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Abstract 

A method determining time-integrated concentrations of each of the short-lived “‘Rn progeny (218Po, ‘laPb and 
214Bi + 214 PO) in air is proposed. It is based on the combination of an aerosol filter rotating with a period of 1 h and 
LR-115 type II solid state nuclear track detectors shielded with absorbers. The method is intended to work at integrated 
concentrations as low as 100 Bq hm-” and to enable quantitative measurements in a mixed 222Rn and “‘Rn 
atmosphere. If ““ORn progeny are present in measurable concentrations, their potential alpha energy concentration 
(PAEC) could be estimated as well. experimental tests have been performed in the range of ‘22Rn progeny integrated 
concentrations of 20-5000 Bq hm-3 and for ‘l*Po: ‘raPb: ‘14Bi activity ratios ranging from a substantial disequilib- 
rium (1 :0.3 :O.l) to about an equilibrium state. The experimental results presented suggest that the sensitivity of the 
method is sufficient for integrated measurements indoors and outdoors. 

Krywrds: “‘Rn progeny; Radon: Integrated measurements; Environment 

1. Introductjon 

At present 2’1Rn is believed to contribute about half of 
the effective dose from natural sources. The organ at 
major risk is the lung and as found in Ref. [l] the lung 
dose is delivered almost entirely by the short-lived 222Rn 
progeny (i.e. “sPo. “‘Pb and 214Bi + ‘14Po; 21’Po is 
always in equilibrium with ‘14Bi). Large projects for 
screening of radon indoors have been conducted in 
a number of countries [2]. Most of these projects are 
based on integrated measurements of 12’Rn-gas alone by 
a number of techniques [3], These measurements are 
simple and cost-eficient. However, the knowledge of the 
individual concentrations of each of the radionuclides 
Z’*Po, ““Pb and ““Bi is important for: dose assessment 
and in research on the behavior and removal of “‘Rn 
progeny under different conditions, study of the effect of 
ventilation and other methods of lnitigation, etc. A 
number of grab-sampling methods for instantaneous 
2”Rn-progeny measurements are described in the 
literature [4&8]. The measured concentrations are not 
representative for intervals much longer than the time 
of grab-sampling (few minutes) because of the large 
time variations of “’ Rn-progeny concentrations in air. 

An experimental approach for integrated measure- 
ments of 218Po, ‘lJPb and ‘14Bi + “‘PO in air has been 
proposed in Ref. [9]. The idea is based on the uniformly 

rotating filter. Each point of the filter passes through the 
inlet nozzle and the detectors placed above the filter (Fig. 
I (a)). Due to the radioactive decay of the radionuclides 
deposited on the filter. their surface specific activities and 
hence, the signal of the detectors depend on the angular 
position. Conceptually, a similar approach has been used 
for measuring radon progeny deposited on surfaces [lo]. 
Thermoluminescence detectors (TLDs) have been ini- 
tially used for experiments under high concentrations of 
222Rn progeny (uranium mines and radon spas) [ll]. 
However, at present a great concern are 222Rn and 
‘“‘Rn-progeny measurements in dwellings [2,12] and in 
some cases outdoors [ 13.- 151. The concentrations under 
these conditions are usually much lower and the TLDs- 
based version lacks the required sensitivity in this range 
of interest 1161. 

In the present work we propose a method of integrated 
measurements of ‘l*Po, ‘14Pb and ‘I’Bi that is based on 
a combination of a filter uniformly rotating at velocity of 
one revolution per hour and solid-state nuclear track 
detectors (SSNTDs). This arrangement allows individual 
integrated concentrations of each of the “‘Rn progeny 
to be quantitatively estimated at levels typical for indoor 
and outdoor air. The method accounts for the presence of 
“lORn progeny (i.e. *“Pb and ‘12Bi + “‘PO) in a mixed 
‘“‘Rn and “*Rn atmosphere. Comparative measure- 
ments have been made using series of grab-sampling 
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Fig. I, (a) A principal scheme of the experimental device with a configuration of different sectors. The angles (Pi of the sector centers (cpj 
illustrated) are measured from the start position of the inlet nozzle (i.e. v, = 0 for a point which enters the inlet nozzle area). In the real 
device the distance between the filter and the absorber + SSNTD is less than I mm.(b) A photo of the experimental device. The scale is 

in cm. 

measurements as a reference. The experimental results 
suggest that the method is sensitive at integrated concen- 
trations as low as 100 Bq h m-3 suitable for measure- 
ments indoors and outdoors. 

2. Experimental 

The principal scheme of the experimental device is 
shown in Fig. l(a), and the photo of the instrument in 

Fig. l(b). The filter is moved by a battery-supplied elec- 
tric clock mechanism. The whole device is mounted in- 
side a metal housing, where the air enters through 
ten 0 2 mm holes situated above the inlet nozzle as 
shown in Fig. l(b). In the present arrangement “de- 
tectors” are different sectors of the KodakkPathe LR-115 

type II film formed as shown in Fig. 1 (a). The sectors are 
shielded with absorbers that reduce the energies of the 
a-particles (6.0 MeV for “‘PO and 7.69 MeV for ‘14Po) 
to the range of sensitivity of this type of detectors. Etched 
tracks in LR-115 II detectors can be observed only if the 
energies of the cl-particles are within the energy window 
and their incident angle (to the normal of the detector’s 
surface) is less than a “critical angle”. Both upper and 
lower limits of the energy window and the critical angle 

may vary depending on the etching procedure and the 
manner of track counting. The values used as a reference 
(for orientation only) in the present work are 
1.54.5 MeV for the energy window and 0, < 60 for the 

critical angle [17]. 
Theoretically calculated dependencies of the surface 

specific activity of a-active ‘l’Rn progeny:““Po and 
““PO (i.e. ‘14Bi + ‘14Po) on the angular position cp 
(Fig. l(a)) are shown in Fig. 2. The curves in Fig. 2 are 

calculated using the mathematical algorithm developed 

elsewhere [18]. As seen due to the short half-life the 

“‘PO activity is negligible at angles > 100 while 
7.69 MeV alphas of “4Po could be registered in the 
whole angular range o-360’. 

In the present measurements n-particles of different 

radionuclides were separately detected. Aluminum 
absorbers of three different thicknesses were used for this 
purpose. The first sector called “A” was shielded with 
2.8 mgcm-’ absorber. The next “B” sectors were shiel- 
ded with 6.8 mg cm ~’ and one sector (“C”) was shielded 
with 11.3 mgcm-‘. The range of residual energies of 
x-particles of 218Po, “‘PO and 212Po (21rP~ is a ““Rn 
decay product) are shown in Table 1. These energies were 
calculated using the “range-energy” dependence for Al 
[19] and considering only alphas with an angle of inci- 
dence 5 60 
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Fig. 2. Theoretical dependencies of the surface specific activities 
of “‘PO (dashed line) and 2’4Bi t ‘14Po on the angular posi- 
tion. Assumed activity ratios (“‘PO: 2’4Pb:Z’4Bi) are shown. 

Table 1 
Alpha-particle residual energies (in MeV) of “‘PO, ‘14Po and 
‘12Po after transmitting through the absorbers of A-, B- and 
C-sectors. Incident angles are within the range O-60’ 

Sector 
(Absorber 
thickness) 

Nuclide 

alsPo 2’4Po 2’2Po 
(6.0 MeV) (7.69 MeV) (8.78 MeV) 

A 2.2-4.4 4.7-6.3 6.1-7.5 
(2.8 mgcm-‘) 

B < 0.85 < 3.9 < 5.4 
(6.8 mgcm-‘) 

C _ _ < 2.3 
(11.3 mgcm-‘) 

As seen from Table 1 218Po alphas in A-sector fall into 

the energy window of registration. If present, ‘12Bi 
(“‘Rn decay product) alphas (6.05 and 6.09 MeV) con- 
tribute also for tracks in this sector. The energies of 212Po 
alphas are much higher than the energy window and they 
are not expected to produce etched tracks in A-sector. It 
was experimentally obtained that efficiency of registra- 
tion of ‘14Po a-particles (7.69 MeV) in A-sector was 
much lower than that of ‘18Po alphas. In B-sectors the 
residual energies of “‘PO alphas are insufficient for track 
formation and only ‘l’Po alphas contribute to tracks 
from “‘Rn progeny. After transmitting through the “c”- 
absorber only 8.78 MeV alphas of 212Po are of sufficient 
energy to produce tracks. This sector was used to correct 

the results for the presence of 220Rn progeny. This cor- 
rection was necessary because a-particles from 2’2Bi 
contribute to tracks in A-sector, respectively, “12Po al- 
phas contribute to tracks in B-sectors. 

In the real measurements air sampling continues for 
a time interval t, and may vary up to months. After the 
end of sampling the filter rotation continues until practic- 
ally all deposited “‘Rn and 220Rn short-lived decay 
products disintegrate (3-4d are sufficient) and after that 
the SSNTD could be processed. In the present measure- 
ments the detector film was etched in 2.5 M NaOH at 
60°C for 90 min and the tracks were counted visually by 
a transmission light microscope. The background was 
determined in areas located above the clear filter, i.e. 
away from the trace where radionuclides are deposited. 

2.1. Determination qf the efficiencies 

Consider an absorber-covered SSNTD of a face area 
S, which is situated at a small distance from the filter 
surface where radon progeny atoms are evenly deposited. 
The “efficiency” of the detector at a sector p(p = A, B, C) 
to the radiation of the ith radionuclide is defined as follows: 

p!P’ :: ‘C 
number of tracks 

number of ith nuclide disintegrations on the area S,’ 

(1) 

where i = 1, 2, 3, 4, 5 refer to 218Po. 214Pb and 214Bi 
( + 214Po), ‘12Pb and 212Bi(+ 212Po), respectively. As 
SSNTD can register only m-particles then E:P) = 0 and 
8:) = 0. Other efficiencies were experimentally determined. 

The efficiency ziA’ was determined in the following way: 
A grab sample of 12’Rn progeny was taken with a filter. 
After a delay time of 6 h, the activities of 212Pb, 
212Bi + 212Po and 208T1 were in constant proportions 
(an equilibrium state). Then a SSNTD (covered with 
A-absorber) was fixed above the filter and was simulta- 
neously placed on a HPGe detector (a57.4144.3 mm, 
with Model lOOU, EG&G ORTEC gamma spectro- 
meter, relative efficiency 24.9%, FWHM(1332 keV) = 
1.77 keV). The gamma spectrum was accumulated for 
a controlled time (24 h). After that the SSNTD was 
etched and the number of tracks determined. The total 
number of 212Bi disintegrations was determined by the 
net area of 727 keV y-line of ‘12Bi and 860 keV y-line of 
zo8T1. There were two a-emitting 220Rn daughters on the 
filter. The first one was ‘12Bi which disintegrates 36% by 
cc-decay [20] emitting a-particles of energies 6.05 and 
6.09 MeV. These cl-particles are of energies very close to 
6.0 MeV of ‘18Po aiphas and were used for the deter- 
mination of &iA’. The other cz-source is “‘PO but it could 
not contribute to tracks in A-sector by reasons stated 
above. The efficiency E?’ was obtained by Eq. (1) taking 
in the denominator the number of the ‘12Bi a-decays 
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(i.e. 36% of all l”Bi djsintegrations). The result is 
Ey) = 0.097 + 0.007. By analogous measurements with _ 
B and C absorbers the values obtained were F?) = 
0.023 Ifi 0.005 and E\~) = 0.019 + 0.002. 

The efficiencies I$) and E?’ were determined as follows: 
A grab sample of z22Rn progeny was taken with the filter. 
After a 30 min delay 2 ‘aPo atoms were essentially disin- 
tegrated and the only c+source on the filter was 
214Bi + zi’Po. Then a SSNTD covered with “A” or “B” 
type of absorbers was fixed above the filter and the 
filter + SSNTD were simultaneously placed on a HPGe 
detector described above. The gamma spectrum was ac- 
cumulated in 4 h. After that the SSNTD was processed. 
The total number of ‘rJBi disintegrations was deter- 
mined by the net area of 1120 keV y-line. The results are 
l+f’ = 0.087 i_ 0.005 and a;“’ = 0.0041 + 0.0004. The ob- 
tained value of eiA’ is only about 4% of the F?’ value, i.e. 
the present manner of registration could be considered as 
“spectrometric” regarding “aPo and ““PO alphas. 

At first only 222Rn progeny deposited on the filter will 
be considered. According to the mathematical algorithm 
developed elsewhere [lS] the track net-number (i.e. back- 
ground subtracted) in the F;th sector whose center is 
placed at an angle (Pi is given by the expression: 

The relationship between the parameters X,, XI and X, 
and the integrated volume specific activities is linear: 

I 
L 

I; = A,.ift)dt = f R,Xj. 
0 j’l 

The expressions for the matrix 
derived in another paper Ref. 
used in the calculations are 

/i,(i, - i&it - 

(3) 

Rij and Fi(q) functions are 
[lS]. Their explicit forms 

(4) 

(51 

where V is the air velocity through the filter (b’ = air flow 
ratenozzle inlet area), ?I is the filter efficiency. &, is the 
Kronecker symbol (& = 1 if i = k and 0 if i # k), ;i are 
the decay constants, h is the height of the sector, rc is the 
radius of the circle passing through the sector centers, tr 
is the time for which a given point of the rotating filter 
passes through the inlet nozzle, (1) is the angular velocity 
of the rotating filter. The indices i = 1, 2, 3 in i&i. Ii and 
A,.; refer to “NPo, “‘Pb and “JBi. respectively. The 
Xi parameters were estimated by the least-squares fit of 
the experimentally determined number of tracks in differ- 
ent sectors - through minimization of the form 

(6) 

Uncertainties CJ~ in Ii were calculated as follows: 

(7) 

where the covariation Cov(Xk, X,) is given by the expres- 
sion: 

(81 

In Eq. (8) K-’ is the inverse matrix of the matrix with 
elements K,j = CkFi((Pk)Fj(~k) and 8, are the least- 
squares estimates of Xi. 

All calculations were performed by a software based 
on the algorithm described. 

As indicated by our experience the experimental uncer- 
tainties are significantly dependent on the choice and 
disposition of the different sectors, their number. etc. In 
order to ensure the maximum accuracy of the measure- 
ments, numerical experiments were made. Their purpose 
was to study the propagation of uncertainties on vari- 
ation in different parameters. In these numerical experi- 
ments the statistical uncertainty was ascribed to the track 
counting and a Poisson distribution of number of tracks 
was assumed. 

First, the disposition of the A-sector was chosen. The 
starting angle for this sector was 2 ‘. The uncertainties in 
‘r8Po, “‘Pb and ‘rsBi were studied as dependent on the 
width of this sector. The B-sectors start immediately after 
the A-sector and every B-sector is of 20’ angular width. 
The results showed that the uncertainty in “‘PO was 
decreasing for wider A-sector, but the uncertainty in 
‘15Bi was increasing. The uncertainty in ‘r4Pb was 
weakly dependent on this parameter. As optimal width 
has been considered that, for which the sum al + af + 
(r< is a minimum. As seen in Fig. 3 the optimal width is 
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Fig. 3. Dependence of CT: + CJ~ + CT: on the angular width of the 

A-sector. Assumed activity ratios (‘18Po: “‘Pb: *14Bi) arc 

shown. 
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Fig. 4. Uncertainties of ‘14Pb and “‘Bi as dependent on the 

number of B-sectors. 

about 20” for a great variety of activity ratios 218Po: 
‘14Pb : ““Bi. This was convenient for the practice as all 
sectors of SSNTD film in the present measurements were 
of one and the same angular width of 20’ and of equal 
areas. 

The dependence of uncertainties in ‘14Pb and ‘14Bi on 
the number of B-sectors is shown in Fig. 4. As seen if the 
number of sectors is small (e.g. less than 8) the uncertain- 
ties grow rapidly. In the present experiments the number 
of sectors used was 2 8. 

2.4. Correction,fbr Z20Rn-progeny availability 

If short-lived 12’Rn progeny are present in measurable 

concentrations they could affect the results both for A- 
and B-sectors. However, the correction of “‘Rn progeny 

is much facilitated by the following reason: For the fixed 
period of rotation (1 h) the angular dependence of the 
surface specific activity of ‘12Bi + z12Po (both directly 
deposited and produced by the ‘r2Pb decay) is weak. For 
activity ratios ‘12Bi: 212Pb < 1 (the real case, according 
to the published results [21]) the angular variation of the 
specific activity (maxxmin) is from 7% (“‘Bi = ‘r2Pb) to 
less than 2% (ll’Pb $ ‘12Bi). If this activity is con- 
sidered as constant for all angular positions and corres- 

ponding to the value of sector C (situate with center at 
192’) width 20 ‘), the deviation of the real surface specific 

activity will not exceed f 4% of this value. This differ- 
ence is sufficiently less than the normal experimental 
uncertainties in our experiments. 

Experimentally, this correction was made as follows: 
The net-number of tracks in the sector C was Cr. hence 
the number of ‘r2Bi disintegrations in this sector was 
C’r/eF’. Taking this number as a constant for all sectors 

the expected number of tracks in the A-sector due to the 
“‘Rn progeny on the filter were: 0.36 Cr.s\A’I$’ and for 
B-sector (affected by 8.78 MeV cl-particles): C’~F\~‘/$‘. 
Note that 0.36 is the probability of ‘12Bi z-decay. These 
values were subtracted from the total number of the 
tracks in the correspondent sectors. 

The net-number of C-sector tracks could also be used 
for assessment of the time-integrated PAEC of “‘Rn 
progeny. The theoretical analysis showed that integrated 
PAEC (12”Rn) is proportional to CT with less than 1% 
variation due to the differences in ‘r’Pb: ‘12Bi ratio. 

More details about integrated measurements of ‘r2Pb 
and “‘Bi in air are described elsewhere [22]. 

3. Results and discussion 

Measurements following the present method have 
been made in an experimental basement where “‘Rn- 
progeny concentrations varied within the range of 

15-200 Bq me3 and concentrations of “‘Rn progeny 
were from < 0.5 to about 3.5 Bq mm 3. The average ratio 
PAEC(““Rn): PAEC(lz2Rn) was about 0.4. Thus, the 
situation in this basement was similar to the situation in 
dwellings where both 222Rn and “‘Rn are present [23]. 
Some measurements were performed at the National 
Center of Metrology (Bulgaria) in an artificial ““Rn 
atmosphere free from “‘Rn progeny. All measurements 
were made at an air flow-rate of 1.2 1 min ‘. During these 
tests reference measurements were made made with the 
method of Kritidis et al. [7]. 

Results from such comparative measurements are 
shows in Table 2. They cover the range of integrated 
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Integrated concentrations following the present method compared with simultaneously made series of grab-sampling measurements. 
The results are given in Bq h m _’ 

Present method Zr‘&Pb L ‘jBi Grab samplings J’&Pb “JBi 
“8Po ‘rap* 

concentrations from about 20 to about 5000 Bq h m _ ‘. 
The “‘PO: ‘llPb: ‘rsBi activity ratios varied from a dis- 
equilibrium of 1 : 0.3 : 0.1 to about a full equilibrium. The 
agreement between the results by the present method and 
the reference values is clear. The experimental uncertain- 
ties were individual for any measurement, but their rela- 
tive values were < 20% for most of the integrated 
concentrations above 100 Bq h rnem3. Note that a quanti- 
tative agreement was obtained for low-integrated 
concentrations -- even less than 100 Bq h rne3. At typical 
environmental conditions 100 Bq h mW3 refer to a time of 
sampling of few hours indoors and about 1 d outdoors. 
Thus. the method is expected to cover the practical range 
of concentrations for the measurements in the human 
environment. In high concentrations the method is lim- 
ited by the SSNTD saturation. At an air Aow rate of 
1.2lmm’ saturation is expected to occur above 
5 x 10’ Bq h m -i. This limit could be made higher reduc- 
ing the air flow-rate through the rotating filter. However, 
if this reduction is significant new test measurements 
should be performed in order to check if problems due to 
the plateout losses of “‘Un progeny have arisen, 

In principle, the manner of registration of a-particles 
by SSNTD could be arranged “non-spectrometrically”, 
for instance. using SSNTD with wider energy range of 
sensitivity (e.g. CR-39) so that the use of absorbers will 
not be necessary. Measurements with a non-spectromet- 
ric approach have not been made but the uncertainties 
were studied by numerical experiments. At one and the 
same integrated concentrations where the x-particle effi- 
ciency of the non-spectrometric method was 0.1 the rela- 
tive uncertainties in ‘r8Po, ‘r4Pb and ‘14Bi were, respec- 
tively, 4, 1.2 and 1.7 times greater for the non-spectromet- 
ric than for the spectrometric method. The accuracy of 
the spectrometric method for 218Po could not be com- 
peted by the non-spectrometric one even if the latter 
operates with the maximum possible efficiency of 0.5. 

4. Conclusions 

A method for integrated measurements of individual 
co~lcentratio~s of each of the short-lived “‘Rn progeny 
(J’8Po, 2’JPb and 214Bi + *14Po) has been proposed. It 
is based on a combination of the rotating filter and 
SSNTD shielded with absorbers. The experimental re- 
sults obtained suggest that the method is adequate at 
integrated concentrations as low as 100 Bq h m-“. There- 
fore, the sensitivity of the method is sufficient for 
measurements of “’ Rn progeny in the range of concen- 
trations which are typical in the human environment. 
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