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Introduction 
It is well known that radon is one of the most important natural radioactive sources. As it is 
alpha-source and a human body is covered by skin (which is an absolute barrier for alpha-
particles) the possible health damage should be in fact caused by inhalation of radon and its 
decay products only (radon intake by eating or drinking is in most cases negligible). Due to 
the relatively long radon life-time (approx. 4 days) in comparison with the breathing cycle 
duration (approx. seconds-minutes) the most important factor in the respiratory tract 
irradiation is short-lived radon daughters.   

Radon decay products unlike radon are non-gaseous (solid) elements, commonly with the 
electric charge. In air they should exist in two forms: Unattached (particle diameter 1-10 nm) 
and attached (particle diameter >50 nm) on airborne aerosol particles surface. As the time 
comes both unattached and attached radon daughters settle on surrounding surfaces. Of 
course, the airborne radon daughters should present potential health risks, as they should be 
breathed in by persons that stay in the closed radon-rich place. 

The most important factor in the radon related dose calculation is the point in the respiratory 
tract where radon daughters deposit. The possible health damage differs part to part of the 
respiratory tract due to cell sensibility to radiation and due to organism ability to dispose of 
the foreign bodies. The factor discussed above is strictly driven by the particle size (diameter). 
So, the aerosol particle size distribution is one of the essential parameter for radon related 
dose calculation. 

The aerosol particle size spectrum is relatively well-known for the case of residential places. 
It is clear, as the time spent inside residential buildings by humans is usually longer in 
comparison with e.g. workplaces. The second fact is the aerosol particle size measurement is 
relatively complicated and on some types of workplaces the measurement is in fact 
impracticable. On the other hand, there are workplaces (e.g. some caves) where radon 
concentration is higher and the radon-related dose evaluation should be essential. The 
common procedure how to judge this dose is based on residential places value taking into 
account one or more correction factors (e.g. correction factor for caves is 1.5). 

This paper summarizes results of aerosol particle size spectra evaluation which has been 
measured directly in the Bozkov cave. These spectra are compared with the ones for 
residential areas and the radon-to-dose conversion factor is discussed. The correction factor 
(so called “caves factor”) value is discussed too.   

 

 1



Materials and Methods 
First of all, long-term radon measurem
Bozkov. For this purpose several 
methods have been used. As other 
shown caves in Czech Republic, 
Bozkov cave is under regular 
supervision of the State Office for 
Nuclear Safety from the point of 
view of radon that is based on using 
of alpha-track etch detectors. 
Moreover, continual radon 
monitors

ents have been carried out at public open cave in 

rack etch detectors based methods for radon monitoring, radon 

1 (Radim 3 or Radonic01) 
have been placed inside cave for two 
years to be able more precisely 
estimate radon related parameters, 
esp. at point where highest radon 
concentration is usually found 
(Peklo – see Fig. 1). Continual radon monitors are in using there up to now.  

In addition to continual and t
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Fig.1: Short-term radon concentration variations (Peklo).

daughters had been measured by one shot method regularly (one-two times per week) and 
equilibrium factor had been estimated. For this purpose the PSDA and ERM2 measuring set 
had been used. Also air exchange intensities had been measured by TESTO apparatus. 

Fig. 2: TSI Differential Mobility Analyzer, 
unter. Fig. 3: Sampling tube 

s for aerosols particle size distribution, one measurement campaign (that includes both 

                                                

Diffusion Battery, Condensation Particle Co

 

A
“normal working day” and closing day of cave) had been organized at the beginning of 
September 2003. TSI instruments (see Fig 2 and 3) had been used for particle size distribution 
measurement: Diffusion battery and differential mobility analyzer for small aerosols particles 
and aerosol impactor for bigger ones. Unfortunately, these equipments do not allow activity 
attached on aerosol direct estimation, therefore only non-active aerosol spectra had been 
measured with later conversion into active by calculation. 

  

 
1 Some adaptations have been done to suppress radon monitor dependence on humidity and possible damage of it 
due to water (see [1]).   
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Results and Discussion 
me in several main particle-diameter modes is shown on Fig. 4. 

-20 nm (occasional appearance) are „new aerosols“ that 

 0-500 nm (no significant variations of particles 

 elatively stable in internal atmosphere; their 

 ith diameter higher than 1 µm come from outside only and should be found 

aerosol s approx ten times higher in comparison with caves. 

Particle size distribution in ti
Taking into account that cave had been closed form September 1 evening up to September 3 
morning, it is possible conclude: 

 Particles with diameter 3
quickly disappear due to aerosol particles aggregation or due to wall-deposition. These 
particles are produced mainly by human activity, as the cave internal atmosphere is 
very clear and conservative. 

Particles with diameter 2
concentration) are produced by aggregation of small aerosols – i.e. it is so called 
„accumulating mode“ for small particles. 

Particles with diameter 500 nm-1 µm are r
concentration falls in time slowly due to deposition effect when there are not 
produced. 

Particles w
when visitors are present only. 

s concentration in apartments i

Fig. 4: Aerosol particle size distribution (from 2.9. the cave had been closed) 

When we compare aerosol conditions in cave and in compartment (see Fig. 5), the average 

This effect is due to no presence of aerosol sources inside cave, esp. when cave is closed. It 
implies relatively higher probability for radon daughters to be unattached in cave as the 
number of free aerosols is limited and consequently radon risk in cave should be higher. Big 
aerosols are practically absent in the cave without visitors 
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Fig. 5: Aerosol particle count in important diameter-modes; cave and apartment comparison. 

Taking into account facts noticed above, it is possible to compare radon-to-dose conversion 
factors for apartments and for caves (see Fig. 6). For this consideration lets take equilibrium 

ee fraction Fp 

 40-50% 
for

 10-

t at caves).  

factor as a 
parameter and 
conversion factor 
(j.hP, where hp is 
conversion factor 
and j is so called 
“cave factor”) 
should vary with 
fr
(typical Fp for 
caves are
whereas 
apartments:
40% due to three 
most important 
facts: Lower 
aerosols 
concentration at 
caves, no 
significant aerosol 
source at caves, 
and high 
probability of 
wall-deposition effec
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Taking into account appropriate deposition coefficients [4] (see Tab. 1) and radon activity 
estimated in surrounding air it is possible to calculate attached activity on aerosols in cave. 
This work should be done for two cases: with and without visitors with appropriate aerosol 
particle size spectrum (see fig. 7). Results are shown in Tab. 1 and on Fig. 8. Notice how 

portant role plays free fraction (it is obvious) and big-diameter aerosols (for relatively small 
activity is relatively high due to high deposition coefficient).  

 
Aerosol mode F 10- 20- 60- 200- 500 nm- µm 1- m 

im
amount of particles, attached 

ree 3-10 nm 20 nm 60 nm 200 nm 500 nm 1 2.5µm 2.5-10µ

dg (nm) 1  1 3 11 31 70 159 52.5 5.5 4.3 4.6 1.0 6.0 6.0 6.0 33.0 

Deposition coef. 
(%)  0.0001 0.0007 0.0040 0.0400 0.3300 1.6300 8.3400 8  9.6500

DCF  
(µSv/hBqm ) -3 0.016 0.075 0.026 0.011 0.003 0.002 0.002 0.004 0.011 

W isitithout v ors 
Particles count 
(# cm-3)  1 0 0 0 0 0 0 0 2 9.560 13.980 69.600 81.720 6.410 0.190 0.010 0.000

Attached activity 
-3 13475.00 4.57 20.67 6 .82 4635.58 684.59 133.06 32.72 (Bq m ) 05.58 7357

With visitors 
Particles count 
(# cm-3)  9 15.50 1.34 23.99 78.18 7.55 0.89 0.65 0.18 

Attached
(Bq m-3) 23.00  activity 10310.00 6.99 4.99 45.00 1609.00 1254.00 715.00 2340.00 72

T
dose conversi

ab.1 Calculated activity attached on aerosol particles (dg is geometrical mean diameter; DCF is radon-to-
on factor). Rows with gray background have not been calculated (see [4]). 
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Fig. 7: Total particle-size spectra in cave for the cases with 
and wit out visitors.  

Fig. 8: Calculated activity attached on aerosols in cave for 
the cases with and without visitors. 

retical results with values measured by appropriate device (e.g. 

h

 

Conclusion 
Aerosol attached activity on aerosol particles has been calculated based on radon 
concentration measurement and passive aerosol size distribution in caves. It is good idea to 
compare these semi theo
Fritra4). However, some differences can appear, as the attached activity on aerosol is very 
hard and uncertain work. 

As for consequences for radiation protection, it is necessary to continue in the results obtained 
analyses. It is clear, in caves the most important role plays unattached fraction that is approx 
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2-3 times higher in comparison with apartments. The “cave factor” using for radon related 
dose, as additional factor is fully valid. The main attached activity on aerosol can be found at 
the part of size distribution spectrum about 200 nm – it is same as for apartments. Fortunately, 
n aerosol particle with this diameter deposition in respiratory tract probability is lover in 
omparison with other parts of aerosol-size spectrum. 
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