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1. Introduction

In the early 1970s it was recognized that
radon in indoor air in Sweden was the source of a
significant radiation dose to the population. As the
dose assessment is based on measurements of radon
and its decay products the need for coordinated
calibration of measuring instruments became obvi-
ous.

A technique for calibration of a reference instru-
ment for radon measurement was developed and
adopted. The reference instrument used at that
time was an ionization chamber with a measuring
volume of 18 L [1]. In 1987 the ionization chamber
was replaced by an instrument with higher sensitiv-
ity and accuracy. This instrument is based on a-
spectrometric measurements of radon daughters
electrostatically collected on a surface barrier de-
tector. The instrument is designed according to the
principles described by Wicke [2], and has a mea-
suring volume of 10.8 L.

The calibration of both instruments is traceable
directly to the National Institute of Standards and
Technology (NIST) through the use of its Stan-
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dard Reference Material Radium-226. The refer-
ence source consists of the NIST radium solution
in a set of glass containers. ‘

To collect and transport radon samples for cali-
bration or measurement, a steel container of vol-
ume 4.74 L is used. The same transfer and
measuring procedure is used both for calibration
and for the determination of radon concentrations
in air samples. A description of the procedures
used, together with estimates of the uncertainties
associated with the calibration technique, measur-
ing method and instrument used are given below.

2. Materials and Methods
2.1 The Reference Source

Figure 1 is a schematic diagram of the radon ref-
erence bubbler. The three gas washing bottles are
made of glass and fused to form a single unit. Also
the stoppers and the valves are made of glass to
ensure a radon-tight system. The first gas washing
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Figure 1. The reference source.

bottle contains distilled water, the second the
NIST Radium-226 Standard Reference Material
and the third glass wool. The total volume of the
system is approximately 500 cm® and the volume of
the reference solution is 54 cm’.

When flushing the system with air, the air is first
humified in the water bottle, then passes through
the reference radium solution and finally through
the glass wool, where water droplets will be re-
moved from the radon-laden air stream.

Radon-free air, from a cylinder of aged air kept
for the purpose, is used to flush the reference bub-
bler to remove accumulated radon. A volume of
aged air of 4.74 L is used and complete removal of
radon is achieved. A second flushing, immediately
after the first, with the same volume of aged air
removes less than 0.06% of the radon removed ini-
tially.

The build-up of radon-222 in the system is deter-
mined by the radium-226 activity of the reference
solution and the decay constant of radon-222. For
calibration purposes build-up times between 7 h
and 14 d have been used. Shorter build-up times
can be used but this increases the uncertainty in the
radon-222 activity accumulated. At build-up times
longer than two weeks, any small leakage of radon
from the glass bottles will also influence the uncer-
tainty of the calibration. Leakage of radon from the
reference source has been checked and the uncer-
tainty in the accumulated radon-222 due to leakage
is less than 0.2%.

The NIST Radium-226 Standard Reference Ma-
terial is certified to contain 31.33 Bq as of April
1978, with an uncertainty of 1.53%. The uncer-
tainty in the radon activity removed from the bub-
bler is calculated to be 1.6%, which is the sum of
the uncertainty in the reference activity and the
removal error.
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2.2 The Transfer Container

A commercially available steel container nor-
mally used for propane gas is used for sampling and
calibration. Its volume has been determined by two
independent methods.

The first method is based on comparison with
the known volume of another metal container. The
design of this second container is chosen so that its
volume can be calculated accurately from its di-
mensions. The comparison of the two volumes is
by an air-pressure measurement. One of the con-
tainers is evacuated to a very low pressure and then
connected to the other container which is held at
atmospheric pressure. The gas pressure in the con-
tainers are monitored before and after the connec-
tion. The volume of the “sample and transfer”
container from repeated measurements was found
to be 47343 cm’ (1 S.D.). The systematic uncer-
tainty is estimated to be 9 cm® (0.2%).

The second method used for determination of
the volume is based on a water displacement tech-
nique. The container’s outer volume is determined
by measuring the volume of water displaced by the
container when it is submerged. The volume of the
metal in the container is assessed from the weight
of the container and the density of the metal. In this
way the volume is found to be 4753--19 cm?®
(*=0.4%), total overall error.

From these two determinations the volume of
the sample and transfer container is estimated to be
4740 cm® at 23 °C, with a maximum error of 0.5%.

2.3 The Reference Instrument

The reference instrument for the determination
of radon-222 in air is based on a-spectrometric
measurements of polonium-218 and polonium-214
electrostatically collected on a surface barrier de-
tector. The instrument is built according to the
principles and experiences described by Wicke [2].

Figure 2 is a schematic diagram of the instru-
ment. The sensitive volume of the instrument is a
sphere of aluminum with a volume of 10 810 cm?
that contains the radon sample to be analyzed. In
the surface of the sphere is a surface barrier detec-
tor of 150 mm® active area which is electrically
isolated from the metal sphere. ‘

A potential of 8 kV is applied between the detec-
tor surface and the metal sphere generating an
electrostatic field that moves the charged
polonium-218 to the detector surface. The decay of
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Figure 2. The reference instrument.

radon-222 within the sphere will generate polo-
nium-218 at a rate proportional to the radon-222
activity. A build-up of polonium-218 activity on
the detector surface takes place and after approxi-
mately 20 min collection a steady state is reached.
The polonium-218 activity detected by the a-de-
tector is then proportional to the radon-222 activity
in the sphere.

To obtain accurate results from the instrument,
the collection efficiency of polonium-218 on the
detector surface and the a-counting efficiency
must be stable.

The volume of the detector sphere is of no im-
portance for the calibration and measurements but
must be constant. Great efforts have been made to
ensure the air tightness of the sphere.

To estimate the fraction of the polonium-218
atoms formed in the sphere that are collected on
the detector surface, however, the volume must be
known. From the geometrical dimensions, the vol-
ume has been determined as 10 790 cm® and from
pressure comparison measurements with a known
volume as 10 820 cm’. A value of 10 810 cm’® is
adopted with a maximum error of +100 cm’
(+=1%).

The collection of polonium-218 on the detector
surface and the counting efficiency of the a-parti-
cles from polonium-218 depend on a number of
parameters such as the geometry and strength of
the electric field, and the air pressure and humidity
within the detector volume.

Parameters have been chosen so as to keep the
parameter sensitivity as low as possible. The fol-
lowing apply to the most important parameters.
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*The geometrical position of the detector affects
the form and strength of the electric field between
the chamber walls and the detector surface.

*The voltage generating the electric field and the
air pressure inside the counting volume are also of
concern. We have chosen 600 mbar working pres-
sure and a high voltage of 8 kV. This gives a good
margin against electrical breakdown while the
collection efficiency as a function of the voltage
applied is well within a flat plateau.

*The collection efficiency is affected by the humid-
ity within the counting volume. To avoid this
problem the air sample is dried during collection
into the sample or transfer container. Different
techniques have been tested but sampling through
a drying agent (magnesium perclorate) fulfills the
requirements. The sample has a humidity of less
than 1 pg/L, corresponding to a dew point of less
than —30 °C.

The surface barrier detector is connected to a
multi-channel analyzer. Figure 3 shows a typical
a-spectrum. The energy resolution of the detector
separates almost completely the a-particles from
polonium-218 and polonium-214. The a-particle
count-rate within the energy band 4.34 to 6.16
MeV is used for evaluation. The affect of elec-
tronic instability has been studied and is negligible.
For measurement of low radon-222 concentrations,
correction for background counts is needed. The
background with radon-free air corresponds to a
radon-222 concentration of 0.6 Bq/m’.

Adsorption of radon onto the inner surface of
the sphere has been observed. As the sphere is
made of aluminum the metal surface will be cov-
ered with a thin layer of aluminum oxide. It is rea-
sonable to assume that the oxide layer causes this
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Figure 3. The d-spectrum from the reference instrument.
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effect, as it is known that aluminum oxide adsorbs
other gases. The effect is small and reproducible. A
reduction in the radon content in the sphere of
0.1% per h is found and corrected for.

2.4 Calibration Procedure

24.1 Preparation of the Radon-222 Reference
Concentration

sThe reference source is flushed with 4.74 L of

radon-free air and the valves of the reference
source are then closed. The date and time are
noted and the source is left undisturbed for the
build-up of radon.

*The transfer container and the detector volume of
the reference instrument are evacuated to less
than 1 mbar.

*The transfer container is connected to the outlet
of the reference source via a short tube containing
the drying agent. A plastic bag filled with radon
free air is connected to the inlet of the reference
source. When the valves of the container and the
reference source are opened, the radon is sucked
into the container. The procedure is standardized
to take 5 min.

sThe valves are closed and time, temperature and
ambient air pressure are recorded.

*As the volume of the transfer container and the
radon-222 activity are known, the air concentra-
tion of radon-222 in Bg/m’ of dry air in the con-
tainer can be calculated.

2.4.2 The Transfer of Radon to the Reference
Instrument

*The transfer container is connected to the refer-
ence instrument by a tube. A particle filter is in-
line at the entrance to the detector. An additional
tube, provided with a valve, is connected by a
T-piece to the tube between the container and the
instrument.

*The above mentioned tubes are evacuated and the
valve on the tube is closed leaving the connection
between container and instrument under vacuum,.

*The valve at the instrument inlet is opened and
when the valve on the transfer container is
opened the pressure difference will transfer about
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709% of the radon in the container to the detector
volume.

*The two volumes should be at the same tempera-
ture during the transfer procedure.

*The procedure takes about 10 min. The last 5 min
establishes pressure equilibrium between the two
connected volumes. The air pressure inside the
detector will be approximately 300 mbar.

*There is no need to know exactly the amount of
radon transferred. The relative amount, however,
must be the same on every occasion. This depends
only on the volumes of the transfer container and
the detector.

*Time and temperature are recorded when the
transfer is completed.

*Radon-free air is then added to the detector until
the air pressure reaches 600 mbar. The valve at
the detector is then closed.

*The electrostatic field for the detector is switched
on and 30 min allowed to elapse to establish a
steady state activity of polonium-218 on the detec-
tor surface.

2.4.3 Counting and Evaluation

*a-spectrometric counting is carried out for a suffi-
cient time to ensure that adequate counting statis-
tics are achieved.

*The mean net count rate of a-particles from polo-
nium-218 within the energy band 4.34 to 6.16
MeV is calculated. Corrections for radioactive de-
cay and adsorption of radon are applied and the
calibration factor in Bq/m’ of radon in dry air per
count/s is evaluated.

2.5 Procedure for Determination of Radon
Concentration in Air Samples

2,5.1 Sample Collection

*The same, or identical, transfer containers are
used for sample collection and calibration pur-
poses.

*The container is evacuated to less than 1 mbar and
a short tube containing the drying agent is con-
nected to the inlet of the container.
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*The sample is taken by opening the valve on the
container. The filling takes 5 min. The valve is left
fully open for another 5 min to ensure that pres-
sure equilibrium is reached. The valve is then
closed and the temperature, pressure, and humid-
ity of the ambient air as well as the date and time
are recorded.

*The sample container now contains dry air at the
ambient air pressure. Thus the radon concentra-
tion in the container is slightly higher than in the
ambient air.

2.5.2 Transfer of Radon The transfer of radon
to the reference instrument is done by the same
procedure as is used for calibrations; see section
2.4.2.

2.5.3 Counting and Evaluation Counting and
the evaluation of the spectrum is carried out with
the same procedure as is used for calibrations; see
section 2.4.3. The radon concentration in dry air is
then calculated using the calibration factor, and a
correction is applied to compensate for the low hu-
midity in the container. The corrected value will
then be the radon concentration in Bq/m?® in air,
but only for the temperature, pressure, and humid-
ity existing during sampling,.

3. Calibration Results and Error
Calculations

Calibration factors from 30 independent calibra-
tions with radon concentrations between 300 to
6500 Bq/m° are summarized in figures 4 and 5. The
mean value of the calibration factor is 944 Bg/m’
per count/s with a standard deviation (S.D.) of
1.2% and a standard error (S.E.) of 0.2%, which
indicates the precision of the calibration factor.
The uncertainty arising from «counting statistics is
0.6% (lo).

Known systematic errors in the calibration fac-
tor stem from the uncertainty in radon activity re-
moved from the bubbler, 1.6%, and the volume of
the transfer container 0.5%. Systematic errors due
to thermal and pressure disequilibrium during the
calibration procedure and uncertainties related to
temperature and pressure measurements are esti-
mated to be less than 19. Thus the total systematic
error in the calibration factor is less than 3.1%.
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The uncertainty in the calibration factor, calcu-
lated as the linear sum of the standard error at 99%
confidence level and the maximum likely system-
atic error, is 0.6% +3.1% =3.7%.

The precision of the measurement of radon sam-
ples is calculated from the sum of the uncertainty
arising from counting statistics and the precision of
repeated measurement of calibration samples. The
sum of the variances is used to calculate the preci-
sion. The precision from repeated measurements of
calibration samples is 1.0% excluding counting
statistics. Assuming an uncertainty arising from
counting statistics of 1.0% (1), the precision of a
measurement will be 1.4% (lo7).

For radon sample measurements, systematic er-
rors other than those in the calibration factor are
estimated to be at most 0.5%—thus there is a maxi-
mum systematic error of 4.2% in these measure-
ments.
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4. Results from Intercomparison
Measurements

The results from the third Commission of the
European Communities (CEC) intercomparison of
active and passive detectors for the measurement
of radon and radon decay products at the National
Radiation Protection Board (NRPB), England
(1987) [3] and from intercomparison measurements
with the Environmental Measurement Laboratory
(EML) in New York (1984) [4] are summarized in
table 1.

Table 1. Intercomparison results

Ratio SSI*/NRPB
Ratio SSI/EML

0.95
0.96

t §SI=National Institute for Radiation
Protection, Stockholm, Sweden.

Before 1987 an ionization chamber was used as
the reference instrument [1]. The calibration proce-
dure used was in principle the same as described
above, but the uncertainty obtained with this in-
strument was larger. Figure 6 shows the results
from calibration measurements during the years
that the previous instrument was used. Intercom-
parisons with EML have been performed on seven
occasions in the period 1982 to 1987 [4]. The results
are summarized in figure 7. Compared to EML our
ionization chamber gave as a mean 9% lower val-
ues. The origin of this difference may be due to
larger uncertainties of the instrument used previ-
ously and the different radium-226 reference solu-
tions used for calibration at EML and SSI.

~
3
©
¢
Y 2.2 =
o
)
<
2 2.0 -
iy
g
|4 1.8 I —
¢l
i
L LS 28 S
4 ---Ao
S e II ‘%‘ ----------------- _§ ______ -
[X _I/% I } ————
]
2
S L4 -
fie
5
be] L2 -
o
¢
5
e 1.0 |- 4
]
a

0.8 ! 1 ] 1 ) ] !

0 500 1000 1500 2000 2500 3000 3500 4000

Radan Concentrotion (Bg/m3)
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Figure 7. Intercomparison measurements of radon with EML,
New York.
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