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Abstract

In this paper, we review existing methods for long-term measurements of radon decay products with solid-state nuclear track
detectors. We then propose a method to determine the equilibrium factor using the bare LR 115 detector. The partial sensitivities
p; of the LR 115 detector t622Rn and itsx-emitting short-lived progeny8Po and?14Po, were investigated. We determined
the distributions of lengths of major and minor axes of the perforatedcks in the LR 115 detector produced ##Rn,
218pg and?14pPo through Monte Carlo simulations. The track parameters were first calculated using a track development
model with a published’ function, and by assuming a removed active layer 84Gm. The distributions determined for
different «-emitters were found to be completely overlapping with one another. This implied equality of partial sensitivities
for radon and its progeny.

Equality of partial sensitivities makes convenient measurements of a proxy equilibrium fagtossible which is defined
in the present work asf1 + f3) and is equal to the ratio between the sum of concentrations of the:®witting radon
progeny(>18Po+ 214Pg) to the concentration of radon g&&2Rn). In particular, we have found, = (p/p;1Co) — 1, where
p (track/n?) is the total track density on the detectpy,= 0.288 x 102 m (for the V function mentioned above and for a
removed active layer of.64um), ¢ is the exposure time andg (Bq/m3) is the concentration o#22Rn. If Cg is known (e.q.,
from a separate measurement), we can obiinThe proxy equilibrium factor, is also found to be well correlated with
the equilibrium factor between radon gas and its progeny through the Jacobi room model. This leads to a novel method for
long-term determination of the equilibrium factor.

Experimental irradiation of LR 115 detectors to kno##fRn concentrations as well as known equilibrium factors were
carried out to verify the present method. The relationship betwgand the removed layer was then derived for ¥hiinction
specifically determined for the LR 115 detectors we were using for the experiments. The actual removed layers for individual
detectors after etching were measured accurately using surface profilometry. A curve showing the relationship between the
removed layer and the track diameter of normally incident 3 Meparticles is also provided for other researchers, who do
not have access to surface profilometry, to use the present technique conveniently.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction 1.0 . . . . . . . . .
09 b i
Inhaled radon(?22Rn) progeny are the most important
source of irradiation of the human respiratory tract. Epi- 08 - T
demiological studies of underground miners of uraniumand 3 0.7 - 7
other minerals have provided reasonably firm estimates of g 06 | -
the risk of lung cancer associated with exposure to radon £ g5 | i
progeny (e.g.Lubin et al., 1995; Muirhead, 1997; NRC, 5
= 04 L u
1999. el
Methods for long-term monitoring of tH&2Rn gas itself Woos \ 7
are well established, such as through the use of solid-state 0.2 | i
nuclear track detectors (SSNTDs) (see eNjkolaev and 01L i
llic (1999) for a survey). When-particles strike a SSNTD, 0 L L . L L

latent tracks will be formed, which will become visible un-
der the optical microscope on suitable chemical etching.
However, methods for long-term monitoring of the concen-
trations of radon progeny, or the equilibrium factor (which  Fig. 1. Equilibrium factor as a function of the ventilation rate.
surrogates the ratios of concentrations of radon progeny to Other parameters: aerosol attachment Fate- 50 ™1, deposition
the concentration of th&?2Rn gas), are still being explored.  rate of unattached progeniy y = 20h~1 and deposition rate of
The equilibrium factor of radon progeny is calculated as ~ attached progeny s = 0.2h™1, recoil factor 0.83.
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F222p, = 0.105f218p4 + 0.515/214p, + 0'380f214Bi,P0' (1)

different thickness. The bare detector and the first one with
a 20um absorber can deteetparticles emitted by¥22Rn

and the progeny8Po+ 214Po. The other two with thicker
absorbers measurgemissions from?18po 4 214po and
214pg . By this method, the-active progeny(18Po and
214Po) could be measured separately. However, this method
fails because of unavoidable progeny deposition on the de-
tectors and on the absorber foils. The amount of deposition
is not known, and may be variable. The deposited progeny

where f; is the ratio of the activity concentration of the
ith radon decay product to that 8°Rn, i.e., f1 = f18p,,
f2= faapp and fz = f2145) po-

2. Critical analysis of existing methods for long-term
measurements of radon progeny with SSNTD

Recently, Amgarou et al. (2003)and Nikezic and Yu

(2004) made surveys of existing methods for determining
the equilibrium factor and radon progeny concentrations and
concluded that all methods suffered from some problems.
Here we will give some more detailed description of the

have much larger detection probability and this significantly
affects the progeny measurements.

A second group of methods is based on the assumption
that the equilibrium factor depends mainly on the ventilation

methods and problems involved. rate. In fact, several processes affect the concentration ratio
The first method was proposed IByrank and Benton of progeny to radon, such as deposition and ventilation.
(1977) In this method, cellulose nitrate detectors were used, The model ofJacobi (1972fescribes the balance of radon
one in a diffusion chamber and the other as an open de- and its progeny in a closed space. If all other parameters
tector. The open detector registers the total concentration are kept at their best estimates, from the ratio of the track
of a-particle-emitting nuclei in air, i.e.222Rn + progeny density on the open and closed detectors, one could infer
(?18Po + 21%pg), while the closed detector measures only the ventilation rate and the equilibrium fact@®lgninic and
222Rn. The ratio between the readings for the open and Faj, 1990. However, this method fails for two reasons. The
closed detectors is related to the equilibrium factor and from first one is that the equilibrium factor is a weak function
here it should be possible to estimate the equilibrium factor. on the ventilation rate. Actually, the radon concentration
This method was used by many authors under different de- is very dependent on the ventilation rate, but the ratio of
tector setups, but did not give realistic results. This method progeny concentrations to the radon concentration is not.
assumed the same sensitivities for the open and closed de-The dependence of the equilibrium factor on the ventilation
tectors for each of the-emitting nuclei in theé?22Rn decay ~ rate is shown irFig. 1
chain. This assumption is not correct because the sensitivity ~ For nominal ventilation rates between 0.5 arfiti 1, the
of the closed detector depends on the chamber shape andequilibrium factor varies between 0.32 and 0.23 (if other pa-
dimension as well as other construction details, and may be rameters are kept constant). This change is relatively small,
very different from the sensitivity of an open detector. and if we take into account other uncertainties, such as sta-
Another method was proposed Bjeischer (1984who tistical errors in the number of the tracks, etc., the deter-
used four detectors for radon progeny measurements. Threemination of the equilibrium factor through measurements
detectors were covered with polyethylene absorber foils with of the ventilation rate becomes problematic. Another reason
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why this method fails is that the deposition rates of radon 0.030 . . . .
progeny can be very different from the “typical” values. An-

0.025}, ,

other deficiency of the method is the assumption on equal
sensitivities of the open and closed detectors.

One extension of this method was proposedayschel
and Piesch (1993)n this method, special etching condi-
tions have to be applied on the track detector so that the
energy window is between 6.05 and 7.5MeV. In this way,
only 214Po in air was measured. From the rafigp, of

0.020}4

0015}

f(E)

0.010

concentrations betweeh*Po and222Rn, one can obtain 0.005

the equilibrium factor. This method was also based on the
assumption that all other parameters were kept at their best
estimations except the ventilation rate. This method is bet-
ter than the previous one, because the equilibrium factor is
better correlated tg14p, than to the track density ratio be- Fig. 2. Incidentx—part'icle spec_tra for two extreme ratios of progeny
tween the open and closed detectors, but there are difficul- {© radon concentrationdikezic and Yu, 200p
ties to realize such a narrow energy window. The calibration
is also a problem because it is not easy to obtain air con-
taminated only witi?14Po whose concentration should be 5.49MeV. The first cutoff from right to left is related to
known. Here, the calibration factor has to be calculated.  2+*Po while the second t8*8Po. The curves have plateaus
Nikezic and Baixeras (199@yoposed the barrier method between 6 and 7.69 MeV and between 5.49 and 6 MeV; the
for which barriers were placed at some distances in front of former @1%Po plateau) is wider because of the wider energy
LR 115 detectors. Due to the differences in thenergies gap, while the latter’8Po plateau) is narrower and higher
emitted from different progeny and the existence of an upper than the?24Po plateau. By analyzing the height of these two
limit in the energy window for the LR 115 detector, separa- plateaus, one can infer some information about the relative
tion of progeny has been shown to be theoretically possible. activities of 218Po and?14po. If their activities are equal
An 2-particle has to travel some distance in the air before its (as shown irFig. 2, where F1 = F3), the?18po plateau is
energy falls below the upper limitin the energy window to be  two times higher than thé*4Po plateau.
detected. If the barrier is too close, the LR 115 detector will ~ The process of plateout will create two intensive peaks
not detect any:-particle. If the barrier is a little bit farther ~ at 6 and 7.69MeV in the measured spectrum. The heights
away, it will detecta-particles from the radon only, and so  of these peaks depend on the amount of plateout as well as
on. However, experimental verification of this method was the efficiency and energy resolution of the detector and the
not successful because of plateout of radon progeny on the measuring conditions. The most important part of the spec-
barrier, for which the theoretical model failed to describe.  trum is between 6 and 7.69 MeV. Here, oR*Po from air
Another class of methods is based on spectrometry contributes to the detector response. In order to avoid the in-
of a-particles. From the track parameters, it is possible fluence of plateout (if SSNTDs are considered), the energy
to determine the energy of-particles that produce the  window between 6.2 and 7.5 should be considered. Actually
tracks. However, the track parameters are dependent on thethe width of the window depends on the energy resolution
incident angle in addition to the incident energy. Therefore, attainable in measurements, but of course, it should not be
the same track parameters (major and minor axes) can wider than the range from 6-7.69 MeV. If the energy reso-
be obtained with different incident energies. Other track lution is worse than 1 MeV, measurements of radon progeny
parameters are needed, such as the average gray level owould not be possible by analyzing the energy spectrum.
the track shape. Even the establishment of the incident The feasibility of radon progeny measurement relies on the

N
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a-particle spectrum from the track parameters is difficult
by itself and tedious. The second step would be the inter-
pretation of the data and linking the obtained spectra with
the equilibrium factors or to the concentration of particular
radon progeny. The incidentparticle spectrum depends on
the relative concentrations of radon progeny in aif=ig. 2,
incidentu-particle spectra are given, whey&E) refers to
the fraction ofx-particles incident on the open detector with
an energy betweef and E + dE (Nikezic and Yu, 200p

In Fig. 2, the spectra for two extreme cases are given,
namely, for an equilibrium facto#® = 1 and for a low
equilibrium factor F = 0.1. The curves irnFig. 2 show a

provision of high-resolution spectroscopy.

If only 214Po is measured, the equilibrium factor is not
yet readily available. One extension of the spectroscopy
method is to measure only tracks with the ratio of major to
minor axes in some ranges, so that only particles that enter
the detector with an angle close to normal incidence are
counted Hadler and Paulo, 1994In Fig. 3, the angular
distribution of incident-particles is given. From this figure,
it is clear that a very small number of particles will hit the
detector with an angle close to Q0rherefore, the method
mentioned above has to be very tedious since the number
of tracks satisfying the given condition is rather small.

non-Gaussian peak at 5.49 MeV and cutoff structures above Although the tediousness can be resolved by using
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Fig. 3. Angular distribution of incident-particles onto the detector
(Nikezic and Yu, 200p
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Fig. 4. The?22Rn progeny equilibrium factor expressed as a func-
tion of the reduced equilibrium factor, calculated for all possible
values for the parameters in the Jacobi modehgarou et al.,
2003.

automatic image analysis systems, the low sensitivity caused
by the selection of the tracks is an intrinsic limitation.

From the above discussion, it can be seen that up to now
there is still no very accurate, practical and widely used
methods for long-term measurements of the equilibrium fac-
tor with nuclear track detectors. All of the above-mentioned
methods suffer from some kind of problems. New ideas and
novel proposals are needed in this field. A most recent one is
given byAmgarou et al. (2003)ho proposed measurements
of the equilibrium factor through the so-called “reduced”
equilibrium factor, which is defined as

Fred= 0.105f218p4 + 0.380f2145; poy» (2)

where f; is the ratio of the concentrations between itte
progeny and radon.
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Employment of three detectors was proposed in the ap-
plication of this method. The first one was closed inside a
diffusion chamber, which measured radon only. Two open
detectors were used with different energy windows for sep-
arate measurements 8t%Po and?14Po. The etching con-
ditions applied to the Makrofol detectors for the required
energy window were also determined. The reduced equilib-
rium factor Freg was then calculated. It was further shown
that the total equilibrium factor depended BRegin a very
good manner, as shown kig. 4 Comparisons with experi-
mental data obtained from direct active measurements have
shown very good agreemem{rogarou et al., 2003

3. Proxy equilibrium factor measurements with LR
115

In this section, we propose to use the bare LR 115 detec-
tor (12um red cellulose nitrate on a 1Q@én clear polyester
base, from DOSIRAD, Type 2, non-strippable), which is
a commonly used SSNTD, for determining the airborne
218pq 4 214pg concentration, and show that this concentra-
tion can be employed to give good estimates of the equi-
librium factor. The LR 115 detector has an upper energy
threshold for track formation, which is well below the en-
ergy of a-particles emitted by the radon progeny deposited
on the detector. In other words, plateout progeny are not
detected by LR 115. The present method was previously de-
scribed inNikezic et al. (2004)The current section serves
as a summary of the method and provides more detailed
explanations for some parts.

3.1. Determination of response of LR 115

In the following, we will investigate the response of the
bare LR 115 detector t622Rn and itsa-emitting short-
lived progeny, i.e.?18P0 and?14Po. The task is to study
the partial sensitivitiep; of the detector to radon and its
progeny (i.e., the number of tracks per unit area per unit
exposure, i.e., the unit gm=2)/(Bqm~3's) or just (m)).

A cross-section of the sampling volume is shown in
Fig. 5 The initial points ofa-particles in the simulations

Detector

Fig. 5. Cross-section of the sampling volume of initial points
of wo-particles in the simulation. This figure is adopted from
Nikezic et al. (2004) R is range of a-particles in air, while
Olim = asin1/ Vmax) is critical angle. The 3-D object is obtained
by rotation of the curve around the normal onto the detector.
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have been chosen in such a way that their distances to theand D; + 0.2um. The number distribution is then divided
detector are less than the rangeof the o-particles in air. by the total number of the tracks to give the probability dis-
They are also chosen so that the incident angle to the detec-tribution p;, which represents the probability of a particle
tor is larger than the theoretical critical andlgy,, which creating a track with the major axis length betwegpand
is defined ag)jjm = asin(l/ Vmax), whereVmax is maximal Dj+0.2um. The ratiop; /0.2 is the probability density ;
value of theV function (the ratio of the track etch raié (in m—l)_
to the bulk etch ratéy, i.e., V = Vi/ Vp). Particles striking The next step was the multiplication 6f with ¢V Ct,
the detector with an angle smaller théf, cannot produce  yhere is the volume(m3) of the space where the initial
any track. o _ _ points of a-particles were chosen (Fi§), C (Bq/m3) the
To determine the incident energy of asparticle when it concentration ofi-emitters (radon or radon progeny in our
strikes the detector, the SRIM2000 prografiegler, 200) case) in airg the detection efficiency expressed as the ratio
was employed. The stopping-power data were used to pro- peqyveen the number of particles creating perforated tracks
duce energy-distance tables toparticles in air. The energy  j the detector to the total number of emitted particles, and
Ey of the a-particle incident on the detector after traveling (s) is the time of irradiation. Sinc¥Cr is the number of
a distance in air was determined by linear interpolation be- s-particles emitted in the time intervalin the space above
tween data in the corresponding energy-distance table. The e detectorgV Ct is the number of the tracks created in a
ranges ofx-particles in the LR 115 detector (cellulose ni- it area of the detector. Therefore, the procm,eIVCt is
trate) were also determined using the data obtained from {he number distribution for the given exposi@e, i.e., the
SRIM2000. ) o ) probability to obtain a track with the major axis in the range
We determine the distributions of lengths of major and (D, D + dD) for the exposurer. We denote this product

minor axes ofa-tracks in the LR 115 detector produced ..y c; as(dN/dD) whereN is the number of tracks for
by 222Rn, 218pg and214po. The Monte Carlo program .’ 3
’ . a unit detector area. If we assume ti@at= 1Bgsnt 2,

developed earlier by udlikezic and Yu, 199pis employed. (dN/dD) for a unit exposure and a unit detector area is

The lengths of major and minor axes were calcula_lted _by the obtained. The same formulations can be applied for the cases
model recently developed by the present authdliggzic of the minor axis

and Yu, 2003.

The partial sensitivities depend on tlefunction (V =
Vt/ Vp) as well as the thickness of the removed active layer
during etching. In this section, our objective is to illustrate
the concept behind the proposed method. Therefore, in these
preliminary calculations, we adopted tfe function pub-
lished byDurrani and Green (1984)s

3.2. Theoretical results and discussion

Figs. 6and7 show the distributioidN /dD) of the major
and minor axes of perforated tracks in the LR 115 detec-
tor, respectively, for a unit exposure and a unit detector area
(dN =6;eVCtdD = d;¢V dD for a unit exposure). From
Fig. 6, the lengths of the major axes are between 6 andi6
with two maxima, the more pronounced one being at about
13um (longer tracks), and the less pronounced one being
at about um (shorter tracks). Frorfrig. 7, the lengths of
the minor axes are between 2.5 andut8 also with two
maximums, the more pronounced one being at abqum 6
(narrower tracks), and the less pronounced one being at

V =1+ (100e 0446k | 5g-0.107R"y(1 _ =R’y ©)

whereR’ is the residual range.

For the time being, we used a removed active layer (i.e.,
the removed cellulose nitrate layer) ab8um as an exam-
ple (takingVp=3.27um h—1 and etching for 2 h). The initial
thickness of LR 115 was taken as @& as declared by the
manufacturer, so the residual thickness of the active layer

was 546um. The bulk etch rate of the LR 115 detector was
indirectly determined by many authors in the p&arfogyi 000051  Perforated racks
et al., 1978; Nakahara et al., 198Brough measurements — 549 MeV [\
i, R _ : 0.00044 —— 6. Mev

of track radii after irradiation to fission fragments. Direct 7.69 MeV
measurements df, were made recentlyy{p et al., 2003. é 0.0003 4 N \
It is also noted that the actual removed active layer varies é / \
from sample to sample, and stirring significantly enhances 2 ¢ ogo2- / \
the bulk etch rateY(p et al., 2003. / ‘\

In the course of simulations, only the tracks which per- 0.0001 \
forate the active layer of the LR 115 detector are consid- \
ered. All the tracks were selected according to the lengths of 0.0000 " y y

their major and minor axes, with steps o2@m. When the
calculations were completed, the number distributionis
obtained, which is the number of tracks within a unit de-
tector area with the length of the major axis betwen

Fig. 6. Distribution (see text for definition) of the length of major

5 10 15
Length of major axis

axes for perforated tracks in LR 115.

20
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Fig. 7. Distribution (see text for definition) of the length of minor
axes for perforated tracks in LR 115.

about 12um (wider tracks). The bimodal distributions can
be explained through analyses of angular and energy distri-
bution of x-particles incident on the detector and are related
to the track formation model. The peaks corresponding to
longer axes are created byparticles with incident energies
between 1.5 and 2.5 MeV, while the peaks corresponding to
shorter axes originated fromparticles with incident ener-
gies between 3 and 4 MeV.

3.3. Equality of partial sensitivities

It is interesting to observe frorkigs. 6and 7 that the
curves(dN/dD); for threea-energies in the radon chain
overlap completely for the entire ranges of the length for
both major and minor axes. From this result, we see that
p; = [(dN/dD); dD are the same for different, where
p; is the number of tracks on a unit detector area for a
unit exposure to the-energyi in the radon chain, or in
short, the partial sensitivity far. In other words, the partial
sensitivitiesp; of the LR 115 detector t822Rn, 218po and
214pg are the same. It is remarked here that the equality
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of the removed layer and found that they were very close to
each other for the same thickness of removed layer. At that
time, they applied the track growth model 86mogyi and
Szalay (1973)and got the valug; = 0.244 x 1072 m for

6 pm of removed layer ang; =0.334x 10~2for 7pum of re-
moved layer. Linear interpolation gives ~ 0.29x 102m,
which is close to the value of 288x 102 m obtained here
with our model of the track growth. Different models of
track growth brought close results for partial sensitivities.

3.4. Equilibrium factor determination

By integration of the correspondingN/dD); curves in
Figs. 6and7, we found that the partial sensitivitigs are

pi = pazagp = P218pg = P214po = 0.288x 1072 m.

4
Therefore, the total sensitivity in the case of radioactive
equilibrium between radon and its progeny will e, +
p218pg+ p214p=0.864x 1072 m. In case of disequilibrium,
the total track density (in track/m?) on the detector is

®)

where Cp, C1 and C3 are concentrations &t22Rn, 218po
and214Bi(Po) in Bg/m® and: is the exposure time. If the
radon concentratio@ is known (e.g., from a separate mea-
surement), we can obtain the sy@y + C3) given as

p=p;(Co+ C1+ Ca),

C1+C3=L—C0. (6)
pit
Dividing by Co, this becomes
C1, C3 P
Fo=fi+fa= o+ = -1, Y]

Co Co pitCo

where Fp is a sum of f1 and f3, and is given the name
“proxy equilibrium factor” (Nikezic et al., 200
As it was mentioned above, a similar quantity, called

of partial sensitivities arises because of the presence of the the reduced equilibrium factadf,eq, introduced recently by

upper energy threshold for recordingparticle tracks in LR
115. For other detectors without the upper energy threshold,
e.g., CR-39, the partial sensitivities will not be the same.

Amgarou et al. (2003yvas defined in Eq. (2). It has been

shown that the equilibrium factor can be determinesi;iy
is known.Amgarou et al. (2003}alculated equilibrium fac-

The equality among the partial sensitivities is an interest- tors through thdacobi (1972)oom model by systematically
ing result. Similar results have been obtained by previous varying all parameters that influence the concentrations of

research but the phenomenon has not been studied in de-

tails and has not been explained. For examglamogyi et
al. (1984)found that partial sensitivities in diffusion cham-

radon and its progeny, and plotted them wiilg. We re-
peat the procedures here, but repldggy with Fp, and the
results are shown ifrig. 8 (which is in fact equivalent to

bers were equal among themselves if the radius of chamber Fig. 1 of Amgarou et al. (2003)ith a shift of one unit). Itis
was larger than 4 cm, and if the progeny were not deposited observed that the proxy equilibrium factor has a good corre-

onto the chamber wall. Under such conditions, the detector
operated just like a bare one. The value givenSmymogyi
et al. (1984)or partial sensitivity was about28x 10~2m

lation with the equilibrium facto¥ (although not as good as

the correlation betweeR;eq and F) so we have effectively
found a convenient method for the determinatiorFofvith

(as recalculated by the present authors using data from thethe LR 115 detector. The method proposedAggarou et

graph in the original work)Nikezic and Baixeras (1996)

al. (2003)through the reduced equilibrium fact@keq in-

calculated partial sensitivities of a bare detector as a function volved measurements 6£8Po and?4Po concentrations.
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Fig. 8. Dependence of the equilibrium factét on the proxy
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Table 1
The three exposure conditions in the radon exposure chamber

Exposure 1 Exposure 2 Exposure 3
Duration of exp- 71.9 72 72
osure (h)
Averagezzan 854 1066 1643
concentration
(Bam~3)
Average equili- 0.76 0.21 0.13

brium factor

4. Experimental validation
4.1. Exposure of LR 115 detectors

LR 115 detectors (1gm red cellulose nitrate on a
100um clear polyester base, from DOSIRAD, Type 2,
non-strippable) with a size of 8 3cn? were exposed in a
radon exposure chamber (with a volume 046Lm3) under
different concentrations of radon and radon progeny, the
details of which are summarized Table 1 For this prelim-
inary experimental validation, only two LR 115 detectors

K.N. Yu et al. / Radiation Measurements 40 (2005) 560—568

ularly into the radon chamber to maintain the equilibrium
equivalent concentration of the airborf#Rn progeny. The
total aerosol concentration inside the chamber was inter-
mittently monitored by a scanning mobility particle sizer
which indicated that the aerosol concentration could be
maintained quite steadily by controlling the injection dura-
tion of the aerosols and period of the injections. Fh&Rn
progeny inside the radon chamber were measured by col-
lecting them on a 47 mm diameter member filter at a flow
rate of about 11 L mint. The sampling time was 30 min.
The a-emissions from the collected progeny were read by a
ZnS scintillator and a photomultiplier tube/counter system.
By using the 3-count methodlomas, 197g the PAEC,
EEC and hence the equilibrium factor of the progeny were
calculated. Since sampling 8#2Rn progeny at high flow
rates would significantly altered the equilibrium factor in-
side the chamber, only grab sampling method was used and
this was done twice a day.

Once the required exposure condition inside the chamber
was reached, the LR 115 detectors were transferred into the
chamber through an airlock for exposure. The films were
exposed for about 3 days and then taken out of the chamber
for chemical etching.

4.2. Etching and measurements of active layer thickness

The exposed LR 115 detectors were etched in 2.5N aque-
ous solution of NaOH at 60C. The temperature was kept
constant with an accuracy eE1°C. The detectors were
etched using a magnetic stirrer (Model No: SP72220-26,
Barnstead/Thermolyne, 1A, USA) for more uniform etching
(Yip et al., 2003. After etching for~ 60 min, the detectors
were taken out of the etchant, rinsed with deionized water
and dried.

For each detector, a small part of the active layer was
peeled off from the polyester base to form a step, which was
then used to reveal the thickness of the active layer by sur-
face profilometry measuremen¥y et al., 2003. A surface
profilometry system called Form Talysurf PGI (Taylor Hob-
son, Leicester, UK) was employed in the present work. The
measuring system is based on a laser interferometric trans-
ducer. A computer-controlled stylus passes slowly across a

were used for each of the three exposures. A higher number surface of interest during measurements, while the data are

would have allowed to reduce uncertainties.

The radon exposure chambdre(ing et al., 1994 was
filled with 222Rn generated from a 22.9 kB¢%Ra source
in a flow through mode at a flow rate of about 8 min—1.

processed by the computer to generate an output graph show-
ing the profile of the scanned surface. The mean value and
the standard deviation for the active-layer thickness were
obtained through measurements for five different positions

The222Rn concentration inside the chamber was measured of the step.

by a continuous2?2Rn monitor while the equilibrium fac-

tor of 222Rn progeny was adjusted by controlling the total
aerosol concentration, which would drop quite rapidly due
to the circulation and the plateout effect. Hence to maintain
a certain aerosol concentration and equilibrium factor in-

4.3. Determination of equilibrium factor

The partial sensitivity; involved in the present technique

side the chamber, aerosols with a median diameter of aboutis crucially dependent on the removed active layer thick-

150 nm produced by an aerosol atomizer were injected reg-

ness, the latter being variable in real-life measurements. In
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Fig. 9. The relationship between the partial sensitivity of the LR 115
detector from DOSIRAD and the removed active layer thickness.

order to obtain more accurate values for the partial sen-
sitivity p;, the theoretical relationship betweep and the
removed layer should be derived through computer simula-
tions. Furthermore, this relationship should be derived for
the V function determined for the actual detectors being
used, which is the LR 115 detector from DOSIRAD in our
case.Fig. 9 shows such a relationship between the partial
sensitivity of the LR 115 detector from DOSIRAD and the
removed active layer thickness.

567
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Fig. 10. Relationship between the removed active layer and the
track diameter of normally incident 3 MeWM-particles.

measure the thickness of the removed active layer, we have
also provided here a curve showing the theoretical relation-
ship between the removed active layer thickness and the
track diameter of normally incident 3 MeY-particles in

Fig. 10(by using theV function for LR 115 detectors). Be-
fore the exposure of an LR 115 detector to the environment,
the detector is irradiated with normally incident 3 MeV
particles, e.g., from aA%1Am source, by using a collima-
tor. The irradiated area is then masked, e.g., by using rubber

From the measured removed active layer thickness of cement. After exposure to the environment for a predeter-
our detectors, the partial sensitivities have been determined mined period of time, the mask is removed, and the detector

from Fig. 9. The partial sensitivities thus determined for our
detectors are shown fable 2 together with the determined
track densities, as well as the derived valuesrgfand F.
The experimental values df (obtained usingig. 8) are

also given for a comparison. From the results, we can see

that the derived values df are in excellent agreement with
the experimental values, except probably detector 6.

For researchers who would like to use the present method

for long-term measurements of the equilibrium factor, but

is etched until the diameter of the tracks from the normally
incident 3 MeVau-particles has reached a desired value. The
removed layer is then read froRig. 10 and the partial sen-
sitivity can then be read frorRig. 9.

5. Conclusion and discussion

A method has been introduced for the determination of

who do not have some convenient equipment (such as sur-the equilibrium factor using the bare LR 115 detector by

face profilometry systems) to accurately and conveniently

Table 2

exploiting the equal partial sensitivitigg of the LR 115

The partial sensitivities and track densities determined for our detectors, and the derived vafyesndfF’

Detector Partial sensitivity Track density Fp CalculatedF ExperimentalF
(1074 m) (106 m=2)
1 1.960 0.124 1.80 0.83-0.88 0#6.14
2 3.710 0.221 1.69 0.75-0.80 0+%6.14
3 3.108 0.171 0.81 0.18-0.31 0-20.06
4 3.532 0.168 0.57 0.08-0.18 0:20.06
5 4.625 0.245 0.54 0.07-0.17 0-43.04
6 3.572 0.182 0.09 0.00-0.03 0:#8.04

The experimental values df (with errors corresponding to 1 standard deviation) are also given for a comparison.
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detector t0222Rn and itsz-emitting short-lived progeny,
218pg and?14Po. A proxy equilibrium factowy is defined
as(f1 + f3), i.e., the ratio between the sum of concentra-
tions of the twox-emitting radon progeny?18po+ 214po)

to the concentration of22Rn gas. Due to the equal par-
tial sensitivities,Fp = (p/p;tCo) — 1, wherep (track/nf)

is the total track density on the detectoiis the exposure
time, Co (Bg/m®) is the concentration 22Rn, andp; can

be calculated from th& function and the removed active
layer of the LR 115 detector. g is known, we can ob-
tain Fp which is well correlated with the equilibrium factor.
This leads to a novel method for long-term determination
of the equilibrium factor. The method has been verified by
experiments.
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