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Foreword

SO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The procedures used to develop this document and those intended for its further maintenance are
described in the ISO/IEC Directives, Part 1. In particular the different approval criteria needed for the
different types of ISO documents should be noted. This document was drafted in accordance with the
editorial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention is drawn to the possibility that some of the elements of this document may be the subject of
patent rights. ISO shall not be held responsible for identifying any or all such patent rights. Details of
any patent rights identified during the development of the document will be in the Introduction and/or
on the ISO list of patent declarations received (see www.iso.org/patents).

Any trade name used in this document is information given for the convenience of users and does not
constitute an endorsement.

For an explanation on the meaning of ISO specific terms and expressions related to conformity assessment,
as well as information about ISO’s adherence to the World Trade Organization (WTO) principles in the
Technical Barriers to Trade (TBT) see the following URL: www.iso.org/iso/foreword.html.

The committee responsible for this document is ISO/TC 85, Nuclear energy, nuclear technologies, and
radiological protection, Subcommittee SC 2, Radiological protection.
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Introduction

Sampling of airborne radionuclides and monitoring of activity concentration in workplaces are critically
important for maintaining worker safety at facilities where dispersible radioactive substances are used.
Specifically, air sampling and monitoring are critical for evaluation of containment integrity, evaluation
of effectiveness of contamination control programs and work practices, providing measurements for
qualitative dose assessment, providing a general assessment of the level of the airborne hazard in aroom,
and for providing workers an immediate warning when the activity concentration exceeds safe levels.

This document sets forth guidelines and performance criteria for sampling airborne radioactive
substances and monitoring activity concentration in the workplace of nuclear facilities. Emphasis is
on health protection for workers in indoor environments. This document provides best practices and
performance-based criteria for the use of sampling devices and systems, including delayed radioactivity
measurement samplers and continuous air monitors. Specifically, this document covers air sampling
program objectives, design of sampling and monitoring programs to meet program objectives, methods
for air sampling and monitoring in the workplace, and quality assurance to ensure system performance
toward protecting workers against unnecessary inhalation exposures. Taken together, these activities
constitute the sampling or surveillance program.

The primary purpose of the surveillance of airborne activity concentrations in the workplace is to
evaluate and mitigate inhalation hazards to workers in facilities where these may become airborne.
Results often provide the basis for development and evaluation of control procedures and may indicate
if engineering controls or operational changes are necessary.

The surveillance can consist of two general techniques. The first is retrospective sampling, in which
constituents of the air are sampled, the collection medium is removed and taken to a radiation detector
system and analysed for radioactive substances, and the activity concentration results made available
at a later time. In this context, the measured activity concentrations are evaluated retrospectively. The
second approach is real-time monitoring, in which activity concentrations are continuously monitored
so that workers can be warned that a significant release of airborne activity may have occurred. In
implementing an effective sampling program, it is important to achieve a proper balance between the
two general approaches of the program. The specific balance depends on the hazard level of the work
and the characteristics of each facility.

When designing a surveillance program, the optimization of worker protection minimizes internal
and external exposures while balancing social, technical, economic, practical, and public policy
considerations that are associated with the use of the radioactive substance.

A comprehensive surveillance program should also consider that the monitoring program is only one
element of a comprehensive radiation protection program. Therefore, individuals involved with the
monitoring program should interact with personnel working in the other elements of the radiation
protection program, such as contamination control and internal dosimetry.

Vi © IS0 2017 - All rights reserved
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Surveillance of the activity concentrations of airborne
radioactive substances in the workplace of nuclear
facilities

1 Scope

This document provides guidelines and performance criteria for sampling airborne radioactive
substances in the workplace. Emphasis is on health protection of workers in the indoor environment.

This document provides best practices and performance-based criteria for the use of air sampling
devices and systems, including retrospective samplers and continuous air monitors. Specifically, this
document covers air sampling program objectives, design of air sampling and monitoring programs
to meet program objectives, methods for air sampling and monitoring in the workplace, and quality
assurance to ensure system performance toward protecting workers against unnecessary inhalation
exposures.

The primary purpose of the surveillance of airborne activity concentrations in the workplace is to
evaluate and mitigate inhalation hazards to workers in facilities where these can become airborne. A
comprehensive surveillance program can be used to

— determine the effectiveness of administrative and engineering controls for confinement,
— measure activity concentrations of radioactive substances,

— alert workers to high activity concentrations in the air,

— aid in estimating worker intakes when bioassay methods are unavailable,

— determine signage or posting requirements for radiation protection, and

— determine appropriate protective equipment and measures.

Air sampling techniques consist of two general approaches. The firstapproach is retrospective sampling,
in which the air is sampled, the collection medium is removed and taken to a radiation detector system
and analysed for radioactive substance, and the concentration results made available at a later time.
In this context, the measured air concentrations are evaluated retrospectively. The second approach
is continuous real-time air monitoring so that workers can be warned that a significant release of
airborne radioactivity may have just occurred. In implementing an effective air sampling program, it is
important to achieve a balance between the two general approaches. The specific balance depends on
hazard level of the work and the characteristics of each facility.

A special component of the second approach which can apply, if properly implemented, is the preparation
of continuous air monitoring instrumentation and protocols. This enables radiation protection
monitoring of personnel that have been trained and fitted with personal protective equipment (PPE)
that permit pre-planned, defined, extended stay time in elevated concentrations of airborne radioactive
substances. Such approaches can occur either as part of a planned re-entry of a contaminated area
following an accidental loss of containment for accident assessment and recovery, or part of a project
which involves systematic or routine access to radioactive substances (e.g. preparing process material
containing easily aerosolized components), or handling objects such as poorly characterized waste
materials that may contain radioactive contaminants that could be aerosolized when handled during
repackaging. In this special case, the role of continuous air monitoring is to provide an alert to health
physics personnel that the air concentrations of concern have exceeded a threshold such that the
planned level of protection afforded by PPE has been or could be exceeded. This level would typically be
many 10’s or 100’s of times higher than the derived air concentration (DAC) established for unprotected
workers. The monitoring alarm or alert would therefore be designed not to be confused with the normal
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monitoring alarm, and the action taken in response would be similarly targeted at the specific site and
personnel involved.

The air sampling strategy should be designed to minimize internal exposures and balanced with social,
technical, economic, practical, and public policy considerations that are associated with the use of the
radioactive substance.

A comprehensive air sampling strategy should also consider that the air sampling program is only
one element of a broader radiation protection program. Therefore, individuals involved with the air
sampling program should interact with personnel working in other elements of the radiation protection
program, such as contamination control and internal dosimetry.

This document does not address outdoor air sampling, effluent monitoring, or radon measurements.

2 Normative references

The following documents are referred to in the text in such a way that some or all of their content
constitutes requirements of this document. For dated references, only the edition cited applies. For
undated references, the latest edition of the referenced document (including any amendments) applies.

ISO 11929, Determination of the characteristic limits (decision threshold, detection limit and limits of the
confidence interval) for measurements of ionizing radiation — Fundamentals and application

3 Terms and definitions
For the purposes of this document, the following terms and definitions apply.

ISO and IEC maintain terminological databases for use in standardization at the following addresses:

— IEC Electropedia: available at http://www.electropedia.org/

— ISO Online browsing platform: available at http://www.iso.org/obp

31
accuracy
closeness of agreement between a measured value and a true value

3.2

aerodynamic diameter

D,

diameter of a sphere with density 1 000 kg-m-3 that has the same sedimentation velocity in quiescent
air as the actual particle of arbitrary shape and density

3.3
aerosol
dispersion of solid or liquid particles in air or other gas

Note 1 to entry: An aerosol is not only the aerosol particles.

3.4

airborne radioactive substance

radioactive substance dispersed in the air in the form of dusts, fumes, particulates, mists, vapours,
or gases

3.5

air contamination area

area accessible to individuals where the measured activity concentrations of an airborne radioactive
substance exceeds or is likely to exceed the applicable national criteria

2 © IS0 2017 - All rights reserved
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3.6

air sampler

device designed to pass a known volume of air containing a radioactive substance through a filter or
other media and thereby trapping the airborne radioactive substance on the sampling media

3.7

annual limit on intake

ALI

derived limit for the amount of radioactive substance (in Bq) taken into the body of an adult worker by
inhalation or ingestion in a year

3.8

breathing zone

BZ

uniform description of the volume of air directly around the worker‘s upper body and head, which may
be drawn into the lungs during the course of breathing

Note 1 to entry: An air sample representative of the breathing zone is usually considered to be representative if
drawn from within about 30 cm of the worker’s head.

39

breathing zone sampler

BZA

air sampler located in the breathing zone

Note 1 to entry: Other common terms include “personal air sampler” (PAS), “personal air monitor” (PAM), “lapel
air samplers” or “fixed air sampler”.

Note 2 to entry: In the case of workers using PPE which includes full face (or even whole body suit) respirator
equipment and supplied air, as when preparing for entry into high levels of airborne radioactive substances,
special BZA or protective equipment samplers may be needed. Such BZAs are not always mandated then, but the
decision should be based on the contaminant levels and types of PPE involved and the potential for contamination
entering the suit or air immediately surrounding the suit just as PPE are being doffed.

3.10

continuous air monitor

CAM

instrument that continuously monitors the airborne activity concentration on a near real-time basis

3.11
continuous monitoring
active and continual monitoring of activity concentration in room air in near real time

Note 1 to entry: This approach uses continuous air monitors to assess activity concentration in air and can alarm
when predetermined levels are exceeded.

3.12

derived air concentration

DAC

concentration of a radionuclide in air that, if breathed over the period of a work year, would result in the
intake of one ALI for that radionuclide

Note 1 to entry: The DAC is calculated by dividing the ALI by the volume of air breathed by reference man under
light-activity work during a working year (in Bq-m-3).

Note 2 to entry: The parameter values recommended by the International Commission on Radiological Protection
for calculating the DAC are a breathing rate of 1,2 m3-h-1 and a working year of 2 000 h (i.e. 2 400 m3).

Note 3 to entry: The air concentration can be expressed in terms of a number of DAC. For example, if the DAC

for a given radionuclide in a particular form is 0,2 Bq-m-3 and the observed concentration is 1,0 Bq-m-3, then the
observed concentration can also be expressed as 5 DAC (i.e. 1,0 divided by 0,2)

© IS0 2017 - All rights reserved 3
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Note 4 to entry: The derived air concentration-hour (DAC-h) is an integrated exposure and is the product of the
concentration of a radioactive substance in air (expressed as a fraction or multiple of DAC for each radionuclide)
and the time of exposure to that radionuclide, in hours.

[SOURCE: References [5] and [10], modified]

3.13

detection limit

Lp

smallest true value of the measurand which ensures a specified probability of being detectable by the
measurement procedure

Note 1 to entry: For a given type-I error (or false alarm probability, i.e. typically 0,05), Lp is the lowest net count
(or rate) with the desired probability of detection, i.e. typically 0,95 (otherwise stated as a type-II error of 0,05 or
amissed detection probability of 5 %).

Note 2 to entry: The measurand is the quantity subject to measurement.

3.14
grab sample
air sample of a sufficient volume drawn over a relatively short duration

3.15
intake
activity of a radionuclide taken into the body in a given time period or as a result of a given event

[SOURCE: ISO 20553:2006, 3.10]

3.16

personal air monitor
personal air sampler
breathing zone sampler

3.17

personal protective equipment

PPE

equipment designed to limit worker exposure to contaminants in the air or that are easily resuspended
from contaminated surfaces

Note 1 to entry: Includes partial or full-face respirators, face masks, gloves, boots, whole body anti-contamination
coveralls, and self-contained breathing apparatus (SCBA), depending on conditions.

3.18

potential missed exposure

PME

time-integrated activity concentration or maximum activity concentration, as applicable, that can
acceptably be missed

Note 1 to entry: The detection limit of the method of measuring the activity concentration shall be less than or
equal to the selected PME, which is defined according to ALARA/ALARP principles, and below legal limits.

3.19

sampling

collection of a radioactive substance on media such as filters, absorbers or adsorbers that is analysed
for radioactive content after collection

3.20
standard reference conditions
conditions of temperature and pressure to which measurements are referred for standardization

Note 1 to entry: For this document, the standard reference conditions are 25 °C temperature and 101 325 Pa
pressure.
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Note 2 to entry: Used to convert air densities to a common basis. Other temperature and pressure conditions may
be used and should be applied consistently.

3.21
surveillance
air monitoring and sampling, and the evaluation of the activity concentration measurement

4 Symbols

A activity, in Bq

C activity concentration, defined as activity per volume, in Bq-m-3
D, aerodynamic aerosol particle diameter, in pum

E(t) committed effective dose, in Sv

einh dose coefficient for inhalation, in Sv-Bq-1 (committed effective dose per unit intake
such as those in Reference [9])

L annual dose limit, in Sv (an annual limit on the total effective dose equivalent to an
individual)

q flowrate, in m3-s-1 or m3-h-1

Q Dbreathing rate, in m3-s-1 or m3-h-1

RN net count rate from the assay system, in s-1
Tg annual exposure time, in s

Ts sampling time span, in s

ec  collection efficiency

e counting (measurement) efficiency of the assay system for a reference standard, in
Bq-l-s-l

es  efficiency modification factor for counting (measuring) an actual sample as opposed
to the reference standard (e.g. the dimensionless alpha self-absorption factor for
particulate alpha on glass fiber filters)

5 Developing the surveillance program
5.1 Reasons for conducting a surveillance programme

5.1.1 General

The specific techniques used in a sampling or surveillance program are based on the purpose(s) of the
sampling. Even if airborne concentrations are very low, sampling may be conducted routinely due to
the potential for high exposures and doses, should releases occur (e.g. in facilities with glove boxes).
Sampling in the workplace can be used to determine the following parameters:

— effectiveness of engineering and administrative controls for the confinement of radioactive
substances;

© IS0 2017 - All rights reserved 5
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— measurement of activity concentrations of airborne radioactive substances in the workplace for
assessment of inhalation risk;

— estimation of worker intakes when bioassay methods are deficient or unavailable;
— confirmation of appropriate air contamination area posting requirements;
— appropriateness of PPE;

— provision of early warning or detection of the release of radioactive substances in the workplace.

5.1.2 Sampling when respiratory protective equipment is used

A special component of the second approach which can apply, if properly implemented, is the preparation
of continuous air monitoring instrumentation and protocols which enable radiation protection
monitoring of personnel that have been trained and are using PPE that permit pre-planned, defined,
extended stay time in elevated concentrations of airborne radioactive substances. Such applications
can occur either as part of a planned re-entry of a contaminated area following an accidental loss of
containment for accident assessment and recovery, or part of a project which involves systematic or
routine access to radioactive substances (e.g. preparing process material containing easily aerosolized
components), or handling objects such as poorly characterized waste materials that may contain
radioactive contaminants that could be aerosolized when handled during repackaging. In this special
case, the role of continuous air monitoring is to provide an alert to health physics personnel that the
air concentration(s) of concern have exceeded a threshold such that the planned level of protection
afforded by PPE has been or could be exceeded. This level would typically be 10’s or 100’s of DAC. The
monitoring alarm or alert would therefore be designed not to be confused with the normal monitoring
alarm, and the action taken in response would be similarly targeted at the specific site and personnel
involved.

5.1.3 Sampling to establish air contamination areas

Air samplers located to sample general room air or at a specific work location can be used as an aid to
evaluate the need for posting the area as an airborne radioactivity area. Areas should not be posted
as airborne radioactivity areas on the basis of unlikely accidents; rather, airborne radioactivity areas
should be established based on the radioactivity levels normally encountered or on levels that can
reasonably be expected to occur when work is being performed.

5.1.4 Air sampling as a basis for determining worker intakes

Air sampling is a tool for internal dosimetry primarily to help identify when an intake may have
occurred, and is an indication of the magnitude of an intake. It is not usually the primary tool for
individual worker intake and dose assessment, but may be used as such by internal dosimetry programs
in the absence of appropriate bioassay data. Specifically, the estimation of internal dose shall be based
on bioassay data rather than air concentration values unless bioassay data are 1) unavailable, 2)
inadequate, or 3) internal dose estimates based on air concentration values are demonstrated to be as
or more accurate. Some regulatory bodies accept air sample results as being appropriate for assigning
intakes when circumstances indicate that this would be the most reliable option. There is nothing in
this document that is contrary to this practice, provided that use of air sampling, which is generally less
accurate for assigning intakes than bioassay, is justified.

5.1.5 Air monitoring for early warning of elevated air concentrations

Air monitors can provide early warning to workers regarding elevated radioactivity concentrations.
This real-time monitoring can be an effective method to reduce or eliminate exposures to the airborne
radioactive substance or gas.

6 © IS0 2017 - All rights reserved



IS0 16639:2017(E)

5.2 Graded approach to sampling

The extent and type of sampling should be based on estimates of worker intakes and on estimated
activity concentrations of airborne radioactive substances as illustrated in Table 1. Estimates of intakes
and concentrations may be based on historical sampling or bioassay data if these data are available.
If the data are not available, a survey program should be established based on likely radiological
conditions, probability of change in conditions, and area occupancy factors. Considerations for this
evaluation may include the following:

a) quantity of radioactive substance being handled;

b) ALI of the substance;

c) release fraction for the radioactive substance based on its physical form and use;
d) type of confinement for the substance;

e) other factors appropriate for the specific facility (such as national regulations or license
requirements).

The estimated prospective intake levels given in Table 1 are an illustration that may be used to guide
decisions regarding sampling resources used in different situations. Alternatively, a sampling resource
allocation scheme may be based on containment classes (see ISO 17873[1] and ISO 26802[3]) or according
to other local or national guidelines. The person in charge of the radiation safety program should use
all appropriate information, professional judgment, and historical experience to perform sampling
appropriate for the specific situation in keeping with the as low as reasonably achievable/practicable
(ALARA/ALARP) principle.

Table 1 — Example of sampling recommendations based on ALI and airborne concentrations
expressed as fractions of the ALI

Annual intake
as a fraction of Sampling recommendations
ALI

Sampling is generally not necessary. However, monthly or quarterly grab
<0,02 samples or some other measurement (e.g. surface contamination) may be
appropriate to confirm that airborne levels are indeed low.

Sampling is appropriate. Intermittent or grab samples are appropriate
near the lower end of the range depending on the nature of the work being
performed.

Continuous sampling is appropriate if activity concentrations are likely
>0,02 and <1,0 |to cause an exposure exceeding 12 DAC-h during a time period of a week
or longer.

A demonstration that the samples are representative of the breathing zone
air is appropriate if intakes of record are based on sampling.

Additional investigation by bioassay methods may be considered.

Perform continuous monitoring with alarm capability, as necessary, provid-
ed there is a reasonable potential for concentrations to cause an exposure
exceeding 40 DAC-h during a time period of a week or less.

Samples should be analysed before work resumes the next day, and results
should be available before the next shift ends. Credit may be taken for pro-
tection factors if respiratory protection is used.

© IS0 2017 - All rights reserved 7
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5.3 Frequency of sampling

5.3.1 General

The frequency of sample collection should be based on occupancy rates, hazard levels, purposes of
sampling (e.g. worker protection and/or verifying containment), and requirements for minimum levels
of detection. Grab samples may be used in non-routinely occupied work rooms. Often, continuous
monitoring is also conducted in routinely occupied areas where workers are likely to be exposed to
an activity concentration exceeding 1-DAC over a 40-hour work week or 5-DAC in an 8-hour work day
(both typically called 40 DAC-h). The selected sampling approach and frequency should be designed to
ensure detection limits, as related to radiation protection goals are met.

5.3.2 Grab vs. continuous sampling

Air sampling may be continuous during work hours or intermittent (e.g. grab samples taken during part
of the work). The distinction between grab and continuous air sampling is the duration of collection. The
resultant data are an estimate of concentration (DAC, and hence potential exposure rate) averaged over
that time. With continuous air monitoring, a real-time detection device or system is active during the
sampling process, and the resultant data has the form of the product of concentration in air (fraction of
DAC) and duration of sampling or potential exposure (number of DAC-h). In the latter case an estimate
of a person’s dose can be determined. On the other hand, when continuous sampling during the work
day is performed, a weekly sample exchange period is generally acceptable (except for shorter-lived
radionuclides or when airborne dust loading is high enough to cause rapid loss of sample volume).
Longer sample exchange periods (i.e. monthly or quarterly) may be appropriate if average airborne
radioactive substance concentrations and nuisance dust concentrations are both relatively low. They
may also be appropriate when transient elevated concentrations in excess of a significant fraction of a
DAC are not expected based on documented knowledge of the source strength and characteristics of the
work activity that could lead to loss of containment or airborne release. If large transients are possible,
an integrated sample and data averaging may disguise an otherwise unacceptable transient exposure
condition. Grab sampling would be appropriate when operations are conducted on an intermittent basis
and provided that prompt detection (and alarm) are not needed. When grab sampling is performed
for continuous processes, the samples should be collected during times that provide representative
measurements or during times of increased risk of airborne releases.

5.3.3 Continuous monitoring of activity concentrations

In situations in which there is a reasonable potential for unintended releases of significance, continuous
air monitoring shall be done. These requirements may be set by the relevant national bodies, typically,
40 DAC-h in a week would be an appropriate decision point for monitoring. Facility goals may be set
at lower target limit. Continuous monitoring should be evaluated and applied when work conditions
causing airborne radioactivity releases require the use of respiratory protection even though the
elevated airborne radioactive levels are not unintended releases.

Alarm set points for continuous air monitors shall be set as low as practical for the work being conducted
without causing excessive false alarms. The faster the CAM response time is, the higher the activity
concentration detection limit is, which also means a higher alarm set point. This relationship can result
in a better real-time follow up of contamination events especially in case of short time puff releases
and subsequently reduces the exposure time of workers. Thus a proper balance between response time
and detection limit should be considered in the radiation protection objectives when a CAM is used in
a worker protection role. The alarm set point of CAMs should meet radiation protection objectives, and
the set point should be justified and documented, see References [16] and [17].

If continuous air monitors are used, at a minimum, follow the manufacturer’s recommendation for
checking response and alarm function. Check sources should be used for maintenance/function
checks and during calibration to check that the monitor responds appropriately and causes an alarm.
Continuous check sources may also be used provided there is no interference with the radionuclide of
interest. If the response (e.g. count rate) is not within +20 % of the normal response, the monitor shall
be repaired or recalibrated.

8 © IS0 2017 - All rights reserved



IS0 16639:2017(E)

Table 1 shows under which conditions it is recommended to conduct continuous sample collection.
When continuous air monitors with automatic alarms are used, the alarm set points shall be set as low
as reasonably practical for the work being conducted without causing excessive false alarms.

5.3.4 Prompt analysis of certain samples

For situations with a known or suspected airborne release, retrospective samples can be analysed
promptly to help evaluate the impacts (levels and spread) of the released substance. Sample results should
be available quickly to help respond to the incident, provide qualitative estimates of dose to workers, or
provide assurance that work can be restarted, as appropriate. In evaluating the need for prompt analysis,
credit may be taken for respirator protection, if a respiratory protection program is in place.

5.4 Substitutes for air sampling

If experience indicates that worker intakes are generally low, it may be acceptable to substitute other
techniques in place of sampling. When implementing air sampling substitutes, the technical basis for
the substitution should be documented.

6 Location of samplers and monitors

6.1 General

Activity concentrations of airborne radioactive substances in a room can vary widely in space and
time. Properly placed samplers and continuous air monitors are critical for credible measurement
interpretation and adequate worker protection[14]. When selecting locations for workplace sampling
and monitoring equipment, consideration should be given to the locations of the release points and the
workers, the purpose of the sample (i.e. estimating worker intakes, warning of high concentrations,
testing for leakage, or defining air contamination areas), and the airflow patterns that affect the
temporal and spatial dispersion of the radioactive airborne substance in the workplace after the release.

6.2 Types of air flow studies

6.2.1 General

Systematic airflow studies may be used to determine the airflow patterns in a work area for normal
and unusual conditions. Airflow studies may be characterized as either qualitative or quantitative.
Qualitative airflow studies rely on visual observation of a tracer released from possible release
locations in the work area to observe general airflow patterns. Quantitative airflow studies provide
actual measurements of concentrations of released aerosol particles or gas tracer in a workplace. The
strategy used for determining the airflow patterns and sampler placement depends on factors, such
as the hazard level, number, location of likely release points, room and ventilation complexity, and the
purpose of the sample being collected. As a general guide, qualitative tests should be done for work
spaces that have a reasonable likelihood for an intake to exceed 2 % of the ALI in a year or the air
flow patterns are simple and well-understood. Quantitative tests should be done in work spaces where
there is reasonable likelihood for an intake to exceed 2 % of the ALI in a week. Placement of sampling
and monitoring equipment should be re-evaluated after changes to the ventilation system or after
equipment or structures have been added to the room that could influence airflow. Placement strategies
should be re-evaluated no less frequently than every three years.

6.2.2 Qualitative airflow studies

A qualitative airflow study is a common method for determining airflow patterns to help in the
placement of samplers. There are several relatively easy and economical methods for qualitative airflow
studies:

a) aerosol particle or gas tracers, e.g. smoke candles/tubes or smoke generators;
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b) helium-filled balloons that are neutrally-buoyant;
c) isostatic bubbles.
The most common method is a combination of smoke candles/tubes and smoke generators.

Movement and transit times of the smoke, balloons, or bubbles can be roughly estimated by visual
observation. The airflow patterns can be recorded on worksheet drawings with narrative descriptions
or by using photographs or video.

The uncertainty in evaluating airflow using qualitative techniques should be understood for each
application. For example, the use of smoke candles can introduce upward thermal currents near the
candle. This initial buoyancy could result in incorrect sampler placement. Also, helium-filled balloons
and isostatic bubbles respond to the sum of airflow vectors over the entire surface of the object. Thus,
the movement of balloons and bubbles can only provide qualitative information on aerosol particles/gas
dispersion. In reality, the dispersion of gases and aerosol particles are mainly governed by small-scale
turbulent eddy diffusion, Brownian diffusion, gravitational settling, electrical and thermal forces, and
forced advection. Therefore, uncertainty with qualitative techniques is likely to be larger than that
associated with quantitative airflow studies.

6.2.3 Quantitative airflow studies

Quantitative airflow tracer studies, which provide measurements of dispersion and transit times, are
useful for determining the representativeness of breathing zone samples. These methods are often
more expensive and time-consuming than qualitative methods, but they can more accurately determine
aerosol particles/gas dynamics in the workspace.

Non-radioactive tracer aerosol or gases are released, at known rates or concentrations, at points that
are representative of likely release points for radioactive substances and then the concentrations of the
tracer are measured at selected points in the work area. Comparisons can then be made between tracer
mass concentrations, either time-averaged or instantaneous, at the release locations and the various
sampling locations.

Finally, the conditions for the tracer releases should represent the expected type of release (energetic,
passive, transient, continuous, etc.) and location(s) of likely releases. Also, the tracer used should
exhibit similar fluid dynamic behaviour compared with the radioactive source substance (i.e. similar
aerodynamic equivalent diameters). The uncertainty of the airflow study results and its effect on
sampler placement should also be documented. As an aid to determining the uncertainty, releases
should be repeated at each test location and under varying ventilation conditions, if they can change
substantially.

Validated software for numerical airflow simulations may be used alternatively to, or in combination
with, the experimental studies outlined above.

6.3 Location of samplers for estimating committed effective dose

Fixed samplers can be used to collect representative samples of the air that workers inhale if they are
strategically placed in or near the breathing zone of the workers. The sampler should be as close as
possible to the worker’s head, ideally within 30 cm and still allow the worker to move safely around the
sampler. The sampler filter may be in a vertical plane to reduce collection of larger particles that might
settle onto the filters. Alternatively, if the purpose is to obtain a more conservative dose estimate, the
filter may be in the horizontal plane, facing upwards. Particle size selective samplers can be very useful
toward estimating the committed effective dose. For most radionuclides, dose determinations made
with bioassay techniques are often more accurate and should be used. When estimating the committed
effective dose based on samples, the uncertainty of the estimate should be documented. Uncertainties in
committed effective dose estimates can result from variations in spatial concentrations in the breathing
zone and in size distributions of inhaled particles. Each of these uncertainties can be corrected for, if
information about the airborne substance is known.
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In the case of air monitoring of workers using respiratory protection equipment in an environment
where DAC levels and contaminated dusts and gases are high enough to require full body PPE and face
mask (or SCBA gear), sampling the air breathed is typically infeasible. Continuously monitoring the
workplace air to enable assessment of the adequacy of the protection factor provided by the type and
level of PPE shall be done to assure adequate levels of protection during the job.

6.4 Location of samplers for evaluating effectiveness of containment

Sampler placement should assure sensitive measurement of the activity concentrations in the room
and should not interfere with the normal conduct of work. A sampler should be placed near likely
release points. As an example, fixed-location samplers can be placed on or near high-risk containment
equipment (e.g. hoods and glove boxes) and above the work space (e.g. above the height of the worker).
In all cases, it is important that the sampler be located such that the dilution of any released substance
is minimal at the sampler position. This provides for maximum detection of releases. Samplers should
be placed to avoid the influence of supply ventilation airflow into a room. A sampler placed in the
supply airflow is sampling constituents of air that represents the supply air instead of the ambient
workplace air. This could result in the underestimation of ambient workplace activity concentrations.
If the ventilation system is operated in the recirculation mode without filtration on the recirculated
air, sampling of constituents in the supply air may be warranted because the supply air now becomes
a likely airborne release point in the work area. Other factors for consideration when placing samplers
include the following:

— samplers are placed so that they are easily accessible for changing filters and servicing;

— high-volume samplers are positioned so that their exhaust is directed downstream from the sample
collector to avoid sampling their own exhaust air;

— ifasampleris operated on a horizontal surface, as a convenient means of support, the air discharged
from the sampler is not directed at the surface, where it could cause localized excessive air
concentration from re-suspended surface contamination;

— when sampling at an exhaust duct, the collected sample should represent the room air; to this
end, placement of the sampling inlet(s) inside the duct, collection efficiency of the entire collection
apparatus, and potential dilution of the radioactive substance between the release location and the
duct should be considered;

— for activities with a temporary airlock, the sampling and monitoring should be located both inside
and outside the airlock close to the airlock exhaust ventilation network and close to the entrance
and exit access locations.

6.5 Location of samplers for posting of air contamination areas

Sampling for the purpose of posting air contamination areas requires that the samplers shall be in an
area such that they reliably measure activity concentrations representative of the workplace regardless
of the release location. In work areas with a single release point, placing the sampler immediately
downwind from the release point provides the best indication of concentrations requiring radiological
area classification. Placement at an exhaust vent is also appropriate if dilution effects would still allow
detection of a release. Such a determination can be made with quantitative methods of analysing
airflow and gas/aerosol particles dispersion in the area.

For an area with many possible release points, several alternatives are possible. First, samplers can
be placed downwind of each release point. Second, a sampler can be placed at each room exhaust vent
when a quantitative evaluation shows that the dispersion dynamics between the sampler and the
exhaust vent(s) still allow sensitive detection of the release. Finally, mixing rates in some rooms are
sufficient to allow greater detection sensitivity by placing air samplers at locations other than exhaust
vent(s).
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6.6 Location of portable samplers

Portable samplers are generally used in facilities where the location of airborne radioactive substances
changes due to routine or special practices (e.g. maintenance), which often creates actual or likely air
contamination areas. Because these samplers can be easily moved, they should be located as close
as practical to the worker breathing zone. Knowledge of the airflow in the work area is useful in
determining where to locate portable samplers.

6.7 Location of CAM for continuous monitoring of the activity concentration

CAMs should be located to provide workers with sensitive and timely warning when an operation in a
space results in an activity release into the air in that space. The purpose of a CAM is to alarm when the
airborne activity concentration exceeds a prescribed set point. A method for optimizing the number
and placement of CAMs is presented in Reference [15].

7 Collection of samples

7.1 General

Proper techniques for collecting samples are necessary to ensure accurate results and meaningful
interpretation. The physical and chemical characteristics of the airborne radioactive substance
determine the method of sample collection, and the form of airborne radioactive substance can
be categorized as either aerosol particles, vapour or a gas. Sampling methods and strategies are
determined based on the purpose of the measurement.

A correction for radon and/or radon progeny interference may be necessary and shall in this case be
taken into account when analysing the count results and statistics, types of particle and gas samples.

7.2 Sampling of aerosol particles

Sampling of aerosol particles is typically done by drawing an aerosol through a filter with the particles
collecting on the filter. The collected particles are then analysed using nuclear counting techniques.

The sample should be representative with respect to the air and the aerosol particles of concern.
Sedimentation of aerosol particles between the volume of interest and the sampler should be taken into
account.

Selection of the filter type should consider the following:

— efficiency of collection on the filter;

— burial of particles and its effects on counting efficiency and spectral resolution;
— pressure drop across the filter.

If the efficiency of collection on the filter is less than 95 %, or the burial of particles results in a reduction
of the count rate by more than 5 %, corrections to the results of the concentration measurements are
required. An extensive list of filters is given in ISO 2889I41.

Using a sample transport tube (a tube to transport the sampled air from a location some distance
from the collection media) is permitted where justified (e.g. sampling aerosol particles from very high
radiation areas). Using a sampling nozzle can decrease penetration due to particle deposition in the
tube, where penetration is the percent of particles reaching the collection media to the total number
of particles entering the sampling tube. The design of the sampling tube should maximize penetration.
The penetration should exceed 50 % for polydisperse particles with a D; of 5 pm and a geometric
standard deviation of about 2,5 (Reference [8]). ISO 2889[4] provides information on estimating
penetration efficiency. In cases where additional data about the relevant size distribution (e.g. activity
size distribution) are available, the test aerosol particle size may be selected accordingly.
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Validated computer codes or validated hand calculations may be used to assist in the design of the
sampling line. The computations can be used to extrapolate measured penetration efficiency values
to other particle sizes, and can be used further in the cases of modification of flow rate or changes of
sampling line geometry.

If particle loss is greater than 10 % from the sample intake to the sample collector, then corrections to
the activity concentration measurements shall be made.

7.3 Gas Sampling

Sampling for radioactive gases can be performed using active or passive techniques. Active sample
collection involves drawing air through media into or through a suitable gas sample container which
may be equipped with a radiation detector. Passive sampling relies on the Brownian diffusion of the
gas to the collection sites. After sampling, the collection media can be directly analysed for the amount
of collected radioactive gas, or the gas can be desorbed (i.e. by heating) and collected for analysis.
Corrections to the measured concentration are required for collection efficiencies less than 95 %.

Activated charcoal is often used for sampling radioactive gases and has relatively high collection
efficiency for iodine, organic vapours and halogens. Collection efficiency on the charcoal is dependent
on contact time, temperature, humidity, charcoal particle size, gas concentrations, packing density
and the age of the charcoal. The optimal size of the charcoal for iodine ranges from 0,6 mm to 1,7 mm
(12 mesh to 30 mesh) and a size in this range should be used. Silver Zeolite can also be used for sampling
iodine and has the advantage of collecting iodine and excluding other halogens.

Some gases, iodine in particular, also collect on aerosol particles. The sampling of the particle fraction
can require techniques outlined in 7.2 on aerosol particle sampling. Combination samplers that collect
the particulate fraction on a filter first then collect the gas fraction using, for example, activated
charcoal should be used.

The decay products of radon gas, particularly those which are relatively long-lived, are particulates
and readily attach to ambient aerosols and are thus collected by air sampling (both retrospective
and continuous). In most or all designs of gas sampling with detection devices, correction for radon
and/or radon progeny interference is necessary. In the case of gas sampling for radon by sampling into
a collection chamber coated by a scintillator or by diffusion into an ion chamber, it is the decay of the
radon progeny which generates radiations that are detected, and shall therefore be taken into account
when analysing the count results and statistics.

Methods for sampling for tritium depend on the chemical form. The activity concentration of elemental
tritium (HT) can be measured using a flow-through ionization chamber or proportional counter, or
it can be sampled using a catalyst for oxidation to HTO and then captured in a bubbler or molecular
sieves. Oxidized tritium activity concentrations can be measured using an absorbent, adsorbent or a
flow-through ionization chamber. For accurate measurement of the activity concentration of tritium
when using a flow-through ionization chamber, the responses should be corrected for nearby gamma
sources and/or other interfering radionuclides.

IS0 288914] provides detailed information about the sampling of gaseous compounds of radionuclides.
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8 Evaluation of sampling results

8.1 Determining the average activity concentration

The average activity concentration C is determined by the following Formulae (1) and (2):

A
C=——7-—"— (1)
qS ’ TS ’ SC
where
C isthe average activity concentration, in Bq-m-3;
qs isthe average sample flow rate, in m3-s-1;
gc is the collection efficiency;
Ts is the sampling time span, in s;
A is the activity on (or within) the filter media at the time the sample was taken, given by:
R
A—__N (2)
€. &g
where

Ry is the net count rate from the assay system, in s-1;
er isthe counting efficiency of the assay system for a reference standard, in Bq-1-s-1;

gs is the efficiency modification factor (a dimensionless factor) for counting an actual sample
as opposed to the reference standard (e.g. the alpha self-absorption factor for alpha-emitting
particulate on glass fiber filters).

NOTE1 Any temporal variations in the concentration are not known; only the average concentration is
determined.

NOTE 2  Continuous air monitoring requires a more complex calculation of detection limit, minimum detectable
activity, and minimum detectable concentration due to the nature of real-time data collection and analysis in
which concentrations of both target radionuclides (net activity) and background interference activity can change
over the course of continuous monitoring operation. This typically involves maintaining a record of the previous
time-step counts of net activity and background and utilizing these along with current data to determine the rate
at which activity is being added, and from that, the present concentration. Reference to manufacturer manuals
and firmware documentation is mandatory to understand the nature of and limitations of the reported results.

The connection of the average activity concentration and the term “DAC-h”, sometimes used in radiation
protection, is given in Annex C.

8.2 Uncertainty

The uncertainty of measurements for an air sampling program shall be calculated according to
[SO 119209.

NOTE Example of calculations are given in Annex A.
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8.3 Techniques for correcting for radon progeny interference

Short-lived progeny of 222Rn and 220Rn interfere with the detection of alpha and beta emitters of
interest in occupational air samples. This interference shall be corrected.

NOTE Examples of methods to correct for this interference are presented in Annex B.

8.4 Evaluating changes in activity concentration over time

As was mentioned previously, temporal variations in the activity concentration during the sampling
are not determined and are beyond the scope of Clause 8. It is only the average concentration that
is determined here. This does, however, highlight one of the advantages of the time integrated
concentration, whose value is relatively independent of the temporal variations in the concentration.
However, there may be a need to evaluate for changes in activity concentration to ensure engineering
and administrative controls continue to function at a high level with no appreciable degradation.

8.5 Review of sampling results
The type of review to be conducted depends on the purpose of the air sampling.

A short-term review is used for the purposes of determining the need for respiratory protection,
assessing hazards for temporary work or conditions, or for determining the radiological posting
(signalization) at the entrance to a workplace. In these cases, the measured activity concentration is
compared to the various trigger or investigation levels established for those purposes.

A long-term review is used for the purposes of monitoring the effectiveness of containment, assessing
the hazards of new facilities or operations, or influencing the bioassay program as an integral component
of the internal dosimetry program. This may involve a review of sampling data collected over a time
period of a calendar quarter or longer. The reasons for this review are varied and numerous, but include
effective communication to the management and occupants of the workplace so that informed decisions
for better containment, procedures, or training may be made. Additionally, the long-term results may
be compared to bioassay program trigger levels to aid in the interpretation of positive bioassay data.

The results may be expressed as activity concentration (e.g. Bq-m-3), fraction of a derived concentration
(e.g. DAC) or a dose-based-related quantity (e.g. number of DAC-h). Additionally, a graphical presentation
is recommended. Factors to consider in the interpretation of the sampling data may include:

— presentation of the activity of each sample within aroom or the summed activity of all of the samples
within that room;

— presence of long-lived 222Rn decay products, especially the activity concentration of the alpha
emitting 210Po, which is typically 30 pBg-m-3 to 300 uBq-m-3 [12];

— the possible non-conservative nature of workplace air sampling (e.g. accounting for concentration
differences in sampled volume relative to breathing-zone concentrations);

— occupancy factors;
— appropriate isotope identification, particle size correction, pulmonary retention (i.e. solubility).

The correctly interpreted sample activities may then be summed over an appropriate time period and
be directly compared to the ALI and/or bioassay data. The results may also trigger bioassay program
participation or a request for special bioassay samples, or aid in the interpretation of positive bioassay
data. Trends can also be identified. Increases in the sample activities should lead to decisions for
better containment, procedures, etc. and reductions of activity concentrations in air demonstrate the
effectiveness of previous changes.
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9 Evaluating the effectiveness of the sampling program

9.1 General

The sampling program should be reviewed on a periodic basis to confirm whether the measurements
and techniques are accurate, reliable, and have adequate sensitivity to meet the goals of the sampling
program. The following should be considered:

— the accuracy of sample collection techniques, sampler placement, airflow, counting systems, etc.
should be periodically reviewed for adequacy;

— the sampling techniques for the radionuclides and environmental conditions should be appropriate;

— the number of sampling locations and associated airflow should be adequate for representative
sampling;

— the counting systems should be relevant and properly calibrated;
— the procedures and training programs should be adequate;

— interferences such as dust burial, radon progeny, humidity, etc. should be accounted for in sample
analysis;

— the number, location, type, and operation of the sampling equipment should be appropriate.
All areas should be continually re-evaluated as operations change with time.

The reliability of pumps, sampling lines, sampling heads, counting systems, and any other related
equipment should also be reviewed for adequacy. The equipment should be periodically inspected for
leaks, alterations in sampling efficiency, changes in uniformity of sample collection on the collection
substrate, or any other condition that might cause errors. Instruments used in nuclear counting should
be part of an instrument maintenance and calibration program.

The sensitivity of the measurements should also be periodically reviewed for adequacy. This is
addressed in detail in 9.2.

The monitoring program review should also include selected trending and comparison of the results
of data from fixed samplers, continuous air monitors, personal samplers, grab samplers, surface
contamination data, and bioassay results, if available, to evaluate the effectiveness of the monitoring
program. The radiation protection staff should carefully select the sampler types and locations for
these comparisons to support a meaningful evaluation of the monitoring program. Investigation action
levels should be developed where appropriate for use in responding to anomalies in the sampling data.
Whenever possible, the review should be combined with reviews of other aspects of the radiation
protection program to provide an integrated assessment of the role and adequacy of monitoring in
the program. A technical basis document for the sampling program shall be developed to provide a
description and framework for the evaluation, and maintenance of the program.

9.2 Dose-based assessment of the adequacy of the sampling program

The sensitivity of the monitoring approaches should be evaluated to ensure that the program is sufficient
to meet the sampling goals (e.g. maintaining worker exposures below an ALARA/ALARP goal). The
minimum detection capability for the sampling program is intimately coupled with both the purposes of
sampling and the potential missed exposure to airborne contaminants. The potential missed exposure
(PME) is introduced here as a time-integrated concentration or maximum concentration, as applicable,
that may be acceptable to miss (i.e. not be detected at the 95 % confidence level). The PME is related
to regulated dose limits (e.g. 20 mSv per year), but usually lower PME values may be selected based
on ALARA/ALARP considerations, local regulations and license conditions. Example recommended
minimum detection capabilities that account for the frequency of sample collection for some various
purposes of sampling are given as a fraction of the PME in Table 2. Note that the PME value may be
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defined differently for each sampling purpose. It does not apply to an individual, but to the sampling
program, equipment and measurement system. Examples of the application of PME are given in Annex D.

Table 2 — Example of minimum detection capability for various purposes of sampling

Recommended
. typical
Typical duration of Typical minimum
Purpose Task - number of .
sampling program detection
samples -
capability
(per sample)
Evaluating the . . .
effectiveness of Confirm th-e Integri- . Annpal 50 0,02 PME
: ty of containment (i.e. continuous)
containment
Assess hazards for Eos:ldrgzsigs: gg'(cje/r:)?al
temporary work or <hour to days 1 1 PME
o actual exposure
conditions .
incurred
Confirm the adequacy of |Estimate the con- <hour to davs 1 1 PME
respiratory protection centration y
Alarm as soon as <hour to annual
Continuous monitoring |possible following (i.e. continuous) 1 1 PME
actual releases e

10 Quality assurance and quality control

10.1 General

The quality of workplace sampling and monitoring measurements should be assessed in all phases of
the program including:

a) sample identification, handling and storage;
b) the function of sampling and monitoring equipment;
c) theaccuracy and reliability of counting room equipment;

d) record keeping.

10.2 Sample identification, handling, and storage

All samples collected should be uniquely identified to ensure that a sample from one location cannot be
confused with samples taken at another location. Sample designators should be placed on all collection
envelopes or containers to reduce the possibility of mislabelling a sample. Information included with
the sample as a minimum is the sample date, time period when the sample was collected, the sample
volume, sample location, and the equipment utilized to obtain the sample.

Samples should be handled carefully to prevent cross-contamination and should be placed in
appropriately labelled containers to reduce the likelihood of loss. Arrangements should be made for
sample storage prior to counting and between counts, if multiple counts are required.

10.3 Sampling and monitoring equipment

10.3.1 General

The accuracy of the sampling measurements and the calibration of the measuring instrumentation shall
be suitable to ensure accurate and reliable measurement of the radioactive substance. This subclause
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describes the minimum requirements necessary to ensure accurate measurements of the radioactive
substance in air.

10.3.2 Performance of measuring instruments

10.3.2.1 Calibration

Measuring instruments should be calibrated periodically, and traceable to national or international
standards. Target values for function checks should be defined at the time of calibration and used with
a frequency adequate for the equipment. For the example of a CAM detector function check, the target
value would be the count rate resulting from the test source. In the case where radon progeny are a
principal cause of interference and source of false alarms, it may be difficult to rely simply on a plated
check source, in which case a more extensive calibration and performance check procedure may be
required.

Airflow meters, differential pressure indicators, and other devices used to determine volumetric flow
rates of samplers and monitors should be calibrated, e.g. to within 10 % of the true reading.

10.3.2.2 Function checks

Measurement instruments should have appropriate function checks at a predetermined frequency.

10.3.2.3 Operability check

The operability of continuous monitoring equipment should be verified periodically. On a daily basis,
operability checks should include the appropriate airflow indication, presence of a typical non-zero
response to background radiation, and the appropriate response to check sources. Electronic or manual
means can be used for the operability checks.

10.3.2.4 Performance of sampling flow rate measurements

All samplers to be used for quantitative measurements should have means to determine the sample
volume. This recommendation applies to fixed location air samplers, portable samplers, and lapel
samplers.

10.3.3 Air in-leakage testing

Aleak in the sampling system or around the sample collector can cause the indicated sample flow rate
to be in error, leading to improper functioning of the sample collector. A sampling system should be
inspected for leaks at the time of installation and at any time when either significant maintenance is
performed or during an inspection. The inspection or test methodology should be practical for the
installation and documented.

Leakage under flowing conditions should not exceed 5 % of the nominal sampling flow rate. Bypass
around a sample collector should be less than 5 %.

10.4 Documentation and record keeping

Records of the results of the surveillance for activity concentration of an airborne radioactive substance
shall be maintained. Records should include the following common elements:

a) purpose of the activity concentration measurement;

b) results for activity concentration measurements with associated uncertainty as appropriate for
the measurement purpose;

c¢) documentation of all parameters used in the calculation of activity concentrations and the
associated uncertainty, including flow rate, sampler collection efficiency, filter collection efficiency,
self-absorption, sampling period, and detector counting efficiency;
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location of the sample being taken, including the identification of individuals monitored using lapel
air samples;

the model and serial number of the laboratory counting equipment and sampling equipment used;

records of all calibration, maintenance, repair, and modification data for each instrument. Each
record shall be dated and shall identify the individual performing the work. Each record shall be
filed with previous records on the same instrument and shall be readily retrievable;

a full history and calibration data, including certificates, for all standards and applicable calibration
equipment;

a documented analysis of calibration uncertainty;
all procedures used for providing calibration services;

instruments used to measure activity for quantification of activity concentrations can be labelled
with the following information:

— date of most recent calibration;

— initials or other specific identifying mark of the calibrator;
— date when calibration is due;

— special-use or limited calibration label (if applicable);

— serial number of instrument or other unique identification number used by the facility to
identify a specific instrument;

routine quality control records;
the results of all performance testing;

records detailing the training of all staff and supervisory personnel associated with operations
within the sampling program;

documentation of the minimum detectable activities and concentrations in the context of the goals
of the radiation protection program;

performance of CAMs in fluctuating backgrounds and the false alarm rates should be recorded and
evaluated.

© IS0 2017 - All rights reserved 19



IS0 16639:2017(E)

Annex A
(informative)

Examples for the determination of uncertainty, decision threshold
and detection limit according to ISO 11929

A.1 General

This annex demonstrates the application of ISO 11929 to a direct measurement of an airborne
radionuclide and sampling of radioactive aerosol particles on a filter with online or delayed counting.

The first step in determining uncertainty, decision threshold and detection limit according to ISO 11929
is the construction of an analytical model of the measurand Y as a function G of its input quantities X, as

given in Formula (A.1):
Y=G(X{,.., X)) (A1)

The uncertainty u(y) of a primary measurement result y in dependence on the estimates x; of the input
quantities X; and their respective uncertainties u(x;) can be calculated according to Formula (A.2):

m (a6

u® (y): Do | v (Xi) (A.2)

=\ 0X.
i=1 1

X1 is assigned a special part in the calculation of the decision threshold and detection limit. To fulfil this

part, X1 has to meet additional requirements

— Xj is taken as that quantity whose value, x3, is not given when a true value, J, of the measurand, Y, is
specified, and

— u(x1) is given as a function h1(x1) of x1.

In most cases, the uncertainty ii(j) of the true value j can be explicitly specified, provided that u(x1)
is given as a function h1(x1) of x1. In such cases, y shall be formally replaced by y and Formula (A.1),
formulated for the estimates x; of the input quantities X; shall be solved for x1. With a specified y, the
value x1 can be calculated, which results in x1 as a function of j and x3,..., xm. This function shall replace
x1 in Formula (A.2) and in u(x1) = h1(x1), which finally yields () instead of u(y).

The decision threshold, y* is calculated using the 1-a quantile of the standardized normal distribution

k1-q as, given in Formula (A.3):

y*=ky_oi(0) (A.3)

The detection limit, y#, can be derived from the decision threshold utilizing the 1-8 quantile of the
standardized normal distribution k1-g, as given in Formula (A.4):

yri=yteky ﬁ(y#) (A4)

Formula (A.4) is then solved for the unknown detection limit, y#.
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A.2 Direct measurement of airborne activity

A.2.1 Model
The air under consideration is measured directly with a detector placed in a defined volume.

The air is sampled with a flow rate q through a sampling line and reaches the measuring volume V after
a time ¢t1. The activity concentration C of the radionuclide with decay constant A in I/ is measured by
counting ng pulses in the counting time t; with a detector of efficiency n and background count rate ro.

The differential equation for the number of atoms N of the radionuclide in the measuring volume can
thus be formulated in dependence of the radionuclide activity concentration Cp at the sampling point, as

given in Formula (A.5):

ON (t) Cy e M q
o

N(t)q

~ AN (t)- (A.5)
where the first term on the right side describes the incoming air, the second term the radioactive decay

in the measuring volume and the right term the removal of air from the measuring volume. The solution
of the differential equation is, as given in Formula (A.6):

Ve —(/l V+q)t
Nty = — 0T T (A.6)
A (/l v+ q)

The measuring signal is obtained by counting the decaying atoms in the time interval t; yielding, as

given in Formula (A.7):

tz(/lV+q)
CoanV (/'LV+q)t2—V 1-e V
t
ngzz[(nlN(t)+r0)dt= eltl (AVJrq)Z +ryt, (A.7)

Thus, Cy can be determined as, as given in Formula (A.8):

e (}LV +q)2 (ng -1, tz)
tz(/lV+q)

qnVv (,W+q)t2—v l1-e V

)= (A.8)

A.2.2 Determination of uncertainty

The uncertainty is calculated in the following Formula (A.9), giving the uncertainty u(Cp) of Cp as
function of its input quantities:

)
ac. Y oc Y oc Y
+( 8]/? j u’ (V) +( 6q0 j u’ (q) +( 8r00 ] u’ (ro) (A9)
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A.2.3 Determination of decision threshold and detection limit

The number of gross counts ng is the only input quantity in the model which is unknown for a given
value of Cp and is accordingly designated as x1. Assuming a Poisson distribution of the counts, the
uncertainty function h(ng) is given by the square root of ng. The functional relation of ng with Cp is
already defined in Formula (A.7), enabling the calculation of decision threshold and detection limit
according to Formulae (A.3) and (A.4).

A.2.4 Numerical example

Table A.1 gives numerical values for the calculations according to Formulae (A.3) to (A.9).

Table A.1 — Numerical values for input parameters and resulting uncertainty, decision
threshold and detection limit

Quantity Value uﬁztei:ltl:it:g, a Unit
t1 190 60 S
t2 600 0,1 S
q 2,2E-3 2E-4 m3-s-1
%4 6,3E-2 1E-3 m3
n 2,6E-4 2E-5 s~1.Bq-1
ro 7,8E-3 4E-4 s1
A 1,1E-4 1E-6 s-1
ng 80 9
Co 8234 1174 Bq'm-3
decision thresholdb,
C; 392 Bq:m-3
detection limitb,
Cg 1099 Bq:m-3
a  Standard deviation of a normal distribution.
b [fthe probability « of the error of the first kind and the probability 8 of the error of the second kind are both considered
equal to 5 % then ky-4, k1-p=1,645.
If the probability 1-y for the confidence interval is considered equal to 0,95 then y = 0,05 and k1-y/2 = 1,96.

A.3 Measuring activity on a filter during sampling

A.3.1 Model

This example considers the measurement of activity on a filter while it is being collected on that filter.

The air is sampled with a flow rate q through a sampling line and reaches the filter after a time ¢1. The
activity concentration C of the radionuclide with decay constant A is measured by counting ng pulses of
the activity deposited on the filter in the counting time ¢ with a detector of efficiency n and background
count rate rg.
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The differential equation for the number of atoms N of the radionuclide on the filter can thus be
formulated in dependence of the radionuclide activity concentration Cyp at the sampling point, as given
in Formula (A.10):

ity
al\;gt) _ e - L) N (t) (A.10)

where the first term on the right side describes the deposition on the filter and the second term the
radioactive decay of the activity on the filter. Assuming Ng atoms of the radionuclide already on the
filter at the start of sampling, the solution of the differential equation is, as given in Formula (A.11):
-Aty
-2 -1
N(t)z—[1—e tj+N0e ‘ (A11)

The measuring signal is obtained by counting the decaying atoms in the time interval t; yielding, as

given in Formula (A.12):

2 At nCye " 'q At
— — _e 72 2
ng_j(nmv(t)+r0)dt_n1v0(1 e j+ = (u2+e 1J+r0t2 (A.12)
0

Thus, Cp can be determined as given in Formula (A.13)

2 At -t
A% e 1[ng—nN0(1—e Zj—rotzj
0:
—At,
qn(lt2+e —1)

A.3.2 Determination of uncertainty

C

(A.13)

The uncertainty is calculated in the following Formula (A.14), giving the uncertainty u(Co) of Cg as
function of its input quantities:

{g}izjuzwo){

c Y oc Y
- j u’(q) +( - j u’ (1) (A.14)
A.3.3 Determination of decision threshold and detection limit

0
oq or,

0

The number of gross counts ng is the only input quantity in the model which is unknown for a given
value of Cp and is accordingly designated as x1. Assuming a Poisson distribution of the counts, the
uncertainty function h(ng) is given by the square root of ng. The functional relation of ng with Cp is
already defined in Formula (A.12), enabling the calculation of decision threshold and detection limit
according to Formulae (A.3) and (A.4).

A.3.4 Numerical example

Table A.2 gives numerical values for the calculations according to Formulae (A.3), (A.4), (A.13) and (A.14).
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Table A.2 — Numerical values for input parameters and resulting uncertainty, decision
threshold and detection limit

Quantity Value Estimated uncertainty? Unit
t1 100 10 S
t2 600 0,1 S
q 3,3E-4 3E-5 m3.s-1
No 0 5E4
n 1,3E-2 1E-3 s-1.Bg-1
ro 0,05 1E-3 s-1
A 1,0E-6 1E-9 s
ng 30 5
Co 0 7 Bq:m-3
decision thresholdb,
C; 12 Bq:m-3
detection limitb,
Cg 28 Bgq:m-3
a  Standard deviation of a normal distribution.
b Ifthe probability a of the error of the first kind and the probability 8 of the error of the second kind are both considered
equal to 5 % then ky-¢, k1-p=1,645.
If the probability 1-y for the confidence interval is considered equal to 0,95 then y = 0,05 and k1-y/2 = 1,96.

A.4 Measuring activity on a filter after sampling

A.4.1 Model

This example considers the measurement of activity on a filter after it has been removed from the
sampling system.

The air is sampled with a flow rate q through a sampling line and reaches the filter after a time ¢1. The
activity concentration C of the radionuclide with decay constant A is sampled at the filter location in
the time interval ¢, then the filter is removed. The activity on the filter is measured after a delay t3 by
counting ng pulses in the time interval t4 - t3 with a detector of efficiency n and background count rate ro.
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The differential equation for the number of atoms N of the radionuclide on the filter during sampling
is identical to Formula (A.10) and can be formulated in dependence of the radionuclide activity
concentration Cp at the sampling point, as given in Formula (A.15):

ity
al\;gt) _ % e/l L) N (t) (A.15)

where the first term on the right side describes the deposition on the filter and the second term the
radioactive decay of the activity on the filter. Assuming an activity free filter at the start of sampling,
the solution of the differential equation is, as given in Formula (A.16):

-ty
Co qe At
N(t)=—|1-¢ (A.16)
/12
At the end of sampling, N(t2) atoms of the radionuclide are present on the filter. The activity decreases
hereafter by radioactive decay. As a new differential equation governs the process, a different clock is
started at tp. The measuring signal is obtained by counting the decaying atoms in the time interval [t3,

t4] yielding, as given in Formula (A.17):

t t -t
n :f(n/lN(t)+r0)dt:f nlm(l—emzje“+ro dt

9 2
A
&3 t3 (A17)
-1t
ncCyqe ! 2ty \[ -At “At
— 3 4
_T(l—e (e —-e j+r0(t4—t3)
Thus, Cp can be determined as, as given in Formula (A.18):
At
22 e 1 (n —ry(t, -t )
0\"4 3
C. = 9 ( ) (A.18)

0
qn(l _e—/ltz j(e—l% _e—u4j

A.4.2 Determination of uncertainty

The uncertainty is calculated in the following Formula (A.19), giving the uncertainty u(Co) of Cp as
function of its input quantities:

S o R o RO R R R

(L)oo (L] v (@{‘?I v (1) (419)

on r
A.4.3 Determination of decision threshold and detection limit

0

The number of gross counts ng is the only input quantity in the model which is unknown for a given
value of Cp and is accordingly designated as x1. Assuming a Poisson distribution of the counts, the
uncertainty function h(ng) is given by the square root of ng. The functional relation of ng with Cp is
already defined in Formula (A.17), enabling the calculation of decision threshold and detection limit
according to Formulae (A.3) and (A.4).

A.4.4 Numerical example

Table A.3 gives numerical values for the calculations according to Formulae (A.3), (A.4), (A.18) and (A.19).
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Table A.3 — Numerical values for input parameters and resulting uncertainty, decision
threshold and detection limit

Quantity Value Estimated uncertainty? Unit
t1 10 1 s
t2 604 800 0,5 s
t3 17 526 20 S
ty 24726 20 S
q 3,3E-4 3E-5 m3.s-1
n 1,8E-2 1E-3 s1.Bq-1
ro 7,8E-3 S5E-4 s-1
A 1,4E-7 1E-10 s71
ng 2223 47
Co 87 9 mBg-m-3
decision thresholdb,
C; 0,6 mBg-m-3
detection limitb,
Cg 1,2 mBg-m-3

a  Standard deviation of a normal distribution.

b Ifthe probability a of the error of the first kind and the probability 8 of the error of the second kind are both considered
equal to 5 % then ki-q, k1-p = 1,645.

If the probability 1-y for the confidence interval is considered equal to 0,95 then y = 0,05 and k1-y/2 = 1,96.
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Annex B
(informative)

Correcting for the interference of radon progeny

B.1 General

Most radon progeny, being gamma emitters, can interfere with the counting of gamma emitters in air
samples and continuous air monitoring instruments. In the case of particulate filter air sampling, the
build-up of short-lived radon progeny towards transient equilibrium presents a particular challenge. A
number of sample analysis techniques are available for gross determination of beta-gamma emitters
collected during air monitoring. These include ion chamber, liquid scintillator counting, beta scintillator
(plastic scintillator), solid state (thick depletion ion-implant silicon for beta detection), and various
gamma scintillator detector types for gamma spectroscopy [Nal(Tl), CsI(Tl), and other variants],
HPGe (cooled) and similar high-resolution diode detectors, and some less commonly used solid state
scintillator detectors. Many strategies for handling samples before counting applicable for gross-alpha
measurements are also relevant for gross-beta and gross-gamma counting. However, spectroscopic
techniques allow for much more targeted detection and counting and hence more effective elimination
or correction for radon progeny interference.

B.2 Filter sampling

The radon progeny interference builds up to equilibrium activities on the filter media in about four
hours for the 222Rn progeny and in about four days for the 220Rn progeny. For the most accurate gross
analysis of long-lived activity on the filter media post-sampling, it also requires about a four-hour wait
for the decay of the 222Rn progeny and about a four-day wait for the decay of the 220Rn progeny prior to
counting.

It should be noted that if sampling times are quite short with respect to the time frame of a day, then
negligible quantities of 220Rn progeny are present from typical environmental air concentrations and
only the four-hour wait should be sufficient.

If one is in need of “early” results, then several “prompt” techniques are possible. A spectroscopy-
based technique involves the use of filter media that predominately collects the radon progeny on
the filter surface providing reasonably good resolution in the alpha-energy spectrum. After a wait of
about 10 min for the decay of 218Po, which peak is seen at 6,0 MeV, measurement by alpha spectrometry
is performed to discriminate against the alpha radiation of 214Po, which peak is seen at 7,7 MeV. 214Po is
fed from the remaining beta-emitting radionuclides 214Pb and 214Bi.

For relatively accurate gross alpha results within a 24-hour period, it is recommended to use a two
count method, one after the 222Rn progeny have decayed to negligible levels (>4 h) and another about
18 h later to allow correction for the contribution of the longer lived 220Rn progeny 212Pb (10,64 hour
half-life). The 212Pb is in secular equilibrium with its alpha emitting daughters 212Bi and 21ZPo.
Formula (B.1) is used for this method.
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A (B.1)

Ac is the corrected gross alpha activity, in Bq;
A1 isthe gross alpha activity at time ¢1, in Bg;
Ay isthe gross alpha activity at time ¢, in Bq;
A is the radioactive transition constant for 212Pb, in s-1;

At is the time difference t; - t1.

B.3 Continuous air monitoring

The correction for 222Rn and 220Rn progeny during continuous air monitoring is necessary to achieve
adequate sensitivity for some radionuclides. In particular, for longer-lived alpha-emitting transuranics,
such as 238Puy, 239Py, 240Pu and 241Am, the effective dose per unit intake by inhalation is very large.

For both kinds of radon progeny, the alpha particles are emitted with energies higher than the energies
of the alpha particles emitted by the transuranics or for U and Th. Most commercial CAMs are capable of
alpha spectrometry using silicon detectors. Such detectors provide enough spectroscopic information
to permit excellent background compensation for alpha emitters by predicting the background
contributions in the energy regions of interest (ROIs) of U, Th, and the transuranics. The 222Rn
progeny that contribute to background are 218Po and 214Po, while the 220Rn progeny that contribute to
background are 212Bi and 212Po.

Using the measured alpha spectra, modern CAMs can also compensate for beta background to a large
extent, while still maintaining good performance capability.

A review of background compensation methods is provided by Reference [13].
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Annex C
(informative)

Normalized concentration and exposure

In some countries, concentration measurements are normalized using the term derived air concentration
(DAC). DAC is defined as the derived limit on the activity concentration in air of a specified radionuclide,
calculated such that reference individual, breathing air with constant contamination at the DAC while
performing light physical activity for a working year, would receive an intake corresponding to the
annual limit on intake for the radionuclide in question.

ICRP and IAEA publish dose coefficients for inhalation, such as those in References [6] or [9]. These
dose coefficients, ejpp, in Sv-Bq1, give committed effective dose per unit intake of each radionuclide in
each chemical and physical form, that is, transportability Type (F = “fast”; M = “moderate”; S = “slow”).

EXAMPLE From the ejyn coefficients and an occupational dose limit Dy, of 20 mSv-y-1, the annual limit on
intake (ALI in Bq) can be derived [see Formula (C.1)].

ALl =—1 (C.1)
€inh
NOTE Using an annual occupational breathing rate and exposure time, the DAC (Bq:m-3) can be derived
from ALI [see Formula (C.2)].
ALl
DAC = (C.2)
QBTE
where

QTr istypically taken as 2 400 m3;
TE is the integrated exposure time, in h.

NOTE Q@Qp=1,2m3-h-land Tg =2 000 h (see Reference [9]).
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Annex D
(informative)

Example applications of evaluating sampling program sensitivity
from the viewpoint of potential missed exposure

NOTE1 These references come from Reference [5].

NOTE 2  Within this annex, read MDA (minimum detection activity) as the detection limit for activity and
MDC (minimum detectable concentration) as the detection limit for activity divided by the associated volume,
considering that volume uncertainty is negligible.

This annex provides sample applications of the PME concept in terms of Table 2. In our examples we
consider that 1 ALI correspond to 2 000 DAC-h and also to 20 mSv-y-1. As a first example, let us assume
there is continuous workplace sampling (see the first row of Table 2) performed throughout the year,
that air samples are obtained weekly, and that annual doses related to >40 DAC-h of exposure should
not be missed. The recommended minimum detection limit of this particular retrospective air-sampling
program should not exceed 0,02 (i.e. 1/50) of the PME, or 0,8 DAC-h per sample.

As an additional example, let us assume there is some type of temporary workplace operation (e.g.
cutting or welding as part of a maintenance activity; see the second row of Table 2), and that doses
related to >40 DAC-h (a PME of 1 mSv per year) of exposure should not be missed. The minimum
detection capability of this particular air sampling during the job should not exceed 40 DAC-h (i.e. the
PME for this example) for the count of the sample. Now let us assume that this temporary workplace
operation occurs four times per year, that air sampling is performed for each operation, and that
the annual PME remains at 1 mSv. The minimum detection capability of this particular air sampling
program should not exceed 40 + 4, or 10 DAC-h per sample for each of the four samples.

For a final example, let us assume that continuous air monitoring (see the last row of Table 2) is
performed throughout the year with an alarming CAM and that any acute dose related to >40 DAC-h of
exposure should not be missed (i.e. failure to alarm). The recommended minimum detection capability
of this particular continuous air-sampling program should not exceed 40 DAC-h. This value should
include contributions from both the CAM alarm set-point, as well as the CAM placement, since the latter
can typically modify the former by orders-of magnitude, i.e. the so-called dilution factor[11].

When the task of the air sampling is to measure the concentration down to some specific MDC (e.g. for
purposes of posting or respiratory protection), the MDC can be achieved through minimizing the MDA
of the assay system and/or maximizing (within practical limits) the sample flow rate, sampling time,
and collection efficiency.

When the task of the air sampling is to measure a specific minimum detectable number of DAC-h
(e.g. for the purposes other than posting or respiratory protection), then for example, in order
to achieve a 10 DAC-h sensitivity for an exposure time of eight hours, the MDC is 1,25 DAC (i.e.
10 DAC-h + 8 h = 1,25 DAC).

The DAC-h exposure can be estimated as shown in Formula (D.1).
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Q, 2000

DAC-h = A Fﬂ (D.1)
where

A collected activity, in Bg;

0):] breathing rate of 1,2, in m3-h-1;

q sampling flow rate, in m3-h-1;

2 000 (DAC-h) is exposure corresponding to 1 ALI (Bq);
ALI annual limit of intake, in Bq.
Formula (D.1) assumes the exposure time is equal to the sampling time. As an example of this approach,

if the activity on the filter was 0,000 5 of an ALI and the flow rate was 1,2 m3-h-1, then the DAC-h
exposure would be 1 DAC-h.
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