
Nuclear Inst. and Methods in Physics Research, A 1000 (2021) 165248

M
T
J
a

b

c

A

K
N
2

R
U

1

1

(
f
e
s

t
t
c
t
a
𝑓
a
T
m
t
d
a
i

Contents lists available at ScienceDirect

Nuclear Inst. and Methods in Physics Research, A

journal homepage: www.elsevier.com/locate/nima

onitoring of the unattached fraction of radon progeny by the Kodak LR-115
ype 2, nuclear track detector
iri Kvasnicka a,∗, Vladimir Zdimal b, Allan Seini c

Radiation Detection Systems, Unit 10, 186 Pulteney Street, Adelaide 5000, Australia
Institute of Chemical Process Fundamentals, Czech Academy of Sciences, Rozvojova 135, 16502 Prague 6, Czech Republic
Energy Resources Australia (ERA), Ranger Mine, Arnhem Highway, Jabiru NT 0886, Australia

R T I C L E I N F O

eywords:
uclear track detector Kodak LR-115

14Po alpha radiation detection
adon progeny
nattached fraction of radon progeny

A B S T R A C T

The experimental Unattached Radon Progeny Fraction Monitor (URPFM) was developed for the parallel
monitoring of all radon progeny and the fraction of radon progeny in air that is attached onto aerosols. The
optimum monitor arrangement includes two radon progeny sampling columns with each column incorporating
a 0.8 μm membrane filter. The filter in the first sampling column collects all the ambient radon progeny that
are measured by the Kodak LR-115 nuclear track detector. The second sampling column also includes a fine
mesh that removes the unattached radon progeny from the sampled air and thus the track detector that is
situated above the mesh measures the unattached radon progeny.

Three, five to thirteen-day long radon progeny monitoring periods were conducted inside a sealed room
of a residential house and outdoors at an open cut uranium mine. The average unattached fraction of radon
progeny was measured to be between 0.09 and 0.14 for the residential house, and between 0.08 and 0.10 for
the open cut uranium mine.
. Introduction

.1. Review of radon progeny dosimetry

The effective dose (ED) due to the potential alpha energy exposure
PAEE) of the radon progeny is calculated by the use of a conversion
actor of 1.4 mSv per mJ h m−3 that was derived for adults from
pidemiological studies of underground miners and from residential
tudies [1].

More recently the International Commission on Radiological Pro-
ection (ICRP) adopted the dosimetric approach to derive the ED to
he PAEE of radon progeny conversion factors [2]. This new approach
onsiders aerosol parameters of individual radon progeny and namely
he fraction of radon progeny that are not attached onto airborne
erosols i.e. unattached fraction of radon progeny (𝑓p). The factor
p is the ratio of the potential alpha energy concentration that is
ttributed to the unattached radon progeny compared to the total one.
he inhalation of the unattached fraction of radon progeny yields a
uch higher ED than the inhalation of radon progeny that are attached

o aerosols. For example, the ED per unit radon progeny PAEE was
erived as 3.1 mSv per mJ h m−3 and 5.6 mSv per mJ h m−3 for mines
nd indoor workplaces respectively [2]. These conversion factors took
nto account a 𝑓p = 0.08 for indoor workplaces and 0.01 for mines
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E-mail addresses: rdsjk@ozemail.com.au (J. Kvasnicka), Zdimal@icpf.cos.ca (V. Zdimal), Allan.Seini@rio.tinto.com (A. Seini).

with forced ventilation. The radon equilibrium factors (F) of 0.4 and
0.2 were considered for indoor workplaces and for mines respectively.

It is, therefore, anticipated that the ICRP dosimetric approach
and new conversion factors would be used when legislated. Such
approach would have to include studies based on the monitoring of
the unattached fraction of radon progeny in the workplace.

1.2. Assessment of the personal radon progeny effective dose

The personal ED due to the exposure to radon progeny in a work-
place is based on the long-term monitoring of the PAEC of radon
progeny:

ED = PAEC × ET × CF (1)

where :

(a) PAEC (mJ m−3) is the measured long-term average potential
alpha energy concentration;

(b) ET(h) is the exposure time: and
(c) CF = 1.4 (mSv per mJ h m−3) is the currently used ED to the

PAEE conversion factor [1].

The ICRP effective dose calculation methodology recommended to
use a CF of 3.1 mSv per mJ h m−3 for mines and 5.6 mSv per mJ h
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m−3 for indoor workplaces [2]. The unattached fraction of 0.08 was
considered for indoor workplaces and 0.01 for underground mines with
forced ventilation.

In case the unattached fraction was measured the ED calculation
formula (1) uses:

CF = 24 𝑓p + 3.9 (1 – 𝑓p) for indoor workplaces; and
CF = 24 𝑓p + 2.9 (1 – 𝑓p) for mines. It is important to use long-term

verage 𝑓p values in the ED assessment.
Uranium mines and other workplaces include a variety of work

nvironments where the levels of radon and radon progeny and aerosol
oncentrations in air vary significantly. It is, therefore, important to
ave a suitable unattached fraction monitoring method that can pro-
ide longer-term average unattached fraction values in critical work
nvironments.

.3. Unattached fraction monitoring

The separation of the unattached fraction of radon progeny from
hose attached to aerosols and the monitoring of the separated
nattached fraction is a ‘‘complex’’ experimental task. A practical and
ccurate enough method for the separation and the monitoring of
he unattached and attached fraction of radon progeny needs to be
eveloped so that the ICRP dosimetric approach could be adopted.

The measurements of radon progeny activity size distribution cover
he range from about 0.5 to 300 nm in diameter and were carried out
ith multi-stage diffusion batteries [3–6].

Considering the substantial differences in the diffusion properties of
he unattached radon fraction aerosols below 5 nm and of the attached
raction of aerosols it is possible to use a single wire screen on which
he unattached fraction would be deposited while the attached fraction
ould pass through [5,7–9]. A diffusion model is then used to calculate

he penetration of the unattached fraction through the single screen.

. Experimental part

.1. Monitoring instrumentation

The main aim of any unattached/attached fraction monitoring
ethod should be to obtain long-term average figures of 𝑓p that could

e used with the long-term average PAEE of radon progeny to estimate
he personal ED.

In order to carry out the monitoring under several experimental
rrangements the unattached radon progeny fraction monitor (URPFM)
as constructed. The URPFM consists of a precisely regulated air

ampling pump (the flow rate was set at 0.5 L min−1). The air sampler
raws air through two air sampling columns (Fig. 1). The individually
alibrated flow rate monitoring gauges are in-line between the column
nd the air sampler so that the flow rate through each column can be
ndividually checked. The constant air flow rate through each column
as set to 0.25 L min−1 and was measured by the ‘‘bubble’’ airflow
onitor. The flow rate through the second column containing the mesh
as found to be approximately 1.7% lower than the flow rate through

he column without the mesh. This change was due to the minute
esistance to the airflow caused by the fine mesh.

The first column included the 𝛷25 mm × 0.8 μm Millipore mem-
rane filter with the Kodak-LR115 Type 2, nuclear track detectors
ituated above the filter. The second column included the same filter
s above and either one or two Kodak-LR115 Type 2, nuclear track
etectors for the detection of alpha particles emitted by radon progeny

ollected on the filter and/or on the mesh. w

2

Table 1
Radon decay series.

Nuclide Half-life Radiation Alpha Energy
(MeV)

Intensity
(%)

222Rn (Radon) 3.82 d 𝛼 5.48 100
218Po 3.05 m 𝛼 6.00 100
214Pb 26.8 m 𝛽
214Bi 19.9 m 𝛽
214Po 164 μs 𝛼 7.69 100
210Pb 22 y 𝛽
210Bi 5.0 d 𝛽
210Po 138 d 𝛼 5.30 100
206Pb (Stable)

2.2. Detection of 214Po alpha particles by Kodak LR-115

The Kodak-LR115, nuclear track detector has been used for the
detection of alpha radiation and for the monitoring of long-term av-
erage radon activity concentrations in air and the PAEC of radon
progeny [10,11]. The detection efficiency of the nuclear track detector
depends on the residual energy of alpha particles at the detector surface
impact point, the impact angle of the alpha particle and on the etching
conditions [12,13]. The above parameters can be optimized so only the
tracks caused by alpha particles within a narrow energy range can be
detected.

The nuclear track detector was overlaid by aluminized mylar film
that had a surface weight of 3 mg cm−2 and was situated 20 mm above
the filter and/or the mesh (Fig. 1). After exposure the detector was
etched for 100 min in a 10% NaOH solution which was maintained
at a temperature of 60 ◦C.

The described experimental and the well controlled etching con-
ditions were chosen to ensure that the constant layer of the detector
sensitive layer is removed by etching and thus only alpha particles
of 214Po that were emitted from the filter and/or the mesh could be
detected as ‘‘through etched’’ alpha tracks. Alpha particles of radon
and thoron progeny that emit alpha radiation with the energy below
7.7 MeV are either completely attenuated by a column of air and
the mylar film or their residual energy at the detector surface is too
low so they produce only dark tracks that were not etched through
i.e. were not counted. The 8.8 MeV alpha radiation of 212Po (the
thoron progeny) has too high residual energy to produce through
etched bright tracks (the tracks of the higher energy than 7.7 MeV
are observed under a microscope as very small minute tracks or they
produce no tracks at all).

The detection of alpha radiation of 214Po as described above has one
fundamental advantage: whilst only alpha particles of 214Po are mea-
sured, the nuclear track detector implicitly detects all radon progeny
including beta radiation emitting radon progeny that are detected
indirectly (Table 1). All radon progeny collected on the filter and/or the
mesh during sampling transform by the decay to 214Po that emits alpha
radiation. Therefore, the nuclear track detector represents the ‘‘true’’
integral monitor of radon progeny in air during log-term sampling.

3. Monitoring results

Filter/filter experiment
The first column of the UFRDM included a 𝛷25 mm x 0.8 μm

illipore filter with the nuclear track detector situated 20 mm above
he filter. The second column was the same as the first one but had the
esh between the air inlet of the column and the track detector that
as situated 20 mm above the filter. The nuclear track detector in the

irst column detected the alpha radiation of 214Po emitted by radon
rogeny on the filter that were both attached and unattached onto
erosols. The nuclear track detector in the second column detected the
lpha radiation of 214Po emitted by radon progeny on the filter that

ere only attached onto aerosols.
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Fig. 1. The unattached radon progeny fraction monitor (URPFM)
The UFRDM was used to monitor radon progeny during three, five
o seven-day sampling periods. The indoor monitoring was conducted
nside of a closed room with sealed doors and windows of a residential
round level house. Outdoor monitoring was conducted at the Energy
esources of Australia (ERA) Ranger Uranium mine in the Northern
erritory of Australia, where the monitor was situated approximately
.8 m above the ground between two uranium ore stockpiles.

The monitoring results for the closed room were summarized in
able 2 and for the open cut uranium mine in Table 3.

The nuclear track values in Tables 2 and 3 were obtained by count-
ng tracks on the same area of the nuclear track, which was between
2.8 mm2 and 51.2 mm2 (tracks on two nuclear track detectors from

the same exposure were counted on the same surface area). One relative
standard deviation of counted track figures was between 2.7% and
5.1%.
Filter/mesh experiment

The monitoring experiments were carried out inside of the same
closed room as above and lasted between eight to thirteen days. There
3

Table 2
Tracks counted on the same area of the Kodak LR-115, detector that was exposed to
all sampled radon progeny on the filter (Column 1) and to attached radon progeny on
the filter (Column 2). Sampling was carried out indoor.

Indoor Tracks counted Tracks counted Unattached
ground Column 1 Column 2 fraction 𝑓p
Level house No mesh Under mesh

Exposure No. 1 480 386 0.195
Exposure No. 2 944 836 0.114
Exposure No. 3 1322 1183 0.105

was one nuclear track above the filter in the first column that detected
the alpha radiation of 214Po emitted from the filter as above. The
second column included the nuclear track detector above the mesh that
detected the alpha radiation emitted by 214Po of radon progeny that
were unattached onto aerosols. The monitoring results are summarized
in Table 4.
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Table 3
Tracks counted on the same area of the Kodak LR-115, detector that was exposed to
all sampled radon progeny on the filter (Column 1) and to attached radon progeny on
the filter (Column 2). Sampling was carried out outdoor.

Outdoor Tracks counted Tracks counted Unattached
open cut Column 1 Column 2 fraction 𝑓p
uranium mine No mesh Under mesh

Exposure No. 1 899 810 0.100
Exposure No. 2 878 810 0.077
Exposure No. 3 1198 1081 0.098

Table 4
Tracks counted on the same area of the Kodak LR-115, detector that was exposed to
all sampled radon progeny on the filter (Column 1) and to unattached radon progeny
on the mesh (Column 2). Sampling was carried out indoor.

Indoor Tracks counted Tracks counted Unattached
ground Column 1 Column 2 fraction
level house No mesh Above mesh 𝑓p
Exposure No. 1 1263 114 0.090
Exposure No. 2 1141 119 0.104
Exposure No. 3 865 117 0.135

Table 5
The estimate of the lowest limit of detection.

ST d.l.PAEC
ST (h) (μJ/m3)

24 0.3306
48 0.1653
72 0.1102
96 0.0826
120 0.0661

4. Discussion

4.1. Detection of 214Po by Kodak LR-115

The detector was calibrated by radon progeny inside the radon
calibration chamber of the South Australian Environmental Protec-
tion Authority (Adelaide) and the Australian Radiation Protection and
Nuclear Safety Agency, Melbourne. The potential alpha energy concen-
tration (PAEC) of radon progeny was measured by the environmental
radon progeny monitor during a second indoor (Table 2) and a third
outdoor sampling period (Table 3). The average indoor and outdoor
PAEC was measured as 0.0814 μJ m−3 and 0.331 μJ m−3 respectively
and the sampled air volume was 2.257 m3 and 2.160 m3 respectively.
These long-term average PAECs were also used with the tracks counted
in Tables 2 and 3 to calibrate the detector:

The average potential alpha energy exposure of radon progeny to
the 214Po track density [t (cm)−2] conversion factor was calculated as
1.19E−4 μJ m−3 V(m3)/t (cm−2).

It is feasible for example to scan 50 mm2 of a nuclear track detector
surface area and count 500 through tracks to maintain a relative
standard deviation under 5%. Provided the flow rate is 0.25 L min−1,
the lowest PAEC of radon progeny that can be detected depends on the
sampling time, ST (Table 5).

4.2. Error of the f𝑝 assessment

The error of 𝑓p that is estimated from results in Tables 2 and 3 takes
into account:

(a) the statistical error of the detector alpha track count above the
filter in the first column;

(b) the statistical error of the detector alpha track count in the
second column;

(c) the error of the alpha track count difference in (a) and (b); and
(d) the error of the ratio of the alpha track count difference to the

alpha track count of the detector in first column that had no mesh in

(a). s

4

Table 6
The relative error (%) of the ‘‘Unattached radon progeny fraction’’ (𝑓p) assessment
from tracks counted on the same area of the Kodak LR-115, detector that was exposed
to all sampled radon progeny on the filter and to unattached radon progeny on the
mesh Table 4.

Indoor Unattached Error 𝑓p Error 𝑓p Error 𝑓p
ground fraction (%) (%) (%)
level house 𝑓p 1𝜎 2𝜎 3𝜎

Exposure No. 1 0.090 10 27 41
Exposure No. 2 0.104 10 26 40
Exposure No. 3 0.135 10 27 41

The error of 𝑓p that is assessed in Table 4 includes:
(a) the statistical error of the detector count above the filter in the

first column;
(b) the statistical error of the detector alpha count above the mesh;

and
(c) The error of the ratio of detector alpha counts in (a) and (b).
The error of the experimental results summarized in Table 4 is evi-

dently the smallest one (the relative standard error has been presented
in Table 6 for the 68%, 95% and 99% confidence level).

4.3. The penetration of −5 nm aerosols through the single mesh

The derivation of aerosol penetration through a wire mesh screen
formed by uniform diameter fibers with circular cross section was first
presented by [14]. If the particle diameter is below 1 μm, the particle
deposition by gravitational settling and inertial impaction can be ne-
glected. Here we need to separate the unattached fraction having less
than 5 nm in diameter from the fraction attached to pre-existing aerosol
being much larger. In that case we can also neglect particle deposition
by interception, and are left with molecular diffusion as the dominant
deposition mechanism. Assuming that the flow through the screens
is laminar and Reynolds number is smaller than one, penetration of
aerosol particles through a stack of screens can be described by a
simplified relationship [15]:

𝑃 = 𝑒𝑥𝑝(−2.7𝐵𝑓 𝑛𝑃 𝑒
−2∕3) (2)

where P is penetration, n is the number of screens in the stack, 𝑃𝑒 is
he Peclet number defined as

𝑒 =
𝑈𝑑𝑓
𝐷𝑝

(3)

where U is the velocity entering the screen, 𝑑𝑓 is the fiber diameter
nd 𝐷𝑝 is the diffusion coefficient of aerosol particle penetrating the
creens. The term 𝐵𝑓 if defined by a relationship:

𝑓 = 𝟒𝛼𝒉
𝜋(1 − 𝛼)𝑑𝑓

(4)

where 𝛼 is the solid volume fraction of the screen, and h is the
thickness of the single screen. Diffusion coefficient was calculated from
a Stokes–Einstein equation using the relationship:

𝐷𝑝 =
𝑘𝑇𝐶𝑐 (𝑑𝑝)
𝟑𝜋𝜂𝑑𝑝

(5)

where k is the Boltzmann constant, T is absolute temperature, 𝜂 is gas
viscosity, 𝑑𝑝 is particle diameter and 𝐶𝑐 is the slip correction factor
etermined from an empirical relationship [16]:

𝑐 = 1 + 2𝜆∕𝑑𝑝(1.165 + 0.483𝑒𝑥𝑝(−0.997𝑑𝑝∕2𝜆)) (6)

n the case of our particular screen type, fiber diameter 𝑑𝑓 = 30.48 μm,
creen thickness h = 60.96 μm, solid volume fraction 𝛼 = 0.366, duct
nternal diameter was 23 mm, nominal flow rate through the wire
creen 0.25 L min−1. At standard conditions 101.325 kPa and 20 ◦C, the
enetration of 5 nm particles of unattached fraction through a single

creen was determined by using Eq. (1) as less than 5% (see Fig. 2).
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5. Conclusion

Different nuclear track detector Kodak LR115, which detector’s
sensitive cellulose nitrate layer is stripped for etching and alpha tracks
are counter by the spark-counter (detector I) was studied to estimate
the thoron progeny unattached/attached concentration [17]. A similar
experimental arrangement with the Kodak LR115 Type 2 was used to
estimate the radon plus thoron progeny unattached/attached concen-
tration through the optical counting of alpha tracks (detector II) [17].
The authors reported that the sensitivity factors for thoron and radon
progeny unattached/attached concentration were approximately the
same for the detector II with the Kodak LR115 Type 2 detector. As the
radon progeny unattached/attached concentration is to be estimated
from the 2 different detector readings the error of the measured radon
progeny unattached/attached concentration could be high.

On the other hand the experimental arrangement of the detector
Kodak LR-115 Type 2 that was outlined above detects only the alpha
radiation of 214Po (radon progeny). Therefore, the proposed method
is more suitable for the monitoring of the unattached/attached radon
progeny concentration monitoring. The proposed unattached radon
progeny fraction monitoring method that uses the nuclear track detec-
tor for the monitoring of the total radon progeny in air and the radon
progeny above the single mesh has several advantages if compared with
other methods:

(a) the long-term average unattached fraction of radon progeny is
more appropriate for the personal dose assessment than the
short-term unattached fraction;

(b) as the majority of unattached radon progeny below 5 nm is
collected on the screen the proposed method measures the
unattached radon progeny fraction with a high accuracy; and

(c) the proposed method is sensitive enough to be used for the
occupational as well as the indoor monitoring of the unattached
fraction of radon progeny.

It is equally important that the method is relatively inexpensive and

herefore can be used on a wider scale than any other technique.
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