monitoring
— effluent monitoring
— environmental monitoring
— fluid system monitoring.

Equipment for performing this programme shall be provided. The rationale for
the selection of ranges, set points, locations and response times shall be
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documented. Some of the equipment may serve a dual purpose and provide
also information on plant operation. Equipment shall be redundant as required
in Safety Series No.50-SG-D8.

12.1. Personnel monitoring

Equipment for monitoring personnel shall include the necessary means to
evaluate, measure and record the doses received from external and internal
sources. Adequate equipment and services shall be provided for all site personnel
who work in controlled areas.

The general operational aspects of monitoring of individuals (choice of
external radiation dosimeters, methods of assessment of internal dose commit-
ment, etc.) are contained in Safety Series No.50-SG-O5, and specific details are
given in Ref.[23]. The instruments used for monitoring of external individual
contamination (to skin and hands, as well as clothes, shoes, etc.) are considered
in Subsection 12.2.

12.2. Area monitoring within the plant

Area monitoring includes measurements of radiation dose rates, airborne
activities and surface contamination. In the controlled areas, fixed continuously-
operating instruments with local alarm and unambiguous readout shall be
installed in order to give information on the radiation dose rates in selected areas.
A system that gives information on dose rates in selected areas shall be provided
in the control room or in a suitably located separate dosimetry room. The
instruments shall have ranges extending from at least one order of magnitude
below the alarm level appropriate to the area up the highest level expected with
adequate margin.

For monitoring special maintenance operations of short-time duration
(operational monitoring) and for monitoring in areas where potentially high
dose rates may occur, portable or mobile dose rate meters shall be provided,
with built-in alarms for dose rates exceeding preset values. Instruments to
detect external individual contamination should be provided at locations where
spread of contamination would otherwise be possible. All these instruments
shall comply with the requirements of the appropriate publications of the
International Electrotechnical Commission (see Refs [24—31]).

12.2.1. External radiation monitors

In the selection of external radiation monitors, at least the following
characteristics shall be considered:
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(1) Range of dose rate
(2) Sensitivity
(3) Radionuclides (kind, energy spectrum, etc.) to be monitored
(4) Provision of threshold alarm with variable set point
(5) Power supply (some monitors should continue to operate if the

external power supply fails)
(6) Environmental conditions
(7) Provision for testing and calibration
(8) Directional response
(9) Response as a function of energy

(10) Provision for adequate functioning during and following accidents, e.g.
through ease of decontamination, adjustable thresholds, etc.

12.2.2. Airborne radioactivity and surface contamination monitoring

Permanently installed monitors for detecting radioactive contamination in
air shall be provided at selected locations. In LWRs they should be located
at the ventilation exhaust air ducts from the following areas:

— containment vent
— fuel storage vent (if not included in the radwaste building)
— auxiliary building
— radwaste building (if not combined with the fuel storage vent).

In addition, for boiling water reactors, the turbine building exhaust air should
be monitored by permanently installed recording instruments. All these monitors
shall take into account the physical form in which airborne activity exists (e.g.
gas or particulate) as well as the properties of certain nuclides (e.g. iodine
compounds).

Where airborne radioactivity is likely to exist, permanently installed or
(depending upon the frequency and duration of the event) portable or mobile
monitors should in addition continuously indicate the radioactivity during the
period when the location is occupied by personnel not wearing protective
respiratory equipment.

Provision shall be made for airborne and surface-area contamination
monitoring prior to entry into areas where work or inspection is to be carried
out. This monitoring shall also be performed during work and after completion
of the task.

12.2.3. External individual contamination monitoring

Instruments for detecting external individual contamination shall be
located at the exit of the controlled area. If there is a sub-area within the
controlled area with risk of contamination, the possibility of changing shoes
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and clothes should be available at its exit in order to prevent the spread of
contamination. If shoes and clothes are always left behind in appropriate con-
tainers before personnel re-enter the main part of the controlled area, personnel
surface contamination monitoring may not be required at the exit of the sub-area.

12.3. Effluent monitoring

Equipment shall be provided to monitor and record all radioactive liquid
and gaseous effluents discharged to the environment. In addition, equipment
shall be provided to monitor systems which may contribute large fractions of
the overall release of the plant. In water cooled reactors, monitoring of the
following systems shall be provided where applicable:

(1) Off-gas system;
(2) Vent header of radwaste tanks;
(3) Gland seal condenser vents (only if not combined with the vent header

of radwaste tanks);
(4) Building ventilation with potential radioactive contamination.

In addition, in direct-cycle reactors provisions for monitoring of the condenser
air-removal system should be provided. In gas cooled reactors provision should
be made to sample all operational discharges of reactor coolant.

The equipment for effluent monitoring shall be capable of determining the
total activity and the nuclide composition of the discharge. This may be done
by on-line or laboratory analysis. The effluent monitoring programme shall
demonstrate that this release of radioactive materials into the environment is
below the prescribed release limits [32].

12.4. Environmental monitoring

Suitable environmental monitoring equipment shall be provided to complete
the effluent monitoring programme [33]. This equipment shall be able to
detect any significant increase of radiation above background18. Monitoring
shall include the measurement of external radiation, airborne particulate and
iodine concentrations and deposited activities, either by continuous measure-
ment or by integration over specified periods of time.

Low-level counting rooms should be provided, outside the plant, for
measuring the particulate and iodine activities on sampling devices and the
deposited activities on biological samples collected in the neighbourhood.

18 In many Member States an increase is considered to be significant if it is larger
than two times the standard deviation of the background signal.
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Appropriate pre-operational studies shall be carried out to provide the
information needed for the relevant exposure pathway parameters, and for
planning the monitoring required during operation of the plant.

12.5. Fluid system monitoring

Appropriate means shall be provided in fluid systems which have a potential
for significant radioactive contamination to allow monitoring of the levels of
radioactivity. In addition, systems shall be provided for the extraction of fluid
samples for more detailed analysis in on-site or off-site radiochemical laboratories
for those systems which are designed to contain radioactivity during normal
operation.

Where the reactor coolant system operates at a higher system pressure than
associated fluid systems, means shall be provided to detect leakage of radio-
activity through the interfaces of those systems.

13. MONITORING OF RADIATION
UNDER ACCIDENT CONDITIONS

The control, monitoring and recording equipment provided shall include
equipment relevant to postulated accident conditions and shall be suitable for
enabling the operator to assess radiological situations in the plant and take
necessary actions during such accident conditions. All instrumentation should
be of the highest quality. Evidence shall be provided of its satisfactory performance
under the worst environmental conditions anticipated as a result of accidents.
Further guidance is given in Safety Series No.50-SG-O8.

An emergency preparedness plan shall be established in advance and shall
include operational procedures for carrying out radiological monitoring on and
off the site, including the responsibilities of personnel following an accident.
The emergency preparedness plan shall include instructions for the monitoring
instruments and calibration curves where required. The plans shall also contain
a specification of the locations at which monitoring shall be carried out.

An assessment shall be made of expected releases resulting from accidents,
including the nuclide composition of the release and expected environmental
contamination, in order to determine expected instrument responses and to
ensure that instruments selected are adequate in range and sensitivity. Beta
and gamma levels at which remedial actions are to be taken shall be set and
appropriate measurement equipment shall be provided.

Airborne iodine and particulate activity shall be measured by passing air
samples through combined particulate and iodine filters from which a gamma-ray
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spectrum scan can be made either by mobile equipment or equipment in a
central location.

For gamma-ray surveys, the instrument should be calibrated to enable
identification of the nuclides present and conversion of measured data into
the desired radiological parameter as rapidly as possible.

Instruments shall also be available for determination of ground and food-
chain contamination.

Provisions shall be made in advance for transport of mobile monitoring
equipment.

Suitable communications systems shall be provided to enable information
and instructions to be transmitted between different locations and to provide
external communications with auxiliary services and such other organizations
as may be required. Such communication systems should be capable of being
used in areas of high background noise and capable of being used with respirators
and full face masks.

Provisions shall be made for direct communication of field measurements
to the emergency control centre.

The Safety Guides on Preparedness of the Operating Organization (Licensee)
for Emergencies at Nuclear Power Plants (IAEA Safety Series No.50-SG-O6) and
Preparedness of Public Authorities for Emergencies at Nuclear Power Plants
(IAEA Safety Series No.50-SG-G6) shall be referred to concerning possible
design consequences.

14. PROCESS MONITORING FOR
RADIOLOGICAL PROTECTION

14.1. Introduction

Process monitoring, other than by radiation monitoring devices, is of great
importance as an indirect method of gaining information about radiation levels.
For example, if the process-monitoring devices in the turbine building of a
direct-cycle BWR show that the turbine is operating, the radiation level at the
turbine and at steam lines will be high so that access is limited and special
precautionary measures must be taken. Access to components of the primary
system is only possible if the process-monitoring devices indicate that the reactor
is shut down. In an AGR, access to the coolant-processing system (e.g.
recombiners, coolers, desiccant towers) is not permitted while it is operating.
In heavy water reactors, leakage monitoring devices are usually provided to
detect leakage of heavy water at potential leakage points. This also helps in
keeping the release of tritium at low levels.
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The specifications for these monitoring devices are usually determined by
then- process-monitoring functions, rather than by their radiation protection
function. Some exceptions to this rule are detailed in this section.

In special cases process monitors indicating the presence of radiation sources
may be used to operate interlock systems so as to prevent access to high
radiation areas. Use of remote control mobile measuring devices and television
cameras may prevent exposure of people in many cases.

14.2. Failed fuel element monitoring

Fuel elements are removed from the reactor core after a specified burnup,
or if they have unacceptable defects. A monitoring system shall be incorporated
in the reactor design to detect defects in fuel elements. This system may
operate by measuring the radioactivity of those fission products which are most
significant for the detection of unacceptable defects in fuel elements in the
bulk coolant or in the bulk off-gas during operation of the plant19. A monitoring
system shall be capable of identifying specific fuel elements or channels
containing elements that have unacceptable defects. This may be done either
on line or under shutdown conditions.

14.3. Secondary systems of indirect-cycle reactors

In indirect-cycle reactors when secondary systems operate at a lower pressure
than the primary systems, activity may be transferred from the primary to the
secondary side by leakage through heat exchangers. Therefore the activity level
on the secondary side shall be monitored to give early warning of an activity
level in excess of a preset value.

A common method of detecting small leaks is to monitor radionuclides in
the steam generator blowdown (or in the steam generator cleanup). Large leaks,
where rapid action may be necessary, may be detected by radiation monitoring
of either the main secondary steam lines (response to 16N) or of the main
condenser air exhaust lines (response to fission gases).

Another method of detecting leaks to the secondary systems in the case
of PHWRs is to monitor the makeup to the primary system, where the normal
leak rate from the primary system is very small and any increase in this rate is
apparent from the falling level in the makeup storage tank.

19 This can also be done by taking coolant samples during operation and measuring
their fission product concentration.
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14.4. Auxiliary systems

Auxiliary systems which may become contaminated are:

(1) Waste treatment system (see Subsection 4.4);
(2) Irradiated fuel storage (see Subsection 4.5);
(3) Cooling systems that are separated from the reactor coolant by one

material barrier only, or in which activation may occur;
(4) Sumps associated with radioactive drain systems;
(5) Ventilation ducts for radioactive discharges.

In order to determine the radioactivity content in these systems, equipment
for regular sampling shall be provided. For auxiliary cooling systems which are
partly outside the controlled area, a system which continuously monitors the
gross activity should be provided.

15. AUXILIARY FACILITIES

The plant design shall include facilities to limit the spread of contamination
within the controlled area and to prevent the spread of contamination outside the
controlled area. In addition, equipment to protect site personnel against inhalation
of airborne activity shall be available before first criticality of a plant. For
details see Safety Series No.50-SG-O5.

The following equipment shall be provided:

(1) Protective clothing, boots, etc.;
(2) Protective equipment for the respiratory tract;
(3) Air samplers and equipment to measure airborne activity concentrations;
(4) Portable dose rate meters with audible alarm at variable settings,

personnel and surface contamination monitoring devices;
(5) Portable shielding, signs, ropes, stands;
(6) First aid equipment.

Auxiliary facilities for the management of health physics operations shall
be provided. These include one or more of the following facilities:

(1) Health physics operations office including calibration facilities for
radiological instruments;

(2) Protective clothing change room;
(3) Personnel decontamination facility;
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(4) Equipment decontamination facility;
(5) Laundry facilities for contaminated clothing;
(6) First aid room;
(7) Radiochemistry laboratory;
(8) Contaminated equipment workshop;
(9) Waste storage facility;

(10) Dosimetry laboratory;
(11) Simple whole-body counter.
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Annex I

RADIOACTIVE RELEASES AND EXPOSURE LIMITS
FOR MEMBERS OF THE PUBLIC

This Annex presents in simplified form the practices in certain Member States.
For detailed information the reader is directed to the quoted references.

1.1. Normal operation

(a) Canada — The effluent release target values are such that the doses
received by individual members of the public are not more than 1% of the regu-
latory limits. For example, the target maximum whole-body dose for the most
highly exposed members of the public is 50 fiSv (5 mrem) per year.

The regulatory limits for the public are one-tenth of the ICRP occupational
values, in particular, 5 mSv (0.5 rem) per year for the whole body, 30 mSv (3 rem)
per year to the thyroid for adults (15 mSv (1.5 rem) for children).

(b) Federal Republic of Germany - The limits of release to the atmosphere
or to water bodies are calculated on the basis of the principles laid down in Ref. [14],
which take into consideration the principle of 'as low as possible' and are derived
from the dose limits of Section 45 of the Radiological Protection Ordinance [20]
which are for either pathway (air and water):

(1) Annual whole-body dose not exceeding 300 pSv (30 mrem)
(2) Annual skin, bone, and thyroid20 doses not exceeding 1.8 mSv (180 mrem)
(3) Annual dose to other organs not exceeding 900 /uSv (90 mrem)

for an individual exposed for an entire year at the most unfavourable location
considering all relevant exposure pathways. The releases from all other facilities
contributing to the dose at the location have to be taken into account [20].

(c) Switzerland — The releases of radioactive gases, aerosols and liquid
effluents are limited to the extent that the yearly doses to any individual of the
population will not exceed 200 /LtSv (20 mrem) (effective dose equivalent). The
releases are also limited over short time periods (days, weeks). For liquid effluents,
a limit of concentration is prescribed at the point of release. Direct radiation from
a power plant shall be lower than 100 juSv (10 mrem) (exposure dose) per week at
its fence.

20 In the case of the thyroid the exposure due to ingestion shall not exceed 90 mrem/year.
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These limitations are governed by the ALARA principle [34].
(d) United Kingdom - (i) The dose equivalent received by any person

outside the site boundary from all sources originating on the site, including direct
radiation and any discharged waste, should in any year be no more than one-
thirtieth of the appropriate dose equivalent limits for the general public.
(ii) Exposure of the public to ionizing radiation from any radioactive waste should
be kept as low as is reasonably practicable.

Having regard to this principle, the collective dose resulting from radioactive
discharges from the site should be kept as low as is reasonably practicable.

(e) United States of America — The limits of release to the atmosphere under
the ALARA principle are derived from the criteria that as a design objective the
annual whole-body dose should not exceed 50 /iSv (5 mrem), the annual skin dose
should not exceed 150 juSv (15 mrem) and the annual organ dose should not
exceed 150 M$V (15 mrem) for an individual exposed for an entire year at any
location in the unrestricted area [35]. This limit applies to a single power plant.
The corresponding limit for liquid effluents are 30 /uSv (3 mrem) whole body and
100 //Sv (10 mrem) per year organ dose.

(f) Union of Soviet Socialist Republics - In nuclear power station design
the average limits of daily and monthly release for radioactive gases and aerosols
to the atmosphere are determined on the assumption that in the area the following
dose limits will not be exceeded for the critical group of the population [36]:

0.2 mSv/a (20 mrem/a) to the whole body
0.6 mSv/a (60 mrem/a) to the thyroid.

A release of radionuclides exceeding the permissible average daily release by
a factor of five which occurs on one occasion or during a twenty-four-hour period
is permitted provided the total release over the quarter does not exceed the
corresponding calculated limit. In exceptional cases the average monthly release
may be exceeded by a factor of five provided the annual release limit is not
exceeded.

The absolute values of permissible releases for nuclear power stations of
up to 6000 MW(e) capacity are determined in proportion to the capacity of the
station. For nuclear power stations with a capacity above 6000 MW(e) the values
are constant and the same as those of a 6000 MW(e) station.

1.2. Accident conditions

(a) Canada - Two different failure categories are used for accident analysis
purposes, the first for a serious process failure, assumed to have a maximum
frequency of once in 3 years; the other for a serious process failure plus failure
of any special safety system, assumed to have a maximum frequency of once in
3000 years. In the first category of analysis a maximum individual dose to a
member of the public shall be below 5 mSv (0.5 rem) whole body and below
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30 mSv (3 rem) to the thyroid; in the second category the maximum individual
dose shall be 0.25 Sv (25 rem) for the whole body and 2.5 Sv (250 rem) for the
thyroid. Additional limits are given for the population dose: 102 man- Sv
(104 man-rem) for the first category and 104 man-Sv (106 man-rem) for the
second category, where the integrations are terminated at 50 juSv (5 mrem) and
5 mSv (500 mrem), respectively. The same numbers apply whether the whole
body or only the thyroid is exposed [37]. These limits are also based on the fact
that the number of serious process failures that actually result in a release of
radioactivity are a small proportion of the total of such failures.

(b) Federal Republic of Germany - A planning dose limit of 50 mSv (5 rem)
whole-body exposure and 150 mSv (15 rem) thyroid exposure is specified by the
Government for design basis accidents [20].

(c) United Kingdom - For accidents which are judged to have a frequency
of occurrence greater than once in a reactor lifetime (of about 30 years) the dose
equivalent received by a member of the public should not be more than one-thirtieth of
the appropriate annual dose equivalent limit. Accordingly, for less frequent
accidents which may occur no more often than once in a reactor programme (of
about 100 reactors) it is recommended to be no more than the appropriate annual
dose equivalent limit. For accidents with even lower probability, an appropriate
Emergency Reference Level is applied. Accidents where this level may be exceeded
should be as remote as reasonably practicable [38].

(d) United States of America - The US Code of Federal Regulations (CFR
Part 100), for purposes of site analysis only, has set a limiting value of 0.25 Sv
(25 rem) for the whole body and 3 Sv (300 rem) for the thyroid for an accident
with exceedingly low probability of occurrence (substantial meltdown of the
core) [21].

(e) Union of Soviet Socialist Republics - The engineered safety system of
a nuclear power station protecting the public in the event of a design basis accident
must be designed in such a way that in the worst weather conditions at the edge of
the health protection zone and beyond it the calculated anticipated individual dose
from iodine isotopes to the thyroids of children shall not exceed 0.3 Sv (30 rem),
and the anticipated dose from external exposure of the whole body and of any
other individual organ (excluding the thyroid) shall not exceed 0.1 Sv (10 rem) [36].
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Annex II

DEPRESSURIZATION ACCIDENTS IN AGR REACTORS

The fuel operating conditions in the reactor, clad temperature, fuel tempera-
ture and burnup are all determined by design so that fission product gas pressure
within the fuel pins at maximum design burnup (22 000 MW-d/t) will not cause
failure of the cladding if the reactor is depressurized as a result of a breach of the
pressure boundary. However, some fuel pins may already have failed21 (less than
10 pins per year are expected to fail in normal operation of a reactor and any
that do will be removed by the on-load refuelling system within a few days of
detection), and others may fail in the course of the depressurization accident as
a result of manufacturing defects. Such failures may result in the release of
fission-product noble gases, iodine and caesium to the coolant. Other elements,
e.g. ruthernium and strontium, have not been found in coolant samples from fuel
channels containing failed pins operating under normal (i.e. design) conditions,
and it is therefore assumed that these will not be released in a depressurization
accident.

In a depressurization accident it is assumed that fuel pins which fail will
release that fraction of the fuel pin inventory of noble gases, iodine and caesium
that is 'free' in the pin22. The magnitude of this fraction depends on the rating
of the fuel (MW/t), fuel temperature and burnup. In the case of noble gases and
iodine, the fractions of stable fission product gases (Xe and Kr), 133Xe and 131I
free in the pin are calculated by a computer code based on diffusion to the
boundary of grains of UO2 and 'bubble' formation at the grain boundary. The
constants used in the code are adjusted to give calculated fractions in accordance
with measurements. For maximum AGR fuel operating temperatures, the
percentage of 133Xe and 1311 released from the fuel is found to be of the order of
0.3%, and the stable fission product noble gases of the order of 1.0%. This latter
value is taken for 85Kr. Fractions of other radioactive noble gases and iodine free
in the pin (relative to 133Xe and 131I) depend on the half-life. To determine the
release of other noble gas and iodine isotopes it may be assumed, as an approxi-
mation, that the percentage released is proportional to the square root of the
isotope half-life. (More accurate determinations are available from computer
calculations or measurements.) For caesium, a 0.1% release, based on the
observation that the fractional caesium release is about one-third that of 131I,
may be used.

21 'Failed* here means the cladding has a hole through which fission products may escape.
22 'Free' here means released from the fuel (UOj) matrix.
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In the case of the noble gases, the fraction of the release from the fuel which
is discharged to the atmosphere is determined only by the isotope half-life and
the rate of depressurization of the circuit. In the case of caesium and iodine
nuclides, which are released from the fuel in molecular form, deposition on circuit
surfaces reduces the concentration in the coolant and hence the discharge to the
atmosphere. Codes have been developed in the United Kingdom to predict the
behaviour of iodine and caesium in the coolant. These take account of both
deposition and subsequent desorption. Important factors determining the depo-
sition and desorption rates are the variations of coolant flow rate and surface
temperatures with time and the extent of coolant mixing round the circuit.

It should be noted that failure of the prestressed concrete pressure vessel
of a reactor is considered incredible, and that breaches in the pressure boundary
can only occur as a result of penetration failure. The largest breach that can
occur would result from failure of a coolant treatment plant feed or return line.
Tripping of the reactor by a low-pressure trip, limitation by design of the maximum
rate of fall of pressure, ensuring the minimum coolant flow that is required at
atmospheric pressure and the continued cooling by the heat exchangers are
sufficient measures to ensure that fuel clad temperatures do not rise above the
maximum normal operating temperature.

The discharge point to the atmosphere depends on the location of the breach.
From some areas, where a large breach may occur, hot gas ducts are provided to
conduct the gas to the atmosphere below the reactor building roof level. From
others, the gas is discharged to the atmosphere above the reactor building roof
level, via the contaminated-ventilation air-exhaust system. The discharge to the
atmosphere is filtered by high-efficiency particulate filters. However, because high
collection efficiency of the gas discharged from the circuit (and therefore filtration)
cannot be guaranteed, it is a practice in the United Kingdom not to claim a
numerical value for decontamination of the discharge by the filters. Rather, by
virtue of not applying a filtration factor, the calculation is claimed in this respect
to be pessimistic.

59

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



Annex III

ZONING OF NUCLEAR POWER PLANTS

This Annex outlines the design of radiation protection zones in nuclear
power plants in the United Kingdom and France. The examples serve to illustrate
the practice adopted in existing regulations implementing the principles set forth
in this Guide and illustrate the differences in the approach which may be used.

A nuclear power station should be divided into zones, according to the
expected radiation and contamination levels, at the design stage. The purpose of
this is to ensure that proper provision is made in the design to assist the station
operators in controlling the spread of contamination and minimizing the amount
of radiation received by station staff during normal operation of the station.
Within potentially contaminated zones every effort shall be made in the design
to provide containment close to the source23. This can be done by physical
segregation, appropriate ventilation and the provision of facilities for changing
of clothes at the boundaries of the zones to assist in strict personnel access control24.
Personnel access to areas of high radiation dose rate and contamination shall be
controlled by door locking and interlocking schemes as appropriate, in conjunction
with a permit-to-work procedure.

Zone classifications are defined in terms of three basic radiological quantities:
radiation level, surface contamination and airborne contamination. The classi-
fication system may include a multiplicity of radiation and contamination zones
and the design and operational requirements appropriate to them. Two examples
of a zone classification system to be used during plant operation, which consider
both radiation and contamination levels in the zone specifications (the first based
on the United Kingdom Central Electricity Generating Board zoning system25,
the second based on the French regulation [39] relating to the protection of
workers against ionizing radiation in the basic nuclear installations) are given
below.

23 In many cases at the design stage it is only possible to indicate that an area may
become contaminated to a certain level. The actual level of contamination realized when the
station is in operation will depend on the care and skill of the station operators; zone reclassifi-
cation of some areas may then be necessary.

24 These facilities, in addition to provision for changing clothes, may contain, as considered
appropriate to the area served, monitoring equipment, washing and decontamination facilities,
services (e.g. water and electricity supplies) and containers for contaminated items.

25 See Ref. [24] for a detailed description.
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TABLE I. CEGB MAXIMUM PERMISSIBLE RADIATION DOSES USED TO
DEFINE RADIATION ZONES

Part of body exposed Type of radiation
Dose equivalent limit in mSv
(rem in brackets)

Classified persons
Persons not
being classified

Whole body, gonads,
red bone marrow

Hands, forearms,
feet, ankles

Skin (except hands,
forearms, feet and
ankles), thyroid,
bone

Quarterly
Annual , . Annual

(13 weeks)

Gamma rays, 50 30 15
neutrons, X-rays or (5) (3) (1.5)
other penetrating
radiations

Penetrating radiations, 750 400 75
including betas (75) (40) (7.5)
reaching tissue

Penetrating radiations, 300 150 30
irradiating whole (30) (15) (3)
body; beta and low-
energy irradiation of
skin; local irradi-
ation of thyroid and
bone

All other organs,
including lens
of eye

Penetrating radiations;
local beta
irradiation

150
(15)

80
(8)

15
(1.5)

III.l. United Kingdom Central Electricity Generating Board

III. 1.1. CLASSIFICATION OF ZONES

(a) Uncontrolled zone

A zone, under the jurisdiction of the Station Superintendent, in which the
total radiation dose delivered to an individual assumed to occupy it continuously
could not exceed the maximum permissible dose shown in Table I for persons who
are not classified, and in which loose contamination and airborne radioactivity
are below limits specified in Table II.

61

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



TABLE II. CEGB MAXIMUM PERMISSIBLE LEVELS OF CONTAMINATION
USED TO DEFINE CONTAMINATION ZONES

(a) Loose surface contamination
The limits are values averaged over 1000 cm2 of floor, walls and ceilings or 300 cm2 of other
inanimate surfaces

Radiation
Uncontrolled zone upper limit
Uncontaminated zone upper limit
C1 zone lower limit

Bq/cm2 (Ci/m2)

C1 zone upper limit
C2 zone lower limit

Bq/cm2 (Ci/cm2)

Alpha emitters, high 0.37 (10'9)
toxicity

Alpha emitters, all others 3.7 (10~8)

Beta emitters, maximum 3.7 (10~8)
energy greater than or
equal to 0.2 MeV

Beta emitters, maximum 37 (10"7)
energy less than 0.2 MeV

3.7

37

37

370

(icr8)

do-7)

(icr7)

(icr6)

(b) Air contamination

Contaminants
Upper limit for uncontrolled,

uncontaminated, Cl and C2
zones

Lower limit for C3 zone
Bq/m3 (Ci/m3)

Upper limit for C3 zone
Lower limit for C4 zone

Known nuclides or mixtures
of nuclides

Unknown nuclides (Values
for limits depend on
information available on
the constituents of
mixture)

One-tenth of value recommended
by ICRP for a 40 hour per week
occupational exposure

(a) 1.11 X 10 7 (3X 10"4),ifno
alpha-emitting nuclear and
none of the beta-emitting
nuclides Sr-90,1-129, Pb-210,
Ac-226, Ra-228, Pa-230,
Pn-241, Bk-249 is present

(b) 1.11 X 106 (3 X 10"5), if no
alpha-emitting nuclides and
none of the beta-emitting
nuclides Pb-210, Ac-227,
Ra-228 and Pn-241 is present

1000 times limit in
previous column

1000 times limits in
previous column
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(b) Air contamination (cont.)

Upper limit for uncontrolled, Upper limit for C3 zone
Contaminants uncontaminated, Cl and C2 Lower limit for C4 zone

zones
Lower limit for C3 zone

Bq/m3 (Ci/m3)

(c) 1.11 X 10s (3 X 10~6), if no
alpha-emitting nuclide and
no Ac-227 is present

(d) 1.11 X 104 (3 X KT7),if none
of the nuclides Ac-227, Th-230,
Pa-231,Th-232, Th-nat,
Pu-238, Pu-239, Pu-240,
Pu-242, Cf-249 is present

(e) 7.4 X 103 (2 X 10~7), if none
of the nuclides Pa-231, Th-nat,
Pu-239, Pu-240, Pu-242,
Cf-249 is present

(f) 4.44 X 103 ( 1 .2X 10~7), if
no analysis is available

(b) Uncontaminated zone

A zone may be declared by the Station Superintendent to be uncontaminated
if the levels of loose contamination and airborne radioactivity are below the limits
specified in Table II.

(c) Radiation zones

Zone Rl — A zone in which the total radiation dose which can be received
by any individual, taking into account the maximum time he could spend
in any part of it, will not exceed the maximum permissible dose specified
in Table I for persons who are not classified.

Zone R2 — A zone in which the total radiation dose which can be received
by any individual, taking into account the maximum time he could spend
in any part of it, will not exceed the maximum permissible dose for classified
persons specified in Table I.
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Zone R3 — A zone in which:

(i) The weekly whole-body radiation dose which can be received by
any individual when performing his normal duties does not exceed
300 mrem.

(ii) The total radiation dose which could be received by any individual,
taking into account the time he could spend in any part of it,
cannot exceed the maximum 13-week dose for classified persons
specified in Table I.

Zone R4 — A zone in which the radiation dose rates are higher than the
specified maxima for an R3 zone.

(d) Contamination zones

Zone Cl — A zone in which loose surface radioactive contamination exists
to an extent between the lower and upper limits specified in Table H(a)
and in which the airborne concentration of radioactivity is below the specified
limit given in Table II(b).

Zone C2 — A zone in which loose surface radioactive contamination exists
to an extent above the upper limit set for the Cl zone, and in which the
airborne concentration of radioactivity is below the upper limit specified
for the Cl zone. (Values given in Tables H(a) and II(b).)

Zone C3 — A zone in which the air concentration of radioactivity is above
the upper limit specified for the Cl and C2 zones, but below the higher
limit specified in Table H(b).

Zone C4 - A zone in which the air concentration of radioactivity exceeds
the upper limit specified for the C3 zone in Table II(b).

HI. 1.2. INTERFACE PROVISIONS

An indication of the significance of the zone classifications as presented above
may be obtained from the operational conditions for personnel entry to the zones
as defined below.

Zone Rl — No barriers are required for the purpose of radiological protection
between an uncontrolled zone and the Rl zone, provided the Rl zone is not a
contamination zone.

Zone R2 - Access into a R2 zone or higher radiation zone from an Rl or
uncontrolled zone shall be prevented except via entries controlled in such a way
as to ensure that persons entering are authorized to do so.

64

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



Zone R3 — The boundary between an R3 zone and a zone of lower classifi-
cation must be marked sufficiently clearly to ensure that it cannot be crossed
inadvertently. Notices visible from all directions of approach shall be erected
stating the zone classification and forbidding unauthorized entry. Between an
R2 and R3 zone it is not necessary that there be a barrier which physically prevents
entry.

Zone R4 - Access into permanent R4 zones shall be physically barred. Any
doors to such zones shall be locked and unauthorized entry prevented. The locks
of doors to R4 zones shall be capable of being opened from the inside without
a key and shall close and relock automatically. Access into any zone which
temporarily comes within the R4 classification and for which exclusion cannot
be effected by locked doors shall be prevented by temporary barriers. Notices
shall be displayed at any part of the barrier around a temporary R4 zone where
entry is not physically prevented; they shall state the classification of the zone
and prohibit unauthorized entry.

Zones Cl to C4 - A change room shall be provided at the entry to all
contamination zones, and entry by all other means shall be prevented. Only
authorized persons may enter contamination zones. The change room itself,
or in combination with a sub-change room, shall contain facilities for personal
decontamination and monitoring. The requirements for clothing and ventilation
in four levels of contamination zones are as follows:

Zone Cl — Overalls and overshoes (or working shoes) shall be worn.

Zone C2 ~ Overalls, overshoes, cap and gloves shall be worn.

Zone C3 — A complete change of clothing — comprising underclothing,
overalls, cap, footwear and full face-respirator - shall be worn. The walls
and doors enclosing a C3 zone shall be such that, in conjunction with the
ventilation system, they prevent the flow of air from the zone to zones with
lower contamination classification.

Zone C4 - A complete change of clothing - comprising underclothing,
overalls, impermeable oversuit, special footwear and a respirator - with self-
contained breathing supply or air line to a supply of clean air - shall be worn.
Any permanent C4 zone shall be hermetically sealed except for any designed
gas flow, and that gas flow which shall conform to the requirements of the
inspecting authority. Access to a permanent C4 zone shall be through an air
lock of a type conforming to the requirements of the inspecting authority.

III. 1.3. TEMPORARY CHANGES AND RECLASSIFICATION OF ZONES

At the design stage it may not be possible to classify areas, particularly those
which may become contaminated, to the degree of accuracy required by the
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radiological safety rules to be applied during station operation. However in the
design of the station, note shall be taken of the operational zone classifications
and corresponding procedures that will be applied. As a minimum, an assessment
shall be made of where contamination will arise, and whether it will be surface
or airborne. Appropriate design measures shall be incorporated to ensure easy
future implementation of the radiological safety rules for the station.

The radiological conditions of certain areas of a nuclear power station will
change during the life of the station; for example, contamination may occur only
during maintenance or abnormal conditions. This shall be taken into account
in zoning a reactor at the design stage and appropriate provisions shall be made
for what may be only temporary conditions. Prior to reclassifying an area during
station operation, temporary radiation and/or contamination zones should be
set up and arrangements made to limit the spread of contamination. As an example,
in the case of AGRs the area surrounding the concrete pressure vessel is classified
as a radiation-controlled R2 zone during reactor operation, but part of the area
may become a contamination zone during gas circulator removal. Provision is
made for dealing with the contamination condition by providing appropriate
service points for the setting up of a temporary change facility, a container with
sealing arrangements to contain the contamination associated with the circulator,
and arrangements for the use of flexible ventilation hose connected to the
contaminated ventilation extract system.

Figure 1 gives an example of zoning a nuclear power station at the design
stage, by reference to a few of the areas of an AGR. During operation, health
physics measurements will classify the areas more exactly according to the station
radiological safety rules, and some area reclassification may occur. At the design
stage, contamination zones are only classified as 'potential contamination zones'.

The only radiation zone shown is the R2 zone; R4 zones usually occur in
locked shielded cells to which access is required for maintenance only.

III. 2. French zoning system

An abbreviated description of the general regulations applicable not only
to reactors but also to other kinds of nuclear installations is given below.

///. 2.1. Controlled zones

Definition: The plant chief shall be responsible for defining one or several
zones as 'controlled'. These encompass parts of the site or plant in which site
personnel may receive dose equivalents above the maximum permissible dose
equivalents laid down by decree for persons not directly assigned to work under
radiation. (For such personnel (abbreviated NDATR in France) the whole-body
limit is fixed at 15 mSv/a (1.5 rem/a) or 7.5 /uSv/h (0.75 mrem/h).)
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TABLE HI. ZONE CLASSIFICATION ACCORDING TO FRENCH
REGULATIONS

Category of
worker
concerned

Classification of
zone

Permissible dose3

equivalent rate
(whole-body exposure)

Maximum permissible
limits (dispersion in air)
(MFC)

NDATR Monitored zone 2.5-7.5 MSv/h
(0.25-0.75 mrem/h)

0.1-0.3L

2 DATR
03

a
Controlled0 zone 7.5-25//Sv/h 0.1-1
GREEN (0.75-2.5 mrem/h)

f DATR
u
t-l

2 DATR
•a
(U

§ DATR
0

Controlled zone
YELLOW

Controlled zone
ORANGE

Controlled6 zone
RED

0.025-2 mSv/h
(2.5-200 mrem/h)

2-100mSv/h
(0.2-10rem/h)

>100mSv/h
(>10rem/h)

l-80f

80-4000

>4000

Individual whole-body dose for annual exposure of 2000 hours.
Fraction of the DATR (personnel directly assigned to work under radiation) threshold.
The colour green is used but is not specified in French regulations.
Specially regulated zones (according to Ref. [39]).
Prohibited zone.
DATR threshold.

Organizational measures: Inside each controlled zone, when circumstances
warrant it and particularly when the risk of irradiation or contamination exceeds
certain thresholds, the plant chief shall take all measures to define specially
regulated or prohibited zones. These zones must be clearly marked as such.

A controlled zone is subdivided as shown in Table III.
The zone designation is as follows:

Yellow and orange zones: access to these and time spent in these are
controlled. These zones are called 'specially regulated zones'.

Red zone: normally prohibited. In cases where emergency action is necessary
to assist persons in danger or to limit the consequences of an accident, access to
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this zone may exceptionally be authorized on the basis of specific conditions in
each case - by the plant chief after he has received advice from a person qualified
in radiological protection.

Green zone: a zone occupancy is authorized for site personnel who may
receive dose equivalents above the limits set for NDATR personnel (7.5 juSv/h
(0.75 mrem/h)) or three-tenths of the threshold set for DATR personnel26 but
below the thresholds fixed for personnel directly assigned to work under radiation
(threshold is 25 ^Sv/h (2.5 mrem/h)).

///. 2.2. Uncontrolled zone

Workers not directly assigned to work under radiation (that is, who are not
normally exposed to radiation) and who work in this zone may receive doses
between the limits set for the public (one-tenth of the DATR threshold) and the
threshold specified for controlled zone personnel (three-tenths of the DATR
threshold). The uncontrolled zone which such personnel are permitted to occupy
is also called 'monitored zone'.

26 Personnel directly assigned to work under radiation who regularly work in a controlled
zone and can receive the dose rates listed in Table III.
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Annex IV

METHODOLOGY FOR SOURCE AND FLUX CALCULATIONS

I V.I. Introduction

This Annex gives some details on calculational methods which are in general
use and which are generally accepted as reasonable for calculating the effects of
radiation sources. These methods are based on radiation and mass transport models.
The choice of method depends on the accuracy required, the characteristics of the
radiation sources and the geometrical arrangement of material between the source
point and dose point and, where applicable, the means by which the source is
transported from its point of origin. The characteristics of a radiation source are
determined by the type of radiation emitted — i.e. neutrons, photons, beta or
alpha particles, or a combination of them - and on their spatial and energy
distribution.

IV. 2. Core sources

The fission rates determined in the core calculations are used directly to
determine the fission product inventories of the fuel and the resultant source
strength, using fission product yields and isotope radiation emissions. From a
knowledge of the reactor power, power distribution and material distributions,
as well as the neutron cross-section for various nuclear reactions, detailed estimates
are made of prompt and delayed particle emission rates. The energy and tempera-
ture dependence of the reaction cross-sections are taken into account. Active
nuclei are also produced by radioactive decay of other nuclei in a chain decay
scheme. Differential equations are used to describe the build-up of activation
products with allowance for the power history of the reactor.

For fission product inventory determination, computer codes are available
which take account of changes in fuel composition with burnup, the irradiation
period, the rate of fission and its time variation, and the time after fission has
ceased as a result of reactor shutdown or fuel removal. These codes contain a
library of fission product yields and isotope radiation emission data. The pro-
duction of some isotopes depends on neutron absorption in other fission products
(e.g. 134Cs from 133Cs) or is reduced by neutron absorption (e.g. 135Xe) and this
has to be taken into account. Some computer codes contain the necessary cross-
sections and only require the input of the appropriate neutron fluxes. An
example of an appropriate code is given in Ref. [40]. Reactor coolant and fluid
activities are determined from the core calculation fluxes (and reflector fluxes
where these are significant), taking into account the time for transit through the
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core and the time for transit through the external cricuit. For gaseous coolants
in graphite moderated reactors, the flow through graphite pores as well as through
defined flow paths must be taken into account.

IV. 3. Shield sources

The first stage in calculating the sources due to neutron leakage from the
core is to calculate the resultant neutron flux. For this purpose a computer code
using one of three methods — Removal-Diffusion, Discrete Ordinates (Sn) or
Monte-Carlo - is used in one, two or three dimensions. (Computer codes based
on these methods are available from the Radiation and Shielding Information
Center, Oak Ridge National Laboratories, Tennessee, USA, and the European
Shielding Information Service, Ispra, Italy.) For application of the codes and data
requirements reference should be made to user manuals for the codes or to Ref. [11]
for general principles. Input data supplied by the user are usually confined to core
neutron source data (volume sources, neutron currents or neutron flux), material
elemental composition and geometrical configuration, while nuclear data are generally
contained within the code data library. It is important that neutrons which stream
through regions of low attenuation are taken into account in the neutron flux
calculations.

The radiation sources of principal concern are those produced by neutrons
leaving the core. They give rise to gamma rays, either immediately following
neutron capture (prompt-capture gamma rays) or after a delay (activation gamma
rays). For on-load radiation levels the former source is significant; for shutdown
radiation levels, the latter is significant. These sources are calculated from the
neutron fluxes by means of appropriate energy-dependent neutron capture cross-
sections and the number of photons emitted per capture. In the case of delayed
emission, the decay constant of the emitting nuclide is taken into account in
determining the activity level. This depends on the period of irradiation and the
time after reactor shutdown.

IV.4. Ingestion and inhalation sources

To calculate internal sources resulting from ingestion and inhalation, transfer
factors from one stage to the next along the pathway from dispersed radioactivity
to incorporation, and from incorporation to distribution in the body, are used.
To calculate internal sources resulting from inhalation, the rate of inhalation of
the radioactivity, and the transfer factors for distribution in the body are used.
In calculating the sources in the body, differences due to eating habits and age
of members of the public are taken into account.

Detailed methods of calculation and values of the required transfer factors
are given in Refs [14-16, 41, 42] and in Safety Series No.50-SG-S3.
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IV. 5. Radiation transport calculation

IV.5.1. Monte-Carlo calculations

Monte-Carlo calculations involve the mathematical simulation of the passage
of individual particles from a source through a shield until they are absorbed or
escape from the shield boundary as defined in the calculation. The emission energy
and direction, the distance between interactions, the type of interaction (scattering
or absorption), and the direction and resultant energy after scattering are each
determined on a probabilistic basis taking into account the source characteristics
and composition and configuration of the shield. This method is an exact mathe-
matical representation of particle transport through a shield and so the results are
frequently used as a check on other methods of calculation. However, since it is based
on statistics, the accuracy of the Monte-Carlo result is dependent on the number
of particles tracked and hence on the time for which the calculation is run. The
accuracy of the results obtained is also dependent on the accuracy of the nuclear
data.

IV. 5.2. Transport theory

The passage of neutrons through a shield medium is described by the neutron
transport equation. This equation is a mathematical description of neutron
behaviour within an elemental volume in a medium which takes into account the
energies and directions of all neutrons entering and leaving the volume, and neutron
collision, absorption or production within the elemental volume. The linear
Boltzmann transport equation is obtained if the following assumptions are made:

(1) Neutrons travel without change in direction or speed until they either
interact with atomic nuclei in the volume element or escape from it;

(2) The number of neutrons considered in the elemental volume is sufficiently
large that statistical fluctuations with time can be neglected;

(3) Neutrons do not appreciably alter the medium with which they interact.

Solution of this equation throughout the media gives the neutron flux and
its spatial, energy and angular distributions.

The analytical form of Boltzmann's neutron transport equation can be
approximated for ease of solution, and can be solved by various numerical
techniques. Geometrical simplifications of the problem and approximations in
neutron energy groups and cross-sectional data are used. The two most commonly
used methods of solution are the moments and discrete ordinate methods, for
which computer codes are available.

On the same theoretical basis the penetration and energy degradation of
gamma rays can be described. A photon loses energy in interactions with a nucleus
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or its orbital electrons, the energy loss depending on the initial photon energy
and the atomic species of the target. In the evaluation of the photon fluence rate,
the energy spectrum also has to be calculated. In some cases the angular distribution
is required. The photon current from a point source decreases inversely as the
square of the distance from the source and exponentially with an argument which
is proportional to the line-of-sight distance through the shield material. The
constant of proportionality, called the attenuation coefficient, is a property of
the medium and is a function of photon energy. It has been extensively evaluated.
The attenuation coefficient increases with material density and generally with
atomic number.

IV. 5.3. Pick's first law of diffusion theory

Pick's first law of diffusion is used to describe the transport of neutrons.
This law states that the net neutron current from a region is directly proportional
to the gradient of the neutron flux in the region. The application of this law
requires the assumption that neutron scattering is isotropic. The solution of this
diffusion equation is simple, and the accuracy is usually sufficient for a wide range
of applications. Well-designed computer codes based on diffusion theory are much
faster than the codes based on the previously described methods. This is due to
the inherent simplicity of the theory, which permits use of powerful and straight-
forward numerical methods. Adequate accuracy can be obtained with empirically
adjusted diffusion constants and correctly chosen energy group boundaries.
Particular care has to be taken in the energy regions of scattering cross-section
windows (i.e. neutron energies at which the target atom has a low value of scattering
cross-section).

IV. 5.4. Removal theory

This theory was mainly developed for shields containing hydrogenous materials.
It utilizes a point-to-point attenuation kernel and is based on the experimental
observation that only the most energetic neutrons from a source penetrate hydro-
genous material, and the more energetic they are the further they penetrate. After
interaction with the shield material, the neutron is degraded in energy and its
further transport can be described by diffusion theory. Thus computer codes
combining removal and diffusion theory are used for the design of fission neutron
shields in which many decades of neutron flux attenuation occur.

IV. 5.5. Use of build-up factors for gamma-ray calculations

The photon flux at a dose point resulting from the passage of photons
through a medium consists of photons which have passed through the medium
without interaction (the uncollided flux) and those which have undergone scattering
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interactions with resultant energy degradation and change of direction. A simple
calculational method for evaluating the quantity of interest (such as the dose rate,
energy deposition or total photon flux), taking into account the contribution
from scattered photons, is the use of 'build-up' factors. These are factors by
which the analytical expressions for the quantity of interest due to the uncollided
flux are modified to give the total value. The absolute values of the factors are
dependent on the source photon emission energy, the quantity of interest, the
shield material and its thickness in terms of mean free paths (the average distance
a photon with the source emission energy travels in the medium before an inter-
action occurs). Build-up factors are generally presented for a point source in a
single medium of infinite extent [11]. Various recipes are available for determining
build-up factors for gamma-ray transmission through combinations of materials.
The simplest of these is to multiply together the infinite medium build-up factors
for each material and to multiply the quantity of interest (dose rate, energy
deposition of flux) due to the uncollided flux by this combination build-up factor.
This method always gives pessimistic results.

/ V. 5.6. Geome trie transformations

In most practical cases the sources of radiation are not points, but occupy
a finite volume whose dimensions cannot be disregarded. However, at sufficiently
large distances any source can be considered as a point source with an effective
source strength.

For an extended source, the radiation reaching the point of observation can
be obtained by integrating the point kernel over the source volume. For conven-
ience, all radiation sources can be considered as either a point source, a line source,
a surface source or a volume source. With simplifying assumptions, analytical
expressions can be derived for evaluating the particle flux originating from these
four types of source and passing through different shield thicknesses. The numerical
values of the functions contained in these analytical expressions are available in
tabular and graphical form.

IV. 5. 7. Radiation streaming

Whenever there exists a straight port through a radiation shield, neutrons
and gamma rays will penetrate or stream through this port with little or no
attenuation. Nevertheless, it may be necessary to have such penetrations in the
shields for electrical cables, coolant channels, etc. Even if provisions are made to
bend these ports and thus avoid line-of-sight paths between the source and the
point of observation, there may be favourable scattering paths that result in
increased particle flux. A very careful analysis is required to identify all such
paths and to provide adequate compensation for the deficiency in the shielding.
The assumption of an isotropic flux on the incident face of the streaming path
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should be modified to give an angular distribution, such as a cosine distribution,
which is more peaked in the forward direction. In a cosine distribution the photon
current (i.e. the number of photons per unit area per second that cross a plane
surface) per unit solid angle (steradian) is proportional to the cosine of the angle
which the direction of emission makes with the normal to the surface. Penetrations
looking directly onto a source volume should be avoided.

IV. 5.8. Computer codes

For the calculations mentioned in this section, computer codes such as
MORSE, ANISN, DOT, MAC-RAD are internationally accepted as usable for
radiation transport evaluation. They are available from the Radiation Shielding
Information Center at Oak Ridge National Laboratories, Tennessee, USA.

Details of the methods described in this section can be found in Ref. [11].

IV.6. Shield design

IV.6.1. LWRcoreshields

The core shielding for LWRs consists of a thermal shield, which may also
perform a structural function, and a biological shield. The radiological functions
of the thermal shield are as follows:

(1) To limit the neutron fluence at the pressure vessel wall. This is to prevent
neutron damage from raising the nil-ductility temperature of the pressure
vessel steel to the temperature at which the system may be pressurized
(see Safety Series No.50-SG-D13).

(2) To limit the shutdown radiation dose rates in areas to which access is
required for inspection and maintenance. The maximum acceptable
dose rate is determined by the access requirements, i.e. frequency and
time.

(3) To limit the effective gamma-ray heat flux into the concrete. This
limitation is adopted to prevent the concrete biological shield from
cracking as a result of thermal stress and to avoid the need for installation
of cooling coils.

The safety functions of the biological shield are as follows:

(1) To limit the radiation dose rate due to direct radiation from the reactor
core, and to keep neutron-capture gamma rays from shield and structural
materials at acceptable levels for plant operation, inspection and mainte-
nance. The maximum acceptable dose rate is determined by access
requirements.
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(2) To limit activation sources and resultant dose rates in areas to which
access is required only for inspection and maintenance during shutdown.
If the thermal neutron flux with the reactor operating is less than
10s n-cnT^s"1, the activation dose rate from structural materials will
not exceed a few tens of microsieverts per hour.

IV.6.2. AGR core shields

The core shields in an advanced gas cooled graphite moderated reactor (AGR),
which are contained within the pressure vessel, perform the following safety
functions:

(1) To limit the neutron dose to steel structures within the pressure vessel
so that the nil-ductility temperature rise is acceptable in the core support
structure, gas baffle, pressure vessel liner, etc.

(2) To limit the neutron dose to the concrete of the prestressed concrete
pressure vessel in order to prevent a strength reduction due to neutron
damage. A limit of 1017 n/cm2 for neutrons with energy greater than
1 MeV is specified.

(3) To limit the shutdown dose rate due to gamma rays from the core and
activation gamma rays from materials outside the core in areas within
the pressure vessel to which access is required for inspection and mainte-
nance. Maximum dose rates allowed from these sources to which access
is required depend on access requirements but are less than 2 mSv-h"1.

(4) To limit dose rates outside the pressure vessel from core radiation
(neutrons and gamma rays), and to capture gamma rays from materials
outside the core resulting from streaming through penetrations. The
thickness of the pressure vessel necessary for strength requirements is
more than adequate for shielding purposes. The maximum dose rate
depends on the access requirements and the area over which it is
applicable, but it does not generally exceed a few tens of microsieverts
per hour.

(5) To provide the right radiation environment (neutron and gamma-ray
fluxes) for neutron detectors used for power indication from shutdown
to full power.

IV. 6.3. General shield design

Once the dose rate calculations are completed, a check shall be made to
ascertain whether the values obtained are compatible with .access requirements,
and with the frequency and duration of work in the area. Should this not be the
case, the design is improved until an acceptable design is achieved by this iterative
procedure.
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Annex V

STATEMENT ON
THE ROLE OF QUANTITATIVE OPTIMIZATION

IN NUCLEAR POWER PLANT RADIATION PROTECTION

by the

Senior Advisory Group

Concern has been expressed about the practicability of applying to nuclear
power plants a quantitative approach to the optimization of radiation protection27.
It is recognized that the Basic Safety Standards [ 1 ] cover all situations where
ionizing radiation exposures are involved, while the NUSS documents are specifically
addressed to regulating nuclear power plants. It is also recognized that, while
qualitative optimization is extensively used in nuclear power plants and is discussed
in NUSS guides, quantitative optimization can at present be applied only in limited
areas of nuclear power plant technology.

An important objective in the regulation of nuclear power plants is to achieve
levels of radiation exposure of workers and the public that are as far below the
prescribed limits of exposure as is reasonably achievable. Quantitative procedures
for optimization have been put forward by the ICRP and incorporated into the
Basic Safety Standards as a means of accomplishing that objective. However,
a close analysis of the Basic Safety Standards indicates that the degree of quantifi-
cation in the application of the optimization principle is expected to vary with
the application. This is specifically indicated in ICRP Publication 37, which deals
with optimization. The quantitative cost-benefit method is one approach to
optimization but is by no means the only one.

The optimization of radiation protection in the regulation of nuclear power
plants is extremely complex owing to the need to consider interaction of site,
design and operational details as well as other independent judgmental factors
based on social, economic, or political considerations. The methods and con-
ventions for application of optimization to such complex issues have not been
developed. Therefore, optimization in its quantitative form cannot as yet be
extensively applied to nuclear power plants. NUSS documents, being based on
existing practices, cannot include a general requirement for quantitative optimi-
zation until there has been sufficient experience with applications in reactor
safety technology.

27 Optimization of radiation protection is defined by the International Commission on
Radiation Protection (ICRP) and is used in the Basic Safety Standards to mean ensuring that
exposures are as low as reasonably achievable, economic and social factors being taken into
account (i.e. the ALARA principle).
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The Senior Advisory Group is satisfied that at present NUSS Guides and
the Basic Safety Standards are sufficiently consistent in their basic objectives.
It is important that future documents produced in the NUSS programme and in
the implementation of the Basic Safety Standards do not conflict. Co-ordination
is therefore important. However, this concern to avoid conflict in the advice
provided by IAEA documents should not preclude, but rather encourage, production
of documents dealing with the development of quantitative optimization in the
application of the Basic Safety Standards to various radiation protection problems.
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ABBREVIATIONS

The following abbreviations are used in this Guide:

AGR - advanced gas cooled graphite moderated reactor

ALARA — as low as reasonably achievable

BEIR - biological effects of ionizing radiation

BWR - boiling water reactor

CANDU - Canadian PHWR

GCR — gas cooled reactor

HWR — heavy water reactor

ICRP — International Commission on Radiological Protection

IEC — International Electrotechnical Commission

LWR — light water reactor

NRC - Nuclear Regulatory Commission

PHWR — pressurized heavy water moderated and cooled reactor

PTR — pressure tube reactor

PWR - pressurized light water moderated and cooled reactor
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DEFINITIONS

The following definitions are intended for use in the NUSS programme and
may not necessarily conform to definitions adopted elsewhere for international
use. Items marked with an asterisk have been taken from the list of definitions
included in the approved Codes of Practice published under the NUSS programme.

*Acceptable Limits

Limits acceptable to the Regulatory Body.

*Accident Conditions

Substantial deviations from Operational States which are expected to be
infrequent, and which could lead to release of unacceptable quantities of radio-
active materials if the relevant engineered safety features did not function as per
design intent.1

Boundary

The external walls, ceilings, floor and devices for closing passages such as
doors, hatches, pipes and cable entryways that enclose the fire zone.

Combustible

Capable of undergoing combustion.

•"Competent Authority

A national authority designated or otherwise recognized as such by the
Member State for a specific purpose (see Regulatory Body).

Component

A discrete item2, several of which are used to assemble a system.

1 A substantial deviation may be a major fuel failure, a loss of coolant accident (LOCA),
etc. Examples of engineered safety features are: an emergency core cooling system (ECCS),
and containment.

2 Examples are wire, transistors, switches, motors, relays solenoids, pipes, fittings,
pumps, tanks, and valves.
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^Construction3

The process of manufacturing and assembling the components of a Nuclear
Power Plant, the erection of civil works and structures, the installation of com-
ponents and equipment, and the performance of associated tests.

* Decommissioning3

The process by which a Nuclear Power Plant is finally taken out of Operation.

Fluence Rate (symbol </>)

Increment of fluence d<£ during a suitably small interval of time divided by
that interval of time, 0 = d4>/dt.

Fuel Assembly

A number of fuel rods assembled together, with the means of their support
and positioning, all of which can be loaded as an entity into the reactor.

Fuel Element

The smallest structurally discrete part of a reactor which has fuel as its
principal constituent.

*Normal Operation

Operation of a Nuclear Power Plant within specified operational limits and
conditions including shutdown, power operation, shutting down, starting up,
maintenance, testing and refuelling (see Operational States).

*Nuclear Power Plant

A thermal neutron reactor or reactors together with all structures, systems
and components necessary for Safety and for the production of power, i.e. heat
or electricity.

3 The terms Siting, Construction, Commissioning, Operation and Decommissioning
are used to delineate the five major stages of the licensing process. Several of the stages may
coexist; for example, Construction and Commissioning, or Commissioning and Operation.
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""Operation (see footnote 3)

All activities performed to achieve, in a safe manner, the purpose for which
the plant was constructed, including maintenance, refuelling, in-service inspection
and other associated activities.

*Operational States

The states defined under Normal Operation and Anticipated Operational
Occurrences.

Postulated Initiating Events

Events that lead to Anticipated Operational Occurrences and Accident
Conditions, their credible causal failure effects and their credible combinations.4

*Potential

A possibility worthy of further consideration for Safety.

*Prescribed Limits5

Limits established or accepted by the Regulatory Body.

*Quality Assurance

Planned and systematic actions necessary to provide adequate confidence
that an item or facility will perform satisfactorily in service.

*Region

A geographical area, surrounding and including the Site, sufficiently large
to contain all the features related to a phenomenon or to the effects of a particular
event.

4 The primary causes of Postulated Initiating Events may be credible equipment failures
and operator errors (both within and external to the Nuclear Power Plant), design basis natural
events and design basis external man-induced events. Specification of the postulated initiating
events is to be acceptable to the Regulatory Body for the Nuclear Power Plant.

5 The term 'authorized limits' is sometimes used for this term in other IAEA documents.
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*Regulatory Body

A national authority or a system of authorities designated by a Member
State, assisted by technical and other advisory bodies, and having the legal
authority for conducting the licensing process, for issuing licences and thereby
for regulating nuclear power plant Siting, Construction, Commissioning, Operation
and Decommissioning or specific aspects thereof6.

*Reliability

The probability that a device, system or facility will perform its intended
function satisfactorily for a specified time under stated operating conditions.

*Safety

Protection of all persons from undue radiological hazard.

Safety Action

A single action taken by a Safety Actuation System.7

Safety Actuation System

The collection of equipment required to accomplish the required Safety
Actions when initiated by the protection system.

*Safety Systems

Systems important to Safety, provided to assure, in any condition, the safe
shutdown of the reactor and the heat removal from the core, and/or to limit the
consequences of Anticipated Operational Occurrences and Accident Conditions.

*Site

The area containing the plant, defined by a boundary and under effective
control of the plant management.

6 This national authority could be either the government itself, or one or more depart-

ments of the government, or a body or bodies specially vested with appropriate legal authority.
7 Such as insertion of control rod, closing containment valves, and operation of safety

injection pumps.
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*Site Personnel

All persons working on the Site, either permanently or temporarily.

*Siting (see footnote 3)

The process of selecting a suitable Site for a Nuclear Power Plant, including
appropriate assessment and definition of the related design bases.

Spalling

The ejection of target material from the face on which a missile impacts.
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LIST OF

NUSS PROGRAMME TITLES

For the Safety Guides no plans exist to fill
the gaps in the sequence of numbers

Safety Series
No.

Title Publication date
of English version

Code of Practice

50-C-G

Safety Guides

50-SG-G1

1. Governmental organization

Governmental organization for the
regulation of nuclear power plants

Qualifications and training of staff
of the regulatory body for nuclear
power plants

50-SG-G2 Information to be submitted in
support of licensing applications
for nuclear power plants

50-SG-G3 Conduct of regulatory review and
assessment during the licensing
process for nuclear power plants

50-SG-G4 Inspection and enforcement by the
regulatory body for nuclear power
plants

50-SG-G6 Preparedness of public authorities for
emergencies at nuclear power plants

50-SG-G8 Licences for nuclear power plants:
content, format and legal
considerations

50-SG-G9 Regulations and guides for nuclear
power plants

Published 1978

Published 1979

Published 1979

Published 1980

Published 1980

Published 1982

Published 1982

Published 1984
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Safety Series Title
No.

Publication date
of English version

2. Siting

Code of Practice

50-C-S Safety in nuclear power plant siting Published 1978

Safety Guides

50-SG-Sl Earthquakes and associated topics in
relation to nuclear power plant siting

50-SG-S2 Seismic analysis and testing of
nuclear power plants

50-SG-S3 Atmospheric dispersion in
nuclear power plant siting

50-SG-S4 Site selection and evaluation for
nuclear power plants with respect
to population distribution

50-SG-S5 External man-induced events in
relation to nuclear power plant siting

50-SG-S6 Hydrological dispersion of radioactive
material in relation to nuclear power
plant siting

50-SG-S7 Nuclear power plant siting:
hydrogeologic aspects

50-SG-S8 Safety aspects of the foundations
of nuclear power plants

50-SG-S9 Site survey for nuclear power plants

50-SG-S1OA Design basis flood for nuclear
power plants on river sites

50-SG-S 1 OB Design basis flood for nuclear
power plants on coastal sites

Published 1979

Published 1979

Published 1980

Published 1980

Published 1981

Published 1985

Published 1984

Published 1984

Published 1983

Published 1983
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Safety Series
No.

Title Publication date
of English version

50-SG-S11A Extreme meteorological events in Published 1981
nuclear power plant siting,
excluding tropical cyclones

50-SG-S11B Design basis tropical cyclone Published 1984
for nuclear power plants

3. Design

Code of Practice

50-C-D Design for safety of nuclear power
plants

Safety Guides

50-SG-D1

50-SG-D2

50-SG-D3

50-SG-D4

50-SG-D5

50-SG-D6

50-SG-D7

Safety functions and component
classification for BWR, PWR and PTR

Fire protection in nuclear power
plants

Protection system and related
features in nuclear power plants

Protection against internally
generated missiles and their
secondary effects in nuclear
power plants

External man-induced events in
relation to nuclear power plant design

Ultimate heat sink and directly
associated heat transport systems for
nuclear power plants

Emergency power systems at
nuclear power plants

Published 1978

Published 1979

Published 1979

Published 1980

Published 1980

Published 1982

Published 1981

Published 1982
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Safety Series
No.

Title Publication date
of English version

50-SG-D8

50-SG-D9

50-SG-D10

50-SG-D11

50-SG-D12

50-SG-D13

50-SG-D14

Safety-related instrumentation and Published 1984
control systems for nuclear power plants

Design aspects of radiation
protection for nuclear power plants

Fuel handling and storage systems
in nuclear power plants

General design safety principles
for nuclear power plants

Design of the reactor containment
systems in nuclear power plants

Reactor coolant and associated
systems in nuclear power plants

Design for reactor core safety
in nuclear power plants

Published 1985

Published 1984

4. Operation

Code of Practice

50-C-O Safety in nuclear power plant
operation, including commissioning
and decommissioning

Safety Guides

50-SG-O1

50-SG-O2

50-SG-O3

Staffing of nuclear power plants
and the recruitment, training and
authorization of operating personnel

In-service inspection for nuclear
power plants

Operational limits and conditions
for nuclear power plants

Published 1978

Published 1979

Published 1980

Published 1979
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Safety Series
No.

Title Publication date
of English version

50-SG-O4 Commissioning procedures for
nuclear power plants

50-SG-O5 Radiation protection during
operation of nuclear power plants

50-SG-O6 Preparedness of the operating
organization (licensee) for emergencies
at nuclear power plants

50-SG-O7 Maintenance of nuclear power plants

50-SG-O8 Surveillance of items important to
safety in nuclear power plants

50-SG-O9 Management of nuclear power
plants for safe operation

50-SG-O10 Safety aspects
of core management and fuel handling
for nuclear power plants

50-SG-O11 Operational management of
radioactive effluents and wastes
arising in nuclear power plants

Published 1980

Published 1983

Published 1982

Published 1982

Published 1982

Published 1984

Published 1985

5. Quality assurance

Code of Practice

50-C-QA Quality assurance for safety
in nuclear power plants

Safety Guides

50-SG-QA1

50-SG-QA2

Establishing the quality assurance
programme for a nuclear power
plant project

Quality assurance records system
for nuclear power plants

Published 1978

Published 1984

Published 1979
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Safety Series
No.

Title Publication date
of English version

50-SG-QA3 Quality assurance in the procurement
of items and services for nuclear
power plants

50-SG-QA4 Quality assurance during site
construction of nuclear power plants

50-SG-QA5 Quality assurance during operation
of nuclear power plants

50-SG-QA6 Quality assurance in the design of
nuclear power plants

50-SG-QA7 Quality assurance organization for
nuclear power plants

50-SG-QA8 Quality assurance in the manufacture
of items for nuclear power plants

50-SG-QA10 Quality assurance auditing for
nuclear power plants

50-SG-QA 11 Quality assurance in the procurement,
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