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FOREWORD

This report was prepared by a Group of Experts for the Committee on
Radiation Protection and Public Health of the OECD Nuclear Energy Agency. It
completes Phase II of the NEA programme of radon dosimetry work on the practi-
cal aspects of metrology and monitoring of radon, thoron and their daughters
and was preceded by Phase I concerned with radon dosimetry.

Phases I and II constitute an integrated set of tasks which have emerged
Trom discussions by the Committee on Radiation Protection and Public Health
over recent years. The programme is based on the Proceedings of the NEA
Specialist Meetings on Dosimetry and Monitoring of Radon, Thoron and their
Daughter Products at Elliot Lake, Canada, in October 1976, Paris/La Crouzille,
France, in November 1978, the NEA International Symposium on "Management,
Stabilization and Environmental Impact of Uranium Mill Tailings", Albuquerque,
USA, in July 1978 and also on discussions at the Arlington Workshop on Radia-
tion Protection for Naturally Occurring Radionuclides, in May 1978 (OECD/NEA,
1976; OECD/NEA, 1978).

The work is intended to provide specialized guidance on dosimetry and
monitoring for radiation protection from radon, thoron and their daughters,
particularly in uranium or thorium mines, but also in other cases of exposure,
both occupational and domestic, for application to and fulfilment of the ICRP
radiation protection requirements, international and national standards. Since
this report issues several recommendations on the practical application of
different measurements and monitoring techniques, it is stressed that these
recommendations are limited to the methodology itself. This does not imply
any recommendation for the selection of any commercially available instrumen-
tation.

The publication by the OECD of reports such as this may contribute to
the development of an international consensus on matters of public concern.
It does not commit Member Governments or the Organisation in any way.
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ABSTRACT

The principles of measurement and monitoring are described as applied
to radon- and thoron gases and their daughter products in occupational and
non-occupational environments. Various methods of measurement, such as grab-
sampling, continuous monitoring, integrated measurements and personal dosi-
metry are discussed. Uncertainties in different measurement methods are
compared. An account of unattached fraction and plateout of radon daughters
is included. General principles and guidelines for monitoring are presented
for the purposes of practical radiation protection as well as research appli-
cations. Calibration aspects of measurement instruments are described and
procedures for interlaboratory calibration are suggested. Sampling strategies
for occupational and non-occupational environments are discussed and radiation
protection training requirements are identified. Where sufficient information
and consensus exist, guidelines on apparatus, methods and procedures for moni-
toring are provided. A summary of regulations in force or being developed and
recommendations for monitoring radiation exposure to radon and its decay pro-
ducts in countries of the OECD is provided, together with cost estimates for
national indoor radon surveys.



SUMMARY AND RECOMMENDATIONS

Based on the results of a review of the currently available methods for
sampling and monitoring of radon and its daughters, together with results of
the Phase I work of the NEA Group of Experts, it is concluded that several
task-specific methods exist, which are adequate for a cost-effective deter-
mination of atmospheric levels of radon and its daughters for radiological
protection purposes in occupational and non-occupational exposure conditions.

Radon Measurement

The concentration of radon gas is generally more easily measured than
the concentration of the associated individual daughter products. The actual
measurement and analysis of radon can be conducted from a central location
remote from sampling sites. It may be borne in mind that radon measurements
can provide only information on the upper limit for the potential alpha energy
exposure from radon daughters in the air.

Grab samples for radon are taken with flexible foil containers or scin-
tillation cells and the collected samples are measured with an ionization
chamber or scintillation counter as appropriate. For continuous monitoring
air is drawn through either a scintillation flask, a two-filter device or an
ionization chamber. For time-integrated measurements, various etchable plas-
tics or thermoluminescent materials are exposed for a given period of time.
The exposed detectors are subsequently analysed to determine the exposures or
doses.

Measurements of Radon and Thoron Daughters

Radon measurements provide only information on the upper limit for
potential alpha energy exposure from radon daughters in the atmosphere.

Most national regulations related to occupational exposure require the
measurement of the potential alpha energy concentration rather than that of
radon gas. In most methods a measured volume of air is drawn through a filter
during a preset period of time? The radon daughter activity from the filter
is counted during and/or after sampling. These activities may be attributable
to individual daughters or gross activities.

The most simple methods are one-count methods with an inherent uncertain-
ty of about 10 per cent.

The ROLLE method is recommended in mining and housing environments,
since the results are available faster than for the KUSNETZ method with a
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comparable overall uncertainty. Furthermore it is rather insensitive to the
presence of thoron daughters in the air.

Two-count methods use two uncorrelated counts of radioactivity on the fil-
ter for the reduction of the uncertainty in the determination of the potential
alpha energy concentration. The best characteristics of all two-count methods is
obtained with the combination of the JAMES-STRONG and SHREVE method. The measu-
rement is completed in two minutes and the total uncertainty of the method is
below 10 per cent. Furthermore, the radon daughter concentration ratios can be
estimated.

With three-count methods it is possible to determine the concentration
of individual radon daughters from three uncorrelated counts. Using integrated
counts over intervals at optimized times (e.g. the MARTZ method), reduces the
uncertainty for the determination of RaA significantly compared with other
three-count methods. However, the MARTZ method requires more sophisticated
equipment than the less sensitive CLIFF or modified TS1V0GL0U (THOMAS) method.

Due to the simultaneous presence of radon and thoron daughters, inter-
ference with the counting of radon daughters has to be accounted for. Methods
have been developed to correct for the overestimation of the potential alpha
energy concentration due to radon daughters, particularly at counting times in
excess of 30 minutes.

Several automated radon daughter monitors are available, using in prin-
ciple the same instrumentation as for grab sampling. However, the semi conti-
nuous monitoring of the radon daughter levels necessitates relatively short
sampling and counting times, thereby resulting in poor counting statistics.
Total uncertainty at 1 Working Level is typically below 10 per cent. Further
development of instrumentation with regard to system reliability, sensitivity
at low environmental levels and ergonomical aspects is indicated.

Personal dosimetry systems produce time-integrated results, eliminating
uncertainties due to fluctuating exposure levels and occupancy factor. With
active dosimeters a known volume of air is drawn through a filter by a battery-
powered pump. A detector records the alpha particles emitted from the daughters
deposited on the filter by a battery-powered pump. A detector records the
alpha particles emitted from the daughters deposited on the filter. Passive
dosimeters use the natural migration of radon and/or radon daughters to the
sensitive area of the detector.

The CEA system (France) has been tested for many years and represents a
versatile and simple dosimeter. A more sophisticated microprocessor-controlled
Alphanuclear system (Canada) is undergoing extensive tests at present. No
recommendation can be given at this time.

For the measurement of the potential alpha energy concentration of
thoron daughters in principle all of the one- and two-count methods described
in the report can be used. However, in most cases results will not be avail-
able until about six hours after sampling. This period can be shortened to
about 70 minutes, if alpha spectroscopie methods (e.g. by COTE et al.) are
applied.

11



Measurement of Unattached Fraction and Plateout

Under conditions of high ventilation or filtration rates, e.g. in some
open pit mines, the magnitude of the dose delivered from equal concentrations
of unattached and attached radon daughters can be 2:1. Therefore,it is impor-
tant to determine the concentration of unattached radon daughter products.
For this purpose a system based on a diffusion battery, diffusion impactor or
wire-screen device has been developed. However, a recent review concluded
that substantial errors may be associated with these methods. Therefore
further research is recommended in this field.

Plateout of radon daughters represents a removal process in competition
with filtration. Investigations of plateout of radon daughters on various
surfaces indoors revealed important inconsistencies between experimentally
derived values and model predictions. Further research is necessary to contri-
bute to the understanding of underlying diffusion process and aerosol characte-
ristics.

Sampling Statistics

In view of the need to optimize sampling programmes it is essential to
apply statistical criteria for an objective assessment regarding compliance
decisions and reliability of sampling procedures. Statistical test procedures
are recommended for analysis of data variability and significance.

In order to reduce the limitations associated with a non-random sampling
scheme, a stratified random sampling plan is recommended. This ensures that
each location, occupation and time of sampling is selected without bias, using
techniques of probability theory. This type of sampling is applicable for
selective personal dosimetry as well as grab samples.

Practical application of these sampling procedures and numerical exam-
ples for data analysis are given in Appendix 2.

Principles and Guidelines for Optimization of Monitoring

The principles of monitoring are determined by the immediate objectives
of the monitoring. In practical radiation protection it is necessary to pre-
vent over-exposure i;o radon, thoron and their daughters. For this purpose a
two-step approach is recommended, i.e. a preliminary screening programme, to
be followed by an attempt to improve the exposure assessment in order to
comply with regulatory standards.

Research applications require a more comprehensive assessment of data
concerning biological parameters of the exposed subject and physical para-
meters of the inhaled atmosphere. The relationship between radon and thoron
daughter exposure and dose to the critical cells for lung cancer induction is
determined predominantly by the inhalation rate, the particle size distribu-
tion of the attached fraction of radon daughters and the fraction of daughters
in the unattached state.

Monitoring programmes are outlined for purposes of practical radiation
protection and research applications for mills, underground mines, open-cut
mines and dwellings.
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Technical guidelines are discussed for the selection of instrumentation
used for personal sampling equipment and area monitoring.

Cost-benefit analysis is recommended for the quantititative optimisa-
tion of radon, thoron and daughter monitoring in practical radiation protec-
tion. In the case of research programmes, optimisation is not considered
applicable. Cost estimates for the use of different monitoring and dosimet-
ric systems are given in Appendix 3.

Calibration of instrumentation for the measurement of radon and
daughters is essential for ensuring that measurements at national and interna-
tional levels can be traced to a reference standard. Technical procedures are
recommended for the calibration of radon measurement systems as well as radon
daughter measurements. National standards and international recommendations
are summarized in Appendix 4 a).

Radiation protection requirements are outlined for health and safety
personnel. It is recommended that this training should be an integral part of
any radiation protection programme. Technical reports, manuals and handbooks
giving advice on measurement and monitoring techniques are listed in
Appendix 4 b).

Furthermore, a two-stage intercalibration and intercomparison programme
among NEA Member countries is briefly described.
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Chapter 1

INTRODUCTION

Measurements related to the assessment and control of exposure to radia-
tion are described by the general term 'monitoring'. This report aims at set-
ting out the objectives and requirements of monitoring in cases of exposure to
the short-lived daughters of radon or thoron gas and at establishing the prin-
ciples on which monitoring programmes can be based. For this purpose it was
necessary to review the state-of-the-art in metrology of radon, thoron and
their daughters, i.e. the principles and techniques of measurement applied to
monitoring programmes.

Design of a monitoring programme involves many considerations beyond
metrology. Monitoring can be defined as the combination of sampling, measure-
ment and interpretation of data required to assess or control exposure. For
radiological protection, monitoring must provide the data needed to apply the
basic recommendations of the International Commission on Radiological Protec-
tion (ICRP Publication 26, 1977b). These are to limit the dose received by an
exposed individual and to ensure that doses are kept as low as reasonably
achievable.

The report of the Phase I study (OECD/NEA, 1983) outlined several dif-
ferent objectives of monitoring in radiological protection, the main objectives
being to contribute to the following:

1) maintenance of acceptably safe and satisfactory working conditions
for occupationally exposed groups;

2) maintenance of safe environmental conditions for members of the
general public;

3) compliance with national standards and demonstration of compliance;

4) optimisation of radiological protection,including optimisation of
ventilation or other control measures.

In order to meet these aims, it is necessary to assess the dose received
by exposed individuals. As is generally the case for internal exposure to
radioactive substances, dose must be assessed indirectly from measurements of
a derived environmental quantity related to exposure. In the case of exposure
to radon or thoron daughters, this derived quantity is a concentration of acti-
vity in air. Exposure is then related to dose by applying a model.

The Phase I study examined the relationship between the special quantity
'exposure to potential alpha energy'and the primary dosimetric quantity'effec-
tive dose equivalent1 by reviewing dosimetric models. Variation of the
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conversion factor from 'exposure' to 'dose' with the different conditions
encountered occupationally and in domestic environments was thus reviewed.
The Phase I report recommends reference conversion factors and criteria for
judging their adequacy for radiological protection purposes. The range of
environments, from uranium mines and mills to homes, in which monitoring may
be required and the different applications of monitoring were also reviewed in
the report of Phase I.

In addition to the routine monitoring aspects of radiological protection
in various different environments, special monitoring with different technical
requirements and objectives may be called for. Examples of such special
investigations are:

1) evaluation of the effectiveness of environmental control measures
and the efficiency of plant or equipment;

2) assessment of exposure for the purpose of interpreting epidemiolo-
gical data on the incidence of disease amongst exposed groups.

These different applications of monitoring determine the specific
requirements for measuring atmospheric levels of radon, thoron and their short-
lived daughters. The requirements are examined in detail in this report of the
Phase II study. Monitoring procedures and methods are thus recommended for the
range of applications encountered in routine radiological protection and spe-
cial investigations, with an assessment of the equipment available to meet the
objectives of monitoring effectively and economically.

1.1. INTERNATIONAL RECOMMENDATIONS

The principles of monitoring and limitation of occupational radiation
exposure have been considered by several international bodies in relation to
recommended limits. In the case of occupational exposure to radon and thoron
daughters, an international consensus on limitation has recently been achieved.
The concepts for optimisation of protection (ICRP, 1983) and limitation of
environmental exposure (ICRP, 1984) are also the subject of international
recommendations. However, the practical application of these recommendations
and their incorporation into national regulations are still in the process of
evolution.

1.1.1. ICRP Publication 24 (ICRP, 1977a)

A report of ICRP Committee 4 entitled 'Radiation Protection in Uranium
and Other Mines' defined the scope and frequency of monitoring and the protec-
tive measures necessary in mines. Specific recommendations on monitoring pro-
cedures were not made, as the limit on exposure and the quantity in which this
should be expressed were under active review, two exposure limits being in
current use. Although numerically equivalent, these limits were derived from
fundamentally different considerations:

1) Maximum permissible concentration of radon gas derived on the
principle of limiting dose to bronchial tissue to 15 rem in a year
(ICRP, 1959). In this dosimetric evaluation, only Po-218 or Pb-212
atoms (RaA or ThB, respectively) remaining free of atmospheric
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particles contribute significantly to bronchial dose, implying that
the airborne concentration of free atoms should be monitored. Expo-
sure limits were expressed in terms of the concentration of radon or
thoron gas, assuming that free atoms of RaA constitute only 10 per
cent of the number that would be present at equilibrium and ThB only
0.05 per cent. Thus the limit for the annual average concentration
of radon gas was set at 30 pCi/1 and for thoron gas at 300 pCi/1.

2) Limit of exposure to potential alpha energy based on the detectable
level of risk from epidemiological studies of lung cancer amongst
uranium miners. The US Public Health Service introduced the Working
Level (WL) unit, which was related to the alpha energy that could be
released by inhaled radon daughters (US PHS, 1957). The WL is a
concentration unit defined as any combination of the short-lived
daughters of Rn-222 in one litre of air such that the total alpha
energy to complete decay to Pb-210 (i.e. the potential alpha energy)
is 1.3 x 10^ MeV. This amount of potential alpha energy is released
by decay of the short-lived daughters in equilibrium with 100 pCi of
Rn-222. The annual exposure limit adopted in the United States and
some other countries was 4 WLM (US D0I, 1971). The WLM unit repre-
sents exposure to a concentration of 1 WL for 1 working month
(170 h) and 4 WLM corresponds to annual exposure at a concentration
of approximately 0.3 WL.

For the purpose of radiation protection in mines, the report gave an
interim recommendation that the existing numerical limit on the annual average
concentration of Rn-222, i.e. 30 pCi/1, should apply to radon in equilibrium
with its short-lived daughters. It was recommended that the concentration
limit for any non-equilibrium mixture of radon and its daughters should be
derived by considering the alpha energy released by all of the short-lived
daughters in decaying to Po-210 and not just Po-218. The concept of a concen-
tration of 'equilibrium equivalent radon' (EER) was introduced to reconcile
the practice of limiting the annual average concentration of radon gas with
limitation of exposure to potential alpha energy from the daughters. Hence,
the EER could be defined as the concentration of radon, with its short-lived
daughters in equilibrium, which has the same potential alpha energy concentra-
tion as the atmosphere of concern. It was thus recommended that the concen-
tration limit of 30 pCi/1 should apply to the EER and not to the actual
concentration of radon gas.

This publication did not consider limitation of exposure to thoron gas
and its daughters. However, the practical implications of the more recent
ICRP recommendations, introduced below, for all aspects of radiation protec-
tion in mines are currently under review by ICRP Committee 4.

1.1.2. ICRP Publication 32 (ICRP, 1981)

In their report entitled 'Limits for Intake of Radon Daughters by
Workers', the ICRP has reviewed the bases for evaluating risk from exposure
to radon, thoron and their daughters. The Commission recommended that comp-
liance with the primary limit on dose (ICRP, 1977b) can be demonstrated by
limiting intake of potential alpha energy. This recommendation is justified
by considering both the excess risk of lung cancer observed amongst several
groups of underground miners in terms of their estimated exposure to potential
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alpha energy, and evaluations of the effective dose equivalent per unit exposure
by means of dosimetric models. On this unified basis, the ICRP recommended an
annual limit on intake (ALIp) of 0.02 Joule for occupational exposure to the
short-lived daughters of radon.

Taking into account a mean breathing rate of 1.2 m^ h~1 under mining and
other occupational conditions, this ALIp corresponds to an annual limit of
exposure to potential alpha energy (ALEp) of 0.017 J h rrr̂  or, in Working Level
units, 4.8 WLM. For an annual working period of 2000 h, the corresponding
values of 'Derived Air Concentration' (DACp) are 8.3 x 10"

6 J m~3 and 0.4 WL.

Intake of 0.02 J potential alpha energy in the form of Rn-222 daughters
is considered by the Commission to represent the same risk as an effective dose
equivalent, HE, of 50 mSv. Thus, the following dose conversion factors were
recommended for both dose limitation and optimisation assessments in occupa-
tional radiological protection:

HE/Ip = 2.5 Sv per J
H/E = 3 Sv per J h m~^

= 10 mSv per WLM.

Evaluation of exposure to potential alpha energy in terms of an effec-
tive dose equivalent enables appropriately lower limits of intake to be derived
when workers are also exposed to a significant external gamma radiation and
intake of long-lived radionuclides in ore dust (ICRP, 1977b; ICRP, 1979).

In the case of exposure to thoron daughters, there are no epidemiologi-
cal data to evaluate risk. The ICRP therefore based its recommended ALIp of
0.06 3 for occupational exposure purely on dosimetric assessment. The corres-
ponding dose conversion factors are one-third of the values given above for
radon daughters.

1.1.3. UNSCEAR, 1982

The United Nations Scientific Committee on the Effects of Atomic Radia-
tion in their Report to the General Assembly (Annex D) have adopted the dose
conversion factors developed in the Phase I study to estimate risk to miners
from occupational exposure and to the general public from domestic exposure to
radon and thoron daughters. This dosimetric evaluation takes into account
differences in exposure conditions between mines and homes. The reference
conversion factors are given in section 1.2 below.

1.1.4. ICRP Publication 35 (ICRP, 1982)

In this report, entitled 'General Principles of Monitoring for Radiation
Protection of Workers', ICRP Committee 4 has revised its earlier Publication 12
(ICRP, 1968) to achieve coherence with the Commission's later Recommendations
(ICRP Publication 26, 1977b). The report does not specifically address monito-
ring for protection of miners, although the general principles also apply to
miners:

- Use of reference levels for monitoring results with graded requirements
for protective action.
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- Classification of working areas distinguishing conditions where the
annual dose equivalents may exceed three-tenths of the relevant annual
limits. Under these conditions compliance with the dose-equivalent
limits cannot be achieved or demonstrated without routine monitoring
or assessment of individual exposure.

- Quality assurance to ensure that equipment and instruments function
correctly, monitoring procedures are soundly established and implemented,
analyses are correctly performed with limited error, records are correct-
ly maintained and that the required accuracy of measurements is
maintained.

This general guidance underlies the specific recommendations developed
in the following chapters. Also addressed below is the application of monito-
ring to the engineering control of workplace conditions, which was outlined
in ICRP Publication 24 (ICRP, 1977a).

1.1.5. IAEA Safety Series No. 26 (IAEA, 1983)

A Code of Practice for 'Radiation Protection of Workers in the Mining
and Milling of Radioactive Ores', incorporating the above ICRP Recommendations,
has been prepared by the International Atomic Energy Agency. The Code is
designed to facilitate the preparation and adoption of national and local
workplace regulations. It addresses the following aspects of radiological
protection:

1) duties of employers and workers and the role of national competent
authorities;

2) limits for radiation exposure and additivity of different sources of
exposure;

3) administrative organisation of radiation protection, i.e. classifica-
tion of workers and areas, medical and radiation protection supervi-
sion and training;

4) monitoring of the working environment required for areas where indi-
vidual exposures could exceed one-tenth of the derived limit,- and
requirements for record keeping;

5) engineering control of mine ventilation and administrative protection
measures.

The report includes a technical addendum recommending monitoring proce-
dures in uranium mines and mills and giving guidelines for the design of venti-
lation syi,ems in underground mines. Examples are also given of reference
levels for the concentration and the protective action prescribed at these
levels by the Canadian competent authority.

Techniques and methods of monitoring and the instruments available for
use in mines were reviewed in an earlier publication (IAEA Safety Series No. 43,
1976). This publication is currently being revised.
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1.1.6. ICRP Publication 37 (ICRP, 1983)

This report entitled 'Cost-Benefit Analysis in the Optimisation of Radia-
tion Protection' is concerned with the use of cost-benefit analysis as a tech-
nique for forming decisions on 'what is reasonably achievable' in the control
of radiation exposures. An appendix to the report discusses the quantities
relevant to optimisation assessments involving radon and its daughters, uncer-
tainties in the measurement of these quantities and their influence on optimi-
sation.

For control of radon daughter exposure, optimisation can be achieved
through an algebraic representation of the dependence of the airborne concen-
tration of potential alpha-energy, Cp, on ventilation rate, making use of
derived conversion factors between Cp and 'dose' to evaluate the 'saved'
collective dose. The report provisionally recommends the following conversion
factors for assessing doses from radon daughters for optimisation purposes:

Occupational exposure
3 o 5 x 10-5 Sv y-1/Bq nr^ or 120mSvy-1 WL.-1 (10 mSv WLM-1)

Domestic exposure
5 x 10-5 s v y-1/Bq m"? or 200 mSv y-1 WL~1 (5 mSv WLM-1)

where the activity is specified in units of concentration of equilibrium equi-
valent radon (EER) and doses per unit exposure include the effect of different
occupancies of the workplace and home.

The report draws attention to uncertainties in the optimisation proce-
dure introduced by the need for an unbiased estimate of dose from radon expo-
sures. In optimisation assessments which include sizeable increases in
ventilation rates or the introduction of air cleaning, the likelihood of a
significant change in aerosol characteristics should be considered, as this
can influence the exposure-dose relationship.

The sensitivity of dose estimates to aerosol characteristics was
examined in the Phase I report. This offered guidance, summarised below, on
the adequacy of reference conversion factors between exposure to potential
alpha-energy and dose for different applications.

1.1.7. ICRP Publication 39 (ICRP, 1984)

The ICRP have stated explicitly that the system of dose limitation
recommended for controllable artificial sources shall not apply to contribu-
tions from 'normal' natural radiation (ICRP Publication 26, 1977a). However,
the Commission recognised that there are levels of natural radiation that may
have to be controlled, to the extent practicable, in much the same way as the
artificial sources. In Publication 39, the Commission gives advice on the
control of exposure to natural radiation, such as that incurred in dwellings,
based on the extent to which the source is controllable. The Commission
distinguishes between existing exposure situations, where any action would
have to be remedial, and future situations, which can be subject to limitation
and control at the stages of decision and planning. Different procedures are
recommended for the two situations.
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As an aid to deciding whether remedial action should be initiated in
existing exposure situations, the Commission recommends the use of an action
level. This should not be fixed at a preset value, but must depend on the
severity of the action to be taken. For example, in the case of radon in
houses where the remedial action is fairly simple, an action level for the
equilibrium equivalent radon concentration in the region of 200 Bq m~3 might
be considered. This action level corresponds to an annual domestic exposure
of 8 x 10~3 J h m~3 (2 WLM), which the Commission interprets conservatively as
an effective dose equivalent of about 20 mSv. Where remedial action would be
severe and disrupting, the Commission recommends that an action level several
times larger might be more appropriate.

In the case of future situations involving exposure to natural sources,
the position is closer to that recommended by ICRP for artificial sources,
where justification and optimisation apply. However, the Commission's recom-
mended dose limits for occupational exposure are not applicable to these
situations. They were set with the recognition that individuals would incur
additional doses from natural radiation and medical procedures. Instead, the
ICRP recommends that the highest individual exposures to each controllable
source of natural radiation should be limited. This should be achieved by
applying an upper bound of dose in the optimisation assessment for the parti-
cular exposure situation. The upper bound should be established by the compe-
tent national authority. In order to establish such an upper bound for
domestic exposure to radon daughters, the Commission considers that a level
of the order of 100 Bq m~^for the equilibrium equivalent radon concentration
would be reasonable.

1.2. RECOMMENDATIONS OF PHASE I

1.2.1. Conversion From 'Exposure' to 'Dose'

Dose to bronchial and pulmonary tissue and hence effective dose equiva-
lent is primarily related to intake of potential alpha energy from the short-
lived daughters of radon and thoron. By taking into account the inhalation
rate of an individual at work or in the home, intake of potential alpha energy
can in turn be related to exposure. This is the quantity that a monitoring
programme for radiological protection should evaluate. It is the product of
the mean concentration of potential alpha energy in air and the occupancy time.

By adopting standard values of breathing rates which vary with the level
of physical activity associated with the exposure and with age, as recommended
for Reference Man (ICRP, 1975), and reference physical characteristics for
radon and thoron daughter aerosols under the various environmental conditions,
reference values of the conversion factor between exposure to potential alpha
energy and effective dose equivalent have been established. An important
result of the dosimetric modelling developed in Phase I is that the conversion
factor between exposure to potential alpha energy and effective dose equivalent
is independent of the degree of radioactive equilibrium between the individual
radon or thoron daughters.

Modifying Factors

For a given exposure to potential alpha energy the effective dose equi-
valent depends on:
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1) the fraction of potential alpha energy free of carrier aerosol
particles, represented by fp (the unattached fraction);

2) the size distribution of the carrier aerosol to which most of the
radon daughter atoms are attached, represented by the activity median
diameter (AMD);

3) the individual's breathing rate;

4) the individual's age.

Averaged over significant periods of exposure, the anticipated variation
in aerosol size and unattached fraction for a given environment, such as an
underground mine or a house, is not likely to give rise to large variations in
the conversion factor between exposure and dose. Where more extreme aerosol
conditions are expected, e.g. under some conditions in open-cut mining or when
air cleaning measures substantially influence aerosol size, a higher conversion
factor between exposure and dose is indicated. The Phase I study developed
critsria to define the range of aerosol conditions under which modified conver-
sion factors should be considered. In the case of domestic exposure, the range
of breathing rates for which exposure to potential alpha energy is an adequate
index of dose was also considered.

Of the two aerosol parameters modifying the dose conversion factor, only
variation in the free-atom fraction is expected to influence dose significantly.
In some cases, practical investigation of this quantity by an appropriate
measurement technique may be required in addition to monitoring of exposure to
potential alpha energy.

Evaluation of Dose Conversion Factors

Dose to bronchial and pulmonary tissue per unit of exposure to potential
alpha energy, Ep, is given in terms of the free-atom fraction of potential
alpha energy, fp, and aerosol AMD by the following relationships:

DB = KB, a x (1-fp) x E p + KB,f x fp x E p (1)

Dp = Kp>a x (1-fp) x E p (2)

where the coefficients, K, represent dose per unit exposure for the attached
fraction (KB}a> Kp a)

 ana" f° r the free-atom fraction (KB,f) of the potential
alpha energy to which the individual is exposed.

The values of KB,a a nd Kp,a depend on the AMD of the carrier aerosol.
All of the values of K depend on breathing rate and age. The coefficient KB?f,
representing the bronchial dose per unit potential alpha energy exposure to
free-atoms, is sensitive to the dosimetric model used for calculation. In most
environmental situations, however, the value of fp averaged over significant
periods of exposure is less than 5 per cent. Under these conditions, the
different dosimetric models analysed in the Phase I study give similar
estimates of bronchial dose.

Dose to the pulmonary region of the lung is always small compared to that
to bronchial tissue. The dosimetric concept adopted in Phase I gives equal
weight to doses absorbed by bronchial and pulmonary tissue in evaluating an
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'effective dose equivalent'. Hence, the effective dose equivalent is contribu-
ted almost wholly by bronchial irradiation. A similar expression to that for
Dg above therefore determines the effective dose equivalent, H E , as a function
of modifying factors.

Numerical values of these conversion factors over the range of exposure
conditions encountered in practice are given in the Phase I report. Reference
conversion factors are reproduced below (see section 1.2.4.).

1.2.2. Radiological Protection in Occupational Exposure

Radon Daughters in Underground Mines

In poorly ventilated underground mines with high dust loading, typical
values of fp in the order of 1 per cent can be expected, with an aerosol of AMD
that may be as large as 0.3 urn.

Under these conditions a conversion factor of about 1.7 Sv per J h m~3
(6 mSv per WLM) is derived. In well ventilated areas with low atmospheric dust
loading, a typically higher fp of about 5 per cent is expected, with a smaller
aerosol AMD of about 0.1 um. The corresponding factor is then about 3-3.5 Sv
per J h m-3 (10-13 mSv per WLM). It is unlikely though, that any miner would
receive all of his annual exposure under extreme conditions. Hence, an average
value of 2.4 Sv per J h m~^ (8.5 mSv per WLM) is derived from dosimetric analy-
sis as a reference conversion factor to assess radon daughter exposure in
underground mines.

The ICRP have recommended a value of 3 Sv per J h nr^ (10 mSv per WLM)
for the purpose of dose limitation (ICRP, 1981) and, provisionally, the same
value as an upper bound for optimisation purposes (ICRP, 1983). Their recom-
mendation of a higher value than that indicated by a purely dosimetric approach
follows from their additional consideration of risk estimates derived from
epidemiological studies of several groups of underground miners.

Radon Daughters in Open-Cut Mines

More extreme aerosol conditions can be encountered in open-pit mining,
e.g. inside the driver's cab of an air-conditioned vehicle or outside,when high
grade uranium ore bodies are exposed under conditions of low atmospheric dust
loading. In this case an aerosol AMD of 0.08-0.1 ̂ m, typical of outdoor condi-
tions in the general environment, can be expected and the free-atom fraction
of potential alpha energy can be high (20 per cent or greater). These aerosol
conditions will give rise to a significantly higher conversion factor between
exposure and dose. The criteria summarised below should be applied in this
case to decide whether the use of a reference conversion factor is adequate
for radiological protection,or a more specific factor should be derived on the
basis of an investigation of aerosol characteristics. Such aerosol conditions
in open-pit mines will probably apply over a relatively small fraction of the
monitoring period. Dustier conditions during normal production operations can
be expected to give an aerosol size distribution substantially similar to that
typical of underground mines. The significance of the choice of dose conver-
sion factor to be applied in open-pit mining tends to be reduced by the
generally low levels of exposure recorded in these mines.
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Thoron Daughters

The physical characteristics of thoron daughter aerosols are less well
known than those of the radon daughters, although aerosol size is expected to
be larger and less variable and the free-atom fraction of potential alpha energy
lower and indeed negligible for dosimetric evaluation. Dosimetry for the thoron
daughters is more sensitive to biological uncertainties than that for radon
daughters. This leads to a greater dependence of calculated dose conversion
factors on the choice of model. Hence a conversion factor in the range
0.6-1.2 Sv per J h m~3 (2-4 mSv per WLM) is derived for occupational exposure
to thoron daughters. The uncertainty in this factor results more from biolo-
gical modelling considerations than from variation in aerosol size. Intake of
Pb-212 (Thorium-B) gives rise to almost all of the effective dose equivalent,
about half of which is due to absorption from the lung into the blood, with
transfer to and subsequent irradiation of bone surfaces and the kidneys. The
contribution of Pb-212 to the concentration of potential alpha energy in air is
also dominant. In the case of thoron daughters, therefore, a monitoring proce-
dure for dose assessment should focus on measurement of the concentration of
Pb-212 in air and hence potential alpha energy.

On the basis of dosimetric analysis, the ICRP have recommended a conver-
sion factor of 1 Sv per J h m~^ (3 mSv per WLM) for occupational exposure to
thoron daughters (ICRP, 1981).

Optimisation of Control Measures in Mines

The optimisation of measures to control radon daughter exposures in
mines must consider the saving in dose to be set against the additional engi-
neering and monitoring costs of reducing exposures. ICRP Publication 37 gave
guidance on the principles for quantifying the impact of engineering measures,
in terms of the achieved reduction in collective dose compared with the detri-
mental costs. However, the choice between alternative control techniques is
complicated, not only by their different costs, but also by the potentially
different savings in dose to be achieved by the same reduction in exposure.
For example, air cleaning by electrostatic precipitation or dilution by fresh
radon-free air may be necessary to reduce exposure to potential alpha energy.
In these cases, the concentration of atmospheric particles would be reduced,
as well as the concentration of potential alpha energy. Hence, the unattached
fraction would be expected to increase and the dose per unit exposure may also
be significantly higher. This factor may itself influence the cost-benefit
assessment, but it may also necessitate more costly monitoring, including
assessment of the unattached fraction of potential alpha energy in addition
to exposure.

As part of the optimisation process, it is necessary to consider the
likely effect of engineering control measures in modifying the aerosol condi-
tions and thus the saving of dose for a given reduction of exposure. For this
purpose, the criteria developed in the Phase I report for adequacy of a refe-
rence conversion factor between exposure and dose can be applied. If necessary,
a more specific conversion factor can be derived from the modelling results
given in the report.

1.2.3. Radiological Protection of the General Public

A reference inhalation rate for adults of 0.75 m^ h~^ was adopted in the
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Phase I report to derive dose conversion factors for domestic exposure. Annual
doses in relation to concentration of potential alpha energy in air were deri-
ved on the basis of an occupancy factor (UNSCEAR. 1982). Dose conversion
factors for children were derived by adopting reference breathing rates as a
function of age.

Indoor Exposure to Radon Daughters.

Although there are fewer data, the range of free-atom fraction of poten-
tial alpha energy in homes is expected to be higher than that in mines and the
aerosol AMD smaller. Both of these factors tend to increase the conversion
factor between exposure and dose in homes relative to that in mines. Of
greater significance, though, is the fact that breathing rates are lower in
the home than in mines. Aerosol characteristics are expected to be influenced
by the rate of exchange with outdoor air, i.e. by the room ventilation rate.
High ventilation rates will result in cleaner air with a higher conversion
factor between unit exposure and dose. However, this higher conversion factor
will be more than compensated by the reduction in exposure achieved by increas-
ing room ventilation.

In well ventilated rooms, e.g. those for which the rate of exchange with
outdoor air is greater than 1 air change per hour, a typical value of fp may be
about 6 per cent, with an AMD of about 0.1 urn. The dose conversion factor
derived for an adult under these conditions is in the range of 2.5-3 Sv per
J h m~3 (9-11 mSv per WLM). In rooms with a low air exchange rate, e.g. less
than 0.3 changes per hour, fp may typically be about 1-2 per cent and the
aerosol AMD 0.2 urn. In this case, a lower dose conversion factor of about
1.4 Sv per 3 h m™3 (5 mSv per WLM) is derived. Considering that slightly
higher ventilation rates are more generally applicable, a reference conversion
factor of 1.5 Sv per J h m~3 was proposed in the Phase I report. This value
corresponds with the conversion factor of 2 Sv per J intake adopted by UNSCEAR
to assess indoor exposure of the general population to radon daughters
(UNSCEAR, 1982).

The dose conversion factor is calculated to vary with age, by up to a
factor of two higher in children than in a reference 30-year old adult.
Averaged over the period from birth to 10 years, the effective dose equivalent
per unit exposure is about a factor 1.5 higher than for the reference adult.
Conversely, in old age the conversion factor is lower by a similar amount.
For the purpose of assessing population dose, therefore, it is not necessary
to make special allowance for age dependence of the dose conversion.

Indoor Exposure to Thoron Daughters

For domestic exposure of adults to thoron daughters, the effective
dose equivalent per unit intake of potential alpha energy can be considered
the same as that under occupational conditions. Therefore, the conversion
between exposure and dose can be assumed proportional to the mean breathing
rate. A rounded value of 0.5 Sv per 3 h m~^ (1.5 mSv per WLM) can be used to
assess domestic exposure to thoron daughters.

Outdoor Exposure

Inhalation rates are generally higher out of doors than inside. Aerosol



size is expected to be smaller, especially for the radon daughters. Both of
these factors tend to give a higher conversion from exposure to dose, but this
is more than compensated by the relatively short time spent out of doors and
the lower levels of exposure. Hence, outdoor exposure can generally be neglec-
ted in comparison with that incurred indoors. Exceptionally, however, atmos-
pheric conditions such as temperature inversion, or proximity to mine tailings
may give rise to high outdoor concentrations. Atmospheric conditions such as
temperature inversion lead to unusually high outdoor concentrations.

Optimisation of Control Measures in Dwellings

When control measures are likely to have a significant effect on aerosol
characteristics, the same considerations apply to optimisation of radiological
protection in dwellings as outlined above for mines. For example, air cleaning
by electrostatic precipitation may increase the unattached fraction of potential
alpha energy without a compensatory decrease of the radon daughter concentra-
tion in dosimetric terms.

1.2.4. Reference Conversion Factors

Occupational

Reference conversion factors derived by dosimetric analysis for exposure
conditions generally encountered in underground and open pit mining and milling
can be summarised as shown in Tables 1a and 1b for radon and thoron daughters
respectively.

Domestic

Variation of the radon daughter concentration with ventilation rate
will be greater than and in the opposite sense to, the small dependence of
dose conversion factors on aerosol conditions. It is reasonable, therefore,
to apply reference conversion factors to estimate individual and collective
doses. Values of dose conversion factors derived for moderate-low ventilation
rates are most appropriate,as the high exposures of radiological significance
tend to arise because of limited ventilation. Reference factors, derived for
domestic exposure of adults to radon and thoron daughters, are given in
Tables 2a and 2b, respectively. Dosimetric analysis shows that the dose
conversion factor does not vary significantly with age. Hence the reference
values can be used to assess population exposure without age correction.

1.2.3. Adequacy of the Exposure Concept and Quantity as a Measure of Dose

The adequacy of the exposure concept as a measure of dose was assessed
in the Phase I study by examining the variation in results of dosimetric model-
ling with the additional parameters characterising exposure that could in
principle be measured. Thus, if it were shown that exposure to potential
alpha energy alone gives insufficiently accurate assessment of dose, monitoring
of the unattached fraction and even the aerosol AMD and breathing rate may also
be required.

It was necessary for the Phase I group to develop their own criteria
for the required accuracy and precision of internal dose assessment, following
general ICRP guidelines (ICRP, 1968; ICRP, 1982). Such criteria must take
into account different requirements:
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Table 1a

REFERENCE VALUES OF DOSE CONVERSION FACTORS
FOR MINERS EXPOSED TO RADON DAUGHTERS

Coefficient Lung Region
Bronchial Pulmonary

D (Gy) per WLM 0.0063 0.0008
D (Gy) per 3 h m-3 1.8 0.24

HE (SV) per WLM 0.0085
HE (SV) per J h rrr3 2.4

Table 1b

REFERENCE VALUES OF DOSE CONVERSION FACTORS
FOR MINERS EXPOSED TO THORON DAUGHTERS

Coefficient Lung Region Organ
Bronchial Pulmonary Kidney Bone surface

D (Gy) per J h m-3 0.45 0.12 0.11 0.19
D (mGy) per WLM 1.5 0.4 0.4 0.7

HE (SV) per J h nr3 0.9
HE (mSv) per WLM 3
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Table 2a

REFERENCE VALUES OF DOSE CONVERSION FACTORS FOR DOMESTIC
EXPOSURE TO RADON DAUGHTERS (ASSUMING OCCUPANCY OF 80 PER CENT)

Quantities and Units Lung Region
Bronchial Pulmonary

Annual dose
D (Gy)

Annual effective
dose equivalent
HE (SV)

per J nr3

per WL
per Bq (EEC) nr?

per J m~3

per WL
per Bq (EEC) nr^

8000
0.16

45 x 10-6

1000
0.02

5.6 x 10~6

11 000
0.22

60 x 10-6

Dose
D (Gy)

Effective dose
equivalent
HE (SV)

per
per
per

per
per
per

J
3 h m-3

WLM
3
3 h m-3

WLM

1
1
0

.6

.2

.004

2
1
0

.0

.5

.0055

0
0
0

.20

.15

.005

Table 2b

REFERENCE VALUES OF DOSE CONVERSION FACTORS FOR
DOMESTIC EXPOSURE TO THORON DAUGHTERS

Quantities and Units Lung Region
Bronchial Pulmonary

Organ
Kidney Bone Surface

Dose
D (Gy)

Effective dose
equivalent
HE (SV)

per
per
per

per
per
per

3
3 h up J

WLM
J
J h in"-'
WLM

0.
0.
0.

4
3
0009

0.
0.
0.

1
08
00025

0.75
0.6
0.002

0
0
0

.09

.07

.00025

0.16
0.12
0.0004
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1) of radiological protection,in limiting individual doses and
optimising protection

2) of epidemiological studies,to give an unbiased estimate of tissue
dose for comparison with observed incidence of disease.

They must also take into account the precision and accuracy of the primary
measurement of exposure. There is no benefit in requiring greater accuracy in
the conversion between exposure and dose than that available in monitoring
exposure, the subject of this report. Assuming limited resources, it is
necessary to balance the potential benefit of improved dose assessment,
requiring more complex and costly monitoring, against the diversion of effort
and resources from the aim of reducing exposure.

Limits for Adequacy of 'Exposure' Measurements

ĉ£up_a_ti£n£l_e><p_osjjre _to_racjon_dauoth_te£s_;_ The criterion developed in
Phase I for adequacy of exposure measurement in occupational radiological
protection was that factors converting exposure to effective dose equivalent
for the particular conditions of exposure should not be more than 50 per cent
greater than the conversion factors implied by the ICRP in recommending annual
limits on exposure. These implied factors are 0.017 and 0.05 J h m-3, respec-
tively, for the radon and thoron daughters (ICRP, 1981). Monitoring and limi-
tation of exposure will therefore provide an adequate means of limiting annual
dose if the conversion factor between 'exposure' and 'effective dose equiva-
lent' does not exceed 4.5 Sv per J h nrr̂ for radon daughters and 1.5 Sv per
J h m~3 for thoron daughters.

The criterion for 'adequacy' is satisfied if the free-atom fraction of
potential alpha energy is less than 5 per cent. This is valid in all cases of
underground exposure, unless the radon daughter aerosol is substantially
affected by air cleaning measures. In this case generic investigations of the
effect of air cleaning techniques should enable the magnitude of the influence
on aerosol size and hence dose conversion to be assessed. Because of the
residual uncertainties in individual dosimetric models, a mean result of model
predictions should be used for optimisation. In the absence of relevant ope-
rating experience or data, it may be necessary to carry out an investigation
of the effect of proposed air cleaning measures, so than an appropriate level
of environmental control can emerge from the optimisation procedure.

For that part of a miner's exposure in open-pit mines incurred under
dusty operating conditions (i.e. for fp less than 5 per cent), monitoring of
exposure to potential alpha energy is adequate as an input to a system for
engineering control. If a substantial part of the exposure is incurred in
clean air, however, a more appropriate value of fp may have to be adopted to
limit annual exposure and to optimise protection. It is important, though,
to consider the magnitude of the exposure and the possible level of risk
before substantial resources are deployed to monitor such additional parame-
ters as the free-atom fraction, fp.

^c£U£a_bional_aj2d_domes_tic _ex£osure to Jthoron daughters • The Phase I
criterion is satisfied in all cases if the aerosol 7M3 Ts~TaTger than 0.1 pm,
since the free-atom fraction is insignificant for thoron daughters. Monitoring
for 'exposure to potential alpha energy' is therefore adequate for radiological
protection in both occupational and domestic situations.
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q̂mes_t_ic_e><p_osure _to rad_on_daugthte£sJL Use of a reference conversion
factor of 1.5 Sv per J h m~^ and monitoring of exposure alone is adequate to
limit risk to the general public, except in the rare case of a dwelling with
high ventilation rates but nevertheless high exposures to radon daughters.
This reference conversion factor may not be adequate for optimisation of
exposure control by air cleaning.

^ t̂ud_ie_s. To interpret epidemiological data, unbiased
estimates of absorbed dose should be used. For example, given specific data
on aerosol characteristics, reference values of dose conversion factors derived
in the Phase I study should be used rather than the values implied by the
ICRP's limit on intake of radon daughters. The latter is set somewhat higher
than indicated by dosimetric analysis, for consistency with published epidemio-
logical il.M.a and to include a margin of safety ensuring compliance with risk
limits.

Selection of an unbiased conversion factor from exposure to dose will
require an assessment of the free-atom fraction typifying the exposure and also
the breathing rate and age distribution of the exposed population. A similar
criterion to that for adequacy of exposure measurement in radiological protec-
tion could be applied to decide the necessity of a special investigation of
aerosol characteristics. Any such investigation would have to be justified,
however, by a similar precision in the risk estimate obtained from the study
population. It is probably more important to look for and record the presence
of suspected exposure co-factors, such as chemical carcinogens, which may
modify the sensitivity of the exposed population to lung cancer.

1.3. SCOPE OF THE PHASE II STUDY

The aim of this report is to translate the recommendations of the
Phase I study and international bodies into practical guidelines for monitoring
radon and thoron daughter exposure. The terms of reference for the work were
as follows:

a) To review and redefine the objectives and scope of monitoring
required in mining and milling, in other instances of occupational
exposure and for the general public exposed in their homes;

b) to review the principles of metrology of radon, thoron and their
daughters, including measurement at low concentrations in outdoor
environments, e.g. near mine tailings;

c) to review the state-of-the-art of area monitoring practices, methods
and equipment;

d) to prepare technical guidelines on the selection and use of monito-
ring methods and instruments for dose recording, on the control of
ventilation and on the use of monitoring as a measure of the cost-
effectiveness of control measures;

e) to review the need for personal monitoring and the state-of-the-art
of methods and instrumentation, preparing technical guidelines on
the application of personal monitoring systems;
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f) to establish criteria for the standardisation of data to be recorded
for epidemiological study and develop a normalised protocol for
measurements.

The tasks defined above were dealt with by task groups drawn from the
membership of the Expert Group.

The review of recommendations, codes of practice; or guidelines by
international organisations and the results of the Phase I report were summa-
rised by Dr. A.C. James in Chapter 1.

The radiological characteristics of radon, thoron and daughter products
are described in Appendix 1, written by Dr. M. Townsend.

Chapter 2 provides a technical review of the principles of detection
and monitoring of radon, thoron and their daughters. This chapter was prepared
by Dr. N. Jonassen and Dr. M. Townsend.

In Chapter 3 (together with Appendix 2), prepared by Dr. H. Stocker and
Dr. F. Steinhausler, statistical methods for sampling and data analysis were
reviewed with emphasis on the widely used grab sampling technique.

Chapter 4 examines principles and guidelines for monitoring under
occupational and non-occupational exposure conditions. This task was carried
out jointly by Mr. R.T. Beekman, Dr. R. Bourgoignie, Mr. 0. Castren,
Mr. H. Ehdwall, Mr. J.F. Pineau, Dr. S. Solomon, Dr. F. Steinhausler,
Dr. E. Stranden, Dr. H. Stocker and Dr. A. Wicke.

The main conclusions are summarised in Chapter 5.
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Chapter 2

MEASUREMENT OF RADON, THORON AND THEIR DAUGHTERS

In the following, the major methods used for determining concentration
of radon and its airborne daughters are reviewed with regard to measuring
principle, degree of convenience and accuracy.

Many national regulations require measurement of the atmospheric poten-
tial alpha energy concentration rather than that of radon gas itself (see
Appendix 4). Nevertheless, measurements of radon concentration, which are
easier to perform than individual daughter measurements, can be adequate as
an indicator for the upper limit for the potential alpha energy of airborne
radon daughters.

2.1. PRINCIPLES OF DETECTION

2.1.1. Detection of Radon Gas

The detection of radon atoms in a given atmosphere is always based on
effects of the radioactive decay taking place, either by the alpha particles
emitted or by the daughter products formed by the decay.

The alpha particle emitted by the decay of a radon atom can be detected
either by giving rise to a current (pulse) in an ionization chamber or by
producing a scintillation when striking a suitable phosphor, usually ZnS(Ag).

Ionization Chambers

An ionization chamber is essentially a capacitor, usually of cylindrical
shape, in which an electric field is established between two electrodes. If
radon-containing air is admitted to the field, the radiation (primarily the
alpha particles) from the decay of the radon and daughter atoms will ionize
the air, and a current will flow between the electrodes (Israel, 1940).

Over a period of approximately 3-4 hours the radon in the chamber grows
into a state of transient equilibrium with its short-lived daughters, Po-218
(RaA), Pb-214 (RaB), Bi-214 (RaC), and Po-214 (RaC). However, the current
can be measured at any time during its growth without waiting for the equili-
brium, and the radon content can be calculated (Pohl et al., 1976). For low
level environmental samples, typical measurement times range from 30 to 60 min.
Since two of the nuclides, RaA and RaC', are also alpha emitters, the activity
in the chamber, and hence the current, will grow over the same period, after
which the activity will decay with the half life of radon. The theoretical
sensitivity of the ionization chamber is at equilibrium about 10~14 A/Bq.
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The currents are usually measured by solid-state electrometers. The
sensitivity of the method is normally limited by zero-drift of the electro-
meters and contact potentials. By the use of a capacitor where the electric
field is established in a volume of about 1 litre, it is possible to measure
concentrations of 5 Bq/m^ with an uncertainty of about 10-20 per cent (Pohl
et al., 1976; Friedmann, 1983; Lethimaeki et al., 1983).

Scintillation Cells

Scintillations produced by the alpha particles are detected by the use
of so-called scintillation cells. These cells, originally developed by Lucas
(Lucas, 1957) are coated on the inside with ZnS(Ag), except for a clear end
window of quartz, glass or plastic.

The cells, filled with air or other gas containing radon, are placed on
top of, and with the end window in direct contact with, a photomultiplier in a
light-tight enclosure.

Alpha particles striking the zinc sulphide will give rise to light
pulses, and the resulting electrical pulses from the photomultiplier are
counted by a discriminator/sealer.

As is the case with the ionization chambers,the activity in the cell
will grow over the first three hours before a state of transient equilibrium,
and only slowly changing activity,is reached.

The normal procedure, however, is to wait 2-3 hours after filling before
the activity is counted. Since in the equilibrium state the decay of each
radon atom gives rise to the emission of three alpha particles, the theoretical
conversion factor is 3 counts per second (cps) per Bequerel (Bq). The effi-
ciency of most cells is about 70-80 per cent corresponding to conversion
factors of 2-2.5 scintillations per sec/Bq.

An integrated count method has been described, where the counting of
the radon activity may start at any time after filling of the cell with
daughter-free air (Jonassen et al., 1974b). The accuracy of the method is
shown to depend on the length of the counting period rather than upon the time
elapsed since filling.

It should be stressed that, although it is possible to manufacture
scintillation cells with very little spread in the conversion or calibration
factors, 'home-made' cells should always be individually calibrated, if an
accuracy higher than 10-20 per cent is required.

Calibration procedures are discussed in section 2.5.

A cell, which has been newly used, shows even when evacuated a background
activity from plated-out radon daughters of about 30-50 per cent of the actual
activity. This background activity will, however, decay with an effective half
life of about 30 minutes. The short-lived radon daughters on their way to the
stable end product Pb-206 (RaG) pass through the long-lived Pb-210 (RaD) and
Po-210 (RaF), with half-lives of 22.3 years and 138 days respectively (see
Appendix 1). Since the latter one is also alpha active, scintillation cells
during use will gradually acquire a lasting background activity, and the cells
may eventually have to be recoated and recalibrated.
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The volume of most scintillation cells is from one hundred to a few
hundred cm^. Because of the short range of alpha particles in air at atmos-
pheric pressure, little is gained in sensitivity by increasing the counting
volume. Consequently activities below approximately 40 mBq can only be
measured with a considerable uncertainty, when using scintillation cells.

Cells with higher sensitivity and lower background have been developed
for laboratory use (McLaughlin et al., 1969; Dalu et al., 1969; Wicke et al.,
1983). In these cells the positively charged RaA atoms from a larger volume
are collected - with the use of an electric field applied - directly on a
detector (scintillator or surface barrier detector), covered by a thin metal-
lic layer. Since the effective counting volume may be considerably larger
than in ordinary scintillation cells, the lower limit of detection may be
about 0.5 Bq/rtP. It should be mentioned that the presence of trace gases may
modify this instrument-specific value.

Two-Filter Method

While in the method described above radon daughters are responsible for
the major part of the counts, radon atoms decaying in the vicinity of the
detector may also contribute.

In the so-called two-filter method, the radon concentration is deduced
from a pure radon daughter count (Fontan et al., 1962; Jacobi, 1964; Thomas
et al., 1970). Air is drawn at a typical rate of 10 1/min and usually for a
period of 5 min through a cylinder with a filter on either end. The front
filter will remove all daughters in the air sampled, and the second filter
will collect those daughter products (almost only RaA) being produced by decay
of radon in the air, while it passes through the cylinder. The alpha activity
from the filter at the end of sampling is then a measure of the radon concen-
tration in the sample air. Generally, the efficiency of the method is rather
low, partly because of a high degree of plateout of RaA in filtered air. It
has been suggested that a correction for this effect can be made by adding
aerosols to the airstream. For environmental monitoring purposes, large
volume two-filter cylinders can have a lower limit of detection of 0.7
(Tymen, Q., 1978).

Solid State Nuclear Track Detectors (SSNTD)

When alpha particles from radon (or its daughter products) impinge on
certain types of plastic, they will cause radiation damage tracks in the mate-
rial. The tracks can be made detectable by chemical or electrochemical etching.
A piece of such plastic can be used as a SSNTD, if placed in a cup with radon-
containing air for a given period. The number of tracks on the material, which
is equal to the number of alpha particles (for some plastics with energies
below a certain value), which have reached the plastic, can thus be related to
the average concentration of radon in the cup.

Thermoluminescence Detectors (TLD)

A somewhat similar method is based upon the so-called thermolutninescent
phenomenon. If alpha particles hit certain crystals or ceramic materials (TLD),
subsequent heating of the TLD will release an amount of light, which is propor-
tional to the total energy of the alpha particles.
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The two last principles can obviously only be used for integrating
methods, as will be discussed later on.

2.1.2. Detection of Thoron Gas

Thoron may in principle be detected by the same methods as are appli-
cable for radon (Fontan et al., 1962). However, its very short half life of
55.6 s makes it very difficult to determine thoron directly, unless it can be
measured immediately after it is formed (Wicke et al., 1983). In most cases
the concentration of thoron will therefore be inferred from measurements of
thoron daughters. A two-filter method, using alpha-gamma coincidence counting
technique, can be used for measuring thoron gas in the presence of radon gas
(Fontan, 1964).

2.1.3. Detection of Radon and Thoron Daughters

Although radon (and thoron) under given conditions (low temperature) may
be adsorbed on certain surfaces with the purpose of transferring or concentra-
ting, normally radon will appear as a gas during the actual process of measure-
ment.

In contrast to this, radon daughters are usually deposited on a surface,
filter, or detector, which makes the handling more convenient, allowing moving
of the sample, application of vacuum, etc.

Most known methods for the determination of the concentrations of air-
borne radon and thoron daughters require that a known volume of the air to be
examined is drawn through a filter in a known time, and the daughter activity
from the filter be counted during and/or after sampling. The activities to be
counted may be alpha or beta activities, they may be attributable to individual
daughters (e.g. alpha radiation from RaA, RaC', ThC and T h C ) , or they may be
gross activities (e.g. alpha radiation from RaA+RaC'+ThC+ThC'). But even in
cases where the activity counted is due to the decay of a specific daughter
product, it is not only caused by these particular daughter atoms collected
from the air but also by those formed by the decay of the predecessors in the
radioactive chain. If, for instance, the alpha activity from RaC' is counted
on a filter, e.g. five minutes after end of sampling, all RaC1 atoms collected
from the air have long since decayed, and all observed RaC1 alphas are caused
by the decay of the progeny of the collected RaA, RaB and RaC. However, the
activities counted are easily related to the airborne concentrations by a set
of linear equations (Evans, 1969) and since there are four short-lived radon
daughters, four equations are needed, and one should thus expect that four
results of counting were necessary for a determination of all four daughter
concentrations. Because of the extreme short half life of RaC', the airborne
activities of RaC and RaC1 are always equal and one relation between two of the
concentrations is thus already at hand.

Consequently only three counts are needed for an 'exact determination'
of the four (short-lived) radon daughter concentrations.

With gross counting (total alpha) methods, no distinction with respect
to energy is made between the alpha particles from the various nuclides. The
detection is therefore rather simple, and is often done by the use of a simple
scintillator disc mounted on a photomultiplier tube and placed a short distance
from the filter at atmospheric pressure.



With spectroscopie methods, on the other hand, where the activities
from individual daughters are identified by the energy of their radiation,
it is usually necessary to place the source (filter) and the detector in
vacuum or atmosphere of a noble gas of low atomic number in order to get an
acceptable energy resolution. As a consequence, spectroscopie devices are
usually less handy than those used for gross counting.

2.1.4. Determination of Potential Alpha Energy Concentrations

As mentioned in chapter 1, the radiological effect of exposure to a
given atmosphere is often assessed by the determination of the potential alpha
energy concentration, PAEC (Ep(Rn) and Ep(Tn)), of the radon or thoron daugh-
ters (for definitions, see also 'glossary' and Appendix 1).

(7.68 + 6.0) (RaA) + 7.68 (RaB) + 7.68 (RaC)
Ep(Rn) = (3)

1.3 x 105

7.8 ((ThB) + (ThC))
Ep(Tn) = (4)

1.3 x 10.5

Where (RaA), (RaB), (RaC), (ThB) and (ThC) are the
concentrations in atoms/litre.

It appears from equations (3) and (4) that the PAEC can be calculated
from the individual daughter concentrations and, e.g. in the case of radon
daughters, hence would require three counts of filter activities as explained
above. Experience has shown that on average certain relationships exist
between the individual daughter concentrations. By incorporating these rela-
tions into the equations between the filter activities and the airborne con-
centrations, depending on the degree of uncertainty in the final result, two
and often only one count is necessary in order to determine (or rather to
estimate) the level of exposure to potential alpha energy in a given environ-
ment. These one and two-count methods are correspondingly called 'non-exact
methods'.

2.1.5. Measurement of Unattached Fraction and Plateout of Radon Daughters

In the control and monitoring of airborne radioactivity in the atmos-
phere, it is important that a proper and detailed understanding exists of the
mechanism of transport and the ultimate fate of radon and its daughters.
Central to this is the complex partitioning of the daughter activities into
what are generally considered as three distinct states:

a) as molecular-sized clusters in the free or unattached state;

b) in the aerosol attached state; or

c) deposited on surfaces (walls, equipment, clothing, etc.).

Unattached Fraction

Although RaA starts its life as a positively charged atom, it usually
soon attaches to an aerosol particle in the air. When RaA decays, the newly
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formed RaB atom may recoil off the aerosol particle and hence start its life
as an unattached atom. Some RaA (and RaB) atoms may never attach,and conse-
quently there is a certain probability of finding all daughter products in the
unattached state. The nature of unattached particles may depend on the atmos-
phere, i.e. on trace gases. However, a common diffusion coefficient has
generally been assumed for all unattached clusters. This value is approxima-
tely two orders of magnitude greater than that for attached particles.

Recently the exact nature of free or unattached radon daughters has been
receiving close attention, and the validity of a unique diffusion coefficient
appropriate to free Po-213 (RaA) is questioned (Busigin et al., 1981; Frey et
al., 1981). The important influence on diffusion coefficients arising from
trace gases and organic vapour is highlighted. It is suggested that unattached
RaA consists of a number of different entities with different diffusion coeffi-
cients. Therefore, the experimental conditions of earlier workers may have led
to the measurement of a diffusion coefficient for the most mobile type (see
below).

From a radiological point of view only the airborne fraction of the
daughter products is of interest. The magnitude of the total airborne fraction
as well as the distribution between attached and unattached daughter products
may differ widely from one situation to another. Because of their higher dif-
fusion coefficients, unattached daughters, when inhaled, tend to be retained
by plateout in the upper part of the respiratory tract, especially in the
bronchi, which are considered to be the most likely site for tumours to
develop. According to several dose models, the doses delivered from equal
concentrations of unattached and attached RaA and RaB may be in the ratio 2:1.
It is therefore of interest to know the concentration of unattached daughter
products.

The concentrations of unattached radon daughters are usually measured
by passing the air through a fine-meshed wire screen (George, 1972; Thomas et
al., 1972a; James et al., 1972). The attached particles pass almost unhindered
through the screen and can be collected on a backing filter. On the other hand
the unattached particles deposit to a large extent on the screen because of
their high diffusivity. The resulting activity on the screen is then counted.
The collection efficiency of the screen can be calculated theoretically if the
diffusion coefficient of the particles to be collected and the geometry of the
screen are known. In addition to theoretical calculations, it is possible to
use an experimental calibration method for the determination of the collection
efficiency by using two wire screens (Stranden et al., 1982).

For situations where these conditions are not met, the following three-
screen method has been suggested. The air to be examined is pumped through a
filter in front of which are placed three identical wire screens. As the air
passes through the screens and the filter, part of the activity,mostly unat-
tached daughters, deposits on the screens. The rest, mostly attached daughters,
deposits on the filter. The activities on the screens and filter are counted
simultaneously after sampling. In principle, it is possible to deduce from
these activities the unattached fraction of each individual daughter and the
efficiencies of the screens for collection of unattached and attached daughter
products (Jensen, 1980; Jonassen, 1982).

Unattached fractions can also be measured, using either a diffusion
battery (Duggan et al., 1963) or a diffusion impactor (Mercer et al., 1969;
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George et al., 1972). A critique of methods of measuring unattached fraction
has been published by Van der Vooren et al., 1982. They examined methods
using parallel plate, inertial impactor and wire-screen devices. It was
concluded that substantial errors were likely to occur in these methods and
that published values of unattached fractions measured in the environment
should be interpreted with care, particularly at low values of the unattached
fraction (i.e. fp smaller or equal to 5 per cent).

Plateout

The removal of airborne daughters in either the free or attached states
by deposition onto surfaces is generally called plateout. Problems due to
plateout may arise both in the design and use of personal and area monitoring
equipment. Plateout also plays a significant role in the development of con-
trol techniques to reduce exposure due to airborne radon daughters. Without
knowledge of plateout rates, it is difficult to predict accurately the likely
partitioning of radon daughters between the three possible states mentioned
above. Measurements of plateout in homes revealed that the equilibrium factor
increases at higher aerosol concentrations (Wicke et al., 1981). This is
because the radon daughters attach preferentially to the more available aero-
sol particles instead of being deposited by plateout onto surfaces. A similar
effect was noted with regard to the effect of air filtration on radon daughter
levels in a sealed room (Jonassen et al., 1981). They also noted that at very
low aerosol concentrations (1 to 500/cm-') the unattached fraction was so high
that the major process of removal of Po-218 activity was plateout and not
filtration. It was also suggested that plateout was responsible for reducing
indoor airborne radioactivity and caused lower than expected working level
ratios when ventilation rates and radon sources indoors were taken into account
(George et al., 1980).

Until recently very few reliable experimental measurements were avail-
able of such fundamental properties as L)f and Ua, the plateout velocities of
free and attached radon daughters respectively (US Bureau of Mines, 1979).
In a cavity of volume V and surface area S, the functions U^S/V and UaS/V are
the plateout rate constants for free and attached daughter activities respec-
tively.

There are several models available, such as those of Jacobi, 1972, and
Porstendoerfer et al., 1978, which can be used to calculate the behaviour of
radon daughters in any air cavity. In these models Ua was estimated as
10~2 Cm/sec or 10~3 cm/sec. For the free daughters, U^ was estimated to
range from 0.5 to 1.5 cm/sec and from 1 to 3 cm/sec.

Direct measurements of plateout activity on surface within a near cubi-
cal room with stainless steel walls showed that the values of U^ and Ua used
in the Jacobi model substantially over-estimated the amount of surface plateout
activity and at the same time under-estimated airborne activity levels
(Knutson, 1979). There is further experimental evidence that the model con-
stants used over-estimate plateout and under-estimate airborne activities by
factors of about 3.5 and 3.3 respectively (George et al., 1983); furthermore,
the amount of plateout is strongly dependent on aerosol levels, varying from
4 per cent, at particle concentrations greater than 10Vcm^, to 86 per cent
for particle concentrations lower than l O ^ / W . Here plateout percentage is
defined as WL (surface)/WL (air + surface). By means of a linear programming
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technique the Jacobi room model was optimized to fit the experimental data on
the partitioning of radon daughters between airborne and surface deposited
states. The major change resulting from this has been to reduce l)f to
0.05 cm/sec. This new value of l|f strongly implies that the diffusion coef-
ficient of free radon daughters is approximately 0.0025 cm/s, which is a value
much smaller than the frequently quoted value of 0.05 cm^/s. This 'new'
diffusion coefficient corresponds not to an atom but to an ultrafine aerosol
particle of about 5 nm in diameter. It is important to note that this experi-
mentally derived value of U? = 0.05 cm/s requires that the attachment rate to
aerosols should also be reduced. Reducing this attachment rate was considered
undesirable as it would increase the predicted ratio of free to attached
daughters to a value not in agreement with experimental evidence. This very
important inconsistency has not yet been resolved. The conclusions of
Van der Vooren et al., 1982, may be of relevance here.

From measurements of plateout activity, by measuring directly the plate-
out of alpha emitting radon daughters onto the surface of a surface barrier
detector, mounted within a 50 litre chamber filled with aerosol-free air
(McLaughlin et al., 1984), a mean value of Uf = 0.036 cm/sec has been obtained.

Plateout of radon daughters on detectors, or on surfaces within alpha
particle range of detectors, may make the most significant contribution to the
recorded alpha count in a wide range of passive 'radon' detectors. Studies on
the passive detection of radon and its alpha emitting daughters in a number of
different cylindrical geometries using both the alpha track plastic CR-39 and
a surface barrier detector to detect the alpha particles have shown, under
maximum plateout conditions and in the case of near 2IT counting geometry, that
approximately 65 per cent of the recorded alpha signal arises from daughter
activity plated out on the detector (McLaughlin et al., 1984). Radon and the
remaining airborne alpha emitters make a contribution of 35 per cent in this
case. For a detector mounted in the base of a cylinder of diameter 4 cm, the
plateout activity on or near the detector made an alpha count contribution
greater than 80 per cent.

Plateout problems have been reported in passive radon dosimetry using
solid state nuclear track dosimeter (Frank et al., 1979). Fluctuations in
response, differing by 15 to 20 per cent, were found with parallel detectors,
while counting statistics varied by 3 per cent only. It was suggested that
this may be due to electrostatically enhanced plateout by charges trapped in
the plastic. Also, fluctuations in the response of dosimeters mounted in
various locations on manikins were reported. These were attributed to probable
plateout effects.

Where passive detectors are used, a contribution to the alpha signal
arising from plateout activity is not in principle unacceptable. Problems
arise when the amount of plateout changes significantly during the exposure
periods, due to changes in the state of the surrounding air, i.e. humidity,
aerosol characteristics, air ionization rate, etc.

2.2. MONITORING OF RADON AND THORON

The principles for measurement of radon and thoron gas concentrations
described above may be applied with three types of monitoring: grab-sampling
(or discontinuous monitoring), continuous monitoring and time-integrated
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monitoring (with continuous or discontinuous sampling).

2.2.1. Grab Sampling

A sample of the air to be examined for radon content may be collected
by filling a container,either previously evacuated or of a flow-through type,
in the sampling area and resealing the container.

Air sample containers of flexible foil offer the advantage of being
less voluminous than rigid containers and are therefore more suitable for
handling and transport (Pohl-Rueling et al., 1980).

The radon from the sample is then later (maybe days later) transferred
to the measuring chamber, which may be an ionization chamber of a scintilla-
tion cell.

In case of high radon concentrations, the transfer is often done by
connecting the evacuated measuring chamber to the sample container (volume
sharing), making the transfer only partial. If the radon concentration is low
the radon is concentrated either by collection on glass beads kept at liquid
nitrogen temperature or by adsorption on charcoal at dry-ice temperature.
From here it is, after heating, transferred to the measuring chamber normally
by bhe use of a peristaltic pump.

2.2.2. Continuous Monitoring

In situations where the radon concentration may change significantly
and rapidly, grab sampling may give an inadequate determination of the radon
levels, and a continuous monitoring system, which also allows central monito-
ring, may be preferable. Continuous monitoring of radon concentrations is
probably also the most useful method for studying the effects of ventilation
on radon levels, as well as for the determination of average radon concentra-
tions. Several continuous radon monitors have been developed (Dalu et al.,
1971; Thomas, 1977; McVey et al., 1977; Wrenn et al., 1975). Radon concen-
tration can be measured continuously more easily than radon daughter concen-
trations. Contrary to conditions in the counting system, loss of activity
by plateout is not a problem in the sampling system. Therefore the electronic
and mechanical equipment for analysis can be located away from the sampling
location. The sample may be drawn long distances from an actual work area
through inexpensive tubing that will be unaffected by dust, water vapour and
other conditions that often influence radon daughter sampling. Since the
sample concentration is independent of the sampling flow rate, the determina-
tion of the radon concentration is not affected by changes in the flow rate.

In most continuous monitors the sample is drawn through a scintillation
flask (Thomas et al., 1979) or a flow-through ionization chamber (Lehtimaeki
et al., 1983) or diffuses into a flask, and the activity is counted in the
usual manner. Also the two-filter method has been used for continuous moni-
toring, both with fixed filters and with the second filter arranged to be
moved automatically and counted while collection takes place on a new filter
(Graveson et al., 1977). Other continuous monitors utilize the principle of
electrostatic deposition of (primarily) RaA atoms onto a detector surface and
subsequent counting of the total alpha activity (Wrenn et al., 1975) or
counting of a specific alpha energy by alpha spectroscopy (Wickeetal., 1983).
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In many cases the monitoring is not truly continuous, but can rather be
characterised as frequent grab sampling. Even if the collection takes place
continuously, the counting will, in order to increase the sensitivity, usually
have to be extended over periods of several tens of minutes. Furthermore, as
is the case with grab sampling, the daughters will grow to equilibrium over a
period of 3-4 hours, and the instruments will thus show a delay in full res-
ponse to changes in the radon concentration of the same order of magnitude.
Also, with the use of scintillation flasks the daughter products may plateout
non-uniformly and thus not be counted equally efficiently. These problems
have been treated by various authors (Busigin et al., 1979; Thomas et al.,
1979), who use the counts in previous counting intervals for correcting the
actual count rate, whereby the response is markedly improved. A similar tech-
nique can also be used with ionization chambers (Lehtimaeki et al'., 1983).

Other approaches to the same problem have been suggested either by
using a negatively charged electret for removing the initially positively
charged RaA atoms from the counting volume (Chittaporn et al., 1981) or by
using an electrostatic deposition of RaA ions onto a surface barrier detector
(Porstendoerfer et al., 1980). With this type of instrument it is possible
spectroscopically to measure the RaA activity alone, and because of its three
minute half-life, the response to variations in the radon concentration can be
much more rapid than when the total alpha activity is counted.

Grab sampling of thoron for later counting is not practical. However,
several measurement techniques have been suggested for continuous monitoring
(Fontan et al., 1962; Jacobi, 1963; Duggan, 1973). One method is to use large
highly sensitive two-filter tubes. The transit time of the air through the
tube must be kept very short (less than approximately 6 s), necessitating a
large pump (Leach et al., 1982),or corrections must be made to the standard
analysis of the two-filter tube method to allow for the decay of thoron within
the tube (Thomas et al., 1970; IAEA, 1976).

2.2.3. Time-Integrated Measurement

Although continuous monitoring gives the most detailed information on
the radon concentration in a given location, it is often sufficient to deter-
mine the time-averaged concentration over the period in question. Many instru-
ments for such time-integrated measurements have been developed (Costa-Ribeiro
et al., 1969; George et al., 1976; George et al., 1976; Cowper et al., 1953).
Most of these instruments make use of either solid state nuclear track detec-
tors of cellulose nitrate or polycarbonate or thermoluminescent detectors (TLD).

In most solid state nuclear track devices the film is placed in a small
cup to which the sample air has access through a diffusion barrier. The bar-
rier serves the dual purpose of filtering out radon daughters and slowing down
the rate of air admittance, so that any thoron present in the sample air
will effectively have decayed before the air enters the cup, and consequently
only radon (and the stable gases) will be admitted (Piesch et al., 1981; Alter
et al., 1981). A certain fraction of the alpha particles from radon and its
daughters produced and decaying in the cup will cause radiation damage tracks
in the film. After exposure the tracks are made visible either by chemical
or by electrochemical etching. The latter method offers the advantage of large
track diameters and simplified track counting (Tommasino et al., 1980). In one
version of a TLD system the disc is placed a short distance from the surface of
the second filter in a two-filter device (Costa Ribeiro et al., 1969). Sample
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air is drawn continuously through the system at a rate of 3 litre/min by a
pump, which can be either line or battery operated. The limit of detection is
as low as 2 Bq/m3 for an exposure of one week. In another version the radon
diffuses into the detector volume through a porous barrier, which filters out
radon daughters (George et al., 1977; Cowper et al., 1953). Newly formed and
positively charged RaA atoms are deposited by an electric field onto a foil
backed by a TLD chip. Beds of silica gel are used to reduce the moisture
content of the air in the detector volume, since the collection efficiency
of the system decreases with increasing humidity. This is probably due to a
corresponding decrease in the mobility of the RaA ions. A second TLD chip can
be used to monitor the gamma background.

With both the solid state nuclear track and the TLD method, the integra-
ting time may, at least in principle, be of any length. In many cases, however,
methods involving integrating over periods of hours (or a few days) may be
preferable. One such method consists in pumping the air through a cooled trap
(glass beads or charcoal) at a rather low flow rate for the desired period.
The radon will be collected by adsorption and can later be transferred to an
ionization chamber or a scintillation cell and the alpha activity counted in
the usual manner. An even simpler method (developed at Environmental Measure-
ments Laboratory (EML), New York) consists of placing a canister with activated
charcoal exposed to the air in the sampling area. Even at room temperature
radon will be adsorbed on the charcoal at a rate proportional to the radon
concentration. At the end of exposure the canister is sealed and the gamma
activity from short-lived daughters is counted.

Obviously the half-life of radon puts an upper limit of 1-3 days on the
integrating time to be used with these methods. Furthermore, changes in the
radon concentration during sampling introduce errors in the corrections for
decay during sampling, but the methods are very practical for screening and
similar purposes. A passive integrating radon dosimeter has been developed
which combines activated charcoal and TLD crystals (Stranden et al., 1984).
The dosimeter proved to be suitable for measurements during periods from a
few days until two weeks both in domestic and mine atmospheres.

2.2.4. Exhalation Measurement

Radon in Buildings

The process by which radon is transported to the air from radium-bearing
materials (building materials, soil or mine walls) is called exhalation. The
radon concentration in a given room is monitored by the rate of radon transport
into the room or tunnel. Consequently, in order to predict upper limits for
radon and radon daughter levels, it is necessary to know, besides other para-
meters, the exhalation rate of substances in the room or, more commonly, of
the walls, ceiling and floor. Radon may be transported across an interface,
e.g. from a wall into the room air, by diffusion flow caused by a radon con-
centration gradient and by convective flow caused by a pressure gradient
across the interface. The exhalation rate from a given surface can be measured
by sealing a can, open at one end, onto the surface, and measuring the growth
of radon activity in the can, usually by taking grab samples of the air and
analysing them in the usual manner. This so-called accumulator method has been
used extensively, for measurements of soil exhalation as well as for measure-
ments on walls (Pearson et al., 1966; Wilkening et al., 1972; Jonassen, 1982a;
Keller et al., 1983).
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It should be emphasised that the exhalation rate from the surface
decreases as the activity in the can grows, because of a reshaping of the radon
profile inside of the exhaling sample (Samuelssen, 1984), and,since in practice
only exhalation into a virtually radon free room is of interest (free exhala-
tion), only the initial part of the activity growth curve should be used in
determining the exhalation rate.

When the exhalation rate from a limited sample of material is required
the sample is placed in a closed container, and the growth of radon activity
in the container is determined as described above (Jonassen, 1982; Jonassen,
1983). When such results of exhalation rate measurements on smaller samples
must be scaled up to larger amounts of material (e.g. walls), in case all
dimensions of the exhaling item are considerably larger than (e.g. 2-3 times)
the diffusion length of the material, the total exhalation is proportional to
the area of the exhaling surface, and the rate is expressed in activity (or
atoms) per unit time per unit area (area exhalation rate). In the case of
dimensions smaller than (e.g. half of) the diffusion length, the total exhala-
tion is proportional to the exhaling mass (or volume), and the rate is expres-
sed in activity (or atoms) per unit time per unit mass (mass exhalation rate).
For exhalation from walls, tiles, bricks, etc., usually the latter conditions
apply.

A simpler method than the one described above consists in mounting a
charcoal canister to the exhaling surface and,after a suitable time, sealing
the canister and counting the gamma activity from short-lived daughters (EML,
1972). The radon exhalation process is influenced by several factors, espe-
cially the moisture content of the exhaling material (Stranden et al., 1984).
It is also important to note that a drop in the atmospheric pressure, creating
a pressure gradient across a wall-air interface, may increase the exhalation
from the wall by a factor of 2-3 or more for as long as the pressure decreases
(McLaughlin, 1980). Measurements of exhalation of thoron pose the same kind
of problems as ordinary measurements of thoron concentrations in the air.
Several methods have been developed, including also a method for determining
the relative rate of exhalation of radon and thoron from a given sample of
material (Keller et al., 1983; McLaughlin, 1982). It it emphasised that Rn
exhalation is influenced particularly by the moisture content of the exhaling
material (Stranden et al., 1984b).

Radon in Mines

Radon concentrations in underground workings are governed by the total
amount of radon flowing into the openings from the walls by convection and
diffusion and from radon dissolved in incoming water. Mine water perculating
through rocks from the water table and water collected in exploration drilling
holes may contain a very high concentration of radon, which will be released
ultimately in the mine atmosphere. This source of radon has to be investigated
as a possible major contributor to the radon concentration in the underground
atmosphere. Two mechanisms contribute to the radon flux through the walls:
molecular diffusion through the rock and convection (Zettwoog, 1984). The
predominance of one mechanism over the other will depend on .the velocity of
the radon-bearing fluid (air or water) in the rock, which in turn depends on
the porosity, the degree and scale of fracture of the rock, and the magnitude
and direction of the differential atmospheric pressure applied between a
considered wall and the surrounding radon-emitting rock. The radon flux in
a purely diffusive situation depends only on the emanation rate and radium
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concentration in the rock. In low porosity, moderately fractured rock, with
positive relative atmospheric pressure in the opening, the diffusion mechanism
will be predominant over the convection one. Laboratory measurements of the
radon exhalation rate can be used to estimate the expected radon concentration
in the underground air. In highly porous, fractured rock, and under negative
relative atmospheric pressure, convection will be the preponderant radon trans-
port mechanism. In this case,measuring the increase in radon concentration
between two distant points in a mine tunnel will be the means of determining
the total influx of radon. It must be noted that a wide variety of situations,
from pure diffusion to pure convection can be observed in mines, even within
the same mine. In either convection or diffusion, the volume of radon 'emit-
ting' rock is determined by the velocity of the radon atoms in the rock.
Convection is predominant when the velocity is larger than 0.8 m/day, diffusion
becomes predominant at velocities lower than 0.8 m/day. In mines, it is gene-
rally not sufficient to measure the flux of radon on a limited portion of the
wall by the accumulator method if one wants to predict the total influx, and
the concentration of, radon in the mine atmosphere.

2.3. MONITORING OF RADON AND THORON DAUGHTERS

It should be realised that the concept of measurement and monitoring of
radon (and thoron) daughters is often used not only for the determination of
individual daughter concentrations but also for the measurement (or estimation)
of the potential alpha energy concentration of these daughters.

Practically all methods used for both types of measurements are based
on the analysis of the activity from a filter (or detector) on which the daugh-
ters have been deposited. Three counts of this activity will determine both
the individual daughter concentrations and the potential alpha energy concen-
tration, while one or two counts only give an estimate of the potential alpha
energy concentration when certain relations are assumed between the daughter
concentrations.

The methods discussed in the following chapters show a great variation
both in the total time needed for a determination and in the uncertainty with
which the quantity in question can be determined. The discussion is to a large
extent based on the treatment of uncertainty developed in section 2.4.2.

2.3.1. Grab-Sampling of Radon Daughters

One-count Methods

One-count (non-exact) methods are important, both in mines and in the
housing environment, because of their simplicity. The principle of the method
is the following. Air is drawn through a filter at a rate u (5-10 litre/min)
for a sampling period t s (5 to 10 min). After a waiting time tw (up to 90 min
or more) the gross alpha activity is integrated (usually with a scintillation
counter) over a counting period tc (5-10 min). If the counter efficienty is
E and the number of counts recorded C, the potential alpha energy concentration
(Ep) can be calculated from the formula

C
EP = (5)

E ' u ' ts ' tc * K
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where K is a conversion factor. If the times are measured in minutes and the
flow rate in 1/min, K may be expressed in dpm/(litre*WL) giving Ep in WL.

The inherent uncertainty of the method (i.e. of K) depends upon the
variation in the relative concentrations of the daughter products (see
section 2.4.2.).

There are two commonly used one-count methods: the KUSNETZ and the ROLLE
methods, differing only in the choice of sampling, waiting and counting times.
In the following, the two methods will be described and compared as far as
convenience and uncertainty is concerned.

With the original Kusnetz method, sampling usually takes place over
5 minutes and the counting over 2 minutes after a delay time of 40 to 90
minutes (5-40-2 or 5-90-2, Table 3). With the Rolle method, counting starts
1-6 minutes after sampling, depending upon the length of the counting time.
The Kusnetz method is the oldest and probably most frequently used one-count
method, both in mines and in housing environments. It has a reasonably low
statistical and inherent uncertainty (see Table 3). The relatively long delay
time makes the method sensitive to the presence of thoron daughters. On the
other hand it may, for instance in mining environments, be practical to take
several samples and count them at a later time in a more convenient environ-
ment.

The advantage with the Rolle method is its short delay time. Further-
more, the Rolle method is rather insensitive to the presence of thoron daugh-
ters in the air, since most of these at the end of the short delay time will
still be present as the beta-emitting ThB. At present the method is extensi-
vely applied in Australia (Leach et al., 1982).

In Table 3 the inherent uncertainty of the Rolle method is listed as
20 per cent, while Rolle has shown that the figure may be kept as low as 10 per
cent. The discrepancy is caused by the different ways in which the uncertainty
is evaluated. In the following it will be attempted to show the general trend
of the evaluation.

Rolle (1972) and Cote et al., (1981) have derived limiting boundaries
for the relative radon daughter activities (relative to RaA). In Figure 1,
curve N represents the decay of radon in an isolated system. M shows the
mixing of very young air (i.e. no RaB and RaC present) with old air (i.e.
where radioactive equilibrium between the daughters has been established).
The dots shown are actual data points,measured by several workers and are seen
to fall mainly between the two extreme curves (Holub, 1980; Holub, 1980a). For
a given delay time t w, K is calculated for all relative activities between M
and N. The maximum and minimum values of K are then plotted versus tw (Cote
et al., 1981). For each t w a mean value Ka is determined, and the maximum
relative deviation from the mean value is found as

AK/K = (Ka - Kmin)/Ka (6)

AK/K can thus be taken as a measure of the inherent relative uncertainty of the
method for the particular set of data used in the calculation. The value of
AK/K depends not only upon tw, but also on ts and tc.
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Table 3

SUMMARY OF UNCERTAINTY CONTRIBUTIONS FOR ONE- AND TWG-COUNT METHODS
AND FOR TOTAL EXPOSURE (BASED ON SCHIAGER ET AL., 1981)

Method

Kusnetz
5-40-2

Kusnetz
5-90-2

Rolle

Shreve
original

Shreve
corrected

Shreve
optimized

Hill alpha
ratio

Hill
optimized

J-S alpha
ratio

J-S optimized

HBS (45)

Two-count
alpha spectro.

1

3

5

1

2

2

3

26

7

0

1

1

1

WL

.3

.1

.4

.9

.8

.0

.8

.5

.4

.1

Uncertainty

s(C)/C
0.3 WL

6.0

9.3

2.6

5.1

5.1

5.5

47

13

1.4

2.7

2.6

2.0

0.05 WL

15

23

12

13

13

25

116

31

3.6

6.7

6.3

4.5

of Method

s(F)/F

9

10

13

15

6

4

10

13

16

13

6

16

Total uncer-
tainty of
method at
0.3 WL [?;]

11

14

13

16

8

7

48

18

16

13

7

16

s(T)/T

36

36

36

36

36

36

36

36

36

36

36

36

Uncertainty of

s(0)/0

4

4

4

4

4

4

4

4

4

4

4

s(H)/H

2

3

1

4

4

4

2

2

1

1

1

1

Exposure

s(N)/N

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

Total uncer-
tainty of
exposure at
0.3 WL[?ó]

38

39

38

39

38

37

60

41

39

39

37

39
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Figure I Growth of Radon daughters
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Figure 2 Inherent uncertainty in K versus waiting time,
tw, ts = 15 min, t = 10 min (Coté et al, 1981)



In Figure 2 AK/K is shown as a function of t w for t s = 15 min and tc =
10 min. The curve has two minima, both about 10 per cent, after 1.2 min and
120 min respectively. The early minimum occurs at the end of the RaA decay
and the beginning of the RaC growth. There is a certain symmetry in the dura-
tion of the three time periods involved: if ts and tc are interchanged and tw
remains constant, the conversion factor K stays the same (Rolle, 1972; Borak
et al., 1982). The analysis above thus leads to an inherent uncertainty of
the Rolle method of about ±10 per cent.

Holub has made a similar evaluation using a different technique. He
uses triangular graphs, as shown in Figure 3, for plotting normalized radon
daughter concentrations. A set of daughter concentrations,measured in pCi/1
(1 pCi/1 = 37 Bq/m^), are normalized by dividing the individual concentrations
with the corresponding potential alpha energy concentration measured in WL,
making the apparent potential alpha energy concentration of the normalized
point equal to 1.

Defining the actual measured concentrations of RaA, RaB and RaC as A, B
and C in pCi/1 respectively, and the corresponding potential alpha energy con-
centration as Ep in WL, the normalized concentrations (in pCi/(l*WL)) can be
calculated from:

A* = A/Ep, B* = B/Ep and C* = C/Ep (7)

These values are then plotted as a point with the co-ordinates A* and B* on the
RaA and RaB axis, respectively. The value of C* is determined from the fact
that the three normalized concentrations have to yield a potential alpha energy
concentration of 1, but the C* value may also be read on the RaC axis, bisec-
ting the RaA and RaB axes.

Figure 4 shows the distribution of 385 (normalized) points calculated
from results of measurements in underground mines by a number of workers
(Borak et al., 1982; Holub, 1980). Uncertainty contour lines are drawn in the
diagram for the Rolle technique with t s = 10 min, tw = 4.4 min and tc = 5 min.
These lines are drawn in the following manner. The normalized concentrations
corresponding to each point in the diagram (and giving a normalized level of 1)
are used to simulate a Rolle count corresponding to the time intervals listed
above. This count will then (introduced in eq. (18), section 2.4.2) give an
expected concentration, EC, and the difference, D, between EC and the best
approximation to the true value, 1,

D = EC - 1 (8)

is then a measure of the inherent uncertainty of K corresponding to that parti-
cular set of relative daughter concentrations.

The whole diagram is scanned in this way and lines are drawn through
points having the same value of D. As an example, the point marked + corres-
ponds to the equilibrium point (A*rB*=C*= 100 pCi/(l*WL)). The working level
calculated from the Rolle method would yield a value of 1.06, corresponding
to a difference D = +6 per cent.

In Figure 5 a similar plot is shown for a Kusnetz count with ts = 5 min,
tw = 40 min and tc = 5 min using the same data as in Figure 4.
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Figure 4 Inherent uncertainty estimated
for the Rolle technique.

t s = 10 min, t w = 4.4 min,
t c = 5 min



Activity of RaB, pCi

0 50 100 150

Figure 5 Inherent uncertainty estimated
for the Kusnetz technique.

ts = 5 min, tw = 40 min,
tc = 5 min

Holub has estimated the inherent uncertainty for both methods by drawing
lines which enclose a given fraction (90 per cent) of the mine data. Although
the contour lines run parallel to the collection of points in the case of the
Rolle procedure and at a considerable angle for the Kusnetz technique, the
contour lines are more widely spaced in the latter case resulting in a lower
uncertainty. The analysis leads to an inherent uncertainty of ±9 per cent for
the Kusnetz method and ±13 per cent for the Rolle method (Schiager et al.,
1981; Borak et al., 1982).

The difference in the uncertainties estimated for the two types of
analysis derives essentially from the range of relative daughter concentrations
considered. In the Holub treatment the conversion factor is chosen so that the
contour line of zero inherent uncertainty goes through the point corresponding
to the average value of the normalized concentrations (A* = 224 (pCi/l)/WL,
B* = 102 (pCi/l)/WL and C* = 67 (pCi/l)/WL). The analysis of Rolle's method
(Cote et al., 1981) depends upon a boundary given by two theoretical curves
and is less sensitive to the age of the air. This is also derived from
Holub's graphs in Figures 4 and 5, where the uncertainty is lower for young
air (higher A than B) using the Rolle count than for the Kusnetz count.

Two-Count Methods

The advantage with the one-count methods for determining the potential
alpha energy concentration is their simplicity. This, however, is to some
extent traded against low accuracy and, at least for the Kusnetz method, a
lengthy operating procedure. By using two uncorrelated counts, it is possible
to improve one or both of these characteristics.
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Hill_inethqd. In the original method (Hill, 1975) air is sampled for
2 minutes (suggested flow rate: 2 1/min) and the total alpha activity is inte-
grated over two periods of two minutes each, starting at 0.5 min and 3.5 min
after end of sampling with the integrated counts at Io, Ii, respectively. The
ratio I-]/Io is then used to obtain the value X of a function from a graph or
table, and the potential alpha energy concentration is calculated from

E p = IO/(X'E) (9)

where E is the efficiency of the detector. Holub, 1980, derived an equation
for calculating the potential alpha energy concentration directly from the
counts Io and I-), using either a linear or a parabolic approximation for the
RaB concentration. The approximation also allows for the estimation of the
concentrations of individual daughters, and the derivation of the inherent
uncertainties of both the potential alpha energy level and the individual
daughter concentrations.

The inherent uncertainty is of similar magnitude to that of the Kusnetz
method (Table 3). Due to the short counting periods, however, the statistical
uncertainty may be high at low potential alpha energy concentrations. The
method has been optimized by Holub (Bureau of Mines, USA) by using a weighted
difference between the counts instead of their ratio, and in the CANMET labo-
ratory (Canada), by increasing the sampling time and the flow rate and redefi-
ning the conversion curve. In both cases this results in a reduction in the
statistical and inherent uncertainties.

^J£ 3PÉ. ̂ trong_Q-^)_Methqd. (James et al., 1974). This method
differs from the Hill method primarily insofar as the first integrated count
is taken during sampling. The procedure involves sampling (and counting) for
periods of 2, 5 or 10 min ( I Q ) , waiting for 1 min and recounting over the same
length of period as the sampling (It).

Holub has derived optimized parameters for this technique and evaluated
the inherent and statistical uncertainties (Table 3). The inherent uncertainty
(at least in the optimized version) is again similar to the uncertainty of the
methods described above. The statistical uncertainty, however, seems to be
somewhat lower than with most other methods.

Shreve_Methpd_. In this method (Miller et al., 1976) the sum of the
alpha and beta activity from the filter is counted after sampling. This sum
is approximately proportional to the potential alpha energy concentration for
the delay and counting times used. The technique is used in a commercial
instrument manufactured in the United States of America. The background of
the counters (alpha and beta) is measured during a two-minute sampling period,
and in one part of the analysis of the technique the activity is integrated
over a period of one minute after a 0.5 minute delay. In another part of the
analysis the waiting time is 4.5 minutes. The instrument gives direct reading
of the potential alpha energy concentration (in WL) and also permits estimates
to be made of external gamma radiation and of the radon concentration (Shreve,
1976; Shreve et al., 1977). This method has been optimized by using separate
parameters for alpha and beta conversion (Holub, 1980). The inherent uncer-
tainty is lower for the early count time (Table 3). For the Shreve method
both the inherent and statistical uncertainties are almost a factor of three
better than for the other two-count methods. Holub has investigated a combina-
tion of the James-Strong and the Shreve method with a sampling time t s = 2 min
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and with alpha and beta counts made simultaneously. This method (HBS) gave
the best characteristics of all two-count methods with the added bonus that
the measurement is completed in two minutes.

1R/WL. MethocL. With this method the activities of RaA and RaC' are
counted separately (using a surface-barrier detector) during a 2 min sampling
period. The potential alpha energy concentration is found from the weighted
sum of the two integrated counts. An instant working level meter has been
described (Schiager, 1977). Energy discrimination (two-count alpha spectro-
scopy) does not produce any improvement in the inherent uncertainty (Table 3).
The method has, however, recently been optimized for measurement of the lower
activities encountered in houses (Nazaroff, 1984). The method should be
distinguished from the 'exact' three-count alpha spectroscopy method.

Table 4 contains a summary of some of the characteristic features with
one- and two-count methods (Schiager et al., 1981).

HajJ<jDV_method.. With this method the total alpha count is measured from
1 to 3 minutes (11) and from 7 to 10 minutes (12) after end of sampling. For
a suitable sampling time (typically 5 minutes) the potential alpha energy
concentration is given by

E p = KxI2(TxExp) (10)

where K is a constant, T is the filter trapping efficiency, E the counting
efficiency and yi the sampling flow rate. The RaA concentration is given by

RaA = hx(I1-I2)/(TxExu) (11)

where h is a constant. The inherent uncertainty of the method is claimed to
be about 12 per cent (Markov et al., 1962).

Three-Count Methods

The three-count methods involving three uncorrelated counts during
and/or after sampling are in principle without inherent uncertainty (s(F)/F=0),
but the random error, (s(C)/C) mostly due to counting statistics,may be consi-
derable with some of the methods (see section 2.4.2.). There are two measure-
ment techniques for the three-count methods:

1) alpha gross count methods, where the sum of the RaA and the RaC'
activity is measured; and

2) alpha spectroscopy methods, where the RaA and RaC' activities are
measured individually.

Cliff (1978) has developed an optimised and automated three-count method,
employing the technique of gross alpha counting during sampling (James et al.,
1974) to maximize the sensitivity of RaA measurement in indoor air.

J y g p Method^ In the original Tsivoglou method, the activity from
a filter is measured at three times (e.g. 5, 15 and 30 min after sampling)
(Tsivoglou et al., 1953). The amount of air sampled is about 50 litres.
Because count rates are used instead of integrated counts, even at high con-
centrations (tens of thousands Bq/m^) the reproducibility may only be good
within 20-30 per cent.
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Table 4

SUMMARY OF GRAB-SAMPLING ONE- AND TWO-COUNT METHODS
(BASED ON SCHIAGER ET AL., 1981)

Sampling Flow
Method time rate

ts(min) p(l/min)
Analytical Procedure

Total
time
(min)

Kusnetz
5-40-2

Kusnetz
5-90-2

Rolle

Shreve

Shreve corrected

Shreve optimized

Hill alpha ratio

Hill optimized

James and Strong
alpha ratio

James and Strong
optimized

HBS

3R-WL (2-count
alpha spectro-
scopy)

Markov

5

5

10

2

2

2

2

5

5

5

2.5

2.5

2.5

10

10

10

2.5

Allow sample to decay for 40 min;
count gross alpha for 2 min. Eq.(5)

Allow sample to decay for 90 min;
count gross alpha for 2 min. Eq.(5)

Allow sample to decay for 4.4 min;
count gross alpha for 2 min. Eq.(5)

Allow sample to decay for 0.5 min;
simultaneously count alpha (A) and
beta (8) for 1 min. Eq.(5) with C
replaced by (A+B)/W (W being a
weighting constant)

Same as above, but with (A+B)/W
multiplied by factor depending on
A/B

Same as above, but with (A+B)/W
replaced by (A/W-j + B/W2)

Allow sample to decay for 0.5 min;
count gross alpha for 2 min (ïo)>
allow additional decay for 1 min;
count gross alpha for 2 min (I-]).
Eq. (9).

Same as above; Eq.(5) with counts C
replaced by Io/W-j - I1/W2

Count gross alpha during 5 min samp-
ling interval (Io);allow to decay
for 1 min; count gross alpha for
5 min (I-)). Eq.(9)

Same as above. Eq.(5) with C repla-
ced by (I-, - Io)/W

Simultaneous count alpha (A) and beta
(B) while sampling. Eq.(5) with C
replaced by (A/W-j + B/W2)

Simultaneously count RaA (I/\) and
RaC'(Ic) while sampling; Eq,(5) with
C replaced by (Vfj IA - W2 Ic)

Total alpha count from 1-3 min and
7-10 min after end of sampling.
Eq.(10,11)
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97

19.4

3.5

3.5

3.5

7.5

7.5

11

11

5

15

r-
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NlqdiJ[i^d_T£ivo_3lou_Metho^ j_(_Thoinas_MetjTod). By integrating the alpha
activity over three time intervals instead of measuring the rate at three
times, it is possible to reduce the uncertainty of the Tsivoglou method consi-
derably (Thomas, 1972). The most commonly used time scheme is: sampling for
5 min, counting from 2 to 5 min, from 6 to 20 min and from 21 to 30 min after
end of sampling. With a sampling flow rate of 10 1/min and a counting effi-
ciency of 0.3, the method has a sensitivity of about 40 Bq/m^ (total relative
standard deviation is 50 per cent at this activity) for each nuclide. The
uncertainty is usually highest for RaA, especially if the atmosphere is near
radioactive equilibrium.

+. jteia_Tj3cJmiqije.s. A technically rather complicated method has
been developed into a commercially available instrument (Groer et al., 1979).
The instrument counts RaA and RaC' separately by the use of a surface barrier
detector and the sum of the beta activities from RaB and RaC through the back
of the sample filter by use of a plastic scintillator. Typical operation of
the instrument automatically encompasses background counting, sampling, coun-
ting of alpha and beta activities, calculation of individual daughter concen-
trations and potential alpha energy concentration and display of the results,
all within 3-5 min. Because of the short sample and counting times, the
counting statistics at moderate and low levels are rather poor. Intercompari-
son tests indicate 10-20 per cent discrepancies in the WL range 0.3-1. A
limitation of the use of this device for field measurements is its size and
power consumption. A somewhat different technique has been described by Holub
(1980)in which one count of alpha and one count of beta are made simultaneously,
followed by either a second beta or a second alpha count. When used in the
presence of high gamma levels precautions should be taken.

Alpha Spectroscopie Methods. The alpha + beta method (by Groer et al.,
1976) is in a sense partly an alpha spectroscopie method, insofar as the acti-
vities from RaA and RaC1 are discriminated according to their energy (6.00 MeV
and 7.69 MeV) and counted separately. A method employing only alpha radiation
has been developed by Martz et al., 1969. The RaA and RaC' activity from the
filter is counted for one minute, 5 minutes and 30 mir, after the end of samp-
ling. Since RaA has almost completely decayed at the last counting interval,
this leaves three uncorrelated counts for the determination of the three
daughter concentrations. The main advantage of this method is its increased
accuracy in determining the RaA concentration. For the same values of flow
rate and counter efficiency, the uncertainty for RaA with the Martz method is
about 1/2 or 1/3 of that with the Thomas method (Martz et al., 1969; Jonassen
et al., 1974a).

The accuracy of the spectroscopie method has been improved further by
using integrated counts over larger intervals at optimized times (Jonassen et
al., 1974a; Cote et al., 1981; Tremblay et al., 1979). In this way, it is
possible to reduce the uncertainties by at least 50 per cent. In the work by
Tremblay et al., 1979, counting during sampling is only considered. This pro-
cedure results in a further lowering of the uncertainty of the RaA determina-
tion.

An optimized and automated version of the James-Strong (J-S) method uses
a Silicon surface-barrier detector (Cliff, 1978).
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2.3.2. Grab-Sampling of Mixtures of Radon and Thoron Daughters

Although the main interest in atmospheric radioactivity is usually
centered on radon and its daughters, a number of researchers have also consi-
dered the measurement and evaluation of the health hazard of thoron and its
daughter products in the atmosphere. Rock et al., 1970, found in a mine in
Alaska Ep(Tn) about half of the Ep(Rn) values, and similar relative levels
have been found in Canada (Cote et al., 1981), Norway (Stranden, 1980),
Germany (Wicke et al., 1982) and Austria (Steinhaiisler et al., 1980). In
thorium-rich areas, the ratio Ep(Tn)/Ep(Rn) can be much higher. A few values
between 20 and 50 have recently been found (Stranden, 1984a). It is probably
a rather common practice to disregard the simultaneous presence of thoron
daughters on filter deposits when measuring radon daughters. Cote et al.,
1981, have calculated the errors in Ep(Rn) for standard daughter counting
procedures when all alpha counts from a radon daughter/thoron daughter mixture
were attributed to radon daughters. Using procedures where the counting times
are short, i.e. shorter than 30 min, these errors are small, but at longer
counting times, the procedure may lead to significant over-estimates of Ep (Rn).
As an example, a 40 min Kusnetz count will over-estimate Ep(Rn) by 28 per cent,
if Ep(Tn) = Ep(Rn).

The same authors estimated the relative rate of diffusion of radon and
thoron from rock for given concentrations of U3O8 and ThO2 and plotted the
calculated value of Ep(Tn)/Ep(Rn) as a function of the age of the air in a
mine. The results agreed qualitatively with experimental observation. They
also indicated that the ratio between the levels of potential alpha energy of
radon and thoron might serve as an additional indicator of ventilation condi-
tions, just as relative radon daughter concentrations are being used. Venti-
lation is generally more effective for control of radon gas (half-life 3.82 d)
than for thoron gas (55.6 s). However, potential alpha energy concentration
of thoron daughters is much more effectively controlled by ventilation than is
that of radon daughters, because the half-life of ThB (10.6 h) is so much longer
than the half-lives of any of the radon daughters (shorter than 27 min). Six
air changes per hour will reduce the potential alpha energy concentration of
thoron daughters to about 1 per cent of its unventilated value, while the poten-
tial alpha energy concentration of the radon daughters is only reduced to about
18 per cent (Busigin et al., 1978). Control of exposure by ventilation is
discussed by Rock et al., 1970, and in a US DI report (1970).

The potential alpha energy concentration of thoron daughters, Ep(Tn),
may be measured by the use of a modified Kusnetz method, where the counts are
taken 5-6 hours or later after the end of sampling., At that time the radon
daughters can be considered to have decayed completely, and the alpha-emitting
thoron daughters ThC and ThC' are in equilibrium with the longest beta-emitting
daughter ThB. Ep(Tn) is then calculated with formula (4). The conversion
factor is significantly lower than for Ep(Rn) calculations, partly because of
the increase in waiting time, and partly because of differences in half-lives
and decay energies between radon and thoron daughter products. All of the one
and two-count methods described for radon daughters can in principle be used
for determining Ep(Tn), if they are modified in the same way as described above
for the Kusnetz method and counting takes place after the radon daughters have
decayed, it is, however, also possible to modify the methods in such a way
that both Ep(Rn) and Ep(Tn) are determined. Cote et al., 1981, have developed
a two- or three-total alpha count method suitable for any atmospheric mixture
of radon and thoron daughters. An early count from 1.2 to 16.2 min gives
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Lp(Rn), a count from 155 to 170 min will give Ep(Rn) + Ep(Tn), since the con-
version factors for radon and thoron daughters are approximately the same,and
a third 'redundant' count at 225 to 240 min will give Ep(Tn). The early count
in this method is analogous to the Rolle method. The inherent uncertainties
of such methods result from the dependence of the conversion factor on the
relative concentrations of the thoron daughters, e.g. reflected by the 'age'
of the air. 230 min after sampling this dependence is at a minimum.

The presence of thoron daughters in the air sampled may interfere with
the counting of radon daughters, not only when the non-exact one- and two-
count methods are used, but also when alpha spectroscopy is employed. Even
though this method allows for distinction between individual nuclides according
to their energy, alpha counts from ThC will be recorded in the same channels as
alpha counts from RaA, both having energies at 6.00 MeV. It is, however, pos-
sible to correct for this by also recording the counts from ThC' at 8.78 MeV,
since the ratio between the ThC counts and the ThC' counts equals 0.56. Cote
et al., 1981, have used this principle in a three channel alpha spectroscopie
scheme with a counting time longer than 30 min. In the first counting period
shortly after sampling, RaA + ThC is recorded at 6.00 MeV, RaC' at 7.68 MeV
and ThC' at 8.78 MeV. In two later counting intervals (e.g. 11 to 25 min and
45 to 70 min), RaC' and ThC' are counted again. The five unknowns, RaA, RaB,
RaC, ThB and ThC, can then be calculated from the five uncorrelated results
of counting. A certain overlap of the RaC' and RaA counts (8 per cent) occurs
jn the first channel, and of ThC' and RaC' counts (12 per cent) in the second
channel due to energy degradation of the alpha particles. The energy degrada-
tion depends upon the type of filter used, particle size, sampling flow rate
and geometric factors. It must be determined for each experimental system and
taken into account in the analysis. A small ruggedized portable three-channel
alpha spectrometer has been developed (Carson, 1979; Carson et al., 1981) from
a two-channel design of Keefe (1974). It employs a diffused junction silicon
detector with discriminators and is microprocessor-controlled. The Cote-
Townsend three gross alpha count, the Hill, Thomas, Rolle and the alpha
spectrometric technique described above, have been programmed into the instru-
ment. Potential alpha energy and daughter concentrations are automatically
displayed on the instrument, which is commercially available. Also, Perdue
et al., 1980-81, have reported spectrometric techniques for counting radon
and thoron daughters.

2.3.3. Continuous Monitoring of Radon Daughters

Several of the instruments described above for either potential alpha
energy concentration or individual daughter measurements are automated to such
an extent that they are well-suited for making frequent grab sampling and
thereby provide a semi-continuous monitoring of the daughter levels in the same
way as is the case with radon itself. The use of such techniques involves the
same instrumental, statistical and inherent uncertainties as for the grab
sampling methods used. The need for frequent sampling, and consequently short
sampling and counting times, is traded against poor counting statistics. In
most devices known as continuous WL monitors the air is sampled continuously,
and the alpha and/or beta activities are integrated over intervals ranging from
minutes to hours. Haider et al, 1973, reported a continuous alpha monitoring
device employing a diode-type alpha detector. Holmgren, 1974, used a commer-
cial air particulate monitor and measured the beta activity of RaB + RaC.
Kawaji et al., 1981, have described a technique using a proportional counter
enabling gross alpha, gross beta or gross alpha plus beta counts to be converted
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directly to potential alpha energy concentration measured in WL. A US BM
investigation has evaluated the feasibility of gross alpha and beta counting
as a means of continuous measurement of the potential alpha energy concentra-
tion (Droullard et al., 1977). For beta detection a Geiger-Mueller tube and a
47 mm filter holder were used. The problem of plateout was avoided in the
beta method by detecting the beta particles from the backside of the collec-
tion filter. For alpha detection, particulates were collected on a 25 mm
filter, which was located about 50 mm from a surface-barrier detector with
an area of 300 rnm^. The beta count was corrected for gamma background. Inhe-
rent uncertainty studies, using the same 376 set of mine data as previously
used for evaluating the one- and two-count methods, indicated that the inherent
uncertainty was + 3 per cent for the gross alpha and ± 8 per cent for the gross
beta method. The beta method, however, was found more useful, because it
avoids problems with plateout of unattached radon daughters on the surface of
air openings leading to the filters.

Problems with filters were also experienced (Droullard et al., 1977;
Kawaji et al., 1981). Membrane filters, providing very little alpha particle
energy degradation, can clog up in a few hours at a flow rate of 1 1/min in a
typical underground mine atmosphere. Fibreglass filters did not show severe
clogging, but self-absorption characteristics can change with relative humidity.

A comparison of characteristics and uncertainties for some continuous
radon daughter monitors is given in Table 5. The most attractive design con-
cept for a continuous monitor is one in which several detectors are multiplexed
into a central control unit at a location that can readily be observed by the
staff. In a system developed at the US Bureau of Mines (US BM), 32 detectors
can be serviced (Shaw et al., 1981). Each detector station is in turn connec-
ted by cable to a central underground transmitter unit, which is connected to
a surface control unit, for signal analysis and alarm indicator. The system
is programmed to sound an alarm at a preset level between 0.01 and 0.99 WL.
If the level exceeds 1 WL an alarm is also sounded underground. Cost estimates
for such a 32 detector system are US$ 30 000, not including installation
(Schiager et al., 1981).

2.3.4. Personal Dosimeters

In the case of radon only, many instruments have been constructed to
give time-averaged values of the concentration. In principle, it is possible
to use several of the instruments mentioned to measure individual daughters to
obtain time-integrated results. However, this is hardly ever done in practice,
since most efforts are directed towards determining the exposure (or time-
integrated potential alpha energy concentration), disregarding the individual
daughter contributions. Instruments measuring the exposure are traditionally
called dosimeters.

A personal dosimetry system must be able to function reliably even under
severe conditions, such as in mines. The cost should be reasonable, and the
size, weight and possibilities for placement on the person (i.e. hat, chest or
belt) are factors which must be taken into consideration in deciding whether a
dosimeter is suitable for practical use. Many different types of personal
dosimeter for radon (and thoron) daughters, both active (McCurdy et al., 1969;
Durkin, 1979; Chapuis et al., 1978; Grealy et al., 1982; White, 1971; Auxier
et al., 1971) and passive (Frank et al., 1975; Domanski et al., 1981) have
been developed. Several have been tested in active uranium mines; two are in
routine use (Chapuis et al., 1981; Domanski et al., 1981).
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Table 5

CHARACTERISTICS AND UNCERTAINTY CONTRIBUTIONS FOR SOME CONTINUOUS
RADON DAUGHTER MONITORS (BASED ON SCHIAGER ET AL., 1981)

Counting Total
Activity Flow Rate time Uncertainty
Measured Detector Type Efficiency u (l/min) (min) s(F)/F s(C)/C at 1 WL [%] Reference

alpha surface barrier 0.20

beta Geiger-Mueller 0.12

alpha proportional 0.20
counter

The value of s(C)/C is calculated for a sampling time of 15 min at a flow rate of 1 1/min (and 1 WL).
The integrating time is selectable. Tests at US BM used 40 min counting.
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Active Personal Dosimeters

In active dosimeters a known volume of air is drawn through a filter by
a battery driven pump. Alpha particles from the daughters deposited on the
filter are recorded by a detector, which can be a TLD disc, a solid state
nuclear track film or an electronic device usually involving a silicon solid
state detector. Some of the key parameters in an active dosimeter are (Stocker,
1980): volume of air pumped and constancy of air flow; effects of plateout of
unattached daughters on surfaces; self absorption of filters; sensitivity of
filter and detector to humidity and to dust loading; mechanical reliability
and integrity of pumps, valves, turbines, filters, detectors and housings;
electrical reliability of motors, batteries and chargers; sensitivity of pump
to physical orientation and positioning; counting efficiency of the detector;
reliability of processing and read-out mechanisms for each detector type;
representativeness of air sampled to air in the breathing zone of wearer;
knowledge about nuclides sampled, i.e. RaA through RaC', ThA through ThC' and
ThC''; interference of gamma radiation or other types of background. Each of
these parameters has an uncertainty associated with it, and a proper design of
a dosimeter is required to minimise these uncertainties so that each measure-
ment of the personal occupational exposure is as accurate as practically
possible.

CEA Dosimeter

Probably the most advanced dosimeter has been developed over the past
ten years by the CEA in France (Chapuis et al., 1978). This dosimeter is a
compact, lightweight package designed to be worn on the belt of the miner. A
turbine pump forces air, by way of three small inlet holes at the base of the
dosimeter head, through a membrane filter at a rate of 0.1 1/min. Three col-
limators select the different alpha particles emitted in a direction perpendi-
cular to the front face of the filter onto a film serving as a solid state
nuclear track detector. Different absorbers in each collimator ensure that
the alpha particles from RaA + ThC, RaC' and ThC1 are registered in three
distinct zones on the film. Since the alphas from RaA and ThC have the same
energy (6 MeV) they cannot be energetically separated. Filters are retained
in the dosimeter for one month (or less), after which the exposed film is
removed from the dosimeter and etched in controlled laboratory conditions in
a 2.5 N NaOH solution at 60°C for 90 min. The tracks may be counted under a
microscope, or automatically using an image analyser, a colony counter or a
spark counter.

The potential alpha energy concentrations (expressed in WL) of Rn and

Tn are given by

Ep(Rn) = (7.7N2+6.0(N-]-0.56N3)) (1.3x105xExV)~
1

Ep(Tn) = (8.8N3+6.0(0.56^)) (1.3x105x ExV)"1

where Ni is the number of tracks in the RaA + ThC zone, N2 the number of tracks
in the RaC' zone and N3 the number of tracks in the ThC1 zone, E is the coun-
ting efficiency and V the volume of air sampled (measured in litres).

Reasonable agreement has been reported between the CEA dosimeter and
various grab-sampling techniques (Rolle, Thomas and t'MDA).
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]n tests conducted in normal mining conditions, some of the units tested
showed marked contamination (Carson et al., 1981). The contamination consists
of intense groups of tracks concentrated near the edges of exposed areas and
it arises

from radioactive dust lodged close to the film, and

- from plateout of radon daughters on the walls of the collimators

(Bernhard, 1984). To eliminate the first problem, the absorbers are now
changed systematically each month; to solve the second problem, the design of
a disposable head is now underway. Until this design change has been made,
the collimator block inside the head is changed every four months.

The system has been adopted for radiation protection surveillance in
underground mines in France, and since November 1982 all workers in these
mines are equipped with the dosimeter.

The annual cost, including acquisition of the dosimeter (three years
depreciation), maintenance and processing of the film, is about US$ 400 (1984)
per miner (Zettwoog, 1981).

Electronic Personal Dosimeter

This instrument, which is commercially available, is based on a proto-
type developed at US BM. The dosimeter is a compact, rugged and lightweight
unit consisting of a silicon detector, electronics and an internal, constant
flow pump, drawing air through a 25 mm filter at a rate of 0.05 1/min
(Parkinson et al., 1982). The electronics include amplifier and microproces-
sor with memory. The dosimeter fits a miner's standard cap-lamp battery and
is worn by each miner throughout the entire shift,during which time total
alphas are counted and stored in the memory. After the shift, the unit is
connected to the above ground reading network, and the accumulated counts are
deposited, calculated and stored. By recounting the filter after the end of
the shift, the potential alpha energy concentration due to thoron daughters
can also be determined. An advantage of this dosimeter is that a reading may
be obtained immediately on completion of a work period. Preliminary under-
ground tests with this dosimeter indicate satisfactory performance (Bigu et
al., 1980). However, more extensive tests have yet to be conducted to ascer-
tain the reliability for routine use, for instance, when exposed to shocks
and contamination. The Canadian Atomic Energy Control Board (AECB) has initia-
ted a pilot scheme in which 10 per cent of the miners carry either a CEA or an
electronic personal dosimeter. Experience gained in Canada and France is
likely to answer many of the outstanding questions concerning these dosimeters.

Active TLD Dosimeters

Personal dosimeters utilising thermoluminescent detectors have been
described by a number of groups (McCurdy et al., 1969; Grealy et al., 1982;
White, 1971; Frank et al., 1975; Phillips et al., 1979). The principle of
detection employed in these dosimeters is very similar to the integrating TLD
radon monitors described under measurement of radon. The TLD disc (a small
crystal of LiF or CaF2) is placed near the front surface of the filter through
which air is drawn. During exposure, alpha particles from the filter will
produce defects in the disc. After exposure, the disc is heated under
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controlled conditions. Light is emitted from the defects with an intensity
proportional to the number of defects formed and hence to the integrated number
of alpha counts from the filter. Gamma background can be monitored by a second
disc shielded from the particle radiation emitted from the f'lter. The portable
pumps used can be equipped with servo-regulated flow rates, as in the system
developed by US BM. An active sampling device, which employs a small filter
and TLD detectors with low gamma sensitivity, has been used as part of an
integrating personal or area monitor (Jacobi et al., 1981). The lower level
of detection of 0.005 WLM (sampling time 170 h) can be achieved with a flow
rate of 100 1/h. Discrimination between Rn-220 and Rn-222 daughters is not
possible.

Grealy et al., 1982, have described a dosimeter that uses CaS04:Dy-TLD
material in teflon as detector. This detection material has been field tested
in underground and open-cut mines in Australia and found stable under adverse
climatic conditions. The lower level of detection is claimed to be 0.03 WLM
for radon daughters and 0.04 WLM for thoron daughters at a flow rate of 30 1/h
(sampling time 170 h).

Passive Personal Dosimeters

There are two types of passive personal dosimeter in use, 'bare' and
'closed' dosimeter intended to measure integrated exposures to radon daughters
and radon gas, respectively. Etched track detectors are used for this purpose
(Frank et al., 1975).

j3a£e_d£sjjneters. These are usually based on cellulose nitrate, which has
the property of only responding to alpha particles with energy between 1.5 and
4 MeV. Hence, they will not detect the energetic alpha particles emitted by
radon daughters plated out on the surface of the plastic. The dosimeter should
respond only to those alpha particles that reach the detector from airborne
nuclides, after losing an appropriate fraction of their energy. However, the
alpha activity in air includes radon as well as the daughters, leading in prac-
tice to a detector response more closely proportional to the radon concentration
than that of the daughters. The equilibrium factor must therefore be estimated
in order to calculate exposure to potential alpha energy (Chruscielewski et
al., 1982).

This type of dosimeter may be affected by mine dust, giving rise to
additional tracks from long-lived alpha activity and also degrading the energy
of alpha particles from plated out daughters, allowing them to be detected
(Frank et al., 1979). In spite of these limitations though, bare dosimeters
may be superior to area monitoring in assessing doses to individual miners
working in areas with very different radon concentrations.

A system based on bare dosimeters has been used in Poland to monitor
individual radon daughter exposure for several years (Domanski et al., 1981;
Chruscielewski et al., 1982). The plastic detector is protected by a wire
screen, which allows airborne radon daughters to pass through. The device is
attached to the rear of a miner's cap and is able to withstand mining condi-
tions for extended periods. The system offers the advantages of simplicity,
maintenance-free operation and low operating costs of about $ 180 per miner
per year.
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J£losed_dosirneters. Closed dosimeters are sealed so that radon gas can
enter, but not radon daughters or thoron gas (Frank et al., 1973; Alter et al.,
1981; Piesen et al., 1981). Since their response is proportional to radon gas
exposure, the equilibrium factor must be estimated in order to monitor indivi-
dual exposure to radon daughters. The application of closed dosimeters to
monitor radon daughter exposure in mines has been investigated and found to
give reasonable agreement with results from time weighted area monitoring
(Gingrich et al., 1982; Miles et al., 1983). In many mines, particularly
non-uranium mines, adequate estimates of the mean equilibrium factor can be
made on the basis of straightforward spot measurements of the radon gas con-
centration compared with that of radon daughter potential alpha energy.

Requirement for Automatic Readout of
Solid State Nuclear Track Detectors

Neither the use of dosimeters based on solid state nuclear track detec-
tors nor the automatic readout of plastic track detectors has been implemented
generally. Within a limited dosimetry programme, a semi-automatic counting
system, using a colony counter associated with a microscope, is being used
successfully for the whole range of track densities found on the detectors.
A visual control of the area being counted allows the operator to select the
field in order to avoid counting contaminated spots and artifacts (such as
scratches). This technique seems to be reasonably cost-effective and is
commercially available. In a full scale personal dosimetry programme in
France, a special counter has been developed based on the scanning of the
projected image of the detector with an array of microphotodiodes. Electronic
signals from the photodiodes are processed for direct computation of exposures.
Image analysers can also be used for track counting.

More recently, a scintillation technique has been applied to automate
the counting of etched pits (Harvey et al., 1982; Miles et al., 1983). The
pits are filled with a scintillator and assessed by irradiating them with
alpha particles from a standard source. The resulting scintillations are
counted, allowing the number of etched pits to be assessed rapidly. This
technique has the major advantage that the capital cost of equipment is very
low.

2.3.5. Area Monitors

Area monitoring may in principle employ any of the instruments used for
continuous monitoring of radon daughters as well as the personal dosimeters
described above. Obviously there are fewer restrictions in the choice of
pumps, all over dimensions and weight of the instruments, as is the case with
personal monitors. Two of the instruments mentioned under personal active TLD
dosimeters (Jacobi et al., 1982; Grealy et al., 1983) are also typical area
monitors.

2.4. ASSESSMENT OF UNCERTAINTIES

2.4.1. Uncertainties of Radon Measurement Methods

The techniques described in sections 2.1.1. and 2.1.2. will determine a
given radon concentration with various degrees of uncertainty, as indicated
when referring to the sensitivities of the methods. It is, however, more
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appropriate to treat the question of uncertainties associated with radon
measurements in a general way, since most of the uncertainty contributions
are common for all methods.

Generally the radon concentration is determined from an equation of the
form

R = I-C (12)

where I is a function of the instrumentation and the sampling procedure and C
is a number of counts. In the simplest case a scintillation cell with a
volume V is filled with the air. Radon activity is counted after equilibrium
has been established with an efficiency E over a time t, which is much shorter
than the half-life of radon. Equation (12) is accordingly modified to:

R = - ^ (13)

v-t
Since t can be measured with a high degree of accuracy, the relative standard
deviation s(R)/R of R can be written as:

s(R)/R = [(s(E)/E)2 + (s(V)/V)2 + (SfcJ/C)?]0-5 (14)

where s(E)/E, s(V)/V and s(C)/C are the relative standard deviations of the
efficiency, the sampling volume and the number of counts, respectively.

For a scintillation cell the uncertainty of V is usually negligible.
The uncertainty on E reflects the accuracy with which the calibration has been
performed and with which E is known. Thus it is a measure of the variation in
E from cell to cell rather than the variation from sample to sample when using
a given cell. With careful laboratory calibration s(E)/E may be as low as
2-3 per cent,with commercial cells normally 5-10 per cent. However, the major
contribution to the uncertainty in the determination of R is normally s(C)/C.
It is usually assumed that the number of radioactive decays over a given
period is Poisson distributed. Therefore, the best approximation to the abso-
lute standard deviation s(C) is the square root of C, i.e.

s(C)/C = (C)n-5/C = (c)-0.5 = (E-1xVxtxR)-0-5 (15)

The above relation holds as long as the number of decaying atoms is a small
fraction of the number present at the start of the counting period. This may
be true for radon but is often not fulfilled for the daughter products contri-
buting to the total counts (Jonassen et al., 1974a, b). It has been shown
that in such cases the absolute standard deviation s(C) may be written as:

s(C) = (J-C)n-5 (16)

where the factor J ranges from 1.2 to 2.9 (Lucas et al., 1984).

According to equation (15), the uncertainty on C, and consequently on
the radon activity R, may be lowered by using larger sampling volumes and/or
longer counting intervals. As mentioned earlier,in the case of the application
of scintillation cells counting volumes larger than about half a litre do not
increase the sensitivity and hence not decrease the uncertainty. When using
larger sampling volumes witn this method it is necessary to transfer the radon
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in hhe sample to a measuring cell after concentration. In this case an uncer-
tainty originating from the transfer process should also be ascribed to the
volume V in equation (14). With a properly calibrated system this uncertainty
may be as low as 2-5 per cent. When sampling over longer periods, the sampling
volume V may be expressed as

V = u • t

where \i is the sampling flow rate and t is the sampling time. In this case
s(V)/V in equation (14) may be replaced by s(p)/y, the uncertainty with which
the flow rate is known and is kept constant during the sampling.

Equation (14) will thus give an estimate of the accuracy with which the
radon concentration in a given sample can be determined. It will, however,
not reveal anything about the possible spread in the radon concentration from
sample to sample, from one location to another at a given time, or from one
time to another at a given location. This kind of information is not asso-
ciated with the instrumentation or methods of measurement, and can only be
found by repeating measurements under the conditions in question and statis-
tical analysis of the results.

The evaluation of uncertainties connected with radon measurements given
above is directly applicable to grab-sampling procedures. It may, however,
also be applied to continuous and time-integrated measurements, when suitable
terms are added to equation (14) describing the extra contributions to the
uncertainty, e.g. arising from the degree of disequilibrium between radon and
its daughters in the measuring system.

2.4.2. Uncertainties of Radon Daughter Measurement Methods

The result of a radon daughter measurement may be expressed as:

R = I-C-F- (17)

where R is a daughter concentration or the potential alpha energy concentra-
tion, I is a function of the instrumentation and measurements procedure,
involving sampling flow rate, sampling time, counting efficiency, counting
intervals, etc., C is a function of the counts recorded. With one-count
methods, C is simply the number of counts; with two- and three-count methods,
a function of the counts in the various counting intervals. Since the times
involved can be measured very accurately, the relative standard deviation,
B(I)/I, of I will usually be dominated by the uncertainties of the flow rate
and the counting efficiency. The uncertainty of the flow rate is often caused
by the difficulty in keeping the flow rate constant (filter loading, etc.)
rather than in measuring it accurately. The uncertainty of the counting effi-
ciency, as is also the case with radon measurements, results primarily from
the calibration procedure.

The uncertainty of C is caused by the random nature of the radioactive
process. If it is assumed that the number of decays in a given period is
Poisson distributed, the absolute standard deviation of the number of counts
can be approximated by its square root. It is thus simple to calculate the
relative standard deviation s(C)/C of C from the number of counts in the one,
two or three counting periods, provided these counts are uncorrelated. In
case the assumption of Poisson distribution is not valid, this will result in
a certain under-estimation of the value of s(C)/C.
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The uncertainty in F, the so-called inherent uncertainty (or, as it is
sometimes misleadingly called, inherent error), is zero for three-count methods.
Its value for a given one- or two-count method depends partly upon the method,
but primarily upon how well the actual relative radon daughter concentrations
correspond to the assumptions made in deriving F. An evaluation of the inhe-
rent uncertainty of a given one- or two-count method thus also depends upon
the set of data used for the evaluation.

The three quantities, I, C and F, will all contribute to the total
relative uncertainty, s(R)/R, of the final result as:

s(R)/R = ((s(I)/I)2 + (s(C)/C)2 + (s(F)/F)2)0.5 (18)

Although I, C and F are uncorrelated, the standard deviations s(C)/C and
s(F)/F depend upon one or more of the quantities I, C and F. The various one-
and two-count methods differ in the choice of sampling and counting periods
and in the type of activity counted (gross or individual, alpha and/or beta
activity). Consequently, all three uncertainty contributions discussed above
can differ significantly for various methods. A comparison between some of
the more important methods has been made (Schiager et al., 1981). The main
results of their analysis are given in the following,using the format of the
present report. The authors have evaluated the uncertainty contribution
s(C)/C for three levels of the potential alpha energy (1, 0.3 and 0.05 WL),
and assumed this term to be dominant relative to the instrumental uncertainty
s(I)/I. The inherent uncertainty s(F)/F was evaluated based upon a set of
105 values of radon daughter concentrations measured in ventilated uranium
mines with a potential alpha energy concentration less than 0.5 WL. The
procedure used for the evaluation is explained in detail for one-count methods.

The authors were primarily interested in the uncertainty with which the
total exposure of the miners over a given period could be predicted, when using
a specified method, rather than in the uncertainty with which the potential
alpha energy level could be determined at a given instant. Consequently, they
also evaluated a series of contributions to the total uncertainty of the expo-
sure, stemming from the uncertainty with which the exposure is defined and with
which the average operator can be assumed to perform the measurements. These
contributions are caused by: temporal changes in concentrations, s(T)/T,
uncertainty of exposure time, s(0)/0, human errors during the measurements
(supposed to be statistically distributed), s(H)/H, and errors in record
keeping, s(N)/N. Some of the results are listed in Table 3.

The dominant term, s(T)/T, in the evaluation of the uncertainty of the
exposure was derived from Canadian mine data, and also the terms s(0)/0, s(H)/H
and s(N)/N refer rather specifically to mining conditions, and may not be rep-
resentative for other types of location, such as open pit mines or ordinary
houses. The analysis by Schiager et al., 1981, is, however, interesting since
it represents a comparison between some of the commonly used procedures.

The analysis of the inherent uncertainty has, at least in this case,
shown that both one-count methods can be used with inherent uncertainties in
the order of 8-10 per cent. Because of its short delay time, the Rolle proce-
dure will thus often be preferable to the Kusnetz method, even in cases where
thoron daughters are absent from the atmosphere.



It is important to realise that uncertainties are also stochastic
variables with standard deviations often in the order of 20-30 per cent. It
is therefore only practically possible to distinguish between uncertainties if
their difference is greater than about 30 per cent. The general applicability
of the discussion of uncertainties (section 2.4) is considerably limited for
the following reasons:

1) the data treated have not been the same in all types of analysis;

2) no data from locations other than mines have been used;

3) the influence of the uncertainty of the data points has not been
discussed.

It has already been mentioned that the data used in the work by Schiager
et al., 1981, for the general comparison of one- and two-count methods only
included measurements corresponding to potential alpha energy levels lower than
0.5 WL, while the results plotted in Figures 2, 4 and 5 had no such restric-
tions. This makes it difficult to compare the results obtained with the
different types of analysis. At the Australian Radiation Laboratory, the Rolle
procedure is being optimised by using a distribution of experimental radon
daughter ratios characteristic for open pit uranium mines. It would also be
very valuable if one or both of the methods of analysis were applied to large
representative sets of indoor data. In the diagrams mentioned the influence
of the uncertainty of the data points plotted has not been treated. The co-
ordinates to the points are either ratios between daughter concentrations
(Figure 1) or normalized daughter concentrations (Figures 4 and 5), and in
both cases only determined with an often considerable uncertainty. This is
especially true for RaA, particularly when the concentrations have been deter-
mined using a gross counting technique. Since in both methods of evaluation
relative concentrations are used, two neighbouring points may have very dif-
ferent uncertainties and should consequently be weighted differently. With
reference to the definition of the inherent uncertainty for the Rolle (or
Cote et al., 1981) analysis, the inherent uncertainty is clearly defined as
the maximum deviation from the mean value. For the Holub technique, the
inherent uncertainty contour line encloses 90 per cent of the data. So also
in this case the uncertainty is not the most probable deviation nor the stan-
dard deviation. Nevertheless, in the analysis by Schiager et al., 1981, the
inherent uncertainty is treated like a standard deviation (i.e. squared and
added to the sum of the squares of the other standard deviations). If it is
accepted that the inherent uncertainty is a maximum deviation, the correspon-
ding standard deviation should be about 50-60 per cent thereof, which will
change the overall methodological uncertainty quite drastically with several
methods (Table 3). It should also be noticed that the axes of Holub diagrams
should be marked with (pCi/l)/WL.

2.5. LABORATORY CALIBRATION OF INSTRUMENTATION FOR
THE MEASUREMENT OF RADON AND RADON DAUGHTERS

Although it is fairly simple to construct a measurement system which
will detect even rather small concentrations of radon and/or radon daughters,
it is considerably more complicated to make absolute determinations of these
quantities. However, in many situations a knowledge of the absolute values
of the quantities in question is vital if conclusions are to be drawn on
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basics of the measurements, and hence calibration of the systems has to be
carried out.

Radon Measurement Systems

For the calibration of radon measurement systems, radon is produced
from standard solutions of radium salts. These solutions can be used in two
ways:

a) The vessel with the solution is left sealed for a known period after
degassing by bubbling for about 10-30 minutes depending on the vol-
ume. The total activity built up over the period is transferred to
the radon measurement system by bubbling air through (and possibly
heating) the solution for about half an hour (Scheibel et al., 1979;
Mastinu, 1975).

b) The solution is degassed as above. Air is drawn through the solu-
tion into the measurement system, together with the radon as it is
produced. The production rate of radon divided by the flow rate of
the air stream gives the activity concentration in the air. If radon
is sampled over a given period, the total activity is equal to the
radon production rate times the time sampled.

Radon primary reference facilities of two types, pulse ionisation cham-
bers and scintillation cells, have been discussed recently (Lawrence Berkeley
Report, 1981).

Radon Daughter Measurement Systems

Absolute calibration of radon daughter systems is considerably more
complicated than for radon systems.

In many such systems the daughters are collected on a filter, which is
placed in front of a detector. The activity from the filter (either total
alpha + beta, or individual alpha or beta) is counted over one or more coun-
ting periods. An ideal calibration source for such a system would consist of
known amounts of radon daughters deposited on a filter with the same deposi-
tion pattern, both on its surface and within its pores, as occurs on the
sample filter. In this way the counting geometry, backscatter and energy
degradation features (for spectroscopie measurements) would be the same for
both calibration source and sample filters under all sampling conditions. Such
calibration sources, however, are impossible to produce and would be of only
transient use due to the half lives of the daughters. A system using an
approximately similar approach is commercially available. A common calibra-
tion procedure uses an essentially monoenergetic alpha emitter, americium-241,
uniformly deposited on a metal disc as a pseudo radon daughter calibration
source. By using such a source it is possible to check the long term stabi-
lity of the detector and counting system. This is sufficient if one is
concerned only with a relative property of the airborne daughters, such as
their unattached fraction.

On thts other hand,calibration by uniformly emitting monoenergetic alpha
sources may not be adequate when absolute values of airborne daughter concen-
trations are required, or when relations between levels of radon and radon
daughter activity, i.e. ventilation, circulation, filtration, plateout, etc.,
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are of concern. It is then necessary to know either the absolute detection
efficiencies of both the radon measurement system and the daughter measure-
ment system, or at least the ratio between the efficiencies.

An absolute method for calibration of a radon daughter system has been
developed recently at the Swedish Institute of Radiation Protection (Falk,
1982). A known activity of a radium solution is spread evenly on a plastic
disc, the same size as a filter, and sealed. The disc is placed on a gamma
detector, and the gamma activity from RaC' is counted. Since the activity of
RaC is the same as RaC1 and is known, one then knows the number of gamma
quanta counted for a given number of alpha decays from RaC'. A filter, on
which daughters have been deposited, is mounted on a similar disc (but not
sealed) and placed on the gamma counter. In front of the open side of the
filter (where the daughters are deposited) an alpha detector is placed and the
number of alpha decays over a given time is recorded. The corresponding num-
ber of gamma counts gives the total number of alpha decays, and from the bwo
figures the alpha counting efficiency can be calculated.

A procedure has been suggested for intercalibration between a radon and
a radon daughter detection system based on the principle of bringing radon in
a room into equilibrium with its daughters (most importantly with RaA), which
are all kept in the airborne state by overloading of the air with aerosols nnd
thus minimising plateout (McLaughlin et al., 1983).

A general discussion of calibration procedures for radon and radon
daughter measurements can be found in the literature (Beekman, 1975; US DOD,
1964). Beekman, 1975, describes calibration of air sampling equipment and
counting equipment including field checks, calibration equipment and data
treatment; a detailed discussion relevant to calibration is given of two-
filter chambers, radon flasks and wire screens. For radon daughter calibra-
tion, the Thomas (modified Tsivoglou) and alpha spectrometric methods have
been suggested as most suitable primary counting methods (Lawrence Berkeley
Report, 1981).

Inter-Laboratory Calibration

The purpose of calibration facilities and procedures is to provide a
means of ensuring that all measurements can be traced, directly or indirectly,
through an unbroken chain of properly conducted comparisons (supported by docu-
mented evidence) to some ultimate or national reference standard maintained
by a national organisation (US Department of Defense, 1964). The existence
of such facilities and procedures in each country gives credibility to the
measurements performed within that country by contractors, scientists or
inspectors who may be carrying out basic or applied research or who are carry-
ing out compliance measurements in response to the requirements of the regula-
tory authorities. The systematic use of calibration facilities and procedures
within a country may eventually lead to a standardization of these among
groups of nations, such as, for example, the NEA Member countries. In this
way, direct comparison of the results of radionuclide measurements in diffe-
rent countries would be possible. Therefore, for purposes of this programme,
each country should ensure that there is in existence a practical radiation
standard capability for each of the radionuclides being discussed in this
document (namely, radon, thoron and their daughters). Such a capability
implies a single physical facility which provides traceability of radiation
measuring devices and standards for all the users within the country and al&o
the opportunity for international intercomparisons of these facilities.
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Technical, organisational and financial concepts concerning the need, the
requirements and the features of an intercalibration and intercomparison pro-
gramme were developed by a Task Group. These concepts also took into account
the features and results of a programme of intercalibration of both active and
passive radon dosimetry devices organised in 1982 through the CEC Radiation
Protection Research Programme. A proposal was submitted in 1982 to the NEA
Committee on Radiation protection and Public Health to carry out, in co-
operation with the CEC Radiation Protection Programme, a laboratory intercom-
parison of passive dosimeters (stage I), followed later by an exercise with
active dosimeters (stage II).

Based on a proposal by the Task Group, the Committee on Radiation Protec-
tion and Public Health launched in 1983 an International programme of Intercali-
bration and Intercomparison of Measurement Equipment for Radon, Thoron and their
Daughter Products, in close co-operation with the CEC Radiation Protection
Programme. This Programme was composed of two successive parts: Part I being
focussed on the intercalibration and intercomparison of passive dosimeters, and
Part II being addressed to the same operations on active devices.

The experimental activities of Part I were carried out during the second
half of 1983 and 1984 in two successive phases. Phase I was an inter-regional
intercalibration among four regional laboratories which acted as central cali-
bration facilities (National Radiological Protection Board (NRPB), United
Kingdom; Environmental Measurements Laboratory (EML) and US Bureau of Mines
(US BM), United States; Australian Radiation Laboratory (ARL), Australia).
Phase 2 was the intra-regional intercomparison carried out in each region
(Europe, North America, Pacific Area), with the participation of national
institutions and laboratories.

The results of each intra-regional intercomparison were reviewed at
regional workshops respectively carried out at NRPB, Harwell, at EML, New York,
and at ARL, Yallambie. A general report covering both phases I and 2 was
prepared and the course of actions associated with this exercise was concluded
in 1985 by a final workshop whose purpose was to review the general report and
to discuss the results of the Programme in detail. The preparation of Part II
concerning the intercalibration and intercomparison of active dosimeters was
also initiated in 1985.

2.6. RADIATION PROTECTION TRAINING REQUIREMENTS

Education of operation, inspection and management personnel is essential
to protection from radiation hazards in the mineral industry (Beekman, 1981;
Kidd, 1981). The suggested training requirements for health and safety person-
nel are as follows.

In addition to the basic radiation protection training, personnel concer-
ned directly with the measurement and control of radiation hazards should have
additional training to ensure proper measurement and control and to be able to
correctly interpret the results of measurements. Topics such as the following
should be part of the training:

1) Measurement technology: Detailed instruction in measurement tech-
niques, calibration and instrumentation. In addition, sampling
strategy and error sources and minimization of errors should be
described.
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2) Exposure documentation: Description of the methods for determining
exposures and of keeping dose records.

3) Control technology: Detailed descriptions of control of radiation
hazards through engineering and administrative measures to achieve
the ALARA principle with particular reference to their implications
for monitoring.

4) Technological requirements: Additional information regarding the
care, maintenance and selection of equipment.
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Chapter 3

STATISTICAL METHODS FOR SAMPLING AND DATA ANALYSIS

3.1. GENERAL

Practical difficulties, such as limited resources of manpower, finances
and time available will usually restrict data collection. Since the main
source of error in all assessments is the large spatial and temporal fluctua-
tion of atmospheric radionuclide levels, the definition of statistical decision
criteria in the planning of the monitoring programme and the adoption of samp-
ling criteria may be as important as the choice of the measuring method itself.
In most cases it is necessary to take air samples selected randomly in space
and/or time. Therefore statistical criteria have to be applied in order to
decide whether:

a) the samples taken are representative of the work places under
investigation;

b) the average concentrations over a given period are within a preset
range.

In view of the required cost-effectiveness of the sampling programme, it is
essential to minimize the number of samples needed to fulfil the criterion of
providing sufficient information at a defined degree of accuracy. The latter
has to be consistent with the maintenance of satisfactory exposure conditions.

For each measurement and monitoring programme, statistical criteria need
to be developed for an objective decision strategy:

a) confidence level and confidence intervals needed for decision-making
on compliance or non-compliance;

b) minimum number of samples to be taken in order to provide sufficient
information on the situation to be examined;

c) reliability of sampling procedure employed. This should comprise the
quantification of systematic errors due to inadequately representative
sampling as well as assessment of non-systematic errors caused by
random fluctuations in the process studied.

One of the principal aims of any scheme of radiation protection is that
of improving the accuracy of exposure estimation for workers and members of the
public. Grab-sampling of radon daughter concentrations combined with (occupancy)
time weighting is the conventional means of estimating exposures. Uncertainties
exist in each of these components, particularly in an environment of highly
variable radon daughter concentrations.
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In an attempt to reduce the uncertainties associated with grab-sampling
and time weighting, considerable effort has been expended in evaluating personal
dosimeters for radon daughter exposure estimation. While the use of personal
devices eliminates the uncertainty associated with time weighting (through the
automatic integration over time), the high cost, complexity and maintenance
requirements of current technology (which is encompassed in personal devices)
must be balanced against the low cost, simplicity and widespread use of the
conventional method, at the degree of accuracy and levels of confidence commonly
sought by regulatory authorities.

In the scheme involving grab-sampling and time weighting, the spatial
and temporal aspects must not be treated completely independently. Temporal
uncertainties can be reduced by accurate occupancy time records at each loca-
tion. However, the concentration(s) must be known for the times and locations
which were occupied by individuals; otherwise, the accurate knowledge of occu-
pancy time is substantially wasted in the ensuing exposure estimate. This
shows that there is an inherent linkage in the spatial and temporal components
when this scheme is used. Therefore, there must be careful consideration of
the specific sampling programme and data collection plan before the programme
and plan are to be initiated.

Such consideration should include the following elements:

a) the necessity for specifying the location, occupational activity and
occupancy time involved;

b) the recognition that unusual occurrences, such as ventilation fan
failures in underground mines or extreme meteorological conditions
in open pit mines, may exist at unknown times;

c) the need for a preliminary study to establish baseline data for
specific locations for reference, at a later date, within a sampling
plan;

d) the application of small number statistical methods to grab-sampling;

e) the calculation of the annual exposure of individual workers; and

f) the ultimate reduction of the collective exposure (and ultimately the
collective dose equivalent) of groups of workers in the most cost-
beneficial manner.

Since monitoring involves both measurement and interpretation of data,
statistical test procedures should be employed for analysis of variance and
significance. These methods should be based either on different types of data
distribution (normal versus lognormal) or preferably distribution-independent
tests; they should also be valid for conditions of known variances. Simplicity
in numerical application and operation by untrained personnel is also a desi-
rable characteristic.

3.2. SAMPLING STATISTICS

The frequency of area monitoring measurements is dependent on the accu-
racy required for the assessment of the airborne concentration, the magnitude
of the atmospheric concentration and the amount of variation of working condi-
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tions due to changes in ventilation rate. Detailed guidelines for the sampling
schemes have been given by national authorities (Rock et al., 1979; Code of
Federal Regulations, 1980).

In international guidelines, the recommended average frequency in uranium
mines is "not less than once every two weeks" and less frequent in non-uranium
mines (ICRP 24). As to the need and frequency of area monitoring in work places,
it is recommended that at least quarterly measurements should be performed in
all underground mining, quarrying and tunnelling works and in other places where
concentrations higher than 0.1 WL may turn up as a result of normal changes of
environmental conditions. The frequency of the measurements performed by
national authorities for purposes of enforcing regulations may be lower or
higher and depends on the national legal system.

For non-occupational exposure, quantitative recommendations on measure-
ment frequencies depending on atmospheric radionuclide concentration and its
variability are more suitable than differentiating between different types of
environment. As a reference point, statistically significant median concentra-
tion values should be used instead of single grab sample measurements.

3.2.1. Selection of a Sampling Plan

The limitations associated with a non-random sampling scheme can be
reduced substantially by using a scheme which is both random and stratified
(Makepeace, 1981; Makepeace et al., 1981). Random sampling ensures that each
location, occupation and time of sampling has equal opportunity of being selec-
ted without bias. In this case, stratification means that each variable (or
stratum), such as location, occupation and time, can be ordered or arranged
such that each element (such as specific location, occupation or time interval)
can be selected randomly, in turn, using the techniques of probability theory.
The stratified sampling plan can apply to full period single samples (a personal
sampler distributed to a different miner each day), to full period consecutive
samples (each location sampled in each time interval) or grab samples (a random
selection of samples at various time intervals). The application to a grab
sampling plan is described in this section.

It should be noted that the stratified random sampling technique can be
used equally for dust, radon daughters or other similar industrial or mining
aerosols (or gases, such as radon or thoron).

More detailed information on practical sampling procedures is given in
Chapter 4 and examples are presented in Appendix 2.

3.2.2. Establishment of Baseline Information

Baseline information must be obtained for each location (and occupation,
if needed). This may be done by a series of successive grab samples taken in a
given location, thus establishing a mean and standard deviation for this loca-
tion. To take account of the inherent variability of concentrations of radon
daughters, this procedure may have to be done several times, perhaps at diffe-
rent times of the day, or on different days. For each such set of measurements,
one calculates the minimum number of measurements required to establish an indi-
vidual's exposure in that location, e.g. with an uncertainty of 50 per cent at
the 95 per cent confidence level. For example, the precise Americal National
Standards Institute (ANSI) statement is (ANSI, 1973): "Under controlled
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conditions, relatively few air samples are necessary to estimate cumulative
exposure for individual workers. Cumulative exposure shall be determined by a
procedure that will yield an annual exposure having an error not greater than
50 per cent at the 95 per cent confidence level.". When all such locations
have been sampled in this way, a sampling time interval can be conveniently
assigned to accommodate all such locations. If any location has a requirement
for sampling not provided for in the scheme above, the appropriate engineering
controls (such as ventilation or dust suppression) can be increased so that
concentrations fall to levels reasonably consistent with the other locations
in the sampling scheme. If sufficient controls cannot be imposed on any given
location, that location must be placed in a subset of locations to be sampled
separately. At this stage, a 'steady-state1 condition has been achieved in
this set of locations and the stratified random sampling plan can be imple-
mented.

If an integrating system is used to determine the initial average base-
line concentration, grab sampling must still be done to establish the minimum
sampling frequency for a given location or occupation. This information can
then be used as input to ths baseline described above.

3.2.3. Description of Stratified Random Sampling Plan

Precise predictions of the concentrations of radon daughters, e.g. in
mining environments, are dependent on the assumption that mine ventilation will
not be interrupted except for short periods. Unusual occurrences (such as fan
failures in underground mines or extreme meteorological conditions in open pit
mines) cannot be predicted generally. Stratified random sampling procedures
will ensure that each of these unusual occurrences will have equal probability
of being included in an unbiased location-time sampling scheme (Makepeace et
al., 1979).

The example presented in Appendix 2 is designed to describe a simple
method of obtaining random samples of location-occupation-time for underground
workers in a mine. Since these are finite sampled populations or populations
of known size, the number of items in the population from which the sample is
to be selected is always known. Selecting a random sample from a finite
population will ensure that each possible sample and each item in the popula-
tion has an equal opportunity of being included in the sample selected. Because
of the large number of mine locations involved and the variation in the oper-
able duration of each of these locations, time and motion studies, together
with the application of stratified random sampling techniques, will ensure a
more efficient use of sampling man-hours.

3.2.4. Implementation of Sampling Plan

Grab-sampling is carried out according to the plan described in the
example in Appendix 2. The concentrations of radon daughters measured in each
location are multiplied by the time each worker spends in that location. The
sum of all such products for each individual is the 'best estimate' of exposure
for that individual under this particular sampling plan.

From the individual 'best estimate' of exposure for each worker, a histo-
gramme may be constructed of the worker population studied. In turn, the wor-
kers' exposures may be grouped by occupation or location to reveal occupations
or locations having the highest exposures associated with them. Since exposure
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control is the ultimate aim of the engineering and monitoring programme, the
engineering controls (such as improved ventilation and dust suppression tech-
niques) can be imposed to reduce the concentrations so measured. Moreover, if
several control measures are required, the mine operator can address these one
at a time, in the most advantageous cost-benefit manner. The cost of the moni-
toring programme should be included in any cost-benefit considerations. Measure-
ment of the exposures following the imposition of a specific engineering control
indicates the effectiveness of the control technique. If additional engineering
controls are required, they can be imposed in an iterative manner.

3.3. DATA ANALYSIS

Due to the inherent variability in the workplace concentrations of radon
daughters, a limited number of observations of concentrations may not be repre-
sentative of the population mean value nor of the entire range of possible
values. The evidence of many experimental trials as well as rigorous mathema-
tical proof shows that it is possible to make inferences relating the mean or
average of a small sample (sample size less than or equal to 30) to the grand
average that would be obtained if a great many more small samples were obtained.
It should be realised that a good small sample is better than a poor large
sample and that a quite moderate amount of data submitted to efficient statis-
tical evaluation often makes a much more convincing case.

3.3.1. Confidence limits

By calculating the confidence limits for the mean from the data obtained
from a small sample, one is actually creating a range (minimum and maximum)
within which the population mean will lie, e.g. 99, 95 or 90 per cent of the
time. This mean is not the mean of the particular small sample, but the aver-
age of all the means one would obtain if, instead of just one sample, one had
hundreds of samples obtained in like manner. For instance, it is assumed that
thirty values have been obtained from a particular location. The confidence
limits calculated at the 99 per cent confidence level will give a minimum and
a maximum which will contain the average of hundreds of such means of observa-
tions should one have continued to obtain these averages over a period of
months provided, of course, one obtained the sets of data under like circum-
stances. Under these conditions, five means out of one hundred will lie out-
side this range at the 95 per cent confidence level. If the 99.999 per cent
confidence interval was calculated, one mean in 100 000 would lie outside the
range, but this range will be very much broader.

If a 95 per cent level of confidence is adopted, the following statement
can be made about the average of the population of individual measurements:

The probability is approximately 0.95 that the average of the population
of individual measurements is included between the 95 per cent confidence
limits, i.e.:

x + ^0.975 • (s//n) (upper limit)
(19)

x - to.975 • (S/VTJ) (lower limit)

where: v = n - 1 degrees of freedom for n observations
tn.,975 t-score (Student's distribution).
s standard deviation
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The correct statistical interpretation of these 95 per cent confidence
limits is the following: under the assumptions that many random samples, of
size n, are drawn and that the confidence limits are calculated according to
equation (19) for each sample, then in about 95 per cent of the samples it will
be found that the confidence limits include the average of the population bet-
ween them. The precise form of this statement should be noted very carefully.
It is widely misunderstood and misused. In particular, it should be observed
that the statement does not mean that about 95 per cent of the individual
measurements in the population will be included between the lower and the upper
limit, yet this is the interpretation often given to it.

The solution to the problem of dealing with the inherent variability of
concentrations of radon daughters at a given site is the use of a stratified
random sampling technique followed by the calculation of the confidence limits
for the universe or population mean at, e.g. the 95 per cent probability level.

From the definition of the 95 per cent confidence level, the magnitude
(A) of the confidence interval is given by:

A = 2tO.975 • (a//ï) (20)

The maximum uncertainty or error, to,975 . (s/VfT) (applying the ANSI criteria)
must not exceed 50 per cent of the mean X for the cumulative annual exposure
(ANSI, 1973; American PHA, 1977).
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Chapter 4

PRINCIPLES AND GUIDELINES FOR MONITORING

1. GENERAL

The broad objectives of this report are to present general guidelines
for the selection of methods to be used in the monitoring of radon, thoron and
their daughters wherever these radioactive nuclides may occur. The aim is not
to list detailed guidelines, as these will differ from country to country
depending on national circumstances such as standards, economy, available
equipment and the degree of need for monitoring.

Measurement and monitoring objectives in practical radiation protection
are predominantly to assess the radiation exposure of individuals, to ensure
that safe working and environmental conditions are maintained and to show
compliance with prescribed national standards. It is also important to reduce
exposures, even if below set limits, so that doses are kept as low as reason-
ably achievable in accordance with the principles of ICRP. A general study of
objectives and requirements for measurement and monitoring of radon, thoron
and their daughters in different environments has been carried out during
phase 1 of the work of the OECD/NEA Group of Experts, Task Group 3 (OECD/NEA,
1983).

The programmes of monitoring are determined by the end use of the
results. Different objectives may be emphasized in different countries,
depending on the following national conditions:

in the case of occupational exposure, work place and working
conditions;

in the case of non-occupational exposure, geological and
technological conditions.

There are two extreme types of approach in surveys. In pure screening
programmes, the immediate objective is only to pick out critical localities
where certain reference doses or standards may be exceeded. On the other hand,
the original survey programme may directly aim at the assessment of doses as
accurately as possible for the purpose of compliance checking or research. In
practice, however, a survey programme usually is designed as a combination of
pure screening and dose determining surveys. Furthermore, the role of
the monitoring organisation has an influence on the selection of methods.
Methods used by national authorities may be quite different from those used
by industrial organisations and local authorities.
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4.2. PRINCIPLES OF MONITORING AND METHODS FOR
OCCUPATIONAL EXPOSURE ASSESSMENT

The monitorinq programme is started with some kind of screening by sim-
ple methods. Based on these results, more comprehensive measurements should be
performed. These more sophisticated measurements should result in identifi-
cation of sources and proposals for ventilation and other measures and also
give a base for a first dose assessment.

To protect workers from being over-exposed to radon (and thoron)
daughters, it is necessary to identify problem areas. This is achieved in
steps where step one is to investigate almost all work places in order to sort
out only those places with actual or potentially high concentrations. For
priority reasons (for further investigations) it is also important to knew to
what extent people are being exposed. This first step leads to a very rough
estimation of the exposure.

Step two aims at a better estimate of exposures so that a comparison
with national standards can be made. It also includes identification of
reasons for and sources of high concentrations, so that effective counter-
measures can be suggested. For the assessment of occupational doses, either
grab samples, simple integrating methods or personal dosimeters may be used.
Sampling should be performed at all frequently used work places and at less
frequently used places where high concentrations may be suspected. Unventi-
lated areas, places with incoming ground water and ventilation air should also
be checked. Work places should be monitored by methods showing the radon and
thoron daughter concentration. When radon gas samples are taken it is neces-
sary to assume an equilibrium factor, so that the dose determining value of
the daughter concentration can be estimated. To identify radon sources, radon
gas sampling is advantageous in unventilated areas, as the radon gas concentra-
tion may indicate potential radiation problems. In non-uranium mines, tunnels,
etc., radioactive materials could be recognized by gamma measurements or in
some cases with UV lamps.

Based on the results from a simple screening programme, a more compre-
hensive monitoring programme is required in order to assess the individual
exposures. For the determination of doses, personal dosimetry should prefe-
rably be used wherever possible. Otherwise, detailed assessment of the time
spent at various work sites, combined with results from the exposure assess-
ment based on grab samples (continuous area monitoring or random sampling) at
these sites, can be used to obtain individual cumulative exposure (ICE) values.

Depending on the specific site conditions, integrating or measuring
periods from one to several weeks may be necessary for the ICE determination
in order to compensate for short and long term fluctuations. Seasonal varia-
tions must also be considered, as these cause variations in the exposure
conditions, e.g. in the ventilation rate or the amount of ground water entering
the mine or tunnel. Therefore, two or three periods at different times of the
year are recommended. Sampling height at all work sites should be standardized
and represent the breathing zone, where appropriate. From the statistically
significant mean ICE value, the corresponding dose can be determined by apply-
ing the exposure-dose conversion factor as specified in the phase 1 work by
the Group of Experts (OECD/NEA, 1983).
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4.2.1. Monitoring Programmes in and around Uranium and Thorium
Mines and Mills (and Monazite Processing)

There are several occupational and non-occupational situations which
require the monitoring of radon or radon daughters in and around uranium mines
and mills:

1) occupational screening;

2) personal radon daughter exposure estimates for individuals;

3) occupational environment (engineering) control of work areas
(through forced ventilation and other control mechanisms);

4) Screening of outdoor environments (near tailings piles or mine
ventilation exhausts).

Situations 1) to 4) pertain to all uranium workers; 3) has particular
relevance to underground uranium workers, but is not relevant for personnel in
open cut situations; 4) may have an influence on occupational and non-
occupational groups.

4.2.1.1. Occupational Monitoring

In purely screening programmes, the objective is to determine those
sites where an exposure limit or some other subsidiary reference limit would
be exceeded if persons were to be present at those sites for some given expo-
sure (or reference) period. The acquisition of radon daughter samples associa-
ted with screening programmes usually involves a large number of sites, or
sites which are widely separated in space. As well, the sites to be sampled
generally have large temporal or spatial fluctuations in radon daughter concen-
trations. In some countries, the subsidiary reference limit is a concentration
which, if verified by repeated measurements, would require some action, as
specified by the regulatory authority.

For a screening programme, involving many samples to be taken, the analy-
tical methods used should be simple and reasonably accurate and the equipment
portable and rugged for ease of handling by the operator in underground mining
environments. For this purpose, grab sampling procedures such as the Kusnetz
or Rolle methods are suitable both for their simplicity and rapidity of radon
daughter concentration determination. An alpha scintillation counter is an
appropriate detector. Alternatively, an instant working level meter (IWLM),
with a pre-programmed Rolle or other procedure built-in, provides an attractive
and rapid means of radon daughter determination. It should be noted that the
Rolle method (rather than the Kusnetz method) should be used when mixtures of
radon daughters and thoron daughters are present.

4.2.1.2. Personal Exposure Estimates

The estimate of personal exposure to radon daughters (or, in some juris-
dictions, exposure to radon gas) is required for regulatory compliance purposes
(see Appendix 4). In most jurisdictions, this requirement has been met, histo-
rically, by weighting radon daughter (or radon) concentrations from grab or
area sampling, by occupancy time. In many cases, the occupancy time uncertain-
ties are greater than those associated with the determinations of radon daughter
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(or radon) concentrations or with their assumed constancy in time and space. In
this context, there arises the need to reconcile (and improve upon) methods of
exposure assessment which are not only approximate in nature but also more
applicable to work areas than to individuals. However, it is the latter appli-
cation (i.e. to individuals) that is the usual regulatory requirement. Over
the last ten years, efforts among the uranium-producing countries have been
directed to developing personal radon daughter dosimeters which would overcome
both of the shortcomings mentioned above; namely, they can be worn by indivi-
duals and can eliminate the uncertainties connected with individual occupancy
time and the assumed constancy of radon daughter concentrations in a given
work area. As an intermediate measure, but as an improvement to biased grab
sampling, a method of stratified random sampling has been suggested (see below
and Chapter 3). The sampling procedure consists of a personal dosimeter being
assigned to and worn by an individual, over some period in time. In cases
where several individuals are working in a group in close proximity to one
another for the entire work period for which the exposure is being determined,
and for which the spatial fluctuations of radon daughters are small, a single
'personal' dosimeter may serve as a reasonable and suitable indicator of the
individual exposures of the group members. This is especially true in situa-
tions where additional intermittent area monitoring shows that the radon
daughter concentrations are reasonably constant. The period of time referred
to is the integration time of the exposure and may be, typically, as short as
one working day to as long as one working month. Regulatory requirements on
reporting periods may influence the integration time. For such personal dosi-
meters, the detector may be electronic for the shorter integration periods, or
film, solid-state nuclear track material or thermoluminescent material for the
longer integration periods.

Stratified random sampling is described in detail in Chapter 3. Briefly,
this method reduces the bias brought about by repeated use of a sampling 'route'
which is established for the convenience of the personnel taking the samples,
for logistical, or for other reasons. Stratified random sampling may be based
on grab sampling or full shift single sampling (or on other intermediate
variants). For reasons of convenience or when large amounts of chronologically
ordered data are required, the measurement method generally makes use of elect-
ronic detection. An instant working level meter, or equivalent, is a simple
equipment for this purpose.

Historically, simplicity combined with the wide availability of sampling
and counting equipment has favoured non-random grab (or area) sampling as the
method preferred by sampling personnel. Non-random grab (or area) sampling
using scintillation or electronic detection is the most widely used sampling
and measurement procedure. Alpha scintillation counters or instant working
level meters are suitable equipment. Procedures such as Kusnetz or Rolle
provide potential alpha energy concentration estimates in one hour or less,
allowing (in the case of the Kusnetz method) additional samples to be taken
before a measurement of the radioactivity of the first sample is determined.

Continuous area sampling of alpha or beta radioactivity should also be
noted as a means of determining concentrations of radon daughters at specific
locations. These concentrations (or quantities derived from them) combined
with the time spent by personnel in the vicinity provides exposure information
for individuals. Surface barrier detectors (for alpha) and Geiger-Mueller
counters (for beta) are the usual equipment for detection.
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Periodic area sampling of radon daughter concentrations by means of
automatic grab sampling is sometimes used for eventual exposure estimation.
Automatic counting of filter samples with surface barrier detectors is used to
determine the radon daughter concentrations. If the individual daughter con-
centrations are needed, the modified Tsivoglou or equivalent method with alpha
spectroscopie equipment is used.

4.2.1.3. Occupational Environment (Engineering) Control

Measurements of radon daughter (or radon) concentrations may not be
generally required for regulatory compliance purposes alone, but are carried
out to verify that concentrations controlled by means of forced ventilation or
other measures are kept at, or reduced to, acceptable levels. The radon daugh-
ter (or radon) monitoring programme is thus part of the complementary programme
of detection and control of work place hazards. The programme objective is to
maintain concentrations within such a range that if an individual were to be
exposed at such concentrations for the exposure period, he would not exceed
any regulatory limit. Any excursions in the concentrations are intended to be
detected by the monitoring equipment, in a reasonable period of time, so that
the control measures which determine the concentrations can be brought into
effect. For these reasons the monitoring techniques must be both sufficiently
sensitive and operated with sufficient frequency (or continuously) to detect
such excursions in actively operating uranium mines. Once again, the tech-
niques should be simple, accurate, reliable and rapid. Portable rugged equip-
ment is essential as well.

In order to satisfy the requirements mentioned above, the sampling pro-
cedure should consist of frequent grab sampling of radon daughters, followed
by immediate readout (e.g. using the Rolle method). This measurement can be
made by an alpha scintillation counter or instant working level mster, respec-
tively. In the case of forced ventilation or other control measures, the
concentration of radon gas is a more sensitive indicator of excursions in the
environmental conditions than is that of radon daughters. For radon gas
measurement, a•scintillation counter or flow-through ionization chamber is
the most suitable detector.

Continuous area sampling of airborne radioactivity detecting either

1) alpha particles (using an alpha surface barrier detector or
scintillometer), or

2) beta particles (using a Geiger-Mueller detector),

may also be employed for engineering control purposes.

Periodic area sampling making use of mechanized grab samplers (with
Rolle, Kusnetz, etc., methods) or alpha spectroscopy, is a third method which
may be used for engineering control purposes.

4.2.1.4. Occupational and Non-Occupational Monitoring Outdoors

For convenience, the occupational and non-occupational situations of
monitoring the outdoor air, around uranium mines, mills and tailings piles,
are treated separately. This is justified since in most jurisdictions the
regulatory authority requires the additional (occupational) exposure in open
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pit operations or arising from the mine ventilation exhaust or the emanation
Trom the tailings pile to be taken into account in the calculation of the total
radiological exposure for individual workers within the confines of the uranium
mine or tailings facility. However, the main purpose of the monitoring programme
(for radon or radon daughter measurements) is for screening. As stated above,
individual radon daughter exposures may also be calculated if the durations of
exposure are known.

For the non-occupational situation, the regulatory authority may still
require monitoring for the eventual calculation of exposure (and dose) to the
population in the vicinity of the uranium mine or tailings facility.

In occupational situations the objective of the screening programme is
the evaluation of environmental control measures. For this requirement, a con-
tinuous method is necessary so that both the short term and the long term
effects of the control measures can be verified.

The sampling procedure recommended is continuous area sampling of radon
daughters. This may be achieved by alpha particle measurement using alpha
surface barrier detectors or by beta parcicle measurement using Gejger-Muelier
detectors.

Another procedure which could be used for this application is a periodic
area measurement of radon daughter concentrations, achieved through automated
grab sampling. Automated alpha counting or alpha spectroscopie equipment may
be used.

Continuous area monitoring for radon gas may also be used. Alpha scintil-
lation (in an 'active' system) employing a flow-through scintillation cell or
use of a flow-through ionization chamber, is an appropriate means of detection
in this application. Integrating dosimeters incorporating solid-state nuclear
track detectors or thermoluminescent chips ('active' or 'passive') may be used
for radon gas application as well.

In non-occupational situations the main purpose of the monitoring pro-
gramme is to demonstrate compliance with the regulatory authority's concentra-
tion or exposure limits for non-occupational populations outside the confines
of the uranium mine, mill or tailings facility. The requirements are for low
cost, highly sensitive methods for measuring radon or radon daughters, with a
minimum requirement for manpower. The methods suggested for compliance moni-
toring involve grab sampling of radon gas using e.g. scintillation cells or
foil containers. Time integration of radon gas concentration using solid-state
nuclear track film is an alternative method.

The different occupational situations requiring monitoring are shown in
Table 6. For each situation, the type of monitoring,programme objective, a
specific type of sampling/measuring method and equipment are recommended. These
types are described in more detail in Table 7.

In the following, typical locations are listed where monitoring should
take place in mining/milling environments:

a) Underground mines: work stations (face areas), ore transfer points,
supply storage areas, access openings, key ventilation splits, intake
air to mining sections, travelways, shops, lunch rooms.
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Table 6

SUMMARY OF RECOMMENDED MONITORING PROCEDURES FOR DIFFERENT OCCUPATIONAL
SITUATIONS REQUIRING MONITORING OF RADON AND RADON DAUGHTERS

Occupational Situations
Requiring Monitoring

Type of
Monitoring Programme Programme Objective

Sampling/Measurement
Method and Equipment
Recommended (Type N 0 ) *

oo
IS)

MINES AND MILLS

(Uranium and non-uranium
mines; underground, open
pit and ore processing
operations)

Characteristics:

limited number of sites
in working and processing
areas; temporal and spa-
tial variations; hostile
environment

UNDERGROUND NON-MINING
INSTALLATIONS

(hydroelectric power
production, military
installations, tunnels,
caves)

EXPLORATORY STAGE

engineering control

exposure assessment

MINING AND MILLING

Screening

operational monitoring

engineering control

(remedial actions)

exposure assessment

screening

investigation of
critical sites

efficiency-check on air
quality

decision on compliance
with national limits

Identification of critical
sites

area surveillance

air quality check

decision on compliance
with national limits

identification of critical
sites

identification of
sources

1/2

2

1/2

1/2/3/4

1/2/3/4

2/4/5

1/2/5

1/2/3



J

00

Characteristics;

small number of sites;
stable ventilation
conditions

RADON SPAS

(treatment areas with bath
and inhalation rooms; resi-
dences adjacent to treat-
ment areas)

Characteristics;

large temporal variations;
high humidity and tempera-
ture

OUTDOORS

(near mine ventilation
or tailings piles)

Characteristics;

large temporal variations
of humidity and tempera-
ture

remedial measures

exposure assessment

operational monitoring

exposure assessment

evaluation of effectiveness
of tech. countermeasures

decision on compliance with
national limits

area surveillance

decision on compliance with
national limits

1/2

2/4/5

1/2/3/4

2/4/5

screening

exposure assessment

evaluation of environ-
mental control measures

decision on compliance with
national limits

3/4/5

2/4/5

*For details, see Table 7



Table 7

DESCRIPTION OF DIFFERENT MONITORING PROCEDURES RECOMMENDED

Procedure
Type ND Description Requirements

1 Rn grab samples are taken with scin-
tillation flasks, polyamid or mylar
foil containers; the scintillati n
pulses, respectively ionisation
current, due to the decay of Rn-d
is determined with a scintillation
counter, respectively ionization
chamber

2 Rn-d grab samples are taken with a
filter/pump/gas meter system; the
alpha and/or beta decay of Rn-d is
determined with a GM, scintillation,
or surface barrier detector; analysis
by applying the Rolle or modified
Kusnetz method or alpha spectroscopy

3 Rn is sampled continuously with a
pump connected to a flow-through
scintillation flask or ionization
chamber

4 Rn-d are sampled periodically with
an automated Rn-d monitor, otherwise
as for procedure n° 2

5 Rn time integrated measurement using
a solid state nuclear track (SSNT)
detector, a thermoluminescence (TLD)
detector or charcoal canister detector

6 Samples are sealed in Rn leakproof
containers; the content of natural
radionuclides (e.g. Ra-226, Th-232)
is determined with gamma spectrometry

7 Metal container is connected herme-
tically to sample; decay of Rn
emanating from sample is measured
with scintillation counter, ioni-
zation chamber or surface barrier
detector

3 Water samples are measured for Rn
content with liquid scintillation
counter

Short-term sampling in large
n° of places; rugged, light-
weight, mobile monitor; low
power consumption; fast and
easy readout; operating range
for mines/mills: -20to+60°C,
10-100?ó relative humidity;
capability for field calibr.

as for procedure n° 1

as for procedure n° 1

as for procedure n° 2

as for procedure n° 2; in
addition, if battery powered,
about 10 hrs operating time
per battery charge

Pb shielded Na(I) or Ge(Li)
detector

ratio (sample volume: container
volume) determines influence
of Rn back-diffusion

as any alpha or hard beta emit-
ter contributes to count rate,
pre-information on radionucli-
des involved is necessary
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b) Open cut mines: mining area before/after the occurrence of atmosphe-
ric inversion layers and at night-time, tunnels (if appropriate),
rock storage piles, waste rock piles, vehicle cabins, waste water,
before blasting.

c) Mills: crushing circuit, sites for grinding, leaching, drying and
packaging, conveyor system, ore storage, tailings neutralization,
tailings (dam, sand pile), laboratories, offices.

A monitoring programme in non-occupational (as well as occupational)
settings can provide valuable data for the research purposes of government or
other laboratories. In all of these applications, sampling of radon using
scintillation counters or ionization chambers and of radon daughters using
the Rolle method (or alpha spectroscopie methods) is most appropriate.

4.2.2. Research

Depending on the objective of the research project, parameters in addi-
tion to radon daughter exposure have to be measured to improve the accuracy
of the dose assessment. Independent of the dosimetric model applied, the
calculation of the dose to the lung from the radon or thoron daughter exposure
requires the following data:

- Biological parameters of the exposed subject: mucus layer thickness,
depth distribution of the basal cells in the bronchial epithelium,
clearance characteristics, respiratory minute volume for specific
physical activity, sex, age.

- Physical parameters of the inhaled atmosphere: concentration of
individual daughters and the potential alpha energy in air, equili-
brium factor, unattached fractions, particle size distribution of
attached fraction of aerosols, hygroscopic growth of particles
inhaled and electrical charge of particles.

It can be shown that the relationship between the radon and thoron
daughter exposure and dose to the basal cells in the bronchial tree is influ-
enced primarily by the physical exertion, the particle size distribution of
the attached fraction and the unattached fraction of potential alpha energy.
Biological parameters are of secondary importance in the assessment of the
dose to the basal cells averaged over the bronchial epithelium as well as the
effective dose equivalent per unit of potential alpha energy exposure.

For other research applications, such as radiobiological interpretation
of effects in animal inhalation studies or epidemiological investigation of
lung cancer incidence in man, the following should also be taken into account:

- Biological variability amongst the exposed species (nose/mouth breath-
ing ratio, target geometry in respiratory tract, clearance process).

- Nature of carrier aerosols and presence of known or suspected syner-
gistic factors (condensation nuclei, cigarette and diesel smoke,
acid fumes, ore dust).

These variables can cause a regional and radionuclide-specific dose
distribution in parts of the lung and thereby influence the dose/exposure
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conversion factor. Many problems in occupational situations also apply to
non-occupational situations (see section 4.3.).

4.3. PRINCIPLES OF MONITORING AND METHODS FOR
NON-OCCUPATIONAL EXPOSURE ASSESSMENT

The principles of monitoring in dwellings are as in the occupational
case determined by the immediate objectives of the monitoring. In general,
survey programmes for the assessment of the exposure of the general public, a
simple but accurate time-integrating technique, is favourable. In critical
dwellings, which have been found through programmes or from geological or
technical indications, more elaborate measurements must be performed to check
on compliance with standards and assess the contribution from different sources
to airborne activity indoors. It is also very important to evaluate the effec-
tiveness of remedial measures.

4.3.1. General Survey

For the purpose of carrying out a large scale survey, which should be
representative for the entire population, certain principles have to be
considered:

1) reliability of the exposure data;

2) representativeness of the survey;

3) statistically sufficient number of data to establish or check
specific levels for investigation or remedial action.

Since there is a large spatial and temporal variation of radon and daughter
concentration indoors,many instruments have to be placed at widely distributed
locations for a prolonged period of time.

To obtain an annual average value, it would be desirable to measure the
concentration of radon daughters over an entire year. In general this is not
possible, and therefore it is of interest to know the statistical errors
entailed by shorter sampling periods. Swedjemark (1983) found that the uncer-
tainty in an estimated annual average varies from 33 per cent for one-hour
measurement without restrictions, to 13 per cent for three-month sampling.
From this point of view, adequate sampling techniques should cover a period of
at least three months. The instrument should be simple and easy to use. Since
personal monitoring of members of the public is impractical, area monitoring
using specific time-integrating instruments is recommended. The exposure data
can be estimated by introducing certain time weighting factors (occupancy
factors).

One important problem in carrying out such a large-scale survey is an
adequate distribution of the instruments. For practicality, co-operation with
the local administration in towns and countries is advantageous. The instru-
ments should be placed in the rooms used most frequently, e.g. living and
bedroom. An appropriate questionnaire is necessary for all such measurements.
Examples are given in the following pages.
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NATURAL
RADIATION
SURVEY
QUESTIONNAIRE

imp.

1 Please reply to the questions by ticking the box
next to the answer that is appropriate lo your
home. Some questions have two or more
columns. Please put a tick in each column
if none of the set answers is suitable, please
reply in the space provided.

Example:
O Which type of home do you live in and when was

it built? (Please note that the term "house"
used below includes bungalow)

A Detached house

Semi-detached house

Terraced house

Purpose-built flat

Maisonette

Other flat or rooms

Other (please specify)

Aiff!':..

Before 1900

1900-1919

1920-1944

1945-1964

1965-1976

After 1976

Not known

2 Throughout the questionnaire, the terms living
area and bedroom refer to the two rooms in
which you placed the pots.

3 When you have completed this questionnaire,
place it with your final set of pots in the cardboard
box. Please post the box back to us as soon as
possible, using the pre-paid label provided

Wè are very grateful for your help

National Radiological Protection Board



Please remember that througl

First of all, we should 1
Ilk* to ask for some 1
general Information
about your honw and
its c

Which type of home do you live in and
when was it built? (Please note that the
term "house" used below includes
bungalow)

Detached house

Semi-detached house

Terraced house

Purpose-built flat

Maisonette

Other flat or rooms

Other (please specify)

—

Before 1900

1900-1919

1920-1944

1945-1964

1965-1976

After 1976

Not known

—

What type of floors do you have in your
living area and bedroom?

Uvtng

Solid (such as concrete/
stone/tiles or woodblock
on concrete)

Suspended (floorboards/
chipboard/linoleum
or tiles on board)

Not known

Other (please specify)

3 What is the main type of building material
used for the outside walls of your living
area and bedroom?

living area Bedroom

Brick

Concrete (block
or precast)

Wood

Not known

Other (please specify)

4 On what floor, according to the diagrams.
are your living area and bedroom?

Living

Basement (B)

Ground floor
(Bungalow) (G)

Ground floor (House) (G)

First floor (1)

Second floor (2)

Third floor or above (3)

Bungalow HouM/FM/MaiaonM» nmniwit lln

—

—

1

1

- #

| G (V ̂
1

G 0
2
1

G
B

A
3 1

G
B !

We should now like r Where did you place the pots marked
to find out where you O UvlngArea?
placed the pots.

Where did you place the pots marked
Bedroom?

Sitting room/lounge/front parlour

Dining room

Kitchen

Other (please specify)

Main bedroom

Other occupied bedroom

Guest or spare bedroom

Other (please specify) . . .

n

How far from the nearest waff did you
place the pots?

LMng

1 foot or less

More than 1 foot



>ut this questionnaire the terms 'Living Area' and 'Bedroom' refer to the two rooms in which you placed the pots

8Levels of Indoor
radiation can vary
according to the
amount of ventilation.
Answers to the
foito^ng questions
will enable us to make Y e s . s o m e windows
an estimate of the
ventilation rate.

Do the windows have double glazing
(such as secondary glazing, sealed
units)?

Living

y ,̂

o, none

Do your living area and bedroom have
doors to the outside?

Uvsngaros Bedroom

Yes

No B B
10 Do you have draught-proofing (such as

metal, plastic, foam stripping) in your
living area and bedroom?

Living wee Bedroom

Yes, all outside doors
and windows

Yes, some outside
doors or windows

No, none

11
Yes

No

Is your living area open plan?

12 Is there a chimney in your living area
and bedroom? (If there is more than
one, write numbers in the boxes. Tick
more than one box in each column if
applicable)

uvrngefM osoroom

Yes, open flue

Yes, restricted flue

Yes, sealed flue

No

13What type of heating do you use during
summer and winter in your living area
and bedroom? (Tick more than one box
in each column if applicable)

area Bedroom

Open fire

Closed solid fuel
(Parkray, Evergtow,
Raytxim, Aga)

Gas fire with
normal flue
(drawing air from inside)

Gas fire with
balanced flue

(drawing air from outside)

Fixed electric fire

Portable heater
(electric, gas, paraffin)

Central heating
(radiators heated from
central boiler)

Central heating
(storage heaters or
undeifloor heating)

Central heating
(warm air)

None

Other (please specify)

We should now like to
ask how you heated
and ventilated your
living area and
Deoroom ounng me
24 hour period
starting yesterday
morning and ending
this morning?

1ft
Do your living area and bedroom have
an ojoen air brick or similar ventilator to
the outside abgvg floor level?

LMngaraa Bedroom

Yes

No fl
15 Does your home have an electrical

ventilator to the outside (such as
extractor fan in kitchen or toilet)?

Yes, on permanently

Yes, on sometimes

No, or not used

If yes, in which room(s)?
Pleesespecify

16 During this ?fl
heating did yc
your living are
more than ore
applicable;

Yesterday morning
and afternoon

Open 1:re

Central heating

Other

None

Yesterday «vanlng

Open fire

Central heating

Other

None

Last night

Open fire

Central heating

Other

None

17 During this 2A
leave the wind
your living area

Yesterday morning
and anemoon

All windows closed

At least one window:

Yesterday evening

All windows closed

At least one window:

Last night

All windows closed

At least one window:

S E C T I O N 1



the pots h e t w o r o o m s i n w h ich you placed the pots

During this 7A
heating did yo
your living are
more than one
applicable)

y morning
afternoon

nfire

ral heating

y evening

nfire

ral heating

night

n fire

ral heating

During this 2<1
leave the win
your living are

torday morning
afternoon

«ndows closed

last one window

lerday evening

'indows closed

ast one window L

night

indows closed

ast one window:

i use during
' ving area
tianonebox

We should now like to ] P During this 24 hour period, what type of

r

ask how you heated
and ventilated your
living area and
Deoroom ounnQ me
24 hour period
starting yesterday
morning and ending
this morning?

iroom have
ventilator to
«I?

rical
chas
j let)?

g p , yp
heating did you use most of the time in
your living area and bedroom? (Tick
more than one box in each column if
applicable)

Yesterday morning
and afternoon

Open fire

Central heating

Other

None

Yesterday evening

Open fire

Central heating

Other

None

Last night

Open fire

Central heating

Other

None

Living

17 During this 24 hour period, how did you
leave the windows most of the time in
your living area and bedroom?

Living
Yesterday morning
and afternoon

All windows closed

At least one window open

Yesterday evening

All windows closed

At least one window open

Last night

All windows closed

At least one window open

a
B

18 During this 24 hour period, how did you
leave the internal doors most of the
time in your living area and bedroom?

Yesterday morning
and afternoon

All doors closed

At least one door open

Yesterday evening

All doors closed

At least one door open

Last night

All doors closed

At least one door open

Living

Please indicate which day of the week
it is today.

Sunday

Monday

Tuesday

Wednesday

Thursday

Friday

Saturday

D
D
D
D
D
D
D

S E C T I O N 2



We should now like
to ask you three
general questions
about your home.

I Q How would you describe the ventilation
JLvJ m your living area and bedroom?

Living area Bedroom

rNot well ventilated

Adequately ventilated

More than adequately
ventilated

Well ventilated

I i I

H h

ry 1 How would you describe the position o1
/ , J_ your house with regard to exposure to

wind and weather?

Exposed (houses on hills, high-rise
flats in towns)

Normal (most houses and flats in town
and country)

Sheltered (houses and lower floor flats
in 'own centres)

Which of the following descriptions
best fits your living area and
bedroom?

Stuffy

Comfortable

Fresh

Breezy

Living area Bedroom

n n

LJ

Finally, could you
please tell us the
number of people
living in your home.
This will help to
ensure that we have
a representative
sample of the UK
population.

C\f\ Number of people in your home:

Adults (over 65)

Adults (over 16 and under 65)

Children (5 to 16)

Children (under 5)

Please check that you have answered every question.

Thank you very much for your help.

If you have any comments or have had any difficulties in

completing this questionnaire we should like to know what

they are.

Please write any comments or extra information you

think might be useful in the space overleaf.

Chi!



.isscribe the position of
r eaard to exposure to

- nigh-rise

n flats in town

• ••net floor flats

Any additional comments.

astion.

Confidentiality

The survey is strictly confidential. Any information that we
obtain is treated so that your home cannot be identified. The
names and addresses of participants are held only by NRPB

and will not be passed on to anyone else.

lulties in

/what

bn you

The National Radiologica! Protection Board was established
by the Radiological Protection Act of 1970 to advance

knowledge and to provide information and advice in the
United Kingdom about radiation protection.

National Radiological Protection Board
Chltton, DMcot, Oxfordshire 0X11ORQ Telephone: 0235 831600
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| 0 | 1 |

| 0 | 5 l

I

I

I

I

I

I

I

I

I

I

I

I

I

I

Si prega di compilare la scheda sottoriportata a di restituirla al piCi presto a:
LABORATÓRIO MISURE AMBIENTALI — ENEA — CRE CASACCIA, C.P. 2400 — 00100 ROMA.

1000 DATIANAGRAFICI (scrivere possibilmente in stampatello o a macchina) -
1100 NOME 1200 COGNOME
1300 VIA/PIAZZA n° 1400 C.A.P DDDQG
1500 CirrA 1600 PROVINCIA
1700 PREFISSO TELESELEZIONE . D D D D 1700 NUMERO TELEFONICO D D D D D D D

Si prega di barrare con una SI la risposta che meglio descrive Ie caratteristiche dell'abitazione e del fabbncato

2000 DATI RELATIVI AL FABBRICATO
2100 TIPOLOGIA

2110 Fabbricato con abitazioni con accesso diretto dal terreno:
2111 Singolo . . . . . . . D; 2112 a schiera

2120- Fabbricato con abitazioni con accesso da scala collettiva:
2121 Scala unica . . . • ; 2122 a piii scale ..

2130 Numero dei piani fuori terra di cui si compone il fabbricato:
2131 Un piano D; 2132 Due piani ..

D; 2113 altrotipo . . .

. D; 2123 altrotipo . . .

D; 2133 piii di due piani

2200 MATERIALI IMPIEGATI PER LA COSTRUZIONE
2210 Struttura portante in cemento armato . . .. . . .
Materiali prevalentemente usati per le tamponature e/o per altri tipi di slrutture portanti.

2220 Blocchidi cemento • ; 2260 Legno . . . .
2230 Blocchi di tufo D ; 2270 Prefebbrinalo
2240 Laterizi D: 2280 Altri materiali . .
2250 Pietrame . . . D;

2300 EPOCA DI COSTRUZIONE O Dl RICOSTRUZIONE
2310 Prima del 1900 G; 2350 Tra il 1961 ed il 19?1 . . .
2320 Tra il 1901 ed il 1919 . . . D; 2360 Tra il 1972 ed il 1975 ..
2330 Tra il 1920 ed il 1945 . . . . . . . O] 2370 Tra il 1976 ed il 1980
2340 Tra 111946 ed M1960 . . . . . . . D; 2380 Dopoil 1980

3000 DATI RELATIVI ALLA ABITAZIONE

n

a

D

D

D

n
a

D
a
a

.a

3100 Piano su cui è situata I'abitazione. (si prega di far riferimento alle figure)
3110 Seminterrato . . D ; 3120 Piano terra D; 3130 I" e I I* piano . D ; 3140 Altri piani D

3200 Superflce in mq.:
3210 InferioreaiOOmq D; 3220 Tra 100e 150 mq D; 3230 Maggioredi 150mq. .. Q

3300 Numero delle persone abirualmente present):
3310F inoa4 D; 3320 Tra 5 e 6 persone .. . . O ; 3330 Maggiore di 6 persone .. G
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Erhabungtbogan zwm Untanuchungtproflrai
"Radon in Wohn- und Aufantbatariiinwn"

Bitte füllen Sie dieses und die beigefOgtan Erhabungibögan moglichst vollstindig aus. Auch wenn keine

personenbezogenen Daten erfaSt «Mfden, erfolgt die Handhabung und Verarbaitung der Daten gemaB

dem Datenschutzgetetz. Die gespeicherten Informationen und die Ergabniiaa dar Messungen werden auf

Wunsch mitgeteilt.

Angaben zum Haus / Wohnung :

1. Wohnungsnummer (It. Dosimeter):

2. Name der Gemeinde (mit Postlaitzahl): J )

3. Art des Hauses :

Qj--«*

4. Bauweise des Hauses:

5. Baujahr des Hauses:

Ma«lvha<» f ~ \ PaebwvhMii

1 2 3

O"*" O'

O'

O m™ Olt0"*4" O
1 2

6. Angaben zum Keiler:

1HMHI y-v iueh1t4a /^\ Bldn imriin»

O
3 e

o vollnindlf /~\ tXlonH»
( J unurkMton

Bitte nicht ausf üllen

« 10

I

txö

D

D

D

•
72

m

Bundesgesunuheitsamt, Institut fOr Strahlenhygient, 8042 Naunerberg

92



Fortsetzung : Erhebungsbogen zum Untersuchungsprogramm "Radon in Wohn- und Aufenthaltsraumen"

Angaben zum jeweils untersuchten Raum

1. Der Raum gehort zur Wohnung mit folgender Nummer :

2. Das auf gestel Ite Dosimeter tragt folgende Nummer:

3. Das Dosimeter wurde aufgestellt vom bis

4. Standplatz des Dosimeters:

Bitte nicht ausfiillen
1 s

8/

Schl.fiimm.r f ) H.upt.ul.nt- fJKUch. f \ Klnd.nlmm.r ( J K . I 1 »
2 ^ lultsraum ^ !S

O f \ lm Fr«l«n, Ob«r f\ _ , 4.

B.lkon { J «KVKhMn.ni {) B«l «OUST.-

lm Fr«l«n, übmr f \
) tftwichMmm L J

Grund ^T
& 7 a

5. Der Raum befindet sich in folgender Etage :

d^Kcll.r ^ ) Erdg.ichoa ^ ^ t . E t M »

I 2 3

6. Heizsystem (zweifaches Ankreuzen möglich) :

1. Ettg.

OWarmlufthalzuiM
(Kllmunlaga)

f J offansr Kamin ( 1 Nacht«palch«rafan f ) lonit ___

7. Angabe zu den Fenstern :

( ~ ) Einscheibenfenster, zusatzliche Lippendichtung :

(~\ tsolierverglasung,zusatzliche Lippendichtung :

( j Doppelfenster, zusatzliche Lippendichtung : rtein * O

8. Vorherrschendes Baumaterial von Wanden, Decke und Boden:
(Bitte nur zuverlassige Angaben machen, ansonsten offen lassen!)

Wande (Mauerwerk, z.B. Ziegel usw.):

Oberflache der Wande (z.B. Putz, Tapete usw.) :

Decke (Mauerwerk, z.B. Beton, Holz usw.):

Oberflache der Decke (z.B. Putz, Farbe usw.) :

FuBboden (Mauerwerk):

Oberflache des FuBbodens (z.B.Teppich usw.!:

\A
s

e|
11

I I
17

I I
23

! I

I I

I I

I I
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I I

!
10

1

1
1
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!

16
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22

I
30
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32•
33•
34•
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4.3.2. Screening Programme

The design of a monitoring programme is in most cases divided into two
steps, where the first step is to eliminate low level houses from further
investigation, and the second step is to perform further investigations in the
remaining houses. Due to the different source terms contributing to the indoor
radon daughter levels, specific screening surveys siould be carried out to
identify problem areas. The criteria for this screening programme can be the
use of building materials containing a higher degree of radioactive substances
than normal, geological conditions of the subsoil, the use of radon-rich water,
etc. Houses with radium or thorium-rich building material can often be traced
by measurement of the external gamma radiation. In highly built-up areas this
could be done by using sensitive gamma detectors in cars and in countryside
areas by personnel equipped with hand instruments. It should be noticed that
when making gamma measurements outside a house, radioactive building materials
in the basement or below the house are difficult to detect. However, gamma
radiation only indicates a possible source of enhanced radon levels indoors.
Emanation rate and ventilation are of major importance rather than the radium
or thorium content of the building material itself. Areas where radon seepage
from the subsoil is likely, such as alum shale, phosphate, and esker areas,
can be identified by the study of geological maps or information from
uranium prospection.

The major aim in the planning of screening programmes is to avoid erro-
neous decisions for compliance. Measurements should be performed in rooms
where elevated levels are to be expected, and in rooms where people spend most
of their time, i.e. the bedroom. It would be advantageous to obtain informa-
tion on the air exchange rates in the houses, but in the larger scale surveys,
measurements of the actual air exchange rates would be very expensive and time
consuming. Data on ventilation should therefore be based on questionnaires
containing details on building constructions and habits of the inhabitants.
Grab samples should be taken under controlled conditions, preferably over-
estimating the concentrations with windows and doors closed, stable weather
conditions, etc. If only radon gas is sampled, the assumption of a high equi-
librium factor is recommended. In dwellings where the radon daughter levels
are so high that remedial measures are to be considered, a more realistic
assessment of exposure should De performed to be able to make correct decisions
due to social and economical factors. In the case of earlier measurements of
radon gas, the equilibrium factor should be measured during ordinary use of the
dwelling, and in the case of earlier grab sampling, more accurate assessment
of the radon daughter concentration can be done by continuous or integrating
daughter measurements, or by more frequent grab sampling.

In planning remedial measures, the source of radon must be identified.
Radium-rich buildings are easily located by external gamma measurement and
radon from tap water can be detected by samples. For the most important source
of radon, i.e. leakage from the subsoil, there are as yet no established methods
for practical and reliable location of leakages. When evaluating the efficiency
of remedial measures, the principle of measurements depends on the time needed
for the remedial action. The time needed is controlled by the actual daughter
concentration. Possible counter-measures consist of increasing the ventilation
rate or sealing against the radon source. In that case a limited grab sample
programme before and after the action will be sufficient. If, however, the
remedial measure is more time consuming, other types of measurement integrating
over a longer time may be necessary.



Table 8 contains the sampling/measurement methods and equipment recom-
mended for different non-occupational situations requiring monitoring; specific
details are given in Table 7.

4.3.3. Research

The type of research project will determine which other parameters in
addition to the potential alpha energy concentration of the radon daughters
will have to be assessed. The type of monitoring programme applied will have
to be specified for each project accordingly. In the following, selected exam-
ples are given for the parameters to be measured for some typical tasks:

Identification of radon source term and the rate of influx: radio-
nuclide content in material; surface condition; radon diffusion
from test material; environmental factors (humidity, temperature,
barometric pressure, etc.).

Variation of atmospheric radon concentration indoors with time:
radon daughters in air of test volume; aerosol characteristics;
unattached fraction; ventilation rate; meteorological parameters;
deposition of radon daughters on surfaces.

For dose assessments, statistical criteria for the sampling programme
must be established (see also Chapter 3). The houses selected must be 'repres-
entative for the area or house category of interest. Habits of the inhabitants
(occupancy factors, etc.) should be assessed as well as breathing rates. For
other research applications a few typical houses should be selected on the
basis of radon source or building technique.

4.4. TECHNICAL GUIDELINES FOR THE SELECTION OF INSTRUMENTATION

4.4.1. Personal Sampling Equipment

Since the personal sampling instrument is carried by the individual to
be monitored, it needs to be lightweight. It has to be rugged in design,
suitable also for dusty and occasionally humid environments and operate over
a full working shift. The recharging of batteries must be easily achieved.
Once the battery is plugged into the charger, pump operation should be switched
off. The pump should be rated long-life (e.g. 10.4 hours) and draw only a
low DC current (e.g. less than 50 mA). Automatic flow regulation is essential
to ensure constant flow during sampling as dust loading on the filter increases
over the shift. If air flow is blocked for a predetermined time, a cut-off
switch should be activated to prevent pump damage. The flow rate achieved by
the pump should be between 2-10 litres per hour as determined with a calibrated
flow meter.

In case of passive personal monitors, provision should be made to avoid
the build-up of electrostatic surface charges attracting radon daughters to
the surface, thereby causing erroneous recordings.

4.4.2. Area Monitoring

Portable equipment must be lightweight, rugged and allow continuous
operation for at least 8 hours. Battery operated pumps normally have flow
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Table 8

MONITORING PROCEDURES RECOMMENDED FOR DIFFERENT NON-OCCUPATIONAL
SITUATIONS REQUIRING MONITORING OF RADON AND RADON DAUGHTERS

Non-Occupational Situations
Requiring Monitoring

Type of
Monitoring Programme Programme Objective

Sampling/Measurement
Method and Equipment
Recommended (Type N 0 ) *

o
ON

DWELLINGS

Characteristics: General Survey

Screening for:
multiple, partially super-
imposed Rn sources; large
number of sites; frequently ,
low Rn/Rn-d concentration; " 9 e n e r E U

pronounced spatial and
temporal variations

Evaluation of the exposure
of the general public

OUTDOORS

(neighbourhood of mining
and milling areas)

1/5

- general

- construction material

- subsoil

- water, gas

Remedial measures

Exposure assessment

General Survey

Environmental surveil-
lance

Identification of critical
sites
Identification of critical
materials

Identification of critical
sites

Identification of critical
supplies

Evaluation of effectiveness
of tech. countermeasures

Decision on compliance with
national limits

Evaluation of population
exposure

Dispersion of radioactivity
from nuclear facilities

1/2/5

6/7

1/3/5

1/8

1/2

a/5

1/3/4/5

1/2

*For details, see Table 7



rates in the range of 5-20 litres per minute. Mains operated pumps are avail-
able with higher flow rates, but their use is restricted to areas where power
outlets are available. Provision must be made to be able to calibrate air
flow meters frequently.

Computer-compatible data output and non-volatile data storage are advan-
tageous. Operation of the instrument should be automatic with minimal control
of unit and filter handling by operator. Field calibration of the device is
important.

Detailed guidelines for an Instant Working Level Meter have been issued
by the International Electrotechnical Commission (IEC, 1982). The recommenda-
tions specify general characteristics, general test procedures, radiation
characteristics, electrical/mechanical/safety and environmental characteris-
tics. A review of instrumentation for grab sampling has been made by Budnitz,
1974.

Passive detectors may also be used as area radon monitoring equipment.
Provision must be made to avoid the effect of humidity and dust deposition,
since it influences collection and counting efficiency.

4.5. TECHNICAL GUIDANCE IN THE FIRST STAGES OF
A MEASUREMENT PROGRAMME IN A MINE

For those workers who are completely new to the field, some guidance
in the first stages of a measurement programme is given in the following.

As an example of a simple method of measuring WL with less instrumenta-
tion in a mine, the Kusnetz or the modified Kusnetz method is presented. The
basic method of measurements is described in detail in a Radiation Monitoring
Training Manual 'Radiation Monitoring' published in July 1976 by the US Depart-
ment of Labor, Mining Enforcement and Safety Administration, Technical Cijpport,
Health Technology Division, Denver, Colorado (Rock et al., 1979). This manual
provides background information on equipment selection and calibration, a
description of errors, common problems encountered in determining radon daugh-
ter concentrations and sampling patterns for measurements in mines. For
guidelines on the standardized Kusnetz method, see Makepeace et al., 1979.

For counting by the Kusnetz method, one requires a battery-operated pump
for sampling air through a filter, at 2 or more litres/min during a shift
period of 8-10 hours, a scintillation detector and a rate meter or sealer.

Radon daughter particulates are filtered from 10 or more litres of mine
air in a period of exactly 5 minutes. The alpha activity is counted between
40 and 90 minutes after the end of sampling with an appropriately calibrated
instrument. Counts per min (cpm) are converted to actual decay events (dpm)
occurring on the filter paper. Each counter is calibrated for gross counting
efficiency of RaC' (7.7 MeV) alpha particles (after 40 mins, only alpha par-
ticles from the decay of RaC' are counted - 99.99 per cent of RaA has decayed).
Counts per min divided by gross counter efficiency gives the actual disintegra-
tions per min. Charts or graphs are available to facilitate the conversion of
meter reading (cpm) to disintegration per min or to actual WL, if the sample
volume is constant.
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Disintegrations per min per litre of air are obtained by dividing dis-
integrations per min by the volume of air filtered. Disintegrations per min
per litre of air are converted to the multiple or fraction of a WL at the time
of sampling by dividing by the appropriate time factor (Kusnetz factor, K).
Time factors are given as a function of time after sampling in Rock et al.,
1979.

A typical WL calculation is outlined below:

Sample volume
Time at end of sampling
Time of counting
Elapsed time
Count rate
Gross counter efficiency
Alpha disintegration/min
Time factor K
dpm/litre
Working level (Rn)

10 litres (2 litres/min
10.15 a.m.
11.05 a.m.
50 min
250 cpm
30 per cent (factor
250 • 3.3 = 825 dpm
130 dis/min/1 • WL
825/10 = 82.5
82.5/130 = 0.63 WL

5 min)

= 3.3)

If a more rapid determination of working level is required or if the
atmosphere to be sampled contains a mixture of radon and thoron daughters,
then the Rolle method may be more appropriate.

The Rolle method uses the same equipment as for the Kusnetz method and
the procedure differs only in the timing of the filter count after sample col-
lection. A more detailed description for operational monitoring using the
Rolle method can be found in the IAEA/ILO Safety Series No. 43.

Radon daughter particulates are filtered from mine air in a period of
exactly 10 minutes. The alpha activity is counted for 5 minutes, with the
count started 4 minutes 20 seconds after the end of sampling. Using the inst-
rument calibration, the measured counts per 5 minutes are converted to disin-
tegrations per minute on the filter. Disintegrations per minute per litre of
air are obtained by dividing the disintegrations per minute on the filter by
the volume of air sampled. The disintegrations per minute per litre are con-
verted to WL using tabulated conversion factors. For the sample delay and
count times above, this factor is 212.8 dpm/1 WL.

A typical WL(Rn) calculation is given below:

Sample volume
Time at end of sampling
Time of counting
Elapsed time
Count duration
Counts (5 mins) : 750 (Counter
Net counts (5 mins)
Count rate
Gross counter efficiency
Alpha disintegrations per min
dpm/litre
Conversion factor
Working level (Rn)

20 litres (2 litres/min • 10 min)
10.00 a.m.
10.04:20 a.m.
4 min 20 sec
5 min
background count rate: 3 cpm)
735
147 cpm
30 per cent (factor = 3.3)
490 (147 • 3.3)
490/20 =24.5
212.8 dpm/1 WL
24.5/212.8 = 0.115 WL
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Thoron daughters may be measured by a modified Kusnetz method: thoron
daughters are filtered from 10 litres or more (preferably about 50 litres) of
mine air in a period of up to 1 hour. The alpha activity on the filter paper
is counted between 5 and 17 hours after the end of sampling using an appro-
priately calibrated instrument.

After 5 hours the radon daughters have decayed and ThB and ThC are in
equilibrium, so that the combined alpha counts of ThC and ThC' may be directly
related to the number of ThB atoms present on the filter. Counts per min (cpm)
are converted to actual events (dpm) occurring on the filter paper. Disinte-
grations per min per litre of air are obtained by dividing disintegrations
per min by the total litres of air filtered. Disintegrations per min per
litre of air are converted to WL at the time of sampling by dividing by the
appropriate time factor (K). This factor is given as a function of waiting
time after end of sampling in Rock et al., 1979.

A typical WL(Tn) calculation is given below:

Sample volume
Time at end of sampling
Time of counting
Elapsed time
Counts (5 min)
Count rate (502 counts/5 min)
Gross counter efficiency
Alpha disintegrations per min
dpm/litre
Time factor K
Working level (T-)

50 litres (2 litres/snin * 25 min)
10.00 a.m.
3.00 p.m.
5 hrs
502
100 cpm
30 per cent (factor = 3.3)
100 • 3.3 = 330
330/50 =6.6
13 dis/min/1 WL
6.6/13 = 0.51 WL

4.6. OPTIMIZATION OF RADON AND RADON DAUGHTER MONITORING

Quantitative optimization of radiation protection requires cost-benefit
analysis in which the incremental costs of protection are balanced against
incremental dose reduction. This problem has been addressed by the Interna-
tional Commission on Radiological Protection (ICRP, 1977). An optimized moni-
toring system must be capable not only of verifying compliance with national
and other standards, but also contribute to dose reduction through the detec-
tion and elimination of unnecessary exposures. In order to weigh incremental
monitoring costs against incremental dose reductions, it is necessary to assign
a monetary value to the benefits obtained. Potential modifications to current
monitoring practices, or alternatives to present methods, should be considered.
The implementation of a monitoring system that measures exposures more accura-
tely can be justified on the basis of a cost-benefit analysis.

Several options for modifying existing monitoring systems can be evalua-
ted with respect to reliability and cost. The reliability factors tv be consi-
dered are uncertainties in measurements due to stochastic processes anJ syste-
matic biases that might be inherent to a particular monitoring method. The
estimated costs of each monitoring option should be compared with the anticipa-
ted benefits to be derived, especially potential exposure reduction. Schiager
et al., 1981, studied optimization of monitoring programmes for US uranium
mines extensively. The method for optimisation used by these authors is very
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useful for other situations too. The results of optimization could, however,
be very different in other situations than in US uranium mines.

In the case of research programmes, optimization is not applicable.
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Chapter 5

CONCLUSIONS

The metrology and monitoring of radon, thoron and their daughters rep-
resents a difficult task due to the large number of modifying parameters
involved besides the airborne concentration of the radionuclides themselves.
In addition, the objectives for practical radiation protection purposes differ
from those for research application. Whilst the former is mainly concerned
with the prevention of overexposure of occupationally or non-occupationally
exposed individuals and to keep exposures as low as reasonably achievable, the
latter puts emphasis on an improved accuracy of dose assessments and understan-
ding of mechanisms of radionuclide control. An essential part of either objec-
tive is the subject of sampling procedures and statistics used. Criteria
based on statistical analysis should be used in adopting legal and financial
courses of action. In particular the evaluation of compliance to exposure
standards or remedial operations should be derived using such a method. By
defining the specific scope and underlying statistical methods, it is possible
to design the appropriate monitoring programme for a variety of tasks, thereby
ensuring the cost-effective use of both manpower and resources in achieving
the desired project goal.

5.1. MONITORING

Generally, four methods of monitoring are available: grab sampling,
time integrated monitoring, continuous monitoring and personal dosimetry. At
present there is no general agreement to monitor exclusively with one of these
methods, or, for example, to use two of the methods or all methods simulta-
neously. The methods recommended are appropriate for both occupational and
non-occupational monitoring programmes, although different criteria may be
applicable for the selection of a particular method. The instruments developed
for occupational monitoring can be used for non-occupational monitoring, provi-
ded the instrument has sufficient sensitivity.

In the following, individual methods grouped under the main monitoring
methods are examined and an attempt is made to establish guidelines for their
use.

Grab Sampling

Taking into consideration cost benefit aspects, it is suggested that at
present truly random grab sampling by prompt measurement techniques might be
as suitable as personal dosimetry or continuous monitoring for measurement of
WL in underground mines.
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An advantage of grab sampling is that it may be carried out relatively
simply and WL may be obtained immediately at the particular site of sampling.
The principal disadvantage of this method is the uncertainty in measured
exposure levels from fluctuations in the radon daughter concentration between
periodic grab sample measurements. There is also an uncertainty from the
occupancy factor of the miner. Continuous monitoring systems eliminate the
uncertainty from fluctuations in radon daughter concentrations, but uncertainty
from the occupancy factor of the miner remains.

There are two one-count methods: Kusnetz and Rolle. Essentially the
Rolle method consists of an early gross alpha count, e.g. a sample time of
15 min, wait time 1.2 min and count time 10 min. The Kusnetz method counts
40 to 90 min after sampling.

For measuring radon daughter WL in mine atmospheres where Tn(WL) is of
the same order as Rn(WL), the Rolle method is more accurate. For mine atmos-
pheres containing only radon daughters, the Rolle technique again appears
preferable, since the method is faster. While some controversy seems to exist
on the relative inherent uncertainty, the overall uncertainty would appear to
be lower than for the Kusnetz method, particularly in the case of young air.
The conclusion that the Rolle technique is preferable is an important one. The
Kusnetz technique is widely used and regulatory bodies still recommend it.
Regulatory bodies should decide on a suitable sample and count time for the
Rolle method and apply computerized optimisation of the wait time, e.g. with
the programme available from CANMET (Department of Energy,Mines and Resources,
Ottawa, Canada).

For the various two-count methods, the overall errors are fairly con-
stant, and the overall count times short. A combination of James-Strong and
Shreve methods employs alpha and beta counting during samplina and has an
overall count-sample time of only 2 min. Although an optimized version has a
statistical uncertainty lower than most other such methods, no commercial
instant working level meter has yet utilized this method. While the overall
accuracy of two-count methods is not better than that of one-count methods,
the former have the advantage of estimating radon daughter concentration
ratios.

The 'non-exact' one and two-count methods have been optimised for use
in underground mines. It is recommended that they should also be optimized
for other environments, such as houses and open-cut mines, using radon daughter
distributions measured in these locations.

For three-count procedures, the gross count (Thomas) method and the
alpha spectroscopie method, in which one count of RaA is made in one channel
at 6.0 MeV and two counts of RaC' are made in a second channel at 7.7 MeV, are
recommended. The alpha spectroscopie methods are more accurate for estimation
of radon daughter concentration ratios than the Thomas method, but the alpha
spectroscopie technique requires more sophisticated apparatus.

Ideally, in an instant working level meter, several of the above count
methods should be programmed into the measuring device, and if possible more
than one count method should occasionally be used to count the same sample as
a check for internal consistency.
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For measurement of Rn(WL) and Tn(WL) in atmospheres containing mixtures
of radon and thoron daughters, a two- or three-count total alpha method may be
used. The disadvantage of this technique is that an overall time of 2 hours
or more is required. The three-channel alpha spectrometric method is a much
faster technique (overall count time 30 min or greater), but requires more
sophisticated apparatus. It also has the advantage of estimating individual
daughter (RaA, RaB, ThB and ThC) concentrations.

Time Integrated measurements

It is often sufficient to determine the time-averaged concentration over
a given period rather than to measure continuously, e.g. during a work shift
under controlled exposure conditions. Presently available systems capable of
time integrated measurements (TIM) use solid state nuclear track - or thermo-
luminescence detectors or activated charcoal. With active systems pumping air
continuously through the system, a lower limit of detection for radon of
2 Bq/w? can be reached after exposure of one week. TIM methods offer the
advantage of relatively low cost and simple systems, suitable for large scale
screening programmes in domestic and mining environments. However,they do not
provide information on short term changes of exposure conditions as it may be
needed, e.g. for engineering control purposes.

Continuous Monitoring

For continuous monitoring in mines, excellent methods have been develo-
ped at the US Bureau of Mines. A number of companies market continuous moni-
tors based broadly on this early research and development.

Personal Dosimetry

Personal dosimetry avoids the uncertainties from fluctuations in radon
daughter concentrations and from the occupancy factor of the miner. However,
the requirements for a reliable active personal dosimeter are rather stringent
and as yet no one dosimeter fully meets the specifications, even though some
are in routine use. At present passive personal dosimeters are being tested
for use in mines.

In personal dosimetry, two commercial active dosimeters are currently
in use in mines: the Alphanuclear electronic dosimeter and the CEA solid state
nuclear track dosimeter. At this stage it is not clear which is the better
system.

The CEA dosimeter has been developed and tested over 10 years. It is
now used routinely by all French uranium miners. Although it is simple and
relatively inexpensive by design, it allows the measurement of RaA (Po-218),
RaC (Po-214), ThC (Po-212) and radioactive long-lived dust. A gamma TLD
dosimeter will be added to the measuring head in 1985. Earlier problems with
its turbine pump have been corrected. Effects of contamination are corrected
by specially adapted counting techniques and by use of disposable parts in the
measuring head. The filter and detector are changed and processed once a month.

The Alphanuclear dosimeter is a more sophisticated instrument, with
microprocessor-controlled air flrw and readout. An advantage of this dosimeter
is that a reading may be obtained at the end of the shift. A delayed readout
allows the measurement of thoron daughters. It does not discriminate the
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energy of the alpha rays, and its filter has to be changed every day, at a time
which is dependent on whether it is desired to have a readout of thoron
daughters.

Passive dosimeters have the advantage of inexpensiveness and maintenance
free operation due to their overall simplicity, lack of moving parts and lack
of sophisticated electronics.

One system used in Poland has experienced difficulties because the
calibration factor which converts track density to potential alpha energy is
sensitive to the equilibrium factor between radon gas and radon daughters.

A different approach to the problem is used with passive personal dosi-
meters, which monitor radon gas. However, most national regulations and
recommendations refer to radon daughters. To estimate WL, this procedure would
rely on establishing relatively constant equilibrium factors in certain working
areas. More research is needed into the variability of equilibrium factors in
particular working areas. A further complication is that the occupancy factor
of the miner would also need to be recorded here.

Readout of track-etch films withe.g. colony counters and spark counters
is relatively inexpensive. However, technical requirements for automatic
readout are high and can be costly. (Examples for cost estimates concerning
some configurations are given in Appendix 3.)

5.2. EXPOSURE ASSESSMENT

A method for optimizing the sampling time available has been introduced
using a stratified random grab sampling plan. This plan gives each sampling
interval, location and occupation equal opportunity of being selected in an
unbiased manner. Combined with some method of time accounting, it gives the
'best estimate' of personal exposure estimation based on a grab sampling scheme.

A histogrammme of the personal exposure for all workers allows the
collective exposure to be calculated and it serves to reveal other quantitative
features such as the mean value of the distribution of exposures and the number
of persons having exposures above any arbitrary value. It also highlights the
sub-groups having the highest collective exposures. Such information on the
individual exposures, collective exposures, locations, amount and cost of
ventilation and other control techniques, can then be used in a cost-benefit
optimization for the sub-group having the highest exposures and associated
risks. Should the benefits from the reduction in collective exposure outweigh
the costs of implementing those engineering controls needed to produce such
a reduction, the operators of such mines should carry out the necessary changes.
In this way, the collective exposure for the most highly exposed sub-group is
reduced (as is that of the entire group) and the mean exposure for the group
is reduced as well (in all likelihood). In an iterative manner, the random
sampling plan is then reintroduced and a new baseline is established, perhaps
with different sub-groups. Further identification of new high exposure sub-
groups followed by cost-benefit optimization and further engineering controls
continue the iterative procedure and reduction of collective exposure.
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For the assessment of non-occupational exposure, initially a large scale
screening programme is needed to differentiate between potentially elevated
sources and low level sources, e.g. in a given area between critical dwellings
and those with normal exposure levels. The former are then part of a more
detailed follow-up investigation, identifying sources of radon gas entry and
determining a statistically significant mean annual exposure value for the
inhabitants. Due to the generally low exposure levels grab sampling techniques
may provide insufficient information. Therefore,it will be necessary in many
cases to apply integrating radon daughter measurement techniques; for details
of different methods and equipment recommended for indoor and outdoor environ-
ments, see Tables 6, 7, 8.
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GLOSSARY

Active dosimeter

An instrument for measuring the exposure, in which air is pumped through
a filter.

Passive dosimeter

An instrument for measuring the exposure, where air diffuses naturally
to the detector, usually a solid state nuclear track detector.

Colony counter

Combination of a magnifying optical device with an electronic image
analyser, generally used for counting the number of optically contrasting
objects, projected in the view field of the image analyser.

Condensation nuclei

Small dust and aerosol particles in the atmosphere to which atomic size
radon daughters readily attach. Condensation nuclei are generally in
the 0.1 to 0.3 urn range.

Equilibrium equivalent radon concentration (ECRR)

The Ec of a non-equilibrium mixture of short-lived Rn or Tn daughters in
air is that activity concentration of Rn in radioactive equilibrium with
its short-lived daughters that has the same potential alpha energy con-
centration, Cp:

for Rn: ECRn (Bq/m?) = 3700 cp (WL)

for Tn: ECTn (Bq/m?) = 275 cp (WL)

Equilibrium factor (F)

F is the ratio of the EC to the actual activity concentration (c) in the
air, e.g. for radon:

F = ECRn/cRn
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Personal dosimeter

A device designed to indicate cumulative radiation exposure received by
an individual.

Potential alpha energy concentration and exposure

The sum of the potential alpha energy (Epot) of all short-lived radon
or thoron daughter atoms present per unit volume:

1 J/IT>3 = 6.24 x 10.12 MeV/m3

1 E p o t = 2.08 x 10-5 j/m3

1 WL (radon) corresponds to the potential alpha energy concentration of
short-lived radon daughters in equilibrium with a radon activity concen-
tration of 3700 Bq/m3. It represents an atmospheric concentration of
radon (Rn-222) daughters which will deliver 1.3 x 10^ MeV of alpha
energy per litre of air in decaying through RaC' (Po-214).

1 WL (thoron) corresponds to the potential alpha energy concentration
of short-lived thoron daughters in equilibrium with a thoron concentra-
tion of 275 Bq/m3. It is equal to a concentration of TliB (Po-212) and
ThC (Bi-212) which in decaying to ThD (Pb-208) yields 1.3 x 105 Mev of
alpha energy. The time-integral over the activity concentration of
radon or thoron respectively, to which the individual is exposed during
a definite period of time, is defined as:

1 J h nr3 = 6.24 x 10? MeV h I"1 = 4.80 x 10* WLh.

The unit Working Level Month (WLM) corresponds to an exposure of 1 WL
during the working period of one month (170 hours):

1 WLM = 170 WLh = 3.5 x 10-3 j n m"
3.

Radon

The gaseous inert element (Rn-222) in the U-238 decay series. The
immediate parent of Po-218 (RaA).

Radon daughters (short-lived)

The four short-lived elements which succeed radon in the U-238 decay
series. These include Po-218 (RaA), Pb-214 (RaB), Bi-214 (RaC), and
Po-214 (RaC).

Remedial actions

Technical counter-measures executed by authorities in case of excessive
exposure to radon, thoron and their daughter products.
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Self absorption

The process by which alpha energy is absorbed by the filter media
because of penetration of the radioactive particulates into the filter
medium.

Spark counter

A film is exposed to alpha radiation and subsequently is chemically
etched to enlarge the alpha tracks. The film is placed in between a
contact plate and an aluminized mylar sheet. A condenser in parallel
discharges successively through the tracks evaporating aluminium on
each discharge, thus ensuring that only one discharge occurs per track.
The discharges are counted in a sealer.

Relative statistical counting uncertainty

It is proportional to 1//n where n is the number of counts.

Thoron

Rn-220 the gaseous inert element in the Th-232 decay series. The
immediate parent of Po-216 (ThA), and isotope of radon.

Thoron daughters

The short-lived daughters of Rn-220, part of the Th-232 decay series.
Only ThB, ThC, and ThC' are of consequence in the potential health
hazard. ThB, although not an alpha emitter itself, has a half-life
of 10.6 hours, and is therefore the most abundant source of atoms
available for decaying through the alpha emitting successors, ThC
and ThC1.

Solid state nuclear track detector

Tracks are produced by alpha particles in films such as cellulose nitrate
LR 115 or polycarbonate CR 39. These tracks are enlarged by chemical
etching and then counted by a microscope, colony counter or spark
counter.

Unattached fraction of potential alpha energy, fp

The fraction of airborne radon daughters that is not attached to aerosol
particles, expressed in terms of potential alpha energy of the mixture
and not the activity of any individual daughter nuclide. Electrically
charged unattached fractions have an electrical mobility in the range
of 0.4 cm2 V-1 s-1 to 2 cm2 V-1 s"1 (3 x 10"* < r < 10-3 ^ , m ) . Neutral
unattached fractions have a diffusion coefficient in the range of
10-2 to 10-1 cm2 s-1 (3 x 10-* < r < 10-5 )
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Appendix 1

PHYSICAL PROPERTIES OF RADON, THORON AND THEIR DAUGHTERS

The primary sources of airborne radioactivity in uranium and other mineo
or caverns end in buildings are the natural radionuclides uranium-238 and
thorium-232. These nuclides are the precursors of the uranium/radium (mass
number, A - 4n + 2) and thorium (A = 4n) radioactive series, whose decay schemes
are given in Tables A.1. and A.2. respectively. Trace amounts of these elements
and/or their intermediate long-lived decay products radium-226 and radium-224,
respectively, are present in almost all rocks, minerals and soils and also,
therefore, in most building materials.

All members of the uranium-238 decay series (Table A.1.) are solids,
except for radon (Rn-222) which is an inert gas. Radon has a radioactive
half-life of 3.82 days and can readily diffuse through solid materials into
air. Transport into environmental air is enhanced by diffusion and convection
in porous or cracked materials.

In the thorium decay series (Table A.2.), the corresponding gaseous
member is thoron (Rn-220). This isotope has a radioactive half-life of only
-56 seconds. Hence, the proportion of thoron gas produced in solid materials
that can escape to environmental air is much smaller than that of radon. Even
so, given a sufficiently high concentration of thorium in minerals or rocks,
radiologically significant concentrations of thoron gas can still occur in
mine or domestic atmospheres.

Radon gas decays to the solid daughter Po-218, known historically as
RaA, by emitting an alpha particle. RaA in turn decays to Pb-214 (RaB), also
by alpha emission. RaB decays by beta emission to Bi-214 (RaC), which decays
by a second beta emission to Po-214 (RaC). This last nuclide is extremely
short-lived, decaying almost instantaneously to the long-lived daughter Pb-210
by emitting an alpha particle. The radioactive half-lives of RaA, RaB and RaC
are 3.05, 26.8 and 19.9 minutes respectively (Table A.1.). These short-lived
daughters therefore require about 3 hours to build up to radioactive equili-
brium with a constant concentration of the parent gas (Evans, 1969). Because
of its much longer half-life, Pb-210 never approaches a significant concentra-
tion in environmental air, compared to that of the short-lived daughters.

The thoron decay series (Table A.2.) is analogous to that of radon,
except that there are significant differences in radioactive half-lives of the
daughter nuclides. The first daughter, Po-216 (ThA) is always close to radio-
active equilibrium with thoron gas because of its short half-life (0.15 sec).
Conversely, because of its very long half-life of 10.6 hours, the second
daughter, Pb-212 (ThB) never approaches equilibrium with thoron. The third
daughter, Bi-212 (ThC), is also unlikely to attain equilibrium with ThB,
because of its relatively long half-life of about an hour.
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Although radon and thoron gases are alpha emitters, they do not accumu-
late significantly in the lung upon inhalation and are not themselves a major
health hazard (OECD/NEA, 1983). Their daughters, however, are chemically
reactive solids which readily attach to atmospheric particles. Thus the aero-
sol in mine or indoor air becomes radioactive by adsorption of the short-lived
daughters. Both the radioactive aerosol particles, and any daughter atoms that
have not yet attached, can deposit in the airways of the lung. Once deposited
the daughters can release energy through alpha decay of RaA, RaC', ThC and
ThC'. Some of this alpha energy is absorbed by sensitive cells in the lung,
giving rise to a radiologically significant dose and a risk of lung cancer.

For radiological protection purposes, the effective dose equivalent is
related to an individual's exposure to potential alpha energy in inhaled air
(OECD/NEA, 1983). The potential alpha energy, Ep, of a radon or thoron daugh-
ter atom is the total energy of alpha particles emitted during the decay of
this atom and subsequent daughters to lead-210 or lead-208, respectively. The
concentration of potential alpha energy in air, Cp, of any mixture of short-
lived radon or thoron daughters is the sum of potential alpha energy of all
the daughter atoms present, per unit volume of air. This quantity can be
expressed in SI units:

1 J m-3 = 6.24 109 MeV 1-1

Concentration of potential alpha energy in air has evolved as a practical
quantity in widespread use. It is represented historically by a special unit,
the working level (WL):

1 WL = 1.3 105 MeV 1-1 = 2.08 10"5 J m"5

One WL corresponds approximately to the potential alpha energy of short-
lived radon daughters in air which are in radioactive equilibrium with a radon
activity concentration of 100 pCi 1"1. One WL for the thoron daughters corres-
ponds approximately to an equilibrium thoron activity concentration of
7.43 pCi 1-1.

For the radon daughters, the concentration of potential alpha energy in
air can be expressed in the WL unit as follows:

(7.68 + 6.00) CA + 7.68 CB + 7.68 Cc
Rnc = (A.1)

P 1.3 105

where C/\, CQ and CQ are the daughter concentrations in atoms per litre of air.

The concentration of RaC' does not appear in equation A.1. Although
RaC' is always in radioactive equilibrium with RaC, because of its very short
half-life, the number of atoms and hence the potential alpha energy of inhaled
RaA' is negligible.

For the thoron daughters, the concentration of potential alpha energy in
air is expressed as follows:

7.8 B c
C p = (A.2)

1.3 105
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where CQ and CQ are the concentrations in atoms per litre of air of ThB and
ThC, respectively, and ThA does not contribute to the potential alpha energy.

Exposure to potential alpha energy, En, is determined by the product
of concentration in air and exposure time. In SI units:

1 J h m-3 = 4.80 104 WL h

The potential alpha energy exposure of miners is often expressed in the
unit 1 WLM (Working Level Month). One WLM corresponds to an exposure of 1 WL
during the reference working period of one month (2000 working hours per year/
12 months equates approximately to 170 h per working month):

1 WLM = 170 WL h = 3.5 10~3 3 h m~3

1 J h m-3 = 285 WLM

ICRP recommends limitation of intake of potential alpha energy. Tor an
individual, intake by inhalation of radon daughters is the total quantity of
potential alpha energy of the daughter mixture inhaled during a reference
period. If B is the mean breathing rate during this period, the intake, Ip,
is related to exposure, Ep, by:

Ip = B Ep

Hence, intake and dose to the lung for a given exposure depend on the
additional variable, breathing rate. To assess intake of potential alpha
energy in relation to occupational exposure, a mean breathing rate of
1.2 m3 h-1 is assumed (ICRP, 1981). A lower value of 0.75 m? h-1 is used to
assess domestic exposure (UNSCEAR, 1982; OECD/NEA, 1983).

The factor converting intake of potential alpha energy to effective dose
equivalent depends principally on physical aerosol properties, i.e. the frac-
tion of potential alpha energy not attached to the atmospheric aerosol, fp, and
the aerosol size distribution. It is important to understand that lung dose
does not depend directly on the degree of radioactive equilibrium between the
respective radon or thoron daughters. Exposure can therefore in principle be
represented by the single quantity 'potential alpha energy'.
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Table A.1.

PRINCIPAL DECAYS FROM U-238 TO Pb-206 (ICRP, 1983)

Historical name

Uranium I

Uranium Xi

Uranium X2

Uranium II

Ionium

Radium

Radon

Radium A

Radium B

Radium C

Radium C'

Radium D

Radium E

Radium F

Radium G

Isotopic name

U-238

Th-234

Pa-234m

U-234

Th-23O

Ra-226

Rn-222

Po-218

Pb-214

Bi-214

Po-214

Po-210

Bi-210

Po-210

Pb-206

Half-life

4.47 109 y

24.1 d

1.17 min

244 500 y

77 000 y

1 600 y

3.82 d

3.05 min

26.8 min

19.9 min

1.64 10-* s

22.3 y

5.01 d

138 d

stable

Principal radiation

alpha

beta

beta

alpha

alpha

alpha

alpha

alpha

beta
gamma

beta
gamma

alpha

beta

beta

alpha

Principal alpha
energies (MeV)

4.198 (77%)
4.149 (23%)

4.773 (72%)
4.721 (27%)

4.688 (76%)
4.621 (23%)

4.785 (94%)
4.602 ( 6%)

5.490 (100%)

6.003 (100%)

7.687 (100%)

5.297 (100%)

Principal gamma
energies (MeV)

0.2952 (19%)
0.3519 (37%)

0.6093 (46%)
1.120 (15%)
1.765 (16%)



Table A.2.

PRINCIPAL DECAYS FROM Th-232 TO Pb-208 (ICRP, 1983)

Historical name

Thorium

Mesothorium I

Mesothorium II

Radiothorium

Thorium X

Thoron

Thorium A

Thorium B

Thorium C

Thorium C'

Thorium C' •

Thorium D

Isotopic name

Th-232

Ra-228

Ac-228

Th-228

Ra-224

Rn-220

Po-216

Pb-212

Bi-212
8

64%
Po-212 , «

Tl-208

Pb-208

Half-life

1 405 1010 y

5.75 y

6.13 h

1.91 y

3.66 d

55.6 s

0.15 s

10.6 h

60.55 min

3.05 10-7 s

3.07 min

stable

Principal radiation

alpha

beta

beta
gamma

alpha

alpha

alpha

alpha

beta

alpha (36%)
beta (64%)

alpha

beta

gamma

Principal alpha
energies (MeV)

4.010 (77%)
3.942 (23%)

5.423 (73%)
5.340 (27%)

5.686 (95%)
5.449 ( 5%)

6.288 (100%)

6.779 (100%)

6.051 (25%)
6,090 (10%)

8.785 (100%)

Principal gamma
energies (MeV)

0.3384 (12%)
0.9111 (29%)
0.9689 (17.5%)

0.2386 (45%)

0.5108 (22%)
0.5831 (86%)
0.8604 (12%)
2.615 (100%)



Appendix 2

SAMPLING STATISTICS

1. USE OF RANDOM NUMBERS

Several random number tables have been published (Sachs, 1978). Uniformly
distributed random numbers can also be generated relatively simply by using pro-
grammable pocket calculators and commercially available software. An example
for a random number table is given in Table 1 (Makepeace, 1981).

Table 1

SECTION OF TYPICAL RANDOM NUMBER TABLES

03
(a) 97

16
12
55
16
84
63
33
57

Example: Shift

18
~9
23
52
37
70
56
99
16
37

Sampling

68
74
27
00
29
16
11
35
38

(a) 31

Times (Makepeace,

47
64
14
39
24
33
65
75
18
28

1981)

41
5
32
17

•
•
•
•
•

For a shift period (p) and the maximum number of samples per hour (m),
the number of consecutive sampling intervals per shift (n) will be:

n = p x m

e.g. p = 8 hours (h)
m = 6 h~1, i.e. one sample every 10 minutes
n = 48

Step 1: a random sample may be selected from the 48 possible sampling intervals
chosen from Table 1.

Step 2: the 48 sampling intervals are numbered 1, 2, 3 ....48.

Step 3: for an 8 hour shift:
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Sampling interval

1
2
3

Time interval

(30 min. lunch)

8.00 -
8.10 -
8.30 -

i

i

i

8.10
8.20
8.40

47
48

15.40 - 15.50
15.50 - 16.00

Step 4: if, for instance, six random samples should be selected, first a number
in Table 1 is chosen as starting point (based on a subjective decision)
(a) 16 starting number.

Step 5: the ten-minute sampling periods are identified in Table 1 as follows

Sampling interval Time interval

16
12
33
18
9
23

10.30
9.50
13.20
10.50
9.20
11.30

10.40
10.00
13.30
11.00
9.30
11.40

Example; Random Sampling of a Large Number of Sites (Makepeace, 1981)

The determination of statistically significant mean values of atmospheric
radon daughter levels at many sites imposes large requirements in manpower and
finances. The use of a random sampling plan ensures the unbiased selection of
each site.

Step 1; random numbers are assigned to the twelve months of the calendar year
as in Table 2.

Table 2

RANDOM NUMBERS ASSIGNED TO MONTHS

January
February
March
April
May
June
July
August
September
October
November
December

1
2
3
4
5
6
7
8
9
10
11
12

4
6
5
2
8
1
7
11
12
3
10
9

_2: Based on a five day week (or a twenty day month), one can assign numbers
to the working days in the month (Table 3).
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Table 3

RANDOM NUMBERS ASSIGNED TO MONTHS AND TO WORKING DAYS IN A MONTH

Month Working day

Set 1 Set 2

1 7 4
2 8 17
3 5 19
4 15 12
5 1 11
6 9 16
7 13 6
8 14 10
9 3 18

11 4 5
12 17 14

The October sample is selected during the twentieth (20) or the
second (2) working day.

2. COMPLIANCE WITH OCCUPATIONAL EXPOSURE LIMIT (Makepeace, 1981)

Example;

A sample obtained from Stope A included 16 observations of radon daughter
concentrations, with an arithmetic mean:

i

"X = — = 0.043 Working Levels (WL)

and a standard deviation:

s = 0.020 WL

Step 1; The confidence interval (CI) is then

C I = Y i t s - r
x 7n

where t = t-score ("student's" distribution; Sachs, 1978)
s- = sample standard deviation
X = sample mean

Since 7 = 0.043 WL
s = 0.020 WL
n = 16

and t = 2.13 for n-1 or 15 degrees of freedom at the 0.975
probability level >

CI r 0.043+ 2.13 0.020 = 0.043 ± 0.01

CI = 0.032 WL to 0.054 WL.
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Step 2; Calculation of baseline data. Stope A WL x 1000. Atmospheric
radon daughter concentrations (see Table 4).

Table 4

Date

October

7
8
9
15
16
17
18
19

n

14
14
16
16
15
15
17
15

X

76
71
49
43
55
30
58
32

s

29
33
15
20
27
9
33
9

S2

841
1089
225
400
729
81

1089
81

Assuming homogeneity of the variances, the grand mean is:

X =

and the estimate of <j2,

where

then

14(76)+14(71)+16(49)+16(43)+15(55)+15(30)+17(58)+15(32)

14 + 14 + 16 + 16 + 15 + 15 + 17 + 15

7 = 0.051 WL

and

2 _ 10933+14157+3375+6000+10206+1134+17424+1134
s2 _

ÏÏ4

s2 = 564.59

s = 23.76 WL x 1000
or 0.024 WL

X" = 0.051 WL, s = 0.024 WL.

Step 3; This large value of the standard deviation relative to the mean value
would indicate a variation in the confidence limits obtained for
each day.
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CONFIDENCE LIMITS

Date 95 per cent
October Confidence limits

7 0.059 - 0.093
8 0.052 - 0.090
9 0.041 - 0.057
15 0.032 - 0.054
16 0.040 - 0.070
17 0.025 - 0.035
18 0.041 - 0.075
19 0.027 - 0.037

For the eight days observed, the 95 per cent confidence limits range from
0.025 WL to 0.093 WL. Although there is a wide range observed, the results are
considerably less than the 0.33 WL per month corresponding to 4 WLM per year.
One would expect ̂ therefore that periodic inspection of Stope A should result in
an average value "X within the range 0.025 WL and 0.093 WL. f

i

3. COMPLIANCE WITH REMEDIAL ACTION CRITERIA (Washington, 1979)

Example: ^

A sampling programme for radon daughters in the indoor atmosphere of
dwellings is initiated in order to evaluate compliance with predefined clean-up
criteria. For organisational reasons, in this example samples were taken at
intervals of about one week,but not less than three days apart. Based on a
procedure for estimating the sample size needed (ASTM), the following sequence
of operations was used.

Step 1: Take three samples at the intervals given above. Calculate the poten-
tial_alpha energy concentration (WL) and the standard deviation S(WL).
If WL _< 0.005 and S(WL) <_ 0.010, accept the hypothesis that the true
mean working level is_less than ths criterion at the 99 per cent
confidence level (H0:WL < 0.020, C.L. = 0.99) and submit the property
for compliance testing.

Step 2; If WL > 0.005 or S(WL) > 0.010, take four more samples (total = 7) and
calculate WL and 5(WL)_for all 7 observations. If WL <_ 0.005 and
S(WL) ± 0.015, or if WL <. 0.010 and S(WL) <. 0.010, accept Ho and
submit the property for compliance testing.

Step 3; If WL £ 0.005 but S(WL) > 0.015, take five more samples ̂ total = 12)
and calculate WL and S(WL) for all 12 observations. If WL <_ 0.005 and
S(WL) £ 0.020, accept Ho and submit the property for compliance testing.

Step 4: If, after step 2 above, WL £ 0.010 but S(WL > 0.010, take eight more
samples (total = 15) and calculate WL and S(WL) for all 15 observations.
If WL _< 0.010 and S(WL) £ 0.015, accept Ho and submit the property for
compliance testing.

Step 5; If, after step 3, WL > 0.005 or S(WL) > 0.020 or after step 4, WL > 0.010
or S(WL) > 0.015, no decision can be made as to compliance. In this case
the property should be submitted for evaluation as to the need for long
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term testing using a passive radon monitor or additional remedial
action. In no case should more than 15 grab samples be required.

_6: All data are analyzed using a one-tailed Student-t-test. The calcula-
ted t-value is compared with the table value at the 99 per cent confi-
dence level for n-1 degrees of freedom, where n is the total number
of observations.
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Appendix 3

COST ESTIMATES FOR THE USE OF DIFFERENT
MONITORING- AND DOSIMETRIC SYSTEMS

1. GENERAL

In the following examples are given to illustrate the magnitude of
typical costs involved in the practical application of some of the systems dis-
cussed in the report. It is stressed that the mentioning of names of commer-
cially available instrumentation does not imply any recommendation by the Group
of Experts.

At the time of preparation of this report the following currency exchange
rates were valid:

(June 1984)

1

1
1

1

1

100

1

1

1

sFR

DM
BFr

FF

US$

Lire

N.Crown

S. Crown

Pound Sterling

Austrian Schilling

8.50

7.09
0.35

2.34

19.50

1.185

2.50

2.42

27.20

2. COST ESTIMATE OF RADON MONITORNG PROGRAMME IN HOUSES
USING PASSIVE DOSIMETERS

2.1 SWITZERLAND

2.1.1 Installation costs

(All figures quoted are in Swiss Francs (1982)
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DETECTORS: 500 filter cups, re-usable
type: URBAN-PIESCH/Karlsruhe, FRG
manufacturer: HEIST KG/Glottertal, FRG

ANALYSIS: electrochemical etching apparatus
manufacturer: HEIST KG/Glottertal, FRG

thermal box

image analyser (optional)
type: Quantimet
manufacturer:

2.1.2 Running costs

approx.

FR 10 000

FR 15 000

FR 5 500

FR 100 000

In this programme 123 houses were monitored, using a total of 400 detec-
tors. Etching was carried out in series of 20 detectors each, 3 series per day.
Total manpower requirement for mailing, administration, etching and counting:
about 2 man-months (laboratory technician level).

Costs per dosimeter for detector foil, package and postage

manpower

FR 5

FR 15

per dosimeter FR 20

In case of smaller series for the etching and counting procedure, man-
power costs would be higher.

2.2 FEDERAL REPUBLIC OF GERMANY

2.2.1 Installation costs

DETECTORS: filter cups, reusable
Makrofol detector foils
hydrophobic glassfibre filters
manufacturer: HEIST GmbH,
D-7804 Glottertal, FRG

ANALYSIS: electrochemical etching apparatus
manufacturer: HEIST GmbH,
D-7804 Glottertal, FRG

microfiche reader-printer
for manual counting
manufacturer: 3M, USA

Total for
500 detect. 2500 detect.

DM 6 500 DM 24 000
DM 900 DM 3 500
DM 150 DM 500

DM 21 440

DM 5 000
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image analysing system MICROVIDEOMAT III
for automatic counting
manufacturer: ZEISS/FRG DM 55 000

2.2.2 Running costs

From January 1981 up to June 1983, 20 000 detectors were processed.
Etching was carried out in sets of 80 twice a day. Total manpower for adminis-
tration, etching and counting was 2.5 man-years (laboratory technician level)
and 1.5 man-years (student). The counting of the tracks was done manually using
microfiche reader-printer.

Total processing costs (incl. manpower) per detector foil
excluding all costs for distribution and retrieval of
the dosimeters DM 6

2.3 BELGIUM

2.3.1 Installation costs

(All figures quoted are in Belgian Francs (1983)

Costs are similar to those of the German programme, although the smaller
scope of the current Belgian study (100 detectors) increases the total cost per
unit.

ANALYSIS: electrochemical etching apparatus
manufacturers RIJKSUNIVERSITAT Gent,

B-9000 Belgium B.Fr. 300 000

microfiche reader
manufacturer: BELL & HOWELL, USA B.Fr. 85 000

2.3.2 Running costs

Costs per detector foil about B.Fr. 800

2.4 UNITED KINGDOM

(All costs quoted are in pounds Sterling (1984)

2.4.1 Installations costs

Etching and scintillation counting apparatus: £2500

2.4.2 Running costs

2200 houses are being monitored using 9000 detectors. Each house is
monitored for two six-month periods, in the living room and main bedroom.
Dosimeters are issued and processed in batches of 94. The survey is carried out
entirely by post. It involves an average of eight postal movements per house,
i.e. two per detector. The total manpower commitment for this survey is about
three man-years (laboratory technician level).
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Manpower cost per detector 0.5 h
(including assembly, processing,
readout and administration)

Materials cost per detector £0.40
(disposable cup, CR-39 detector,
re-usable spacer, chemicals, etc.)

Postal cost per detector £0.24

2.5 ITALY

Cost estimates for the use of different monitoring and dosimetric
systems.

(All figures are quoted in lire, 1983 currency).

2.5.1 Installation costs

Passive dosimeters: filter cups, reusable 1000 pieces 5 000 000
(not including: 39Gr detector foils, 4000 pieces 5 000 000
hydrophobic glassfibre filters)

Manufacturer: (ENEA licensee):
Vitantonio De Palma
Viale Sarca, 51
20125 Milano
Tel. 6423454

ANALYSIS: electrochemical etching apparatus 8 800 000
Mod. PWO 510 G.T. Supply 5 000
manufacturer: (ENEA licensee):
3E Equipaggiamenti Electrici ed Elettronici
Via M. Battistini 212/A
00167 Roma
Tel. 6284992

electrochmical etching cells 500 pieces 4 000 000
MOD. SBB2
manufacturer: (ENEA licensee):
Vitantonio De Palma
Viale Sarca, 51
20125 Milano
Tel. 6423454

microfiche reader-printer for manual counting
type: commercial
image analyzer for automatic counting
type: commercial

2.5.2 Running costs

Reference: April-July 1983 survey.
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In this programme 500 houses were monitored using 1000 passive radon
dosimeters.

Electrochemical etching was carried out in sets of 40-50 twice a day.
Total manpower for electrochemical etching and automatic counting: 1 man-month
(Laboratory technician level).

2.6 NORWAY

(All figures quoted are in US $).

2.6.1 Installation costs

DETECTORS:

ANALYSIS*:

500 cups

1000 CaF : Dy TLD crystals

activated charcoal

TLD-reader
manufacturer: Harshaw Nuclear Systems

printer
manufacturer: Texas Instruments

ovens

US $

US $ 4

negligible

US $

US $

US $

20

1

1

400

000

000

000

000

*all the equipment is also used for other TLD purposes.

2.6.2 / Running costs

From December '1983 until 1986, 2000 detectors each year will be analyzed
(1000 houses each year).

Manpower needed is 0.5 manyear per year (Laboratory technician level).

Total running cost per detector (included manpower and
postage): US $ 4

2.7 SWEDEN

(All figures quoted in Swedish crowns (1981)).

2.7.1 Installation costs

DETECTORS: 50 passive radon monitors
type: IRMA
manufacturer: The Swedish Institute for Building
Research
incl. batteries, silica gel and TLD SEK

ANALYSIS: TLD-reader
oven

SEK
SEK

137 000

99 000
10 000
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2.7.2 Running costs

In this programme 512 houses were measured together with 1024 measurements
concerning radon and y-radiation by personal visit when the house also was ins-
pected. We used 50 passive radon monitors during 2 years. Manpower requirement
for administration, visit of the house, changing the TLDs and the silica gel
and reading and preparing the TLDs was about 2 man years.

Cost per measurement approx. SEK 240

Various measurement methods used by the local health
authorities and their consultants

32 550 dwellings SEK 24 000 000
65 100 measurements

approx. cost/measurement SEK 370

measurements carried out July 1979-June 1982.

3. COST ESTIMATE FOR RADON-DAUGHTER MONITORING PROGRAMME IN MINES
USING PERSONAL INTEGRATING DOSIMETERS

3.1 CEA-Dosimeter (France)

Four configurations of dosimeter are available: two heads (without TLD);
two heads (with TLD); three heads (without TLD); three heads (with TLD).

The TLD chips are optional parts of the cover of the dosimeter head,
now under development (available at the beginning of 1985). The purpose of this
option is the measurement of beta- and gamma-fields, enabling an automatic read-
out of the doses. The choice between 2 or 3 heads depends only upon the number
of people working at the processing labs.

The prices showed below are defined for May 1983 (excluding VAT). They
represent the effective cost for individual integrated dosimetry for about
1500 to 2000 workers. The prices are quoted in US $ (1 US $ = 7.2 FF) and
represent the monthly cost per dosimeter.

Depreciation of the lab-equipment and -building is assumed 5 years, but
3 years for all other devices under heavy duty working conditions.

Details are given in the Table below.

Summary

The costs for an individual dosimeter are between US $ 30 and 35 per
month and per worker.
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Dosimeter without TLD Dosimeter with TLD

2'heads 3 heads 2 heads 3 heads

2 Technicians)
)

3 Workers )

15.00 $ 15.00 $ 15.00 $ 15.00 $

Building and fittings 2.90 2.90 2.90 2.90

Equipment

TLD reader
Nitrate reader
LLA counter
Processing bath
Microscope
Computer and ace.
Miscellaneous

0.66
0.69
0.59
0.11
0.12
0.38

0.66
0.69
0.59
0.11
0.12
0.38

0.69
0.66
0.69
0.59
0.11
0.12
0.38

0.69
0.66
0.69
0.59
0.11
0.12
0.38

Total

Exchange of film and filter

Effective cost of one head
processing

Head without TLD

Head with TLD

Dosimeter body

Mean cost of the recharging unit

Annual pump exchange

Miscellaneous (air flow meters)

Total

Effective cost of the individual
integrated dosimetry

2.55

0.29

20.73

3.98

2.06

2.27

1.83

0.12

10.25

30.98

2.55

0.29

20.73

5.97

2.06

2.27

1.83

0.12

12.24

32.97

3.24

0.29

21.42

4.28

2.06

2.27

1.83

0.12

10.55

31.97

3.24

0.29

21.42

6.41

2.06

2.27

1.83

0.12

12.68

34.10
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Appendix 4

a) NATIONAL STANDARDS AND INTERNATIONAL RECOMMENDATIONS

ON THE OCCUPATIONAL AND NON-OCCUPATIONAL EXPOSURE

TO RADON, THORON AND THEIR DAUGHTERS

b) TECHNICAL REPORTS, MANUALS AND HANDBOOKS GIVING

ADVICE ON MEASUREMENT AND MONITORING OF RADON

AND ITS DAUGHTERS
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a) NATIONAL STANDARDS AND INTERNATIONAL RECOJtCNDATIONS ON THE OCCUPATIONAL AND NON-OCCUPATIONAL
EXPOSURE TO RADON, THORON AND THEIR DAUGHTERS (AS OF JULY 1984)

COUNTRY
MINES URANIUM MILLING HOUSES PUBLIC

REGULATIONS RECOMMENDATIONS REGULATIONS RECOMMENOATIONS REGULATIONS RECOMMENDATIONS REGULATIONS RECOMMENDATIONS

AUSTRALIA

rs3
03

RADON DAUGHTERS

LimitD

4 WLM/yr

2 WLM/quarter

THORON DAUGHTERS

Limit
40 WLM/yr
20 WLM/yr

D»Code of Practice on Radiation Protection in the Mining and
Milling of Radioactive Ores (1980)", Environment Protection
(Nuclear Codes) Act (1978)
The Code of Practice is presently under revision. (June 1984)- The
new draft will recommend limits in terms of effective dose equiva-
lent. (50 mSv/yr for occupational exposure and 5 mSv/yr for members
of public for all sources of radiation associated with the mining
and milling of radioactive ores.) The conversion of WLM to effec-
tive dose equivalent will be mainly based on the results of
Phase I report of NEA Radon Expert Group for conversion factors.

No nationwide regulations
or recommendations. Regula-
tions owing to operations
of U mines and milling only:
0.4 WLM/yr & 0,01 WL for
radon daughters, 4 WLM/yr
for thoron daughters

same as mines same as public

AUSTRIA nil WLM/yr nil nil nil nil

2)Man-made sources only;
Strahlenschutzverordnung BGB1. Nr. 47/1972;
no limits for exposure from natural sources

OCCUPATIONAL
conti ex£osure_£.
(168~h/week):
10 pCi/1 Rn 222
40_hr/week
30 pCi/1 Rn 222

NON-OCCUPATIONAL

1/30 of above
values

nil

2)

BELGIUM not applicable not applicable nil nil



COUNTRY
MINES URANIUM MILLING HOUSES

REGULATIONS RECOMMENDATIONS REGULATIONS RECOMMENDATIONS REGULATIONS RECOMMENDATIONS
PUBLIC

REGULATIONS RECOMMENDATIONS

CANADA No recommendations

Regulations:
Limit 4WLM/yr; no more
than 2 WLM/3 months (AEC
Regulations 1978)
-Amendments in preparation

No recommendations

Regulations;
Limit 4 WLM/yr; no more
than 2 WLM/3 months

0.02 WL 0.1 WL
owing to -for remed.
operation action from
of nucl. all sources
facil. (nat. occurr.+

-ann.average those from
corresponds nucl. facil.)
to 0.4 WLM/ -based on a
yr for mem- grab sample
bers of publ.

0.4 WLM/yr
owing to
operation
of nuclear
facilities

nil

DENMARK Limit:
80 000

nil nil nil

-1
pCi h 1 EER

OAC:

40 pCi 1
(ICRP 32)

-1
EER

nil nil nil nil

FINLAND 0.30 WL 1 )

(reform in
preparation)

nil nil nil in • in
preparation preparation'
remedial act-
tion level
2jjJ/nf; design
basis for new
houses:
<0»4

2)

2)
Resolution passed by Ministry of Commerce and Industry 921/75
Working Group Rep. No. 8/1982 of the State Medical Board
Resolution passed by the Ministry of Social Affairs and Health 954/68 on the
basis of *-he Radiation Protection Act 174/57 and Radiation Protection
Ordnance 328/57

No recommendations
Regulations: .
Lung dose 1.5 rem/yr , when
radiation results from
operations subject to
radiation protection license
(reform in preparation)



MINES URANIUM MILLING HOUSES PUBLIC
COUNTRY REGULATIONS RECOMMENDATIONS REGULATIONS RECOMMENDATIONS REGULATIONS RECOMMENDATIONS REGULATIONS RECOMMENDATIONS

FRANCE No recommendations
Regulations;

300 pCi/1 of 2 2 2Rn in equi-
librium with daughters.
Future regulations will
follow ICRP recomm.:
20 mJ/yr or 8.3 \i3/tt of
alpha-energy from radon
daughters. Gamma and
long-lived daughters also
regul.

nil nil nil nil No recommendations
Regulations:

222
10 pCi/1 of Rn in equi-
librium with its daughters.
(1/30 of workers limit). In
the future: 0.57 mJ/yr

F.R. OF
GERMANY OCCUPATIONAL EXPOSURE No limits for exposure from natural origin

imum intake by inhalation:
26.7 x 10* Bq/yr

Rn: 26.7 x 10 Bq/yr
(Strahlenschutzverordnung BGBL 125/'976)

!5

Future regulations will follow ICRP 32
Recommendations in accordance with the guidelines
of the Commission of the European Communities

GREECE Following CEC-regulations

IRELAND nil nil

Following CEC-regulations

nil nil nil nil nil nil



COUNTRY
MINES URANIUM MILLING HOUSES PUBLIC

REGULATIONS RECOMMENDATIONS REGULATIONS RECOMMENDATIONS REGULATIONS RECOMMENDATIONS REGULATIONS RECOMMENDATIONS

ITALY No national regulations
and recommendations

National radiological
protection standards are
referred to CEC Directives.
Amendments are in preparation
to be based on new CEC basic safety standards
(1980). Control procedures of radiation
exposure in underground mines are
regulated by the 13 May 1978 act.

No limits for exposure from natural origin

JAPAN
2 2V
1x10
(168 hr/week)

nil nilRn
1x10
(168 hr/week)

2 2 V nil
1x10~ u Ci/cnf
(168 hr/week)

nil

nil

nil

nil

nil
1x10 uCi/cnf
(168 hr/week)

220„
Rn

1x10 WDi/cV
(168 hr/week)

nil

LUXEMBOURG Following CEC-regulations

NETHERLANDS nil nil nil nil iible nil
' Th

nil Max. permi;
Ra and

concentrations in
building mater,
under consider.

nil

NORWAY

,-1

(Rn-daughters)
per year

Limit:
60 000
pCi.h.l'
OAC: (Rn-daughters)

nil nil Based on
ICRP 39

nil nil nil

.-130 pCi.l per year

PORTUGAL nil nil nil nil



COUNTRY
MINES URANIUM MILLING HOUSES PUBLIC

REGULATIONS RECOMMENDATIONS REGULATIONS RECOMMENDATIONS REGULATIONS RECOMMENDATIONS REGULATIONS RECOMMENDATIONS

SPAIN Annual limit of intake
bv inhalation (ALI) =
27x10 Bq (7.3x10 uCi)

Derived Air Concentration
(DAC) =
11.1x10 Bq x m
(3 x 10 Ci x m )

nil nil nil nil Annual limit of intake by
inhalation (ALI) =
27x10 Bq (7.3x10 UCi)

SWEDEN

IS3

Limit nil
60 000 pCih/1
per year
Rn-daughters

DAC:
30 pCi/1
(Rn daughters)

nil nil No recommendations
Regulations:
400 Bq/ifEEC (0.1 WL).
After remedial action or
rebuilding: < 200 Bq/if
(0.05 WL). New houses:
70 Bq/tf EEC (0.02 WL)
Building materials: Radium
index (mRa) < 1 (mRa) =

~ (CRa = ̂ a cone,

in Bq/kg)

nil 60 000 pCih/1
per year
Rn-daughters

DAC: 30 pCi/1
Rn-daughters
(workers)

SWITZERLAND Recommendations: DAC 0.3 WL
Regulations:
Underground constr. work:
no specific regul. only
general occup. regulations
according to ICRP 2 and 9
(26/30)

nil nil nil nil No recommendations
Regulations:
Occupational: according to
ÏCRP~pGbï7"2, to be revised
according to ICRP Publ. 30
Public: Intake 1/10 of occupy
DAC"ï?30 or 1/40

TURKEY nil nil nil nil



COUNTRY
MINES URANIUM MILLING HOUSES PUBLIC

REGULATIONS RECOMMENDATIONS REGULATIONS RECOMMENDATIONS REGULATIONS RECOMMENDATIONS REGULATIONS RECOMMENDATIONS

UNITED KINGDOM nil 4 WLM/yr nil nil nil nil No regulations
Recommendations: Subject to
assessment (e.g. new building
on land adjacent to upcast
shaft from mine)

UNITED STATES 4 WLM/yr
max. cone,
of 1.0 WL
(MSHA)
30 CFR
57.5-38,39

nil max. annual nil
average cogc.
of 3 x 10
yd/ml (or
1/3 WL) (NRC)
10 CFR
20.103 (b) (1)

max. indoor max. indoor
ann. average ann. average
(incl. back- (incl. back-
ground) of ground) of
0.015 WL for 0.02 WL, Fed.
spec, inac- Register v.44
tive U- No. 128, July
processing 2, 1979, p.
sites. Over 38665 (EPA)
0.15 WL requ.recommend, to
remed. action State of
(EPA) Federal Florida,

Register
v.45,
No. 79,
April 22,
1980 pp
27374-27375

regard.
Florida
phosphate
lands

Other occup. nil
same as U-
milling, ex-
cept weekly
average (OSHA)
29 CFR
1910.96 (c) (1)



COUNTRY
MINES URANIUM MILLING HOUSES PUBLIC

REGULATIONS RECOMMENDATIONS REGULATIONS RECOMMENDATIONS REGULATIONS RECOMMENDATIONS REGULATIONS RECOMMENDATIONS

COMMISSION OF
THE EUROPEAN
COMMUNITIES
(CEC)

Exposed workers

222Rn

220„ 216_Rn + Po

222,Rn-daughters

220,Rn-daughters

Limit of annual
exposure

(Bq h m~ )

Limit of annual
intake by inhalation

(Bq)

3 x 108

5 x 108

3.0 x 106 B Q h m'
0.017 Oh m"J

4.8 WLM

8

-3

3.6 x 10

6.0 x 1o'

3.6 x 106 (Bq)
0.02 J

.8

6.6 x 10 Bq h m 8.0 x 10 (Bq)
0.050 Jh m 0.06 J
14 WLM

Desired limit of the concen-
tration in the air for an

exposure of 2000 h/yr
(Bq/m )

1.5 x 10

2.5 x 105

1500 Bq BiTg
8.3 x 10~ J m
0.40 WL

"

330 Bq m'l
2.5 x 10 Jm
1.2 WL

Members of
the public

1/10

(Official J. of the Europ. Comm., No. L 265/80)

INTERNATIONAL
COMMISSION
ON RADIO-
LOGICAL
PROTECTION
(ICRP)

No regulations
Recommendations:
For Rn daughters

No regulations
Recommendations:
Same as recommendations

0.017 J-h/rf-yr (4.8 WLM/yr) for mines

220
For Rn daughters
0.050 J-h/rf-yr (14 WLM/yr)

-These are lower boundaries
of an unacceptable region
of occupational exposure
(ICRP-32)

a) Existing exposure
situations (action level):
equil. equiv. radon cone.
> 200 Bq/flf, depending on
the extent of remedial
actions necessary

b) Future exposure con-
ditions (upper bound):
equil. equiv. radon cone.
< 100 Bq/nf

(ICRP 39)

-4

No regulations
Recommendations:
For Rn 5.6x10'
(0.16 WLM/yr). For
daughters 1.6x10*"
(0.46 WLM/yr).

'3 J-h/»f-yr

-These lower boundaries of an un-
acceptable region of public
exposure are derived from ICRP 26,
32, 23»

•Derivations based on:
1) Public exposure limitation: 1/10 of occupational

exposure limitation (ICRP 26)



COUNTRY
MINES URANIUM MILLING

REGULATIONS RECOMMENDATIONS REGULATIONS RECOMMENDATIONS
HOUSES PUBLIC

REGULATIONS RECOMMENDATIONS REGULATIONS RECOMMENDATIONS

ICRP (cont'd) 2) Occupational exposure assumes: 2000 h/work-year;
1.2 mVh breathing rate (ICRP 32)

3) Public (individual) exposure assumes: 8742 h/yr;
0.83 nf/h breathing rate (ICRP 23)

Public Exposure Limitation = Occup. Exposure Limit.
x(1/10) x (2000/8747) x (1.2/0.83)

INTERNATIONAL
ATOMIC ENERGY
AGENCY (IAEA) But a Code of Practice was

stated under the column on
Mines

No Regulations: No regulations:

Code of Practice on
Radiation Protection of
Workers in the Mining
and Milling of Radio-
active Ores-IAEA Safety
Series No. 26, 1983
(joint IAEA, ILO,
WHO publications)

Recommendations

For Rn daughters: 0.02 J/y
corresponding to 0.017 J.h.nr3

No regulations:

Only general recommendations
contained in Section VII of the
IAEA Safety Series No. 9 on the
Basic Safety Standards for
Radiation Protection 1982
(joint IAEA, ILO, WHO and
OECD/NEA publication)

For Rn daughters: 0.06 J/y
corresponding to 0.05 J.h.m-3
(15 WLM/y)

-These are lower boundaries of the
forbidden region of occupational
exposure



b) Section of technical reports, manuals and handbooks giving advice on
measurement and monitoring of radon and its daughters

Leach, V.A. and Lokan, K.H., "Monitoring employee exposure to radon and
its daughters in uranium mines", Australian Rad. Lab; report ARL/TR 011,
June 1973.

Atomic Enerqy Control Board of Canada, "Guidelines for the measurement of air-
borne radon daughters in mines"; Regulatory Guide, Regulatory Document R/4, 1981.

Knight, G.B., Stocker, H. and Blackman, N.S., "Radiation standards in Canada";
Practical Reference, Atomic Energy Control Board, INFO-0101, 1983.

Bigu, J., Tremblay, R.J., Carson, D.W. and Townsend, M.G., "A technical
evaluation of several personal alpha-dosimeters in Canadian uranium mines";
Minerals Research Program, Mining Research Laboratories, Division Report MRP/MRL
82-76 (TR), 1982.

Chameaud, J., Perraud, R., Lafuma, J. and Masse, R., "Risques et nuisances
des mines d'uranium. Prevention médicale"; Proc. Conf. Rad. Protection in Mining
and Milling of Uranium and Thorium, Bordeaux (1974). Internat. Labour Office,
1975.

LeGac, J., Pineau, J.F. and Zettwoog, P., "Evolution du risque radon chez les
mineurs d'uranium. Comparaison expérimentale d'une methode de dosimétrie collec-
tive et d'une methode de dosimétrie individuelle"; Commissariat a 1'Energie
Atomique, Institut de Protection et de SOreté Nucléaire, Département de
Protection, rep. no. 206/SPT.

Miller, H.J., Martin, D.E. and Harmill, K.J., "Generic environmental impact
statement and proposed regulations on United States uranium milling industry",
US-Nuclear Regulatory Commission, 1980.

US-Nuclear Regulatory Commission, "Draft generic environmental impact statement
on uranium milling", Vol. 1,2; NUREG Rep. no. 0511, 1979.

Duport, P. , "L'aérage et les caractéristiques de 1'atmosphere d'une mine
d'uranium en laboratoire"; Rapport CEA, R, 4927, 1978.

Tymen, G., "Repartition granulométrique de 1'aérosol naturel et des particules
radioactives issues du radon en atmosphere maritime et urbaine peu polluée";
Rapport CEA, R, 4965, 1979.

Chapuis, A.M., "Presentation du principe du dosimètre alpha créé par Ie CEA
pour les descendants du radon"; Publication CEA, IPSN/DPr/STEP/SPT, no. 200,
1980.

Pineau, J.F., "Etat de la technologie du dosimètre alpha du CEA et de ses
périphériques"; Publication CEA, IPSN/DPr/STEP/SPT, no. 201, 1980.

Commissariat è 1'Energie Atomique, "Session d'étude sur la protection contre
les rayonnemens lors de 1'exploitation et du traitement des minerais d'uranium.
Vol. 1: Les effets des rayonnements"; Institut de Protection et de SOreté
Nucléaire, Département de Protection, 1981.
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Commissariat a 1'Energie Atomique, "Session d'étude sur la protection contre les
rayonnements lors de 1'exploitation et du traitement des minerais d'uranium.
Vol. 2: Radioprotection de l'environnement"; Institut de Protection et de Sureté
Nucléaire, Département de Protection, 1981.

Commissariat è 1'Energie Atomique, "Session d'étude sur la protection contre les
rayonnements lors de 1'exploitation et du traitement des minerais d'uranium.
Vol. 3: Surveillance des sites - Instrumentation"; Institut de Protection et de
Sureté Nucléaire, Département de Protection, 1981.

Commissariat è 1'Energie Atomique, "Séminaire sur la radioprotection dans les
mines d'uranium. Tome 1: La protection des travailleurs"; Institut de Protection
et de Süreté Nucléaire, Département de Protection, 1982.

Commissariat a 1'Energie Atomique, "Séminaire sur la radioprotection dans les
mines d'uranium. Tome II: impact radiologique sur 1'environnement"; Institut de
Protection et de Süreté Nucléaire, Département de Protection, 1982.

International Atomic Energy Agency, 1983, "Radiation protection of workers in the
mining and milling of radioactive ores"; IAEA Safety Series No. 26.

ICRP Publication No. 35 (Annals of the ICRP Vol. 9 No. 4), "General Principles
of Monitoring for Radiation Protection of Workers".

ICRP Publication No. 38 (Annals of the ICRP Vols. 11-13), "Radionuclide Trans-
formations: Energy and Intensity of Emissions".

ICRP Publication no. 24 (Annals of the ICRP Vol. 1 No. 1), "Radiation Protection
in Uranium and other Mines".

ICRP Publication No.32 (Annals of the ICRP Vol. 6 No.1), "Limits of Inhalation
of Radon Daughters by Workers".

Rock, L.R., Dalzell, R.W. and Harris, E.J., 1970, "Controlling employee exposure
to alpha radiation in underground uranium mines"; USOI, Bureau of Mines, Vol. I.
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