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Preface
F.J. Aldenkainp and P. Stoop

In this thesis we describe our investigations carried out in the framework of the
research programme of the Environmental Radioactivity Research Group at the
KVI, Rijksuniversiteit Groningen. This work has been financed by the Dutch
Ministry of VROM (Housing, Physical Planning and Environment), as part of
the National Research Programme REN A, by the Commission of the European
Communities, as part of the 1985-1989 Radiation Protection Programme and by
the Rijksuniversiteit Groningen via the Centrale Beleidsruimte.

The two authors of this thesis are each responsible for their own texts and
both for the texts they have written together. The text is divided by the authors
as follows:
F.J. Aldenkamp: Chapter 1, Sections 2.2, 3.2 and 3.3 and Appendix A,
P. Stoop: Sections 2.3, 3.4 and Chapter 4,
F.J. Aldenkainp and P. Stoop:

Sections 2.1, 2.4, 3.1, 3.5 and Chapter 5.
The order in which the names appear above the sections that were written together
has no meaning.
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Chapter 1

An introduction to the radon problem
F.J. Aldenkamp

1.1 Introduction

1.1.1 The discovery of radon
While investigating fluorescence phenomena of various materials, in 1896, Bec-
querel reported that crystals of uranous salts emitted radiation which even black-
ened photographic plates wrapped in black paper or covered with glass or other
substsr-ces. The rays emitted were concluded to be an atomic phenomenon char-
acteristic of the element and for this the name 'radioactivity' was introduced.
Shortly after this the radioactive element causing this phenomenon, radium, was
discovered by Mr and Mrs Curie in the uraninite (pitchblende) of the Eastern Eu-
ropean metal mines of Schneeberg and Joachimstahl. The release of a radioactive
gas from the radium was discovered in 1902 by Friedrich Dorn, and was called
radium emanation. In about 1908, Ramsay and Gray found the gas to be the
heaviest member of the family of noble gases. At first, the element was named
niton (nitens com^s from the Latin meaning shining), but after about 1920 the
name radon began to appear in the literature. Twenty isotopes of the element
radon are known. The most abundant are 222Rn (radon), 220Rn (thoron) and
219Rn (actinon). These three isotopes originate from the radioactive decay of the
radium, of which the isotopes are members of the naturally occurring decay series
starting with 238U, 232Th and 235U, respectively. The radionuclide from which
these series originate have half-lives that are longer or comparable to the age of
the earth (Section 1.2). Trace concentrations of these primordial constituents of
the earth's crust are widely distributed in nature. A fourth, possibly naturally
occurring, decay series (the neptunium series) has not, with the exception of its
essentially stable end product 209Bi, been found in nature.

Due to its gaseous nature, radon may be released from the solid material to
the environment and is therefore present, not only in soil and rock, but also in air
and in water. All radon isotopes are radioactive. The half-life of 222Rn is about
four days, which is long enough to allow much of the gas to escape from the upper
layer of the soil and reach the atmosphere. Substantially less of the 220Rn and
219Rn reaches the air because of their short half-lives (56 and 4 s, respectively).
Only the radon isotope 222Rn will be considered in this thesis.
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1.1.2 Radiation damage
The possibility of radiation damage to human beings was recognized almost im-
mediately after the discovery of radium. The first injuries reported were burns
produced on the skins of people working with radium ore [1]. In the first decades
of this century it was found that besides burns, radiation could induce effects like
cataract, sterility, damage to blood-forming tissues or genetic mutations. These
effects could be initiated by external radiation but also by ingestion or inhalation
of radioactive nuclides. As early as 1907, Ernest Rutherford pointed out the possi-
ble role of inhaled radium and thorium decay products on physiological processes.
The experience of the radium watch dial painters in the 1920s led to measures to
decrease the danger involved in handling radioactive materials. The recognition
of possible radiation damage due to the radioactive decay of the element radon
took some time longer. It had been known for centuries that men who worked in
the mines of Schneeberg and Joachimstahl had a high mortality rate [2]. It was
only at the end of the 19th century that it became clear that this was due to lung
cancer. Due to the high concentrations of radium and the low ventilation rates in
the mines, relatively high 222Rn concentrations occurred. When it was realized
that cancer could result from internal radiation, the occurrence of lung cancer
among miners was attributed to 222Rn. This initiated a number of studies in the
1950s which provided, not only information on the health effects, but also some
understanding on the mechanisms of 222Rn-induced cancer. For instance, it was
shown that the radiation dose delivered to the lung tissue is not the result of the
radiation of 222Rn itself, but of its short-lived radioactive decay products, called
222Rn progeny or 222Rn daughters. These products are inhaled and may attach
to the lung tissue. Decay of these 222Rn daughters causes damage to living cells,
which eventually can lead to lung cancer. Based on these findings, occupational
limits for exposure to 222Rn daughters in mines were formulated and substantial
efforts were devoted to lowering exposure rates below these limits [3].

1.1.3 Indoor radon
In 1956, Hultqvist investigated the 222Rn concentrations in houses in Sweden.
High levels of indoor 222Rn concentrations were found. At first these concentra-
tions were thought to be due to a combined release of large amounts of 222Rn
from commonly used building materials made of alum-shale concrete with an ex-
tremely high radium content and the occurrence of a low ventilation rate of the
houses. It was believed that this was a situation typical for houses in Sweden. In
subsequent studies, however, it became clear that the bulk of the indoor 222Rn
came from the soil under the houses. The results of the investigations in Sweden
initiated surveys on the concentration of indoor 222Rn in a number of countries
(Section 1.3). In about 1984, the results of these surveys indicated that in all the
countries already average indoor concentrations formed a significant risk from the
point of view of health implications (Section 1.4 for more infonnation on the risk
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of 222Rn). Another illustrative example of indoor 222Rn is found in the Reading
Prong area of Pennsylvania (U.S.A.). A man working in a nuclear power plant
under construction in that area set off the radiation detectors upon leaving the
building, but since the reactor had not yet gone critical, this caused only minimal
concern. When entering the building one day, though, he checked the warning
system and found that the alarm also triggered, indicating that he was contami-
nated just as he was when he left the plant on other days. A subsequent test in
his house showed a level of 222Rn concentration of about 100 kBqm~3, one thou-
sand times higher than the recommended limits [4]. This was found to be due to
the fact that the house was built above a block of fractured granite containing
uranium. Other houses in the neighbourhood showed much lower levels.

Indoor concentrations depend on the access of 222Rn to building interiors
and the rate of removal by either decay and/or ventilation. For all practical
purposes the effect of nuclear decay on removal may be ignored. Figure 1.1 gives
a schematic representation of sources and possible entry routes for 222Rn. 222Rn
may enter a compartment directly from the soil or rock underneath the building
or via building materials, and it may be carried into the building by water, natural
gas and air from other compartments or the outside. The relative importance of
these routes depends on the circumstances, often the direct ingress from 222Rn-

Domestic
Water;
Natural
Gas

Figure 1.1: Schematic representation of sources for indoor 222Rn [5]
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laden soil gas is thought to be the main cause of high indoor 222Rn concentrations
observed in homes. Transport of soil gas into a building is driven by a combination
of two physical processes: diffusion, due to concentration gradients, and flow, due
to pressure differences (see Section 2.2.1). The latter may be caused by a lower
pressure indoors than in the soil underneath and/or outside air' due to the effeci
of wind on walls and to temperature differences across chimney stacks [6]. 222Rn
concentrations in houses are often found to be site-specific. Not only the 222Rn
concentration in soil gas, but also the air permeability of the adjacent ground,
the building style and quality of the house, (particularly of the ground floor and
any other building materials in direct contact with the ground) were found to
influence the 222Rn concentration in a home.

In response to the need to conserve energy, building methods that restrict
ventilation have been introduced. Moreover, since about 1950 there has been
a tendency to utilize more concrete as a building material which in general has
a higher 222Rn-exhalation rate than brick. These factors combined may well
result in a significantly higher indoor 222Rn concentration. Therefore in many
countries efforts are undertaken to reduce the indoor concentrations. The variety
of particular circumstances in each dwelling makes it difficult giving a standard
concept for the control of 222Rn concentrations in houses (Section 1.5).

1.1.4 Radon research programs
In the Netherlands the Dutch Ministry of VROM (Housing, Physical Planning and
Environment) have initiated a number of research programs on radiation aspects
of the indoor environment. The first program, SAWORA, directed at surveying
the exposure of the general public to natural radiation, was carried out in the
period of 1982 to 1986 (Section 1.3) [7J. As a part of the program, time-averaged
222Rn concentrations were measured in the living room of about 1000 dwellings [8].
From this survey it was found that exposure to 222Rn and its progeny in the
indoor environment contributes the most, about 40%, to the averaged exposure
of the general population [9]. Within the environmental policy in the Netherlands,
largely as the result of the SAWORA program, natural radiation and especially
exposure to 222Rn progeny was acknowledged as a potential threat to human
health [10]. As a result, the SAWORA study was followed in 1986 by a program
called REN A on the subject of controllable forms of natural background radiation.
The results of the RENA-program are intended to serve as a basis for the policy
aimed to keep the exposure to natural sources of radiation as low as possible.
In the framework of RENA a research program was initiated to investigate the
mechanisms that determine the infiltration of 222Rn into dwellings. In this thesis
we will describe our investigations on this line of research.

With this first chapter we intend to give a global overview of "The Radon
Problem". For this we discussed in this first section some historical facts on the
discovery of radon and of its potential threat to human health. In the following
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sections we will discus some topics in more detail. In Section 1.2 we describe some
physical aspects of 222Rn and its decay pruducts and the units of measure used,
the results of surveys of indoor 222Rn concentrations are discussed in Section 1.3,
the knowledge concerning health effects and related risk estimates are summarized
in Section 1.4, and we give an overview of possible strategies to be employed in
the protection against the negative effects in Section 1.5. A detailed description
of our subject of investigation is given in Section 1.6.

1.2 The radon family
1.2.1 Radioactive quantities
An atom of 238U undergoes 14 intermediate decay steps before it becomes a stable
atom of lead (206Pb) (Figure 1.2). In the decay of uranium a total of 8 a-particles,
6 /^-particles and several 7-rays are emitted. In a-decay, the nucleus breaks up
in two pieces: a helium nucleus (a-particle) and the residual nucleus. The de-
cay energy is released as kinetic energy, divided between the a-particle and the
resulting nucleus such that the momentum is conserved. An a-particle interacts
with the material through which it is traversing by a large number of collisions
with electrons. In this way the a-particle may excite or ionize atoms. It moves
a relatively well-defined distance before slowing down to thermal velocity. For
example, the polonium isotope 218Po emits an a-p-article of 6.0 MeV (Figure 1.2),
the range in air is about 4 cm and in soft tissue about 50 /im. Beta-particles travel
over a much longer but poorly defined range; due to collisions with electrons the
pathway is very erratic. For example, 214Pb emits /?-particles with an energy of
about 1.0 MeV, these have a range of about 1 m in air and about 0.2 cm in tissue.
Beta-radiation is often accompanied by the even more penetrating electromag-
netic 7-radiation.

For each radionuclide, the probability of radioactive decay per second is
indicated by the so called decay constant A, a value which is characteristic for that
particular nu-lide. The decay constant of 222Rn for example is 2.1 x 10~6 s""1.
Thus, for a large number JV of atoms of a radionuclide, I = NX atoms will decay
per second. / is called the activity and is expressed in becquerel (Bq). The half-
life, Ti/2. is the time it takes statistically until |JV atoms are left: rj /2 = In2/A.
The half-life of 238U is 4.5 x 109 years while 226Ra, the precursor of 222Rn,
has a half-life of 1620 years and 222Rn of 3.8 days. The subsequent short-lived
polonium- (218Po, 2UPo), bismuth- (2HPb), and lead- (214Bi) isotopes, havehalf-
iives of less than 30 minutes. This decay scheme eventually leads to the relatively
long-lived radionuclide 210Pb, which has a half-life of 22 year. The actual life of a
particular radioactive atom can have any value between zero and 'infinity'. This
implicates that out of a pure sample of the long-lived primordial nucleus of a decay
series, a mixture of all nuclide: • " the series eventually develops. When the half-
lives of the decay products are *nuch shorter than the half-life of the primordial
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Figure 1.2: Part of the decay series of 238U, including 222Rn and its short-lived decay
products
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nucleus, and when the sample is in a closed system, the activity of the decay
products will eventually become equal to the activity of the primordial nucleus.
This is called secular equilibrium. In nature, however, such an equilibrium seldom
occurs. For example, due to preferential weathering and leaching of some of the
radionuclides in soils, the concentration of 226Ra is not necessarily equal to that
of 238U. Furthermore, because rock is slightly porous the gaseous nature of 222Rn
will cause part of it to move out of any exposed rock or soil surface and into
the atmosphere, in this way disturbing the radioactive equilibrium in the rock
or the soil. The same holds for 222Rn and its decay products in the air of a
room. The 222Rn decay products axe chemically active and often electrostatically
charged (Section 2.2.1) and, when formed in ambient air, will attach to aerosols
soon after formation, leaving only a small fraction unattached. Both the attached
and unattached fractions may plate-out on surfaces (e.g. the human respiratory
tract), and 222Rn as well as its decay products may be removed by ventilation.
Because of these processes in general there will also be no radioactive equilibrium
between 222Rn and its decay products in indoor or outside air.

1.2.2 Units
Airborne radiation exposure is predominantly due to the decay of the short-
lived 222Rn decay products filtered out of the air respired by the lung (Sec-
tions 1.1 and 1.4). Primarily the o-decays are considered to be radiobiologically
important. Historically the airborne radioactivity of 222Rn decay products was
expressed in the quantity potential alpha-energy concentration (PAEC) in the
unit working level (WL). This unit was introduced during the 1950s to introduce
safety standards for 222Rn levels in uranium mines. By definition, the WL is the
potential a-energy of any combination of short-lived 222Rn daughters that results
in an ultimate release of 2.08 x 10~5 Jin"3:

1 WL=:2.08x 10~5 J m ' 3 . (1.1)

Each atom of 2I8Po can deliver not only its own characteristic 6.0 MeV a-ray, but
after it decays through 214Pb and 214Bi into 214Po it can deliver the 7.7 MeV a-ray
of 214Po as well (Figure 1.2). Hence the ultimate potential a-energy associated
with each atom of 218Po is 13.7 MeV. Each atom of 2I4Pb and 214Bi is associated
with a potential a-energy of 7.7 MeV. During its long lifetime a 210Pb atom is
unlikely to remain in the lung, the a-energy of its subsequent decay product 210Po
is therefore excluded from the PAEC definition. Based on the a-decay energies
and half-lives of the 222Rn decay series (Figure 1.2), the potential a-energy, EOi,
per unit of activity (Bq) of each of the decay products is given in Table 1.1
(1 MeV = 1.6 x 10~13 J).

A PAEC of 1 WL is approximately the potential a-energy concentration
of the 222Rn daughters in radioactive equilibrium with a 222Rn concentration of
3750 Bqm.-3 (=* lOOpCiL"1):

1WL ££„,„, Co (1.2)
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Table 1.1: Total 'potential' a-energy, Eai ( JBq~ l ) , of each of the short-lived 222Rn
decay products released in decay to 2 1 0Pb.

Nuclide Atoms per Bq £ o , ( JBq" 1 )
222 Rn
218Po
2»p b

214 Bi
2 J 4 Po

4.76 X
2.65 X
2.32 X
1.72 x

2.37 x

10*
102

103

103

io-4

excluded
0.58 X 10~9

2.85 X 10~s

2.11 X 10~9

2.93 X 10-16

where, Co = 3750 Bqm~3and EOtot = Yli E°>< an<^ ^« . ls ^e potential a-
energy due to the decay of the individual decay products, where i = 1,2,3
indicates 218Po, 2 1 4Pb, and 214Bi, respectively. With the potential a-energies
given in Table 1.1 the PAEC (J m~3) may be expressed in terms of the individual
decay-product concentrations:

aiCi (1.3)

where, C, being the individual decay-product concentrations (Bqm~3).
At present the concentration of the mixture of (short-lived) decay prod-

ucts in air is expressed in the equilibrium-equivalent decay-product concentration
(EEDC). The EEDC (with unit Bqm~3) is defined as that activity concentration
of the 222Rn gas in radioactive equilibrium with its short-lived progeny that has
the same PAEC as the non-equilibrium mixture of progeny actually present. The
conversion between PAEC and EEDC is then given by

EEDC = PAECJ^l (I-4)

In general, there is no radioactive equilibrium between 222Rn and its decay prod-
ucts in indoor or outside air (Section 1.2.1). To describe the activity concentration
of the 222Rn daughters in terms of the 222Rn concentrations for a non-equilibrium
situation, an equilibrium factor F has been introduced:

F = EEDC/CRB, (1.5)

where CRB is the 222Rn activity concentration. If 222Rn and all its decay prod-
ucts are in radioactive equilibrium (C,- = CRB), F = 1. As already indicated the
concentration of the decay products is determined by removal processes like ven-
tilation and deposition on surfaces: in indoor air it is found that F is in the range
of 0.2-0.6 with a nominal value of 0.5 [11].

The traditional units for 222Rn exposure in terms of time integrated activity
concentration or potential a-energy concentration is working level-month (WLM;
1 WLM = 1 WL x 173 h, 173 being the number of working hours in a month).
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The exposure in a year to a potential o-energy is related to the 222Rn activity
concentration by (Equations 1.4 and 1.5):

PAEC = — — x 51.5 WLMa"1. (1.6)
Co

In this equation the factor 51.5 is the ratio of the total number of hours in a year
to the number of working hours in a month. With F taken to be 0.5, 1 WLM a"1

is then equivalent to a continuous 222Rn exposure of about 145 Bqm~3.
More currently the 222Rn exposure is expressed in terms of an annual

effective dose equivalent with units sievert per year (Sva"1; Section 1.4). For
a conversion of 222Rn-daughter activity concentration to exposure a factor of
10 mSvWLM"1 is suggested (Section 1.4.2). In Section 1.4 dose-conversion fac-
tors will be discussed in some more detail.

1.3 Survey of radon concentrations in the Netherlands

The survey performed in the framework of the Dutch National Research Program
SAWORA in the period of 1980 to 1984 was carried out in about 1000 dwellings
representative of Dutch housing stock [12]. In each dwelling, time-averaged 222Rn
concentrations were measured with passive, dosemeters. The dosemeter consists of
a plastic cup, closed by a filter, through which 222Rn can diffuse. At the bottom
of the cup a foil is placed in which a-particles originating from the decay of 222Rn
progeny induce tracks. With a calibration and the known exposure time, the
222Rn concentration is derived from the track densit; on the foil. In each house
dosemeters were placed in the living room and in about 20% of the houses also
in a second room. This consisted mostly of bedrooms. In a number of houses a
dosemeter was also placed in the crawl space in order to investigate the influence
of the soil underneath the house. Along with the placement of the dosemeter a
questionnaire was handed out to the occupants for obtaining information about
specific properties of the houses.

Except for the higher values, a lognormal function with a median value
of 24 Bqm~3, ?n average value of 29 Bqm~3 and geometrical standard devia-
tion of 1.6 provides a fair representation of the concentrations measured (Fig-
ure 1.3) [13]. In 8% of the houses the concentration was more than 50 Bqm~3, in
1.3% it was more than 75 Bqm"3 and in 0.7% it was even more than 100 Bqm""3.
The highest concentration observed in this survey was 156 Bqm~3. The survey
showed that on the average in houses with good isolation (low ventilation) the
222Rn concentration is relatively high. By comparing the activity concentration in
rooms on different floors and from measurements in crawl spaces it was suggested
that an important source of indoor 222Rn is the influx via the crawl space [12]. The
median concentration in houses built around 1950 is lower than in houses built
after 1970. A possible explanation is the increased use of concrete as building
material and the better isolation techniques that were applied after 1970.
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Figure 1.3: Distribution of 222Rn concentrations in the Netherlands [12]
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Figure 1.4: Median value of 222Rn concentration distributions in various countries [3]
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The median value of the concentrations in the Dutch dwellings is about
the same as the value observed in neighbouring countries (Figure 1.4). However,
in countries like Germany and Belgium, the number of houses with 222Rn concen-
trations of more than 100 Bqm~3 is substantially higher than in the Netherlands.
The reason might be that in these countries the soil underneath the houses or
specific building materials lead to high indoor concentrations. For instance, in
Sweden a median value of 70 Bqm~3 was measured; 10% of the houses had a
concentration of more than 226 Bqm~3 and 0.5% of more than 800 Bqm~3 while
a maximum of 3300 Bqm~3 was measured. The high concentrations in Sweden
were correlated with a low ventilation rate, and high 226Ra concentrations in soil
underneath the houses and in specific building materials (aerated concrete-based
on alum shale). Only a few of these surveys have been designed to provide repre-

Figure 1.5: Averaged 2"2Rn concentrations in the outside air [8]
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sentative information for the total housing stock [3].
The Dutch survey also included outside measurements in about 200 ar-

eas. Concentrations of 1 to 10 Bqm~3, with a median value of 3.0 Bqm~3, were
found [12]. A geographical dependence was observed (Figure 1.5), which presum-
ably is due to local differences in 222Rn exhalation of the soil. Although no clear
correlation was found, there is some evidence that regions with high 2z2Rn air
concentrations coincide with areas consisting of clay and loess, which have high
concentrations of 226Ra. A study with a finer grid repeated a few years later
confirmed the region of high concentration in the north part of the country [14].

1.4 Risks of radon exposure
1.4.1 Radiation effects on humans
Since the beginning of nuclear fission applications in 1942, a large amount of
research on the effects of exposure to ionizing radiation has been carried out [15].
This research, mostly with animals, gives much insight in the mechanisms of
radiation damage and the relationship between dose and response. However,
due to differences in the susceptibility to radiation injury, this information is
not directly transferable to human beings. For humans, direct information on the
effects of radiation arises from epidemiological studies like the delayed effects of the
1945 atomic bomb explosions on Japanese people, or of patients that were exposed
to radiation for therapeutic reasons (e.g. ankylosis spondylitis patients [16]) and
of miners exposed to high levels of 222Rn daughter concentrations in air.

The effect of radiation on organisms depends primarily on the amount of
absorbed radiation energy; the absorbed energy per unit mass is termed the ab-
sorbed dose, D, with the unit Gy (gray): 1 Gy = 1 Jkg""1. In general the effects
of exposure to radiation are divided into deterministic and stochastic effects. De-
terministic effects occur only when large parts of a body are exposed to high doses
of radiation (> 1 Gy) in a relatively short time. The seriousness of the effect is
determined by the dose, and there is, in general, a threshold in the dose-response
relationship. The effect consists of very complex symptoms (radiation syndrome),
which may result in death. Aside from scarce accidents, exposure is restricted to
low doses at a low-dose rate of radiation of natural, medical or occupational ori-
gin. For such exposures the probability for the occurrence of an effect has been
proven to depend on the dose. The most important of these so called stochastic
effects are induction of cancer and genetic effects. The latter are the results of
changes transmitted by hereditary mechanisms. Stochastic effects have a latency
period which can be of the order of several decades and, in general, a linear dose-
response relationship with no threshold is adopted [17]. This means that even for
low doses of ionizing radiation a finite probability of an effect is always assumed.

From radiobiological studies it is known that different types of radiation
have, for the same absorbed dose, a different biological effect. For low levels of
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Table 1.2: Fraction of the total stochastical risk which is due to the exposure of a specific
organ T [17]

Organ or tissue
(T)

Breast
Bone marrow
Lungs
Thyroid
Bone surface
All others
Gonades

Weigh factor
WT

0.15
0.12
0.12
0.03
0.03
0.30
0.25

radiation exposure, these differences are taken into account by a quality factor Q,
which is related to the ionization density of the radiation: for 7- and /9-radiation
Q is equal to 1, and for a-radiation it is equal to 20 [17]. A quantity which gives
a direct relation with the probability of radiation damage by stochastic effects is
the dose-equivalent,

H=DxQ, (1.7)

in sieverts (Sv). However, the dose equivalent H gives a distorted picture of
the radiation risk, because of differences in sensitivity to radiation of organs and
tissues and also because often exposure will not be uniform. To take this into
account, weight factors, wi, are introduced which are defined as the fraction of
the total stochastical risk due to the exposure of organ T (see Table 1.2) [17]. In
general, these factors are derived from various sources of human epidemiology, like
the studies of the atomic bomb victims in Japan. The absorbed dose weighed to
radiation type and tissue or organ sensitivity is called the effective dose-equivalent,
He (Sv),

Y (1.8)

Airborne radiation exposure is predominantly due to the decay of the short-lived
222Rn decay products filtered out of the air respired by the lung. The lung may
be roughly divided into bronchial and alveolar regions. The tissue most at risk
is found to be the bronchial epithelium, which is the site of most lung cancers
believed to be induced by 222Rn daughter exposure. Half of the weight factor of
0.12 (Table 1.2) for the lung is attributed to each of these regions [18]. In terms of
effective dose-equivalent due to exposure to 222Rn daughters, the dose absorbed
in the bronchial region has therefore to be multiplied with

Qa x tff|UDg/2 = 1.2. (1.9)
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Transfer of 222Rn or its daughters from the lung to the blood gives rise to some
irradiation of tissues outside the lung. Although very little is known about these
risks, they are assumed to be negligible compared to the risk of lung cancer [18,19].

1.4.2 Radon and lung cancer
Miner studies
One of the primary bases for the concern on exposure to 222Rn decay products
is the observed increased incidence of lung cancer among miners exposed to rela-
tively high levels of 222Rn. There have been epidemiological studies on workers in
the uranium mines of the United States, France and former Czechoslovakia and
of workers in the metal mines in Sweden, Norway, Great Britain and Canada [20].
In general, these studies show that there is evidence of an excess of lung cancer
at cumulative exposures greater than about 100 WLMa"1 (see Section 1.2). Dif-
ferences between the results of epidemiological studies on the miners arise from
a number of factors which include: i) differences in the method of analysis, the
estimation of exposures an ' the interpretation of the presence of co-factors (e. g.
exhaust from machines or dust), ii) assumptions that have to be made concern-
ing the differences between the general population and the groups studied (e.g.
differences in age, sex and physical condition - in general the miners are healthy
males in the prime of their lives), and iii) corrections for the possible synergetic
effect of smoking on the induction of cancer due to 222Rn-daughter exposure [21]
Moreover, a complicating factor in these studies is the fact that lung cancer is
the most common form of lethal cancer in most industrialized countries, overall
accounting for about one-fifth of all cancer dearhs. Any increase in lung cancer
cases due to elevated 222Rn decay product exposures has to be detected against
this high background. The miner studies have established hazards of high levels
of exposure (> 100 WLM). To asses risks of the low level exposure (< 1 WLM)
common for indoor situations, extrapolation is needed. This introduces extra un-
certainties because the exact form of the dose-response relationship is not known.
In general, one assumes a linear dose-response relationship to be a conservative
approach [17].

DoFimetnc studies
Another approach to characterize the lung cancer risks of 222Rn-daughter expo-
sure is based on dosimetric studies. This approach is based on: i) a combination
of models for the deposition of the radioactivity in the human lung, ii) the dose
that deposited radiation imparts to the surrounding tissue, and iii) the proba-
bility that such a dose will induce cancer. For this dosimetric approach various
models which describe the sequence of events involved in inhalation, deposition,
clearance and decay of 222Rn daughters are used. This leads to dose conversion
factors which relate the exposure to airborne o-activity to the dose in the lung.
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For the dosimetric approach, several assumptions have to be made concern-
ing for instance breathing rate, physical properties of the radionuclide, particle
size distribution, region of the lung in which nuclides are deposited and rate at
which they are removed, leading to different estimates of the dose-conversion fac-
tor. In an overview of the results over the 1965-1984 period of dosimetric studies,
the NCRP reports dose-conversion factors ranging from 0.8-110 mGyWLM"
which, for the most recent studies, converges to 4-15 mGyWLM"1 [22]. In
these studies both home and mine environments have been considered. In re-
cent years, better knowledge has been obtained on the physical behaviour and
size distribution of 222Rn-daughter aerosols in air and on measuring and mod-
elling of aerosol deposition and clearance in the lung [11]. Using this new infor-
mation, James made a reassessment of the dose-conversion factor and found a
nominal value of 13 mGy WLM"1 for atmospheric conditions in homes and for
mines 10 mGyWLM"1 [23]. With Equation 1.9 this converts to 16 mSvWLM"1

for exposure in homes and 10 mSvWLM"1 for exposure in mines. However, in
view of the large uncertainties involved in the calculations a nominal value of
the dose-conversion factor for the indoor atmosphere of 10 mSvWLM"1 seems
reasonable.

In the literature there is a tendency to relate the dose to the lung di-
rectly to the 222Rn concentration instead of to the EEDC in air as defined Sec-
tion 1.2 [24, 25]. The reasoning for this is that dosimetric studies indicate "that
the dose per unit exposure to bronchial tissue due to unattached decay products
is more than one order of magnitude greater than the dose due to the attached
fraction [23]. This is explained by differences in location of deposition in the
lung due to for instance differences in the mean diameter and deposition rate
of attached and unattached decay products (Section 2.2.1). An increase of the
aerosol concentration will increase the attached fraction of the decay-products.
The attached fraction of the decay products has a much lower deposition rate
than the unattached fraction. Therefore the equilibrium factor F will increase
with aerosol concentration leading to a proportionally higher total exposure to
potential a-energy for a given concentration of 222Rn gas (Equation 1.5). At the
same time, the concentration of the unattached progeny decreases and thereby
also its associated exposure. The overall effect is that the total dose rate for a
given 222Rn concentration is relatively independent of the equilibrium factor F. It
is therefore suggested that a direct conversion factor between 222Rn concentration
and bronchial dose rate may be used. Recently, several investigators recommend
a value of 50 pSva^per Bqm~3 [23, 25].

1.4.3 Risk estimates
For radiation protection purposes the stochastic effects are expressed as a lifetime
risk of early death by cancer or of a serious genetic effect.
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Table 1.3: Estimates of lifetime risk of early death by lung cancer from lifetime exposure
to 222Rn daughters

Year

1984
1987
1988
1988
1989

Lifetime risk of early death
by lung cancer

(X10- 6 WLM- 1 )
130

170-230
350

150-450
360

Reference

NCRP [22]
ICRP [18]
BEIR [26)

UNSCEAR [27]
EPA [28]

Miner studies
Over the past decade several committees have used the data from the miner studies
(Section 1.4.2) to estimate the lifetime risk for the general population of lung
cancer mortality due to lifetime exposure to 222Rn daughters. The most recent
results are given in Table 1.3. Using the dose-conversion factor of 10 mSvWLM"1

(Section 1.4.2), the lifetime risk of lung cancer mortality due to a lifetime exposure
to radon and its progeny is in the range of 1.3 to 4.5% per Sv.

Studies hj the ICRP
In most countries standards for protection against the negative effects of radiation
are based on recommendations of the International Commission on Radiological
Protection (ICRP), formed in 1928 by the International Society of Radiology (see
also, Section 1.5). In the ICRP-27 publication (1977), the risk averaged over age
and sex from 1 mSv effective dose-equivalent is evaluated as a total likelihood of
12.5 excess fatal cancers per million people, and in two of those cases it would
be lung cancer [17], In the case of exposure to 222Rn-daughters, only the lung
receives a significant dose, causing therefore an excess of 12.5 lung cancers per
million people per mSv (1.25% per Sv).

These risk factors are based on the studies of the victims of the atomic
bomb explosions above Hiroshima and Nagasaki. One of the problems with these
studies is that the doses are calculated in retrospect. Moreover, part of the people
studied are still alive. To calculate the total risk of an exposed population it is
necessary to use models that extrapolate the information based on a limited period
in the lives of individuals to the total lifetimes. In general, two different models
are used: the absolute risk model and the relative risk model. In the absolute
model it is assumed that the total cancer rate, R, amounts to

R = R0+fxD (1.10)

where D is the radiation dose and RQ is the rate of cancers due to other causes.
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In a relative model the normal rate of appearance of cancer is assumed to increase
in proportion to the radiation dose:

R = R0(l + g x D). (1.11)

The major difference between the models is the age sensitivity of the induced
effects. In general, it is assumed that the cancer rate Ro and the risk factors
/ and g increase with increasing age [26]. Thus in the relative model the age
sensitivity has a larger effect than in the absolute model.

Risk estimates as determined from the A-bomb studies have come under
discussion. The dosimetric system used (T65D, 'Tentative 1965 Dosimetry') has
recently been replaced by a new system (DS86), while new statistical models and
projection methods have also been used [29]. For a number of cancers it has
been found that relative projection models describe the data better than absolute
models. According to the new calculations the risk factor at high-level exposure
increases, averaged over age and both sexes, from about 2.5 x 10~5 mSv"1 to
4.5 x 10~~5 mSv"1 for the absolute risk model and to 7.1 x 10~5 mSv"1 for the
relative model [30], In general, the effect per unit of dose is found to be higher
at high dose rates than at low dose rates (due to more effective cell-repair mech-
anisms), which means that a linear extrapolation from the high-dose levels to the
low-dose levels overestimates the effect in the low-dose region. In the latter region
therefore dose reduction factors in the range of 2-10 are used [27]. At present
the ICRP uses for the extrapolation to low-level exposures a linear dose-response
relationship and a dosu reduction factor of 2. This results in an estimate for the
risk factor for adults at low level exposures of 3.5 x 10~5 mSv"1 (3.5% per Sv),
which is an increase of about a factor of 3 of the risk estimate given in the previous
publications.

Based on the data of the miner studies the ICRP expresses the view that
the relative risk model is a more reliable risk projection for lung cancer than
absolute projection models, corresponding to a risk factor of about 2.3% per Sv
(Table 1.3) [18]. In 1994 the publication is due of new estimates by the ICRP of
the lifetime risk from environmental exposure to 222Rn-daughters. Preliminary
results of this study (based on the epdemiological studies of the miners) indicate
a slight increase of the estimate of the lifetime risk due to a continuous exposure:
277 x 10~6 WLM-1 (see also Table 1.3) [31].

Uncertainties in the risk estimates
The overall uncertainty in the conversion of the exposure to risk is estimated to
be of the order of 5 [32]. This uncertainty includes the uncertainty of the shape of
the exposure-risk relationship in the region relevant to indoor exposure to 222Rn
daughters and uncertainties in the results of the epidemiological and dosimetric
studies (Section 1.4.2). Despite this uncertainty range, the mortality risk factor
for exposure to 22ZRn appears to be the best known compared to risk factors
derived for other substances. Case control epidemiological studies on the general
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population current in a number of European countries, are expected to yield
even more exact information. Preliminary results of the already finished study
in Sweden indicate that they do not conflict, in terms of risk estimates, with the
miner studies [33, 34]. The publication of the results of a 'pooled analysis' of the
epidemiological studies are due for 1998.

Risks of radon exposure in the Netherlands
Using the results of the Dutch survey (Section 1.3) and the factor of 50 /zSva"1

per Bqm~3 for direct conversion of 222Rn concentration to dose rate, the total
mean dose due to exposure to 222Rn is about 1.5 mSva"1. An integrated criteria
document on exposure to radon (222Rn and 220Rn) for the Netherlands has been
published recently [32]. In this report a total mean dose of 1.4 mSva"1 due
to exposure to 222Rn is given. In calculating this value the time spend in the
various areas of the house and a dose-conversion factor of 0.14 mSv a"1 per Bq m~3

(10 mSvWLM"1) is taken into account [32]. As a comparison, the dose received
due to exposure to 222Rn progeny in England and the U.S. is 1.3 and 2 mSv,
respectively. With a lifetime risk of lung cancer mortality of 1.3 - 4.5% per Sv,
as given above, this corresponds to about 300 to 1000 222Rn-induced lung cancer
deaths in the Netherlands per year. Au a comparison: the total number of deaths
due to lung cancer is 8000. This makes 222Rn one of the major pollutants of the
indoor environment.

In Figure 1.6 the exposure to various levels of 222Rn exposure is given
together with other everyday 'lifestyle' risks [6, 35]. The value of the annual risk
due to exposure to 222Rn and its decay products is taken to be 3 x 10~5 mSv a"1.

1.5 Radon protection strategies

1.5.1 International guidelines
ICRP dose limits
In Figure 1.7 the historical development of the dose limits, as recommended by
the International Commission on Radiological Protection (ICRP) (see also Sec-
tion 1.4.3), is presented. Until 1959 radiation protection standards, as developed
by ICRP, were based on the principle that no direct effects should be imparted
might the maximal permissible exposure be adhered to and that delayed effects
must not become manifest during the life of the exposed individual. In 1959,
ICRP reduced the maximal permissible level from 150 mSva"1 to 50 mSva"1.
According to the current knowledge at that time, there was a negligible proba-
bility of a stochastic effect at this level. A tenth of this value was introduced
as a limit for the protection of the general population, with an extra limitation
that the average exposure rate should not exceed one-third of this limit. Later,
in 1977, ICRP introduced a risk concept, with the premise that every exposure
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Table 1.4: Recommended limits for indoor 222Rn concentration

Country/
organization

Germany
Sweden
U.K. (NRPB)
Canada
U.S.A. (NCRP)
ICRP
WHO

Action level (EEDC)

existing houses

200
400
200
370
200
200
400

Limits (EEDC)

(Bq m )

70
50

100
100

Reference

[36]
[36]
[36]
[36]
[22]
[37]
[38]

to radiation has a certain risk of early death due to a stochastic effect; the risk
was assumed to be proportional to the received dose and ICRP assumed a linear
dose-effect relationship with no threshold. Besides dose limits ICRP introduced
the principle of justification of exposure, as derived from a cost-benefit analysis
with the premise that all radiation exposures have to be kept As Low As Reason-
able Achievable (the so-called ALARA principle). In 1985, ICRP recommended
that the dose to the general population should not exceed 5 mSva" 1 for a limited
number of years and 1 mSva" 1 for the whole lifetime. Based on the reviewed es-
timates of risk factors derived from the A bomb studies [29], ICRP recommended
a new set of standards for the annual exposure to radiation in 1990: 50 mSva" 1

in any one year and 100 mSv in five years for radiological workers and a limit of
1 mSv averaged over five subsequent years for the general population [30].

The standards of radiation protection as developed by the ICRP are not
applicable to all sources of radiation. They are based on the possibility of in-
fluencing the source term and regulating exposure. The exposure to radiation
emitted by naturally occurring radionuclides can only be partly influenced, and
the principles of justification, ALARA and dose limits are, in general, not appli-
cable to these sources. In many countries, however, applying the standards to
any increase of background radiation due to human-technological actions is under
discussion. This refers, in particular, to the increase of indoor exposure to 2 2 2Rn
daughters and to external radiation e. g. due to the use of waste products of the
non-nuclear industry in building materials.

Guidelines for indoor radon

In Table 1.4 recommended limits of maximal indoor concentrations of 222Rn-decay
product concentrations in dwellings, as established in a number of countries, is
given [36]. In this table the activity concentrations refer to the EEDC of which
the values are calculated from the original control parameters (WL, WLMa" 1
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or raSva""1) as given in the literature (see Section 1.2). For existing houses
the limits are called 'action levels' indicating 222Rn concentrations above which
remedial actions should be taken. For new houses, the limit is an upper bound.
In some countries no specific numerical guide is introduced for new houses; the
recommendation is that new houses should be 222Rn resistant. It is expected
that this will cause the homeowners to employ currently available technology
for keeping 222Rn out of a dwelling in order to keep the 222Rn levels as low as
reasonably achievable.

Publication of new proposals of the ICRP for protection against the nega-
tive effects of environmental exposure to 222Rn-daughters is due in 1994 [31].

1.5.2 Dutch legislation
The recommendations of ICRP were incorporated into Dutch legislation in 1986
except for the recommended limits on 2"2Rn-progeny concentrations in houses as
given in Table 1.4 (see also Section 1.5.1). In general, the level of the progeny
concentration in houses is well below these limits (see Section 1.3). In 1990 the
Dutch Government proposed a new system for the protection of the general pop-
ulation, radiological workers and the environment against the negative effects of
ionizing radiation [35]. The system is based on the formulation of risk limits,
an approach which enables the comparison of different kinds of risks for various
agents, and enables the treatment of exposure to radiation in a manner analogous
to the exposure to other environmental agents. In agreement with the legislation
for environmental protection the maximum permissible level of risk of early death
is established at the level of 10~5 a"1 for all sources. Moreover, it should not
exceed 10~6 a"1 for exposure to a single (existing) source while for new sources
it should not exceed 10~8 a"1, below which the risk is assumed to be negligible.
It was assumed that an exposure of 1 mSv corresponds to a risk of early death
of 2.5 x 10~5 a"1 [35]. In the system three categories of sources for exposure to
radiation are distinguished: i) functional application of radiation, ii) non-nuclear
industries and iii) sources connected to the living environment (dwellings and
building techniques). For the first two categories the system of risk limits will
be applied. The sources of the third category consist primarily of the exposure
to 222Rn decay products and to external radiation due to the natural occurring
radionuclides in soil and building materials. No risk limits are applied yet to the
latter sources with the argument that, at the moment, these sources can hardly be
influenced. However, due to the relatively high risk connected to the indoor ex-
posure to 222Rn decay products compared to the risks of other agents (Figure 1.6
in Section 1.4), in combination with the tendency of an increasing exposure in
the future, the Dutch government has given priority to the formulation of legis-
lation aimed at the reduction of this risk. As a first step, a 'stand-still' principle
has been proposed for building materials: a situation may not be worsened by
the application of new building materials. As a next step, and as a sequel to
the research programs SAWORA and RENA, a research program (STRATEGO)
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started in 1991 aimed at the investigation of the cost-effectiveness of remedial
actions.

1.5.3 Remedial actions
As indicated in Section 1.1 in many countries efforts are undertaken to reduce
the indoor 222Rn concentrations. Remedial actions refer to the choice of site,
the building materials used and the construction of the house. Only the latter
can be applied to existing houses. It should ideally involve techniques that are
long-lasting, require no maintenance or source of electrical power and are cost-
effective. Basically, there are two ways to mitigate against high 222Rn levels:
dilution of 222Rn inside the house or reduction of the 222Rn entry rate. One pos-
sible approach for dilution is by increasing natural ventilation of the dwelling or
by resorting to mechanical ventilation by fanning. To prevent high heat losses
the fan could be used in combination with a heat exchanger. Another possible
approach is to remove 222Rn decay products from the air by filtration or electro-
static precipitation. However, this will also remove the aerosols and will therefore
increase the 'unattached' fraction. As is indicated in Section 1.4, this means that
although there are fewer decay products in the air, the dose to the lung will in-
crease. In general, dilution is directed at alleviating the symptoms rather than
tackling the cause. A better way seems to reduce the entry rate of 222Rn by the
use of barriers, sealants and construction techniques. An alternative approach
is to apply a technique that reduces (or increases) the air pressure immediately
under the house, thereby disrupting the flow of 222Rn from underlying soil into
the house. Complicating effects are entry through pores or cavities in walls. If
the building has a crawl space the entry rate into the house may be reduced by
increasing the crawl space ventilation. This is possible by mechanical ventilation
or by increasing the natural ventilation.

From experiences reported in the literature [6, 32] it does not seem possible
to give a standard concept for the control of high 222Rn concentration in houses.
It should be pointed out that building practices and use of building materials are
quite regional. Therefore solutions worked out in one region are not necessarily
effective in region.

1.6 Ow this thesis
The SAWORA program (Section 1.3) made it clear that the understanding of
222 Rn concentrations in dwellings is not yet adequate for reliable and efficient di-
agnosis or to design cost-effective countermeasures for the control and mitigation
of high 222Rn concentrations in houses. For this understanding, more funda-
mental investigations aimed at identifying the mechanisms that determine the
infiltration of 222Rn into dwellings are needed. In this thesis we will describe our
investigations along this line of research.
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The purpose is to study experimentally the processes that determine the
infiltration of 222Rn into dwellings and to develop models that describe these
processes. According to a simple conceptual model, indoor 222Rn concentrations
are established as a result of 222Rn source terms (infiltration) and loss terms
(Figure 1.1). Examples of loss terms are nuclear decay and outgoing airflows.
Source terms are the diffusive and advectiv; exhalation from building materials
and the soil under the dwelling and ingoing airflows. We define the source strength
in a compartment as the sum of all diffusive and advective source terms except
for known ingoing airflows. The approach in the experiments is to deduce the
total infiltration, being the sum of all source strengths, from measurements of
concentrations, ingoing airflows and loss terms. The results are compared with
the results of measuring diffusive exhalation rates of the different materials in a
house.

Two lines of research may be distinguished: the first deals with the mea-
surement of static source strengths, the second with a dynamic description of
222Rn infiltration, using instantaneous methods for measuring 222Rn concentra-
tions in air and airflows. Development, calibration and assessment of instrumen-
tation plays a major role in both lines of research (Chapter 2). We performed our
field measurements in a single-family dwelling located in Roden in the Nether-
lands. One of the reasons for choosing this particular house was the continuous
222Rn research in njnd around the house that has been going on ever since 1980.
As a result of this research there is already information on time-averaged 222Rn
concentrations, ventilation, building characteristics and soil properties. Another
reason for the choice was the possibility of installing the rather voluminous equip-
ment needed for measuring 222Rn exhalation rates, 222Rn concentrations, as well
as the equipment for measuring airflows. Also this house was available for rather
long-lasting experiments. In Chapter 3 relevant physical properties of this house
are described together with an analysis of the time-averaged indoor 222Rn concen-
tration, considering only time-averages of airflows and 222Rn sources. In Chap-
ter 4 we describe a number of experiments in the test house with the purpose of
testing the multi-compartment model. The measurements in these experiments
yield source strengths for the crawl space and the dwelling for various conditions.
The analysis of these source strengths includes a.o. comparison with the source
strength measured with the exhalation meter. The measurements allow further
to analyze the 222Rn concentrations in terms of contributions from a number of
ingoing airflows and source strengths. This could provide a means to assess the
most effective measures against indoor 222Rn. In the last chapter (Chapter 5) a
summary and discussion of the results is given. In this chapter we also give, in
the form of an outlook, some recommendations for future investigations.



Chapter 2

Instrumentation for radon measurements

2.1 Introduction
F.J. Aldenkamp and P. Stoop

In this chapter we describe the selection, assessment, development and calibration
of equipment needed for measuring 222Rn exhalation rates and'222Rn concentra-
tions. Instruments used for measuring airflows are described together with data
acquisition equipment in Chapter 3.

A fundamental understanding of processes which influence the exhalation
of 222Rn and the concentration of its unattached and aerosol-attached short-lived
daughters is essential in the understanding of the operation of devices that mea-
sure 222Rn exhalation or concentration (Section 2.2.1). This pertains especially
to devices based on the electrostatic collection of unattached charged 222Rn-decay
products. In the framework of the SAWORA project (Section 1.1) the radiolog-
ical service of TNO developed such an instrument for in situ exhalation mea-
surements [39]. The design of this instrument originated from a procedure for
determing lowlevel 222Rn concentrations based on the deposition of 222Rti daugh-
ters on the surface of an o-detector with the help of an electrostatic field [40]. For
the exhalation measurements planned within the framework of our project, one
of these instrument was placed at our disposal.

We started with a study of the properties of this instrument, with the aim
being to study ways of improving the efficiency of the instrument, to investigate
its properties under various conditions and to perform an independent calibration
of the efficiency of electrostatic collection of 222Rn progeny. This study, described
in Section 2.2.2, revealed several aspects of the instrument which had not been
recognized before and which influence the interpretation of the data [41, 42]. On
the basis of the findings of these preliminary experiments we subsequently per-
formed a detailed investigation of the efficiency of electrostatic collection of 222Rn
progeny under various conditions (Section 2.2.3). The purpose was to determine
the most important environmental parameters influencing the operation of the
device. With the results of this investigation, the design of the instrument was
optimized (Section 2.2.4) and a measuring procedure described.

In general, techniques to measure exhalation rates consist of enclosing a
sample of the exhaling material in a sealed container or attaching a cylinder or
hemisphere to the actual surface of the material. For the determination of the
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exhalation rate use was made of the gradient of the 222Rn-concentration increase
or 222Rn-progeny concentration increase in the enclosure. It is expected that the
exhalation rate will be affected by this measuring technique. We assessed, on
the basis of the time-dependent diffusion theory, the consequences of this effect.
In addition, we addressed the question on how 222Rn exhalation rates should be
measured by assessing a number of analyzing methods (Section 2.2.5).

For the measurement of variations in time of the 222Rn concentration we
need a radon meter. Because of the relatively low 222Rn concentrations in the
Netherlands, a suitable instrument could not be bought or copied and we had
to develop a fast radon meter suitable to these low concentrations. The decay
characteristics of the 222Rn-decay chain almost inevitably cause a 'blurring' effect
on the time resolution of radon meters. In this chapter we describe and evaluate
measures to eliminate this effect.

2.2 In situ radon exhalation meter
F.J. Aldenkamp

2.2.1 Physical aspects of measuring radon exhalation
The exhalation rate E(t) of 222Rn from a porous piece of material is defined as
the flow of 222Rn to the surrounding air per unit area of the body surface and per
unit of time. The exhalation is a two-step process:

1. transport of 22zRn from the solid matrix to the pore space and
2. transport of 222Rn through the pores (or cracks) to the surface of the

body.
The first step, known as emanation, is caused by recoil due to the emission of an
Q-particle by the parent 226Ra atoms. The main mechanisms of transport of the
emanated 222Rn through the pores come about through diffusion, of which the
driving force is due to concentration gradients, and advection, with the driving
force being pressure gradients.

The 222Rn exhaled from surfaces will become dispersed in air and, being
chemically inert, migrate by diffusion and convection without significant inter-
action with trace gases, aerosols or other constituents of air. For a given 222Rn
concentration in air, the concentrations of the airborne progeny, being chemi-
cally reactive, can vary over a substantial range (Section 1.2). A large fraction
(about 85%) of the 222Rn progeny, formed upon a-decay from their parent (Fig-
ure 1.2), are as a result of the stripping of orbital electrons by the emitted a-
particle formed as positively charged ions [43]; the negatively charged fraction
of the decay products is found to be less than 0.5% [44]. The newly formed de-
cay products react very quickly with oxygen or active trace gases present in the
atmosphere and become small airborne clusters with diFTieters near molecular
size: 2 to 20 nm [45, 46]. In general, the free and clustered decay products are
considered to belong to the same, "unattached", state. Besides forming clusters,
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undergoing radioactive decay and being transported by air currents, these ra-
dionuclides attach to existing aerosol particles in the air, forming a radioactive
aerosol, called the "attached" state. Both the attached and unattached decay
products deposit on surfaces or in the human lung. In Figure 2.1, a schematic
presentation is given of the basic removal and transformation processes of the
progeny [47].

The properties of the unattached and attached progeny are so different
from a physical and dosimetric point of view that they are treated as separate
species. In all dosimetric models for the estimations of the radiation exposure, the
fraction of the unattached progeny is the important determinant (Section 1.4).
This fraction will also be an important determinant for the operation of de-
vices that measure 222Rn concentration by using electrostatic collection of its
progeny [39, 40, 48].

A fundamental understanding of processes which influence the exhalation
of 222Rn and the concentration of its unattached and aerosol-attached short-lived
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Figure 2.1: Removal and transformation processes of 222Rn progeny in air
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daughters is essential in the understanding of the operation of devices that mea-
sure 222Rn exhalation or concentration. In this section we will therefore discuss
these processes. In the last part of this section techniques for measuring 222Rn
exhalation will be discussed.

Radon exhalation

The ratio of the number of 222Rn atoms which escape from the grains to the
number of atoms formed by decay from radium in the solid is defined as the
emanation factor, fe. Within the mineral grain structure the recoiling 222Rn-atom
has a typical range of 20-70 nm, depending on density and composition [49]. The
grain size in soils and building materials is in the range of 1-1000 fim. Assuming
that the radium is homogeneously distributed in the grain, this means that fe is
about 5 X 10~2-5 X 10~5. However, for soils / e is measm-ed to lie in the range of
0.1-0.3 and a range of 0.01-0.3 is reported for building materials [50]. Though
the modelling of the emanation process is still far from complete, it has been
suggested that one of the characteristics of the material that may account for
the high emanation factors measured is that radium is concentrated at the grain
boundaries [49]. Other characteristics possibly playing a role in the emanation
process are the porosity, both of the material and individual grains, and the
amount of interstitial fluids The explanation for the latter may be the much lower
recoil range for 222Rn in water than in air: about 0.1 and 60 fim, respectively.
With pore dimensions typically of the order of 1 fim, this gives a 222Rn atom
entering a pore filled with air a high probability of penetrating an opposite grain
and becoming attached. When entering a pore partially filled with water the
222 Rn atom has a very high probability of terminating its recoil in water. From
there it is readily transferred to the air in the pore [51].

Diffusive flow of 222Rn through a plane in a porous homogeneous medium,
is described by Fick's first law:

J d = -eZ?VCRn, (2.1)

where, J^ is the net transport rate of the gas per cross-sectional area of the bulk
material at time t, CR.n(.-c, y, z, t) the time- and position-dependent concentration
of 222Rn in the pore volume, e the porosity, which is defined as the fraction of
the volume of the material that is composed of pores. Finally D, the interstitial
diffusion coefficient, which is a measure of the ease with which 222Rn can migrate
through the material and therefore of the continuity of the pores. The mobility
of 222Rn may also be expressed by its diffusion length, /, defined as the average
distance travelled by 222Rn in a medium within its lifetime:

I = \/D/\K,, (2.2)

where ARB is the decay constant of 222Rn: ARD =2.1 x 10~6 s"1.
For 222Rn in soil, a typical value of the diffusion length is 1 rn. The

porosity of the material is a relevant parameter since the transport of 222Rn
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through the material may be assumed to occur only via open pores. The porosity
of soil varies significantly from region to region, depending on geological nature
and compactness of the soil. For coarse sand, fine sand and clay ranges of the
porosity of 0.25-0.50, 0.30-0.50 and 0.40-0.70, respectively, are reported [52].
A typical value for soil is around 0.2 to 0.4, a value of 0.3 may be considered as
representative.

From conservation considerations the diffusive transport in an isotropic,
homogeneous medium is described by:

= DV2CRn - ARnCRn + 5. (2.3)

The first term on the right-hand side of Equation 2.3 describes the loss due to the
diffusive transport, the second the loss due to radioactive decay and the third term
describes the production, 5, due to emanation of 222Rn from the solid matrix.
The latter is given by:

5 = / e g A R n J R a , (2.4)

where g is the density of the bulk material, and JRa the specific activity of 226Ra
in the bulk material. For Dutch soils, JRa has been measured to be in the range
of 5 Bq kg""1 for peat to about 50 Bq kg"1 for clay, with an average value of about
25 Bqkg"1 [53]. Using a density of 1.5 x 103 kgm~3 and the typical values of
the other parameters given above, we arrive at about 190 Bqm~ 3 h - 1 for the
production of 222Rn in soil.

The solution of the time-dependent diffusion Equation 2.3 is a complicated
matter [54] (Section 2.2.5). We will consider some situations by simplifying the
general problem: we assume media which have infinite dimensions in the x- and
^-direction and neglect the time dependence, i.e. we solve the problem for the
steady state. Equation 2.3 can then be written as:

£>V2CRn(z) - ARnCRn(*) + 5 = 0. (2.5)

To find the solution for a specific case, the boundary solutions should be taken
into account: continuity in concentration and flux at the interface of two me-
dia. For infinitely, homogeneous and isotropic materials it follows from Equa-
tions 2.1 and 2.5 that the exhalation rate, E, corresponding to a steady-state flow
of 222Rn is described by:

E = elS. (2.6)

For the typical soil parameters given above this means an exhalation rate of about
1

A more general example is that of an impermeable layer in the material
at depth d and a finite layer of air above the surface with height h (Figure 2.2),
e.g. soil in a crawl space with height h and a groundwater table, considered to be
impermeable, at depth d. The steady-state exhalation rate is then described by:
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sinh(d/0
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Figure 2.3 gives the relationship between the depth of the groundwater table, d,
and the exhalation rate according to Equation 2.7.

As a last example we consider the 222Rn-exhalation from a wall. Assuming
that the concentration of 222Rn on both sides of a wall, with thickness d, can
be neglected in comparison to the concentration in the pore space of the wall
material the exhalation rate is given by:

E = dStanh(~-). (2.8)

For Dutch building materials the specific activity for 226Ra is in the range of 10-
20 Bqkg"1 for concrete, 30-50 Bqkg"1 for brick and 1-10 Bqkg"1 for natural
gypsum [55]. Using typical values of the other building material parameters, as
given in for instance [56], we arive at an exhalation rate for building materials of
about 5 Bqm~ 2h - 1 .

In daily life the situation is much more complicated than described above.
For non-homogeneous materials or in the situations of 'cracks', the diffusion pro-
cess is much more complicated, and in general an analytical solution does not
exist, except for the simplest geometries [57]. The presence of pores (partially)
filled with water will also complicate the description of the diffusion. It has been
found that at a certain level of moisture in the material the exhalation due to
diffusion is maximal [51]. This observation is explained, on the one hand, by the

d+h

CRAWL SPACE

Figure 2.2: Schematic presentation of a finite layer with thickness d above groundwater
table (representing an impermeable barrier) and on the other side a finite layer of air.
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following: (i) there is the effect of moisture on the emanation explained above
(see page 28), (ii) moisture may hinder the adsorption of 222Rn gas on internal
surfaces of the material, resulting in an increase of the exhalation, and (iii) if
there is a moisture-content gradient in the medium, active transport of 222Rn on
water molecules may take place [6, 58]. On the other hand, the 222Rn diffusion
coefficient for water is only 1 x 10~9 m2 s~l compared to the diffusion coefficient
of 1 x 10~"6 m2 s~J for air. Thus, above a certain moisture content the reduction
in diffusion may therefore dominate over the enhancement in exhalation. It may
therefore be concluded that for an accurate determination of the exhalation rate
due to diffusive transport, a detailed knowledge of the material parameters is
necessary. An alternative is to measure the exhalation rate in situ.

The other main transport process of 222Rn in the pores of a materal is the
process of advective How: the flow of a gas in a porous medium under the influ-
ence of a pressure gradient. It has been found that the passage of an atmospheric
pressure front may cause a temporal variation in 222Rn exhalation from soils and
building structures. This variation is caused by the pressure gradient between
the outside air and the pore gas. For uncovered soil, a pressure drop of 1% has
been found to increase the exhalation rate by 20-60%, compared to the exhala-
tion rate associated with diffusion from concentration gradients [59]. The 222Rn
exhalation for uncovered soil averaged over a year is found to be close to that
expected for molecular diffusion, which suggests that for uncovered soil, molec-
ular diffusion dominates over the transport by advection [60]. In general, small
though persistent, pressure differences of the order of a few Pa may be maintained

LU

0.0 0.5 1.0 1.5 2.0 2.5

d(m)

Figure 2.3: Exhalation rate for the situation presented in Figure 2.2.
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by the effect of winds around the house and differences in temperature indoors
and outdoors [57, 61, 62]. Sustained pressure differences between the indoor air
and the pore air of the nearby soil can be effective in inducing the flow of soil air
into a building [6]. Under certain assumptions the process of advective flow can
be given by Darcy's law [63]

v{t) = - -VP(t), (2.9)

where, v(t) is the flow velocity of the gas at time t, VP(t) the pressure gradient,
fi the dynamic viscosity of the gas and k the permeability which describes the
continuity of the interstitial pore spaces and the ease of flow of air under a pressure
gradient in the medium. Advective flow of 222Rn «7a(£), through an area in a
porous homogeneous medium is then expressed by:

^ t ) . (2.10)

The permeability of the soil appears to be the most important parameter in
determining whether diffusive or advective transport processes will be dominant:
advective flow becomes more important with increasing permeability [3],

Removal and transformation processes of radon progeny in air

After formation the airborne 222Rn progeny will migrate because of random col-
lisions with surrounding air molecules. Through this process the progeny may
collide and adhere with aerosols, becoming an attached decay product [64]. For
the attachment rate of 222Rn progeny to aerosols, Aa, a dependence on the aerosol
concentration and diameter has been established [65, 66]. In ambient environ-
ments the size distribution and the concentration of the aerosols will change in
time, due to coagulation and deposition processes. Fresh aerosols, e.g. due to
cooking or traffic, have a mean diameter of about 0.01 jj.m and a concentration
in indoor air which may amount to 5 X 105 cm""3, whereas aged aerosols have
a mean diameter of about 0.1 //m and concentrations of 1 x 103 cm"3 [66]. In
ambient environments Aa has been reported to be 5 X 10""1 s~l for "fresh" and
2 x 10~3 s~] for "aged" aerosols [66]. Up~»n subsequent a-decay of the 222Rn
progeny (Figure 1.2), the recoil energy is sufficient to break the chemical bounds
between progeny and aerosol and detachment may occur; e.g. 2 I4Pb is formed
with a recoil energy of about 100 keV. The probability of this detachment process
is estimated to be in the range of 50 to 83% [47, 67]. It is very likely that the
presence of charge on either the decay product or the aerosols will have little effect
on the attachment process [68]. The recoil energy of /?-decay is in the order of a
few eV, which is not sufficient for detachment.

The main mechanism for deposition of aerosol particles on surfaces is by
Brownian diffusion, driven by a concentration gradient. Other less important
processes are [64]:
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• deposition due to the weight of the particle (gravitational settling),
• deposition due to temperature gradients (thermophoresis),
• deposition due to illumination of one side of the particle (photophoresis),
• deposition due to the presence of an electrostatic field (electrophoresis).

In general, temperature gradients between the walls and the atmosphere of an
enclosure give rise to free convective flows. Due to this so-called "stirred" atmo-
sphere the aerosols will be homogeneously distributed inside the enclosure [64].
Deposition on the walls is only possible when particles penetrate in the stagnant
boundary layer in contact with the walls. Assuming a linear concentration gradi-
ent over this layer, the decrease of the aerosol concentration, cn, in the enclosure
due to diffusional deposition, is described by Fick's law;

-£r tell)

where D is the aerosol diffusion coefficient, 8 the thickness of the stagnant bound-
ary layer, V the volume and A the total surface of the enclosure. From Equa-
tion 2.11 the rate constant for the diffusive deposition, plate-out rate Ap, may be
obtained:

AP = | £ . (2.12)
A review of experiments on diffusional deposition of aerosols in an enclosure is
given in reference [64]. From a set of six experimentally determined values of 8,
with the corresponding values of the diffusion coefficient D, a relation between 8,
m and D, m2 s"1, was found [64]:

«5 = 4.6xD0-265 . (2.13)

For the 222Rn decay products, diffusion coefficients measured are of the order
of 1 x 10~5 and 1 x 10~9 m2 s~~l for the unattached fraction and the attached
fraction, respectively [43, 66, 69]. For a room with a surface area of A = 90 m2

and a volume ••'" V = 50 m3 we may calculate with the Equations 2.13 and 2.12
the plate-out rate Ap to be of the order of 1 x 10~3 and 1 x 10~6 s"1 for the
unattached and attached fraction, respectively.

Aerosol particles carrying an electric charge, e.g. when produced by com-
bustion, are transported in an electric field. Electrophoretic removal can therefore
be important in enclosures if the wali.-> are electrically charged. Walls made of high
resistivity material like glass or plastic may be charged up to 1 X 10~13 C m ' 2

by simply rubbing the surface. Deposition in a plastic chamber can therefore be
exclusively due to electrophoresis. However, treatment of the enclosure with a
solution of any common laboratory detergent can lead to almost complete elim-
ination of electrophoretic deposition [64]. When particles carry a charge, image
charges are formed at conductive surfaces, also leading to Coulomb attraction.
Electrophoretic deposition will be limited to particles in the stagnant boundary
layer at the enclosure walls. The velocity of electrophoretic movement, ve, in this
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boundary layer opposite charge islands on the surface of the walls, is related to
the strength E of the electric field and the electric particle mobility (ie:

g ^ (2.14)

where ge is the charge on the walls, Ae the area of the charge islands and e the
absolute dielectric constant of air. The deposition rate due to the electrophoresis
of charged aerosols, Aec, in an enclosure is then given by:

Ae Heqe /oi-i

For the charged attached fraction of 222Rn progeny, diameters in the range of
0.01 to 0.1 fim, the electrical mobility is reported to be in the range of 1 x 10~7

to 1 X 10~8 m2 V"1 s~x [64]. For the free fraction it is estimated to be about
1 x 10~4 m2 V""1 s - 1 [45]. A further quantitative treatment of electrophoretic de-
position is difficult because it requires exact knowledge of the charge distribution
of the aerosols and of the surfaces in the enclosure. Moreover, it has to be taken
into account that the aerosols and the charge islands on the walls are usually
bipolarly charged.

Various processes may lead to neutralization of charged decay products.
One of these processes is a recombination with negative air ions. The latter
are created for example by ionization of air in the process of radioactive decay:
the 5.5 MeV a-particle created by the decay of 222Rn will create on the average
4 x 104 ion-pairs per cm [70]. Neutralization by the process of ion recombination
may be described by:

= -u,n(t)C(t), (2.16)

where C(t) is the concentration of the charged decay products, u> the recombina-
tion coefficient and n(t) the concentration of negative air ions. The neutralization
rate due to the recombination process is: Anr = um. The concentration n of air
ions builds up at a rate [43]:

^ = q(t)-um2{t), (2.17)

where q is the rate at which ions are formed per unit volume; it is assumed that
the concentration n is the same for both negative and positive air ions. For the
steady state, t —> oo, the solution to Equation 2.17 is: n(oo) = yfqJZi. The
production rate q is proportional to CR,, [43] and Anr is therefore proportional to
the square root of the 222Rn concentration Anr oc I/WCR^. It amounts to about
4 x 10~3 s"1 at CRH = 40 Bqm~3 [45]. Neutralization may also be due to electron
transfer from neutral molecules with a lower ionization potential. In air, 218Po
oxide species are rapidly firmed by the reaction of the 218Po ion with atmospheric
O2 [71]. The ionization potential for the 218Po oxide has been found to be about
10 eV [72]. In common air, NO, NO2 and many organic vapours qualify for an
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electron donor. For a concentration of these gases at the parts per billion (ppb)
level, common for ambient air, the neutralization rate due to electron transfer,
Ant, is estimated to be in the order of 0.1-1 s~1 [45]. It has been found that
the neutralization rate changes with changing air humidity [48, 73, 74, 75]. From
measured neutralization rates, Chu and Hopke [72] deduced a quantitative re-
lationship between the average neutralization rate of 222Rn decay products and
the water vapour concentration, Anh = Lliy/IH^O], where {H2O] is the vapour
concentration in ppm. Neutralization therefore depends on 222Rn concentration,
the concentration of trace gases and on water vapour concentration. In the liter-
ature various measurements have been reported on the neutralization of charged
222Rn-decay products but no definite values are available. Moreover conflicting
results have been reported on the influence of air humidity. In an investigation of
the influence of electric charge and humidity on the diffusion coefficient of 220Rn
progeny in "clean air", Porstendorfer and Mercer observed a decreasing electro-
static collection efficiency with increasing thoron concentration, attributing it
to neutralization by the recombination process [43]. Moreover, they observed a
significantly higher collection efficiency in moist air than in dry air. This latter
effect diminished with increasing field strength. In contrast with this, experiments
with continuous flow-through 222Rn monitors based on electrostatic collection of
218Po showed a decreasing electrostatic collection efficiency with increasing hu-
midity [48, 74]. The latter results are in agreement with the above-mentioned
findings by Chu and Hopke [72].

Leung and Phillips [44] investigated electrical and diffusive properties of
222Rn progeny under various conditions:

• in a pure argon atmosphere,
• in a mixture of argon and common air,
• in air without NO2 and
• in air with traces of NO2-

They found that in a pure argon atmosphere recombination is the main neutral-
izing process, with a rate, Anr, which can be expressed as:

Anr = aC&n. (2.18)

where Anr and CRH have dimensions s"1 and Bqm~3, respectively. In this Equa-
tion 6 has been found to have the value of 0.6. This value is slightly larger than
the value proposed by Porstendorfer (Equation 2.17). The value of a appeared to
be humidity dependent [44]. The authors suggested that charge transfer becomes
the dominating process at high trace gas concentrations. From their experiments
they conclude that in air, charge transfer is the dominant neutralizing process.
Moreover, their results suggest a slight (< 50%) increase of the neutralization rate
at CR,, ~ 0.1 X 106 Bqm~3, with air humidity increasing from 15-100%.

Table 2.1 gives a summary of the time constants for removal and transfor-
mation processes of 222Rn progeny in air. The experimentally determined values
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of the rate constants span a broad range and often conflicting results are reported
in the literature, e.g. on the influence of humidity on the neutralization rate. The
deposition of the unattached progeny and the formation of the radioactive aerosol
by attachment are fast competitive processes that determine, to a large extent,
the equilibrium factor, F, of the 222Rn progeny in air (Section 1.2). The presence
of charge on newly formed decay products results in increased interaction with
the surrounding atmosphere and will therefore influence the rate constants of the
attachment and deposition process. Neutralization is a fast process compared to
decay, attachment or deposition. For the aerodynamic behaviour of the 222Rn
progeny the neutralization rate is therefore an important parameter.

Radon exhalation measuring techniques
Various experimental techniques to measure the exhalation rate have been de-
scribed [40, 39, 55, 77, 78, 79, 80]. The most common technique consists of
enclosing a sample of the exhaling material in a sealed container [77, 78, 79].
The exhalation rate is derived from the increase of the 222Rn or 222Rn-progeny
concentration as a function of time in the container, and in particular from the
derivative at t = 0. Disadvantages of this method are that sample-taking changes
the structure of the material, and therefore the exhalation rate, and that it does
not take into account that the 222Rn exhaling from a surface may originate from
deeper lying materials. Scaling up the results obtained for small samples may
therefore be a complicated matter. Moreover, such a method will not be applica-
ble to determining the exhalation rate of for example surfaces in an existing house,
where only in situ measurements can be carried out. These measurements concern
the exhalation rate of the surface of walls, floors and soil in the crawl space of
a house. For this purpose instruments which consist basically of a cylinder or a
hemisphere attached to the actual surface of the material are used [39, 40, 80].
With these instruments the exhalation rate is also determined from one or more
measurements of the concentration of either the 2?"Rn or the 222Rn daughters
in the detection volume. Again, for the in situ method one is limited to mea-
suring the exhalation from a small part of the exhaling surface and for scaling
up the results, the homogeneity of the material has to be considered. A direct
measurement of the advective part with an (air tight) container is, in general, not
possible since there will be no sustained pressure differences between the air in
the container and the pore air of the material onto which the container is placed.
Therefore, only the contribution due to the diffusive part will be determined.

The 222Rn concentration in the detection volume as a function of time is
given by

V A

<W0 - ^ (1 - e-X'1) , (2.19)
where the exhalation rate, E, is assumed to be independent of time, A the area
of the material covered by the container with volume V and the effective decay



2.2. IN SITU RADON EXHALATION METER- F.J. Aldenkamp 37

• Table 2.1: Characteristic time constants for removal and transformation processes of
222Rn decay products in air.

Process

Radioactive decay
222 Rn
2 I 8Po
2 1 4Pb
2I4Bi
214Po

Venti/ation

Attachment

Time constant (s l)

2.1 X 10-6

3.8 x 10"3

4.2 X 10~4

5.8 X 10~4

4.2 X 103

( 0 . 6 - 6 ) X 10~4

0.002 - 0.5

Comments

Ventilation rate is defined as
the airflow rate divided by
the buildings volume, typi-
cally 1.4 X 10~4 s"1

(0.5 h - 1 ) [76].
Depends on the size and
con-

Deposition

Neutralization

Small-ion
recombination

Charge transfer

10~6 - 10"

0.004 - 0 . 1

0.1 - 1 0

centration of the aerosols;
lower value is valid for
the attachment to "aged"
aerosols, higher value for
"fresh" aerosols [66].
Deposition (plate-out) onto
surfaces; lower value for the
attached fraction whose dif-
fusion coefficient is 3 to
4 orders less than for the
unattached fraction [69, 45].
Depends, in general, on
222Rn, trace gas and humid-
ity concentrations in the air.

Corresponds to 222Rn con-
centrations in the range
of CRn = 4 - 40 000 Bq m~3

(Eq. 2.18) [45]).
Measured for ambient air,
depends on the trace-gas
concentrations [45].
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constant, Ae, the sum of the radioactive decay constant, AR,,, and a leak constant,
At, representing leakage of air out of the detection volume. The value of E can
be deduced in principle in two ways. The first method is to determine the time
derivative at t = 0, which requires a rather short measurement. However, espe-
cialy porous materials give large values of A/ and the linear approximation will
only be valid for a short time interval (Equation 2.19). As will be shown later
(Section 2.2.5), accurate values of E can only be determined from an analysis of
the growth curve, measured until the steady-state value of Cnn is obtained. This
method has the additional advantage of yielding a value of A/, which may provide
information of the diffusive properties of the sample. A disadvantage is the longer
measuring time needed to find the value of the steady-state concentration.

In general, the air surrounding the exhaling surface may be considered to
be 222Rn free, e.g. as similarly found in a ventilated room. For this situation
the exhalation rate is called the "free" exhalation rate, E{. Sealing a part of
the body surface with a non-ventilated and relatively small volume, leads to a
gradual increase of the 222Rn concentration above the surface. Since there should
be continuity in concentration, the concentration in the sample will then also
increase. According to Fick's law (Equation 2.1) such an increase will lead to a
decreasing exhalation rate [78, 81]. The time it takes to reach the steady state,
the so-called "bound" value, and the ratio between the bound and free exhalation
rate depends on a number of parameters, e.g. porosity of the material [78, 81].
The assumption of a constant exhalation rate used in Equation 2.19 is therefore
not generally valid and one should critically assess whether the "reshaping" of the
concentration in the material by the placement of the instrument has an important
effect (Section 2.2.5).

For the concentration measurements the container is connected to a detec-
tor system for continuous measurements [39, 40, 80] or samples are taken from
the air in the container [78] or the container is filled with activated charcoal [82].
The latter permits only an integrated measurement. By using containers filled
with activated charcoal the effect of the time dependence of the exhalation rate
due to the placement of the container is largely eliminated because activated char-
coal virtually adsorbs all 222Rn. The main problem with the activated charcoal,
however, is that due to the decay of the adsorbed 222Rn, the iesult is dispropor-
tionally influenced by variations in the 222Rn concentration during the last part of
the exposure [83], By using a combination of a charcoal container with a Thermo
Luminiscence Dosemeter (TLD) the influence of this effect may be reduced [80].
A detection limit of 25 Bqm"2 h~l has been reported for this method [80], which
is too high for reliable exhalation measurements of Dutch building materials (Sec-
tion 2.2.1). The second method has the disadvantage that the measuring volume
of the exhalation meter is exposed to pressure variations due to sample-taking.

An instrument for in situ exhalation measurements based on continuous
measurements of the increase in 222Rn, or the 222Rn daughter, concentrations
was developed by Keller [40]. The design originated from a procedure for the de-
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termination of low-level 222Rn concentrations. The main feature of the method is
to deposit 222Rn progeny on the surface of an a-detector with the help of an elec-
trostatic field. Due to the relatively short range of about 4 cm of a-particles in air
(Section 1.2), the detector is only sensitive to a-particles originating from a-decay
near the detector. To enhance the detection efficiency, one takes advantage of the
initial positive charge of a large fraction of the 222Rn-decay products. A similar
instrument was developed within the framework of the SAWORA project [39]. For
this instrument (intended to be used for the exhalation measurements within the
framework of the investigations described in this thesis, Section 2.2.2), a detection
limit of 0.2 Bqm~2 h"1 was calculated for a measuring time of seven hours. The
increase of the 222Rn concentration in the detection volume of the instrument is
assumed to be proportional to the increase of the 222Rn-daughter count rate of
the detector. However, the overall efficiency of the collection of the 222Rn-decay
products is reported to be to some extent dependent on humidity within the mea-
suring volume [39]. In general, the collection efficiency of such an instrument
will depend on the competition between electrostatic forces transporting positive
progeny ions to the detector and removal or transformation processes like neu-
tralization, attachment and plate-out. The rate constants of these processes are,
to some extent, influenced by environmental parameters like concentrations of air
humidity, aerosols and trace gases. In practical situations these environmental
conditions will not be constant. A quantification of the influence of the transfor-
mation and removal processes on the operation of these instruments is therefore
necessary. In Section 2.2.3 the influence of the above-mentioned processes on
the operation of the instrument used for exhalation measurements in our study
(Section 2.2.2), will be discussed.

2.2.2 Preliminary measurements
Introduction

Figure 2.4 shows the instrument for measuring the exhalation within the frame-
work of our project [39]. The instrument consists of two coaxial perspex cylinders
at one end glued to a perspex plate. Its open end is to be placed onto the material
to be measured (Figure 2.4). The inner volume enclosed by the cylinders is the
actual measuring volume with a height and diameter of 20 cm. In the perspex
plate an a-particle ZnS(Ag) scintillator is mounted, covered with light resistant
aluminized mylar foil. The other side of the scintillator is optically coupled to a
photomultiplier. An electrostatic potential of about 110 V is applied between a
metal grid, mounted near the open end of the chamber, and the mylar foil. The
detector pulses resulting from o-decay of deposited 222Rn daughters are discrim-
inated from other pulses and counted during successive periods of 1800 s. After
the instrument is placed on a surface, the increase in the counting rate due to
the decay of the deposited 222Rn decay products is determined. Prior to each
measurement, both volumes of the instrument are during a few minutes flushed



40 2. INSTRUMENTATION FOR RADON MEASUREMENTS

with nitrogen gas in order to be sure that at the beginning of the mecisurement
the 222Rn concentration is zero. The results of the individual measurements are
stored and can be analyzed at the end of the experiment. The 222Rn exhalation
rate is determined from the gradient of the increasing count rate. In the analysis
one assumes that the 222Rn exhales at a constant rate, and that within the first
hours of the measurement the increase in the 222Rn and 222Rn-datighter concen-
tration within the measuring volume is linear, which is within a few per cent
allowed [39, 40, 78] (see also Section 2.2.1). With this method the increase in the
count rate for only the first 5-7 hours is used for the determination. To relate the
counting rate to the exhalation rate the instrument was calibrated by measuring
the count rate of the detector for a known 222Rn concentration in the measuring
volume. From this calibration it was calculated that an increase in the count rate
of 1.8 h"1 corresponds to an exhalation rate of 0.26 Bq m~2 h"1. From the back-
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Figure 2.4: Cross section of the 222Rn exhalation meter as developed within the frame-
work of the SAWORA project [39].
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ground count rate of about 5.8 h 1 a lower detection limit of 0.18 Bq m~2 h"1

was calculated for a measuring time of seven hours [39].

Results

For the purpose of testing the instrument, reasonable counting statistic were
needed. We therefore used a piece of uranium ore on a perspex plate as a source
of 222Rn . A typical curve of the count rate is shown in Figure 2.5. The general
trend follows the expected shape (Equation 2.19) but in addition deviations evi-
dent, namely the bend in the curve at t = 400 min. and several 'dips'. If such dips
are present in the first part of the curve they may not be recognized as such, due
to poor counting statistic, and may result in large uncertainties in the exhalation
rate determined from the assumed linear initial part of the curve.

No evidence was found that the structures were due to instabilities in the
photomultiplier or the electronic circuit [41, 42]. In the design of the instrument
no special precaution was taken to make it air-tight. Pressure differences between
the air in the measuring volume and in the room were of the order of 1%. This
is not enough to explain quantitatively the observed dips in the growth curves
from a change in the leakage rate of the instrument. After noticing an almost
diurnal pattern in the dips we searched for correlations bccween the structures
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Figure 2.5: Count-rate curve for a piece of uranium ore in the exhalation meter, clearly
showing "dips" and the bend, indicated by the arrow, in the curve at t = 400 min.
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and changes in environmental conditions. It was found that the occurrence of
dips was correlated with changes in temperature and light. Injecting some smoke
into the measuring chamber resulted in an immediate decrease in the count rate,
indicating a clear correlation between the count rate of the detector and the
aerosol concentration in the measuring volume. As described in Section 2.2.1, the
detection of a progeny ion depends on the competition between the electrostatic
forces transporting these ions to the foil in front of the detector and removal or
transformation processes like neutralization, attachment and plate-out. The effect
of smoke could be due to a change in the attachment rate of the 222Rn progeny,
the effect of light could be due to photophoresis, although this is expected to have
only a minor effect, and the effect of temperature may be correlated to a change
in air humidity, which affects the neutralization rate.

A further source of uncertainty in the collection efficiency of the charged
222Rn-decay products is the shape of the electrostatic field in the instrument. The
measuring volume is made of perspex and, because of this, the field lines will end
not only on the foil in front of the detector but on any grounded part around
the grid, also outside the perspex walls. Some of the field lines may therefore
"penetrate" the perspex and in doing so deposit positive charges such as charged
222Rn progeny or ordinary aerosols. This effect will create charge islands on
the perspex which might change the shape of the field around the detector with
measuring time and thereby the efficiency with which the charged 222Rn decay
products are collected onto the detector foil. Moreover, there is also the possibility
that the perspex will be charged by simply rubbing the surface. It is not clear
to what extent possible changes in the shape of the electrostatic field occur and
what their influence is on the collection efficiency. Measurements were made with
a different electrostatic field configuration in which the inner cylindrical surface of
the detection volume was covered with an aluminium foil on the same potential as
the grid. The increase in the count rate by about 25% suggested better collecting
conditions.

Discussion
In practical situations, environmental conditions like temperature will not be
constant, while also leakage rate, air humidity and aerosol conditions might differ
from situation to situation. For instance, in measurements of the exhalation
rate from humid soil the air humidity in the measuring volume and the leakage
rate is expected to differ considerably from those in measurements on walls in a
heated house or in calibration measurements in the laboratory. Based on these
considerations and on the findings from the preliminary measurements, it was
decided to do a more detailed study of the electrostatic collection efficiency for a
range of values for temperature, relative humidity and electrostatic field strength.
The purpose of this study, described in the next section (Section 2.2.3), is to
provide information that may be applied in optimizing the design and operation
of the instrument for 222Rn exhalation measurements.
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2.2.3 The electrostatic collection efficiency of the instrument for 222Rn
exhalation measurements

Introduction

Whether or not a progeny ion is detected in devices that measure 222Rn con-
centration by means of electrostatic collection of its progeny will depend on the
competition of electrostatic collection with neutralization and other removal or
transformation processes [39, 40, 48]. The rate constants of the processes are, to
some extent, influenced by environmental parameters like concentrations of hu-
midity, aerosols and trace-gases in the air (Section 2.2.1). In practical situations
these environmental conditions will not be constant.

The influence of the transformation and removal processes on the opera-
tion of the instrument to be used for exhalation measurements in our study are
quantified. For the investigations a new instrument made out of metal with an
air- and light-resistant measuring volume, with about the same dimensions as the
instrument described in Section 2.2.2 (Figure 2.4), was built. This instrument is
expected to have a better defined electrostatic field and also the effect of some
other possible sources of uncertainty like the influence of light and air leakage will
be reduced (see Section 2.2.2). The measurements focused on determining the ef-
ficiency of the electrostatic collection on the detector of the 222Rn-decay products
for a range of temperatures, relative humidities and electrostatic field strengths.
Therefore the measurements were carried out with a sealed-off instrument and
with precautions to regulate and monitor temperature and relative humidity.

A model for electrostatic collection of free ionized 2I8Po and 214Po [75]
is used to describe the competition between electrostatic collection of charged
222Rn-decay products and removal or transformation processes. The model takes
into account neutralization, radioactive decay, attachment, plate-out and electro-
static deposition. Based on the model description, mass-balance equations can
be worked out for each of the decay products for a steady-state situation. A the-
oretical value for the electrostatic collection efficiency may be derived from these
equations and can be compared to the actual measurements to derive a value
for the parameters of the removal or transformation processes. By doing this we
get an indication of the relative influence of the various removal processes on the
collection efficiency.

TJieoreticai description

Figure 2.6 presents schematically the behaviour of 222Rn-decay products in air in
the presence of an electrostatic field (see also Figure 2.1 given in Section 2.2.1). In
this figure nf represents the concentration of the unattached charged fraction of
the decay products, n* the concentration of the unattached neutral fraction and
n* the concentration of the combined attached and plated out fraction. The mean
number of ions present per unit area on the detector surface is indicated by n-,^
(ions per m2). The index i refers to the sequence number of the decay products
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with i = 0,1,2,3,4 to indicate 222Rn, 218Po, 214Pb, 214Bi and 214Po, respectively.
In general, the rate at which decay products are removed or transformed by
a certain process is equal to the product of concentration and a time constant
characteristic for that process. In Figure 2.6 these constants for neutralization, the
combined attachment and plate-out process and radioactive decay are indicated
by An, Aa and A;, respectively. The quantity fi denotes the fraction of neutral
222Rn daughters, z, which will have a positive charge after decay. As mentioned
in Section 2.2.1, for 218Po f0 = 0.85. Usually one assumes a similar value for / i ,
whereas for 0 decay (/2 and / 3 ) / = 0. This implies that the /? decay of 2 1 4Pb,
resulting in 214Bi and 214Po, does not alter the charged status. After the decay of
222Rn, a fraction, /o, of the progeny 218Po will be ionized and a part, Aec, of this
ionized fraction will be electrostatically collected on the detector. The other part
will plate out on the walls and attach to aerosols (Aa), is neutralized (An), or decays
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Figure 2.6: Schematic presentation of the behaviour of the short-Hved 222Rn-decay prod-
ucts in air in the presence of an electric field.
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(A;). In the process of decay a part (Ai/i) of the unattached neutral fraction,
(1 — /o), of 218Po is ionized, in this way enhancing the fraction of the unattached
charged progeny 214Pb. All through the decay chain similar processes will take
place. Based on inventorizing removal and transformation processes given in
Section 2.2.1, a number of assumptions are made in our approach (Figure 2.6):

• the neutralization process is considered to be fast compared to the processes
of attachment and plate-out (Table 2.1 in Section 2.2.1). Therefore in our
model attachment and plate-out are considered as one combined process.

• since attachment is only a minor process, detachment is considered to be
a second-order process and will be neglected in our approach.

• the concentration of negative ions, attached and unattached, are neglected
(Section 2.2.1) and we assume that the charged fraction remains charged
in subsequent decay.

• due to their low mobility, the probability that the attached charged decay
products will reach the detector before they have decayed or are neutralized
is small. We will therefore assume that only the unattached progeny ions
will reach the detector by electrostatic collection.

• deposition on the detector foil due to diffusion is assumed to be a much
slower process compared to electrostatic collection and is ignored.

To derive the mass-balance equations we consider the change of the particle con-
centrations in an infinitesimal volume, AV. The ion flow density of unattached
progeny ions i, &j(r,t), due to thr presence of an electrostatic field E(r) is:

#+(r,*) = v{r)nf(r,t) = pE(r)nt(r,t), (2.20)

where v is the velocity, r a vector with the coordinates of the position of AV,
and fj, the mobility of the ions. The rate of change of the concentration of the
charged unattached fractions (Figure 2.6) is then given by:

with

\? = Ai + An + Aa. (2.22)

The first term on the right side of Equation 2.21 contains the production of ions i
by nuclear decay of the neutral and charged fractions of species i — 1, the second
term is the transformation of ions i by their nuclear decay, attachment, plate-out
and neutralization (Equation 2.22), and the third term is the transport due to
the electric field. Similarly, the concentration of the unattached, neutral fraction
is given by:

+ A.)n?(r, <) + ABn+(r, t), (2.23)
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where the right side of the equation contains the production of neutral decay
products i by the nuclear decay of species i' — 1, the loss by nuclear decay and
the combined attachment and plate-out process, as well as the production by the
neutralization process of the charged species i. At the detector the rate of change
in the mean surface concentration is given by:

^ = A._, n._hi _ A.n.)f + jjjjA [#(r, Olfo,, • n] dAf, (2.24)

where Af is the surface of the detector, n a unit vector pointing at right angles to
the surface of the detector and dAf the area of an element of the detector surface.
The first two terms of the right-hand side of Equation 2.24 contain the production
and loss due to nuclear decay of species i present at the detector, the last term
represents the electrostatic deposition of the charged unattached fraction onto the
detector. The efficiency of the electrostatic collection on the detector of progeny
i is defined as:

*,c = 7^ , (2-25)

where J,-̂  is the activity of decay product i deposited on the detector, with /;,f =
A; nhi Af. IQ is the 222Rn activity in the volume of the instrument with Jo —
Ao TIQ V; V is the volume of the instrument.

For the measuring volume of the exhalation meter we use a cylindrical
symmetric geometry; the three-dimensional description may be reduced to a two-
dimensional description by using cylindrical coordinates. In general, an analytical
solution to the time-dependent differential equations given above does not exist.
Originally we thought that analyzing our experimental results with the solution
to these equations, assuming parallel-plate geometry would despite the simplifi-
cation in the description of the electrostatic field, indicate to us the influence of
the various removal processes qualitatively and the relative order of the magni-
tude of the values for their rate constants. In retrospect, however, it turned out
that this is not possible. This became clear from a calculation of the field lines
and equipotential lines for the approximate configuration of the measuring vol-
ume using a numerical solution of the Laplace equation with suitable boundary
conditions; an electrostatic field is introduced by putting cylinder and lids at a
positive voltage of Vc = 100 V and the detector at ground potential. The results
are plotted in Figure 2.7. From this figure one must conclude that it is not pos-
sible to use a mean field strength in the measuring volume. It is estimated that
in more than 2 /3 of the measuring volume the field strength is 5 Vcm"1, while
close to the detector the field strength increases strongly (see Figure 2.7). This
situation is quite different from the parallel-plate geometry. For realistically eval-
uating the performance of the instrument in terms of rate constants of removal
and transformation processes, techniques that allow a numerical evaluation of the
Equations 2.21 through 2.24 with E(r) = E(r, z) have to be applied [84]. Within
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Figure 2.7: Schematic presentation of the field lines and equtpotential lines in the cylin-
drical symmetric geometry of the measuring volume.
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the framework of our project, however, we did not find the possibilities to do sue
an evaluation.

The theoretical description of the electrostatic collection, assuming paralli
plate geometry is, however, still thought to be valuable. For instance by usin
an electrostatical collection apparatus consisting of two parallel collectors wit
diameters much larger than the distance between the plates, a description of th
electrostatic field in terms of a parallel-plate geometry would be valid. With sue
an instrument, it would be possible to determine absolute values of the rate con
stants as a function of the condition of the atmosphere between the plates. Sue
a technique, using a pulse width modulated ion mobility analyzer with a parallc
plate geometry is described in for example [75]. For this reason, the theoretics
model for the electrostatic collection for a parallel plate geometry is given in th
Appendix A. The detailed analysis, however, of our experimental results in term
of the model assuming parallel-plate geometry, as given in reference [85], will b>
omitted in this thesis.

Experimental setup and procedures

Figure 2.8 shows a schematic presentation of the experimental setup. The in
strument has about the same dimensions and configuration as the instrumen
described in Section 2.2.2 (Figure 2.4). The measuring volume consists of a 20-
cm high, 20-cm diameter stainless steel cylinder, equipped with inlet and outlet
valves. For the measurements the cylinder was closed at both ends. In the centn
of the upper lid of the cylinder a silicon solid-state detector with an active are;
of 600 mm2 is mounted. In front of the detector a 6-fim thick aluminized myla
foil is mounted with an area of 960 mm2. An electrostatic field is introduced b;
putting cylinder and lids at a positive voltage and the foil at ground potential
The a-particles following the decay of the progeny will be registered in an almos
27T-geometry by the solid-state detector which is connected to a pre-amplifier an<
a main amplifier. Signals from the main amplifier are either transferred to a multi
channel analyzer (MCA), in pulse-height analysis mode to record a spectrum o
counted in the multiscaling mode of the MCA. In the latter mode the detecto
count rate is recorded as a function of time.

Prior to measurement the inner surface of the instrument was cleaned wit!
acetone and subsequently flushed with argon. In this procedure care was take
that the measurements were carried out under controlled conditions with a ver
low concentration of aerosols and trace gases. The instrument was placed in
temperature-controlled environment. The humidity inside the instrument was se
by circulating the air in the setup either over a drier, a tube filled with silicagi
or a humidifier, a bubbler filled with water. A sensor was installed in the volura
for continuous registration of temperature and relative humidity. 222Rn from
226RaCl solution in a flask was injected via a filter with an 0.8-j/m pore diamete
The 222Rn concentration in the cylinder was determined by taking a sample <
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the air with an evacuated scintillation cell with known sensitivity.
After closing the inlets of the measuring volume, the a-activity and the

air humidity were allowed to stabilize before the measurement was started; the
steady-state was reached in about four hours. After the count rate of the detector
and the read-out of the sensors indicated that a steady-state situation had been
reached, a spectrum was recorded (Figure 2.9), and a sample was taken with
the scintillation cell. The drop in pressure of about 2% due to sampling was
compensated by letting filtered ambient air into the device. In retrospect it would
have been more consistent to compensate with argon; however, no obvious effect of
the present procedure was observed. As can be seen from Figure 2.9 the resolution
in the o-spectrum is, despite the straggling in the foil and the air between the
foil and the detector, sufficient to clearly separate a-particles emitted by 218Po
(6.0 MeV) from those originating from 214Po (7.69 MeV). Measurements were
carried out until the 222Rn concentration was too low to do measurements with
enough statistical accuracy in a few hours.

The detection efficiencies 77,̂  are defined as the net number of emissions
of decay product i, Ri, recorded during a period of time, AT, and the number
of decays of 222Rn, IoAT, that took place in the measuring volume during that
period:
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Figure 2.8: Schematic presentation of the experimental setup.
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The activity Ijj of decay product i deposited on the foil in front of the detector
is related to the number of ^-pulses, registered by the detector by:

(2.27)

where S is a factor depending on the solid angle (about 2ir) of the detector and
on the ratio between the surfaces of the foil and the detector. The actual value
of S is found to be 3.2.

With Equation 2.25 we may write the detection efficiency (»jt,d) in terms
of the earlier defined collection efficiency (r)i,c)'-

m* = "-f. (2-28)
From Figure 2.9 we see that R\ and R4 follow from the number of events Ri and
Ru within the energy intervals 2.4 < Ea < 6.2 MeV and 6.2 < E,y < 8.0 MeV,
respectively. R\, however, contains events belonging to the decay of 218Po and
2i4Po. The latter have lost enough energy due to straggling in the foil or in the
air between foil and detector to be registered in the lower energy interval. A cor-
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Figure 2.9: Energy spectrum of alpha and beta particles emitted by 222Rn-decay prod-
ucts, 218Po and 214Po, collected on the foil in front of the detector. The vertical lines at
channels 160 and 640 indicate the position of the lower thresholds of the two discrimi-
nators.
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rection for this is made by determining the ratio k = R\/R\\ from an a- spectrum
recorded 45 min after the electrostatic field had been switched off. Because of the
short half-life of 218Po all events arise then from the decay of 214Po. The value
of k determined in this way was k = 0.229 ± 0.001, where the uncertainty is due
to countingstatistics only. Consequently, the relation between R\, Ru and Ri is
given by

/?i = Ri - kRn, (2.29)

and

R4 = (1 + k)Rn. (2.30)

Three series of measurements were carried out:
• Collection efficiencies at a collection voltage of Uc = 0.1 kV, being the

operating voltage in the prototype exhalation meter (Section 2.2.2). The
temperature was changed from 5 to 35°C in steps of 5°C; at each temper-
ature the relative humidity was increased in steps from about 20 to about
90%.

• Additional measurements of the collection efficiency at various values of
Uc and approximately constant values of 222Rn concentration, temperature
and relative humidity: CRn S 2.5 kBqm"3, T = 20°C and RH ^ 75%.

• The sensitivity of the collection efficiency to variations in the 222Rn concen-
tration was measured at T = 20°C, for two values of the relative humidity
RH = 25 and 75% and at two values of the collection voltage Uc = 0.1 and
1.2 kV, respectively. The measurements at Uc =0.1 kV were repeated to
check the consistency with the first series of measurements.

Results
Figure 2.10 represents the average collection efficiency, T)c of the decay products
218Po and 2HPo as a function of 222Rn concentration for a collection voltage
Uc = 0.1 kV and for various values of temperature and relative humidity. Here JJC

is defined as:

nc = (m,c + ri4,c)/2 (2.31)

From the figure one notices that an increase in 222Rn concentration from about
5 kBqm~3 to 1 MBqm"3 leads to a reduction in rjc of about a factor of 5. At lower
222Rn concentrations the dependence of T}C on temperature and relative humidity is
considerably larger than at high concentrations. At low 222Rn concentrations and
at a fixed temperature an increase in the relative humidity results in a decrease in
T}c. The full and dashed lines in the figure indicate the position of data points with
about the same absolute humidity, dv. These results suggests a possible influence
of relative humidity and temperature on removal or transformation processes of
the decay products.
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An indicator for these processes is the ratio of the 214Po to 218Po effi-
ciencies: A = T)4IC/T)IIC- Values of A larger than 1 indicate that ionized 214Pb,
which is formed in the decay of neutral 218Po in the air and has a rather long
half-life, has been deposited on the foil. If, for instance, the neutralization rate
increases, n^f decreases and the production of n4,f via the neutralized chain in-
creases, which implies that T}\ JC will decrease more than Tf4iC and therefore A will
increase. Figure 2.11 shows A as a function of the 222Rn concentration for var-
ious combinations of temperature and relative humidity. From this figure one
notices that at low absolute humidity, indicated by the full line, A is practically
independent on the 222Rn concentration over four orders of magnitude with a
value of A = 1.5. For larger absolute humidities, indicated by the broken line
in Figure 2.11, A becomes appreciable larger than 1.5, especially at lower 222Rn
concentrations. This indicates an increase of removal processes, like neutraliza-
tion, with increasing absolute humidity. At high values of the absolute humidity
and at high 222Rn concentrations it becomes difficult to disentangle the influence
of the parameters T, RH and CRB .

Figure 2.12 shows A as a function of absolute humidity. This figure shows
that the data, except for those at T = 30°C, are grouped in a band. From
this result it is concluded that for the description of the data, absolute humidity
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Figure 2.10: Average collection efficiency, t]c, at Uc = 0.1 kV as a function of the
222Rn concentration CR.I> at various temperatures and for various values of the absolute
humidity, dv. The solid and broken lines approximately indicate the dependence of TJC
on Cjin and absolute humidity for values of dv of 6 and 12 gm~ 3 , respectively.
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is a better parameter than either temperature or relative humidity; this is in
accordance with the results of Hopke [46] and Schmied [74]. No explanation has
yet been found for the deviating behaviour at T = 30° C; the data points at this
temperature, however, turned out to be reproducible.

The reduction to two parameters, 222Rn concentration and absolute hu-
midity, allows a three-dimensional representation of the collection efficiency as a
function of these parameters. The results for 218Po and 214Po are shown in Fig-
ure 2.13; the two dimensional surfaces are a smoothed interpolation of the data
points. The figure shows more clearly the variations in »;,>c as function of CR,,
and dv.

To investigate the influence of the collection voltage magnitude a series of
measurements was carried out at approximately constant atmospheric conditions:
T £ 20°C, RH S 75% and CRn ^ 2.5 kBqm~3, for five values of Uc: 0.1, 0.2,
0.4, 0.8 and 1.2 kV. Values of Uc higher than 1.2 kV introduced instabilities in
the electronics of the setup. Figure 2.14 shows the average collection efficiency,
771>c, as a function of Uc. The data show an increase of 7yliC with increasing field
strength. The solid line is a guide to the eye. The corresponding values of A are
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Figure 2.11: Dependence of the ratio A = v*,c/vi,c at Uc = 0.1 kV on the 222Rn concen-
tration CRn at various temperature and relative humidity values. The solid and broken
lines approximately indicate the dependence of A on CRB for dv values of 6 and 12 g m~3,
respectively.
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shown in Figure 2.15 as a function of the collection voltage. In this figure the
value of A approaches a limit of A = 1.3 for higher values of Uc. This value and
the Figures 2.14 and 2.15 indicate that for Uc > 2 kV the removal processes have
no noticeable influence on the collection efficiency.

To check the consistency of the measurements, a series of measurements was
carried out at Uc = 0.1 and 1.2 kV for two values of absolute humidity: dv = 6 and
12 gm~3, at T = 20°C and for values of CRn in the range of 0.1 to 1000 kBqm~3.
The results are presented in Figure 2.16 where the average collection efficiency,
T)c, is plotted as a function of 222Rn concentration. The solid lines guide the eye
through the data points. The results again indicate that the influence of 222Rn
concentration or humidity on the collection efficiency of the decay products is
strongly reduced at Uc= 1.2 kV compared to those at Uc = 0.1 kV. One notices
that for low 222Rn concentrations, CR,, < 50 kBqm"3, r)c at Uc = 1.2 kV is
constant, within the experimental uncertainties, and that the variations between
dry and humid air only affect t)c by about 15%. Again this figure indicates that at
higher field strengths the importance of electrostatic collection increase compared
to other removal processes.
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Figure 2.12: Dependence of the ratio A at l/c = 0.1 kV on absolute humidity for
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range of about 5 kBqm"3 to 1 MBqm~3222Rn concentration.
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Discussion
The process of neutralization is expected to be dominant in the atmosphere of
our instrument (Table 2.1 in Section 2.2.1). Neutralization is found to be a
complicated process depending on the particular conditions of the atmosphere
in the detection volume, i.e. it depends on the concentrations of 222Rn, humid-
ity and trace gases [44]. The effect of neutralization on the collection efficiency
of the 222Rn progeny can be seen in Figure 2.13: a decrease of the collection
efficiency with increasing 222Rn concentration and absolute humidity. The de-
pendence of neutralization on 222Rn concentration can be qualitatively explained
by neutralization due to the recombination effect as formulated in Section 2.2.1
(Equation 2.18). The fact that the dependence of the collection efficiency on tem-
perature and relative humidity can be replaced by a single dependence on absolute
humidity (see Figure 2.12) strongly suggests that water vapour concentration is
playing a role in the removal of progeny ions. This is in agreement with the
findings of Schmied [74], George [48] and Chu and Hopke [72] (see Section 2.2.1).
Goldstein and Hopke explain this effect by neutralization tha akes place via
the transformation of hydroxyl radicals formed by radiolysis of water vapour [86].

K VI 1 8 36
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0 . 0 -

c,

Figure 2.13: Three-dimensional representation of the collection efficiency of 771 ,c (left)
and »74,c (right) on the 222Rn concentration Cna and the absolute humidity dv. The
surfaces are smoothed interpolations between the data points (not shown).
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1.0 1.5
V. (kV)

Figure 2.14: Dependence of the average collection efficiency, 7jc, for collection of 222Rn
progeny in the electrostatic field of the device as a function of the collection voltage Uc-
The data were recorded at T = 20°C, RH = 75% and CRn = 2.5 kBqm" 3 .
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Figure 2.15: Ratio A as function of the collection voltage.
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Due to their high affinity to electrons, these radicals will capture free electrons.
Thus, the density of small negative air ions in the vicinity of the free progeny
ions is increased. The radiolysis will therefore depend on both 222Rn concentra-
tion and water concentration. At low 222Rn concentrations the dependence on
the water concentration will be larger than at high 222Rn concentrations, when
radiolysis will approach the limit at which all water atoms are affected causing
saturation. The results of our investigations support this description as far as
they show a diminishing dependence of r)c on absolute humidity for increasing
222Rn concentrations. At the level of trace gas concentration found in ordinary
air, it is expected that neutralization of 222Rn progeny will be dominated by the
charge transfer process (Section 2.2.1) [44].

CRn(kBqm-3)

Figure 2.16: Dependence of the average collection efficiency, 7jc, on the 222Rn concen-
tration CRD for two values of the collection voltage Vc and two values of the absolute
humidity dv. The measurements "/ere carried out at T - 20°C.
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Conclusions

The results of this investigation and the preliminary investigations described in
Section 2.2.2 suggest that 222Rn measuring devices based on the electrostatic
collection of 222Rn progeny should be constructed of metallic materials, rather
than having translucent insulating walls: one obtains a better defined electrostatic
field and a higher electrostatic collection efficiency, indicating less effects from
removal processes.

The processes of neutralization are expected to be dominant in the at-
mosphere of our instrument. Whichever neutralization mechanism is dominant
depends on the degree of air ionization and the concentrations of water and
trace gases in the atmosphere: at high 222Rn concentrations neutralization occurs
through the recombination process, at high trace gas concentrations neutraliza-
tion occurs through charge transfer with neutral molecules with low ionization
potentials. At low trace gas concentrations both charge transfer and small nega-
tive ion recombination are important. The process may be complicated further by
the above discussed effect of humidity, which depends both on 222Rn and humidity
concentration.

In practical situations it is expected that the parameters determining the
neutralization rate (CR,,, dv and concentration of trace gases) will not be con-
stant. Increasing (he collection voltage reduces the sensitivity of the collection
efficiency to variations in neutralization rate (Figure 2.16). Based on the results
of these investigations it appears that, for the geometry of the instrument used, an
optimal collection efficiency is reached if the instrument is operated at Uc > 2 kV
(Figure 2.14).

A further improvement of the accuracy of the instrument may be obtained
by investigating the role of aerosol and trace gas concentrations. For realistically
evaluating the performance of the instrument in terms of rate constants of removal
and transformation processes, techniques that allow a numerical evaluation of the
Equations 2.21 through 2.24 with E(r) = E(r, z) have to be applied.

2.2.4 Instrumentation for in situ exhalation measurements: design,
performance and operation

introduction

A safe use under field conditions, the combination of the recommended metallic
materials and high value of the collection voltage makes additional changes to the
construction of the instrument described in Section 2.2.3 (Figure 2.8) necessary.
In this section the final design of the instrument for exhalation measurements, its
performance under in situ conditions, additional instrumentation and measure-
ment procedure are described.
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Instrumentation
In Figure 2.17 a schematic presentation of the instrument for 222Rn exhalation
measurements is given. The instrument consists of two concentric stainless steel
cylinders with a height of 20 cm, and diameters of 20 and 30 cm, respectively,
closed at one side with a stainless steel flange. At the open end of the inner cylin-
der a metallic grid is installed. Taking into account the position of the grid, the
measuring volume, the volume enclosed by the inner cylinder, is 5.81 x 10~3 m3.
To prevent leakage from the measuring volume, soft rubber rings provide a seal
between the surface and the cylinder ends. The volume between the inner and
outer cylinder is intended to minimize a leakage through diffusion from the mea-
suring volume through the upper layer of the sample. To determine the a-activity
in the measuring volume a ruggedized silicon surface-barrier detector with an ac-
tive area of 600 mm2 and with a thin (6 /xm) aluminized mylar foil just in front,
mounted in the stainless steel flange in such a way that it is electrically insulated
from the flange.

The anode of the collection field is formed by the stainless steel cylinders
and flange plus the metal grid. The detector foil forms the collecting cathode. For
an optimal efficiency, a collection voltage of about 2.5 kV is used (Section 2.2.3).
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Figure 2.17: Schematic presentation of the setup for exhalation measurements.
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To be able to use the instrument safely under field conditions, the stainless-steel
cylinders, flange and grid are connected to ground potential, while the detector foil
is connected to the negative high-voltage (ORTEC, Bias Supply model 459). The
foil is electrically connected to the housing of the detector and both the housing
of the detector and the detector-anode, via the bias entrance of the pre-amplifier,
are connected to the high voltage (Figures 2.18 and 2.17). The bias-voltage of the
detector, provided by a battery pack, is superimposed on the high voltage.

In this setup it appeared that leakage currents, due to the condensation of
water vapour in the pre-amplifier or on the detector flange, polarization effects
of capacitors in the pre-amplifier and stray capacities were sources of a high
background pulse rate. Grooves with a depth of about 2.5 mm milled in the
detector flange and installation of pre-amplifier and battery pack in a water-tight
canister in which dry silicagel is inserted, reduced the leakage currents. Thick
connecting wires (about 2 mm) between detector and pre-amplifier reduced the
effect of stray capacities. These measures plus the installation in the pre-amplifier
of capacitors that are free of polarization effects and identical RC-filters in both
high voltage lines to the detector reduced considerably the background count-rate
for long term measurements under field conditions.

The detector will detect a-particles from the decay of 2l8Po and 214Po elec-
trostatically deposited on the foil (see Figure 2.9 in Section 2.2.3). Due to its very
thin depletion layer (in the order of 100 ^m) the detector is almost insensitive to
7-radiation. There can be /^-radiation detected (Figure 2.9 in Section 2.2.3) but

it i/

Hit I n /

V

AMPl

S l r e l i h e

H i l l I

l e v e l • f

, _ _ I LSB Ue

-Fml

Figure 2.18: Schematic block diagram of the electronics.
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in the natural environment there is no source that emits significant amounts of
/^-particles in the energy range of interest (> 3.5 MeV). Signals from the main
amplifier (ORTEC) are converted with single-channel discriminators (ORTEC,
TSCA, model 420) to pulses with standard 5 V amplitude. In general we used
two discriminators in integral mode, with the thresholds set at the levels indi-
cated in Figure 2.9. With these settings the total response, i?t, of the detector,
and the response due to the decay of 214Po alone, R\i, are recorded. With the
Equations 2.29 and 2.30 and with Rt = Ri + R4 = Ri + Rn, we can determine
the response Ri and R4 due to the decay of 218Po and 214Po respectively (see
Section 2.2.3).

For the recording of Rt and R\\ we used a data-logger (CAMPBELL,
CR10). The data-logger consists of a microcomputer with an internal memory of
64 kByte, mounted in a water-tight canister. A wiring panel with 12 analog en-
trances and two 8-bit counters is connected to the microcomputer. The power for
the logger is supplied by a water-tight 12 V battery pack. Via an RS-232 interface
ihe logger can be connected to a personal computer. With the PC the data-logger
may be programmed, after which it can operate as a stand-alone device. After
the measurement the same interface is used to download the data from the logger
to the PC for subsequent analysis. With the data-logger connected to the PC it
is possible to visualize during a measurement momentaneous values on the PC-
screen. The pulses from the discriminators have to be stretched (Canberra Linear
Gate and Stretcher, model 1454), in order to be handled by the data-logger.

In the measuring volume of the exhalation meter a sensor has been installed
for a continuous registration of temperature and relative humidity (ROTRONICS,
type YA). A differential pressure transducer (SETRA) is connected to one of the
inlet valves for the registration of pressure differences between the air inside and
outside the measuring volume (F; 10 2.17). These signals are continuously data
logged during the measurement.

Pre-amp'ifier, differential pressure transducer and meteorological probe are
connected by long cables with the main amplifier and high voltage modules (in-
stalled in a NIM rack), and with the data-logger.

For measurements at walls the instrument is placed in position with a stan-
dard, constructed in such a way that use is made of the weight of the exhalation
meter to press the rubber rings against the surface. For rough surfaces, like the
surface of the walls, the buffer volume of the exhalation meter has a reduced effect.
Under these circumstances caulk is applied to the surface and the outer rubber
ring as an extra sealing. For measurements on soil, diffusive leakage is reduced by
inserting a 30-cm long cylinder with the same diameter as the measuring volume
in the soil. First the cylinder is inserted in the soil and left in place for at least
a week before the exhalation meter is installed on it. On the cylinder a ring is
mounted onto which the exhalation meter is placed. For measurements outside,
a PVC hood was placed over the electronics of the exhalation meter as an extra
protection against moistness, rain and temperature variations.
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In situ calibration

For a calibration under in situ conditions the response of the detector to the a-
activity in the air of the crawl space in the test house was measured. For this
the instrument was placed on its side so that its open end was in the open air.
For a period of about 2.5 days the response of the detector in the exhalation
meter was measured in periods of a half-hour and simultaneously the 222Rn con-
centration in the air was determined with the continuous 222Rn meter described
in Section 2.3. For both the 222Rn concentration, as measured with the contin-
uous 222Rn meter, and the response of the detector in the exhalation meter we
had a statistical uncertainty of about 7%. For each measuring period the average
detection efficiency

Vd - ^ ' (2.32)

with r]iyi was determined according to Equation 2.26. In this way a weighted
average for the whole period was derived:

rld =0.11 ±0.02. (2.33)

This value is lower than the value at Uc = 1.2 kV, derived from the labora-
tory measurements: % = 0.18 ± 0.05 (see Figure 2.16 and Equation 2.28 in
Section 2.2.3). An explanation for this could be the difference in the composi-
tion of the air. As mentioned before, besides absolute air humidity and 222Rn
concentration, trace gases may also influence the neutralization rate of the 222Rn-
decay products and therefore the detection efficiency of the instrument (see Sec-
tions 2.2.3 and 2.2.1). In the laboratory measurements we used an air with low
concentrations of trace gases. In in situ measurements such gases may be present
in an unknown concentration with an unknown effect on the detection efficiency.
We therefore adopted as a part of the standard measurement procedure deter-
mining the actual detection efficiency at the end of every measurement.

Background count rate

The background count rate of the instrument was measured with the instrument
placed on an aluminium plate. To ensure 222Rn-free air in the instrument, the
enclosure was flushed with about 70 1 of dry nitrogen. The initial count rate, Rt,
was 2 h"1 which in two days increased to about 4 h"1 after which it remained
stable. Taking into account the measuring volume of 5.81 x 10 "3 m3 and the in
situ detection efficiency (Equation 2.33) this background count rate corresponds
to a 222Rn concentration of 0.9 ± 0.5 Bqm~3 (Equations 2.26 and 2.32).

Comparison with similar instruments

For our instrument the laboratory measurements gave an average detection effi-
ciency rjd =0.1 for low 222Rn-concentration (< 1 kBqm~3) at a collection voltage
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of 0.1 kV (Figure 2.16 in Section 2.2.3). This efficiency increases by about a fac-
tor of 2 when the collection voltage is increased to about 1.2 kV (Figure 2.16).
For the prototype instrument, designed by Ackers [39] and shown in Figure 2.4
in Section 2.2.2, a saturation of the detection efficiency was reached at about a
voltage of 0.1 kV [39], while from the results given in reference [39] a value of
the average detection efficiency of r)A = 0.05 may be deduced for this instrument.
This calibration was performed in an atmosphere consisting of nitrogen gas, which
can be expected to have low concentrations of trace gases and humidity. This de-
tection efficiency is therefore a factor of 2 lower than the corresponding value
measured for the instrument in Figure 2.17 at 0.1 kV in an atmosphere with low
trace gas concentrations. It is also a factor of 2 less than the corresponding value
at 2.5 kV under in situ conditions (Equation 2.32). This difference in detection
efficiency is probably due to a better configuration of the electrostatic field due to
the use of stainless steel instead of perspex. The instrument designed by Keller
et al (Section 2.2.1) consists of a metallic hemisphere with a volume of 7 1 and
with a surface barrier detector [40]. The electrodes of the electric field used for
the deposition of the 222Rn progeny are formed by the metallic hemisphere and a
metallic grid at the bottom of the hemisphere, which are both at a positive high
voltage, and the surface barrier detector, which is at earth potential. At a voltage
of about 15 kV the detection efficiency for 218Po in the exhalation meter of Keller
in an atmosphere of ordinary air, saturates at a value of about 0.2, and is about
0.12 at a collection voltage of 2.5 kV [40]. The latter value corresponds with the
value of the detection efficiency for our instrument at 2.5 kV in an atmosphere of
ordinary air.

Measurement procedure
As a standard procedure at the beginning of each measurement, the measuring
and buffer volume of the instrument are flushed with about 70 1 nitrogen gas
to be sure to have zero 222Ru concentration in the volumes at the start of the
measurement.

As is indicated in Section 2.2.3 the influence of a change in the air humidity
on the detection efficiency is strongly reduced by increasing the collection voltage
from 0.1 to 2.5 kV. However, as a check on possible effects, the relative humidity
and temperature of the air in the measuring volume are continuously measured
during the measurement. As mentioned before, the effect of trace gas concentra-
tions on the detection efficiency is unknown. It is expected however, that due
to a change in the concentration of these gases, the detection efficiency can be
different for each measurement. Therefore, as a standard procedure, the detection
efficiency is determined at the end of each measurement. The uncertainty in the
detection efficiency is of the order of 15%, mainly due to the uncertainty in the
efficiency of the Lucas flask (Section 2.2.3).

In general, a change in the rate constants of the removal or transformation
processes of the 222Rn decay products will influence the detection efficiency. As
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indicated above, the influence of trace gases in air is unknown and also a change
in the air humidity may still influence the detection efficiency. Therefore both
Rt and Rn (Figure 2.9 in Section 2.2.3) are measured. From these values the
ratio A = Ri / R4 is determined. Any change in the detection efficiency due to
a change in the rate constants of the removal process will be seen in a change of
A (Figure 2.11 in Section 2.2.3). Continuously determining this ratio during the
measurement gives a check on a change in the rate constant of the removal and
transformation processes.

A change in the pressure difference, AP, between the air in the measuring
volume and the outside air, e.g. due to a sudden drop in temperature of the outside
air, will influence the measurement. As a check AP is measured continuously
during the measurement.

The exhalation rate of a surface is derived from the increase in time of the
222Rn concentration in the detection volume after the instrument is placed onto
the surface. The increase of the 222Rn concentration is derived from the response
of the detector (see Equation 2.26 in Section 2.2.3). In practice, the measure-
ments are performed by continuously determining the response of the detector in
successive intervals with length A*. In Figure 2.19 an example of a growth curve
of the detector's response Rt is given. The average response of the detector in

20 40 60 80 100 120 140 160

Time (h)

Figure 2.19: Number of counts observed with the exhalation meter on concrete, in
AT = 30 min time intervals, as a function of time.
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the counting interval n is found by integrating the time-dependent 222Rn activity
in the measuring volume, Io(t), multiplied with the average detection efficiency
(defined in Equation 2.32) over the counting interval:

Riin) = 2r,d f I0(t)dt, (2.34)
J(n-l)At

Based on the assumption that initially a linear relationship between time and
222 Rn concentration in the measuring volume is obtained, we have:

I0(t) = EAt, (2.35)

where E is the exhalation rate. The average response of the detector is then
described by:

Rt(n) = r}dEAAt2(2n - 1). (2.36)

From a least-square fit with Equation 2.36 to the initial part of the curve, a value
for the exhalation rate is obtained (Section 2.2.2).

Under the assumption of a constant exhalation rate, E, the 222Rn con-
centration in the measuring volume can be described by Equation 2.19 in Sec-
tion 2.2.1. Substituting this equation into Equation 2.34 gives (under the as-
sumption that Ae At -C 1):

l-e-^t), (2.37)

where the effective decay constant, Ae is the sum of the radioactive decay constant,
Aftn, and a leak constant, A*, representing leakage of air out of the detection
volume:

Ae = ARn + A/. (2.38)

An analysis of the growth curve, measured until the steady-state value of the
detector response is obtained, with Equation 2.37 will give a value of E. This
method also yiels a value of A/ which may provide information on the diffusive
properties of the sample (see Section 2.2.1). However, as has been remarked in the
Section 2.2.1, the assumption of constant exhalation rate during the measurement
should be assessed critically: it is expected that the instrument will influence the
diffusion process in the material from which the 222Rn exhalation is measured.
Such an assessment is the subject of the next section (Section 2.2.5), where the
various analyzing methods are discussed.

2.2.5 Assessment of exhalation measurements
Introduction
If diffusion is the only transport mechanism, the exhalation rate is proportional
to the 222Rn-concentration gradient in the pores at the body-air interface (Equa-
tion 2.1 in Section 2.2.1):
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= eDVC(x,y,z,t)\Mt{mix, (2.39)

where C(x,y,z,t) is the position and time-dependent 222Rn-concentration in the
pores of the body, e is the porosity and D is the interstitial diffusion coefficient of
222Rn in the body. If the 222Rn-concentration in the air surrounding the exhaling
body can be neglected in comparison to the concentration in the pore space of the
body, and assuming perfect mixing of the air, the exhalation rate is maximal and
is called the 'free' exhalation rate {E{). This is approximately the case for building
msierials in a large ventilated room. It is well known that enclosing a sample of
the material of the exhaling body in a container affects the exhalation rate [78, 87].
Phenomenologically this can be described by a 'reshaping' of the 222Rn concen-
tration gradient in the pore space of the body and especially of the gradient at the
body-air interface, resulting in a decreasing exhalation rate (see Equation 2.39).
On closing the container, the concentration in the enclosed volume of air above
the sample will gradually increase. Since there should be continuity in concentra-
tion, the concentration in the pore space of the body, especially near the surface,
will then also increase. Gradually, also the deeper situated pores will be affected
leading to a 'reshaping' of the concentration gradient in the pore space of the
body. This process continues until a new equilibrium concentration gradient in
the pore space of the body is reached, with a corresponding steady-state, 'bound'
value, of the exhalation rate {Eh)- For the determination of the exhalation rate
from the growth curve of the 222Rn concentration in the enclosure, it is impor-
tant to knctv how fast this change of the free exhalation rate takes place. To
give an exact description of the exhalation process and to quantify the reshaping
effect, it is necessary to solve the time-dependent differentia! diffusion equation
(for example Equation 2.3 in Section 2.2.1).

Lamm and Pettersson, obtained an analytical solution of the one-dimensional
time-dependent diffusive transport equation in a porous body [54]. Based on this
work, Samuelsson gave examples for the situation in which a sample is enclosed
in a container. Assuming only one-dimensional transport, the bound value of the
exhalation rate, E\>, for a sample in a closed container is given by Equation 2.7
in Section 2.2.1. For E{ we have to substitute h = oo into this equation. For this
situation, the ratio between the bound- and free exhalation rate is then given by:

Applying Equation 2.40 to a sample with values (Section 2.2.1) for porosity:
€ = 0.5, diffusion length: / = 2 m and with thickness, d, of the sample and
height, h, of the air above the sample being 0.2 and 0.1 m, respectively, it follows
that the value of the free exhalation rate is twice the value of the steady-state
bound exhalation rate. From the solution of the one-dimensional time-dependent
diffusion equation it follows that four minutes after enclosing the sample the ex-
halation rate has already decreased by about 20%. It takes about one hour for
the exhalation rate to reach within 5% of its final steady-state value [81]. In
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general, Samuelsson showed that, depending on the experimental situation and
material parameters, the steady-state bound exhalation can completely dominate
the 222Rn concentration growth in the enclosed volume of air [81]. In such cases
the free exhalation rate derived from the initial growth of the 222Rn concentra-
tion within the container (see Sections 2.2.1 and 2.2.4) can be seriously underesti-
mated. It is therefore important to assess whether such effects are also important
in in situ measurements, i.e. whether the exhalation rate deduced from the mea-
surements is representative for the free exhalation rate. For the geometry of the
exhalation meter there is an additional effect when compared to the closed-can
one-dimensional model: the 222Rn concentration in the pores at the surface of the
part of the body outside the measuring volume and exposed to the ambient air
will be different from that in the part covered by the instrument. This may result
in a diversion of the flow of 222Rn in the body underneath the instrument towards
the uncovered surface. Consequently there will be an increased reshaping of the
concentration gradient underneath the instrument, causing the rate of change of
the free exhalation rate to increase compared to the one-dimensional situation.

In this Section we assess the consequences of the 'reshaping' effect for the
instrument for 222Rn exhalation measurements by solving the time-dependent
differential equation for the approximate geometry of the instrument. In addi-
tion, we address the question how 222Rn exhalation rates should be measured by
assessing a number of analysis methods.

Time-dependent diffusion theory

We investigated the consequences the 'reshaping effects' of the 222Rn concentra-
tion gradient had, using calculations with a model. With the approximate cylin-
drical symmetry of the instrument, we may limit ourselves to a two-dimensional
geometry. For modelling purposes we consider a homogeneous porous disk with
thickness d and radius rt,u|k (Figure 2.20) from which the 222Rn exhales. The
sides and bottom of the disk are assumed to be covered with an impermeable,
non-absorbing layer and rbuik is taken to be much larger than the diffusion length
/ of 222Rn in the pores of the body. In this situation 'wall effects' may be neglected
and the disk can be considered as semi-infinite. A cylindrical can, representing
the exhalation meter, with height h and radius rcan is placed coaxially on the disk.
Considering only transport due to diffusive flow, the concentration of 222Rn in
the pores of the body at time t, C(x, y, z, t), is described by Equation 2.3 in Sec-
tion 2.2.1. For the present configuration this equation is re-written in cylindrical
coordinates (r, z) as:

SC(r,z,t) _ rd2C(r,z,t) ldC(r,z,t) d2C(r,z,th
St i 6V2 r dr dz2 J

-XC(r,z,t) + S. (2.41)

The first term on the right-hand side of Equation 2.41 describes the loss due
to the diffusive transport, the second the loss due to radioactive decay and the
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third term the 222Rn-production, S, due to emanation from the solid matrix (see
Equation 2.4 in Section 2.2.1). The average exhalation rate E{t) inside the can
(see Equation 2.39) is given by:

6C(r,z,t)
E(t) rLn Jo Sz

rdr. (2.42)

The same expression is used for the exhalation outside the can but with the inte-
gration from rcan to rbuik- As a simplification, the direct leak from the can to the
outside air, \t, is taken to be zero. The boundary conditions for this configuration
follow from continuity considerations for flux and concentration (assuming that
the air surrounding the body is perfectly mixed):

• continuity of flux:
1. the concentration gradients at the impermeable boundaries of the disk

are zero:
dC(r,z,t)

and

dz

dC(r,z,t)

= 0
z=0

dr
= 0;

(2.43)

(2.44)
r=rb u ik

2. the concentration gradient is zero along the symmetry axis r = 0:

KVl 515J.

Figure 2.20: Exhalation can, with height h and radius rc l n and voluem V, placed coax-
ially on a disk of 222Rn exhaling porous material, with thickness d and radius rbuik-
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= 0. (2.45)
9r r = 0

• continuity of concentration:

1. inside the container, r < rcan:

C(r, z, t)\z=i = Ccan(<); (2-46)

2. outside the container, rcan < r < rbuik̂

G{r, z, t)\2=d = Cair(t). (2.47)
Here Ccan and Cair are the concentrations of the air inside the container
and the ambient air, respectively; in general, we take Cajr = 0.

As a starting condition for the calculations we assume that the porous body is
in a steady-state ( ^ — 0) exhaling into 222Rn free air: Ccan|<=0

 = ^air|/=0 = 0-
Under these conditions the problem is reduced to the one-dimensional case for
which the 222Rn concentrations in the pores (Equation 2.5 in Section 2.2.1) is
described by:

S

where, / is the diffusion length of 222Rn in the pores of the material, with: / =
\/D/\nn (see Section 2.2.1). The exhalation at t = 0 corresponding to this
steady-state flow is derived from Equation 2.7 in Section 2.2.1 by taking h = oo:

). (2.49)

In general it is not possible to find an analytical solution of a second-order differ-
ential equation like Equation 2.41. To solve this equation we used the finite dif-
ference method, which allows a numerical evaluation, both in space and time [84].
For this, the (r, z) plane in Figure 2.20 is divided into a two-dimensional grid with
spacing Ar and Az (see Figure 2.21). The 222Rn concentration in the material
C(r,z,t) will be represented by its values at the discrete set of points

r = iAr,i = 0,...,I, (2.50)

z=jAz,j=0,...,J, (2.51)

and

t = nAt,n = 0,...,N, (2.52)

where / , J and N are integers.
The spacing of the grid is:

Ar = 5H» , (2.53)

and

Az = -r (2.54)
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From here on, C(r,z,t) will be written as C"y.
The second derivative at a point in the matrix in Figure 2.21, is evaluated

using the adjacent points to which it is connected. At a point at the impermeable
boundaries (e.g. B in Figure 2.21) we used also the boundary information, as
shown schematically with ® in Figure 2.21. The diffusion Equation 2.41 is now
re-written as:

At

f
'«+!,>

A r 2

Az2iAr2

-AC?v + 5. (2.55)
For calculating the exhalation rate the area of the bulk surface is divided into
rings with an inner diameter of iAr and an outer diameter of (i + l)Ar. The
exhalation in a ring is set equal to the exhalation on the inner rim of the ring.
The exhalation rate E(t) inside the can (Equation 2.42) is then written as:

• o - l

- citJ(t)), (2.56)
i=Q

1
A

B

Figure 2.21: Schematic example of the finite difference representation; the second deriva-
tive at a point in the matrix (A) is evaluated using the adjacent points to which it is
connected, at a point at the impermeable boundaries (B) also the boundary information
(®) is used.
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where i'oAr = rcan. An analogous expression is used for the exhalation outside
the can but with the appropriate boundary condition: C"j\._ = 0. In the same
way the boundary conditions (Equations 2.43 to 2.47) and the starting conditions
(Equations 2.48 and 2.49) are re-written.

Equations 2.55, and 2.56, the various boundary conditions and the starting
conditions were incorporated into a computer code. With this code the change
in pore concentration is calculated as a function of time with t = 0 is when the
can is placed. For each time step the exhalation rate under the can and the
concentration in the air of the can is given as the code output. For the final
steady-state situation, the 222Rn concentration in the pores of the body is given
as additional output. Large time increments are found to cause instabilities that
may produce cups in the pore concentration at the body-air interface, or introduce
negative values of the concentration in the pores or in the surrounding air. To
assure the stability of the calculation a stability criterion was implemented [88]:

with A = min(Ar, As). As we are especially interested in the development of
the exhalation rate in the initial period of the measurement, an extra limitation
on the time increments was set: AT < 0.01 h. The maximum time increment
in the calculations is proportional to the square of the minimal grid size, A2

(Equation 2.57) and doubling the spatial resolution will thus cause a 16-fold
increase in computing time. The spatial resolution will therefore eventually be
limited by the available computing time. In general, a spatial resolution of / = 300
and J = 50 proved to be convenient.

Results of model calculations
The code was tested by calculating exhalation rate and air concentration for a one-
dimensional situation for which the analytical solutions were given by Samuels-
son [81]. For this, rcan is taken to be slightly larger than rbuik- It turns out that
the results of the code differs at most by a few per cent from the analytical results
(Figure 2.22), and this difference decreases with decreasing grid spacings [89].

In our subsequent calculations for the cylindrical geometry, we used the
values of the emanation coefficient, porosity, etc. ^iven in Table 2.2. With these
values the results of our model calculations are comparable to measurements on
a layer of soil with, for example, the groundwater level at depth d as the imper-
meable layer. Calculations were made for a number of different values for d and I.
The exhalation rate and the concentration in the can for some of the calculations
are presented as a function of time in Figures 2.23 and 2.24. From these figures
it is clear that a decrease of the exhalation rate takes place immediately after
covering the surface with the exhalation can, and that the bound-exhalation rate
is only reached within many hours after the beginning of the measurement. It was
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Table 2.2: Values of the quantities used in the model calculations

Quantity

Radium content (/226Ha)
Emanation coefficient (/e)
Porosity (e)
Density (g)
Height can (k)
Radius can (rcan)
Radius porous body (n>u]k)

Value

10 Bqkg-1

0.2
0.3

1500 kgm~3

0.2 m
0.2 m
3.0 m

found that the time dependence of the exhalation rate in the can may, in good
approximation, be parametrized as:

E(t) = Eb + Eoe-x't, (2.58)

where E{ = E\, + EQ and the decay parameter Ar is a measure for the time it
takes for the concentration distribution in the sample to reshape. In Figure 2.25
an example of the parametrization of E{t) is given for the situation with l = l m
and d = 0.1 m.

For the determination of the free exhalation rate from the growth of the
222Rn-concentration in the container, it is important to know how long it takes
for the exhalation rate to change from the free to the final steady-state exhala-
tion. For this, the 5% reshaping time, T5, is defined as the time it takes for the

f (min)

Figure 2.22: Exhalation rate as a function of time for a hypothetical one-dimensional
process. The data points in the Figure, taken from [31], are calculated on the basis of
the analytical solution of the one-dimensional differential diffusion equation. The line
shows the result of the calculation with the model based on a description using the finite
difference method.
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exhalation rate to be within 95% of its final value and, analogously, T95 is defined
as the time it takes for the exhalation to be within 5% of its final value. Using
Equation 2.58 we get T5 = 0.05/ Ar and T95 = 3/A r for the axial symmetrical
configuration. The ratio E{ / E\, and the time constant. Ar, determined from a
least-squares fit with Equation 2.58 to the calculated exhalation rates, is given in
Table 2.3 as a function of the 222Rn diifusion length and thickness of the porous
body. For the cylindrical configuration the bound exhalation rate may differ up
to a factor of 20 from the free exhalation rate (see Table 2.3), whereas for the
corresponding one-dimensional cases the ratio Ef / Eb is only of the order of 1 to
2 (see Equation 2.40). This large difference illustrates the effect of the diverging
222Rn flow mentioned above. This diverging 222Rn flow may be inferred from

E
cr

1 -

KVI 5156

l=0.1m drO.5m

U0.1m. d=0.1m

50

Mh)
100

Figure 2.23: Results of calculations for exhalation rate due to diffusional transport (up-
per part) and concentration (lower part) as a function of time for the axial-symmetrical
configuration in Figure 2.20 . Quantities used in the calculations are listed in Table 2.2.
Specific quantities are: diffusion length / = 0.1 m, and thickness d = 0.1 m and d = 0.5 m.
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Figure 2.26, where lines of equal concentrat ion in the pores (iso-concentrates) are
given for the s teady-s ta te si tuation with / = 1 m a n d d = 0.5 m. Especially near
the edge of the detection volume the flow of 2 2 2 R n which is perpendicular t o the
iso-concentrates, is directed towards the uncovered pa r t of the sample next to the
detect ion volume. Note that the flow will already diverge at the bo t tom of the
slab. Apparently, the build-up of the concentrat ion in the air under the can is
reflected in an increased concentrat ion at the b o t t o m par t undernea th i t . For the
one-dimensional s i tuat ion d and / are the impor tan t pa ramete rs for the reshaping
process (Equat ion 2.40). In Table 2.3 Ei / E\, and Ar a re observed to be relatively
independent of the thickness of the sample for the axial-symetrical s i tuat ion bu t
increase with increasing diffusion length. T h e radius of the can relative to the

(=lm, d=0.5m
—'—.
=1m,d=0.1m

20 25

400

=1m, d=0.5m

Figure 2.24: Results of calculations for exhalation rate due to diflfusional transport (up-
per part) and concentration (lower part) as a function of time for the axial-symmetrical
configuration in Figure 2.20 . Quantities used in the calculations are listed in Table 2.2.
Specific quantities are: diffusion length / = 1 m, and thickness d = 0.1 m and d = 0.5 m.
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Figure 2.25: Example of a fit (according to Equation 2.58) to the results of the models
calculations where / = 1 m and d = 0.1 m

Table 2.3: Values of the ratio of the free and bound exhalation rates and the time con-
stant for reshaping, as calculated with the finite difference method for the configuration
in Figure 2.20 and Quantities listed in Table 2.2.

d
(m)
1.0
0.5
0.1
1.0
0.5
0.1
1.0
0.5
0.1

/
(m)
0.1
0.1
0.1
0.5
0.5
0.5
1.0
1.0
1.0

(E(/Eb)

1.2
1.2
1.3
5.8
5.5
4.7
16.9
19.7
19.6

Ar

(h-1)
0.034
0.035
0.038
0.048
0.047
0.043
0.12
0.14
0.15



76 2. INSTRUMENTATION FOR RADON MEASUREMENTS

diffusion length is expected to be another important parameter for the process
of the diverging flow: for a decreasing value of the ratio rca.B/l, Ef / Eb and Ar

increase (see Table 2.3).

Depending on the experimental conditions, the initial change in the exha-
lation rate after placing the measuring device can be too fast to permit a direct
determination of the free exhalation rate from the initial 222Rn growth in the
outer volume of the can: e.g. for / = 1.0 m we have T$ = 0.3 h and T95 = 20 h
(see Table 2.3). Even if we determine the concentration in the exhalation meter
in such a situation for a period of 0.5 h after the beginning of the measurement
we may underestimate the exhalation rate seriously. In practice, such a procedure
may also run into sensitivity problems: e.g. for the situation in Figure 2.24 we
have for I = 1 m and (f = 0.1m after 0.5 h a concentration of 5 Bqm~3. For our
exhalation meter this corresponds to a count rate of only about 25 h~ (Equa-
tion 2.34 in Section 2.2.4, with r]d about 0.11, Section 2.2.4), so the statistical
fluctuations will be much to large. In this case, for measuring times long enough
to have a statistical meaningful number of counts, the slope will be mainly deter-
mined by the bound exhalation rate. In practice, this problem can be avoided if
the diameter of the can is taken to be larger than the diffusion length of 222Rn

KVI 5511
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Figure 2.26: Calculated profiles at steady-state, t = 100 h, for the 222Rn concentration
in the pores of a disk material specified in Table 2.2 and d = 0.5 and / = 1.0 m. The
iso-concentrates are labelled with the value of the concentration in Bqm~3. The flow
pattern may be inferred from this figure by taking the flow perpendicular to the iso-
concentrates.
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in the pore space of the exhaling material. But, since for soil ! = 1 m is a typical
value for the diffusion length the instrument would become unpractically large
and due to the increased volume the sensitivity of the method will be reduced.
The latter argument holds, in general, for the situation in which the total volume
of the can would be increased.

Analysis of calculated 222Rn concentration growth curves

The possible large difference between free and bound exhalation rates raises the
questions: which quantity is actually measured with the exhalation meter and how
should the growth curve of the 222Rn concentration in the measuring volume be
analyzed to get the most accurate results? To answer these questions a number of
the calculated growth curves of the 222Rn concentration in the can were analyzed
by a least-^2 fit in order to obtain parameters for the description of the temporal
behaviour of the 222Rn growth. The results for the configurations with d = 0.5 m
and I = 1 and 0.1 m, respectively, are given in Table 2.4. The corresponding
values of Ei are calculated according to Equation 2.49.

In general, the time dependence of the 222Rn concentration in the air of
the measuring volume is described by:

dC^jt) E{t)A
-T. — — y AeOcan(,t.J, (4-Oif)

where the first term on the right-hand side is the production due to the exhalation,
A the area of the material covered by the detection volume with volume V. The
second term is the loss due to radioactive decay and direct leak of 222Rn from
the measuring volume, where the effective decay constant, Ae, is the sum of the
radioactive decay constant, AR,,, and a leak constant, A*, representing leakage of
air out of the detection volume. In the following we will discuss three procedures
to analyze the 222Rn concentration growth in the can.

For the first procedure, we substitute the time-dependent exhalation rate
as given by Equation 2.58 into Equation 2.59. The variation of the concentration
in the measuring can is then given by:

~(«-*-''—>. (2.60,

From the analysis with Equation 2.60 it turns out that, in general, it is not
possible to determine the four parameters with sufficient accuracy (Table 2.3).
For the configuration with / = 0.1, the analysis was not possible at all, implying
that the description of the 222Rn growth with Equation 2.60 is too complex for
the actual form of the curve. Taking Ae = ARB = 0.75 x 10~2 h"1 and E\> =
[Ccan(oo)^Ae]/j4, where Ccan(oo) is the steady-state 222Rn concentration, the
number of free parameters is reduced to two. With these assumptions the results
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of an analysis over 200 h of the growth curve for the situation with / = 1 m were:
E( /Em = 1-16 and \ = 0.14 h""1. Keeping Ar fixed too and fitting the growth
curve over the initial 10 h gave only a marginal improvement in the determination
of Ei = Eb + EQ-

As the analysis of the growth curves with Equation 2.60 were hampered
by too many free parameters, Equation 2.60 was approximated by Equation 2.19
in Section 2.2.1 by redefining Ae = ARn + \t + \ t and E = Ef = Eo + Eb:

Ccan(t) = y£ (1 - e-*'*) . (2.61)

The value of the exhalation rate deduced from an analysis of the growth curves
with Equation 2.61 over 200 h appeared to be close to the free exhalation rate
(Table 2.4). The agreement is fairly good in view of the approximations in-
volved. The analysis was refined by first determining the fraction (EA)/{V\e)
from the steady-state 222Rn concentration Ccan(oo) and subsequently determin-
ing the value of Ac from a fit to the 200 h growth curve. With this value of Ae

fixed, a fit to the initial slope (10 h) of the growth curve determined the value of
Efit. The improvement in the results appeared to be only marginal.

The most common way used to analyze the growth curve is based on the
assumption that in the initial period of the measurement the 222Rn increases
linearly in time:

EA
C^n{t) = —t, (2.62)

From a least-square fit with a straight line to the initial part of the curve, an
approximation of the exhalation rate is obtained (see also Section 2.2.2). In
Table 2.4 the results of a fit with Equation 2.62 to the first 5 h of the growth
curve is given. It turns out that the determination of the free exhalation rate, Ei,
is relatively inaccurate. This is due to the fast disappearance of the free exhalation
rate, which will give the bound exhalation rate a major influence on the initial
slope. For / is small compared to the dimensions of the body and the can (e.g.
/ = 0.1 m in Table 2.4), the reshaping effect and the effect of the diverging flow
will have less influence, a deviation from E{ will hardly be observed. The method
works better for shorter time periods: for / = 1 m, a fit to the first 10 and 2.5 h
gave Ef /Em of 2.04 and 1.33, respectively. In practice, counting statistics may
prohibit such short measuring periods.

In Table 2.4 a summary of the analysis is given. A parametrization of
the exhalation rate in terms of a reshaping rate constant, Ar, according to Equa-
tion 2.60, gives the opportunity to determine both the free- and the (steady-state)
bound exhalation. However, in general, the analysis is hampered by to many free
parameters. The analysis of the initial part of the f owth curve with Equation 2.62
has the advantage of a short measurement-time but proved to give relatively un-
reliable results, except for very short measurements, which is, in practice, often
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Table 2.4: Results of analyses for d = 0.5 m according to three description of the
temporal evolution of the growth curve of the 222Rn concentration in the can (NA
indicates that the analysis was not possible).

Initial slope Reshaping Reshaping
Equation 2.62 Equation 2.61 Equation 2.60

~Tfa) Et/Eu Ek/Ett M h - 1 ) Et/Ett A r C h - ^
1.0 1.45 1.16 0.14 1.14 0.13
0.1 1.09 1.08 0.01 NA NA

not possible. The method according to Equation 2.61 yields a value of Ae, and
by this an indication of the amount of leakage, the reshaping effect and the di-
vertive flow in the sample. Moreover, this analysis gave relatively accurate values
of the exhalation rate. The latter method seems, therefore, preferable favour for
analyzing measurements.

Analysis of measured 222Rn concentration growth curves

We also analyzed actual data from measurements in the test house with the three
descriptions for the 222Rn concentration growth. A description of the test house,
the complete analysis and its interpretation are the subject of Chapter 3. The
growth curves of the 222Rn concentration in the exhalation meter for measure-
ments on a wall in the living room, the floor in the study and the soil in the crawl
space are given in Figures 2.27 to 2.29.

The data for the soil and the floor show a smooth increase in 222Rn con-
centration with time, reaching equilibrium after 2 to 8 days. This time is much
shorter than expected on the basis of nuclear decay only, indicating the diverging
flow of 222Rn from and/or around the instrument. For the measurement on the
wall, the equilibrium in the 222Rn concentration is reached after about 12 hours.
For this measurement it was observed that the equilibrium values approximated
the 222Rn concentration in the living room at the time of the measurement.

In our measurements the counting period (Equation 2.34 in Section 2.2.4)
was AT = 0.5 h. The Equations 2.60, 2.61 and 2.62 were substituted into
Equation 2.34 and the resulting expressions were used to analyze the measured
growth curves [89]. In the Figures 2.27 to 2.29 the dashed lines are the least-
square fits to the initial slope (10 h) of the concentration growth curve according
to Equation 2.62. The <iolid curves are fits to the data obtained in about 150 h
with the Equation 2.61. The dash-dot line is a fit to the data with Equation 2.60.
The results of the analysis are summarized in Table 2.5. The errors quoted in
this table represent the statistical as well as the systematic uncertainties due to
the assumption in the fit. This systematic uncertainty has been implemented by
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Figure 2.27: Count rate of the detector for a measurement on the soil in the crawl
space. The dashed, solid and dashed-dotted curves represent fits to the data with Equa-
tions 2.62, 2.61 and 2.60, respectively.
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Figure 2.28: Count rate of the detector for a measurement on the floor in the study of the
test house. The dashed and solid curves represent fits to the data with Equations 2.62
and 2.61, respectively.
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Figure 2.29: Count rate of the detector for a measurement on the wall in the living
room of the test house. The dashed and solid curves represent fits to the data with
Equations 2.62 and 2.61, respectively.

Table 2.5: Results of the analysis of growth curves with three descriptions of the 222Rn
concentration's temporal evolution (NA indicates that the analysis was not possible).

Initial slope
Equation 2.62

Reshaping
Equation 2.61

Reshaping
Equation 2.60

Efn Ae

(Bqm^h" 1 ) (h"1) (h"1)

Soil
Floor
Wall

1.62±0.08
3.33±0.09
0.34±0.14

1.57±0.05
4.32±0.11
0.37±0.07

0.016±0.006
0.047±0.001
0.076±0.013

2.5±0.4
NA
NA

0.16±0.03
NA
NA
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multiplying the statistical errors by yX*• The total error in the values of
are about 15%, mainly because of the uncertainty in the determination of the
detection efficiency (see Section 2.2.4).

For the analysis according to Equation 2.60 it appeared that, in general,
a four parameter fit was not possible. A reduction of the number of parameters
was achieved by taking A; = 0 and therefore Ae = ARO. For the measurement
on the soil, with the exhalation meter mounted onto a soil cylinder (as described
in Section 2.2.4), this is not unrealistic. With this assumption for the soil mea-
surement we get for a fit to the first 100 h: E\ — 1.93 ± 0.12 Bqm~2h~1 and
Ar = 0.060±0.005 h""1. In practice, this approach is only useful if the leak rate, A*,
of the instrument can be estimated accurately, which is, in general, not possible.

There is a difference of about 30% between the results of the analysis
methods according to Equations 2.61 and 2.62 (see Table 2.5). This is about
the maximum difference observed in the analysis of the measurements with these
two methods. In general, an analysis of the growth curve with Equation 2.61 is
somewhat depending on the fraction of the data included in the fits, making it
necessary to analyze experimental curves in a standard way [89], For this, the
best way is to measure the growth of the 222Rn concentration until the equilib-
rium concentration is reached. This is the situation from which the detection
efficiency is determined (Section 2.2.4). The main difference between both anal-
ysis methods is that the method with Equation 2.61 yields a value of Ae, and
by this an indication of the amount of leakage from the volume, the reshaping
effect and the divertive flow in the sample (see Figure 2.26). Analyzing the full
growth curve has, furthermore, the advantage that an anomalous behaviour of
the steady-state concentration in relation to that of the surrounding air yields a
clear warning signal that the result is not representative for the true situation, as
for the measurement on the wall (see Figure 2.29).

The results for the wall in the living room illustrate the limitations of the
method of in situ determination of exhalation rates. Due to the rough surface of
the wall, the direct leakage from the can is considerably larger than for the other
cases (see the Ae value in Table 2.5). Moreover, the equilibrium value for the wall
measurement is approximately the 222Rn concentration in the living room at the
time of measurement. This can be understood by realizing that the 222Rn build-
up may not only be due to exhalation but also to 222Rn inflow through the walls
caused by the large permeability of the building materials or to a large leakage via
the seal. A high leakage rate will also cause a diffusive outflow of 222Rn from the
measuring device when the concentration in the measuring device becomes larger
than the concentration of the air in the living room. In view of these indications,
the exhalation rates deduced from materials with a high value of Ae has tc be
interpreted with caution.
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Discussion

The numerical solution of the time-dependent diffusion equation for the approx-
imate geometry of the instrument for exhalation measurements indicates that
diffusion of 222Rn in a material is influenced by the measuring device. This in-
fluence of the device becomes more important when the diameter of the device
is small compared to the diffusion length of the material (Table 2.3). This ef-
fect, caused by 222Rn flowing around the device, can be seriously underestimated
when simulated in one-dimensional calculations. Within the time limits set for
this project, no study could be made of the dependence of the reshaping process on
parameters like porosity of the material, leakage rate, dimensions of the detection
volume, effect of a transparent bottom face of the porous body (corresponding
to a measurement on a wall), and use of a ground cylinder for the exhalation
meter (Section 2.2.4). Such an extensive study may provide better knowledge on
the relation between these parameters and the quantities E{ / E\, and Ar. This
would make it possible to extract from an experimentally determined value of Ar

information about the value of diffusion length and possibly the porosity of the
material.

Based on the fits to the calculated and measured growth curves we estimate
that with the instrumentation described in Section 2.2.4 the free exhalation rate
of most materials can be determined in situ within about a factor of 2. The
largest uncertainty is due to the reshaping effect, i.e. the fact that a value might
be measured between Ei and Eb- Another uncertainty is related to the fraction
of the growth curve that is analyzed. The linear fit to the initial slope has the
advantage of a fast measurement but gives a relative large uncertainty in the
determination of Et. Analyzing the full growth curve, according to Equation 2.61,
gives , in general, a more accurate result. This method has the advantage that
an anomalous behaviour of the steady-state concentration and the value of this
concentration to that of the surrounding air yield a clear warning signal that the
result is not representative for the true situation. This method yields also a value
of Ae and by this an indication of the leak rate (A/) and the reshaping effect
(Ar). The leak-rate, Xi, of the device is a crucial parameter for the analysis of
our measurements. This leak rate will vary for each measurement, e.g. depending
on the sealing to the surface and the porosity of the material. However, how
to unravel the leak rate via the material and the leak rate from the can is not
obvious. An attempt to describe the exhalation process more accurately is given
in Equation 2.58. The analysis based on this equation of calculated and measured
growth curves of the 222Rn concentration is hampered by to many free parameters.

Due to the high tranparency of the material of the wall the diffusion length
of 222Rn will be large and the ratio Ef/Eb will therefore also be large. For such
materials an alternative would be the determination of the exhalation rate from
a sample with the closed can method in the laboratory. Such a measurement was
done for a sample of the material of the living room wall (see also Section 3.3).
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The sample was measured by placing it inside the instrument and closing the open
end of the measuring volume [90]. The exhalation rate was determined with a fit
to the growth curve according to Equation 2.61. The derived exhalation rate was
2.2 Bqm~2h~1, about a factor of five higher than the value found with the in
situ measurement (see Table 2.5).

2.3 A continuous radon meter for low concentrations
P. Stoop

2.3.1 Required properties
Time resolution
222Rn infiltration rates may change rapidly as a result of changes in pressure
differences and temperature. Airflows, responsible for infiltration as well as ven-
tilation, are determined by pressure differences too, but also by leakage areas,
which may vary as a result of actions of the inhabitants, e.g. opening or closing
of curtains, windows, doors, etcetera.

Many of these processes may fluctuate quite fast but the 222Rn concentra-
tions in a compartment may be described from values averaged over longer times.
For example, a ventilation rate of 0.5 h"1 is a typical value for a room in a modern
house. Using a simple model assuming instant mixing of the air in the room, a
change in the exhalation rate from a fixed value to zero would cause with this
ventilation rate a 50% drop in the 222Rn concentration in 1 hour and 24 minutes.
Smaller changes take less time. From these considerations we concluded that the
radon meter should have a sampling frequency of 2 h"1.

Lowest detectable concentration

In the Dutch research program SAWORA, a survey of the indoor 222Rn concen-
trations [8] revealed that the average and median 222Rn concentrations in living
rooms in the Netherlands were 29 and 24 Bqm~3, respectively. The data show a
lognormal distribution with a geometrical standard deviation of 1.6 (Figure 1.3).
In the dwelling where the experiments for the present investigation were planned,
222Rn concentrations of the same order have been observed. To be able to ac-
curately measure changes at this level, it was decided that the lowest detectable
concentration of the radon meter should be approximately 5 Bqm~3.

Dimensions

Measuring equipment should disturb the processes under study as little as pos-
sible. Moreover, it should be possible to use the radon meter in relatively small
spaces, e.g. a bathroom, a crawl space or a cellar, where it should not disturb
the temperature, humidity and ventilation rate. Therefore the instrument should
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not be more energy consuming or bigger then absolutely necessary. For measure-
ments in a dwelling, disturbing the inhabitants as little as possible may also be a
requirement, which in general demands a low noise level.

A rough estimate of the required volume of a radon meter in which 222Rn
is measured by detecting a-radiation in ambient air is made as follows. Let
Veg be the effective volume, defined as the detection volume multiplied by the
detection efficiency. The number of a-particles from 222Rn alone, Na, detected
in 30 minutes, at a concentration of 5 Bqm~3 is then Na — 9 V (̂f/dm . In
order to give an estimate of the lowest detectable concentration, one needs to
know the number of background counts B. The detection limit (this is treated
in Section 2.3.4) for the hypothetical case that only 222Rn decay is counted, is
given by LQ = 2.71 + 4.65-\/#- Assuming that the background rate is 2 events
in 30 minutes, which, as we will show later, is a realistic value, this leads to a
detection limit of Lj) = 9.3 events, which leads to an effective volume of 1 dm3.

Robustness and portability

Because the radon meter must be used in places where humidity and temperature
are not as stabilized as in some laboratory environments, the response and opera-
tion of the meter must not be affected by these conditions. Portability is desirable
since a portable instrument may also be used for measurements in circumstances
other than anticipated in the current study.

2.3.2 Techniques employed in radon meters
Sampling techniques

Two main approaches can be distinguished for sampling the air for monitoring
the 222Rn concentration. Given a fixed measuring volume, the air may either
flow-through continuously, or be replaced at fixed intervals. The former con-
tinous method results in time-averaged measurements, whereas with the latter
quasi-continuous method, a series of measurements is made of momentary 222Rn
concentrations.

Passive ventilation of the measuring volume by diffusion can be considered
to be a continuous sampling method. With this method, the rate at which the
air is replaced can neither be controlled nor monitored. At the relatively fast rate
of two measurements per hour, this method is not likely to provide the desired
accuracy. We conclude that for accurate sampling, a pumping system is required.
The question on whether the pump should run continuously or at intervals can
be left unanswered until further choices are made.

Detection by measuring air ionization

Up to 1987, two methods for measuring 222Rn concentrations in aii are described
in the literature that could meet the requirements listed in Section 2.3.1. Both
methods depend on the detection of a-activity. The first method consists of
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measuring the current of the electric charge released as a result of the collisions
between a-particles and air molecules and is employed in analogue air-ionization
chambers. This type of ionization chamber consists of a cylindrical mantle, which
is usually positively charged with respect to the axial cathode. The positive
ions are drawn to the cathode by the electric field and the electric current thus
generated is a measure of the a-energy released into the measuring volume [91, 92].

The number of collisions an a-particle generates is determined mainly by
the length of the path it travels through the air. Because 218Po and 214Po are
ionized after the decay of their precursor, they immediately plate-out on the
cathode of the chamber. The a-particles from these nuclides therefore have a
probability of only about 50% of traversing any length of air at all. For 222Rn,
this percentage can approach 100%, provided the diameter of the chamber is much
larger than the range of an a-particle in air, which is approximately 4 cm.

The maximum number of ion pairs produced by an a-particle from 222Rn,
218Po or 214Po is 1.55 x 105, 1.70 x 10s or 2.20 x 10s, respectively [91]. The total
current produced by 5 Bqm~3 of 222Rn in equilibrium with its daughters in an
ionization chamber of 10 L is of the order of 1 fA. This is a very weak signal which
can only be measured using the most sensitive electrometers with low-pass filters
and a cut-off frequency < 0 . 1 Hz. This kind of electronic device is very sensitive
to temperature drift and not readily available.

Analogue air-ionization chambers are not only sensitive to the ionizing ra-
diation of 222Rn but to all kinds of ionizing radiation, the most abundant being
terrestrial and cosmogenic 7-radiation. The exposure to cosmogenic radiation at
sea level alone produces an averaged signal of 2.7 fA in a chamber of 10 L [92].
Because of this, low-level 222Rn measurements with an analogue air-ionization
chamber must either be accompanied by a simultaneous background measure-
ment, e.g. using an identical closed ionization chamber, or by a barometric pres-
sure measurement used to compensate for the cosmogenic radiation. However,
the fact that the background is at a level approximately three times the signal of
the required lowest detectable 222Rn concentration, is a distinct disadvantage of
air-ionization chambers.

Detection using scintillation

A second method for measuring 222Rn concentrations in air is the detection of a-
activity using a scintillator. A wide range of scintillators suitable for a-detection
is available. The choice depends on the required photon yield, energy resolution
and surface area, it can be made from various plastics and crystals like CdS(Ag),
CaF2(Eu) or ZnS(Ag).

With the high sensitivity required in our case, the use of a photomulti-
plyer tube (PMT) is needed. The scintillator best qualified is ZnS(Ag) because
of its high photon yield as well as the wavelength of these photons that matches
the wavelength of maximum sensitivity of most PMTs. However, ZnS(Ag) has a
poor energy resolution, which in some applications is a marked disadvantage. An
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important advantage of ZnS(Ag) is that it is almost insensitive to 7-radiation,
and responds only weakly to cosmic radiation and to /?-radiation. The back-
ground in such a scintillation cell is mainly due to Cerenkov light produced in the
photomultiplier window by relativistic cosmic particles.

A scintillation cell for 222Rn measurements was first described by Lucas [93]
and is therefore often called a Lucas cell or flask. It consists of a light-tight cylinder
with a transparent window on one end, on which a PMT can be mounted. The
inside of the cylinder and the back plane are covered with ZnS(Ag). The ZnS(Ag),
when hit by an a-p^ bide from the decay of 222Rn or one of its daughter products,
responds by emitting f> flash of scintillation light, which is converted into an
electric-charge pulse by the PMT.

The average amplitude of the background pulses is of a much lower level
chan that of the pulses from a-particles. Therefore the contribution of the back-
ground to the total signal may be reduced considerably by filtering out the low
pulses by means of an electronic threshold unit before the signal is passed to a
counting circuit.

Many special purpose designs have been described in the literature [94, 95,
96, 97, 98, 99,100,101]. Most cells nave a volume of about 0.25 L. Larger cells have
been described by Thomas and Countess [95] (1.46 L) and by Cohen et aJ. [101]
(3 L). Cohen et ai. have investigated which materials used in constructing a large
Lucas cell yield the highest detection efficiency and lowest background and how
the dimensions of the cell affect the sensitivity. As indicated in Section 2.3.1,
the sensitivity depends linearly on the effective volume. Increasing the volume
of a Lucas cell has the disadvantage that the efficiency drops, as the a-particles
with their typical range of about 4 cm can only be detected when they hit the
scintillator. The detection efficiency for decay of 222Rn deteriorates faster with
increasing dimensions then for 218Po and 214Po because the 222Rn daughters tend
to plate-out on the surface of the cell, giving a detection efficiency close to 50%,
while for a 222Rn atom that is at a minimum of 4 cm away from all surfaces, the
efficiency is zero.

The fact that the Lucas cell responds to 222Rn daughters as well as to
222Rn is a problem in view of the required time resolution of two measurements
per hour. Sharp variations in time of the 222Rn concentration tend to be 'blurred1

because the 214Po-concentration is the result of the 222Rn concentrations of the
past hours.

Some designers have attempted to solve this problem by electrostatically
removing the 222Rn daughters from the measuring volume before they plate out on
the scintillator. However, these devices are quite complicated and the succesfull
operation is affected by humidity in the air and aerosol conditions. Another
solution is to to employ an algorithm by which the 'blurring' effect can be corrected
(see Section 2.3.4) [102, 103].

A problem with both scintillation cells and ionization chambers that has
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not yet been mentioned, is that both instruments are sensitive to a-emitters
other then the isotopes from the 222Rn-decay chain. The most important other
a-emitters in ambient air are 220Rn and its decay products 216Po, 2 !2Pb and
212Bi. In most indoor situations, however, the concentrations of these nuclides
are smaller than 1% of the 222Rn concentrations because the short half-life of
220Rn (56 s) reduces the probability that 220Rn will reach the open air.

If necessary, the sensitivity for 220Rn can be minimized by storing the
air for a few minutes in a separate volume, allowing the 220Rn atoms to decay.
Daughters of 222Rn and 220Rn can be removed effectively from the air using a
filter with a mesh of about 1 fim.

2.3.3 Selection of techniques
The ionization chamber, as well as the Lucas cell, are not only sensitive to 222Rn,
but also to the a-emitting 222Rn daughters 218Po and 2 HPo. This tends to 'blur1

the time resolution of the meter. In Lucas cells large dimensions usually cause a
relatively smaller efficiency for 222Rn, which makes this 'memory' effect stronger
than in ionization chambers, where the efficiency for 222Rn is always greater than
for 222Rn daughters.

Both types of instruments need a high voltage supply, which is a drawback
for use in humid circumstances. The ionization chamber has a further disadvan-
tage in that it needs a very delicate and sensitive analogue electrometer, whereas
the electronics needed for a Lucas cell are more robust and readily available.

In air-ionization chambers the background is approximately 3 timej the
signal caused by an 222Rn concentration of 5 Bqm"3, not including the daughter
activity. In Lucas cells the background is in the order of 0.1 counts per minute,
which is one-third of the decay rate in 1 dm3 at a 222Rn concentration of 5 Bq m~3.
The efficiency of Lucas cells of 3 dm3 is greater than 30% and therefore the signal
at 5 Bqm~3 equals at least the background count rate.

These considerations imply that a scintillation cell is better suited for 222Rn
measurements at concentration levels as low as 5 Bqm~3 that must take place
within 30 minutes.

In quasi-continuous sampling, a sample of air is taken at the beginning of
a time interval by flushing the cell with air; pulses are counted during the rest
of the interval. This method has the advantage that the air is at rest most of
the time that 222Rn progeny is formed. Because plate-out of the charged progeny
on surfaces that are a few centimetres away takes place in a matter of tenths
of a second in still air, the fraction of the progeny pumped out of the volume is
negligible and therefore no source of uncertainty. Another advantage of the quasi-
continuous operation is that pumping cannot interfere with the data acquisition.
For these reasons the choice was made for a quasi-continuous sampling mechanism.

The 'blurring' effect due to 222Rn daughters formed inside the measuring
volume can be minimized by optimizing the efficiency for 222Rn with respect to
the efficiency for 218Po and 214Po and by applying an algorithm to the data that
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corrects for this effect. This algorithm is described in Section 2.3.4.

2.3.4 Algorithms for radon measurements
From response to radon concentration

The algorithm presented in this section is derived from the work of Busigin
et al. [102] and can be adapted to all kinds of radon meters in which nuclear
decay is used for the detection of 222Rn and/or 222Rn daughters. In the form pre-
sented here it contains features that are specifically added for use with a quasi-
continuous radon meter. Apart from decay, it incorporates parameters for the
sampling process and plate-out of 222Rn daughters in the measuring instrument.
It describes how the 222Rn concentration in the instrument can be derived from
the recorded data. Parameters in the model are the efficiencies for detection of
the decay of each of the short lived nuclides in the decay chain of 222Rn, the cycle-
and counting time and the plate-out fraction.

For 222Rn meters of another type than the one described here, some param-
eters may be adapted. The algorithm could, for example, be used for a two-filter
monitor in which only 222Rn daughter activity is detected, by setting the efficiency
for detection of 222Rn decay to zero. If an instrument is operated in a continuous
mode, as, for instance, a 222Rn-exhalation meter, the 222Rn concentration usually
is not constant during the counting time. In this case, the sampling time may
be set to zero and the counting time in the model may be made small enough
to enable a description of the time-dependent 222Rn concentration as a series of
constant 222Rn concentrations.

The operation of a quasi-continuous radon meter may be described by
periodic repetition of a cycle of length r divided into one interval of length r — r',
during which a sample in the measuring volume is exchanged and one interval of
length r', during which a sample is measured. In the following, we define that
t = 0 (t is the time) at the beginning of cycle j , which is the current cycle (see
Figure 2.30). It will be assumed that each new sample replaces the previous one

cycle j

sampling counting sampling counting

Figure 2.30: Operating cycle of a quasi continuous radon meter.

completely, the moment the next sampling cycle starts. The rest of the sampling
time until t = r — r ' is used to make sure that the entire measuring volume is
refreshed. As stated in Section 2.3.1 in our case the measurement frequency for
the radon meter is 2 h"1, which means that the parameter r has the value 1800 s.
With a sampling time of 5 minutes,the counting time r ' is 1600 s.
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The net number of emissions, Yj, recorded during cycle j consists of three
terms: the number Rj from decaying 222Rn atoms, the number Dj from decaying
222Rn daughters that originated from the 2Z2Rn sample of cycle j and the number
Zji from decaying 222Rn daughters that originated from the 222Rn samples of the
previous cycles j — i (i = 1 , . . . , j — 1):

Yj = Rj +Dj + Yl Zji. (2.63)
t=i

The number of recorded emissions due to the sample of cycle j will be denoted
by Xj, defined as

XJ=RJ + DJ. (2.64)

The expectation value of the number of recorded emissions from 222Rn daughters
that are produced by a 222Rn sample is proportional to the expectation value of
the number of recorded emissions from 222Rn in that sample. Therefore the ratio
a, defined as

a = Xj/Rj (2.65)

is a constant and independent of the cycle number j . Also the expectation value
of Zji is proportional to the expectation value of the number of emissions recorded
during cycle j — i due to the 222Rn-daughter population from the sample of cycle
j — i, Dj-i. Therefore the ratios hi, defined as

hi = Zji/Dj-i (2.66)

are for each i with 1 < i < j' — 1 are independent of j . Using the definitions given
in Equations 2.64, 2.65 and 2.66, Equation 2.63 may be transformed to

kiXi-i. (2.67)
i=\

In the following equations, the nuclides of the decay chain of 222Rn are numbered
with the index k, with k = 1 for 222Rn, k = 2 for 2 J 8Po, k = 3 for 214Pb and
k — 4 for 214Bi. Because of the extremely short half-life of 214Po, the decay of a
2 I 4Po atom is considered to be equivalent to the decay of a 214Bi atom. Since the
counting interval (duration T') usually is not long compared to the sum of half-
lives of the short-lived 222Rn daughters, jt is necessary to take the time-dependent
222Rn daughter activity into account. However, the counting period (duration T)
is usually short compared to the lifetime of 222Rn ( r ^ = 3.8 days) and therefore
we will consider the number of 222Rn atoms during one cycle to be constant.
The following three equations give the nun., rs of a-emitting 222Rn daughters
that originate from the sample of cycle j that contains an average of Nj 222Rn
atoms during the interval t 6 [0; T). These equations are known as the Bateman
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solutions [104].

JV?(f) = ~N~)^-(l-e-Xlt) (2.68a)

(2.68b)

(A2 - A3)(A4 - A3)
The efficiencies rjk are defined as the ratio of the net number of emissions from
nuclide k recorded during a period of time and the number of decays of nuclide
k that took place during that period. The number of recorded emissions by
222Rn atoms is found by integrating the 222Rn activity multiplied with the proper
detection efficiency over the counting interval:

Rj=T)1\1N
1

jr'. (2.69)

Similarly Dj is found from the 222Rn-daughter activities, due to the sample of
cycle j , each multiplied by the proper r/t, as follows:

V*(t)] dt.

The total number of recorded events, due to the sample of cycle j , A'j, is the sum
of Rj and Dj and may, after some careful accounting be written as:

Xj = \{N) (r'(Tjj + TJ2 + r,t) - F2r}2 - F4Vt), (2.70)

where the terms J^ and F4 are short for

F2 = T- U~^r~T>) ~ e"Asr) (2.T1H)

and

A3A4

A2(A3-A2)(A4-A2)

A3(A2-A3)(A4-A3)

A4(A2-A4)(A3-A4) • (

Substituting Equations 2.70 and 2.69 into the definition of a (Equation 2.65), one
obtains
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a= ; fair' + ife(r' - F2) + T}4(T' - Ft)]. (2.72)

For the calculation of the hi in Equation 2.67 we must know the number of
daughters surviving a sampling interval (r < t < 2r — T'). We will use the
parameter fp for the fraction of 222Rn daughters that plate-out, i. e. not blown out
of the cell at the end of the interval in which they axe formed. It is assumed that
once the 222Rn daughters are plated out, they will survive all subsequent sampling
intervals. The evolution of the daughter populations Nj(t) (k = 2, • • •, 4) resulting
from the 222Rn sample of cycle j , during the following cycles (j +1,...) is based on
the numbers present at t — r, NJ(T) as given in Equations 2.68a-2.68c, resulting
in the following equations for N*(i) for t > T:

N](t) = / pAr 2 (T) e -A^- r \ (2.73a)

Nj(t) = fpN](T)e-x^-T) +

/p^i ( r)T-^T- (e-A*"-r) - «.-*»('-'>) , (2.73b)

Nj(t) - fPNJ(r)e~x^-^ +

(2.73c)

Equations 2.73a-2.73c can now be used to evaluate the counts in cycle j , due to
the populations of cycle j — i:

/

•(t+l)r

,i+l)r-r'
[rnhNJ-iW + Vi^Ni-ii*)] dt. (2.74)

(2.75)

The factors hi can now tbe evaluated by substituting the expressions 2.74, 2.64,
2.70 and 2.69 into the definition 2.66:

U
Al (T}2 + 114)T' - T}2F2 -

where the factors G* are short for

G] = c - A 2 ( t > - r ' ) ( l - e - A 2 r ' ) ( ^ 2 ) , (2.76a)

G* = e-\7{iT-r')(1_e-\1T'
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e-A4(i7—r')

(2.76b)
A3-A4

with
Ak = JV/(r)/3v} (2.76c)

for Ar = 2 . . . 4. Note that the Ak are independent of j (see Equations 2.68a, 2.68b
and 2.68c).

If /p , jji, 7/2 and 774 are known, the average activity concentration of
222RnCj (in Bqm~3) is given by the following equation, where V is the volume
of the cell:

i (2.77a)

which is, after substitution into Equation 2.67, transformed to:

Cj = — i — - (1 - -) V Ai^-i . (2.77b)

Note that this expression for the the 222Rn concentration of cycle j contains
the net number of recorded emissions, observed in cycle j as well as the 222Rn
concentrations of previous cycles. The factors hi are rapidly decreasing with i,
which makes it unnecessary to sum over all previous cycles. In practice, summing
is done over only a finite number of terms, associated with the most recent cycles.

Equation 2.77b gives the algorithm for obtaining the estimated 222Rn con-
centration inside the cell for each interval. The equation is equivalent to the
equation derived by Busigin et si. [102]. The difference is that the derivation
in [102] is for a continuous radon meter, while the equations presented here are
for a quasi continuous radon meter. An example of the use of this algorithm is
given in Section 2.3.6.

The following sections deal with the statistical variances in the number of
counts obtained w.« certain situations and the uncertainty in the deduced 222Rn
concentrations.

Variance of the event count
The theory in this section is derived from work of Ruark and Devol [105] and was
published by Inkret et ai. [106] among others.

The variance in the number of recorded events in a radon meter is deter-
mined by the laws of nuclear decay. This means that as long as a radioactive
nucleus is in a certain state, the probability rate A (probability per unit time)
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for the decay is constant. Suppose a radioactive nucleus, for example 222Rn that
may undergo k detectable transitions before it is transformed into a stable form,
is observed for a certain period of time. Assumung that there are no background
events, i.e., that all detected events correspond to an a-decay of 222Rn or a 222Rn
daughter, this experiment may result in the detection of 0 to A; events.

Let pi denote the probability of detecting i of these k events (i £ {0... k}).
For N of such nuclei, the probability distribution P(no,. . . , n*) is the probability
that of «,• nuclei i emissions per nucleus are detected. This results in the following
restrictions:

k

= 1, (2.78a)

= N, (2.78b)

..,rc*) = l, (2.78c)

i=0

and

where ^2 is
N N N

* £ ••• £ • <2-7 8 d)
no=Otii = JV-no nt_i = A' — n0 t>t_i

As a result of the above definition, the probability distribution P(no,... ,n*) is
the multinomial distribution, and can be written as

P(no,...,nk) = Nlf[£-. (2.79)
.=o nil

The variable X will be used to represent the number of recorded emissions:
it

X = rn+2n2-l + knk = 52ini- (2.80)
t=0

It can be shown [107] that the expectation value of this observable is
Jt

(X)=NY,iPi, (2.81)
«=o

and that the variance is

V ( ] [ > ) (2-82)
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These equations may be found in many textbooks on statistics e.g. [108]. In
the following sections, we apply this theory to the quasi-continuous radon meter,
using the algorithm in Section 2.3.4 to obtain an analytical expression for the
uncertainty in the measurements. The theory, published in essence by Inkret
et a i [106], is presented here in a form, derived from Busigin et ai. ([102]), adapted
to the formalization suitable to this document.

The random error in a single radon measurement

The first application of the formalization presented above is estimating the ran-
dom error in a single 222Rn measurement with a quasi-continuous radon meter.
The measuring volume is supposed to be void of any radioactive nuclides prior to
the measurement of the first cycle (i = 1), implying that Y\ = X\. The volume is

filled with air containing N\ 222Rn atoms at t = 0. During the counting period,
from t = T — T' to t = r, the probability per 222Rn atom of making transition 1,
from 222Rn to 218Po, is denoted by TTJ. It is denoted by -Ki for the transition
from 2 I8Po to 214Pb and by x4 for the transition from 214Po to 210Pb. From
Equations 2.68a-2.71b it follows that:

7Ti = AJT' (2.83a)

7r2 = \I(T'-F2) (2.83b)

7T4 = A I ( 7 - ' - J F 4 ) (2.83C)

Note that the set of atoms that perform transition k is a subset of the set of
atoms that perform transition k — 1, etc., which means that W4 < -Ki < TTI < 1.
As previously, rii is the number of atoms from which i decays are recorded, 71 is
the probability of recording a decay of 222Rn, provided it takes place, 1)2 is the
same for a decay of 218Po and 774 for a decay of 214Po.

The probability that the decay of a specific atom results in exactly zero
detected events consists of four terms: the probability that it decays

• not,
• once and the decay is not recorded,
• twice and the decays are not recorded,
• three times and none of the decays is recorded.

This can be formalized as follows:

po - ( l - 7 r , ) +

(fi -

(TT2 -

^ ) . (2.84)

The probabilities of detecting one, two and three events from this atom can be
calculated by the same procedure. With Equation 2.84 re-written and after elab-
orating the equations for one, two and three events, the following four equations
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are found:

pa = 1 -m^i — »/2(l - %)T2 - V4(l -»7 i ) ( l - *?2)fl"4, (2.85a)

Pi = T7ITTI +??2(l-2?7i)7r2 +»?4(1 — 2T7I -2r)2+ 3mm)**, (2.85b)
(2.85C)

(2.85d)

From Equations 2.85a-2.85d po + Pi + Pi + P3 = 1 can be verified.
These p,- are functions of the quantities A,-, r and r ' and 77,-, which can be

measured. With the p,- known, the first and second moments of X\ now follow
from Equations 2.81 and 2.82:

pT,)=]V ]
1(p1 +2p2+3p3) (2.86)

and

var(Xi) = ~N\ [pi -I- 4p2 + 9p3 - (p, + 2p2 + 3p3)
2] . (2.87)

In the following derivation of the statistical error in the measurement of the 222Rn
concentration during the first time interval, we will assume that the efficiencies
T]k (k = 1,2,4) and the time intervals T and r ' are known with negligible uncer-
tainties. The uncertainty in the volume V of the meter cancels out, because V
•appears in the determination of the efficiencies as well as in the formulas for the
efficiencies.

The number of events observed during cycle j , N^ is the sum of an unknown
number of observed decays Yj and an unknown number of background events Bj,
which we assum to follow Poisson statistics:

Nf = Yj+Bj. (2.88)

If var(Vy) is the variance in the expectation value of the net event count and
var(Bj) = B~ (Poisson statistics), then

var(Nf) = vax{Yj) + B. (2.89)

Our estimate for Yj is F e 9 t :

Fes t = Nf + B. (2.90)

Assuming that the mean backgound B is a well-known constant, we obtain for
the random error in y e s t :

o(Yeat) = y/vu(Nf) = J™(Yj) + B. (2.91)

If we define the quantity qj as:

then, because Yi =
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= v ^ G ) = *+**+*» _ (pi + 2p2 + 3p3) g 3
(Ai) pi + 2p2 + 3p3

The relative error in the 222Rn concentration during the first cycle (j = 1) can
now be estimated from the observed event count:

' ( ]

Alternately, the random error in C\ may be calculated from the expected net
event count (X\) — r\\r'aVC\. This results in:

a(Cx) = ]— Jqi 77i r'aVCj + B. (2.95)
TJIT av '

Decision and detection limits

NCRP's Handbook of radioactivity measurements and procedures [109] defines
two quantities in connection with the lowest detectable activity: the decision
limit Lc and the detection limit Ljy.

The decision limit is used to decide whether or not the gross event count
X = Nj is significantly greater than the mean background level B. If X < B -\-Lc
one decides that no activity is detected and if X > B-\-Lc one decides that there is
a detectable activity. The decision limit is set at a level such that the probability
of false detection, P{Bj > Lc), is 5%.

The detection limit is defined in terms of the probability of false non-
detection. A 222Rn concentration Co is expected to yield a net event count at the
detection limit Ln and a gross event count X = B +LQ, where LD is chosen such
that P(X < B + Lc) — 5%. These definitions of Lc and Lvt are demonstrated in
Figure 2.31.

NCRP proceeds by approximating the distributions of the observed event
counts with normal (Gaussian) distributions. For the normal distribution, the
probability for exceeding k standard deviations is 5% for a value of k (called the
normal standard deviate) if k = 1.64. Using var(Bj) — B yields the following
expression for the decision limit:

Lc = k\f&. (2.96a)

We now define the detection limit L-Q of the radon meter as a mean net event
count Xj during the first cycle1 (,;' = 1) with a probability P(X\ < Lx>) = 5%,
resulting in the following difference between Lc and Lr>:

Lu -• Lc = kyqiLo + B.

Substitution of Equation 2.96a into the above yields for

1 This definition differs from the method used previously [110]. In the previous method q\ was
used but the conversion from counts to concentration was made for the equilibrium situation.
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LD = k2
qi + 2LC = 2.7qi + 3.3VB. (2.96b)

Both Lc and Ln are defined as a net event count or signal level. It is often
more convenient to express these quantities in terms of the 222Rn concentration.
The 222Rn concentration CQ that yields a net event count Lo is also-called de
tection limit and the symbol Lo is used for both the event count and the 222Rn
concentration.

The relative error in the 222Rn concentration reading at the detection limit
is found by substitution of Equation 2.96b into 2.94, which yields:

<r(CD)

2.7qi
(2.97)

i H 5% of Xrvalues > B+Lc

111 5% of X2-values < B+Lc

0.10

0.05

0.00

B B+LCB+LD

Figure 2.31: Graphical representation of the definitions Lc and LQ. The distribution
f(X) of the gross signals X for measurements with a blank, with X = B, is marked (1)
and for measurements with a 222Rn concentration Co yielding an average gross signal
H = B + £ D is marked (2). Distribution (1) extends 5% above B+Lc and distribution (2)
extends 5% below 2? + Lc.
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For <7i in the range qi = 1-2, the expression forming the right-hand side of Equa-
tion 2.97 depends only slightly on qi. For 5 < 5 < 10 000, the value of this
expression ranges from 0.3 to 0.4.

It may be tempting to reverse the above observations and define the de-
tection limit as a level where the error is in the range of 30%-40%. The author is
not in favour of such a definition because this narrow range in the relative error
may correspond to a much larger range for the detection limit and moreover such
a definition obscures the meaning of a detection limit concept in terms of the
probability of false detection.

The random error of a, radon measurement assuming a constant concentration
The previous section dealt with the random error in the first measurement, where
the contribitions Zji of previous cycles to the number of detected emissions were
zero. In this section the special case is treated where it is assumed that the 222Rn
concentration is a priori known to be constant. As a result, the 222Rn in the
meter will, after some time, be in secular equilibrium with its daughters.

If the plate-out fraction / p is assumed to be equal to 1, the variance in
the counts at equilibrium Yeq. can now easily be deduced from Equation 2.87.
The only difference with Section 2.3.4 is that the probabilities for the transitions
(Equations 2.83a-2.83c) are all equal:

var(yeq.) = Jf1 (PJ + 4p2 + 9p3 - (Pl + 2n + 3p3 )
2) , (2.98)

where the />,• (i = 1 . . . 3) are defined in Equations 2.85b to 2.85d with substitution
of:

xj = 7r2 = TT4 = A^'. (2.99)

The expression for a(Ceq.) is identical to the right-hand side of Equation 2.87 —
the difference is hidden in the expressions for the pi.

The random error in a radon measurement from a series with a changing
concentration

In real life, quasi-continuous 222Rn measurements are usually not the first one from
a series, nor is the 222Rn concentration usually a priori known to be constant. In
most cases Cj is calculated with Equation 2.77b. The contributions of previous
cycles occur twice in this equation: as constituents of the number of observed
emissions Y{ and in the terms with a negative sign compensating for these terms:

^ \r\\T'aV

The average values of the second and further terms in Equation 2.100 are zero,
because the average of Xj-i/(r)iT'aV) equals Cj_,-. However; these terms do
contribute to the random error in the measurement.
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An upper limit for the error in Xj-i/(r)i T'OV) is the error in Cj—j, because
the former represents only one of the contributions to the latter. Therefore we
can make the approximation:

VjVfC,--,-). (2-101)

For the first and largest term the more exact equation

VBI(XJ ) = -*— [p, +4p2+ 9p3 - (Pi + 2p2 + 3p3)
2] (2.102)

M
derived from Equation 2.87 is used. Together with the contribution of the back-
ground the estimate of the random error in an arbitrary measurement of Cj
becomes:

a(cj) - (—" ( r'aV)2 *"

j-i \ x>2

(1 - - ) 2 J2 h'i2a2(Cj-i) I . (2.103)
>=i /

This equation is, together with Equation 2.77b, incorporated in a computer pro-
gram used to process the output of the radon meters.

2.3.5 Considerations for the design of a Lucas cell
radon decay

The 222Rn progeny concentration in air is never at equilibrium with the 222Rn
concentration. This is due to chemical properties and the fact that 222Rn progeny
is often ionized after an a-decay, which causes these elements to plate-out en sur-
faces and attach to aerosols. For measuring 222Rn concentrations radiometrically
it is necessary to know exactly which part of the a-activity is due to 222Rn progeny.
To obtain a well-known initial situation, the 222Rn progeny is filtered out of the
air sample before starting the activity measurement.

The decay series (Figure 1.2) can be split into two parts: the short-lived
part from 222Rn to 2I4Po and the part beginning with the long-lived isotope
210Pi>. In the first part of the series there are three a-emitters and in the second
part only one. Each a-emitter plays a role in 222Rn measurements with a Lucas
cell, since the signals from a-particles originating from different nuclei cannot be
distinguished. Moreover, virtually all 222Rn progeny formed inside the cell almost
immediately plates out on the surfaces. Therefore the net pulse count, recorded
during one interval, is partly the result of decaying 222Rn progeny deposited in
previous intervals. After one year of continuous measurements at a constant
concentration, the a-activity of 210Po will have a value of 3% of the activity of
the short-lived a-emitters, thereby increasing the count rate with roughly 1%.

Although the 222Rn concentration can be calculated from the total count
rate as long as the history of the cell is known, the progeny remaining in the
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cell will deteriorate the time resolution of the measurements (see Section 2.3.2).
Therefore one should strive to minimize the efficiency for detection of 222Rn
progeny and to maximize the efficiency for 222Rn detection. Minimizing the ef-
ficiency for detection of progeny is difficult, but may be accomplished by elec-
trostatic collection of the 2I8Po ions, since 85% of the 222Rn decays result in a
positively charged 2I8Po atom. The detection efficiency of 222Rn with respect to
the detection efficiency of progeny may be enhanced by a suitable geometry of the
cell, as explained in the next section. Experiments by Aldenkamp with a device
that makes use of electrostatic collection, indicate a strong dependence of the
collection efficiency on temperature, humidity, geometrical shape and strength of
the electrostatic field and even on the 222Rn concentration in the cell (see Sec-
tion 2.2.3). Therefore we choose not to introduce uncontrollable uncertainties
by attempting to remove the progeny formed inside the cell electrostatically. In-
stead, the effect of the 222Rn daughters on the count rate is corrected for, using
the algorithm described in Section 2.3.4.

Detection ofaparticles

In air a 5 MeV a-particle has a range of approximately 4 cm. To be detected,
the a-particle must hit a ZnS(Ag) crystal before it has lost its kinetic energy. For
a-particles emitted from a 222Rn-decay product plated out on a ZnS(Ag) plane,
the chance to hit the scintillator is 50%. In the case of 222Rn atoms in air, the
theoretical efficiency for a-detection may be calculated from the geometry.

Consider, for example, a simple 222Rn detector consisting of a single plane-
surface covered with scintillator material (Figure 2.32). An a-particle from 222Rn
can only hit the surface if the distance to the surface is shorter than the range R of
<*-particles in air. Now imagine that a 222Rn atom at distance z from the surface
(0 < z < R) emits an a-particle. The a-particle is emitted isotropically and stops
on the average at the surface of a sphere with radius R unless it is stopped by
the detector. The probability P that this a-particle will hit the surface equals
the area of the part of the sphere extending into the surface divided by the total
area of the sphere:

P{z) = ^ (2.104)

The mean probability P for an a-particle to hit the surface with an even distri-
bution of 222Rn atoms between z = 0 and z = R is:

Figure 2.32: Geometry of a plane-surface 222Rn detector. His the range
of an a-particle from 222Rn in air and z the distance of the 222Rn atom

v \ \ \ \ \ from the detector. If z > R, the a-particle cannot be detected. The
\ \ W \ broken line is drawn at a distance 2R from the plane.
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P= - / P(z)dz = - (2.105)
•ft JQ 4

Another simple example is the volume enclosed by parallel plane-surfaces at dis-
tance R. From symmetry considerations it follows that here P = | . For a more
complex geometry it can be quite difficult to calculate the efficiency analytically,
but it can be done with numerical methods. For example, for the volume inside
an infinitely long tube with a square cross-section and width R, we calculated
that P ~ 80%.

The conclusion from these geometry considerations is that if we want a large
detection volume without wasting too much space the volume must be divided
into sub-volumes with a dimension approximately equal to R, i.e. 4 cm.

Geometry is not the only factor that determines the efficiency of a Lucas
cell. The light from the scintillator must reach the photomultiplyer tube (PMT)
and be transformed to a pulse with sufficient amplitude.

The scintillator material ZnS(Ag) typically emits 110 photons with an av-
erage wavelength of 450 nm (2.8 eV) for each keV of radiation energy deposited.
The maximum a-energy being about 6 MeV, one may expect a bialkali type PMT
with a quantum efficiency QE = 25% at 450 nm to produce pulses with a maxi-
mum of 1.7 x 10s photoelectrons equivalent.

The pulses obtained from a Lucas cell filled with 222Rn in air form a con-
tinuous spectrum. This is caused by two factors:

• The a-particles from 222Rn decay traverse a path through air causing en-
ergy loss and straggling, which results in an energy spectrum at the detec-
tor from 0 to 5.49 MeV.

• The detected pulse height is proportional to the probability that photons
reach the PMT, which depends on the length of their path and on the
reflecting properties of the walls of the cell.

Summarizing, pulses at the high end of the spectrum are caused by a-particles
that have retained a high energy when they hit the scintillator close to the PMT.
Pulses at the low end of the spectrum arise from a-particles that hit the scintillator
with lower energies or from places farther away from the PMT.

'Background' will be defined from here on as the signal the instrument
produces without any 222Rn or short-lived 222Rn progeny insiue the cell. The
remaining pulses of any concern arise from two sources:

• inside the glass of the PMT and in the scintillator itself, traces of a-emitters
may cause scintillations and

• inside the window of the PMT relativistic cosmic particles may produce
Cerenkov light.

The background count rate is a rapidly decreasing function of pulse height, which
makes it possible to eliminate most potential background pulses from the bulk of
signal by setting a threshold. The level of the threshold is a compromise between
low background and high efficiency.
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The highest background pulses are due to cosmic rays: about 100 events per
cm2 per minute with a pulse height between 10 and 200 photoelectrons equivalent,
depending on the PMT [111]. If a background level of less then 1 cpm is required,
a threshold level at 200 or more photoelectrons equivalent may be necessary.

Efficiency of a Lucas cell

Signal pulses can only be distinguished from background ones if they are high
enough, i. e. if the numbei of photons that reach the PMT is large. This requires
a good light collection, obtained by avoiding materials inside the cell that absorb
scintillation light instead of reflecting it. One of the advantages of ZnS(Ag) as
a scintillator is that in addition to having the largest light output of available
scintiMators, it is a good reflector. Using reflecting materials for the walls avoids
loss of light emitted backwards by the scintillator crystals. Also a good optical
coupling between the cell window and the PMT window helps to prevent light
losses due to internal reflections.

According to Cohen et a/. [101] light loss in a Lucas cell, if well constructed,
is subject to a 50% reduction for every 7 cm the scintillator is farther away from
the PMT. For their type of cells, the pulse height spectrum allows an attenuation
of a factor of 27 (= 128) before the bulk of the spectrum is below threshold.
Therefore they conclude that a cell length of up to 50 cm is possible. However,
the cells actually constructed by Cohen et al. were not longer than 38 cm.

In the Section 2.3.6, we describe how the instrument was optimized by
finding a minimum of the detection limit LQ .

2.3.6 Design, construction and calibration
Pulse-height measurements with a localized a-source

As mentioned in Section 2.3.5, the number of photons from the scintillator reach-
ing the PMT depends on the distance of the PMT to the location where the de-
tection took place. To find the maximum distance, we measured the pulse height
of the PMT-output, for a 50 cm long tube with a cross section of 4 x 4 cm2, coated
on the inside with ZnS(Ag). An a-source could be moved along the centre of this
tube over a length of 30 cm. It was found that the pulse height doubled for every
7 cm the source was moved closer to the PMT, which is the same value as found
by Cohen et al. [101].

Background asessment

To obtain an idea of the magnitude of background sources, a simple prototype
of a Lucas cell was built from a plexiglas cylinder with a diameter of 13 cm and
a length of 30 cm. The whole inside was covered with ZnS(Ag), except for the
top window. On the top window, a 76 mm (3 inch) diameter PMT was mounted
and the assembly was put in a light-tight box. The cell was kept closed at all
times to keep all 222Rn out. The results of three measurements of the count rate
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above threshold as a function of threshold are presented in Figure 2.33. One
measurement was done with the setup as described above. The other two were
for the PMT without the cell and facing down and facing sideways in a horizontal
direction, respectively. The difference between the background of a bare PMT
facing down and a PMT facing in a horizontal direction amounts to a factor of 10
in the region between JVpe = 125 and Ape = 250. The Figure shows that above
iVpe = 200 the background pulses mainly originate from the cell.

The signal below JVpe = 200 is mainly due to cosmic radiation: relativistic
particles produce Cerenkov light in the PMT windows and the cell with a pulse
height proportional to the thickness of the windows. This also explains why
inserting a light guide between the cell and the PMT increased the background
to an unacceptable level.

From these measurements we conclude that the PMT should be coupled
directly to the cell and that the threshold level for rejecting background signals
should be set at JVpe > 200.

Design and construction

The conclusions from the previous sections have led to the following design con-
straints on a Lucas cell suitable for our purposes-

• The cell should be divided into sections of approximately 4 cm in diameter.
• The PMT should be positioned face down.

10

10'

NT1

10'3

10"'*

KVI

_ » . PMT window down — PMT window sideways
-PMT with cell

10
1 - 1 1 I L_J_

100 1000

Threshold (photoelecIrons)

Figure 2.33: Background spectra of a PMT (diameter 76 mm) with and without a simple
scintillation cell. Note that the values are not representative for the radon meter.
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• No light guide should be used and therefore the PMT should have the same
diameter as the cell.

• No light-absorbing materials should be used inside the cell.
For the construction of the cell, plexiglas was chosen in view of its transparency.
The width of the cell was determined by the diameter of the largest PMT available,
which had a diameter of 13 cm. The length of the cell was limited by constraints
in the construction to 30 cm. We tried different methods of applying the ZnS(Ag);
the easiest turned out to be the ZnS(Ag)-coated mylar foil, supplied in sheets of
12" x 12" by William B. Johnson Assoc. (Research Park, Montville, NJ 07045,
U.S.A). The PMT was a THORN EMI 9792B Bialkali type with low background
glass and nine Venetian blind CsSb dynodes. The high-voltage was set at the level
given by the PMT manufacturer for a gain of 50 A 1m"1.

The result is a 30 cm long cell, consisting of 9 longitudinal sections, built
from two plexiglass tubes; one with an outer diameter of 13 cm and one with an.
outer diameter of 4 cm, which were placed coaxial. A sketch of the construction

Figure 2.34: The radon meter. Left: schematic drawing of the segmented scintillation
cell (top) and nozzle (bottom). Right: Construction drawing of the complete meter with
PMT, cell and aluminum mantle.
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is given in Figure 2.34. The space between the two tubes was divided into eight
sections by plane strips of plexiglas. These strips leave a gap of 1 mm along the
inside of the outer cylinder over the whole length of the cell. All inner surfaces
were covered with the Johnson foil, except for the cell window. The total volume
is approximately 3 litres. Through a nozzle on the bottom of the cell, the air can
be pumped into four outer sections. Via the gaps the air reaches the four other
outer sections and passes through four holes in the upper end of the inner tube;
the air is pumped into the inner section. The air flows out of the cell through the
fifth hole of the nozzle, on the bottom of the inner cylinder.

The cell was designed in cooperation with the KVI design department and
was built in the KVI workshop.

Conversion of pulse height to number of photons

As indicated above, the threshold should be set at a level of jVpe > 200. To find
the conversion factor of the pulse height from the PMT (measured in Volts) to the
number of photons that reach the PMT window, we performed an experiment with
a Nal(Tl) crystal with a diameter of 44.5 mm (1.75 inch) and a height of 12.7 mm
(0.5 inch) as light source. The scintillation light of this type of crystal has an
average wavelength of 413 nm, at which the quantum efficiency QE of this PMT
is 29%. The crystal was irradiated with 7-rays from a 5TCo source (122 keV).
The pulse height of the peak was measured with a multi-channel analyzer for
a number of positions of the crystal with respect to the PMT; the farther the
crystal is placed from the PMT, the lower the pulse height. The pulse height is
proportional to the number of photoelectrons Npe produced in the cathode area of
the PMT. The full width at half maximum AE of the peak is related to Npe using
the following equation, (see for example [111]), also used by Cohen et al. [101].

In this equation Npe is the number of photoelectrons, 8 the mean dynode gain
and 2.35 the numerical factor involved when converting from full width at half
maximum to standard deviation for a normal distribution. The mean dynode
gain is simply calculated from the number of dynodes and the overall gain; in
our case S = 4.46. Assuming that the peak width is mainly determined by the
statistical fluctuation in the number of photoelectrons, Npe can be calculated from
Equation 2.106.

Measurements were taken with the crystal at three different distances from
the PMT. For each spectrum (see Figure 2.35) the peak position E (measured as a
channel number) and full peak width at half maximum AE were determined (see
Table 2.6) and the number of photoelectrons was calculated with Equation 2.106.
A value of 0.50±0.01 photoelectrons per channel was found. This value depends of
coarse on the overall amplification factor and the conversion factor of the analyzer.



2.3. A CONTINUOUS RADON METER- P. Stoop 107

Table 2.6: Measured pulse heights and widths from a Nal(Ti) crystal and numbers of
photoelectrons Npe calculated.

E (channels) &E (channels) jVpe

74.8
148.2
225.0

34.8
46.3
56

33
73

115

Therefore care should be taken that the original settings are used for every PMT
when taking spectra.

The conversion factor between pulse heights and Npe was used to provide
the spectra presented in the following sections with calibrated abscissa.

Determination of the radon meter threshold
The optimum threshold setting of the radon meter was determined in the following
experiment. First, the cell was filled with 222Rn-free nitrogen gas. After several
hours during which any remaining 222Rn progeny could decay, a background spec-
trum was recorded. From this spectrum, the total number of counts as a function
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Figure 2.35: Pulse-height distributions of the signals produced by the PMT used in
the radon meter as a response to the light from a Nal(Tl) crystal, that is exposed to
7-radiation from a "Co source (122 keV) for three different distances between the PMT
and the crystal. The pulse heights are normalized.
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of threshold setting was calculated. The results are shown in Figure 2.36.
Then the radon meter was filled with air with a given 222Rn concentration

and left to decay for several hours to establish a secular equilibrium of 222Rn and
222Rn progeny in the cell. The 222Rn concentration was determined at (809 ±
10) Bqm"3 by measuring another sample of the same air using a Lucas cell of
0.285 dm3 calibrated in an intercomparison at the National Radiation Protection
Board (NRPB) of the U.K., and a Pylon AB5 counting system. Again, a spectrum
of the radon meter was recorded during a counting time of 25 minutes and the
number of counts above a given threshold were determined by integration. This
result is also presented in Figure 2.36. From the background values per 25 minutes,
which is the measuring time for the quasi-continuous operation of the cell, the
detection limit (Equation 2.96b) was deduced for each threshold.

In computing the detection limit, we assumed a fixed ratio Vi/'72 = V2/1)*
which is relatively independent of the threshold. This ratio was determined with
a threshold at JVpe = 172 as described in the next section. Assuming a fixed ratio
does not cause an error greater than 3% in the detection limits. Thus, for a number
of thresholds, the detection limits were calculated in Bqm~3 (Figure 2.37). In
this Figure, one notes that the detection limit La has a minimum in a region
extending from a threshold setting of about 150 to 300 photoelectrons.

The measurements presented were carried out after using the radon meter

a

104

)03

102

10'

1 1 1

Cumulative spectra

Rn(8095 6q m

\

^ — - —
1 1 1

1

RM1

3)

...
0 100 200 300

T hreshold (nhul ui'l
',00 500

Figure 2.36: Integrated 222Rn and background spectra for the radon meter RM1 after
two years of field measurements. N2 is the integrated background spectrum.
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for two years. Initially, the optimum threshold was found at a level that produced
a background count rate of 1.0 cpm (counts per minute) and a detection limit of
4.9 Bq m~3. Two years later, after the cell has been contaminated with 210Pb, the
optimum threshold was at a point where the background count rate is 1.4 cpm,
and the detection limit was 7.2 Bqm~3. The exact calculation of the detection
limit is given in the next section.

The conclusion is that the threshold can be set at a relatively arbitrary
level (around 200 photoelectrons) without much affecting the detection limit. A
lower threshold setting will raise the background but enhance efficiencies; a higher
setting will lower the background but reduce the efficiencies. Where the detection
limit is concerned these effects cancel each other over a wide range of threshold
settings. Background measurements should be made periodically to monitor the
contamination with 210Pb. Only when a significantly higher background is found
should one re-determine the optimum threshold and the efficiencies at this new
threshold.

Determination of the efficiencies
The radon meter was operated quasi-continuously, according to the operating
scheme, as illustrated in Figure 2.30, with r = 30 minutes and r' = 25 minutes.
The efficiency of the radon meter was determined for 222Rn and for 2I8Po and
214Po. In the following procedure we used the Pylon AB5 with a 0.285 L cell
with (?ji +rj2 + T?4)/3 = 56% (value from NRPB intercomparison) for the absolute
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minimum: 7.3 Bqrn"3 at 172 photoelectrons
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Figure 2.37; The detection limit of the radon meter RM1 as a function of threshold after
two years of field measurements.
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calibration.
The radon meter and the Pylon cell were coupled in series. First, the cells

were flushed with nitrogen to make sure the air inside was 222Rn-free. Then, the
quasi-continuous operation was started with the 'empty' cells and continued for
a couple of cycles. During the next regular pumping interval, an air sample in a
plastic bag from the crawl space of the test dwelling was pumped over a silica-gel
drier and a dust filter into both cells. The airflow during the pumping interval
(5 minutes) was 3.3 litres per minute; enough to flush the large cell more then five
times. After the pumping interval, the two cells were connected in a closed circuit,
not with the silica drier but with the dust filter. The result was that during the
next pumping intervals no 222Rn was pumped out of the system. After a while
the circuit was opened and during the next three intervals a sample of 222Rn-free
nitrogen was fed into the system. In summary, the procedure can be described as
follows:

a number of cycles without 222Rn;
intake of a 222Rn sample;
a number of cycles with this decaying sample;
removal of the 222Rn sample;
a number of cycles without 222Rn.

The events, recorded with a data-logger during each measuring cycle, are pre-
sented in Figure 2.38a which shows that during the first cycles with the 222Rn
sample the activity increases, implying that 214Po is not yet in equilibrium with
222Rn. The events in these cycle are for the largest part due to 222Rn and 218Po.
After three hours (cycle number 7 with 222Rn) the gross event rate reaches a
maximum after which the effect of 222Rn decay (TJ^ = 3-8 days) becomes visible.
In the first cycle without 222Rn, the number of recorded events does not imme-
diately drop to the background level. The events in this cycle are mainly due to
the remaining 214Po nuclei.

A mathematical description of the processes involved in this experiment
was given in Section 2.3.4. In terms of the formalization of Section 2.3.4, the data
in Figure 2.38a represent the counts Yj + Bj. The counts Yj may be described by
the history of the 222Rn concentration in the meter as above, and are computed
by substituting the counts Xj (Equation 2.77a) into Equation 2.67.

There are three free parameters in the formalization: fp, the fraction of
the 222Rn daughters that is not pumped out of the cell during the pumping cycle;
r)i and 772 = T]4, two parameters denoting the efficiency for detection of a-particles
from 222Rn and the short-lived 222Rn daughters. This algorithm was converted
into a computer program and the expected number of background counts and
the measured 2z2Rn concentration were substituted. The three free parameters
were found using a least-squares procedure to fit the function to the data. The
result is plotted in Figure 2.38a (drawn line). The corresponding parameters
are: TJ, - (43.8 ± 1.9)%, r\2 = (48.3 ± 1.0)% and fp = 1.00 ± 0.03. In the
procedure followed for later measurements, / p was kept at the fixed value of
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Figure 2.38a: The response of the radon meter to a l222Rn pulse'. Data: Number of
events recorded in 25 minutes (the points are .30 minutes apart). Drawn line: Fit to the
data for obtaining the efficiencies (see text).
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Figure 2.38b: Exampls of the effect of the algorithm for converting the counts from
the radon meter into concentrations. Data: 222Rn concentrations as calculated with the
algorithm from the data presented in Figure 2.38a. Drawn line: The 222Rn concentration
in the cell - first zero - then a known concentration(measured separately) that decays
for a time in the cell, and finally zero again.
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/p = 1.00. The errors quoted include a random error in the determination of
the 222Rn concentration with the calibrated Lucas cell. However, a bias due to
a possibly incorrect calibration factor of the 0.285 L cell may exist. During the
intercomparison at NRPB, the overall efficiency of this cell was determined to be
56%, while the manufacterer maintains that the efficiency of these cells is 72%.
We decided to use the value of 56% with the annotation of a possible bias. We
bear in mind that this means that the absolute efficiency of the meter may be
about a factor 1.3 higher then stated. However, for our measurements, that are
used merely to study relative effects, this has no consequences.

As an illustration of the use of the algorithm, the data of the initial cal-
ibration procedure were used to calculate the 222Rn concentration as a function
of time from the efficiencies and the counts in Figure 2.38a. The result is plotted
in Figure 2.38b. One notices that the algorithm eliminates the 'blurring' effect
of the 221!Rn daughters and reproduces the expected behaviour of the 222Rn con-
centration. These advantages are clearly achieved at the cost of a larger relative
scatter in the data. The standard deviation in the first part is entirely due to
the background and amounts to approximately 0.8 Bqm~3. In the second part,
where the 222Rn concentration is about 280 Bqm"3, the standard deviation is
approximately 10 Bqm""3. In an equilibrium situation, one finds for the efficien-
cies given that q = 1.93 (Equation 2.99). At 280 Bqm~3, 1770 events are counted
in 25 minutes, and therefore the expected standard deviation in the 222Rn con-
centrations is a(C) = 280 x yj\.93/1770 = 9.2 Bqm"3. This value is in good
agreement with the data shown in Figure 2.38b.

The subsequent measurements without 222Rn show again a little more scat-
ter than the first points. This can be explained by the observation that the algo-
rithm acts as a 'differentiating filter' and therefore amplifies the 'high-frequency'
noise which is present in the signal as the result of the statistics of nuclear decay.

After two years of field measurements with the cell, the procedure was
repeated. The optimum threshold was determined again and the efficiencies were
calculated. The new calibration yielded a background count rate of 1.4 cpm and
efficiencies r\\ = (30±2)% and % — (40.5±1.3)%. The decrease in efficiency is due
to the higher threshold setting which was necessary to decrease the background
count rate and establish the lowest detection limit. In Table 2.7, the radon meters
are denoted as RMl, RM2, RM3 and RM4. The calibration measurement number
(meas.) is 1 for the first measurement with the new meter, 2 for the measurement
two years later, (only for RMl measurements 1 and 2 are also shown), 3 for
the measurement immediately before a new threshold setting in 1991 and 4 for
the situation immediately after this threshold setting. The overall efficiency rj
is defined as 77 = (771 + 772 + »?4)/3 with 772 = Vi- In measurements denoted 3,
only the overall efficiency was determined; the values of 771 and 772 were derived
from measurement 4 by assuming a fixed ratio 771/772. The detection limits were
calculated for the first measurement out of a series and are therefore different
from the values in [110]. To demonstrate how the detection limit depends on the
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Table 2.7: Specifications of the radon meters found in calibration

R M , •

RMl,
RMl,
RMl,
RMl,
RM2,
RM2,
RM3,
RM3,
RM4,
RM4,

1

2
3
4
3
4
3
4
3
4

Bc

16.7
23.3
114.0
23.4
28.0
22.9
24.9
22.1
128.0
17.5

vd

0.468
0.370
0.557
0.361
0.455
0.438
0.574
0.389
0.552
0.312

m
0.438
0.300
0.444
0.288
0.304
0.293
0.376
0.255
0.336
0.190

V2e

0.483
0.405
0.614
0.398
0.53U
0.510
0.676
0.458
0.660
0.373

25

9i

1.50
1.38
1.57
1.37
1.44
1.42
1.55
1.37
1.51
1.29

min. "
Co

4.9
7.2
9.8
7.4
6.6
6.3
14.1
7.0
10.9
7.9

55

?i

1.58
1.45
1.68
1.44
1.53
1.51
1.67
1.45
1.63
1.36

min."
CD

2.8
4.2
5.8
4.3
3.8
3.6
8.3
4.0
S.4
4.5

175

9i

1.78
1.62
1.92
1.60
1.74
1.71
1.93
1.63
1.88
1.50

min."
Co

1.3
1.8
2.6
1.9
1.7
1.6
3.7
1.7
2.8
1.9

Measuring time
Number of radon meter and measurement
Average background count in 1000 s
Average efficiency (17 = r/i + r)2 + 174 )/3
Assuming 772 — 14

measuring time, LQ was not only calculated for 30 minute cycles, but also for
1 and 3 hour cycles.

As expected, the background count rates of these meters are subject to a
slow increase over the years. The detection limits of all meters could, however, be
kept below 8 Bqm~3 by adjusting the threshold (measurements 4). The threshold
adjustment between measurements 3 and 4 are:

• fcr RMl from 67 to 172 photoeiectrons,
• for RM2 from 91 to 99,
• for RM3 from 40 to 113 and
• for RM4 from 56 to 143.

The uncertainties are not shown in Table 2.7. The errors are approximately
1 count in 1000 s for 2?, 0.01-0.02 for the 7?, and 0.3 Bqm~3 for LD. Table 2.8
shows as an example the calculations that were made for the first calibration of
the first radon meter RMl.

2.3.7 Assessment and comparison with other instruments

Comparing the radon meter with other instruments is difficult because there is
no standard set of quantities used. Table 2.9 shows some of the characteristics of
other instruments comparable to our radon meters.

Cohen et al. recommend a threshold setting of 7VPE = 450 [101]. The
optimum value we found was rather lower (./VPE = 172 for the the first meter
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Table 2.8: Calculations for the detection limit of the first radon meter RMl
Quantity
T

T'

F2

F*
TTi

7T4

Vl

V2

Va

Pi

P3

Va.r(Xi)/lv\
{Xi)/iVj
9
B
LD

LD

Value X unit
1800 s
1500 s
84 s
1389 s
0.003150
0.002972
0.000232
0.438
0.483
0.483
0.998284
0.001379
0.000356
0.004390 events/atom
0.002927 events/atom
1.50
25 counts
20.4 net counts
4.9 Bqm"3

source or equation
preset
preset
2.71a
2.71b
2.83a
2.83b
2.83c

measured
measu red
measured

2.85a
2.85b
2.85c
2.87
2.86

/ Y \ / / Y \
^3X1 -*\ \ j f \-f^ 1 /

measured
2.96b

.T \ T "XT' / / "V \

Table 2.9: Specifications of several instruments for 222Rn .neasurements
Ref. V* W Yc IJ, 7,2 >74 i&+!»+ v* ^ - Cdd

1.5 3.4
0.24 0.67 0.65 1.56 1.4 8.3-13

0.52 5.4
0.68 0.54

0.44 0.48 0.48 1.40 1.9 4.9

Volume of air sampled (dm3)
Average background count in 1000 s
Average count in 1000 s for a radon concentration of 1 Bqm~3

Radon concentration corresponding to the detection limit for a measuring time of 25 minutes
Our first radon meter (RMl)

lioi)
[95}
[112]
[112]

IV

3
1.46
0.64
4.86
3

8
10-30
0
0
16.7

4.5
2.3
0.33
3.3
4.2
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before it was contaminated). Cohen et al. did not report on the separate 77*.
Thomas and Countess [95] also do not report the efficiencies directly, how-

ever, the rji may be deduced from their data. The results (see Table 2.9) show
that our design yields a significantly higher 771 with respect to 1)2 and 'HA then the
wider large Lucas cells.

A type of radon meter not mentioned in Section 2.3.2 because it was
only very recently developed is the pulse ionization chamber described by Balzer
et al. [112]. We will not go into the details of their technique and restrict ourselves
to quoting some of the specifications of this instrument (Table 2.9).

Our instrument seems to have a rather high background but has one of
the highest sensitivities. The efficiences are somewhat lower than the efficiencies
reported in ref. [101] but it is clear that our goal to enhance the efficiency rji with
respect to 772 and 774 to minimize the 'blurring' effect has resulted in a high value
of (771 + V2)/Tl4- We propose this ratio of the efficiencies for radon and the first
short lived daughter with the efficiency for the fourth daughter, which mainly
causes the 'blurring effect1 as a characteristic value for a fast response time.

2.4 Conclusions
F.J. Aldenkamp and P. Stoop

In this Chapter we described the construction and performance of two instru-
ments. One for in situ 222Rn exhalation measurements (Section 2.2) and one for
continuous 222Rn concentration measurements (Section 2.3) .

The instrument for in situ 222Rn exhalation measurements was developed
by using as, a starting point, an existing instrument developed by the radiological
service of TNO [39]. The instrument utilizes electrostatic collection of positive
222Rn progeny (Section 2.2.2). From laboratory measurements the electrostatic
collection efficiency of the instrument is found to be strongly influenced by the
conditions of the atmosphere in the measuring volume, i.e. the concentrations of
222Rn humidity and trace gases. These effects are attributed to the process of neu-
tralization of the positive 222Rn-decay products (Sections 2.2.1, 2.2.2, and 2.2.3).

To obtain a better defined electrostatic field and a higher electrostatic col-
lection efficiency we found that the measuring volume should be made of metallic
materials, rather than translucent insulating walls. For the final design (see Fig-
ure 2.17 in Section 2.2.4) also the effect of some other possible sources of uncer-
tainty, like the influence of light and air leakage is reduced. For this instrument
the collection efficiency is found optimal at 2.5 kV . At this voltage variation in
humidity by a factor of 2 gives a loss of less than 20% in the electrostatic collection
efficiency.

Probably due to differences in the concentration of trace gases the in situ
measured collection efficiencies cover a range of a factor 2 (see Table 3.3), which
is more than expected from the differences in humidity only. For this reason in
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every measurement the actual collection efficiency is determined by measuring the
223Rn concentration in the measuring volume at the end of each measurement, by
taking a sample of the air in the measuring volume with a Lucas flask. Moreover,
as a part of the measuring procedure, the ratio of the collection efficiencies of
218Po and 214Po, the humidity concentration in the air in the measuring volume
and the pressure difference between the air in the measuring volume and the
outside air are determined continuously during a measurement (see Section 2.2.3
and 2.2.4). These quantities give a check on the presence of variations in the
collection efficiency during a measurement.

The assessment of the exhalation measurements given in Section 2.2.5 in-
dicates that the most reliable results are obtained when analyzing the data with
Equation 2.61 or its equivalent, Equation 2.37 given in Section 2.2.4. It is esti-
mated that with the instrumentation described in Section 2.2.4 the free exhalation
rate of most materials can be determined in situ within about a factor of 2. The
largest uncertainty is due to the reshaping effect. Measurements with the instru-
mentation and procedure described in Section 2.2.4 yield no accurate value of
the exhalation rate of very porous materials. Such samples should be measured
with the closed can method. It should be emphasized that alternative methods
for in situ measurements (e.g. Section 2.2.1) and measurements with the sample
enclosed in a can suffer from similar problems. The closed can method has the
additional disadvantage of sample taking (see Section 2.2.1).

For measuring 222Rn concentrations we have given a description of some
aspects of the design, construction and calibration of a fast radon meter suitable
for low concentrations. The design phase was preceded by a literature study on
available types of 222Rn-measuring instruments. From this study we concluded
that a Lucas cell type of radon meter would best accommodate our needs. To
obtain an optimum accuracy and response to 222Rn, the geometry of the cell was
optimized by partitioning the cell into nine longitudinal sections. The concept
of the detection limit, as defined by the NCRP, was used to optimize the trade-
off between background and efficiency in the procedure for setting the threshold
for low-pulse rejection. The result of this development is a radon meter with a
physical volume of 3 L. The backgound count rate is approximately 1 count per
minute, ten times the value obtained by Lucas [93]. It is not clear whether this is
a result of the area covered with ZnS(Ag) being much larger than in other designs
or due to a possibly higher background of the ZnS(Ag) used.

Four of these radon meters have been constructed now and have proven
to function reliably. The detection limits of the meters constructed range from
5 to 8 Bqm~3 for a measurement cycle of 30 minutes, which is approximately
the value aimed at. After several years of usage, a new threshold setting and
calibration should be carried out because the meters become contaminated with
210Pb. It was demonstrated that this excercise can bring the detection limit from
a value as high as 14 Eqm""3 back to 7 Bqm"3. After intensive usage, however,
it may become necessary to replace the scintillator in the cell.



Chapter 3

Physical properties of the test house

3.1 Introduction
F.J. Aldenkamp and P. Stoop

In this chapter we describe the physical properties of the tept house and its site,
relevant to the establishment of indoor 222Rn concentrations. These properties
concern the construction of the test house, the soil on the site, meteorological
conditions at the site, time-averaged 222Rn concentrations as measured inside
and outside the house since 1980 [14] and ventilation characteristics of the house
as determined in 1983 [113, 114] (Section 1.6). On the basis of these properties we
give an estimation of the total source strengths of 222Rn derived for a simple model
as a first order approximation (see Section 3.2). In situ exhalation measurements
were performed on all relevant surfaces in the test house. The so-called static
part of the source term, is derived from these measurements (see Section 3.3) and
compared with the simple model calculations.

In Section 3.4 we present the theory and methods used for measuring ven-
tilation characteristics of the test house and the results of these measurements. In
the theoretical part of Section 3.4 we present a model for describing 222Rn trans-
port by airflows. Some empirical formulas are given that describe the relation
between flow rate and pressure gradients in different circumstances.

By installation of a duct with fan in the test house, the ventilation patterns
could be better controlled. Several experiments were performed to measure the
ventilation characteristics under different conditions. Under these conditions the
simple model is applied once more to explain the 222Rn concentrations observed.
As it turns out, the radon balance is still either missing a source term or the loss
terms are overestimated. This leads to the experiments described in Chapter 4,
where variations in time of both 222Rn concentrations and airflows are measured
in search of these missing terms.

117
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3.2 The house and its site
F.J. Aldenkamp

3.2.1 The house
The test house is a single-family dwelling, built in 1973 As most Dutch dwellings,
it has a crawl space which is the result of excavating part of the soil and refilling
it partly with sand.

Floor plan

The house has a rectangular floor shape with a wall extending from the crawl
space to the roof that divides the house into a north and south part (Figure 3.1).
The south part of the house consists of a high-loft living room, with an 'open
kitchen' directly covered by the roof. The living room has a fireplace and in the
kitchen an extraction fan is present. The ground level of the north part consists
of the entrance hall, a bedroom with an adjacent bathroom, a study, a toilet and
a scullery. In the entrance hall, a staircase '.eads to the first floor, where two more
bedrooms, a bathroom and a storage room (in which the central heating boiler
has been installed), are situated. The central heating boiler, the toilet and the
bathrooms have a ventilation pipe through the roof. Against the north wall of
the house there is a garage.

The surface areas in the house are given in Table 3.1. While in Figure 3.1
the volumes of the rooms on the ground floor are also indicated. We will use the
term 'dwelling' to indicate the total living space. The volumes of crawl space and
dwelling are about 60 and 375 m3, respectively.

Crawl space
In the scullery and entrance hall hatches give access to the crawl space. The soil in
the 65-cm-high crawl space situated at about 40 cm below grade, is uncovered. In
the crawl space the dividing wall in the living room continues as a support wall for
the floor in both the north and south parts. Another support wall is present under
the walls of the bedroom and study with the bathroom and the hall, respectively. _
Both support walls in the crawl space have two crawl openings in addition to feed
troughs for central heating (water) and utilities. Natural ventilation of the crawl
space occurs via ventilation shafts to the outside air.

Building materials
The outside walls uf i,iie hui?se are cavity walls consisting of masonry (about
10 cm thick). The inner and outer walls of the cavity walls are made of sandstone
and concrete bricks, respectively; the latter being a rather porous aggregate of
pebbles, sand and cement referred to as MBI brick. The cavity has been filled
with urea-formaldehyde foam for thermal insulation. The walls in the crawl space
are made out of lime-sandstone. The floor at the ground level consists of prefab



3.2. THE HOUSE AND ITS SITE- F.J. Aldenkamp 119

<Vl 5261

0 1 2.7i

ground floor

Figure 3.1: Floor plan of the test house showing volumes of the respective rooms on the
ground floor.
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Table 3.1: Floor and wall surface areas in the test house
Surface

floor crawl space
walls crawl space
inner wall
outer wall
walls ground floor
scullery
entrance hall
study
bedroom
bath room
toilet
hall closet
walls living room
north
east
south
west
walls first floor
bathroom
bedroom east
bedroom west

Area (mz)/T/B
96

18
30

9.8
50.5
36.5
31.4
13.5
8.9
4.2

30.7
15.5
30.1
10.3

13.6
9.1
10.3

concrete bars which are covered at the top by a few centimetres of cement. In the
living room, kitchen, scullery and entrance hall, this layer is covered with ceramic
tiles. The roof consists of roof tiles placed on a support structure that is covered
towards the inside with polystyrene foam boards, chipboard and gypsum board.

3.2.2 The site

The house is located in Roden, a village in the north part of the Netherlands on
the edge of the 'Drentsche Plateau'.

Geology

The soil in this area consists of silty fine sand with intercalations of boulder
clay upon 'potter's clay' [115]. The profile of the soil around the test house was
surveyed in more detail by Loos et al [116]. This survey, at five locations around
the house, confirmed the general picture: a layer with thickness 1-2.5 m of more-
or-less loamy sand with varying grain size on a layer of 'potter's clay' (Figure 3.2);
the distance of the sampling locations to the house varied from about 1 to 20 m.
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Groundwater
The layer of clay may be considered as impermeable to water and can thus be
responsible for a horizontal runoff of the groundwater, causing large and rapid
variations in the groundwater level in periods of precipitation [116]. Around
the house, at a distance of 1 to 1.5 m and at a depth of 70-90 cm below the
surface, a ring type water drainage system was installed in February 1989. Prior
to the installation of the drain the groundwater level sometimes reached the soil
surface and groundwater flooded the crawl space most of the time; the crawl
space contained 10 cm or more water during most of the year. Such situations are
not uncommon for recently built houses in the Netherlands. With the drainage
system installed, the groundwater level under the house is at drainage level or
lower [116].
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Figure 3.2: Profile of the soil around the test house [116]; the numbers in the diagrams
represent the height at the top of the layer of potter's clay (in m above NAP: Normal
Amsterdam Level, Ordnance Datum).
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3.2.3 Meteorology
The meteorological data for the location of the test house are based on observa-
tions of the Royal Dutch Meteorological Institute (KNMI) at the observation post
Eelde, situated at about 10 km to the east of the test house. In reference [117] data
are given over the period 1961-1990. These data are averages over observation
periods according to current meteorological and statistical knowledge.

The prevailing wind direction at the site of the test house is southwest,
with a yearly average over the period 1961-1990 of 231° (Figure 3.3). The yearly
average of the wind speed calculated over the period 1961-1990 was 5 ms~2 .
The yearly averaged temperature was 8.6 °C; the monthly averages ranged from
about 1.3 °C in the month of January to about 16.0 °C in the month of August.
The yearly averaged precipitation over the period 1961-1990 was 62.3 mm. The
monthly averages ranged from about 78.3 mm in November to about 44.9 mm in
February.

3.2.4 Time-averaged 222Rn concentrations
In the period 1982-1986 time-averaged 222Rn concentrations were measured in
both the living room and crawl space of the test house [14]. For these measure-
ments passive 222Rn dosemeters of the Karlsruhe type [118] consisting of cups
containing a polycarbonate track-etch foil (makrofol) were used. The integration
time for the dosemeters was usually four to six months. During each three consec-

NORTH

WEST EAST

FEB/OC
JAN
NOV

DEC

APR

AUG J U N M A Y

SOUTH

Figure 3.3: Monthly averages of the wind direction, averaged over the period
1961-1990 [117].
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utive periods a second dosemeter was also exposed in order to get a rough check
on the results of the first three dosemeters. The resulting values for the living
room are presented in Figure 3.4. The measurements of time-averaged concentra-
tions in the crawl space were continued til at least 1990. These results are given
in Figure 3.5. The time-averaged 222Rn concentrations in living room and crawl
space were found to be 22 ± 5 and 50 ± 20 Bqm~3, respectively [14].

The installation of the drainage in 1989 lowered the groundwater table and
thus an average increase of the time-averaged 222Rn concentrations in the crawl
space was expected. However, no clear effect was observed (Figure 3.5, [116]).
The absence of such an effect is explained by the frequent opening of the hatches
of the crawl space for the installation of instruments there and by a change in
the ventilation pattern of the crawl space due to the installation of a ventilation
duct between it and the roof of the house. Both activities are expected to result
in lower 222Rn concentrations in the crawl space. An additional explanation is
that the saturated soil layer above the groundwater level has a thickness of about
40 cm. This layer therefore still reaches to about the surface of the soil in the
crawl space, effectively reducing the consequences of lowering the groundwater
Table [116].

3.2.5 Time-averaged ventilation characteristics
In 1983, measurements of leakage parameters for building shell and barriers (walls,
floors) between the compartments of the test house were performed by the tech-
nique of pressurization (of parts) of the house (see also Section 3.4) [113]. The
aim of the measurements was to determine time-averaged ventilation characteris-
tics and especially the fraction of ventilation air that enters the dwelling via the
crawl space. Based on the results of the air transparency measurements and on
estimations of pressure differences over the barriers, strength and direction of air

.2 60

3 • *°
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L iv ing room.
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Figure 3.4: Histogram of the time-averaged 222Rn concentrations measured in the living
room of the test house during 1982-1986 [14],
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currents in the dwelling were calculated [113]. The calculations were performed
for various environmental conditions:

• wind speed in the range of 0-10 ms"1;
• the wind directions west and south, being the prevailing ones for the test

house (see Figure 3.3);
• outside temperatures in the range of 0-20 °C;
• the temperature inside the test house, taken to be 20 °C.

Based on the calculated air currents it was found that, on the average, there is
a net airflow from the outside air to the dwelling and from the crawl space to
the dwelling [113, 114]. The ventilation rate, Av, in the dwelling was found to be
in the range of 0.3-1.4 h"1 for west wind, and 0.2-0.6 h"1 for south wind. The
fraction of the ventilation air in the dwelling due to the infiltration of air from
the crawl space, a, was in the range of -0.08-0.61 for west wind, and 0.41-0.61
for south wind. Based on these values, an average for a of 0.25 and 0.50 for
west-wind and south-wind, respectively, can be determined.

It was concluded that, in this particular dwelling, a higher 222Rn concen-
tration is expected for a south wind than for a west wind [113, 114]. To estimate

Figure 3.5: Histogram of the time-averaged 222Rn concentrations measured in the crawl
space of the test house during 1982-1990 [116].
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a yearly averaged ventilation rate in the dwelling we will use the values of Av and
a as calculated by reference [113], for a wind speed of 5 ms" 1 and an outside
temperature of 10 °C, being closest to the averaged environmental conditions at
the site. We then get for west wind: Av = 0.59 h"1 and a = 0.16, and for south
wind: Av = 0.33 h"1 and a = 0.52. The monthly averaged wind vector, over the
period 1961-1990, is given in Figure 3.3. Based on these values it Is estimated
that the south component of the wind contributes about 39% to Av and a, and
the west component about 61%. These values are used to weight the averages
given above over the year of the contributions of the south and west components.
We then get for the average over the year: Av = 0.49 h - 1 and a = 0.30.

3.2.6 Estimated sources of 222Rn

The source strength in a compartment can be derived from a 222Rn mass bal-
ance when direction and strength of air currents between the compartments are
known, together with the 222Rn concentrations in the compartments. In Fig-
ure 3.6 a schematic presentation is given for a simplified situation: only the three
compartments, crawl space, dwelling and outside air, are considered. 222Rn con-
centrations, air currents and 222Rn sources are indicated by C, q and S, respec-
tively. The sources include the total exhalation from walls, floor and ceiling of
the compartment. As a first-order approximation we will consider time averages
of air currents and 222Rn source strengths over a period with constant 222Rn
concentration.

For the crawl space we have a 222Rn source due to exhalation from building
materials and soils and inflow of 222Rn from the outside air, we assume that all
the air that enters the crawl space will leave it via the dwelling (93 = 0). For the
source in the crawl space, Scs, we then get:

Scs = qi (Ccs - Cos) , (3.1)

where Ccs and CO3 are the time-averaged 222Rn concentrations in the crawl space
and of the outside air, respectively. For the dwelling, we have a 222Rn source due
to exhalation from building materials and an inflow of 222Rn from crawl space
and outside; there is only an outflow to the outside:

Saw = ft (Qw - (1 - <*)C^ - aCcs) , (3.2)

where Cjw is the time-averaged 222Rn concentration in the dwelling and a is the
fraction of the ventilation air in the dwelling that comes from the crawl space:

a = -92/95. (3.3)

For the air currents the condition holds that the total volume of air leaving a
compartment must be equal to the volume of air that enters the compartment:

9i = -92 - <?3, (3.4)

and
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9s = —qi + 94- (3.5)
The air current, qs, in the dwelling is calculated from the ventilation rate in the
dwelling, Av, shown in Equation 3.6:

q5 = Av x (3.6)

Using the assumption g3 = 0, the Equations 3.3 through 3.6 and the estimations
for the values for Av and a averaged over the year , the values of the air currents
can be calculated: qi — -q2 = 55 m3h - 1 , q4 = 130 m3h~1and q5 = 185 m 3h - 1 .

Using the measured time-aver aged 222Rn concentrations and the above
volumes of dwelling and crawl space, we may subsequently estimate, using Equa-
tions 3.1 and 3.2, the source strengths in crawl space and dwelling, respectively.
The results are given in Table 3.2. The uncertainties in the 222Rn concentrations
given in this Table are the standard deviations for the concentrations measured
over a number of years [14]. The uncertainties in the airflows are unknown. In
view of the simplified description of the test house and the assumptions made,
the values of the sources in this table are to be considered as, rough, first-order
estimates with an unknown uncertainty.

In Sections 3.3.3 and 3.5 these values of source strength will be compared
with measured values of the source strength.

92

94

9i

95

92

94

95

93

Airflow from out-
side to crawl space
Airflow from
dwelling to crawl
space
Airflow from out-
side to crawl space
Airflow from out-
side to dwelling
Airflow from
dwelling to outside

Figure 3.6: Schematic presentation for 222Rn infiltration into a dwelling. Indicated are
222Rn concentrations, C, 222Rn sources, S and air currents, q.
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Table 3.2: Yearly averaged values of 222Rn concentrations, ventilation rates and esti-
mated 222Rn source strengths for the test house.

Compartment Concentration Ventilation rate a Source strength
Bqm~3 h"1 kBqh"1

Dwelling 22 ± 6 0.5 0.3 1.0
Crawl space 50 ± 20 0.9 2.5
Outside 3 ± 1

3.3 Measured radon exhalation rates
F.J. Aldenkamp

3.3.1 Set up for radon exhalation measurements
In Table 3.3 we describe the locations of the exhalation measurements in crawl
space, living space and garden of the test house. The data-logger and NIM rack
with the electronics were installed in the closet in the scullery (see Figure 3.1).
The procedure described in Section 2.2.4 was used to perform the measurements.
As noted in Table 3.3 the measurements in the crawl space were carried out three
times at the same location for various depths of the groundwater table. The
measurement for the ceiling of the crawl space could not be carried out due to
its curved surface; the value of the exhalation rate was taken equal to that of
the floor of the study, being the upper side of the floor covering the crawl space.
This floor consists of prefab bars covered with a few centimetres of cement. The
exhalation rate for the ceiling of the house was not practical to measure. This
ceiling, however, consists of gypsum board low in radioactivity and therefore its
contribution to the 222Rn concentration could be ignored.

3.3.2 Results
Examples of the measured growth curves are given in the Figures 2.27 to 2.29
in Section 2.2.5. The curves were analyzed with a least-squares fit according to
Equation 2.37. Table 3.4 lists the derived exhalation rates, E, and the effective
decay constant, Ae, the sum of the radioactive decay constant, ARD, and a leak
constant, \f, representing leakage of air out of the detection volume. In this table
the in situ measured detection efficiencies, r)&, are also given. The uncertainty
in E, in the range of 15 to 30%, is composed of the uncertainty in detection
efficiency (Section 2.2.4) and mean deviation of the fit from the experimental
values. The detection efficiency is different for each measurement, probably due
to a different composition of the atmosphere in the measuring volume of the
instrument (Sections 2.2.3 and 2.2.4). Large values of Xi are derived for the
walls, probably due to the large permeability of the wall and the roughness of the
surface which made it difficult to mount the device leak-tight to the wall (see also
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Table 3.3: Description of measurements in and around the test house.

Measurement Position Remarks
Crawl space

1

Living room
7

Outside
9

Soil Location is directly below the closet
in the scullery (Figure 3.1); aver-
aged depth of water Table is 58 cm
below the surface of the crawl space.

Soil Same location as measurement 1;
averaged depth of water Table is
48 cm below the surface of the crawl
space.

Soil Same location as measurement 1:
averaged depth of water table is
46 cm below the surface of the crawl
space.

Outer Wall East wall
directly under the scullery; cavity
wall.

Inner Wall Dividing wall under the living
room; wall consisting of sandstone
(about 10 cm thick).

Ceiling Floor of study consisting of prefab
concrete bars covered with a layer
of cement.

Floor Prefab concrete bars covered with
a layer of cement with ceramic tiles
on top.

Wall South wall in the living room; cav-
ity wall ( Section 3.1).

Soil In the garden, at about 5 m from
the door to the scullery; averaged
water table depth at 100 cm below
grade.
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Table 3.4: Results of the exhalation measurements listed in Table 3.3

Measurement

craw] space
1
2
3
4
5
6

living room
7
8

outside
9

0.17±0.03
0.15±0.03
0.12±0.02
0.11±0.03
0.16±0.04
0.12±0.02

0.16±0.02
0.13±0.03

0.11±0.02

E

1.5±0.4
0.9±0.2
l.l±0.2
1.9±0.6
3.3±0.8
4.3±0.7

3.3±0.5
0.4±0.1

4.2±1.2

A<
( 1 0 - h"1)

0.94±0.02
0.26±0.01
0.82±0.05
3.46±0.09
9.70±0.02
4.65±0.14

2.54±0.07
7.60±1.30

—

Section 2.2.5).

Soil

Exhalation rates of 222Rn for a large number of different soil types are reported
to be in a range 0.7-250 Bqm- 2 h~ 1 [119] . These results are based on closed-
can measurements of samples. From the results of in situ measurements at seven
locations in the Netherlands, averaged exhalation rates of 9.4 Bqm""2h~1 and
24.3 Bqm""2h~1 for sandy soils and clay soils, respectively, are reported [120].
For the latter measurements, however, the range in the results at each location is
rather large; it sometimes covered almost a factor of 10 [120]. The values presented
in Table 3.4 are relatively low in comparison to the averaged values reported for
Dutch soils, but considering the ranges in the results of these measurements we
may conclude that the results of the soil measurements in crawl space and garden
are in correspondence with the values reported in the literature.

As discussed in Section 2.2.1 the diffusive exhalation rate of soil depends
on several parameters, like depth of the groundwater table and moisture con-
centration in the pores in the layer of soil above the groundwater table. Based
on an one-dimensional steady-state diffusion process (Equations 2.6 and 2.7) the
calculated exhalation rate is a factor of 5 to 10 larger than the measured val-
ues. A possible explanation is that the assumption used in the diffusion model of
homogeneity in the zone above the groundwater level is not correct: due to vari-
ations of the moisture content in the pores in this layer, the contribution of the
soil layer varies with height above the groundwater Table [116]. In Table 3.4 the
exhalation rate of the soil in the crawl space is reported for different values of the
averaged depth of the groundwater Table. The resulting values, however, show
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no significant effect of variations in the averaged groundwater level: the measured
exhalation rates are equal within the given uncertainties. In [116] the influence
of groundwater level variations on 222Rn concentrations in and above soil was
investigated. In this study it was found that for the soil in the crawl space there
is a layer of about 40 cm thickness saturated with water above the groundwater
table. It was concluded that it is probably the level of this layer rather than the
groundwater level that is the important parameter for the exhalation rate. Even
after the drainage this saturated layer of the soil almost reaches the surface of the
soil in the crawl space, thereby effectively reducing the consequences of lowering
the groundwater table.

Building materials
The values of the exhalation rates for building materials reported in the lit-
erature are not always consistent and large variations are found for the same
material [119]. In a study of the exhalation rates of building materials used
in the Netherlands, with both in situ and closed-can measurements, values for
concrete are reported in the range of 2 to 6 Bqm~2h -1 and for brick about
0.3 Bqm~2 h~ [55, 121]. These values are in accordance with the values given in
Table 3.4.

As discussed in Section 2.2.5 the results of in situ exhalation measurements
of very porous materials, like the wall in the living room, have to be considered
with caution. A sample of the material of the wall in the living room was also
measured with the closed-can method in the laboratory. For this, the sample
was placed inside the exhalation meter which in turn was placed with its open
side leak-tight on a perspex plate. The exhalation rate for the brick was derived
from the growth of the 222Rn concentration in the exhalation meter with the
same procedure as used for the in situ measurements. From the measurement
an exhalation rate of 0.0196 ± 0.0009 Bqkg"1 h"1 or 4.3 ± 0.4 Bqm"2 h"1 [90].
This value is about 3 to 6 times higher than values for brick reported in the
literature [77, 79, 55]. Under the assumption that half of this value will be emitted
into the living space, the exhalation rate of the wall in the living room will be
2.2 ± 0.2 Bqm~2h~1, which is about six times larger than the value of 0.4 ±
0.1 Bqm~2 ^"'measured in situ (Table 3.4).

3.3.3 Static source terms
The source strength is the product of the 222Rn exhalation rates and the areas
of the exhaling surfaces: 5 = £V Ei x A,. The source strengths of dwelling and
crawl space result from exhalation rates measurements in crawl space and south
part of the living room, with an extrapolation to the dwelling as a whole. It
is assumed that the measured exhalation rates are representative for the whole
surface. In doing this we neglect the effect of possible inhomogeneities of the
surface. We take into account the fact that the north part of the dwelling is
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Table 3.5: Overview of the source strengths as calculated from the results of exhalation
measurements on relevant surfaces in dwelling and crawl space

Surface

dwelling
walls north part
walls south part

paved floor
unpaved floor

total

crawl space
floor

ceiling
inner wall
outer wall

total

A
(m2)

188
96
73
53

96
96
18
30

S
(kBqh-1)

0.41 ± 0.06
0.21 ± 0.03
0.24 ± 0.04
0.23 ± 0.04
1.11 ± 0.05

0.12 ± 0.04
0.41 ± 0.07
0.04 ± 0.01
0.10 ± 0.02
0.67 ± 0.20

only partly paved with tiles. For the exhalation rate of the paved part of the
floor the result of the floor of the living room measurement is used, and for the
unpaved surfaces the exhalation rate as measured on the floor in the study is used.
The exhalation rate as determined from the closed-can measurement is used for
the dwelling's walls (Section 2.2.5). For the exhalation rate of the soil in the
crawl space the averaged value of the results of the three measurements given in
Table 3.4: E = 1.2 ±0.4 Bqm~2h~1 is used . Table 3.5 gives the total areas of
the relevant surfaces in dwelling and crawl space (see also Table 3.1), together
with the calculated source strengths.

From a comparison between these measured source strengths and the es-
timations of the source strength given in Table 3.2, we see that for the crawl
space there is a discrepancy of a factor of 4. For the dwelling, the measured
and estimated source strengths are almost equal. The exhalation rate of 222Rn
from a surface is governed by pressure gradients and molecular diffusion (see Sec-
tion 2.2.1). The latter, the so-called static part of the source term, is derived from
the in situ exhalation measurements. The exhalation of 222Rn due to pressure gra-
dients is not measured by the setup for exhalation measurements (Section 2.2.4).
The discrepancy between the estimated total source strength and the measured
static part of the source strength could therefore be explained by an advective
source term. Besides this advective source strength there could be other sources
of 222Rn gas due to transport with air currents other than that discussed above.
The results given in Table 3.2 are indicated to be first-order estimates with an
unknown accuracy, especially due to the values of the air currents being rough
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estimates. In the next section additional measurements in the test house of these
airflows will be discussed.

3.4 Leakage parameters and ventilation in the test
dwelling
P. Stoop

3.4.1 A model for radon transport by airflows
In modelling the indoor environment, exhalation rates as well as meteorologi-
cal parameters and knowledge of the construction of the building are needed to
describe 222Rn concentrations in the different compartments.

Ventilation is the process that involves the flows of air from one compart-
ment to another and the exchange of indoor and outdoor air. 222Rn concentrations
in the air of a dwelling's compartments cannot therefore be described without tak-
ing the ventilation pattern into account.

In the multi-compartment model treated in this section, which describes
the transport and build-up of indoor 222Rn, the time scale consists of discrete steps
of 30 minutes, reflecting the method of data aquisition used in the measurements.
These time steps are small enough to take meteorological parameters as constant
during one time step and just large enough to measure the 222Rn concentration
with acceptable accuracy. The spatial scale is determined by the dimensions of
the smallest compartment considered. One of the most important approximations
made in this model is the assumption that the 222Rn concentration in the air of
a single compartment is homogeneously distributed at all times.

Exchange of air between compartments in a building or between the outside
air and a compartment occurs primarily by means of advective airflows. Therefore
in the model diffusion of air through barriers is ignored. The compartments will be
numbered with the index i and have a volume VJ (m3). The 222Rn concentration
in the air of compartment i will be denoted by C,- (Bqm~3), the airflow from
compartment i to compartment j by qji (m3h~1), and from compartment j to
compartment i by qij. If N is the number of compartments, the index iV -I-1 is
used to indicate the 222Rn concentration of the outside air and airflows to or from
the outside.

In the model, the amount of 222Rn in a compartment may increase as
a result of two possible causes: airflows with a certain 222Rn concentration may
carry 222Rn into the compartment, and 222Rn may be produced by a source which
is connected to the compartment. The amount of 222Rn may also decrease in two
ways: as a result of the decay of 222Rn, or again via an airflow. These processes
result in the following mass-balance equation, where S; is the total 222Rn source
strength, associated with compartment i:
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Vi—jf1 = -loVidit) + ][>,*C*(i) - qkiCi{t)) + Si, (3.7a)

where Ao is the decay constant of 222Rn. Equation 3.7a may be rearranged to
separate removal and production terms as follows:

^ P = - (Ao + AV1) d(t) + ±
at Vi

where AVl- is the ventilation rate of compartment i, defined as:

1 N+l

Av,- = yr Y, ««• (3.8)

Equation 3.7b is one of a set of N coupled linear non-homogeneous differential
equations that may be solved if the airflows #,•_,-, volumes Vi and 222Rn source
strengths Si are known. The entire set may be written in the form:

SI = AC(t) + b, (3.9)

where C is a vector with the components Ci(i = 1 . . . N), A an N x N matrix
with components Aij = qij/Vi for i ^ j and A\j = —(Ao + Av;) for i = j , and b a
vector with components bi = (<jiitC/v+i + 5,)/Vi. The solution of this system of
equations is

C(t) = cA ( ' - ( o )C(io) + eAt j e~Ar b dr. (3.10)

If N > 1, the use of a computer for solving these equations is recommended. A
solution which makes use of the so-called Lagrange interpolation coefficients [122]
was employed in a computer program named CARACO (Calculation of 222Rn Con-
centrations) [5]. This program, however, produced erroneous results from time to
time. A more stable algorithm proved to be employed in the routine ODES from
the PORT-library [123] for solving the initial value problem for non-stiff ordinary
differential equations, which was used in a later version of the program.

Much of the analysis was done with another, even more simplified version
of the model described above. Supposing that 222Rn concentrations are measured
every At = 30 minutes and assuming that the airflows qij(t) and the 222Rn-
source strengths Si(t) are constant during the interval [t; At], Equation 3.7a may
be re-written as

y N+l N+l
y

Si(t) = -± (Ci(i + At) - CO + C{(t)

This shows that when the airflows and the 222Rn concentrations are measured,
the source strength for each compartment can be found. Loss of 222Rn due to
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nuclear decay in 30 minutes is 0.4 % which is so small relative to other losses and
their uncertainties that we ignored it in Equation 3.11.

3.4.2 Methods for determining leakage parameters

If the multi-compartment model is to be used for determining 222Rn sources in a
specific building, the airflows g,j through the barriers that separate compartments
from each other and from the outdoor air have to be known. A physical descrip
tion of airflows in terms of individually interacting molecules is very complex.
Therefore the description of airflows, as well as of most other physical transport
phenomena is usually based on empirical formulas. Because air passages between
compartments often cannot be localized, a general strategy is to measure the pres-
sure difference Apij = pi — pj between two compartments and convert this to a
flow rate g,j as described below.

AirSows in a straight channel

Empirical formulas for the relation between a pressure gradient and the resulting
velocity of the flowing medium may be found in many texbooks on transport
phenomena. For a straight channel the velocity is described by Fanning's law (see
for example [124]),

| £ = 4/ip<i,,)2/A, (3-12)
where Ap is the pressure drop ever a distance Ax, {vx) the average velocity and
p the specific density of the flowing medium, / the friction factor and Di the
hydraulic diameter of the channel. Di is usually calculated as

Di = 4F/S, (3.13)

where F is the area and S the perimeter of the cross section of the channel. The
friction factor / is a function of the geometry and roughness of the channel and
Reynold's number Re [125, 126],

Re=4^)A', (3.14)
V

where r\ is the dynamic viscosity of the flowing medium. For air, the dynamic
viscosity is r\^lt = 0.83 x 10~5 Pas at 293 K and 105 Pa atmospheric pressure. In
straight channels, the flow is always laminar if Re < 2100; between Re = 2100
and Re = 4000 the flow changes from laminar to turbulent and if Re > 4000
the flow is fully turbulent. For laminar flows, the equation of Hagen-Poiseuille is
used [127]:

4 / = 64 Re-1. (3.15)

In the turbulent range, / is much less dependent on Re, as is illustrated by the
relation of Blasius [128],
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4/ = 0.316Re~1/4. (3.16)

This expression is valid for tubes with a smooth inner surface and holds for 4000 <
Re < 105. For non-straight channels with a turbulent flow, one uses (see [124]):

/ ~ Re""1, (3.17)

with 0 < m < 0.25. Substitution into Fanning's law (Equation 3.12) shows that
\q\ ~ lApl1/™, where n = 1 for laminar flows and 1.75 < n < 2 for turbulent flows,
indicating an abrupt change that occurs when the flow changes from laminar to
turbulent or vice versa.

Airflows through unidentified leaks

In practice the various modes of flow are not always as clearly distinguished as
suggested. It may happen that in an air passage, turbulence occurs only locally,
or there may be several air passages and the mode of flow may be turbulent in
one and laminar in another.

For measurements of the air-tightness of a barrier between two compart-
ments of a building, several so-called NEN standards are filed with the Dutch Insti-
tute of Standards [129,130]. In these standards, the relation between flow rate and
pressure difference is expressed by a function of two parameters: \q\ = clApp''",
in which the parameters c and n are found by fitting a set of measured data points
(Ap, q) with Ap in the range of 15-100 Pa. We will use this formula in a slightly
modified notation:

Using this relation is the recommended approach even if the mode of flow is
unknown, but it should only be used within the pressure regime indicated. For
lower pressure differences, in the order of 1 Pa, weather conditions suitable for
measuring the initial data points are rare, as the slightest breeze causes rapidly
fluctuating pressure differences in this range. If the formula is used for lower
pressure differences than at which the parameters c and n were determined, the
extrapolation may only indicate an upper limit for the flow rate because the mode
of flow may have shifted more towards the laminar range, where q ~ Ap.

In theory, Equation 3.18 is unable to describe the sum of flows through
two parallel air passages (for example two holes in the same wall) with different
n. Therefore, in practice, this equation should always be used with caution.

Pressure differences

There are several aspects of pressure differences over a wall that need some atten-
tion before one can measure 'the pressure difference1 and use it to calculate the
airflow through the wall. Pressure gradients are caused by density gradients in
the air, which in turn are mainly due to temperature gradients. On a large scale,
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winds are the result, and these may cause a pressure on outside walls that varies
both in time and place. On a smaller scale, but not less important, a tempera-
ture difference of two adjacent compartments (one of which may be the outside
of the building) causes a stack effect: a column of air with a temperature T\ has
a density p\ (kgm~3) which causes on a small scale an altitude dependent pres-
sure pi(z) = pi(0) — pigz, where z is the height and g the earth's gravitational
acceleration. On the other side of the wall, where the temperature is T2 and the
density P2, P2(z) = P2(0) — pigz. The pressure difference over the wall is now:
Ap(z) = P2(0) ~~ Pi(O) ~ (p2 ~ P\)QZ- This means that if the pressure difference
is measured at altitude zoi the pressure difference at an altitude z = ZQ + Az will
deviate by an amount Ap(z) — Ap(0) = SajrAT Az. The value of Sajr at ambient
air temperatures and relative humidity can be derived from data Tables and is
approximately 0.041 PaK~! m""1. If large temperature differences are present, as
in the winter season, the stack effect may be determined by measuring either the
temperatures, or by measuring pressure differences at different altitudes.

Knowledge of the magnitude of the stack effect is only useful if the leakage
parameters of a wall are known as a function of altitude. In practice, this is
seldom the case and the best one can do is to measure pressure differences at the
altitude where the main leak is suspected.

Methods for measuring ventilation, airflows and leakage
In the test dwelling, several techniques have been used to measure ventilation-
related quantities. Before describing these measurements, we will describe some
of the techniques used. The standard techniques are:

• the tracer gas decay method, by which the ventilation rate of a compart-
ment may be determined [131],

• the determination of the air leakage of a building envelope by (de)pressur-
ization, as described by the Dutch standard NEN2686 [129] (equivalent to
ISO/DIS 9972), and

• the measurement of the airflow between crawl space and dwelling, as de-
scribed by the preliminary Dutch standard NEN2690[130].

The principle of the tracer gas decay method is as follows: an amount of a tracer
gas (for example, helium) is injected into the compartment and mixed with the
air. Subsequently the concentration of the tracer gas is monitored for a period of
time. If the ventilation rate is constant, the concentration will be subject to an
exponential decay. Analysis of the decay curve yields the ventilation rate. The
most important limitation of this technique is that the air and the tracer gas
must be well mixed at all times; this requires the use of mixing fans if there are
several 'zones' in the compartment. The use of these mixing fans may invalidate
inferences about the normal ventilation behaviour of the building.

The envelope of a building is defined as the confinement of the habitable
part of the construction, storage areas included but attics, glazed verandahs and
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other non-insulated parts of the building (e.g., the crawl space) are excluded.
Determining the air leakage of a building envelope according to NEN2686 con-
sists of (de)pressurizing the building via a duct in which the airflow rate qv is
measured, while data points (Ap,qv) are registered. The standard demands that
the measurements take place at weather conditions that cause the initial pressure
differences over all outside walls to be less then 5 Pa. This is usually the case
when wind speeds are below 6 ms"1.

In the preliminary Dutch standard NEN2690, the following method is de-
scribed for measuring the air-tightness of the floor that separates a crawl space
and a compartment above it. The compartment above the crawl space is depres-
surized using a blower door to the outside, making sure that all airflows, are in
the direction as indicated by the arrows in Figure 3.7. Data points (Ap,qv) for
the partition between the compartment and the crawl space are measured using
a pressure gauge for Ap while the ventilation rate of the crawl space is measured
with the tracer-gas decay method. Because of the large pressure difference over
the floor, the ventilation rate is completely determined by the airflow qv from the
crawl space to the compartment above: qv = Xv/Vcs, where V̂ s is the volume of
the crawl space.

For certain well-defined and accessible openings in a wall, as for instance
crawl space ventilation shafts, the setup for a (non-standard) method to measure

The pressure in the
crawl space
The pressure above
the crawl space
The airflow rate, to
be determined from
measuring the ven-
tilation rate of the
crawl space.

Figure 3.7: Determination of the air-tightness of the floor above a crawl space according
to the preliminary Dutch standard NEN2690.
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the relation between pressure drop and airflow rate directly, is shown in Figure 3,8.
We used this method on a day with almost no wind.

A constant airflow was maintained by adjusting the connection between a
vacuum cleaner and its tube. The tube was connected to a straight cylinder into
which the measuring head of an anemometer, with a range of 0. . . 30 ms"1 was
inserted1. This cylinder was connected to a cardboard box, cemented to the wall
using a sealing compound 2 in such a way that no leaks could be detected, while the
box was at 20 Pa underpressure. The pressure drop over the shaft was measured
with a pressure transducer3 with a range of -25 to +25 Pa. Each time a constant
flow rate was achieved, a data point (Ap, qv) was read from the instruments. In
half an hour, we acquired 15 data points with Ap = 0.5... 20 Pa. A linear fit to
the data on a double logarithmic scale yielded the leakage parameters of the shaft
(c and n) (Table 3.6) [132].

Separation of leakage areas using conservation of air in a minimalization
procedure
The methods described above are restricted to weather conditions which do not
cause pressure differences greater than 5 Pa and to pressure differences above

1 Digital Anemometer OTA 400, Wessels Mess Technik, kindly made available by the Natu-
urkundewinkel, RUG, Groningen.

Apiezon products, GEC ALSTHOM, Mfcl ltd. PO Box 136, Manchester M60 IAN, U.K..
SETRA pressure transducer type 264.

(IJ: Vacuum cleaner; (21 and (3): anemometer ; 14): cardboard box;

(5) and (5): positive and negative input ports of tlie pressure senssr:

(7); pressuj-e sensor; {8J. data logger.

Figure 3.8: Setup for measurement of the leakage parameters of a crawl space ventilation
shaft.
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15 Pa. Furthermore, they are unable to assign leakage parameters to different
parts of the same partition between two compartments. For example, if the liv-
ing room is joined to the outside with a wall to the east and one to the west,
it might be useful to have one pressure gauge for the West wall and another for
the East wall and to be able to deduce the two corresponding airflows separately.
For this purpose, we developed a method for obtaining the leakage parameters
for each wall separately, which was useful for the measurement situation in our
test dwelling. This situation is schematically represented in Figure 3.9. The duct,
extending from the crawl space to an outlet through the roof is used to lead an
airflow ga, driven by an adjustable fan in the attic, from the crawl space to the
outside. The airflows g,(i = 1. . . JV) and q^ are driven not only by the fan but by
wind and the stack effect as well4. Pressure differences Ap; are measured over the
walls and floor and the resulting flows are indicated by the arrows labelled Si . . . 93
in Figure 3.9. Simultaneously, the flow-through the duct is measured. One si-
multaneously measured set of data (ga, Api, . . . , Apjv) should, using formula 3.18
obey the equation:

4 In Figure 3.9 two flows through walls and one flow-through the floor (N = 3) are shown. In
reality the house has four sides at which pressure differences are measured (N = 5).

Airflow from out-
side to crawl space
Airflow from
dwelling to crawl
space
Airflow from out-
side to crawl space
Airflow from crawl
space, through
duct, to outside

Figure 3.9: Schematic representation of the test house with the duct from the crawl
space to the roof and the different airflows to and from the crawl space.
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qd = f>ign &Pi)Ci(^f) . (3.19)

A second measurement is made at a time when, due to the wind, Apj has a
higher and Ap3 a lower value, a third with the fan turned a little lower causing
lower values for all pressures and q<i, etcetera. If each measurement is made under
different conditions, it is possible to find the 2N parameters c\,..., c^, nx,..., njy
after 2N measurements. In practice not all measurements are totally independent
and all measurements are subject to random errors. Therefore, more then 2N
measurements should be made, which calls for an iterative solving method. Due
to the random measuring errors, '= ' of Equation 3.19 should be replaced by
'?»' and the task of finding the parameters ci,...,wjv is now accomplished by
minimizing the expression:

N / lAn l \ 1 / n i \ 2

(^£(signA^)Ci(l^) j , (3.20)

where the index j refers to the j t h measurement. For the minimization procedure
several computer algorithms are available. A suitable tool is described in [133].

3.4.3 Airflow measurements in the duct
For measuring the airflow rate in the duct, two techniques were used. The fist
technique consists of measuring the pressure drop over a length of 1.5 m in the
middle of a 4 m long, straight section of the duct. The measured pressure differ-
ence • <as then converted into an airflow rate. This conversion was calibrated by
measuring the air velocity in the duct with an anemometer5.

The second technique was used from October 1990, after the setup used to
measure the pressure drop in the duct had caused some difficulties. A Pitot tube
was mounted with the front opening on the axis of the duct in the middle of the
straight part. This Pitot tube measures the downward flow during supplying and
the upward flow during all other conditions. Figure 3.10 show;, the air velocity
profile in the duct for two settings of the fan as a function of the distance d of
the front opening of the Pitot tube to the side of the duct. Although the average
air velocity differs by a factor of 3, the profiles for the two velocities is practically
identical. In the Figure one notices that the profiles are not symmetrical around
the centre (d = 8 cm); this is likely due to the fact that the duct is not a straight
pipe but has three elbows. Based on these profiles the airflow through the duct
was derived from an air velocity measurement in the centre of the duct.

Digital Anometer OTA 400, Wessels Mess Technik.
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3.4.4 Leakage parameters of the crawl space
Preliminary measurements
During the experiments carried out in the test house before 7 June 1990, knowl-
edge on the leakage parameters was limited. Ventilation measurements had been
performed [113] but it was assumed that there was no connection beween the
two parts of the crawl space, which is obviously an error because we found two
large holes of about 1 m2 each in the separating wall. This error, however, has
no implications on the result of their measurement of the leak between the living
room and the crawl space. The values, found for this leak were:

• c = 51 m3 h"1 and n = 1.5 [113].
To be able to use their result for the analysis of our preliminary measurements in
the south part of the crawl space, we closed the holes, using 3.5 cm thick foam
board and polystyrene foam.

Remaining obvious leaks in the south part of the crawl space, apart from
the floor, were the four crawl space ventilation shafts (two in the east wall, one in
the south wall and one in the west wall). We measured the ventilation parameters
of the ventilation shaft in the south wall (Section 3.4.2), which was the most
accessible one. Assuming that the leakage parameters of the other shafts were

Air velocity profile in a duct

> 7-

16

Figure 3.10: Air velocity profile in the duct measured with a Pitot tube for two settings
of the fan.
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Table 3.6: Measured leakage parameters of the crawl space ventilation shaft in the south
wall of the test house and values of a similar shaft [134].

This work [134]

c(m3h-1) 6.2 ±0.6 8.6
n 1.42 ± 0.08 1.9
qv(10) 31 i 3 30

the same, we could make a rough estimate of the total leakage of the south part
of the crawl space.

The leakage parameters measured (c and n) are listed in Table 3.6. Com-
paring the c and n values measured with other values of leakage parameters is
not straightforward. To make the comparison easier, we have evaluated the flow
at 10 Pa (qv(10)); the flow at 1 Pa always equals c. The measured values agree
well with values given in [134] for a similar shaft although no information on the
accuracy of the measurements is available. Leakage parameters of other parts of
the building from [113] are listed in Table 3.7 (see page 150).

With the openings between the two parts of the crawl space closed, we
assumed that the 222Rn concentrations in the south part of the crawl space and
in the living room were not influenced by 222Rn concentrations in the north part
of the house. To check the validity of this assumption, we consulted external
ventilation experts from LBP6.

LBP earned out a measurement to check whether a cross flow of air from
the north to the south of the house could occur with the foam boards in the sepa-
rating wall of the crawl space in place. While injecting helium in the north part of
the cra.wl space, in such a way that a constant concentration was maintained, they
continuously monitored the helium concentration in the living room. During this
measurement, airflow patterns between several compartments were qualitatively
investigated with smoke tubes. The results may be summarized as follows:

• after more than one hour no detectable helium concentration was found in
the living room,

• the airflow in the dwelling was mainly from the south to the north part
and

• a substantial airflow between the north crawl space and north part of the
dwelling was observed through a number of leaks in the floor (for example,
the hatch to the crawl space in the scullery).

In addition, visual inspection of the crawl space revealed several air leaks between
north and south part and several connections between the crawl space and the
cavity wall. We conclude that the assumption that the house is divided in two

Lichtveld, Buis & Partners, Utrecht.
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independent parts was too simple, but the observed flow patterns in the dwelling
do not indicate that there is an airflow from the north part of the dwelling to the
south part.

Leakage parameters of the ground Boor

On 7 June 1990, the boards separating the two parts of the crawl space were
removed. Immediately before and after this, LBP carried out measurements of the
leakage parameters of the ground floor [135]. The volumes of the north and south
parts of the crawl space, were estimated as 30.5 db 2.4 m3 each. The air-tightness
of the floor above the north part of the crawl space was determined according to
the preliminary Dutch standard NEN2690 [130] (Section 3.4.2). After this, the
foam boards that were blocking the holes in the wall separating the north and
south crawl space parts were removed and the measurement was repeated for the
entire crawl space. For both situations, the results are based on measurements at
four pressure differences over the floor: 5, 10, 15 and 20 Pa. For the south part,
the airflows for each pressure difference were calculated by subtracting the flow
through the north part from the flow found for the total floor. Leakage parameters
of the north and south part and of the total ground floor were derived from a fit
of the four data points to Equation 3.18. Data and fitted functions are shown in
Figure 3.11: the data points are well described by Equation 3.18. The resulting
leakage parameters are listed in Table 3.7.

Comparing the values in Table 3.7 one notices that the airflows through
the floor at 1 Pa pressure difference, especially in the south part of the house, as
found by LBP are 10 to 30% lower then in [113]. This difference is probably due
to repairs made during maintenance of the dwelling.

At pressure differences above 5 Pa, airflows calculated using these leakage
parameters should be accurate to 10% [135]. For practical cases the inaccuracy of
the calculated ambient airflows can be much larger than 10% for several reasons.
The pressure differences in normal circumstances are small compared to the pres-
sure differences at which the leakage parameters were determined. Equation 3.18
may not hold for these small pressure differences. Also, the way the leaks are
distributed over the different walls may have a substantial impact on the air-
flow because the pressure difference between inside and outside varies over and
amongst the walls in the horizontal as well as in the vertical direction. Detailed
information on these distributions is not available. In addition, working with
pressure differences, averaged over the measurement period of 30 minutes means
that dynamic transport phenomena are neglected. Though the formulas describe
the measured airflows with an error of about 5% for large pressure differences
(5-80 Pu), a wider range of errors, at least 25% must be taken into account under
ambient conditions (0.1-5 Pa).

The air transparency coefficient for the floor of the total dwelling is five
times larger than the maximum value set for Dutch houses to be built after 1992.
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Helium infiltration measurements
In addition to leakage measurements, LBP measured air transport from crawl
space to dwelling by injecting He in the crawl space such that a constant concen-
tration was maintained. Simultaneously the infiltration of helium in the living
room and the hall was measured. The measurements were carried out for the
three positions of the fan in the duct. No increase of the helium concentration in
the dwelling was recorded during the position exhausting.

The upper part of Figure 3.12 shows the helium concentration in the living
room as a function of time for the position fan-off. The curve, representing
the infiltration of helium, does not describe the data too well. One of the main
reasons is the small pressure difference (1 Pa) over the floor and the relatively large
fluctuations in it, leading to a fluctuating airflow from crawl space to dwelling.
This is in line with the discussion given above.

The average airflow from crawl space to dwelling as obtained from the He-
measurements is 25 ± 3 m3 h"1, which is slightly smaller than the flow calculated
horn the leakage parameters g,,(lPa) = 31±8 m3 h"1. The total ventilation flow in
the dwelling resulting from this fit was 170±20 m3 h"1. This means that the flow
through the floor contributes only 10% to the total ventilation. The ventilation
rate of the crawl space in this situation is 0.88 ± 0.05 h"1, resulting in a flow of

AIR LEAKAGE GROUND FLOOR
rlorsiaan 2, Roaen

Figure 3.11: Airflows through the floor between crawl space and dwelling, and between
parts of the dwelling as a function of applied pressure difference.
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54 ± 5 m3 h 1. Thus, in this situation approximately 1/3 of the ventilation of the
crawl space is via a flow through the floor between crawl space and dwelling and
the other 2/3 is via the walls of the crawl space (cross ventilation).

In the bottom part of Figure 3.12 the infiltration of helium in the living
room for the position supplying is shown. The curve, representing the concen-
tration based on a fitted average airflow, gives a good account of the data. The
pressure difference over the floor was quite stable around a value of 7 Pa. The

- lfitted airflow of 104 ± 15 m3 h ' compares well with the value of 87 ± 9 m3 h
calculated from the leakage parameters, resulting in a weighed average of 93 ±
8 m3 h~ . The total airflow into the crawl space based on its ventilation rate is
370 ± 30 m3 h"1. The total ventilation flow of the dwelling is 160 ± 17 m3 h"1.

lime (h)

Figure 3.12: He concentrations in the living room as a function of time after the moment
of injection of He in the crawl space for the position fan-off (upper part) and the position
supply'mgibottom part).
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The mass-balance can be completed in this situation by assuming an additional
flow of 277 ± 30 m3 h"1 from the crawl space directly to the outside and another
additional flow of 67 ± 20 m3 h - 1 from the outside via the building envelope into
the dwelling (cross ventilation). Figure 3.13 provides a sketch of this situation.

Leakage parameters with new vents installed
To investigate the role of passive crawl space ventilation on the 222Rn concentra-
tions in the dwelling, the old ventilation shafts were sealed at the inside of the
crawl space and eight new vents were installed by drilling holes under an angle
of about 45 degrees from just above grade at the outside to the crawl space in
October 1990. In this hole, a 10 cm PVC pipe was mounted, which was sealed
to the inside wall of the crawl space and to the outside wall. The diameter of
the pipe was chosen this large to study the effect of strongly increased ventilation
in the crawl space on the 222Rn concentration in crawl space and dwelling. The
pipes may be closed at the outside wall by caps. Together with the installation
of these new vents all other visible connections between cavity wall and crawl
space were sealed. Sealing at the inside of the crawl space results in a possible
change in the floor's air transparency since a possible route via the cavity wall
may have been sealed in the process. In the present investigation this aspect has
been neglected but a new measurement will be necessary to reduce uncertainties

- 9 3

-gi =370m 3h" 1

-q3 = 93 m3 h"1

-92 = 277 m3 h"1

q4 = 67 m3 h"1

q5 = 160 m3 h"1

Figure J.13: Airflows during the Helium infiltration measurement with the fan in the
position supplying. The indication of the flows is in accordance with Figure 3.16.
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in flows and in quantities like 222Rn source strengths which depend on them.
In this situation, the flow in the duct had to be measured more reliably

and accurately than before, because with the old ventilation shafts the effects of
cross-ventilation flow were reasonably small and the flow through the duct could
be deduced from the flows qi and 93; with the installation of the vents an increase
of cross ventilation in the crawl space was expected and therefore q\ had to be
determined independently. The following measurements were made to determine
the leakage parameters in the new situation.

All outside doors and windows were kept closed and all inside doors were
kept open. During the measurements three fans in the crawl soace provided good
mixing of the air in the crawl space. The leakage parameters of the crawl space
were determined again, using the minimizing procedure described in Section 3.4.2.
In this procedure, the difference between q\ and q% + 53 was minimized. Unfor-
tunately, with open ventilation pipes the pressure differences over the wall were
at most a few Pascal. In such a situation the relation between airflow through
the wall and pressure difference over the wall, measured at one location, has not
turned out to be meaningful. Various trials were made but it had to be concluded
that for open vents no reliable values for flows could be deduced from the pressure
differences.

With the fan running and the vents capped the pressui. differences were
considerably larger. Pressure differences as high as 30 Pa were obtained between
crawl space and outside air, and crawl space and dwelling. The value of the flow q$
through the floor was calculated with the air transparency parameters determined
by LBP (see Table 3.7). For the walls of the crawl space it was assumed that the
flow parameter was the same for all walls and that the c value for a particular
wall is proportional to its area. The c value of the total crawl space perimeter was
determined from tne minimizing procedure as c = 8.0 m3 h"1; the value of the flow
parameter n = 1.11 (see Table 3.7). Figure 3.14 shows values of q2 +93 calculated
from measured pressure differences and optimized air leakage parameters for the
walls with capped vents plotted against q\, which was measured simultaneously.
This figure shows that under these conditions all airflows are accounted for. This
implies that when the value of one of q\, q% ox 93 is missing, it may be reliably
calculated from the other two.

The values for the crawl space in Table 3.7 should be interpreted in such a
way that for the flow with closed shafts only values in the first column are used,
while for the flow with open shafts the sum of the flows calculated with values for
each of the two columns is taken. The uncertainties in the flows are estimated
20-30% for pressure differences of a few Pa and 10-15% for pressure differences
of 7-10 Pa.

3.4.5 Leakage parameters of the living quarters
The leakage parameters of the envelope of the entire building as well as for the
living room alone were determined according to NEN2686 [129]. To obtain esti-
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mates of the leaks of separate parts of the envelopes, LBP measured the leakage
of the living room in three different situations:

• closet door in scullery ('detection closet') closed,
• detection closet door open and
• scullery door closed and sealed

and the total building envelope, also in three different situations:
• doors to scullery and to bedroom compartment closed and sealed,
• doors to scullery and to bedroom compartment closed but not sealed and
• door to scullery open, detection closet door closed but not sealed and door

to bedroom compartment closed,
where the 'bedroom compartment' is the north part of the dwelling, the scullery
excluded. During the measurement all inner doors were kept open and the doors
and windows to the outside kept closed. Leakage to the crawl space is included in
these measurements. The airflow as function of the pressure difference, obtained
in the measurements of the total building envelope, is presented in Figure 3.15.
The leakage parameters obtained from these measurements are listed in Table 3.7.

Table 3.7 shows that opening the door of the closet in the scullery increases
the c value by about 72 m 3h - 1 . Using smoke, it was noticed that there was a
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Figure 3.14: Values of <?2 + qs calculated from measured pressure differences and opti-
mized air leakage parameters for the walls with capped vents plotted against q\, which
was measured simultaneously.
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considerable air leakage from the closet to the crawl space as well as to the attic
on top of the closet, where the (well-ventilated) central heating boiler is situated.

Of course, the measurement in the living room, with the inner doors sealed,
includes the air transparency between the living room and the rest of the dwelling.
Using smoke, air transport was noticed especially near the junction of the roof
with the wall between the living room and the hall. This means that the air
transparency coefficient for the living room to the outside will be smaller than
the value measured (101 m3 h - 1 ) . Using an estimated value of 30 m3 h"1 for the
separation wall and 13 m3 h~3 for the south part of the floor, the value of c for
the separation between living room and outside is approximately 60 m3 h"1.

The values for the living room are in reasonable good agreement with the
values in [113].

Ventilation rates
To check the measured leakage parameters, ventilation rates of the dwelling and
the crawl space were measured with several settings of the fan in the duct using
the tracer-gas decay method (see Section 3.4.2).

Measurements were made with the inner doors open for the living room,
the hall and the crawl space with the ventilation shafts closed. In the living room
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Figure 3.15: Airflows through the building envelope as a function of applied pressure
difference for three conditions: detection closet door closed, detection closet door open
and scullery door sealed. The scullery door was always closed.
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Table 3.7: Leakage parameters for various parts of the test dwelling measured by
LBP [135], compared with the values reported by Phaff and de Gids [113]. The error in
airflows under ambient conditions calculated with these parameters is estimated 25%.

Part of the dwelling

Floor
total
north
south

Total dwelling
door detection closet closed
door detection closet open
door scullery sealed

Living room
doors scullery and bedroom compartment
sealed
doors scullery and bedroom compartment
closed (not sealed)
door scullery open, door detection closet
closed a\:d door bedroom compartment
closed

present

c(m3h-'1)

31
19
13

252
324"
235

101

112

134"

work

n

1.9
2.0
1.7

1.4
1.4*
1.4

1.5

1.5

1.5*

[113]

c(m 3h- ] )

51
23
28

332
366
323

120

134

n

1.5
1.5
1.5

1.5
1.5
1.5

1.5

1.5

value determined from one measurement and a fixed value of n.
value fixed.

and the hall the sampling locations for the He concentration measurements were
near the inlets for the 222Rn concentration measurements. Measurements took
place during two days: 28 June and 12 July 1990. The meteorological conditions,
listed for the nearby weather station, Eelde, in Table 3.8 were quite similar during
these two days.

The fan was used in three ways: exhausting air from the crawl space,
supplying outside air to the crawl space and fan-off. While exhausting and
supplying was taking place, the speed of the fan in the duct was adjusted such
that the pressure difference over the floor was more than 5 Pa.

The results of the ventilation rate measurements are listed in Table 3.9.
From the Table one notes that the ventilation rate of the crawl space is 6 to 7
times larger when the fan is on, compared the fan-off position. The ventilation
rate for the dwelling is within the uncertainties independent of the status of the
fan. This observation may be explained from the fact that the pressure differences
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Table 3.8: Values for some average meteorological parameters at the KNMI weather
station, Eelde.

Date

28 June 1990
12 July 1990

Table 3.9: Ventilation rates, ',

Compartment

Living room
Hall
Crawl space

T("C) »„-,

16.4
16.3

\v, for various

Fan-off

0.45 ± 0.05
0.46 ± 0.05
0.88 ± 0.05

(ms ' ) Wind direction

5.0
3.5

220-310°
230-300°

compartments with three fa

AvCh"1)

Exhausting

0.17 ±0.05
0.47 ± 0.05
5.0 ±0.3

Supplying

0.44 ± 0.05
0.41 ± 0.05
6.0 ±0.3

over the building envelope during these two days were about 1 Pa, independent
of the status of the fan.

One notes a difference between the ventilation rates measured for the liv-
ing room and for the hall in the exhausting position. This effect is probably
due to an unavoidable concentration difference originating during the injection
of the helium gas. A higher helium concentration in the hall than in the living
room could explain this discrepancy. Moreover, during the last measurements in
the position supplying it was noted that forced mixing in the living room and
hall was necessary to obtain an evenly distributed helium concentration in the
compartments. This mixing may, however, have increased the ventilation rate.

3.4.6 Discussion
Crawl space

The helium-infiltration measurements show that in the positions fan-off and sup-
plying and even with the ventilation shafts closed, a considerable part of the
ventilation of the crawl space occurs via the walls to the outside. In the fan-off
position the flow through the floor of the dwelling only contributes about 10% to
the ventilation of the dwelling; with the fan supplying this flow contributes about
60% to the ventilation of the dwelling; the remaining 40% is cross ventilation of
the dwelling.

Distribution of the leaks of the living compartment

Figure 3.16 shows a schematic representation of the dwelling, the duct between
the crawl space and the roof, and the air flows. The + and — signs indicate the
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possible direction of the flows, with 4- corresponding to the direction of the arrows.
The airflow 51 through the duct is calculated as qy = qi + 53: the conservation
of air mass in the crawl space. The airflow qi takes place between the outside
and the crawl space via the walls and the ventilation shafts; q3 the flow between
dwelling and crawl space; 94 the uni-directional flow from outside to the dwelling
via the walls and roof; q$ the uni-directional flow from the dwelling to the outside
via walls, roof and chimney and 56 the rest flow. The rest flow q$ should be zero
if all other flows are exact. In practice, this flow may be used as a check for a
systematic error in the airflow measurements.

Estimated leakage parameters for the total crawl space, based on extrapo-
lation of the leakage parameters measured for the south part are given in the first
column of Table 3.10. For the dwelling, the values were taken from [113]. The
latter values, however, did not yield consistent air-flows, because the 'rest-flow' q6

was considerably different from zero. By redistributing part of the estimated roof
leakage to the walls, qe could be minimized. The adjusted leakage parameters are
shown in the second column of Table 3.10.

two-way flow
one-way flow
rest flow

Figure 3.16: Schematic representation of the test house, indicating the dwelling, the
crawl space, the duct and the airflows with their possible flow directions.
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Table 3.10: Leakage parameters before installation of the new vents showing measured
values from [113] and values adjusted to reduce q$. Unless indicated otherwise n — 1.5.
Error in airflows under ambient conditions calculated with these parameters is estimated
at 25%.

Surface

Crawl space
north
east
south
west

Dwelling
floor
north
east
south
west
roof

c(m3r')

0°
34"
11.5°
2.5"

31*
10c

44C

6.5C

37C

172C

0
34
11.5

2.5

31 6

20
50
20
50

130

values estimated from transparency coefficients for the south part of the crawl space,
n = 1.9 (rounded off from Table 3.7).
calculated from values given in [113].

Table 3.11: Leakage parameters for the crawl space walls after installation of the new
vents (n = 1.11).

Side

North
East
South
West

c(m 3h- 1 )

0
20
0
10

3.5 Conclusions
F.J. Aldenkainp and P. Stoop

For the dwelling the total source strengths, as calculated from time-averaged
222Rn concentrations and ventilation rates, and the source strength, based on in
situ exhalation measurements (see Table 3.2 and Section 3.3) are in good agree-
ment, while for the crawl space there is a large discrepancy of about a factor of
4. We suggest that this discrepancy is possibly due to insufficient knowledge of
the floor leakage parameters in the dwelling and the ventilation characteristics
of dwelling and crawl space. In Table 3.12 a summary is given of the results of
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Table 3.12: Airflows, ventilation rates and estimated 222Rn source strengths for the test
house, based on measurements by LBP (Section 3.4)

Compartment Airflows Ventilation rate Source strength
rr^h-1 h-1 kBqh"1

9i 92 95

Dwelling 16 180 0.5 2.7 ± 1.1
Crawl space 32 16 0.5 1.5 ± 0.6

additional investigations by LBP on these parameters (Section 3.4). Based on the
measurements by LBP, the fraction of the ventilation air in the dwelling due to
the infiltration of air from the crawl space, a, is about 0.1, a factor 3 lower than
the value estimated from the earlier measurements (Table 3.2).

A comparisson with the values in Section 3.2 (Table 3.2), shows that es-
pecially the airflow from the crawl space to the dwelling was overestimated by
a factor of 3 and the ventilation in the crawl space underestimated by a factor
of 2. Table 3.12 also shows the total source strength as estimated with the new
values using the simple model that was presented in Section 3.2. It should be
remarked that 222Rn that is not transported by known airflows is also included in
the source terms. From these results it appears that although the 222Rn concen-
tration in the dwelling is a factor of 2 lower than the concentration in the crawl
space (Section 3.2), the source term is a factor of 2 higher. Furthermore, there is
still a discrepancy of more than a factor of two with the source strength measured
with the exhalation meter. This could be due to the fact that only a part of the
source strength is measured with the exhalation meter.

As indicated in section 2.2.1 the exhalation of 222Rn from a porous piece
of material comes about through diffusion, of which the driving force is due to
concentration gradients, and advection, resulting from pressure driven flow of soil
gas. The advective component is not measured with the exhalation meter; the
measuring volume is placed air-tight onto the exhaling material, thus there will
be no pressure gradient between the air in the measuring volume and the soil
gas. Especially the advective part of the exhalation rate, governed by small and
varying pressure differences, is not measured (see Section 3.3).

The advective part of the exhalation rate through the soil and outer walls
of the dwelling is governed by small and varying pressure differences between in-
doors and outdoors. For the inner walls of a house there may be the situation with
a pressure drop on one side of the walls. In this case the increase in exhalation
is almost compensated by the decrease of the exhalation rate on the other side.
For a pressure drop on both sides of a wall, for example during a drop of the
global atmospheric pressure, an increase of the exhalation is expected as long as



3.5. CONCLUSIONS- F.J. Aldenkamp and P. Stoop 155

the pressure is decreasing. From the solution of the transport equation of 222Rn
considering both the diffusive and advective transport, Dimbylow and Jansens et
al, showed that the advective component could result in an increase of a factor of
two of the exhalation due to the diffusional process alone [57, 62]. The observed
discrepancy between model calulcation and measurements could therefore be ex-
plained by assuming that in the test house there is an advective source both in
the dwelling and in the crawl space and the strength of this source is almost a
factor of two larger than the diffusive source strength (Table 5.1).

Both processes, diffusion and advection, will occur simultanuously and
will therefore influence each other. In the assessment of the measurement (Sec-
tion 2.2.5) only the diffusive transport has been taken into account. To assess the
effect of this, indirect, effect of pressure differences on the measurement with the
exhalation meter a more complete mathematical model of radon transport, with
the pressure driven flow of radon in the sample incorporated, has to be taken into
account [58].

In order to fully understand the behaviour of 222Rn concentrations in the
various part of a house a precise knowledge not only of possible sources of 222Rn
is necessary, but also of the ventilation pattern between various parts and with
the outside. Airflows are determined by pressure differences over barriers between
compartments and the air transparency of this barrier (Section 3.4). In general
these pressure differences are not constant due to the effect of winds around the
house and temperature differences between indoor and outdoors. A likely source
of error, therefore, is our use of a static model with a simplified approach to the
airflows for our calculations of the total source strength. Also, the use of time-
integrated 222Rn concentrations is probably not accurate enough to describe the
222Rn infiltration in the dwelling. Measurements of the variations in time of 222Rn
concentrations in combination with a more realistic model, taking the dynamic
influence of the air exchange with other compartments into account, may possibly
explain the observed discrepancy and may give a more realistic indication of the
nature of the source terms. This will be done in Chapter 4.



Chapter 4

Measurements and diagnostics of radon
infiltration
P. Stoop

4.1 Introduction

From June 1989 until December 1991, we carried out a total of 12 experiments
with the purpose of testing the multi-compartment model (Section 3.4.1). In
these experiments we varied leakage parameters, the number of compartments
and the air pressure in the crawl space (Sections 3.4.3-3.4.5). Conditions outside
and inside the house were monitored continuously. The experiments, labelled i,
JJ, etcetera, are listed in Table 4.1.

In Section 4.2 we present a selection of time series of 222Rn concentrations
and airflows, measured in these experiments. The source strengths needed accord-
ing to the multi compartment model are calculated from these measurements. If
the model and the measurements are correct, these source strengths may be com-
pared to the source strengths obtained with the exhalation measurements (Sec-
tion 3.3). This comparison shows that the observed concentrations still cannot
be explained with the static exhalation measured. A dynamic source strength in
the crawl space that appears to increase with the pressure difference between the
outside and the crawl space is observed. This dynamic source strength is known
in the literature as an advective (or pressure-driven) flow of 222Rn-rich soil gas.

For the experiments that yielded the most accurate results, the 222Rn con-
centrations in the compartments dwelling and crawl space were analyzed in terms
of contributions from static and dynamic sources and from air flows from other
compartments, including outside air (Section 4.4). These analyses, or diagnos-
tics, provide the means to asess the most effective measures to decrease the 222Rn
concentration in the dwelling.

157
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Table 4.1: List of dates and experiments involving continuous 222Rn measurements, leak
tests and ventilation measurements.

Period Description

11/06/89-

17/06/89

30/07/89-

05/08/89

03/12/89-

01/02/90

05/02/90-

03/03/90

04/03/90-

29/03/90

07/06/90

10/06/90-

25/06/90

28/06/90

03/07/90-

09/07/90

12/07/90

12/07/90-

21/07/90

22/07/90-

25/08/90

07/12/90-
04/01/91

/ Crawl space divided in two. 222Rn measured in the south part of
the crawl space. Horizontal pressure differences measured over three
confining walls; vertical pressure difference measured over living room
floor. Natural ventilation.
ii The same setup as above in an attempt to reproduce the results.

Hi Duct with fan installed from crawl space south through roof to
the outside. Fan used in the exhausting position from crawl space.
Crawl space ventilation shafts (csvs) closed from the outside. Parame-
ters of remaining leaks determined from mass-balance using minimizing
procedure.
iv The same setup as above. Various settings of the fan speed, including
fan off. Periods with heavy wind.
v The same setup as above, but the fan in the position supplying air
from the outside to the crawl space south. Various settings of the fan,
including fan off. Periods with heavy wind.
Measurement of air leakage ground floor north. Separation of crawl
space parts north and south removed. Measurement of air leakage total
floor and building envelope.
vi 222Rn measurements with the fan in the positions exhausting, fan-off
and supplying.
Leak tests and ventilation measurements of crawl space and dwelling.
Natural ventilation and fan in position exhausting
vii 222Rn measurements with the fan in the position supplying and
fan-off.

Leak tests and ventilation measurements of crawl space and dwelling.
Fan in position supplying
viii 222Rn measurements with the fan in the position supplying and fan-
off. Normal occupation with doors to the outside and windows open
part of the time.
ix 222Rn measurements in crawl space, dwelling and outside air with
various combinations of the parameters: fan (exhausting, fan-off, sup-
plying), duct (open, closed) and crawl space ventilation shafts (open,
closed).
x Crawl space vents installed to replace ventilation shafts. Shafts
sealed on the inside and closed on the outside. 222Rn measurements
in crawl space and dwelling with fan supplying, fan-off and exhausting
and new vents opened and closed.
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4.2 Measurements of radon concentrations and
ventilation, and calculations of source strengths

4.2.1 Measurements in the south part of the test house
In this Section we present a concise overview of the experiments i-v. During
these experiments, 222Rn concentrations were measured in the south part of the
crawl space and in the living room. The two large openings in the wall that
separates the north and south part of the crawl space were closed with foam
boards (see Section 3.4.4) and the door of the living room that gives access to
the bedroom compartment via the hall was kept closed too. Pressure differences
between the crawl space and outside were measured over the three walls containing
ventilation shafts (east, south end west) and between the crawl space and the
living room. During the first two experiments (i and ii), the duct was not yet
installed. Experiments iii-v represent the first measurements with the duct in
place.

Measurements before installation of the duct
During experiment i only the 222Rn concentration in the crawl space was moni-
tored. The experiment took place from 11 to 16 June 1989 (week 24). This week
was characterized by the absence of wind and by high temperatures during day
time and cool nights. In the absence of wind or forced ventilation, the temper-
ature difference between the living room and the outside causes a stack effect:
the cold stack of outside air exerts a gre ter pressure at the ground level than in
the warm inside air. As a result, during the night the living room is at a lower
pressure than the crawl space and the crawl space is at a lower pressure than the
outside air (Figure 4.1).

The vent'lation rate of the crawl space, Av in Figure 4.1, was calculated
using the leak. • parameters in Table 3.6. Both ventilation rate and 222Rn con-
centration in the crawl space are in phase with each other and with the pressure
differences as measured over the walls. The multi-compartment model clearly does
not explain this observation, unless a compartment is added from which a small,
unobserved airflow carrying 222Rn-rich air flows to the crawl space whenever it is
at a lower pressure than the outside. This flow is most likely a Darcy-type flow
(Section 2.2.1) through the soil [6]. There are two ways of incorporating this in
the model. In the first one, one or more compartments with a certain volume, a
static source strength and leakage parameters to the crawl space might be added
to the model. The second way is to allow the source strength in the crawl space
to depend on the pressure difference between the outside and the crawl space.
Essentially these two approaches are the same. We opted for the second, more
empirical approach, because to fully describe the compartments needed in the
first approach, more parameters are involved than may be measured.

In the analysis of experiment i we therefore added a dynamic source strength
to the static source strength in the south part of the crawl space as measured with
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Figure 4.1: Data collected in experiment i, 11 to 17 June 1989. Pressure differences
over four parts of the crawl space envelope, the ventilation rate of the crawl space, the

Rn concentration in the crawl space and the outside air pressure. Date marks indicate
midnight, local time.
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Figure 4.2: 222Rn concentrations measured and modelled in the south part of the crawl
space in experiment i, 11-17 June 1989. Date marks indicate midnight, local time.
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the exhalation meter. The dynamic source strength was constructed as follows:
whenever the pressure difference over one of the walls of the crawl space was
directed from outside to inside, a term, proportional to the length of and the
pressure difference over that wall, was added. This term was sized by comparing
('x by eye') the concentrations predicted by the model with the measured concen-
trations. One of the most satisfactory results is shown in Figure 4.2. Because the
leakage parameters in this situation were not very well known, this result should
be interpreted only qualitatively.

In a similar experiment (number ii, 30 July-5 August 1989), the setup was
extended with an extra radon meter for the living room. In this week there was
almost continuously wind from the southwest, resulting in overpressure at the
south and west walls and underpressure in the living room with respect to the
crawl space. There was some heavy rain but this had no obvious effect on the
222Rn concentrations. On Tuesday and Wednesday evenings the open fire was lit,
which caused a sharp increase in the pressure difference between living room and
crawl space. Surprisingly this had no visible effect on the 222Rn concentrations in
crawl space and dwelling, nor on the pressure difference between the crawl space
and the outside. Possibly the increased pressure difference caused an increase in
ventilation, as well as in the source strengths, the effects of which canceled each
other out.

Like in experiment i, diurnal variations in the 222Rn concentration in the
crawl space and in the pressure differences were observed. These variations in
222Rn concentration in the crawl space were, however, not as clearly in phase
with the ventilation rate as in experiment i. Consequently, the model used for
experiment i failed to explain the observations during this week. A much less
satisfactory comparison than in experiment i could be obtained between model
calculations and measurements. The best model results were obtained with a
value for the dynamic source strength 60 times smaller and a static term seven
times greater then in experiment i.

From these experiments we learned that when there is no wind, the ven-
tilation conditions of the crawl space show large diurnal variations due to the
stack-effect and that the 222Rn source strength in the crawl space depends heav-
ily on the pressure difference between inside and outside. The characteristics of
this advective source strength, obtained by comparing the results of the first ex-
periment and model calculations, could not be reproduced in a second experiment
eight weeks later. At this stage the possibility that the different ventilation pat-
tern in the crawl space led to a false description of the airflows could not be ruled
out. Another possibility is that the rain during the second period led to a soil
condition that changed the radon soar, e strength.
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Measurements after installation of the duct
According to the multi-compartment model, when the source strength is constant,
the 222Rn concentration in a compartment should decrease when the ventilation
with air carrying a low 222Rn concentration increases. Experiment i proved this
hypothesis false for low ventilation rates in the crawl space, which we attributed
to an enhancement of the 222Rn source strength due to a Darcy flow through
the soil into the crawl space. With the duct installed, the model may be tested
with much higher ventilation rates and even with the crawl space at overpressure,
which should reverse direction of the Darcy flow.

Experiment Hi was started in December 1989. For this series of measure-
ments, the fan was exhausting air from the crawl space. Measurements of about
five days with the fan on and five days with the fan off were carried out with a
higher fan speed after each fan-off period. The ventilation shafts of the crawl
space were closed off from the outside to ensure that the direction of the flow
between crawl space and dwelling would be from dwelling to crawl space. We
expected that this would result in a decrease of the concentration in the living
room.

Figure 4.3 shows a smoothed graph of the 222Rn concentrations in the
crawl space and living room together with the residing time (the inverse of the
ventilation rate) of the air in the crawl space. The concentration in the crawl
space in the fan-off periods is a factor of two lower than in weeks 24 and 31
despite the fact that the ventilation shafts were closed. This may be explained by
the higher groundwater level in December compared to the summer and the fact
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Figure 4.3: Graph of the 222Rn concentrations in the crawl space and living room and
the residing time of crawl space air measured in experiment Hi (December 1989 and
January 1990). The fan, exhausting all the time, was alternately turned off and on
(various speeds) about every 5 days. Smoothed representation of the data. Date marks
indicate noon in local time.
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that the open duct provides extra (natural) ventilation even when the fan is off.
Ventilation of the crawl space has clearly an effect on the 222Rn concentration in
the crawl space: the concentration is proportional to the residing time.

During exhausting the pressure in the living room is always higher than
in the crawl space: between 1 and about 10 Pa, depending on the 'an speed.
During fan-off the pressure in the living room is on the average about 1 Pa
iower than in crawl space. Despite the flow reversing sign during exhausting and
the influx of 222Rn-ricA air being blocked, the 222Rn concentration in the living
room shows only weakly correlates with the crawl space ventilation: changes of 5
to 50% seem to occur. Moreover, the 222Rn concentration in the living room
remains approximately 5 Bqm~3 higher than expected, based on the average
222 Rn concentration of the outside air and the exhalation of the walls and floor.
The fact that the north part of the house was probably also at underpressure
during these measurements is a first indication of an unaccounted 222Rn source
or entry route of 222Rn to the living room.

In experiments iv and v, the same setup was used except for the fan posi-
tion, which was supplying part of the time during experiment v. We will discuss
the results of these experiments only briefly.

Compared to a closed duct, the 222Rn concentrations with the duct in-
stalled but with the fan off are a factor of about 2 and 1.5 lower in the crawl
space and living room, respectively. Switching on the fan to its maximum speed,
exhausting air from of the crawl space, reduces the concentrations in the crawl
space and the living room further by a factor of 3 to 4 and 2, respectively. The
average concentrations in those compartments in the last situation are 13 and
7 Bqm"~3, respectively.

During supplying air to the crawl space via the duct the 222Rn concen-
tration in the crawl space is lower than in the living room. This is remarkable
because during supplying the living room is also at overpressure with respect to
the outside and the dominant flow into the living room is supposed to be the flow
from the crawl space. The 222Rn concentration in the living room hardly seems to
depend on the fan status. Experiment v confirmed that the concentration in the
living room is higher than expected from estimated airflows and the exhalation
rates measured.

From experiments i-v, however, only qualitative conclusions may be made
because the concentration in the outside air was not monitored. Moreover, as
ventilation experts of LBP pointed out, some of the assumptions made in de-
scribing the ventilation are questionable, especially that there was no exchange
between the nort and south parts of crawl space and dwelling. In retrospect these
experiments should be considered as a stage to get aquainted with the measuring
techniques. Still a number of observations, like the dynamic source and the con-
centration in the living room being independent of the crawl space are important
results that have been confirmed in later experiments.
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4.2.2 Measurements in the total dwelling
Following suggestions by ventilation experts from LBP, we removed the foam
boards that closed the openings in the central crawl space wall and installed
three mixing fans in the crawl space. In the dwelling, all inner doors were kept
open during the experiments. In this situation the house and its environment may
be described by a three-compartment model, the compartments being the crawl
space, the dwelling and the outside. Of the experiments, labelled vi-x, we only
describe vi and ix in detail here. Results of the others are summarized briefly.

Measurements in June 1990

In experiment vi, three settings of the fan in the duct were used: exhausting, sup-
plying and fan-off. 222Rn concentrations were measured at four locations: crawl
space, living room, hall and outside. Figure 4.4 shows the air flows q\ ... q§ as
defined in Figure 3.16 (Section 3.4.6). They were calculated from the pressure
differences measured and the leakage parameters listed in Table 3.10 using Equa-
tion 3.18. The 222Rn concentrations measured during this period are shown in
Figure 4.5 (upper part). In the lower part of this Figure, the source strengths in
the crawl space and dwelling, calculated with Equation 3.11, are shown.

Airflows

In Figure 4.4 one clearly notices the periods of exhausting and supplying for
qi, 52 and q$ (for the Row indications, see Figure 3.16, page 152). During fan-
off practically all air that enters the crawl space leaves via the duct and in the
dwelling qi and q$ are almost identical, indicating that cross-ventilation is much
more important then air exchange with the crawl space. During exhausting qs,
the airflow out of the dwelling is smaller. Similarly, during supplying, 94, the
airflow through the walls from the outside, is smaller. Moreover, one notices that
qi and qs show diurnal variations. A close examination shows that the variations
in qi and q$ are often in phase, indicating again cross-ventilation in the dwelling.
The values of 96 oscillate around zero, which shows that the air balance is correct.

Figure 4.4 demonstrates that pressure differences (from which the airflows
were derived), especially over the walls and roof may rapidly fluctuate and often
show diurnal oscillations in phase with the oscillations in the 222Rn concentrations
in the dwelling and outside (Figure 4.5). The maxima occur during the night
when temperature differences are largest between dwelling and outside air and the
mixing in the outside air is minimal. This indicates that the diurnal oscillations
in qs are due to the stack effect and that part of the influx of the air into the
room occurs from outside via the wall.

The ventilation rate of the crawl space Av,Cs during exhausting is approxi-
mately 5.1 h"1, which agrees very well with the value 5.0 ± 0.3 h - 1 as obtained
from the measurements with helium. During supplying however, the ventilation
rate deduced from the airflows is between 4.5 and 5.0 h"1, whereas the He mea-
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surement yielded 6.0 ± 0.3 h"1. However, this discrepancy is within the error
margins of our method for calculating airflows.

The ventilation rates of the dwelling are in excellent agreement with the
values listed in Table 3.9 (measured with helium) and that are only slightly influ-
enced by the action of the fan.

In the previous experiments it could be argued that the assumption of the
separation of the dwelling and the crawl space into a north and a south part was
not realistic and that air and 222Rn from the north part could enter the south
part of the dwelling. Such an argument is not valid in the present investigation,
because the air in the total crawl space is well mixed and all inner doors in the
dwelling are open.

Radon concentrations
During exhausting (June 10-13) the 222Rn concentration in the crawl space is in
the order of 22 Bqm""3, which is about a factor of 2 higher than the concentrations
in the dwelling and a factor of 3 higher than the average concentration outside
(6.6 Bqm"J). The concentrations in the living room and the hall are about equal.
Since in this period the main airflows are from dwelling to crawl space and from
outside to crawl space, there is a 222Rn supply to the crawl space, which is not
accounted for by these airflows.

In the first fan-off period (13-16 June) the 222Rn concentration in the
crawl space ''ncreases to about 80 Bqm~3. In the dwelling the concentration in
the living room is slightly higher than in the hall; the average concentration is
about 22 Bqm~3. In the second fan-off period (21-25 June) the concentration
in the crawl space is about 75 Bqm""3 and in the living room again somewhat
higher than in the hall, with an average for the dwelling of 16 Bqm"3. Within
the variations due to the weather, the reproducibility of the 222Rn concentrations
in crawl space and dwelling during fan-off periods is quite good.

During supplying (16-21 June) the 222Rn concentration in the crawl space
becomes equal to the 222Rn concentration outside. Moreover, the fluctuations in
the concentrations in the crawl space and outdoors are identical and obviously
not due to uncertainties in the determination of the concentrations. The 222Rn
concentrations in the living room and the hall (about 20 Bqm"3) are more than
a factor of 2 higher than the concentrations in the air from the crawl space and
the outside that enters the living room.

Source strengths
The source strengths in the crawl space and the dwelling are quite constant but
depend strongly on the fan position. In the crawl space, the source strength is
largest during exhausting and smallest during supplying and the opposite is true
for the dwelling. In both crawl space and dwelling, the values during fan-off are in
between the values during the other positions. Therefore, in both compartments
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the source strengths are highest when ihe pressure gradient in the floor is in the
direction towards that compartment. During those periods, the pressure gradient
is not only directed inward in the floor, but also in the soil (for the crawlspace)
and to a lesser extent in the outside walls of the dwelling. We have therefore an
indication that not only in the crawl space, but also in the dwelling a pressure
driven source strength may exist.

Measurements in August 1990
Airflows

In Figure 4.6a and b, the flows 51, q2, q$, and 54, 95, qe as measured in experi-
ment ix (22 July-25 August 1990) will be presented. In general the flow patterns
correspond well with the patterns in Figure 4.4 (page 165). Due to the opened
crawl-space ventilation shafts, the flows through the duct is larger during exhaust-
ing and supplying and the ratio 52:93 has increased from approximately 2:1 to 4:1.
Another difference is the fact that contrary to experiment vi the flow through the
floor (93) in both fan-off periods is negative, indicating a net air transport from
the crawl space to the dwelling. For the airflow pattern in the crawl space during
faa-off periods, the flow through the duct (out of the crawl space) is about twice
as large as the flow through the floor (also out of the crawl space).

The value oiqg, like in experiment vi, oscillates around zero, except on days
like 22 July and 4-5 August when the doors to the outside were open. The average
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periods with fixed ventilation conditions. Date marks indicate noon in local time.
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values of q$ and qs are lowest during supplying and exhausting, respectively. This
reflects the influence of the flow through the floor on the distribution of the total
ventilation flow in the dwelling; the value of the total ventilation flow, however,
remains practically unchanged.

From 11 to 25 August the duct was kept closed and therefore the calculated
value of qi should be zero. The deviations from zero reflect the combined errors
in determining the flows 52 and 93. One notices that the deviation, and therefore
the uncertainties, are smaller when the shafts are closed. The average size of the
flow through the floor did not change due to the fact that the duct was closed.
As expected, with the duct closed, opening or closing the ventilation shafts had
no noticeable influence on the flows into and out of the dwelling (93 as well as q4,
q5 and q6).

Radon concentrations

The 222Rn concentrations measured in experiment ix (22 July-25 August) are
presented in Figure 4.7. In the figure the status of the fan is also indicated.

On 27 July, the concentration in the crawl space drops sharply as a result
of the fan being switched from fan-off to supplying. A clear effect on the dwelling
is not visible.

After switching the fan from supplying to exhausting, the concentration
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Figure 4.6b: Airflo'/s in crawl space and dwelling during experiment ix (22 July-25 Au-
gust 1990). Part b: 94 • • • 96- Smoothed representation of the data. [E]-[H] indicate
periods with fixed ventilation conditions. Date marks indicate noon in local time.
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increases in the crawl space and seems to decrease a little in the dwelling.
The second fan-off period also starts with two days with open doors. Dur-

ing this period the concentration in the dwelling drops almost to the concentra-
tion in the outside air. Again, concurrent with the drop in concentration in the
dwelling there is a slight increase in the concentration in the crawl space. This
period shows a general trend of increasing concentrations, outside, indoors and in
the crawl space.

In the second part of this measuring period (11-25 August) the effect of
the ventilation shafts with the duct closed was investigated. In this period, the
222Rn concentration in the outside air still is fairly high (5-20 Bqm"3). The
222Rn concentration in the dwelling shows the same oscillations as outside, only
a factor of 2 higher. Only in the crawl space the 222Rn concentration jumps from
60 to 80 Bqm~3 in response to the ventilation shafts being closed off.

The 222Rn concentration in the crawl space shows some peaks in the period
18-20 August, characterized by thunderstorms producing about 24 and 18 mm
of rain in the night and morning of 17 and 18 August, and 19 and 20 August,
respectively. The peaks in the concentration in the crawl space may well be
related to the heavy rain, like at the start of experiment ii. On 18 and 19 August,
peaks also seem to be present in the concentration in the dwelling. The showers
apparently have no effect on the concentration in the outside air.

- rrawl $pace

- dwelling

supplying exhausting

shafts open

(Juit open

August 1990
y

E
cr
S

c

Augusf 1990

Figure 4.7: 222Rn concentrations in crawl space and dwelling measured in experiment ix
(22 July-25 August 1990). Smoothed representation of the data. [E]-[H] indicate periods
with fixed ventilation conditions. Date marks indicate noon in local time.
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Source strengths
The 222Rn source strength can only be calculated if all currents and 222Rn con-
centrations are known. Unfortunately these quantities can not be deduced from
the data in the period 22 July—1 August since no information was obtained on the
outside 222Rn concentration. For the remaining period the results are presented
in Figure 4.8. The values of the source strengths S show large oscillations and
are sometimes negative. These oscillations may be understood from examining
Equation 3.11 (page 133). The source strength S is the sum of a term containing
the change in 222Rn concentration and a term representing the 222Rn flows. This
means that not only do the errors in determining these concentrations and flows
play a role but also deduction of flows from averages over three hours. Especially
during windy periods is the variability in the pressure difference over the wall,
and hence of the real flow is not expressed in the average value of the calculated
flow.
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Figure 4.8: 232Rn source strengths for crawl space and dwelling during experiment ix
(22 July-25 August 1990). Smoothed representation of the data. [E]-[H] indicate periods
with fixed ventilation conditions. Date marks indicate noon in local time.
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4.3 Further analysis of the source strengths

4.3.1 Averaged source strengths of periods with a constant
ventilation pattern

To allow a more quantitative comparison, the source strengths were averaged
over periods in which the rate of the fan was constant. These periods are labelled
[AJ . . . [H] in Figures 4.4-4.8. Table 4.2 shows the values with their standard
deviations. One should bear in mind that the scatter in the values of S would
probably be larger if they were calculated for shorter periods of time and hence
the standard deviations would become larger.

The 222Rn source strength in the crawl space during supplying is much
smaller than during fan-off and exhausting. The value during exhausting seems
to be slightly higher than during fan-off, which is consistent with the concept
of a pressure-driven flow through the soil. The static 222Rn source strength as
derived from exhalation of soil and building materials (Table 3.4) are consistent
with the value, measured during supplying. The higher source strength during
fan-off is no surprise, since during this period the crawl space is at underpressure
with respect to the outside, which will allow 222Rn-rich soil gas to enter the crawl
space. The slightly higher value during exhausting (with about one order of
magnitude larger pressure difference) compared to the fan-off value indicates that
the (pressure-driven) source strength of the soil is limited by the source strength
in the soil. Increasing the airflow above a certain value then would then not lead
to a proportionally higher production rate in the crawl space. This implies that
the pressure-driven flow component through the soil is no longer proportional
to the pressure differences over the walls, as we assumed in Section 4.2.1. The
analysis of the previous measurements, however, is not different from the present
one at fan-off because both situations involve only small pressure differences.

For the dwelling the value for the source strength is clearly lowest during
exhausting. The values during the two fan off periods are the same within the
uncertainties but the weighted average (3.0 ± 0.5 kBqh"1) is 1.0 ± 0.6 kBqh"1

smaller than the value during supplying; it is 2.0 ± 0.6 kBqh"1 higher than the
value during exhausting. These results indicate that the source strength in the
dwelling has a pressure-driven flow component. Since the flow through the floor
has already been accounted for, this pressure-driven component must enter via
a different route. 222Rn production can only occur in the soil or in building
materials. Therefore two pressure driven flow sources are possible: a flow from
the crawl space to the dwelling via the cavity wall may pick up 222Rn from the
soil or from the masonry at the inner part of the cavity wall, or a flow through
the concrete floor may push 222Rn produced in the floor into the dwelling.

A graphic summary of the data in Table 4.2 is presented in Figure 4.9.
In this Figure, the source strengths in crawl space and dwelling, derived from
exhalation measurements are shown as 'static', the values derived from annual
average concentrations and ventilation rates as 'annual cone.', and the ranges
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Table 4.2: 222Rn source strengths,
and pressure differences

averaged over periods with fixed ventilation conditions

Period

[A]
IB]
[C]
[D]
[E]
m
[G]
[H]

Fan status

exhausting
off
supplying
off
exhausting
off
off
off

Duct

open ,
open ,
open i
open ;
open /
open /

closed /
closed /

/ Shafts

f closed
1 closed
1 closed
1 closed
' open
' open
' open
' closed

sce
(kBqh-1)

4.9±0.7
4.0±1.0
0.4±0.5
3.6±0.9

11.0±1.5
2.7±0.6
2.0±0.8
1.9±0.9

Sdw
(kBqh-1)

1.0±0.4
3.1±0.6
4.0±0.4
2.5±1.0
1.3±0.4
1.3±0.8
1.7±0.8
1.4±0.7

P i *
(Pa)

9.5
0.7

-8.4
1.0
7.2
0.5
0.3
0.4

P»*
(Pa)

8.3
0.0

-8.4
0.0
6.2

-0.4
-0.5

-0.35

Average pressure of outside minus crawl space
Average pressure of dwelling minus crawl space

from Table 4.2 are denoted by 'VENTILATOR'. Figure 4.9 clearly illustrates the
above discussion.

4.3.2 Pressure dependence of 222Rn source strength
Table 4.2 lists, apart from the source strengths during periods [A]-[H] also the
average pressure differences between the outside and the crawl space and between
the dwelling and the crawl space. Using these pressures and some assumptions we
can give a first-order estimate of this source strength as follows. From a schematic
cross-section of the the test dwelling foundation, we estimate the travelling dis-
tance of the air through the soil to be approximately 240 cm (Figure 4.10). The
soil consists mainly of fine silty sand with a 226Ra content of 10 Bqkg~ , an
emanation factor of 0.2, a mass density of 1500 kgm~3, a permeability range
of 1 X 10~13 to 1 x 10~9 m2 and an estimated porosity of 0.3. With the water
table at 160 cm above NAP (Dutch Ordinance Datum), the height between the
inundated soil and the foundation of the outside wall is approximately 40 cm.
With a total perimeter of the crawl space of 35 m, the area of the soil traversed
is about 14 m2 and the total volume of soil traversed is 33.6 m3. Using Darcy's
law, the travelling times for the extremes of the permeability range, 1 X 10~9

and 1 x 10~13 m2 are 3 h and 1200 days and therefore the 222Rn concentrations
of the emerging air, ignoring the diffusion process, are 0.022 and 1.0 times the
equilibrium concentration, or 0.22 and 10 kBqm~3, respectively. The associated
airflows are 3.5 and 3.5 x 10~4 m3 h - 1 leading to an estimated source strength
of 3.5 io 770 Bqh -1 , respectively. The latter value corresponds to the maxi-num
source strength for 33.6 ir.3 of soil with the stated 226Ra content, emanation ̂ n
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Figure 4.9: Summary of source strengths in crawl space and dwelling derived from (top
to bottom) exhalation rates, the 'simple model', Table 4.2.
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Figure 4.10: Schematic representation of the Darcy flow through the soil from cutsidf
to the crawl space. The estimated length of the path is 240 cm and the estimated widtl
is 40 cm.
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and porosity. To test this hypothesis, the source strength of the crawl space was
plotted against this average pressure difference, or 'inward pressure' (Figure 4.11).
Periods [A] and [E], the periods with the fan in the position 'exhausting' in June
and August, respectively, show indeed a larger source strength in the crawl space,
coincident with the larger inward pressure, than the other periods. Not explained
by the theory above, however, is the fact that during period [A] the total source
strength is smaller than during period [E], despite the higher pressure during pe-
riod [A]. Moreover, the total source strengths measured are a factor of 6.5 (period
[A]) to 17 (Period [E]) higher than predicted. The higher pressure during period
[Aj was caused by the crawl space ventilation shafts being closed. At first sight,
the difference in the source strengths in the crawl space, observed during periods
[A] an [E] could be explained by the hypothesis that the transparency coefficients
of the opened crawl space ventilation shafts were overestimated. To check this,
the data were analyzed under the assumption that the shafts had been closed in
both experiments. This assumption did not appreciably change the difference in
the source strength of the two periods and therefore the hypothesis was rejected.

Since no other changes were made in the setup or dwelling, we must assume
that the cause for the higher source strength during period [E] in the crawl space
lies in the soil. As shown above, when the permeability is high, the maximum
222Rn source strength is independent of the permeability. The most obvious
explanation is that the estimated volume of soil that participates in the source

m

c
CD

o
(0

15

10

10 25 June

1 25 August

[E]

[A]

2 4 6 8 10

average inward pressure (Pa)

12

Figure 4.11: Plot of the 222Rn source strength in the crawl space of the test dwelling,
derived from airflows and 222Rn concentrations in crawl space, outside and dwelling,
during two periods in 1990. [A] and [E] are periods with constant ventilation conditions.
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strength is one order of magnitude larger than expected, and varies considerably
from month to month, probably influenced by the moisture content of the soil.

When all pressure differences are directed from the inside to the outside
(inward pressure = 0), the average 222Rn source strength in the crawl space was
at most equal to the diffusive source strength, which is consistent with the model.
For pressures, smaller than 5 Pa, the dynamic source strength in the crawl space
was 0.53±0.04 kBqh"1 Pa"1 in June 1990 and 2.53±0.09 kBqh"1 Pa"1 in August
1990. During two different periods in 1989 (experiments i and if), an even wider
range was found: 3.2 and 0.08 kBqh"1 Pa"1, respectively.

4.4 Diagnostics of radon concentrations

The contributions to the 222Rn concentration in each compartment of air flows
from other compartments (outside included) may be derived from the airflows
from, and 222Rn concentrations in other compartments. The remaining 222Rn con-
centrations in the crawl space and the dwelling are attributed to source strengths
(partly to 'static' and what remains to 'dynamic'). For the periods [A] to [H] this
exercise is illustrated in the bar graphs presented in Figures 4.12 and 4.13.

exhausting
10/6-13/6

fan off
13/6-16/6

IB!

supplying
16/6-21/6

Id

fan off
21/6-25/6 '90

ID)

Figure 4.12: Contributions to the 2Z2Rn concentration in crawl space and dwelling from
static and dynamic sources in experiment vi, and flows from outside and between com-
partments (inside).
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The Figures show that for the crawl space, except during supplying, the
main contribution to the 222Rn concentration comes from dynamic 222Rn sources.
For the dwelling, none of the four contributions considered is dominant.

For the two exhausting periods, the constitution of the concentrations is
practically the same. For the fan-off periods in August one notices a larger con-
tribution of static 222Rn sources to the 222Rn contribution in the crawl space.

To assess the relevance of this analysis not only were the contributions
calculated but also the standard deviation in the values. Since such information
is difficult to present graphically the results are listed in Tables 4.3 and 4.4.

In Table 4.4 one notices that in the periods indicated [A]-[F], the standard
deviation in the contributions to the 222Rn concentration in the crawl space is
small (< 25%) for the static and dynamic sources and the flow from outside. For
the contribution of the flow from dwelling to crawl space (inside) the standard
deviation is relatively large, but since the contribution itself is small the absolute
uncertainty is negligible. For the periods indicated [G] and [H], the standard
deviations in the source strength are about 50%. Since these deviations also
occur the static source strength (constant value) the standard deviations indicate
large relative variations in the total ventilation flow of the crawl space. This is
confirmed by the data in Figure 4.7a.

In Table 4.3 one notices that the standard deviation in the contributions
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Figure 4.13: Contributions to the 222Rn concentration in crawl space and dwelling from
static and dynamic sources in experiment l'x, and flows from outside and between com-
partments (inside).
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Table 4.3: Values and standard deviations (in parentheses) in Bqm~3 for the contribu-
tions from sources and flows to the 222Rn concentrations in the crawl space of the te*.
dwelling.

period

fAl
[BJ
fci
[D]
[E]
[F]
fGl
[H]

static

1.61 (0.01)
8.8 (0.4)

1.78 (0.18)
10.2 (1.0)

1.41 (0.03)
11(2)

23 (16)
28 (10)

dynamic

13.2 (1.5)
57(9)

0
57 (13)
24(3)
34(4)
30 (18)
40 (12)

outside

3.2 (0.9)
4.9 (1.5)
8.1 (2.0)
6.1 (1.3)

4(2)
8(3)
10(3)

13.2 (1.8)

inside

3.8 (0.3)
2.8 (1.3)

0
0.8 (1.3)
2.4 (0.4)
0.1 (0.5)

0
0

total

23(4)
75(6)

9.4 (1.8)
72 (21)
32(5)
53(4)
63(4)
81(5)

Table 4.4: Values and standard deviations (in parenthesis) in Bq m 3 for the contribu-
tions from sources and flows to the 222Rn concentrations in the test dwelling and average
pressure differences.

Period

fA]
fBl
[C]
[D]
[E]
[F]
[G]
[H]

Static

3.76 (0.20)
4.5 (0.2)
3.9 (0.5)
4.1 (0.5)
4.5 (0.7)
3.9 (0.6)
4.0 (0.5)
4.4 (0.6)

Dynamic

2.5 (1.5)
13(3)

5.4 (1.9)
5(4)

3.3 (1.5)
3(4)
6(2)
5(4)

Outside

4.9 (1.4)
5.6 (1.5)
3.3 (1.0)
6.2 (1.0)

5(3)
7(3)
9(3)

11.9 (1.6)

Inside

0
0.3 (1.0)
5.8 (1.6)
2.4 (2.2)

0
5.3 (1.4)
7.1 (2.0)
7.9 (1.6)

Total

10.8 (1.3)
24(3)

18.4(1.5)
17.4 (0.6)

13(2)
19(6)
27(4)
29(4)

to the dwelling is in general smaller than in the contributions to the crawl space.
If the standard deviations are a measure of the accuracy to which the value
of the individual contributions can be determined, one may conclude that this
method for quantifying the various infiltration processes results in a fairly accurate
description of the constitution of 222Rn concentrations.

In this way of analysing the data it appears that in fan-off situations, with
open as well as closed duct, the direct flow from crawl space to dwelling contributes
only 1 to 27% of the total concentration in the dwelling.

In this test house, of the four distinguished contributions to the 222Rn
concentration in the living quarters, there is no dominant term. The fan-off
data show, however, that with increasing concentration in the crawl space, the
concentration in the living increases due to the contribution of crawl space air.
Measures to mitigate the concentration in the dwelling may therefore be based
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on keeping the crawl space air out of the living, for instance by exhausting air
from the crawl space (see Figure 4.12: period [A] and Figure 4.13: period [E]).
Supplying air to the crawl space does lower the concentration in the crawl space
but in this dwelling it does not mitigate the concentration in the living.

Another contermeasure would be to keep the dwelling on overpressure.
This measure has an even greater potential: it would not only keep the the crawl
space air out but also it should eliminate the dynamic part of the source strength
in the dwelling. This measure, however, has not yet been tested. In our opinion
the nature of the dynamic sources needs further investigation to deduce other
possible countermeasures.

4.5 Conclusions
The purpose of the experiments described in this chapter was to check if indoor
radon concentrations may consistently be described in terms of airflows and radon
exhalation rates.

The first experiment (i) showed already that the source strength in the
crawl space increases with the pressure difference between inside and outside:
S(Ap).

The second experiment yielded the second important result, which is that
the characteristics of this pressure driven source strength in the crawl space change
with time: S(Ap,t).

A number of experiments were designed to check if these conclusions are
not the result of a poor knowledge of the airflows. However, the airflows measured
using pressure differences and leakage parameters are consistent with tracer gas
measurements and measurements using a Pitot tube. It is our conclusion that the
irreproducibility of the source strength in the crawl space is due to processes that
are not part of our model. If these processes are to be understood, it is probably
necessary to study the soil under and around the house in great detail.

In the ijving quarters (dwelling), although the source strength does not
seem to be constant, no clear correlation with any of the pressure differences was
found.

As part of the research in the test dwelling, a diagnostic method was de-
veloped that allows to analyze the radon concentrations in a dwelling as the sum
of contributions from airflows and source strengths. This diagnostic method, de-
scribed in Section A.t may help to determine the most effective mitigation methods
against high 222Rn concentrations in a dwelling. However, the diagnostic method,
when applied just once, may give a random picture of the contribution of the dy-
namic 222Rn source strength in the soil. Both theory and practice, show that this
component has a maximum, which corresponds to the 222Rn production in the
volume of soil that is flushed with air. Since the source strength of the soil seems
to vary over more than an order of magnitude, the most reliable method for de-
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termining its maximum value in practice, is probably by laboratory experiments
and not by in situ measurements.



Chapter 5

Summary, discussion and outlook
F.J. Aldenkamp and P. Stoop

5.1 Introduction

Uranium, a naturally occurring radioactive nuclide, is a primordial constituent of
the earths crust. Soil, and also building materials, contain trace concentrations of
uranium and its decay products. Uranium decays into radium that is transformed
into the radioactive noble gas, radon, from which subsequently radioactive iso-
topes of the metals polonium, lead and bismuth, called radon progeny or radon
daughters, are formed. This radioactive decay scheme finally ends in a stable
form of lead. Because radon is a gas it can infiltrate houses directly from the soil
underneath the house via building materials and air from the outside. The air in
every dwelling therefore contains a certain amount of radon.

As early as the 16th century it was known that men who worked in the
mines of Schneeberg and Joachimstahl had a high mortality rate. It was only at
the end of the 19th century that it became clear that this 'Bergkrankheit' was
due to lung cancer. It took until about the 1950s before these lung cancers were
attributed to the inhalation of the radioactive decay products of radon. Due to
the high contents of uranium in the ore and the low ventilation rates, relatively
high radon concentrations occurred in the air in the mines. After inhalation these
radon daughters may become attached to the lung tissue. In the subsequent decay,
a-radiation is produced. This can cause damage to living cells of the lung and
can eventually lead to lung cancer (Section 1.1).

For radiation protection purposes, the stochastic effects of exposure to
radiation are expressed as a lifetime risk of early death. Based on epidemiological
data from miners and assuming a linear dose-effect relationship without threshold,
the lifetime risk of lung cancer mortality due to a lifetime exposure to radon and
its progeny is estimated to be in the range of 1.3 to 4.5% per Sv (Section 1.4).
Despite this uncertainty range, this mortality risk factor for exposure to radon
is probably the best known compared to risk factors derived for other subsances.
Case control studies current in a number of European countries, are expected to
yield an even more exact value of the mortality risk factor.

At the end of the 1960s houses with high 222Rn concentrations were found
both in Sweden and in the U.S.A.. This finding triggered governments in many
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countries to initiate a survey of indoor 222Rn concentrations. In the Netherlands
such a survey was carried out in the period of 1982 to 1986. Time-averaged 222Rn
concentrations were measured in about 1000 dwellings. This survey revealed
that the concentration in living rooms has an almost lognormal distribution with
a median value of 24 Bqm~~3, a geometrical standard deviation of 1.6 and an
average of 29 Bqm~3 (Figure 1.3 in Section 1.3). The average and median values
in the Netherlands are comparable to the values in neighbouring countries. The
main difference with neighbouring countries is the relatively small number of
houses with high radon concentrations in the Netherlands: here the distribution
of yearly averaged 222Rn concentrations is relatively small.

For the direct conversion of 222Rn concentration to dose rate, a factor of
50 fj.Sva.~ * oer Bqm~3 is proposed (Section 1.4). Using this conversion factor,
th". total mean dose due to exposure to 222Rn is 1.5 mSva"1. With a lifetime risk
of lung cancer mortality of 1.3 - 4.5% per Sv, this corresponds to about 300 to
1000 222Rn-induced lung cancer deaths in the Netherlands per year. This makes
222Rn one of the major pollutants of the indoor environment.

This finding has raised the questions: 'Which processes play a role in es-
tablishing the indoor 222Rn concentrations?' and 'Can we decrease the risk due
to 222Rn?'. To answer these questions it is helpful to understand the physical pro-
cesses of infiltration of 222Rn into houses. This thesis focuses on instrumentation
to measure and models to describe the infiltration processes.

The approach in our investigations was to use a multi-compartment model
of a house describing the processes that determine how radon concentrations in
dwellings are established and to test this model by studying these processes exper-
imentally. Because the multi-compartment model describes 222Rn concentrations
in terms of airfloivs and sources, our experimental research was focused on the
measurement of these three quantities.

Development, calibration and assessment of the instrumentation for the
measurements played a major role in the research. For the determination of
sources, in-situ measurement of 222Rn exhalation is needed. An instrument orig-
inally developed by TNO was tested and further optimized for these measure-
ments. Because there was no suitable instrument for the continuous measure-
ment of the relatively low 222Rn concentrations in the Netherlands, we developed
such an instrument. A number of experiments were performed in a test house, z
single-family dwelling. The experiments involved detailed measurements of 222Rr
exhalation of building materials and the soil underneath the house, 222Rn concen
trations in air and airflows between various parts of the house and between th<
inside and outside of the house.

In this final chapter we will summarize and discuss our findings concernin/
the instrumentation used, the measurements in the test house and the testinj
of the multi-compartment model. We will also discuss a method based on th<
multi-compartment model that allows an analysis of the 222Rn concentrations ii
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terms of contributions from airflows and source strengths, providing a means to
assess the most effective measures against indoor 222Rn. In the last part of this
chapter we will give, in the form of an outlook, some recommendations for future
investigations.

5.2 In-situ radon-exhalation meter

An instrument developed by the radiological service of TNO was placed at our
disposal for the in-situ measurements of 222Rn-exhalation rates. The instrument is
based on the electrostatic collection of 222Rn-decay products onto a very thin milar
foil mounted in from of a solid-state silicon detector. The or-particles following the
decay of the 222Rn-decay products will be registered by the detector (Figure 2.4).
A study of the properties of this instrument showed that the instrument was
sensitive to light, temperature and relative humidity (Section 2.2.2). Therefore,
we built a new instrument made out of metal, with an air- and light-resistant
detection volume but of about the same dimensions as the prototype instrument.

5.2.1 Development and calibration
With this new instrument, we performed laboratory measurements with the aim
of studying ways of improving the efficiency, investigating the instrument's prop-
erties under various environmental conditions and performing a calibration (Sec-
tion 2.2.3).

We found that the electrostatic collection of 222Rn decay products is strongly
influenced by the concentrations of 222Rn and water vapour in the air (Fig-
ure 2.13). We attributed this effect to the competition between the electrostatic
collection of positive 222Rn-decay products, with removal or transformation pro-
cesses with neutralization being the most important. Increasing the collection
voltage reduces these effects considerably. For this specific instrument we found
the electrostatic collection optimal at a collection voltage of 2.5 kV (Section 2.2.3).
At this voltage a variation in air humidity by a factor of 2 gives a loss of less than
20% in the collection efficiency. Variations in the concentration of trace gases (for
instance NO and NO2) in the air can also influence the collection efficieny. In
the laboratory measurements such a variation was not observed since they were
carried out in an argon atmosphere with a low level of trace gases. Therefore,
we developed a measuring protocol that provides a continuous check during a
measurement on the influence of environmental parameters on the efficiency and,
at the end of each measurement, an in-situ determination of the actual collection
efficiency (Section 2.2.4). The collection efficiency of our instrument is better
than its prototype and is comparable with a similar instrument reported in the
literature.
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5.2.2 Assessment of in-situ 222Rn-exhaIation measurements

We assessed the accuracy of the method for in-situ 222Rn-exhalation measure-
ments. The effect of the presence of the measuring device itself on the exhalation
rate was determined by solving the time-dependent diffusion equation for the ax-
ial symmetric geometry of the instrument. In addition, we addressed the question
on how the 222Rn-exhalation measurements should be analyzed by comparing a
number of analyzing methods (Section 2.2.5).

From the time-dependent diffusion theory it follows that there can be a
significant decrease of the exhalation rate due to a 'reshaping' of the 222Rn con-
centration distribution in the material underneath the detection volume. Our
study indicates that for the geometry of the exhalation meter used, the influence
of the measuring device becomes more important when the diameter of the device
is small compared to the diffusion length of 222Rn in the material. We attributed
this effect to a diversion of the diffusive flow of 222Rn in the material towards the
uncovered surface. We found that the ratio between the free and bound exhala-
tion rate, E{ / Eb, is more-or-less independent of the thickness of the material to
be measured but increases with increasing diffusion length. The same holds for
the time constant, Ar, which is a measure of the time it takes before the concen- j
tration distribution in the material is 'reshaped'. For instance, from our model !
calculations we found a ratio E{ / E\, of about 1 for thickness and difrusion length
of 0.1 m; increasing the diffusion length to 1 m increased this ratio to about 20.
In the latter case the bound-exhalation rate is already reached within hours after )
the start of the measurement.

The possible large difference between free and bound exhalation rates raises
the question of which quantity is actually measured with the exhalation meter. To
answer this, a number of calculated growth curves of the radon concentration in
the detection volume were analyzed in the same way as measured growth curves.
We found that the most accurate results were achieved in analyzing the full growth
curve with the exponential function:

1 - e-*-') , (5.1)

where Ccan is the 222Rn concentration in the detection volume. The effective decay
constant for 222Rn in the detection volume, Ae, is the sum of Ar, the 'reshaping'
time constant, and the leak constant, A<, representing leakage of air out of the
detection volume. E{ is the free exhalation rate, A the area of the material covered
by the detection volume with volume V. For most of the calculated growth curves
studied the value of the exhalation rate thus deduced appeared to be close to the
free exhalation rate. The maximum deviation was a factor of 2.

The exhalation meter was used for a number of exhalation measurements
in and around the test dwelling. Based on the analysis of calculated and me?\sured
growth curves, the free exhalation rate of most materials can be determined in
situ with the instrument used within about a factor of 2. The largest uncertainty
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is due to the reshaping effect. In general, the results of analysis according to
Equation 5.1 depends on the fraction of data included, making it necessary to
analyze measured curves in a standard way. The measurements are therefore
continued until the radon concentration in the detection volume of the instrument
reaches its equilibrium. To reach this equilibrium, rather long-term measurements
of 2 - 8 days, are necessary. The method of analyzing the full growth curve has
the additional advantage that an anomalous behaviour of the (steady-state) 222Rn
concentration is an indication that the result is not representative for the true
situation (Figure 2.29). The results, for instance, of the wall in the living room
(Figure 2.29) illustrate the limitations of the method: the data show that the
222Rn build-up is not primarily due to exhalation but to radon inflow through
the walls. We attributed this to a high value of the leak constant caused by the
high transparency of the wall material or by an imperfect sealing of the detection
volume to the, often very rough, surface of the walls. With the use of a soil cylinder
(Section 2.2.4) this effect can be made substantially smaller for measurements in
soil. The method of analyzing the full growth curve also yields a value of the
effective decay constant, Ae, and through this an indication of the reshaping time
constant, Ar, and the leak constant, Xi. The effictive decay constant appears to be
a crucial parameter for the analysis of our measurements. Its value will vary for
each measurement, depending on the sealing to the surface and the transparency
of the material. However, the method to unravel the leak rate via the material
and the leak rate from the can is not obvious.

5.2.3 In-situ radon exhalation measurements
We introduced some additional changes in the instrument necessary for a safe use
under field conditions. Moreover, we took precautions to avoid disturbing effects
of leakage currents due to the condensation of water vapour (Figure 2.17) on detec-
tor and electronic apparatus. With these provisions this instrument proved to be
suited for long-term field measurements of 222Rn exhalation rates (Section 2.2.4).

Exhalation rates of walls, floors and the soil in the crawl space and the
yard of the test dwelling were measured (Section 3.2 and 3.3). A summary of the
results is given in Table 5.1. In Table 5.1 we see that most materials consist of
more than one layer of different types of material. This will certainly be the case
for soil (Section 3.2). The 222Rn exhaling from the surface may originate from
deeper lying materials. Therefore, measurements have to be performed in situ.
The values of the exhalation rates as reported in Table 5.1 are within the range
of values reported in the literature.

The diffusive exhalation rate of soil depends on several parameters, like
depth of the groundwater table and height of the water-saturated layer above
the groundwater table (Section 2.2.1). Even after the installation of a drainage
system the saturated layer of the soil almost reaches the surface of the soil in
the crawl space, thereby effectively reducing the exhalation rate compared to the
value measured in the yard, where the averaged depth of the groundwater table
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Table 5.1:
dwelling

Results of in situ exhalation-rate measurements in and around the test

Measurement

Soil in crawl space

Soil of the yard

Bricks of sandstone

Bricks of sandstone

Concrete

Ceramic tiles

Bricks of concrete

Remarks

1.2 ± 0.4 Averaged depth of ground water ta-
ble is about 45 cm below the surface
of the crawl space.

4.2 ± 1.2 Averaged depth of the groundwater
table is about 100 cm below the sur-
face of the crawl space.

1.9 ± 0.6 Part of cavity wall.
3.3 ± 0.8 Single wall.
4.3 ± 0.7 Prefab bars of concrete covered

with a layer of cement.
3.3 ± 0.5 Floor of ceramic tiles on top of the

prefab concrete bars.
0.4 ± 0.1 Part of cavity wall; the bricks are

a rather porous aggregate of peb-
bles, sand and cement. A closed-
can measurement on a sample of the
material resulted in an exhalation
rate that is six times larger than
the value measured in situ (Sec-
tion 3.3).

is about 100 cm below the surface of the crawl space.
As discussed, the results of in situ exhalation measurements of very trans-

parent materials, like the wall in the living room, have to be approached with
caution. The exhalation rate of a sample of the material of the wall in the liv-
ing room, measured with the closed-can method in the laboratory, was six times
greater than the value measured in situ (Section 3.3). In principle, it is better to
measure samples of such materials in the laboratory with the closed can method.
Sample taking, however, might pose some problems in practice.

5.3 Instrumentation for radon concentration
measurements

For continuous measurements of 222Rn concentrations in air we needed a fast
and sensitive radon meter. The time resolution of this instrument should allow
two measurements per hour, the lowest detectable 222Rn concentration should be
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approximately 5 Bq m~3 and the instrument should be suitable for installation in
a dwelling without upsetting the daily life of the inhabitants too much.

Because an instrument with the required properties was not commercially
available, it had to be developed and built by ourselves. We considered various
known techniques for measuring 222Rn. A technique that employs ZnS(Ag) as a
scintillator appeared to be better suited for our requirements than an analogue air
ionization chamber because it requires less maintenance. We therefore based the
design of our instrument on the so-called Lucas-flask [93], in which a-radiation is
detected using ZnS(Ag) as a scintillator.

Air samples are taken at the beginning of each measuring interval using a
pump. For the required lowest detectable 222Rn concentration of approximately
5 Bqm~3 in 30 minutes, counting statistics demand an effective cell volume of
at least 3 dm3. One drawback of detecting 222Rn by its decay is that two of the
short-lived 222Rn daughters decay also by a-radiation. In a Lucas flask, 222Rn and
its short-lived daughters cannot be distinguished because the meter does not offer
adequate energy resolution. After a sudden change in the 222Rn concentration,
the activities of the short-lived 222Rn daughters take about three hours to arrive
within 1% of the equilibrium value. This causes a 'blurring' effect on the time
resolution of the instrument. We reduced this effect by enhancing the efficiency of
the instrument for 222Rn with respect to its daughters. This was accomplished by
dividing the measuring volume, a cylinder, 30 cm long with a diameter of 13 cm
into eight longitudinal sections, thereby decreasing the distance from the radon
atoms, which do not plate out on surfaces, to the ZnS(Ag) scintillator. We also
adapted an algorithm that was originally developed for a continuous radon meter
to the case of a quasi-continuous radon meter to filter out the contribution of
the 222Rn daughter activities to the signal. By combining this algorithm with
an analysis of the counting statistics characteristic for the 222Rn-decay chain, we
derived a formula for the detection limit of this type of radon meter and developed
expressions that describe the random error in a 222Rn measurement (Section 2.3).

The objective of a detection limit of 5 Bqm~3 in 30 minutes was only
achieved for one of the meters immediately after it was completed. After using
these devices for a few years in the test house, the average detection limit was
10 Bq m~3 in 30 minutes. This increase is in part due to the 210Po activity that
gradually builds up in the measuring volume. By finding new optimum values
for the thresholds, the average detection limit of the meters could be reduced to
7 Bqm~3 in 30 minutes.

We compared the specifications of our radon meter to the specifications
reported for a number of similar instruments in the literature. We have presented
the results here in the form of detection limits for a measuring time of 25 minutes,
calculated from the reported efficiencies and background count rates (Table 5.2).
We left reference [101] out of this comparison because only rough estimates of
the efficiencies of the instruments were given in [101]. The two instruments of
reference [112] were developed only very recently. Because for these instruments
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Table 5.2: Detection limits of some radon meters calculated for a measuring time of
25 minutes

Reference

LD (Bqm-3j

[95]

\ 8.3- 13

[112]

5.4

[112]

0.54

this

4.9-

work

- 14.1

(pulse-ionization chambers with a volume of 0.64 and 4.86 dm3 respectively) our
calculation method may not be applicable, we may have underestimated the de-
tection limits. Although our instruments may not have the lowest detection limits,
they have the important properties of being reliable and having a modest size,
which makes them very suitable for measurements in a dwelling.

5.4 Leakage parameters and ventilation measurements
Air that flows from one compartment of a dwelling or from the outside into another
compartment carries the 222Rn concentration of the compartment from where it
came. Air from the outside has an average concentration of about 3 Bqm"3

(range: 1-20 Bqm~3) while the concentration in air from the crawl space is, in
general, a factor of 10 higher than in the living quarters. To get the 222Rn balance
correct for a specific compartment, not only must the sources in that compartment
and the concentrations in the other compartments be known but also the values
of all airflows that enter the compartment. In Section 3.4 we described some
methods to measure these airflows and, in more detail, the methods that we have
used.

If an airflow runs through a duct, the flux may be calculated from a mea-
surement of the velocity profile of the air over a cross-section of the duct using
a Pitot tube. In most cases, however, airflows pass through small openings in
barriers like walls, floors, doors and windows. In these cases, the flux is usually
calculated from the pressure difference over the barrier between the two compart-
ments and the leakage parameter'. oi that barrier.

To determine the leakage p." -jneters, we carried out experiments in which
the airflow was measured as a function of the pressure difference over the barrier.
Different methods exist for carrying out such an experiment, depending on the
nature of the barrier. Pressure differences were induced using a blower door
in which the airflow is measured using a Pitot tube. Other airflows were derived
from the ventilation rate by measuring the rate at which a tracer gas concentration
changes that was injected into one of the compartments. Because of the frequency
of our measurements, the most suitable quantities for us to measure were airflows
between different compartments, including the outside. As a consistency check on
the air balance derived from flow measurements, ventilation rates and air exchange
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rates were measured using tracer gas.
Measurements with helium as a tracer gas showed that at ambient pressure

differences, the flow from the crawl space though the floor of the test dwelling
contributes only 10% to the ventilation rate of the living quarters. The most
important flow determining the ventilation of the dwelling is therefore cross-flow
through the outside walls and the roof. To determine this cross-flow, leakage
parameters of all parts of the building envelope should, in principle, be known
and pressure differences should be measured over all parts of the walls that have
substantial leakage.

In our calculations of the airflows we took six pressure differences into
account — over the four outside walls, the floor and the roof. The quality of this
method may be assessed from the residual flow, which is the sum of all ingoing and
outgoing airflows (Section 3.4). To achieve a residual flow that is approximately
zero on the average, we had to make some assumptions on the distribution of the
leakage parameters over the various parts of the outside walls and roof that could
not be verified.

5.5 Modelling and measurements of radon infiltration
We performed our field measurements in a single-family dwelling located in Ro-
den in the Netherlands. One of the reasons for choosing this particular house was
the possibility of installing the rather voluminous equipment needed for measur-
ing 222Rn-exhalation rates, 222Rn concentrations, as well as the equipment for
measuring airflows. Also, this house was available for long-lasting experiments.
Another reason for the choice was that 222Rn research in and around the house
has already been going since 1980. As a result there was ready information on
time-averaged 222Rn concentrations inside and outside the house and en the ven-
tilation characteristics of the house (Table 3.2 in Section 3.2).

According to a simple conceptual model, indoor 222Rn concentrations are
established as a result of (i) airflows, going from one compartment to another
transporting a radon flux equal to the concentration in the air of the compartment
of origin multiplied by the airflow and (ii) racfon source strengths present in each
compartment. Indoor 222Rn concentration can, therefore, be calculated using a
simple radon-balance model. For our investigations we used a multi-compartment
model. The model assumes that radon mixes instantaneously and that the radon
concentration is therefore homogeneously distributed in each compartment. We
have taken three types of compartments into account: the crawl space, the outside
air and the total of all living quarters.

As a first approximation, the source strengths in crawl space and dwelling
are calculated using the measured time-averaged 222Rn concentrations and the
ventilation rates measured in 1983; the result was 1.0 and 2.5 kBqh"1 for the
source strength in dwelling and crawl space, respectively. Due to the unknown
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uncertainties in the ventilation rates, no uncertainties can be given for the source
strength. In situ exhalation measurements were performed on all relevant surfaces
in the test house. With an extrapolation of these measurements to the dwelling
as a whole, we calculated the source strengths of dwelling and crawl space to
be 1.1 ± 0.1 and 0.7 ± 0.2 kBqh"1 respectively (Section 3.3). Thus there is a
discrepancy up to a factor of 4 for the crawl space between measurements and
'model' calculations.

In principle, there are three possible reasons for the observed discrepancy
between measured and calculated source strength. First of all, there might have
been a change in the ventilation characteristics of the house since the investi-
gations in 1983. For this reason, new measurements were performed in 1989
(Section 3.4). Although these measurements showed that the fraction of the ven-
tilation air in the dwelling due to the infiltration of air from the crawl space, a,
was about a factor of 3 lower than the value estimated from the earlier measure-
ments in 1983, we conclude, in general, that the observed discrepancy is not due
to an insufficient knowledge of the ventilation characteristics (Section 3.5).

Another reason could be the exhalation of 222Rn from a porous material,
which is governed by the processes of diffusion and advection (Section 2.2.1).
The advective part of the exhalation rate through the soil and outer walls of the
dwelling is governed by small pressure differences between indoors and outdoors.
This advective component could be twice as large as the diffusional one [57, 62].
The in-situ exhalation-rate meter is placed air-tight onto the exhaling material.
Therefore, there will be no pressure gradient between the air in the detection
volume of the exhalation meter and the air in the pores of the material to be
measured: only the diffusive component is measured. The observed discrepancy
can therefore be explained by assuming that in the test house there is an advective
source in the crawl space.

A third possible explanation for the observed discrepancy is the fact that
the static model is too simple. In the model, time-integrated 222Rn concentrations
were used and a simplified approach to the airflows applied. Airflows between
various parts of the house and to the outside have a dynamic character due to
the effect of wind and differences in temperature between indoors and outdoors.
Because of this, large variations as a function of time are expected to occur in the
22ZRn concentration. The use of time-averaged values is, therefore, expected to
result in large uncertainties in the calculated values with the model.

To investigate the possibility of an advective source-strength, measure-
ments at various controlled values of the pressure gradient between indoors and
outdoors are needed. Moreover, a precise knowledge of direction and magnitude
of airflows between the compartments and of the radon concentration as a func-
tion of time is needed to investigate the influence of various ventilation patterns
on the time-dependent radon concentration.

To enable experiments with different ventilation conditions, we had a duct
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with a diameter of 16 cm installed in the test dwelling. It started in the crawl space
and ran through a built-in closet to the attic where a fan was mounted. At the
other end of the fan, the dact passed through the roof. The fan can be used in two
positions: exhausting air from and supplying air to the crawl space and had an
adjustable speed. Experiments in the test dwelling were carried out with different
positions and speeds of the fan. We also made some variations in the set-up by
closing off the ventilation shafts of the crawl space. During the experiments, every
half hour a sample of the air from the three compartments considered was taken
and the radon concentrations were measured. The airflows were calculated every
half hour from averaged pressure differences. Random errors in measurements of
the radon concentrations have hardly any effect on the overall uncertainty of the
model calculations. The largest uncertainty in the results is caused by the airflow
measurements. The systematic error of single airflow measurements in the living
quarters is 25%.

The most important result of our experiments is that the radon source
strength of the soil increases with an increasing pressure difference from the out-
side to the crawl space. During underpressure in the crawl space, the source
strength in the crawl space as derived from these experiments is much larger
than that measured with the exhalation meter. During overpressure, however,
the results of the two methods match. This is consistent with the presence of
a pressure driven flow through the soil. There is some evidence that the same
mechanism is present in the living quarters although the systematic errors in the
airflow measurements are too large to permit any definite conclusion.

We also found that there must be another important process in the soil that
determines the source strength in the crawl space at a fixed pressure difference.
We conclude this from our observation that the source strength in the crawl space
at a fixed pressure difference changed by a factor of 2 between two measurements
carried out with a one-month interval. The process responsible for this change
could not be identified but we suspect that it is related to movement of water in
the soil.

A combination of the multi-compartment model with measurements of air-
flows and radon concentrations, and the possibility of establishing a stable pres-
sure regime, provide the ingredients for what we have called a diagnostic method.
This method allows an analysis of indoor radon concentrations in terms of con-
tributions from airflows and source strengths. The method may be useful in
determining the most effective mitigation methods against high 222Rn concentra-
tions in dwellings but the airflow measurements between the living quarters and
outside need some refinement before it can be applied to an arbitrary dwelling.
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5.6 Conclusions
In striving to attain the goal of our research, which was to develop the instruments
and models to measure and describe the infiltration of radon into dwellings, we
have developed a method for measuring in situ 222Rn-exhalation rates of soil and
low-transparency building materials like concrete. Because concrete is still gaining
importance as a building material, especially in blocks of flats, 222Rn exhalation
of concrete is important in the Netherlands. A 'standstill-principle' formulated by
the Dutch government has led to a set of limits for building materials. The 226Ra
content and the 222Rn emanation in particular may not exceed fixed levels [156).
Exhalation measurements may provide a direct means to assess the diffusive source
of building materials. Moreover, with the in situ radon-exhalation meter the
effect of plaster or paint on the source strength may be assessed, not only in the
laboratory, but also in situ. This method is also suited to determining exhalation
rates of 220Rn.

We have developed a quasi-continuous radon meter that can measure 222Rn
concentrations as low as 5 to 8 Bq m~3 in half an hour. The instrument is rel-
atively small and can easily be accommodated in a small closet of a dwelling.
Together with a data-logger it can operate automatically and unattended for
about three weeks. Four of these instruments have been constructed and have
proven to be very suitable for measurements in and around a dwelling.

For measuring airflows in the test dwelling we measured pressure differences
and converted these to airflows using measured leakage parameters. Because we
had pressure sensors close to the ground and one on the roof, the method worked
fairly well for the crawl space, while for the living quarters some uncertainties
arose. Using the observation that initially the air balance for the living quarters
was not zero, we had to make some assumptions about the distribution of these
leaks> over the height of the outside walls. The airflows measured using this method
are consistent within 25% with measurements using tracer gas. We conclude that
the method is probably suitable for more precise measurements if more pressure
sensors are used and if the distribution of the leaks is measured in more detail.

From the results of our experiments in the test dwelling we conclude that
our knowledge of radon infiltration has improved considerably. By focussing in
on the time scale, we found that radon sources are pressure- and time-dependent.
There are, however still some gaps in our knowledge of radon sources. The most
important one is the nature of the process that is responsible for the fact that the
pressure-driven source strength in the soil is not constant. This gap may be filled
in by measurements with the 'radon-vessel1, a research facility that has recently
become available at the KVI.

Although the mechanisms behind infiltration of 222Rn into dwellings are
all well-known physical processes, it still cannot be predicted to what extent a
certain mechanism plays a role in a given situation. In Dutch dwellings, the
mechanisms may be different from those in other countries because of our typical
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building style and soil conditions. Some mechanisms that we observed in the
test dwelling have therefore led to new insights, especially for the situation in the
Netherlands. In particular, the importance of the pressure-driven flow through the
soil was unexpected; until the year 1989, only diffusive source strengths had been
taken into account in the description of data and in model studies. An important
consequence of this mechanism is that countermeasures based on inducing changes
in the airflow pattern may be less effective then anticipated using the old modeis
if they increase the underpressure in the crawlspace or dwelling; they may even
increase the 222Rn concentrations.

Another implication of the importance of the pressure-driven flow mecha-
nism is that one of the most widespread mitigation methods in the U.K. and in
the U.S.A., namely sub-soil suction, is likely to be suitable for mitigation of some
high levels in the Netherlands as well.

We have developed a diagnostic method that may be made suitable to
finding the cause of high 222Rn concentrations and to testing countermeasures
in situ. However, because the pressure-driven source strength in the soil shows
changes of a factor of 2 over a period of one month, one cannot guarantee that
the cause of an observed high long-term average concentration can be pinpointed
within a few weeks.

5.7 Outlook
In the preceding sections we have discussed how the results of our research con-
tribute to answering the questions formulated in Section 5.1. Because radon
mitigation tends to be dealt with more and more in the multidisciplinary context
of pollution of the indoor environment, in this section we will outline how radon
research in the future may fit into a framework often used in investigations of sub-
stances that pollute the environment. This framework is the source-risic chain,
which consists of five stages:

source —• dispersion —> exposure —* dose —» risk

The main advantage of the approach using the source-risk chain is that it shows
all stages at which a problem may be controlled. Because most of the methods
for mitigating the risk of radon focus on the first two items of this chain, it is
convenient to discuss the items in reverse order. The item 'risk' has already
been addressed in Section 5.1 in terms of the estimated mortality rate. The
risk concepts used in the assessment of non-radioactive materials, however, are
not always equivalent to the definition of 'risk' used for radioactive substances.
When comparing the risks of different pollutants of the indoor environment in a
multidisciplinary effort, the premises for risk assessment are often discussed. It is
worthwhile making an effort to bring the various approaches together.

The question: 'What tan we do to decrease the risk due to n.don?' may be
answered by looking at all items and links in the source-risk chain. The conversion
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factor for dose —+ risk is, according to the relative risk model larger for smokers
than for non-smokers (Section 1.4).

If exposure is defined as the product of exposure time and 222Rn concen-
tration, the step from exposure to dose, involves not only the brea,thing rate (an
individually varying factor) but also the equilibrium factor between 222Rn and its
daughters, which is an external factor. One known mitigation method, based on
decreasing the dose at a certain exposure, is to remove attached radon daughters
from the air using air cleaning systems. This method does seem to work, al-
though it is not very effective. The problem is the unattached fraction has a large
contribution in the dose while removing aerosols increases this fraction [137].

The most widespread method for mitigating the risk due to radon is to
control the radon concentration by controlling dispersion and sources. Dispersion
of radon occurs via flows and perturbation of air. Sources are, in our approach,
the macroscopic surfaces of the soil and of building materials that emit radon.
Mitigation methods that explicitly deal with dispersion are:

• Reduction of airflows from radon-rich compartments, e.g. by repairing leaks
in the floor between crawl space and living quarters and

• Enhancement of airflows from compartments with a low radon concentra-
tion, e.g. by ventilation with outside air.

Several possible mitigation methods focusing on sources are:
• Ilegulations for building materials, e.g., limits on the 226Ra content, 222Rn

emanation or 222Rn exhalation,
• Application of plasters, paints, wallpaper, etcetera to building materials

which could reduce the exhalation,
• Regulations for soils, for example, by putting a limit on human-induced

enhancement of the 226Ra contents of soil and
• Technical mitigation methods such as sub-soil depressurization and cover-

ing the soil with radon resistant foil.
There is no strict distinction between the above two categories of mitigation meth-
ods; in particular those that change the ventilation pattern, influence the pressure
regime in a building and therefore influence the sources. A ventilation system that
induces a slight overpressure in the living quarters of 2-5 Pa is probably the best
way to control both source and dispersion. However, home-builders may have
serious difficulties with a ventilation system that induces overpressure because of
the problems this causes for humidity, while indoor air experts may object to a
system that induces an overpressure in the crawl space because of problems with
fungi. Ventilation and heating systems are coupled in many ways. Therefore any
method proposed to decrease the radon concentration should be discussed with
experts of other disciplines before it is ready to be tested on a large scale. Large-
scale testing of mitigation methods is in our opinion one of the important lines of
research in the future, not only in various types of dwellings, but also in schools
and workplaces.
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Future research should, in our opinion pursue the goal of finding the most
cost-effective ways to minimize the 222Rn risk to the public. An integrated model
of the source—risk chain may help to achieve this goal. This modelling should take
place in co-operation with experimental research planned along three parallel lines.
The first line of research would be a detailed study of the mechanisms that cause
the 222Rn risk. Prom our investigation it became clear that the understanding of
the physical processes leading to pressure-dependent sources, both in soil and in
building materials, is only partial and qualitative. Our distinction between static
and dynamic sources was an artificial one; on the process level, the 222Rn flux
through a surface depends on a large number of parameters, of which only one
is the advective airflow through the material as a result of a pressure difference.
Our experiments enabled us to study the characteristics of the dynamic sources
present in a compartment but not to identify and localize them. Research on the
piocess level, already started with a large set-up of a model crawl space, may lead
to an explanation of the effects we described. The second line of research would be
done in situ in a test dwelling which, in our view, is necessary to test whether the
effect of mitigation methods can be reliably predicted. The third line of research
would be the large-scale testing of mitigation methods derived from the research
of the first two lines. This may result in a system of rules and measures.

Finally, individual situations may occur in which advice is required on
practical methods to prevent or mitigate high radon concentrations, either when
these are suspected to occur in new buildings or when they have been measured in
existing ones. Although the number of buildings with high 222Rn concentrations
is relatively small in the Netherlands, it is good to be prepared for situations that
require prevention or mitigation.

Following these lines of research will provide the means to reduce the av-
erage 222Rn concentration in the Netherlands and to prevent and mitigate high
222Rn concentrations and thus minimize the risk for the public due to 222Rn.



Appendix A

Electrostatic collection in a parallel plate
geometry
F.J. Aldenkamp

A.I Theoretical description

In this appendix we will give a theoretical description of the competition between
removal and transformation processes and the electrostatic collection of 222Rn-
decay products in an electrostatic field with parallel-plate geometry (Section 2.2.3,
Figure 2.6).

For parallel-plate geometry it is assumed that the plates are extended in-
finitely in the x and y-direction and the electrostatic field, E, is applied in the
z-direction normal to the plates. In Figure A.I $i(z) = fiEnf(z) is the ion
flow density of unattached charged fraction of the decay products, nf, with
i = 0,1,2,3,4 to indicate 222Rn, 218Po, 214Pb, 214Bi and 214Po, respectively,
and fi is the mobility of the ions. For this geometry the steady-state transport
of the decay product are derived from Equations 2.20 through 2.24, with the left
side of these Equations set to zero. The steady-state transport of the charged,
unattached, progeny is then described by:

AZ

t
<t> (2+Az)

Z

0

u

Figuu A.I: Schematic presentation of the parallel plate geometry
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£
where n° represents the concentration of the unattached neutral fraction and A*
described by Equation 2.22. The first term on the right side of Equation A.I
contains the production of ions i by nuclear decay of the neutral and charged
fractions of species i - i, the second term is the transformation of ions i by their
nuclear decay, attachment, plate-out and neutralization (Equation 2.22).

In the same way the steady-state concentration profile of the unattached
neutral fraction is derived from Equation 2.23

^ £ ) . (A.2)
At the detector, located at z = h, the steady-state concentration is given by:

m,t = nr"i-i.f + T- nf(z)\k (A.3)

The efEciency of the electrostatic collection on the detector of progeny i is defined
as:

1i,c = T * (A.4)

where 7t|f is the activity of decay product i deposited on the detector, with I{j =
Aj n-,j A/ and Aj being the surface of the detector. Io is the 2z2Rn activity in the
volume of the instrument with Jo = Ao no V; V is the volume of the instrument.

For the parallel plate geometry Equation A.4 may be written as (see Fig-
ure A.I):

(A.5)

To determine ntj we have to solve the set of coupled differential Equations A.I
for i = 1,2,3,4.

By using vector and matrix notation [122], we may transfer Equation A.I
to:

dz
where:

1 ( Z ) ~

A = h
0
0

0
-a2

h
0

0
0

—a3

0
0
0

(A.6)

(A.7)

(A.8)
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and

In these expressions the quantities a,- and &,• are defined, for i = 1,2,3,4, as:

7 F ( A 7 T A T J ( A"n )

and

Ao/u
C2 = 7 ^ A 1 + A a

 no' (A"13)

The boundary condition for Equation A.6 is:

n+(0) = 0. (A.14)

A unique solution of the system given in Equation A.6, with boundary condition
given in Equation A.14, is obtained by the same process used to treat the scalar
case [122]:

n+{z) = e2 n+(0) + ezA ( e~tAQdt. (A.15)
./o

The matrix A has the distinct eigenvalues, -a*, for i = 1,2,3,4. Prom matrix
calculation we may then derive an explicit formula for etA [122]:

etA = £ e-tak Lk{A)^ ( A 1 6 )

where for k = 1,2,3,4:

in which / is the 4 x 4-unity matrix. Substituting Equations A.16 and A.17 in
Equation A.15 gives:

from which the elements of n+(z) can be derived:
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"2 (*) = ~ ( ) +

(a2 - a i ) ( a 3 - a i

\ a2- a2)

j -a 4 ) (a 2 -a4)(a3 - a

Substitution of the solution for vf[ into Equation A.3 leads to*

where r = A/V. Similarly, for ?/4|C one finds

rffiE f 0.022

* =

Equation A.23 is re-written as:

( a 2 - a i ) ( a 3 - a i ) ( a 4 -

l*Af ^+02(01-a2) \ /l-e-'
3 4 \ (ai -a2) (a 3 - O2)(<i4-02)/ V «2

6 f 62Ci+c2(ai - a 3 ) \ /l-e-"^

V(ai -«3)(a2 -«3)(a4 - a - ) / \ 03

) ( A . 2 2 )

(A.23)

^ (/An + A. + 0.0075) (l - e~

^T (/An + A. + 0.0043) (l - e-AS' ' / ' '£)l (A.24)

By defining the dimensionless quantity
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Table A.I: Results of the fit to Equation A.28 to the data for Uc = 0.1 kV
d. (gm-3)

0-4
4-6
6-10
10-14
14-24

f(dv
-0.9 ±
-1.1 ±
-0.7 ±
-0.4 ±
-0.7 ±

• )

0.1
0.1
0.1
0.1
0.1

0.35
0.37
0.32
0.29
0.16

b

±
±
±
±
±

0.02
0.02
0.01
0.02
0.02

x2

0.3
0.6
0.4
5.3
16.8

(A.26)

Using an iteration procedure, the solution XQ of Equation A.26 can be determined
for the actual measurements of »7iiC. From XQ and Equation 2.22 the value of
An + Aa can be deduced from Equation A.25:

An + Aa = rfiExo — Aj. (A.27)

Substitution of Aa in terms of An, as given by Equation A.27, into Equation A.24
yields an Equation with An as the only parameter and by substitution of the
derived value of An in Equation A.27 yields a value for Aa.

A.2 Discussion
As outlined in the theoretical description of the collection efficiency, abovo dis-
cussed, the time constants for neutralization and the combined attachment and
plate-out processes, An and Aa, respectively, may be deduced from the measured
collection efficiency (see Equations A.25 through A.27). In Figure A.2 the neu-
tralization rates deduced from the measurements described in Section 2.2.3, at
Uc = 0.1 kV have been plotted as a function of 222Rn concentration for various
values of dv. From this Figure we see that at 222Rn concentrations of about
Cjin = 10 kBqm~3 and for a range of humidity of 4-24 gm" 3 , the neutral-
ization rate is in the range of 0.6 to 2 s~1 . For a 222Rn concentration of
CRH = 103 kBqm~3, the corresponding range is 6-8 s - I . These values are of
the same order as the values found for the neutralization processes of charge
transfer and small-ion recombination given in Section 2.2.1 [45, 65]. Similarly
to Porstendorfer and Mercer [43], and Leung and Phillips [75], we assumed the
neutralization rate to be possibly factorized in an absolute humidity part, f(dv),
and a 222Rn concentration part:

An = f(dv) • C*n (A.28)

The lines in Figure A.2 represent the results of a fit to the data using Equa-
tion A.28. The results of the calculations are given in Table A.I. The average
value obtained for b is 6 = 0.3 ± 0 . 1 . For the limited data set of measurements at
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Uc = 1.2 kV (Section 2.2.3) a value for b = 0.21 ± 0.14 was found within the un-
certainties equal to the value at Uc = 0.1 kV. These values are smaller than the 0.5
proposed by Porstendorfer for neutralization by a small-ion recombination process
(see Equation 2.18 in Section 2.2.1) [43, 75]. It is in agreement with the value of
0.3 found by Leung and Phillips for an argon (38%) and air (62%) mixture with
low trace gas concentrations (less than 4.5 ppm of trace gas NO2) [44]. During
our experiments we also had, although less well defined, a mixture of argon and
'clean' (low concentration of trace gases) air. Due to the presence of trace gases
in air, 222Rn progeny can become neutralized by a charge transfer process (see
Section 2.2.1). Raes et a/estimated that at a concentration of 1 x 1010 to 1 x 10u

molecules cm~3(ppb) the neutralization rate due to the charge transfer process
is of the order of 0.1-10 s"1 [45]. The combined attachment and plate-out rate,
Aa, deduced from the data, showed no correlation with CR0 or dv. They range in
between 0.2 x 10~3 and 7 x 10~3 s~\ which is agreement with the values found
for atmospheres with 'aged' aerosols (see Table 2.1). The values indicate that the
combined attachment/plate-out process is three orders of magnitude smaller than
the neutralization rate for the investigated air mixture.

One should realize that the electrostatic collection is the dominant removal
process so that deducing values for the time constants of the other processes
becomes less reliable. Moreover, due to the complexity of the configuration of

-. -3

1 0 ' -

10o_

10° 10J

-3)C R n ( k B q . m - )
Figure A.2: Neutralization rate Xn as function of the 222Rn concentration CRn for various
values of the absolute humidity dv. The lines represent the results of a fit to the data
using Equation A.28
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the electrostatic field in our instrument we had to limit ourselves to an analysis
of the data using the assumption of parallel plate geometry. In retrospect, the
analysis with parallel-pate geometry do not apply to the actual configuration of
our instrument as indicated in Figure 2.7 in Section 2.2.3.
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Nederlandse samenvatting
F.J. Aldenkainp and P. Stoop

Al in de zestiende eeuw was het bekend dat mijnwerkers in de metaalmijnen
van Schneeberg en Joachimstahl, gelegen in het Ertsgebergte tussen Saksen en
Bohemen, een eigenaardige longziekte kregen, de zogenaamde 'Bergkrankheit'. In
1878 werd aangetoond dat dit longkanker was. Omstreeks 1950 werd het verband
gelegd tussen het abnormaal grote aantal longkankers en de hoge concentraties
van het radioactieve edelgas radon (222Rn) in de lucht in deze mijnen.

Radon ontstaat uit het radioactieve verval van radium (226Ra), een element
dat van nature overal in de aardbodem voorkomt. Radium is weer een vervalpro-
dukt van uranium (238U). Radon is niet, zoals radium en uranium, gebonden aan
1 .'.Ó materiaal waarin het zich bevindt maar kan terechtkomen in de omringende
lucht. De vervalprodukten van radon, de zogenaamde radondochters (isotopen van
de metalen lood, polonium en bismuth), kunnen zich na inademing hechten aan
het longweefsel. De a-straling die deze radondochters uitzenden kan longkanker
veroorzaken.

Ook in bouwmaterialen die gemaakt zijn van zand, klei, steen of andere
bouwmaterialen zit radium. Vanuit deze materialen, maar ook rechtstreeks van-
uit de bodem, vermengt radon zich met de lucht in woningen. Het radonpro-
bleem werd actueel toen in de jaren vijftig in een aantal Zweedse huizen hoge
radonconcentraties werden gemeten. Dit radon bleek afkomstig te zijn van een
bepaald bouwmateriaal ('alum shale') en van de bodem. In bepaalde gedeelten
van Amerika werden omstreeks die tijd in een aantal woningen hoge radoncon-
centraties gemeten die werden toegeschreven aan het hoge uraniumgehalte van
een granietlaag onder deze huizen. In veel landen heeft inmiddels een onderzoek
plaatsgevonden naar de in woningen voorkomende radonconcentraties. In Neder-
land werd, in het begin van de jaren tachtig, in een steekproef van circa 1000
woningen de jaargemiddelde radonconcentratie bepaald. In woonkamers bleek de
gemiddelde concentratie circa 29 Bq m~3 te zijn1. De jaargemiddelde concentratie
in de Nederlandse buitenlucht was circa 3 Bqm~3. Het gemiddelde in Nederland
is vergelijkbaar met de ons omringende landen. Het aantal woningen met een
hoge concentratie is echter duidelijk kleiner.

Op basis van epidemiologisch onderzoek naar het voorkomen van longkanker
onder mijnwerkers is een schatting gemaakt van het risico dat een bepaalde 222Rn-

' Eigenlijk is dit de activiteitsconcentratie. Bij een activiteit van 1 Bq (Bequerel) vervalt er
gemiddeld één atoom per seconde. Voor 2 2 2Rn komt 1 Bq overeen met ongeveer 500 000 atomen.
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concentratie oplevert. Een vertaling van dit risico naar de relatief lage concen-
traties in woningen leert dat de gemiddelde concentratie in Nederland circa 700
doden per jaar veroorzaakt. Ter vergelijking: het totale sterftecijfer ten gevolge
van longkanker is circa 8000 per jaar. Radon (222Rn) in het binnenhuismilieu is
daarmee ook in Nederland een belangrijke bedreiging voor de volksgezondheid.

Bij het beantwoorden van de vragen 'Hoe komen radonconcentraties in
woningen tot stand?' en 'Hoe kan het risico van radon teruggedrongen worden?'
is het van belang de processen te kennen die het binnendringen van radon in
woningen bepalen. Een onderzoek hiernaar is het onderwerp van ons proefschrift.

Verspreiding van radon door woningen vindt plaats via luchtstromen tussen
kamers en ventilatie met buitenlucht. De lucht in kruipruimtes bevat gemiddeld
ongeveer 300 Bqm~3 radon. Om te onderzoeken hoe de radonconcentratie in een
woning tot stand komt moeten we dus zeker de luchtstroom vanuit de kruipruimte
kennen maar ook de luchtstroom van buiten. Deze luchtstromen worden bepaald
door sterk variërende factoren zoals de wind om het huis en het verschil in tem-
peratuur binnen en buiten de woning. Daarnaast wordt de radonconcentratie in
een woning bepaald door de hoeveelheid radon die uit vloeren, wanden en bodem
van de kruipruimte vrijkomt. De hoeveelheid radon dat per seconde uit materiaal
vrijkomt wordt aangeduid met exhalatiesnelheid. De exhalatiesnelheid van radon
is afhankelijk van de poriestructuur van een materiaal en van het vochtgehalte in
deze poriën.

Om de samenhang van gemeten radonconcentraties in en buiten de woning
te beschrijven hebben we een meer-kamer model opgesteld waarin luchtstromen
zowel een concentratieverhogende als -verlagende rol kunnen hebben en in elk
van de compartimenten van de woning een radonbron aanwezig is. Omdat dit
meer-kamermodel de radonconcentraties beschrijft in termen van luchtstromen en
radonbroonen, is ons experimenteel onderzoek gericht op de meting van deze drie
grootheden. Het ontwikkelen en testen van de instrumenten en meetprocedures
die nodig zijn voor deze metingen is een belangrijk onderdeel van ons onderzoek.

De exhalatiesnelheid van radon uit bouwmaterialen en bodem van de kruip-
ruimte van een woning dient ter plekke te worden gemeten. We hebben daarvoor
op basis van een bestaand instrument een nieuw instrument ontworpen en getest.
Het instrument bestaat uit een aan één zijde geopende meetkamer die op het op-
pervlak van het te onderzoeken materiaal wordt geplaatst. De radonconcentratie
in de meetkamer neemt geleidelijk toe door de exhalatie uit het materiaal. Bij
het verval van radon ioniseren de a-deeltjes de atomen van de achterblijvende
radondochters. Door middel van een in de meetkamer aangelegd electrisch veld
worden de geladen radondochters verzameld op een zeer dun folie dat zich bovenin
de meetkamer bevindt. Achter dit folie bevindt zich een detector die de radioac-
tiviteit van deze radondochters registreert. Uit het aantal pulsen dat deze detector
telt in opeenvolgende meetintervallen wordt de exhalatiesnelheid bepaald. Het in-
strument werkt betrouwbaar tijdens de lange metingen (de meettijd is ci.ca 2 tot
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8 dagen) en onder de vaak vochtige omstandigheden. Modelberekeningen tonen
aan dat, afhankelijk van de poriestructuur van het materiaal, het meetinstrument
zelf de exhalatiesnelheid kan belemmeren. Voor dit effect kan tot op zekere hoogte
gecorrigeerd worden.

Voor het meten van fluctuaties in de radonconcentratied in en rondom
een woning is een gevoelige radonmeter nodig. Het instrument moet minstens
tweemaal per uur een meting kunnen doen en moet een concentratie van ten-
minste 5 Bqm~3 nog kunnen aantonen. Omdat zo'n instrument niet bestond,
ontwikkelden wij het zelf. Hierbij gingen we uit van de van de zogenaamde Lucas-
fles, een flesje dat van binnen is bekleed met zinksulfide. Wanneer a-straling
op zinksulfide valt ontstaat er een lichtflitsje dat met behulp van een fotomulti-
plicatorbuis geregistreerd kan worden. De o-straling die behalve door radon ook
door twee kortlevende radondochters wordt uitgezonden komt ongeveer 4 cm ver
in lucht. Doordat de geladen radondochters in tegenstelling tot radon neerslaan
op het zinksulfide, is een Lucas-fies gevoeliger voor radondochters dan voor radon.
Dit vertraagt de reactie op plotselinge fluctuaties in de radonconcentratie. Ons
meetinstrument is daarom opgebouwd uit een 30 cm lange cylinder met een di-
ameter van 13 cm waarin schotjes met zinksulfide zijn aangebracht, zodat in ieder
geval zoveel mogelijk van de van radon afkomstige straling opgevangen wordt.
Daarnaast passen we een rekenmethode toe waarmee we voor de bijdrage van de
radondochters corrigeren. Tot nu toe zijn vier van deze radonmeters gebouwd.
Ze zijn zeer geschikt gebleken voor metingen in en rondom een woning en kunnen
vrij eenvoudig geïnstalleerd worden.

Het is mogelijk luchtstromen in een woning te berekenen uit gemeten druk-
verschillen wanneer de lekgrootten van de verschillende gevels bekend zijn. Deze
lekgrootten worden gemeten door de woninç op onder- of overdruk te zetten
met een ventilator en te bepalen hoe een tracergas zieh onder deze omstandighe-
den door de woning verspreidt. Bij kleine drukverschillen, zoals die van nature
voorkomen, is deze methode niet erg nauwkeurig maar wanneer een constant druk-
patroon ingesteld wordt met behulp van een ventilator wordt de nauwkeurigheid
van de luchtstroommetingen relatief beter.

Het onderzoek heeft plaatsgevonden in een vrijstaande eengezinswoning in
Roden. Bij het onderzoek is, behalve van een uitgebreid instrumentarium voor het
meten van exhalatie, concentraties, luchtstromen, enkele meteorologische groothe-
den en de grondwaterstand, gebruik gemaakt van verschillende middelen waarmee
we ventilatie en drukverschillen konden beïnvloeden. Zo hebben we een luchtkoker
met een diameter van 16 cm laten installeren die vanuit de kruipruimte naar het
dak loopt en daar naar buiten steekt. In deze koker is een omkeerbare ventila-
tor met instelbaar toerental gemonteerd. Daarnaast hebben we geëxperimenteerd
met het afsluiten en vergroten van de ventilatieschachten in de kruipruimte.

Het ontwikkelde instrumentarium stelde ons in staat radonconcentraties,
-bronnen en luchtstromen te meten onder verschillende omstandigheden. Het
meten van luchtstromen levert nog wat moeilijkheden maar daar staat tegenover
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dat het directe effect op de radonconcentratie goed bekend is. Radonconcentraties
kunnen we goed meten. We hebben de experimenten daarom in de eerste plaats
op opgezet met het doel de radonbronnen te onderzoeken.

Uit de resultaten blijkt dat de radonbron in de kruipruimte sterk afhangt
van het drukverschil met de buitenlucht; hoe lager de druk in de kruipruimte
is, hoe hoger de radonbron. Dit is het gevolg van een zeer kleine luchtstroom
door de poriën in de bodem waarin zich een zeer hoge radonconcentratie (circa
10000 Bqm~3) bevindt. We hebben aanwijzingen dat ook de radonbron in de
woonkamer toeneemt wanneer de druk in de kruipruimte groter wordt dan de druk
in de woonkamer. Doordat bouwmaterialen evenals de bodem lucht doorlaten is
de radonbron in de woonkamer in principe ook drukafhankelijk. Onze metingen
waren echter niet zo nauwkeurig dat we dit experimenteel afdoende hebben kun-
nen bewijzen.

De radonbron in de kruipruimte blijkt niet alleen van het drukverschil af
te hangen. Uit metingen van radonconcentraties en luchtstromen die een maand
na elkaar plaatsvonden konden we afleiden dat bij vrijwel hetzelfde drukverschil,
de radonbron in de kruipruimte een factor twee kan variëren. Dit wordt mogelijk
veroorzaakt doordat poriën in de bodem door water kunnen worden afgesloten.
De verdeling van natte en droge lagen in de bodem bepaalt dus in belangrijke
mate hoeveel radon er uit komt.

Het inzicht dat drukgedreven stroming en daarmee mogelijk een veelheid
van bodemparameters in Nederland een rol spelen bij het vrijkomen van radon was
een onverwachte ontwikkeling. Het verschijnsel was voorheen voornamelijk bekend
voor bepaalde bodemtypes in Skandinavië met een zeer hoge luchtdoorlatendheid.

Combinatie van het meer-kamermodel met de toegepaste meetmethodes en
experimentele technieken levert de ingrediënten voor een diagnostische methode.
Hiermee kunnen de bijdragen van de verschillende luchtstromen en radonbronnen
aan de radonconcentratie in een bepaalde kamer onderscheiden kunnen worden en
is redelijk nauwkeurig te achterhalen waar de radon vandaan komt. De bepaling
van luchtstromen in het woongedeelte is op dit moment een zwakke schakel in
deze diagnostische methode. Een kanttekening is echter, dat wanneer de bodem
de oorzaak is van een abnormaal hoge radonconcentratie, men niet kan garanderen
dat dit aan het licht komt. De drukgestuurde stroming in de bodem levert immers
bij hetzelfde drukverschil niet altijd dezelfde radonbron.

Het laatste hoofdstuk van het proefschrift bevat een discussie en aanbeve-
lingen voor verder onderzoek. Hier bespreken we het belang van onze bevindingen
met betrekking tot mogelijke maatregelen tegen het risico van radon. Om beter
duidelijk te maken waar de mogelijkheden liggen dit risico onder controle te krij-
gen, adviseren we het radononderzoek in de context van een bron-risicoketen te
beschouwen. Modellering van de bron-risicoketen dient samen te gaan met ex-
perimenteel onderzoek met als doei het risico voor de bevolking in te perken.
Het experimentele onderzoek zou langs drie lijnen moeten lopen. Ten eerste is
het van belang de processen die de radonuitstoot van bodem en bouwmaterialen
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beschrijven in meer detail te bestuderen om onze waarnemingen van de drukaf-
hankelijkheid van radonbronnen beter te kunnen verklaren. Ten tweede kunnen
tegenmaatregelen die volgen uit de kennis van deze processen op de schaal van een
test woning, gebruik makend van de diagnostische methode worden getest. Ten
derde kan, wanneer een maatregel begrepen is en uitvoerbaar blijkt, deze worden
uitgeprobeerd in een groot aantal woningen waarbij het gemiddelde effect op de
tijdgemiddelde radonconcentratie in de praktijk bepaald wordt. Maatregelen die
op deze wijze geschikt bevonden worden kunnen tenslotte opgenomen worden in
verordeningen voor bouwconstructies en -materialen.
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Dit proefschrift kwam tot stand dankzij de vectoriële optelling van krachten van
een groot aantal personen. Wij kunnen onmogelijk iedereen noemen die een bij-
drage heeft geleverd maar willen enkele belangrijke bijdragen toch onderstrepen.

In de eerste plaats zijn wij onze promotores en referent veel dank ver-
schuldigd. Rob de Meijer, als initiator en drijvende kracht van de projecten
waaraan wij gewerkt hebben, heeft ons het voorbeeld gegeven van een doorzet-
tingsvermogen zonder hetwelk dit proefschrift niet had bestaan. Met name de
strategische besprekingen in het 'proefhuis', waarbij er niet zelden een fles Riesling
aan moest geloven, hebben het moreel gesterkt. Het proefhuis overigens, was zija
woning. Adriaan van der Woude, die zich aanvankelijk een leek op het gebied van
radon zegde te voelen, heeft ertoe bijgedragen dat wij ons dat niet meer voelden.
Zijn stimulerende opmerkingen, grote aandacht voor de helderheid van het betoog
en grote belangstelling voor de inhoud waren zeer verfrissend. Louis Put heeft
onze manuscripten op nauwgezette wijze gecontroleerd. Dankzij zijn inspanning
zijn veel fouten en onduidelijkheden aan het licht gekomen.

Wij zijn de leescommissie, bestaande uit de professoren Jim McLaughlin
(University College Dublin, thanlryou Jim), Niesen (Rijksuniversiteit Groningen)
en Hagedoorn (TU Eindhoven) erkentelijk voor het positieve advies dat zij in
betrekkelijk korte tijd voor dit proefschrift hebben uitgebracht. De eerste twee
commissieleden hebben bovendien nog enkele waardevolle suggesties kunnen doen,
waarvoor onze dank.

Ellen en Geke hebben geholpen de Nederlandse samenvatting voor de ge-
ïnteresseerde leek begrijpelijk te maken.

Het merendeel van de illustraties in dit proefschrift is afkomstig van de
tekenkamer van het KVI. Met name Geerhard Grave, Fred Wiekens en Lambertus
Slatius hebben hier een grote bijdrage aan geleverd. De door ons ontwikkelde
instrumenten zijn op de fijnmechanische werkplaats van het KVI geconstrueerd.
Ruurd van de Ploeg, Imko Smid en Rob Schild hebben hier veel werk aan verricht.

Vervolgens willen wij erop wijzen dat het merendeel van het onderzoek
in samenwerking met anderen is uitgevoerd. Belangrijke bijdragen aan het on-
derzoek zij geleverd door Erik Profijt (ontwerp en realisatie van elektronische
onderdelen van de meetapparatuur en installatie in het proefhuis), Albert van
der Wijk (eerste aanzet voor het meer-kamermodel en onderzoek naar het gedrag
van radondochters in een exhalatiemeter), Tim Loos (ontwikkeling computerpro-
gramma's en uitvoering eerste experimenten in het proefhuis, met name venti-
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latiemetingen) en Marjan Koopmans (kalibratie van de radonmeters en kritisch
bestuderen van de formules en computerprogramma's). Onze andere collega's
en studenten van de vakgroep Toegepaste Kernfysica: Marcel Hartwig, Fred de
Jong, Ron ten Have, Renée van Roode, Hermen Lesscher, Thomas Hantke, Pieter
Hamstra, Joop Jansen en Mark Greenfield, bedanken wij voor de vriendschap-
pelijke samenwerking en voor de stimulerende discussies zowel tijdens als na het
werk.

Branko Bosnjakovic en Jan Ackers willen wij bedanken, voor de stimule-
rende discussies tijdens het onderzoek. Jan Ackers zijn wij speciaal dank ver-
schuldigd voor het beschikbaar stellen van een van de door hem ontworpen ex-
halatiemeters. Frits van den Berg (Natuurkundewinkel Groningen) was zo vrien-
delijk een anemometer ter beschikking te r.tellen, waarvoor onze dank. Luc Schaap
en Jan Vermeer hebben de in dit proefschrift beschreven ventilatiemetingen ver-
richt. De foto's op de kaft zijn van M. Jones (Borough Council of Wellingborough,
thanks again for the slides Maurice).

Wij willen zeker de ieidir? van het LSO niet ongenoemd laten, die ons
ondanks de vele GLP- en andere cra&h-acties, in de gelegenheid heeft gesteld
tijd te reserveren voor het werken aan dit proefschrift. Onze collega's bij het
RIVM bedanken wij voor de belangstelling en opbeurende gesprekken gedurende
het verloop van dit project. Een belangrijke bijdrage is ook geleverd door onze
RIVM-collega Ruth de Wijs-Christensen die als editor ervoor gezorgd heeft dat
het proefschrift leesbaar werd.

Tenslotte bedanken wij elkaar. In tegenstelling tot Baron von Münchhausen
konden wij elkaar bij de haren optrekken als we ons even voelden wegzinken. Als
we ons hierbij ooit in de kuif gepikt voelden, zijn we dat nu in ieder geval vergeten.

Freeic Aldenkamp & Paul Stoop

Een persoonlijk woord wil ik op deze plaats nog richten tot mijn familie en vrienden. Door-
dat mijn ouders mijn belangstelling voor de wetenschap altijd als een vanzelfsprekende zaak
afschilderden, heb ik nooit het gevoel gehad een carrière mis te lopen. Dankzij jullie kon ik
onbekommerd mijn weg kiezen.

Mijn vrienden hebben ervoor gezorgd dat ik, ondanks het feit dat ik de afgelopen jaren
vele weekends met mijn merkwaardige hobby — het proefschrift — bezig was, niet aan contact-
armoede heb hoeven lijden. Binnenkort kunnen jullie me weer vaker op de tennisbaan, schaat-
send, skiend, T'ai-Chi beoefenend, bergwandelend of in een kano aantreffen.

Mijn vriendin en partner Ellen tenslotte is voor mij als promovendus geweest, wat een
coach is voor een topsporter. Doordat ook jij momenteel naast je baan een belangrijk deel van
je tijd aan studeren besteedt, kunnen we de rollen binnenkort omdraaien.

Pau/

Januari 1994



Stellingen

behorende bij âet proefschrift:
Sources and Transport of Indoor Radon
Measurements and Mechanisms

1. Het feit dat wanden en vloeren in woningen en de bodem onder de woning
over het algemeen opgebouwd zijn uit meerdere lagen van materialen met
verschillende eigenschappen maakt het noodzakelijk dat in situ metingen
van de 222Rn exhalatiesnelheid warden uitgevoerd.

2. Meetmethoden voor de bepaling van de 222Rn-concentratie die gebaseerd
zijn op de electrostatische collectie van de kortlevende 222Rn-dochters vereis-
en een onderzoek naar de invloed van bepaalde 'spoorgassen' en 'vochtigheid'
in de lucht op de eigenschappen van deze dochterprodukten1'2.
(1) P.K.Hopke. UseoftheelectrostaticcoiIectionof218Poformeasuring222Rn. Health

Physics, Vol 57, 1989.
(2) Dit proefschrift.

3. Een geschikte maat om aan te geven hoe snel de exhalatiesnelheid van een
poreus materiaal van de 'vrije' naar de 'gebonden' v/aarde verandert, indien
(een deel van) het oppervlak wordt afgedekt, is de tijd waarin de exha-
latiesnelheid afneemt met een bepaald percentage van het verschil tussen
deze waarden1'2.
(1) C. Samuelsson. A critical assessment of 222Rn exhalation measurements using the

closed-can method. ACP Symposium series,, 1987.
(2) Dit proefschrift.

4. De gedachte dat 226Ra homogeen verdeeld is in de matrix van de mine-
raalkorrel strookt niet met het waarpenomen emanatiegedrag van 222Rn. Er
is een aantal hypotheses geformuleerd die deze discrepantie trachten te ver-
klaren. Mogelijk kan de Particle Induced X-ray Emission (PTXE-)techniek
toegepast worden bij het onderzoek hiernaar.

5. In longdosimetrie modellen wordt voor de ongebonden 222Rn-dochters een
dosis-conversie factor genomen die vele malen groter is dh„ die van de aan
aërosolen gebonden dochters1. Doordat voor de woonomgeving een inverse
relatie is vastgesteld tussen de grootte van de fractie ongebonden 222Rn-
dochters en de zogenaamde evenwichtsfactor 2 , is een directe relatie tussen
het effectieve dosisequivalent en de 222Rn concentratie aannemelijk.
(1) A.C. James. Lung dosimetry. In Radon and its decay products in indoor air,

Chapter 7. John Wiley and sons, 1988.
(2) H. Vanmarcke. Radon versus radon daughters. Health Physiscs, Vol 56, 1989.



6. Maatregelen die gericht zijn op het reduceren van het risico op vroegtijdig
overlijden aan longkanker veroorzaakt door blootstelling aan 222Rn, zijn het
meest effectief indien ze toegepast worden op de groep van rokers.

7. Waar men bij reactorveiligheidsstudies oorspronkelijk uitging van een 'con-
servative estimate' voor het risico van een ernstig kernongeval, wordt in
meer recente studies gewerkt met 'best estimates'. Om te voorkomen dat er
een vertekend beeld van deze risico's ontstaat, dient de bij deze schattingen
horende onzekerheidsmarges vermeld te worden.

8. De nu opgang doende stelling: 'Nederland is vol' is een puur getalsmatige
benadering van het vluchtelingenprobleem die voorbij gaat aan de individu-
ele geschiedenis van vluchtelingen en leidt tot bot en harteloos beleid.

9. De grote invloed van het medium tv op kinderen maakt haar mede verant-
woordelijk voor de opvoeding, hetgeen tot uitdrukking dient te komen in
een selectieve programmering van geweld op tv.

10. Het grote verschil tussen het geschetste romantische beeld en de werke-
lijkheid van het reizen per spoor, doet veronderstellen dat de NS na de
aanstaande verzelfstandiging beter verder kan gaan als reclamebureau.

11. Na deze promotie wacht ons een stralende toekomst.

Freek Aldenkamp 16 januari 1994



Stellingen

behorend bij het proefschrift:
Sources and Transport of Indoor Radon
Measurements and Mechanisms

1. Radon, beklemtoond als jargon, duidt een dorp in Frankrijk aan. Deze
beklemtoning voor het gas radon die, evenals voor ozon, vaak voorkomt in
combinatie met termen als '-problematiek', is onjuist.

2. De formule'1^ voor de luchtvolumestroom qv door een lek in een wand met
lekparameters c en n als functie van het drukverschil Ap over de wand,
qv = c(Ap/l Pa)1/", doet ten onrechte voorkomen alsof de Pascal een na-
tuurconstante is. Bovendien laat een dubbel lek, bestaande uit twee lekken
met verschillende n-waarden zich niet beschrijven als een lek met deze for-
mule. Het verdient daarom aanbeveling niet alleen betere meettechnieken
voor ventilatie te zoeken^ maar ook betere beschrijvingen.
(1) Ontwerp Nederlandse norm NEN 2690, maart 1990, N.N.I., Delft.
(2) Dit proefschrift.

3. Het symbool q voor debiet, zoals gebruikt in de Nederlandse normbladen, is
vermoedelijk ontstaan bij het vergeefs zoeken naar de Griekse letter <p voor
flux op een ouderwetse schrijfmachine.

4. Indien sprekers op wetenschappelijke symposia eenheden als de CFM (cu-
bic foot per minute) blijven gebruiken, zal het woord symposium zijn oor-
spronkelijke betekenis van borrelbijeenkomst spoedig herkrijgen.

5. De goede overeenkomst van berekende energieniveau's en magnetische di-
poolmomenten van yrast-toestanden met een lage energie van de atoom-
kernen 146Gd, 14SEu, U5Gd, 147Gd en 147Tb, berekend met een schillenmo-
del waarin twee-deeltjes- en twee-gatsexcitaties van protonen en neutronen
zijn toegelaten, met gemeten waarden, bevestigt het zwak dubbelmagische
karakter van de subschilsluiting bij N = 82 en Z = 64 O .
(0 N.R. Walet, P. Stoop en P.W.M. Glaudemans, Z. Phys. A - Atomic Nuclei 332,

9-16 (1989)

6. Verenigingen van beoefenaars van eenzelfde wetenschappelijke discipline die-
nen zich te onthouden van het voorschrijven van gedragscodes, daar zij hier-
mee zowel de vooruitgang van de wetenschap als de discussie over ethische
vraagstukken binnen de samenleving belemmeren.



7. Indien de overheid een norm zou hanteren voor homogene verontreiniging
van de bodem met 226Ra, overeenkomend met een individueel overlijdens-
risico van 10~6 a~', dan zou die norm overeenkomen met een 226Ra-activi-
teitsgehalte van naar schatting 0,8 Bqkg"1, hetgeen 3% van het gemiddelde
natuurlijke 226Ra-activiteitsgehalte van de bodem in Nederland i s ^ .
(1) P. Stoop en J. Lembrechts, Rapport nr. 749201003, RIVM (1993).

8. Bij periodieke metingen waarvoor een detectielimiet als gedefinieerd in para-
graaf 2.3 van dit proefschrift geldt, leidt het niet bewaren van meetwaarden
die kleiner dan deze detectielimiet zijn, tot een onherstelbaar verlies van
nuttige informatie dat zich wreekt bij het berekenen van een gemiddelde
over een langere periode.

9. De conclusie van Strohmeyer et al.*1) dat een gevoeligheid van het menselijk
oog voor veranderingen in de polarisatietoestand van licht dat schuin op
het netvlies valt, zoals gerapporteerd door de Groot en de Pender^2*, niet
bestaat, is juist. Deze conclusie wordt bevestigd door metingen met een
pupillograaf^.
(1) C.F. Strohmeyer et al., Vis. Res. 22, 217-223 (1982)
(2) P.J. de Groot en E. de Pender, Vis. Res. 19, 29-39 (1979)
(3) P. Stoop, Verslag klein onderzoek doctoraalstudie (1984)

10. Een ongestroomlijnde schaatser die het verkiest met een vaste snelheid te
rijden, heeft de grootste kans dat de windrichting in zijn nadeel is wanneer
zijn snelheid 40% tot 70% van de windsnelheid is.

11. Om continue radonmetingen als waarschuwingssysteem tegen aardbevingen
te gebruiken dient de huidige kennis omtrent transportmechanismen van
radon in de bodem te worden vergroot.

12. Bij de behandeling van de nieuwe Wet op de Rechtsbijstand heeft de minis-
ter van justitie de Tweede Kamer voorgehouden, dat het aantal mensen dat
de hulp van de sociale advocatuur zal inroepen slechts met 6% zal dalen ten
gevolge van de verhoging van de eigen bijdrage. Om, zoals het ministerie
beoogt, de verhoging van de vergoedingen van het Rijk aan de sociale ad-
vocatuur met 25% op een budget-neutrale wijze te doen plaatsvinden moet
men echter uitgaan van een vraaguitval van 20%. De nieuwe wet zal dus
ofwel leiden tot een overschrijding van het budget, ofwel tot een nieuwe
leemte in de rechtshulp.

13. De wetenschap dient het lot te tarten.

Paul Stoop 13 januari 1994


