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INTERNATIONAL ELECTROTECHNICAL COMMISSION

RADIATION PROTECTION INSTRUMENTATION — RADON
AND RADON DECAY PRODUCT MEASURING INSTRUMENTS -

Part 5: General properties of radon and radon
decay products and their measurement methods

FOREWORD

Theg International Electrotechnical Commission (IEC) is a worldwide organization for standardization con
all |national electrotechnical committees (IEC National Committees). The object of IECY)is to p
intgrnational co-operation on all questions concerning standardization in the electrical and'efectronic fig
thisl end and in addition to other activities, IEC publishes International Standards, Technical Specifid

prising
romote
Ids. To
ations,

Tedhnical Reports, Publicly Available Specifications (PAS) and Guides (hereafter)referred to ap “IEC

Puljlication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee int
in fhe subject dealt with may participate in this preparatory work. International; governmental an
governmental organizations liaising with the IEC also participate in this preparation. IEC collaborates
witl) the International Organization for Standardization (ISO) in accordance ‘with conditions determi
agreement between the two organizations.

Thg formal decisions or agreements of IEC on technical matters express)\as nearly as possible, an interr
conlsensus of opinion on the relevant subjects since each technicalscommittee has representation f
intgrested IEC National Committees.

IEQ Publications have the form of recommendations for intefnational use and are accepted by IEC N
Committees in that sense. While all reasonable efforts are ‘made to ensure that the technical content
PuRhlications is accurate, IEC cannot be held responsible\ for the way in which they are used or
misjnterpretation by any end user.

In ¢rder to promote international uniformity, IEC.National Committees undertake to apply IEC Publi
trarjsparently to the maximum extent possible intheir national and regional publications. Any diveg
betyween any IEC Publication and the corresponding national or regional publication shall be clearly indig
thellatter.

IEQ itself does not provide any attestation of conformity. Independent certification bodies provide con
assessment services and, in some areasy access to IEC marks of conformity. IEC is not responsible
seryices carried out by independent cértification bodies.

Al

No [liability shall attach to IEC or its directors, employees, servants or agents including individual expe
members of its technical committees and IEC National Committees for any personal injury, property dan
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal feq
explenses arising out~of-the publication, use of, or reliance upon, this IEC Publication or any oth
Publications.

isers should ensure that they-have the latest edition of this publication.

Attention is drawn\to the Normative references cited in this publication. Use of the referenced publica
indispensable-for. the correct application of this publication.

Attention_is~drawn to the possibility that some of the elements of this IEC Publication may be the su
patent rights. IEC shall not be held responsible for identifying any or all such patent rights.

brested
d non-
closely
hed by

ational
om all

ational
of IEC
or any

cations
rgence
ated in

formity

for any

rts and
age or
s) and
er IEC

ions is

ject of

ver, a

technical committee may propose the publication of a technical report when it has collected
data of a different kind from that which is normally published as an International Standard, for
example "state of the art".

IEC TR 61577-5, which is a Technical Report, has been prepared by subcommittee 45B:
Radiation protection instrumentation, of IEC technical committee 45: Nuclear instrumentation.

The text of this Technical Report is based on the following documents:

Enquiry draft Report on voting
45B/912/DTR 45B/926/RVDTR

Full information on the voting for the approval of this technical report can be found in the
report on voting indicated in the above table.
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This document has been drafted in accordance with the ISO/IEC Directives, Part 2.

A list of all parts in the IEC 61577 series, published under the general title Radiation
protection instrumentation — Radon and radon decay product measuring instruments, can be
found on the IEC website.

The committee has decided that the contents of this document will remain unchanged until the
stability date indicated on the IEC website under "http://webstore.iec.ch" in the data related to
the specific document. At this date, the document will be

e reconfirmed,

e withdrawn,
e replaced by a revised edition, or

e amended.

A bilingual version of this publication may be issued at a later date.

IMPORTANT - The 'colour inside' logo on the cover page of this publication indidates
that| it contains colours which are considered to be juseful for the cofrect
undT:standing of its contents. Users should therefore\print this document usihg a
colour printer.
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RADIATION PROTECTION INSTRUMENTATION — RADON
AND RADON DECAY PRODUCT MEASURING INSTRUMENTS -

Part 5: General properties of radon and radon
decay products and their measurement methods

1 Scope

This part of IEC 61577 provides basic data and technical information in order to suppQqrt the
desigh of instruments and their practical application for the measurement. The\document
covers 222Rn as well as 220Rn and the short-lived decay products of bath. It fis an
accompanying document for the application of the technical standards series\IEC 61577, and
provides physical and technical fundamentals of the measurements methods. For|more
information, reference is made to the Bibliography.

2 Normative references

The fpllowing documents are referred to in the text in such a way that some or all of their
contept constitutes requirements of this document. For dated references, only the gdition
cited gpplies. For undated references, the latest edition~0f the referenced document (including
any afjnendments) applies.

IEC 6[1577-1, Radiation protection instrumentation — Radon and radon decay product
measlring instruments — Part 1: General principles

IEC 6[1577-2, Radiation protection instsumentation — Radon and radon decay product
measliring instruments — Part 2: Specific requirements for 222Rn and 229Rn meas$uring
instruments

IEC 6[1577-3, Radiation protection instrumentation — Radon and radon decay product
meas(iring instruments —_Part 3: Specific requirements for radon decay product measuring
instruments

IEC 6[1577-4, Radiation protection instrumentation — Radon and radon decay product
measliring instruments — Part 4: Equipment for the production of reference atmospheres
contalning radon-isotopes and their decay products (STAR)

IEC TR/62461:2015, Radiation protection instruments — Determination of uncertaipty in

meas

irement
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3 Symbols, quantities and units

3.1 Symbols
Ostwald coefficient

Crnsionia» Cr Activity concentration of radon in a liquid, activity concentration of radon in
e " airin Becquerels per cubic meter (Bq-m-3)
T, 0 Temperature of water in degrees Celsius (°C)
2
A, 4, Activity, activity of radionuclide i in Becquerels (Bq)
q, Supply rate, production rate of radionuclide i in per second (s™1)
t, ¢, Time, sampling time in seconds (s)
\Y Volume in cubic metres (m3)
EEC, C)q Equilibrium equivalent concentration in Becquerels per'c€ubic metres (Bqgfm-
[£ 3)
k, Weighting coefficient of radionuclide i
C, Potential alpha energy concentration in Joules per cubic metre (J-m=3)
F Equilibrium factor
P, Exposure to radon in Becquerel hours. per cubic metre (Bq-h-m-3)
£, Potential alpha energy in Joules (J)
l, Number of atoms of radionuclide i
P, Potential alpha energy.exposure in Joule hours per cubic metre (J-h-m-3
u(x) Standard uncertainty of quantity x
U(x) Expanded uncertainty U(x)zk-u(x) with the coverage factor k=2
v Volumeftow rate of air in litres per minute (m3 s-1)
I, Number of counts of radionuclide i
g, &) ey, € Efficiency, sampling efficiency, sampling efficiency of radionuclide i,
[ °()counting efficiency of radionuclide i
Eei
a,, g Elapsed time after cessation of sampling until the beginning of time interval
k tima at which thg cauntina intarval haaine in saconds (g
k—time-atwhich th unting-interval beginsin nds{s}
B.. B Elapsed time after cessation of sampling until the end of time interval k,
time at which the counting interval ends in seconds (s)
D, Coefficients of vector D: Number of alpha disintegrations observed during
the kth time interval (counting period oy to By)
ak,i(ak,ﬂk) Coefficients of matrix A:i'" coefficient of count determination k within the
limits o, and By
Nl.(ts) Coefficients of vector N: the five unknown 222Rn and 220Rn short-lived
decay products sampled and deposited onto the filter at time ¢,
C Coefficients of vector C: mean activity concentrations of the five short-lived

decay products in the sampled air
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A, A", C,D, Matrices and vectors (AT is the transposed matrix of A)

N.M
Ky M Substitutions defined in the text
M Output quantity of the linear model function, h

h()(1 ,#,,,XT) Linear model function with the input quantities X, ,..., X

X, ... X, Input quantities of the linear model function, h

X een, Xp Best estimate of the input quantities

urel(‘x Relative standard uncertainty of a quantity x

R I Sensitivity coefficient

The indices i refer to the following radionuclides:

index|i =1 refers to 218Po

index|i =2 refers to 214Pb

index|i =3 refers to 214Bi/214Po

index|i =4 refers to 212Pb

index|i=5 refers to 212Bij

index|i = 5" refers to 212Po

3.2 |Quantities and units

In thi§ document, units of the International System (SI) are used 1. The definitions of radiation
quant|ties are given in IEC 60050-393and IEC 60050-395. The corresponding old| units
(non $1) are indicated in brackets.

Multiples and submultiples of Skiunits will be used, when practicable, according to the Sl
system.

4 Radon in the enyvironment

4.1 Origin, genesis and decay

The heavy metals uranium and thorium are natural components of the lithosphere.| Both
elemgnts can be detected in different quantities in minerals, in soils and in waterl The
averapesconcentration in the lithosphere for uranium is between 2,5 — 4 mg/kg and for thorium
about|13'mg/kg [1]2. Naturally occurring uranium is a mixture of three isotopes: 99,27 %|238U,
0,72 % 4%°U and 0,01 % <°4U. The primordial radionuclides 55U and 434Th are the mother
nuclides of the decay chains by which 222Rn and 220Rn are formed, respectively.

The direct mother nuclide of 222Rn is 226Ra and of 220Rn, it is 224Ra. 226Ra has formerly
gained technical importance as luminescent paint for dials of watches and instruments. The
alpha particles emitted by disintegration of radium excite a phosphor radiating luminescence
light. 226Ra was also applied as radiation source in medicine.

1 International Bureau of Weights and Measures: The International System of Units, 8 edition, 2006.

2 Numbers in square brackets refer to the Bibliography.
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In contradiction to all other radionuclides of the 238U- and 232Th-decay chains, radon isotopes
are gaseous. Radon is soluble in water. Particularly, 222Rn can be enriched in groundwater, if
the aquifer layers contain elevated values of natural radioactivity (e.g. granite stone). A
technical application of the radon isotopes is not known. In medicine, radon is used for the
treatment of chronic diseases of the musculoskeletal system. As typical indication for a radon
therapy, rheumatic diseases of the joints are often cited [2].

Elevated concentrations of radon have been mostly found at underground workplaces (mining),
in radon spas or in water works. Elevated concentrations of 222Rn in houses and other
buildings can particularly occur, when a high concentration of 222Rn in soil exists, and radon
penetrates the house via entry paths in the below-ground structural elements. Elevated

(e.g.

The main source for the radiation effect is not attributed to the inhalation of radon litself put to
the s|multaneous inhalation of its short-lived decay products mostly attached to ag¢rosol
particles. The short-lived 222Rn decay products are 218Po, 214pPb, 214Bj and 214Po and |those
of 220Rn are 216Pg, 212pp, 212Bj and 212Po. The short-lived decay produéts are deposited in
the rdspiratory tract and decay there. Alpha particles emitted by 218Ro and 2'4Po, or|212Bi
and 4'2Po respectively, transfer their energy along the penetration way to the radiation
sensifive cells, which cause possible health effects. 216Po is an éxemption. Because|of its
short half-life, it disintegrates during inhalation, and does therefore not markedly contribute to
the ejposure in the lung.

Whils} the 220Rn decay chain ends up with the stable-}éad isotope 208Pb, the 222Rn Hecay
chain|has further stages following the short-lived decay-products: Headed by 210Pb, 210Bj and
210pg| follows until it ultimately ends up with the ‘stable lead isotope 206Pb. Because pf the
long half-life of 210Pb of more than 20 years, thedremaining radionuclides are moved put of
the rgspiratory tract by lung clearance, being’excreted or deposited mainly in the miineral
comppnent of the bones [4]. In view of radiation protection, the radiation effects of the|long-
lived fadionuclides are not relevant.

4.2 |Radon in the rocks and soils"and its transport towards the atmosphere

In rocks and soils, the permanent generation of radon is performed by alpha decay of rgdium.
Radomn atoms are subject to( various processes on their path from the generation up jo the
atmogphere.

The emanation is the“discharge of radon from the solid, mostly crystalline, phase of rocks and
soils into the free poré volume, micro cracks, and fissures of the subsoil. The quantity, which
defings the ratio)beétween the number of radon atoms escaped the solid phase and the total
number of radon atoms created in the solid phase, is the radon emanation coefficienf. The
proceps ofsdischarge is initiated by the recoil due to alpha decay. The efficiency qf this
procegsdepends on the distribution of radium in the mineral grain. The main part of radon
escapesMrom radium located on the surface of the mineral grain or in the vicinity ¢f the
surface with depths lower than the recoil distance. A discharge of radon inside the mineral
grain is only possible if sufficient pathways inside the grain are available. Very important for
the emanation is therefore the grain size distribution.

The presence of water can increase the radon discharge. Due to adsorption of kinetic energy,
radon atoms continue to stay in the pore water, from which it can attain the air-filled pore
volume by diffusion. Soils and rocks reach the maximum of the radon emanation at various
moistures. With the pore volume increasingly filling up with water, the part in the gas phase is
getting lower, and the connectivity of the pore volumes by menisci is disturbed. Between dry
and moisturized, the emanation can vary by a factor of 5 [5].
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The movement of radon through rocks and soils is named migration. It is subject to geo-
mechanical and hydrological conditions in the subsoil (permeability, fissions, flow of ground
water and soil air). The main transport process is the diffusion, which can be supplemented by
convection as an additional process. The diffusion is the mass transport of radon through
inter-granular volumes, capillaries and fine pores caused by gradients of concentration. The
coefficient of diffusion is a measure for the displacement forced by the gradient of
concentration. In Table A.6, the effective diffusion coefficients for different materials are given.
The coefficients take into account the prolongation of diffusion pathway due to ramifications of
pores conducting the gas around the solid particles (tortuosity).

By convection, radon is transported together with carrier media, like ground waters or soil
i : A aHes—Within—the—bedrock,

leading to an inhomogeneous distribution of the radon concentration far away from~the [origin
of radjon atoms.

Besidps the basic availability of radon by emanation and transport from\the bedrock, the
concgntration of radon in the upper soil layers depends on the permeability, which inf turn,
deperjds on the pore size distribution and the degree of saturation with moisture, and can
theretﬁ)re locally and seasonally vary over several magnitudes. Thedischarge of radorn from
soil slirface into air is denoted as exhalation.

4.3 Radon concentration in the outdoor air

Weather conditions with variations in air temperature from day to night cause variations |in the
outdopr radon concentration [6]. During the day thessoil surface and the lower layers pf the
atmogphere heat up more intensively then the upper air layers by solar radiation, thus making
the thermal stratification instable. The rising warmair results in a vertical intermixing pf the
atmogphere with low radon concentrations at the day. During the night and the early hours of
the mprning, the soil surface and the lower fayers of the atmosphere cool down resulting in a
stablg stratification of the atmosphere (inversion at night). This process reduces the vertical
intermixing of the atmosphere, which cadses high radon concentration in the lower outdgor air
layerd. The variation of the radon concentration between day and night is greater, the greater
the cqntrast in air temperature is. Measurements have shown that the day-to-night variations
in the|radon concentrations are mainly provoked by fluctuations of the vertical stratificafion in
the afmosphere [7]. By contrast; the daily variations of the radon exhalation from the ground
do n¢t have substantial .impact on the day-to-night variations in the outdoor Jradon
concgntrations [7].

4.4 |Radon concentration in houses and at workplaces

Radon can enter.a house through its substructure due to depressurization caused by the wind
load gr the temperature difference between indoor and outdoor. Indoor to outdoor tempefature
differgnceS cause convective air flows, by which outdoor air flows into the building at the|base
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The maxima were measured in the early morning hours jand the minima in the afternoon. The va
period of 24 h. The figure indicates the time lag of the variations and the reduced concentrationg
bove the cellar [8].

Figure 1 — Diurnal variations of the radon activity concentration in the cellar,
1st and 29 floor of a detached house measured over 12 days

ut of the building at the upper floors or the ceiling. The architecture of the house 4
stribution of radon throughotit-the building. In basements, radon-laden soil gas
h cracks in the floor slabyand walls, block wall cavities, plumbing connectiong
wells. The radon concentration in the soil gas entering the house depends basica
bology, the content of“226Ra in the soil and its humidity. The transport of rag
ced when buildingshare under significant negative pressure, particularly at floor
O]. The indoor ‘yadon concentration undergoes diurnal and seasonal p
11[12][13][14]. The long-term trends resulting from the use of the building or the re
s) as well as_from meteorological conditions are superimposed by stochastic fluctu

Figur

1 represents an example of the diurnal variations of the radon activity concentra

the cqllar, 1st\and 2nd floor of a detached house measured over 12 days.
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don decay products in the atmosphere

5.1

Physical processes of decay products in gaseous media

After the formation of radon decay products, they are subject to various physical and chemical
processes. The processes are described here on the example of 218Po, which has been
investigated extensively [15][16][17]. Measurements have shown that after formation more
than 10 % to — 60 % of 218Po is positively charged. Different concurrent processes act on the
fresh generated decay products: cluster formation, neutralization as well as attachment to
aerosols and on surfaces. Within a short time (<1 s) after formation, the radionuclides attach
to vapors (predominately H,0) and to other trace gas molecules in the atmosphere. The thus
generated radioactive clusters are denoted as the unattached fraction of the radon decay
products, and have diameters between 0,5 nm and 3 nm [18].
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Because of their small particle size and their high diffusion coefficient between 0,005 cm?2-s-1
to 0,100 cm2-s-1 [18], the clusters possess a high mobility. Thus making the clusters almost
independent to other transport processes in the air, as turbulence, convection, sedimentation
and distraction by electromagnetic fields. A radioactive aerosol is formed by attaching the
radioactive clusters to the existing aerosol particles in air. This process takes 1 s to 100 s [19].
The ratio of potential alpha energy of the short-lived radon progeny, which are unattached to
aerosol particles, to the potential alpha energy of the attached short-lived radon progeny
depends mainly on the aerosol particle concentration, and varies between 0,03 and 0,2 for
dwellings [19]. The ratio decreases to below 0,01 in mines due to the increasing particle
concentration [20].

5.2 Aeresol-charasteristicsand-ventilation

Atmogpheric aerosol particle size distributions consist basically of three separaie modes
[21][2R]:

a) the nucleation (or nuclei) mode for particles with diameters smaller than 100 nm gand a
modal peak in the range between 10 nm and 30 nm range,

b) the accumulation mode for particles with diameters between about(100 nm to about|1 pym
and a modal peak at about 300 nm, and

c) the coarse mode corresponding to particles with diameters larger than 1 pym.

The rjucleation mode appears if particles are freshly formed.Yor emitted. This mode has a
relatijely short lifetime. By coagulation with other nuclei @nd accumulation mode particles,
there sizes increase and end up in the next larger mode;¢he accumulation mode [21]. Several
aerospl particle sources, such as cigarette smoke, gas’/stove, or candles, affect the particle
distriution significantly according to the properties. of the particles emitted. 10 % to 2(Q % of
the aftached activity could be assigned to the nucleation mode between 10 nm and 100 nm
[19][2B]. Aerosol particles with diameters below>100 nm are also denoted as ultrafine pafticles.

The apcumulation mode results largely from'the condensation of water and other vapours, and
the atfachment of particles by coagulation. This mode is stable with respect to deposition, and
has a(relative long atmospheric residence time.

The doarse mode particles arerusually mechanically formed, or are resuspended pafticles
such [as windblown dust. This mode appears mainly in the outdoor environment |or at
workplaces.

The derosol particle size distributions at workplaces are influenced by the local vent|lation
condifions and passibly different aerosol sources. The aerosol particle concentration depends
strongly on work/activity. During the work activities in mines, the radioactive aerosol pafticles
tend o smaller diameters caused by the large number of particles emitted by diesel engines.
At underground workplaces (mines, show caves) the activity size distribution of attached
radon| progeny can be descnbed by a unimodal Iognormal d|str|but|on specified by the aftivity

aboveground workplaces have identified a tri-modal aerosol size d|str|but|on W|th the focus on
the accumulation mode [23]. Depending on the work activities, the particle sources and the
ventilation, the nucleation and the coarse mode are more or less distinct [23].

In a radon atmosphere, a mixture of gaseous radon and radon decay products attached or
unattached to aerosol particles exists. But not all the decay products are available in the air
volume. Because of particle deposition and adhesion, a part of them is deposited to other
surfaces, as walls, floors or the possible inventory of the site (e.g. room). This part of
radioactivity is not inhaled and does, therefore, not contribute to the radiation effects. The
radon equilibrium factor expresses the disturbance of equilibrium between radon and its short-
lived decay products (for definition see 7.1). In real atmospheres, the equilibrium factor is
below 1. Indoor measurements have shown that the equilibrium factor varies within a 95 %
confidence interval from 0,2 to 0,7 around the mean value of 0,4 [24][25].
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6 Physical and chemical properties of radon and radon decay products

6.1 Physical and chemical properties

As a noble gas, radon is chemically broadly inert. In the presence of Fluor, radon is not
volatile up to 230 °C, what can be caused by the formation of a radon fluoride. Radon is
soluble in water and organic solvents [26][27]. Although colourless at standard temperature
and pressure, on cooling below its freezing point of =71 °C radon emits a brilliant radio
luminescence that turns from yellow to orange-red as the temperature lowers [28][29]. An
activity concentration of 222Rn of 100 Bq-m-3 is equivalent to a 222Rn concentration of about
5-107 atoms per cubic metre. Taking into consideration that a gas contains more than 102°
atoms par r~||h|r~ metre ||nrlnr el-anrlqrrl r-r\nrhhr\nc |n Q“ cases \uhnra rarlnn |o nrncanl- n the
envirgnment, it is a trace gas. Some physical and chemical properties of radon and itsypdecay
produrts are given in Table A.1.

RadoIT1 is readily absorbed on charcoal, silica gel and similar adsorbing substances. Radon
can, therefore, be effectively removed from a sample air stream by collecting it on act|vated
charcpal cooled to the temperature of solid carbon dioxide (-78,5 °C). Radon is desorbed from
charcpal by heating to 350 °C [30].

6.2 |Solubility of radon in liquids

Due tp diffusion an exchange of gas molecules between the liqtid and the gas volume Exists
at the| interface between a gas and a liquid. The transfer iaito the liquid is proportional fo the
partial] pressure of the gas. The discharge from the liguid is proportional to the concentlration
of thg dissolved gas in the liquid. A dynamic equilibrium has established at saturation
concgntration. The solubility depends on the temperature of the liquid. When the temperature
incregses, the solubility decreases [31][32].

In litefature the solubility of radon in a liquid®is often described by the Ostwald coefficienf. The
Ostwald coefficient is defined as the volume of a gas dissolved at a given temperaturge and
presspire divided by the volume of the solvent at the same temperature and pressurg [33].
Becayse radon is a trace gas, whose dissolved fraction does not alter the volume ¢f the
solvent, the Ostwald coefficient L @tva given temperature can be calculated by the ratio jof the
radon|activity concentrations given by the formula:

Co .
L= Rn,liquid (1 )
Crn

wherg the parameter Cy, ;.4 is the activity concentration of dissolved radon in the liquid and
CRn

$ the-activity concentration of radon in air.

If the sotventTs—water, the dependence of the Ostwatd—Ttoefficient Zwiththe temperature of
water THzo in Celsius (°C) can be expressed by [33]

L =0,105+0,403- exp(- 0,0502 - Ty, ), (2)

The Ostwald coefficients for various organic solvents are given in Table A.5. The
measurement of radon in water using the methods of emanometry, gamma spectrometry and
liquid scintillation counting is described in the standard series ISO 13164 [33][34][35][36].
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Radiological properties and radioactive equilibrium

In Table A.2 and Table A.3 the data for the natural decay chains of 238U and 232Th starting
from 226Ra and 224Ra, respectively, are given [37]. The tables contain only the data which are
relevant for radon measurements.

The decay products, which follow from the disintegration of 222Rn or 220Rn, are themselves
radioactive. By sequential disintegration, the decay products of the respective next generation
arise until the stable lead isotopes eventually terminate the decay chains. In a radioactive
decay chain, the activity 4, of the ith nuclide changes by disintegration and production. The

activity 4,(z) at time t is the difference of the production rate expressed by ¢,(z) and the

disintg

wherg
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A inglicates the decay constant of the ith nuclide.

pgration rate expressed by 4, 4,(¢),

U014t

ay chain with n-nuclides, including mother nuclide, is {described by an n-dimen
ntial equation system, where each of the equations is 0f'this kind. The single for
upled via the production rate ¢,(t).

eneral solution of the differential formula (3) is

e running equilibrium

e activity of the mother_ .nuclide 222Rn is preset by a single supply at time ¢ =0
bintegrates with the decay'constant 4, ,,,. The initial activity of all other nuclides
cay chainis 4,(0) %.0:

the case of the-decay chain of 222Rn, the mother nuclide 222Rn is long-living com

the short-lived-decay products 218Po, 214pp, 214Bj and 214Po, which is indicat
1202 << Apsyiies App_o1as Agia1as Apo-214 - UNAer this condition, the radioactive decay ach

ymptotically a state, which is called running equilibrium (Figure 2).

a running equilibrium, the activity of the decay products disintegrates with the half{
b mother nuclide 222Rn,

3)

sional
mulas

(4)

, and
in the

pared
ed by
ieves

life of

_ / l
Ai (l) = ARn—222 (l) e Apn-222t H$ ’

k=1 ﬂ’i—k+1 - //i’Rn—222

(5)

where the indices !~k +Li=1 rgpresent 218pg, I—k+1i=2 214py i—k+1,i=3 214p;
and I —k+Li=4 214pg
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Figure 4 < Activity build-up of 222Rn and its Figure 5 — Activity build-up of 220Rn
decay products for a continuous supply o oron) and its decay products for a
222Rn with a rate of 1 Bg/s (in the absence  continuous supply of 220Rn with a rate of
of initial activities) 1 Bqg/s (in the absence of initial activities)

In the following, the very common cases shall be considered, from which general
characteristics of the radioactive decay chains of 222Rn and 220Rn can be derived.

Since in the equilibrium state the product of coefficients A, ., /(4 ., — g, 2)>1, the

activity of the decay product is by this amount larger than the activity of the mother nuclide
222Rn. Figure 2 shows the decay of 222Rn after injection of 1 000 Bq at time =0, and the
generation of the decay products. The running equilibrium has established after
approximately 4 h.
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Iiligure §>sfows tEe situation for 220Rn (Thoron) after injection of the same activity. Since
Rn=220 Pb-212:775i=212 - the condition for establishing the running equilibrium is not

satisfied. The activity of the decay products achieves its maximum, if the mother nuclide
220Rn has already decayed.

b) The secular equilibrium

The decay product is generated with a constant production rate, qi(t)oc q rn_222 = CONSE .

This is the case, if a very long-lived mother nuclide disintegrates into a short-lived decay
product. Asymptotically (¢ — o), a secular equilibrium will establish, where the activities of
all radionuclides are equal. For the radon nuclides (222Rn and 220Rn), this can be
achieved by a permanent production from a radium or a thorium source. Figure 4 and
Figure—5—show thebuitd=up of the—secutar equitibrioms for a constantsuppty of amactivity
rafe of 1 Bg/s 222Rn or 220Rn, respectively. In the case of 222Rn, the equilibrium.befween
22PRn and its short-lived decay products is achieved after 1 day (1240 |min).
Natwithstanding of that, the activity further increases until the secular equilibrium wi|th the
supplied activity rate has established. This is the case after about 28 days, (40 000 mijin). In
the case of 220Rn, the secular equilibrium in the entire system has established after [about

4 days (6 000 min).

6.4 |Interaction of alpha particles with matter and energy deposition

222Rp|, 220Rn and their decay products emit alpha and beta(particles as well as gamma
radiatjon (see Table A.2 and Table A.3), which interact with<matter and deposit energy. The
interaction with matter is exploited for radiation measuremeénts. In bio-molecular systems, it
can g¢ause modifications in the genetic material that, triggers health effects. From the
dosimletric point of view, however, alpha particles play_the decisive role, since these pafticles
depodit the most part of energy to the radiation sensitive cells of the respiratory tract.

When| alpha particles penetrate a medium, they,undergo interactions with atoms of the media.
The pfedominant interaction is the inelastic ¢olisions with electrons resulting in excitatign and
ionization. Only at very low energies (below 150 keV for alpha particles) the elastic Cotllomb
collisipns is important, in which recoil enérgy is imparted to atoms [38].
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Figure 6 — Total stopping power of alpha particles penetrating
different materials, the graphs use data from [38]
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The stopping power of material is defined as being the average energy loss per unit path
length, to which charged particles are subject when traversing the material. The functions of
the total mass stopping power versus alpha energy and penetration depth in different

mater

ials are shown in Figure 6.

The ranges of the alpha particles emitted by radon and radon decay products in different
materials are given in Table A.4. The ranges are calculated using the continuous-slowing-
down-approximation (CSDA), by which energy-loss fluctuations are neglected. It is assumed
that alpha particles lose their energy continuously along their pathway through the matter.

easurement of 222Rn and 220Rn and their decay products

7.1
7.1.1

Activi

NOTE

Relevant measurement quantities and units3
Activity concentration (C)

y 4 per unit volume V of the respective radon gas.

n

A
CR Z;

The index has to be used to state either 222Rn or 22°Rn. To simplify the formulas here, instead

isotopds the abbreviation Rn is used in the index.

This d

7.1.2

The 3
produ
mixtu

The W

Since

uantity is expressed in the Sl unit (Bq-:m-3).

Equilibrium equivalent activity concentration (EEC, Ceq)

ctivity concentration of radon, C_,,_in radioactive equilibrium with its short-lived

eq’

(6)

bf both

decay

cts that has the same potential alpha energy concentration, Cp, as the non-equilibrium

e to which the Cg refers:

Coyri-222 = kpo21§ Groa1s T Kppo1a Crpara T Kpio1a Cpinra +kpyarg Cponia

Coy rn-220=%po216 Cro216 + kpp212 Cppoiz +kpia1n Cpiarn + kpyaia Cryain
eighting-ceéfficients k are calculated by nuclear data and given in Table 1.

kg oty <<1, kp, 516 <<1 and kp,_,,, <<1, the corresponding activity concentratio

be om

itted

(7)

(8)

n can

Ceq,Rn—222 = kPo—218 CP0—218 + ka—214 CPb—214 + kBi—2l4 CBi—ZI4

Ceq,Rn—ZZO = ka—212 CPb—212 + kBi—212 CBi—212

9)

(10)

3 The quantities and units relevant for the use of the respective standard are part of this. This subclause contains
only the important metrological quantities and units, which are here extensively described. Definitions and
values have been taken from ICRU Report 88 [8].
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Table 1 — Coefficients for the calculation of the equilibrium equivalent
concentration from measured activity concentrations of radon progeny

Kpo-218 U(kpg.p15) Kpp-214 U(Kpp,.214) Kgi.214 u(kg;.14) Kpo 214 U(kpg.p14)

0,106 0,002 0,513 0,010 0,381 0,009 5,2:10°8 1-1079

Kpo-216 U(kpg.p16) Kpp-212 U(kpp,.212) Kgi-212 u(kg;.212) Kpo-212 U(kpg.p12)
6,684:-10 0,223-10°® 0,9133 0,0001 0,0866 0,0001 8,05-10712 6-10°14

Calculations according to GUM, CODATA recommended values of fundamental physical

constants, nuctear data taken from BIPV=5"Vot 4, A=13310 252-

This d

NOTE

NOTE

71.3

The ¢
radon

NOTE
disapp

uantity is expressed in the Sl unit Bq-m-3.

For 222Rn the following conversion is valid:

C,, =C,/[557010)-10°3-Bq”"]

c, =C,/[347(7)-10%eV -Bq ™|
b For 220Rn the following conversion is valid:

C, =C,/|7.565(8):10"J-Bq"'|

eq

C,, =C, A&722(5)10"eV -Bq ']

Equilibrium factor (F)

quilibrium factor is the ratio of the equilibrium equivalent concentration, C,,, ar

activity concentration, Cg,.

eq’

F=Cu
CRn

In the case of 220Rn, the relatively long half-life on 2'2Pb may lead to cases where 22°Rn conf
bars before 212Pb grows in; in this case the quantity is not defined.

71.4

Exposure to radon (Pg,)

The time-integral over the activity concentration during a defined period of time.

P, (C, 40) = [ Cp -t

At

This quantity is expressed in the Sl unit (Bg-h-m-3).

(11)

(12)

(13)

(14)

d the

(15)

pletely

(16)
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Potential alpha energy (gp)

:2019

The potential alpha energy, Eps is the total alpha energy emitted during the decay of a progeny
atom along the decay chain up to 210Pb or 208pPb, respectively, for the decay chains of the

222Rn and 220Rn.
€p Rn-222 = €p po-218 " Npo_218 + &) po-214 '(NPb—214 +Ngioia +NP0—214) (17)
& rn-220 = €p.Po-216 "N po-216 T € pp-212 '(NPb—zlz + NBi—212)+ €p.po-212"Npoan (18)
N is [the number of the respective atoms. The potential alpha energy is a quantity for

chara
expre
proge

7.1.6

The g
alpha
208pb

The [
expre

NOTE

Ci-214
with th

decay

5sed in the Sl unit J. The values of the potential alpha energy for the radon and
hies are given in Tables 2 and 3.

Potential alpha energy concentration (Cp)

oncentration of any mixture of short-lived radon decay products in air in terms
energy released during complete decay through 210Pb, fon 222Rn progeny or th

for 220Rn progeny.
C _ Cponig c 4 Crp_14 « Csidoia " Crozia .
p,Rn-222 — p,Po-218 2 9 2 p,Po-214
Po-218 Ph-214 Bi-214 Po-214
C _ Crozis n Cppr1n n Csioan + Croai2
p,Rn=220 = €p,Po-216 B 2 €p,Pb-212 J) €p,Po-212
Po-216 Ph-212 Bi-212 Po-212

arameter C is the activity concentration of the respective progeny. This quan
s5sed in the Sl unit J-m™3,

= Cpo.n1a- 22°Rn: Dueltosthe short half-lives of 2'8Po and 212Po, these isotopes are in activity equ
bir parent nuclide:;-Crylo0 = Cpo.o1g @Nd 0,64 Cg, 540 = Cpy 049 With the transition probability of 0,64
ranch 212Bi—212pp.

cterizing radon progeny atmospheres, not radon atmospheres. Thisf |quantjty is

horon

bf the
rough

(19)

(20)

ity is

222Rn: Due to the short half-lives of 2'*Po, the isotope is in activity equilibrium with its parent fuclide:

librium
for the
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71.7 Potential alpha energy exposure (Pp)

The time integral of the potential alpha energy concentration in air, Cp, over a given time
period At.

PPZJCp(t)dZ (21)

At

This quantity is expressed in the Sl unit J-h-m-3.

7.1.8 The unattached and attached fraction of potential alpha energy concentratjon

A fradtion of progeny may not become attached to airborne particles and this quantity is| often
referred to as the free or unattached fraction. The unattached fraction is defined gs the
fractign of the potential alpha energy concentration of short-lived radon progeny that |is not
attaclled to the ambient aerosol.

The aftached fraction of the potential alpha energy concentration of Short-lived radon prpgeny
is attgched to the ambient aerosol.

NOTE [I The particle size concerned is in the order of magnitude of nanomeéter. It is proposed to use a particle
diameter of 5 nm as an upper limit for the unattached progeny (i.e., clustet'carrying progeny).

NOTE P The attached progeny may have a tri-modal activity sizé“distribution, which can be approximatgd by a
combinjation of three lognormal distributions. These consist of the ntcleation mode with activity median digmeters
(AMD) petween 10 nm and 100 nm, the accumulation mode with AMD of 100 nm — 450 nm, and a coarse mode with
an AMD > 1 uym. Generally the greatest fraction of the potentialalpha energy is in the accumulation mode.

-

NOTE [3 A diameter of 5 nm is proposed as the lower limit for the attached progeny (i.e., aerosol garrying
progeny).

NOTE 4 The sum of the attached and the unattaebed fraction is equal to 1.
7.2 |Instruments measuring airborne radon activity concentration

An oyerview on commonly used types of instrument is outlined in Figure A.1. All the
measlyirements base on the prihciple that radon enters the sensitive volume of the instrtment
or is ¢ollected by appropriate absorbents. The sensitive volume is generally separated from
the syrrounding air by-a~case including filters, which ensures that only radon atoms can get
inside. Radon decay products, which always exist in the surrounding air, remain oytside.
Insidg the sensitive.volume or the adsorbents, radon atoms decay along the decay chain. The
thus gmitted radiation is analysed by a radiation detector.

Commonly-used instruments differ by means of their sampling and measurement methods.
The gampling can be passive or active. The latter actively conveys air into the sensitive
volumie uSing a pump. Passive sampling utilizes either adsorption onto activated charcbal or
the diffusion of radon through a diffusion barrier (aerosol filter). 222Rn and 220Rn collected
inside the sensitive volume disintegrate, and form the decay products consecutively. By
applying an appropriate measurement method, the emitted gammas or alphas (in some cases
also betas) are measured via direct generation of free charge carriers in the detector, or via
secondary effects of the interaction of radiation with the detector (e.g. scintillation light
emission, creating latent tracks in solid state polymer detectors).

Passive or active sampling in combination with their respective measurement methods can be
used for different measurement tasks [39][40][41]:

a) Instrument with grab or continuous sampling: When a grab sampling is used, an air
sample is taken and analysed immediately thereafter. Grab sampling is used to analyse
the value of the radon activity concentration in the air at the moment of sampling.
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In the case of continuous sampling, the sensitive volume is permanently penetrated by
radon. For that purpose, radon containing air enters the sensitive volume either by
establishing a continuous air flow using a pump (active sampling), or by diffusion through
an aerosol filter (passive sampling). Radon decay products containing in the surrounding
air are impeded by an aerosol filter from penetrating the sensitive volume. The continuous
sampling enables to acquire the radon activity concentration in the course of time, and to
determine its fluctuations and trends. lonization chambers, scintillation detectors and
semiconductor detectors are commonly used for the measurements.

b) Instrument with long-term passive sampling: The sensitive volume (sensor) is deposed
from the analysis unit. It contains a detector, which accumulates and stores the radiation
effects over a Iong t|me Th|s is caIIed mtegratmg measurement The mtegratlon over a

. e - er the
exjposure, the detector is analysed usmg separate equment The accumulated Fagiation
effects are a measure for the exposure to radon. The average radon activity concenlration
can be determined by dividing the exposure to radon by the time duration of .exposurég.

c) Ingtrument with short-term passive sampling using adsorption: A canister containing an
adsorbent (e.g. activated charcoal) is exposed bare to air and collects’radon by means of
adsorption. The duration of the exposure lasts 2 to 3 days. After the exposure, the activity
of{the adsorbent is a measure for the average radon activity concentration.

Genetfally, the sampling and the measurements do not differ between 222Rn and 220Rn. |Since
both ¢ccur in conjunction very often, it can be, however, important to discriminate befween
both. |The very different half-lives of both radionuclides are “béing exploited hereto. Al well-
dimensioned diffusion barrier extends the diffusion tim€)‘into the instrument’s sernsitive
measyirement volume. Because of its relative short halfélive of below 1 min, the major part of
220Rn| disintegrates before it can contribute to the measurement effect. In ideal case 223Rn is
measyired only. A double chamber system, for.example, with and without an extg¢nded
diffusjon barrier makes available the measurement of each of both radon nuclides [42]. |Other
desigh solutions exploiting the different halfsdives are possible. A discrimination befween
222Rp| and 220Rn can also be achieved by 'spectrometric measurements of gammas and
alphag emitted by the decay products formed in the sensitive volume.

7.3 |Measurement of radon decay-products
7.3.1 General overview of instruments

In practice, all types of instrument measuring radon decay products use aerosol filters jand a
pump]| in order to suck.the air to be investigated through the filter (Figure A.2). Thq total
activiy or the nuclide specific activity of the aerosol particles deposited onto the filter is
determined during or_after the sampling process using detectors for alpha-, beta- or gamma
radiatjon. The activity concentration of each of the short-lived radon decay products and/or
the potential alpha energy concentration is obtained from the activity of the filter and the
corregponding.air volume having been sucked through the filter (Annex B) [43][44].

This medsurement principle can be varied in a wide range by changing the type of filtgr, the
air votummeTate;,theTadiatiom detector,—as—wet—as—the—time—schedute—of—samptiny and
measurement. Most instruments distinguish by their sampling principle: continuous or grab air
sampling.

Some commercial instruments measure attached and unattached fraction of the short-lived
radon decay products. In atmospheres with low concentration of aerosol particles, the
unattached fraction of the short-lived radon decay products becomes a non-negligible part of
the measurement. Because of the high diffusion velocity, unattached particles increasingly
deposit on surfaces, and go lost from the air to be measured. When this is not taken into
consideration in designing the instrument, particularly the air inlet, it could affect the
measurement results.
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7.3.2 Sampling of the unattached radon decay products

The particular importance of the unattached fraction results from the high deposition rate in
the respiratory tract [45], which is primarily caused by diffusion. Calculations using the ICRP
lung model have shown that dose per exposure for the unattached radon decay products with
diameters in the range of about 3 nm is a magnitude higher than for the attached decay
products in the accumulation mode [8][45][46].

Wire screens are commonly used to estimate unattached radon decay products. As air flows
through a wire screen, aerosol particles precipitate from the air stream and deposit onto the
solid parts of the screen, while other particles pass the screen. The fundamentals of the
depositi i i j f the
can be found in [51][52][53][54]. The basic procedures of particle deposition are
diffusjon, inertial impaction, interception, gravitational settling and electrostatic depesitions. It
is assumed that a particle sticks if it contacts the fibre of the screen. That rerpoves
permanently the particle from the air stream. Figure 7 shows the contribution of the particular
depodition processes to the total efficiency calculated exemplarily for a spgcific screen. For
small [particles in the nanometre range, the deposition by diffusion is the~-dominant prgcess.
Largef particles are deposited by interception, and with further increasing'sizes, the impgaction
becomes the dominant deposition process.

The deposition efficiency of aerosol particles depends on the parameters of the wire s¢reen,
such ps thickness, fibre diameter and solid fraction, as well~as”on the air flow velocity. The
solid {raction, called also packing density or solidity, is defined as the ratio of the fibre vplume
to the|total volume of the screen with values typically ind¢the range between 0,01 and 0,3. The
solidify is hydro-dynamically determined via the pressure drop across the screen [55]. |For a
given|wire screen, the deposition efficiency varies with variation of the air flow velocity.
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Figure 7 — Contributions of the deposition Figure 8 — Variation of deposition
processes to the total efficiency efficiency of a wire screen in dependence

(calculated exemplarily for a wire screen) on air flow velocity (calculated

exemplarily for a wire screen)

Figure 8 presents the efficiency curves for different air flow velocities exemplarily calculated
for a wire screen. Due to the high deposition by diffusion, the efficiency of the screen is high
for small particles. Already for low air flow velocities almost all particles with sizes below 10
nm are deposited. With increasing the air flow velocity, the efficiency curve moves towards
lower particle sizes. Hence, only the deposition efficiency of particles with smaller sizes
remains high, whilst larger particles that would have been deposited at lower air flows, pass
the screen.
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According to the definition of unattached fraction as particles in the ultrafine size range of less
than 3 nm and considering the function of the deposition efficiency of wire screens for small
particles, it is recommend to use wire screens with a deposition efficiency of 0,5 (50 %) for a
particle size of 5 nm [18][56]. The appropriate dimensioning of screens including the air flow
velocity shall be specified under exploiting the theory of wire screens.

7.3.3 Counting methods for the measurement of the activity concentrations and the
potential alpha-energy concentration

7.3.3.1 Method of measurement

The measurement of activity caused by the decay products in air is important for the
determination of the exposures to radon, in particular at workplaces, e.g. in mines.

The ;1ir of the atmosphere under investigation is carried through an aerosol filter, during the

sampling in order to deposit the suspended matter being contained in the air’JTherebly, the

short-ived decay products of 222Rn and 220Rn are simultaneously deposited onto the filter. By

measyring the gross alpha counts after cessation of sampling, the quantity potential [alpha

energF concentration and/or the activity concentrations of each single short-lived fecay
i

product can be determined. The complete measurement is undertaken according|to a
predefined sampling and counting time scheme. The gross counting adds up all gvents
caused by alpha particles above a threshold, without the need (of) detailed energy resolution.
Such [counting techniques inevitably discard some of the infotmation carried by the radiation.
The corresponding lower requirements on electronic stability. in turn enhance the robugtness
againgt many environmental influences.

The ¢ounting background can generally be neglected for these measurement methods.
Correttion factors are needed in order to take.'account for the efficiency of the detector
(counting efficiency) or the sampling efficiency-Both are determined by calibration.

Different time schemes were elaborated taking into consideration the decay and the bdild-up
of radionuclides onto the filer during and after the sampling, and the concentrations pf the
decay| products in the investigated air, (air exchange rate, aerosol particle concentration| ratio
of sufface area to room volume). Fhere are many counting methods proposed by various
authofs. Some of these requirecthree [57][58][59][60][61][62] or two [63] counting peri¢pds in
order [to determine the activity of each of the short-lived decay products. Even methods fpr the
determination of the potential alpha particle energy from a single count [64][65]| were
propopged.

Besidps the systematic measurement errors resulting from various unknown mixtures of short-
lived fadon decay‘products presented in air, additional uncertainties occur. This is partiqularly
the case if thenair contains other radionuclides, which contribute to the measurement |effect
clides
decay
self-
y mated

under field conditions. These uncertainties can be averted by sufficiently short sampling
periods and the usage of membrane filters inhibiting the penetration of particles into the filter.

All the following methods are primarily designed for the measurement of RnDP,,,. A method
that calculates the activity concentrations of 222Rn and 220Rn decay products by consecutive
measurements of the activity of a filter after exposure and analytical deconvolution of the
decay curve is described in addition.

7.3.3.2 Method of THOMAS

The method of THOMAS [57] is an advancement of the method of Tsivoglou [62] and allows
the determination of the activity concentrations of 218Po, 214Pp, 214Bj and the calculation of
the corresponding potential alpha energy concentration.
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The method involves three gross counts of events caused by alpha emission of radon decay
products which have been sampled on a filter. After the sampling over a period of time of
300 s and a waiting time of 120 s, the first gross count is to be taken over a period of time of
180 s. The second counting period follows after waiting for further 60 s, and the third counting
period starts 1 260 s (21 min) after the cessation of sampling. The complete time scheme is
given in Table 4. The numbers of events registered by each of the gross counts are labelled
by 14, 15 and I5.

Table 4 — Time scheme for the method of Thomas [57]

Sampling Waiting First Waiting Second count Waiting Third count
count
3P0 s 120 s 180 s 60 s 840 s 60 s 540|s

The ativity concentrations of 218Po, Cp, 55, 214Pb, Cp,_54, and 214Bi,_ €7, ,,, collected onto
the filter are given by the formulas:

Cry o =$(1,O418'10‘4 1, 50567107 -1, +4/1810-107 - 1, ) (22)
Crpaia =$(7,5233.10‘7 -1, -12685.107 -1, +3,0272-107 .13) (23)
Cping =$(— 13887 -10 2+, +2,0461-107 - 1, —2,3254-107° -13) (24)

& is[the detection and sampling-efficiency, and

v is fthe volume flow rate of &ir sampled in the unit cubic metre per second (m3-s-1).

The potential alpha enengy concentration CID in the unit J-m-3 (Joule per cubic metre) fpllows

C,= (13,69 Cp, 15 +7.69-(Cpyzis + Cpiiy))-160-107" (25)

THOMAS quotes measurement uncertainties of C,_ ,, With about 12 %, and of Cp.4 and
Cpin14 With about 4 %.

A further modification of this method was undertaken by Hartley [59].

7.3.3.3 Method of MARKOV

The method of MARKOV [63] is based on the simplified assumptions that in the first 10 min
after the cessation of sampling, the increase of the activity of new generated 214Pb and the
decrease of the sampled activity of 214Bi on the filter mutually compensate each other. The
sampling and counting time scheme is given in Table 5.

Analogously to the method of THOMAS, two different count intervals are used for determining
the activity concentrations of the short-lived radon decay products. Because this method
achieved a particular importance for the determination of the potential alpha energy
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concentration, only that formula is presented. For information about the determination of
activity concentrations of the decay products, it is referred to literature.

Table 5 — Time scheme for the method of MARKOV [63]

Sampling Waiting First Waiting Second count
count
I I,
300 s 60 s 180 s 180 s 180 s

Invesfigations of atmospheres with different activity concentrations of short-lived~decay
products have demonstrated that the potential alpha energy concentration is preportiopal to
the nyimber I, of alpha events registered in the second gross count and can/be’calctilated
using|the empirical formula:

1
C,=e,— (26)
-V
wherg
Cp is the potential alpha energy concentration in the micro joule per cubic metre (uJ-m-3),

¢ is[the detection and sampling efficiency,
v is fthe volume flow rate of the air sampled in the_unit cubic metre per second (m3-s-1)|and
m is the coefficient of MARKOV given by 1,07-10% uJd-s™1.
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Figure 9 — Measurement error of the method of MARKOV given
in percent for different ratios of decay products in the air sampled

Figure 9 shows the resulting measurement error in percent for different nuclide concentrations
in the air sampled. In real atmospheres not every ratio of activity concentrations calculated in
figure occur. The measurement errors in real atmospheres in homes or at workplaces are
estimated to be in the range of 10 % to 15 %.
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7.3.3.4 Method of multiple successive countings

The abovementioned methods are restrictive with respect to the number and duration of
counting intervals. The method of multiple successive countings does not have such
restrictions. The measurement procedure is delineated in Figure 10. After the cessation of
sampling, the abatement of activity is registered by multiple countings. The countings can be
taken to different times with periods over different durations. The counting periods can be
partly overlapping, consecutive as shown in Figure 10 or with interruptions.

The number of each 222Rn and 220Rn short-lived decay product sampled and deposited onto
the filter, and the activity concentration of the decay products in the air sampled is calculated
using a least square regression analysis In the first step the numbers of the five unknown
222Rnf and 220Rn decay products, N,(z,), are determined from various count determingtions,

Dy, after cessation of sampling at time ¢¢ (given in formula (B.23)). For that purpoSg, n |count
determinations within different time intervals (o, fy) are to be taken.

The upknown variables N,(z,) result from the minimum of the function f defined by:

2
n 5
Min f =Min Z( ak,i(ak’ﬂk)Ni(ls)_ij (27)
k=1 \i=l
Time of A Ar A A A Ar A A lr
- sampling 7, . a, B, o B, a, B,
o, B,
. oy By
Time after o, B
sampling 7, 4

Time periods of counting
IEC

Figure 10'=’Method of multiple successive countings

wherg

ak,i(a‘,ﬂk) refers to_the ith coefficient for the count determination & within the limits ¢, and

ﬁk!
Dy is_the gross number of alpha disintegrations on the filter measured during the
count determination k within the limits ¢, and g.

The njinimization is accomplished by partial derivatives with respect to the unknown varjables
N,(z,). It follows the normal formula written in matrix form as:

1

T _ AT
A'AN=AD (28)
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where

a1_1(0!1,ﬂ1) a1,2(0‘1aﬂ1) 01,3(051,,51) a1_4(a1,ﬁ1) 01,5(051,,51)

ak,1(ak’ﬂk) ak,2(ak’ﬂk) ak,S(akan) ak,4(0‘kaﬂk) ak,s(akaﬂk) (29)

an,1(an’ﬂn) an,Z(an’ﬁn) an,B(an’ﬂn) an,4(an’ﬂn) an,S(anﬁﬂn)

is the|matrix of coefficients a, j(«,f). The vector of the gross counts of alpha disintegrgtions,
Dy, measured at n count determinations, and the vector of the unknown number.of,atoms of
the fiye short-lived decay products, N,(z,), which are onto the filter at the time’ when the

sampling has finished, are denoted by:

D,
D= 1;
k
: Nl(ts)
l). NZ(ts
"l'and N=|N,(z, ) (30)
N4(ts
NS(ts
From formula (28), the number of atoms\finally results from:
N=(ATA)'ATD 31)

Once|the number of atoms N,(z,) has been calculated, the purpose of the follbwing

calcullations is the determination of the mean activity concentrations C4 (218Po), C, (2|*Pb),
C3 (21%Bi), C4 (312Rb) and Cs (212Bi) in the air investigated during the sampling period. The
mean|activity concentrations C, of the five short-lived decay products in air are calculated by

the mptrix formula:

C=—"MIN
£V (32)
where
C'1
Cz
C=|C;
(33)
C,
CS
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represents the vector of mean activity concentrations C;. The coefficients in the matrix M
result from resolving the formulas (B.2), (B.4), (B.6), (B.8) and (B.10) for the corresponding

C,. The matrix M is given by:

A K, 0 0 0 0
M,
Ay i [1- 22 Ay K 0 0 0
sty e
A 2.1
(4 -24,)
AT T3 2(’/21 Tl) F 13 13,2
M = ||+ 2B —AKL1+ : J A K 0 0| (34)
Y (13_12)(’11_12) e (/13_12) }
Ay Ay UER
+—
L (/11_13)(/11_22)_
0 0 0 A4 K, 0
Ms,4
0 0 0 —Agk, 1= Yl
5’(4{ (4_15):| 5 Ks
with the substitutions:
e_ikts _e_)‘its
T, o s (35)
_
Kk a l_e’/lkts (36)
For tHe accurate determination of the radionuclides N,(z,), the observations of alpha dounts
are made within the first 20 min after the sampling has ended. The sampled quantitjes of
218pg| 214Pp and 214Bi as given'in formula (31) make their greatest relative change$ with
respeft to each other within the*first 20 min. After 20 min has elapsed, the changes of activity
of 218Po and of 214Pb are lower. Even the change of activity of 214Bi is no longer as dislinctly
differgnt as it is in the firstt20 min.
The potential alpha“energy concentration of 222Rn short-lived decay products cgn be
calculated from¢the activity concentrations C4, C, and C5, and that of 220Rn short-lived Pecay
produgts from(the activity concentrations C, and Cs.
8 Quality assurance

8.1 Definition and purpose

Quality assurance includes all planned and systematic actions that are necessary to provide
adequate confidence in the results of measurements.

Quality assurance shall include validation of methods and verification of results, which in turn
involves all the actions by which the adequacy of equipment, instruments and procedures are
assessed against specified requirements. It shall ensure that equipment and instruments
function correctly, the procedures are correctly established and followed, quantifiable errors
are within acceptable limits, and records are correctly and promptly maintained. The quality
assurance programme and the regular checks made for quality control shall be fully

documented [24][66].
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General requirements for the competence of laboratories are set out by the international
standard ISO/IEC 17025 [66], which shall be adopted to services carrying out radon
measurements. The competence of a radon service can be formally recognized by an
authorized body working under a national accreditation scheme.

8.2 Quality control

Radon service shall maintain an appropriate monitoring system to prove that specified
requirements are kept and processes are under control. The modality of recording relevant
process parameters shall ensure the repeatability of measurements.

duced
onitored by control charts to reveal early trends and prevent malfunctions of proegdures
and ejquipment. A QA plan shall specify all activities, measurements and documeniations to
be cafried out. The activities can include regular calibrations, cross-checks of measurg¢ment
results, duplicates or collocated measurements, Ilaboratory and field~ background
measyirements [67].

From
and

Through the provision of objective evidences that specified requirements have been fulfilled,
quality control is an essential prerequisite for verification of praCesses and accomplish
confidence in results.

8.3 |[Validation and traceability of measurements
8.3.1 Validation of methods

Validgtion is the confirmation that requirements foria specific intended use have been fulfilled.
Standjard validation procedures are type tests of¢instruments, interlaboratory comparisorns and
calibrgtions. The validation shall be executedcas extensive as necessary to meet the heeds
for a given application.

8.3.2 Type test of radon instruments

By a {ype test, one or more radon instruments representative for the production are checked
for cgmpliance with requiremefits committed to the intended use. It covers mechanical,
electr|cal and radiological examinations which can be carried out by the manufacturer hjmself
or byl an approved testing laboratory [68]. Specific requirements for radon measuring
instruments are laid down.in the standard series IEC 61577.

8.3.3 Interlaboratory comparison

An interlaboratery radon comparison includes the organisation, examination and evaluafion of
instruments.exposed to radon. As a rule, comparisons are conducted by recognised reference
laborgtories)” Interlaboratory radon comparisons contribute to ensure a uniform quality
standgrd{sand will preferably be organized for passive radon instruments (nuclear|track
detectors, activated charcoal detectors, electrets). 1he comparisons are often used for the
purposes of determining the performance and the surveillance of approved radon services.

Intercomparisons are designed for instruments using solid state nuclear track detectors,
electrets or activated charcoal and run with similar procedures [69]: Radon services submit a
sufficient number of instruments of the same type to the provider. Depending on the applied
test scheme devices are randomized and grouped according to the number of exposures. The
number of instruments to be submitted depends on the number of exposures and the need for
additional transfer instruments being used for measurement effects during storage and
delivery. After exposure, radon instruments are delivered to radon services in order to
determine the exposures to radon and report the results to the provider of the intercomparison.
The provider prepares a report with the measurements and reference data.
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Radon services being interested in a radon intercomparison can get further information about
providers and organisational conditions from the European Information System on Proficiency
Testing Schemes (eptis) available via Internet.

8.3.4 Measurement traceability and calibration

A radon service shall ensure the traceability of its measurements to relevant primary
standards by an unbroken chain of calibrations [70]. Resulting from calibration, the
relationship between values indicated by the measuring instrument and the corresponding
known values of activity concentration of radon is ascertained. The relationship is expressed
as calibration factor or function. Calibrations should be regularly repeated after two years at
least, ~but also after technical meodifications or maintenance procedures_or when the

instrument will be used under conditions not covered by previous calibrations.

The |nternational Bureau of Weights and Measures (BIPM) maintains a, databage on
Calibrfation and Measurement Capabilities (CMC) on its web page. The database prqgvides
information about national metrological institutes and their capability* of perfgrming
metrojogical quantities. By international comparisons between national,metrology institutes,
the cdlibration and measurement certificates issued are mutually recoghised.

rning radon measurements, some national metrological jnstitutes offer gas standards
hese standards consist of glass ampoules or stainless,steel containers containing a
ied quantity of 222Rn within a carrier gas. Owing to radioactive decay, the gas stapdard
is to he used for calibration purposes without significant délay after assembling and delivery.
As an|alternative to radon gas standards, also solid radium standards with a constant certified
emangtion rate are possible [72].

Calibnations of radon instruments are carried out'in reference atmospheres and shoyld be
undertaken by approved calibration laboratories. A reference atmosphere is a radiopctive
atmogphere with parameters being controllable during the calibration procedure. Refgrence
atmogpheres can be set up in small containers with several tens of litres up to chamberp with
volumles of several cubic metres. The glantity 222Rn activity concentration is establishied by
transferring 222Rn from a certified standard into a well-known volume. In many cases [radon
monitprs provided by national metrological institutes and calibrated against a radon pfimary
standard are used for transferrifig'radon quantities as well. A reference atmosphere of P22Rn
shall |be free of 220Rn (thoron), otherwise the activity concentration of 220Rn shall be
measured [73][74][75].

Besides the radon™  activity concentration, relevant parameters are aerosol particle
concgntration andtsize distribution as well as climatic parameters. The parameters ¢f the
referjnce atmosphere should be corresponded to the location at which the instrumgnt is
intended to bé used (e.g. in houses). Special requirements on reference atmospheres are set
out in|IEC 61577-4.

9 Determination of the measurement uncertainty, detection threshold,

detection limit

9.1 General

The detection threshold, detection limit and confidence intervals play an important role to
prove the applicability for a specific purpose of measurement, and to ensure the quality of the
measurement. On their basis the measurement results can be interpreted and validated.
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In the following, guidelines for the application of the uncertainty analysis according to ISO/IEC
Guide 98-3:2008 [76] are given. These guidelines shall appropriately be applied to radon and
radon decay product measurements. The detection threshold and the detection limit are
determined according to ISO 11929 [77]. Since there are different measurement methods, the
uncertainty analysis will exemplarily be described by the application to selected
measurements. The procedure can analogously be transposed to other measurement
methods. Only the analytical method using a linear model function is presented here. More
information, particularly the application of the Monte-Carlo-Method, is given in literature [76]
and IEC TR 62461:2015.

9.2 Procedure for the determination

In thig document the determination of the measurement uncertainty is carried out according to
IEC TR 62461:2015. The following steps are to be executed sequentially:

a) Allinear mathematical model function is to be set up describing the relation ‘of the| input
qyantities Xj and the output quantity M,

M=h(X,,...,X,) (37)

where

T | is the number of input quantities;
X|. is an input quantity;

M] is the output quantity.

THe model function should contain every quantity, including all corrections and corrgction
fagtors that can contribute a significant component of the uncertainty to the result pf the
measurement.

b) THe available information for the input:quantities X', has to be collected.

c) THe standard uncertainty of the~output quantity has to be calculated. The usage [of an
appropriate computer program, can facilitate the calculations.

1) For each input quantity, X, with j=1...T, the best estimate, fcj, and its stajndard

uncertainty, u,,e,(fcj), have to be obtained.

2) The sensitivity coefficient, ¢ i.e. the partial derivate of the output quantity with
respect to €ach input quantity, has to be calculated:

Al
I, (38)
3) The uncertainty contribution to the output due to each input quantity has to be

calculated by multiplying the sensitivity coefficient and the standard uncertainty:

“J(’") = ‘Cj‘ Uyl (xz) (39)

4) The combined standard uncertainty for the output quantity is computed as the
square root of the squared uncertainty contributions:

u ()= > ()} (40)

J=1
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In the case that some input quantities are correlated with one other, i.e. they depend on
each other, further terms need to be added to the sum under the square root sign.

5) The expanded uncertainty for the output quantity has to be calculated by multiplying
the standard uncertainty with the appropriate coverage factor (usually k=2):

U, (m)=2u,(m) (41)

If the probability distribution of the output quantity is not approximately Gaussian (or
normal), the coverage factor may have another value.

An example of an uncertainty analysis for the method of multiple successive countings is
given|in Annex C.
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Table A.1 — Physical and chemical characteristics [29]

Specific gravity Melting point Boiling point
kg-m-3 °C °C
Radon 9,73 -71 - 61,7
(222Rn, 220Rn)
Polonium 9 320 254 962
(218P0, 214P0, 216PO, 212P0, 210P0)
Bismuth 9747 271,4 1564
(214Bi, 212Bi, 21OBi)
Lead +4+-356 32746 =749
(214Pb 212Pb 210Pb)
Thalligm 11 850 304 14738
(208T|
Table A.2 — 226Ra, 222Rn and radionuclides of the 222Rn decay <€hain [37]
Symbol Half-life Major radiation energies
Alpha Beta Gamma
Energy Intensity Energy Intensity Energy Intensity
(average)
[MeV] [%] [MeV] [%] [MeV] (%]
261p, 1600y 4,601 6,16 0,186 3,64
88 4,784 93,84
222 3,8235d 5,489 99,9
wRn
218 3,098 min 6,002 100
84F)0
2141py) 26,8 min 0,205 45,9 0,295 18,4
82 0,226 40,2 0,352 35,6
214 p; 19,9 min 0,492 8,1 0,609 44,5
83 0,525 17,0 1,120 149
0,539 17,6 1,764 15,3
1,269 19,1
214 163,6 us 7,686 100
84F)0 H
210pp, 22,2vy 0,004 84 0,046 4,25
82 0,016 16
210 » 5012 d 0,389 100
DI
210 138,38 d 5,304 100
82|P0
1
206 stable
o Pb
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Table A.3 — 224Ra, 220Rn and radionuclides of the 220Rn decay chain [37]

Symbol Half-life Major radiation energies
Alpha Beta Gamma
Energy Intensity Energy Intensity Energy Intensity
(average)
[MeV] [%] [MeV] [%] [MeV] [%]
224 3,66d 5,449 5,1
s hRa 5,685 94,9
ngn 55,6 s 6,288 99,9
216 by 0,145 s 6,778 100
84
212 ppy 10,64 h 0,041 5,1 0,239 43,6
82 0,093 83,1
0,172 11,9
212 gy 60,55 min 6,051 69,9 0,193 1,9 0,727 10,4
831 6,090 27,1 0,231 1,4
0,533 4,5
0,834 55,4
22 p, 0,299 s 8,784 100 P
84
2081y 3,053 min 0,441 24,213 0,511 22642
81 0,535 22,24 0,583 8502
0,649 49,12 0,861 1252
2,614 99,84
208 ppy stable
82

a8 For intensity related to the parent when in equilibriungymultiply by 0,3594.

b Fdr intensity related to the parent when in equilibrium, multiply by 0,6406.

Table A.4 — CSDA-Range of alpha particles emitted by Radon-222

and Radon-220decay products in different materials [38]

CSDA-Range
Alpha energy Water Air Cellulose Poly-carbpnate

Nitrate (LR115) (Makroflol,
CR39)

MeV 10-3 g-cm™2 103 g-cm™2 103 g-cm™2 1073 g-cn?
22Rn 5,489 4,331 5,032 4,985 4,499
r18Ro 6,002 4,970 5,775 5,708 5,170
"Po 7,687 7,353 8,536 8,394 7,669
220Rn 6,288 5,344 6,209 6,130 5,563
216pg 6,778 6,014 6,986 6,886 6,265
212gj 6,057* 5,041 5,857 5,788 5,244
212pg 8,785 9,131 10,591 10,395 9,532

* Average value

Densities:

Water

Air, Dry, Sea level
Cellulose Nitrate
Polycarbonate

p=1,00g-cm3
p=1,20484-103 g-cm3
p=1,49 g.cm3
p=1,20g-cm3
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Table A.5 — Solubility of radon in organic components [31]

Organic component

Name Formula Ostwald coefficient Tempf(l)'ature
Water H,0 0,245 20
Ethanol C,HsO 6,03 20
Acetone C3H60 6,10 20
Ethyl acetate C,H 0, 7,16 18
Benzene CeH, 12.82 18
Toluene C,Hg 13,24 20
Ethyl ¢ther C,H,,0 14,80 20
14,60 20
Chlorgform CHCl,
15,10 18
14,70 20
Hexane CGH14 16.56 18
Table A.6 — Diffusion coefficients and diffusion lengths for
radon in different materials{79]
Material Diffusion coefficient  222Rn Diffusion length  22°Rn Diffusion l¢ngth
10°6 m2-s™! 103 m 103 m
Air 10 2 200 28
Water 10-3 22 0,3
Watertsaturated soil 0,01 — 0.4 70 — 200 1-3
Wet clays and limes 0,15 200 - 1 550 3-9
Dry sgnds and gravels 5-8 1550 - 1950 9- 25
Gypsum 2,35 1100
Pumice 1,50 850
Slag stone 0,38 400
Lime gandstone 0,34 400
Porphyry 0,05 150
Bricks 0,35 400
Light ¢oncrete 1,30 800
Standfrd congrete 0,007 60
Polymrcencrete 0,005 50
Concrete, epoxy coated 0,002 30
Cement-Silicate <10-6 <0,7
Plaster, plastic-containing 0,70 650
Natural lacquer 0,001 20
Artificial resin <10°® <07
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Material Diffusion 222Rp Diffusion 220Rn Diffusion

coefficient length length
10 m2.s™" 103 m 103 m

Bitumen <10® <0,7

PEHD Sealing foil <106 <0,7

Bitumen rubber <10°® <07

Silicone rubber <10® <0,7

Rubber sealing foil 10-% 2

Polypfopylene foil <106 0,3

Thermofoil DBB (one-sided aluminum <106 0,5

coated)

Polyatide paint or foil <106 <0,7

Polymkric bitumen foil <106 <1,5

Epoxy|resin coating <106 <0,7

Polyufethane sealing <106 <0,7



https://iecnorm.com/api/?name=6f941eb23cc2a49f2c90654bc5fc004e

- 40 - IEC TR 61577-5:2019 © IEC:2019

Annex B
(informative)

Radioactive decay formulae

B.1 General

In this annex the analytical formulas describing the build-up and the decay of radioactivity are

developed. According to the application to the decay of radon, a decay chain of three

consecutive radionuclides representing 222Rn_decay products, and of two consecutive

radionuclides representing 229Rn decay products are considered. The formulas arg also

derivgd elsewhere [80]. It is assumed that radon decay products containing in the ambignt air

are CIIIected by a particle filter. Starting with solving the differential equation system fpr the
i

sampling, the buildup of the radioactivity on a filter over the sampling time is calculated| After
cessation of sampling, the differential equation system describing the “abatemgnt of
radiogctivity taking the decay chain into consideration is solved. The anatytical solutiorls can
be used for the determination of the activity concentrations of radon,.decay products |n the
ambignt air.

B.2 | Symbols

Besidps the symbols, which have already been introduced,‘the following symbols are usgd for
this apnex:

t Time after cessation of sampling in~seconds (s)

D Number of alpha disintegrations observed during the time interval A¢

. .y, Substitutions defined in the text

B.3 | Preliminary considerations and assumptions

Althoyigh 222Rn and its decay products are the most important radionuclides that cause health
effectp due to inhalatien it cannot be excluded that environmental air samples also contain
radonpclides from the-220Rn decay chain or other airborne long-lived radionuclides| The
formujas derived will"restrict to the case of the determination of 222Rn and 220Rn Hecay
produgts in air.

NOTE |1 In-8ases in which decay products of 22Rn and/or other airborne long-lived radionuclides fan be
disregqrded;.the formulas given in this document may be reasonably simplified.

Samptes of Tadom decay products beimy attached—or unmattachedto—aerosot—particies are
commonly collected by aerosol filters or wire screens, but even other collection methods
might be employed. These samples are collected over some period of time, usually shorter
than 1 h. After the collection of the air samples has completed, the alpha activity on each
sample is observed by counting over various intervals of time. Any counting technique
measuring gross counts from alpha disintegrations over a finite time interval is suitable.

Because radon decay products comprise a relatively fast decaying chain of radionuclides, the
composition of a sample rapidly changes during the collection as well as during the counting
periods. Multiple different observations of the alpha activity are necessary to ascertain the
character of the decay of each sample in order to calculate the amounts of the various decay
products, which were originally collected.

NOTE 2 Since 222Rn and 229Rn are gaseous and their decay products are solids, dust sampling techniques collect
only the decay products.
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Since alpha particles are the only radiation, which will be considered, the nuclides which
decay by alpha emission are of primary interest.

222Rn decay product chain: 99,98 % of the decays of 218Po result in the emission of alpha
particles that is, therefore, reasonably considered a pure alpha emitter. 214Pb is not an alpha
emitter, but it contributes to the appearance of alpha particle in the subsequent decay chain.
Although 214Bi is not an alpha emitter, it effectively behaves as one, since it primarily decays
to 214Po, which instantaneously emits an alpha particle. 210Pb is not an alpha emitter. In
comparison to the other radionuclides, it has a long half-life of about 20 years, which makes
this radionuclide of no importance for the analytical technique described in the following.

pT natr ampling
to 212Pb, and thus evades it from counting. 212Pb is not an alpha em|tter but it is |mportant
becalse it decays relatively slowly to 212Bi, which is effectively an alpha emitter ifi that[36 %
decayls by alpha emission and 64 % decays by beta emission to 2'2Pgo Which| also
instarftaneously emits an alpha particle. The resulting 298Pb is stable apd.needs rfot be
considered.

B.4 | Build-up of filter activity during sampling

The mathematical analysis is based on the following assumptions:

a) The concentrations of the radionuclides in the atmosphere to be sampled are considered
agd being unchanged during the sampling period or can satisfactorily be describpd by
aVerages.

b) THe volumetric rate of sampling is constant. over the sampling period or can be
satisfactorily considered as an average volumetric rate.

c) THhe efficiency of sampling is equal for all:xadionuclides (&g =61 =g = g3 = Ega = Eg5)

The build-up of atoms attributed to the.222Rn and the 220Rn decay chain on the filter ¢luring
sampling are described by the following*formulas:

At firgt, the 222Rn decay chain jis considered. The build-up of 2'8Po is described Ry the
differgntial formula:

E.V
dN, == -4 Nydt, (B.1)
With the initial.condition N4(z, =0)=0, it yields:
{1_6_,1‘( \
N(t,)=5,vC, X—Z/ﬁ . (B.2)

The build-up of 214Pb is decribed by the differential formula:

&V

dN, =

2
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With the initial condition Ny(z, =0)=0, it yields:

3 (l_efﬂ-zls) (e*ﬂfztx_e*ﬂ-ﬂ:) . l_eflzts
N, (t,)=2,vC, T AL }gsvcz{ ; } ©.4)

The build-up of 214Bj is described by the differential formula:

&V

AN, == C.dr— 2 N.di+ 2, N, dr (B.5)

With the initial condition N3(z, =0)=0, it yields:

Ay s W-2)  AA-4) 4 -4) A -4)4-4) || (86

+e.vC (l_e%[s)—(e%tx_e%tl\v) +e&. vC e ™t
T A A /12(/13_/12) T :

Vi(t,)=5.vC, { (1 et )_ (e% et ) A (e‘lz b ekt ) LA (e_’13 et )

Next yip, the 220Rn decay chain is considered. The formiilas for the build-up are equivalent to
the formulas for the first and second nuclide of the 222Rn chain. Because of the short half-life
of 2'8Po, the first relevant nuclide to be considered is 2'2Pb. The build-up of 2'qPb is
described by the differential formula:

&Y

dN, = Cydt—2y Nydt (B.7)

4

With the initial condition N4(z, =0)=0, it yields:

At
N,(t)=¢. vc4£1_e—). (B.8)

8

The build-up of212Bi is described by the differential formula:

&V

dN, = Codt=2 N dt+2 N dt (B.9)

As

With the initial condition Ng(z, =0)=0, it yields:

Ns(ts):g o, (1—e”15t5)_ (e*lsrs _e s )}_8 vCs {M} _ (B.10)

As 1, refers to the time at the end of the sample collection, N,(z,) is the number of atoms of
each of the radionuclides on the sample at the end of collection.
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B.5 Decay of the filter activity after cessation of sampling

After the end of sampling no further accumulation of radionuclides on the filter takes place.
The sampled radionuclides decay according to the formulas below. The time variable ¢, is the

time elapsed from the end of sampling. After cessation of sampling at time ¢,, the number of
atoms N,(z,) on the filter is the initial condition for the system of decay formulas.

The decay of atoms on the filter after the end of sampling is described by the following
formulas:

At first the 222Rn decay chain is considered. The decay of 2'8Po is described~by the
differgntial formula:

dN»]:—l»]N»]dt. B11)

With the initial condition N,(z, =0)= N,(z,), it yields:

Ni(t)= N (e, )e ™ B.12)

The decay of 214Pb is described by the differential formufa:
dN2 2—12N2d1+ﬂ1N1dl‘ B13)

With the initial condition N,(z, =0)=N,(z, ). ityields:

\A”l (e—)bzf{/ _e—}vl fd) s
N,(t,)=Ntt,) +N,(t,)e ™" B.14)
4=,

The decay of 214Bi is deseribed by the differential formula:
dN3 =—ﬂ3N3dt+ﬂ,2N2dl B15)

With the initial-condition N,(z, =0)= N,(z,), it yields:

C

[ A \ [ o\ [ A \
_ /L A \e 2hd __ e 3td } /Ll/{’Z \e 3td __ e “hd ) Z’Z \e 2hd __ e 3td } _13 ld
N =N, (¢, )| =2 - N, (¢, N; (e

3(Zd) 1(15 )L (/13 _/12)(11 _ﬂz) (/11 _}“3)(11 _12) J+ Z(tb) (/13 _/12) " 3(% )e (B.16)

Next up, the 220Rn decay chain is considered. The formulas for the decay are equivalent to
the formulas for the first and second nuclide of the 222Rn chain. The decay of 212Pb is
described by the differential formula:

dN4 =—ﬂ4N4dt. (B17)
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he initial condition N,(z, =0)=N,(z,), it yields:

Ny(t,)= N, (e, )e ™ (B.18)

ecay of 212Bj is described by the differential formula:

dNS =—ﬂ5N5dt+ﬂ4N4dt (B 19)

With the initial condition N7, =0)= N (7, ), It yields:

B.6

Consi

\/’114 (e—ﬁsfd _e—}mfd) ot
Nie,)=N,(z,) PR + Ny (t, ) et
4 — s

Number of alpha disintegrations registered after sampling

sampling period. After cessation of sampling, the alpha activity”of the filter is measured

alpha
time

radiorn
Ns . It
of the

The in
numb

¢, elapsed from the end of sampling, is given{by the summation of contri
uclide: 218Po indicated by N, 214Bi/214Po indicatéd by N, and 212Bi/212Po indicat

filter at time ¢, is given by:

B.20)

dering a filter on which 222Rn and 220Rn decay products have been deposited during the

. The

activity, represented by the gross number of alpha disintegrations per unit time at any

buting
ed by

should be noted that 212Bj can emit an alpha“particle directly or via 212Po. The aftivity

A:Z’INI_{—%NS-FZSNS , B21)
tegration of formula (B.21) over the time interval from 7, =« to ¢, = § yields the|gross
pr D of alpha disintegrations on the filter within this time period with:

B
D :jA-dz
a B.22)
Time of A A
samphngr
> 1y =a 14=8
Time after ) . .
sampling 7, Time period of counting

IEC

Figure B.1 — Scheme for sampling and counting

The measurement is delineated in Figure B.1. Taking into account that alpha disintegrations

will be registered by an instrument with a nuclide-specific counting efficiency ¢

the

ci?

gross

number D of alpha disintegrations on the filter within the time period of counting is given by:
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D=N1(l(q SC3|: (‘%l +r_bJ(e_/11ﬁ e_lla) a (e_lzﬁ 6_/12&)—}— (ra+rb)(e/13ﬂ_elsa):|
ch //i’l ﬂ"?x
+N2(ts)gc3|: ‘ (e_/lZIB € lla)_}.i(@ Be € l3a):|
A X
+ N3 (ts)gCS [_ (e_ASﬁ e_iza)]
+N4(ts)(0,368C5+0,64£c5,)[i(e P e ’1““) o (e “P_e 15“)}
Ay As
N PRY I Ys N <A \[ {—lﬂ —Za-l
TlVS\Ls/\U,JUGCS T U, UTT 0(5 L \C C }J
In formula (B.23) the following substitutes are used:
. M Ao A3
T M-22) (g -22)
= Mz A3
(41— 42) (4 = 43)
L _fels
© (As-4)°
i, A4 25
(24— 15)

The parameter ¢, represents the ceunting efficiency of alpha particles emitted by 218p
an enfrgy of about 6 MeV, and (g;; is that of alpha particles emitted by 214Po with an &

of ab
of the)
direct
repres

ut 7,7 MeV. The term (0,36 ¢, +0,64 &, ) takes into account the two possible bra
decay of 212Bj. The parameter ¢ is the counting efficiency of alpha particles e
y by 212Bi with_an) energy of about 6,05 MeV, and s, is that of the other branch
ents alpha particles emitted by 212Po with an energy of about 8,8 MeV.

B.24)

B.25)

B.26)

B.27)

b with
nergy
nches
mitted
, and
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Annex C
(informative)

Uncertainty analysis for the method of multiple successive countings to
determine the activity concentrations of radon and thoron decay products

C.1 Symbols

Besides the symbols, which have already been introduced, the following symbols are used for
this apnex:

t Measurement time for the determination of background in seconds (s)
t, Time interval of counting in seconds (s)
Dy, D

Coefficients of vector ~»: Number of gross alpha disintegrations observed

during the time interval e

Dy Coefficients of vector Po: Number of background.count events observed
during the time interval l
UZ( ) Diagonal matrix of variances (squared uncertainties)

D, Dy @ Matrices and vectors

i Coefficients of matrix G :
® Coefficient to gather the corre€ction factors and the flow rate in hours per
cubic metre (h-m-3)

C. True value of the activity“concentration of the ;t radionuclide in Becquergls
/ per cubic metre (Bqm-3)

c Detection threshold of the activity concentration of the ;™ radionuclide in
/ Becquerels per:cubic metre (Bg-m-3)

c* Detection limit of the activity concentration of the ;" radionuclide in
/ Becquerels per cubic metre (Bg-m-3)

C Best'estimate of the activity concentration of the ;" radionuclide in
/ Becguerels per cubic metre (Bg-m-3)

c? s Lower and upper confidence limit of the activity concentration of the ;"
N radionuclide in Becquerels per cubic metre (Bq-m-3)

k Quantiles of the standardized normal distribution for the probability ¢,

racnaectivabr(forinctanca qzl_a,l_ﬁ,l_}//Z\
Fe-Speeth-ery—Hor—hStahce }

C.2 Uncertainties of the parameter of the model function

The uncertainty analysis is carried out for the activity concentrations of radon and thoron
decay products in air. It is assumed that an air stream passes a filter during a time period ¢, .
The air containing particles is deposited on the filter. After cessation of sampling, the gross
alpha disintegrations are registered by multiple countings within consecutive time periods ¢,.
From the numbers of count events, the activity concentration of the 222Rn and 220Rn decay
products are estimated. The measurement method is identical to the method described in
7.3.3.4 but with using equivalent periods of counting times, ¢, .
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According to formulas (C.1) and (C.2), the model for the analysis is:

1

€. &

C- M(ATA)'ATD (C.1)

v

where D is the vector of the net count events, D, , within the time period ¢, = 8, — ¢, for
k=1,...,n. Taking into account the gross count events, D,,, and the background count
events, D,, measured within a time period ¢, it yields:

t
Dy, —<D,
D»] 1,b .to 0
oo || L (c.2)
Dy Dk,b_t_DO
. 0
Dn Dnb_t_CDO
v

The matrix of the squared uncertainties U?(D) attributed to the countings during the time

periods ;i=1...n contains contributions from the uneecrfainties of the gross counts and the
background counts. The matrix representing the uncertainties of the gross counts is ob{ained
from the derivative of formula (C.2) with respect to the vector of the gross counts, ¢/dD, .
Since| no covariances exist, a diagonal matrix2with unity elements results. Its multiplication
with fhe uncertainties of the gross countsi>4AD,, which in turn is a diagonal matri§, and

squar|ng down yields:

T
U?(D,)={U4D, 2 p AD, 2 p
oD, oD,
(4D, 0 0 Y1 0 o[’
| P 4Dy, 0 |1 0
0 0 : 00 : .
0 0 AD,, |0 0 1 (C.3)
ADE, 0 0
_ AD3, 0
U U . :
0 0 - 4Dy, J
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