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The Swedish National Institute of Radiation Protection can now offer You
calibration services in our new radon chamber. The chamber is specially
designed for calibration of detectors and equipment used for measurements of radon-222 in soil gas.
The radon concentration and climate in the chamber can be varied within
the following ranges
radon concentration

10 000 - 1 million Bq/m

temperature

* 5 ° - * 50 °C

relative humidity

10 - 95 %
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Technical Description
The radon chamber is constructed of stainless steel in the form of a
horizontal, cylindrical pipe system. It has a total length of 16 metres
and an internal diameter of 40 cm. The total internal volume is 2 m .
The radon-222 in the chamber is produced by four radon emanating radium
salt sources (RAE.5 Amersham). Three of the sources have an activity of
50 uCi (1,9 MBq) per each and one scurce has an activity of 500 uCi
(18,5 MBq).
The sources are kept in four lead containers which are attached and
connected in parallel to the radon chamber by tubes. Air from the
chamber circulates continuously through the lead containers in use.
The radon-222 concentration in the radon chamber is continuously registered by an ionization chamber of the brand Triton 1055 B (Johnston
Laboratories Inc.). Part of the air in the chamber is pumped from the
chamber to the Triton instrument.

The temperature in the radon chamber is regulated with a cooling battery
and a heating battery, specially designed for the chamber.
The moisture in the radon chamber is generated by a so called ultrasonic nozzle, which operates from air pressure and cold water.
The flow of water through the heating battery, the ultrasonic nozzle and
the first water-bearing cooling battery, is regulated by Sperry Vickers
magnetic valves combined with ARI-STEVI CS2 regulating valves.
Removal of excess humidity in the calibration chamber is made with a
condenser of brand M-12O-LK (Munter). The condenser is connected together with an axial fan, to the radon chamber, by a by-pass line. The
drying is performed on a controlled part of the air volume circulating
in the chamber over a time period long enough to achieve the correct
humidity level in the chamber.
The continuous registration of the temperature and relative humidity in
the radon chamber is performed with a transmitter type 455 (Electrona
Sievert).
A duct-fan is used mixing and homogenizing the air in the chamber. The
duct-fan is set so that the air flow through the radon chamber is less
than 1 metre per second. At such a low air flow the detectors are not
affected by the airstream in the chamber.
The air flow in the radon chamber is measured with an air flow meter of
the brand EAF 255 (ELUW Electronic AB, Sweden).
All functions are con»: ..led and monitored by a computer (type ABC-80 Scandia Metric). The
/Ject programme for the micro-processor is
written in BASIC.
Registration of the <- i< al parameters is carried out twice per second.
Storage of these pa.sse.ers in the data base for subsequent computation
and analysis, occuis r ery 15th minute.
The ra^ n detector^ /id measuring instruments under calibration are
placed inside che c amber on a special rack. It is also possible to
continously take t > samples from the calibration chamber from an outside position thro.h a special duct.
The radon chamber i; constructed and built in co-operation with the
Swedish Geological o and Nordsvensk Stoftkontroll AB.
Calibration service
The calibrations are performed by the National Institute of Radiation
Protection in co-operation with the Swedish Geological Co.
We can offer You calibration services as You want them performed as long
as they lie within the ranges given.
If You are interested of our calibration services please contact
National Institute of
Radiation Protection
P 0 Box 60204
S-104 01 STOCKHOLM
Phone 46 8 7297100

or

Swedish Geological Co
Skolgatan 11
S-930 70 MALA
Phone 46 953 10710
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National Institute of Radiation Protection

Dear Sir,
The Swedish National Institute of Radiation Protection has the pleasure to send You the SSI-report
"Radon chamber for soil gas detectors." The report
describes the construction of a prototype radon
chamber designed for calibration of detectors and
equipment for measuring radon in soil gas.
The report also gives the results from testing and
calibration of Kodak and Terradex Corp Track Etch
films, ROAC detectors (Radon On Activated Charcoal)
and the Bondar Clegg RE 279 emanometer.
Since the report was written the radon chamber has
been modified and rebuilt.
Today, the Swedish National Institute of Radiation
Protection in cooperation with the Swedish Geological Co offers calibration services for radon detectors under conditions normally encountered in the
ground. You can with our staff discuss a proper,
calibration program for Your radon detectors or
instruments and then just send Your detectors or
instruments to us for calibration. Don't hesitate
in contacting us for discussions about a calibration program.
Inserted in the report You will find a technical
description of the new radon chamber.
Yours faithfully,

Nils
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Abstract
On behalf of The National Institute of Radiation Protection (Research
Project SSIP 244-83),'Swedish Geological Co (SGAB) has designed and
constructed a chamber for the calibration of detectors and instruments
intended for the measurement of radon-2?2 in soil gas.
In the chamber constructed, radon detectors may be exposed in a model
environment which simulates ground conditions with respect to radon
concentration, temperature and humidity.
Also included in the research project is the development of methods for
calibration procedures, together with test measurements. In general,
these measurements indicate that the radon detectors tested are
sufficiently accurate and reliable for radon measurements in Swedish
soils if they are calibrated in an environment which simulates ground
conditions.
Keywords (chosen by the author)
Radon
Ground
Detectors
Calibration
Umber of pages

CONTENTS

Page

SUMMARY

1
2

INTRODUCTION
RADON IN SOIL
?.l Classification of ground from the radon viewpoint
2.1.1 Synoptic classification of major ground
areas at the planning stage
2.1.2 Classification of land prior to the building
of single dwellings or groups of dwellings
2.2 Measurement of radon-222 in soil gas'
,2.2.1 Alpha sensitive track film detectors
2.2.2 Activated charcoal
2.2.3 Emanometer
2.2.4 Solid state detector
3 DESCRIPTION OF THE RADON CHAMBER
3.1 Planning of the chamber
3.2 Technical description
3.3 Problems encountered in the construction and
operation of the radon chamber
4 MEASURING PROGRAMME
5 RESULTS
5.1 The radon chamber1? "unctions
5.1.1 Temperatures
5.1.2 Relative humidity
5.1.3 Concentration of radon-222
5.2 Response of the radon detectors
5.2.1 ROAC detector
5.2.2 Track etch film, type M
5.2.3 Kodak track film, LR 115 Type 2
5.2.4 Emanometer, Bondar Clegg RE 279
6 CONCLUSIONS
7 PROPOSALS FOR FUTURE ACTIVITY
REFERENCES

1
3
3
6
8
9
10
11
12
13
14
14
16
26
29
31
31
32
34
37
44
48
50
53
55
59
60
64

APPENDICES
1
Drawings of the radon chamber.
2
Measuring series 1-10. Radon concentration,
temperature and relative humidity
3
Results of radon measurements on air samples
from SGAB
4
Results from ROAC-measurements
5
';Track Etch measurements
6
"Kodak measurements
7
""
emanometer measurements
8
Ratio of the radon concentration measured by
different methods, to the actual radon concentration

SUMMARY
Un behalf of The National Institute of Radiation Protection (Research
Project SSIP 244-83), The Swedish Geological Company (SGAB) has
designed and constructed a radon chamber for the calibration of
detectors and instruments intended for the measurement of radon-222
in soil gas. Also included in the research project is the development
of methods for calibration procedures together with test measurements.
The Project Leaders were Per Andersson, Geophysicist with SGAB and
Nils Hagberg, Physicist with The National Institute of Radiation
Protection. Other members of the staff at SGAB, together with
personnel from Nordsvensk Stoftkontroll AB, Luleå, have participated
in the design and construction of the chamber.
The test measurements were comprised of 10 measuring series with the
following types of detectors.
ROAC (Radon on Activated Charcoal), manufactured by Inter-Science R&D,
SA; Track Etch Film, Type M, manufactured by Terradex Corporation,
USA, and Kodak-Pathe Track Film LR 155 Type II. Measurements with an
emanometer model RE 279, manufactured by Bondar-Clegg and Company
Limited, Canada, were also included in the test series.
In the chamber constructed, radon detectors may be exposed in a model
environment which simulates ground conditions with respect to radon
concentration, temperature and humidity. In the system, controlled by
a micro-processor, the temperature is varied with water and freoncarrying batteries. The humidity is varied with a so-called ultrasonic
nozzle and silica gel. The radon is produced by conventiona-1 radon
emanating radium needles. The radon concentrations and climate in the
chamber can at present be varied within the following intervals:
radon concentration
temperature
relative humidity

up to 540 000 Bq/m
+5 - +25°C
20 - 90%

A number of significant practical problems were encountered in the
construction of the radon chamber. The biggest single problem has been

to design a leak-proof construction. At the present time, this
difficulty has been overcome and ten measuring and test series have
been performed. The results from these measurements show that the
radon response for ROAC-detectors, Track Etch film with thoron
membrar.e, and Bondar Clegg emanometer (RE 279), were affected by
fluctuating temperature, moisture and radon concentration. The
scatter of the results obtained from the radon measurements with Kodak
Track film (with thoron membrane) was, in certain cases, so large
that it is difficult to draw any conclusions about the response of the
film to different climatic conditions and radon concentrations.
The observed temperature and radon concentration dependence, together
with, in certain cases, the large scatter in the results from the
measurement, shows that further measurements are needed to explain and
quantify the observed climate and radon concentration dependence (with
the aim of calibrating the detectors in conditions which are found in
Swedish soils).
In general, the measurements indicate that the radon detectors used are
sufficiently accurate and reliable for radon measurements in Swedish
soils, if they are calibrated in ground conditions.
We propose that the radon chamber constructed be made permanent and that
all the detectors for the measurement of radon in soil gas be calibrated
regularly for the ground conditions commonly encountered in Sweden.
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INTRODUCTION

On behalf of The National Institute of Radiation Protection (Research
Project SSIP 244-83), The Swedish Geological Company AB (SGAB) has
designed and constructed a radon chamber for the calibration of
detectors and instruments intended for the measurement of radon in soil
gas. Also included in the research project is the development of
methods for calibration procedures together with test measurements.
The Project Leaders were Per Andersson, Geophysicist with SGAB and
Nils Hagberg, Physicist with The National Institute of Radiation
Protection. Other members of the staff at SGAB, together with
personnel from Nordsvensk Stoftkontroll AB, Luleå, have participated
in the design and construction of the radon chamber.
The measurement of radon-222 in soil gas has previously been
principally a geophysical method in uranium exploration. In such
cases, the measurements were exclusively determinations of the radon
response, relative to the background. This has applied to both
integrating solid state nuclear track detector methods (alpha sensitive
track films) and instantaneous emanometer methods.
At present, radon measurements, in Sweden are carried out almost
exclusively for the investigation of radon risks in buildings. Since
the risk that radon leakage will lead to higher radon concentration
indoors, is directly related to the radon concentration in the soil
gas and to assumptions of convective transport of soil gas, exact
determinations of radon concentrations are needed. Following The
Swedish Radon Commission's proposals, SOU 1983:6, The National Board
of Physical Planning and Building ("Radon - Planning, Building Licences
and Protection Measures" - report nr. 59 1982/70) have recommended
that soil under and around a building, or a group of buildings,
with regard to the risk for radon-222 from the soil, be classified
into high, normal and low-grade soil.
To follow The National Board of Physical Planning and Building's
proposed classification of soil according to "radon risk" in the
best manner, it is necessary that the basis of judgement (which
amongst other things comprises the radon concentration in the soil
gas) is correct.

Today the measurement of radon-222 in soil gas is performed by a
number of different methods, which individually present fhe actual
radon concentration in question, in units of Bq/m (becquerels per
cubic metre). For a comparison and assessment of radon risks for
different soils from radon concentrations measured by different
methods, the use of instruments and methods calibrated absolutely
with respect to standardised conditions is required.
In a number of projects attempts have been made to determine absolutely
the radon concentration in soil gas. Within the BFR project "Radon
in Soil" (Hesselbom, Å., et al 1981) simple test measurements were
performed by different methods in the radon room at The National
Institute of Radiation Protection, and in the field. Here, the
problems in absolute determinations for soil gas measurements were
studied. In further projects, for example the BFR report "Radon
in Dwellings" (Andersson, P., et al 1983) further comparative measurements were performed. The results from these projects illustrate
the difficulties encountered when attempts are made to correlate
estimated absolute radon-222 concentrations obtained from different
measurement methods.
The results from the measurements indicate that a procedure in which
a radon room intended for calibration of instruments and detectors
for indoor use is used as the only calibrating condition, is not
suitable. The environment in a radon room differs considerably
from the environment which prevails in the soil, for example, with
regard to temperature and humidity. It has been reported in the
literature that the majority of the currently used detectors for
measurement of radon-222 in soil gas, are influenced by variations
in temperature and humidity during the exposure.
Thus, adsorption of radon-222 on activated charcoal is temperature
dependent - the adsorption increases with reduced temperature
(Thomas, J.W., 1974). With high humidity water is also adsorbed
on the activated charcoal, which causes a reduction in radon adsorption
(Thomas, J.W., 1974). Earlier investigations have also shown that
alpha sensitive track film is influenced by variations in humidity.
This probably depends - for example - on the fact that drops condens 1

directly on the track film, which in turn, prevents certain parts
of the alpha radiation from reaching the track film. A reduction
in response will then be obtained (Andersson, P., et al 1983).
The membranes used together with alpha sensitive track film are
also influenced by the conditions to which they are exposed, since
the efficiency of certain membranes is temperature-dependent (Alter,
personal communication).
It is still unclear whether radon concentration can influence the
response of the current methods/detectors. At present, calibrations
are performed in radon rooms with relatively low radon concentrations
(ca 10 000 Bq/m in Sweden), while the natural concentration of
radon-222 in Swedish soil types at a depth of roughly 1 metre, varies
between 5 000-2 000 000 Bq/m3.
The project described in this report includes the investigation
of the effect of variations in temperature, humidity and radon concentration on the response from the methods/detectors currently used
for radon measurement in soil gas. The project included the construction
of a radon chamber. In this chamber, radon concentration, the
temperature and humidity can be varied within levels which occur
in the soil. Methods for calibration of radon detectors in soil
conditions could then be developed. The need for the development
of calibration methods was noted earlier in The Radon Commission's
report (SOU 1983:6).
2

RADON IN SOIL GAS

This chapter will, broadly speaking, describe the planning and content
of the radon investigations and also the radon measurements in soil
gas which are being carried out today. Much of the material in
Chapter 2.1 is taken from The Radon Commission's report (SOU 1983:6).
2.1

Classification of Ground from the Radon Viewpoint

The investigation of ground radon is a stage in the geotechnical
investigations which are being carried out within a planned or a
built-up area. "The radon risk" for a certain ground type depends
partly on the radon concentration in the ground's soil gas, partly

on how easily the radon and soil gas can be transported through the
ground, and partly on how much radon-bearing soil gas is available
for transport into those houses which are to be built. To assess "the
radon risk", it is necessary in most cases to measure the radon concentration in the soil gas, as well as the radioactivity (e.g. the
radium-226 concentration) in the ground layer and in the bedrock (where
possible). An investigation of the ground conditions, in which special
emphasis is placed on the ground permeability is also necessary.
"The radon risk" cannot be judged solely on results from radon
concentration measurements in the soil gas. Ground conditions which
prevail after the ground is built on, for example groundwater level,
broken rock fill, etc, must also be considered in the interpretation
of the results from the investigation. The radon concentration in the
ground's soil gas can vary considerably over both short and long periods
of time. Repeated measurements on different occasions, and performed
in the same sample hole, have shown variations in radon concentration
of several orders of magnitude. The mechanism behind these variations
is not completely known, but in part the variations depend on the water
content in the ground. So, for example, the radon concentration in the
soil is often higher during spring and autumn, when the ground's upper
surface layer is relatively water saturated. Moisture and frost in the
ground appears to impede the transport of radon towards the ground surface.
The radon content below the frost level will then be at its highest
during the winter. Similarly, the radon concentration in the soil is
often lowest in the summer, when the ground has dried out. But increased
water content in the ground also increases the radon concentration in
the soil gas because the equilibria conditions for radon in water and
air in the ground's pores are constant.
Since the radon in the ground's surface layer ventilates or diffuses
away, the radon concentration in the ground is usually lower near the
surface than in deeper ground layers. One usually reckons roughly that
the radon concentration at 50 cm depth theoretically is approximately
half its value at larger depths, where equilibrium prevails between
the radon emanating in the soil layer, radon migrating into the soil
layer and radon escaping by diffusion.

In an area with uniform soil deposits, for example silt or gravel,
the variation of radon concentration within the area is, as a rule,
relatively small. In an area with till and with variable ground
depths, groundwater conditions and radium content, the radon concentration can vary considerably (with several hundred percent) within
distances of tens of metres.
Since the radon concentration often
judgements of the radon risk within
measurements of radon if only a few
Several measurements must therefore
investigated.

varies so considerably, the
a ground area cannot be based on
measuring points are selected.
be performed in the areas

In Table 1, the radon concentration in a number of different soils
is presented.
226

Till, normal
Till with granitic material
Till with uranium-rich granitic
material
Gravel in eskers
Sand, silt
Clay
Soil types which contain alum
shale

Ra Bq/kg*

222

Rn Bq/m3

15
30 -

125

5 000 - 30 000
10 000 - 60 000

125 -

360

10 000 - 200 000

30
6
25 -

75
75
100

10 000 - 150 000
2 000 - 30 000
10 000 - 80 000

175 - 2 500

50 000 - >1 mill

62

* 12.3 Bq/kg
Ra is, at equilibrium within the decay series from
238
I),equivalent to 1 gram U per ton.
TABLE 1:

Normal contents of radium-226 in soil and radon-222 in
soil gas in Swedish soils, measured at a depth of 1 metre.

When interpreting the measuring results, consideration must be given,
amongst other things, to the type of soil in which the measurement is

performed, water content in the soil, the soil's permeability,
measuring depth, together with the radium content in the soil layer
and the bedrock. The measurement of radon concentration in soil gas
is consequently a stage in an investigation which must be based on a
good knowledge of ground conditions.
The National Board of Physical Planning and Building, with regard to the
risk for radon from the ground, have recommended that every municipality
should obtain a survey on ground radon conditions within the municipality (The National Board of Physical Planning and Building, report 59
1982/70). In the first place, the conditions within large densely built
and planned building areas should be made clear. Such a survey will be
of value when priority is given to the location of existing dwellings
with high radon concentrations, as well as in the planning of new
buildings. The areas should, according to the recommendations, be listed
as high, normal and low risk areas.
Once a building site has been decided, careful investigations of ground
radon conditions should be performed. This is usually done with a
buildiny licence application and sometimes at the detailed planning
stage. During such thorough investigations, the ground around and
directly under the buildings is classified as high, normal or low radon
ground.
2.1.1

Synoptic Classification of Major Ground Areas at the Planning
Stage

The surveys of ground conditions in a municipality, recommended by The
National Board of Physical Planning and Building, should be conducted
after consultation of expert geological knowledge and, amongst other
things, should be based on the following information:
GEO-radiation maps, scale 1:50 000
Geological maps of quarternary deposits and bedrock
Ground radioactivity maps, for example those obtained from
airborne gamma ray measurements
Other knowledge which geologists, and others, have about the
ground within the municipality
Measured radon daughter concentrations in existing dwellings
Ground radon investigations conducted for plans and buildings.

In its report, The National Board of Physical Planning and Building,
proposes the following classification of areas with regard to the risk
of radon emanation from the ground:
High risk areas
Normal risk areas
Low risk areas
Radon risks in buildings standing on certain rock and soil deposits
are inadequately known. Classification into different risk areas is
not therefore an "exact" process.
Classification is based on current knowledge and experience of radon
risks with different ground types, radon concentration in soil gas
and uranium (radium-) concentrations in rock or soil deposits. The
concentration thresh'Ids given below are to be regarded as guidelines.
To indicate the content (activity) of radium or uranium in the ground
the unit Bq/kg is used. 12.3 Bq/kg is equivalent to a uranium
concentration of one gramme per ton.
High Risk Areas refers to ground areas within which a large part of the
ground has high radon risk. Within the area there can also be ground
with normal or low radon risk, but these areas cannot be defined in
deta i 1.
To the high risk group belong, among others, large areas of ground with
an enhanced radium (uranium) concentration, ca 125 Bq/kg or more, that
is, ground whose bedrock or soils contain uranium rich shale (in Sweden
the alum shale), uranium rich granites, uranium rich pegmatites or
uranium mineralisations.
Normal Risk Areas refers to land with mainly normal radon risk. Within
the area, ground with high or low radon risk is also found, but these
areas cannot be defined in detail.
To the normal risk areas belong, among others, areas which principally
consist of ground whose bedrock or soils contain bedrock or bedrock
fragments with normal radium (uranium) concentration, ca 35 - 125 Bq/kg,

for example, acid gneisses, acid volcanic rocks and granites with normal
uranium concentration.
Low Risk Areas refers principally to ground areas with low risk for
radon from the ground. Within the area, land with high radon risk and
more frequently, normal radon risk, can be found, but these areas
cannot be defined in detail.
To low risk areas belong, among others, land which principally consists
of ground whose bedrock or soil layers consist of rocks and soils with
a very low radium (uranium) concentration.
2.1.2 Classification of Land Prior to the Building of Single Dwellings
or Groups of Dwellings
The National Board of Physical Planning and Building proposes that ground
below and around a building or a group of buildings with regard to the
risk of radon emanation should be classified according to the following:
- High Radon Ground
- Normal Radon Ground
- Low Radon Ground
High Radon Ground includes ground in which the radon concentration of
the soil gas is so high or radon emanation from the bedrock is so high,
that the houses must be of a "radon safe" construction.
This category includes, among others, ground with higher concentration
of radon-222 in the soil gas than ca 50 000 Bq/m (for clay or clayeysi Ity till, more than ca 100 000 Bq/m in the soil gas).
Normal Radon Ground includes ground with normal radon concentration
in the soil gas. The houses should have a "radon protective" construction.
This category includes, among others,
radon-222 in the soil gas is ca 5 000
has low permeability this could be as
of crushed rock and filling which are

ground whose content of
- 50 000 Bq/m3, (for clay which
much as 100 000 Bq/m 3 ) and layers
thicker than about 1 metre.

Houses can be built on Low Radon Ground without special consideration
to radon. This category includes ground with lower concentration
of radon-222 in soil gas than about 10 000 Bq/m .
2.2

Measurement of Radon-222 in soil gas

Most methods for the measurement of radon-222 are based on the detection
of alpha particles or gamma radiation produced during the decay of
radon and radon daughters.
The methods used may be described as active or passive Active methods
involve the pumping of gas into or through a measuring instrument.
The passive methods register radon concentrations in the ground under
natural conditions. Most of the active methods register radon concentrations directly and the results are simultaneously displayed on
the detector instrument. The passive methods, on the other hand,
are integrated over a longer or shorter time period. The exposure
time depends on the type of detector used and also on the radon concentrations to which it is exposed.
Detectors with alpha sensitive track'film, detectors with activated
charcoal and certain types of solid-state detectors, are all passive
methods. Measurements with emanometers and certain types of solid-state
detectors may be described as active methods of measurement.
When measurements are performed with passive radon detectors (track
film, activated charcoal) the detectors are installed down to the
required measuring depth where they are covered, to prevent radon
transport towards the ground surface. The measuring depth selected
should be roughly 1 metre. Variations in concentration of radon-222
in the soil gas can then be minimised without incurring unreasonably
large costs for the measurements. These variations depend on the
temperature in the ground, the ground's moisture content and the
radon emanation to the air above the ground's surface. At a depth of
1 metre, the influence of winds on the circulation in the soil layer
is small, and the temperature in Swedish ground is relatively constant
(3-10°C during that time of the year when the ground is not frozen).
In Sweden, the relative humidity of the soil gas at a depth of 1 metre
is 90% or higher but lower relative humidity can occur nearer the
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ground surface in coarse-grained soil types. In countries with warmer
climates than Sweden, the ground temperature is considerably higher
than in Sweden and the relative humidity of the soil gas can be
much lower in areas with desert-like conditions.
It is important to measure the radon concentration in the soil gas
under conditions which are as close as possible to equilibrium
between incoming and escaping radon - a situation which will then
resemble a house standing on the ground. A house standing on a
plot of land is comparable to placing a big lid on the ground, at
least as far as its effects on radon concentration are concerned.
The radon concentration in the soil gas directly below the house
will increase to the same level as at greater depths, since radon
exhalation from the ground surface will be prevented, provided
that a part of the original radon is not transported from the ground
into the house.
2.2.1

Alpha Sensitive Track Film Detectors

Track f ^ m detectors are made of a film of cellulose nitrate or polyester.
When alpha particles strike the surface they leave a mark or track on
the film. After chemical etching the tracks on the films are visible
and can be counted under a microscope. The film detector can, among
other things, be used to measure the proportion of alpha emitting
222
220
isotopes in the air, for example radon ( Rn) and thoron ( Rn) with
alpha emitting daughter isotopes. The number of tracks per given area
is proportional to the concentration of alpha emitting isotopes in the
air volume within the radial range for the alpha particles. (Andersson, P.,
et al, 1983).
For measuring, the track film is attached to the base of a plastic
cup. By covering the cup with a filter, radon and thoron daughters
occurring in the air can be prevented from entering the cup.
Simultaneously, radon and thoron concentrations in the cup are the
same as those in the surrounding atmosphere. The film then measures
only tiie radon and thoron concentrations in the air. In this way the
track detector is used for the measurement of radon in the air indoors.
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Similarly, the cup can be covered with a semi-permeable plastic
membrane. This will prevent thoron, radon and thoron daughters
from entering the cup. The method depends on the short life-time
of thoron - tiie half life is 55 seconds. The thoron will decay before
it can pass through the membrane. Particularly in areas with thoriumrich rocks, for example granites, the thoron content in the soil gas
can be so high that one cannot exclusively measure the radon concentration with a track detector without using a "thoron membrane".
Exposure time for the track detectors, for radon measurement in the
soil gas, is normally 3-5 weeks. After measurements have been taken,
the cup, with the track detector, is dispatched to the supplier for
etching of the ^ilm and counting of the number of tracks.
The two types of film used in Sweden today are cellulose nitrate Track Etch (Alter, et al, 1981) and polyester film - Kodak (Hesselbom, A.,
et al, 1981).
2.2.2 Activated Charcoal
Radon-222, like several other gases, is adsorbed onto activated charcoal.
The degree of adsorption is proportional to the concentration of radon.
When the radon decays, the gamma ray daughter isotopes 214 Bi and- 214 Pb
are produced. By measuring the gamma activity from these radon
daughters and after corrections for both the growth of radon during the
exposure time, and the decay after exposure, have been applied, a
measure of the radon adsorption can be obtained.
If the concentration capacity of the charcoal is known, one can calculate
the radon concentration in the atmosphere to which the charcoal was
exposed, (Hambleton-Jones and Smit, 1980). -The measuring equipment
consists of a plastic cartridge filled with activated charcoal, which after
exposition is measured by a detector. The detector measures gamma rays
from the radon daughters produced when the radon decays, which is adsorbed
on the charcoal. To counteract the influence of moisture in the soil gas,
the charcoal is covered in the cartridge by a layer of moisture-absorbing
silica gel. During radon measurement the cartridge is placed at the
bottom of a dug or drilled hole. The exposure time is 5-8 days. Gamma
radiation from the charcoal should be measured within 3-5 days.
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Thoron (??0 Rn) is also adsorbed onto activated charcoal. However,
the thoron and its gamma emitting daughter isotopes (212Pb, 212Bi
and
Tl) decay so rapidly that the radiation contributed from
this source after 3 days' wait is so small that it can be disregarded.
If the gamma radiation is measured immediately after the detector
has been removed from the ground, however, one can obtain a rough
value for the thoron content (Andersson, P., et al, 1983).
2.2.3

Emanometer

In measurements with an emanometer, the radon bearing gas is
pumped or sucked into a scintillation cell (Lucas chamber). This is
covered internally with a fluorescent material, usually silveractivated zinc sulphide, ZnS (Ag). When alpha particles, which are
emitted during the decay of radon and its daughters, strike this
material, the absorbed radiation energy is converted to light impulses
(scintillations). The scintillation cell is connected to a photomultiplier. The light impulses can then be converted to measurable
electric charges. These can be registered in a counter. The number of
registered charges per time unit is a measure of the radon-222 concentration in the gas sucked into the scintillation cell or passing through
the measuring cell. In the same way as an emanometer can register
radon, thoron (220 Rn) and its alpha emitting daughter products can also
be registered (Andersson, P., et al, 1983). Figure 1 illustrates the
principles for measurements with an emanometer.

FIGURE 1: Principle for measurements of radon and thoron
content in soil gas, with an emanometer.
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An emanometer consists of a detector unit with a counter, a pump
arrangement with flexible tubes and a particle filter, together with
a probe with which sampling of the soil gas can be performed. For
the measurement of radon concentration in the soil gas, the
following procedure is usually adopted: with a power drill, a hole
is drilled down to a depth of about 1 metre. Two probes are placed
in the hole and the hole is sealed at the top. The gas in the hole
is pumped through one probe, through the measuring cell and back into
the hole through the other probe. The pumping continues
until all the gas in the tubes and the measuring cell has been
exchanged. The quantity of gas circulated should be identical for
all measurements.
Before each measurement, a clean, decontaminated measuring cell is
inserted into the detector unit and the background activity in the
cell is measured.
Immediately after the pumping is completed, the alpha activity is
measured over a given time interval. The measured results are
normalized, after which the background activity is subtracted. The
results then obtained are a measure of the radon concentration in the
soil gas. In this project and during surveys carried out by SGAB,
a 5-minute counting time is used between 3 and 8 minutes after pumping,
for calculation of the radon concentration.
2.2.4 Solid State Detector
A solid state detector for the detection of alpha particles is, in
principle, a reversely charged pn-diode of, for example, lithiumactivated silicone, Si(Li), (Hesselbom, A., et al, 1281).
When an alpha particle is absorbed in th° area between the p- and nlayer under generation of electron-hole pairs, the generated charges
are collected over the diode's capacitance. This generates a measurable
voltage pulse. The number of pulses per time unit is a measure of the
radon concentration. There are today a number of different models of
solid state detectors. Some of these operate as instantaneously active
methods by pumping the gas from the ground into the detector. The
sampling procedure then follows that used in the emanometer measurements.
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Other types of solid state detectors are used as long-term registering,
passive methods. When the radon concentration in soil gas is
measured with these passive detectors, the detector is dug down to the
required depth in the ground. The soil is then packed round the
detector to prevent leakage of radon to the ground surface. Tne
unit registers the radon which diffuses in through the open end of
the detector. Exposure time can vary from a few hours to several
days, depending on the radon concentration in the ground and the
capacity of the counter.
3

DESCRIPTION OF THE RADON CHAMBER

3.1

Planni g of the chamber

The aim of this project has been to develop methods for calibration
of radon detectors in ground conditions. To perform this task, it is
necessary to build a calibration chamber in which simulated ground
conditions can be controlled and regulated.
At the beginning of the project, we planned to use a commercially
available climatic chamber as a radon chamber. The radon in the chamber
would be produced by radon sources connected to the climatic chamber.
One requirement of the chamber was, however, that it operated with an
isolated volume of air since the radon concentration in a limited air
volume decreases drastically when the air in the volume is continuously
exchanged. Indeed, one of the aims of the project was to try and create
as high a level of radon concentration as possible in the chamber.
However, not one climatic chamber which operated with a circulating
isolated air volume was available on the market. It was therefore
decided that we should build our own radon chamber. We then contacted
a number of experts in air-flow theory, ventilation and climate, since
we ourselves were not specialists in this area.
For the construction of the chamber, together with dimensioning and
the mechanical regulation of the climate (temperature and humidity) the
firm Nordsvensk Stoftkontroll AB, Luleä (NSKAB) were chosen as
consultants.
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The discussions which were held with personnel from NSKAB and other
experts in flow theory (for the most part personnel at Luleå Technical
University) resulted in the radon chamber being planned, and later
built, as a closed pipe system.
The advantage with a pipe system compared with a cubic structure is
that it is easier to create homogeneous climatic conditions in that
part of the chamber where the radon detectors will be calibrated.
The pipe system is designed so tb:\ the climate and radon concentration
may be regulated in one part of the chamber and the radon detectors
may be calibrated in another part of the chamber. The air, driven by
a fan and slowly circulating in the chamber has time to stabilize
until it has reached its measuring volume. The planned pipe system is
illustrated schematically in Figure 2. After consultation with the
above-named experts, it was agreed that the distance between the
measuring volume and that part of the chamber where the climate and
radon concentration is regulated, should be 5 metres. At this
distance, it was agreed that climate and radon concentration would
stabilize. Continuous measurement of the temperature, humidity and
radon concentration for possible adjustment is also performed in the
measuring volume.
3
It was decided that the inner volume of the radon chamber would be 2 in ,
for practical reasons - considerations of space and the like. Two cubic
metres radon bearing air volume also exceeds the minimum required for
the simultaneous calibration of 10 ROAC-detectors (ca 100 g activated
charcoal), without the concentration of radon-222 in the chamber sinking
through adsorption on the charcoal. (Cohen, B.L., et al, 1983). One
should therefore remember that a maximum of 10 ROAC-detectors or ca 100 g
activated charcoal can be calibrated simultaneously in the chamber.
In the case of a cubic chamber, difficulties arise with the creation of
homogeneous conditions in the measuring volume in the cube. The airflows in a cubic chamber vary considerably from the middle of the cube
to the walls or the corners. Also, the distance between the climateand radon-regulation space and the measuring volume is so small that
the uniformity of conditions in the measuring volume is uncertain.
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measuring volume

FIGURE 2: Schematic drawing of the radon chamber.

From the discussions held, Nordsvensk Stoftkontroll AB (NSKA8)
produced a drawing of the radon chamber which facilitated measurement
and regulation of temperature, relative humidity and radon concentration, see Figure 3.
This drawing was presented to representatives from the National
Institute of Radiation Protection, at a project meeting on 19th December,
1983, where the construction and drawing of the chamber was approved.
Regarding performance of the chamber, the following objectives were
proposed: After running-in, the calibration chamber should operate
under the conditions specified below:
temperature
relative humidity
radon concentration
3.2

+5 - +25°C
20 - 90%
up to 500 000 Bq/m.3

Technical Description

The radon chamber, whose total length is 16 metres, is constructed of
stainless steel in the form of a horizontal, cylindrical pipe system
with an internal diameter of 40 cm (see Figure 3). The total internal
volume is I m3-
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FIGURE 3: The Radon Chamber

Picture 1 illustrates the chamber in its construction phase. The
system is assembled with a number of prefabricated parts consisting
of straight and curved circular cylindrical tubes, welded together,
cooling and heating batteries etc. The different fabricated parts
are clamped together with bolts and sealed with silicone glue. This
joining, clamping and sealing was subsequently repeated and improved
since the sealing originally obtained in the system proved to be
defective during operation.
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PICTURE 1: The radon chamber during construction without insulation.

The temperature in the radon chamber is regulated via a cooling battery
and a heating battery, specially designed for the chamber, Picture 2.
Detailed drawings are shown in Appendix 1.

PICTURE 2: Heating and cooling battery.
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Initially, water was used as the heating or cooling medium. Test
measurements conducted subsequently at SGAB, however, revealed that
the cooling from the water was insufficient and that the cooling
battery was under-dimensioned. The water did not therefore cool the
radon-bearing air to the required temperature (+5°C). A freonbearing cooling battery was therefore introduced, but this also
proved itself to be under-dimensioned. Good results was finally
obtained from a freon-bearing cooling element with a compressor
and bigger capacity (NSKAB), Picture 3.

PICTURE 3: Cooling battery containing freon as cooling medium.

The moisture in the radon chamber is generated by a so-called ultrasonic nozzle, Type NSKAB size 101, which operates from air pressure
and cold water (NSKAB). Picture 4 shows the ultrasonic nozzle after
it is mounted inside the chamber. The inspection hatch is designed
so that the air and water flow through the nozzle can be regulated.
Detailed drawings are shown in Appendix 1.
The flow of water through the heatinc, battery, the ultrasonic nozzle
and the first water-bearing cooling battery, is regulated by Sperry
Vickers (NSKAB) magnetic valves combined with ARI-STEVI CS2 (Armaturjonsson) regulating valves. Total 3 of each.
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PICTURE 4: Ultrasonic nozzle, which produces the moisture in the
radon chamber.

Possible excessive moisture in the radon chamber may be removed by
an "extra" pipe through which the moist air in the chamber can be
transported. The position of the "extra" pipe is shown in Figure 3.
In this "extra" pipe, a unit is installed for removal of excess
moisture from the radon chamber. Originally, a unit based on the
condensation principle was designed. The first tests of registration
and regulation of humidity and temperature in the chamber showed,
however, that this unit did not operate satisfactorily. A container
with replaceable silica gel was therefore promptly assembled to
replace the original unit. Silica gel has, as is known, the ability
to retain moisture but loses this capacity after a certain time
period. However, the gel can be replaced by a simple manipulation.
Picture 5 shows the "extra" pipe with container. Picture 6 shows the
silica gel during a replacement.
The moist air in the chamber is moved manually through the "extra"
pipe via 2 sealed valves PN 10 (Armaturjonsson). The valve opening
can be set between 0 - 180 degrees.

PICTURE 5: Box containing rechargeable silica gel.

PICTURE 6: Box containing replaceable/rechargeable silica gel
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The radon-222 in the chamber is produced by four RAE.5 (Amersham,
Sweden) radon emanating sources. Up to now, three sources with
activity of 50 yCi (1.9 MBq) and one source with an activity of
500 uCi (18.5 MBq) have been purchased for the project. The sources
are stored in a lockable lead container, Picture 7.

PICTURE 7: Lead box containing

Ra emanating source.

The lead box is attached and connected in parallel to the radon
chambers by tubes. Air circulates continuously through the lead box
from the chamber. A conventional aquarium pump is used here. Before
the air passes in to the lead container, it is dried in a small
silica gel filter. The radiation from the lead container with sources
is 400 uR/h (3500 nGy/h) directly against the container and ca 70 yR/h
(600 nGy/h) at a distance of 1 metre from the container.
A duct-fan (brand FBKA, size 31) was installed (AAF Industrifilter)
so that the air in the chamber will mix and homogenize. The ductfan, whose speed was controlled, was - during the project time - placed
so that the air flow through the radon chamber would be less than
1 metre per second. An air flow of less than 1 m/s was chosen so that
the detectors would not be disturbed by the airstream in the chamber.
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To facilitate rapid air exchange in the radon chamber, there are
2 tight valves PN 10 (ArmaturJonsson). The positions of these are
shown in Figure 3. The valves are shown in Picture 8.

JL_

PICTURE 8: Manually-controlled tight valve

A lockable tight lid has been designed for convenient replacement of
the actual radon detector. Picture 9 shows the preliminary construction.
This proved to be far too leaky. A new lid was therefore designed with
straight edges. This improved lid subsequently proved itself satisfactory, with regard to tightness.
The continuous registration of the temperature in the radon chamber
is performed with a temperature transmitter type PT 100 (Johnson
Mathey, AB). A similar transmitter is installed in the same room as
the chamber, for measurement of the surrounding temperature. For the
continuous registration of the relative humidity a capacitive hygro
transmitter of the brand Hygrotest testo 64 00 (NSKAB) is used.
Like all capacitive hygro transmitters, however, the measured absolute
values are uncertain at higher and lower relative humidities.
A portable psychrometer of the brand Hygrophil-d type 4455 (Kebo Lab
AB) was therefore borrowed from the Technical University in Luleå.
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PICTURE 9: Opening to the measuring volume in the radon chamber.

PICTURE 10: Completed and insulated radon chamber.
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(A psychrometer measures both the dry and the wet temperatures.)
The results from the psychrometer were used to set correct absolute
levels for the capacitive transmitters.
The air flow in the radon chamber was measured with an air flow
meter of the brand TA 3000 (Airflow Developments Limited, Canada).
The radon-222 concentration in the radon chamber was continuously
registered with a portable ionization chamber of the brand Triton
1055 B (Johnson Laboratorium Inc.). The radon transporting air is
pumped from the chamber to the Triton instrument via an internal pump.
This pump subsequently broke down. The flow between the Triton
instrument was therefore connected in series with the flow through
the radon-producing sources. The air passes first through the
Triton instrument and later through the radon-producing sources.
Before the air passes through the Triton instrument, it is dried in
a small silica gel filter.
As is usual in the continuous registration of temperature, the
relative air moisture, air flow and radon concentration, the registration is performed in the measuring volume where the radon detectors
are exposed.
Apart from replacement of silica gel, all functions are controlled and
monitored by a computer (type ABC-80 - Scandia Metric).
Registration of the actual parameters is carried out twice per second.
Storage of these parameters in the data base for subsequent computation
and analysis, occurs every 15th minute.
The project programme for the micro-processor is written in BASIC.
In conclusion of this chapter, a photograph of the completed and insulated
radon chamber is shown in Picture 10.
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3.3

Problems encountered in the construction and operation of the
radon chanter

During the project, a number of technical problems have arisen
which delayed the project considerably. Most of the problems were
only minor and were remedied promptly. Certain problems,
however, required a major part of the project time for their
solution. Without doubt, the biggest problem was the construction
of a gas tight radon chamber. In the first trials, conducted under
the management of NSKAB, the leakage problem was so severe that it
made the planned measuring programme impossible. The entire radon
chamber was then dismantled and all joints and welding were checked
and rewelded. The chamber was re-assembled and trials were conducted
for the second time under NSKAB1s management. The results from these
second trials were significantly better than those from the earlier
trials, but the fact remained that the leakage was still unacceptable.
At this stage, a leak-search was carried out with track-gas (laughing
gas), by the National Institute for Building Research (NIBR).
During this leak search, a number of large leaks were discovered.
These were sealed. Further, a quantity of smaller leakages were
indicated whose direct location was impossible using the tracking
gas method. After the discovered leaks were sealed, the leakage in
the chamber decreased to an acceptable level, even if leakage demonstrably still occurred.
The large leakage had occurred in joints, welded joints, pipe
connections, and in the connections between the respective units
(batteries and so on). The lid to the measuring chamber also contributed to the leakage problem. Mo«t of these leaks could have certainly
been avoided if a thicker sheet metal had been used in the system.
The 1 mm stainless steel plate used in the pipe system is too thin
for the joint welding to be perfect- The thin steel also gave rise to
the biggest problems with leaks around the pipe connections and
connections between the respective units. If the chamber is to be
made permanent and improvements rrade, replacement of the pipe system
by one made from thicker plate should be considered.
The problem with leakage around the cover to the measuring chamber
was alleviated by replacing the steel to the cover itself. The thick-
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ness of the steel used was increased from 1 mm to 2 mm. The edges of
the lid were also reconstructed, from having been suited to the
cylinder's casing surface (see Picture 9 ) , to a level surface. The
above two modifications resulted in the leakage around the lid now
being almost non-e.-.istent.
The large leakage in the radon chamber has also meant that the
radon-222 concentration in the chamber is still much smaller than the
planned radon concentration. With the leakage still found in the
chamber, and with the three originally planned radon emanating sources
in total 150 uCi (5.6 MBq), a maximum radon-222 concentration of
ca 63 000 Bq/m is obtained in the chamber. To obtain higher radon
concentrations in the chamber, it was decided that a source with a
higher activity of 500 uCi (18.5 MBq), should be purchased. This
source was delivered in the final phase of the project time, and this
was convenient for the exposure of a measuring series (series 10) in
higher radon concentrations. With all four sources, in total 650 uCi
(24 MBq), the radon-222 concentration in the chamber reached a maximum
3
of ca 540 000 Bq/m which, with good margins, exceeded the planned
radon concentrations in the chamber.
From the first tests of registration and regulation of the temperature
and humidity in the chamber, it was established that the air volume
in the chamber could not be cooled sufficiently. The problem arose
from the fact that the temperature of the cooling tap water in SGAB's
building, remained at a higher temperature than expected, +12°C
This meant that the temperature in the chamber could only be reduced
to ca +15°C. Since the tap water remained at such a high temperature,
the idea of watercooling the chamber was abandoned.
An external cooling battery with freon gas as an active medium was
purchased. However, it was still not possible to reduce the temperature in the chamber to the planned +5°C. This under-dimensioned
cooling battery was excnanged for an exterior freon-bearing cooling
battery with a compressor. The chilling capacity of this larger
refrigerating machine is ca 1 500 kcaI/hour.
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With this cooling battery the temperature in the chamber can be
reduced very rapidly to, and maintained constant at, +5° C
With the first tests of registration and regulation it was also
discovered that the original dehumidifying unit, built on the
condensation principle, did not function at all as planned. A new
container with replaceable silica gel was then designed, and
replaced the original unit. The position of the container with
silica gel is shown in Figure 3. The principle of a container with
replaceable silica gel operated very satisfactorily in the removal
of excess moisture from the chamber and it also maintained the
humidity at a constant level. The disadvantage with the present
construction and operation is that the operator must manage the
exchange of silica gel and the flow of air through the container with
silica gel, manually. This results in an intermittently variable
level of the relative humidity in the radon chamber. These fluctuations will depend on the rendition of the silica gel and the time of
replacement of the gel, and change in air flow through the chamber.
Should the radon chamber be made permanent, control and adjustment
of the humidity system, by an analogue system, is necessary. These
adjusting cycles should be connected to the computer. For the airdrying process the use of a condensating air dryer, with a separate
fan may be appropriate. The drying equipment should be connected to
the radon chamber by a separate by-pass line.
After a period of running of the radon chamber (during measuring
series 4 ) , the pump in the Triton instrument (the continuous radon
measurer) broke down. This problem was solved by joining the air
flow through the Triton instrument in serie with the air flow through
the radon source, which is driven with an aquarian pump. The
flow passes through the Triton instrument first, and then through
the source.
In summary, it can be said that the technical problems were numerous
but stimulating challenges. Most of these could be solved immediately.
The all-pervading difficulty with leaks in the chamber could not
be completely overcome. However, as things stand at present, the leakage
has been reduced to an acceptable level.
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MEASURING PROGRANME
The purpose of this project was partly to build a calibration chamber
and partly to investigate whether variations in temperature, humidity
and radon concentration, influence the response of respective radon
detectors. With the knowledge that the radon-222 concentration in
the radon chamber could not be increased to more than 60 000 B
in the first phase of the project (before the stronger source
was delivered), the following measuring programme was planned:
Measuring
Series

Temperature

1
2
3
4
5
6
7
8
9
10

r

5
5
15
15

15
25
25
25
25

Relative Air
Humidity
20
50
90
20
50
90
20
50
90
50

Radon-222
(Bq/m3)
ca 60 000
ii _

"-

_

II

•i _

"-

II

_

"-

* "higher radon content
with new source"
3
* The radon concentration proved later to be ca 540 000 Bq/m ,
with the new source.

This measuring programme was intended to give a good picture of the
radon detectors' response to variable temperatures and humidity.
For every interval of planned temperature (5, 15 and 25°C) three
exposures were planned at 20, 50 and 90% relative humidity. In a
"dual" series of measurements, three moisture intervals (20, 50 and
90% relative humidity) at 5,15 and 25°C were planned. The radon
source is the same, so the radon concentration should be fairly constant
at the different exposures.

The tenth and last measurement was done to see whether, after we had
received the new and stronger radium source, the response of the
actual radon detectors changed at higher radon concentrations.
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The exposure time for the integrated detectors was chosen as 1 week
(168 hours) which is a normal exposure time for measurement of
radon concentrations in soil gas. The methods included in the project
are methods which are routinely used for the measurement of radon
concentration in soil gas, both in Sweden and abroad.
The methods/detectors which were exposed in this project are as
follows:
Method

Brand

Analysed by

Distributed
by

Track
film

Track Etch
Type M

Terradex
Corporation

AURUM HB

Track
film

KODAK
LR115

National
SGI
Geotechnica'
Institute (SGI)

ROAC

Activated
charcoal

Swedish
Geological
(SGAB)

SGAB

Emanometer

Bondar
Clegg
RE 279

il

Bondar
Clegg

—

Number per
analysis series
10

10

The methods are described in Chapter 2.2: Measurement of kadon-222 in
Soil Gas. During exposure, both of the film detectors used were
fitted with a thoron membrane (distributed by Terradex Corp.) to
avoid the influence of radon daughters in the radon chamber. The
reason that we did not want the detectors to be influenced by radon
daughters is that registration of the radon daughter concentrations
in the chamber is not performed. The influence of the possible
adsorption of radon daughters on the activated charcoal in the ROACdetectors, is eliminated if the gamma rays from the detectors are
measured first when the gamma emitting radon daughters, lead-214
and bismuth-214, have had time to decay. With this investigation,
the measurement of the ROAC-detectors was performed more than two
days after the exposure.
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5

RESULTS

Chapter 5 describes the results from this research project. The
chapter is divided into two sections. The first section deals with
the functions of the radon chamber and experience from the ten
measuring series. Section 2 deals with the respective radon
detectors' response in the simulated ground conditions.
5.1

The radon chamber's functions

After running-in of the radon chamber's different functions, ten
measurement series were conducted in ten different simulated ground
conditions. The experience from the operation of the radon chamber
was very encouraging. Regulation and registration of temperature,
relative humidity and radon concentration has gone well and the
actual parameters in the radon chamber remained constant to within
acceptable limits. However, the relative humidity in some specific
cases deviated considerably.
The precise maintenance of certain pre-determined moisture contents
at constant values did cause problems, since the silica gel (which
removes excess moisture) lost its capacity to retain moisture
quickly. This caused the humidity to exceed the previously determined
level. When we subsequently replaced the silica gel, the relative
humidity again decreased rapidly to the pre-determined level. This
gives rise to the saw-toothed appearance for the plots from certain
measuring series, for example Series 1. If the radon chamber is made
permanent, the task of excess moisture removal ought to be performed
by a condensating air drying system controlled by the computer.
Apart from the problem with moisture regulation, monitoring and
control of the parameters in the radon chamber, together with the
chamber's functions, has been simple. In principle, running of the
radon chamber was automatic under the control and regulation programme
developed.
The ten measuring series were conducted for the main part problemfree. Practical problems which did arise were as follows:
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Series 1: The batteries in the Triton instrument
(the radon registering instrument) stopped. This meant
that no air was pumped through the Triton-instrument
for registration. During fault detection and change
cf the batteries, which took 10.5 hours, no radon
concentration was registered.
Series 2: The entire S6AB premises was without electricity
after a storm. When the electricity supply was
restored the fan to the chamber was restarted,
but this was not the case with the control and
registration programme. This meant that no values
were registered for nearly six hours. During these
six hours, howe.er, the fan heater operated ar i
therefore the temperature in the chamber was considerably
higher than its predetermined value.
Series 4: The pump to the Triton instrument failed during the
first phase of the measuring series. This was discovered
and remedied after ca 46 hours. During these 46 hours,
the registered radon concentrations were inaccurate.
Series 9: 3ecause of an error, the Triton instrument's pump, the
pump to the radon preparation, together with the fan in
the radon chamber, did not operate. This caused the
temperature and moisture regulation, together with the
radon registration to be defective during the first ca
2 days. After the pumps and fans started working again,
however, the registered radon concentration displayed a
very unstable behaviour which could not be explained.
For good reasons, one can assume that the Triton
instrument did not operate as required and that the registration of the radon concentration for measuring series
9 was inaccurate and of no use.
5.1.1

Temperatures

The temperature in the radon chamber was maintained almost constant
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during the ten measuring series. Deviations from the pre-determined
temperatures were very small, as shown in Table 1.
Measuring
series

Predetermined
temperature

Mean value during
measuring series

Relative standard
deviations during
respective measuring
series compared with
mean value

1
2

5.0
5.0

5.06
5.03

9.4

3

5.0

5.06

5.0

4

15.0

14.74

2.2

5

15.0

14.75

2.0

6

15.0

14.76

2.1

7

25.0

24.81

1.0

8

25.0

24.82

1.0

9

25.0

24.28

6.6

10

25.0

24.40

1.2

7.7

TABLE V. Results from temperature regulation in the radon chamber
during the ten measuring series.
During the measuring series performed, registration and regulation of
the temperature in the chamber was straightforward and problem free.
During
eight measuring series (series 3-10), the temperature in
the chamber was very stable. No large deviations from the predetermined temperatures were observed, see Figure in Appendix 2. The
registration of temperature, relative humidity and radon concentration
performed during the ten measuring series is recorded in Appendix 2.
One can see from these registrations that the fluctuation in the
temperature is +0.5°C from the predetermined temperature. This gives
a very good fit.
For measuring series 1 and 2 one can see that deviations from the
desired temperatures do occur. The rapid increase in temperature for
the measuring series 1 may be explained by the fact that the control
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and regulation programme to the radon chamber was temporarily
interrupted. This was in order to change the batteries to the Tritoninstrument's pump which failed. During the time it took to change
batteries and also resume the programme (ca 1 hour), the duct-fan
functioned in the chamber as usual. The heat from the fan then caused
a momentary increase of the temperature in the chamber. When the
control and regulation programme was restarted, the temperature was
reduced to the predetermined level.
During the running of measuring series 2, SGAB's premises were without
electricity for a short time, after a storm. When the electricity
supply was restarted the control and regulation programme did not
start. On the other hand, tne duct-fan in the chamber started. The
heat from the fan increased the temperature in the chamber. When the
control and regulation programme restarted after six hours' interruption, the temperature was rapidly reduced to the pre-determined
level.
5.1.2 Relative Humidity
The relative humidity in the chamber during the ten measuring series
was, for the most part, maintained constant and to within acceptable
deviations from the required levels. However, deviations from the predetermined humidities did occur in several cases. These deviations
arose mostly from the currently used impractical procedure for removing
the excess moisture with replaceable silica gel. The deviations could
also have arisen from a fault in the control and regulation programme
for humidity.
The results of the humidity regulation in the radon chamber are shown
in Table 2.
From Table 2, one can see that Series 1, 2 and 4 have unacceptably
high deviations from the mean value during respective measuring series.
The scatter in the measured humidity during these measuring series can
be clearly seen from the figures in Appendix 2.
The "saw-toothed" behaviour of the humidity curve, with a slowly
increasing concentration which abruptly drops to the predetermined level
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(seen clearly in the curve for Series 1 at 22, 45, 68 and 138 hours
running) is caused by the impractical procedure for removing excess
moisture.

Measuring
series

1
2
3

4
5
6

7
8
9
10

Predetermined
relative
humidity content

20
50
90
20
50
90
20
50
90
50

Mean value during
measuring series

21.4
52.0
86.9
23.0
51.2
87.9
19.8
49.9
89.9
49.8

Relative standard
deviations during
respective measuring
series compared with
mean value

18.7
7.9
1.3
23.4
1.7
1.4
2.1
1.0
1.0
0.9

TABLE 2: Results from relative humidity regulation in the radon
chamber during the ten measuring series.

The silica gel, which is the active constituent loses the capacity
to hold and remove moisture from the air in the chamber after a
certain time. How long the silica gel keeps the capacity to hold
moisture depends on the humidity and temperature during exposure.
When the silica gel gradually "ages", i.e. loses the capacity to
hold moisture, the relative humidity increases in the radon chamber
gradually. When the "aged" silica gel is exchanged with a new fresh
gel, the humidity drops in the chamber momentarily down to the required
level. There the humidity is held at a correct level through a
balance between the silica gel and the ultrasonic nozzle until its
silica gel begins to "age" again.
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During Measuring Series 1, two negative deviations from the predetermined level appeared, after ca 110 and 140 hours operation.
These deviations were caused by a fault in the control and regulation
programme, which was connected to the ultra-sonic nozzle's function
(moisturization). The registration of the relative humidity was
attached to a counter which counted from 0 to 32 000. The programme
then combined the registered humidity with the value obtained from
the counter. If the deviation of the registered humidity is
unacceptably high and if the reading on the counter lies between
0 and 32 000, the ultra-sonic nozzle is activated. Simultaneously,
the reading on the counter was set to zero. If the deviation of the
registered humidity from the predetermined was acceptable, the
counting continued, with an increased number of registrations.
When the reading on the counter reached a number of 32 000, it
unfortunately switched to -32 000 and counted towards zero. When the
reading on the counter was less than 0, the ultra-sonic nozzle
was never activated and therefore the humidity in the chamber
decreased because the silica gel held the moisture in the chamber.
When the reading on the counter reached zero, the ultra-sonic nozzle
was activated. This caused the humidity to rise to the pre-determined
value. This programme fault was discovered and remedied in the
Measuring Series 4.
The deviations, which occurred in Series 1, from the predetermined
humidity, can thus be explained partly by a programme fault (the
negative deviations) and partly by the impractical rocedure for the
removal of excess moisture.
Measuring Series 2 has some obvious deviations, (see Appendix 2).
These can be explained by the "aged" silica gel and its replacement.
In Measuring Series 4, the registered humidity curve resembles that
obtained for Measuring Series 1, with both positive and negative
deviations. The presence of the deviations obtained in Series 4 can
be explained in the same way as those obtained for Series 1.
For the other seven measuring series, the relative humidity was constant
and its deviation from the pre-determined value was acceptable, see
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Appendix 2. From these figures, one can also see that the levels
during the starting-up process and the running have acceptable
deviations, ^2.0% from the pre-determined values.
5.1.3 Concentration of Radon-222
The continuous registration of the radon-222 concentration in the
radon chamber was conducted with a portable ionization chamber (Triton
1055 B ) . Twice per measuring series, air samples were taken from the
radon chamber and dispatched to NIRP for absolute concentration
determination. These absolute concentration determinations were
carried out by NIRP with an ionization chamber. This chamber is
specially constructed for the measurement of radon - amongst others,
for the measurement of radon concentrations in mines. The results
of NIRP1s determinations of radon concentration are shown in Appendix
3.
The relationship between the NIRP analysed radon concentration, and
the Triton-instrument registered radon concentrations, for Measuring
Series 1-9, is presented in Figure 4. The registrations of the
radon concentrations which were carried out with the Triton instrument (presented in Figure 4 ) , were performed simultaneously with the
extraction of air samples for analysis by NIRP.
In Figure 4, one can see that the relationship between the measured
radon concentrations for the 2 methods, is almost linear. The three
points in the figure (those circled) which deviate from the general
relationship, are all inaccurate. These three points correspond to
measurements taken when the pump for the Triton instrument was not
operating. The relationship between the measurements from the Triton
instrument and the NIRP ionization chamber for Measuring Series 10,
is not plotted in Figure 4. The reason for this is that the relationship between the two radon registering methods did not follow the same
linear relation at the higher radon concentrations in Measuring Series
10, (ca 540 000 Bq/m3) as in the radon concentrations which were
obtained with Series 1-9, 30 000 - 60 000 Bq/m3. At the high radon
concentrations in Series 10, the r :sponse for the Triton instrument
decreased relative to NIRP's analysis. A linear regression for the
relationship Triton/NIRP analyses for Measuring Series 1-10 gives the
following adjustment:
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y
a
b
r

= a + bx
: 3 707
: 1.38
: 0.999 (correlation coefficient)

For absolute determination of the radon concentration in the chamber
during the first nine measuring series we have used the linear
relationship which is presented in Figure 4. All the registrations
carried out with the Triton instrument were converted to real radon
concentrations with the curve shown in Figure 4.
For absolute determination of the radon concentrations in the chamber
during Measuring Series 10, the following relationship is used:
y
a
b
c

= a + ox
: 198 800
: 1.00
: 1.00 (correlation coefficient)

which is a linear fit to the two measurements which were carried out
with the Triton instrument and with the air sample in NIRP's ionization
chamber during Measuring Series 10.
in Table 3, the results of the measured and absolute determined radon
concentrations are presented.
In Appendix 2, the registered and determined radon concentrations for
the series, are presented. When studying these figures, both transient
and large scale variations from the curves' mean value, can be observed.
The registered radon concentration curves are not as stable as the
registered temperature and relative humidity curves.
The most striking result is that the radon concentration in the radon
chamber increases with increased humidity in the chamber. This can be
observed when one compares different measuring series which were exposed
at the same temperature and also within a given measuring series.
If one compares, for instance, the Series 1, 2 and 3 (20, 50 and 90%
air humidity) which have all been exposed at 5°C, one sees the mean
value of the radon concentration for the respective measuring series
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FIGURE 4:

Relationship between results from Triton radon concentration
measurements and those from The National I n s t i t u t e of Radiation
Protection, Stockholm (NIRP).

The curve i s represented by

y = a + bx where
a = -10 155
b =

1.68

r = 0.974 (correlation factor)
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Measuring
series

1
2
3

Predetermined
concentration of
222
Rn (Bq/m3)

*
*
*

4
5
6
7
8
9
10

*
*
*
*
*
**

Mean value during
measuring series
(Bq/m3)

31
46
55
38
43
44
50
56
48
532

100
200
700
300
100
900
000
300
ZOO
000

Relative standard
deviation during
respective measuring
series {%)

7.4
7.8
5.4
6.2
9.0
10.9
9.2
2.1
74.2
2.2

TABLE 3: Results from the determination of Radon-222 in the radon
chamber during Measuring Series 1 to 10.
"Normal" ground radon concentration
(3 x 50 uCi (1.9 MBq) source, 226 Ra)
•*

••

High" ground radon concentration
226
(total 650 uCi (2* MBq) source,

is 31 100, 46 200 and 55 700 Bq/m . During the thrf>e measuring series
(and also during all the nine first series), the same radon producing
radium sources have been used: 3 x 50 uCi (1.9 MBq). One sees the same
behaviour if one compares the measuring series 4, 5 and 6 (20, bO and
90% relative humidity) all of which are exposed at 15°C. For these
three measuring series, the mean value of the radon concentration
increases from 38 000 to 41 300 and 44 900 Bq/m . With a comparison
of the measuring series 7, 8 and 9, one sees this increase in radon
concentration with increased humidity, between Series 7 and 8, from
50 000 to 56 300 Bq/m . The registered radon concentration for Series
9, 48 200 Bq/m , which does not follow the trend of increasing radon
concentrations as a consequence of humidity is, however, incorrect.

During Measuring Series 9, the Triton instrument did not operate
correctly. This is discussed in further detail later in this chapter.
One can also see that the radon concentration in the radon chamber
increases with increased humidity in the same measuring series. This
behaviour is most clearly seen in Measuring Series 2. During the
period of Measuring Series 2, the increase in humidity corresponds
to the "aging" of the silica gel, that is, its loss of ability to
absorb moisture. This is seen most clearly between ca 120 to 160
hours of exposure. While the humidity gradually increases during
this period, the radon concentration also gradually increases in the
chamber, with a small time delay. When the silica gel is later
replaced and the humidity momentarily drops to the pre-determined
humidity, the radon concentration in the chamber drops, with a certain
time lag.
There is no simple and complete explanation as to why the radon concentration in the chamber increases with increasing humidity, but during
the discussions which followed the project, we have arrived at a number
of more or less plausible explanations. These follow below, without
detailed comments.
One explanation for the increase of radon concentration ;n the
chamber, with increasing humidity, is that the radon emanation
and exhalation from the radon source increases with increased
humidity. That radon emanation increases with increased humidity
follows from the theory proposed by Tanner (Tanner, A.B., 1978).
Measuring fault: A possible explanation for the stated connection
between increased radon concentration and humidity could be that
the two radon registering instruments were influenced by variable
humidity which caused incorrect values on the radon concentrations.
We consider, however, this to be less likely since both the Triton
instrument and NIRP's ionization chamber registered proportionally
similarly sized changes in radon concentration with the respective
humidities. Besides, the instantaneous radon measurements, conducted
with the emanometer, show the same proportional increase between the
different measuring series - both with the Triton instrument and the
NIRP ionization chamber.
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I* is also conceivable that condensation in the form of a thin
"water" film on the interior of the chamber increases with
increasing humidity. This might in fact then seal the actual
leaks in the chamber. This would lead to a reduction in air
exchange in the radon chamber. If one reduces the air exchange
in the chamber, the radon concentration increases. This might
explain the connection between increased radon and humidity.
Another explanation could be that when the air circulates in
the radon chamber, static electricity is generated. The drier
the air, the larger should be the static electric charge generated.
Electrically charged radon daughter particles would then attach
themselves to the inside (plate-out) of the chamber. One
conceivable explanation of the connection could be a "plate-out"
effect also for radon and that the quantity of radon which
attaches to the chamber's interior increases as the air becomes
drier. This would lead to an increase in radon concentration
with increasing moisture content.
A final explanation could be that the radon is absorbed on the
silica gel in the chamber. The drier the air is in the chamber,
the fresher the silica gel ought to be, which should mean that
larger quantities of radon are absorbed. This would then explain
why the radon concentration increases with increased moisture
content. Measurement of the gamma radiation from the silica
gel after exposure during a measuring series shows, however, no
activity which can support this hypothesis.
With closer study of the registered radon concentration, we conclude
that the radon concentration in the chamber varies independently of
temperature and relative humidity. In the figures, for example, Series
3, 5 and 7 (Appendix 2 ) , one sees that the radon concentration slowly
oscillates about the mean value without any correlation with the temperature and/or relative humidity. The reason for this variation is at
present difficult to determine, but one conceivable cause of the slow
variation in radon concentration could be the variations in air pressure.
This would then imply that the radon emanation from the compound is
influenced by the air pressure. Variations in air-pressure could also
conceivably affect the leakage in the chamber.
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From the figures in Appendix 2, one can also observe two significant
momentary drops in the radon concentration, Series 2, 3 and 6. The
explanation of these negative anomalies, for example Series 2, after
92 and 162 hours exposure, is that the small silica gel container
which dries the air before the air passes into the Triton-instrument,
is replaced. Silica gel, which absorbs water also absorbs radon the fresh silica gel absorbs radon. The air stream passing through
the Triton instrument will contain less radon than the air in the
chamber. After a while, however , the silica gel becomes saturated
with radon. The air passing through the Triton instrument will then
contain the same radon concentration as the air in the radon chamber.
The registered radon concentration then increases to the level which
prevailed before the replacement of the silica gel. For calculation
of the mean value of the radon concentration in the chamber during
exposure, these inaccurate registrations were excluded.
The registration of the radon concentration for the Series 5 , 7 , 8
and 10 (Appendix 2) is acceptable and is presented without comment.
During Measuring Series 2, premises of S6AB were cut off from the
electricity supply after a storm. The control and regulation
programmes then stopped. No registrations of radon were made for a
period of 6 hours. During the running of Measuring Series 1, the
batteries to the Triton-instrument stopped. This meant that
no air was pumped through the Triton instrument. During fault
detection and exchange of the batteries, which took 10.5 hours, no
radon concentrations were registered.
During Measuring Series 4's first trials, the pump to the Triton
instrument failed and hence no radon bearing air was pumped through
the instrument for registration. It took roughly 46 hours to correct
this fault. During this time the registered radon concentrations are
inaccurate. To calculate the mean value for the radon concentration
during Measuring Series 4, the registrations from the Triton instrument
for the first 46 hours were disregarded. Instead, the radon concentration
determined with NIRP's ionization chamber (from air test) after ca 24
hours exposure, was used (39 100 Bq/m ). Together with the registration
at the initial time for Measuring Series 4, when the pump failed, and

44

the value first registered after the pump was re-started, the radon
concentration during the first 46 hours was fitted by a straight
line passing between these three points. In addition, for Measuring
Series 4, we should note that the first air trials performed for
further radon determination in Stockholm, were taken when the Triton
instrument was not operating. It is then also natural that the
relationship between radon concentration registered by the Triton
instrument and NIRP deviates from that expected. This is also seen
from Figure 4 (one of the circled points).
During the first part of Measuring Series 9, the pump to the Tritoninstrument stopped, this time because of an error. After ca 48 hours
the fault was discovered and rectified. After the pump to the Triton
instrument was started, however, the registered radon concentration
exhibited very unstable behaviour (Appendix 2 ) . For good reasons
one can assume that the registrations are incorrect. For example,
the registered mean value of the radon concentration is unexpectedly
low. As reported earlier in this chapter, one can then demonstrate
that the radon concentration in the chamber increases with increasing
humidity. The only measuring series which deviates from this relationship is Measuring Series 9. Because of the appearance of the graphs
obtained from this series, no attempt was made to establish the actual
radon concentration during Measuring Series 9.
In summary, it can be said that the registration and monitoring
performed during the project is acceptable. The only registration
which failed completely was the registration of radon concentration for
Measuring Series 9, see above. Otherwise, the small, instantaneous
deviations in temperature, relative humidity and radon concentrations
have no real significance. The important thing for this project is to
register the mean value of the actual parameters during exposure,
since ground measurements are actually carried out under these conditions. The mean values for the actual parameters are determined and
used, although they do not vary during the measuring period.
5.2

Response of the radon detectors

To develop suitable calibration methods and to test the chamber, ten
series with test measurements were performed within the project. The
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results from these are presented in Sections 5.2.1-5.2.4. The following
types of detector were used at test measurements:
ROAC (Radon on activated charcoal) manufactured by InterScience R & D Services Limited, SA (in Sweden marketed by
SGAB). (Hambelton-Jones and Smit, 1980).
Track Etch Film Type M, in cup fitted with thoron membrane.
Manufactured by Terradex Corporation, USA (in Sweden marketed
by AURUM H.B., Lund). (Alter and Fleisher, 1981).
Kodak-Pathe track film LR 115 Type II in cup fitted with thoron
membrane. (Supplied by the Nat. Geotechnical Institute).
Measurements with an emanometer model RE 279, manufactured by BondarClegg, Canada (Porritt, 1979) were also included in the test series.
In every series of test measurements, 10 detectors of ROAC type, 10 of
Track Etch type and 5 of Kodak Pathe type were used.
Analysis of the Track Etch films was conducted by Terradex Corporation
in the USA, of the Kodak-Pathe film at The National Geotechnical
Institute and of ROAC by SGAB.
The radon concentrations reported from the respective suppliers/manufacturers are based on calibrations conducted under controlled conditions.
For the Track Etch films the calibrations were performed world-wide by
Terradex Corporation, in a number of well controlled radon rooms (Alter,
H.W., et al, 1981).
The Kodak Pathe films are calibrated by The National Geotechnical
Institute with an ionization chamber at "National Swedish Authority
for Testing, Inspection and Metrology", (SP), which in its turn was
calibrated in the NIRP radon room in Stockholm (Falk, R. et al, 1983).
The ROAC detectors, together with the emanometer (Bondar Clegg RE 279)
were calibrated absolutely in NIRP's radon room, by Swedish Geological
Company.
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The results from the radon determinations for the long-term methods
are shown in Table 4.
Measuring
Series

Track Etch
Type M

1

35 000
(17.9%)
34 800
(16.7%)
40 200
(10.7%)
37 800
(14.2%)
36 800
(17.6%)
45 300
(10.9%)
58 800
(9.3%)
78 100
(10.0%)
68 200
(24.2%)
310 330
(12.1%)

2

3
4
5
6

7
8
9

10

Kodak
I.R115

24 900
(39.8%)
34 700
(18.3%)
35 400
(12.5%)
19 500
(16.0%)
19 800
(37.3%)
27 800
(9.9%)
37 400
(10.9%)
33 300
(18.2%)
403 600
(8.6%)

ROAC

Concentration of
Radon-222 in the
chamber

55 100
(6.6%)
72 200
(4.7%)
77 500
(2.9%)
61 300
(6.5%)
60 929
(3.4%)
45 500
(7.6%)
67 300
(4.0%)
58 500
(4.0%)
27 400
(15.2%)
487 100
(5.4%)

31 100
46 200
55 700
38 300
43 100
44 900
50 000
56 300
48 200 *
532 000

TABLE 4: Radon-222 concentration in the radon chamber during the
10 Measuring Series, measured with Track Etch and Kodak track
film, together witn ROAC. The radon concentrations presented
are the mean values for respective methods during the
3
measuring series. The unit is Bq/m . The values in the
brackets represent relative standard deviation of the
respective measuring methous during the exposures performed.
* The reported radon concentration during measuring series 9
is inaccurate.
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The radon measurements performed can also be presented in a different
form. In Table 5 the conditions are presented in quotient form
betweeen the "with respective radon detectors-determined" radon
concentration and the actual radon concentration in the radon chamber
during exposure.
Measuring
Series
1
2
3
4
5
6
7
8
9
10

Track Etch
Type M
1.13
(0.83-1.40)
0.75
(0.57-0.94)
0.72
(0.59-0.85)
0.99
(0.71-1.21)
0.85
(0.71-1.14)
1.01
(0.89-1.21)
1.18
(1.05-1.37)
1.39
(1.21-1.65)
1.41 *
(0.85-1.93)
0.58
(0.48-0.70)

Kodak
LR 115

ROAC

0.80
(0.47-1.31)
0.75
(0.59-0.86)
0.63
(0.53-0.74)
0.45
(0.36-0.56)
0.44
(0.28-0.70)
0.56
(0.49-0.61)
0.56
(0.55-0.74)
0.69 *
(0.49-0.82)
0.76
(0.66-0.83)

1.77
(1.59-2.01)
1.56
(1.42-1.67)
1.39
(1.33-1.45)
1.60
(1.45-1.77)
1.41
(1.34-1.51)
1.01
(0.83-1.09)
1.35
(1.28-1.43)
1.04
(0.96-1.08)
0.57 *
(0.40-0.73)
0.92
(0.85-0.99)

TABLE 5: The relationship, in quotient form, between the respective
measured concentration of radon-222 and the actual radon
concentration in the chamber. Within the brackets are
shown the scatter for respective methods and measuring
series between minimum and maximum value.
* The calculated values are inaccurate because the determined
radon concentration for Measuring Series 9 in the chamber is
incorrect.
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The results from Table 5 are also presented in graphic form in
Appendices 4 to 8.
5.2.1

ROAC Detector

The results from the radon measurements in the chamber with ROAC show
that the scatter in results obtained from the ten detectors in every
measuring series is small. The relative standard deviation for the
ten measuring series varies between 2.9% and 15.2%.
As mentioned earlier (and as described in the literature), the
radon adsorption on activated charcoal increases with reduced
temperature. With high air humidity water is also adsorbed on the
activated charcoal. This causes the radon adsorption to decrease
(Thomas, J.W., 1974).
The results from this project also show that the ROAC measurements
of radon concentration in the chamber were influenced by the
temperature and humidity during exposure (Appendix 4 ) .
The influence of temperature on the results obtained from the ROAC
detectors is clear and indisputable. The adsorption of radon is
strongest at the lower temperatures if one compares the measurements
carried out under the same relative humidity. With ROAC, the
proportionally highest measured radon concentration is 1.77 times
higher than the actual radon concentration in the chamber. This high
response was measured during an exposure of 5°C. From Figure 2,
Appendix 4, it is clearly apparent how the adsorption increases with
reduced temperature.
The influence of relative humidity on the results from the ROACdetectors is also very clear. From Figure 1, Appendix 2, it is
clear that the adsorption of radon-222 decreases with increasing
humidity, probably because water is adsorbed on the charcoal. In
Table 6, the quantity of water adsorbed on the activated charcoal in
the ROAC detectors, during the ten measuring serief, is presented.
We conclude from Table 6 that the quantity of adsorbed water increases
with the relative humidity in the chamber. This was expected. That
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Relative
humidity
during
exposure

Temperature
during
exposure

(X)

(°C)

20
20
20
50
50
50
50
90
90
90

5
15
25
5
15
25
25
5
15
25

Measuring
series

Quantity of adsorbed
water on the charcoal
in the ROAC detectors
(g)

1

0.05

4

0.00

7

0.00

2

0.78

5

0.70

8

0.69

10

0.63

3

1.32

6

1.79

9

1.92

TABLE 6: Quantity of water adsorbed on the activated charcoal
in the ROAC-detectors during the ten measuring series.
The quantities of water recorded are mean values for
the ten ROAC detectors which were exposed during
every measuring series.
the quantity of adsorbed moisture is constant in the measurements
which were carried out at the same relative humidity, is surprising,
since the actual quantity of moisture at a constant relative humidity
increases with increasing temperature.
During measuring series 10, the ROAC detectors were tested in an
3

atmosphere where the concentration of radon-222 was 532 000 Bq/m .
The climate in the chamber during rceasurimj series 10 was 5°C and 50%
relative humidity. If one compares the radon measurements conducted
with ROAC from measuring series 10, with the results from measuring
series 8, performed at the same temperature and humidity, but with
a radon-222 concentration of 56 300 Bq/m3, a smaH difference can
be observed between the ROAC detectors response to radon at the
different concentration levels. The response to radon is somewhat
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higher at lower concentration levels. For the ROAC-measured radon
concentration compared to the actual radon-222 concentration during
the exposure, the response is 1.04 at an exposure in 56 300 Bq/m
and 0.92 at an exposure in 532 000 Bq/m .
To summarise, it is established that the ROAC-detector's response
is clearly influenced by both variations in temperature and humidity.
The calibration routines which are applied today with calibration
in room environments, are not appropriate. The ROAC detectors should
be calibrated in simulated ground conditions, which have the same
temperature and humidity as are normal in the ground at measuring
depth. The low scatter in the results obtained from the ROAC within
the ten measuring series shows that the method is very accurate and
reliable.
Normally, the ground temperature in Sweden at a depth of 1 metre is
3-10°C, with an average temperature around 7°C, and the relative
humidity in the soil gas is 90-100%. The results show that with a
correctly performed calibration in such conditions, the ROAC-method
is well suited for measuring of radon con entrations in soil gas.
5.2.2 Track Etch Film, Type M
The results from the ten measuring series within the scope of this
project, show that the relative standard deviation for the ten Track
Etch films within respective measuring series, varies between 9.3 and
24.2%.
Previous investigations have shown that Track Etch film, combined with
a thoron membrane, is influenced by variations in temperature and
humidity. The temperature during exposure affects the results from
the track film because the efficiency of the thoron membrane changes
(Alter, H.W., personal contact). The efficiency of the thoron membrane
decreases with increasing temperature. In Figure 5, the efficiency
of the thoron membrane as a function of the membrane temperature is
shown.
Previous investigations have also shown that the results from the track
film are affected by differences in humidity during exposure. The
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FIGURE 5: Efficiency of thoron membrane (distributed by
Terradex Corp) as a function of membrane temperature (Alter, H.W., personal communication).

response of the track film reduces with increasing humidity.
A probable reason for this reduction of response is that moisture,
in the form of drops, condenses directly on the track film. This
prevents alpha radiation from reaching the track film (Andersson, P.,
et al, 1983). It is also plausible that moisture condenses on the
thoron membrane. This can lead to reduced diffusion of radon through
the thoron membrane which leads to further reduction of the measured
radon concentration.
The results from the ten measuring series within the project show that
the measurements of the radon concentration in the chamber with Track
Etch film depends on the temperature during the exposure, see Appendix
5. From the measurements within this project, it is, on the other
hand, difficult to determine whether variations in humidity have
affected the results. It should be pointed out that the calculated
relation between the "with Track Etch" measured radon concentration
and the actual radon concentration for measuring series 9, is inaccurate.
This is because the determined mean value of the radon concentration
during measuring series 9, is inaccurate through an error in the
registration with the Triton instrument.
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From the measuring series peformed, it appears that the response for
the track film increases with increasing temperature, see Appendix 5,
Figure 2. In the figures, the lines have been drawn between the
mean values for respective measuring series. Apart from the results
from Measuring Series 1, the curves drawn correspond to an increased
response with increased temperature. It can be seen from the figures,
that the scatter in the "measured" concentrations is relatively
large for Track Etch film. Considerable uncertainty therefore exists
in the conclusions regarding temperature dependence. A probable
explanation for this temperature dependence is offered by Alter
concerning the sensitivity of the membrane to temperature differences
(Alter, H.W., personal contact). Contrary to this explanation,
however, the temperature dependence did not appear on the measurements
with Kodak track film, within this project, where identical thorp"
membranes were used. Another explanation to Track Etch temperature
dependence could be that the track film itself is temperature-sensitive.
However, to date there is no evidence to support this. Further measurements are thus needed to explain the temperature dependence of the
behaviour of the Track Etch film and the origin of this behaviour.
From the test measurements within this project, it is difficult to
determine the influence of humidity on the measured results. In
Appendix 5, one sees that the response reduces with increased humidity
for Measuring Series 1 to 3 (5°C). It should be noted, however, that
this interpretation is a little uncertain because of the relatively
large scatter in the measured results within respective measuring
series. To explain unequivocally a possible humidity dependence for
Track Etch film, further measurements are needed in a simulated
environment.
In Measuring Series 10, Track Etch film was tested in an atmosphere
3
where the radon concentration was 532 000 Bq/m . The climate in the
chamber during Measuring Series 10 was 25°C and 50% relative humidity.
If one compares the radon measurements conducted with Track Etch film
from Measuring Series 10, with results from Measuring Series 8, which
were performed at the same temperature and humidity but with a radon
content of 56 300 Bq/m , a clear difference can be observed between
the Track Etch film's response to radon at the different concentration
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levels. The radon response for the Track Etch film is almost 2.5
times higher at the lower concentration level. The ratio of the
radon concentrations which were measured with Track Etch to the
actual radon concentration during exposure, is 1.39 at exposure
in 56 300 Bq/m3. At the concentration level 532 000 Bq/m3
(Measuring Series 10), the same ratio was 0.58. The reason for this
lower response at high radon concentration is not yet explained.
Measurements are therefore needed to determine whether this applies
in general for Track Etch film. The observed radon concentration's
dependence is so powerful that the method must be calibrated further
at these high radon concentrations.
In summary, it is established that the response from Track Etch film,
combined with thoron membrane, is dependent on the temperature during
exposure. A distinct dependence of the humidity could not be observed
within the ten measuring series in this project. The scatter in the
measured results, which is relatively large, makes the interpretation
uncertain. Further measurements are needed in order to clearly explain
how the Track Etch film is influenced by temperature and the possible
humidity dependence. The quality and scatter of the results from
Track Etch film indicate that the method is accurate, reliable and
suitable for the measuring of radon concentrations in soil gas.
These remarks apply so long as it is calibrated under ground conditions.
5.2.3 Kodak Track Film, LR 115 Type 2
The scatter of the measuring results from the Kodak track film used,
within respective measuring series, is larger than for both the ROAC
and Track Etch detectors. The relative standard deviation for Kodak
varies for the ten measuring series between 8.6 - 39.8%. It should,
however, be observed that only 5 Kodak films were exposed in every
measuring series, compared with ten detectors as was the case for both
ROAC and Track Etch. The relative standard deviation is also larger
for Kodak because the Kodak films constantly resulted in lower radon
concentrations.
Before this project, we had a general understanding that the variations
in temperature and air humidity would influence the track films (Track

54

Etch and Kodak) used in this project, in the same way. Since both
the track films were combined with the same sort of thoron membrane,
the same temperature dependence should be observed for both the
methods, if the efficiency of the membrane is temperature dependent
(Alter, H.W., personal contact). At high air humidity, the response
should also reduce through the condensation of moisture on the film
and membrane in the form of small drops, see Section 5.2.2.
From the test measurements carried out with Kodak track film, it is
difficult to see any significant influence from variations in
temperature and humidity on the measured results. The relatively
large scatter of the measured results within certain measuring series
leads to uncertainty in the interpretation of the results obtained.
With two of the measuring series the scatter was acceptable. The
relative standard deviation in Measuring Series 1 and 6 exceeds 35%.
From the figures in Appendix 6, it is clear that the radon response
for Kodak track film varies independently of the variations in
temperature and humidity. For example, the response reduces with
increasing humidity at 5°C, while the radon response increases with
increasing humidity at 25°C, Appendix 6, Figure 1. It is also
difficult to interpret a possible temperature dependence from Appendix
6, Figure 2. It is clear that the radon response is approximately the
same in the interval 5°C to 25°C, with a small reduction at 15°C. From
the measurements with the Track Etch film and the thoron membrane, it
appears that the radon response increased with increasing temperature,
Section 5.2.2. This is probably due to the fact that the efficiency
of the thoron membrane increases with increasing temperature. Since
the same thoron membrane is used in combination with the Kodak film, it
is surprising that we did not observe the same temperature dependence.
It should be noted that the calculated relationship between the radon
concentrations measured with Kodak track film, and the actual radon
concentration for measuring series 9, is faulty. This is because of
the inaccuracy in the mean value of radon concentration determined
during Measuring Series 9 due to a fault in the recording with the
Triton instrument. It should also be pointed out that the results from
Measuring Series 4 are missing since the parcel containing the track
films disappeared in the postal service.
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In Measuring Series 10, the Kodak track film was tested in an
atmosphere where the radon concentration was 532 000 Bq/m . The
climate in the chamber during Measuring Series 10 was 25°C and 50%
relative humidity. We can also compare the radon measurements
carried out with Kodak from Measuring Series 10, with the results
from Measuring Series 8 which were conducted at the same temperature
3
and humidity but with a radon concentration of 56 300 Bq/m . Here,
a small difference can be observed between the response of the Kodak
film to radon at the different concentration levels. The response
for radon is somewhat higher at higher concentration levels. The
ratio of the radon concentration measured with Kodak to the actual
radon concentration during exposure, is 0.66 at an exposure in
56 300 Bq/m3 and 0.76 at an exposure in 532 000 Bq/m .
In summary, it has been established that within the project, the
variations in temperature and humidity do not influence the response
on the Kodak track film significantly. The scatter of the measured
results, which is relatively large, makes the interpretation unreliable.
Further measurements are needed to establish/explain a possible temperature and moisture dependence. The quality and scatter of the results
from Kodak track film indicate that the method is sufficiently accurate
and reliable, and is suitable for the measurement of radon concentration in soil gas, provided it is calibrated in ground conditions.
5.2.4 Emanometer, Bondar Ciegg RE 279
The results from the measurements with the emanometer within this project
are recorded here in two ways. Firstly, the radon concentrations
measured with the emanometer are recorded and compared with the radon
determinations conducted byNIRPon air samples, Figure 6. (Air samples
are taken at the same time points as emanometer measurements). Secondly,
the instantaneous emanometer measurements which were carried out within
respective measuring series are recorded and compared with the measured
and calculated radon concentrations, with the Triton instrument, at the
same time points, Appendix 7. In Appendix 7, the mean values (plus maximum and minimum values) for the emanometer measurements, are marked
out.
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From Figure 6, it can be observed that the relationship between the
measured radon concentrations (emanometer/ionization chamber (NIRP))
is almost linear. The line drawn in the figure shows a ratio of unity
between the respective methods. If one applies a least squares fit
to the set of points in the figure, one obtains a relationship of the
following form:
y
a
b
r

=
=
=
=

a + bx
5.61
1.21
0.976 (correlation coefficient)

which indicates a good fit.
A closer study of the results recorded in Figure 6, shows that the
response of the emanometer changed after the 20th August. The seven
measurements performed before the 20th August indicate results which
are almost identical to the radon concentrations obtained from NIRP
measurements (the points which lie closest to the line in Figure 6 ) .
The results from the emanometer measurements conducted after the 20th
August, show that the radon response increased somewhat with the
emanometer. Of 11 measurements performed with the emanometer after 20th
August, 10 radon concentrations were higher than those obtained from
NIRP1s ionization chamber. The reason for this increase in radon
response is still unclear.
In Appendix 7, the radon concentrations measured with an emanometer
are compared with those measured with the Triton instrument. Calculated
radon concentrations are also presented. Even here, one sees that the
agreement is good. In the measurements conducted, 4-7 emanometer
measurements have been carried out. The results do not show any significant
influence of variation in humidity during exposure, Appendix 7, Figure 1.
For example, the response from radon with increased humidity at 15°C
reduces, while the radon response increases with increased humidity at
a temperature of 25°C. The interpretation of these results is, however,
unreliable because of the scatter in measured values. In Figure 2,
Appendix 7, one can observe a weak influence from temperature variation.
The radon response increases weakly with increased temperature. This
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RADON CONCENTRATIONS
MEASURED WITH EMANOMETER
(BONDAR-CLEQG RE 279)

10-

KBq/m 3 ]
RADON CONCENTRATIONS
ANALYSED BYNIRP

FIGURE 6: Relationship between measurements of the radon concentration
in the chamber, measured by the emanometer (Bondar-Clegg
RE 279) and by an ionization chamber at the National
Institute of Radiation Protection, Stockholm (NIRP).
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weak temperature dependence is surprising and difficult to explain.
Here, also, the interpretation is somewhat unreliable. Further
measurements are needed to clarify the weak temperature dependence
which is observed, and a possible humidity dependence.
Remarks regarding the measured radon concentrations for Series 9
have already been made on Page 54, Section 5.2.3.
In Appendix 7, two results have been presented for Measuring Series
3 and 9. The data with higher mean values and larger scatter represent
all measurements performed within these two measuring series. Since
some specific (anomalous) measurements deviate very considerably,
a mean value and the associated scatter was recalculated in which the
anomalous results were disregarded. These recalculated results were
used in the interpretation.
In Measuring Series 10, the emanometer was tested in an atmosphere
where the radon concentration was 532 000 Bq/m . The climate in the
chamber during Measuring Series 10, was 25°C and 50% relative humidity.
We can compare the radon measurements from Measuring Series 10,
conducted with the emanometer, with the results from Measuring Series 8
which were conducted at the same temperature and humidity but with a
radon concentration of 56 300 Bq/m . Here, a small difference between
the emanometer's response to radon at the different concentration levels
can be observed. The response to radon is somewhat higher at lower
concentration levels. The ratio of the radon concentrations measured
with the emanometer to the actual radon concentrations at the time points
for the emanometer measurements is 1.10 - 1.23 at concentration levels
->
around 50 000 - 60 000 Bq/m and 0.93 - 1.01 at concentration levels
3
around 530 000 Bq/m .
In summary, it is established that the measurements within this project
show a weak temperature dependence for the emanometers used. The radon
response increases with increasing temperature. There was no well-defined
humidity dependence observed in the measurements during exposure. Further
measurements are needed, however, to clarify these observations. The
quality and scatter of the results from the emanometer used show that
the method is accurate and reliable. We know from experience that the
emanometer measurements give good and reproducible results when used in
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situations where the radon bearing gas can be tested without dilution
by atmospheric air, for example in measurements below the foundations
of a house, and in confined spaces. For measurements of radon-222
concentrations in soil gas, absolute determinations of radon concentrations with the emanometer are uncertain because of the difficulties
in testing the soil gas both under undisturbed conditions and without
the air mixing with the soil gas.
6

CONCLUSIONS

At present the radon chamber operates satisfactorily. During construction
and the running-in of the chamber, a series of problems arose which were
solved during the project. Undoubtedly, the most severe problem was
the construction of a gas-tight chamber. Measurements conducted to
test the seals and joints in the chamber, for example, leak searches
under elevated pressure and with laughing gas, disassembly of the chamber,
double welding of joints and sealing with silicone glue, have resulted
in the leakage now being reduced to an acceptable level.
The biggest
for removal
the chamber
silica gel.
remedied if

shortcoming with the chamber is now the impractical procedure
of excess moisture from the chamber. At present, air in
is dehumidified with the help of a container with replaceable
There are also a number of minor shortcomings which must be
the chamber is to be made permanent.

Regulation and monitoring of the climate in the chamber is at present
controlled by a micro-computer. Supervision of the actual (system)
parameters is simple and "user-friendly". The climate in the radon
chamber can be varied as follows:
temperature
relative humidity

: +5 - +25°C
: 20 - 90%

radon concentration : up to 540 000 Bq/m

3

The results from the test measurements conducted show that the ROAC
detectors (activated charcoal), Track Etch film with thoron membrane
and Bondar Clegg e.nanometer were influenced by variations in temperature
and relative humidity during exposure. For the Kodak track film, no
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distinct temperature and moisture dependence was observed. The results
from respective radon measuring methods, and respective measuring
series in relation to the actual radon concentration in the chamber
during exposure, are presented in Appendix 8.
Further measurements, however, are needed to interpret and explain the
results obtained.
The quality and scatter of the measured radon concentrations within this
project show, under the conditions which prevailed, that the measurements
with respective radon detectors did give results which are acceptable.
7

PROPOSALS FOR FUTURE ACTIVITY

The results from the measurements performed indicate that the detectors
used are all influenced to some extent by variations in temperature,
humidity and radon concentration. The observed temperature-, moistureand radon concentration-dependence implies that calibrations in a
radon room environment are not relevant. If these rc.con detectors are
to be used for measuring of radon in soil gas, they must be calibrated
in ground conditions.
It is therefore proposed that the chamber constructed be made permanent
and that further measurements should be performed. More extensive
measuring series, of the type conducted in this project, should be
completed. This would identify and quantify the effect of independent
variations in temperature, humidity and radon concentration on the radon
response. Further measurements can, hopefully, also clarify the observed
influence of climate and radon concentration on the respective measurement
methods.
Calibration of the radon detectors with emphasis on the prevailing
environment in Swedish ground, should be performed; +1 - +10 C, 9C - 100 %
relative humidity and radon concentrations between 10 000 to 1 000 000
Bq/m . The calibrations performed to date show that with a more
thorough calibration of the detectors in ground conditions, correct
calculation of the radon-222 concentration in soil gas should be possible.
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To reduce the leakage problem further, sections of pipe used at present
should be exchanged for new sections made from a thicker stainless
steel plate, (3 mm against the current 1 mm)- The thicker plates are
easier to weld, and in all likelihood will reduce leakage from the
chamber further. In this way, the maximum possible radon concentration
obtained in the chamber will be increased.
The regulation of the humidity in the calibration chamber with silica
gel as the drying agent, was a temporary solution for the initial
operation of the system. If the chamber is constructed for permanent
use, the silica gel system should be replaced by an air-drying unit
which operates with the help of a condenser technique. Then the
condenser can be connected together with an axial fan, to the radon
chamber, by a by-pass line. The drying is performed on a controlled
part of the air volume which circulates in the chamber. After the
drying the suctioned air volume is returned from the condenser to the
radon chamber. Re-mixing then takes place. The drying cycle is
performed over a time period which is long enough to achieve the correct
humidity level in the chamber.
The radon concentration in the chamber can be controlled by computer.
To do this, the addition of radon can be regulated via a separate
vacuum pump. This pump should be placed with its suction side attached
to the radon container and with its compression face attached to the
radon chamber. The lead box containing the radium source is then
connected to the radon chamber behind the point of attachment of the
compression face of the pump. By this method, a closed system for
controlled increase of the radon concentration in the chamber, is
obtained.
The radon concentration is reduced most easily through release of air
from the chamber with the help of 2 magnetic valves. These are
designed to be in an "open" position when the release of air takes place.
The magnetic valves should be placed on the short sides of the radon
chamber, in a straight line in front of and behind the main fan. If
these valves are open, a controlled additional airflow will be injected
through the back valve, and the air surplus will be emitted via
the front, so that the pressure balance is maintained. By this technique
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one achieves an internal condition in the radon chamber which closely
resembles an airing. Through the addition of "new" air and emission
of "old" air, the radon concentration in the chamber sinks to a predetermined level. Thisis done through regulation of the airing-time
period.
Measurements of the radon concentration in the chamber will be performed with the Triton instrument. However, this must be placed on
an individual by-pass arranged outlet for the Triton instrument. This
should be attached with its own pump circuit to the front gable of
the chamber. The Triton instrument should be fitted with a vacuum
pump, as the internal pump of this instrument is not designed for low
pressure outlet from the channel system. It is important that the
measuring outlet is placsd outside the airing zone and the radon
addition adapter, so that the results of the measurements are not
disturbed.
The radon emission in the chamber can thus be controlled by the computer
through an input signal from the Triton instrument to the control
circuit. This makes selection of the output signal from the control
circuit to the radon transport pump or the airing valves, possible.
To ensure adequate sealing of the radon chamber, and to prevent internal
condensation, all the lids should be fitted with insulating
pads on the connecting surface. Further, the connecting points for
these lids should have the shape of a socket on raised collars, with a
minimum overlap of 150 mm.
The future control system should be changed from the present analogue
system to a complete binary control output. This will control the heat
and humidity valves, as well as the compressors, pumps and cooling
arrangement, and increase and decrease of radon. In future, measuring
signals for the readings between the radon chamber and the computer will
continue to be performed by analogue transmitters. This gives measurements of the highest accuracy.
The communication between the computer and the control components is
best performed in so-called "fixed time loops". Consideration has to
be given to the hysteresis of every given controlling circuit. It is
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also necessary to have access to every control parameter by separate
regulation of individual sub-routines in the programme, so that the
shortest possible control circulation time is obtained.
Since the water-bearing cooling battery is replaced with a freonbearing cooling system, the cooling battery should be dismantled.
If the suggestions given here are followed, a radon chamber with very
good possibilities for total and exact regulation of both climate
conditions and radon concentration, will be obtained.
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Results on radon measurements on airsamples from SGAB:

Measuring
series

Sampler
nr

Sampling
date

Radon
,
c o n c e n t r a t i o n (Bq/n )

1

3
4

85-07-02
85-07-05

30000
32300

2

1
2

85-07-10
85-07-17

42300
44000

3

21
22

85-07-22
85-07-25

55200
46900

4

28
29

85-08-15
85-08-20

39100
39200

5

30
19

85-08-27
85-09-01

38100
47000

6

26
32

85-09-17
85-09-20

46700
50450

7

10
11

85-10-17
85-10-21

48500
55800

8

12
36

85-10-23
85-10-29

59500
59200

9

37
38

85-h-06
85-11-11

67700
59400

10

34
35

85-11-19
85-11-22

503400
531300
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ROAC
Ratio of the radon concentration in the radon chamber measured by ihe
ROAC-detectors to the actjal radon concentration in the chamber, as
analysed
by NIRP. Radon concentrations are in the interval 30 - 60
k Bq/m3. For comparison the mean of one3 experiment with T = 25°, RH =
50 % and radon concentration 532 k Bq/m is presented w>th a small
triangle.
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Ratio of the radon concentration in the radon chamber measured by the
ROAC-detectors to the actual radon concentration in the chamber, as
analysed by NIRP. Radon concentrations are in the interval 30 - 60
k Bq/m3. For comparison the mean of one experiment with T = 25°, RH =
50 % and radon concentration 532 k Bq/m3 is presented with a small
triangie.
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TRACK ETCH
Ratio of the radon concentration in the radon chamber measured by trie
Track Etch-detectors to the actual radon concentration in the chamber,
as analysed by NIRP. Radon concentrations are in the interval 30 - 60
k Bq/rr)3. For comparison the mean of one experiment with T = 25°, RH =
50 % and radon concentration 532 k Bq/m^ is presented with a small
triangle.
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TRACK ETCH
Ratio of the radon concentration in the radon chamber measured by the
Track F.tch-dotectors to the actual radon concentration in the chamber,
as analysed
by NIRP. Radon concentrations are in the interval 30 - 60
k Bq/m3. For comparison the mean of one experiment with T = 25° RH1 =
50 % and radon concentration 532 k Bq/m^ is presented with a smal
triangle.
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KODAK
Ratio of the radon concentration in the radon chamber measured by the
Kodak-detectors to the actual radon concentration in the chamber, as
analysed by NIRP. Radon concentrations are in the interval 30 - 60
k Bq/m^. For comparison the mean of one experiment with T = 25°, RH =
50 % and radon concentration 532 k Bq/m^ is presented with a small
triangle.
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KODAK
Ratio of the radon concentration in the radon chamber measured by the
Kodak-detectors to the actual radon concentration in the chamber, as
analysed by NIRP. Radon concentrations are in the interval 30 - 60
k Bq/m 3 . For comparison the mean of one experiment with T = 25°, RH =
50 % and radon concentration 532 k Bq/m 3 is presented with a small
triangle.
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EMANOMETER
Ratio of the radon concentration in the radon chamber measured by the
Emanometer to the actual radon concentration in the chamber, as
analysed by NIRP. Radon concentrations are in the interval 30 - 60
k Bq/nw. For comparison the mean of one experiment with T = 25°, RH =
50 % and radon concentration 532 k Bq/m^ is presented with a small
triangle.
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Ratio of the radon concentration in the radon chamber measured by the
Emanometer to the actual radon concentration in the chamber, as
analysed by NIRP. Radon concentrations are in the interval 30 - 60
k Bq/irw. For comparison the mean of one experiment with T = 25° RH =
50 % and radon concentration 532 k Bq/m^ is presented with a small
triangle.
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Ratio of the radon concentration in the radon chamuer measured by the
methods indicated in the figure key, to the actual radon concentration
in the chamber, äs analysed by NIRP.
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in the chamber, as analysed by NIRP.
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