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FOREWORD

A good estimate of the amount and type of radioactivity in a nuclear facility is
important because it can directly affect the whole approach to decommissioning,
including the choice of the time to start decommissioning and the desirability of delay
between stages. In addition, such an estimate will be a great asset in the planning
phase to ensure that the facility is decommissioned in a safe, economic and timely
manner. This information will assist the planners in determining factors such as the
need for decontamination, shielding or remotely operated equipment, waste
management and disposal, and potential radiation exposures to the work force.

This publication describes and assesses radiological characterization as a
precursor to decommissioning. The TAEA has published a number of technical
reports and documents in the field of decommissioning since 1980 which deal
marginally with radiological characterization, but none of them specifically addresses
this topic. As the number of shut down installations increases, it is felt that now is the
right time to evaluate objectives and implications of a characterization strategy in a
systematic manner. Within the framework of this strategy, this publication reviews
and comments on relevant technical and management factors.

An Advisory Group Meeting on the present subject was held in Vienna from
12 to 16 February 1996. The meeting was attended by thirteen experts from eleven
Member States. The participants discussed and revised a preliminary report written
by Z. Dlouhy (Czech Republic), A. Crégut (France), M. Genova (Italy), M.T. Cross
(UK) and D.W. Reisenweaver (USA) and the responsible officer at the IAEA,
M. Laraia of the Division of Nuclear Fuel Cycle and Waste Technology. After the
Advisory Group Meeting, the text was revised by the IAEA Secretariat with the
assistance of three outside consultants, M.T. Cross (UK), Y. Sivintsev (Russian
Federation) and R.I. Smith (USA).



EDITORIAL NOTE

Although great care has been taken to maintain the accuracy of information contained
in this publication, neither the IAEA nor its Member States assume any responsibility for
consequences which may arise from its use.

The mention of names of specific companies or products (whether or not indicated as
registered) does not imply any intention to infringe proprietary rights, nor should it be
construed as an endorsement or recommendation on the part of the IAEA.
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1. INTRODUCTION

1.1. BACKGROUND

For nuclear facilities, decommissioning is the final phase in the life-cycle after
siting, design, construction, commissioning and operation. It is a complex process
involving activities such as decontamination, dismantling and demolition of equip-
ment and structures, and management of resulting waste, while taking into account
aspects of health and safety of the operating personnel and the general public, as well
as protection of the environment. The ultimate objective of decommissioning is
unrestricted release or reuse of the site.

The decommissioning strategy for nuclear reactors can vary from case to
case. It typically ranges from immediate dismantling to deferred dismantling after
a safe enclosure period. The strategy for dismantling depends on many factors,
such as:

— national policy;

— availability of waste routes;

— occupational, public and environmental safety;

— skill resources;

— cost considerations including availability of funding;
— technology requirements;

— structural deterioration;

— interdependence with other on-site activities.

The planning and implementation of decommissioning strategies for nuclear
reactors require knowledge of the neutron activation and contamination levels which
have arisen during operation and remain at shutdown. For reactors which have under-
gone normal operation, the principal component of the radioactive inventory is the
activation of the materials of construction. The extent and levels of activation in a
facility can be estimated on the basis of theoretical calculations based on geometry,
material composition and operating history. Measurements and sampling have to be
performed in specified regions to provide an experimental basis for the characteriza-
tion and to permit the calculational methods used and the historical information on
plant operation to be evaluated.

Contamination in shut down nuclear reactors results from radioactive releases
from the fuel, together with the activated products of corrosion and erosion which
occurred during normal operation or unplanned events. These releases may include
radioactive materials handled, treated or stored within a facility, such as fuel, fission
products and actinides, activation products and their daughter decay products. A



knowledge of the radionuclide inventory is important for predicting the rates of
radioactive decay and choosing the appropriate method and period for decommis-
sioning. In contrast to activation, it is difficult to estimate theoretically the amount
and distribution of contamination remaining throughout the plant.

The TAEA introduced decommissioning into its programme during the 1970s
and, since 1980, has produced over twenty Safety Series publications, Technical
Reports and Technical Documents on the subject of decommissioning, including
legal/regulatory aspects, technical aspects, planning, and safety of the decom-
missioning process. A selection of these publications is given in Refs [1-11]. None
of the publications have specifically dealt with the radiological characterization
of shut down nuclear reactors, although the subject is marginally dealt with in
Refs [3, 4, 7-9].

Up to a few years ago, the technical experience gained on decommissioning
related mainly to first-of-its-kind projects documented in individual reports.
Since the number of decommissioning projects has increased, considerable
additional experience has been accumulated so that general conclusions on
pre-decommissioning characterization of shut down reactors can now be drawn.
For this reason, and recognizing the intention to provide Member States with
information on the subject mentioned, the IAEA has included this topic into its
programme and convened a series of meetings to develop the present Technical
Report, which gathers, reviews and presents current information to complement
the existing literature and to assist Member States in specific decommissioning
projects.

1.2. OBIJECTIVES

The main objective of this report is to identify both the importance of, and the
major factors relevant to, a complete radiological characterization in order to
support the decommissioning planning effort, together with the methodology of
performing such a characterization of a shut down nuclear reactor. Although major
emphasis has been placed on characterizing neutron activated materials in a nuclear
reactor, as this represents the major source when estimating the total inventory,
methods for detection and assessment of radioactive contamination are also
discussed in depth. It has to be noted for reactors put in safe enclosure that
contamination may generate a mobile hazard affecting the long term safety,
whereas the activation radionuclides are fixed within the structure. The information
given in the report is intended not only for the planning, management and opera-
tional staff of a nuclear reactor to be decommissioned, but also for policy makers,
regulators and other interested parties.



1.3. SCOPE

The information contained in this report is relevant to the pre-decommissioning
radiological characterization of buildings and equipment in shut down nuclear
reactors, including research, power and test reactors. The procedures for performing
a detailed hazardous material characterization (e.g. asbestos) and a structural assess-
ment of the facility have not been covered. The information presented relates mainly
to reactors shut down in a planned manner and does not consider in detail the charac-
terization of reactors which have been shut down as a result of a serious accident, as
this situation generates unique and unpredictable features. Guidance on decommis-
sioning of reactors after a serious accident, including characterization aspects, can be
found in Ref. [12].

Radionuclides of interest resulting from neutron activation, fission and the
presence of actinides from fuel are described in this report. Additionally, an overview
of computer codes, and typical methods of sampling and measurement are described
briefly, with references to specialized literature. The report also presents an overview
of characterization results of various reactors which have been, or are being, decom-
missioned. Another important aspect of this report is to consider the influence of
radioactive inventory on decommissioning planning and strategy.

Although characterization of operational waste as part of its management is an
essential prerequisite to further decommissioning of a reactor, this aspect has not been
dealt with in this report. In fact, according to the IAEA literature [3, 4], radioactive
waste produced during plant operation should be removed before the implementation
of decommissioning, and such removal activities are not considered part of the
decommissioning process. Information on characterization of operational waste is
available in another IAEA publication [13]. Soil characterization associated with the
overall decommissioning effort or remediation of contaminated land areas is also
described elsewhere [14]. Figure 1 shows the scope of this report in the context of
the overall decommissioning process. Although the focus of the report is on pre-
decommissioning characterization, several radiometric methods and techniques
described in the following sections would also be applicable to other decommission-
ing aspects, e.g. characterization of decommissioning waste [4], post-decommission-
ing termination or confirmatory surveys.

1.4. STRUCTURE

After providing general information on the subject (Section 1), the characteri-
zation objectives are dealt with in Section 2, followed by health and safety con-
siderations in Section 3. In Section 4, characterization planning is described, and
procedures for data management are briefly outlined. Section 5 contains a description
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FIG. 1. General decommissioning process (the broken lines identify the scope of the report).

of the origin and types of radionuclides in the radioactive inventory in a shut down
nuclear reactor, together with parameters affecting the residual radioactivity content.
In Section 6, characterization methods and techniques are discussed; these dis-
cussions encompass computational methods, procedures and equipment for in situ
measurements, as well as methods and procedures for sampling and radiochemical
analyses. In Section 7, the role of a quality assurance programme is discussed. In
addition to the conclusions in Section 8 and the references, the report is supplemented
by an Appendix describing statistical analysis techniques. Two Annexes are provided
which give examples of selected national experience and problems encountered in
characterization. A list of drafting and reviewing bodies is also attached.



2. CHARACTERIZATION OBJECTIVES

2.1. INTRODUCTION

The objective of radiological characterization is to provide a reliable database
of information on quantity and type of radionuclides, their distribution and their phys-
ical and chemical states. Characterization involves a survey of existing data, calcu-
lations, in situ measurements and/or sampling and analyses. Using this database the
decommissioning planner may assess various options and their consequences, con-
sidering:

— operating techniques: decontamination processes, dismantling procedures
(hands on, semi-remote or fully remote working) and tools required;

— radiological protection of workers, general public and environment;

— waste classification;

— resulting costs.

Comparison and optimization of these factors will lead to the selection of a
decommissioning strategy, i.e. typically, immediate or deferred dismantling. It should
be noted that the characterization process is sequential in that further steps can be
decided only after the results of previous characterization steps have become
available.

2.2. INITIAL OBJECTIVES OF CHARACTERIZATION

At the very beginning of the planning stage of decommissioning, the purpose is
to collect sufficient information to assess the radiological status of the facility and the
nature and extent of any problem areas. Data collected during this initial characteri-
zation step are generally based on available information, including historical opera-
tions documentation, and are used in planning the overall decommissioning programme
as well as in prioritizing and sequencing major decommissioning activities.

2.3. DEVELOPING A MORE DETAILED CHARACTERIZATION

As the planning progresses, characterization objectives move towards develop-
ing more detailed data concerning the physical, chemical and radiological conditions
of the reactor. This will include making calculations of induced activity, taking
samples or conducting inspections designed to fill the gaps in the information from
the previous characterization step. This may be done to develop preliminary details,
including cost, risk and waste generation estimates. Information gathered in these



phases often serves as the technical basis for work and project decisions and is
valuable in selecting a preferred decommissioning scenario, including scheduling
and work force requirements, particularly with respect to exposures in the most
radioactive areas.

At the end of this stage, the characterization has supplemented the previous
information with the details needed to support the decommissioning operations phase.

2.4. APPLICATION TO DECOMMISSIONING OPERATIONS

Once a scenario has been chosen, further decisions can be taken on decommis-
sioning operations. For example, decisions can be made on partial or full decontami-
nation, provisions for shielding, partial removal of equipment, waste classification
and initial estimates of project costs and schedules. Most of these decisions should be
based on the actual distribution of the radioactive inventory within a facility and on
associated radiation exposures to be potentially incurred by decommissioning
workers and the general public.

An important consideration is the decommissioning cost, whose expenditures
for a characterization programme are a component that cannot be neglected. Since
characterization requires time and money, it should be performed towards specific
objectives and should be limited to the minimum necessary to define exposures and
meet the requirements of waste transport and disposal regulations.

It should be noted that, in addition to radiological characterization, other
considerations such as public opinion, government policy, financial restrictions or the
availability of adequate storage/disposal capacity may ultimately determine the
selection of the decommissioning scenario, i.e. early or deferred dismantling. In such
situations the extent of the characterization survey may differ. For example, in a
situation where immediate dismantling is required, an extensive campaign may be
necessary to support decisions on waste disposal and radiological protection. In cases,
however, where deferral of decommissioning is intended, initial survey work may be
less extensive and may be followed by more rigorous assessments before performing
actual dismantling work packages. Also, if delayed dismantling is selected, a detailed
characterization of some short lived radionuclides may be less important (see
Annex I-8, Magnox reactors).

3. HEALTH AND SAFETY CONSIDERATIONS

Decommissioning of a shut down nuclear reactor is a necessary step to reduce
radiological hazards in accordance with national policy. Similarly, adequate attention



must be paid to the health and safety of workers who must be protected from radio-
logical and non-radiological hazards associated with the characterization activities.

The results of the characterization can be used for further planning of the
decommissioning work to:

— provide dose assessments;

— provide risk assessments;

— assess various scenarios to ensure compliance with the ALARA principle [15];
and

— identify the types of safety and radiological protection required for the protec-
tion of workers, general public and environment.

Availability of competent personnel is an important consideration in view of the
required accuracy of data obtained through measurement and/or sampling pro-
grammes. In this respect, it is good practice to conduct the initial characterization in
co-operation with the operating staff soon after final shutdown, as these personnel are
the most familiar with plant status and history. On the basis of characterization
results, a facility’s structures and equipment can be categorized and the radiation
zones defined according to both external hazards (radiation levels from activated or
contaminated components) and ingestion hazards (o or B/y contamination).

There may be omissions in the availability of radiological data, including [16]:

— lack of records;

— access problems;

— uncertainties in confinement/containment conditions; and
— movement/migration of radionuclides.

Because of the possibility of unknown factors, there is a potential for exposure
to high radiation doses, contamination levels or both during the collection of
characterization data. When taking initial samples caution must be exercised in order
to ensure that all safety concerns are addressed. In some instances, radiological
conditions may affect the degree of sampling or the extent of surveys. A radiation
protection programme should be in place to support such work.

Characterization activities should not endanger safety and long term integrity
of components or structures. For example, cutting of pipes for sampling purposes
should not result in loss of containment or uncontrolled leakage of contaminated
fluids.

The use of experienced plant personnel will minimize hazards associated with
characterization activities. In some cases, remotely operated detectors (e.g. Y came-
ras) can minimize occupational radiation exposures of those performing the
characterization.



Efficient characterization can provide valuable information helping to avoid
major difficulties in personnel exposure through subsequent careful planning.
Improvements in equipment design and, in particular, the use of remotely operated
equipment, Y mapping devices and other features can substantially minimize
exposures by reducing the time for dismantling, removal of components and demoli-
tion of structures. For all these activities, a detailed knowledge of the radioactive
inventory is essential.

4. CHARACTERIZATION PROCESS

4.1. GENERAL

Characterization is an initial step in the decommissioning process and requires
a logical approach in order to obtain the data necessary for planning a decommis-
sioning programme.

The characterization programme provides radiological information on the shut
down reactor, which enables decisions on other decommissioning steps such as
decontamination, dismantling and removal of components and equipment, demolition
of structures, management of decommissioning waste, estimates of future radionu-
clide inventories and the funding of decommissioning activities. A comprehensive
characterization programme comprises the following steps:

(a) review of historical information;

(b) implementation of calculation methods;

(c) preparation of the sampling and analysis plan based on an appropriate statisti-
cal approach;

(d) performance of in situ measurements, sampling and analyses;

(e) review and evaluation of the data obtained; and

(f)  comparison of calculated results and measured data.

The following subsections provide more details on items (a) to (f).

(a) Review of historical information

Reviewing the historical information of a reactor provides the decommission-
ing planner with valuable knowledge of possible radiological conditions present. This
information may consist of records or recollections of contamination spills or other
unusual events, and/or previous surveys and measurements. Important in this context
are records of occupational exposures incurred during inspection, survey, mainte-
nance and repair activities. Occupational exposures incurred during replacement of



major contaminated components are particularly relevant. In addition, by identifying
the list of possible contaminants from a review of reactor history, one can optimize
the characterization effort and avoid spending time, money and unnecessary exposure
of workers trying to measure something known not to be present [17], as in the case
for o emitters in a reactor that has suffered little or no fuel damage. It should also be
noted that the structural condition of the facility is important, particularly in the case
of deferred dismantling, and structural surveys must be carried out in addition to
radiological characterization. Particularly important are as-built drawings and modi-
fications of structures and equipment in restricted areas where radioactive materials
are processed or stored and of locations of possible inaccessible contamination, such
as buried pipes [18].

It should be noted that historical records (e.g. as-built drawings and survey
information) are scarce or inadequate at some old facilities as the culture of the time
did not require such records. Lack of this type of information will result in greater
characterization efforts being required. If this is the case, extensive radiological
characterization for decommissioning purposes should begin soon after the reactor
shut down (see Section 3). To some extent, the availability of experienced staff may
compensate for the lack of records.

Information on process upsets or unusual events that might have spread conta-
mination to unsuspected areas is particularly important. In one case identified in the
technical literature [17], a spill of dry, radiologically contaminated ion exchange resin
during operations partially filled the crevices around a shielding block. The top of the
crevice was taped and painted, effectively hiding the contamination, until the block
was pulled free with a crane during decommissioning. The spread of contamination
and internal exposure of a worker could have been avoided if this event had been
documented in the facility’s operational history. Similarly, the effective and
commonplace technique of painting contaminated areas to fix the contamination for
operations purposes can be detrimental to decommissioning if the practices are not
recorded or the records not researched. Unknown painted over contamination usually
causes difficulties for measurement, increasing costs and delays associated with
unexpected/unplanned work. Another example is that knowledge of fires in an area
should lead one to expect contamination on most overhead structures. Most
regulations now require that information on unusual events be documented so that it
is accessible at the time of decommissioning. However, this was not the case in the
above example, so particular attention should be paid to the possibility that unusual
events may have occurred [17].

Another type of historical information is the result of previous surveys and
measurements. For example, analytical results from fuel pools can indicate the kinds
of contaminant present (and, as significantly, those absent). Similarly, measurements
of radioactive contaminants collected in an ion exchanger can give good indication of
the amounts of less abundant contaminants and allow an estimate of the relationship



between common and rare radionuclides present. Routine radiation surveys and sur-
veys conducted to support special work are both useful. The information which they
provide may be sufficient to actually replace characterization or, at the very least, may
allow a more efficient characterization plan to be set up.

Although historical information is a valuable asset in preparing a characteriza-
tion programme, it should be viewed with some skepticism and an intuitive sense of
doubt. At least some of the characterization effort should aim at testing the validity
and completeness of the historical data [17].

(b) Implementation of calculation methods

Various computer codes are available to calculate the induced activity in a reac-
tor and its immediate surroundings for the purpose of estimating the radioactive
inventory. More information on this subject is presented in Section 6.2.1. Moreover,
there are computer codes capable of predicting the radionuclide distribution as a
result of normal operation, accident and transport of mobile contamination, but these
codes are less reliable.

One important part of this step is to decide whether the theoretical calculations
are sufficient for the subsequent planning of the decommissioning activities or
whether they should be supplemented by a more or less detailed sampling and mea-
surement plan. In this context, historical data (e.g. irradiated foils) may play an
important role. However, for a detailed characterization, foil data may prove to be
insufficient and thorough sampling and monitoring may turn out to be necessary.

(c) Preparation of the sampling and analysis plan based on an appropriate
statistical approach

The sampling and analysis plan defines the quality of data necessary to achieve
the characterization objectives. The plan should define the following:

— types, numbers, sizes, locations and analyses of samples required;

— instrument requirements;

— the radiation protection aspects or controls of the activity;

— data reduction, validation and reporting requirements;

— quality assurance (QA) requirements;

— methodology to be employed when taking the samples and performing the
analyses; and

— requirements for disposal of waste generated during sampling.

Appropriate reviews of the plans should be made and may include input by
specialists in the areas listed above.
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In order to reduce characterization costs, one can use statistical techniques that
allow inferences to be made about an entire area or component from the results of a
limited number of samples (see Section 6.4.3 and the Appendix) [17, 19-21]. In all
cases, it is most efficient to restrict data gathering to the minimum commensurate
with the need. For example, one can choose a less powerful statistical test or single
measurements for some initial characterization when this information is adequate to
the purpose. In reactors, the statistical approach is often limited by access problems
due to high dose rates or space access constraints.

The characterization objective itself defines the type of measurement or
sampling needed and, in turn, the analysis desired and the sensitivity required. The
level of confidence required in the results defines the number of samples or
measurements required and their desired locations. Finally, the plan for sampling
and analysis is significant in developing a specification for QA requirements. For
example, if the results of a characterization programme will have regulatory or
health and safety implications, or if they will be used to determine the necessity of
procuring expensive equipment for waste treatment, the samples must be subject
to the highest QA standards. In contrast, if the results suggest fewer health and
safety or regulatory implications, and if changing direction during decommission-
ing is not difficult, QA requirements may be less stringent (for more details, see
Section 7) [17].

(d) Performance of in situ measurements, sampling and analyses

In situ measurements and/or samples should be taken on various components
that can be reasonably accessed. If possible, it is also desirable to obtain samples of
irradiated and/or contaminated materials such that laboratory analyses may be
performed to determine individual radionuclide activities and concentrations.
However, this process can be expensive and difficult for highly activated components
and structures where trace amounts of sample material can produce radiation dose
rates in the range of Gy/h. More information on measurement and sampling is given
in Sections 6.3 and 6.4, respectively.

(e) Review and evaluation of the data obtained

During the characterization process, licensees should assess and analyse the data
as early as possible to develop a sufficient characterization of the facility and to deter-
mine whether or not the data requirements are being met. It is expected that
characterization plans may change during the conduct of the characterization as a result
of these ongoing assessments. Departures from the plan may be appropriate, for
example, where contamination is more extensive than originally anticipated and a greater
number of samples are necessary to characterize the full extent of contamination. As
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another example, trends in measurements made may indicate that the sampling plan
in use will not give the desired results. The plan can then be amended by altering the
sampling technique, changing the frequency or redefining the regions where the
measurements are to be carried out. Reviews should continue during sampling and
analysis to allow for early detection of errors or anomalies so that corrections or
alterations can be made without affecting the whole programme — facility charac-
terization is an iterative process [18].

In some cases, full characterization of the entire facility is not necessary.
Instead, the ‘observational approach’ for decommissioning projects may be followed.
Rather than extensively characterizing the entire project, enough data are collected to
begin activities. Detailed procedures are developed as the work progresses, and addi-
tional information is collected as necessary. This process avoids efforts that may be
rendered useless by newly discovered problems, but requires flexibility in scheduling
and completing activities. One example of this approach is described in Ref. [22].

Site characterization approaches should also be flexible enough to permit the
licensee or responsible party to remediate promptly any contamination identified dur-
ing the course of site characterization [18]. This flexibility is especially important if
the characterization identifies relatively small volumes of contaminated materials
which can be classified as low level radioactive waste and will obviously need to be
disposed of in a licensed disposal facility for low level radioactive waste. If the
licensee’s preferred decommissioning approach for this contaminated material would
be to remove it to a licensed disposal facility, the site characterization approach
should allow the licensee to remove the contaminated material in accordance with
established radiation protection procedures and transfer the waste for disposal in
accordance with existing regulations and licence conditions. The licensee should
properly document the detection, extent, removal and transfer of the contaminated
waste to confirm, during subsequent review of decommissioning activities, that the
materials were removed and disposed of in an appropriate manner.

In other cases, the licensee may prefer to consider different alternatives for
disposal rather than to be committed to a specific course of action during characteri-
zation. In such a case, the licensee’s site characterization report would document the
detection and extent of the contamination.

(f)  Comparison of calculated results and measured data

The results of any theoretical calculations should be compared with the data
obtained by experiments in order to obtain a validation of the accuracy of the
calculations and to guide adjustments as necessary to the theoretical models used.
Such exercises can increase the confidence in the application of codes for future
decommissioning projects since calculations are a cost effective method of providing
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characterization information for nuclear reactors. More information is given in
Section 6.2.2.

4.2. DATA MANAGEMENT

A large quantity of data may be generated during characterization activities.

These data may roughly be divided into three categories [23] :

()

(b)

(©)

Calculated data (to be discussed more thoroughly in Section 6.2.). These data
particularly refer to radioactive content and related dose rates in components
and structural materials within the influence of the neutron flux. The results of
calculations are available in the form of outputs from the appropriate computer
codes and can easily be processed.

Data obtained from in situ measurements at various locations of the reactor (see
Section 6.3.). These data are usually collected in a monitoring programme,
using manual or remote measurements of dose rates and/or contamination
levels. Measurements may be recorded manually by marking the measured
value at the appropriate location on a map or survey form. Data may sub-
sequently be recorded in a computer database. Data identifying the instrument,
its calibration, the operating conditions (background radiation level and detec-
tor integration time), orientation and the date of measurement are generally
included, along with signature blocks for persons carrying out and approving
the measurement (see Section 7).

Data resulting from a sampling and analysis programme (see Section 6.4).
These data provide detailed information on types and amounts of radionuclides
present in the form of activation and/or contamination. The collection and
analysis of samples is an expensive and dose intensive task. However, it is the
most precise means of verifying the theoretical calculations, predicting future
exposures and facilitating the selection of the most appropriate decommission-
ing actions.

For orderly decommissioning planning it is important that all information

generated during the characterization process be available in a well documented form.
It has to be recognized that adequate record keeping plays an important role in the
overall decommissioning process. To enable careful planning of the work to be done
in a hostile environment, it is not only necessary to collect and periodically update
information relevant to the plant design, but also to gather adequate information con-
cerning the unit’s operating performance, especially on non-routine occurrences, such
as spills. Considering the great number of components within a reactor plant, the
development of a computerized database can facilitate the problem of storing and
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updating all necessary information. Research work is under way in this field; see, for
example, Ref. [24].

It is recommended that a report be prepared by the plant operator which
summarizes the characterization process and the data collected. The information
contained in the report will be used to guide the decommissioning planning. Table I
provides an example of a table of contents for a characterization report.

5. THE RADIONUCLIDE INVENTORY

5.1. GENERAL

The processes giving rise to the radionuclide inventory are described, and the
radionuclides significant for decommissioning are listed in this section. Following
shutdown and discharge of irradiated fuel, the residual radionuclide inventory of a
nuclear reactor falls into two categories.

(a) Neutron activated materials

These materials are located in and near the core and have been irradiated by
neutrons. The reactor core is the most activated part of the reactor structure. The
portion of the reactor exposed to relatively low neutron fluxes is essentially the
biological shield, usually made of concrete and steel reinforcements.

(b) Contaminated materials

Contamination arises from the activation of the corrosion and erosion products
conveyed by the coolant and from the dispersion of the irradiated fuel and fission
products through cladding breaches.

In addition, contamination results from leakages in the primary circuit,
processing and storage of radioactive effluents and wastes, maintenance and repair
activities, fuel discharging operations and working incidents. Airborne contamination
may also give rise to a deposit of radioactive substances on walls, ceilings and in the
ventilation system.

It is assumed that the nuclear fuel and process fluids have been removed from
the reactor after shutdown, before any decommissioning work. However, in some
cases, especially where the reactor has undergone abnormal operational conditions
such as major fuel element failure, residues of these materials will remain and must
be included in the inventory.
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TABLE I. CHARACTERIZATION REPORT FORMAT

BACKGROUND
Survey purpose
When survey was performed

SITE DESCRIPTION
Type and location of the reactor
Ownership
Reactor description

OPERATING HISTORY

Past and present conditions, estimated inventories (activation, contamination and dose rates)

Spills or other incidents
RELEASE CRITERIA
LIMITS AND CONDITIONS FOR THE SHUT DOWN REACTOR

SURVEY TECHNIQUES
Survey instrumentation
Background determination
Minimum detectable activity
Survey techniques
Radiation exposure
Removable surface activity
Fixed activity
Material samples

SURVEY FINDINGS
Background determination
Major contaminants identified
Activation analysis results
Results by individual area or building
Data reduction techniques
Statistical evaluation
Comparison of findings with release criteria

SUMMARY
REFERENCES

APPENDICES
Site and building maps
Instrument calibration sheets
Actual survey data sheets for each area or building
Raw and evaluated data
Minimum detectable activity
Statistical information

15



It should be noted that activated components will generally become conta-
minated but contaminated areas may not be activated since contamination is
transported to regions outside the influence of the neutron flux to some extent.

The overall inventory should include detailed inventories for individual com-
ponents and should, in general, describe radionuclide type and content, its chemical
and physical forms, weights and volumes. The inventory allows classification of the
quantities of waste according to national waste categories for treatment, storage and
disposal purposes. This information is essential for determining the overall costs of a
reactor decommissioning project.

The following sections provide nuclear data (half-lives and decay energies for
principal emissions) for the most important radionuclides. These data are taken from
the ENSDF file, updated July 1996, Brookhaven, USA.

5.2. ACTIVATION BY NEUTRONS
5.2.1. The activation process

One of the significant information gaps associated with early commercial
reactor decommissioning was the lack of a detailed characterization of the neutron
activated reactor pressure vessel internals, the fuel assembly hardware, the recircu-
lation system and the surrounding areas such as the biological shield. Recently,
particular attention has been paid to this problem, and efforts have been made to
gather reliable data on the level of activation products in a shut down plant. Neutron
activated components represent, by far, the major contribution to plant radioactive
inventories, reaching up to hundreds of thousands of TBq for a commercial reactor
having operated for a few decades.

It should be noted that neutron streaming may result in the activation of reac-
tor components that are not at the immediate location of the core. Examples of such
components are refuelling pool walls, ventilation system components and gas ducts
on gas cooled reactors (GCRs); see also Annexes -1 and I-9. Activated materials
should be classified according to the waste classification criteria defined by the
individual Member States. On the one hand, care must be taken to prevent over-
classification leading to unwarranted waste disposal costs, while, on the other hand,
underclassification may result in regulatory, health and safety implications. Induced
radioactivity at facilities with sufficiently long operating histories will be close to the
point of equilibrium for strong y emitters such as °°Co. Hence, radiation dose rates
can easily exceed the Gy/h range. As such, direct characterization would be difficult,
at best. Therefore, indirect means of characterization or remotely operated devices
may be required.
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Detailed information on the calculation of activation products is presented in
Section 6.2.

5.2.2. Major activation products

This section provides a summary description of the radiological characteristics
of major activation products, including formation mechanism, half-life, measuring
techniques and expected effect on decommissioning. Very soft X ray emitters
produced after electron capture are also mentioned in this list; however, they are not
easily measurable in the working zone. They must be considered as ingestion hazards,
and protection must be provided. The following information is extracted from
reference literature such as Refs [4, 11,25, 26]. More details on measuring techniques
are given in the technical literature quoted in Section 6.3.3.

H This radionuclide can be produced in a reactor by several mechanisms.
Neutron capture in deuterium in D,O moderators is a major source of
production in reactors using D,0O. The concrete bioshield is also a source of
production from the ®Li(n,ot)3H reaction with a 953 b cross-section. Tritium
decays (half-life: 12.33 a) by B emission (maximum energy: 19.0 keV), and
is a pure B emitter. Tritium in the form of water vapour is extremely mobile
in nature and readily exchanges with water in human tissue. The low
[ energy and the lack of Y emission adds to the difficulty in measuring and
assessing levels of tritium in air and other materials. For both 3H and !4C,
the liquid scintillation spectrometer is a well adopted method, and the
sample can be mixed directly into a scintillation mixture and counted. In
D,0 moderated power and research reactors such as the CANDU type, large
quantities of tritium are produced and end up in the moderator systems, heat
transport systems, fuel bays, resin tanks, fuel handling systems, etc. Used
D,0 will also present a liquid waste disposal problem.

l4c This radionuclide is mainly produced by the activation of trace nitrogen by
the '“N(n,p)'*C reaction with a cross-section of 1.81 b. Additional minor
routes are via 13C(n,y)'C from 1.1% abundant '3C with a cross-section of
0.9 mb and '2C (98.89%, 3.4 mb) indirectly via 13C. “C decays (half-life:
5730 a) by B emission (maximum energy: 156 keV), and is a pure [ emit-
ter. Nitrogen is present in air and in most reactor construction materials and,
through activation, generates a significant contribution to the overall
radioactive inventory, particularly in concretes and graphite. Assessment of
the trace nitrogen levels in construction materials is difficult, posing prob-
lems for analysis methods. Hence, reliable input data on nitrogen levels for
inventory modelling codes are difficult to obtain and create an increasing
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necessity to rely on characterization of '*C by sampling and analysis. The
fact that '“C is a low energy pure B emitter adds to the difficulty in assess-
ing the quantities of this radionuclide (see *H above). In CANDU reactors,
the annulus gap between the pressure and calandria tubes in some situations
has been filled with nitrogen gas and air containing nitrogen, resulting in a
significant production of '“C in these components. In addition, large quanti-
ties of 14C occur in the nitrogen cooled graphite moderators of RBMK reac-
tors.

This radionuclide is produced by the fast neutron >3Na(n,2n)?*Na and the
23Na(y,n)?2Na reactions in the 100% abundant isotope 23Na. 22Na decays
(half-life: 2.6 a) by B* and y emission (maximum energy: 1.275 MeV) to
22Ne. 22Na requires consideration during the decommissioning of fast reac-
tors for the handling and disposal of sodium. 22Na can be directly measured
by 7y spectrometry.

This radionuclide is principally produced by neutron capture from the
reaction 33Cl(n,y)*°Cl with a cross-section of 0.04 mb. Another method of
production is by the 3°K(n,0r)3°Cl reaction with a cross-section of 2 b. 3Cl is
also produced indirectly via 34S. 3°Cl decays (half-life: 3.01 x 10° a)
principally by B~ emission (maximum energy: 709 keV). 3¢Cl also decays by
electron capture with the emission of some weak X rays. 3°Cl is present via
activation of trace chlorine in most reactor construction materials, e.g. in
stainless steel and aluminium reactor components, and is important from the
viewpoint of disposal, because of its long half-life, the solubility of chloride
salts, low retardation in the geosphere and potential pathways to humans
from a waste repository. A major source of 3°Cl is in moderator graphite in
GCRs. 3°Cl can be measured via chemical separation and liquid scintillation
counting.

This radionuclide is produced principally by the reaction 3°K(n,p)3°Ar with
a cross-section of about 0.1 b. It may also be produced by neutron capture in
naturally occurring 33Ar via the reaction 3¥Ar(n,y)>®Ar with a cross-section
of 0.8 b. 3°Ar decays (half-life: 269 a) by B~ emission (maximum energy:
565 keV). K is 93.3% abundant in natural potassium which is present, as
a trace element, mainly in concrete at levels of thousands of ppm and in
stainless steel and carbon steel at levels of hundreds of ppm. 3°Ar will begin
to be a significant radionuclide several decades after shutdown. In reactor
designs which make use of argon for inert gas blankets or air, significant
production of 3°Ar will result. Examples include some fast breeder reactor
(FBR) designs, the NRU reactor in Chalk River, and the Super Phenix.
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39Ar can be directly measured by proportional B~ counting or liquid scinti-
lation.

This radionuclide is produced by the “°Ca(n,y)*!Ca reaction in the 96.9%
abundant isotope 4°Ca. !Ca decays (half-life: 103 000 a) by electron capture
(weak X ray emissions) to 'K, which is stable. Calcium is one of the main
constituents of bioshield concretes and can also appear as an impurity, e.g.
in graphite. Because of its long half-life and its chemical and biological
properties, #!Ca can be of great importance when the safety of final disposal
of decommissioning waste is assessed. 4!Ca can be measured via chemical
separation and liquid scintillation counting.

This radionuclide is produced primarily by the 3*Fe(n,p)>*Mn reaction,
which has an average cross-section, in a fission neutron spectrum, of 53 mb
and decays (half-life: 312 d) via electron capture and 835 keV 7 emission.
The target isotope, 5.8% abundant >*Fe, is present in the steel construction
materials of the pressure vessel, fuel support structures and the primary
circuit. Corrosion of the steel components can transport iron to the fast neu-
tron flux region of the reactor where >*Mn is produced. Because of its rela-
tively short half-life, 3*Mn can be significant only briefly after reactor shut-
down. It can be measured by 7y spectrometry.

This radionuclide is produced by the *Fe(n,y)> Fe reaction in the 5.9%
abundant stable iron isotope *Fe with a cross-section of 2.25 b. 3Fe decays
(half-life: 2.73 a) by electron capture (weak X ray emissions) to 3>Mn. After
production of 55Fe in a reactor core, translocation of this and other radio-
nuclides from the reactor vessel through the coolant system will be a
function of corrosion and deposition rates. Since under typical reactor con-
ditions carbon steels are more susceptible to corrosion than stainless steel or
nickel alloys (e.g. Inconel), ¥Fe should be more abundant in the translocated
inventory in reactors employing larger relative amounts of carbon steel than
do pressurized water reactors (PWRs), and these typically contain more 3°Fe
in the corrosion films. The abundance of translocated > Fe will also be
affected by the chemical controls maintained in the coolant loops, e.g. pH
and oxygen levels, since these influence the corrosion rates. Finally, the type
and effectiveness of the reactor vessel cleanup system will also be a deter-
mining factor in the residual 3Fe abundances. For GCRs and other reactors,
35Fe is the major short term component of the radioactive inventory follow-
ing shutdown. Fe is a hard-to-measure radionuclide that can be correlated
with the easily measured ®°Co. It can be measured in the laboratory by
X spectrometry following chemical separation.
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This radionuclide is produced by the 8Ni(n,y)’°Ni reaction in the 68.3%
abundant isotope *8Ni with a cross-section of 4.6 b. ¥Ni decays (half-life:
76 000 a) by electron capture (continuous X spectrum from inner brems-
strahlung to 1.07 MeV) to 3°Co. Because of a rather substantial production
rate of °Ni in all parts of the inner containment, this isotope is thus one of
the limiting radionuclides for dose considerations after the decay of other
short lived residual radionuclides has occurred. °Ni is considered an impor-
tant radionuclide for waste disposal. This is a hard-to-measure radionuclide
which can be correlated with the easily measured °°Co. It can be measured
in the laboratory by X spectrometry (X rays of cobalt).

This radionuclide is produced by the ®?Ni(n,y)®3Ni reaction in the 3.6%
abundant isotope °2Ni with a cross-section of 14.2 b. ©Ni decays (half-life:
100.1 a) by B~ emission (maximum energy: 67 keV) to the ground state of
63Cu. It is considered an important radionuclide for waste disposal. This is a
hard-to-measure radionuclide which can be correlated with the easily
measured %°Co. It can also be quantified in the laboratory by the liquid scin-
tillation method following chemical separation. ®3Ni is by far the most abun-
dant activation product expected to be present in a light water reactor (LWR)
on the time-scale of deferred dismantlement. Nickel alloys, Monel and
copper—nickel were used in heat exchangers in some early reactors. More
recently, Inconel (60-80% Ni) has been used extensively in reactor systems,
both for reactor internals and heat exchanger surfaces; sometimes, for these
surfaces, Monel (67% Ni) and copper—nickel (30% Ni) are applied. Since
9Ni is a weak B~ emitter, only inhalation hazards may be significant for this
radionuclide at the dismantling stage.

This radionuclide is produced by the >?Co(n,y)®°Co reaction in the 100%
abundant stable cobalt isotope 3*Co with a cross-section of 18.7 b. ®°Co
decays (half-life: 5.27 a) by B emission (maximum energy: 318 keV) to
excited levels of ®“Ni and produces two major y rays: 1.17 MeV and
1.33 MeV. Cobalt is a trace constituent in both carbon and stainless steels
(ranging from 80 to 150, and 230 to 2600 ppm, respectively [17]). Cobalt is
also present in Inconel and Monel. This isotope is the dominant dose
producing radionuclide in the reactor interior on a 10 to some 50 year time-
scale. The production rate of ®°Co is sufficiently high in the high flux region
near the core that a substantial portion of the stable cobalt (up to one third)
may be transmuted over the life of the reactor. Deposition of ®°Co from the
corrosion of ferritic materials is a well known problem in GCRs. After pro-
duction in the reactor core, translocation and deposition of ®°Co throughout
the reactor systems will be a function of (1) corrosion controls, (2) the
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effectiveness of the reactor coolant cleanup system, and (3) the radioactive
waste management practices. It is easily measured by y spectrometry.

This radionuclide is produced by the %*Zn(n,y)®Zn reaction in the 49%
abundant stable isotope; it decays (half-life: 244 d) via electron capture and
B* emission (maximum energy: 329 keV) to stable ®Cu. It appeared in
significant concentrations in early boiling water reactor (BWR) units which
employed heat exchangers containing Admiralty (29% Zn) or Muntz metal
(40% Zn). In some cases, the condensed secondary steam was contaminated
with stable zinc and was used for primary water make-up. The zinc contam-
ination was brought into the primary reactor system where the stable zinc
became neutron activated. It is measured by 7y spectrometry at 1.112 MeV
(annihilation energy).

This radionuclide is produced by the >Mo(n,y)**Mo reaction in the 14.8%
abundant isotope. “*Mo decays (half-life: 3500 a) by electron capture to
93mNb and then further to ?3Nb. It is a low energy 7y emitter with a total effec-
tive energy per decay of 19 keV. Mo is present in some stainless steel such
as SS316 and SS316L at concentrations between 2.0 and 2.5%. Following
chemical separation, “>Mo can be measured by using an intrinsic germani-
um diode to detect the characteristic niobium X rays.

This radionuclide is produced by the %2Zr(n,y)*3Zr reaction in the 17.1%
abundant °>Zr. Zirconium is present in Zircaloy at about 98%. Zircaloy is
used as cladding for the fuel and in moderator tubes. %3Zr decays (half-life:
1.5 x 10 a) by B~ emission (maximum energy: 60 keV) to “>™Nb (half-life:
15.8 a). ?3Zr produces no direct 7y rays, but low energy 7y rays are generated
from the daughter product. The effective energy per decay is 40 keV. ?3Zr in
irradiated cladding or in moderator tubes may be the most important activa-
tion radionuclide after 1000 years of decay. ?*Zr is also considered one of
the critical radionuclides for long term disposal. It can be measured via
chemical separation and [} counting.

This radionuclide is produced by the **Nb(n,y)**Nb reaction in the 100%
abundant stable isotope, which has a cross-section of 1.15 b. **Nb decays
(half-life: 20 300 a) by B~ emission (maximum energy: 472 keV) to a single
level of **Mo at 1.574 MeV, which goes to the ground state via a 871 and
703 keV 7y cascade. Additionally, “>™Nb will be produced, which has a
16.1 year half-life and decays via internal transition, generating weak
X rays. 23™Nb should be considered a short term contributor to the overall
activity, particularly in the case of stainless steels. **Nb is easily measured
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by vy spectrometry if not overwhelmed by other, more intense activities such
as %Co. When %*Nb concentrations are too low to be measured by direct
Y spectrometry, the niobium is radiochemically separated from other
radionuclides. The presence of relatively high levels of Nb in stainless steel
(5-300 ppm) and Inconel (400-50 000 ppm) would lead to the production of
significant amounts of the very long lived **Nb in reactor core materials. For
long deferral intervals before decommissioning, **Nb may in fact represent
the principal contributor to the personnel exposure during the dismantling of
the reactor pressure vessel. However, the extreme insolubility of Nb does not
permit significant translocation from the pressure vessel and deposition in
other plant systems. Therefore, “*Nb has been a very minor constituent of
the residual radionuclide contamination of the plant circuits.

This radionuclide is produced by the '97Ag(n,y)!%®¥MAg reaction in the 51.8%
abundant 197Ag. 18mAg decays (half-life: 130 a) by electron capture (weak
X rays) to '98Ag, which decays (half-life: 2.4 min) by B~ emission (maxi-
mum energy: 1.655 MeV) to stable '98Cd. The low cross-section (0.33 b) of
107Ag and the long half-life of '%MAg limit its production; nevertheless, the
use of large amounts of silver in PWR control rods will result in a large
inventory of 1%mAg in these components. 1%MmAg is measured by 7y spec-
troscopy of multiple energies or by the equilibrium B~ decay of 198Ag.

This radionuclide is produced by the ' Ag(n,y)!'"™Ag reaction in the 48.2%
abundant stable isotope. ''""Ag decays (half-life: 249 d) by B~ emission
(maximum energy: 1.467 MeV) to ''9Ag, which decays (half-life: 24.5 s) by
B~ emission (maximum energy: 2.893 MeV) to stable ''9Cd. The relatively
large abundance of ''"MAg can be explained by the presence of silver—
indium—cadmium control rods which, like other reactor components, are
subject to corrosion and erosion processes that can lead to contamination of
the primary coolant. Traces of 'MAg can also be observed in some reactors
in which a silver alloy was used for sealing the head of the reactor pressure
vessel. Silver at the ppb level in Magnox GCRs is one controller of the long
term 7 field for long deferment periods. It is measured by Y spectrometry at
multiple energies or by the equilibrium B~ decay of '10Ag.

This radionuclide is produced by the >*Sn(n,y)!23Sn reaction in the 5.8%
abundant isotope. '2Sn decays (half-life: 9.64 d) by B~ emission (maximum
energy: 2.35 MeV) to 123Sb, which decays (half-life: 2.76 a) by B~ emission
(maximum energy: 622 keV) and by 7y emission to '2™Te, which decays
(half-life: 58 d) by y emission to stable !2>Te. The main Y emitters are from
the decay of 1258 at energies of 428, 600, 636 and 463 keV, in decreasing
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order of radiation intensity. 12Sb is present in irradiated cladding or in mod-
erator tubes fabricated of Zircaloy. Elemental Sn is present at 0.25-1.7%,
depending on the type of Zircaloy used. '2°Sb is directly measured by
Y spectrometry.

This radionuclide is produced by the '32Ba(n,y)'33Ba reaction in the 0.097%
abundant isotope. !3*Ba decays (half-life: 10.5 a) by electron capture and by
Y emission to the stable '33Cs isotope. The main y emitters, in decreasing
order of radiation intensity, are 356, 303, 383 and 276 keV. '33Ba is mainly
found in the heavy concrete of biological shields based on the use of BaSO,
to increase the density. The Ba content in such concrete can amount to
30-40% by weight. The main 7y emitter in concrete will then be '33Ba, which
can be directly measured by 7y spectrometry.

This radionuclide is produced by the 33Cs(n,y)!3*Cs reaction from '33Cs,
which is either a fission product or the only stable isotope of natural
caesium. From the viewpoint of decommissioning, '3*Cs can therefore
appear as a contaminant on various reactor components or as an activation
product mainly in concrete structures. '3*Cs decays (half-life: 2.065 a) by
B~ emission (maximum energy: 658 keV) or by electron capture to stable
134Ba. The decay processes produce also several y with high energies (e.g.
605 and 796 keV). 134Cs can easily be measured by 7y spectrometry. In case
of prompt dismantling, '3*Cs must be taken into account both as an ingestion
hazard and as a source of external radiation.

152Ey, 154Eu and !'5°Eu are produced by neutron capture in 3'Eu (47.8%)
and 'S3Eu (52.2%). Other routes to the production of Eu isotopes occur
because of chain absorptions in Sm. '92Eu decays (half-life: 13.5 a) by
B~ emission (maximum energy: 1.477 MeV) to '92Gd, which decays (half-
life: 1.1 x 10'* a) by o emission. *Eu decays (half-life: 8.6 a) by B~ emis-
sion (maximum energy: 1.85 MeV) to stable 13*Gd. '3°Eu decays (half-life:
4.76 a) by B~ emission (maximum energy: 2.52 keV) to stable '3Gd. 15?Eu
and '*Eu are the two dominant europium activation products in bioshield
concrete and core graphite on a time-scale of 10-20 years. Both have very
large neutron capture cross-sections; '32Eu is produced primarily by thermal
neutrons, whereas 1>*Eu also has a substantial resonance integral. The activi-
ties of Eu isotopes require consideration, owing to the presence of trace
quantities of rare earth elements in source materials used in reactor graphite
and bioshield concretes. Typically, sub-ppm levels of Eu and Sm parents
generate sufficient activity on neutron activation to warrant precautionary
measures during the early decommissioning of concrete bioshields. These
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Eu isotopes are measured by 7y spectrometry at multiple energies or by
B counting.

166mHo  This radionuclide is produced by the 'Ho(n,y)'®®™Ho reaction in the 100%
abundant stable isotope with a cross-section of 66.5 b. 1Ho is present at
ppb levels in steels and at ppm levels in concretes. %MHo decays (half-life:
1200 a) by B~ emission (maximum energy: 1.314 MeV). The main Y rays, in
decreasing order of radiation intensity, are at 184, 810 and 712 keV. 1°°™Ho
is a contributor to the long term 7y dose rate principally from graphite and has
been identified in long deferment studies (>100 a) on GCRs [26]. Sensitivity
studies have indicated that the activation of parent '©>Ho in graphite will
contribute about one half of the remaining y dose rate at 135 a after shut-
down. 1MHo can be measured via chemical separation and y spectrometry.

The most important nuclear reactions are shown in Table II. Tables III to X list
calculated activities in major components for BWRs, PWRs, GCRs (the UK Magnox
type and the French model), WWERs, CANDUSs [27] and other reactors. Important
radionuclides in reactor activation inventories are summarized in Tables XI to XV
[28]. Although some data are similar and may denote trends, the reader should not try
to make comparisons between different reactors without considering the influence of
material composition, thermal power, years of irradiation and shutdown periods.

5.3.  RADIOACTIVE CONTAMINATION
5.3.1. The contamination process

Contamination is of two general types: loose contamination capable of being
removed by simple mechanical means or fixed contamination requiring more aggres-
sive removal methods. Contamination deposited on internal and external surfaces of
the plant is due to the transport and/or leachout of activated corrosion and erosion
products or fission products and actinides. This can be a particular problem for direct
cycle plants such as BWRs and RBMK reactors where the turbine becomes contam-
inated. The contamination occurs on reactor core hardware, primary circuit piping
(especially steam generator tubing), auxiliary circuits and associated equipment.
However, radioactive contaminants might also be found in the secondary circuits as
well as outside these systems. Furthermore, contamination generally occurs on all
surfaces and in particular near the fuel discharging equipment, the storage pools, and
the processing and storage facilities for radioactive effluents and wastes. For many
operating reactors, a large volume of waste (for example, ion exchange resins, filters
and fuel bay sludges) is stored on-site and must be accounted for. The radiological
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TABLE II. THE MOST IMPORTANT ACTIVATION REACTIONS CONSIDERED

Abundance of

Parent Nucl.ear Daugbter Pri‘nc%pal olz{;;fl-;gfer pa{ent nuclide
reaction nuclide emissions @) in parent
element (%)

Li-6 n,0 H-3 B 12.3 7.5
C-13 n,y C-14 B 5730 1.1
N-14 n,p C-14 B 5730 99.6
Na-23 n,2n Na-22 B*, EC 2.6 100
Na-23 Y. Na-22 B+, EC 2.6 100
CI-35 n,y Cl-36 B (B*, EC) 301 000 75.8
K-39 n,p Ar-39 B 269 93.3
Ca-40 ny Ca-41 EC 103 000 96.9
Fe-54 n,p Mn-54 EC, vy 0.86 59
Mn-55 n,2n Mn-54 EC, vy 0.86 100
Fe-54 n,y Fe-55 EC, X 2.7 59
Ni-58 n,y Ni-59 EC, X 76 000 68.3
Ni-62 n,y Ni-63 B 100 3.6
Co-59 n,y Co-60 B,y 53 100
Zn-64 n,y Zn-65 EC, B* 0.67 48.6
Zr-92 n,y Zr-93 B 1 500 000 17.1
Mo-92 n,y Mo-93 EC, X 3500 14.8
Nb-93 n,y Nb-93m IT, X 15.8 100
Nb-93 n,y Nb-94 B,y 20 000 100
Mo-94 n,p Nb-94 B,y 20 000 9.3
Mo-98 n,y Tc-99 B 213 000 24.1
Ag-107 n,y Ag-108m EC, vy 130 51.8
Ag-109 n,y Ag-110m B,y 0.68 48.2
Sn-124 n,y Sb-125 B,y 2.76 5.8
Ba-132 n,y Ba-133 EC, X, v 10.5 0.1
Eu-151 n,y Eu-152 EC, X, B,y 13.5 47.8
Eu-153 n,y Eu-154 B,v. X 8.6 522
Eu-154 n,y Eu-155 B.v. X 4.76 0
Ho-165 n,y Ho-166m B,v. X 1200 100
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TABLE III. RADIOACTIVE INVENTORY OF A TYPICAL BWR
(CAORSO, ITALY) FOR MAJOR COMPONENTS (rounded-off values)

Components Radioactivity (Bq)
Internals 1.28E+16
Fuel cases 2.44E+15
Control rods 34E+15
Reactor pressure vessel 3.84E+13
Sacrificial shield 6.18E+11
Biological shield 3.33E+9

Dry well 1.51E+10
Total 1.8E+16

Assumptions: 2590 MW(th), 7 years of irradiation, 4 effective full power
years (EFPY), 5 years after shutdown.

TABLE IV. RADIOACTIVE INVENTORY OF A TYPICAL PWR
(TRINO, ITALY) FOR MAJOR COMPONENTS (rounded-off values)

Components Radioactivity (Bq)
Internals 4.27E+15
Control rods 1.16E+15
Vessel 3.52E+14
Neutron shield 2.47E+12
Biological shield 9.39E+9

Total 5.7E+15

Assumptions: 870 MW(th), 23 years of irradiation, 10.6 EFPY, 5 years after
shutdown.

TABLE V. RADIOACTIVE INVENTORY OF A TYPICAL UK
MAGNOX GCR FOR MAJOR COMPONENTS

Components Radioactivity (Bq)
Reactor pressure vessel (metal) 8.3E+15
Reactor internal structures (metal) 4.5E+16
Moderator (graphite) 4.4E+14
Reflector (graphite) 1.5E+14
Biological shield (concrete + steel reinforcing) 2.2E+13
Total 5.4E+16

Assumptions: 355 MW(th), 26 years of irradiation, 5 years after shutdown.



TABLE VI. RADIOACTIVE INVENTORY OF A TYPICAL EdF
GCR (St. LAURENT-2) FOR MAJOR COMPONENTS

Components Radioactivity (Bq)
Graphite (moderator + reflector) 2.7E+15
Internal structures (steel) 1.1E+16
Casing 8.9E+13
Biological shield 6.0E+14
Total 1.4E+16

Assumptions: 1830 MW(th), 21 years of irradiation, 14 EFPY, 6 years after
shutdown.

TABLE VII. RADIOACTIVE INVENTORY OF A TYPICAL
WWER 440 (GREIFSWALD UNIT 1) FOR MAJOR COMPONENTS

Components Radioactivity (Bq)
Reactor pressure vessel 1.0E+14
Reactor tube system 9.4E+14
Fuel assembly basket 1.0E+16
Reactor cavity with core bottom 2.0E+15
Annular water tank 7.0E+12
Total 1.3E+16

Assumptions: 1350 MW(th), 17 years of irradiation, 9 EFPY (approx.),
6 years after shutdown.

characterization of operational waste has not been discussed in this report as its
removal is considered a prerequisite to the start of the decommissioning process
(Section 1.3).

During operation of a nuclear reactor, most metallic surfaces oxidize and form
a layer of corrosion film. This layer, represented by oxides of structural elements, is
exposed to high pressures and temperatures. It erodes and, together with the heat
transfer medium, is transported to the area of high neutron flux within the reactor
core. Here, the oxides may be deposited and then activated by neutrons to form
activation products and, following erosion, circulate throughout the reactor system
and be deposited on inner surfaces. It should be recognized that the nature of the
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TABLE VIII. INVENTORY OF A PROTOTYPE CANDU (NPD)
FOR MAJOR COMPONENTS [27]

Components Radioactivity (Bq)
Coolant tube 3.23E+14
Calandria tube 5.57E+13
Inner calandria end walls 1.06E+13
Outer calandria end walls 1.07E+10
Inner calandria shell 5.70E+13
Outer calandria shell 1.47E+9
End reflector stepped tube 5.66E+12
End fitting 1.60E+14
Radial concrete 5.68E+10
Fuel latch 9.41E+11
Tube end support 2.97E+12
Spacer sleeve 1.39E+13
Closure plug assembly 3.55E+10
Total 6.26E+14

Assumptions: 98.5 MW(th), 21 years of irradiation, 17.1 EFPY, 5 years after
shutdown.

TABLE IX. INVENTORY OF PROTOTYPE REACTOR KKN
NIEDERAICHBACH, GERMANY (HEAVY WATER
MODERATED, CO, COOLED), FOR MAJOR COMPONENTS

Components Radioactivity (Bq)
Reactor internals 1.2E+14
Moderator tank 1.8E+13
Thermal shield 8.0E+11
Biological shield 1.3E+10
Total 1.4E+14

Assumptions: 320 MW(th), 2 years of irradiation, 10 EFPD (approx.), 5 years
after shutdown.



TABLE X. INVENTORY OF A PROTOTYPE PHWR (MZFR,
GERMANY) FOR MAJOR COMPONENTS (rounded-off values)

Components Radioactivity (Bq)
Pressure vessel (without internals) 9.4E+12
Reactor pressure vessel lid 4.2E+7
Lagging 8.0E+11
Moderator tank 2.8E+16
Thermal shield 6.6E+14
Lower spacer 4.1E+14
Upper spacer 6.8E+14
Spacer ring 6.5E+13
Fuel element channels 1.5E+14
Control rod guide tubes 6.5E+13
Total 3.0E+16

Assumptions: 200 MW(th), 18 years of irradiation, 10 EFPY (approx.), 5 years
after shutdown.

TABLE XI. RADIONUCLIDE INVENTORY OF THE
JPDR BWR [28]

Radionuclides Activity (Bq)
C-14 3.7E+10
Ca-41 2.6E+8
Mn-54 1.3E+10
Fe-55 3.8E+13
Co-60 9.8E+13
Ni-59 3.3E+11
Ni-63 3.3E+13
Nb-94 1.3E+9
Sb-125 4.8E+10
Ba-133 3.8E+7
Eu-152 1.7E+12
Eu-154 1.7E+11

Assumptions: 90 MW(th), 13 years of irradiation, 10 years after shutdown.



TABLE XII. RADIOACTIVE INVENTORY OF TRINO PWR
(ITALY) (rounded-off values)

Radionuclides Activity (Bq)
Fe-55 3.01E+15
Co-60 1.89E+15
Ni-63 7.26E+14
Mn-54 2.81E+13
Ni-59 5.97E+12
H-3 3.73E+12
Cs-134 4.63E+12
Ar-39 8.55E+12
Ag-108m 4.20E+11

Total 5.7E+15

Assumptions: 870 MW(th), 23 years of irradiation, 10.6 EFPY, 5 years after
shutdown.

corrosion films differs according to reactor type, and this difference should be
allowed for in preparation for reactor dismantling, e.g. during decontamination. In
pipes and tubes, contamination is likely to be concentrated at the discontinuity points
of the fluid flow, e.g. elbows or tees. Contaminants also tend to settle preferentially
on rough surfaces, for example, on the oxidized parts of metals. Total radioactivity
levels due to these activated corrosion products in a shut down nuclear power plant
may reach levels of tens to hundreds of TBq. Fission products and actinides may also
be present in reactor facilities as a result of fuel failures. If the reactor has experienced
any accidents during its operating lifetime, significantly higher inventories of fission
products and actinides may be present.

Contamination generally accumulates on the facility and equipment surfaces
and does not, except in concrete, penetrate very deeply. The surface distribution of
contamination is not generally homogeneous. Accumulation may occur on the walls
or on the floors behind or beneath the equipment that has to be removed during dis-
mantling, such as motors, cables, pipes and vessels, particularly when leakages or
flows may have occurred.

Surface contamination of concrete is generally limited to areas of the plant
where radioactive liquids and aerosols have been released; '37Cs, *°Sr and ®°Co are
the commonest radionuclides. Radiocaesium isotopes are preferentially absorbed
onto bare concrete (or concrete surfaces that have lost their paint coatings) relative to
other radionuclides, because of the ability of caesium to undergo ion exchange with
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TABLE XIII. RADIOACTIVE INVENTORY OF A TYPICAL UK

MAGNOX GCR

Radionuclides Activity (Bq)
H-3 3.7E+14
C-14 1.5E+13
Cl-36 1.9E+11
Ca-41 1.4E+11
Fe-55 1.7E+16
Ni-59 6.8E+12
Co-60 3.6E+16
Ni-63 7.4E+14
Mo-93 8.0E+11
Nb-94 1.4E+11
Ag-108m 1.1E+11
Sn-121m 4.5E+11
Ba-133 8.4E+10
Cs-134 5.9E+10
Eu-152 3.1E+12
Eu-154 4.2E+12
Eu-155 1.9E+12
Ho-166m 1.0E+10
T1-204 4.6E+13

Total 5.4E+16

Assumptions: 355 MW(th), 26 years of irradiation, 5 years after shutdown.

mineral phases in the concrete [29]. The order of magnitude of concrete surface con-
tamination is generally 1 TBq.

The various fission products and actinides with half-lives longer than one year
that contribute to the surface contamination of the materials of a nuclear power plant
[30] are discussed in Sections 5.3.2 and 5.3.3.

Typical radioactive inventories on inner surfaces of several nuclear power
plants are shown in Tables XVI-XXI [31-35].

5.3.2. Major fission products

This section describes fission products that are typically found as surface
contamination in reactor systems. Fission products will generally be found where fuel
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TABLE XIV. RADIONUCLIDE INVENTORY OF GENTILLY-1?
(CANADA) REACTOR STRUCTURESP*

Radionuclides Activity (Bq)
Zr-95 1.28E+8
Fe-55 1.45E+15
Sb-125 7.00E+12
Co-60 8.49E+14
H-3 5.49E+6
Eu-152 2.25E+14
Cd-113 7.72E+7
Sn-121m 1.62E+11
Ni-63 1.99E+14
C-14 6.30E+11
Nb-94 2.00E+12
Ni-59 1.60E+12

2 Gentilly-1 is a boiling water, heavy water moderated reactor.

b Structures include pressure tubes, calandria tubes, calandria side tube sheets,
two sets of three axial shield slabs, outer tube sheets, reflector baffle and
calandria, radial thermal shields (reactor vessel) and concrete biological
shield.

¢ Assumptions: 833 MW(th), 5 years of irradiation, 0.5 EFPY, 6 years after
shutdown.

TABLE XV. RADIONUCLIDE INVENTORY OF A CANDU
REACTOR, DOUGLAS POINT, CANADA

Radionuclides Activity (Bq)
Fe-55 5.68E+16
Co-60 1.49E+17
Zr-95 1.64E+00
Cs-137 2.94E+15
Ni-63 2.76E+16

Assumptions: 693 MW(th), 16 years of irradiation, 9.33 EFPY, 10 years after
shutdown.



TABLE XVI. ESTIMATES OF QUANTITIES OF RADIOACTIVE
PRODUCTS DEPOSITED IN THE INTERIOR OF REACTOR
COMPONENTS, PWR REFERENCE PLANT [31]

Components Activity (Bq)
Reactor vessels and internals 4.8E+12
Steam generators 1.6E+14
Pressurizer 1.5E+11
Piping (except reactor heat transfer circuits) 2.2E+12
Reactor heat transfer circuits piping 6.0E+12
Total 1.8E+14

TABLE XVII. RADIONUCLIDE INVENTORY OF COMPONENTS
IN OSKARSHAMN 2 AND TVO 1 AT SHUTDOWN [32]
(Rounded-off values; only surface contamination; induced activity is
not included)

Activity Activity

Components Oskarshamn 2 TVO 1
(Bg) (Bg)

Reactor vessel TE+11 SE+11
Steam separator SE+12 2E+12
Control rod drives 2E+10 4E+9
Hydraulic scram SE+9 SE+8
Steam lines 3E+11 9E+10
Feedwater 1E+10 1E+10
Recirculation 4E+11
Relief 1E+9 1E+9
Shutdown cooling SE+11 2E+11
Containment vessel spray 1E+8 1E+8
Low pressure coolant injection 1E+8 1E+8
Reactor/fuel pools 9E+11 1E+12
Fuel pool cleanup 8E+10 1E+11
Spray for reactor flange 1E+10 1E+10
Auxiliary feedwater 1E+8 1E+8
Reactor water cleanup 6E+10 2E+11
Drains from reactor systems 2E+8 2E+9

Total S8E+12 SE+12




TABLE XVIII. SURFACE CONTAMINATION INVENTORIES AT
GARIGLIANO, A DUAL CYCLE BWR, ITALY, TWELVE YEARS
AFTER SHUTDOWN [33] (shutdown value in brackets)

Components Activity (Bq)
RPV, internals + recirculation 4.5E+12

Primary steam piping 4.4E+10

Steam generator, shell side 6.6E+10

Auxiliary systems 1.3E+11

Total, reactor building systems 5.3E+12 (2.3E+13)
Reactor building, external contamination 2.6E+9

Turbine building 2.6E+10

TABLE XIX. ESTIMATES OF QUANTITIES OF RADIOACTIVE PRODUCTS
DEPOSITED IN THE INTERIOR OF REACTOR SYSTEMS (typical GCRs)

Plant Country Power (MW(th)) Activity (Bq) Remarks
G2 France 250 8.3E+10 5 years after shutdown
Magnox UK 355 8.9E+11 At shutdown

TABLE XX. SURFACE CONTAMINATION INVENTORIES AT
GENTILLY-1, CANADA, SIX YEARS AFTER SHUTDOWN?#

Systems Activity (Bq)
Heat transport 6.5E+11
Moderator 3.4E+10
Turbine 5.0E+9
Miscellaneous 5.8E+10
Total (excluding reactor and resins) 7.8E+11

4 Assumptions: 833 MW(th) boiling water, heavy water moderated, 0.5 EFPY.
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TABLE XXI. ACTIVITY OF CONTAMINATION ON INTERNAL SURFACES
OF LWR SYSTEMS AT SHUTDOWN

Plant Country Type Power (MW(e)) Activity (Bq)
Modern generation plants [34]
WNP-2 USA BWR 1155 3.1E+14
Loviisa-1 Finland WWER 440 5.5E+12
Trojan USA PWR 1130 1.8E+14
Old generation plants [35]
Pathfinder USA BWR 60 4.0E+12
Dresden 1 USA BWR 200 9.0E+13
Humboldt Bay USA BWR 65 2.2E+13
Indian Point USA PWR 257 4.0E+13

failure has occurred, on fuel handling systems, and in primary heat transport systems
of any reactor. Details on measuring techniques are given in the technical literature
to be quoted in Section 6.3.3. Important radiological characteristics of such radio-
nuclides are provided below.

9OSI'

99TC

%0Sr is principally produced by fission and is one of the most abundant
fission products. %°Sr decays (half-life: 28.7 a) by B~ emission (maximum
energy: 546 keV) to 20Y. %0Sr is a pure B emitter but is generally found in
equilibrium with its daughter °°Y, which decays (half-life: 64 h) by B~ emis-
sion (maximum energy: 2.27 MeV). %Y is also a pure B emitter. As one of
the major fission products, there is a potential for large contamination inven-
tories of this radionuclide. Because of the lack of y emission in the decay of
908r/20Y and the high B energy from °Y, monitoring for dosimetry and dose
control could be based on [ Geiger-Miiller counters, which requires
additional attention. Assessment of the activity of °Sr in samples requires
radiochemical analysis and 3 spectroscopy.

9Tc is a member of a fission product mass chain with quite large cumula-
tive fission yields. It is also produced by neutron capture and subsequent
B~ decay from *Mo. ®Tc decays (half-life: 211 100 a) by B~ emission
(maximum energy: 294 keV) to ’Ru. *°Tc can be an important ingestion
hazard in safety assessments of the final disposal of contaminated compo-
nents and activated steel components with a high (1000-5000 ppm) initial
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106}1u

1291

137Cg

144
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Mo concentration. Following chemical separation, **Tc is quantified by
using a thin window 3 proportional counter.

106Ry is produced by fission and decays (half-life: 374 d) by B~ emission
(maximum energy: 39 keV) to !9Rh. 1%Rh decays (half-life: 30 s) by B~
emission (maximum energy: 3.54 MeV) to stable '%Pd. The main y emitters
are from the '%Rh decay at 512 and 622 keV. Ruthenium can be present in
different valencies and can form volatile species in high temperature condi-
tions. In solution, ruthenium can be present as unstable species and deposit
on metallic surfaces, forming quite strongly adherent layers. Owing to its
short life, '9%Ru is not a radionuclide critical for disposal. '%°Ru can cause
some radiation hazards by formation of hot spots, mainly in reprocessing
or high level waste treatment facilities. '°°Ru can easily be measured by
Y spectrometry.

1291 is produced by fission (decay product of '2°Te). 2°I decays (half-life:
1.6 x 107 a) by B~ emission (maximum energy: 154 keV) to an excited state
of 129Xe. Because of the decay of the '2°I precursor, the quantity of 2T in a
contamination field will increase slowly after irradiation and reach a peak
only after several months. The long life of this radionuclide and its nature as
a volatile B emitter are considered very important for waste disposal. 12°I can
be correlated with the easily measured !3’Cs and can also be quantified in
laboratories by X or 7y spectrometry or by inductively coupled plasma mass
spectrometry (ICPMS).

This radionuclide is produced by fission and is one of the most abundant fis-
sion products. '37Cs decays (half-life: 30 a) by B~ emission (maximum ener-
gy: 1.17 MeV) to '3’Ba. Approximately 85% of the B decays are through
137mBa and thus are accompanied by the emission of its 662 keV photons.
Barium X rays and conversion electrons are also emitted. Because of its high
water solubility, 137Cs is easily transported in most LWR circuits. Being a
volatile isotope, it may cause inhalation hazards to the decommissioning
work force. The design life of disposal facilities (300 a) is based on the '37Cs
half-life. 137Cs is easily measured by y spectrometry.

144Ce is produced by fission and decays (half-life: 285 d) by B~ emission
(maximum energy: 318 keV) to *Pr. 1*4Pr decays (half-life: 17 min) to a
stable element. Approximately 76% of the emitted B particles have a maxi-
mum energy of 318 keV and 20% have a maximum energy of 185 keV.
Approximately 11% of the B decays are accompanied by the emission of a
133 keV 7y photon. Because of its short life, 144Ce is not a radionuclide
critical for disposal. Although it is analysed as a 7y emitter, optimum



5.3.3.

precision and accuracy are reduced by interferences. A wet radiochemistry
procedure is available to obtain a pure cerium fraction which can be mea-
sured on a 'y spectrometer.

Major actinides

In this section, the radiological characteristics of some actinides occasionally
found as surface contamination in reactor systems are described. It should be noted
that the amount of such radionuclides is usually low in reactors that have operated
with good fuel performance. Details on measuring techniques are given in the tech-
nical literature to be quoted in Section 6.3.3.

238Pu
239py
241 Pu

241 Am

238y is produced by decay of 233Np (maximum energy: 1.247 MeV) and by
o decay (maximum energy: 6.113 MeV) of 242Cm; the half-lives are 2.1 and
163 d, respectively. These parent isotopes are produced by the decay of
radionuclides produced by multiple neutron capture in 233U and 238U. 238pu
decays (half-life: 87.7 a) by o emission (maximum energy: 5.499 MeV) with
a half-life of 87.7 years to 23*U, which is considered as a member of the
uranium series. 23°Pu is produced by B decay (maximum energy: 438 keV)
of 23°Np, which is the daughter of another B emitter, 23°U. 23Pu decays
(half-life: 24 110 a) by o emission (maximum energy: 5.157 MeV) to 23U
and is considered a member of the actinium series. 2*!Pu is produced by
multiple neutron capture in 233U, 23%Pu and related isotopes. It decays (half-
life: 14.35 a) primarily by B emission (maximum energy: 21 keV) to ! Am
and is considered a member of the neptunium series. Following chemical
separation, 238Pu and 23°U are determined via spectrometry, 24/Pu by liquid
scintillation.

The 2*! Am isotope is produced by the B~ decay of 24!Pu. It decays (half-life:
432 a) by o emission (maximum energy: 5.486 MeV) to 2>’Np and is a
member of the neptunium decay series. 2! Am is a low energy Y emitter
(maximum energy: 60 keV) with an effective energy per decay of 5.64 MeV,
mainly due to o emission. The Pu and Am isotopes are mainly found in the
crud layers as contaminants due to fuel pin leakages. The Pu isotopes are the
main o emitters found in corrosion layers. The presence of Pu emitters will
increase if MOX fuel is used in light water reactors. The presence of o emit-
ters in crud may require increased radiation protection measures against
contamination during the dismantling operations and also determine the
waste disposal criteria. For measuring purposes, Am and Cm isotopes
are separated and purified in one procedure. Eventually, radionuclide
concentrations are determined by o spectrometry.
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242Cm

2440m

A member of the uranium decay series, 24?Cm is produced by B~ decay of
242Am, which is produced by neutron capture from 2! Am. 2#>Cm decays
(half-life: 162.8 d) by o emission to the excited state or the fundamental
state of 238Pu. The most intense o energies are 6.112 and 6.069 MeV, which
can be measured by o spectrometry after electrodeposition.

A member of the thorium decay series, 2**Cm is produced by multiple neu-
tron captures. 2**Cm decays (half-life: 18.1 a) by o emission (maximum
energy: 5.804 MeV) to the excited state or the fundamental state of 24OPu. It
can be measured by o spectrometry after electrodeposition.

Uranium isotopes

232y

233y

234y

235y

236U

238y
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232pa decays (half-life: 1.31 d) by B~ emission (maximum energy: 310 keV)
to 232U. 232Pa is generated by thermal neutron breeding in either 23°Th or
232Th. 239Th is found as an impurity in the fuel (338U decay), and 232Th is
used for thorium cycle breeder reactors to generate the fissile 233U isotope.
2324 decays (half-life: 69 a) by o emission (maximum energy: 5.32 MeV) to
228Th and the thorium decay family.

233Pa is generated by neutron capture and B~ emission (maximum energy:
1.245 MeV) of 233Th. 233Pa decays (half-life: 27.0 d) by B~ emission (max-
imum energy: 256 keV) to 233U. 233U decays (half-life: 1.6 x 10° a) by
o emission (maximum energy: 4.82 MeV) but is also fissile by thermal
neutrons and used as enrichment in thorium reactors.

234U is part of the natural uranium isotopic mixture (0.005%), but is also
produced by o decay of 238Pu. In addition, the 233U enrichment process
enriches the 23*U in the nuclear fuel. 23#U is also produced by neutron cap-
ture in 233U. 234U decays (half-life: 2.5 x 107 a) by o emission (maximum
energy: 4.775 MeV).

235U is the fissile part of the natural uranium isotopic mixture (0.7%) used
in most nuclear reactors, but is also produced by o decay of 23°Pu. 23°U
decays (half-life: 7 x 108 a) by o emission (maximum energy: 4.398 MeV).

236U is produced by neutron capture in 233U or o decay of 2*'Pu (maximum
energy: 5.168 MeV). 236U decays (half-life: 2.3 x 107 a) by o emission
(maximum energy: 4.494 MeV).

238U is the major part of natural uranium (99.27%) and also of the fuel. 23U
decays (half-life: 4.5 x 10° a) by o emission (maximum energy: 4.198 MeV).



All other uranium isotopes have very short half-lives and are not considered to
be important for decommissioning.

Uranium is the principal fuel of the fission reactors and therefore the major
constituent of the fuel assemblies. The natural radioactivity of uranium is greatly
increased by the products of nuclear fission. After only one day of operation, most
of the fuel activity comes from the fission products. In natural uranium ore, most of
the activity is produced by the uranium decay products. In the case of fuel assem-
bly damage, uranium can be found as a contaminant in the primary circuit. Uranium
is present in large quantities in non-reactor nuclear fuel cycle facilities, uranium
mining and milling plants, enrichment plants, assembly factories and reprocessing
plants.

The activity of uranium is measured by o spectroscopy, several isotopes by
Y spectroscopy, by correlation with their decay products, or by ICPMS.

5.4. RELATIVE IMPORTANCE OF RADIONUCLIDES WITH TIME

The principal activation products present in reactor materials at shutdown are
55Fe, 90Co, 99Ni, 03Ni, 3%Ar, 24Nb (in steels); 3H, 4C, #1Ca, 3Fe, %0Co, 152Eu, 194Eu
(in reinforced concretes) and *H, '4C, >2Eu and !'>*Eu (in graphites). In terms of
radiation levels, %°Co is the most predominant radionuclide. For steels, >>Fe and
60Co account for the major part of the inventory in the first ten years after shutdown
[36]. In the following 50 years, most of this activity has decayed, leaving the longer
lived nickel, niobium and silver isotopes to dominate. For graphites and concretes,
the short term decay is dominated by 3H, leaving the longer lived '*C, #!Ca and Eu
isotopes to dominate in the longer term. After decay periods of more than 100 years,
sufficient y activity from trace rare earth elements (e.g. Eu) is present to warrant the
adoption of semi-remote dismantling methods for reactor bioshields. To dismantle
the reactor core, semi-remote techniques will be employed in GCRs after a decay
period of more than 100 years, while for LWRs, fully remote techniques may still
be required. Radionuclide decay curves for various reactor types are given
in Figs 2 to 5.

The most abundant radionuclides in contamination residues still present
10-20 years after the reactor shutdown generally include *H, ®°Co, >Fe and '37Cs.
After about 20-30 years, the most abundant radionuclides generally include ®3Ni,
137Cs, 90Co and %9Sr. The long lived transuranic actinides 241 Am, 238,239, 240py gnd
24Cm do not become significant parts of the radionuclide inventory until after about
100-200 years. Traces of **Nb are occasionally present. *Tc and !2°I are generally
not associated with residual contamination. However, it must be pointed out that
fission product and actinide concentrations in the residual contamination are highly
variable from plant to plant [37].
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FIG. 2. Calculated decay of principal radionuclides of the reactor pressure vessel (Lingen
BWR) [7].

5.5. PARAMETERS INFLUENCING THE RADIONUCLIDE INVENTORY

For all reactor types, the radionuclide composition of activated and contami-
nated materials may vary within a very wide range. The variation is influenced by
numerous factors, among which the most important are the integrated neutron flux,
the duration of the operation and the time elapsed after reactor shutdown.

Apart from these important factors, the radionuclide inventory remaining with-
in nuclear power plants after permanent shutdown will also be affected by the
following parameters:

(a) Reactor type, design, power level and shutdown period;
(b) Composition of construction materials, including trace elements;
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FIG. 4. Calculated decay of principal radionuclides (Latina NPP).
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FIG. 5. Calculated decay of principal radionuclides (Douglas Point NGS).

(¢) Operational parameters, e.g. chemistry of the heat transfer medium, and main-
tenance;
(d) Unplanned events.

These parameters are discussed in greater detail in the following sections.

(a) Reactor type, design, power level and shutdown period

As mentioned in the previous subsections, large differences in radionuclide
inventories exist between various types of reactor. For similar nuclear power plants,
the higher the reactor power output, the higher the neutron fluxes and hence the high-
er the amount of activation products. Similarly, with higher fuel burnup as well as
with longer operation periods, the probability of fission product leakage increases,
which may result in radioactive contamination of surfaces. The oxide layer, com-
monly called crud, on the inner surfaces of LWR systems is one of the major sources
of personnel exposure through the deposition of ®*Co and other activation or fission
products. In direct cycle plants, crud deposition also takes place on the steam side of
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the plant, including the turbine. In GCRs, the deposition layer may be looser than in
water reactors.

Other differences in the amount of activation products present are mainly due
to various fuel types, fuel loading factors, and geometries used in the reactor design,
together with the period of decay since shutdown.

(b) Composition of construction materials, including trace elements

To produce an accurate radioactive inventory in a shut down reactor, the com-
position of materials used within the influence of the neutron flux should be well
known. Particular attention needs to be paid to the trace elements which could pro-
duce significant quantities of long lived, neutron induced radioactivity. Often it is the
presence of these trace elements, i.e. those which were not necessary for the purpose
of material properties and hence were uncontrolled at the stage of material pro-
duction, which dominate the total inventory (e.g. trace Li in concrete giving rise to
significant levels of tritium). Conversely, many materials such as alloy steels which
contain Nb for metallurgical reasons are not preferred for use in high neutron flux
regions since they will give rise to long lived *Nb. Particularly in old reactors, the
reactor material composition is only poorly known, and this knowledge must be
regained at the time of decommissioning, e.g. by a composition sampling programme,
which may include the sampling of activated material or of inactive material retained
for archive purposes. A particular method that has occasionally been implemented is
neutron irradiation and analysis of inactive samples of the same reactor material to be
characterized after initial analysis for trace elements. This can be done under known
neutron flux and spectrum in another reactor or in the same reactor before it is shut
down (see Section 6.2.2).

(¢) Operational parameters

The amount of radioactive material deposited on the various surfaces may vary
broadly, depending primarily on the corrosion rate of the material concerned and the
chemistry of the heat transfer medium. Water chemistry during normal and refuelling
operations affects the corrosion process and the release/deposition process.
Maintenance operations that may have occurred during the operational phase of the
reactor (total or partial decontamination, replacement of components) may also
influence the final radiological state.

(d) Unplanned events
During the operating lifetime of the reactor plant, events such as spills, leaks,

fuel damage or other unplanned events will invariably affect the radionuclide
inventory. Such events should be documented in the reactor’s historical records.
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