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F O R E W O R D

Airborne radioactive contaminants are generally potential sources of internal 
contamination. Contamination of the air of the working environment may result 
from incidental or accidental releases during the handling of radioactive materials. 
Thus, for the adequate protection of the workers in nuclear installations, it is 
essential to assess and control properly the airborne radioactive contamination in 
the working areas. Representative sampling and measurement are complicated 
by a variety of factors, arising mainly from the physical and chemical properties 
of radioactive aerosols.

To cover various aspects of the problem of airborne contaminants, the IAEA 
has published the following manuals and guidebooks: (i) Inhalation Risks from 
Radioactive Contaminants, Technical Reports Series No. 142, published in 1973; 
(ii) Radiological Safety in Uranium and Thorium Mines and Mills, Safety Series 
No.43, published in 1976; (iii) Particle Size Analysis in Estimating the Signi
ficance of Airborne Contamination, Technical Reports Series No. 179, published 
in 1978.

The present guidebook, on Radiological Surveillance of Airborne Con
taminants in the Working Environment, was prepared by the Agency on the basis 
of material provided by an advisory group of experts convened in Vienna from 
28 October to 1 November 1974. The Agency wishes to express its thanks to all 
the participants, who contributed greatly to the preparation of the guidebook. 
In particular, thanks are due to Mr. R. Maushart, of the Laboratorium Dr. Berthold, 
Federal Republic of Germany; he chaired the advisory group and subsequently 
helped in the compilation of the manuscript. Thanks are also due to Mr.
A.J. Breslin of the Environmental Measurements Laboratory, United States 
Department of Energy, New York, for his valuable comments and suggestions. 
The final consolidation of the material was the responsibility of Mr. J.U. Ahmed 
of the IAEA’s Division of Nuclear Safety and Environmental Protection.
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1. I N T R O D U C T I O N

The release of radioactive contaminants into the atmosphere of the working 
areas is, in general, incidental to all normal operations involving radioactive materials. 
Even with a high degree of sophistication of the working facilities in nuclear 
installations it is not possible to completely eliminate the release of radioactive 
contaminants into the air of the working environment. The contamination of air 
may result from operations such as mining, milling and chemical processing of 
nuclear materials, enrichment of fissionable materials, fuel fabrication, reactor 
operations, production and processing of radionuclides, reprocessing of spent fuel 
elements, treatment and disposition of radioactive wastes and from application of 
radioisotopes in research, industry and medicine. Under accident conditions the 
amounts of radioactive releases may vary depending on the types of operations and 
the amounts of radioactive materials involved.

Airborne radioactive contaminants are generally the potential sources of 
internal contamination. Thus, for adequate protection of the workers in nuclear 
operations it is essential to properly assess and control such contaminants. 
Representative sampling and measuring are complicated by a variety of factors, 
arising mainly from the physical and chemical properties of radioactive aerosols, 
high toxicity and consequent low allowable limits of radionuclides, etc.

Until recently monitoring of air was in the most part limited to the sampling 
and analysing of total dust. The concepts in air monitoring have changed consider
ably following the report of the ICRP Task Group on Lung Dynamics. This Task 
Group has developed a lung model which describes the deposition and retention 
of inhaled aerosols and has emphasized the importance of size sampling and 
determination of other parameters such as shape, density, etc. of aerosols in the 
evaluation of inhalation hazards. In the light of the report of this Task Group, air 
monitoring practices in nuclear installations are being reassessed and improved 
techniques and instrumentation are being developed.

This manual describes the sources of airborne contaminants and the current 
methods of sampling, methods of measuring of radioactivity in the collected 
samples and interpretation of measurements together with the discussion of the 
sources of errors.
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2 . S C O P E  A N D  O B J E C T I V E S

This guide is intended for the use of planners of installations and operational 
health physicists at all levels who may encounter problems concerned with the 
radiological surveillance of the working environment. It deals with the general 
principles and methods of measurement of airborne contaminants and the inter
pretation of measurements.

In this manual the working environment is considered to be those areas in 
which workers, in the course of their occupation, may be exposed to radioactive 
materials. Such areas may be uranium and thorium mines and mills; facilities 
for the processing of nuclear materials; enrichment and fuel fabrication plants; 
nuclear reactors; fuel reprocessing plants; radioactive waste treatment and storage 
areas; laboratories, hospitals, industries and other operations where radionuclides 
are produced or used for a variety of purposes.

Stack monitoring is discussed to the extent it is considered necessary for the 
guidebook. Environmental monitoring, however, is not considered here. The 
problems in mines and mills are mentioned only briefly as this subject is covered 
in the Manual on Radiological Safety in Uranium and Thorium Mines and Mills 
(Safety Series No. 43 (1976)). The subject of particle size analysis is covered as 
much as it is considered necessary for the completeness of the guidebook. Greater 
details of particle size analysis may be found in the guidebook on Particle Size 
Analysis in Estimating the Significance of Airborne Contamination (Technical 
Reports Series No. 179 (1978)).

2.1.  SCOPE

2.2. OBJECTIVES

The most important and ultimate objective of surveillance of airborne 
contaminants is to protect the health and safety of workers in nuclear installations 
by ensuring that the workers in the course of their work receive the minimum 
practicable radiation dose due to inhalation of radioactive materials. In any case 
the exposure to airborne radioactive substances shall be limited so that the dose- 
equivalent limits recommended by the ICRP [1] are not exceeded.

In order to fulfil the above objective the following subsidiary objectives are 
necessary. For each objective the methods and problems involved are briefly 
mentioned.

2
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(a) To d e tec t p rom ptly  a loss o f con tro l o f airborne m aterial

A continuous air sampler providing a prompt alarm when a preset concen
tration is reached is the device most likely to be used to meet this objective. The 
sampler must be located so that the ventilation patterns in the room will result in 
the collection of sufficient material to trip the alarm. This problem is made more 
difficult when the leaks are small and the area to be monitored by these constant 
air monitors is very large. The alarm level must be carefully chosen to minimize 
the possibility of false triggering due to fluctuations in the normal radiation level.

(b) To help identify those individuals who may have been exposed to an extent 
which warrants assessment of organ burden

Reliable monitoring of airborne radioactive materials must be capable of 
alerting the worker or the health physicist to a possible upset condition, preferably 
as soon as the deviation begins. Should the onset be sudden or the worker be 
unable to retreat from the excessive radioactive material in the air, a correctly 
positioned continuous monitor will provide an estimate of the duration and extent 
of the accidental inhalation. This estimate may be taken into account when 
considering the desirability of substantiating organ burdens through other 
measurements.
(c) To predict exposure levels so that proper protection can be provided 

for the worker

This can be accomplished by the collection of a sample which will give a 
reasonable measure of the airborne activity during the proposed operation. This 
can only be done when the operation is reliably repetitive or past experience can 
reasonably predict the effect of changes in the operation. High accuracy is not 
required.

(d) To provide sufficient documentation of airborne radioactivity in the working 
environment to satisfy the varied requirements of regulatory agencies and to 
assist in the settlement of claims of radiation injury by workers or others

This objective may be met to a large extent by relatively simple instrumentation 
and procedures when the prevailing levels are far below derived maximum permissible 
concentrations. Reliability of the instrumentation and recording of the data in ar 
acceptable permanent form in direct print-outs or through subsequent transcribing 
are required.

Where observed levels of airborne radioactivity are at or over an agreed 
operational limit (a multiple below the maximum permissible concentration), the 
constraint on reliability and frequency of sampling is greater.

3
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(e) To identify long-term trends in the concentrations of airborne radioactive 
materials which occur due to gradual deterioration of equipment, changing 
operating conditions or varying work loads

This requires repetitive (e.g. daily) sampling from strategically located fixed 
sampling positions over a long period (months or years). A statistical analysis of 
the results will help to identify trends where the statistical variation between 
individual samples is large. In practice such a system may involve tens or even 
hundreds of low volume filter head samplers connected to one or more vacuum 
systems. The fact that this system will provide data some time after sampling is not 
a disadvantage in meeting this objective since the analysis of data is retrospective.

(f) To assess the dose commitment to the lung and other organs of individuals 
exposed to airborne radioactive materials

In order to achieve this objective it is essential that the air sample represents 
as nearly as possible the actual air breathed in by the individual. The personal air 
sampler is designed to approximate this ideal. Further, the particle size distribution 
and chemical properties of the aerosol must be known so that the fractional uptake 
and translocation within the body may be estimated. The uncertainties in these 
parameters are so large that other methods such as bioassay and whole-body 
counting are generally preferable.
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3 . S O U R C E S  A N D  T Y P E S  O F  A I R B O R N E
C O N T A M I N A N T S

3.1. MINING, MILLING AND CHEMICAL PROCESSING OF NUCLEAR
MATERIALS

Airborne contaminants in uranium mines are radon (2 2 2 Rn), its daughters, and 
dusts containing long-lived alpha emitters [2]. The primary radiation hazards in 
uranium mines are radon and its short-lived daughters, namely 218Po (RaA),
214Pb (RaB), 214Bi (RaC) and 214Po (RaC'). Radon being an inert gas passes freely 
in and out of the lung spaces with minimal uptake by the respiratory system while 
the radon daughters, both in combined and uncombined form, deposit preferentially 
in certain respiratory sites.

Some of the long-lived alpha emitters which are important from the viewpoint 
of internal contamination are 2 3 8 U, 2 3 4 U, 230Th and 2 2 6 Ra. These radionuclides 
get airborne during the mining operations.

In uranium mills, radon and its daughters present only a minor problem 
compared to ore dust, although significant radon concentration may occur near 
ore storage bins and crushing and grinding circuits.

As the majority of the thorium mining is surface operations, inhalation hazards 
are relatively small as compared to underground uranium mining. Inhalation 
hazards arise mainly from dusts produced during physical separation of the mineral 
constituents. Thoron and ore dusts are the main airborne contaminants in thorium 
mills.

In uranium ore refining, which comprises drying, crushing, grinding, sieving, 
packaging, shipping and storing of the ore and subsequent chemical processing and 
in clean-up operations, the problems of airborne contamination result from the 
presence of radon, radon daughters, and the dusts containing long-lived alpha 
emitters.

3.2. ENRICHMENT AND FUEL FABRICATION

Normally, during enrichment of uranium by gaseous diffusion, the major 
airborne contaminant results from the accidental leakage of uranium hexafluoride [3]. 
In the presence of moisture it will produce hydrofluoric acid and will corrode most 
substances including glass. The radioactivity of uranium is of less significance than 
the extremely irritative chemical effects due to the element fluorine.

The fabrication of fuel elements involves operations like rolling, extruding, 
machining and other treatments. Air contamination may be produced during 
machining and during handling of powders of oxide fuels. During combustion of

5
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metals, such as uranium and plutonium, fumes of metal oxides as well as dusts are 
produced, becoming sources of airborne contaminants.

3.3. OPERATION OF NUCLEAR REACTORS

During the operation of nuclear reactors vast quantities of fission products 
are produced in the fuel elements. Depending on the reactor type, fission products 
like xenon, krypton, iodine and bromine or induced radionuclides may be released 
into the air. Xenon and krypton are gases, while iodine and bromine are present 
in volatile form.

In liquid-fuelled homogeneous reactors, the fuel and moderator are combined 
in one solution, so that krypton, xenon, iodine and bromine are liberated directly 
from the fuel.

In heterogeneous reactors the primary coolant may be air, water or liquid 
metal. In air-cooled reactors, the main component in the effluent air is 4 1  Ar. 
Besides, oxygen, nitrogen and neon may also become radioactive by neutron 
activation. Activated dust particles, blown out activated reactor structural material 
or corrosion products may also be present in the effluent. However, these radio
active materials, under normal operating conditions, are discharged through the 
stack air and are of concern as the environmental contaminants.

In the event of a failure of fuel elements, mixed fission products, induced 
radionuclides, uranium and plutonium may be introduced into the coolant stream. 
This may result in the contamination of the working environment.

Tritium may be a source of airborne contamination in reactors using heavy
■ water as the moderator.

From nuclear power plants minute amounts of radioactivity get released 
during normal operations [4], Large amounts of radionuclides may become air
borne at confined processing locations. More volatile radionuclides, which can 
exist in gaseous form at or near room temperature, are preferentially released, 
whereas non-volatile radionuclides are released at a much lower rate.

3.4. FUEL REPROCESSING

The dissolving of fuel element and its container releases gaseous and volatile 
radioactive materials (principally 1 3 3 Xe, 8 5 Kr, 131I and 8 2 Br). Particularly 131I is 
the significant contaminant because of its greater relative abundance and biological 
uptake. The effluent from the dissolving operation after necessary cleaning is 
discharged through a stack.

Sometimes specific radionuclides are separated from the mixture. If the 
separated radionuclides have the volatile compound forms, it may be difficult to 
retain all the material in the system. Also in the chemical separation process it is 
not possible to maintain all the process materials in the system. Fine mists and
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sprays or mixed fission products are released and, when dried, these can give rise 
to small radioactive particles of high intrinsic activity.

During purification of the product material, for example, plutonium, particles 
rich in plutonium together with other transuranium elements like americium may 
get airborne through the vented air.

3.5. RADIOACTIVE WASTE TREATMENT AND DISPOSAL

High-level radioactive wastes from chemical reprocessing plants are stored in 
underground tanks. Sometimes stream jets are used to transfer these liquid wastes 
into the tanks or from one tank to the other. The transfer by jetting may produce 
sprays and mists directly from the air vents of the tank. Such fine sprays and 
mists can dry to form extremely small airborne particles. Seepage from leaking 
tanks can contaminate the ground, and dusts, later blown by wind, can become 
sources of radioactive air pollution.

Incineration of solid radioactive wastes may give rise to toxic or radioactive 
gases. Also radioactive particulates may get airborne particularly during the 
removal of the ashes.

3.6. PRODUCTION AND PROCESSING OF RADIONUCLIDES

Chemical processing and the separation of radionuclides are carried out in 
closed cells and glove boxes. Occasional releases of radioactivity may result due to 
faults in control valves [5], leakage in glove boxes or failure of ventilation. 
Experience in the plutonium laboratory at Winfrith has indicated that the exposure 
of individuals results mainly from relatively small numbers of mishaps in the glove 
boxes [6 ]. Radioactivity may also get airborne due to abrasion of radioactivity 
from contaminated surfaces [7].

3.7. USE OF RADIOISOTOPES IN RESEARCH, INDUSTRY AND MEDICINE

A great variety of radioisotopes are used in research, industry and medicine. 
Some of these radionuclides may be in gaseous or volatile forms. In laboratory 
work radioactive gases like 1 4 C 02, 1 4 CH4 , 3 5 S02, H2 3sS, 3H and 3 H20  are 
encountered. Occasionally, radioactive materials in powder form may also be 
handled. The handling in some cases may be carried out in fume hoods or glove 
boxes.

In some nuclear medicine departments 131I is used in significantly large 
amounts for thyroid therapy, or 133Xe for diagnostic lung or blood flow studies. 
Both radioisotopes are highly volatile and are exhaled by the patients in quantities 
which can be of concern as airborne contaminants.
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Anyway, depending on the nature of radioactive substances and handling 
procedure, certain amounts of radioactivity may get airborne, thus creating inhalation 
hazards of varying magnitude.

3.8. DECONTAMINATION AND DECOMMISSIONING OF NUCLEAR 
FACILITIES

In the decommissioning of nuclear facilities airborne radioactive contaminants 
may result from decontamination, removal and dismantling of components and 
equipment and, to a large extent, from the demolition of concrete structures.
The radionuclides encountered are, of course, unique to the type of facility and its 
operational function. For example, during the decommissioning of power reactors, 
radioactive nuclides like 6 0 Co, 6 3 Ni, 1 4 C, 59Ni and 55Fe may be encountered as 
airborne contaminants. However, the specific radionuclides encountered will 
depend on the type of reactor being decommissioned. When a research laboratory 
is decommissioned, several radionuclides can be expected depending, of course, 
on the research activities performed in the laboratory. However, the residual 
activity after decontamination and prior to demolition of such laboratories is 
generally reduced to innocuous levels so that the airborne hazards during decom
missioning operations are negligible. As regards the decommissioning of fuel 
reprocessing plants there is no significant experience. However, the radioactive 
contaminants of main concern and of great potential hazard will be the fission 
products from the fuel elements and the transuranium elements in the liquid wastes.

Prior to any decommissioning operation, detailed studies are made to 
characterize and quantify the radioactive materials in the facility and to ascertain 
the associated hazards of these materials. During demolition operations, spread of 
airborne contamination is avoided by techniques consisting of self-contained 
plastic air domes, protective gear for workers, filtered ventilation systems to collect 
radioactive particulates and nuisance dust, and continuous radiological monitoring. 
Any contaminated equipment or debris is safely packaged to prevent the spread of 
contaminants during the transport or burial at an authorized waste site.

3.9. ACCELERATORS

In high-energy accelerators radioactive gases are produced by the interaction 
of secondary particles of the accelerator beam with the atoms of the air around the 
accelerator [8 ], especially in ‘magnet-rooms’ of high-current electron accelerators 
where (i >  10 ” 6 A E >  10 MeV) the air becomes contaminated mainly by activation 
of these components by the nuclear photo effect. Therefore, it is necessary to 
measure the air contamination before entering the accelerator and beam areas.
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Radionuclides with half-lives less-than one minute are of no interest. The 
following elements are to be considered:

I50  (Ti = 124 s)
13N (T? = 10.0 min)
UC (T? = 20.3 min)

and 4 1  Ar (T? = 1.83 h) i.
They are produced by the (y-n) reaction. In certain cases it is necessary to consider 
the contamination of the air by 7Be (53 d) and tritium (12.3 a).
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4 .  S A M P L I N G  T E C H N I Q U E S  A N D  I N S T R U M E N T S

4.1. GENERAL CONSIDERATIONS
v

When initiating or modifying an air sampling programme, the purpose of 
sampling must be carefully defined beforehand. The details of sampling are 
established independently. The sampling programme has to be designed according 
to the requirements of the various objectives stated in Section 2.2.

Each specific sampling programme will require a different emphasis. In many 
instances it may be necessary to simultaneously satisfy two or more objectives 
while ignoring others. For example, the need may exist to simultaneously evaluate 
health hazards, monitor trends in engineering controls, and monitor compliance 
with regulatory standards. Those responsible for implementing and maintaining 
the sampling programme must determine what techniques are appropriate to 
satisfy the requirements of the problems at hand.

If a main objective for sampling is the evaluation of individual health hazards 
from airborne contaminants, a major concern will be the efficiency of the air 
sampler to indicate accurately the air concentration in the worker’s breathing 
zone. Significant differences can exist between the air that a worker breathes in 
and the air that the sampler collects.

Area air samplers can be used to check the efficiency of engineering controls, 
provided that they are carefully located relative to probable points of release and 
air flow patterns within the work area.

In many operations, locating breathing zone air samplers by avoiding inter
ference with the worker’s movements may introduce an error since significant 
differences in concentration of air contaminants can exist within relatively short 
distances [9], In addition, these samplers cannot follow the worker when he 
moves during the work day. If breathing zone samples are used to estimate the 
exposure, time studies of the worker’s movements during the work day are 
required.

Attempts to get good estimates of the exposure of workers involves using 
personal air samplers, fixed position samplers located near the worker’s normal 
breathing zone, or by means of portable hand-held air samplers. The use of 
personal samplers is, however, limited due to high costs, low flow rates, and 
inconvenience to the worker who must carry the collector and the pump on his body.

4.2. FACTORS INFLUENCING CHOICE OF SAMPLING INSTRUMENTS

The factors which influence the selection of the sampling instruments are 
the mode of measurement, rate of sampling, sensitivity, convenience (size, weight, 
ease of operation), reliability, accuracy, and power requirements. Depending on
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the purpose of sampling and the analytical capability available, these parameters 
can be selected [ 10].

4.2.1. Mode of measurement

Some instruments have the direct-reading system and are suitable for moni
toring just one radionuclide or a class of related radionuclides. However, in 
selecting such instruments it is necessary to ascertain from the manufacturers 
whether local conditions such as high humidity, corrosive gases, abnormal external 
radiation fields, or other airborne radionuclides might affect their performance.

In most accumulative sampling the measurement of radioactivity is made 
by removing the collected sample from the air sampler and subsequently analysing 
it in a laboratory where counting equipment and radiochemists are available. This 
system gives the possibility of delaying the measurement to allow decay of the 
short-lived natural radionuclides. This also allows counting of the sample at places 
remote from the sampling spot where direct measurement may not be feasible if 
a high radiation field is present.

The mode of measurement in most accumulative sampling is selected by 
matching the analytical method to the collected radionuclide. Usually radio- 
metric analysis is used with or without some preparation of the sample. Collec
tion on a filter paper followed by direct alpha, beta or gamma counting is the 
simplest and most common procedure. More elaborate analysis including chemical 
separation and/or energy spectrometry is used for mixtures of radionuclides.

Radionuclides in gaseous form need special sampling media, such as adsorbers 
or fixed volume containers. For radioiodine, which may exist in several chemical 
forms, it is necessary to use several different sampling media to assure quantitative 
sampling.

Some of the objectives of monitoring, however, require an immediate 
measurement during sampling. In this case continuous air monitors which are 
fitted with a detector over the sampling head must be used. Such monitors are 
inevitably more expensive than ordinary samplers. In continuous air monitors, 
either fixed-filter or moving-filter type, the detector head is mounted close to 
the filter paper on which aerosols are being collected. In such devices analytical 
systems are so arranged that the readings indicating the concentrations are pre
sented on a dial or chart. Alarm systems are incorporated to warn workers in case 
the level of airborne contaminants exceeds a preset value.

Radionuclides of short half-lives require short sampling periods, with rapid 
evaluation following collection to ensure that a satisfactory measurement can be 
made. Alternatively, a continuous counter which integrates over the sampling 
period can be used, or a sample collected until the material reaches equilibrium. 
Another technique would be to collect a daughter product with a longer half-life.

11
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4.2 .2 . Rate o f  sampling

A unit capable of efficient operation at high flow is essential where short 
duration sampling is required, and a unit capable of long-term maintenance-free 
operation is required for continuous sampling situations. High sampling rates 
should be used with care since this may distort contamination levels nearby.

4.2.3. Sensitivity

The required sensitivity varies with circumstances but it is generally desirable 
to be able to measure concentrations at least to 1/10 MPC. There are obvious 
exceptions. For example, a sensitivity of 10 MPC or even 1000 MPC might be 
adequate for an alarm (HASL-312) [ 10].

The definitions of sensitivity may vary and the manufacturer should be asked 
about the basis for the listed values if the information is not given. Sensitivity may 
be expressed as the lowest concentration that can be measured with a precision of 
± 50% or as a multiple of the background reading. It may be noted that the sensi
tivity of an instrument may be affected by local environmental conditions, especially 
external radiation.

The minimum radionuclide concentration that can be measured with an 
accumulative sampler may be obtained from the following formula:

C =  3.7 X 10'° —  
TF

where

C =  detectable concentration, Bq/m3 

q = minimal detectable quantity of radionuclide, Bq 
T = sampling period, s 

F =  sample flow rate, m3 / s

One can attain any degree of sensitivity by increasing sample volume, TF, 
indefinitely1. However, there are practical limitations but available instrumenta
tion permits considerable flexibility in flow rate and sampling period. Usually,

1 An exception is sampling radionuclides with short half-lives relative to the sampling
period (Tj_< io T), wherein accumulation of activity is non-linear with time. In this case,

2

maximum sensitivity is achieved at a sampling period of about six half-lives.
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a compromise is made by measuring a small fraction of the MPC, say 1/10, by 
taking the sample in a brief time period (no more than 60 minutes for portable 
equipment, up to 8 hours or possibly 40 hours for fixed samplers), using equip
ment of convenient size and reasonable cost.

In the case of an alarm monitor the sensitivity may be variable, being depen
dent on the concentration of natural radioactivity, namely radon daughters and 
thoron daughters. This is another case where characteristics of a particular instru
ment must be obtained from the manufacturer.

4.2.4. Convenience

The convenience of use and handling plays an important role in the selection 
of air sampling instruments, in particular the portable samplers. The factors to 
be considered are the size, weight, maintenance and ease of operation with respect 
to changing collection medium, reading, adjusting air flow, etc. These considera
tions become critical when selecting personal air samplers. Additional factors are 
battery life (for portable instruments), noise of operation, and temperature rise 
(especially important for hand-held instruments).

4.2.5. Reliability

Air monitoring instruments must be reliable so that the operation is trouble- 
free. The common problems with the monitoring instruments are the wearing of 
parts, drifting of calibration and development of air leakage. It is therefore 
necessary to get information on the performance and reliability of the instruments 
before their selection. The best source of information may be those who have 
experience in the use of.the instruments in question.

4.2.6. Accuracy

The approaches for the determination of accuracy of the methods for 
sampling radioactive gases and radioactive particulates are different.

• For radioactive gas samplers the accuracy can be checked by sampling from 
a standard concentration. The direct-reading instruments can be checked by 
testing the linearity of the scale by sampling from several known concentrations. 
Five per cent deviation is a reasonable limit for non-linearity.

The accuracy of particulate samplers depends on the elimination of the 
sources of errors, as there is no direct method of determining the absolute accuracy 
because of the lack of a method of generating a standard concentration of particu
late radionuclides. Analytical methods are critical in this regard but flowmeter 
calibration and the absence of air leaks are important.
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4.2 .7 . Power requirements

This is important mainly for battery-powered equipment, especially personal 
samplers. Size, weight, changing characteristics, and battery life are then conse
quential factors.

Another consideration when sampling for particulates is whether the sample 
should (a) be representative of the total airborne concentration, (b) define the 
aerosols’ size characteristics, or (c) represent the aerosol’s ‘respirable’ fraction 
[11 — 13]. This decision is contingent on the purpose of sampling and the require
ments of the standards that must be satisfied.

4.3. SYSTEM DESIGN

4.3.1. General purpose sampling systems

Many components of a sampling system are similar whether sampling for 
particulates or gases. General purpose sampling systems consist of a collector 
(filter or sorbent), collector holder, flow measuring device, flow rate controller 
and air mover. For some gases special systems using evacuated flasks (radon) and 
ion chambers (tritium and noble gases) may be used. A brief discussion of each 
component follows:

4.3.1.1. Sample collectors

The choice of the sample collectors depends on the type, physical and 
chemical form of the contaminants, the type of radiations, to be measured, as 
well as the type of subsequent processing for radioactivity measurements. In 
direct-reading air samplers for gases, sample air is drawn continually through a 
sensitive chamber where radioactivity is measured by ionization current, gas 
proportional counting, scintillation counting or a Geiger-Muller detector. For 
particulate radionuclides, filter papers are used mainly for gross radioactivity 
measurement. Activated charcoal, silica gels, cold traps, etc. are used to trap 
radioactive gases by dry adsorption. Detailed outline of various sample collectors 
are given in Sections 4.4 and 4.8.

4.3.1.2. Sample collector holder

A wide variety of holders for filters generally used for collecting particulates 
are commercially available [14], and many similar units have been fabricated by 
individual organizations to satisfy special requirements. In general, commercial
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devices which satisfy programme requirements will be less expensive than the 
design and fabrication of a limited number of special holders. Both disposable 
and re-usable filter holders are available [14]. Re-usable holders are supposed 
to be cheaper if an extensive sampling programme is planned.

Filter holders should be open-faced such that sample air is drawn directly 
onto the filter surface from the atmosphere without passing through a tube, orifice 
or other obstruction. This arrangement avoids the possibility of loss of radio
nuclides to surfaces upstream from the filter. A tapered inlet section may be 
required only for in-line filter holders that are used for stack sampling although 
significant sample losses do occur in those systems. Filter holders should have 
the following additional features:

(a) a smooth corrosion resistant porous plate, screen or grid which will 
support but not stick to the filter;

(b) a compression sealing ring designed to press the perimeter of the filter 
against the solid edge of the backing support and ensure an airtight seal 
against a negative pressure;

(c) a simple and reliable opening and closing mechanism to facilitate filter 
changes.

If a moving filter tape is used as the collector, the filter holder and sealing 
mechanism is more complex, and is a part of a complete unit. Gases may be 
collected on a sorbent which is contained in a holder designed to minimize 
channelling, reduce the pressure drop, and maintain a flow rate consistent with 
the collection characteristics of the sorbent.

Leakage in sample holders as well as other components of the air samples 
is the important cause of errors. This requires careful attention to the design of 
the interface between the sealing surfaces, and a realization that routine operations 
may be performed by individuals who have limited training and concern with the 
results from sampling.

4.3.1.3. Air movers

A. Localized samplers

The prime requirement is that the air mover delivers the necessary air flow 
against the total resistance of the sampling system. A wide variety of commercial 
air movers is available [15]. The most frequently used air movers are motor- 
driven vacuum pumps such as rotary, reciprocating, centrifugal, or diaphragm. 
Positive displacement units such as the rotary vane, or the lobe (gear type) impellar 
pumps are preferably used since they maintain a more nearly constant flow under 
different pressure drop conditions. Centrifugal blowers or high speed turbine
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blowers are useful for displacement of large volumes of air when operating against 
a small pressure drop. The flow rate will decrease significantly when the same 
unit is operated against a large pressure drop. Therefore, this type of air mover 
must be selected and used with careful regard for the flow-pressure drop charac
teristics of this unit. A by-pass valve may be needed when the air mover operates 
well below its rated flow, and additional air is required for cooling the pump.

Venturi-type, air-driven aspirators, or hand-operated pumps may be used in 
locations where electrical power is not readily available or cannot be used because 
of explosive hazard and where highly corrosive gases are to be sampled. In condi
tions such as in uranium mines, personal air samplers are used to measure the 
exposure of individual workers to airborne radionuclides.

B. Centralized systems

In an installation where sampling from many locations is anticipated, a central 
vacuum system may be used. Such a system may consist of a vacuum pump and 
receiver large enough to provide for simultaneous sampling at the design flow rate 
from all sample collectors on the system. It may, however, be recognized that 
system pressure drops will inevitably increase as piping interior surfaces degrade, 
flow friction factors increase, and pump performance deteriorates with time.

4.3.1.4. Flow measuring devices

When sampling radioactive aerosols, the volume of air that has passed through 
the collecting medium must be known for calculating the concentration, i.e. the 
amount of activity per unit volume.

This may be done either directly by flow totalizers, such as displacement 
meters (wet or dry gas meters), or indirectly by flow rate meters with subsequent 
integration of their readings. The most frequently used flow rate instruments are 
variable orifice rotameters. Venturi meters, etc. may be used within their 
limitations.

Flow totalizers are particularly useful for long sampling periods during which 
the flow rate may gradually decrease due to gradual build-up of dust on the collect
ing filter. If, however, it can be shown that the flow reduction is approximately 
linear with time, then it will suffice to measure the flow rate only and estimate the 
average flow rate from the initial and final flow rates during a sampling period.

Flow rate measurements are also performed to ensure that the sampler is 
operating at its designed flow. Maintaining uniform flow rate, although generally 
desirable, is critically important in sampling with particle sizing instruments. For 
long sampling periods, it is recommended that the flow rate is recorded for later 
evaluation of the performance of the sampler and/or that the flowmeter contains
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a threshold which activates a warning signal whenever the flow rate drops below a 
critical value.

All flow measuring devices should be calibrated to the requisite accuracy 
under the conditions of use, using a primary or secondary air flow calibration 
standard. Calibration procedures are described in Section 4.8.

Flow measuring instruments should be located on the downstream side of 
the collector so that losses due to particle and vapour deposition in the flow- 
measuring instrument will not lower the apparent air concentration, and the flow
meter will be maintained essentially clean. In these cases the flowmeter will be 
metering air at less than atmospheric pressure due to the pressure drop across the 
collector. Therefore, proper correction is necessary and the flowmeters should 
be calibrated using a primary or secondary standard under actual use. In the 
absence of the possibility of calibrations against primary or secondary standard, 
the following method of calculation may be used to correct the flow rates.

If a rotameter is calibrated at standard absolute pressure (Ps), but operated 
at a reduced operating absolute pressure (Pa) (due to lower barometric pressure, 
or a pressure drop across the collector medium), the flow rate through the collector 
(Qa) can be approximately related to the indicated flow rate (Qj) by the equation 
below:

Q a = Q i

4.3.1.5. Flow rate control

Provisions must be made for regulating the sampling rate to the required 
value. In most instances, a control valve placed in the line between the flow
meter and the air mover will serve this purpose. It is important that this valve 
is not located upstream from the flowmeter since operation of the valve would 
change the pressure and density of air passing into the flowmeter, thereby modi
fying its calibration. Critical orifices placed in the line downstream of the collector 
can provide a fixed flow, but must be calibrated under actual use conditions. 
Adequate pressure drop to achieve critical flow through the orifice must be 
ensured by the air mover selected.

In some cases flow rates can be varied and controlled by changing the pump 
meter speed. This can be accomplished by adjusting the input voltage on universal 
type motors, or by modifying the drive belts and pulleys.

The gradual build-up of dust on a filter during a long sampling period generally 
will reduce the flow through filters. The magnitude of this decrease is a function 
of air mover characteristics, the dust loading, and the filter. Constant flow regula
tors are available and generally consist of variable resistance valves either in series

17

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



or in parallel with the air flow. When filter resistance increases because of accu
mulated dust, the valve opens, (if in line) or closes (if in parallel) to maintain the 
same system resistance and the same air flow.

4.3.2. Personal samplers

Personal air samplers can be worn on the body and can therefore give more 
accurate assessment of the exposure of individual workers to airborne radionuclides 
than by calculations based on area sampling and stay-times. Several commercial 
units are available [15]. The air mover is generally a battery-operated diaphragm 
pump which can sample at 1 to 3 litres per minute depending on the type and size 
of filters and the particular pump. In principle, a personal sampler integrates the 
worker’s exposure for an entire shift or an entire work week without encumbering 
normal activities. The sampler or detector is analysed after the exposure period, 
yielding either cumulative or average exposure, as desired. The collecting media 
is usually a filter or sorbent tube attached to the worker’s lapel. Either a flow
meter or flow integrator is incorporated into the unit. A major limitation of these 
devices is the low air volume which can be sampled. While using these devices, 
consideration should be given to the analytical sensitivity available and the levels 
of concern. The detection limit for an 8-hour sample (1000 litres) analysed by 
conventional alpha counting is about 1/60 — 1/30 Bq.

It may be noted that even though the personal air sampler is a more accurate 
means of measuring exposure than by calculation based on area sampling and stay- 
times, the latter remains a very useful technique, if properly applied. Proper 
application requires breathing zone sampling as well as area sampling.

4.3.3. Breathing zone sampling

Breathing zone samples are collected close to the subject’s nose because of 
the sharp concentration gradient around most sources; large differences in con
centration may occur over distances of only a fraction of a meter, but a compro
mise in the ideal sampling position is necessary to avoid interfering with the 
worker’s activities. When the worker moves extensively during work, breathing 
zone samples are taken manually by holding the sampler at the worker’s side 
but always near the face. For operations at the glove boxes or large machine 
tools, the breathing zone sample can be collected by having the sampler located 
at a fixed point a few inches above and in front of the subject’s head.

The sampling interval should match the time of operation. Fixed position 
breathing zone samplers may also be activated automatically by a photocell or 
other sensors whenever a worker occupies the operating position; these must be 
equipped with a sampling volume meter or a cumulative tuner for the calculation 
of concentrations.

18

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



The upper limit of flow rate for manual breathing zone sampling is about 
0,5 1/s although portable high volume samplers with flow rates up to 10 1/s 
have been used. Flow rates for fixed-position sampling are similar to those used 
for area sampling, from tenths to tens of litres per second.

4.4. SAMPLING FOR TOTAL PARTICULATES

4 . 4 . 1 .  F ilte r media collectors

The total airborne particulate concentration is most frequently determined 
by using filter papers which are commercially available with a wide variety of 
characteristics. The efficiency of a filter paper is a complex function of many 
variables including particle size and density, filtration velocity, electrostatic forces, 
and of the detailed characteristics of the filter itself. In addition to the differing 
collection efficiencies, filter media can also differ with respect to pressure drop 
characteristics, wet and dry strength, surface roughness, ease of chemical dissolu
tion and absorption of low penetrating radiations such as alpha and beta rays.
The choice of the filter depends upon the methods used for subsequent analysis and 
operational requirements. The other important characteristics are its area, resistance 
and collection efficiency. A sufficient variety of filters is available with a range of 
these characteristics adequate for almost any practical situation. An extensive 
analysis of various filter papers is described in the literature [ 14,22—24]. Table I 
lists a few typical filter media and their properties, which are further described 
in the remainder of this section.

For a given fibrous filter paper and flow velocity, there exists a particle size 
for which filter efficiency is minimized [16—20 ]. This size of minimum efficiency 
is usually in the range of 0.1 to 0.5 jim for particles of unit density and for typical 
sampling velocities. To compare filter performance against different aerosols, 
particle size is normally defined in terms of aerodynamic diameter [21]. Filter 
efficiencies are usually reported for 0.3 jum diameter unit density dioctyl phthalate 
(DOP) particles. This provides one uniform reference point for comparison. In 
the United Kingdom a NaCl test (MMD 0.6 jum) is used, while in France uranine 
is used for filter efficiency testing. Filter papers with collection efficiency of 
90% or above are suitable for most particulate air sampling situations.

4.4.1.1. Cellulose fibre filters

These are made from purified cellulose pulp. Their advantages include low 
pressure drop, low ash content, easy decomposition by chemical treatment, mecha
nical strength and low cost. The disadvantages are the marked dependence of their
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TABLE I. COLLECTION EFFICIENCY AND FLOW RESISTANCE OF SELECTED AIR SAMPLING FILTER MEDIA [10.23]

F ilte r
type

Trade
name

Collection effic iency (%) fo r retaining 
0.3 ^m  DOP

Flow resistance (mmHg)

C ountry o f  origin

10.7

Ve loc ity  (cm/s) 

26.7 53.0 106

Veloc ity  (cm/s) 

35 53 71 106

Cellulose Whatman 41 64 72 84 98 24 36 48 72 UK

SS-589/1 46 56 66 80 18 27 37 56 FRG

T F A -4 1 62 74 86 98 23 40 48 81 USA

Cellulose— S-P Rose 99.18 99.28 99.52 99.75 38 57 75 112 France

asbestos HV-70 96.6 98.2 99.2 99.8 44 64 87 127 USA

Glass MSA 1106 B 99.968 99.932 99.952 99.978 20 30 40 61 USA

fibre Gelman A - 98.1 98.2 98.9 - 33 - _ USA

Gelman E 99.974 99.964 99.970 99.986 19 28 38 57 USA

Schleicher &  Schiill No.6 > 99.9 fo r all flow  rates FRG

Whatman G F/A 99.989 99.982 99.985 99.992 20 29 40 60 UK

Reeve Angel 934 AH - 99.00 99.4 99.7 - 37 - - UK

Membrane M illipore AA 99.992 99.985 99.980 - 98 142 195 285 USA

(pore size 0.8 fim)

Gelman AM-1 88 88 92 95 56 84 117 190 USA

(pore size 5 /im )

Nucleopore Nucleopore3, 0.8 /im - - - - - 99 - - USA

pore diameter

a Available in a variety o f compositions.

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



collection efficiency on flow velocities as relatively high velocity is needed for good 
efficiency [18,20], and deep burial of radioactive particles within the filter medium 
which is undesirable when direct counting of alpha emissions is necessary.

4.4.1.2. Cellulose-asbestos filters

Mineral fibres such as asbestos are mixed with cellulose in the preparation 
of these filters. Advantages are high collection efficiency, chemical resistance and 
mechanical strength. The disadvantages are the high pressure drop, difficulty in 
chemical dissolution and burial loss of particularly alpha particles.

4.4.1.3. Glass fibre filters

These are mats of fine glass fibres. The advantages are the good collection 
efficiency with very little dependence on velocities, low pressure drop, usability 
at high temperatures, and low alpha particle burial losses. They are useful in 
direct assay of alpha radiation, and the collected material can be leached without 
dissolving the filter. Disadvantages are relatively high fragility and high alpha 
background which is undesirable in some circumstances. The presence of minute 
amounts of 40K may interfere with very low level assays of beta emitters.

4.4.1.4. Synthetic filters

Organic based fibres are incorporated into filters having specific properties 
determined by the fibre composition and diameter. Fluorocarbons, polypropylene, 
nylon and other fibres are used. The advantages include high collection efficiency 
and low pressure drop.

In addition there are several non-fibrous media which are frequently used to 
sample for particulates. The two most common types are described below.

(a) Membrane filters: These are porous dry gels of cellulose esters usually 
produced as the acetate or nitrate. Their structure and their pore sizes can be 
controlled over a wide range. These are commercially available in pore sizes 
ranging from 0.1 to 10 fim. They are completely soluble in many organic solvents 
and are easily decomposed by oxidizing acids. The advantages with membrane 
filters having pores less than a micrometre in diameter are the very high collection 
efficiency, high surface collection which is extremely suitable for direct counting 
of alpha emitters, ease of preparation for optical microscopy, and ease of transfer 
for electron microscopy [25,26], The disadvantages are their fragility which 
requires special support and handling procedures, high resistance to air flow and 
high cost.
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(b) Nucleopore filters: These are polycarbonate films having cylindrical 
perforations formed by controlled etching of fission fragment tracks. The holes 
are nearly monodisperse and their axes are virtually perpendicular to the surface 
of the filter. These are available in pore sizes ranging from 0.2 to 8 pirn. Their 
advantages include the accurate knowledge of the pore sizes, smooth collection 
surface, very low background for chemical or activation analysis and application 
to direct optical microscopy analysis. The disadvantages are high resistance to air 
flow, very poor loading characteristics, high cost and marked effects of particle 
size on collection efficiency [27],

4.4.1.5. Other methods

Electrostatic and thermal precipitation techniques can be used in collecting 
airborne radioactive substances. Electrostatic precipitators collect particles from 
a moving air stream by imparting a charge to particulates, and collecting them on 
an oppositely charged surface. The electrostatic method has a considerably 
higher throughput of air than the filter method. The collection efficiency depends 
on the specific design, flow rate, etc. Many electrostatic precipitators have collec
tion efficiencies in the range of 90 to 99%. Efficiencies of point-to-plane instru
ments, used for collecting samples for size examination, tend to be low, generally 
in the range of 20 to 30%.

Some authors state that the overall efficiency of electrostatic precipitators 
is independent of the particle diameter — at least for particles smaller than 1 /xm 
[28]. The main problem in operating an electrostatic precipitator is the change of 
its characteristics with increasing dust deposits on the collector electrode. The 
deposits of dust affect the current-voltage characteristics of the discharge and thus 
the degree of collection. The discharge current is maintained at a constant value 
in order to reduce this effect. On the other hand, with increasing deposits of dust, 
the filter will also become increasingly selective, because the individual particles 
will then only adhere to the collector electrode in a very inhomogeneous way.
For this reason, electrostatic precipitators are more suited to short periods of 
collection. Because of the above mentioned problems, they require trained 
operators.

Special electrostatic precipitators [29] and thermal precipitators [29,30] 
are available. However, since these instruments generally have an extremely low 
flow rate, their application to operation health physics problems is limited to 
special studies requiring size analysis.

4.5. PARTICLE SIZE ANALYSIS

Data obtained from the total aerosol sampling may not necessarily be suffi
cient for the assessment of inhalation hazard to workers. It is important to know
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TABLE II. DIFFERENT PARTICLE SIZE DEFINITIONS

Diameter Primary parameters affecting 
size defined3

Aerodynamic Density; Shape; Slip

Physical Definition (Ferets, Martins, Projected 
area); Resolution (Light, Transmission 
electron or scanning electron microscope

Light scatter Index of refraction; Shape

Diffusion Diffusion coefficient; Slip

Electrical mobility Charge; Density; Slip

aIn addition to physical size.

the particle size distribution in order to estimate the deposition, retention or 
translocation pattern in the pulmonary regions of the lung. However, it may be 
noted that sampling for size analysis may require a level of sophistication which 
may not be readily available.

According to the ICRP Lung Model Dynamics [31,32] the fraction initially 
deposited in different parts of the respiratory tract is defined in terms of the 
aerosols’ activity median aerodynamic diameter (AMAD), and geometric standard 
deviation (ag). Since the effect of ag is minor (for most size distributions found 
in actual work situations) knowledge of the AMAD and the solubility properties 
of the material permits estimation of the deposition and clearance in different 
parts of the respiratory tract.

Particle size analysis also provides information on particle transport and 
deposition in the environment, on particle origin and it can be used for assessing 
the performance of air cleaning systems. The type of particle size determined will 
fall into one of the categories shown in Table II. There are one or more instrumen
tal techniques associated with measuring each of these diameters, which by virtue 
of the sampling, collection, and analytical procedure, incorporate these parameters 
into the size measured. The same aerosol measured with instrumentation designed 
to define light scatter diameter can (or will) have a different size than if measured 
with an inertial device which defines aerodynamic diameter. In addition, a relation
ship between the light scatter and aerodynamic diameter defined on the basis of 
experimental results for one aerosol is not directly transferable to the size character
ization of a different aerosol.
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TABLE III. OPERATING CHARACTERISTICS OF COMMERCIALLY AVAILABLE CASCADE IMPACTORS

Type
Stage
No.

Jet diam. 
or jet 
width 
(cm)

Stage constants 
ECAD50 (Mm)

Loading
capacities
(mg)

Wall losses 
(%)

Experimental Theoretical

1. Andersen 1 0.118 7.2 6.0 3.2 0.3
(round jet 400 holes 2 0.091 4.9 4.1 1.6
per stage, operated
at 28.3 1/min) 3 0.071 3.5 2.8 0.67 to

4 0.053 2.0 1.8 0.24

5 0.064 0.97 0.93 0.05
6 0.024 0.60 0.58 0.015 10

2. Casella Mark-11 1 0.65 12.3 16.89 1.5 2
(rectangular jet, 2 0.145 3.9 3.23 0.16 to
operated at 17.5 1/min).
The jet length L = 1.9 cm 3 0.075 1.5 1.67 0.028 31

1st jet and 1.4 cm 4 0.027 0.46 0.60 0.0037
other jets

3. Unico (rectangular 1 0.36 11.1 10.73 7.2 12
jet operated at 2 0.15 4.6 4.47 2.1 to
13.4 1/min. Jet length

3 0.064 2.0 1.91 0.38
L = 2.0 cm

4 0.025 1.1 0.75 0.06 52
4. Lundgren (rectangular 1 0.82 13.0 12.27 79.2 1
jet, operated at 2 0.26 4.0 3.89 51.8
141 1/min). Jet length to
L = 5.08 cm 3 0.088 1.3 1.32 16.1

4 0.029 0.4 0.43 5.2 31

ECAD = Effective Cut-off Aerodynamic Diameter.
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There are several references describing in detail different sampling techniques 
for size analysis [ 21,24,33,34]. Therefore in this section only the general advantages 
and disadvantages will be discussed.

4.5.1. Impactors

One of the most frequently used size selective samplers is the multistage 
cascade or virtual impactor. These instruments (1) are commercially available 
for operation at a variety of flow rates ranging from 1 1/min to 560 1/min;
(2 ) cover the size range of interest for most materials when evaluating inhalation 
hazard to the worker (0.5 to 10 pirn); (3) are relatively inexpensive; (4) allow 
measurement of aerodynamic size, which best relates to lung deposition and 
retention; (5) are relatively simple to operate; (6 ) are relatively rugged, requiring 
minimal maintenance; (7) performance is well defined by theory (for the cascade 
impactor) and actual errors have been extensively studied and, in some cases, 
been found to be very large; (8) are applicable to breathing zone, area, and stack 
sampling situations; and, (9) have data handling techniques which are well defined 
and relatively simple.

The cascade impactor is probably the preferred field instrument for deter
mining aerosol size characteristics in the working environment. Collection is based 
on the relative inertial properties of particles in an air stream changing in flow 
direction from perpendicular to parallel to the impaction surface. Particles with 
sufficient inertia due to size and density will not follow the direction of air flow, 
but will impact upon and be retained by the collector surface. By a suitable choice 
of the separation distance between the jet and the impaction surface, width of the 
jet, and flow rate, it is possible to collect particles with specific inertial parameters.
If several impaction stages of decreasing jet widths (therefore higher flow velocities) 
are arranged in series, successive stages collect progressively smaller particles. The 
last stage is usually followed by a filter to collect all the particles passing the 
impaction stages. Many commercially available cascade impactors are described 
in the literature [35].

Impactors may have either rectangular or round jets. Operating characteristics 
of some of the commercially available cascade impactors are given in Table III.

Impactor calibration is usually performed using a set of monodisperse aerosols 
of spherical shape and of known densities. One technique involves determining the 
collection efficiency of each stage for various particle sizes (similar to Fig.l). Other 
methods have been reported in the literature [21 ]. Calibration cannot be performed 
by most operational health protection groups, and the manufacturer’s data is 
generally accepted. However, it is desirable to check the impactors’ physical 
dimensions before initial use and inspect the unit before and after use in the field.
If possible, it is desirable to have one unit independently calibrated, and to routinely 
check instruments in field use against this secondary standard.
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FIG .l. Collection efficiency against V V  f or a rectangular jet impactor [36\ 

4/ l l2 is the impaction parameter

*
1/2 = CPpVj

180 jUgZ)j

1/2

where C -  Cunningham correction factor

1 P

y-i

D P

Hg

=  particle density, g/cm3 

= average jet velocity, cm/s 
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= jet width, cm

The major concern with impactors relate to (1) inlet losses for particles 
greater than 20 fim  diameter; (2) inter-stage losses due to wall effect; and (3)
(3) rebound. The last one has probably received the greatest attention. Initial 
efforts to minimize this loss involved the use of a sticky collection surface which 
has been shown to be effective [37]. The use of a fibrous filter impaction surface 
distorts the impaction characteristics, and apparently a combination of impaction 
and filtration occurs [37], Limited studies using a membrane filter collection 
surface seems to provide adequate results under low loading conditions [38],
The magnitude of this effect depends on sampler loading and particle properties.

Because of concern with loading limitations, recent attention has been directed 
to the virtual impactor called centripeter. This instrument operates on principles 
similar to those for the impactor, but instead of direct impaction and collection 
on a solid surface, large particles are deflected from the main air stream and allowed
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TABLE IV. OPERATING DETAILS OF THE CASCADE CENTRIPETER

Stage No.: 1 2 3

1 Jet diameter (cm) 1.02 0.51 0.25

2 Air velocity (cm/s)a 615 2470 9850

3 Pressure loss in cmH20 0.25 5.59 70.36

4 Nozzle diameter (cm) 0.51 0.25 0.13

5 Filter papers used in 
the nozzle

1 GFA 1 G F A + 1 
millipore AA

1 GFA + 2 
millipore AA

6 ECAD50 (Mm) 12.5 4.0 1.5

7 Theoretical ECAD50

(using impactor 
equations)

7.4 2.6 0.90

a At a recommended flow rate of 30 1/min.

to settle through a mass of relatively still air. The first commercial device 
(Centripeter) [39] operates at =  4.67 X 10"4 m3/s, and provides four collection 
stages which permit definition of size distribution parameters. In such instruments 
air is drawn through an orifice and most of the air sampled passes round a nozzle 
which contains a collector filter behind the orifice. The fine particles travel with 
the main air stream while larger particles with greater inertia are carried along 
the central part of the air stream and trapped on the filter. Table IV gives the 
parameters for the commercially available cascade centripeter [39].

4.5.2. Microscopy

Optical or electron microscopy is also used for particle size measurements. 
The attainable resolution is to 0.4 ^m. Transmission or scanning electron micros
copy permits sizing down to 0.01 jum. Such a technique is useful in research and 
is not common in radiological surveillance programmes. It is time consuming in 
terms of analysis and is likely to provide results unrelated to the physical para
meters of concern. The technique is not specific for radionuclides and there are 
problems of operator fatigue. A major disadvantage is the lack of information
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regarding size in the third dimension and the difficulty in relating measured 
diameter to a size of physical importance, i.e. aerodynamic diameter. Unless 
used in conjunction with autoradiography, it does not differentiate between 
active and non-active particles.

4.5.3. Aerosol spectrometers

These instruments separate aerosols into a continuous spectrum of aerody
namic diameters. Some examples are the Timbrell spectrometer [40], and several 
centrifugal spectrometers [41,42 ]. However, these instruments are expensive and 
difficult to operate and as such are used mainly for research investigations.

4.5.4. Autoradiography and autoscintigraphy

Autoradiography is useful for particle size analysis of both alpha and beta 
emitters. It also gives a measure of the total number of radioactive particles 
present on a sample (Section 6.3.2). There are three basic methods of autoradio
graphy of a sample collected on filter paper:

(a) The sample can be exposed to a nuclear emulsion film (e.g. NTA personnel 
monitoring film or X-ray film) for a known time. After development each alpha 
radioactive particle will have formed a ‘star’ of alpha tracks in the emulsion, the 
number of which is a measure of the particle activity. Beta radioactive particles 
produce a dark spot whose diameter is a function of activity.

(b) The sample can be kept in contact with a scintillator (such as a ZnS 
screeen for alpha detection) which in turn is placed in contact with a light 
sensitive photographic film for a known period of time [43]. Scintillations 
produced by each of the radioactive particles give a dark spot on the photographic 
film. With suitable calibration the spot diameter can be related to the radioactivity 
of the particle. The main advantage of this method is that the exposure time can 
be reduced by 2 or 3 orders of magnitude, particularly if a fast film is used.

The use of ‘Polaroid’ film avoids the necessity for darkroom facilities.

(c) If a filter paper that can be made transparent is used to collect the sample 
(e.g. glass fibre or millipore filters) then a hard transparent mount can be prepared 
and a nuclear stripping film (e.g. Kodak AR10) permanently applied to the 
mount [44], After a known exposure the film is developed in situ (i.e. not removed 
from the sample). Alpha tracks forming stars can be used to locate the radioactive 
particle which can then be measured by conventional microscopic techniques.
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TABLE V. EXPOSURE TIME REQUIRED TO PRODUCE TEN 
TRACKS PER PARTICLE (239P u02) [49]

Particle diameter
Qim)

Exposure time required 
(min)

2.0 3.4

1.0 27.0

0.5 216.0

0.1 27 000.0

0.05 216 000.0

0.01 27 000 000.0

With beta emission reverse development is required to produce bright spots on 
a dark background. The radioactive particle can then be viewed through the 
spot [45],

One advantage of autoradiographic methods is that they can be performed 
on a sample collected on a filter paper. Often this is the only method of deter
mining the particle size distribution after an accident. The methods require very 
little capital cost in equipment but may be very time consuming.

Techniques (a) and (b), while relatively simple to perform, give only the 
number of particles and the radioactivity of the particles. A particle size 
distribution can be calculated from the radioactivity distribution only on the 
assumption that the radioactive particles are not attached to non-radioactive 
(inert) particles. It has been demonstrated that ‘contaminated’ inert aerosols 
can occur relatively frequently [46,53,54],

The stripping film technique (c) gives particle number and a measure of the 
radioactivity, and allows direct observation and measurement of the radioactive 
particles. Often contaminated types of particle can be identified and direct 
observation may give some indication of origin. In practice technique (c), which 
requires careful microscopy, is often preceded by one of the techniques (a) or (b) 
to determine if the number of particles present on the sample justifies more careful 
analysis.

Table V shows the exposure times necessary to produce 10 tracks from various 
plutonium particle sizes for techniques (a) and (c). The exposure time determines 
how small a radioactive particle can be detected. Often it may be necessary to give

2 9

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



more than one exposure, increasing the time, to determine whether or not the 
number of low activity particles visible is increasing rapidly. Autoradiographic 
methods can be extended to electron microscopy to observe particles below 0.5 /xm 
diameter [47, 48],

Kotrappa [50] has experimentally determined that the dynamic shape 
factors for Pu02 aerosols normally encountered in plutonium laboratories is 
1.78 ± 0.3. Such shape factors are also defined for aerosols of coal, quartz, U 0 2 
and T h02 aerosols [51, 52],

One advantage of this method is that it can be performed on a sample 
collected on a filter paper. Often this is the only source for determining the 
particle size distribution after an accident. However, this method has several 
serious limitations. It is tacitly assumed that the Pu02 aerosols are not attached 
to any other inert aerosols. This is not generally so as was demonstrated by 
Sundarajan [53] and Moss [54] who found most of the P u02 aerosols attached 
to some inert dusts, but this is highly dependent on the source.

The technique of autoscintigraphy was developed as an approximate and 
quick substitute for the technique of autoradiography. A filter paper sample is 
kept in contact with a scintillator such as ZnS and which in turn is placed in 
contact with an ordinary photographic film (usually the film used for personnel 
monitoring for X- and gamma rays) for a known duration of time. Scintillations 
produced from each of the particles produce a dark spot on the photographic film. 
The diameter of the spot can be related to the particle size for a given exposure 
time, for a given scintillator and for a given photographic film. Therefore, this 
method requires a calibration curve.

4.6. RESPIRABLE DUST SAMPLING

Total dust samples may be inadequate for evaluating some problems and 
sampling for size analysis may involve too much time and require a level of 
sophistication not readily available. Alternative techniques involve sampling 
to estimate that fraction of airborne particulates which would penetrate to the 
non-ciliated portions of the lung or which would be deposited in the pulmonary 
compartment of the lung. There are two accepted definitions of respirable dust 
given by the American Conference of Governmental Industrial Hygienists 
(ACGIH) [55] and by the British Medical Research Council (BMRC) [56] (Fig.2) 
and samplers which estimate this are known as ‘respirable’ samplers. The informa
tion from these samplers can be used directly when safe limits are defined in terms 
of the ‘respirable’ fraction (i.e. TLVs for silica, coal dust etc.). The definition of 
the fraction representing pulmonary deposition is given by ICRP [32, 57]. 
‘Respirable’ samplers can be used to estimate this but there are samplers which give 
a more direct measure of pulmonary deposition, known as ‘Lung Model’ samplers.
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FIG.3. Relation between pulmonary deposition according to ICRP and respirable fraction  
measured by cyclone. TV  = Tidal volume.
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TABLE VI. RECOMMENDED CYCLONE FLOW RATE

Cyclone Recommended flow rate 
(1/min)

References

10 mm hydroclone 1.7 [59], [174,175 ]

1/2 inch HASL 9.0 [59], [174-176]

3/4 inch Aerotec 25.0 [175]

UNICO 240 75.0 [175]

2 inch Aerotec 430.0 [175]

‘Respirable’ and ‘Lung Model’ samplers separate airborne material into two 
fractions, the first consisting of the larger particles while the second is the finer 
material corresponding to the appropriate model. In many samplers the first stage 
material cannot conveniently be analysed and if it is of interest a total sampler 
should also be used.

To apply the results from ‘respirable’ samplers to sampling for radioactive 
materials, where pulmonary deposition is defined by the ICRP model.requires 
a method for either defining pulmonary deposition directly, or estimating aerosol 
size parameters so that pulmonary deposition can be determined. Mercer has 
shown that for typical aerosols existing under work conditions, the aerosol 
deposited in the pulmonary regions is approximately one-third of the material 
collected by the second stage [57], This relationship is shown in Fig.3. While 
this is not a precise measure, the error associated with it is consistent with other 
errors inherent in sampling to estimate inhalation hazard to the worker. Another 
technique would involve estimation of the aerosol size parameters based on measure
ment of the ‘respirable’ fraction [58], These size parameters could then be used to 
define the limits of pulmonary deposition based on the ICRP criteria.

Operating characteristics are described in detail in the literature [59] for the 
various commercial instruments available, which can be classified as either a cyclone 
or elutriator first stage, followed by a high efficiency filter. Two-stage cascade or 
virtual impactors are also available [60—62].

If particles have extreme shapes (such as fibres) or are extremely small, 
direct interception and diffusion may be a major deposition mechanism, in addi
tion to sedimentation assumed in the performance of these samplers.
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PER CENT RESPIRABLE

FIG.4. Per cent penetration through cyclone against AMAD for  a flow  rate o f  9 l/min. This 
also gives per cent pulmonary deposition against particle size according to ICRP Task Group 
on Lung Dynamics.

4.6.1. Cyclone two-stage samplers

Cyclone samplers consist of two stages, one a miniature version of the industrial 
cyclone or hydroclone and the other an inline filter paper air sampling head. In 
the cyclone, incoming air spirals down the periphery of the cyclone, changes 
direction and travels upward through the exhaust tube. Airborne particles are 
either thrown to the outer edge of the spiral to be collected on the cyclone wall 
or in a well or container beneath the cyclone, or pass through the exhaust tube 
to be collected on the second stage filter.

When operated at the flow rates noted in Table VI, the fraction of materials 
collected on the second stage will approximate the ‘respirable’ fraction defined by 
the ACGIH curve in Fig.2. Instruments cover many flow rates, and provide the 
capability for personal as well as area sampling. As a result they are very useful 
in field applications for monitoring the workplace environment. Other instru
ments are described in the literature [ 12], but have not been adequately calibrated 
to match the ACGIH respirable dust standard.
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A ir

FIG.5. Schematic o f  cyclone sampling assembly. Critical orifices are set for  sampling at 
9 l/min.

Kotrappa et al. [63] calculated the curves of Fig.4 which show the per cent 
penetration through the cyclone as a function of AMAD for several values of 
geometric standard deviation (ag). The ‘master line’ is a best fit to the points 
from which the other lines were derived. It relates an observed ‘per cent respirable’ 
to an average AMAD, with which pulmonary deposition can be estimated. A con
venient form of a cyclone assembly for practical use is shown in Fig. 5. The assembly 
can be connected to any standard air sampling pump and the sample can be taken for 
a duration of up to 24 hours. The ratio of the radioactivity on the filter following 
the cyclone to that on the other filter gives the penetration fraction which is 
related to AMAD by the following relationship:

AMAD = 13.36 exp ( -  0.0253 P)

where P is the percentage penetration.
This method was evaluated by Menon et al. [64] for field use by comparing 

the values of AMAD determined by this method to other standard methods under 
similar fieid conditions. They showed that the cyclone method gives the values 
in close agreement with the values of AMAD determined by the cascade centripeter 
and the cascade impactor in the size range of 1 to 10 /im, which is the range normally
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TABLE VII. RECOMMENDED ELUTRIATOR FLOW RATE

Elutriator Recommended flow rate References
(1/min)

Hexhlet 50.0 [59],[177] ■

Isleworth (MRE) 2.5 [59], [178]
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FIG. 6. Relation between pulmonary deposition defined by ICRP and respirable fraction 
measured by elutriator. TV  = Tidal volume.

encountered in radioactive or polluted atmospheres. This system has been recently 
used for characterizing aerosols released in the working environment of reactors 
[65], fuel reprocessing plants [66 ], thorium plants [67] and fuel fabrication 
plants (Appendix, Section B).

4.6.2. Elutriator two-stage samplers

With this instrument the larger particles are removed by gravitational settling, 
and a second stage filter collects the respirable fraction defined by the BMRC 
criteria [56]. Performance of this sampler can be represented as:

Resp. fraction =  1 —
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where d is the particle’s aerodynamic diameter. This relationship is also shown 
in Fig.2. There are a limited number of instruments which can obtain a sample 
of this type and their applications are limited by the need to maintain the instru
ment in a horizontal position during sampling, and potential overloading and 
re-entrainment problems. Table VII shows their recommended operating 
characteristics in detail [58],

Figure 6 shows the ratio of the ICRP pulmonary deposition to the fraction 
penetrating the elutriator which can be used to directly estimate pulmonary 
deposition. As previously described for the cyclone two-stage sampler, it is 
also possible to estimate aerosol size parameters [59], and from that the pulmonary 
deposition based on the ICRP standard.

Other elutriators have been described [12] but their application to field 
situation is limited.

4.6.3. Cascade impactor

A two-stage cascade impactor has been developed [62] which, it is claimed, 
is easier to use and maintain than cyclones or elutriators. It is a ‘respirable’ 
sampler.

4.6.4. ‘Lung Model’ virtual impactor

Two versions of a sample based on a two-stage virtual impactor have been 
developed [60,61 ] which follow the ICRP pulmonary deposition curve (Fig.7). 
They are a 2 1/min personal sampler and a 30 1/min static sampler. Both the 
heavier and lighter fractions are collected on the same filter paper (Fig.8 ), so 
that for normal operations the paper can be treated as if from a total sampler. 
However, when required, the central area (lung model fraction) and outer area 
(heavier fraction) can be examined separately.

4.7. GAS SAMPLING

Sampling for radioactive gases may require special techniques that differ 
somewhat from sampling particulates [68—94]. Each gas to be sampled presents 
an individual problem and a knowledge of the gas characteristics is required 
before a realistic approach to sampling can be made. Some of the equipment 
used to sample radioactive particulates may also be used to sample gases.

In the case of beta and gamma emitting noble gases the dominant mode 
of exposure is external radiation and although the MPCs, like those of all other 
radionuclides, are expressed in Bq/m3 (X 3.7 X 1010), they are calculated to limit 
external, whole-body radiation exposure to 5 rem/a. Therefore, the most direct
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means of monitoring such gases is a direct-reading beta-gamma radiation survey 
meter or beta-gamma dose meter having an energy response appropriate to the 
particular type of radiation.

4.7.1. Sample collectors

Typical adsorbers are activated charcoal, silica gel, alumina, Fuller’s earth, 
molecular sieves, and bauxite. The capacity of an adsorber is a function of the 
critical temperature of the gas, or vapour being adsorbed, and the chemical nature 
of the gas and the adsorbent. For some radioactive gases the adsorbent will have 
to be maintained at a low temperature. Metal in the form of gauges, screens, or 
beds of granules are effective in removing some specific radioactive gases. Activated 
charcoal when impregnated with certain chemicals acts as both an adsorber and 
absorber.

Absorption occurs when a soluble component of a gas mixture is dissolved 
in a liquid or solid, or reacts with a solid. The absorber which is the collection 
agent may change physically or chemically or both during the absorption process, 
or it may be non-reactive. An ideal absorbent should be non-volatile and have a 
high solubility or reactive capacity for the gas being absorbed. Thus absorbers 
must be selected specifically for the particular gas to be sampled. The most 
commonly used devices for sampling by absorption are fritted glass scrubbers 
and impingers.

Many gases may be collected by cooking the air below the freezing point 
of the gas and collecting the condensate formed. This method is often used for 
tritium oxide or noble gases. The coolants most frequently used are dry ice or 
liquid nitrogen. Many techniques have been developed to obtain large and small 
samples of gases. Evacuated containers, bottles, or flasks are frequently employed. 
Several kinds of flexible plastic containers or balloons which are filled by pumps 
have been used. There is virtually an unlimited number of ways in which grab 
samples can be obtained and the method selected should be tailored to suit the 
particular method of analysis required and the gas to be sampled.

4.7.2. Iodines

Of the many iodine isotopes that can be generated in nuclear reactors and 
accelerators only four are considered as radiobiologically significant. These are
125I (Tj = 60 d); 1311 (T, = 8 d); 133I (T, = 21 h); and 135I (T l = 7 h). Regard-

2 2 2 2

less of which isotope is under study, consideration must be given to the chemistry
of iodine at the very low concentrations which occur in systems under high
temperature and/or high radiation conditions. The chemical forms that have
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been identified in heavy water reactors are I2 (elemental),organic iodides (methyl 
iodide and higher homologues), HOI (hypoiodous acid), and Lil (or other basic 
iodides).

Several kinds of collectors and absorbers may be suitable for sampling iodine. 
These are listed below:

Form o f  iodine Collectors used

(a) Elemental — copper or silver screens (freshly treated)

— activated charcoal impregnated paper

— scrubbers with a solution of AgN03, Nal 
(basic), Na2S20 3

— activated charcoal

— molecular sieves

(b) CH3I — scrubbers with solution of AgN03

— impregnated charcoal

— silico acid impregnated with AgN03 or Ag

— molecular sieves impregnated with Ag

(c) HOI — aluminium or silicic acid impregnated with
AgN03

— activated charcoal

— Ag-X13 (silver zeolite) when humidity is 
low

— alumina impregnated with 4-iodophenol
(a special absorber for special investigations)

(d) Lil or other basic iodide — these are particulates and can be collected
on any high efficiency filter paper, as 
previously described in detail

By arranging in the proper sequence adsorbers which are specific collectors 
for the different chemical forms of iodine, estimates can be made of the quantities 
of the different chemical forms present.

It has been found that one of the most suitable adsorbers for a mixture of the 
iodine compounds discussed previously is activated charcoal impregnated with 5% 
by weight of triethylenediamine or potassium iodide. If only elemental iodine 
is to be collected, copper or silver screens or Cdl2 impregnated chromosorb can
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be used as a collector. The activity of the accumulated radioiodines collected on 
the adsorbers may be measured continuously, in increments, or at the end of a 
specific collection period. These units are described in Section 5.3.6.

4.7.3. Tritium and tritium oxides

The forms of tritium most likely to be encountered in releases from nuclear 
facilities are tritiated water vapour as HTO, DTO, T20  and elemental tritium gas. 
Tritiated hydrocarbons can be produced and some of these are volatile and could 
become airborne. Selection of the sampling techniques is dependent on the forms 
of tritium of concern.

Tritium or tritiated water vapour in air is often measured by passing the air 
to be sampled through a direct-reading ion chamber and measuring the ionization 
current produced or through a proportional counter after mixing the air with CH4 . 
Samplers of this type have a wide application and have the advantage that the 
sample of air can be pumped continuously from virtually any location to the 
detector and the concentration of tritium in air can be displayed on a recorder.
The radioactive isotopes of some of the rare gases can cause erroneous readings to 
occur unless some counter-measures have been taken. Full details of this type of 
sampler are given in Section 5.3.4.

HT or T2 can be sampled from air by passing the air through a dry bed of 
a molecular sieve to remove as much of the atmospheric water as possible and 
then mixing the dry air with tritium free hydrogen (0.3 per cent by volume) and 
passing the mixture over a palladium catalyst supported on a molecular sieve.
The hydrogen gas and HT or T2 in the air burns to form water vapour which 
is collected on the molecular sieve. The water can be removed easily from the 
molecular sieve and analysed for tritium.

Tritiated water vapour can be collected by bubbling the air through non- 
tritiated water or other appropriate solvents, by passing the air through a desiccant 
or by condensing or freezing. However, the most common method used in routine 
measurement is freezing. If the tritiated water vapour is collected by the first 
method, then the total volume of the air and the absolute humidity of the air 
must be measured.

The efficiency of collection by bubbling through water is very low for 
tritious gas. The method is simple and effective for sampling tritium water vapour. 
Air is bubbled through a water-filled gas washing bottle at a rate just sufficient 
to prevent the water from being blown out of the holder. If the ratio of HT0/H20  
in the water is low compared to that in the incoming air, efficiencies of 90 to 98% 
can be achieved. However, this method has the disadvantage that the collected 
water vapour containing the 3H originally will be diluted by the water in the bubbler 
to a factor between 10 and 100. By this, the detection limit of the subsequent 
measurement is reduced accordingly.
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Sampling by desiccation requires the air to be drawn through a container 
filled with a desiccant. Typical desiccants for the collection of HTO are silica 
gel, molecular sieves (alumino-silicates), anhydrous calcium sulphate, and activated 
alumina. They all have a high capacity for moisture and will retain it until it is 
intentionally desorbed. They also have good mechanical stability and have a low 
residual retention capacity. The amount of desiccant needed will depend upon 
its capacity, the amount of moisture to be removed from the air, and the amount 
of air to be sampled. It may be practicable to use a sorbent with an indicator 
which changes colour when saturation is approached in those situations where the 
moisture content of the air is not known. The collection efficiency can be greater 
than 99% in a sampler of adequate capacity and may be determined by employing 
collectors in series.

HTO samples may be collected by condensing or freezing water vapour from 
air with dry ice or liquid nitrogen. Several techniques have been used. A water 
cooled condenser or a dehumidifier provides continuous extraction of moisture, 
and the water which is collected can be analysed intermittently or continuously 
as desired. Another method is to use a metal strip partly inserted into a container 
filled with dry ice or liquid nitrogen. Water in the air freezes out on the metal strip 
until all the dry ice or liquid nitrogen has evaporated and then the ice melts and is 
collected in the same container and analysed. With samples employing air metering 
devices, pumps and tubing can be used to draw air from the site to be sampled and 
then the freeze-out technique can be employed at another location by passing the 
air through a cold trap. The cold trap should be located before the air metering 
device and pump to avoid loss of tritiated vapour. Care must be taken to avoid 
too large a build-up of ice crystals in the cold trap because the ice could cause 
a reduction in air flow through the sampler.

Tritiated hydrocarbons and other tritiated gases can be collected and analysed 
for tritium. The techniques used will depend upon the gas to be sampled and should 
follow the principles outlined previously.

4.7.4. Radon (222Rn) and thoron (220Rn)

Both 222Rn and 220Rn occur in nature as decay products of uranium and 
thorium. The techniques for sampling radon and thoron and their decay products 
in order to assess and control the hazards in the mining and milling of uranium and 
thorium have been dealt with in the IAEA Safety Series No.43 and therefore only 
brief mention of sampling radon and thoron gas will be made here.

222 Rn is a gas at standard temperature and pressure, and has a half-life of 
3.82 days. Its decay products of most concern are RaA, RaB, and RaC. Radon 
may be measured by sampling with an alpha scintillation chamber or by the two- 
filter method. The scintillation chamber may be equipped with one or two valves
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for sample collection. With a single valve, the air sample is aspirated into a pre
evacuated, sealed chamber simply by opening the valve. In the case of two valves, 
sample air is drawn through the chamber by a small pump, replacing the air in the 
chamber by air from the environment. The collected sample is counted in a light
tight photomultiplier assembly. The two-filter method employs a two-filter tube 
with a high-efficiency glass fibre filter at each end and a connection from the exit 
filter to an air pump. During sampling air containing only radon passes through 
the first filter and the radon daughters produced during the transit through the 
tube are collected on the second filter, which is then counted to obtain a measure 
of the radon.

Thoron (220Rn) has a half-life of 55 seconds and is an isotope of radon. 
219Rn, another isotope of radon, is a member of the decay chain of 235U. It 
has a half-life of 4 seconds. The two-filter method also is used for the measure
ment of thoron.

4.7.5. Noble gases (Ar, Xe, and Kr)

The noble gases when released to the work area are usually considered to 
be an external radiation hazard. For those noble gases such as radon and thoron 
whose daughters constitute an internal hazard, sampling can be based upon 
collecting the daughters to calculate the amount of parent originally present. 
Sampling for the noble gases in some instances involves obtaining a sample of air in 
order to measure trends or relative levels of the airborne materials. The sample may 
be obtained by using an evacuated container which can be valved open in the 
atmosphere of interest and then taken elsewhere for analysis and measurement 
of the radioactive content. A sample may also be obtained by drawing air through 
a container until it is properly purged and then closing the inlet and outlet valves. 
Some noble gases may be sampled by collecting on activated charcoal which has 
been maintained at a very low temperature by liquid nitrogen. A flow-through 
vessel can be used to give a continuous record when conditions permit, by installing 
a gamma-ray scintillation counter or other counter in a well in the vessel wall or 
sometimes by installing it adjacent to the vessel wall. In order to maintain the 
minimum of contamination build-up inside the vessel the air stream can be filtered 
to remove non-gaseous material, and frequent decontamination of the inside of 
the vessel may be required. This type of sampler is usually not very sensitive and 
its use depends upon conditions and the levels that are considered important. 
Another method used to sample inert gases is to collect the quantity of radioactive 
gas in appropriate counting chambers. The details of the counters are given in 
Section 5.3.1.
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4.8. AIR FLOW CALIBRATION

An important part of any sampling programme is the determination of the 
volume of air sampled. This measurement is critical since health and atmospheric 
release standards are generally defined in terms of radioactivity (or mass) per unit 
volume of air. By normalizing the radioactivity collected to a unit volume of air, 
trends in the adequacy of controls and conditions in different parts of the plant 
can be compared.

Calibration standards can usually be divided into two categories, primary 
and secondary. The principal primary standards to determine flow rate are
(a) the spirometer, which consists of a thin metal barrel floating in water; (b) the 
Marriotti bottle which is a volume calibrated vessel filled with water; and, (c) the 
bubble meter which is a tube of uniform diameter (burrette), in which a soap 
bubble can be timed as it passes calibrated markings. All of these instruments 
are relatively fragile laboratory instruments, with a limited range of flow rates 
that can be calibrated with any one device. Various spirometers are available to 
cover a range of flow rates. Bubble meters can be transported into the field, but 
these devices are generally limited to calibrating low flow rates.

Secondary standards for measuring flow rates include (a) dry gas meters 
which alternately fill and empty a mechanical bellows; (b) wet test meters which 
monitor the displacement of water; (c) precision rotameters which are variable 
area orifices; (d) orifice meters; and, (e) venturi meters. Any good text book on 
fluid mechanics or the Chemical Engineers Handbook [95] will describe in detail 
the major parameters defining performance of rotameters, orifice meters and 
venturi meters. All these instruments are commercially available and the latter 
two can be fabricated by any good machine shop.

All these calibration standards are sensitive to temperature and pressure 
variations. The latter is frequently a concern due to the pressure drop across the 
collector (i.e. filters) and the possibility of operation at altitudes much above sea 
level where the density of air may be reduced considerably. Because of this effect, 
any flow control valves should be located downstream of the calibration device. 
Appropriate correction factors can be determined on the basis of the ideal gas 
laws and fundamental fluid flow principles.

While most air flow calibrations involve measurements of the volumetric 
flow rate, sometimes calibration of linear velocity may be desirable. A primary 
standard for velocity calibration is the pitot tube, while secondary standards 
include rotating vane anemometers, velometers, and hot wire anemometers.

Primary flow standards can provide calibrations to an accuracy better than 
± 1%. The secondary flow standards are generally reliable to ± 5% with the wet 
test, while dry gas meters are somewhat better. All field instruments should be 
calibrated against these standards before initial operation and at regular intervals 
thereafter. It is suggested that these field checks be made at three to six month 
intervals, or whenever special situations arise.
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Calibration procedures should match the actual operation conditions as 
closely as possible. This is especially true in regard to approximating the operating 
air density, temperature, and humidity during the calibration procedure. Valving 
systems may be useful in simulating the pressure drop introduced by the collector 
in actual operations. In every instance, the manufacturer’s recommendations for 
operation of the calibration standards should be followed and the detailed data 
defining test conditions should be maintained for future reference.

4.9. MONITORING FOR ACCIDENTAL RELEASES

Accidental releases [10] may result in abnormally high concentrations of 
radionuclides in the air of the working environment. To monitor such releases 
it may be necessary to adopt special procedures in order to prevent harmful 
exposures to workers and to acquire data during the release for later calculations 
of the exposures. Another consideration may be monitoring during subsequent 
decontamination operations which, even after the emergency phase, are not 
routine procedures.

The primary consideration in selecting instruments for emergency monitoring 
is to warn workers to leave or take protective action. Warning devices such as 
alarm monitors or alternative devices may be used. The choice of the warning 
devices will depend on the real possibility of an acutely hazardous release. This, 
in turn, will depend on the nature of the nuclear facility and the type and quantity 
of radionuclides handled.

Alternative devices, such as ventilation failure detection systems and fire 
detection systems can be used to warn of any possible release of radioactivity 
into the working environment. The ventilation system can be equipped with an 
alarm actuated by either power failure or a loss of static pressure. Fire can be 
sensed promptly by heat or smoke detectors within hoods or other critical loca
tions. The failure or malfunction of process equipment can also give indication 
of possible release of radionuclides into the working enviroment. Visual observa
tion of a release, where applicable, is the most reliable warning to the workers who 
may be affected.

Air monitor alarms are specific for releases of radionuclides. However, in 
choosing the number and locations for such alarm monitors care should be taken 
to minimize the delay between the actual release of hazardous concentrations of 
a radionuclide and the activation of alarm signals. Suitable locations for alarm 
monitors may be near ventilation exhaust grills or near points of likely release. 
Alarm monitors may be set to give a signal when a prescribed level of concentration 
is exceeded or when a time-integrated concentration is exceeded. The former is 
the most straightforward procedure, while the latter is the most sophisticated 
procedure which recognizes that hazard is most directly related to the accumulation 
of inhaled radionuclides.
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T h e  d a t a  o n  t h e  a c c i d e n t a l  r e l e a s e s  m a y  b e  o b t a i n e d ,  a t  l e a s t  i n  p a r t ,  f r o m  

t h e  a l a r m  m o n i t o r s .  I n  c a s e s  w h e r e  t h e  d a t a  f r o m  t h e  a l a r m  m o n i t o r s  d o  n o t  

a d e q u a t e l y  r e p r e s e n t  p o t e n t i a l  e x p o s u r e s ,  f i x e d  a i r  s a m p l e r s  t h a t  a r e  a c t i v a t e d  

b y  t h e  a l a r m  m o n i t o r  c a n  b e  p r e p o s i t i o n e d  i n  r e p r e s e n t a t i v e  w o r k  a r e a s  a n d  

m a i n t a i n e d  i n  s t a n d b y  s t a t u s .  F i x e d  s a m p l e r s  s h o u l d  b e  c h e c k e d  p e r i o d i c a l l y  

o t h e r w i s e  t h e i r  v a l u e  i s  q u e s t i o n a b l e .

W h i l e  e s t i m a t i n g  t h e  r e s p i r a t o r y  d e p o s i t i o n  r e s u l t i n g  f r o m  t h e  e x p o s u r e  

t o  a c c i d e n t a l  r e l e a s e s  o f  r a d i o n u c l i d e s ,  i t  i s  i m p o r t a n t  t o  k n o w  t h e  p a r t i c l e  s i z e  

d i s t r i b u t i o n .  T h e r e f o r e ,  c o l l e c t o r s  f o r  t h e  m e a s u r e m e n t  o f  p a r t i c l e  s i z e s  t h a t  

a r e  a c t i v a t e d  b y  t h e  a l a r m  m o n i t o r  s h o u l d  b e  l o c a t e d  i n  w o r k  a r e a s .

I n t e n s i v e  a i r  s a m p l i n g  m a y  b e  n e c e s s a r y  d u r i n g  t h e  d e c o n t a m i n a t i o n  o p e r a 

t i o n s  f o l l o w i n g  a n  a c c i d e n t a l  r e l e a s e  o f  r a d i o n u c l i d e s  i n t o  t h e  w o r k i n g  e n v i r o n 

m e n t .  T h i s  i s  i m p o r t a n t  t o  a s s u r e  t h e  w o r k e r s  o f  a d e q u a t e  p r o t e c t i o n  a n d  t o  

o b t a i n  a  r e c o r d  o f  e x p o s u r e s .

4 . 1 0 .  P R E C A U T I O N S

S a m p l i n g  i n s t r u m e n t s  a r e  s u b j e c t  t o  m a l f u n c t i o n ,  w e a r  a n d  i m p r o p e r  u s e  

w h i c h  m a y  r e s u l t  i n  m e a s u r e m e n t  e r r o r s .  O n l y  t h r o u g h  e x p e r i e n c e  c a n  s u c h  

d e f e c t s  b e  d e t e c t e d  a n d  c o r r e c t e d  [ 1 0 ] .

O n e  c o m m o n  e r r o r  i s  t h e  s a m p l e  v o l u m e  w h i c h  m a y  a r i s e  f r o m  t h e  m i s c a l i -  

b r a t i o n  o f  t h e  f l o w m e t e r  o r  f r o m  a i r  l e a k s .  I t  i s  t h e r e f o r e  n e c e s s a r y  t o  e n s u r e  

t h a t  t h e r e  i s  n o  l e a k a g e  o f  a i r  u p - s t r e a m  f r o m  t h e  f l o w m e t e r .

O t h e r  s o u r c e s  o f  e r r o r  m a y  b e  t h e  i m p r o p e r  f i l t e r  o r  d e t e c t o r  h o l d e r s ,  

u n s u i t a b l e  i n t e r c o n n e c t i n g  t u b i n g  a n d  f i t t i n g s ,  e t c .  T h e s e  c o m p o n e n t s  s h o u l d  

b e  c h e c k e d  w h e n  t h e  s a m p l i n g  i n s t r u m e n t s  a r e  f i r s t  a c q u i r e d  a n d  p e r i o d i c a l l y  

t h e r e a f t e r .  I n a p p r o p r i a t e  f i l t e r s  m a y  b e  a n o t h e r  s o u r c e  o f  e r r o r .

S a m p l e r s  s h o u l d  n o t  b e  l o c a t e d  a t  p l a c e s  w h e r e  t h e  a i r  c o n c e n t r a t i o n  i s  

a b n o r m a l l y  h i g h  o r  w h e r e  t h e r e  i s  a  p o s s i b i l i t y  o f  t h e  s a m p l e r  b e i n g  d i r e c t l y  

c o n t a m i n a t e d .  C a r e  s h o u l d  a l s o  b e  t a k e n  a g a i n s t  t h e  r e s u s p e n s i o n  o f  r a d i o a c t i v e  

m a t e r i a l s  b y  t h e  d i s c h a r g e d  a i r  f r o m  t h e  s a m p l e r .  C o n t a m i n a t i o n  o f  t h e  f i l t e r  

p a p e r s  m u s t  b e  a v o i d e d  b y  m a n i p u l a t i n g  f i l t e r s  w i t h  f o r c e p s  a n d  s t o r i n g  f i l t e r s  

i n  e n v e l o p e s  o r  b o x e s  b e f o r e  a n d  a f t e r  u s e .

W h i l e  s a m p l i n g  i n  d u s t y  a t m o s p h e r e s  t h e  f l o w  r a t e  m a y  c h a n g e  w i t h  t i m e  

d u e  t o  d u s t  l o a d i n g .  I n  s u c h  a  c a s e  i t  i s  n e c e s s a r y  t o  r e a d j u s t  t h e  f l o w  r a t e  

p e r i o d i c a l l y  w i t h  a  v a l v e  o r  t o  k e e p  a  r e c o r d  o f  t h e  f l o w  r a t e s  a t  t h e  s t a r t  a n d  

e n d  o f  s a m p l i n g  s o  a s  t o  o b t a i n  t h e  s a m p l e  m e a n .

F o r e i g n  m a t t e r ,  w h e t h e r  r a d i o a c t i v e  o r  n o n - r a d i o a c t i v e ,  m a y  a f f e c t  t h e  

p e r f o r m a n c e  o f  t h e  c o l l e c t i n g  s y s t e m .  T h e s e  u n w a n t e d  s u b s t a n c e s  m u s t  t h e n  

b e  r e m o v e d  s e l e c t i v e l y ,  u p - s t r e a m  o f  t h e  c o l l e c t o r .  T h i s  a p p l i e s ,  i n  p a r t i c u l a r ,  

t o  t h e  m o n i t o r i n g  o f  g a s e o u s  c o n t a m i n a n t s .  A e r o s o l s  a r e  p r e - f i l t e r e d  u p - s t r e a m
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of the ionization chambers, bubblers, active carbon layers or metal mesh traps 
to prevent contamination or poisoning of the collectors. Water vapour may be 
removed by a special collector up-stream of the cold traps or carbon traps to 
prevent desorption. Organic or acid compounds liable to poison the carbon 
traps should also be removed.

When sampling is carried out over a medium or long period of time in 
working areas not equipped with inlet filtration, or in areas where substantial 
gases and aerosols are released, considerable non-radioactive products may reach 
the collector. With gases it is important to ensure that the retention system does 
not become saturated. For example, a carbon bed must not be used beyond its 
maximum absorption capacity. In the case of aerosols, the clogging of the filter 
paper can reduce the sampling rate and must therefore be avoided. Carbon 
adsorbents must be kept at a constant temperature, which for certain applications 
may be very low. The rate at which the gas passes through the adsorbent must also 
be kept constant, generally a few tens of centimetres per second. In bubblers a 
homogeneous distribution of air through the liquid can be obtained by diffusing 
the air in a porous disc of ceramic material or sintered metal. Whenever these 
ideal operating conditions cannot be established, the errors in measurements of 
contaminants should be estimated.
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5. MEASUREMENT TECHNIQUES AND

INSTRUMENTS

5.1. GENERAL

Air samples are analysed nearly always by radiometric methods using various 
radiation detectors. This mode of detection permits direct measurement of the 
radioactivity in the sample and the results can be obtained directly in the units 
of applicable concentration guides. Certain radionuclides, particularly uranium 
and thorium, may be analysed by fluorometric methods.

When a single, known radionuclide is present in the working environment, 
the collected air sample is measured with a radiation counter for quantitative 
estimates of the radionuclide concentration in air. When the collected sample 
contains mixtures of radionuclides in varying proportions, analysis must be both 
quantitative and qualitative. Radionuclides may be identified by their half-lives, 
types of radiations emitted, or emission energies.

Samples collected on filter paper are easy to handle and store, and the flat, 
uniform sample deposit is conducive to good, reproducible measurements. 
Gaseous samples collected in flasks are measured in a light-tight shielded 
photomultiplier assembly, while those collected on absorbers are transferred 
to analytical equipment in the laboratory for measurement.

Measurement of airborne radioactive contaminants poses several problems 
besides the usual determination of activity. The major ones are:

(a) To adapt the detectors to the mechanical requirements of the various 
sampling devices (size and diameter of the filters, varying air 
pressures, etc.);

(b) To measure low levels of radioactivity in the presence of natural radio
activity, particularly radon and thoron, and their daughter products;

(c) To separate radioisotopes of interest from other, less dangerous 
nuclides, if present at the same time.

During the last two decades sophisticated monitors and instruments have 
been developed for the assessment of airborne radioactive contaminants [96, 97]. 
It is sometimes difficult to determine which of these instruments will be best 
suited. In each case, it requires a careful analysis of the objectives to be met. 
However, the measuring method is only one link and should be treated as an 
integral part of the whole system of sampling, detection, data processing and 
evaluation.
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5 .1 .1 . Types o f  measurements

The choice of the type of measurement may vary with the type of objective 
of surveillance that is to be fulfilled. Several types of measurements are discussed 
below:

5.1.1.1. Continuous direct measurements

The counts or count rates thus obtained may be processed, displayed and/or 
recorded at the place of the measurement or conveyed to a central control room.

In measuring particulate radioactivity the detector must be mounted on 
the sampling device during sampling. There are three general types of monitoring 
instruments used in continuous measurements:

(a) Small, portable or semi-portable devices, containing pump, collector, 
and the detector assembly, with a typical air flow rate of some 
5—10 1/min.

(b) Larger monitors, either stationary or movable on wheels or trolleys, 
which are designed mostly with very sophisticated electronics. Such 
instruments are capable of sampling air flow rates of up to 100 1/min.

(c) Monitoring assemblies having stationary sampling and detector systems 
and consisting of centralized detection assembly.

In measuring gaseous radioactivity, the same principles as applied in the case 
of particulate radioactivity are applicable. However, as there is normally no 
enrichment of activity during sampling, the measuring sensitivity in this case is 
governed by the size and shielding of the measuring chamber or vessel containing 
the detector.

5.1.1.2. Discontinuous sampling

This type of measurement is used predominantly when many different places 
or large areas have to be monitored, or when spectrometric or even radiochemical 
separation and identification of radionuclides is necessary. It is quite common 
for particulate contaminants in which case the long collection time greatly reduces 
the minimum detection level. The measurements of the activities of the samples 
are carried out in the laboratory with low-level counting equipment, either 
manually or by automatic sample changers, and by spectrometric or other methods.

Nevertheless, this method provides the mean activity concentration during 
the collecting time. When monitoring gaseous activities, discontinuous measure
ments are much less frequently used, with the exception of 3H measurements 
which can be done by freezing the air moisture with cold traps.
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5.1.2. D etector systems

In principle, all usual types of radiation detectors, namely GM counters, 
proportional counters, scintillation detectors, and solid state detectors can be 
used for direct and continuous activity measurements. For the measurement 
of gaseous radioisotopes, ionization chambers are also used. The choice is, 
however, governed by the following criteria:

(a) type and energy of radiation component (a, (3, 7 ) to be assessed;
(b) size of the sampling device, especially of the filter area;
(c) pulse-height discrimination or spectroscopic information to be gained;
(d) stability of measuring parameters;
(e) ease of operation, low service requirements.

A detailed description of the general characteristics of different detector 
types is beyond the scope of this guidebook. However, their special suitabilities 
in air monitoring are discussed in the following sections.

5.2. MEASUREMENT OF PARTICULATES

5.2.1. Continuous measurements during sampling

5.2.1.1. Fixed filter monitors

The most common method of continuous measurement of radioactive 
particulates in air is to collect the samples by drawing air through a filter paper 
and then to measure the accumulated radioactivity with a detector mounted just 
above the filter. The criteria for the choice of a filter have been dealt with in 
Section 4. For stationary or movable monitors the filter diameter may vary from 
a few centimetres to about 20 cm, and the air flow from a few litres per minute 
to about 50 1/min. For short-lived radioisotopes (half-life of up to several hours), 
an equilibrium on the filter will be reached. The count rate indicated by the 
monitor will thus follow the variations of the radioactive concentration in the 
air, with of course some time delay.

For long-lived radioisotopes, the radioactivity on the filter increases with time 
so that the count rate indication will always show the mean radioactive concentra
tion in the volume of air drawn through the filter from the start. Therefore, the 
filter has to be changed either when the collected activity has reached a certain 
level or when the dust load on the filter begins to reduce the air flow through the 
filter.
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TABLE VIII. TYPICAL DETECTION TIMES FOR VARIOUS BETA ACTIVITY 
CONCENTRATIONS WITH FIXED FILTER MONITORS [98]

Detection after collecting time, t

Long-lived
radioactivity
concentration
(Bq/m3)

Natural 
radioactivity 
very low
(1.85 X 10-1 Bq/m3)

Natural
radioactivity
low
(1.85 Bq/m3)

Natural 
radioactivity 
normal 
(18.5 Bq/m3)

1.1 X 10-2 40 h — —

3.7 X 10~2 13 h - -

1.1 X 1 0 '1 4 h 40 h -

3.7 X 1 0 '1 80 min 13 h -

1.1 24 min 4 h 40 h

3.7 8 min 80 min 13 h

11 2.4 min 24 min 4 h

37 1 min 8 min 80 min

1.1 X 102 1 min 1.4 min 24 min

1.1 X 103 1 min 1 min 2.4 min

Note: Filter diameter: 200 mm; collecting efficiency: 95%; air flow: 20 m3/h; type of
detector: large-area proportional counter, lead-shielded against background. The filter 
was assumed to be already in operation long enough to allow the natural radioactivity 
to reach equilibrium, such that the concentration of the natural radioactivity remains 
constant. The ‘collecting time’ is the time between the first appearance of the long- 
lived radioactivity in the air and the triggering of an alarm.

As the radioactivity on the filter paper continues to build up during sampling, 
it is difficult to determine instantaneous concentration. In such a case the 
decision on the choice of a threshold count rate to preset an alarm is based on the 
time integral of the concentration. This value is usually given in MPC hours. For 
a low air concentration, it takes a relatively longer time to trigger an alarm than it 
would for a higher concentration. Furthermore, the threshold must be chosen at 
a sufficiently high value in order to avoid too many false alarms due to variations 
in natural radioactivity (see Section 5.2.2). Typical detection times for concentra
tions of beta-active particles between 1.1 X 1CT2 and 1.1 X 103 Bq/m3 are given 
in Table VIII.

The values given in Table VIII demonstrate that in the absence of measures 
to reduce the influence of natural radioactivity, fixed filter monitors are suitable
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FIG.9. Air particulate radioactivity monitor with moving filter band.

only for detection of beta concentrations several times higher than 3.7 Bq/m3 
within a reasonable time. Nevertheless, to achieve a warning signal as fast as 
possible for a small, but sudden rise in radioactivity a ‘gliding’ or differential alarm 
threshold based on electronic concept is used. The alarm, then, is not effected by 
the count rate itself but by the time constant of the change in the count rate.

Usually the stationary filters are changed either daily at the end of working 
hours or weekly. After allowing decay of the natural radioactivity component on
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the filter for several days, the measurements of the long-lived beta activity can be 
made with very high sensitivity. For a sampling period of 40 hours at 12 1/min, 
the mean radioactive concentrations as low as some 3.7 X 10-5 Bq/m3 can be 
detected by means of low-level measurements. Therefore, stationary monitors 
with fixed filters are best suited for measurements in rooms with relatively clean 
air where, under normal operating conditions, radioactive concentrations are 
expected to be low. Nevertheless, provision should be made for an alarm to be 
triggered when there is a sudden rise in concentration.

5.2.1.2. Monitors with moving filter tape

To avoid the long-time build-up of radioactivity and dust on the filter, 
instruments with moving filter band are used. They are suitable at locations where 
high radioactive concentrations are to be assessed and registered. An example for 
such an instrument is given in Fig. 9. The filter tape is 40 mm wide and moves 
through a sampling chamber in a stepwise fashion. The sampling window is 
30 mm X 30 mm and each step advances the tape by 7.5 mm; thus every filter 
element of 30 X 7.5 mm is loaded four times before it leaves the chamber. This 
is a fairly good approximation of a continuous movement of the tape.

The instrument is fitted with one instantaneous and one delayed measuring 
head. The delay is adjusted such that the natural radioactivity on the tape is 
reduced to negligible amounts. Pulse rates are evaluated digitally and registered, 
together with date and hour, by a tape printer. Direct computer connection is 
possible. For each measuring head an alarm system is provided. The air flow 
through the beta filter tape is 6 1/min, and that through the alpha filter tape is 
3.5 1/min. The tape speed and the delay time between the two measurements are 
adjustable over a wide range.

The detection limit for the measurement, after two to five days delay, will 
be independent of the natural radioactivity. A typical detection limit with one 
hour counting time may be 7.4 X 10 -4 Bq/m3 for beta activities and 
2.22 X 10"3 Bq/m3 for alpha activities [99].

5.2.1.3. Types o f  detectors

The choice of detectors for the continuous measurement depends on the 
type of activity to be measured and the size of the filters. For beta energies 
more than 200 keV and small filters, end-window GM counters are commonly 
used. Scintillation counters are sometimes used in such cases. Total alpha activity 
on small filters can be measured with proportional or scintillation counters, 
while solid state detectors are used for spectroscopy. Low-energy beta emitters, 
in general, and both alpha and beta emitters on large filters are assessed either 
with scintillation counters or with large-area proportional counters, the latter
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FIG. 10. Typical decay curve o f  the com ponents o f  natural radioactivity on a filter paper.

allowing simultaneous, but separate alpha and beta measurements on the same 
filter. The pseudo-coincidence monitors in particular are fitted with such detectors.

5.2.2. Discrimination against natural radioactivity

5.2.2.1. General

The most difficult problem in monitoring low-level radioactivity in air with 
instantaneous read-out instruments arises from (a) the presence of natural airborne 
radionuclides like radon and thoron and their daughters, and (b) the variation of 
their concentrations in air with day, time of the day, weather, ventilation 
conditions etc.

Radon and thoron emanate respectively from 226 Ra and 224 Ra which are 
present in variable amounts in the soil and in most building materials. Radon and 
thoron are both gases, but their short-lived daughters are solids and remain airborne 
either alone or by attaching themselves to the particulates in the air. Radon and 
thoron daughters emit both alpha and beta radiations. The combined half-life of 
radon daughters is 30 minutes and that for thoron daughters is 10 hours (Fig. 10).

As the permissible concentrations for alpha-active radionuclides are rather low, 
the interference of natural radioactivity becomes most troublesome when 
monitoring particularly plutonium and transplutonium elements.
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TABLE IX. TYPICAL IMMEDIATE AND DELAYED COUNTING RESULTS, 
SAMPLING DONE IN PLUTONIUM HANDLING AREAS USING SINGLE 
STAGE CENTRIPETER

Sample No. Immediate3 Delayed3

1 2.96 1.32

2 2.53 1.19

3 3.08 1.66

4 13.68 12.11

5 3.95 2.34

6 192.0 174.4

7 18.4 18.5

8 4.21 3.21

9 6.11 5.20

10 44.6 45.4

3 In 3.7 X 10 2Bq/m3. Immediate makes use of the count data taken after 10 minutes of 
delay and the delayed makes use of the count data taken after 5 days of delay.
MPCa = 1.6 X 10’ 1 Bq/m3.

5.2.2.2. Discrimination by filtering o f  room air input

Commonly, when low-level monitoring is to be performed, one tries to 
reduce the natural radioactivity in the laboratory air by filtering the incoming air.
If the air is drawn through absolute filters, the daughter products of radon and 
thoron are largely removed. Radon and thoron themselves, however, will pass 
through, subsequently producing daughter products in the laboratory air. 
Experience has shown that air drawn above the roof (some 20 m high) contains 
less radon and thoron daughters than the air drawn at the ground level [ 100], 
However, this method is of limited value only, because normally the filters in the 
input ventilation do not remove natural activity more than about 90%, and because 
radon is generated within the room itself, from the walls. The major consideration 
is to control the residence time of radon which can be reduced by increased 
ventilation.
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5.2.2.3. Discrimination by sampling

Radon or thoron decay products are found to be associated preferentially 
with small size airborne particles whereas man-made aerosols are usually larger. 
This property has been made use of in some sampling instruments to collect 
preferentially the larger sizes and also the long-lived radioactive substances.
A single stage annular kinetic impactor first developed by Tait [101] has an 
ECADS0 (efficiency cut off aerodynamic diameter for 50% collection) of about 
2 mm at a flow rate of 600 1/min. This was found to have a collection efficiency 
of 70% of typical plutonium aerosol particles and 10% for radon or thoron decay 
products. This instrument has been widely used for rapid assessment of airborne 
uranium and plutonium (see Appendix, Section A). Being an impactor type of 
instrument, it has usual disadvantages associated with the impaction type of 
instrument: burial of the alpha-emitting material within the grease used on the 
collection surface and the loading limitations. As an alternative to this method 
Kotrappa et al. [102] have developed a single stage centripeter. At a sampling 
rate of 1000 1/min it has a lower sampling efficiency (5%) for radon or thoron 
decay products and a collection efficiency (70%) comparable with that of 
annular impactor. Signal-to-noise ratio (ratio of efficiency for long-lived to short
lived) was 24.5:11.7 for centripeter and 7.3:3.4 for annular impactor. Using this 
instrument, it is possible to detect levels as low as i  MPCa quickly, within half 
an hour. Table IX illustrates the usefulness of such instruments in practice.
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Collection efficiencies of such devices can change if the particle size 
distribution of aerosol particles changes significantly. This limitation has to be 
borne in mind while using such instruments. These are not absolute instruments, 
but instruments that are very useful to indicate the abnormalities immediately.

5.2.2.4. Discrimination by measurement

There are several ways by which the influence of natural radioactivity can be 
reduced in order to increase the sensitivity of measurement and to lower the 
detection limit.

(a) The pseudo-coincidence method: In this method, the natural radioactivity 
is measured specifically by assessing the two disintegrations of RaC (beta particle) 
and RaC' (alpha particle), which follows the former with a half-life of 160 (is 
(pseudo-coincidence) [103—107]. The pseudo-coincident count rate is then 
weighted by an appropriate factor and subtracted from the total alpha count rate, 
thus leaving the artificial alpha count rate as a result. This method today is the 
most sensitive method for the measurement of small concentrations of artificial 
alpha-emitting isotopes in the presence of varying natural radioactivity. Further 
advantages of this method are high air flow rate (up to 50 1/min), insensitivity 
to the size of the particles to be measured and to the energy of the alpha emitters 
(even such transuranium elements that have energies higher than 6 MeV can be 
measured) as well as the possibility to monitor — and compensate — alpha and 
beta count rates separately at the same time. Figure 11 shows a schematic diagram 
of a typical aerosol monitor. Electronic design has improved continuously in the 
past few years so that the new designs have eliminated the disturbing influences 
of additional beta or gamma count rates which limited the use of the first 
pseudo-coincidence instruments.

Modern monitors of this type normally use filters of 20 cm diameter and 
an air flow between 10 and 25 1/min. The filter could endure up to 50 1/min but 
the noise of the air stream then would become too loud for the laboratory.
Higher flow rates are used only when the monitor is positioned in a separate room 
to measure, e.g. waste air from a stack. A typical detector unit consists of a triple 
large-area proportional counter. The proportional counter over the filter assesses 
the alpha pulses and the second one the beta pulses. The third one, which is 
shielded against alpha and beta radiation, is located on the top and serves for 
delivering a compensation gamma count rate to reduce the influence of varying 
background radiation levels on the beta measurement.

It is reported that with this instrument a concentration of artificial alpha 
emitters of 3.7 X 10~2 Bq/cm3 is detected within 2 hours and a beta concentration 
of 3.7 X 10-1 Bq/cm3 within 30 minutes. A background radiation of 1 mR/h 
(26 //C-kg-1 - IT1) or 6000 counts/s beta radiation causes an increase of 2% over
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Counts RaC'

FIG. 12. Typical pulse-height spectrum o f  particulate air activity on a membrane filter [99].

the indication for artificial alpha radiation [96]. For even higher beta or gamma 
sensitivities the system gives a safe reading, i.e. it shows too high a value for 
artificial alpha emitters. Even though pseudo-coincidence monitors need highly 
sophisticated detectors and electronic circuits, they are, because of their inherent 
advantages, very widespread in some countries, e.g. the Federal Republic of 
Germany.

The pseudo-coincidence monitors are almost indispensable for the sensitive 
air monitoring in transuranium laboratories where alpha-emitting isotopes with 
energies higher than 5.2 MeV are processed.

The pseudo-coincidence method is not only used for continuous measurements 
but also for discontinuous assessment of the alpha activity on filters immediately 
after their removal from the collector [107]. (See also Appendix, Section E).

(b) Delayed measurements: This method is based on the relatively short 
half-lives of the naturally occurring radionuclides and can be used for alpha and beta 
determinations equally. In continuous measurements with the moving filter tape
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system, this is done by delaying the measurement long enough to allow nearly a 
complete decay of natural radioactivity. The choice of moving filter tape 
instruments is made when it is necessary to have a very sensitive but delayed 
measurement for recording purposes and a fast alarm for the sudden onset of 
rather high concentrations.

(c) Alpha spectroscopic measurements: The alpha energies of radon and 
thoron daughters are all greater than 5.99 MeV (RaA), therefore it is possible to 
discriminate against the natural activity by alpha spectrometry to make it possible 
to measure alpha emissions of energies less than 5.99 MeV. A typical spectrum
is shown in Fig. 12. Membrane filters of about 20 mm diameter and surface barrier 
or diffused junction solid state detectors are used. Some glass fibre filters which 
have surface collection characteristics are also used and have the advantage of a 
lower resistance. However, the method suffers from several disadvantages. The 
most serious one is that the spectroscopic resolution of the system and the portion 
of the alpha pulses from natural radionuclides falling into the lower energy channel 
vary with the dust load. In addition the self-absorption becomes significant. All 
these make the discrimination become poor with time. A two-channel version of 
this method, whereby a suitable fraction of the count rate in the radon-daughter 
channel is subtracted from the count rate in the plutonium channel and can 
reduce the influence of dust loading. The air flow is small, less than a litre per 
minute, because of the small and dense filter. This method, therefore, is used 
mainly for monitoring close to glove boxes and hot cells when the intake nozzle 
may be mounted as near as possible to the face of the operator. Typical alarm 
levels are 10—30 MPC hours of plutonium.

(d) Application of high resolution alpha spectroscopy: The high resolution 
alpha spectrometry system consists of a suitable silicon surface barrier detector in
a vacuum system, a suitable electronics and a multichannel analyser. Such a system 
is expensive, but forms a standard item in a laboratory handling significant 
quantities of alpha emitters. Therefore, it is usually available for analysing air 
samples in a restricted way. Air samples collected on a millipore filter or on a 
glass fibre filter paper are suitable for direct analysis.

Application of such a system for discriminating short-lived and long-lived 
alpha emitters is already discussed in Section 5.2.2.4(c). Another place where such 
a system has found use is in analysing air samples to ascertain uranium to plutonium 
ratios in mixed oxide fuel handling facilities. In such a location typical air samples 
can be analysed to evolve suitable derived working limit values. Another application 
of such a system is in the analysis of transuranics exhausted from a nuclear power 
reactor. Air samples collected at the exhaust stack can be directly analysed to meet 
such regulatory requirement of modern nuclear power reactors.
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5.2.2.5. O ther m ethods o f  discrim ination

Natural radionuclides may be separated from the filter sample by chemical 
techniques. The bulk of the natural radioactivity is due to the presence of 
isotopes of bismuth and lead. If glass fibre filter paper is used, these isotopes may 
be converted to their chlorides by passing air containing a chlorinating agent 
through the filter maintained at about 500°C in a small furnace. The volatilized 
chlorides are carried away in the gas stream. Between 80 and 95% of the natural 
alpha and beta activities is removed by this procedure in a treatment time of about 
four minutes [108]. There are other methods to differentiate against the natural 
radioactivity described in the literature, but none of them is of practical importance.

5.2.3. Measurement after collection

As it was mentioned in Section 4.2.1, in most accumulative sampling, the 
measurement of radioactivity is made by removing the collected sample from the 
air sampler. The analysis of the sample is carried out in a laboratory where 
counting equipment as well as radiochemical facilities are available. This procedure 
is mandatory for the analysis of samples containing mixtures of radionuclides but 
it is commonly used for relatively simple counting. Also by this procedure it is 
possible to delay the measurement to allow decay of short-lived natural radio
nuclides, particularly radon, thoron and their daughters. This procedure is 
necessary when air samples need to be analysed by radiochemical or spectrometric 
methods for the assessment of specific radionuclides. Filter samples from 
continuous air monitors are often analysed and measured in the laboratory for 
efficient assessment of the contaminants.

In circumstances where measurement of the radioactivity is not possible 
during the collection of the sample, it is necessary to make the measurements 
after collection. One such example is the breathing zone sampling by personal 
air samplers. The measurement during collection would need a counting device 
too bulky and too inconvenient to be worn by a worker during his work. However, 
small and light-weight experimental detectors have recently been devised for 
personal air samplers [ 109]. Another example is the monitoring of air in a large 
number of rooms or at many different locations.

The measurement techniques to be used in the laboratory are standard ones 
and do not need to be described here. Two additional requirements may come 
into play: processing of large numbers of samples on the one hand, and an 
urgency to have the results in a very short or limited time on the other hand.

For extensive treatment of this problem, reference is made to the Proceedings 
of the IAEA Symposium Rapid Methods for Measuring Radioactivity in the 
Environment, Vienna 1971.
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5.3. MEASUREMENT OF GASES

5.3.1. General methods of continuous measurement

The most important gaseous and volatile nuclides and their properties are given 
in Table X mainly for the reader’s convenience and will be referred to when various 
measuring arrangements are discussed. It may be noted that in Table X all the 
gases except 14C and 3H have sufficient energy of emissions such that reliable 
immersion monitoring by conventional beta or gamma radiation survey instruments 
or dose meters can be performed.

Mostly beta radiations are used for continuous measurements. This is 
necessary for 85 Kr which is virtually a pure beta emitter (only 0.7% gamma rays 
at 520 keV) and cannot reasonably be detected otherwise. However, beta 
radiation detection is advantageous for other gaseous radionuclides as well, because 
measuring chambers of defined geometries and reasonable dimensions can be used 
without unduly reducing the sensitivity.

To obtain the maximum count rates per unit concentration, the measuring 
chamber should have the dimension greater than the maximum range of the beta 
radiation concerned. In practice, however, smaller chambers (~  several tens of 
centimetres) are usually adequate since the beta rays having emission energies close 
to the maximum are only few in number.

Where low activity measurements, several orders of magnitude less than the 
maximum permissible levels, are not required, very small chambers may be used.
For such chambers the efficiency of detection is virtually independent of the 
beta ray energy as well as of the type of radioactive gas to be monitored.

Mobile measuring devices also require chambers of dimensions smaller than 
the optimum. They are very useful in monitoring air at different locations and do 
not require long intake ducts.

Three main forms of measuring chambers are commonly used, namely, 
cylindrical chambers (~  50 cm diameter X 50 cm high) with GM or scintillation 
counters along the central axis, ‘cubic’ chambers (~  100 X 100 X 50 cm) with 
one wall housing a large area proportional counter, and flat rectangular chambers 
with the same dimensions as a large-area counter (~  30 X 30 cm) and a thickness 
of ~  10 cm.

GM counters are simple and cheap, yet they generally have adequate sensitivity. 
Tubes with aluminium or glass walls about 0.2 mm thick are often used. They 
have however several disadvantages. The wall thickness limits detection to beta rays 
of energies greater than 300 keV. Due to the thin wall the efficiency of detection 
is also affected by mechanical stresses and over-atmospheric pressure. The long 
dead-time of GM counters limits the maximum measurable concentration and their 
characteristics change with age.
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Plastic phosphors can be used with thin windows (e.g. 0.05 mm Al foil) and 
are therefore suitable for measuring low-energy beta rays. Their response is more 
than one hundred times higher than for GM counters. A large surface area of the 
phosphor is required to obtain high sensitivity and a small thickness (~  1 mm) is 
necessary to minimize the background due to gamma radiation. One form of the 
detector is a cylindrical phosphor on an acrylic glass light pipe, about 20 cm long 
with 4 cm diameter, which gives a large surface area [110], Disc-shaped 
scintillators are used mainly where relatively high concentrations of activity are 
monitored.

Variations in external background can be compensated by using a pair of 
detectors, one of which is rendered virtually insensitive to beta radiation by 
covering it with a plastic shield of thickness of the order of 1 g/cm2.

Large-area proportional counters (typically ~  700 cm2) are the most sensitive 
detectors for monitoring radioactive gases. They have thin windows (~  0.3 to 
0.9 mg/cm2) and low electronic noises and are therefore highly suited to the 
detection of low-energy beta rays.

The detectors are usually mounted on the wall of a measuring chamber 
approximately 50 cm deep. The background is reduced by shielding the detector 
or, if cost is not a serious consideration, by shielding the whole measuring chamber 
with lead. The fluctuations in the external radiation level are compensated by 
using a second counter insensitive to beta radiation.

Where the background radiation is expected to be constant and low it is 
possible to fit detectors with windows on both sides in the middle of an air 
chamber with twice the normal volume, thus doubling the area sensitive to beta 
radiation without affecting the background level. However, the reduction of the 
background requires shielding to cover most, if not all, of the measuring chamber. 
Monitoring systems employing such counters are described by Hogrebe [111] and 
Laboratory Berthold [112].

Numerous theoretical calculations and experimental checks on the detection 
probabilities of different large-area counter geometries in monitoring systems 
have been published. Hogrebe [113] and Muller and Nemecek [98] have produced 
detailed data and calibration factors for beta-and alpha-emitting gaseous radio
nuclides with different detector arrangements.

The advantages and disadvantages of the major measuring devices are 
summarized in Table XI. Typical calibration factors for various types of detectors 
used in different chambers are given in Table XII.

The methods for gaseous radioactivity measurements described above could 
in principle also be used for radioactive aerosols. In practice, however, the gaseous 
activity is generally monitored separately after passing the gas through a suitable 
filter. This avoids soiling and contamination of the measuring chamber. Gaseous 
activity can also be monitored with gas flow counters as described in Section 5.3.4.
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TABLE X. CHARACTERISTICS OF SOME MAJOR RADIOACTIVE GASES

Isotope 41 Ar 135Xe asmKr 85Kr l33Xe 14C 3H I50 ,3n "c

Half-life 1.85 h 9.2 h 4.4 h 10.4a 5.65 d 5570 a 12.3 a 2.1 min 10 min 20.4 min

Beta energy (MeV) 1.2 0.92
(97%)

0.83 0.67 0.35 0.158 0.018 i.7 «n 1.25 (/3*) 0.96 « T )

Max. range in air (cm) 406 270 230 180 100 33 0.6 607 421 303

Range for mean energy 
d /3  Emax)

110 90 80 60 14 3 0.15 151 98 67

MPC (Bq/m 3) for 
occupational exposure

7.4 X 104 1.3 X 10s 2.2 X 10s 3.7 X 10s 3.7 X 10s 1 85 X 106 
(1.3 X 10s)a 
(4 X 103)b

7.4 X 107 
(1.8 X 10s)c

1.1 X 106 1.1 X 106 1.1 X 10s

3 Soluble compounds,
b Insoluble compounds (lung deposition).
c Tritiated water.
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TABLE XI. CHARACTERISTICS OF VARIOUS SYSTEMS USED FOR MONITORING INERT GASES IN AIR

Type Extent of use Detection
sensitivity

Advantages Disadvantages

Ionization flow 
chamber

Earlier often, now 
rarely used in the FRG; 
common abroad

Bad to adequate 
(approx.
7.4 X 103 Bq/m3)

Detects radiation of 
all energies (but without 
discrimination)

Constant calibration 
checks required, low 
detection sensitivity

Proportional 
flow counter

In reactors and laboratories, 
only in conjunction with 3H 
measurement (FRG only)

Good (approx.
1.85 X 103 Bq/m3)

Simultaneous and 
separate detection of 
inert gases and 3H

Gas consumption, 
limited air flow 
rate

GM counter in 
measuring chamber 
50 dia.X 50 cm

Often in accelerators, 
sometimes in reactors

Good (approx.
7.4 X 102 Bq/m3)

Cheap and simple 
electronics, stable 
due to long plateau

No 14C measurement, 
limited counting rang 
counter tube ageing

Large-area plastic 
scintillation 
counter in 
measuring chamber 
50 dia.X 50 cm

Until now only at HMI 
Berlin

Good (approx.
1.85 X 103 Bq/m3)

Pressure resistant, 
long life, wide range. 
14C can still be 
detected

Relatively expensive, 
highly sensitive

Large-area
proportional counter 
in measuring chamber 
100 X 100 X 50 cm

Frequently in reactors 
(FRG only)

Good (approx. 
74 Bq/m3)

Maximum detection
sensitivity for
all energies (except 3H)

Gas consumption
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TABLE XII. TYPICAL CALIBRATION FACTORS FOR VARIOUS TYPES OF COUNTER

Counter system Dimensions (cm) Calibration factor (pulses/min per 3.7 X 104Bq/m3) 

41 Ar 135Xe 85 Kr 133Xe 14C

References

Counter Chamber

BZ 120 A 44 dia. X 74 2800b 1900 800 52b c
50 dia. X 50 1900a 1400 1100 32

GFDZ 60 X 30 X 10 2200
100 X 100 X 50 10 000

GM tube end window 2.7 dia.
single detector 40 X 40 X 20 57 40 7 d

7 detectors ” 400 280 50

Plastic scintillator 3.8 X 0.5 X 19.4 44 X 74 1900 1400e 700 84 30e b

Large-area flow 25 X 25 60 X 30 X 10 — — 200 900 — f

counter (proportional) (window)
100 X 100 X 50 19 000 14 000 10 000 3000 500 g

References3 Measured by Probst [114]. e Calculated by author.
b Measured by Barz [115]. f Siemens Research Report 21-3/72, not published.
c Calculated by author on basis of information in a. 8 Muller and Nemecek [98],
d Calculated in accordance with Plesch [116].
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5 .3 .2 . 85Kr in the presence o f  41 Ar

The measurement of radioactive krypton in the presence of high concentrations 
of 41Ar can be made by separating the beta rays from these two radioisotopes by 
using appropriate wall thicknesses of the detectors.

The maximum beta-ray energies of 85Kr and 41 Ar are 0.67 MeV and 1.2 MeV, 
respectively. By choosing a suitable wall thickness for one detector (in practice 
~  250 mg/cm2) only the 41 Ar beta rays (plus background gamma radiation) are 
detected. This value can then be subtracted from the total beta*ray measurement 
determined with a similar counter with a much thinner window.

The relatively thick wall of a GM tube (~  50 mg/cm2) does not result in a 
high degree of separation since the efficiency of detection of 85 Kr is low compared 
with that for 41 Ar. Better results are achieved using a pair of plastic scintillators 
[117], one covered with a suitable filter. The optimum separation is also dependent 
on the size of the measuring chamber which should be no larger than required to 
give a reasonable efficiency for 85 Kr.

A more complex system employing two triple sandwich proportional counters 
is described by Edelhauser et al. [118]. This has a detection limit of 3.7 X 102Bq/m3 
to 3.7 X 103 Bq/m3, depending on the influence of external gamma radiation.

5.3.3. 133Xe and 14C

I33Xe can be determined by the methods described in Sections 6.3.1 and
6.3.4. A relatively cheap system which uses an air flow ionization chamber has a 
sensitivity of ~  7.4 X 104 Bq/m3 [119], which may be adequate.

Liquid scintillation counting is commonly used for counting 14C. The 
technique provides for good detection efficiency and normally involves a minimum 
of chemical preparation. The 14C 02 gas can be collected in a suitable solvent and 
counted in a liquid scintillation counter. Flow ionization chamber or proportional 
counter methods can also be employed for 14C 02.

5.3.4. Tritium

The low energy of tritium beta rays (Emax = 18 keV) makes it necessary to 
introduce air containing the tritium, mostly in the form of tritiated water vapour, 
into a suitable detector. Detailed descriptions and methods for continuous and 
discontinuous measurements have been published by, amongst others, Kiefer and 
Maushart [100], Ehret [120], Maushart [121], and Budnitz [122], Three different 
types of detectors are suitable for continuous air monitoring: ionization flow 
chambers, proportional flow counters, and scintillation flow chambers.

Under ideal conditions modern ionization chambers with a volume of about 
10 litres will detect ~  3.7 X 104 Bq/m3. Proportional counters will measure less
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TABLE XIII. CHARACTERISTICS OF VARIOUS SYSTEMS FOR MONITORING 3H IN AIR

Protection against interference

Type Extent of 
use

Detection
sensitivity

with radio
active inert 
gases

with increased
gamma
background

against
memory
defects

Speed with which 
reading is 
obtained

Specific
disadvantages

Ionization
chambers

Most 
common 
in many 
countries

Bad to adequate 
(approx.
7.4 X 104Bq/m3)

None, only 
adequate with 
drier and 
differential 
measurement

None, only 
adequate with 
compensation

Bad Very good 
(seconds 
to minutes)

Frequent 
recalibration air 
pollution can 
produce 
interference

Proportional
counters

Most 
common 
in FRG

Very good 
(approx.
7.4 X 10J Bq/m3)

Adequate, with
compensation
good

Inadequate, 
with compen
sation good

Good Adequate to good 
(several minutes 
t o .................. )

Counting gas
supply
required

Plastic
scintillator
chambers

Rare
(Canada)

Adequate
(approx.
3.7 X 104Bq/m3)

Inadequate, only 
adequate with 
drier & differen
tial measurement

Only adequate 
with extensive 
shielding

Very bad Good (minutes) Very susceptible 
to pollution and 
contamination

Conversion and 
measurement in 
liquid phase 
(continuous)

Rare 
(experi
mental 
system only)

Bad to adequate 
(approx.
1.85 X 10sBq/m3)

Very good Very good Adequate Bad (hours) Extensive
hardware,
requires
maintenance

Freezing out, 
measurement in 
liquid phase 
(discontinuous)

Usually for
random
checks

Very good Very good Very good Very good Measurement 
represents average 
reading for a 
relatively un
defined volume 
of air
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than 3.7 X 102 Bq/m3, while the detection limits with scintillation counters having 
active areas of several thousand square centimetres will fall somewhere in between. 
Compared with the occupational maximum permissible level of 1.85 X 10s Bq/m3, 
these detection sensitivities are quite adequate. However, radiation from other 
gases, high or fluctuating background gamma radiation and internal contamination 
of the instrument, when present, will result in the ‘memory effect’, thus reducing 
the effective sensitivity.

The required response time between an increase in tritium concentration and 
the corresponding alarm or instrument reading will determine the choice of 
instrument. If long delay times (up to 1 hour) and a considerable amount of 
chemical engineering hardware are acceptable, then water vapour in air can be 
condensed continuously and the tritiated water measured. This method largely 
eliminates interferences from other radionuclides and background radiation.
Osborne [ 123] describes various methods for processes of this type but their use 
will probably remain limited to exceptional cases.

Where only random checks or long-term samples are required, as is mainly 
the case with environmental monitoring, water vapour is frozen out of the air 
onto plates cooled with dry ice and the tritium content is determined by liquid 
scintillation counting. Concentrations down to 3.7 Bq/m3 in air can be easily 
detected [124].

The advantages and disadvantages of the various systems are listed in 
Table XIII. For continuous measurement only the first two of the five methods 
(ionization chamber and proportional counter) are practicable and they will be 
discussed further.

Ionization chambers are cheap and require no counting gas, thus a high 
throughput of air can be used (e.g. 20 m3/h) resulting in a short response time.
They are generally considered to be reliable but some reservations have to be 
made [125], The reading may be affected by cigarette smoke, aerosols, ions, 
humidity, condensation, and incorrect calibration. Attempts are made to counteract 
these using fine filters, electrostatic ion traps and built-in calibration sources. 
Absorption of tritium on the walls results in a memory effect, the magnitude of 
which is very dependent on the design and materials of the chamber.

Interference from external gamma radiation can give apparent tritium 
concentrations of 3.7 X 106 Bq/m3 in a field of 1 mR/h. Apart from shielding 
this may be reduced under favourable conditions to 1 or 2% [126] using a sealed 
compensating chamber. Complete compensation is not possible due to differences 
in the gamma-ray field for the two detectors and variations in the mass of air 
within the open chamber at changing temperatures and pressures.

The presence of other radioactive gases constitutes the major problem in the 
measurement of tritium by ionization chamber methods. Their beta ray energies 
are much higher than for tritium and therefore they produce much more ionization 
in the chamber per disintegration. The interference will be greater for large
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chambers since the path length within the chamber for high-energy beta rays will 
be greater.

Proportional flow counters have been developed to overcome some of the 
above problems. The basic principle of the proportional counter in use today 
was developed by Ehret [ 127], Kiefer and Maushart [ 128]. Further publications 
have been produced by Dreutler [129], Ehret [120], Dobiasch [130, 131],
Maushart [121] and Tice and Waters [ 132]. The detectors consist of either two 
cylindrical concentric or three flat proportional counters through which a mixture 
of approximately 30% air and 70% counting gas passes. The counters are separated 
only by cathode grids so that the central measuring counter is virtually wall-less, 
thus minimizing tritium absorption within the chamber. The outer counter acts as 
an anti-coincidence shield since due to their short range (~  1 mm) tritium beta 
rays are unlikely to produce measurable pulses in the two counters whereas higher 
energy beta rays and electrons from gamma-ray interactions will generally interact 
in both.

A fraction of the coincidence count may be subtracted from the anti- 
coincidence count to allow for the small fraction of interfering radiations which 
interact only in the central counter. After compensation, less than 1% of the 
interfering activity is included in the tritium reading. The coincidence rate may be 
used to determine the activity from the other gases present.

Gas consumption limits the flow rates through such counters and thus the 
response time tends to be long. A flow rate of several litres per minute is required 
to give a response time of ~  5 min [133], The response time may be shortened 
by the use of natural gas (mainly methane) but this requires frequent checks on 
counter performance due to variation in the gas composition. An automatic 
stabilizing method is described by Bowman et al. [134].

Counter volumes can range from a few millilitres to several litres. For 
the latter the calibration factors are typically one count per minute from 
74 Bq/m3 of tritium. Arrangements for calibrating continuous 3H proportional 
counters and problems experienced have been described by Ehret et al. [127], 
Elmdust and Kiihn [135] and Dobiasch [131].

Scintillation chambers with a high surface area to volume ratio have been 
used experimentally [123, 136] e.g. with a comb-shaped arrangement of plastic 
scintillator. Such systems require two photomultipliers and a coincidence counting 
system to give reasonably high sensitivity and are not produced commercially.

5.3.5. Short-lived N and O isotopes

In high*energy accelerators the interaction of radiations with air produces, in 
addition to 41 Ar, radionuclides like lsO, 13N and n C isotopes. Various authors 
have calculated the maximum permissible concentration levels assuming the exposure 
is mainly caused by immersion since no values are specified for these gases by ICRP.
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This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



A summary has been published by Hofert [137] which gives a maximum permissible 
concentration for occupational exposure of the order of 3.7 X 10s Bq/m3. All the 
three nuclides in question are positron emitters (Table X) and can be monitored 
with the same instruments used for other inert gases. The calibration factors for 
41 Ar can probably be used without significant error. It would be possible to 
measure such nuclides using their annihilation radiation. Approximate calculations 
suggest that the maximum permissible concentration for population exposure 
of 7.4 X 103 Bq/m3 can easily be detected with a 2.5 X 2.5 cm Nal crystal.

5.3.6. Iodines

The radioactive iodine isotopes 1311 and 125I belong to the most important 
radioisotopes in nuclear medicine. The risk of incorporation is high because of 
the fact that both isotopes are in chemical compositions which are mostly highly 
volatile and that 1311 is used in rather large quantities. Control of iodine contamina
tion in air, therefore, is regularly required at least in the working environment of 
radiotherapeutical departments. Measurements of iodine concentration in air 
around patients who have been treated with 131I are reported by Marshall [138].

Instruments for measurement of radioactive iodine in air work on the same 
principles as the aerosol monitors described previously. To measure 1311 the use 
of scintillation counting methods is much more preferable to any other method.
By this method one can make a measurement which is, up to a certain degree, 
iodine-specific when assessed spectrometrically using the 360 keV gamma peak. 
When collected in an iodine cartridge, the measurement of gamma radiation is the 
only method because beta rays are almost totally absorbed in the volume of the 
cartridge itself.

The maximum permissible concentration of 1311 for radiation workers is 
7.4 X 102 Bq/m3 for a maximum time of four hours. It is relatively easy to 
detect such an iodine concentration with a portable monitor with a charcoal- 
coated filter, GM counter tube, and an air flow of about 1 m3/h within 10 to 
30 minutes, the time being dependent on the level of natural radioactivity present 
in the air.

Monitoring of 12SI is much more difficult. Until now there exists no 
recommendation for the maximum permissible concentration in air for this 
radioisotope such that the limit for unknown mixtures of radioisotopes 
(3.7 Bq/m3 for beta emitters) is used. In addition, the energy of the emitted 
gamma and roentgen radiation is low, about 30 keV, which necessitates the 
use of special scintillation counters with very thin windows. It should be noted, 
therefore, that monitors normally used for 131I are not suitable for 125I.
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5 .3 .7 . Discontinuous measurements

Radioactive gases are normally measured continuously. Discontinuous 
measurements are the exceptions, their main application is where separation or 
identification of certain gases is required, e.g. by gamma-ray spectrometry with 
Ge(Li) detectors or by fractional absorption processes. The main exception is 
tritiated water vapour which is often sampled using cold traps (see Section 5.3.4).

5.4. PRECAUTIONS

While using a counting instrument it is always advisable to determine the 
background count rate before counting the samples. Background counts should 
be taken with a blank filter paper in place because some filter papers contain trace 
amounts of radioactive substances.

Before counting a sample it is necessary to allow for the decay of the daughter 
products of radon and thoron in the sample. The effective half-life of radon 
daughters is about 30 minutes and that for the thoron daughters is 10.6 hours.
A delay of several hours for radon daughters and several days for thoron daughters 
is advisable.

The counting instruments should be calibrated periodically with appropriate 
standard sources.
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6. INTERPRETATION OF MEASUREMENTS

6.1. GENERAL

One important part in air monitoring is the interpretation of the results of 
measurements. There are many possibilities of errors in relating the measurements 
to the actual intake by an individual and to the deposition in different parts of 
the respiratory system. For example, the concentration of the airborne con
taminants may be variable in space and time, such that the results from a few 
measurements may be inaccurate. The presence of a hot particle in the sample 
may be a problem as it may not represent the air concentration which an individual 
might inhale. Conversely, a sample may miss hot particles which an individual 
might inhale. In isolation, therefore, the result may be meaningless except as an 
indication that a highly radioactive particle has been present in the air. In such a 
situation sampling over an extended period of time may provide a more accurate 
estimate of the inhalation risks of workers. The significance of hot particle 
problems is related mainly to the radionuclides of high specific activity.

There are other factors which must be taken into account while interpreting 
the results of measurements. These are the consideration of accuracy, loss of 
radioactive contaminants in the sampling conduits, self absorption, influence of 
foreign matters whether radioactive or non-radioactive, etc. One should also bear 
in mind that measurements with fixed air monitors are not reliable indications of 
the air concentration in the breathing zone. Personal air samplers may be used 
for this purpose. For all sampling, particularly at very low flow rates, results 
should be averaged over a sufficiently long period of time to eliminate substantial 
variations due to the collection of a few hot particles.

6.2. ACCURACY CONSIDERATIONS

The consideration of accuracy depends upon the purpose of measurement.
For example, area monitoring by fixed monitors is mainly intended to sense the 
air concentration and give warning of any unusual increase in the concentration — 
which may indicate an accidental release or deterioration of control equipment. 
Personal air samplers, on the other hand, are used to determine as close as possible 
the air concentration in the breathing zone, thereby to assess the individual 
exposure. The accuracies required in these two cases may not be the same and 
the techniques, equipment and approach may be different. Therefore, one must 
first establish the reason for measurement and sort out the requirement of 
accuracy before selecting equipment for measurement. Further, the variability
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of the conditions where the sample is collected prohibits the collection of a 
sample that is truly representative of personal exposure. In routine analysis of 
air samples for radiological control high precision may neither be practicable nor 
required.

Sampling of radioactive gases and aerosols in working areas nearly always 
involves inaccuracies due to the fact that uncontrolled releases vary in time and 
space and that the physical and chemical properties of the contaminants can also 
vary greatly. Therefore, before initiating a monitoring programme, it is necessary 
to ascertain what types of errors are likely to occur during sampling and 
measurement. Proper account of such errors must be taken to assess the concen
tration of the airborne contaminants.

6.2.1. Factors connected with the sampling of contaminants

Depending on the conditions of sampling and the types of contaminants 
involved, the constituents of the sampling system may vary.

For sampling air directly in a working area, where air movement is usually 
only slight, the sampling head may consist of a holder containing the collector. 
The collector may be a filter paper, a bed of adsorbent carbon, an ionization 
chamber, a cold trap, etc. In certain circumstances the sampling head may 
contain a suction head in front of the collector. While sampling air from venti
lation pipes, or from inaccessible areas, it may be necessary to introduce a pipe 
between the suction head and the collector.

Anyway, at each of these stages, there may be modification of the con
centration of contaminants due to deposition through sedimentation or inertial 
deposition. It is therefore necessary to make the corrections for losses in various 
components of the sampling system.

It should be noted that the use of an inlet pipe in front of the collector is 
an extremely poor practice and may only be employed in unavoidable 
circumstances.

6.2.1.1. The uptake o f  the suction head

The uptake efficiency of the suction head is usually close to 100% for 
sampling of gases. For aerosols it may be higher but is usually less than 100%.
It depends mainly on the particle size distribution and specific mass of the 
aerosol, on the suction speed in relation to the speed and direction of the air 
flow at the point of intake and on the geometry and orientation of the suction 
head. It is important to determine the ratio of the contaminants in the suction 
head to the concentration in air at the sampling point.

When measuring contamination in ventilation pipes, where conditions are 
generally turbulent (Reynolds No. Re = (0VP jr\) >  2000) and where there may
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FIG.13. Fractional diffusion loss E^ in conduits as a function o f quantity Hs = itDL/Q.

be particles larger than a few microns, it is essential to perform isokinetic 
sampling [139, 140] in a rectilinear part o f  the pipe. If the ventilation pipe is 
o f  a large diameter (<£> >  200 mm), it is advisable to install a number o f  isokinetic 
probes. When sampling cannot be performed isokinetically, for instance if  there 
are no straight lengths o f  pipe in the installation, the errors in uptake efficiency 
must be estimated [141 — 143].

If the suction head consists o f  a tube o f  small diameter placed horizontally 
in a room  where the maximum speed o f  air movement is one fifth the suction 
speed, the latter may be so adjusted as to result in no loss o f  uptake efficiency [144]. 
Under other conditions it will be necessary to estimate the uptake efficiency 
[1 4 5 -1 4 7 ],

6 .2 .1 .2 . D ep os it ion  o f  con tam in an ts  in sam plin g  p ip e s

Loss o f  radioactivity due to deposition in the sampling conduits may cause 
serious underestimation o f  the airborne contaminants. The loss is significant 
where the conduits are long, have horizontal sections, or are made o f  non-conductors. 
The losses may be quite high for particles under 0.01 ^m and over 1 jum diameter 
[148]. The smaller particles are lost by diffusion and the larger particles by gravity 
settling. Turbulent diffusion and impaction at high sampling rate and electrical 
effects in conduits made on non-conductors can remove aerosols from the airstream.

Thomas [148] has calculated the fractional diffusion loss and it is shown in 
Fig. 13 as a function o f  a quantity jud = 7rDL/Q, where D is the diffusion constant
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PARTICLE D IA M ETER  (/im)

FIG. 14. Dependence o f diffusion constant on particle size.

o f  the particles, L the length o f  the conduit and Q the volumetric flow rate.
Figure 14 shows the dependence o f  D on particle size and Fig. 15 gives the fractional 
gravity settling losses in conduits as a function o f  particle diameter and tube length 
with flow  rates 150 times the conduit diameter.

For gases like the halogens, tritium etc., deposition may result from adsorption 
or condensation on the internal walls o f  the pipe. Such deposits can be minimized 
by selecting suitable, clean metal pipes with a good inner surface, which may also 
be lagged as required.

In pipes with laminar flow  the deposition o f  fine particles with diameters 
less than 0.01 t̂m takes place by diffusion and the deposition o f  larger particles 
with diameters greater than 1 n m  by sedimentation. In pipes with turbulent flow 
aerosol deposition may take place by turbulent diffusion or impaction. In addition, 
deposition by electrostatic attraction is always possible in the case o f  pipes made o f  
insulating materials.
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FIG. 15. Fractional gravity settling losses in conduits as a function o f particle diameter and 
tube length, where flow rates are 150 times the conduit diameter.

In addition to reduced transmission efficiency there may also be, on occasion, 
a re-entrainment o f  deposits which have accumulated over a period o f  time. This 
can increase the activity on the filter to the extent that it can be confused as 
resulting from  a radiation accident.

T o minimize deposition in sampling conduits it is important — in addition 
to taking the steps already mentioned in relation to gases — to keep the pipes as 
short as possible and avoid abrupt necks; the pipes should not be positioned 
horizontally, and the air velocity should be selected to suit the characteristics o f  
the aerosol. Information regarding the determination o f  deposition can be obtained 
from  Refs [140, 142, 148, 1 4 9 -1 5 1 ],

It is then necessary to know how  the contaminant will behave in the retention 
system once it arrives there, generally somewha4: attenuated owing to uptake and 
transmission efficiencies less than 100%. The many factors to be considered 
include the amount o f  contaminant samples, the penetration o f  particles into the 
filters, and the effect o f  mixing o f  contaminants.

6 .2 .1 .3 . B u ria l loss

When sampling with filter papers, some o f  the particles penetrate into the 
depth o f  the paper before being captured. The depth o f  penetration o f  course 
depends on the type o f  the filter paper. Some filter papers like Millipore AA and 
glass fibre filter paper, Whatman G F /A , collect all particles on or close to the 
surface.
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T A B L E  XIV. CHARACTERISTICS OF FIL T ER S  USED IN PENETRATION STUDIES [1 5 4 ]

Filter Type
Pore or fibre 

diameter (jum)

Thickness

(m m )

Area density 

(m g 'e m "2)

Porosity  

1 — a

Fraction o f  

alpha activity 

absorbed

Activ ity

AF -150 Membrane 0.7 -  1.0 0.150 5.0 0.80 _ Th C -C ’

A A F Glass fibre s l . O 0.250 5.6 0.90 -
Air m onitoring Cellulose fibre 1 5 - 2 5 0.250 11.0 0.70 -
S - P  blue Cellulose fibre 7 0.175 - - - Th  C -C ’

S — P pink Cellulose-asbestos fibres 0.7 0.400 16.2 0.74 0.33 Th C -C ’

M illipore V C Membrane 0.1 ± 0 .08 0.130 - - 9=0 T h  C -C ’

M illipore A A Membrane 0.8 ±0.05 0.150 4.7 0.81 S O Th C -C ’

Whatman G F /A Glass fibre 0.7 0.450 5.0 0.95 S O Pu-239

Whatman 41 Cellulose fibre - 0.018 9.1 0.65 0.40 Th C -C ’ R a  A -C ’

W hatman A p /A Polystyrene fibre - 0.750 - - s o Th  C -C ’ Ra A -C ’

Microsorban Polystyrene fibre 0.6— 0.8 1.88 - - 0.43 Th C -C ’ R a  A -C ’

Gelman E Glass fibre - 0.625 - - 0.09 Th C -C ’ R a  A -C ’

H V -70 Cellulose-asbestos fibre 0 .1 -3 5 0.225 0.77 0.18 Th C -C ’ R a  A -C ’

H V -7 0 Cellulose-asbestos fibre C .1 -3 5 0.500 0.79 0.28 Th C -C ’ Ra A -C ’
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The depth o f  penetration o f  particles in filter papers is important in the 
radioassay, particularly for alpha emitters. The more deeply a particle penetrates 
into the filter paper, the smaller the residual energy, at the surface, on any alpha 
radiation it emits. I f the penetration is too  deep, the alpha particles can also be 
fully absorbed. Particles with diameters between 0.1 and 0.3 >im pass through 
the filters most easily and hence penetrate to the greatest depth. The absorption 
o f  alpha particles can be minimized by using low-porosity filter papers such as 
those em ployed in the high-efficiency filter cells designed for the purification o f  
nuclear installations. Low-porosity filter membranes are less com m only used 
owing to their cost and their large pressure drop.

Table X IV  gives the characteristics o f  various filter papers and shows particle 
penetration and alpha energy absorption.

Information regarding the absorption o f  alpha particles by fibres o f  filter 
paper can be found in Refs [152, 153].

Dust load on the filter paper may also affect the detection o f  alpha particles 
in the sample. The dust load superimposed on the penetration o f  particles in 
cellulose filter paper may cause significant burial losses. On membrane or glass 
fibre filters inactive dusts do not present significant problems until the dust loading 
is about 0.4 m g ' cm -2 . Large active particles o f  diameter comparable with the 
range o f  alpha particles (~ 5  (im for uranium oxide, 8 /jm for 239Pu oxide) can 
considerably reduce the alpha particle measurement.

6.2.2. Factors related to the measurement o f  contaminants

6 .2 .2 .1 . S en sitiv ity  o f  th e  m easuring eq u ip m en t

The minimum detectable activity in the collected samples that can be measured 
with an equipment depends on the background count rate resulting from the back
ground gamma radiation and the daughter products o f  radon and thoron.

The influence o f  background gamma radiation can be reduced by moving 
the detector away from the radiation zone (which means lengthening the input 
pipe), by shielding the detector (which means reducing portability) or by using 
anti-coincidence methods (which means increase in cost).

Radon and thoron daughters when present in the collected sample may 
seriously affect the measurement o f  the alpha-emitting contaminants. The limit 
o f  detection in such cases can be improved and consequently the alarm level 
lowered by using, for example, instruments working on delayed counting 
techniques, or on energy or particle size discrimination, or on the alpha-beta 
pseudo-coincidence (see Section 5).

It is also possible to reduce the background due to the radon and thoron 
daughters by filtering the air at the entrance to the working area [ 155] or at the 
inlet to the sample collector (in the case o f  gas monitoring).
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An increase in the sample count rate should be checked against any increase 
in the background due to accidental increase in the level o f  external radiation or, 
in the case o f  radon and thoron daughters, any fault in the ventilation system.

6 .2 .2 .2 . H o t  p a rt ic les

In the case o f  contamination due to highly toxic radionuclides, such as 
plutonium and other transuranics, the presence o f  one or two hot particles per 
cubic metre o f  air may cause very significant radiation hazards. It is possible that 
a single particle in the range o f  1 to 5 jum in size may sometimes carry 1 to 10 MPC. 
Studies by Sherwood [156] in areas where plutonium is handled indicate that in 
many samples the activity is attributable to one or two active particles.

Hot particles can be potential internal hazards even if limited numbers are 
deposited in the lung. It is therefore important to know the distribution and 
abundance o f  such particles by the method o f  autoradiography.

From the viewpoint o f  external radiation hazards hot particles may present 
serious problems if they are embedded in the clothing or attached in some way to 
the skin. The external radiation hazard from hot particles can be as serious a 
problem as the inhalation with materials o f  very high specific activity.

In practice, air samples contain a sufficient number o f  particles when the 
risk is high, for example in the event o f  an incident. It is therefore normally 
possible to estimate the concentration o f  the contaminant even if  the duration 
o f  aerosol sampling is limited.

In the case o f  contamination due to beta- and gamma-emitting radionuclides, 
the maximum permissible concentration is reached only when a larger number o f  
particles is present. It is thus easier to obtain a usable sample.

It is always useful, however, to know how the activity collected in the sample 
is dispersed. In this connection, autoradiography o f  the filter is an interesting 
method o f  investigation [157, 158].

The errors introduced by the presence o f  particles with dominant radio
activity may be statistically corrected by taking a set o f  samples o f  the same 
type. In this case too, autoradiography o f  the filter is a helpful means o f  judging 
the validity o f  the sample.

6 .2 .2 .3 . In f lu en c e  o f  u n kn ow n  rad ion u clid es

In general, the counting efficiency o f  the detector arrangement will be 
determined for one or several separate radionuclides. When evaluating the 
measurement, one has to know the radioisotope sampled in order to be able to 
apply the correct calibration factor.

If there are unknown radioisotopes, or if  there is an unknown mixture o f  
them, an error may be introduced due to deviations in the calibration data.
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There are, nevertheless, always some ‘exotic ’ radionuclides which cannot 
be assessed, either by a given collector or by a given detector, and this has to be 
taken into account.

6.3. FACTORS RELATED TO VENTILATION

In a laboratory building loose radioactive substances and atmospheric 
contamination generally are avoided by means o f  enclosures like glove boxes 
or fume cupboards on the one hand, and a system o f  ventilation and different air 
pressure levels on the other.

In this case, radioactive contaminants entering the room  atmosphere because 
o f  an incident will be distributed according to the air-flow pattern given by the 
ventilation parameters.

The activity concentration to be found in the air at a certain place and at 
a certain time will therefore depend on a variety o f  factors, among them:

(a) design o f  the room  and the ventilation system;
(b) stability o f  the ventilation conditions which may be judged for instance 

by opening o f  doors,.moving around o f  persons etc.;
(c) location and duration o f  the emission o f  radioactivity.

6.4. INFLUENCE OF THE RELATIVE SOURCE-DETECTOR-OPERATOR
POSITIONS

Ideally, the true sampling point should be situated very near to the nostrils 
and mouth o f  the worker during all his professional activities. This is however 
impossible in practice. In working areas where highly radiotoxic materials such 
as plutonium, polonium, radium and the like are handled, a compromise can 
usually be achieved by using a battery-operated sampling device with a collector 
kept close to the breathing zone, provided satisfactory sensitivity can be obtained 
in this way and the com fort and safety o f  the worker are not prejudiced by his 
having to wear the apparatus [159, 160].

When fixed monitors are used, these should be positioned as near as possible 
to the breathing zone. This type o f  sampling does not strictly represent the 
breathing zone sampling. Nevertheless, when correlated with breathing zone 
samples, the stationary samples can give good estimates o f  the risks in a given 
laboratory where manipulations o f  some particular kind are performed.

Routine samples from  fixed points will show changes in the atmosphere 
as a whole and will help in determining the origin o f  the contamination. When 
the ventilation system removes air from the room  by a single pipe or by a small
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number o f  pipes, sampling instruments placed at the outlet o f  the ventilation 
pipes can give a better integrated average air concentration, but the samples may 
not be representative o f  the air actually inhaled. This is especially true if  the 
origin o f  the contamination is an isolated leak at a point in the room close to the 
respiration zone. Various studies have drawn attention to the problems o f  
obtaining representative samples with stationary sampling instruments and in 
particular to the danger o f  underestimating the true exposure [156, 161 — 163].

It will therefore be necessary to give serious thought to the number, position, 
and induction characteristics o f  the sampling instruments when planning an 
installation in which radioactive materials are to be processed. In some instances 
steps should be taken to simulate possible accidents and evaluate the order o f  
magnitude o f  the errors made in measurements performed with specific configu
rations. Although these data do not permit immediate determination o f  the true 
exposure o f  personnel, they serve as a rapid means o f  gauging the seriousness o f  
the incident and can thus provide guidance to the medical department in making 
decisions.

6.5. INTERPRETATION IN ROUTINE MEASUREMENTS

Routine measurements refer primarily to those obtained from fixed samples 
placed in strategic locations in a work area and recorded at periodic intervals.
Since in most cases these measurements can reflect only the general air concen
tration, interpretation must be carefully related to the purposes for which the 
samples are being taken (Section 2.2).

One o f  the most frequent objectives for an air sampling programme is to 
estimate a worker’s internal exposure to radioactive material (Section 2.2 (f)) and 
unfortunately routine measurements from fixed-position samplers can only rarely 
be used for this purpose. In the first place, the general air concentrations are 
relevant to individual exposures only in work areas that are designed for remote 
or contained operations so that high, transient concentrations so characteristic 
o f  manual operations are not present. Secondly, the samplers must be located 
at a point where there will be sufficient mixing o f  the air so that the sample will 
be representative. Even within these two restrictions, Sherwood [156] found in 
measurements made at AERE Harwell that “ ... over weekly or fortnightly periods 
the exposure o f  man and installed samplers may differ by factors o f  100 or m ore” .

Nevertheless, if  the airborne concentrations are known to be low, e.g. in lunch 
rooms, change rooms or rest areas, routine measurements may be used in 
compiling a worker’s time-weighted-average exposure estimate. Breslin describes 
the limitations o f  this use o f  routine measurements in his recent manual [ 10 ]. 
Estimations o f  exposures must utilize staytimes if  the difference in the average 
concentration o f  the areas are very large. Breslin concludes that if  the averages
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differ by less than 50%, the workers’ exposures can be assumed to equal the 
overall average general air concentration for the facility.

The limitations o f  using fixed-position air samplers for evaluating a worker’s 
exposure can be obviated by using automatic activators to turn on an air sampler 
when a worker is in a position to be exposed and turn it o f f  again when he leaves. 
Thus, the routine measurement can frequently be interpreted as a breathing-zone 
sample. Examples o f  this innovation are the use o f  microswitches on a dry box 
door which will activate a sampler only when the door is in the ‘open ’ position; 
photoelectric cells which turn on the sampler when an operator puts his hands 
in a glove box ; or a pressure-sensitive floormat in front o f  a hood so that the 
sampler becomes operational when the operator is standing on the mat [163].

The most com m on purpose for a routine air sampling programme is to detect 
a loss o f  control o f  airborne material resulting from a break in containment or an 
equipment malfunction. In fulfilment o f  this objective measurements are frequently 
available from a large number o f  strategically located air samplers attached to a 
com m on vacuum system. Generally, these measurements will represent a 24-hour 
period o f  facility operation. Following a rapid counting (the period will be 
determined by the magnitude o f  the difference from background which one 
wishes to detect) the results are printed out by computer and rushed back to the 
operating official. The value o f  these air sampling results decreases rapidly as this 
interval increases. The operating official reviews these data and looks for any 
sample result that is significantly greater than background. A high measurement 
is an indication that there may have been loss o f  control. Subsequent action will 
verify if  the measurement is real or spurious, determine the location o f  the 
contaminant breach and perhaps even trigger a series o f  bioassay measurements 
to determine if workers have been exposed.

There is another kind o f  fixed air sampler that is designed to inform when 
a serious breach o f  containment has taken place so that harmful exposure to 
workers may be avoided. This is the constant-air-monitor which activates an 
alarm when a preset abnormally high radionuclide concentration has been reached. 
These samplers are clearly essential in many facilities with such high inventories 
o f  radioactive materials that the accidental release o f  acutely hazardous amounts 
is a distinct possibility.

Clearly the effectiveness o f  this kind o f  air monitoring system depends upon 
minimizing the delay from  the time o f  the release until the contaminant activates 
the alarm. This delay can be effectively reduced by increasing the number o f  
monitors and placing them strategically where the contaminant is more likely to 
flow , for  example, near ventilation exhaust grills [10]. Another stratagem is to 
locate the alarm monitors near points o f  possible release, checking on the accuracy 
o f  the selection by measuring the time it takes for smoke released from a smoke 
tube where the contaminant may escape to reach the constant-air-monitor.
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Monitors may be set to alarm when a certain air concentration or a time- 
integrated concentration is exceeded. In either case the value should be a fairly 
high multiple o f  normal workroom concentration in order to reduce the number 
o f  spurious alarms caused by variations in natural radionuclide concentrations.

The interpretation o f  an alarming monitor is not necessarily that a hazard 
exists but it very clearly indicates that some breach in the control system has 
taken place and that wearing personnel protective equipment or evacuating should 
be ordered to prevent unnecessary exposures.

It is possible for the alarm to activate a series o f  pre-positioned air samples 
so that concentration data can be obtained for post-emergency use in estimating 
exposures. However, if this degree o f  sophistication is deemed necessary these 
standby samplers must be inspected frequently to maintain them in a state o f  
operational reactions.

6 .6 . INTERPRETATION OF MEASUREMENTS IN THE EVENT OF AN
ACCIDENT

In the event o f  radiation accidents which may release radioactivity into 
laboratory air, it is necessary to make a quick determination o f  the level o f  the 
contaminants, their type, physical and chemical nature, and the particle size 
distribution. Such information is essential for the medical service in order to 
assess the magnitude o f  the internal contamination o f  affected persons and to 
choose the appropriate course o f  medical aid.

Sometimes it is possible to determine the chemical nature o f  the contaminants 
from  the inquiry into the causes o f  the accident. In many laboratories, the radio
isotopes handled are generally known, such that it is not too  difficult to identify 
the chemical form o f  the contaminants released from such laboratories.

For solid airborne contaminants and condensation nuclei, it is necessary to 
know the particle size distribution. This does not, however, apply in cases o f  
vapours like iodine and mercury and gases like tritium and argon. From experience 
with the material handled and from analyses o f  any previous incidents it is possible 
to establish a useful basis for the particle size distribution. Routine measurement o f  
particle size distribution is advisable, particularly for toxic radionuclides such as 
most alpha emitters, in order to obtain thorough knowledge o f  the material 
handled [164—171]. However, one cannot rely fully on the particle spectrum 
established from routine measurements to apply in case o f  an accident in which 
the particle spectrum may be entirely different depending on the nature o f  the 
accident.

When the radionuclides involved in an accident are not known, it is necessary 
to identify them. This can be performed by certain methods o f  analysis, such as 
alpha or gamma spectrometry.
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Quick determination o f  the level o f  air contamination in the event o f  an 
accident is facilitated by the higher amounts o f  radioactivity to be expected on 
the sample. In this respect the influence o f  background due to radon, thoron and 
their daughters becomes less significant, especially for beta and gamma emitters.
For alpha emitters, particularly transuranium elements, the influence o f  natural 
radon, thoron and their daughters cannot always be ignored.

The influence o f  radon and thoron becomes insignificant when the activities 
collected are large. Consequently the errors o f  interpretation due to counting 
fluctuations becom e small compared with other factors affecting the interpretation. 
Similarly, the interpretation o f  the measurements in the event o f  an accident is 
not affected by the problem o f  having only a small number o f  sampled particles 
or by the measurement o f  individual ‘hot particles’ .

Once the factors mentioned above are established, this can be applied to 
a lung model to evaluate the possible exposure o f  an individual located in the 
sampling zone. This is a familiar technique [172],

On the other hand, the determination o f  dose commitment involves many 
hypotheses or experiments and in most cases has to be supplemented by clinical 
measurements. The resulting estimates are still not always very accurate.

In order to relate the measured air concentration with the amounts actually 
inhaled by the affected persons, it is necessary to know the relative source-monitor- 
operator positions as well as the ventilation and air circulation pattern which may 
be quite different in the event o f  an accident. This is o f  course one o f  the most 
difficult jobs when making the assessment o f  the consequences o f  an accident, 
as there are so many uncertainties involved. Sometimes it may be necessary to 
recreate the conditions o f  the accident, including the ventilation condition, by 
simulating with the use o f  tracers. This is particularly useful in determining the 
pathways o f  the contaminants and in evaluating the measurements.

When a laboratory gives rise to many problems o f  atmospheric contamination, 
it is advisable to provide the personnel with individual sampling instruments. I f this 
is done, rapid analysis o f  the contamination gives a good  idea o f  the exposure o f  the 
person concerned, even though the accuracy is not always as good  as might be 
desired owing to the small number o f  particles sampled and the fact that the 
sampling is non-isokinetic [173], On the basis o f  these results, correction coefficients 
can be derived for particular incidents, and in a first approximation they can be 
used for analysing other accidents o f  the same type.

Determining the causes o f  an incident is clearly essential to an understanding 
o f  the phenomena observed, and special attention must be paid to the relative 
positions in time and space o f  the source-detector-operator system. Another 
especially important point must be considered after an accident: it is necessary 
to determine whether there have been any changes in the contaminant transfer 
system in the room , for example sudden stoppage o f  the ventilation, opening o f  
doors, windows, etc. I f not, the dilution factors previously defined or determined 
experimentally can be used; otherwise tracer simulation may be necessary.
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To confirm the causes o f  an incident after the inquiry has been performed 
and the personnel exposure estimated, the protection service should not forget 
to establish a balance o f  the radioactivities involved. This balance must be compared 
with any balances estimated at the time o f  other incidents or accidents o f  the same 
type or, more simply, must be critically analysed. Simple examples o f  some o f  the 
primary considerations may be given:

Actually, experience alone is capable o f  guaranteeing an accurate appreciation 
o f  the facts, and every incident — even those which are unimportant in regard to 
personnel exposure or laboratory operation — must be taken into account by the 
protection service. The incident must be dissected and analysed and the information 
obtained must be made available at all levels, including the handlers themselves, 
who are not radiation protection specialists.

6.7. STATISTICAL METHODS

Statistical methods o f  data analysis [10] are helpful in interpreting sampling 
data and in selecting a satisfactory monitoring programme. Statistical methods 
take into consideration the variations o f  radionuclide concentrations in air with 
time and locations.

The first consideration is the precision o f  measurement for which it is 
necessary to take into account the coefficients o f  variations for the sample 
collection and sample analysis. While the precision o f  sample collection is 
substantially constant for a particular type o f  sampler, operating procedure, etc., 
the precision o f  analysis is often dependent on the amount o f  sample collected.
The precision o f  measurement does not need to be determined on a routine basis, 
but it is useful to check it occasionally.

Sample averaging is one o f  the most simple and useful treatments o f  sample 
data. The arithmetic mean is normally distributed; random samples collected 
in a work area represent the best estimate o f  the exposure o f  an individual in the 
area during the sampling period. Also the comparison o f  arithmetic means o f  
samples collected at different times and locations is a useful indication o f  the 
relative degree o f  control or trends.

Sample averaging and the determination o f  the arithmetic mean apply to 
samples characterized by a normal or Gaussian distribution where the sample 
values are distributed symmetrically around the mean value. Many air concen
trations follow  the normal distribution but, more often, they are log-normally 
distributed. This means that the logarithms o f  the samples are normally distributed 
such that the mean concentration is obtained from the distribution parameters, 
the geometric mean and the geometric standard deviation, rather than from the 
arithmetic mean o f  the samples.

By using the normal or log-normal distribution it is possible to determine 
the number o f  samples needed to achieve a relative standard error o f  the mean 
o f  samples collected.
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APPENDIX

EXAMPLES OF AIR MONITORING PROGRAMMES
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A . A I R  S A M P L I N G  P R O G R A M M E  A T  T H E  

P O R T S M O U T H  G A S E O U S  D I F F U S I O N  P L A N T ,  U S A

A -l. INTRODUCTION

The Portsmouth Gaseous Diffusion Plant, operated by the Goodyear Atom ic 
Corporation, is located in sparsely populated, rural Pike Country, Ohio, on a 
4000-acre site about one mile east o f  the Scioto River. Enrichment o f  uranium 
in the 235 U isotope by the gaseous diffusion process is the major function o f  the 
plant. The airborne radioactivity on the plant site and in the environs is monitored 
routinely to assure personnel safety and environmental protection from radioactive 
contamination [ 1 ].

The air monitoring programme involves the use o f  five basic aerosol sampling 
systems and is managed by two separate and independent departments: the 
Environmental Control Department and the Industrial Hygiene and Health Physics 
Department. The principal analyses conducted as part o f  this programme are 
direct radiometric measurements o f  gross alpha and gross beta-gamma radio
activity [2], Normally, only gross alpha radioactivity is determined on the air 
samples collected in work areas, whereas both determinations are made on 
environmental samples. In the work areas the primary radioactive aerosols are 
UF6 and its hydrolysis product, U 0 2F2, which forms readily when UF6 is released 
to the atmosphere. The other airborne particulates found at Portsmouth are 
U30 8) U 0 2(N 0 3)2. 6H20 ,  U 0 2, and UF4. Since 235U and its daughter product, 
234Th, are the only radioactive elements present in significant quantities at 
Portsmouth, the measured gross alpha radioactivity is assumed to be due to 
uranium o f  various enrichments, and the measured gross beta-gamma radioactivity 
is assumed to be due to 234Th.

A-2. SYSTEMS DESCRIPTION

A-2.1. Eberline Model AIM-3 Scintillation Air Monitor (F ig .A -l)

Airborne particulates are deposited on a Hollingworth-Voss No. 70 mixed- 
fibre as air is continuously drawn through by a pump on the sampler or by an air- 
jet at a rate o f  28 1/min. A  built-in rotameter measures the air flow  through the 
filter. A  scintillation probe measures either the alpha or beta-gamma radioactivity 
levels on the filter. Since the radioactivity on the filter builds up during sampling, 
the direct reading does not provide a true indication o f  the airborne radioactivity
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FIG.A-l. Eberline Model AIM-3 scintillation air monitor.

at any particular time. However, the actual airborne radioactivity may be deter
mined by calculating the change in radioactivity on the filter per unit time (i.e. the 
slope o f  the recorded radioactivity-versus-time curve). The limit o f  readability o f  
the slope is approximately 4 counts/m in for a 15 min count, which corresponds 
to either an alpha radioactivity o f  0.3 B q/m 3 or a beta-gamma radioactivity o f  
200 B q/m 3. The plant allowable limits for airborne radioactivity are 1.5 B q/m 3 
and 1100 B q/m 3 for alpha and beta-gamma, respectively. A  drop in the flow  rate 
usually indicates that the filter is overloaded with dust, and a new filter should be 
installed. The Portsmouth Gaseous Diffusion Plant has 12 o f  these units in 
operation on plant site.

This air sampling system is used to m onitor work areas where there is a high 
probability o f  inadvertent releases o f  airborne radioactivity, to m onitor the 
airborne radioactivity generated by new process systems, and to confirm and 
identify unexplained high airborne radioactivity detected by other sampling systems. 
This system is also used to continuously record the alpha and beta-gamma radio
activity at the plant site boundary. In addition to its use as an area monitor, the
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FIG.A-2. Eberline Model AIM S scintillation air monitors equipped with snorkel attachment.

FIG. A-3. Filmsort aperture IBM card and open holder.
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FIG.A-4. A mechanical vacuum pump attached to a filmsort aperture IBM card in a holder.

AIM-3 can be equipped with a ‘snorkel’ attachment as shown in Fig.A-2. With the 
snorkel, the air inside a glove box  or in a vent stack, or outside air, can be sampled 
for radioactivity continuously.

A -2.2. Filmsort aperture card

Air is continuously drawn at the rate o f  14 to 22 1/min by either an air-jet 
evacuation system or a mechanical vacuum pump through a Whatman No. 41 
cellulose filter mounted in a standard Filmsort IBM Aperture Card designed for 
holding microfilm and having a 1-inch diameter opening. The flow  rates on these
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FIG.A-5. Alpha scintillation counter interfaced with a keypunch machine for counting 
radioactivity on filmsort aperture cards.

systems are checked approximately every 90 days. This automated system was 
developed by the Oak Ridge Y-12 Plant [3],

The card-holding device shown in Fig.A-3 adequately protects the card. With 
the card in the holder, the filter has an open face 1-inch in diameter. The complete 
system with a mechanical vacuum pump is shown in Fig.A-4.

After sampling, the cards are collected and held for 16 hours before counting, 
thus allowing naturally-occurring background to decay. Then the sample cards are 
placed in an automatic counting system consisting o f  an IBM 029 card punch, 
which transports the cards automatically during the counting process, and a scintil
lation detector suitable for measuring alpha radioactivity. The detected radio
activity is registered by a scaler [4]. This entire counting system is shown in 
Fig.A-5. The sample cards are counted for 3.5 minutes.

This system is used for general area monitoring in process areas and maintenance 
areas. On plant site the cards are normally changed every 8 hours. The system is
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FIG.A-6. High-volume air sampler.

also used extensively for monitoring off-plant site airborne radioactivity; cards 
used for this purpose are changed once a week. There are 45 locations on and o f f  
plant site where this system is being used.

A -2.3. High-volume air sampler

Airborne particulates are drawn through a 4-inch diameter Whatman No. 41 
cellulose fibre filter at the rate o f  3 6 4 -4 7 6  1/min by a Staplex high-volume air 
sampler. This high-volume air sampler is shown in Fig.A-6 . Normally 5 .5—8.3 m 3 
o f  air are sampled. After a delay o f  16 hours the gross alpha radioactivity and 
gross beta-gamma radioactivity are determined by placing the filter in an auxiliary 
cylindrical chamber attached to a gas-flow proportional counter. Samples which 
contain other materials that shield out the alpha radioactivity are chemically 
analysed for uranium and subsequently counted for alpha radioactivity. This 
sampling system is used in conjunction with routine surveillance o f  areas.
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FIG.A-7. Personal air sampler showing pump and associated components.

A-2.4. Personal sampler

The personal air sampler is worn by the worker while he is performing his 
normal work.

The sample is collected in the worker’s breathing zone. After a 16-hour delay 
either gross alpha radioactivity or beta-gamma radioactivity on the 37-mm diameter 
mixed cellulose ester membrane filter is determined by counting in a gas-flow 
proportional counter. I f  the sample contains other collected dusts or fumes which 
could effectively shield the alpha radiation from  detection, the sample is chemically 
analysed for the presence o f  uranium and the alpha radioactivity determined.
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:Light-weight, battery-powered pumps are used with these personal air 
samplers. The pump is com m only o f  the diaphragm or piston design. With a power 
supply consisting o f  nickel-cadmium rechargeable batteries, these pumps, attached 
to the wearer’s belt or clothing, can sample air at a rate o f  up to 3 1/min for periods 
up to 8 hours. The pumps are ruggedly constructed and sufficiently stable to 
maintain a preset air flow (1 to 3 1/min) throughout a full shift. There are many 
devices available for measuring air flow , but most are not sufficiently light-weight, 
rugged, or reliable for use with a personal air sampler.

An open-face filter, shown in Fig.A-7, is used to collect total particulate 
samples. The plastic holder is comprised o f  a bottom  section which is designed to 
distribute the air flow  evenly across the filter and a retaining ring which holds and 
seals; the back-up pad and the filter to prevent leakage around the edge o f  the 
filter. With this sampling method, no distinction is made in the particle size or the 
respirable nature o f  the particulates collected. The collection efficiency is not 
highly dependent upon a specific flow  rate; the effectiveness is the same whether 
the air flow  rate is 1.5 or 2.8 1/min, particularly for membrane filters.

'In order to determine the concentration o f  the respirable fraction this sampler 
can be m odified by the addition o f  a 1 0-mm diameter nylon cyclone in line with 
a 37-mm diameter filter. Air enters the cyclone tangentially at the side, swirls 
around inside, and is drawn upward along the axis through the filter. The swirling 
motion causes the heavier particles to be deposited on the bottom  o f  the tube 
while the lighter particles remain in the air stream and are collected as the air 
passes through the filter. Since the orientation o f  the cyclone is not as critical as 
that :of a true elutriator, the cyclone with a filter may be safely attached to a 
worker’s clothing. If properly fastened, it should remain vertical most o f  the time.

For radioactive aerosol sampling with the personal sampler, membrane filters 
com posed o f  m icroporous fibres are used almost exclusively. This type o f  filter 
while having a high flow  resistance has a low mass and a low ash content, which 
are crucial considerations for many chemical analyses. The polymers are either 
cellulose esters or polyvinyl chloride membrane filters. Filters with mean pore 
sizes o f  0.45, 0.6, 0.8 and 2.0 jum are normally used. Since these filters are some
what brittle, they must be supported by a metal grid. The filters are approximately 
150 jjm thick and have an efficiency close to 100% for particles larger than the 
meaft pore size. The variations in pore size are quite small and the pores rapidly 
becom e either wholly or partially plugged as particulates are collected.

A -2.5. Savannah River annular kinetic impactor

This impactor is based on the principle that uranium particles with their large 
mass (m omentum) have a higher probability o f  travelling in a straight line and being 
impacted on a collection medium (sticky tape) than do naturally-occurring radio
active aerosols attached to lighter dust particles [5]. Therefore, the two can be
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FIG.A-8. Savannah River annular kinetic impactor utilizing a high-volume air sampler.

TABLE A-I. FILTER COLLECTION EFFICIENCIES

Sam pling system Type o f filter
A ir flow  rate 

(1/min)

Collection  

efficiency [6,7] 

(% )

Eberline M odel A IM -3 Hollingsw orth-Voss No. 70 28 98.5

Film sort aperture card W hatman No. 41 1 4 -2 2 97

High-volume air sampler W hatman No. 41 3 6 4 -4 7 6 97

Personal air sampler M illipore Type H A , A A 1.6— 2.0 99.99

1 0 2
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T A B L E  A-II. LIMITS OF DETECTION IN AIR

Sam pling system

Sample

volume

(m 3)

Lim it o f detection in air

A lpha

radioactivity

(B q /m 3)

Beta-gamma

radioactivity

(B q /m 3)

Eberline M odel A IM -3 0.4 0.3 0.3

Film sort aperture card 6 .8 -10 .87 5 .3 X 1 0 '3 0.012

(w ork areas)

Film sort aperture card 198 2 .4X10 -4 5 .4 X 1 0 '4

(environmental

m onitoring)

High-volume air sampler 8.5 4 .2 X 1 0 "3 0.042

Personal air sampler 0 .020-0 .028

OOo1VOo

4 .8— 6.6

Annular kinetic im pactor 8.5 0.4 N A a

a Beta-gamma not determined on this type o f sample.

TABLE A-II I. RAD IOACTIVITY LIMIT OF THE COUNTING SYSTEMS

L im it o f detection on sample

Sam pling system
A lpha  radioactivity 

(B q )

Beta-gamma radioactivity 

(Bq )

Eberline M odel A IM -3 ~  0.12 ~  0.12

Film sort aperture card 0.05 0.1

High-volum e air sampler < 0 .0 3 3 < 0 .3 3

Personal air sampler < 0 .0 1 7 < 0 .1 3

Annular kinetic im pactor 3.3 N A a

a Beta-gamma not determined on this type o f sample.
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effectively separated by causing the dust particles to make a 180-degree turn and 
be discharged through the air mover while the uranium particles are impacted. The 
annular kinetic impactor is used with a high-volume sampler as the air mover. This 
system is principally used in radiological situations where an immediate estimate o f  
the airborne activities is necessary. Normally, it is used in work situations where 
there is a possibility o f  creating airborne radioactivity and where it functions simply 
to determine whether or not airborne radioactivity is present. A  flow  rate o f  
560—700 1/min with a sample size o f  5.5—8.3 m 3 is normal for this type o f  sample. 
This system is shown in Fig.A-8 . A  field-type survey instrument with a geometry 
o f  approximately 50% is used to measure the alpha radioactivity. It is difficult to 
read this instrument closer than 100 counts/min above background, which with 
a 50% geometry is equivalent to  3.3 Bq.

A-3. FILTER COLLECTION AND DETECTION EFFICIENCIES OF SAMPLING
SYSTEMS

The efficiency o f  a filter is referred to as a percentage o f  removal o f  particles 
larger than 0.3 fim  in diameter. The efficiency o f  collection for the various filters 
cannot be stated exactly because it varies with the size, shape, and density o f  the 
particles to be collected and with the sampling rate. In very dusty atmospheres, 
the dust loading on the collection media can cause the sampling rate to decrease 
drastically. This condition can also cause the collection o f  particles smaller than 
0.3 /um. The filter collection efficiencies o f  the various sampling systems are 
compared in Table A-I.

The limits o f  detection o f  the sampling systems in air for 23SU and 234Th are 
compared in Table A-II. The detection limit o f  any sampling system varies directly 
with the size o f  the sample. This is demonstrated by comparing the limits o f  
detection in air for alpha radioactivity o f  the filmsort aperture card for the work 
area ( 8-hour sample) with that for the filmsort aperture card for environment 
monitoring (168-h sample).

The radioactivity limits o f  detection o f  the counting systems are compared 
in Table A-III. The radioactivity limit o f  detection for the annular kinetic impactor 
is extremely high compared to the other systems. The annular kinetic impactor 
samples are read with a portable survey instrument, and it is difficult to read this 
type o f  instrument closer than 100 counts/min above background; with 50% 
geometry this is equivalent to 3.3 Bq.
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B .  A I R  M O N I T O R I N G  P R O G R A M M E  

IN  F U E L  F A B R I C A T I O N  P L A N T S  I N  I N D I A

B -l. INTRODUCTION

Reactor fuel fabrication plants o f  the Indian Atom ic Energy Commission 
manufacture fuel elements for CANDU-type and BWR-type power reactors. The 
process usually consists o f  converting magnesium diuranate concentrates into 
ammonium diuranate cake, into U 0 3 and into U 0 2. U 0 2 further undergoes 
pelletizing, sintering, grinding, loading, machining etc. to final reactor fuel. In 
the case o f  BWR reactor fuels, low enrichment (2 to 3%) UF6 is converted into 
ammonium diuranate cake to be finally converted into reactor fuel for BWR- 
type reactors.

B-2. AIR  SAMPLING PROGRAMME 

B-2.1. Routine sampling

Samples are taken by drawing air through a filter paper (HV-70) using a 
pump that provides a flow  o f  about 40 1/min. Since the airborne radioactivity 
expected in the plants is exclusively due to uranium, samples are counted for 
alpha radioactivity using a standard scintillation (ZnS) counting set-up. Such 
samples are taken daily in the area handling powder materials, whereas in other 
areas samples are taken once or twice a week. Samples are usually taken for 
4 to 6 hours at a fixed location strategically located to indicate maximum 
airborne radioactivity. Samples are counted after sampling periods o f  10 minutes, 
180 minutes and 5 days. The last count is used to com pute the airborne 
radioactivity due to uranium since a period o f  five days is sufficient to allow the 
decay o f  radon and thoron daughter products. The first and second counts are 
used as indications o f  any unusual levels o f  airborne radioactivity. Table B-I 
gives information on airborne radioactivity in different areas o f  the fuel 
fabrication plants. There are some areas where the concentrations o f  airborne 
uranium exceed the MPC level. In such areas respirators are used during work.

B-2.2. Special sampling

Samples are taken using high-volume air samplers (similar to Staplex) to 
cover accidental conditions involving spills or leakages. Such samples are taken
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TABLE B-I. AVERAGE CONCENTRATIONS OF AIRBORNE URANIUM 
DURING THE PERIOD OF OCTOBER 73 TO DECEMBER 74 IN FUEL 
FABRICATION PLANTS

Airborne radioactivity 

(B q /m 3)

1 Dissolution, ageing and recovery areas 0.09

2 Solvent extraction section 0.06

3 A D U  section 0.23

4 A D U  drying and calcination 0.45

5 Reduction and stabilization 0.46

6 U 0 3 storage and transfer 0.73

7 Grind ing room 8.7

8 Blending room 2.13

9 Com pacting and pelletization 0.37

Note: (1) M P C  for insoluble natural uranium  is 3.75 Bq /m 3.

(2) Areas 7 and 8 are respirator areas.

TABLE B-II. AERODYNAM IC PARTICLE SIZE DISTRIBUTION (AM AD )
OF AEROSOLS OF URANIUM RELEASED DURING TYPICAL OPERATIONS 
OF A  FUEL FABRICATION PLANT
(M easu rem en ts w ere  d o n e  during 1 9 7 6 )

Area
No. of A M A D  (pm )

measurements Max. Min. Mean and standard deviation

1. Grind ing room 22 4.87 1.56 2.93 ± 1 .1 7

2. D isso lution  o f U 30 8 powder 22 10.00 5.07 7.77 ± 2.06

3. Reduction  furnace area 11 9.12 3.58 6.17 ± 1.76

4. Stabilization area 8 6.43 4.13 5.19 ± 0.87

5. Pelletization area 29 11.22 4.1 1 7.82 ± 1.77

6. Grinding, blending and 

power packing 

(enriched U 0 2 plant) 21 10.14 1.56 6.23 ± 2.96

7. Reduction and stabilization  

(enriched U 0 2 plant) 14 7.97 1.75 5.33 ± 1.93
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through a single-stage centripter [ 1 ] that has high efficiency for collecting 
uranium aerosols and low  efficiency for collecting radon/thoron decay products. 
Analysis o f  the sample provides information on the existing levels o f  airborne 
uranium within about half an hour.

Occasionally personal air samplers are also used to obtain breathing 
zone samples.

B-2.3. Continuous air monitoring

This is not regularly used in any o f  these plants because o f  the experience 
that the unexpected release o f  high concentrations o f  airborne radioactivity 
is not possible.

B-2.4. Particle size analysis

A special study was made on the measurement o f  particle size distribution 
o f  airborne uranium using the technique o f  cyclone sampling [2, 3], Table B-II 
gives a summary o f  such measurements. The particle size parameter o f  interest 
and the activity median aerodynamic diameter (AM AD ) in the evaluation 
o f  inhalation hazard are reported for different areas [4].
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C . A I R  M O N I T O R I N G  IN  A  

C A N D U  N U C L E A R  P O W E R  S T A T I O N *

C -l. INTRODUCTION

Ontario Hydro operates several CANDU-PHW reactors in the Province o f  
Ontario. The CANDU reactor has horizontal pressure tubes containing fuel 
bundles and utilizes D 2 O as the heat transport medium. The pressure tubes are 
immersed in a D 20  moderator contained within a moderator vessel called the 
calandria. The reactor is capable o f  being fuelled at full power. Figure C-l 
illustrates the system.

In all Ontario Hydro nuclear power stations there is a programme for 
monitoring airborne radioactive materials for the purpose o f  controlling internal 
dose and secondarily to warn personnel o f  any significant increase in airborne 
radioactivity. Such a change may indicate a mechanical failure, e.g. failed valve 
packing. The radioactive systems are, in general, contained within the reactor 
building — containment structures. For monitoring purposes, airborne 
radioactive materials are divided into four categories:

(1 ) Tritium as oxide ( 3H)
(2) Radioiodine ( 131I)
(3 ) Radioactive particulates (gross beta-gamma radioactivity)
(4 ) Radioactive noble gases

This paper discusses the current air monitoring programme at Pickering G.S. 
(four 5000 MW(e) units) with particular emphasis on methods and instrumenta
tion used in sampling and measurement o f  airborne radioactive contamination.

C -2  TRITIUM MONITORING

The principal activation product in CANDU-PHW reactors and that which 
differentiates them from other power reactors is tritium produced from the (n, 7 ) 
reaction with deuterium. Current levels being 37 X 1010 Bq/kg in the moderator 
and 1.85 X 1 0 10Bq/kgin the heat transport system. Airborne concentrations vary 
from 370 B q/m 3 in accessible areas outside reactor buildings (e.g. the reactor 
auxiliary bay) to 1.9 X 109 B q/m 3 in the moderator room  (associated with 
large D 20  spills). Tritium accounts for 30% o f  the whole-body radiation dose 
received by field personnel in a typical year.

* By  courtesy of D .A . Watson, A tom ic Energy o f Canada Lim ited, Chalk River Nuclear 

Laboratories, Chalk River, Ontario, Canada.
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FIG. C-l. CANDU-PHW simplified system schematic.
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C-2.1. Requirements
The requirements for tritium monitoring in a power reactor are more 

stringent than for a laboratory. In addition to meeting the necessary sensitivity 
(370 B q/m 3 — 1.9 X 1010 B q/m 3) and fast response time, the instruments or 
samplers must be robust, simple to operate, operable over a wide range o f  
temperatures and humidities, easy to calibrate and capable o f  long-term continuous 
operation without extensive servicing. I f  possible, the output should be specific 
to tritium in air.

C-2.2. Methods and instruments

C -2.2.1. C on tin u ou s m on ito r in g

There are several techniques em ployed for continuous monitoring and 
sampling o f  tritium in air; portable ion chambers (approximately 1.2  litre 
volume), semi-portable ion chambers (approximately 40 litre volume), molecular 
sieve samplers. The particular type used in any application depends on location, 
concentration, background interference, sampling time and response time.
There are no fixed tritium monitors at Pickering but there will be at Bruce G.S. 
(four 750 MW(e) units) and Pickering ‘B’ .

Portable ion chamber

The instrument currently used at Pickering was designed by Dr. R .V . Osborne 
o f  Atom ic Energy o f  Canada Ltd. [ 1 ]. It is designated as the AEP 5215, portable 
tritium monitor (Fig.C-2). It consists o f  two ion chambers o f  equal volume 
( 1.2  litres) with opposite polarities measuring the net ion current (with an 
electrometer) when tritiated air is pumped through one o f  the concentric chambers.

The instrument is used directly in the field for monitoring tritium in air 
concentrations in the range 1.9 X 10s — 3.7 X 10u B q/m 3. The sensitivity o f  
the instrument to 41 Ar in sampled air, for example, is 2.2 times that o f  the same 
concentration o f  tritium. The m onitor is, therefore, only useful in areas where 
the concentrations o f  radioactive noble gases (fission and activation products) 
are negligible compared to tritium. The instrument is used as a portable survey 
meter to determine tritium concentrations in MPC (1 MPC = 3.7 X 10s B q/m 3) 
in work areas and to monitor for changes in tritium concentration at work 
locations.

Semi-portable ion chamber

The instrument currently in use at Pickering G.S. was also designed by 
Dr. R.V. Osborne [2]. It consists o f  two 40 litre ion chambers mounted
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FIG. C-2. Portable tritium monitor AEP 5215.

co-axially with opposite polarity and feeding the net current to a d.c. amplifier 
(A EP -A 10 0 8 0 ). The sampled air passes through the outer cham ber, the inner 
cham ber is sealed.

The instrum ent is used in areas o f low gamma radiation to m onitor ambient 
tritium  concentrations. The unit is equipped with an adjustable alarm and a 
recorder. It has the same difficulty as the portable m onitor differentiating noble 
gases and therefore is only used in areas where noble gas concentrations are low. 
A m onitor is currently being designed by A EC L which will have com pensation 
fo r noble gases utilizing a dryer for the 3H between chambers. The sampled air 
is passed through the chambers in series and the net count due to  3H is displayed 
digitally as MPCa, These instrum ents will be available at Bruch G .S.

The instrum ent is quite large and com plicated to operate (m any dials and 
switches exposed) so that it is infrequently used.
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ADJUST FLOW TO 
1 I PER MINUTE 
1000 cm3 /MI N)

CONNECT CABLE 
TO POWER OUTLET 
AND SWITCH ON

SWITCH OFF 
AFTER 5 MINUTES 
(OR LEAVE FOR 
CONTINUOUS 
SAMPLES)

UNSCREW AND GIVE 
SAMPLE TO LAB 
RINSE JAR, REFILL WITH 
100 ml DEMINERALIZED 
WATER,REPLACE CAP AND 
PLACE IT OUTSIDE THE LAB, 
WITH THE COLLECTOR

FIG.C-3. Tritium collector.

Molecular sieve samplers

The samplers are cylinders (8 cm diameter X 15 cm long) constructed o f  
carbon steel with a removable end cap. They are filled with 250 g o f  molecular 
sieve (Linde 13X) and packed with fiber glass. Air is pumped through the sieve 
bed at 0.2 1/min. The samplers are used for determining the average  tritium 
concentration in various accessible areas (as well as for environmental monitoring). 
The samplers may be operated for periods up to one month without break-through 
o f  water vapour. The unit is then placed in an oven and connected to a vacuum 
pump and liquid nitrogen cold trap. The water is collected and analysed using 
liquid scintillation counting. The sensitivity is such that chronic 3H levels at 
37 B q/m 3 can easily be measured. For low-level measurements the sieve is 
replaced for each new sampling period.
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Silica gel samplers

The samplers employ 46 cm long by 1.25 ID glass tubes packed with 35 g 
o f  silica gel (Wilkinson Corporation Type 85—059) and connected to a pump.
The flow  is adjusted to 1.6 cm 3/s (face velocity at this flow  is 0.027 cm /s). The 
collection efficiency at this sampling rate is approximately 100%. The samplers 
are operated for 24 hours to determine average tritium concentration in areas 
or in ventilation ducts. The gel is then removed from the glass tube and poured 
into a clean beaker containing 250 ml o f  water. The beaker is allowed to reach 
equilibrium (approximately 40 min) with respect to tritium in the water and 
then a sample o f  the water is counted using liquid scintillation counting. The 
samplers are not normally used for sampling less than 24 hours due to the long 
analysing time required.

C-2.2.2. R o u tin e  sam plin g

Routine sampling o f  air for tritium contamination is performed using 
water ‘ bubblers’ . The bubblers are used in areas where high gamma radiation 
fields or concentrations o f  noble gases make it impractical to use the ion chamber 
instruments. The water is analysed using liquid scintillation counting techniques. 
The sampler is illustrated in Fig. C-3.

The samplers are used by all qualified radiation protection personnel. They 
are available at specific instrument storage racks throughout the plant. The 
analysis is done in the chemistry laboratory. Results are reported in the radio
logical log and on chalk boards outside reactor building entrances.

Portable and semi-portable tritium monitors (as described above) are also 
used for sampling, but infrequently.

C-3. IODINE MONITORING

Fission product radioiodines (especially 131I and 133I) are occasionally 
present in reactor building and spent fuel bay atmospheres. This is associated 
with the presence o f  defective fuel in the heat transport system and subsequent 
transfer o f  the fuel to the bay for storage. On-power fuelling permits immediate 
removal o f  such defective fuel from  the reactor, so chronic iodine-in-air con 
tamination is normally avoided. A t times, a significant fraction o f  airborne 
radioiodine is found as penetrative inorganic and organic species [3].

The highest concentrations experienced to date are associated with the 
transfer o f  defective fuel from the reactor to the spent fuel bay.
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C-3.1. Requirements
The radioiodine measuring instruments should be reasonably portable 

(on  wheels). They should have built-in check sources and be capable to give 
alarms on instrument failure. They should also have operational simplicity, 
adequate range, reliability and stability o f  operation over long time periods with 
minimum servicing.

The measurement o f  131I (MPCa), and 131I (MPC-h) should be possible with 
such instruments in the presence o f  gamma radiation fields and noble gases.

C-3.2. Methods and instruments

C-3.2 .1 . C on tin u ou s m on itor in g

The instrument currently in use at Pickering G.S. is the NMC type AM 21K 
designed by Dr. M. Kabat [4] and built by Nuclear Measurements Corporation, 
Indianapolis, Indiana, USA.

The sampled air is passed through a 5 cm X 1.25 cm thick charcoal cartridge 
(impregnated with triethylenediamine) which accumulates iodines and a fraction 
o f  the noble gases. This collected activity is detected by a shielded Nal probe.
‘Net iodine’ count rate is measured by a differential count rate meter which 
automatically subtracts the ‘background’ from  the ‘iodine + background’ 
count rates.

With an alarm setting o f  1 (MPCa) and an incremental sampling time o f  
8 minutes, an alarm is reached after 0.13 MPC-h exposure to 131I.

The continuous monitor is used in reactor building or spent fuel transfer 
areas to monitor chronic levels o f  1311 or, on occasion, to warn o f  sudden increases 
in airborne 131I associated with the handling o f  spent fuel.

A t Pickering, the radioiodine concentrations in normally accessible areas 
have been negligible. High levels (greater than 100 MPCa) o f  1311 were measured 
in fuel transfer areas in early 1972 and were associated with transfer o f  defective 
fuel. A change in the fuelling procedure has resulted in eliminating iodine in 
these areas except for low  concentrations (a few  MPCa) on rare occasions.

Similar equipment is used for reactor building and spent fuel bay stack 
monitoring, but rack mounted for easier maintenance and improved appearance.

C-3.2 .2 . S am pling

Radioiodine-in-air samples are collected on Scott Catalogue N o.4235-TA 
filter cartridges (TEDA impregnated activated charcoal) and 0.50 mm diameter 
Gelman E fiber-glass pre-filter discs. The collector is a model H 809V high-volume
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air sampler made by RADeCo. Inc. A custom-designed filter head is supplied to 
hold the ‘scott’ cartridges. The sampling flow  rate is adjustable from 0.05 to 
0.28 m 3/min.

The sampler is used by all qualified personnel when entering areas that may 
contain radioiodine, e.g. fuelling machine service areas, fuel transfer rooms, 
spent fuel bay. I f chronic radioiodine concentrations exist, the semi-portable 
monitor described above would be installed to give continuous readout and 
alarm capability.

The cartridges are taken to the chemistry laboratory for evaluation following 
sampling. They are counted on a 1024-channel analyser fed by a GeLi detector.
It is intended, in future, to evaluate both 131I and 133I separately and to calculate 
the actual (MPCa) for each.

C-4. PARTICULATE MONITORING

Radioactive particulates are encountered in reactor building, fuel transfer 
and spent fuel bay areas. They are generally associated with release o f  noble 
gases from the heat transport system and/or transfer o f  defective fuel. The most 
com m only encountered nuclides are 88Rb and 138Cs. For purposes o f  determining 
protective equipment required, airborne particulates are divided into two 
categories; sh ort-liv ed  and lon g-lived  with half-lives less than 30 min and greater than 
or equal to 30 min, respectively. The MPCa for short-lived particulates is 
667 B q/m 3 and for long-lived 33 B q/m 3.

The highest concentrations experienced to date are associated with transfer 
o f  defective fuel.

The presence o f  short-lived particulate radioactivity is an extremely useful 
indicator o f  some unusual system disturbance, e.g. defect fuel, leaking D20 , and 
acts as a trigger for 3H surveys, 1311 samples, gamma and beta radiation field 
surveys and surface contamination measurements.

C-4.1. Methods and instruments

C-4.1.1. C on tin u ou s m on itorin g

The monitor in current use is a Nuclear Measurements Corporation GP-1 
monitoring system. It consists o f  an AM -12 collector and RM -12 rate meter each 
in a separate cabinet, but mounted together on a wheeled cart. The filter paper 
is operated in the ‘moving’ mode and is fed across a 20 cm 2 sample flow  area 
at a rate o f  2.54 cm/h. The monitor is not calibrated to read MPCs but is used 
to indicate trends in air activity at a particular location. I f  an increase is noted
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on the recorder, or if  the alarm point is reached, a portable air sampler (see 
below) is used to collect an air sample. The constancy check is carried out using 
a 137Cs source placed against the detector.

C-4.1.2. S am plin g

Air particulate samples are collected using the same sampler as described for 
radioiodine utilizing Gelman E fiber-glass filter disc. A sample is usually taken 
with both the fiber-glass filter and the charcoal cartridge to check for radio
iodine and particulates at the same time. The filter disc is taken to the chemistry 
laboratory for analysis. The filters are first counted in a shielded scintillation 
detector and, if the results indicate more than 6.7 B q/m 3, a gamma count is 
made in the energy range between 0.12 and 2.0 MeV. The counting information 
is analysed using a time-shared PDP-10 computer which produces a hard copy 
print-out giving the particulate concentration in B q/m 3 and the half-life in 
minutes. The analysis takes approximately 10 minutes per sample. Samples 
indicating greater than 66.7 B q/m 3 o f  long-lived radionuclides are then analysed 
on a GeLi detector to attempt to identify the radionuclides present.

The sampler is used by personnel qualified in radiation protection when 
entering areas which are suspected to contain airborne particulates, e.g. fuelling 
machine service areas, fuel transfer rooms, spent fuel bay.

C-5. NOBLE GAS MONITORING

Radioactive noble gases are encountered in reactor buildings, fuel transfer 
and spent fuel bay areas and are generally associated with leaks from the heat 
transport system or fuel transfer.

41 Ar is produced in the moderator cover gas as occasionally released in 
reactor building areas. The noble gases present an external radiation hazard so 
that the risk is measurable in terms o f  the gamma or beta radiation field (mrem/h). 
However, in order to establish the source o f  such releases, it is convenient to 
identify the particular radionuclides.

C-5.1. Requirements

Noble gas monitoring in a nuclear power station has two specific purposes:

( 1 ) monitoring o f  the radiation hazard to in-plant personnel;
( 2) monitoring o f  releases to the environment.

The first purpose is served by simply measuring the beta and gamma 
radiation field at the work location using portable survey meters. In Ontario
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Hydro, the releases to the environment are measured in terms o f  gamma-curie-MeV. 
This requires an instrument with the following characteristics:

(a) Measurement o f  noble gas gamma-curie-MeV with display o f  instantaneous 
count rate and integrated release.

(b ) Minimum interference from external gamma field particulates and 
radioiodines.

(c) Alarm capability on count rate and on integrated release.
(d ) Operational simplicity, reliability, stability and ease o f  service.

C-5.2. Methods and instruments

C-5.2.1. C on tin u ou s m on itorin g  (gam m a-curie-M e V)

The instrument used is a NMC type GP-1 (com bination particulate and noble 
gas monitor). Radioiodines and particulates are removed before the sampled air 
flows through a cylindrical sample well (7 .7  cm diameter by 30.5 cm long) 
shielded with 8 cm o f  lead. The detector is a thin-wall Geiger-Muller counter,
30 cm long X 2 cm in diameter, wrapped with 0.08 cm o f  lead to provide a 
relatively constant output pulse rate for a given curie-MeV release rate.

C-5.2.2. Sam pling

If noble gases are encountered in reactor or spent fuel handling areas it is 
often useful to identify the particular radionuclides. For this purpose, a sample 
o f  the gas is taken in a 250 ml gas sampling tube. The sample is then analysed 
on the gamma spectrometer (GeLi detector) and a quantitative or qualitative 
readout obtained as desired.
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D . A  S Y S T E M  F O R  C E N T R A L I Z E D  

R A D I A T I O N  M O N I T O R I N G  B A S E D  O N  T H E  

U S E  O F  D I G I T A L  T E C H N I Q U E S  

( S a c l a y  N u c le a r  R e s e a r c h  C e n t r e  — C E N )

D -l . GENERAL AIMS OF A  MONITORING SYSTEM

In the larger nuclear facilities, where the risk o f  exposure to radiation and 
radioactive contamination is potentially high and geographically spread out, 
continuous monitoring and the centralization and immediate availability o f  the 
monitoring data both under normal conditions o f  operation and in the event o f  
an accident are o f  prime importance.

As a result o f  technical progress, enabling reliable devices and mini-computers 
to be built at reasonable cost, it has proved possible to consider continuous and 
centralized radiation monitoring on the basis o f  digital techniques both for data 
transmission and data processing. The design o f  this new equipment was intended 
to bring about the following improvements:

(i) Immediate assessment o f  the degree o f  risk at the facility by direct indication 
o f  the data in multiples or sub-multiples o f  the ‘Maximum Permissible Limit 
(M PL)’ for both exposure to radiation and radioactive contamination.

(ii) Simplification o f  the facility by replacing 15- or 20-channel measuring cables by 
simpler types, by replacing summary display systems and potentiometric recorders 
by a direct viewing system, a n d  b y  rep lacin g  m ov in g  f i l t e r  sam p lin g  eq u ip m en t
by  f i x e d  f i l t e r  eq u ip m en t , w h ile  retain in g  th e  advan tages o f  th e  fo r m er .

(iii) Increased flexibility in the adaptation and operation o f  the radiation 
monitoring posts, more specifically the output o f  daily and monthly ‘balance- 
sheets’ .

(iv) Providing an opportunity for keeping check on any changes in the detectors 
connected to the radiation monitoring post independently o f  the latter.

(v) Reduction in the overall cost price o f  the installation which, in view o f  its 
increased efficiency, should lead to a considerable rise in the cost/benefit 
ratio.

A  pilot radiation monitoring post has been constructed for the building used 
for the treatment o f  solid waste from the Saclay Nuclear Research Centre (CEN), 
the design o f  which meets all the requirements o f  improved performance described 
above. Roughly speaking, the post contains ten circuits for monitoring exposure 
to electrons and photons, one circuit for neutron monitoring, one circuit for 
monitoring atmospheric contamination by gas, and seven circuits for monitoring
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air contamination due to aerosols. The data centralization system consists, 
basically, o f  a mini-computer, a cathode-ray display system, a signal panel and a 
print-out machine.

D-2. FUNCTIONS OF THE RADIATION MONITORING POST (TCR)

The radiation monitoring post should keep a continuous check on the radiation 
levels for the safety o f  both personnel present in the facility buildings and persons 
outside them in the event o f  radioactive effluent releases. More exactly, the post 
should carry out the following tasks:

(a) It should measure the external exposure or radioactive contamination 
levels (in MPL) at the ‘nerve points’ o f  the facility;

(b ) It should provide, at the measurement points, light and sound signals 
indicating existing radiation levels and any variation in them (dose- 
equivalent rate and contamination level);

(c) It should determine, for each measuring point, the cumulative exposure 
(in MPL ■ h) to external radiation or atmospheric contamination. It 
should be possible to determine this exposure

either from a given moment during the day, 
or for a particular day, 
or for a particular month etc.

(d ) It should measure the activities o f  the effluents released by the facility 
and determine the maximum possible exposure for persons working 
outside it;

(e) It should centralize the resulting data so as to make them easier to use. 
Accordingly, a radiation monitoring post contains:

(i) Radiation detectors distributed at the ‘nerve points’ o f  the facility;
(ii) Signalling units coupled locally to these detectors;
(iii) A  ‘ centralizer’ which groups all the data obtained from the detectors.

In the following, only the detector systems related to air monitoring will 
be considered.

D-3. MONITORS FOR GASES AND VAPOURS

The electronic system associated with the detector for monitoring air 
contamination by gas and vapour provides a standard pulse for an absorbed dose 
o f  9.1 /xrad produced by the radioactivity contained in the air circulating in the 
ionization chamber. The selected detection threshold corresponds likewise to a
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signal frequency o f  10 pulses per hour from the monitor to the computer. The 
measurement range is greater than 10 s .

D-4. MONITORS FOR AEROSOLS

The monitor used is o f  the fixed-filter type and contains a plastic scintillation 
detector 0.2 mm thick, covered with aluminium foil (13.5 m g/cm 2); the back
ground level is 1 count/s for an ambient radiation o f  0.1 /xGy/h.

The filtration efficiency is 95% for 0.3 jum aerosols, and 40% for molecular 
iodine (activated charcoal-impregnated filter); the volumetric sampling rate per 
pump is 1.5 m 3/h.

The operational characteristics o f  the monitor are given in Table D-I on the 
basis o f  these data, for four typical radionuclides.

The aerosol contamination monitor (fixed-filter type) provides data directly 
proportional to the cumulative exposure (expressed in MPC-h); by means o f  a 
relatively complicated programme one can determine the contamination level 
(expressed in MPC) from successive measurements in time o f  the activity deposited 
on the filter. Improved statistical accuracy is attained by using a high sampling 
rate, but this requires a large filtration surface if one is to avoid clogging the filter 
too quickly.

D-5. CHARACTERISTICS OF SIGNALLING UNITS

By means o f  permanent signal lights the signalling unit gives a continuous 
indication o f  the external exposure or atmospheric contamination level for one o f  
the four ranges defined in the table below.

Radiation  level N O 1 1PL 100 M P L  _ 10 0 DO M P L

Range N 1 2 3

W orking

conditions

Norm al

operation

Lim ited

presence

Presence

hazardous

Presence

prohibited

Permanent 

signalling 

with lights

Steady

green

Orange 

80 signals/mir

Red

80 signals/m ii

Red

240 signals/min

Sound  

signals w ith  

time lag
250 Hz 750 Hz 240 signals/m in  

2 5 0 -7 5 0  Hz

(1 M P L  =  2.5 mrem/h for external exposure, or 1 M P C  for air contamination)
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T A B L E  D-I. CHARACTERISTICS OF THE AEROSOL MONITORS

Radionuclide

(|3-emitter)

M P C

(B q /m 3)
Bq

Sensitivity

M P C h

Measurement range 

M P C h

Differentia

B q /m 3

sensitivity

M P C

( P c ) - s ' ( P c ) - s '1 ( P c ) 's~2 (pc ) 'S  2

203 H g 4.4 X  103 41 6.6 X  10‘ 3 6.6 X  1 0 '3 to 1.3 X  103 1.04 X  10s 2.4 X  101

131 j 220 10 7.4 X  10~2 7.4 X  10“2 to 1.5 X  10s 5.9 X  104 2.7 X  102

106R u  

(+ 106 R h  in 

equilibrium)

1.1 X  103 

(disintegrations 

of 106 Ru )

4.4 2.9 X  10“3 2.9 X  1 0 '3 to 5.8 X  102 1.1 X  104 1.0 X  10'

^ S r  (+ ®°Y in 

equilibrium)

44

(disintegrations 

o f 90 Sr)

2.4 3.8 X  10~2 3.8 X  10“2 to 7.7 X  103 6.3 X  103 1.4 X  102
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If the boundary between the ranges is crossed either through an increase or 
decrease in the exposure or contamination level, the new situation is reflected by 
the signal lights. Furthermore, as the boundary is crossed, a sound signal (buzzer) 
indicating the new situation is also triggered, except when the 1 MPL boundary 
is crossed due to a decrease in the exposure or contamination level; the sound 
signal is usually operated with a time lag.

Normal operation o f  the monitors is permanently checked by a small radio
active source located in each detector and producing about 10 pulses per hour 
from the monitor. I f  the frequency o f  these signals drops below the so-called 
‘normal operation’ (NO) level set, for example, at 6 pulses per hour, a special 
signal indicating a fault in the monitor is triggered (the green light is extinguished 
and there is a buzzing sound at a frequency o f  750 Hz).

The signalling unit can function autonomously i f  it is not connected to a 
centralizer, or if  the centralizer is not working properly. The unit then operates 
on reduced characteristics: two signal ranges on either side o f  the 100 MPL level, 
with green and red lights flashing at 80 signals per minute. The signalling unit and 
associated m onitor constitute in this case an autonomous unit, sometimes known 
as a beacon.

D-6 . DISPLAY UNIT AND KEYBOARD

A  cathode-ray screen continuously displays all the instantaneous exposure and 
contamination levels. For each monitor the screen shows in the clear the radiation 
level expressed in MPL. For example, the combination “6 5.7 + 3 ”  indicates the 
radiation level is 5.7 X 103 MPL for monitor No. 6 . The screen also shows 
horizontal bands o f  light, the lengths o f  which are proportional to the logarithm 
o f  the radiation level for the given monitor. All changes in the radiation level, even 
within one range, are rapidly made known in this way. The inter-rage limits are 
also shown on the screen.

The keyboard o f  the display unit can be used for feeding in the data required 
for the calculation programme, such as the calibration coefficients, the numerical 
values o f  the MPCs o f  radionuclides, or radionuclide mixtures, for the given 
monitors, and so on.
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E . A I R  M O N I T O R I N G  S Y S T E M  A T  T H E  

K A R L S R U H E  R E P R O C E S S I N G  P L A N T

E -l. INTRODUCTION

The Karlsruhe Reprocessing Plant (W AK) is the first German prototype plant 
for reprocessing irradiated oxide fuels from nuclear power stations. It is designed 
for an annual throughput o f  35 tonnes o f  uranium with an initial enrichment 
factor o f  up to 3% 235U. Assuming 200 working days per annum, the daily through
put averages 175 kg.

The location o f  this plant was chosen near the Karlsruhe Nuclear Research 
Centre primarily to utilize the existing infrastructure o f  the centre with its supply 
and disposal facilities.

The building com plex includes the process building with adjoining waste 
bunker, one steam and emergency power supply building, the administrative block, 
workshops and stores. The process building is the main building at WAK and 
contains the following:

(i) Fuel elements store;
(ii) Unit for mechanical dismantling and chemical dissolution o f  fuel rods;
(iii) The cell tract for extraction by the purex flow process, with adjoining

control and intervention rooms;
(iv) The analytical laboratory and the sampling gallery;
(v) The radiation protection rooms, changing rooms, toilets and washrooms,

recreation rooms;
(vi) R oom s for ancillaries, e.g. ventilation system or gas and fluid supplies.

The end products o f  the reprocessing cycle are uranyl nitrate and plutonium
nitrate.

The highly active fission product concentrates produced during the reproces
sing cycle are stored in cooled high-grade steel tanks in the waste bunker until they 
are solidified by vitrification. All other solid and liquid radioactive wastes are 
held in an intermediate store before being passed on to the decontamination 
facilities operated by the Nuclear Research Association where they are converted 
into a form  suitable for ultimate disposal. The noble fission product gases, mainly 
85 Kr, are discharged into the atmosphere with traces o f  radioactive aerosols through 
a 60-m-high waste gas stack.

After trial runs with uranium and plutonium, the Karlsruhe Reprocessing 
Plant started operation in 1971 by reprocessing FR-2 fuel elements. During the 
operating periods the plant is run on a continuous shift basis. At present the total 
labour strength is approximately 270.
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The ventilation system divides the plant into four pressure zones corresponding 
to the potential contamination risk:

Z on e  4 :  Normal pressure
R oom s in the plant where the radiological exposure is negligible. 
(Example: cold changing room )

Z on e 3 :  Negative pressure -3  to -5  mmH20  below atmospheric pressure
( -3 0  to 50 Pa)
Control rooms or general operating rooms where the weekly radiological 
exposure is below 0.1 rem and where contamination only occurs in the 
event o f  faults

Z on e 2 :  Negative pressure -6  to - 1 0  mmH20  ( -6 0  to -1 0 0  Pa)
Intervention zones

Z on e 1 : Negative pressure -1 0  to -7 5  mmH20  (-1 0 0  to -7 5 0  Pa)
Room s subject to high radiation exposure and heavy contamination 
which can only be entered after decontamination and after special 
precautions have been taken.
(Example: hot cells).

The filtered inlet air flows through the passageways and working rooms into 
the intervention zones from where it is passed into the process cells. The waste air 
leaving the process cells is forced by blowers through banks o f  filters into the waste 
gas stack.

Fuel reprocessing plants have to handle a wide spectrum o f  long-life radio
active nuclides: activated corrosion products from the reactor which are attached 
to the fuel rods, activated structural material from fuel elements, partially volatile 
or gaseous fission products, transuranic elements, and finally tritium.

The objective o f  the air monitoring system is to ensure the protection o f  
operators and environment and consequently to satisfy the statutory requirements.

During commissioning and as part o f  the associated approval procedure a 
routine monitoring programme was evolved jointly with the supervising authorities. 
In addition to other health physics measurements, this programme provides for 
continuous and discontinuous aerosol and air activity measurements. (See Table E-I.)

In room s located in zones 2 and 3 the aerosol concentration is measured at 
least once each working day by gas collectors. The collecting time is at least three 
hours with an air flow  rate o f  40 m 3/h.

Operations carried out from  intervention zones in active plant areas where 
radiation, contamination and aerosol activity are likely to be encountered are 
organized as minutely planned interventions. During these interventions the aerosol 
activity is always monitored by means o f  dust collectors.

Continuous aerosol measurements with alpha/beta pseudo-coincidence 
compensation o f  the natural activity are carried out permanently at several points 
in the plant.
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In the decontamination room  for fuel element transport containers the 
aerosol activity is monitored by a continuous measuring unit. The unit is located 
outside the monitored room  in order to protect it against contamination and 
decontaminants. The air sample is passed to the monitor through a flexible plastic 
hose.

The pond hall where the fuel elements are unloaded from the transport 
containers and temporarily stored in the pond is continuously checked by an 
aerosol monitor in conjunction with a contamination monitor for measuring85Kr.

In the valve gallery and in the sampling gallery where the automatic process 
solution samplers are located there are continuous aerosol activity monitors.

The aerosol activity is also continuously measured in order to monitor the 
plutonium tail end and the plutonium concentration.

The other plant areas are covered by mobile room  air monitoring stations as 
and when required. The measuring results are transmitted to the control centre 
through multi-pin plugs and a permanently wired cable system.

The chemical preparation stage which uses reclaimed tritium-contaminated 
nitric acid is checked by a continuous tritium monitor.

E-2. MEASURING METHODS

Both the mobile continuous room air monitoring systems and the dust 
collectors employ solid fiber glass filters with a diameter o f  200 mm.

Because o f  the large number o f  rooms to be monitored, most aerosol measure
ments are carried out with dust collectors. The dust collectors are modified 
industrial vacuum cleaners fitted with filter backing plates, air flow  meters and 
time switches. The blowers with their commutator motors, however, have not 
proved successful for continuous duty.

At present the original twenty dust collectors are one by one being replaced 
by in-house designs equipped with three-phase a.c. motors and less noisy blowers. 
The filters collecting dust at an air flow rate o f  40 m3/h are subsequently evaluated 
in a central measuring system. This system comprises an automatic sample changer 
and a measuring set-up with three stacked large-area proportional counters.

The first counter above the dust-loaded filter is set to the alpha plateau and 
records the alpha activity o f  the filter. The second counter which is set to the beta 
plateau measures only beta particles and to a limited extent also gamma quanta, as 
all alpha particles have been slowed down in the first counter and in the inter
mediate foil. The third counter is shielded against the second counter by a 2-mm 
steel plate to prevent the penetration o f  beta particles and provides gamma 
condensation for the beta counter.

There is a clear time correlation between the alpha and beta counts which is 
caused by the natural activity, the reason being the short half-life value between
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T A B L E  E-I. RADIATION PROTECTION AIR MONITORING

Dust collector

Dust collector (explosion-proof) 

Stack m onitoring system  

R oom  air m onitoring system

Date 

R oom  

Factor f

12.12.1974

162

5.3

40 m 3/h 

20 m 3/h 

20 m 3/h 

20 m 3/h

Filter dusted 

Filter evaluated

Carried out by : 

Analysed by

from  12.12.1974 

until 12.12.1974

on 12.12.1974

6.40 hours 

10.15 hours

10.20 hours

a k = a tot _ f  X  dps = 2 6 4 9 -5 .3  X  408 counts/m in

0k = 0tot_ f X  1.6 d Ps = 6 1 8 2 -5 .3  X  1.6 X  408 counts/m in

ct|5 =  487 counts/m in

/3k = 272 counts/m in

<*k
a adm

Pk

1.1 X  1 0 '

3.5 X 4 0 X  6 X  1 0 '

6.1 X  1 0 '

0ad rn  3.5 X  40 X  1 0 '

13 M A C 3

= 0.44 M A C

a tot = 2649 per minute 

Ptot = 6 1 8 2  per minute 

T to t = 408 per minute

3 M A C  = M ax im um  Adm issib le Concentration.

the alpha and the beta decay. The electronic system identifies these correlated 
decays by means o f  a pseudo-coincidence circuit. The pseudo-coincidence count 
rate is multiplied by an empirical factor and subtracted from the total alpha or 
beta count rate in order to determine the artificial activity rate.

The central measuring system prints out the results by means o f  an output 
printer listing measuring time, total alpha and beta count rate, and pseudo
coincidence rate.

The empirical factors used for background compensation vary from room  to 
room  within certain limits and are not constant in time. The compensation factors 
are therefore rechecked and, where necessary, corrected from time to time by 
re-analysing dusted filters after the natural activity com ponent has decayed.
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For short sampling times between 1 and 3 hours the decay rate o f  the alpha 
radioactivity on the filter is measured and compared against the decay rate o f  the 
natural radioactivity. For this purpose the filters are evaluated approximately
1 minute and again approximately 30 minutes after they have been removed.

The artificial radioactivity which remains constant in time produces a slower 
overall rate o f  radioactivity decay and can therefore be distinguished from the 
natural radioactivity.

The mobile room  air monitoring systems at WAK, about 8 in total, employ the 
same measuring system whilst all fiber glass filters are collecting dust at the same 
time. The air flow  rate in these systems is approximately 20 m 3/h, the compensating 
factors are preset on each unit to a fixed value.

The unit either indicates the rise in artificial radioactivity on the filter or, 
by subtraction, gives a direct reading o f  the concentration in the air.

The results are indicated locally on rate meters and can be transmitted through 
the previously mentioned cable system to the control centre where they can be 
plotted on 6-point recorders.
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F .  A I R  S A M P L I N G  A N D  A S S E S S M E N T  

IN  W A S T E  D I S P O S A L  

A N D  D E C O N T A M I N A T I O N  A R E A S  A T  A E R E

F -l. INTRODUCTION

T o guard against the airborne hazard in the Decontamination Centre at 
AERE, Harwell, work is carried out either in extracted fume hoods or in a 
sealed area. Although most o f  the decontamination methods used involve liquids 
(detergent solutions, complexing agent solutions or mineral acids), agitation with 
steel wool or brushes leads to radioactive material becoming airborne.

A  major problem associated with air sampling in the waste disposal and 
decontamination areas in large establishments is the possible presence o f  any 
radionuclide other than those with very short half-lives. Therefore any airborne 
radioactivity must be considered as being due to the most restrictive nuclide 
for its type ( 239Pu for alpha and 90Sr for beta). High sensitivity is therefore 
required. The presence o f  radon and thoron daughters from radium and thorium 
waste accumulations and contaminated equipment makes early positive detection 
o f  more hazardous alpha-particle emitters extremely difficult.

F-2. SAMPLING

Particulate air samples are collected on glass fibre filter papers Type A G F/A , 
6 cm in diameter. These have a low  resistance to flow, high efficiency and surface 
collection characteristics giving low alpha-particle absorption [ 1 ].

Alarm monitors are situated in areas o f  potential hazard with reference 
to the air flow  patterns which are determined using fluorescent powder. They 
sample at 2 m3/h and are compensated for radon background. They alarm at 
alpha levels corresponding to 20 M PC'h o f  239Pu.

Air samples for measurement and assessment after sampling are o f  
three types:

(a) E n v iron m en ta l samples from installed equipment with the sampling 
heads as close as possible to the operator positions and sampling
rates o f  2 m 3/h. The filter paper is changed at daily or weekly intervals 
to provide long-term control and for record keeping.

(b) S p ec ia l  samples o f  short duration using portable equipment at rates o f
2 m 3/h taken before or during a specific operation to assess the hazard.

(c) P erson a l samples using battery-operated pumps at 0.12 m 3/h which 
are issued to individual operators when significant levels ( >  0.1 MPC) 
are expected in order to assess their exposure. Papers are changed 
daily or weekly.
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T A B L E  F-I. EX T R A C T  FROM ANNUAL SUMMARY OF AIR SAMPLE RESULTS

Samples from  Position 1 Area 4 Bldg 8 R oom  45 1973

Variable Total

samples

Number o f samples less than or equal to 

xM P C  or x (X  10 M P C -h )

M axim um

value

X II o © 0.4 0.8 1.6 3.2 6.4

Concentration 240 171 211 226 235 237 239 240 3.80 M P C

Exposure 240 186 216 230 236 238 240 240 31.00 M P C

Tim e weighted mean concentration  

Total exposure during period 

Mean duration o f each sample

0.14 M P C  

271.86 M P C -h  

8.06 h

If  log-normal distribution is assumed

Variable Median G S D Best estimate o f mean Standard error

Concentration (M P C ) 0.05 3.88 0.11 0.01

Exposure (M P C -h ) 0.36 3.94 0.91 0.11

Number o f points for concentration distribution 3 Correlation coefficient is 0.989

Number of points for exposure distribution 3 Correlation coefficient is 0.999
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The three types o f  samplers may be fitted with ‘lung m odel’ sampling 
heads [2, 3]. Generally, the total sample is counted but the respirable fraction 
may be determined when required. Occasionally particle size distributions are 
determined using a centripeter [4].

Monitoring for gaseous radioactivity is only carried out when considered 
necessary using portable equipment such as the Triton 1055B tritium in air monitor.

F-3. ASSESSMENT

Filter papers are counted locally a short time after sampling for alpha 
(ZnS scintillator) and beta (GM counter) radioactivity to give an indication o f  
unusual conditions. When results are required rapidly, radon and thoron daughters 
can be removed by ‘chlorine’ treatment (see Ref. [5]). Unusual samples can be 
examined by m icroscopic and autoradiographic techniques if required [6].

All samples are then sent to a central laboratory where they are counted 
seven days after sampling, to allow radon and thoron daughters to decay. The 
results are stored on magnetic tape and computer programs are used to provide 
daily records, three monthly summaries and annual summaries o f  various types [7] 
(e.g. see Table F-I). Environmental results for each sampling point are analysed 
assuming a log-normal distribution o f  activities and long-term trends are noted 
and appropriate action taken.
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GLOSSARY OF TERMS

ABSORBENT. A material which takes up a constituent through the action o f  
diffusion, allowing the constituent to penetrate into the structure o f  the absorbent 
if a solid, or dissolve in it if  a liquid. When chemical reaction takes place during 
absorption, the process is called chemisorption.

ADSORBENT. A material, generally a solid, which retains a substance contacting 
it, through the short range molecular forces which bind the adsorbed material at 
the surface o f  the adsorbent.

AERODYNAMIC DIAMETER. Aerodynamic diameter represents the diameter 
o f  a sphere o f  unit density that has the same terminal settling velocity as the 
particle in question. Particles o f  the same diameter but differing densities will 
have different terminal settling velocities. Tw o particles o f  different densities 
are said to have equivalent aerodynamic diameters if  their densities and diameters 
are such that the terminal settling velocities are equal, or that they are acted upon 
by air drag to an equal degree. Since comparisons with unit density materials are 
frequently made, aerodynamic diameter is the diameter o f  a unit density sphere 
with the same settling velocity as the particle in question.

AEROSOL. A dispersion o f  solid or liquid particles in air or other gases.

ANISOKINETIC. A condition which prevails when the velocity o f  air entering 
a sampling probe or the collector when held in the airstream is different from 
the velocity o f  the airstream being sampled at that point.

BREATHING ZONE. The breathing zone is identified as that region adjacent 
to a worker’s mouth and nostrils from  which air is drawing into the lungs while 
he performs his assigned work. Air taken from this region will truly represent 
the air the worker is breathing while he works, whether standing, sitting, or moving.

BURIAL. The imbedding o f  a particle into a filter medium.

DROPLET. A  very small quantity o f  a liquid in the general form o f  a sphere.

‘GRAB’ SAMPLE. A randomly taken, single sample taken over a short interval 
o f  time.

HOT PARTICLE. Dust particle containing high concentration o f  radionuclides.

133

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



IMPACTION. A process by which a particle or droplet is removed from an 
airstream by striking an object held in the airstream. When a particle grazes 
an object and is thus retained, the term ‘interception’ applies.

ISOKINETIC. A condition which prevails when the velocity o f  air entering a 
sampling probe or the collector when held in the airstream is identical to the 
velocity o f  the airstream being sampled at that point.

MEMBRANE FILTER. One o f  several commercially available filter media 
consisting generally o f  very thin organic-based films having a range o f  selectable 
porosities and controlled com position (very thin porous metallic filters are also 
known as membrane filters).

MONITOR.
(1) To measure an airborne radioactive constituent or the gross content o f  

radioactive material continuously or at a frequency which permits an 
evaluation o f  the concentration over an interval o f  time.

(2 ) The instrumentation or device used in monitoring.

PARTICLE. An aggregate o f  molecules, forming a solid or liquid, ranging in size 
from a few  molecular diameters to some tenths o f  millimetres (several hundred 
microns).

PENETRATION. The com plete passage o f  that fraction o f  airborne contaminants 
that passes through a filter or other collector.

PERMISSIBLE LEVEL. That concentration o f  airborne material which has been 
established as a local guide or regulation to limit the quantity o f  radioactive 
materials inhaled. Permissible level may differ depending upon the nature o f  the 
airborne material, the duration o f  anticipated exposure, and the protection 
afforded by special clothing or other barriers.

‘PSEUDO-COINCIDENCE’ COUNTING. A method for measuring the concentration 
o f  long-lived alpha-particle emitters, such as plutonium or its compounds, collected 
on a filter, with differentiation o f  the alpha-particle emitters occurring naturally 
as the decay products o f  222Rn (radon), and 220Rn (thoron). The detector senses 
and records the ‘pseudo-coincidence’ o f  214Bi beta decay and its daughter, 214Po 
alpha decay, thus providing an index to the quantity o f  222Rn present. The 2KPo 
decays with a half-life o f  150 jus, hence the parent-daughter decay is regarded 
and utilized as a ‘pseudo-conincidence’ . The same consideration holds the 212Bi 
to 212Po decay. These are members o f  the 220Rn decay chain.
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R E P R E SE N T A T IV E . Faithfu lly  showing the quality and characteristics o f  the 
entire volume from  which a sample is drawn.

SAM PLE. A portion o f  an atmosphere o f  interest, or one or m ore separated 
constituents from  a representative portion o f  an atmosphere.

SC R U B B E R . A device for allowing air and liquid to  achieve intim ate contact 
to  e ffect a transfer o f  gases, liquids, or solids carried in the gas to  the liquid 
stream. The liquid may be a static pool through which the gas rises, or may be 
sprayed into a colum n or passed through packing.

SU B-ISO K IN ETIC . A condition which prevails when the velocity o f  air entering 
a sampling probe or the co llecto r when held in the airstream is less than the 
velocity o f  the airstream being sampled at that point.

SU PE R -ISO K IN ETIC . A condition which prevails when the velocity o f  air 
entering a sampling probe or co llector when held in the airstream is greater than 
the velocity o f  the airstream being sampled at that point.

V A PO U R. The gaseous form  o f m aterials which are liquids or solids at room 
tem perature, as distinguished from  non-condensable gases. (Vapours are gases 
but carry the connotation o f  having been released or volatilized from liquids 
or solids.)

V O L A T IL E . Having a high vapour pressure at room  temperature.
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