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FOREWORD 

Decommissioning of nuclear facilities usually results in a large volume of 
radioactive and non-radioactive materials. All these materials will have to be 

оо radioactive, non-radioactive and exempt from regulatory control, and 
of, reused or recycled. As more and more facilities approach 

ng, controlling these wastes and setting release criteria and limits for 
; will represent a major task for the regulatory body and the licensee. 
:refore, under way at the IAEA to help achieve international consensus 
criteria for decommissioning and a monitoring programme to verify 
th these criteria. 
he above context, the present report was conceived as a technical 

uutumcm iu provide an overview of all the factors to be considered in the develop-
ment, planning and implementation of a monitoring programme to assure regulatory 
compliance with criteria for unrestricted release of materials, buildings and sites 
from decommissioning. The document was drafted in June 1989 by four outside 
consultants, M. Chemtob (France), R. Graf (Federal Republic of Germany), P.R. 
Nair (Canada), A.M. Chapuis (France) and P.L. De (Scientific Secretary). It was 
then reviewed at a Technical Committee Meeting in December 1989 at which eleven 
experts from eight Member States participated. The report was subsequently final-
ized in April 1990 by an outside consultant, M. Laraia (Italy), and by P.L. De 
(Scientific Secretary). 

The report is intended as a planning document for the owners, operators and 
regulatory bodies involved in decommissioning. 

The Agency wishes to gratefully acknowledge the time and effort contributed 
by the consultants and participants from Member States in drafting, reviewing, 
consolidating and approving the document. 
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1. INTRODUCTION 

The maintenance, refurbishment and decommissioning of nuclear power plants 
and other nuclear fuel cycle facilities result in the production of materials and equip-
ment which are radioactively contaminated or activated to varying degrees. Part of 
these materials and equipment has a high content of radionuclides and is most 
suitably treated as radioactive waste. However, another part has a low content of 
radionuclides and could be treated in different ways. It could be disposed of as low 
level radioactive W3«t<» <->r J 

reused, recycled or otherwise d i s p o s e d of without further r e g u l a t o r y c o n t r e ! 

(unrestricted release;. 
Extensive studies of power reactor deeonmiisMonir t j ! in the USA. Europe ami 

elsewhere show thai the t o u l quant i ty of s teel m the a c m e агеач o í a targe 
(1000 MW(e)) pressurized wafer reactor or boiling water reueioi r, a p p r o x i m a t e l y 

10 0001, about halt of which has a potential for un re s t r i c t ed recyc l ing v ith c u r r e n t ' s 

available technique*. An advanced gas cooled reactor of the 600 MWici class -.voulu 
in its active a r e a s also contain about 10 000 t of steel with a s imi lar potential for 
recycling, w h e r e a s the quantity ol sled from active areas resulting f r o m fhe 
decommissioning of a typical .steel pressure vessel M a g n o к r eac to r w o u l d be about 
13 0001, about a third of which m a y be .suitable for гесус1т e ' Acco rd ing to other 
studies [2], even higher fractions appear to be suitable for un re s t r i c t ed release: m o r e 

than 90% of the total concrete used m the c o n s t r u c t i o n of a large p r e s s n r i / e d wa t e r 

reactor is considered to be non-radioactive waste once Ac plant h;«s been 
decommissioned 

A recent IAEA technical r e p o n ¡2¡ deals with all f a c t o r s relevant io the 
recycling or r e u s e of c o m p o n e n t s arising f r o m the decommissioning >,|' nuc l ea r 

power plants and introduces the topic of monitoring for compliance with leicir-e 
criteria. As a follow-up, the present report has been developed as a planning tool 
for establishing and implementing a monitoring programme for compliance with 
criteria for unrestricted release (recycling, reuse or disposal) of materials resulting 
from decommissioning activities. 

2. PURPOSE AND SCOPE 

This report is intended to provide a good state of the art overview of all the 
factors to be considered in planning and implementing a programme of monitoring 
for compliance with criteria for unrestricted use established by the regulatory 
authority in the decommissioning of a nuclear facility. 

Items to be released for unrestricted use include material, equipment, buildings 
and part or all of the facility's site. For these items, unrestricted use condition is 
considered to have been achieved if the contamination has been reduced to acceptable 
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levels such that, from the point of view of radiological protection, no further 
surveillance, inspection or tests are necessary. Once released for unrestricted use, 
the items can be reused, recycled or disposed ;of without further regulatory control 
related to their radioactivity.-.! '..jfi ¡л . - . л 

. This document includes, a review., of the 'principles for the exemption of 
radiation sources and practices from regulatory control,[3],iand the range of release 
criteria being used'by Member States.vSuch a review isnot-intended to discuss the 
methodology by which to develop practical radiologicalicriteria for exemption. This 
is covered in other IAEA documents i [ 4 , 5 p . : . rr> ..?(-?•••• -1 

. The information in this ¡report isoftuse^to owners ¡and operators of nuclear 
facilities and regulatory bodies interested in decontamination, decommissioning and 
waste management: Although >this document is written specifically for; the unres-
tricted use of materials resulting from'decommissioning'operations, it is also of use 
to major, refurbishment, maintenance'and ¡life ¡extension programmes or-to those 
preparing monitoring programmes for restricted' release in specific installations. 
While the general principles of this ¡report are applicable to all types.of nuclear instal-
lation, certain instruments and methods may appear more appropriate to one type of 
facility than another. ; 

3. RELEASE GRITERIA < . , : ̂  <.. 
. .•• : .. i. . i > •• 

3.1. Radiological principles for exemption or release 

The principal objective of radiation protection is to protect,,man and his 
environment from,unacceptable effects of,ionizing radiations, at present and in the 
future. This principle is applicable to the recycling or reuse of components from the 
decommissioning of nuclear facilities as well as to. the reuse of buildings and sites 
where there is no further regulatory control of the site or material. 

The-system of-dose limitation is applied in Ref. [6] to the regulation of 
practices which involve exposure to ionizing radiation and are subject to control by 
a regulatory authority. Therefore, the exemption of a practice or source from 
regulatory control must be seen in the context of this system and the application of 
its basic principles must be considered when granting an exemption. 

The system of dose limitation comprises three basic elements: 

— justification of a practice; 
— optimization of radiation protection; and 
— limitation of individual risk. V T *< 

Decisions on the justification of a practice usually derive from considerations 
which are much broader than those based on radiation protection alone. Therefore, 
these decisions may well be made outside the context of regulatory control (or 
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exemption from such control, as in the case of the present report). For these reasons, 
subsequent discussion is focused on practices which are defined as justified, and the 
principle of justification is not considered any further in the context of exemption 
criteria [3]. 

Therefore, from a radiation protection standpoint there are two basic criteria 
for determining whether or not a practice can be a candidate for exemption from 
regulatory control: 

— individual risks must be sufficiently low as not to warrant regulatory concern; 
— radiation protection, including the cost of regulatory control, must be 

optimized. 

Activated or contaminated materials (steel, aluminium, concrete, etc.) 
resulting from decommissioning of nuclear facilities could be released without radio-
logical restrictions if a regime of exemption were applicable to them. In this case, 
a practice is defined as the set of activities starting from the release of the material 
(or materials) out of the boundary within which regulatory control applies (for 
example, the boundary of a nuclear site) and including all the operations, manipu-
lations and uses which lead to exposure of a critical group (or groups). 

If it is preferred, for practical reasons, to deal with exemption from each site 
producing material for release (e.g. an exemption for each nuclear power station to 
be decommissioned), then the practice would be defined to cover only the material 
released from a given site and it should be ensured that the critical group and popu-
lation doses relative to that practice are not significantly affected by the contribution 
of materials released (for the same kind of uses) from other nuclear sites in the 
country [3]. 

3.1.1. Individual doses 

In the caise of exemption from regulatory control, acceptable dose levels have 
been suggested by international experts [3, 7]. These are based on the question of 
whether a risk or a dose is trivial. Two main approaches have been used to address 
this question. The first one is based on the risk. Studies of comparative risks 
experienced by the population in various activities appear to indicate that an annual 
probability of death of the order of 10~6 per year or less is not taken into account 
by individuals in their decisions on actions that could influence their risks. With the 
use of rounded dose response factors for induced health effects, this level of risk cor-
responds to an annual dose of the order of 100 /¿Sv [7]. 

The second approach is a comparison with the natural background radiation. 
A level of dose which is small in comparison with the variations in natural back-
ground radiation can be regarded as trivial. An effective dose equivalent between 
20 and 100 i¿S\ per year has been suggested [3]. 
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Since an individual may be exposed to radiation from several practices that 
may have been judged exempt, each exempt practice should utilize only a part of the 
individual dose criterion. National authorities may apportion a fraction of that upper 
bound to each practice, taking into account the possibility of multiple exposure. A 
value of the order of 10 /xSv/уеаг from each exempt practice has been suggested [3]. 

3.1.2. Optimization of radiation protection 

The second criterion is the optimization of radiation protection. In the optimi-
zation assessment the relevant quantity is the collective dose commitment per year 
of the exempt practice. 

If a generic study indicates that the collective dose commitment resulting from 
one year of the unregulated practice will be less than about 1 man-Sv, it may be 
concluded that the total detriment is low enough to permit exemption without more 
detailed examination of other options. If the collective dose commitment is greater 
than 1 man-Sv then it must be demonstrated that exemption is the option which 
optimizes radiation protection [3]. 

3.2. Derived quantities 

Exemption levels cannot be expressed in terms of annual individual or collec-
tive dose since it is not practical to measure this parameter at the operational level. 
Rather, exemption should be expressed in terms of derived quantities that are directly 
measurable so that compliance with the provisions of the exemption can be 
determined. 

The release criteria are often expressed in terms of dose rate, specific activity 
or surface contamination related to the component being released. 

Often separate limits have been used for removable and fixed surface contami-
nation on sites or materials which are candidates for unrestricted release. However, 
in some cases it is not justified to distinguish between removable and fixed surface 
contamination, as, because of thermal, chemical or mechanical action, originally 
fixed contamination can be converted into dispersible forms [8]. 

The problem of averaging over mass, volume, area or a combination of these 
has to be given careful consideration. It is important that within this framework no 
circumvention of control which could otherwise apply is achieved by deliberate 
dilution of the material. If averaging criteria are adopted, it may be useful to limit 
any local peaks of activity within defined levels. 

Approaches to setting the derived quantities use models in which doses to 
critical groups are calculated corresponding to the expected quantity of material or 
to the characteristics of buildings or sites. Different scenarios that may lead to 
potential exposures of the workers or the public have been described [1, 4, 5, 9]. 
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The radiological impact assessment should be such that it covers all the likely 
pathways and exposure situations that arise from the exempt practice. However, 
there may be some accidental exposures with very low probability of occurrence 
which may have to be taken into account. For example, under exceptional circum-
stances, the dose to the most exposed individual from the direct reuse of steel scrap 
and equipment might be greater than those calculated on the basis of even pessimistic 
scenarios; it is not expected, however, that the individual risk will be increased [1]. 
Also, for such very low probability scenarios, higher doses could be allowed [10]. 

3.3. Release mode 

The release mode may be different, depending on the further use or destination 
of materials, equipment, buildings and sites. Since this report deals with unrestricted 
release, no further regulatory control of materials and sites is assumed. 

There are different possible phases where control can be relinquished. 
Table I illustrates one of the most frequent cases, which is recycling of metal. 

In Phase 1 the material is regarded as radioactive and should be subject to 
adequate control. 

There are several points on the pathway where control can be relinquished. 
The case most frequently discussed is the release of scrap at the end of Phase 1, 
usually for unrestricted use. 

However, there are other possibilities. The scrap can be transported as radio-
active material to a foundry possessing a licence to handle and melt the material. In 
such a case, the material may be released after Phase 3 or 4. It is important to distin-
guish between the release of scrap and the release of material which has been melted 

TABLE I. PHASES OF METAL SCRAP RECYCLING PATHWAYS 

Phase Description 

1 Scrap production by disassembly, segmentation, 
decontamination and activity measurements to assure 
compliance with criteria for transition to next phase 

2 Scrap transport, handling and processing 

3 Melting 

4 Product manufacture 

5 Distribution and use of products 
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with regard to release criteria and radiological assessment. Consequently, the phase 
in which the scrap is released for unrestricted use could dictate the adoption of 
different acceptable activity levels [11]. 

The same considerations hold for the uncontrolled reuse of buildings, including 
their demolition, and sites. 

4. COMMON PRACTICES FOR UNRESTRICTED RELEASE 

The criteria for unrestricted release are set by national authorities. At present, 
in most countries these release limits are set on a case by case basis [1, 2, 4, 5, 
12, 13]. 

Where specific criteria are set, the trend is for separate limits to be specified 
for categories of radionuclides, usually for a emitters and for (3-y emitters. 
However, in some regulations or studies, other categorizations are adopted or 
proposed [14, 15]. All categorizations would be derived from the most radiotoxic 
isotopes, such as in a reactor plant ^Co for /З-7 emitters or 239Pu for a emitters. 
In some cases where only specific isotopes are to be considered, higher limits may 
be allowed. 

Examples of common ranges for surface contamination release criteria are: 
0.37 to 3.7 Bq/cm2 for ¡3-y emitters and 0.015 to 2.0 Bq/cm2 for a emitters [1, 2, 
13, 16, 17]. These values are intended to be averaged over areas ranging from 
100 cm2 to 1 m2. Local peaks are sometimes allowed but are controlled within 
limits derived from pessimistic scenarios associated with direct reuse. Fixed and 
non-fixed contamination may be dealt with separately. In some cases, no loose 
contamination is allowed [18]. 

As for mass activity, examples of release criteria range from 0.1 Bq/g to 
10 Bq/g, again with limitations set to control local peaks. 

On the basis of an EC directive [19] the value of 100 Bq/g is the limit below 
which declaration or prior authorization is not necessary for handling, storing or 
disposing of radioactive materials. Accordingly, this limit has been used in some 
countries for the release of radioactive substances, usually in combination with other 
conditions, but for large quantities of dismantling wastes this could give rise to 
excessive doses to the public. 

In the case of recycling of steel the CEC has recommended a limit of 1 Bq/g 
averaged over a maximum mass of 1000 kg. To avoid the inclusion of highly active 
items within the averaged mass, there is an additional requirement that no single item 
should exceed 10 Bq/g [1]. 

Generally, during a metal production or melting process the average activity 
of the batches is usually between one-third and one-tenth of the maximum activity 
of the items. This is also what is observed in the case of low activity waste stored 
in shallow land burial. It therefore seems reasonable to propose that the activity per 
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object should not exceed ten times the average value. The size of the batch from 
which this average is taken should be the smaller of the following two values: either 
the mass corresponding to the most restricting scenario, or the mass contained in the 
disposal or shipping container. For each radionuclide (or class of radionuclides) a 
practical limit per object and per batch is thus obtained [20]. 

If the scrap items are only superficially contaminated, for more than 
0.5 mm material thickness (the great majority of the cases), compliance with the 
0.37 Bq/cm2 criterion will always ensure that the limit of 1 Bq/g of specific activity 
is also observed [11]. In this case, no specific monitoring for mass activity would 
be required. 

Occasionally, direct surface dose rates have been used to set release criteria. 
The range of values used here were from 0.05 /¿Sv/h to a few juSv/h above back-
ground. However, this concept is usually used in conjunction with other criteria. 

In the USA, a few research and test reactors have been decommissioned by 
using the guidance contained in Ref. [14], for surface contamination plus 0.05 /xSv/h 
above background as measured at 1 m from the surface. It is based on an acceptable 
potential exposure to individuals of 100 pSv per year with reasonable occupancy 
assumptions (2000 h per year) [21]. 

In France, the ore processing plant in Le Bouchet was dismantled from 1972 
to 1980, the following limits for unrestricted release having been authorized [22]: 

(i) For materials and inside buildings: 

For a emitters: 

— non fixed contamination: 0.2 Bq/cm2; 
— fixed contamination: 20 Bq/cm2 on local spots, 

average of 2 Bq/cm2 on 1 m2. 

For /3 rays: 

— dose rate at 30 cm: 7.5 /xSv/h; 
— contact dose rate on the outside of easily accessible parts: 15 piSv/h. 

For 7 rays: 

— dose rate at 30 cm: 1.25 /xSv/h. 

Items with internal parts inaccessible to measurement were considered radioactive 
and not suitable for unrestricted release. 

(ii) For outside buildings: 

The limits were fixed at ten times higher than inside. 
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Other limits were fixed for soil contamination. These limits have been set by 
taking into account possible exposure in the following cases: inhalation of radon 
daughters, external exposure outside and inside houses built on the site, internal 

-1"" to dust inhalation, internal exposure due to ingestion of crops from the 
ram the river. 
erman recommendations [11], unconditioned release of ferrous scrap 
only allowed below a mass activity level of 0.1 Bq/g, whilst a level 

•lies if the scrap is released for general melting. To melt the released 
essing foundry will need no special license. If the specific total activity 
/g it is possible to perform controlled recycling of the low level radio-
naterials, i.e. melting together with inactive materials, provided that a 

product is made of which the mean specific activity in no case exceeds 1 Bq/g. 
Melting of the scrap materials then will be possible only under a special license. 
Unrestricted release of the product material is possible if a value below 0.1 Bq/g is 
obtained. In individual cases the licensing authority may approve of the use of melted 
material the specific activity of which is above 0.1 Bq/g but below 1 Bq/g for 
purposes involving virtually no increased radiation exposure (conversion of the 
material into structural steel, rails, basic material of rolls, etc.) 

Table II summarizes some practices, results of studies or proposals in the use 
of unrestricted release criteria [1, 2, 5, 11, 12, 14, 17, 18, 21-25]. 

5. FACTORS TO BE CONSIDERED IN DETERMINING A MONITORING 
PROGRAMME 

A monitoring programme aiming at ensuring that the materials, buildings and 
site are below the limits for unrestricted use depends upon a variety of factors which 
should be considered before the work commences. 

5.1. Type, history and age of the facility 

The type of facility determines the isotopes likely to be of highest relevance. 
For example, in decommissioning a nuclear power plant or a research reactor, 
fission and activation products such as 137Cs or 60Co are relevant whereas in a fuel 
reprocessing facility actinides and fission products are more relevant. The history 
and age of the facility may give some indications of where monitoring should be 
concentrated. Greater effort would be directed towards monitoring areas where a 
spill or other radiological accident is known to have occurred. If a spill had occurred 
on a concrete floor, for example, deeper layers of the concrete would be measured. 
As the facility ages there is a greater potential for leaks in vessels, pipes, concrete 
tanks, floors and ceilings. The monitoring process should take this into account. 
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There are, however, certain basic monitoring procedures which apply 
irrespective of the differences between one facility and another. The objective behind 
these basic monitoring procedures is to ensure that the radiological consequences of 
residual radioactivity associated with the materials, buildings or site have been 
reduced to levels consistent with release criteria. In planning a monitoring campaign, 
it should be borne in mind that technical difficulties in ensuring compliance with the 
release criteria, for example, in component locations difficult to reach without 
expensive and time consuming segmenting, could lead to the decision to consider the 
component as radioactive waste. The CEC recommends that, if doubt exists for 
inaccessible surfaces, the radioactivity must be assumed higher than the exemption 
level [1]. 

5.2. Isotopes and areas to be considered 

The function of monitoring for compliance should address the following 
factors: 

(a) Timing: Radioactivity measurements are only correct at the time when 
they are made. The radiological situation of the different parts of the site changes 
with time. Dismantling activities by themselves may spread contamination. Cutting 
and demolishing (i.e. by explosives) result in the dispersion of radioactive dust and 
aerosols. Monitoring should include consideration of possible sources of recontami-
nation. Occasionally, other phenomena such as sweating out after decontamination 
could occur. 

(b) Critical radionuclides: The selection of the critical radionuclides may be 
arrived at by an initial radiological consequence assessment based on a knowledge 
of the facility, its history and by preliminary spectrometric analysis. Care should be 
taken to ensure that isotopes difficult to measure, such as weak /3 emitters, a emitters 
and soft X rays, are properly assessed. The problem of tritium contamination of 
surfaces is a special case that should be addressed. For example, recycling of equip-
ment from the primary heat transport and moderator systems in a CANDU reactor 
will require close attention to tritium contamination. Also, equipment from a tritium 
extraction plant or a D20 upgrading plant could be heavily contaminated after 
exposure to high specific activity tritiated water or gas. It may be advantageous to 
carry out some radiochemical analyses to measure radionuclides such as 55Fe, 63Ni 
or 241 Pu (if their presence is expected) — they are difficult to measure by 
spectrometric methods — and to evaluate them as a ratio to isotopes such as 137Cs 
or ^Co whose measurement is more straightforward. An isotopic ratio should be 
determined for each waste stream identified. It should be emphasized that isotopic 
spectra are not only variable from plant to plant, even those of the same type, but 
also from one location to another within the same plant. An alternative approach to 
using isotopic ratios was adopted during decommissioning of Gundremmingen NPP. 
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On the basis of preliminary radiochemical analyses, the limiting value of surface 
contamination for components to be released for unrestricted reuse or disposal was 
fixed at 0.22 Bq/cm2 (i.e. more restricted than the regulatory limit of 0.37 Bq/cm2), 
allowing for non-detectable low energy /3 and y emitters [22]. 

(c) Contamination on inner surfaces: For items such as pipes and equipment 
the inner surfaces should also be checked for contamination. Scrapings of inner 
surfaces may be taken for radionuclide analysis. As an alternative to sampling, 
metallic equipment could be melted, then samples taken from the homogeneously 
distributed metal and measured to determine the mass specific activity. Global 
measurement, after calibration, is often the only method of monitoring pipes of a 
small diameter. This technique allows the determination of the total activity 
contained in each part. This is possible for y emitters such as ^Co and 137Cs. With 
these methods, a spectrum of contaminants should be checked by sampling each 
representative area of the circuits. This control helps in evaluating homogeneity or 
heterogeneity of surface contamination [22]. Another technique that could be of use 
for radionuclide characterization is the analysis of decontamination solutions before 
component release. However, total removal of the contaminated layer should be 
ensured. 

(d) Other sources of contamination: The y dose rate from sources other than 
surface contamination measured both in contact with the item and at a set distance 
defined by the release criteria should be considered. It may be necessary to measure 
isotope dependent y dose rates rather than the total dose rate if more than one y emit-
ting isotope is present. 

(e) Ground contamination: The quantity of radioactivity on or in the ground 
surrounding the plant, including roads, vegetation, subsurface drains and ground-
water routes out to the point accessible to the public, should also be assessed. 

In all cases the characteristics of the item being monitored, such as geometry, 
mobility, local background, etc., should be taken into consideration in a systematic 
manner so that the proper instrument and procedure may be utilized. 

5.3. Statistical considerations 

To release materials, buildings or sites for unrestricted use, samples selected 
for radionuclide analysis should be such as to be representative of the item or area 
being released. Items such as pipes, motors, etc. should be checked individually for 
surface contamination on both outer and inner surfaces. If the history of the item is 
known and there is assurance that the decontamination process has reasonably 
uniformly removed radioactive contamination, scrape samples would be represen-
tative. However, floors, walls and roofs inside the buildings and the ground, roads 
and vegetation outside the buildings should be sampled and analysed in a statistically 
acceptable manner. 
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One possible approach to statistical sampling is discussed in Ref. [16], in 
checking whether floors, walls and ceilings inside the buildings and the ground 
outside the buildings have been decontaminated so as to bring the radiological conse-
quences of residual radioactivity to levels that are consistent with the release criteria. 

All possible measurements of a radiological condition may be considered to be 
a statistical population, that is, a set of quantifiable data. The frequency distributions 
of the population encountered in surveying are usually not familiar statistical distri-
butions; for example, the distributions are rarely normal. The Central Limit 
Theorem states that if repeated random samples of a size n are drawn from any popu-
lation (not necessarily normal) that has mean fi and standard deviation a, the 
frequency distribution of the sample mean x in repeated random samples of size n 
tends to become normal as n increases. 

The Central Limit Theorem suggests that the population mean (p.) of a radio-
logical condition, along with associated confidence intervals, can be estimated from 
a random sample of size n, where n is small compared with the size of the population. 
The values x and s (sample mean and sample standard deviation) from the sample 
population are usually employed to estimate ц and a, respectively, of the parent 
population. It is suggested in many statistics texts that n = 30 is usually adequate 
when making use of the Central Limit Theorem. 

As an example, it is shown that the number of samples required for statistical 
acceptability (error of less than 25% at a confidence level of 90%) is n, where 

s2 

n > 45 =r 
x 

where s is the sample standard deviation and x is the mean of the chosen parameter 
for the n samples. 

It should be noted that other values of the relative error and the confidence 
level would lead to different formulas. 

The floors, walls and ceilings inside the buildings should be marked up into 
grids of a size consistent with the required averaging area and then numbered. A 
minimum of 30 initial random samples are taken from each grid, together with a 
measurement of the y dose equivalent rate at a defined distance above the grid centre. 
At the surface of each survey block, a number of contact measurements of a surface 
specific activity, 0-y dose rates and 7 dose rates are made at uniformly spaced points 
in the grid. The number of contact measurements depends on the dimensions of the 
detector compared with the grid size and the variation in activity across the grid. 
After sample analysis is complete, the mean x and standard deviation s are calculated 
for each parameter associated with the samples. The number of samples n required 
to obtain an accurate estimate of the mean is calculated from 

s2 

n = 45 - r n > 30 
x 
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Additional samples are needed if n is calculated to be greater than 30, the 
original number of samples taken. 

If the number of samples is smaller than 30, then small sampling statistical 
procedures should be used and appropriate confidence intervals should be calculated 
accordingly (e.g. Student's t distribution instead of a normal distribution). 

After sufficient samples have been taken, as described by the above equation, 
the mean x and standard error s, defined by 

_ s 
S = V T 

are calculated for each parameter of interest. If the parameter values calculated as 
x + 2s are below the prescribed limits, then compliance with unrestricted release 
limits has been achieved to a confidence level of 95 %. 

Similar sampling should be undertaken for surfaces outside buildings. The 
averaging area may be different, but the statistical treatment is the same. Similar 
concepts apply also to mass contamination. It can be demonstrated [26] that a very 
large number of measurements may be needed if a source of localized activity is to 
be detected with a high probability. Prior information about past radiological 
practices and incidents should be used wherever possible to increase the probability 
of detection of sources of contamination. 

As an example, unrestricted release and reuse of the German nuclear ship Otto 
Hahn required a total of about 1.5 million measurements and about 13 000 h of work 
[22]. 

6. INSTRUMENTS AND METHODS 

6.1. Selection of instrumentation 

Release criteria are expressed in terms of a, 0 and y surface or mass specific 
activity or in terms of dose rates, derived from fundamental risk and dose levels 
(Section 3). In selecting suitable instrumentation to verify compliance with these 
criteria, it is first necessary to define the minimum detectable activity (MDA) for a 
particular instrument and to compare this MDA with the required criteria. The 
definition of the MDA is given in the Appendix. 

Choosing instrumentation with a sufficiently low MDA is clearly a major part 
of the selection process. Some other aspects of this selection process, and of the 
methods necessary to monitor for compliance with the release criteria, are listed 
below. 
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FIG. 1. Dismantling of RITMO research reactor (C. R.E. Casaccia, Italy). A low background 
area was created by lead shielding in order to monitor materials for unrestricted release. The 
lead shielding was needed to prevent interference with existing reactor structures (bottom part 
of photograph). 

(a) It is expected that in most cases the levels to be measured to verily compliance 
with the release criteria will be significantly lower than those measured during 
normal operation. This will have an effect on the choice of monitoring instru-
ments and on personnel training. 

(b) All measurements designed to validate the release criteria should be under-
taken in an area where the MDA, defined relative to background levels, is 
adequate in relation to the release criteria. This concept, in turn, would require 
the creation of a restricted area with a low background inside the plant 
(Fig. 1), the transport of materials to an outside storage area or a hall or the 
collection of samples to be measured in laboratories. 

(c) Consideration should be given to ensuring that the instrumentation be capable 
of measuring isotopes relevant to decommissioning. In some circumstances 
these isotopes are not those which were important for operation. 

(d) Measurement techniques may include high resolution a and y spectrometry 
and also radiochemical analysis to separate elements for measurement of low 
energy /3 emitters and X rays. In the laboratory, y spectrometry will require 
massive shielding. 
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FIG. 2. In situ 7 spectrometry survey for unrestricted release in decommissioning (Nuclear 
Electric, UK). 

(e) For many isotopes such as 63Ni or tritium, there are no portable instruments 
to measure the mass specific activity. Laboratory analysis is always required 
for these isotopes and may be needed for others in order to reach sufficiently 
low levels so as to verify compliance with the release criteria. 

(f) Instrumentation should be calibrated for a wide range of geometries for 
samples measured in the laboratory and in situ, as far as this is required by 
the characteristics of the materials being released. 

(g) The fraction of material removed by smear samples should be determined for 
each type of surface. As far as possible, the uniformity of applied pressure and 
the smeared surface should be ensured. 

(h) In general, sample analysis requires spectrometric analysis. Counting several 
smear samples all together could improve the statistical acceptability. In 
certain cases, it may be useful to measure total a or /3 activity on smear 
samples by using detectors that are not isotope sensitive. 

(i) In some instances, in situ 7 spectrometry may be the only method of achieving 
validation of the release criteria (Fig. 2), particularly for large areas outside 
the buildings. 
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FIG. 3. Instruments used during dismantling of RB-2 reactor (Italy), (a) (from left to 
right): contamination meter PCM 5, Nuclear Enterprises, &-y probe (also an a probe was 
used during dismantling); microroentgen meter PRM 7, Eberline; THYAC III Victoreen, 
dose rate meter, (b) Sealer-timer SR7, Nuclear Enterprises, a counting chain for smear tests 
(also /З-7 probe was used during dismantling). 
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References [2, 16, 22, 27] give some typical characteristics of different types 
of instrumentation which may be useful for this task. Figure 3 provides some 
examples of instruments used in the decommissioning of the RB-2 reactor in Italy 
[24]. 

6.2. Calculational methods 

In some cases, it may be very difficult or expensive to use extensive measure-
ment techniques to verily compliance with the release limits. In these cases, 
calculational methods may be used to supplement the measurements, but only when 
the accuracy of the calculation has been confirmed by measurements sampled in a 
statistically acceptable manner. Examples of such situations may include measure-
ment of specific activity of tritium in activated concrete shields or 63Ni in activated 
steels. We note that such calculational methods can only be applied to situations 
where bulk activation dominates the radioactivity inventory; they can never be used 
where surface contamination is important, even if the original source of the contami-
nation was activation (for example, in a PWR primary coolant circuit). It is neces-
sary to consider all activation products which are important on decommissioning and 
disposal time-scales, including all the processes that can produce long lived activa-
tion products. 

Theoretical calculations of the activation product concentrations require 
sufficient information on the following variables: 

— Geometry, volumes and mass of activated materials; 
— Initial composition of materials activated by neutron flux. Elements which acti-

vate to'long lived products are often present in traces only. If this is the case, 
usually no or little information is available from the plant builders. Therefore, 
an analytical investigation should be made to provide information on the 
concentrations of all elements which activate to long lived products in reactor 
materials. The investigation should be carried out on virgin materials of the 
same lot as those actually used in reactor materials. To be more reliable, the 
investigation should consist of two independent methods of determination, for 
example, instrumental neutron activation [28] and energy dispersive X ray 
fluorescence [29] methods. Up to 52 elements have been determined by these 
techniques [30]. 

— Neutron flux, i.e. time, space and energy distribution of the neutron population 
inducing activation. In general, the plant operation is variable because of 
power changes, fuel type and geometry modifications, etc. so that only one 
flux profile for the entire plant lifetime is not easily identifiable. Sometimes, 
a conservative approach could be used. It is necessary to know the flux levels 
during all operational lifetime and shutdown periods. Simplifications can be 
made, e.g. by joining a few consecutive flux periods into one flux period of 
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the same duration. However, any simplification in this field should be carried 
out with extreme caution. 

The material activation and dose rate calculations may be performed on a 
variety of different computer codes. The programs used for calculations should 
include nuclear parameter libraries for (n, 7), (n, 2n), (n, p), (n, d), (n, a), (n, f) 
reactions. The library should contain information on the type of reactions, mass of 
isotope products, number of elements in the production chains, half-lives, production 
cross sections and resonance integrals. Fast neutron cross-sections may be included 
in 0.5 MeV increments from 0-15 MeV [30]. In addition, libraries containing flux 
information appropriate to various reactor geometries of interest should be available. 
Parameters to be included in the flux libraries are the following: thermal neutron 
flux, epithermal flux and fast flux in multiple energy groups ranging from 0 to 
15 MeV. Neutron flux information (thermal, epithermal, etc.) may be obtained with 
neutron transport calculational codes such as РОЗ-6 [31] and ANISN [32]. To take 
into account the axial reactor neutron distribution, codes such as RADUGA [33] and 
DOT [34] may be used. It is also necessary to have a detailed knowledge of the 
geometry of the reactor, in co-ordinates appropriate to the neutron transport program 
being used. 

Depending upon the circumstances and possibly only for small research 
reactors, these calculations may be simplified so that computer codes are not 
required [24]. 

In general, activation calculations are more precise for the region closer to the 
reactor core. Further away from the reactor, e.g. in the concrete biological shield, 
precision tends to be lower. In addition, the chemical composition of the biological 
shield concrete might be highly variable, even from one location, to another, 
especially because of its water (hydrogen) content. 

7. FINAL SURVEY 

The final survey will only be carried out after the site has been decontaminated 
and the radioactive materials have been removed. The objective of the survey is to 
verify that the decontamination has been such that all remaining buildings and 
components and the site itself now have residual activity levels below the release 
criteria. It is expected that items known to be radioactive above these criteria have 
been removed from the site. It is important that this final survey is independent of 
previous surveys and is undertaken by adequately trained and qualified personnel 
(see Section 8). Knowledge of previous surveys could be of use in drawing the 
attention towards critical areas. 

General procedures for the final survey are briefly described below. Detailed 
procedures are presented elsewhere [16, 27]. 
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FIG. 4. Dismantling ofRB-2 research reactor (Italy). Activation measurements were carried 
out on 122 samples obtained by drilling the component with a tubular diamond sampling 
shovel (core boring). Two augers, 12 and 20 mm i.d., were available. This system was used 
especially on reinforced concrete structures. The samples were generally broken into two 
separately identified pieces to obtain information on activation at various depths, and then they 
were measured on the spectrometric detector. 

There are two approaches to ensuring that the survey be undertaken on a 
statistically sound basis: 

(a) stratified random sampling (i.e. random within a survey unit); 
(b) systematic sampling based on a grid system (i.e. random within a grid). 

The first approach may be used when the item to be surveyed cannot easily be 
subdivided into regular grids (e.g. electricity transmission system). A survey unit 
may also be defined as a room or part of a building, particularly when it is known 
that radioactive contamination in the building is very low (e.g. the reactor hall in a 
small research reactor). If the second system is adopted, the facility must be divided 
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imensions of each grid are chosen such that the 
the grid is small in comparison with the variation 
choice will be based on a judgement derived from 
)ry of the plant, and the character and quantity of 

monitored and sampled as was discussed in Sections 
^ : *. onably uniform, it may not be necessary to measure 

should, however, be assured that the radionuclide 
; n grid to grid. Normally, the number of measure-

survey units known to have been exposed to higher 
be impractical to measure all parts of large compo-
relatively small active surface area of measuring 

quantities of samples in a laboratory. It should, 
ient samples have been obtained to show that 
ia is achieved on a statistically sound basis [36]. 
f contamination into, for example, soil or concrete 
especially important around construction joints or 
>een resurfaced. In some cases, it will be necessary 
Fig. 4) or to sink bore holes to confirm compliance 

and up to date information on nuclide composition 
IS avanauic u^tauat, uwmg lu transport and adsorption processes, the original 
nuclide composition may change with position and time. This is particularly critical 
for penetration into soil or concrete. 

The final survey will generally fall under the responsibilities of the licensee. 
However, technical and administrative procedures, including quality assurance, 
would be reviewed by the regulatory body or other competent authorities [37]. In 
some Member States, before unrestricted release is granted, confirmatory moni-
toring would be carried out by the regulatory body itself or its subcontractors. This 
confirmatory monitoring is not intended as an extensive duplication of the licensee's 
final survey. 

The accepted radiological survey including details of the residual activity 
should be part of the final report to be transferred to the regulatory body at the 
conclusion of the decommissioning [37]. 

8. QUALITY ASSURANCE AND DOCUMENTATION 

The importance of monitoring the materials, buildings or sites for unrestricted 
release after decommissioning cannot be overemphasized. This is the last stage of 
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administrative control, after which the item being released will pass into the hands 
of the public, and carries with it the risk of exposure to radiation if there has been 
an error in measuring the dose rates, surface contamination or mass activity levels. 
There should, therefore, be a well planned quality assurance (QA) programme in 
accordance with applicable codes and standards and jurisdictional requirements to 
cover the monitoring activities [38]. The purpose of a 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 or a part of the site which could represent 
an unacceptable risk to public health. Such a QA programme should start with the 
programme design and be maintained at each significant step of the decommissioning 
process, up to the unrestricted release of the site. 

The entire monitoring programme involves a complex flow of information and 
related activities starting from the acquisition of the criteria for unrestricted release 
up to the actual release of components or site. The main steps associated with the 
QA aspects of a monitoring programme can be summarized as follows [16]: 

— criteria; 
— cost effectiveness; 
— statistics; 
— survey procedures; 
— instrumentation; 

' — data collection; 
— data evaluation; 
— documentation; 
— interpretation; 
— decontamination and decommissioning; 
— verification for compliance; 
— release. 

Each step should be governed by appropriate administrative procedures, including 
flow of information to the next step. QA control of such procedures and their 
implementation should be parallel but independent. 

Responsibility for QA should rest with a person or a group with direct access 
to higher management. Decommissioning QA programmes should be an integral part 
of the overall QA programme of the organization. 

The important aspects to be covered by a QA programme will include the 
following: 

— personnel; 
— instruments; 
— methods; 
— documentation. 
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8.1. Personnel 

The personnel performing the monitoring function should be adequately 
qualified, experienced and trained. The minimum qualification and training require-
ments of the personnel should be clearly specified in a QA manual. This document 
should then refer to other documents which have been prepared for the benefit of 
personnel undergoing the training programmes. In many operating facilities training 
programmes are already well established. These programmes should be assessed 
and, if found to be suitable, continued or adapted during the decommissioning stage. 

8.2. Instruments 

The choice of an appropriate instrument to perform the monitoring function 
should be carried out by specialists. Once instruments have been selected, detailed 
procedures should be available for operating, checking, calibrating, storing and 
handling of the instruments. 

8.3. Methods 

The QA programme should include a review of monitoring procedures (how 
surveys are made, how smears are taken, how samples are collected for spectro-
metric analysis, etc.). The samples for radionuclide analysis may be sent to a 
laboratory outside the facility, in which case the QA programme should include the 
requirement for a review of the relevant procedures followed by the laboratory. It 
may also be useful to send an occasional sample to a different laboratory to confirm 
the reliability of the analysis being done. 

8.4. Documentation 

Documentation is a major part of any QA programme. Proper and accurate 
documentation is the main basis for enabling a regulatory authority to verify the 
results obtained by the licensee or its contractors. 

Documentation should include an accurate mapping of the survey site, material 
history and important events (original location, decontamination, monitoring, etc.) 
with regard to preparation for unrestricted release. This documentation should be 
retained for a defined period of time. 

Examples of documents to be considered are records with results of dose rate 
measurements, surface contamination measurements or other instrumental measure-
ments or analysis. The records should contain the following information where 
applicable: 
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— identification of the component, material or site being released; 
— administrative details including release date, location/destination, etc.; 
— location of measurement or sample; 
— origin of the material or components; 
— date or dates of measurements and sample collection; 
— results of dose rate, surface contamination and mass activity, direct 

measurements; 
— in case of laboratory results, the measured concentration of the specific 

nuclides in Bq/g and/or Bq/cm2; 
— the error at the required confidence limit; 
— name of surveyor, sampler or analyst; 
— analysis data (fractions of various nuclides, additional remarks); 
— instrument specifications and calibration data; 
— definition of detection limit and associated significance level; 
— name of person verifying the results. 

The actual net measured values and their associated errors should be reported. 
One possible approach is presented as follows: 

If the net measured value is below the critical level (CL), it should be reported 
as "less than CL with a confidence level of x%", where CL and x relate to the 
definitions presented in the Appendix. 

If the net measured value is above the critical level, it should be reported as 

a ± t<r 

where a is the best estimate value, a is the standard error and t is Student's coefficient 
relating to the confidence limit. Extreme care should be taken to ensure that the 
quoted units are correct. 

The primary data gained in field measurements and in laboratory analyses must 
be interpreted, organized and summarized to prepare a report about the work and 
survey operations. This secondary documentation may consist of master plans with 
survey readings added as well as tables and computer files. The most usual methods 
are tabulating and mapping in order to ensure that 

— the radiological condition of the entire site be completely and accurately 
depicted; 

— the regulatory and surveying staff can ascertain the radiological condition of 
the components without further analysis and evaluation of the data; and 

— the inspectors or other surveyors can readily ascertain types and locations of 
conditions exceeding the release criteria. 

Several QA programmes have been produced for decommissioning and 
unrestricted release [16, 39]. 

25 



9. COST OF MONITORING FOR COMPLIANCE 

9.1. General 

The choice and, hence, the costs of a monitoring programme aimed at ensuring 
compliance with unrestricted release criteria depend primarily on the derived levels 
of residual activity (Section 3.2). In general, costs increase with decreasing 
permissible residual activity levels and the cost can be very high for a survey near 
the state of the art detection limits at high confidence levels. Counting longer, using 
a more sensitive and discriminating detector, or taking more samples, all have 
theoretical limits to their ability for distinguishing between background and near 
background levels of residual activity [27]. 

The cost of a monitoring programme is highly variable, depending upon the 
number of measurements required and the number of samples requiring analysis. 
The cost of conducting a survey of a large, complex site will greatly exceed the cost 
for a survey of a small site which handled small quantities of a limited number of 
isotopes. To reduce the number of measurements, a statistical methodology can be 
adopted to characterize materials resulting from decommissioning activities. 
Statistical errors associated with the monitoring techniques and the theoretical 
calculations should be evaluated so that the process is optimized. 

Another factor having a major impact on the cost of a monitoring programme 
is the availability of services, such as analytical measurements, drilling and boring, 
land surveying, etc. If an off-site contractor is called upon, such expenses could be 
considerable. 

The following items can be regarded as main parameters for evaluation of costs 
of monitoring for compliance with unrestricted release criteria: 

— materials; 
— instruments and equipment; 
— sampling and analysis; 
— documentation. 

In all these items the cost of the personnel involved, including adequate 
training, should be considered and may be substantial. 

9.2. Materials 

Materials that will be required for performing a decommissioning survey, 
analysing samples, reading and interpreting the data and preparing a report include 
such things as sampling tools, sample containers to prepare and store samples, plastic 
bags, signs, labels, photographic film, and protective clothing. Errors in estimating 
the cost of materials will probably not greatly affect the total costs since other costs 
will by far overshadow the cost of materials. 
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9.3. Instruments and equipment 

The cost of instruments and equipment will depend on the type and complexity 
of the equipment used, for example: 

— portable survey instruments; 
— laboratory detectors and electronics; 
— sample analysis systems; 
— sample preparation equipment; 
— miscellaneous supplies and equipment; 
— mobile laboratory. 

The cost of instruments and equipment will be much higher than those of 
materials. It is impossible to give an average value because the instrumentation can 
range from a single portable survey monitor for a simple component with a plain 
surface only contaminated at the surface to a large number and variety of instruments 
for a large component such as a reactor building or a surrounding site (see Section 6). 

Depending on the measuring procedures, it might be sufficient to use standard 
instruments generally available at the plant itself such as dose rate meters and surface 
contamination monitors. But often such standard instruments cannot be used in 
connection with unrestricted release, e.g. to measure complex geometries. To avoid 
very time consuming sampling procedures, special detectors for contamination 
measurements of complex surfaces should be considered [40, 41]. However, the 
extra cost of developing such detectors, if they are not commercially available, 
should also be considered. To accelerate measuring identical materials arising in 
large quantities from one source, such as pipes from a steam generator or heat 
exchanger, consideration may be given to developing and using automatic measuring 
equipment. The cost of developing such a device may be amortized during measure-
ment because of reduced man power, measuring time, and increased measurement 
consistency. 

9.4. Sampling and analysis 

In general, the cost of obtaining samples is largely determined by labour costs 
and depends on the type of sampling and the type of material to be sampled. 

Application of a sampling method depends on the quality of information 
required about the type and degree of contamination and about the variation of radio-
nuclide content as a function of depth from the surface. This is particularly relevant 
in the case of soil and concrete sampling. 

The number of samples necessary should be evaluated very carefully, 
preferably on a statistical basis. If there are any doubts, more samples should be 
taken. To avoid unnecessary sampling and analysis, all data from plant history 
(Section 5.1) should be taken into account. 
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As many of the samples will be investigated analytically, costs for analysis will 
also depend on the number of samples, on the radionuclides that are to be analysed 
and on the required accuracy of the analytical procedures. 

Analysis of a sample for a single radionuclide may present little difficulty, but 
analysis of the same sample for a large spectrum of radionuclides may be more 
difficult; in addition, some isotopes are much easier to quantify than others. Analysis 
may require some chemical preparations that are, in general, expensive because of 
the trained staff and the analytical equipment necessary. The cost of instrument 
calibration and the cost of verifying the accuracy of measurement results should also 
be evaluated. 

9.5. Documentation 

After the materials or the site have been surveyed and samples collected and 
analysed, the data must be evaluated, interpreted and presented in a report which 
documents the findings of the survey. 

The costs are associated with the work of engineers, graphic artists, technical 
writers, editors and clerks. The cost of retaining the documentation over a long 
period of time as required by the regulatory authority should also be considered. The 
cost of documentation is not expected to be significant in comparison with the total 
cost of unrestricted release of sites or materials. 
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Appendix 

STATISTICAL CONSIDERATIONS OF 
THE CRITICAL LEVEL AND THE DETECTION LIMIT 

The decision whether a certain item, for example a piece of equipment, walls, 
ground, etc., may be released for unrestricted use is made on the basis of measure-
ments indicating that the release criteria, expressed in terms of maximum permissible 
a , /3 or y surface or mass specific activity or dose rates, are fulfilled. 

Before such measurements can be made, it must be verified whether the instru-
ments and methods to be used are capable of detecting the quantity being measured. 
This means that measurements carried out on a sample with a surface contamination 
(or mass specific activity) equal to the permissible limit will, with a predefined 
statistical accuracy, lead to an instrument reading that is significantly above 
background. 

The definition of the critical level (CL) and the detection limit (DL) given 
below will clarify the meaning of 'predefined statistical accuracy' and 'significantly 
above background' [A.l, A.2]. 

A.l. DEFINITION OF THE CRITICAL LEVEL AND DETECTION LIMIT 

Any activity measurement comprises two measurements: one for the back-
ground and another for the sample, from which the background has to be subtracted. 

If N1 is the number of counts observed for background during the time 
interval T, and N2 is the value observed for the sample plus background during the 
same time intérval, the result of the measurement is given by: 

•• N = N2 - N, 

If no sample contribution is present, the mean value of N resulting from repeated 
measurements would be equal to zero, while the variance of the resulting distribution 
would be given by: 

N, = <7?,, N2 = ON2 

al = + ff?,2 = 2N, 

(when the number of pulses is larger than ten, a Gaussian law is assumed to be valid). 
The question of whether there is a sample contribution or not has to be decided 

upon a critical count Nc. If N < Nc, it is assumed that only background was 
measured. 
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FIG. A-I. Background distribution. 

In Fig. A-l, the fraction of the background distribution exceeding Nc is 
denoted by a. With a probability of a , Nc may be exceeded, even if there is only 
background. That is, a sample contribution would be assumed although there was 
only background. This is called a 'type I error', and Nc has to be chosen so that the 
probability is acceptable. 

Nc is given in terms of standard deviations: 

Nc = kaOQ 

where ka is, for example, 2 for a = 2.5% (see, e.g. Refs [16, 22, 27] of the main 
text for other pairs of ka and a). 

The choice of a is not, however, critical from the point of view of radiation 
protection because a type I error, i.e. a 'false alarm', does not have any radiological, 
but may have economical consequences. Nc is related to the critical level CL by 

CL = K A 
T 

where К is the calibration factor depending on instrument, type and energy of the 
radiation, and on the geometry. 

The detection limit DL is defined as that value of surface contamination or 
mass specific activity which, if measured, would result in a count N > Nc with a 
probability of 1 - /8 according to Fig. A-2. ND is the corresponding mean resulting 
from measurements of DL. /3 is the fraction of the count distribution resulting from 
repeated measurements of a sample having an activity concentration of DL that is 
below Nc. The quantity /3, therefore, describes the risk of a conclusion that there 
was only background present, although there is actually a sample contribution which 
is called a type П error. 
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The choice of /3 or depends on the radiological consequences which may 
result from undetected activity having a value of DL. 

According to Fig. A-2, ND is determined by: 

Nd = Nc + kg <jN[) 

or Nd = k„ff0 + k0ffNo 

If, for example, k„ = k^ and the approximation CTNd = a0 is made, we obtain 

Nd = 2kaa0 

and if a = 0 = 2.5% (k„ = 2) 

we have ND = 4ст0 

The following sections use the assumptions set out above, in particular 
a = 0 = 2.5% and <tNd = a0. 

A.2. ERRORS ASSOCIATED WITH MEASURING AT THE CRITICAL LEVEL 
AND AT THE DETECTION LIMIT 

The relative error associated with measuring at the critical level can be calcu-
lated for the 97.5% confidence level from the following relationship: 

e N c 2 f f N c 

~ 
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since <rNc = ст0 and Nc = 2<x0. Then we have 

= 1 
Nc 

This relation means that at the critical level, Nc, the associated relative error 
is equal to 100%. At the detection limit, ND, the relative error is equal to 50%. 

A.3. CRITICAL LEVEL AND DETECTION LIMIT EXPRESSED IN TERMS 
OF COUNT RATE 

For the special case where the signal plus background and the background are 
counted for the same time interval T, we have: 

ncT = 2CT0 = 2 V2Ñ| = 2.8 VÑ; 

where nc is the count rate corresponding to the critical level and Nt is the count 
registered for the background during the time interval T. 

It follows that 

where nD is the count rate corresponding to the detection limit. Of course, relative 
errors associated with nc and nD are, respectively, 100% and 50% since the error 
in time measurement can be considered as negligible. 

A.4. CRITICAL LEVEL AND DETECTION LIMIT EXPRESSED IN TERMS 
OF SURFACE EMISSION RATE AND ACTIVITY 

As defined in Ref. [A.2], the instrument efficiency e¡ is equal to 

where П] is the count rate due to the background. 
It can also be demonstrated that 

n 

42* 
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where n is the net count rate detected by an instrument. This quantity can then be 
expressed in s ~1. The quantity q2lr is the surface emission rate of a source under 
given geometrical conditions; it is defined as the number of particles of a given type 
above a given energy emerging from the front face of a source per unit time. If this 
quantity is also expressed in s _ 1 , then e¡ is dimensionless. 

Assuming that the instrument efficiency, e„ is constant over a range beginning 
from nc to an upper limit specified, i.e. n is proportional to q2x in this range, we 
have 

nc 2.8 /ü¡~ 
(Ч2ж)с = — = J — e¡ e¡ M T 

where n, is the count rate of the background as mentioned above and (q2T)c is the 
critical level of the instrument. This critical level could also be called minimum 
detectable emission rate (MDER): 

MDER = ^ - 8 I * 

If the instrument is a rate meter and if its time constant is equal to 0, MDER would 
be equal to 

6¡ 426 

The expression for the detectable limit in terms of the emission rate (DLER) 
would be: 

DLER = ^ / ° Г 

e¡ \ T 

and for a rate meter 
DLER - / " Г 

As recommended by the ISO standard [A. 2]: 

Ч2тг = Ases 

where As is the activity of the source in Bq, and es is the dimensionless efficiency 
of the source. 
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Then the minimum detectable activity (MDA) would be expressed by 

and for rate meters: 

In this standard, the product e¡es is also called the response of the instrument 
relative to activity. 
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