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Inhalation of 222Rn progeny in the domestic environment contributes the greatest 

fraction of the natural radiation exposure to the public. Dosimetric models are most 
often used in the assessment of human lung doses due to inhaled radioactivity because 
of the difficulty in making direct measurements. These models require information 
about the parameters of activity size distributions of radon progeny. The current study 
presents measured data on the attached and unattached activity size distributions of 
radon progeny in indoor air in El-Minia, Egypt. The attached fraction was collected 
using a low pressure Berner cascade impactor technique. A screen diffusion battery 
was used for collecting the unattached fraction. Most of the attached activities for 222Rn 
progeny were associated with aerosol particles of the accumulation mode. The mean 
activity median aerodynamic diameter (AMAD) of this mode for 214Pb was determined 
to be 401 nm with relative mean geometric standard deviation of 2.96. The mean value 
of specific air activity concentration of 214Pb associated with that mode was determined 
to be 4.74 ±0.44 Bq m-3. The relative mean geometric standard deviations of 
unattached 214Pb were determined to be 1.21 with the mean activity thermodynamic 
diameter (AMTD) of 1.2 nm. The mean unattached activity concentration of 214Pb was 
found to be 0.44 ±0.14 Bq m-3. Based on the obtained results of radon progeny size 
distributions (unattached and attached), the deposition fractions in each airway 
generation of the human lung were evaluated by using a lung deposition model. 
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INTRODUCTION 
 

Radon-222 is naturally occurring radioactive gas and decay product of 226Ra. It is 
present in trace amounts in all rocks and soil. After the decaying of 222Rn, the next 
members of the decay chain are 218Po, 214Pb, 214Bi and 214Po which are the short-lived 
decay products of radon. Radon and its decay products are found in variable 
concentrations indoors, outdoors, and in mining environments. It has been shown, since 
the 1960s, that occupational exposures to high concentrations of 222Rn and its progeny 
have caused an increased risk of lung cancers. Since 1980s, the inhaled progeny of 
222Rn were recognized as the most important single contributor to internal radiation 
dosimetry. The infiltration of radon from the ground is usually the predominant source 
of indoor radon pollution [1]. High radon concentration in indoor air coupled with the 
prolonged exposure periods related to indoor habitation make indoor radon a potential 
hazard [2]. Radon escapes from the ground and accumulates in rooms according to the 
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strength of its emanation and its dilution by ventilation. Radon progeny are formed as 
positive ions or atoms, which are able to deposit on surfaces or attach to the particles of 
room air. This mechanism is explained in Fig. 1. Depending on the geological location, 
house structure and ventilation rate, chronic exposure to indoor 222Rn would be a health 
concern. The increased risks of lung cancers are associated with inhalation and 
deposition of short-lived radon progeny in the lung especially those of ultrafine 
progeny smaller than 2 nm, the so-called unattached fraction [3].  
 
 

 
Figure 1. Formation of radioactive aerosols.  

 
The activity size distribution of radon progeny has been determined by tagging 

the natural aerosol particles with radon progeny. However, some measurements of 
activity size distribution have been performed in indoor air [4-21]. Most of these 
literatures indicate that the activity size distribution of the airborne radon progeny in 
the indoor environment consists of ultrafine clusters with median diameters below 4 nm 
(unattached activity) and radon progeny associated with ambient aerosol in the size 
range between 0.1 and 0.4 µm (attached activity) [22]. Most of the unattached radon 
progeny is deposited in the respiratory tract during breathing, whereas 80% of the 
attached radon progeny are exhaled without deposition [23]. The unattached activity 
amounts up to about 10% of the total activity, but is considered to yield about 50% of 
the total radiation dose. Therefore, measurements of the unattached fraction are 
essential for the estimation of dose. 

Inhalation of the short-lived radon progeny (218Po, 214Pb, 214Bi and 214Po) makes 
the largest contribution to natural radiation exposure. The unattached and attached 
radon progeny are deposited in different regions of the human respiratory tract due to 
the different particle sizes. Because the dose to lung tissues cannot be measured, a 
dosomitric model is necessary to estimate the radiation dose exposure. In all dosimetric 
models the calculated dose principally depends on activity concentration and the 
activity size distribution of the inhaled radioactive aerosol [24]. 

Therefore, the first aim of the present study was to measur data on the unattached 
and attached activity size distributions of 214Pb as usually as the activity concentration 
of the same isotopes in indoor air. In addition, based on the obtained experimental data, 
the total deposition fraction has been calculated through the human lung by applying 
the deposition model of International Commission on Radiological Protection (ICRP) 

[25, 26].  
 
 

  MATERIALS AND METHODS 
Instruments 

Unattached Size Distribution 
In the present work, a wire screen diffusion battery similar to that employed and 

calibrated by Cheng et al [27] was used. It was constructed with the same screen 
characteristics to determine the size distribution of unattached radon progeny. The 
diffusion battery consisted of five stainless-steel screens with 24, 35, 50, 200, and 635 
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mesh numbers. The screens were calibrated with monodisperse silver aerosol particles. 
The measured 50% cut-off diameters of the screens are 0.9, 1.3, 1.9, 4.0 and 7.9 nm. 

The theory of this instrument is based on that the motion of very fine particles, in 
the diameter size range of about 2 nm, is strongly affected by random collisions with 
gas molecules (diffusion). A particle undergoing diffusion travels a random, irregular 
path. Its position at any given time depends on its most recent collision with a 
molecule. Therefore, some of these particles collide with the screen wires. Surface-
attractive forces between particle and wire cause the particle to stick to the screen. 
Because of diffusion, a larger fraction of small particles will collide with the screen 
than of large particles.  
 
Attached Size Distribution 

A low pressure Berner cascade impactor was used to determine the activity size 
distribution of attached short-lived radon progeny (214Pb) [28]. It consisted of eight size 
fractionating stages and a back-up filter holder, and operated at a flow rate of 1.7 m3    
h-1. Aluminum foils were used as collection media and a glass fiber filter as the back up 
filter [29]. The collected activity on each impactor stage was measured with a well-type   
3×3" NaI (Tl) detector. Therefore, the collection efficiencies as well as the cut-off 
diameters of the impactor stage could be calculated. The measured 50% cut-off 
diameters were 82, 157, 270, 650, 1100, 2350, 4250 and 5960. The total interstage 
losses of aerosol particles were less than 2% of the total activity [28]. 

The effect of the low pressure cascade impactor reduces the drag force on the 
particle. This reduction in drag allows smaller particle sizes to be collected in low 
pressure impactors compared with impactors which are operated at the normal pressure 
(sierra impactor). In that impactor, an aerosol sample is drawn through a series of 
successively smaller nozzles consisting of round holes with a collection surface placed 
perpendicular to the direction of flow and very close to the exit of each nozzle. At each 
stage, the aerosol is accelerated in passage through the stage nozzle and the particles 
must make a right angle change of direction to follow the air streamlines; large 
particles are unable to negotiate the right-angle turn and impact upon the collector 
plate. The impactor stages are designed to provide progressively higher jet speeds so 
that the average size of particles collected at each stage is successfully smaller. An 
efficient filter usually follows the final stage to collect all the smaller particles which 
successfully pass through the impactor. 
  

Methods 
Unattached Size Distribution 

To determine the unattached activities of radon progeny, the aerosol attached and 
total radon progeny concentrations were measured. Each measurement consisted of two 
parallel samples: one with a single screen and the other as a reference sample without 
screen. This procedure was repeated with different screens. The screen was used only 
for collecting the unattached activities. The activities penetrating the screen (mostly 
attached to aerosol particle) and that of the reference sample were collected on 
membrane filters (Sartorius membrane filters type SM, 1.2 mm pore size, 25 mm 
diameter and an efficiency reaching about 100%) and the alpha activities were detected 
during and after air sampling by a surface barrier detector. According to the Ruffle 
method [30] and through utilizing 241Am as a radioactive source of alpha rays, the 
counting efficiency of the detector was found to be 17.0 ±0.5%. The detector has an 
active area of 300 mm2 and the separation between the filter and detector is 6 mm. With 
an energy resolution of about 300 keV, it was possible to distinguish the alpha particle 
energies emitted during the decay of 218Po (6 MeV) and that of 214Po (7.69 MeV). In 
order to determine the activity concentrations of radon progeny (218Po, 214Pb and 214Po), 
the measurements were performed in two steps. Firstly, the alpha particle spectrum was 
collected during a sampling period of 30 min. Secondly, after waiting for a time period 
of 30 min without sampling, the alpha particle spectrum was measured again (during 
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decay) for a time period of 30 min. From the measured alpha counts of 218Po and 214Po 
during the sampling period and the 214Po counts during the decay period, the activity 
concentrations of 218Po, 214Pb and 214Po could be calculated according to a method 
described by Wicke [31]. The attached activities were derived from the sample 
obtained with the screen. The collected unattached activity on the screen is the 
difference between the measurements of the reference sample (without screen) and the 
screen sample. 

The parameters of unattached activity size distribution, Active Median 
Thermodynamic Diameter (AMTD) and Geometric Standard Deviation (GSM), were 
obtained from a graphical cumulative method. The cumulative unattached activity 
concentration fraction was plotted versus the cut-off diameter of the screens. AMTD is 
defined as the diameter at 50% cumulative fractions. GSM of the size distribution is 
defined as the diameter at 84% cumulative activity divided by the diameter obtained at 
50%. 

 
Attached Size Distribution 

For determination of the size distribution of the attached radon progeny (214Pb) 
with the low-pressure Berner impactor, several runs were conducted at different times. 
After air sampling, the foils were pressed into pellets and the relative gross γ-ray 
emitting activities on each impactor stage were measured with a well-type 3×3" NaI(Tl) 
detector connected to a multichannel analyzer. The parameters of the attached activity 
size distribution, Active Median Aerodynamic Diameter (AMAD) and Geometric 
Standard Deviation (GSM), were obtained by the same method which was explained 
for unattached activity size distribution. 

The measured data of unattached as well as attached 214Pb were applied to the 
dosomitric lung model of International Commission on Radiological Protection [26] for 
calculating the total deposition fraction to the human respiratory tract. The deposition 
was evaluated for a unit density of spherical particles and a ventilation rate of 1 m3 h-1 
light work), for adult male. (
  
 

RESULTES AND DISCUTIONS 
 

Table 1 represents the experimental results as, mean activity median 
thermodynamic diameter (AMTD), relative geometric standard deviation (GSD) and 
activity concentration (C) of unattached 214Pb; and mean activity median aerodynamic 
diameter (AMAD), relative geometric standard deviation (GSD) and specific air 
activity concentration (C*) of attached 214Pb, which were carried out in indoor air of El-
Minia University, El-Minia, Egypt. 
 
Table 1. Attached and unattached parameters of 214Pb 
 

DB IM 
Unattached parameters of 214Pb Attached parameters of 214Pb 

AMTD(nm) GSD C (Bq m-3) AMAD(nm) GSD C* (Bq m-3) 

1.2 
(1.1 - 1.3) 

1.21 
(1.19 -1.32) 

0.44 ±0.14 
(0.04 - 1.5)  

401 
(344 - 525) 

2.96  
(2.4 - 3.5) 

4.74 ±0.44 
(3.6 – 6.3) 

 
From Table 1, the unattached AMTD for 214Pb ranged from 1.1 to 1.3 nm with a mean 
value of 1.2 nm and with relative GSD of 1.21 (range from 1.19 to 1.32 nm). The mean 
activity concentration of unattached 214Pb was found to be 0.44 ±0.14 Bq m-3 (range 
from 0.04 to 1.5 Bq m-3). The activity size distribution of the unattached fraction of 
214Pb is shown in Fig. 2. The unattached activity fractions are plotted as histograms 
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against the cut-off diameter of the screens. For the single screen with a cut-off diameter 
of 7.9 nm, no unattached activities are observed. This may be because the maximum 
size (5 nm) of the unattached fractions is below the cut-off diameter of this screen. 
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Figure 2. Activity size distribution of unattached 214Pb in indoor air. 

 
The attached activity size distributions of radon progeny (214Pb) which was 

measured by Berner cascade impactor  in indoor air are summarized in Table 1.The 
attached AMAD of the 214Pb varied between 344 and 525 nm with a mean value of 401 
nm and a mean GSD of 2.96 (range from 2.4 to 3.5 nm). The specific air activity 
concentrations of attached 214Pb were found to vary between 3.6 and 6.3 Bq m-3 with a 
mean value of 4.74 ±0.44 Bq m-3. The activity size distribution of the attached fraction 
of 214Pb is shown in Fig. 3. The attached activity fractions are plotted as histograms vs 
the cut-off diameters of the stages. 

Because the measurements were performed at different times, considerable 
fluctuations in the size distributions were observed. Also, according to meteorological 
conditions sometimes very small activities in the coarse mode (aerosol size range < 
2000 nm) were measured. Most of the derived activity size distributions could be 
approximated as unimodal log-normal distributions represented by the accumulation 
mode (100 nm < aerosol particle size < 2000 nm). This may be traced to the removal 
processes of large particles, which are controlled by the dry deposition. The deposition 
velocity of particle in the accumulation mode is about 10-2 cm s-1 [32]. Particle with 
such deposition velocity are very slowly removed and therefore their residence time are 
relatively long. On the other hand, the deposition velocity of particles in the coarse 
mode (< 2000 nm) extends to 20 cm s-1 [32] which is very high in comparison with that 
of accumulation mode particles. Therefore, the residence time of the particles in the 
coarse mode is very short and so it will be not enough chance for these particles to 
coagulate for producing a broad size distribution of the coarse mode. 
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Figure 3. Activity size distribution of attached 214Pb in indoor air. 
 

With the Berner impactor, Hopke et al [5] measured the activity median 
aerodynamic diameter of 200-500 nm in indoor air. Reinekink et al. [4, 7] have 
published an indoor size distribution with activity median aerodynamic diameter of 188 
nm and 238 nm respectively, which is a factor of two smaller than the present value. 
The relative deviation between the present value and that given in the literature may be 
attributed to the difference in the sampling locations and weather conditions. As it is 
known the radon progeny is strongly affected by the temperature and relative humidity.  

Based on the parameters of activity size distribution of 214Pb (see Table 1), the 
total deposition fraction of 214Pb has been calculated using the deposition model of 
ICRP [26]. The total deposition fraction through the human lung was found to be 98% 
for unattached fraction and 32% for attached fraction. 

 
 

CONCLUSIONS 
 

From what has been discussed throughout this work, the following conclusions 
are reached: 

 
1. Most of the attached activities are associated with the accumulation mode. 
2. The AMAD of 401 nm was determined for attached radionuclide 214Pb with the 

GSD of 2.96.  
3. The AMTD value of the unattached fraction of 214Pb was found to be 1.2 nm with 

the GSD 1.21. 
4. The deposition fraction of attached radon progeny, in the environment under study, 

is lower than that of unattached progeny. This clears the disproportionately large 
contributions to the dose from exposure to small fraction of radon progeny in the 
unattached state [33]. 
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التوزيع الحجمي للنشاط المرتبط وغير المرتبط لنواتج الرادون قصيرة 
  ترسبة وتقدير النسبة الم)214-الرصاص(العمر

  
  يونس.  م،علي. ي.  أ،أحمد. أ.  أ،عامر محمد

  
  ،، مصر، المنياا، جامعة المني آلية العلومقسم الفيزياء

   
 تحلل الرادون  فى الهواء الناتج من  )214–الرصاص ( لعنصر  البحث بدراسة  التوزيع الحجمى اهتم

لى قيم النتائج العملية التى تم الحصول إ اواستناد. الداخلى  سواء الحر منه أو المرتبط بجسيمات المعلقات الهوائية
الرصاص (لعنصر ين قيم الترسيب يتم تع) ICRP 1994 (ـل التابع عليها واستخدام نموذج الترسيب النظري

  . الحر منه أو المرتبط بجسيمات المعلقات الهوائية المشع سواء)214–
بها والتي   بطارية الإنتشار ذات سلك الحجبتنواتج تحلل الرادون الحرة إستخدمو لتعيين التوزيع الحجمى ل

  .  نانومتر7.9،  4 ، 1.9، 1.3 ، 0.9 أقطارقطعخمس مراحل ذات 
بجسيمات المعلقات الهوائية  إستخدم  جهاز  إمباآتور  لتعيين التوزيع الحجمى لنواتج تحلل الرادون المرتبطة 

و .  ميكرومتر10.0 إلى  0.082 منحفض الضغط الذى يحلل الجسيمات من خلال ثمان مراحل متتالية فى المدى من
تم قياس نواتج تحلل الرادون بطريقة التحليل الطيفى لطاقة جسيمات الفا و فوتونات جاما فى الحالة الاولى  و الثانية 

  .على الترتيب و المنبعثة من هذه العناصر لكل مرحلة 
  :من أهم النتائج التى تم الحصول عليها  

ا نومتر  بإنحراف   ن1.2  بلغ  القطر  المتوسط  المكافئ  لها : الحر)214–الرصاص ( لعنصر  التوزيع الحجمى-1
  .3م/ بكريل0.14±0.44 بترآيز متوسط 1.2 مقدارة GSDمعيارى

  بلغ القطر الأيروديناميكى : و المرتبط بسطح المعلقات الهوائية)214–الرصاص ( لعنصر  التوزيع الحجمى-2
 زومتوسط ترآي GSD  =2.96   نانومتر بإنحراف  معيارى401 ) 214 –لرصاص ا(لـ ) AMAD(شعاعى لإا

 .3م/ بكريل4.74 0.44±
 بالنسبة للجزء المرتبط : آالتاليت النتائجناستنشاق آلإداخل جسم الانسان عن طريق ا للجزء المترسب بالنسبة -3

يصل الجزء المترسب منه ف سب على جسيمات المعلقات الهوائيةمترال  الجزء الحر وغير ماأ  ،منه% 32 حوالي
 .%98لي إ
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