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FOREWORD 

The decommissioning and decontamination of nuclear facilities is a topic of 
great interest to many Member States of the International Atomic Energy Agency 
(IAEA) because of the large number of older nuclear facilities which are or soon will 
be retired from service. 

To assist in the development of the required decommissioning expertise, the 
IAEA is developing reports and recommendations which will eventually form an 
integrated information base covering in a systematic way the wide range of topics 
associated with decommissioning. This information is required so that Member 
States can decommission their nuclear facilities in a safe, timely and cost effective 
manner and the IAEA can effectively respond to requests for assistance. 

One area which warrants more detailed analyses is an assessment of the factors 
important to the recycling or reuse of components arising from the refurbishment or 
decommissioning of nuclear plants, the topic of the present report. 

A Technical Committee Meeting on the Factors Relevant to the Recycling or 
Reuse of Components Arising from the Decommissioning of Nuclear Facilities was 
held in Vienna in April 1986. The meeting was attended by 21 experts from 
12 Member States and three international organizations. The participants discussed 
and redrafted a preliminary report prepared by the IAEA Secretariat (M.A. Feraday) 
and its consultants (A.M. Chapuis — France and F.R. O'Donnell — USA). The 
participants of the TCM also recommended that a separate annex be written giving 
more details on monitoring for compliance with release criteria. This annex was 
subsequently prepared at a meeting in Vienna in December 1986 by the IAEA 
Secretariat and its consultants (R.L. Brodzinski — USA; N.H. Merrill — UK; 
H. Tovedal — Sweden). The report and annex were revised by the IAEA Secretariat 
and subsequently approved by the participants. 

The document provides an up to date review of the engineering, social, 
scientific and administrative factors relevant to the safe recycling or reuse of compo-
nents arising from decommissioning or refurbishment of nuclear facilities. 

This report should be of interest to owners, operators, policy makers and 
regulators involved with nuclear facilities, especially those in developing countries. 
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1. INTRODUCTION 

A large number of nuclear facilities have been or are being decommissioned 
in Member States [1, 2]. Although no large power reactor has been completely 
dismantled, technical experts agree that sufficient experience has been gained so far 
to demonstrate that decommissioning can be carried out without unacceptable impact 
on man or his environment. This viewpoint is supported by the knowledge and 
experience being gained from research and development work currently being 
done [1-9]. However, although a good deal of progress has been made in the 
development of the technology and methodology of decommissioning, further work 
is required to improve equipment and techniques, to reduce costs and exposures to 
as low as reasonably achievable taking into account economic and social conditions, 
and to gain experience with larger facilities. 

To assist in the development of the required decommissioning expertise the 
International Atomic Energy Agency (IAEA) is developing reports and recommen-
dations which will eventually form an integrated database covering in a systematic 
way the wide range of topics associated with decommissioning. Since the Agency 
first included decommissioning in its programmes in 1973, eleven decommissioning 
reports [1-3, 10-17] related to the Agency's work have been published and two 
[18, 19] are in progress. These reports summarize the work done by technical 
committees, advisory groups and international symposia of experts. 

One area which warrants more detailed analysis is an assessment of the factors 
important to the recycling or reuse of components arising from the refurbishment or 
decommissioning of nuclear plants, the topic of the present report. 

In this report the four component parts of a nuclear installation are defined as 
being: 

— materials 
— equipment 
— buildings and 
— sites 

any or all of which could be recycled or reused for restricted or unrestricted use after 
decommissioning. This definition of 'component' is different from what is normally 
used in industry; it is in the context of the dictionary definition as contributing to 
the composition of the whole of the nuclear facility. 

During decommissioning and refurbishment large quantities of material and 
equipment will be removed from a nuclear facility. The items which come from the 
non-radioactive areas of the plant can be treated as ordinary salvage or demolition 
wastes. Most components from the radioactive areas are treated and disposed of as 
radioactive waste or, if contamination levels are low enough, non-radioactive waste. 
However, some of the component parts are valuable and may be recycled or reused 
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either for restricted or unrestricted use. If the radionuclide content of the items is 
at or can be reduced to acceptable levels, they can be cleared for unrestricted reuse. 

In addition, when a nuclear installation is decommissioned to Stage 3, any 
buildings left standing and the site are available for reuse either for unrestricted or 
restricted use. 

2. SCOPE 

The objective of this report is to provide an up to date review of the engineer-
ing, social, scientific, and administrative factors relevant to the safe recycling or 
reuse of components arising from decommissioning or refurbishment of nuclear 
facilities. The topic is examined in the context of what is being done in industrial 
recycling, the need, practicality and viability of recycling in the nuclear industry and 
the availability of suitable tools, criteria and instrumentation. 

The information presented is intended to be of interest to those who are 
evaluating, planning or implementing the recycling or reuse of components as well 
as to those who are developing the regulations and/or radiological criteria required 
for this work. It should be considered in conjunction with other published 
information such as internationally accepted guidelines, and past experience. 

3. RECYCLING IN INDUSTRY 

3.1. INTRODUCTION 

Although recycling of materials and reuse of facilities and equipment have 
traditionally been practised in society, the trend in this direction has increased in 
recent decades. Part of the increased interest in recycling reflects industries' 
response to economic opportunities to reduce the amount of money spent on waste 
disposal, energy and raw materials. In addition there is an increased awareness on 
the part of society and government of the desirability of conserving raw materials, 
energy and other resources, making the best use of land and reducing environmental 
problems. 

In this section the non-nuclear recycling industry is briefly examined along 
with the current status of industrial recycling to assist the reader to understand the 
recycling industry and place nuclear recycling in a proper perspective. 
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3.2. THE RECYCLING INDUSTRY 

In many countries dynamic recycling industries have existed for over a 
hundred years to turn inactive ferrous and non-ferrous metals, paper, plastics, glass, 
equipment, etc., into valuable and useful products. 

The recycling industry in many countries has developed in the private sector 
in response to a need and an opportunity to make a profit [20, 21]. These industries 
are governed to a large extent by the laws of supply and demand. To successfully 
recycle material, there must be a use or market for the material, the supply must be 
of good quality and be within an economical distance of the user and the government 
and public must be willing to accept the final product. It is counter-productive to 
have extensive collection programmes if there is no end use for the material. 

Generally, in the salvage industry there are three types of dealers: basic 
suppliers, small dealers and large dealers. The basic suppliers (junk dealers, munici-
palities, automotive wreckers, demolition companies, etc.) collect small quantities 
of mixed scrap from many sources and sell these to small dealers. The small dealer 
accumulates these materials along with items picked up elsewhere and sells them to 
a large dealer, a broker or occasionally directly to the industrial user. 

Large dealers tend to specialize in one general type of commodity (metals, 
paper, machine equipment, etc.). These dealers sort and process the scrap materials 
which they acquired from small dealers and industrial sources to enhance the value 
of the scrap before selling it to industrial users or brokers. 

There are three major types of metal scrap [22]: 

— In-house scrap which is produced in the manufacture of mill products and is 
recycled directly in the mill 

— Prompt industrial scrap which is generated by the secondary manufacturing 
industry and 

— Obsolete scrap which comes from worn out or discarded structures, equipment 
and machining. Scrap metals from the nuclear industry would fall into this 
class. 

Prompt and obsolete scrap are usually processed by the recycling industry and 
supplied to the mills in a number of grades and to various chemical and shape specifi-
cations. These two types will be grouped together in this report as external scrap. 

Dealers usually ship scrap in truckload lots keeping distances as short as 
possible. Shipping distances are typically less than 100 km for low quality scrap, 
800 km for good quality ferrous material and 1600 km for high value non-ferrous 
scrap. 

3.3. THE STATUS OF INDUSTRIAL RECYCLING 

The secondary metals industry recycles many different metals including steel, 
copper, lead, aluminium, zinc, magnesium, nickel and zirconium. For example, in 
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Canada over seven million metric tonnes (7 Mt) of steel scrap are recycled each year 
compared with about one million metric tonnes of other metals. In steel manu-
facturing the percentage of scrap used ranges from about 100% in the electric 
furnace industry to about 50% (open hearth) and 30% (basic oxygen furnace) in other 
types [22]. 

The total amount of scrap recycled each year can vary significantly depending 
on general economic conditions, price, availability of scrap at the right spot, etc. 
Scrap consumption by individual nations varies considerably depending on the mix 
of furnace types being used. Large quantities of homogeneous, clean, high grade 
scrap metal are always in demand, while low grade scrap or scrap requiring special 
treatment often cannot be given away in low demand periods. Usually the scrap 
accepted by dealers contains over 90 wt% of one or two salvage materials and 
usually not less than 80 wt%. 

Since it is difficult to get comparable numbers relating to in-house scrap, 
external scrap and total production of metals in many countries, the United States 
of America will be used as an example to give an indication of the percentages of 
each type of scrap that are used. 

Table I shows the consumption of in-house, external and total metal scrap 
recycled as a percentage of total consumption in the USA in 1969 [23]. In 1980 the 
USA produced about 100 Mt of raw steel using 75% total scrap. During the same 
year the members of the OECD (including the USA) produced about 400 Mt of raw 
steel. Also in 1980, the in-house aluminium scrap (0.75 Mt) and external scrap 
(0.5 Mt) represented about 27% of the total production of 4.5 Mt in the USA. 

In 1984 the French steel production was 19 Mt obtained from 27 Mt of ore and 
6.8 Mt of scrap [24]. 

The usage of scrap steel is expected to increase at a rate of several per cent 
each year to the end of the century. The demand for higher quality scrap in terms 
of lower levels of undesirable elements will require the introduction of more sophisti-
cated equipment in the recycling industry, for example X-ray spectrometers to 
analyse scrap, improved shredders to increase separation of non-ferrous and non-
metallic components in the feed material, high pressure balers to produce higher 
density feed, etc. 

4. RECYCLING OR REUSE OF NUCLEAR COMPONENTS 

4.1. INTRODUCTION 

During the maintenance, refurbishment and decommissioning of nuclear instal-
lations, large quantities of materials and equipment and some buildings and sites 
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become available for recycling or reuse, or for disposal if economic and practical 
constraints prevent reuse. 

Typical categories arising from the above activities include: 

(a) radioactive wastes which have no economic or practical value. These would 
be sent for disposal 

(b) components whose activity levels can be reduced to levels acceptable for 
restricted reuse in a controlled area 

(c) components which are inactive or have been decontaminated to bring their 
activity to levels below regulatory concern. These items can be released for 
unrestricted use if it is economical and practical or sent for disposal as inactive 
waste. 

This report deals mainly with the items from categories (b) and (c) which can 
be recycled or reused. The factors which can influence the desirability and viability 
of recycling or reusing components arising from decommissioning are discussed in 
Section 6. 

' In the following sections the new materials needed to construct a reactor, the 
types and quantities of materials and equipment which might arise during decommis-
sioning, experiences to date and research activities in these areas are examined. 

4.2. MATERIALS AND EQUIPMENT FROM DECOMMISSIONING 

It has been calculated [25] that 217 kt of materials including 37 kt of metals 
are needed to construct a 1000 MW(e) PWR (Table II). These figures include field 
construction materials used during the construction of the facility. Of this amount 
about 19 kt including 4.7 kt of metal (Table II) are considered to be radioactive 
waste during decommissioning or about 9% of the construction material. The 
remaining 91% is considered to be inactive and should be suitable for unrestricted 
use providing that it does not become contaminated during decommissioning. 
Typical volumes of radioactive operating and decommissioning wastes from various 
nuclear facilities are shown in Table III. In all cases except for gas diffusion plants 
the decommissioning wastes are smaller than the operating wastes. 

It has been estimated that during the next 25 years three million cubic metres 
of radioactive material could arise from the decommissioning of nuclear power 
plants in OECD countries [9]. Decommissioning of other nuclear fuel cycle facilities 
is expected to produce less than 100 000 m3 of radioactive waste during the same 
period. 

The contamination level of most salvageable metals from reprocessing plants 
would be high in most areas of the facility and it is presumed that recovery of most 
of this metal would not be feasible [29]. It was estimated that only about 50 t of 
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TABLE III. TYPICAL VOLUMES OF RADIOACTIVE OPERATING AND 
DECOMMISSIONING WASTES FOR NUCLEAR FACILITIES IN 
THE USA [30] 

Operating Decommissioning 
Facility type" Typical capacity wastesb wastes 

(m3) (m3) 

Uranium conversion 10 000 MTIHM/ac LLW: 18 000 LLW: 1 260 

Uranium enrichment by 8.75 x 106 SWU/a LLW: 8 000 LLW: 12 700 
gaseous diffusion 

Uranium enrichment by 8.75 x 106 SWU/a LLW: 60 000 LLW: 20 700 
gas centrifuge 

Fuel fabrication 1000 MTIHM/a LLW: 99 000 LLW: 1 100 

Pressurized water reactor0 1000 MW(e) LLW: 35 000 LLW: 15 100 

Boiling water reactord 1000 MW(e) LLW: 60 000 LLW: 16 400 

Reprocessing plant 1500 MTIHM/a LLW: 54 000 LLW: 3 100 
TRU: 91 000 TRU: 4 600 

a Assume 40-year lifetime. 
b Wastes generated during operation lifetime of the facility. 
c MTIHM = Metric tonnes of initial heavy metal. 
d Assume 75% capacity factor. 

stainless steel and 400 t of steel equipment and piping would have low enough 
contamination levels to be worth recovering from each reprocessing plant. 

In addition to components arising from decommissioning, materials and equip-
ment also come from maintenance, refurbishment and operation of facilities. For 
example, about 322 kt of metal has been accumulated from the routine operation of 
nuclear facilities in the USA (Table II). 

Some materials from nuclear reactors, accelerators and fusion facilities have 
induced radioactivity. However, the largest fraction of materials from these and 
other nuclear facilities such as fuel fabrication plants, reprocessing plants, etc., only 
have surface contamination which can be removed by decontamination techniques 
(Section 5). 

In addition to materials, a wide variety of equipment goes into the building of 
a power reactor and some of this will probably be reusable after the 30-40 years' 
design life. Although much of the equipment may be obsolete, it will presumably still 
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be in good shape since even in the last year of operation this would be required by 
the operating licences. Table IV shows some examples of the type of equipment and 
components used in the active area of a large reactor [26]. Although it appears likely 
that it may be difficult to find interested buyers for much of the equipment, it may 
be possible to use some equipment as a source of otherwise unattainable spare parts 
for similar units still in operation. 

The recycling or reuse of materials and equipment can be done for restricted 
use within controlled zones or for unrestricted use to the general public. The 
allowable level of activity for unrestricted use is much lower than for restricted use. 

TABLE IV. EXAMPLES OF THE TYPES OF EQUIPMENT AND 
COMPONENTS USED IN THE ACTIVE AREA OF A NUCLEAR 
POWER PLANT [26] 

Reactor coolant recirculation jet pumps — ten 
Reactor coolant water circulation pumps each 6.6 MW — four 
Main turbine/generator sets — four 
Electrical distribution system components 
Steam generators — four 
Various sizes of tanks and pumps — some stainless steel — many 
Control and shutoff valves, automatic and manual — many 
Heating, ventilating and air conditioning equipment — many fans, pumps, control valves, 
filtering systems, control panels, air heaters 
Forklift trucks 
Cranes — from 3 to 100 t 
Machine shop equipment 
Small motors 
Storage battery tanks 
DC electrical systems 
Emergency power diesel/generator sets — 2 at 4 kV 
Water purification systems 
Small tools and equipment 
Health physics equipment 
Decontamination equipment 
Electrical controls and instrumentation 
Lighting fixtures 
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For complex pieces of equipment having surfaces which are difficult to reach 
it may be difficult to verify that the residual contamination is below that which is 
of regulatory concern. 

Since simple handtools such as hammers, pliers, wrenches, etc., can be easily 
decontaminated and verified, sale of these to the general public for unrestricted 
release should not be a problem. However, if these tools are still in good shape, it 
is just as likely that they would be used inside the nuclear industry. 

In addition to the equipment and components from the active area, large 
numbers of items will also be available from the inactive areas including typewriters, 
computers, electrical and lighting equipment, office equipment, machine shop and 
laboratory equipment, cranes, etc. There should not be any problem in reusing these 
items if they are not obsolete. 

4.3. EXPERIENCE IN RECYCLING AND REUSING COMPONENTS 

A large number of nuclear facilities have been decommissioned to Stage 3 [2] 
and the sites and remaining buildings have been released for unrestricted use. Many 
of the components from these facilities, from those decommissioned only to Stages 1 
or 2 and from plants undergoing refurbishment have been released for restricted or 
unrestricted use. It is beyond the scope of this report to list all these activities; 
however, selected examples of such practices are given in Table V. 

Decontamination and reuse of tools and equipment for restricted use within the 
nuclear industry has been widely practised and the techniques are well known. 
However, recycling/reuse of contaminated equipment for unrestricted use is not as 
widely practised. One of the major problems is to confirm that inaccessible surfaces 
have been decontaminated to levels acceptable for unrestricted use. In addition, 
much of the equipment will be obsolete. 

Of the 180 kt of concrete used to construct a 1000 MW(e) PWR (Table II), 
only about 14.4 kt becomes activated or contaminated during operation. Although 
widespread use of the inactive concrete is not being practised, consideration should 
be given to finding ways of using some of this material rather than paying the cost 
of disposal. For example, it might be feasible to use the concrete rubble or blocks 
as a foundation material for road beds or as an intrusion barrier over radioactive 
shallow land burial sites. For uses such as this, shipping distance could not be too 
great. At the Gundremmingen site in the Federal Republic of Germany, 400 t of 
decontaminated concrete was used as a dam to block off a lake. It is expected that 
more concrete will be used in this manner in the future. 

4.4. RESEARCH INTO RECYCLING 

The most likely materials for recycling from nuclear facilities are metals, 
especially expensive metals, and some research is in progress to develop the technol-
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ogy for melting radioactive metals and examine the distribution of the radionuclides 
in the final product and residue. Usually the research has several objectives such as: 

— to reduce the volume for disposal 
— to immobilize the radioactivity 
— to decontaminate the metal (Section 5.3) and homogenize the residual activity 

to make sampling easier if the metal is to be recycled. 

The Commission of the European Communities (CEC) has an active research 
programme into the melting of metal scrap from nuclear facilities. Research into 
possible melting processes, products, by-products and radiological impact is being 
done (Section 5.3) in laboratory and industrial scale experiments in France [48, 49], 
the Federal Republic of Germany and the United Kingdom [50, 51]. Melting appears 
to be a promising method of volume reduction and consolidation of waste and a 
means to verify that the scrap meets compliance criteria. It was also concluded that 
this work should continue mainly to improve the selected methods and to identify 
possibilities for remelting selected steel wastes for reuse in nuclear areas, for 
example as transport or disposal containers, as shielding, etc. [50]. 

In the USA research work on the melting of contaminated steel waste was 
initiated in 1983 at the Waste Experimental Reduction Facility at the Idaho National 
Engineering Laboratory. The facility has the potential to cast about four 680 kg 
ingots per day in a controlled area. 

Research has recently been initiated at CEA/CEN Grenoble in France on the 
separation of stainless steel constituents using transport in the vapour phase [52]. 

In addition to the above research, continuing work on other means of 
decontaminating equipment, materials, sites and buildings is routinely done. The 
techniques used to carry out this work are summarized in Refs [16, 18] and are 
briefly discussed in the following section. 

5. DECONTAMINATION FOR RECYCLING OR REUSE 

5.1. INTRODUCTION 

Components arising from decommissioning which have radioactivity levels 
higher than those acceptable for restricted and unrestricted release must be 
decontaminated if they are to be recycled or reused. 

A wide variety of decontamination processes are available and new or 
improved processes are continually being developed. These include a wide range of 
high and low concentration chemical and electrochemical decontamination processes 
as well as many other methods such as: 
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— vacuum cleaning 
— brushing, washing, scrubbing 
— high pressure water/steam lancing 
— abrasive jetting 
— Freon cleaning 
— ultrasonic cleaning 
— scarifying 
— grinding 
— drilling and spalling 
— heat spalling 
— high pressure jet spalling 
— pavement breaking. 

Details on most of these processes have been described in review reports 
[4, 16, 18, 53] and they will not be repeated here. However, a few notes on their 
application are given below. 

A decision whether to proceed with decontamination of a component and the 
final process selected to achieve the required objective will depend on a large number 
of factors [2, 16]. The final decision should be such as to achieve the required 
decontamination and to minimize the overall impact of decontamination and the net 
detriment to man and the environment. 

Components selected for unrestricted recycling or reuse must be decontami-
nated to activity levels lower than those required for recycling or reuse within a 
nuclear facility. More aggressive decontamination techniques can be used if the 
component is not to be reused in its original form and damage during decontamina-
tion is not a concern, for example, if the material is to be remelted before reuse. 

5.2. SURFACE DECONTAMINATION OF MATERIALS, EQUIPMENT 
AND STRUCTURES 

Chemical decontamination of metal surfaces is usually accomplished by 
immersing the object in a bath, by spraying, swabbing, etc., or by internal 
circulation in piping systems or tanks. 

It can be very difficult to decontaminate the inside surfaces of complex pieces 
of equipment and measure the residual contamination on these surfaces. However, 
processes employing non-aqueous solvents such as Freon can be very useful for 
decontaminating motors, precision parts, electronic equipment, etc. Also gels, foams 
and pastes containing chemical reagents can be used to decontaminate slightly porous 
and non-porous surfaces. The substances are coated onto the surface where they 
dissolve and trap the contaminants which are then removed when the applied 
substance is removed by washing or stripping. 
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The non-chemical decontamination processes involve the physical removal of 
the contaminants using: 

(1) non-destructive processes which have little effect on the surface and are most 
effective on loose contamination, for example vacuuming, washing, steam 
jetting, etc. 

(2) destructive processes which remove layers of the surface to varying degrees, 
for example abrasive jetting, flame spalling, jackhammers, scarifiers, etc. 

5.3. DECONTAMINATION OF METALS BY MELTING 

The radioactivity induced by neutron activation of certain metals in reactor 
components cannot be removed using the surface decontamination methods 
described above. However, metals which are activated, contain tritium or other 
volatile or gaseous radionuclides or have surface contamination can be partially 
decontaminated by melting. 

Decontamination of the metal occurs during the melting process to the extent 
that selected radionuclides are trapped in the slag crucible, furnace liners or air ducts 
or are volatilized. Factors that can affect the degree of decontamination include 
furnace type, design, size and operating conditions, slagging ingredients used, 
thermal and chemical stability of the metal and contaminants, etc. 

For example, melting under a slag cover can be used to remove uranium from 
most metals because the uranium is preferentially converted to an oxide and trans-
ferred to the oxide slag. Plutonium also has been removed from steel, stainless steel, 
nickel and copper by melting [54]. Laboratory experiments showed that uranium 
surface contamination can be removed from nickel, copper and stainless steel down 
to about 1 fig U/g of ingot by remelting. Aluminium scrap that was contaminated in 
a similar manner did not respond to the treatment [55]. Attempts to remove 99Tc 
from the same metals gave the opposite results, good removal from aluminium and 
essentially no removal from the other metals. 

In the CEC programme the following results on decontamination of metals by 
melting have been achieved [50, 51]. In the United Kingdom two tonnes of radio-
active components were treated during 16 melts in 500 kg induction and 5000 kg 
electric arc furnaces. The levels of activity in the ingots were brought below 
0.37 Bq/g by diluting up to 50 times with inactive scrap and by separation of radio-
nuclides during melting [51]. The work showed that the ^Co remained in the ingot 
and the 137Cs went into the slag. In the Federal Republic of Germany, sixty-seven 
200 L drums of decontaminated scrap originating from the Obrigheim and 
Gundremmingen nuclear power plants were melted in an industrial furnace under an 
atmosphere to produce 24 t of ingots and 800 kg of slag. About 97% of the 60Co 
(1 Bq/g in the scrap) remained in the billet and about 90% of the 137Cs (0.5 Bq/g) 
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went into the slag. The remainder went into the furnace liner and cooler parts of the 
air duct system [50]. The overall volume reduction including the slag was over 70%. 

Also in France more than 1500 t of lead contaminated with <750 Bq/g was 
melted with a decontamination factor up to 103. 

In Switzerland laboratory studies give an indication of how 60Co and 137Cs 
behave during the melting of steel [56]. During melting the percentages of ^Co 
going into the casting were about 73% in an air atmosphere and 94% if an argon 
cover was used. Most of the remainder was trapped in the crucible. The percentages 
for 137Cs showed that 95% was trapped by the crucible if air was used and 69% 
with argon; most of the rest escaped as an aerosol. 

Some metal components in heavy water cooled/moderated reactors contain 
tritium (3H) not only on the surface in hydrated oxide layers, but also within the 
metal by diffusion of the 3H. Melting the metal can remove the 3H by volatilization. 
Decontamination of tritiated metal by melting has been practised in France for many 
years. The primary purpose is tritium recovery and this process is used only for scrap 
with a tritium content of more than 37 TBq/t. The resulting average ingot activity 
is about 37 GBq/t [57]. 

These data indicate that melting can be effective in decontaminating metals if 
the radionuclides are volatile. However, because trapping of volatile radionuclides 
such as 137Cs can occur in the slag crucibles, ducts and liners this must be taken 
into consideration during the overall assessment. This secondary contamination can 
affect overall cost and doses related to the maintenance or decommissioning of the 
furnaces and disposal of residual waste and slag. 

Apart from decontamination, melting of radioactive metal scrap could have 
other potential benefits: 

(1) It is a promising method of substantially reducing the volume for disposal or 
storage. For example, in the Gundremmingen melting experiments (above) the 
volume reduction was over 70% including the slag. 

(2) Melting also distributes surface activity into the mass and homogenizes and 
fixes all the remaining radionuclides. This reduces the risk of resuspension and 
inhalation by the general public if it is released for unrestricted use or for the 
workers if it is sent for disposal. The leach rate of consolidated metal ingots 
should also be much less than for metal scrap. 

(3) The self-shielding of the ingot virtually eliminates all external radiation from 
some radioisotopes, particularly alpha and beta emitters. 

(4) In some cases, consolidation by melting may be the only feasible method of 
verifying that the activity levels of the scrap are below the exemption limits. 
For example, heat exchangers from nuclear power plants contain hundreds of 
kilometres of tubing which is probably only slightly contaminated. Although 
measurements on pieces taken from the tubing using statistical sampling 
methods could be used to verify activity levels, sampling the consolidated 
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metal is much easier and should give more reliable results. In the case of large 
quantities of small scrap items, sampling after melting would also be less 
expensive. 

(5) Large quantities of contaminated metals, accumulated from the decommission-
ing of various nuclear facilities, could be used as raw material for remelting 
and recycling into items for restricted use such as one way containers for waste 
disposal, shielding barriers, steel rebar for the construction of repositories and 
other nuclear facilities, etc. This avoids the expenses of cleaning the metals and 
the difficulties of control after the application of a decontamination process. 

5.4 SITE DECONTAMINATION 

In most cases a site is decontaminated by physically removing the contaminated 
soil, radioactive liquids or residual rubble resulting or remaining from the 
decommissioning process. These items could be sent to a suitable waste disposal site. 
Alternatively, the contaminated material may be isolated in situ by covering with 
non-contaminated soil or by the installation of some type of engineered barrier. 

Numerous reports are available which describe the decontamination of sites 
following the decommissioning of obsolete uranium and thorium ore processing 
facilities, laboratories, reactors, etc., as well as the monitoring and quality control 
processes used. Examples of such reports include Refs [44, 45, 58-60]. 

In some cases a contaminated site might only be cleaned up for restricted 
release and be used for a new nuclear installation since the availability of suitable 
sites is limited in many countries. Reuse of sites in this manner must be assessed on 
a case by case basis. 

6. FACTORS TO BE CONSIDERED IN THE 
RECYCLING OR REUSE OF COMPONENTS 

6.1. INTRODUCTION 

In general, the recycling or reuse of the component parts (materials, equip-
ment, buildings and sites) of a nuclear installation being decommissioned or 
refurbished can be done at two levels: for restricted or unrestricted use. 

For restricted release, the components remain under regulatory control. 
Examples include: the reuse of equipment within the controlled area of a nuclear 
installation, the fabrication from activated or contaminated metals of disposal 
containers for radioactive waste and the use of a site for a new nuclear installation. 

17 



For unrestricted release the components are no longer subject to regulatory 
control and can be used anywhere because they have been judged to represent 
negligible risk to the general public now and in the future. For example, contami-
nated metals can be cleaned, remelted and reused to make consumer goods. Also 
nuclear equipment, buildings and sites could be released for unrestricted use 
providing that they could be cleaned up so that activity levels are below the required 
regulatory standards for unrestricted release. 

The decision whether or not to recycle or reuse components from nuclear 
facilities for restricted or unrestricted use depends on many factors some of which 
are specific to a facility or a country and others which are international in scope. 
Some of the more important considerations are as follows: 

— The availability of regulatory criteria giving activity levels for components 
which may be released for unrestricted use and those which may only be 
released for restricted use 

— The availability of the technology and facilities required to recycle the items 
— The availability of instrumentation to measure the regulatory activity levels and 

quality assurance programmes to assure compliance with criteria 
— The effect that recycling of materials will have on the extension of natural 

resources 
— The economic implications including the cost of decontamination, waste 

disposal, marketability of the recovered items, etc. 
— The socio-political attitudes in the affected country or industry regarding the 

recycling/reuse of components from nuclear installations. 

6.2. AVAILABILITY OF RADIOLOGICAL CRITERIA FOR RECYCLING 
OR REUSE 

The principal objective of radiation protection is to protect man from undue 
exposure, today and in the future. This objective is applicable to all radiological 
work including the recycling or reuse of components from the decommissioning of 
nuclear facilities. The system of dose limitation as laid down by the ICRP [61] and 
subsequently adopted by the IAEA [62] contains three essential components: 

(1) lustification of a practice 
(2) Optimization of radiation protection 
(3) Individual dose limitation. 

lustification requires that in order to prevent unnecessary exposure no practice 
involving exposure to ionizing radiation shall be adopted unless its introduction 
produces a positive net benefit. 

All exposure to radiation is assumed to involve some degree of risk and the 
optimization of radiation protection requires that exposures should be kept as low as 
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reasonably achievable (ALARA), economic and social factors taken into considera-
tion. This can be interpreted as meaning that the detriment associated with the 
practice under consideration should be appropriately small in relation to the benefit 
resulting from it. The detriment is the harm to health caused by the practice and is 
assumed to be proportional to the total radiation dose to the population as a whole. 

Dose limits are necessary as an overriding limit on the risk to individuals. They 
may be regarded as the lower bound of a region of unacceptable risk. Recommenda-
tions on the individual dose limits are given by international organizations such as 
the ICRP [61]. It is, however, the responsibility of the competent national authority 
to implement the international recommendations and to apply the applicable dose 
limits to the given situation. 

Practices involving the recycling or reuse of components from the decommis-
sioning of nuclear facilities must be controlled on the basis of these principles of 
radiological protection. If unrestricted recycling or reuse is intended it will be neces-
sary to demonstrate that the radiological risks associated with the practice are trivial. 
Such a practice might then be considered as exempt from the normal requirements 
of regulatory control. Although ad hoc criteria have been used in the past by regula-
tory authorities to recycle batches of material, work is in progress to develop 
internationally accepted criteria. These topics are discussed in more detail below. 

6.2.1. Current practice 

The recycling or reuse of components from nuclear facilities is currently 
handled in individual Member States using ad hoc criteria based on existing legisla-
tion. In making a case by case authorization, the competent national authority 
assesses the type and quantity of components for recycling or reuse, the characteris-
tics of the radionuclides in the contamination on or in the components, the end use 
and the means of achieving it and the potential pathways to man for the probable 
scenarios. For many cases a simple safety assessment of the risk to man, based on 
pessimistic assumptions is sufficient to satisfy the authorities that the risk is 
negligible. On the basis of this assessment maximum surface activity or concentra-
tion levels are set by the regulatory authorities. 

Most Member States having nuclear facilities have established permissible 
levels of surface contamination on objects intended to be removed from controlled 
areas. However, there is a wide range in these values. For example, for alpha surface 
contamination the values range from 0.17 to 3.7 Bq/cm2, with many having a value 
of 0.37 Bq/cm2. Permissible values for beta/gamma surface contamination levels 
range from 0.37 to 3.7 Bq/cm2, with many being near the upper end of the range. 

Table VI is taken from the United States Regulatory Guide 1.86 [63] and gives 
surface contamination limits used for the termination of licences for nuclear 
facilities. However, the use of these figures as general release levels might be inade-
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quate and work is in progress in the USA to develop general criteria for unrestricted 
release of components [64]. 

Some of the criteria used to recycle specific examples of material shown in 
Table V are given below. 

The French authorizations (unreported so far) granted in 1971 and 1980 for 
the dismantling of uranium ore processing plants contained the following limits for 
materials and interior building walls released for unrestricted use: 

(a) Non-fixed alpha 
(b) Fixed alpha (averaged over 1 m2) 
(c) Beta dose rate at 30 cm 
(d) Gamma dose rate at 30 cm 

Levels allowed on building exteriors were 10 times higher than those listed 
above. Items having internal surfaces which could not be measured were considered 
to be radioactive. 

Other criteria used to recycle (for unrestricted use unless noted) specific items 
discussed in Table V are as follows: 

— Release of drums in France for melting (750 t/a). 
Value averaged over one 200 L drum: 

0.2 Bq/cm2 

2 Bq/cm2 

7.5 nSv/h 
1.25 AtSv/h. 

— Recycling of 1500 t of heat exchanger tubes in Sweden: 

— Release of structures from the decommissioning of a 
1 MW research reactor in Sweden. During decontamina-
tion of the reactor building an action level for cleanup 
of 8 kBq/m2 was used. The average surface activity 
levels were: 
(a) Buildings formerly in the controlled area: 
(b) Buildings formerly in other areas: 

— In the Federal Republic of Germany steam pipes and 
components from backfitting activities have been 
recycled on the basis of the following limits on the 
beta/gamma activity: 
(a) Surface activity 
(b) Mass concentration 
which have to be fulfilled simultaneously. As the surface 
criterion (a) is much more restrictive than (b), the 
specific activity in the final product was as low as 4 mBq/g. 

74 kBq/drum 
(alpha) 
500 Bq/kg 
(gamma) 

80 Bq/m2 

20 Bq/m2 

0.37 Bq/cm2 

3.7 Bq/g 

6.2.2. Development of international criteria 

It has been calculated [9] that 51 commercial nuclear power plants could be 
decommissioned between 1981 and 1995 in OECD countries and another 237 in the 
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following 15 years. The data given in Tables II, III and IV show that large volumes 
of metals and other materials and thousands of pieces of equipment will arise from 
the decommissioning of these reactors. All of it will either have to be recycled, 
reused or disposed of as active or inactive waste. 

The derivation of ad hoc procedures and release limits for this quantity of 
material would place an unwieldy burden on regulators and operators in future years. 
This problem is compounded by the fact that recycled metals could enter into the 
international market and thus circulate between Member States. 

Therefore it is desirable that internationally accepted criteria be developed for 
the recycling or reuse of components arising from the decommissioning and 
refurbishment of nuclear facilities. 

Some limited guidance on the conditions which must be complied with before 
radiation sources and practices can be exempted from regulatory control is given in 
the Basic Safety Standards [62]. Work is in progress at the IAEA to expand this 
guidance. In 1987, a document was published setting out tentative principles and 
giving an example of the application of the principles to low level waste disposal in 
the terrestrial environment [65]. The basic conditions proposed for the exemption of 
radiation sources and practices are: 

(1) The annual effective dose equivalent to individuals of the critical group never 
exceeds 10 ¿¿Sv and the annual dose equivalent to the skin does not exceed 
500 /xSv, and 

(2) The collective effective dose equivalent commitment from the exempted source 
or practice is of the order of 1 man-Sv or less. 

The above guidance for exemption should only be regarded as tentative 
pending resolution of some issues raised by Member States on the values and the 
acquisition of more experience in the practical applicability. 

The ICRP has also given advice on exemption principles [66]. The approach 
suggested allows for more flexibility but the numerical guidance given is similar to 
that quoted above. 

A working party sponsored by the CEC has prepared a report in which radio-
logical protection criteria are proposed for the recycling of scrap metal from the 
nuclear industry. These proposed 'clearance levels' are given in terms of mass and 
surface activity concentration levels for contaminated steels (instead of dose) which 
makes it easier for operators and regulators to apply and verify. The proposed release 
levels are as follows [67]: 

For beta/gamma activity 

— A concentration limit of 1 Bq/g averaged over a maximum mass of one 
tonne with no single piece of scrap metal exceeding 10 Bq/g 
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— A surface activity limit of 0.4 Bq/cm2 for non-fixed contamination on 
accessible surfaces averaged over 300 cm2 or over the whole area if it is 
less than 300 cm2 

— For fixed contamination the mass activity limit is assumed to apply. 

For alpha emitters 

— A surface activity limit of 0.04 Bq/cm2 averaged over a 300 cm2 area. 

For non-accessible surfaces (for both beta/gamma and alpha activity) 

— If doubt exists, the activity must be assumed to be higher than the above 
limit. 

The surface activity limits are set so as to comply with IAEA regulations for 
the safe transport of radioactive materials [68]. 

In the CEC study the activity 'clearance' levels were derived by an iterative 
process which involved the calculation of individual and collective doses in which 
account was taken of a variety of scenarios involved in the recycling of metals, such 
as using the scrap as it is, manufacturing steel, using the slag, using the recycling 
steel as furniture, in a car or in a building, etc. In some pathways the individual dose 
is proportional to: 

— average mass activity — for example exposure from equipment made from 
recycled metals 

— average mass activity and total mass processes per year — for example 
exposure to workers handling the items 

— total activity processed per year — for example doses due to inhalation of dust 
in steel works. 

The result of the dose assessment showed that from the recycling of 10 000 t 
of steel a maximum individual dose is less than 10 /nSv-а"1. The collective dose 
arising from the recycling of 10 000 t is about 1 man-Sv. 

In exceptional circumstances, associated with very low probabilities of occur-
rence, the dose to the most exposed individual from this direct reuse of materials 
without melting might be greater than 10 /xSv/а but this will not significantly 
increase the overall risk to individuals. Similarly, the recycling of amounts of 
material greater than 10 000 t per year will result in a linear increase in the collective 
dose but will not likely have an effect on the magnitude of maximum individual 
doses. 

For materials with levels of activity concentration above the proposed 
clearance levels a case by case assessment of the kind currently performed by the 
competent authorities in accordance with national regulations may be required for 
a particular recycling application. 
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The CEC report will be examined by the Euratom Basic Safety Standards 
Group of Experts who will then decide on the recommendations to be made to the 
European Commission. 

Various other reports such as Refs [25, 69, 70] outline the methodology for 
evaluating the radiological consequences of managing wastes and recycling metals 
from decommissioning. 

6.3. MONITORING FOR COMPLIANCE WITH RELEASE CRITERIA 

Release of components from nuclear facilities for unrestricted use can occur 
on a small scale as a result of normal operation or maintenance or on a large scale 
during decommissioning or refurbishment. The compliance survey for the release of 
a few items would follow the same pattern as for a large number of items but some 
steps would not be so formalized or extensive. 

The basic steps in a plan to ensure that components being released for 
unrestricted reuse comply with release criteria will include: 

— selection of release criteria to be used (Section 6.2) 
— the preliminary survey 
— determination of monitoring and sample analyses requirements 
— selection and calibration of instruments 
— determination of background radiation levels 
— the final survey 
— documentation 
— quality assurance. 

The extent to which each of the above generic steps in the compliance survey 
is applied will depend on many factors which could be country, facility or component 
specific. 

In the Annex the above basic steps are discussed in a little more detail along 
with some background information including: 

— monitoring of components to ensure compliance with release criteria; 
— basic radiation detection devices; 
— state of the art monitors and probes grouped as: hand held instruments, 

portable instruments, vehicle borne instruments and airborne instruments; 
— laboratory analyses. 

As discussed in the Annex, monitoring for compliance with release criteria can 
often be technically difficult and expensive owing to factors such as complex 
geometric structure of the component, inhomogeneous activity distribution or 
changing ratio of gamma to alpha/beta activity. Certain techniques, for example 
homogenization of metal by melting before final verification monitoring for release 
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TABLE VII. ECONOMIC RESERVES, CURRENT PRODUCTION OF IRON 
AND STEEL ALLOYING METALS (1977 - Ref. [71]) 

Metal World reserves 
(Mt) a 

Current production 
(Mt) 

Availability 
(years) 

Iron 215 000 544 395 

Manganese 3 600 • 10.7 336 

Nickel 123.1 0 .72 171 

Molybdenum 31.5 0 .09 350 

Chromium 1 800 2.39 750 

Cobalt 4 .7 0 .023 204 

Tungsten 5.7 0 .043 133 

Vanadium 62 0.032 1940 

Niobium 1.6 0.014 114 

a Mt = One million metric tonnes. 

(Section 5.3), can be used to give more accurate results. However, the cost 
effectiveness of such techniques needs to be verified. 

6.4. RESOURCE EXTENSION 

To determine the effect of the recycling of metals arising from the decommis-
sioning of nuclear facilities on the extension of world resources, the resource base 
and the amount of material to be recycled need to be known. To a certain extent the 
resource base will fluctuate as the market value of the metals fluctuates since market 
factors dictate the concentrations of ore that can be economically processed. 
Table VII gives an estimate of the known economic reserves, current production 
rates and availability of iron and steel alloying metals in 1977 [71]. It is most likely 
that known reserves will increase as a result of further exploration. However, since 
the increase in production rates in the past has been exponential with 20 year 
doubling times [21, 71] and the demand by developing countries for these resources 
will also be increasing, methods of extending resources deserve consideration. 

Of the contaminated and activated metals arising from decommissioning, it has 
been calculated [67] that about 4800 t (0.0048 Mt) of steel from a 1000 MW(e) PWR 
would have activity concentrations at or below 1 Bq/g. This concentration limit is 
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being examined as a possible limit for the recycling of steels for unrestricted use in 
the European Community [67]. 

In OECD countries it has been calculated that the equivalent of about two 
hundred 1000 MW(e) reactors could be decommissioned during the period 1996 to 
2010, an average of 14 reactors per year [9]. Assuming 4800 t of radioactive metal 
from each reactor, a total of about 0.07 Mt could be available for recycling each 
year. If the annual usage of steel in OECD countries in 2000 is 50% greater than 
the 400 Mt figure for 1980 (Section 3.3), then the 0.07 Mt of recycled steel available 
would be about 0.01% of the annual need. The amount available for recycling will 
decrease if reactors are revitalized rather than retired (Section 7). 

These data and experience in other Member States indicate that resource exten-
sion alone is not a strong justification for the recycling of metals arising from the 
active area of nuclear facilities. 

6.5. ECONOMIC FACTORS 

In many Member States economic factors will probably be the most important 
considerations in deciding whether or not to recycle, providing that the difference 
in radiological consequences between recycling and no recycling is small. However, 
in a few countries recycling of low activity metals is mandatory. 

The cost savings in recycling or reusing components from a nuclear facility 
include: 

— the savings in waste conditioning, packaging, storage and disposal costs which 
can be substantial but can vary significantly from country to country. Current 
and projected disposal costs for low and intermediate level radioactive waste 
(LLW, ILW) range from less than US $100/m3 to well over US $5000/m3 

depending on the type of waste and disposal facility. The higher costs are for 
ILW in geological repositories. Savings could include a reduction in storage 
costs if disposal facilities were not available. 

— the value received for the scrap material, the reused equipment or the site. 
These values can vary significantly depending on market conditions, quality of 
the recycling material, location of site, etc. 

— the savings in transportation costs; it is assumed that the cost of shipping radio-
active material to a disposal site would be greater than the cost to transport the 
decontaminated material to the melting furnace and then to the user if the items 
were recycled. However, these differential costs could vary significantly from 
case to case. 

— the significant energy savings realized by recycling scrap metal rather than 
smelting new metals from ores. For example, if scrap steel is used rather than 
virgin iron ore, about 75% of the energy costs are saved [20, 21]. 
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— indirect economic benefits — in the above example, where scrap steel is used 
instead of iron ore, total wastes are reduced by over 90% and air and water 
pollution are also reduced. 

— the savings in cost of fabricating new equipment if equipment from a decom-
missioned facility can be reused directly. 

On the other hand, the costs to reclaim the scrap, equipment, facility or site 
can be significant and include: 

(a) the cost of labour and cost equivalent of the extra man-sieverts accumulated 
as a result of additional monitoring required to select items for recycling and 
ensure that they are below the specified limits. 

(b) the costs of additional disassembly/segmentation, segregation and/or decon-
tamination of the components (when required) as well as the disposal cost for 
the secondary wastes arising from these processes. The costs of items (a) and 
(b) will increase as the release limits decrease owing to greater measurement 
difficulty at low activity levels and the substantially greater contamination 
effort required to achieve lower levels. 

(c) administrative, technical and personnel costs associated with public accep-
tance, public relations, licence application, hearing, etc.; especially if approval 
is given on a case by case basis. 

(d) the cost of administering the recycling programme (see below). 

In an investigation [72] of the economic aspects of decontaminating metal 
components for unrestricted release carried out in the Federal Republic of Germany, 
the decontamination costs were found to be strongly dependent on case specific 
factors so that no general recommendation could be made with respect to release 
versus disposal of the material. 

6.6. OTHER FACTORS 

Administrative factors also are important in developing and conducting a 
successful and cost effective recycling or reuse programme. These factors include: 

— interfacing with the regulatory authorities to obtain the necessary approvals 
— interfacing with the public and local officials on public relations aspects 
— planning the recycling effort well in advance of the start of decommissioning 

or refurbishment 
— developing a marketing strategy by: 

— developing an inventory of candidate components for recycling or reuse; 
— identifying and contacting potential user groups to make them aware of the 

available items 
— conducting site tours to select specific items for reuse 
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— contracting with organizations to receive, process as required, and sell the 
materials suitable for recycling 

— providing the necessary quality assurance and safety support 
— establishing an organization with adequate staffing and funding to accomplish 

these tasks. 

Socio-political factors also must be considered. Since recycling of components 
arising from decommissioning or refurbishment of nuclear installations is not a 
routine activity at present, considerable public concern may be anticipated in the case 
of unrestricted release of substantial amounts of materials. Even if the radiological 
risks from unrestricted release are negligible, public and government concern may 
force nuclear operators to recycle for restricted use or alternatively to dispose of the 
items. Recycling for restricted use should not experience the same level of 
opposition. 

Similarly, when deciding upon the future use for a site of a decommissioned 
facility, public acceptance of a new nuclear facility on the same site may be easier 
than elsewhere, which is a point in favour of a continued nuclear use, especially if 
such sites are scarce. Under other circumstances, however, the public might be in 
favour of unrestricted site release so that it can be put to local use. The importance 
of public relations in this context cannot be overemphasized. 

Once all of the above factors have been defined and evaluated, a cost-benefit 
analysis for the recycling and reuse of components from each major decommission-
ing experience must be made. 

7. LIFE EXTENSION OF FACILITIES 

Interest in extending the operating life of current nuclear power reactors by the 
replacement or refurbishment of critical system components is rapidly increasing. 
For reasonable life extension times, the probable cost per kilowatt for the refurbished 
plant is expected to be significantly lower than for new plants and socio-political 
difficulties are expected to be fewer [73]. 

Examples of the recycling and reuse of entire facilities are already available, 
for example 

— the 20 year old HWRR-1 reactor (10 MW(th)) in China was reconstructed in 
1978-80 [74], 

— after the core of the NRX reactor in Canada was seriously damaged in an 
accident in 1952 [75] it was replaced and the power raised from 10 to 
40 MW(th). The core, 3 m in diameter, was subsequently replaced several 
times since 1952 because of corrosion with the aluminium vessel. 
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As a first step in the USA efforts are in progress to change the 40 year licensed 
life of nuclear power plants to exclude construction time and outages and only 
include operating time. Later, as the necessary technical and regulatory guidelines 
are established, this administrative extension will be followed by the replacement or 
refurbishment of the critical system components needed to extend or renew the oper-
ating licence. 

Large scale life extension activities will have two important impacts on the 
projected recycling/reuse of components from nuclear facilities. Firstly, the decom-
missioning schedule for existing reactors will be postponed for many years affecting 
the timing and volume of components available for recycling/reuse from decommis-
sioning. Secondly, reasonably large volumes, but limited categories, of components 
for recycling/reuse will arise from the refurbishment/life extension activities on a 
particular facility before they would be available if the same facility was 
decommissioned. 

8. SAFETY IN RECYCLING OR REUSE 

The large scale recycling or reuse of components (materials, equipment, 
buildings and sites) from nuclear facilities should not result in any significant radio-
logical detriment to humans providing that the release criteria have been derived and 
applied according to acceptable procedures such as those in Refs [61, 62, 65, 66]. 
The release criteria (Section 6.2) will take into account radiological concerns 
including those associated with pathways to humans which might not be encountered 
if the components were not recycled or reused, for example aerosols from cutting 
and melting metals. 

The restricted use of components from nuclear facilities should not result in 
any increased occupational radiation exposures to workers since many items will be 
cleaned to levels similar to those suitable for unrestricted release. Also the radio-
logical controls applied to the restricted use of components will be more stringent 
than for items which are released for use outside controlled areas. 

From a non-radiological safety viewpoint no unique or major safety problems 
should be encountered in the recycling/reuse of components. A slight reduction in 
industrial safety could occur if components have to be decontaminated using acids 
or other dangerous chemicals during recycling or reuse compared with just disposing 
of the items. However, in the broader view, a net increase in industrial safety could 
occur by recycling scrap metals or reusing buildings or equipment since potentially 
dangerous steps in the mining/refining of ores and construction of buildings would 
be eliminated and the overall associated environmental pollution could be reduced. 

If equipment and facilities are to be reused, it is very important that they be 
requalified according to the standards relevant to their proposed use. Prolonged use 
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and/or the decontamination procedures may have deleterious effects on the 
component and its functions. 

In summary, the recycling or reuse of components in a restricted or 
unrestricted environment should not entail major or unique safety problems and 
should not result in any significant loss in industrial or nuclear safety provided that 
appropriate release criteria and radiation protection policies are adopted and 
enforced. However, for wide scale recycling and reuse of metals further work is 
required on the partition of radionuclides to the melt, slag and furnace and to define 
appropriate release level criteria. 

9. SUMMARY AND CONCLUSIONS 

During the next 25 years, millions of cubic metres of material and equipment, 
and many buildings and sites will arise from the decommissioning of nuclear facili-
ties. Every effort should be made to recycle or reuse as many of these items as 
possible taking into account all the relevant factors such as safety, economics, etc. 
The following conclusions are drawn on the basis of the information reviewed in this 
report. 

(1) Although more development work is required in some areas of technology, 
there are no major or unique industrial or radiological safety concerns 
associated with the large scale recycling or reuse of components from nuclear 
facilities which cannot be addressed by appropriate criteria or controls. 

(2) The economic, administrative and socio-political factors are all extremely 
important to the success of any recycling/reuse programme. In many countries 
the economics of recycling may be the most important factor after safety. 

(3) Even if optimistic estimates are made of the amount of metal which could be 
recycled/reused from radioactive areas of nuclear facilities, it will be a very 
small fraction of that recycled from other sources. Therefore, resource exten-
sion alone is not a strong justification for the recycling of metals arising from 
the active area of nuclear facilities. 

(4) The development of internationally acceptable radiological criteria for the 
unrestricted recycling or reuse of components from decommissioned nuclear 
facilities is progressing. The acceptance of these criteria should reduce 
considerably the load on regulators and operators involved in these activities. 

(5) The technology to decontaminate to levels suitable for unrestricted release and 
validate that activity levels meet the established criteria is available although 
some improvements are desirable to minimize costs and occupational 
exposures for large equipment items. 
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(6) Melting of metal scrap appears to be a promising method for partial decontami-
nation, to homogenize the activity for easier and more accurate determination 
of activity concentrations and to reduce volumes of metal scrap for disposal. 
The economics of recycling scrap for unrestricted use will depend on many 
factors including demand and price for scrap, disposal costs, etc. 

(7) The melting of slightly contaminated scrap metal for use in the manufacture 
of containers or flasks for the disposal or storage of radioactive waste, 
shielding doors for nuclear facilities and for restricted use in other components 
in nuclear facilities may be an attractive means of recycling metal. Reuse 
within nuclear facilities may be easier and more economical to achieve than 
unrestricted use. 

(8) The reuse of large pieces of equipment such as cranes, motor/pump sets, etc., 
may be restricted because of the limited availability of a suitable market and 
obsolescence after 40 or more years of service. 

(9) Extending the life of nuclear facilities will have a large effect on the timing, 
mix and volume of components arising from projected decommissioning activi-
ties. The impact of these activities on recycling, reuse and other decommis-
sioning activities should be examined by Member States as the plans of the 
nuclear industry become clear. 

(10) Because of the large number of nuclear facilities which could be decommis-
sioned in the next 25 years, research and development to find ways of using 
the equipment and materials arising from decommissioning and finding 
customers should be increased. 
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Annex 

MONITORING FOR COMPLIANCE WITH RELEASE CRITERIA 

1. INTRODUCTION 

This Annex provides a brief overview of the planning, procedures and 
equipment used to ensure that the release of components from a nuclear facility for 
unrestricted use will comply with the release criteria. As in the main report, the four 
component parts of a nuclear installation are defined as being the materials, equip-
ment, buildings and sites. Items from any of these four categories of components 
could become candidates for recycling or reuse. 

The information will provide an introduction to this topic for owners, 
operators, regulators, decommissioners and waste management staff in Member 
States which are considering the recycling or reuse of components from their nuclear 
facilities, especially in developing countries. The technical level is not oriented 
towards experts in the fields of instrumentation and monitoring. 

Section 2 provides a brief overview of the factors which should be considered 
in developing and implementing a monitoring programme to ensure that the release 
of components for unrestricted use complies with release criteria. 

In Section 3 the various types of radiation detection devices and some state of 
the art monitors and probes using the various detection devices are described. A 
short section on samples and laboratory analysis is also included since this is an 
important element in the compliance programme. 

The reader is referred to more detailed reports on all aspects of this technology 
including Refs [1-3]. 

2. MONITORING OF COMPONENTS TO ENSURE COMPLIANCE 
WITH RELEASE CRITERIA 

2.1. Introduction 

The purpose of this section is to provide a brief overview of the factors which 
should be considered in developing and implementing a monitoring programme to 
ensure that the release of components for unrestricted use complies with the release 
criteria. More guidance on this topic can be found in Refs [1, 2]. 

Monitoring for compliance with release criteria can often be technically 
difficult and expensive owing to factors such as complex geometric structure of 
components, inhomogeneous activity distribution or problems of keeping instru-
ments calibrated if the ratio of gamma to alpha/beta activity is changing. 
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Release of components from nuclear facilities for unrestricted use can occur 
on a small scale as a result of normal operation or maintenance of a plant or on a 
large scale during decommissioning or refurbishment. The following sections are 
generally written to describe planning for the release of a large number of compo-
nents during the decommissioning or refurbishment of a facility. The compliance 
survey for the release of a few items would follow the same pattern, but some steps 
would not be so formalized or extensive. 

2.2. Planning the compliance with release criteria 

2.2.1. Introduction 

The basic steps in successfully developing and implementing a plan to ensure 
that components being released for unrestricted reuse comply with release criteria 
will include: 

— selection of the release criteria to be used 
— the preliminary survey 
— determination of monitoring and sample analysis requirements 
— selection and calibration of instruments 
— determination of background radiation levels 
— the final survey 
— documentation 
— quality assurance. 

The extent to which each of the above generic steps in the compliance survey 
is applied will depend on many factors which could be country, facility or component 
specific. For example, the extent and sophistication of the monitoring programme 
and documentation required for the release of material coming from a reprocessing 
plant will be much greater than for the same material coming from a natural U 0 2 

plant. Also, the planning required to release a building or a site for reuse will be 
much more detailed than that required to release a simple component such as a small 
pump. However, the compliance team should complete the steps listed above for 
each case as part of the compliance survey. 

The quality of the compliance survey will to a large extent depend on the 
quality of the people doing the job. It is important that well trained personnel be 
employed in compliance surveys (see Section 3.2.6). 

The responsibility for developing and implementing the monitoring 
programme for large facilities should be with a body independent of the decommis-
sioning contractor, for example, a health physics project team approved by the owner 
and the competent authority. 

In the following sections the basic steps in the compliance survey plan will be 
discussed in more detail. 
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2.2.2. Selection of release criteria 

Criteria for the release of components for unrestricted release are usually set 
by competent national authorities although work is in progress to develop interna-
tional criteria. This topic is discussed in more detail in Section 6.2 of the main 
report. 

2.2.3. Preliminary surveys 

Information is available from a variety of sources to assist in the development 
of the detailed survey plan, in the selection and procurement of suitable instruments 
and in the selection of required samples. For example, during the preliminary 
planning for the decommissioning of a nuclear facility, a detailed assessment is made 
of the inventory and distribution of the radionuclides likely to be present in various 
parts of the plant and sites. These data are obtained from a good knowledge of the 
plant and its process streams, from theoretical calculations of induced activity and 
from measurements and/or samples taken during operational and maintenance tasks. 
This information is usually supplemented after the final shutdown of the plant by a 
preliminary monitoring survey of the facility or component to confirm previous 
records, supply additional data and look for hot spots or non-uniform distribution of 
activity. 

Before the actual monitoring of components for release can commence, the 
radionuclide spectrum must have been determined qualitatively and quantitatively. 
In addition, the likelihood of changes in the ratios between various radionuclides 
must be known. These data can be determined from environmental sampling, radio-
logical surveying and by a knowledge of the radioactive process streams in that part 
of the facility from which the component comes. 

This preliminary information will also be of value in deciding which plant 
components are likely to be suitable candidates for recycling or reuse. For example, 
if preliminary core samples or calculations show that the concentration of activation 
radionuclides in steel is above the acceptable level, the material would no longer be 
considered for recycling for unrestricted use. 

For simple components being considered for release, the preliminary and final 
(Section 2.2.7) surveys might be made at the same time. 

2.2.4. Assessment of monitoring and sample analysis requirements 

Having agreed with the competent authority on the release criteria for identi-
fied components of the plant which may be suitable for release, it is necessary to 
draw up the procedures for an efficient and comprehensive compliance survey for 
each component. The detailed plan will depend on the type of component, its 

38 



operating history as well as the release criteria. However, it will generally include 
one or more of the following measurement techniques: 

(i) Dose rate measurements 
(ii) Direct surface contamination measurements using alpha and/or beta/gamma 

sensitive probes 
(iii) Indirect measurement of loose contamination by swabbing and counting under 

a shielded detector 
(iv) Bulk measurements of large volumes of material by in situ gamma spectro-

metry or borehole logging 
(v) Sampling of materials and liquors to confirm the assumed radionuclide content 

and subsurface distribution. 

The sampling programme and the accompanying monitoring requirements for 
facilities having fixed ratios of radionuclides are relatively straightforward. For 
example, in a natural U0 2 plant, monitoring for gamma activity without sample 
analysis is adequate for compliance purposes since the ratios of alpha/beta/gamma 
activity never change. Similarly, the release of ingots made from radioactive scrap 
metal can be made on the basis of a small number of samples because of the 
homogeneous nature of the ingot. 

On the other hand, isotopic compositions and their effect on survey instruments 
must be checked more frequently by laboratory analysis or spectrometric survey 
instruments for components arising from a reprocessing plant since the ratio of alpha 
and beta to gamma activity will change from one area of the plant to another. 

2.2.5. Selection of methods and instruments 

The type of instrument used for the compliance survey will be determined by 
the characteristics of the contamination and by the scale of the component. These 
factors will also influence the sampling techniques and sample preparation methods 
used for laboratory analyses. A review of the various types of instruments available 
is given in Section 3.2 and sampling techniques are discussed in Section 3.3. 
Suitable instruments can be selected by consulting manufacturers' catalogues to 
compare the characteristics of the types of instruments available, talking with 
technical representatives and discussing the problem with other experts in this field 
of work. Developing countries can also get assistance from international agencies 
such as the IAEA. 

The calibration of instruments is discussed in Section 3.2.5. 

2.2.6. Determination of background radiation levels 

Since release criteria are often stated in terms of radioactivity levels above 
background, the determination of background data is a vital step in any compliance 
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programme. The wide variety of materials, equipment, buildings and sites which 
could become candidates for unrestricted release make it difficult to use the same 
approach for all background measurements. 

For sites, the natural background radiation levels are often used in the monitor-
ing programme if these levels were recorded before the plant was built. Otherwise 
measurements of the background levels of nearby areas which have not been 
contaminated by plant operations could be used. 

For the final release of materials and equipment, areas having low background 
radiation levels either on the site or nearby can be used to simplify the monitoring, 
especially if release levels are low. In some countries items to be released are placed 
inside a shielded monitoring cell for measurements which are automatically compen-
sated for background radiation levels. 

2.2.7. Final survey 

For the final survey of a facility (or of one of its component parts) to ensure 
compliance with release criteria, it is assumed that the item has been decontaminated 
to acceptable levels of residual activity. It is also assumed that all materials and 
equipment known to have activity above acceptable levels have been removed. The 
extent of the termination surveys in actual plants will vary considerably depending 
on the type of plant and other factors. General procedures for the final survey are 
briefly described below. Detailed procedures can be found in Ref. [1]. 

A facility being surveyed for unrestricted release is usually divided into 
discrete subdivisions which makes implementation of the survey and recording of 
data much easier. These subdivisions can be made on the basis of factors such as 
operating history, character and quantity of known contamination within a part of 
the facility, topography or variance of gamma dose rate within the subdivision. A 
building can be further subdivided into separate survey units such as a room, storey 
or a large piece of equipment. The floors, walls and roofs of buildings are usually 
divided into square grids about one or two metres on a side such as those shown in 
Fig. 1 to facilitate monitoring. Each block is monitored for the various forms of 
radioactivity which could possibly be there and swab samples are taken. If activity 
levels are fairly consistent, all blocks may not be measured for all radionuclides. The 
number of measurements would probably be greater for grid blocks known to have 
been exposed to higher contamination levels. 

Sites are divided into similar areas for surveying, but grid dimensions are 
usually larger than for buildings, for example, grid markers spaced at 3 metres or 
more have been' used. Figure 2 shows an example of a grid system which could be 
used for an outdoor survey of a site [1]. 

For components in which it is likely that the contamination could have 
penetrated into the material, for example soil or concrete, core samples or borehole 
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FIG. 1. During the decommissioning of the R-l research reactor in Stockholm the walls, 
floors and ceilings were divided into squares for monitoring for unrestricted use. (Credit: 
Studsvik Energiteknik, Sweden.) 

monitoring would be required to confirm compliance both at depth and on the 
surface. 

Because of the impossibility of measuring all parts of large components or sites 
the distribution of measurement and sample points must have a statistically sound 
basis such that the results demonstrate compliance with an adequate level of confi-
dence. Sampling points, whether they are for in situ measurements, swabs or 
samples can be selected on any of a number of different statistical bases such as: 

— random sampling 
— stratified random sampling (i.e. random within a stratum or survey unit) 
— systematic sampling (based on the grid system). 
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The selection of the statistical base hinges on the need to achieve a high (for 
example 95%) confidence level in the overall component contamination level for the 
minimum number of sampling points. Assessment for the site decommissioning 
problem [1] has demonstrated that the stratified random sampling approach is the 
most economical where instrument reading and sample analyses across the site vary 
by a factor of three or more. Thus the random set of samples (minimum of 30 per 
stratum) from each stratum or survey unit are regarded as a separate population or 
group which are independently compared with the release criteria. 

The collected data must be ordered in a way which relates the readings to 
positional co-ordinates which ensure unique identification. This co-ordinate system 
would normally be of an XYZ nature for buildings and XY for sites: 

2.2.8. Documentation 

The importance of proper documentation for every aspect of the compliance 
survey cannot be overemphasized. A basic requirement is that the location of the 
monitoring or sampling point and its relevant data be unambiguously identified and 
related to a master plan or drawing. Without definitive documentation, the regulatory 
inspector cannot be sure that compliance with criteria has been achieved and cannot 
do suitable spot check monitoring to confirm the results. 

A standard form should be used for recording the primary measurements or 
sample results to ensure that all appropriate data are recorded. For example, during 
the decontamination and decommissioning of a non-reactor nuclear facility, raw data 
collected during a compliance survey were recorded on 15 cm x 23 cm envelopes 
which had data forms printed on the front and back [4]. The form included space 
to record location, date, data set number, object surveyed, applicable release 
criteria, measured in dis/min per 100 cm2, instrument, type, background and 
efficiency, smear results, whether any criterion was exceeded, bulk sample number, 
photograph number, etc. Paper smears (wipes), air samples, photographs, etc., 
were placed inside the data envelopes. Each completed data envelope was assigned 
a data set number. One important aspect of the form is that it forced the technician 
making the measurements to immediately determine whether the criterion was 
exceeded. Commentary coded to each data set number, and to the technician making 
the commentary, was written in comment books by the health physics technician. 
Each technician was assigned a unique code identifying code number and was 
provided with a leather pouch (worn around the waist) to carry a comment book, data 
envelopes, a supply of smear paper, and a measuring tape. 

Secondary documentation to collate the large number of primary reports will 
consist of master plans with survey readings added as well as tables and computer 
files. These data must be presented in a form which accurately depicts the radio-
logical condition of the component and can be readily understood by the regulatory 
inspector. 
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For large facilities or sites professional assessment of statistical results is 
essential to establish definitive compliance with release criteria. 

2.2.9. Quality assurance 

The purpose of a quality assurance (QA) programme on monitoring for 
compliance with release criteria is to ensure that sampling, analysis, monitoring, 
documentation, interpretation and use of data, etc., generated for this purpose will 
not result in the release of a component which could pose a detriment to public 
health [1]. The importance of having a well thought out QA programme cannot be 
overemphasized. 

The QA programme must start with the detailed action plan and be an essential 
part of every step until the component has been released for recycling or reuse. 

It is beyond the scope of this document to give details on the set-up and applica-
tion of a quality assurance programme on monitoring for compliance with release 
criteria. The reader is directed to documents such as Réf. [1] for further information. 

2.2.10. Cost of compliance surveys 

The cost of ensuring that a component being released for unrestricted use 
complies with release criteria can be highly variable and depends on many factors 
such as the type and size of the component, the radionuclides present, release 
criteria, labour costs and analytical costs [2]. 

Materials used in the survey could include sampling tools and containers, 
plastic bags, photographic film and protective clothing. The instrumentation can 
range from a single portable survey monitor for a simple component to a large 
number and variety of instruments for a large component such as a reactor building. 
For surveying remote sites, a mobile laboratory could be useful. Soil sampling costs 
are to a large extent determined by the labour costs to take the samples and by the 
analytical costs which depend on the type of analyses and level and type of radio-
activity to be assayed. Automated sample analysis equipment [5] may be used to 
reduce analytical costs if large numbers of samples are to be assayed. 

After the survey has been completed and samples have been analysed, funds 
must also be allocated for evaluating the results and documenting them in a report. 
The cost of doing this work and the type and size of the report will vary according 
to the size and complexity of the component. 

The estimated cost of such a survey must be included in the cost-benefit and 
other analyses made to determine if the particular component is worth considering 
for recycling or reuse. 

In the following sections the instrumentation, techniques and type of personnel 
required to do the surveying and sampling for compliance surveys on material, 
buildings, equipment and sites are briefly reviewed. 
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FIG. 3. Gas counter operating region [6]. 

3. INSTRUMENTATION 

3.1. Radiation detection devices 

Radiation detection devices may be categorized in many ways. In this introduc-
tion they will be divided into three common groups [6]: gas filled ionization detec-
tors, scintillation detectors and semiconductor devices. Each group includes a wide 
variety of different devices. 

3.1.1. Gas filled radiation detectors 

A widely used type of gas filled detector counts individual current pulses 
resulting from the collection of the charge produced from each ionizing 
event. The three main types of this class of detector are the ionization chamber, 
proportional counter and Geiger-Müller (GM) counter. The names for detectors 
arise from the regions of the ionization curve (Fig. 3) in which they operate. 
Although the physical size and shape of the three types of detectors may be similar, 
the different types of gases used and operating parameters lead to quite different 
performance and applications. The most widely used geometry is a sealed outer 
cylindrical chamber which is filled with gas and acts as the cathode and a coaxial 
fine wire which serves as the anode. 
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The ionization detector operates in the ionization chamber region shown in 
Fig. 3, where the total charge collected is equal to the total charge carried by the 
ion pairs produced. Ionization chamber instruments for survey purposes have wide 
measuring ranges and, therefore, have a great number of applications. However, 
they are not as rugged as the GM counters and may be more susceptible to electrical 
interference because of the absence of any charge multiplication in the gas. 

The proportional counter detector operates in a higher voltage region where 
the quantity of charge collected for a given amount of radiation is larger than, but 
proportional to, the original amount of ionization giving the device a spectrometric 
capability. Proportional counters have a very short dead time compared with GM 
probes so that very high counting rates are possible. The most outstanding feature 
of this type of probe is its ability to distinguish between alpha and beta particles and 
high and low energy beta particles. Proportional counters are therefore often used 
in contamination monitors and laboratory equipment where they can detect alpha and 
beta contamination simultaneously. This type of probe can have a sealed fixed 
volume filler gas or it can be of the gas flow probe type where the gas is continuously 
replaced. 

The GM detector operates without any spectrometric capability in the Geiger 
counter region (Fig. 3) where there is saturated charge amplification and little, if 
any, external amplification is required. This type of detector is rugged and can be 
found in many survey and contamination monitors. GM detectors, with few excep-
tions, measure only beta and gamma radiation. Many contamination monitors are 
equipped with GM tubes which have end windows made of a thin metal foil that 
allows even low energy beta particles to be monitored. 

The GM detector has an efficiency of almost 100% for charged particles that 
penetrate the sensitive volume. The total efficiency for beta radiation is affected by 
absorption of a fraction of the beta particles in the detector walls; efficiency for 
gamma rays relies on interaction with the walls and is about 1 % for 1 MeV photons. 
Geiger-Müller counters have a relatively long dead time which sets the upper count 
rate limit for their measurement range. 

3.1.2. Scintillation detectors 

A scintillator is a crystal, glass, liquid organic or plastic organic phosphor 
which will emit a light pulse of intensity proportional to the energy of the individual 
alpha particle, beta particle or photon responsible for the pulse. As a result, 
scintillation counters are spectrometers which can be used to determine both the 
energy and the number of exciting particles and photons. 

The detector system consists of a scintillator optically coupled to a photo-
multiplier tube which converts the light into electrical pulses which are amplified and 
easy to register. In survey instruments, only the total number of pulses is indicated. 
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In a spectrometer system the amplified pulse heights are analysed by a single- or 
multichannel analyser to give the energy spectrum as well. 

The chief advantages of scintillation counting are: 

— high efficiency since the ionizing medium has a relatively high density and 
large masses of phosphor can be used if necessary; 

— the high precision and counting rates which are possible since the light pulses 
have extremely short duration (of the order of 1 us). 

A common crystal scintillator is thallium activated sodium iodide (Nal(Tl)) 
which is used in gamma survey instruments and also in certain gamma spectro-
meters. The detector has a short time constant which allows the instrument to 
measure a wide range of activities from natural background intensities upwards. 
Crystal size is important. Too large a crystal increases the background whereas too 
small a crystal will reduce counting efficiency and decrease spectrometric capability. 
Typically, the crystal diameter in a probe is about 2 cm with a thickness of about 
0.3 cm for lower energy gamma radiation and 2 cm for higher energy. 

Anthracene is an organic crystal scintillator which is used in beta detectors and 
is suitable for low energy beta emitters such as 14C or for high energy beta emitters. 
Anthracene crystals of about 20 cm2 are available as well as anthracene coated on 
Perspex detectors with sensitive areas up to 100 cm2 . 

Plastic scintillators are very versatile and come in a wide variety of shapes 
ranging from sheets up to 3.5 metres long and cylinders over one metre in diameter. 
They have high count rate performance, good mechanical stability, relatively low 
cost and are easy to handle. 

Scintillation detectors for alpha particles are almost exclusively made of 
ZnS(Ag) luminescent powder that is fixed on a transparent disc such as Plexiglas. 
The sensitive areas of these probes are typically 50 and 100 cm2 . The scintillator 
thickness should only be of the order of the range of alpha particles so that beta and 
gamma sensitivity is very low. For example, the optimum thickness for 5 MeV alpha 
particles is 9 mg/cm2 . The ZnS(Ag) detectors have a very low background and a 
wide measuring range and are used in portable contamination monitors and also in 
laboratory equipment to measure alpha activity on solid samples, wipe samples, etc. 

A popular combination consists of a plastic scintillator disc or sheet with a thin 
coating of ZnS(Ag), a so called dual phosphor, for simultaneous counting of alpha 
and beta particles. Pulse height selection is used to discriminate between the 
particles. 

Liquid scintillators are used only in laboratory instruments. The most likely 
application is the measurement of low energy beta emissions from 14C and 3H by 
adding the material to be assayed in suitable solution form to the liquid scintillator. 
It is not generally possible to detect tritium or I4C contamination with a survey 
meter. 
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Glass scintillators have excellent chemical resistance and can be used under 
extreme conditions where measurement with other scintillating material would not 
be possible. 

3.1.3. Semiconductor devices 

Semiconductor devices use very pure single crystals of semiconductor material 
to measure ionization charge. In these crystals, electron-hole pairs created by ioniza-
tion are mobile and can be collected under the influence of an applied electric field 
before they can recombine [6]. Unlike positive ions in gas ionization chambers, the 
positive electron holes are highly mobile and both positive and negative charge can 
be gathered quickly. The short pulse signal is proportional to the energy absorbed 
giving these devices excellent spectrometric capability. 

The most common crystal materials used in these devices are silicon, which 
may be used at normal ambient temperature, and germanium which normally must 
be cooled to liquid nitrogen temperature to reduce thermally generated conduction 
currents to acceptable levels. 

Semiconductor devices, like other solid state detectors, absorb much more 
incident radiation than gas detectors because of their higher density. In addition, the 
small ionization energy or band gap in semiconductors leads to the production of 
many charge carriers with low statistical uncertainty. As a result the efficiency and 
accuracy of measuring gamma and X-ray radiation have been significantly improved. 
Thus these devices have the ability to identify and measure separately radiation with 
small energy differences [6]. 

Gamma ray spectrometers which use germanium as the basic material can 
either be compensated for with lithium (Ge(Li)) or used in a high purity form 
(HPGe). They are available as small, thin planar detectors for low energy measure-
ments or as big, coaxial detectors with volumes over 200 cm3. The Ge detectors are 
less efficient than Nal(Tl) detectors of the same size. 

As an illustration of the excellent energy resolution of semiconductor devices 
the full width at half maximum (FWHM) energy resolution for germanium detectors 
is less than 0.2% for 137Cs radiation compared with 7% for Nal(Tl) detectors. 

Silicon semiconductors are used as detectors in alpha particle spectrometers. 
The sensitive volume is matched to the range of the alpha particle to minimize back-
ground interference and the silicon must therefore be very thin (typically less than 
100 /¿m). The entrance window is typically 1 to 10 cm2 with energy resolution for 
a 5 MeV alpha particle of about 20 keV (FWHM). With a low background this 
results in a very low limit for the detection of specific radionuclides. 

3.2. State of the art monitors and probes 

The radiation detection devices described in the following sections are 
generally available state of the art instruments capable of measuring contamination 
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FIG. 4. Relations between counting time, detection threshold and background count rate at 
a 95% confidence limit [3]. 
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levels at or below the currently used criteria for unrestricted release. Some are 
multipurpose instruments suitable for a wide variety of survey situations while others 
are intended for special applications. Some are simple, rugged, reliable, inexpensive 
devices, while others are complex, relatively delicate costly equipment. As a general 
rule, the more special or detailed the information provided by a monitoring device, 
the more sophisticated and costly the device becomes. However, in most cases, the 
quantity and/or quality of the information obtainable with sophisticated instrumenta-
tion is sufficient to warrant the extra cost. 

The IAEA does not endorse any of the equipment nor claim that it is any better 
or any worse than similar instruments produced by many other reliable companies. 
The equipment is shown for illustrative purposes only. Many competent manufac-
turers make monitors which, with proper care, can be used to monitor at levels 
required for the unrestricted release of components. 

The specific application being addressed will frequently dictate the type(s) of 
instrumentation which should be used. This includes not only the material or facility 
being monitored but also the type of radioactivity being surveyed. Usually the device 
is selected on the basis of the preliminary characterization which is carried out on 
a facility before decommissioning starts and the preliminary screening of the 
particular area of the plant from which the component comes. For example, in a 
natural U0 2 plant only gamma monitors would be required to monitor components 
for release since the ratio of alpha and beta to gamma is always the same. 

One of the major problems of classifying various instruments with regard to 
their specific use is the lack of standardization of the characteristics given by 
manufacturers [3]. Before selecting monitoring instruments for monitoring low level 
radioactivity, the inexperienced user should get expert advice and refer to documents 
such as Refs [3, 4, 7] for background information. 

Reference [3] reviews some of the theoretical and practical considerations 
related to measuring low level radioactivity including discussion on detection 
thresholds. The detection threshold of an instrument corresponds to the lowest 
counting rate (or lowest activity) that can be distinguished from the background for 
a given confidence level. The detection threshold of measuring instruments varies 
with detector efficiency, background and measurement duration. Reference [3] 
summarizes various thesholds for some detectors according to their effective area 
and other parameters. For example, Table УШ shows the results of an investigation 
on the performance of some common hand held counters. Detectable activity values 
for counting times of 5 and 30 seconds are given for the backgrounds shown. Useful 
graphs of the relationship between counting time, threshold and background are 
reproduced in Fig. 4. 

3.2.1. Hand held instruments 

The simplest hand held survey instruments are designed for the detection of 
alpha, beta, and/or gamma radiation, but are not suitable for the direct determination 
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FIG. 5. A portable alpha monitor having a sensitive large area (100 cm2) zinc sulphide 
scintillation detector, logarithmic meter scale and audible and visible indications. The 
response is unaffected by high gamma fields, making the instrument suitable for detecting 
alpha radiation from 241 Am and 226Ra. It is reported that 0.37 Bq/cm2 of 239Pu produces 
8 counts per second corresponding to 25% of meter full scale deflection. (Credit: 
NE Technology Ltd, UK.) 

of difficult to measure radioisotopes such as 3H, 14C, 55Fe, 59Ni, 63Ni, 94Nb 
and " T c . 

For surveying specific pieces of equipment such as pumps, motors, or elec-
tronic devices, or certain difficult facilities such as pipe galleries or electrical wire 
chases, this simple instrumentation may be the preferred equipment for doing 
the job. 
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FIG. 6. A microcomputer based radiation survey instrument (A) which can be used as either 
a rate meter or a scaler with a variety of probes such as a ZnS scintillator (B) for alpha 
surveys, a pancake GM tube with a thin mica window for gamma and sensitive beta detec-
tion (C) or a NaI(Tl) scintillation probe (D) for gamma detection. (Credit: Eberline 
International Corp., USA.) 
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FIG. 7. A gas flow (propane) proportional survey meter for detecting and measuring alpha 
radiation or low energy beta radiation. The advantages over normal end window GM probes 
include large probe area (50 cm2) for more rapid surveys and better statistical precision and 
a thinner window (0.85 mg/cm2 aluminized Mylar) for better low energy response. (Credit: 
Eberline International Corp., USA.) 

These instruments are usually battery powered, have audible and/or visual 
readout and consist of a probe and a rate meter which can come in one piece with 
different units to measure alpha or beta/gamma radiation (Fig. 5) or as a rate meter 
with separate probes. In the latter case the rate meters can usually be used with GM 
or scintillation probes (Fig. 6) to measure alpha, beta, beta/gamma, gamma radiation 
or all three. Figure 7 shows a hand held gas flow proportional survey meter which 
has a very thin window making the device sensitive to alpha and very low energy 
beta activity with excellent gamma rejection. 

These simple hand held instruments generally provide only a relative measure 
of radioactivity level. However, with proper calibration and well characterized 
radioactive contamination these instruments are capable of providing sufficient sensi-
tivity and quantitative information to determine if the levels of radioactivity on the 
piece being monitored are less than those stipulated in the release criteria. 
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FIG. 8. A universal survey meter calibrated for gamma radiation measurements (20 keV to 
3 MeV) from 1 fiR/h to 1500 R/h. The detector is a combination of plastic scintillator and ZnS 
layer connected to a high performance photomultiplier. The probe (A) can be inserted into the 
lower part of the instrument. (Credit: Automess, Federal Republic of Germany.) 

Figure 8 shows a universal survey meter calibrated for gamma and X-ray 
radiation and using a probe with a combination of plastic scintillator and a ZnS layer. 
A high performance photomultiplier gives extensive measuring capability to the 
instrument. The detector in Fig. 9 is an aluminium proportional counter which is 
more sensitive than the conventional GM counting tube instruments. Also the 
discriminated bias modulation method survey meter developed by the Japan Atomic 
Energy Research Institute is reported to be more sensitive than conventional GM 
counting tube instruments. The detector is a Nal(Tl) scintillation crystal (5 cm 
dia. x 5 cm thick) with a nominal measurement range of 50 keV to 3 MeV for 
gamma activity. 

The first step in sophistication of hand held monitoring instrumentation is to 
incorporate spectrometry technology for identification of special radionuclides and 
for quantitatively measuring their individual concentrations. Survey instruments 
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incorporating Nal(Tl) scintillation crystals as the radiation detector are relatively 
inexpensive and provide the potential for identification of specific gamma ray 
emitting radionuclides. Rate meters having single channel pulse height analysis 
capability are available. The meters are similar in physical appearance to many other 
survey meters, as, for example, shown in Fig. 7. 

The most sophisticated hand held spectrometry instrumentation uses high 
resolution germanium diode gamma ray and X-ray spectrometers as the radiation 
detecting devices (Fig. 10). These instruments provide the same sensitivity and 
specificity as laboratory instruments of the same type, and with proper calibration, 
are capable of quantitatively identifying individual radioisotopes present in or on 
materials, equipment and surfaces. This instrumentation is substantially more 
expensive and complex than the simpler devices described above, and requires rela-
tively sophisticated support electronics, including multichannel pulse height 

FIG. 9. A portable dose rate meter primarily for use where the measuring range of conven-
tional GM counter tube instruments does not provide sufficient sensitivity or where their energy 
dependence is inadequate. The detector is a proportional aluminium counter tube with special 
energy filter and effective cross-section of 20 cm2. Nominal range 30 keV to 1.3 MeV for 
photon energy. Measuring range 0 to 3 ¡iSv/h with four scale factors from 1 to 10*. (Credit: 
Lab. Prof. Dr. Berthold, Federal Republic of Germany.) 
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FIG. 10. A portable high resolution germanium diode spectrometer system capable of 
measuring transuranics, activation products and fission products at sensitivities below the 
uncontrolled release criteria limits for the USA. (Credit: Battelle PNL, USA.) 
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FIG. 11. A portable germanium spectrometer that is mechanically cooled and does not need 
liquid nitrogen. (Credit: John Caunt Scientific Ltd, UK.) 

analysers, to fully utilize its potential capabilities. In addition, these devices operate 
at extremely low temperatures and, until recently, required a constant supply of 
liquid nitrogen as the cryogen. Recent developments allow the use of thermoelectric 
or thermomechanical cooling devices to eliminate the need for liquid nitrogen 
(Fig. 11), but additional costs are involved for this feature and use in routine plant 
operation has not yet been demonstrated. In spite of the high costs, complex elec-
tronics, and need for skilled operators, the benefits of using such sophisticated equip-
ment in situations where it is required usually make it very cost effective. Large areas 
of building and site surfaces can be quantitatively analysed in relatively short periods 
of time at sensitivity levels below release limits. 

Ultimately, the cost of monitoring instrumentation, regardless of its 
complexity, will be negligible compared to the total cost of the decommissioning and 
decontamination operation. 
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FIG. 12. A large area (75 cm x 25 cm) gas flow proportional counter mounted on a 
carriage for monitoring large floor surface areas. After discrimination of alpha and 
beta/gamma pulses in simultaneous mode, they are processed in two separate channels. An 
optional 45 cm X 45 cm detector can be provided. (Credit: NOVELEC, France.) 

3.2.2. Portable instruments 

This category of portable instruments includes devices too large or heavy to 
be carried by hand but normally not requiring self-contained motorized power. 
Examples include large area gas flow proportional counters, plastic scintillation 
detectors, or Nal(Tl) crystals mounted on hand powered wheeled carriers such as 
those used to monitor hallways and floor areas in nuclear facilities (Fig. 12). Many 
companies produce similar forms of such devices. 

Another practical application of spectrometric detectors is as borehole 
monitors. This situation is a substitute for laboratory analyses of core samples taken 
from bulk media such as melted metal ingots, concrete structures, or soils. In this 
case, a probe containing a Nal(Tl) crystal, germanium diode, or similar detector is 
inserted into a hole drilled into the bulk matrix, and the material is analysed in situ 
rather than in the laboratory. If the radioisotopes to be determined are measurable 
in the bulk material without performing complex chemical separations, the in situ 
technique is likely to be significantly faster, cheaper, and more sensitive than the 
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FIG. 13. A road contamination monitor consisting of a gas flow proportional counter (Ar, 
10% C02) mounted on a vehicle drawn trailer. The effective width of the monitor is 180 cm. 
For alpha/beta/gamma contamination. (Credit: NOVELEC, France.) 

laboratory analysis of many core material samples. However, the accuracy may be 
lower than for laboratory analyses owing to difficulties in defining the 'sample' 
mass. 

3.2.3. Vehicle borne instruments 

If large buildings or sites are to be reused for restricted or unrestricted use, 
large arrays or detectors mounted on self-propelled or towed vehicles enable large 
areas to be surveyed in very short periods of time. Vehicles such as those shown in 
Figs 13 and 14, are intended for use on smooth unobstructed surfaces and have the 
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FIG. 14. A road survey monitor consisting of 10 gamma compensating gas flow proportional 
counters (Ar, 10% methane) mounted on the front of the vehicle. Sensitive area of each 
beta/gamma counter is 600 cm2. Separate counters are provided for gamma and beta/gamma 
monitoring to allow detection of beta contamination in a background gamma field. (Credit: 
BNFL, UK.) 
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FIG. 15. A mobile surface contamination monitor for on- and off-road use has 5 NaI(Tl) 
gamma sensors at the front and three beta detectors at the rear. (Credit: Rockwell Hanford 
Operations, USA.) 

detectors mounted as close as 1 cm to the ground to be able to detect alpha, as well 
as beta/gamma radiation. The gas flow counters shown in Fig. 14 have separate 
gamma and beta/gamma sensitive parts which allow accurate detection of any beta 
contamination in a background gamma field. Off-road vehicles such as the one 
shown in Fig. 15, are intended for use in more rugged terrain and are generally 
beta/gamma and/or gamma sensitive only, owing to the height of the detectors 
necessary to clear vegetation and irregularities in surface topography. 

The mobile surface contamination monitor shown in Fig. 15 has five ground 
sensitive Nal(Tl) gamma detectors attached to an off-the-shelf front mounted 
hydraulic lift of an ordinary farm tractor [8]. Controls in the cab allow the operator 
to change the position of the front detectors to clear obstructions. One such gamma 
detector mounted behind the others is used to do real time gamma background 
monitoring. Three beta detection arrays are mounted on the rear lift which has 
ground following gauge wheels so that the monitors remain at a fixed distance above 
the ground. An air conditioned cabinet on the side of the cab contains the computer 
control unit, the power control panel and the electronics for the beta detectors. It is 
reported [8] that this unit can monitor a 3 m wide strip at 4 km/h with areal detection 
limits of 1 Bq/cm2 of 137Cs and 5 Bq/cm2 of 90Sr. 

A highly sophisticated example of this category of instrumentation was the 
IMP monitor used to survey the land area on Enewetak atoll for residual transuranic 
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contamination from early weapons testing programmes [9]. This device incorporated 
a collimated downlooking planar germanium diode X-ray spectrometer optimized for 
detection of the 59.5 keV gamma ray from 241 Am. The sensor was suspended from 
a collapsible boom mounted on the host carrier and by adjusting the height above 
the ground a precise area could be surveyed. Since the isotopic ratio of 241Am, 
238Pu, 239Pu and 240Pu was constant and well known in this circumstance, a 
complete transuranic inventory was obtainable with this device. 

This same concept has been used with large volume (—150 cm3) coaxial 
germanium diodes for the in situ determination of gamma ray emitting radionuclides 
and even for the direct determination of 90Sr by measurement of the intensity of the 
bremsstrahlung spectrum [10]. 

Although these monitoring vehicles are relatively expensive, the ability to 
monitor large areas, more than one hectare per hour, at sensitivies at or below 
unconditional release limits makes them extremely cost effective. With appropriate 
shock absorption there is clearly scope for mounting a standard detector array on any 
suitable vehicle. 

3.2.4. Airborne instruments 

The use of sensitive monitors mounted on fixed wing aircraft or helicopters to 
survey large sites and areas for gamma emitting radioisotopes provides the ultimate 
in rapid screening capability. Airborne survey techniques are widely used for radio-
active anomaly detection, high sensitivity geological mapping and surveying radio-
active contamination resulting from nuclear tests, accidents at nuclear facilities and 
spills of radioactivity. 

Figure 16 shows a helicopter equipped with one detector unit on each side. The 
sensitivity depends mainly on the volume of the crystal and the speed and height of 
the aircraft above the target. In Fig. 16 each sensor consists of two rectangular 
Nal(Tl) crystals (total volume of 8.4 litres) with a photomultiplier tube (PMT) 
mounted on the end face of each crystal. The output from each PMT/crystal detector 
is stored for ground based analyses using a multichannel analyser. 

A great deal of experience with airborne surveys has been obtained during 
geological mapping in the USA, Canada and Sweden. The basic equipment is 
identical for most applications with the instrumentation being tailored for specific 
applications. The technique has also been used to map gamma emanation around 
nuclear reactor sites before and after the reactor becomes operational [9, 11] to 
monitor and evaluate the contribution man made isotopes make to the environmental 
background. 

This type of technology was used to survey and identify contamination spread 
over 124 000 km2 area in northern Canada as a result of the disintegration of the 
Cosmos 954 nuclear powered satellite in 1978 [12]. Large and medium sized fixed 
winged aircraft equipped with Nal crystals having a volume of 50 litres and flying 
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пи. ю. A Helicopter equipped with one Nal(lt) gamma ray sensor on each side Jor use in 
rapid area surveys. The gamma signals, flight path, altitude and meteorological data are fed 
into an onboard data acquisition system for ground based analysis. (Credit: SCINTREX, 
Canada.) 

at 500 metres above ground level were used for the preliminary survey. Identifica-
tion of tiny particles was done using helicopters flying at 15 to 30 metres combined 
with ground surveys. Over 4000 small radioactive particles ranging from 0.1 to 
1 mm in diameter were identified and collected along with many large particles. The 
work was carried out by Canadian and US agencies and companies. Airborne instru-
ments were also used after the Chernobyl accident to survey ground contamination 
in many areas. 

Several companies have produced multiple crystal germanium spectrometers 
with planar areas up to 700 cm2 suitable for use on aircraft. These would not only 
provide sufficient sensitivity for unconditional release criteria but would be capable 
of identifying any gamma ray emitting radioisotopes which may be present and 
measuring their individual concentrations [13]. 

3.2.5. Calibration 

One of the important elements of successful monitoring for quantitative deter-
mination of residual contamination levels is appropriate calibration of the instrumen-
tation. In most cases this involves a mockup of the material, fixture, or equipment 
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FIG. 17. Calibration pads for airborne and ground gamma ray spectrometers. The pads 
shown are for calibration for geological purposes. Four pads are required: one zero pad and 
one pad each for potassium, uranium and thorium. The approximate concentrations in pads 
are: 

Pad %K ppm U ppm Th 

Z <1 <2 <3 
К 7.7 <2 <3 
и <1 25 <3 
Th <1 <4 50 

Different pads would be required for calibration of other radionuclides. (Credit: Swedish 
Geological Survey.) 

being surveyed which has been properly doped with precisely known quantities of 
the radioisotopes in question. For some circumstances, such as calibrating hand held 
instrumentation for a point source of radioactivity, this is a fairly straightforward 
problem. For other situations, such as residual activity within a pump or a motor, 
it is virtually impossible. Most surface measuring techniques are fairly easy to 
calibrate using multiple point sources of activity to simulate any desired distribution 
of activity on the surface being examined. Similarly, homogenized materials, such 
as remelted metals, can be accurately assayed with hand held or portable instrumen-
tation by calibrating the detectors against similar lots of material that have had 
aliquots carefully analysed in the laboratory. 
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Many instrument manufacturers have calibration facilities and services and can 
also provide standard sources for calibration. 

The type and degree of calibration required are also very sensitive to the type 
of detector being used. A GM detector, for example, is not specific to type or energy 
of radiation and, therefore, must be carefully calibrated against standards which 
precisely mimic the radionuclide mix in the unknown materials to be analysed. A 
germanium diode gamma ray spectrometer, on the other hand, has a well known 
response function to gamma radiation as a function of energy. Thus calibration for 
any given physical situation with a few well known gamma ray energies provides a 
suitable calibration of the instrument for all gamma ray emitting radioisotopes as 
long as the energy, absorption and branching fraction of the gamma rays from the 
unknown situation are accounted for. 

The problem becomes more complex when large concentrations of alpha and 
beta activity are present along with the gamma activity, especially if the ratio of 
gamma to alpha/beta activity changes during the monitoring. The calibration of 
instruments and the monitoring techniques in such cases require special attention and 
frequent recalibration. 

For airborne monitoring systems test ranges have been set up to calibrate the 
instruments. For example, large radioactive calibration pads were constructed at 
Uplands Airport near Ottawa, Canada, to calibrate for potassium, radium and 
thorium and a 10 km natural airborne test range was developed by systematically 
sampling the ground material. Similar facilities are available near Borlánge in 
Sweden, about 100 km NW of Stockholm (Fig. 17). 

3.2.6. Qualified personnel 

Another very important element in the monitoring for compliance programme 
is the availability of qualified personnel to select and calibrate the correct instru-
ments, carry out the monitoring of the components for release, evaluate and interpret 
the collected data and do a comparison of the results with the selected criteria. 

The personnel carrying out the monitoring for compliance survey should be 
experienced, well trained, diligent and have a good knowledge of, for example: 

— analysing and interpreting measurement information 
— the capabilities and limitations of the instruments and methods that they will 

be using 
— the types of radionuclides present and how the mix of radionuclides is likely 

to change with time 
— the need and timing to take samples to validate the radionuclide mix 
— the likely distribution of radionuclides on and in the component being 

monitored 
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— the criteria being used for release of components 
— the need to recalibrate their instruments as a result of normal usage or change 

in radionuclide mix. 

An intelligent and well trained monitoring team, using suitable instrumentation 
and well designed monitoring and quality assurance programmes, and working in 
conjunction with good inspectors is essential to demonstrate in an efficient and 
effective manner that components for reuse or recycling comply with release criteria. 

3.3. Laboratory analyses 

In certain situations it may be desirable or necessary to take samples for 
analysis in a laboratory as a complement to or instead of survey and contamination 
measurements. These samples must be taken in a proper way, to be representative 
of the part of the plant or the site where they are taken. Care should be taken in the 
handling of the samples to avoid cross-contamination between samples. 

The persons taking samples should have a knowledge about sample preparation 
and analytical techniques. For instance, when taking water samples, the risk of radio-
nuclide adsorption on the bottle walls must be taken into account. In such a case, 
the bottle or sample should be prepared so as to avoid such a source of systematic 
error. Also, when taking samples from subsurface layers, radioactive substances on 
the surface could easily contaminate the sample unless precautions are taken. 

The sample size must be based on the radioactivity concentration of interest 
and on the detection limit for the analysis procedure. Too small a sample will spoil 
the analysis. 

Sometimes a number of samples must be taken from the same area to get a 
reliable average radionuclide value. In this case a statistical sampling method must 
be applied. 

3.3.1. Sample preparation 

Some analyses can be performed directly on the sample material while others 
require preparation of the samples before the analytical procedure can be applied. 

Gross alpha and beta measurements, gamma spectrometric and sometimes 
alpha spectrometric analyses on fine granular material may be possible without any 
pretreatment of the samples. Liquid samples, on the other hand, may require 
evaporation on planchets before measurement. 

For the analysis of transuranics and ^Sr it may be necessary to dissolve the 
samples and separate the radioactive elements by chemical methods. 
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3.3.2. Measurement techniques 

3.3.2.1. Alpha measurements 

Gross alpha measurements on samples can be made with alpha scintillation 
detectors, proportional counters or semiconductor detectors. These instruments may 
have the same capability to detect any activity present in the sample, so the choice 
between them may be a question of what type is available. 

Since the alpha particle range is short, the samples should be very thin to keep 
the alpha particle self-absorption as low as possible. For water samples this will be 
accomplished simply by evaporating the water directly into the measurement 
planchet to concentrate the radioactivity sufficiently and exceed the detection limit 
of the instrument. 

Thin solid samples are difficult to prepare. However, a thick but homogeneous 
sample has also a well defined measurement geometry that will be useful. If the 
sample has a thickness greater than the alpha particle range, the effective sample is 
defined by that range. Measurement on such a sample will always yield the same 
sample mass. The counting efficiency dependence on the average alpha particle 
energy is not very strong. 

The efficiency calibration of alpha monitors is carried out by means of 
specially prepared standard reference sources containing natural uranium or 24 'Am. 

3.3.2.2. Beta measurements 

Solid and evaporated samples in planchets are easily measured with GM detec-
tors, proportional counters or organic scintillators. A calibration with standard 
references such as 204T1 or 90Sr solutions will give an efficiency curve as a function 
of sample weight. 

Since beta detectors are also sensitive to background and gamma radiation, it 
is normal practice to provide a substantial lead shield around the detector and sample. 
A special anticoincidence technique may be employed to obtain low backgrounds for 
measuring low level samples. 

Measurement of very low energy beta emitters may require a special calibra-
tion with reference solutions containing the radionuclide in question. On the other 
hand, there might be situations where only the high energy beta emitters are of 
interest. Covering the sample with an absorber will, in this case, discriminate against 
low energy beta emissions which are very sensitive to absorption within the sample. 

Liquid scintillation analysis is a very good alternative for liquid samples 
containing beta emitters. If the sample contains low energy beta emitters such as 3H 
or 14C the liquid scintillating measurement technique will be the easiest and most 
viable method. In this case the sample is mixed with the organic, liquid scintillator 
which will result in a high counting efficiency. Modern liquid scintillation analysers 
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have a low background which makes this technique a valuable alternative to other 
beta measurement techniques. 

3.3.2.3. Gamma spectrometric analyses 

The gamma spectrometer will accept a great variety of sample shapes and sizes 
provided that the detection efficiency has been measured as a function of energy. 
However, to save manpower, only a small number of calibrated measurement 
geometries are preferred. 

The usual gamma ray spectrometer has a Ge detector connected to a computer 
based multichannel analyser which both collects and analyses the data. The high 
energy resolution of Ge detectors makes them superior to other detectors for gamma 
ray spectrometry. Automatic peak finding programmes are used to locate the photo-
peaks, identify them and calculate the corresponding radionuclide activity in the 
sample. 

Gamma ray spectrometers are calibrated by measuring reference samples 
having gamma ray energies covering the whole energy range of interest. 

If X-ray measurements are needed, for example to measure radiation from 
transuranic elements, special X-ray detectors are available for this purpose. Planar 
Ge or Si detectors with optimized thickness and specially made thin entrance 
windows would be the best choice for this task. 

3.3.2.4. Alpha spectrometric analyses 

It will probably be necessary to prepare most of the samples to some extent 
before analysis in an alpha spectrometer. The result of the analysis is strongly 
dependent on the sample thickness. A thick sample will spoil the normally excellent 
energy resolution of the spectrometric equipment. Only evaporated water samples 
will probably be thin enough to permit direct alpha spectrometry. 

Soil, vegetation and metal samples must be dissolved or leached followed by 
a chemical extraction or ion exchange, to separate the radioactive element of interest 
and make it available for electrodeposition on stainless steel planchets. 

3.3.2.5. 90Sr analyses 

90Sr radioactivity levels can in many cases be inferred from the accompanying 
concentration of 137Cs. A method for the direct analysis of 90Sr is, however, neces-
sary in case there are doubts about whether the two radioisotopes have been 
separated. 

A rough estimate of 90Sr can be made from direct high energy beta measure-
ment on solid samples using an absorber to eliminate the low energy 90Sr beta 
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emission. The result is an overestimate from the higher energy beta emission of 
90Y, which is the 90Sr daughter nuclide. 

Liquid scintillation measurement with pulse height discrimination or direct 
Cerenkov measurement are often used in the case of liquid samples. 

If lower detection limits are required a radiochemical 90Sr analysis may be 
performed. The sample is completely dissolved or, if that is not possible, thoroughly 
leached for Sr. After separation by ion exchange or some other method, the 90Y is 
measured by one of the techniques mentioned above. 

3.4. Future developments 

Today's state of the art equipment will be antiquated technology in the future. 
Radiation instrumentation and technology development efforts are under way in 
numerous laboratories around the world. Some of the projects are for relatively 
specific applications, such as development of probes to monitor the inside of pipes 
and tubing or laser spectrometers for in situ assaying of the elemental content of steel 
items. Other developments are for entirely new concepts in radiation detection 
technology which are expected to provide larger, more sensitive, lighter weight, less 
expensive detectors which will reduce the time required and costs associated with 
monitoring activities. Similarly, developments in the field of solid state electronics 
are expected to produce support electronics and data acquisition/reduction equipment 
which is smaller, lighter weight, less costly and more sophisticated than today's 
equipment. Computers the size of hand calculators and powered by miniature 
batteries will add a new dimension to in situ and in field analytical capabilities. 

These and other technological developments in radiation monitoring devices 
are expected to be commercially available by the time widespread decommissioning 
activities are in progress, and the reader should investigate the current state of the 
art carefully before planning the monitoring programme. 

REFERENCES 

[1] HOLOWAY, C.F., et al., Monitoring for Compliance with Decommissioning 
Termination Survey Criteria, Rep. NUREG/CR-2082, prepared by the ORNL for the 
USDOE (1981). 

[2] WITHERSPOON, J.P., Technology and Cost of Termination Surveys Associated with 
Decommissioning of Nuclear Facilities, Rep. ORNL/CR-2241, prepared by the ORNL 
for the USDOE (1982). 

[3] HULOT, M., et al., State of the Art Review on Technology for Measuring and 
Controlling Very Low Level Radioactivity in Relation to the Decommissioning of 
Nuclear Power Plants, Rep. EUR-10643-EN, Commission of the European Communi-
ties (1986). 

71 



[4] WYNVEEN, R.A., et al., "Waste identification, characterization and disposal during 
the D and D of a non-reactor nuclear facility", Proc. 1982 Int. Decommissioning 
Symp. Seatüe, 10-14 October 1982. 

[5] TRUJILLO, G., et al., An Automated Transuranic Assay System for Soils, 
Rep. LA-8376-LLWM (1980). 

[6] MARSHALL, W. (Ed.), Nuclear Power Technology, Volume 3: Nuclear Radiation, 
Clarendon Press, Oxford (1983). 

[7] BERVEN, B.A., et al., Radiological Survey of the Former Kellex Research Facility, 
Jersey City, NJ, Rep. ORNL-5734 (DOE/EV-0005/29), Oak Ridge National Labora-
tory, Oak Ridge, TN (1982). 

[8] CLEM, W.E., "Mobile surface contamination monitor for large area radiological 
surveillance", Waste Management 86 (Proc. Symp. Tucson, AZ, 2 -6 March 1986), 
Vol. 3, p. 225. 

[9] FRITZSCHE, A.E., "In-situ measurement experiences", Environmental 
Decontamination, Proc. Workshop Oak Ridge, TN, 1979, CONF-791234 (1981). 

[10] BRODZINSKI, R.L., NIELSON, H.L., A well logging technique for the in situ deter-
mination of '"Sr, Nucl. Instrum. Methods 173 (1980) 299. 

[11] TIPTON, W.J., Arms — An Aerial Radiological Survey of the US Energy Research 
and Development Administration Hanford Reservation (Survey Period 1972-74), 
Rep. EGG-1183-1661 (Apr. 1975). 

[12] GUMMER, W.K., et al., Cosmos-954, The Occurrence and Nature of Recovered 
Debris, Rep. INFO-0006, Atomic Energy Control Board, Ottawa, Ontario (1980). 

[13] MARLOW, K.W., PHILLIPS, G.W., YOUNG, F.C., "Performance of a large 
multi-detector array of intrinsic germanium gamma-ray detectors", X- and Gamma-
Ray Sources and Applications, Proc. Symp. University of Michigan, Ann Arbor, 
19-21 May 1976, CONF-760539. 

72 



LIST OF PARTICIPANTS 

Consultants Meeting 
Vienna 

4-8 November 1985 

Chapuis, A.M. CEA/IPSN/DPT, 
B . P . 6 , 

F-92260 Fontenay-aux-Roses, France 

O'Donnell, F.R. Martin Marietta Energy Systems, Inc., 
P.O. Box X, 
Oak Ridge, TN 37831, United States of America 

Feraday, M.A. 
(Scientific Secretary) 

Division of Nuclear Fuel Cycle, 
International Atomic Energy Agency, 
Wagramerstrasse 5, A-1400 Vienna, Austria 

Technical Committee Meeting 
Vienna 

21-25 April 1986 

Airóla, С. Studsvik Energiteknik AB, 
S-611 82 Nykôping, Sweden 

Allen, R.P. Battelle Pacific Northwest Laboratory, 
P.O. Box 999, 
Richland, WA 99352, United States of America 

Bergman, C. National Institute of Radiation Protection, 
Box 60204, 
S-104 01 Stockholm, Sweden 

Chapuis, A.M. CEA/IPSN/DPT, 
B.P. 6, 
F-92260 Fontenay-aux-Roses, France 

Conti, M. ENEA/PAS-SMAIMP, 
CRE Casaccia, 
CP 2400, 
1-00100 Rome, Italy 

73 



Garofalo, A. ENEL, 
Centrale del Garigliano, 
CP 6, 1-04028, 
Scauri/Latina, Italy 

Goertz, R. Firma Brenk Systemplanung, 
Heinrichsallee 38, 
D-5100 Aachen, Federal Republic of Germany 

Gouvras, G. CEC, 
Direction générale de l'emploi, des affaires sociales 

et de l'éducation, 
Direction santé et sécurité, 
Jean Monnet Building, 
Kirchberg-Luxembourg, Luxembourg 

Kirk, J. UKAEA, 
Dounreay, Caithness KW14 7TZ, 
United Kingdom 

Laraia, M. ENEA/DISP, 
Via Vitaliano Brancati 48, 
1-00144 Rome, Italy 

Liu, Zunqi Technical Division, 
Nuclear Fuel Bureau, 
Ministry of Nuclear Industry, 
P.O. Box 2102-10, 
Beijing, China 

Patek, P. 
(deceased) 

Ósterreichisches Forschungszentrum Seibersdorf, 
A-2444 Seibersdorf, Austria 

Ridtahler A. Kernforschungszentrum Karlsruhe GmbH, 
PBA-KKN, Postfach 3640, 
D-7500 Karlsruhe, Federal Republic of Germany 

Schenker, E. Swiss Federal Institute for Reactor Research, 
CH-5303 Würenlingen, Switzerland 

Steam, S. Department of the Environment, 
H.M. Radiochemical Inspectorate, 
Room A5.31, Romney House, 
43 Marsham St., 
London SW1P 3PY, United Kingdom 

74 



Tanaka, M. Department of JPDR, 
Decommissioning Laboratory, 
Tokai Research Establishment, 
Japan Atomic Energy Research Institute, 
Tokai-mura, Naka-gun, Ibaraki-ken, 
319-11 Japan 

Van de Voorde, N. Centre d'études nucléaires, 
Boeretang 200, 
Mol 2400, Belgium 

Vira, J. Nuclear Development Division, 
OECD (NEA), 
38, Boulevard Suchet, 
F-75016 Paris, France 

Whitehead, W.A. Atomic Energy Control Board, 
Ottawa, Ontario, Canada 

Wikstroem, G. The Swedish State Power Board, 
Ringhals, Vàrôbacka, Sweden 

Feraday, M.A. 
(Scientific Secretary) 

Division of Nuclear Fuel Cycle, 
International Atomic Energy Agency, 
Wagramerstrasse 5, A-1400 Vienna, Austria 

Consultants Meeting 
Vienna 

1-5 December 1986 

Brodzinski, R.L. Battelle Pacific Northwest Laboratory, 
P.O. Box 999, 
Richland, WA 99352, United States of America 

Merrill, N.H. BNFL, Building 229, 
Sellafield, Seascale, 
Cumbria CA20 IPG, United Kingdom 

Tovedal, H. Studsvik Energiteknik AB, 
S-61182, Nykôping, Sweden 

Feraday, M.A. 
(Scientific Secretary) 

Division of Nuclear Fuel Cycle, 
International Atomic Energy Agency, 
Wagramerstrasse 5, A-1400 Vienna, Austria 

7 5 



HOW TO ORDER IAEA PUBLICATIONS 
An exclusive sales agent for IAEA publications, to whom all orders 

and inquiries should be addressed, has been appointed 
in the following country: 

UNITED STATES OF AMERICA UNIPUB, 4611-F Assembly Drive, Lanham, MD 20706-4391 

In the following countries IAEA publications may be purchased from the 
sales agents or booksellers listed or through 
major local booksellers. Payment can be made in local 
currency or with UNESCO coupons. 

A R G E N T I N A 

A U S T R A L I A 
B E L G I U M 

CHILE 

CHINA 

CZECHOSLOVAKIA 

FRANCE 

HUNGARY 

INDIA 

ISRAEL 

ITALY 

JAPAN 
PAKISTAN 

POLAND 

R O M A N I A 
SOUTH A F R I C A 

SPAIN 

SWEDEN 

UNITED K INGDOM 

USSR 
YUGOSLAVIA 

Comisión Nacional de Energía Atómica, Avenida del Libertador 8250, 
RA-1429 Buenos Aires 
Hunter Publications, 58 A Gipps Street, Collingmood, Victoria 3066 
Service Courrier UNESCO, 202, Avenue du Roi,B-1060 Brussels 
Comisión Chilena de Energía Nuclear, Venta de Publicaciones, 
Amunategui 95, Casilla 188-D, Santiago 
IAEA Publications in Chinese: 
China Nuclear Energy Industry Corporation,Translation Section, 
P.O. Box 2103, Beijing 
IAEA Publications other than in Chinese: 
China National Publications Import & Export Corporation, 
Deutsche Abteilung, P.O. Box 88, Beijing 
S.N.T.L., Mikulandska 4, CS-11686 Prague 1 
Alfa, Publishers, Hurbanovo námestie 3, CS-815 89 Bratislava 
Office International de Documentation et Librair ie,48, rue Gay-Lussac, 
F-75240 Paris Cedex 05 
Kultura, Hungarian Foreign Trading Company, 
P.O. Box 149, H-1389 Budapest 62 
Oxford Book and Stationery Co., 17, Park Street, Calcutta-700 016 
Oxford Book and Stationery Co.,Scindia House, New Delhi-110001 
Heiliger & Co. Ltd. 
23 Keren Hayesod Street, Jerusalem 94188 
Librería Scientifica, Dot t . Lucio de Biasio "aeiou". 
Via Meravigli 16, 1-20123 Milan 
Maruzen Company, L td , P.O. Box 5050,100-31 Tokyo International 
Mirza Book Agency, 65, Shahrah Quaid-e-Azam, P.O. Box 729, Lahore 3 
Ars Polona-Ruch, Céntrala Handlu Zagranicznego, 
Krakowskie Przedmiescie 7, PL-00-068 Warsaw 
l lex im.PO. Box 136-137, Bucharest 
Van Schaik Bookstore (Pty) Ltd, P.O. Box 724, Pretoria 0001 
Diaz de Santos, Lagasca 95, E-28006 Madrid 
Diaz de Santos, Balmes 417, E-08022 Barcelona 
AB Fritzes Kungl. Hovbokhandel, Fredsgatan 2, P.O. Box 16356, 
S-103 27 Stockholm 
Her Majesty's Stationery Office, Publications Centre, Agency Section, 
51 Nine Elms Lane, London SW8 5DR 
Mezhdunarodnaya Kniga.Smolenskaya-Sennaya 32-34, Moscow G-200 
Jugoslovenska Knjiga.Terazije 27, P.O. Box 36, YU-11001 Belgrade 

Orders from countries where sales agents have not yet been appointed and 
requests for information should be addressed directly to: 

g ' - ) ' v ' s ' o n Publications 
S ч т ^ У / ^ International Atomic Energy Agency 
9 Wagramerstrasse 5, P.O. Box 100, A-1400 Vienna, Austria 
CO 





INTERNATIONAL SUBJECT GROUP: Il 
ATOMIC ENERGY AGENCY Nuclear Safety and Environmental Protection/ 
VIENNA, 1988 Waste Management 


