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Introduction 

Radioactive noble gas radon is the irremovable natural companion of 
humans. The understanding such fact that the radon daughters is the main source 
of peoples radiation exposure resulted in the epidemiological studies around the 
world. The most informative studies for assessing the effects of indoor radon 
exposures are the studies conducted by case-control methodology. For radiation 
induced lung cancer the long latent period (up to some tens of years) are typical. 
So to make the correct risk assessment the researcher needs the information on 
cumulative radon daughters exposure in the interval from 5 to 30-35 years 
before the lung cancer diagnosis. Usually it is very difficult to estimate the 
individual radon exposure for such interval due to short term [1] and long term 
change of radon concentration during years [2], renovation of the dwelling, 
change of place of residence etc. As a rule, the measurements of contemporary 
radon concentration in the last place of residence are not sufficient for correct 
assessment of radon exposure in epidemiological studies. 

Some years ago it was suggested to use the surface activity of 210Pb 
accumulated in the domestic objects as a measure of cumulative radon exposure. 
The half-life of 210Pb is 22 years, so the accumulation time is comparable to the 
realization time of radiation induced lung cancer.  

The main principle of such phenomena is the fact that during the α-decay of 
short-lived radon daughters (218Po and 214Po) the recoil atom (214Pb or 210Pb) has 
enough energy to its implantation into the surface under the appropriate 
direction of recoil impulse. In 1988 it was suggested to use the indoor glass 
surfaces as a retrospective radon monitor by the measuring of 210Po surface 
activity that is in the equilibrium with implanted 210Pb surface activity [3]. Now 
such measurement technique is known as surface trap technique. Such objects as 
mirrors, glasses in furniture or photography and picture frames are quite 
common in every dwelling. As a rule the age of that objects is known and these 
objects accompany the peoples during their change of the place of residence. 
Flat and smooth surface of glass is very suitable for conducting of surface 
activity measurements and modeling of air-glass boundary effects. As a result 
the flat glass objects situated inside the dwellings during period from 5 to 50 
years are the good material for retrospective assessment of indoor radon 
concentration.  

The most suitable technique for the surface α-activity measurements is the 
solid-state nuclear track detectors (SSNTD). The main requirement for the use of 
SSNTD in surface 210Po α-activity measurements is the discrimination of 
background α-radiation due to the natural 238U and 232Th decay chains contained 
in the bulk of glass. As a rule such discrimination conducted by the use the 
second detector with different sensitivity due to another type of detector 
material (combination of CR-39 and LR-115) or due to placing thin absorber layer 



between the glass surface and the detector to decrease the energy of α-
particles.  

The analysis of papers concerned the use of SSNTD for retrospective radon 
measurements [4-8] showed that the some problems of different origin are 
exists.  
• The use of different types of sensitive materials characterized by own 

different random errors and systematic inaccuracy result in the increase of 
total uncertainty of the results. 

• The use of two different detectors doesn’t allow the unknown ratio between 
the background U and Th concentrations in the glass and unknown detector’s 
sensitivity to the background α-radiation to be taken into account. 

• There are very little information on the sensitivity of the model to the 
variation of different parameters, the total uncertainty of the surface traps 
technique and the minimal detected activities and radon exposures.  

So the main tasks of this work are: 
• Development of multilayer (3-4 layers) surface track detector for the 

measurements of the surface activity 210Po and separate measurements of the 
specific activity of 238U and 232Th decay chains, theoretical calculations and 
experimental verification of its sensitivity.  

• Analysis and verification of the model of radon daughters deposition and 
implantation, estimation of the parameters of this model and their 
dependency on atmosphere characteristics.  

• Analysis of uncertainties of retrospective radon concentration measurements 
by multilayer surface trap detector. 

 
Construction and parameters of multilayer surface trap detector 

The LR-115 film was chosen as a working material for the multilayer surface 
trap detector. For the measurements of the surface activity 210Po and specific 
activity of 238U and 232Th decay chains in glass the 3 layers assembly of 12 µm 
LR-115 film was placed on the surface of the object and isolated from the 
atmosphere. Nitrocellulose films works both as α-particle detector and as 
absorber decreasing the energy of α-particles.  

The energy and angle dependence of LR-115 sensitivity to α-particles was in 
details described in the works [9, 10] (Fig. 1). The function described such 
dependence was suggested in the work [11] 
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Unfortunately in the work [11] the values of the fitting coefficients were not 
presented and we calculated their numeric values in our work: c1 = 3.89; 
c2 = 16.2; c3 = 2.84; c4 = 1.12; c5 = 2.03⋅10–2. The systematic error of fitting is 
less then 9%. The 3D-view of energy and angle dependence of LR-115 sensitivity 
to α-particles described by function (1) is presented on Fig. 2.  



 
Fig. 1. Effectively of α-particle registration by LR-115 for incidence angles (from 

outer to inner) 0°, 30°, 40°, 50°, 55°, 60° [9] 
 

 
Fig. 2. 3D-view of energy and angle dependence of LR-115 sensitivity to α-

particles described by function (1) 
 

The multilayer detector response to 210Po surface activity and specific 
activity of background 238U and 232Th decay chains in glass was calculated by the 
use the response function (1) and Monte Carlo modeling of α-particle trajectories 
and energy-angle distribution using SRIM-2003 software.  

It is possible that the disequilibrium between 238U and 226Ra will take place 
in the glass. In this case the response of the detectors will differ for different 
disequilibrium shifts (Table 2). In thorium chain due to relatively short half-life 
of daughters radionuclides there is no significant disequilibrium. The results of 
the calculations are presented in the Tables 1 and 2.  

 
Table 1 

Detector response on 210Po surface activity 1 Bq/cm2 

Layer Track formation rate (track/cm2⋅s-

1) 
1 2.07⋅10–11 



2 1.90⋅10–1 

3 2.09⋅10–3 

4 0 
  

Table 2 
Detector response on 238U and 232Th decay chains total specific α-activity 1 Bq/g 

Track formation rate (track/cm2⋅s-1) 

Equilibrium shift between 226Ra and 238U Layer 

0.6 0.8 1 1.2 1.4 

232Th in 
equilibrium

1 3.30⋅10–4 3.30⋅10–4 3.30⋅10–4 3.30⋅10–4 3.30⋅10–4 3.30⋅10–4 

2 1.48⋅10–4 1.60⋅10–4 1.69⋅10–4 1.76⋅10–4 1.81⋅10–4 2.49⋅10–4 

3 3.35⋅10–5 3.83⋅10–5 4.19⋅10–5 4.47⋅10–5 4.70⋅10–5 8.30⋅10–5 

4 6.79⋅10–6 7.76⋅10–6 8.49⋅10–6 9.05⋅10–6 9.51⋅10–6 3.93⋅10–5 

 
By the use of multilayer LR-115 track detector it is possible to measure both 

210Po surface activity and specific α-activity of background 238U and 232Th decay 
chains in glass. The α-particles due to decay of 210Po will be detected practically 
only in second layer. All LR-115 layers will register background α-radiation of 
glass. On the base of the data presented in the Tables 1 and 2 it is possible to 
make the equation describing the rate of track formation in each layer in 
dependence on surface and specific activity of glass. The transformation of such 
equation gives us the equation connecting the track density in different layers 
and the 210Po surface activity and specific activity of 238U and 232Th decay chains 
in glass. For equilibrium 238U and 232Th chains the resulting equation can be 
written 
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where  Po
SA – 210Po surface activity (mBq/cm2);  U

mA  � Th
mA  – specific α-activity of 

background 238U and 232Th decay chains (Bq/g);  N1-N3 – number of tracks detected 
in different layers, T – duration of detector exposure (days), S – square of 
detector surface (cm2). 

Sometimes the 210Po surface activity can be estimated with sufficient 
accuracy by the data on track density for two first layers 
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where mA  –  specific gross α-activity of the glass (Bq/g).  



The fourth layer in general is sensitive only to the background α-particles 
from 232Th decay chain in the glass and the sensitivity of this layer is very low. It 
was confirmed by both theoretical calculations and experimental measurements 
[12]. So the use of four-layer detector is possible only in very unusual situation – 
on the glasses with high 232Th concentration. In our further practice we used only 
three layer detectors.  

 
Model of radon daughters deposition and implantation 

For correct retrospective radon dosimetry the precise measurement of 
implanted surface α-activity is very important but not sufficient. The model 
connecting the 210Po surface activity and average radon concentration is need. In 
1972 the well-known Jacobi model was suggested [13]. This model describes 
processes of radon progeny generation, partitioning between different states, 
interaction with room aerosols and surface deposition. At first the model was 
created to describe the behavior of short-lived radon daughters, but it can be 
expanded on all radon daughters decay chain (Figure3). After the radon gas 
decay, newly generated high-density metals react immediately with air vapors 
and trace gases and form ultra small particles with diameters between 0.5 and 5 
nm (unattached decay products). At the same time, decay products interact with 
existing aerosol particles in the atmosphere combining into radioactive aerosols 
(attached decay products) with wide size distribution among tens and thousands 
of nanometers. Both states deposit on the room surfaces, the deposition rate for 
the unattached fraction is nearly two orders higher than that for the attached 
state. Recoil implantation efficiencies for deposited unattached activity and 
deposited aerosols are also different, and so we differentiate these states in the 
model. Another additional state is the surface implanted activity. 



 
Fig. 3. Compartment room model 

 
Alpha decay can lead not only to implantation of deposited activity, but to 

displacement or removal of the implanted atoms and detachment of the attached 
and deposited decay products. Figure 3 schematically represents this model. 
Solid arrows correspond to decay driven processes, dotted arrows relate to 
attachment and deposition processes, dash-and-dot arrow symbolizes that a part 
of the long-lived activity is removed by cleaning.  

All processes of implantation of deposited radon progeny and recoil of 
implanted activity were modeled by Monte Carlo method. In order to take into 
account the curved pathways of nuclei and range straggling, ion trajectories 
were computed with the help of SRIM-2003 software. The target glass was 
assumed to have the following composition: O – 60%, Si – 25%, Na – 10%, Ca – 3%, 
Mg – 1%, Al – 1%; density – 2.4 g/cm3. Obtained values of the constants are: 
for unattached deposited activity 
• recoil implantation efficiency (218Po and 214Po decay) – 0.46; 
• coefficient of implanted 214Pb activity recoil – 0.27; 
for attached deposited activity 
• recoil implantation efficiency (218Po and 214Po decay) – 0.23; 
• coefficient of implanted 214Pb activity recoil – 0.26. 



Recoil implantation efficiency for attached radon decay products shows 
negligible dependence on the aerosol size. 

According to the scheme presented in Figure 3 the differential equation 
system describing the dynamics of radon daughters in air and on glass surface 
was compiled. The values of deposition rate of attached and non-attached 
fraction of radon daughters were used according to the data of works [14, 15]. 
The value of cleaning coefficient pc = 0,85 of deposited non-implanted long-lived 
radon daughters suggested in the work [16] is in a good agreement with our 
experimental data.  

For the average values of model parameters the mean radon concentration 
C0 (Bq/m3) can be calculated from the surface 210Po activity Po

SA  (mBq/cm2) of the 
glass object exposed in this atmosphere during T years by equation  

( )Texp
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After the exposure of the glass object during 20 years under average radon 
concentration 100 Bq/m3 the 210Pb (210Po) surface activity will be 0.19 mBq/cm2. 

This equation is correct for the exposure duration T≥5 210
21
−Po
/T . In practical work 

such requirement usually takes place.  
 

Uncertainties of retrospective radon concentration measurements 

During the measurements of surface α-activity of glass both systematic 
biases and random errors are exists. One of the significant sources of systematic 
bias of detector is the uncertainty of analytical approximation of energy-angle 
dependence of α-particles registration efficiency (equation 1). In the 
measurements conducted by two-layer detector additional systematic bias due 
to unknown equilibrium shift between U and Th chains is exist. For the three-
layer detector the U-Ra disequilibrium also increases the measurement 
uncertainties. The main source of random errors is the random statistic of 
radioactive decay. The total uncertainties of surface α-activity measurements in 
dependence on 210Po surface activity and gross specific α-activity of glass, 
conducted by two- and three-layer detector are presented in Figure 4. The 
minimum detectable surface activity of implanted 210Pb (210Po) in dependence on 
gross background specific α-activity of glass was estimated according to 
recommendation of work [17]. The result is presented in Figure 5. 
 

 



Fig. 4. The total uncertainties of surface α-activity measurements by two- (a) 
and three-layer (b) for gross background specific α-activity of glass 0.05, 0.1 and 

0.2 Bq/g 
 

 

 
Fig. 5. The minimum detectable surface activity of implanted 210Pb (210Po) in 

dependence on gross background specific α-activity of glass 
 
The model describing the processes of radon progeny generation, 

partitioning between different states, interaction with room aerosols and 
surface deposition considered above allows connecting the measured value of 
210Po surface activity and average radon concentration during the glass object 
exposure. The accuracy of radon concentration assessment directly depends on 
uncertanity of model parameters. The average values and ranges of general 
model parameters are presented in Table 3.  

Table 3 
Average values and ranges of model parameters 

Parameter  Min. Mean. Max. 
Aerosol particles concentration (Z, cm–3) 2000 10000 30000 
Deposition velocity of unattached 218Po ( u

dv 1, m/h) 1 3 5 

Deposition velocity of unattached 214Pb, 214Po ( u
,dv 32 , m/h) 0.2 0.43 0.7 

Deposition velocity of attached 218Po ( a
dv 1, m/h) 0.2 0.3 0.5 

Deposition velocity of attached 214Pb, 214Po ( a
,dv 32 , m/h) 0.02 0.04 0.07 

Air exchange rate (λν, h–1) 0.2 0.5 3.0 
Surface to volume room ratio (S/V, m–1) 3 5 7 
 

The conversion coefficients from 210Po surface activity to average radon 
concentration calculated to extreme parameter combinations can differ 
approximately on one order of value. The most influencing model parameters are 
aerosol particles concentration, deposition velocity of unattached 218Po and air 
exchange rate. The dependence of estimated average radon concentration on the 
change of model parameters can be described by empirical fitting functions: 
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The use of such fitting functions allow to calculate the average radon 

concentration for any set of model parameters without the numeric solution of 
the lengthy system of differential equations 
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where fi – fitting function for parameter i, ip  – average value of parameter i 
(Table 3), pi – real or most probable value of the parameter i for concrete room. 
The use of equation 13 instead of exact solution of the system of differential 
equations gives the error not more than 10%.  

For the majority of real dwellings the ranges of such parameters as S/V and 
λν are narrow and there is very little their change. During the field 
measurements usually there is the possibility of qualitative assessment of this 
parameters by gradations: high, average and low. The assessment of aerosol 
particles concentration Z can be made by the grab sampling measurements of 
unattached radon daughters fraction f at least 4 times during the year (when 
season radon concentrations are measured by ordinary SSNTD). Such 
measurements allow estimating the total concentration of aerosols in the air of 
dwelling by empirical equation f=400/Z [18] for correct interpretation of surface 
trap detectors data. 

For the conducting of such measurements a wire screen diffusion battery 
was developed [19]. The diffusion battery contains a single brass-wire-mesh 
screen (50% penetration for 1.9 nm diameter particles) with a back-up filter. 
Alpha-activity collected on the filter was measured by Si detector. Kusnetz 
method was used for the determination of the radon attached and unattached 
fraction activity concentrations. Atmospheric pressure, indoor and outdoor 
temperature and humidity as well as information about the sources of the 
aerosols and material of the walls, floor and ceiling were registered 
simultaneously. It was shown that it’s possible to divide the dwellings in 
different subgroups by smoking factor, presence of gas stove etc. and to 
determine the typical value of unattached radon daughters fraction f and, 
accordingly, the aerosol particles concentration Z in each subgroup. 

For the typical radon exposure conditions (100 Bq/m3 during 20 years glass 
specific alpha activity 100 mBq/g) the main sources of measurement 
uncertainties are: 
1. Random error of 210Po measurements due to stochastic nature of radioactive 

decay – 5%. 
2. Systematic bias of 210Po measurements due to uncertainties of angle and 

energy dependence of LR-115 sensitivity – 10 %. 
3. Systematic bias of 210Po measurements due to unknown equilibrium shift in 

uranium chain in glass between 238U and 226Ra – 5 %. 
4. Systematic bias of conversion between surface activity of 210Po and average 

radon concentration – 30-50 %.  



With the use of additional information on surface to volume room ratio, air 
exchange rate and typical aerosol particles concentration the systematic bias of 
conversion coefficient between surface activity of 210Po and average radon 
concentration can be decreased up to 30 %. According to our estimations for the 
typical exposure conditions the total uncertainty of the retrospective radon 
concentration measurements by three-layer surface trap detector isn’t exceed 
35%. For two-layer detector the influence of unknown activity ratio between U 
and Th decay chains in glass leads to the systematic bias of 210Po measurements 
14%. In this case the total uncertainty of retrospective radon measurements is 
nearly 40 %. 
 
Conclusions 

The detector for retrospective radon exposure measurements is developed. The 
detector consists of the multilayer package of solid-state nuclear track detectors 
LR-115 type. Nitrocellulose films works both as α-particle detector and as 
absorber decreasing the energy of α-particles. The uncertainties of implanted 
210Pb measurements by two- and three-layer detectors are assessed in 
dependence on surface 210Po activity and gross background activity of the glass. 
The generalized compartment behavior model of radon decay products in the 
room atmosphere was developed and verified. It is shown that the most 
influencing parameters on the value of convertion coefficient from 210Po surface 
activity to average radon concentration are aerosol particles concentration, 
deposition velocity of unattached 218Po and air exchange rate. It is demonstrated 
that with the use of additional information on surface to volume room ratio, air 
exchange rate and aerosol particles concentration the systematic bias of 
conversion coefficient between surface activity of 210Po and average radon 
concentration can be decreased up to 30 %. 
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