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Introduction: Internal exposure to radon gas progeny can lead to serious biologic damages to the lung tissue. 
The aim of this study was to evaluate the absorbed dose by lung tissue due to the exposure from short-lived 
radioactive products of radon (222Rn) decay using Monte Carlo simulation. 
Material and Methods: A lung equivalent phantom including 64 air sacs was simulated by MCNPX code. 
Then, the absorbed dose from short-lived radioactive products of radon decay chain including 218Po, 214Po, 
214Pb and 214Bi was calculated for both suspended and deposited states of daughter nuclides inside the lung. 
Results: The results showed that alpha decay has more contribution to the lung absorbed dose in comparison 
with the beta and gamma decay. Furthermore, the received dose by the lung was higher when the radon 
progenies were deposited inside the lung so that the maximum received dose to lung was 100 times higher 
than that of calculated in suspended state. 
Conclusion: Short-lived daughter radionuclides of radon decay chain, especially alpha emitter products, can 
be considered as dangerous internal radiation sources. The biological effects of these daughter radionuclides 
is more severe when are suspended inside the respiratory system.  
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Introduction 
Radon (Rn) is a radioactive gas mainly derived 

from the decay chain of Uranium series [1]. The most 
important radioisotope of radon is 222Rn, which is one 
of the 238U progeny. The radon gas can be easily 
produced inside the soil and rocks [2], and gradually 
diffuse to the earth surface through the soil gas 
infiltration [3]. The concentration of emanated radon 
gas from the soil is different in the various seasons of 
the year. In fact, radon gas is more concentrated in fall 
and winter, compared to spring and summer due to 
the temperature inversion phenomenon occurring in 
cold seasons [4].  

The soil gas infiltration, dissolved radon in the 
drinking water, and emanated radon from building 
materials [5] are the main sources of general exposure 
to radon gas. Based on the US Environmental 
Protection Agency (EPA) regulation, the radon level in 
drinking water should be less than 300 pCi/L [6]. 
Furthermore, according to the International 
Commission on Radiological Protection (ICRP) 
recommendation, the permissible level of radon gas in 
buildings is reported to range within 200-300 Bq/m3 
[7]. 

Internal exposure to radon gas can lead to 
dangerous biologic effects. According to US-EPA 

estimations, internal exposure to radon gas causes 
about 15000 lung cancers per year [8]. Therefore, 
researchers have been motivated to widely evaluate 
radon gas concentration in different areas and its 
corresponding biological effects [9- 15].  

Inhalation of radon gas is the most probable 
pathway for the entrance of this radioactive gas into 
the body. The penetration of this gas into the body can 
induce serious damages to the lung tissue through the 
production of short-lived alpha, beta, and gamma 
emitter daughter nuclides. The radioactive radon 
progeny can enter the lung through two different 
pathways. In the first case, the radon gas directly 
enters the respiratory system through breathing and 
releases daughters of radionuclides remaining inside 
the lung air sacs as the dust particles (suspended 
state). In the second one, the daughter radionuclides 
of the radon gas are produced outside the body and 
enter the lung after attaching to the ambient aerosols 
and deposit on the air sacs of the inner walls of lungs 
(deposited state).   

Although several studies have been conducted to 
examine the mean concentration of this radioactive 
gas in different regions [13-19], less attention has 
been paid to the received dose by the lung due to its 
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short-lived progeny. Therefore, the aim of this study 
was to evaluate the received dose by the lung through 
the internal exposure to the short-lived daughter 
nuclides of 222Rn decay chain in the two above 
mentioned states (suspended and deposited state) 
using Monte Carlo simulation.  

 

Materials and Methods 
In order to evaluate the absorbed dose from the 

short-lived products of radon decay chain, a lung 
equivalent phantom was modeled using MCNPX 2.6.0 
(LANL, USA) [20] Monte Carlo code. The geometry of 
the simulated lung phantom included 64 separate air 
sacs designed in 4 equal rows. The wall density of air 
sacs (soft tissue equivalent), located inside the lung 
phantom, was considered as 1.04 g/cm3. Moreover, the 
density of the air within the sacs was equal to 0.00125 
g/cm3. The space between the simulated air sacs was 
considered as the lung tissue with the density of 0.296 
g/cm3. The total length of simulated lung phantom in 
each side was equal to 0.086 cm. Regarding the fact that 
air sacs account for about 87% of lung volume [21, 22], 
the radius of each spherical air sac inside the lung 
phantom was estimated as 0.0127 cm. A three-
dimensional view from simulated lung phantom along 
with the considered air sacs is shown in Figure 1. 

 

 
 
Figure 1. A three-dimensional view from simulated lung phantom 
consisting of 64 separate air sacs within the phantom 

 
Short-lived radon progenies in the present study 

included 218Po, 214Po, 214Pb, and 214Bi [23, 24]. As 
previously mentioned, these radioactive products were 
evaluated in two different physical states. At the first 
state, the daughter products were considered as the 
suspended particles inside the air sacs [25]. In the 
second scenario, the radioactive products were assumed 
as the deposited particles on the inner surface of the 
simulated air sacs [26]. The main difference between 
these two simulated states referred to the position and 
geometry of the radiation source. The radiation source in 
the first case was a solid spherical one, which 
completely filled the inner volume of all simulated air 
sacs within the lung phantom. On the other hand, a 

spherical shell with 1 µm thickness was considered as 
the radiation source in the second case, which was 
located on the inner surface of each simulated air sac 
within the lung phantom. In both cases, a uniform 
spatial distribution was used for the simulated radiation 
sources. 

The decay chain of 222Rn and the decay mode of 
each progeny is presented in the scheme bellow [27]: 
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All physical characteristics of the investigated 
progenies, including alpha, beta, and gamma energy 
spectrum, as well as the corresponding half-life were 
taken from Radionuclide Data and Decay Schemes 
(MIRD) [28]. The summary of the physical 
characteristics of the investigated radon progenies are 
reported in tables 1-3. Due to the very long half-life of 
210Pb (22.3 years), this radioisotope and its subsequent 
decay products were not considered in the performed 
simulations. 

 
Table 1. Alpha-emitter progeny of radon decay chain and 
corresponding physical characteristics 

 

Daughter nuclide 
Emitted energy per 

transition (MeV/decay) 
Half-life 

218Po 6.113 3.10 min 

214Po 7.833 164.3 µsec 

 
Table 2. Beta-emitter progeny of radon decay chain and corresponding 
physical characteristics 
 

Daughter nuclide 
Mean emitted energy per 

decay (MeV/decay) 
Half-life 

214Pb 0.295 26.8 min 

214Bi 0.663 19.9 min 

 
Table 3. Gamma-emitter progeny of radon decay chain and 
corresponding physical characteristics 
 

Daughter nuclide 
Mean emitted energy per 
transition (MeV/decay) 

Half-life 

214Bi 1.479 19.9 min 

214Po 0.253 164.3 µsec 

 

Regarding the serial production of these radioactive 
daughter nuclides in the radon decay chain, a weighting 
factor was considered for each daughter nuclide. As 
mentioned earlier, two different physical states were 
investigated in the current study. In the case that the 
radon progenies were deposited on the simulated air 
sacs, there would be no chance for the escape of 
daughter radionuclides from the lung.  
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Therefore, all of these daughter nuclides would 

deposit their emitted energies inside the lung. As a 
result, the weighting factor of all studied progenies were 
equal to one at the deposited state. On the other hand, 
when the daughter nuclides were considered as the 
suspended particles inside the air sacs, there would be 
always a finite probability for the escape of each radon 
progeny from the respiratory system. Therefore, a 
specific weighting factor should be considered for each 
daughter nuclide based on its half-life and priority in the 
radon decay chain. Considering the mean time duration 
of 3 seconds for each normal respiratory rate (including 
inspiration and expiration) [29], these weighting factors 
can be calculated according to the equation below 
(based on the general radioactive decay law): 

The calculated weighting factors for radon progeny 
are reported in Table 4. 
 
Table 4. Weighting factors related to different progeny of radon in a 
single decay chain of radon gas 
 

Daughter nuclide Weighting factor (w) in a decay chain 

218Po 0.011 

214Pb 1.44E-5 

214Bi 2.5E-8 

214Po 2.5E-8 

 
In order to evaluate the received dose to the different 

parts of the lung tissue, the dose profiles which pass 
through the center of simulated air sacs were calculated 
inside the modeled lung phantom. Dose calculations 
were performed using the *F8 scoring tally (the gold 
standard scoring tally for radiation dosimetry by MCNP 
code).  

It should be mentioned that 109 histories were 
transported in each simulation and the associated 
statistical error to the obtained results was less than 3% 
in all the performed simulations.  

 

Results 
The dose profiles related to the two short-lived alpha 

emitter daughter nuclides of 218Po and 214Po in 

suspended and deposited physical states inside the lung 

are shown in figures 2 and 3, respectively. It should be 

mentioned that all of the presented results are 

corresponding to a single radon decay chain. 

As can be seen in Figure 2, the contribution of 218Po 

daughter nuclide to the received dose by lung tissue is 

several orders of magnitude (105) higher than the 214Po. 

The maximum lung dose due to the exposure to 218Po 

and 214Po was about 79 nGy and 0.18 pGy, respectively. 

On the other hand, as shown in Figure 3, the 218Po and 
214Po have almost the same contribution in the received 

dose by the lung tissue. Therefore, the maximum dose 

from both mentioned alpha emitter daughter nuclides in 

the deposited state was about 7 µGy. 

The comparison of the results in figures 2 and 3 

demonstrated that the overall dose received by the lung 

tissue, due to the exposure from alpha emitter progeny, 

was significantly higher in the deposited physical state, 

such that the maximum overall doses of alpha particles 

in deposited and suspended states were equal to 14 µGy 

and 79 nGy, respectively.  

The dose profiles related to the beta emitter products 

of radon decay chain, including 214Pb and 214Bi, in the 

suspended and deposited physical states are shown in 

figures 4 and 5, respectively. The obtained results are 

corresponding to a single radon decay chain.  

As indicated in Figure 4, the beta dose inside the 

lung was mainly due to the internal exposure to 214Pb 

and 214Bi, which had no significant contribution to the 

lung dose at the suspended state. The maximum doses 

related to the 214Pb and 214Bi inside the lung at the 

suspended state were equal to 0.42 pGy and 5.5×10-16 

Gy, respectively. On the other hand, the beta dose from 
214Bi was higher than that of 214Pb at the deposited state 

(as indicated in Figure 5). The maximum beta doses for 
214Bi and 214Pb at the deposited state were 30 nGy and 

23 nGy, respectively. 

The comparison of the calculated dose for beta 

particles indicated that the deposited daughter nuclides 

would result a more radiation dose inside the lung, 

compared the suspended ones. The maximum beta doses 

from beta emitter radionuclides of radon decay inside 

the lung were estimated as 53 nGy and 0.42 pGy for 

deposited and suspended states, respectively. 
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Figure 2. Dose profiles related to the short-lived alpha emitter products of each radon decay chain in suspended state inside the lung. 

 
Figure 3. Dose profiles related to the short-lived alpha emitter products of each radon decay chain in deposited state inside the lung. 

 
Figure 4. Dose profiles related to the beta emitter progeny of radon decay chain at the suspended state inside the lung. 
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Figure 5. Dose profiles related to the beta emitter progeny of radon decay chain at the deposited state inside the lung. 
 

 
Figure 6. Dose profiles related to the short-lived gamma emitter products of each radon decay chain in suspended state inside the lung. 

 
 

 

 
 

Figure 7. Dose profiles related to the short-lived gamma emitter products of each radon decay chain in deposited state inside the lung. 
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Figure 8. Comparison of the overall dose profiles related to the contribution of all short-lived progenies of radon in both suspended and 

deposited state inside the lung. 

 

The dose profiles related to the gamma radiations of 
214Pb and 214Bi at the suspended and deposited physical 

states are shown in figures 6 and 7, respectively. The 

reported dosimetry results in these figures are obtained 

for a single radon decay chain.  

As illustrated in Figure 6, the gamma radiation 

emitted from 214Pb has the most association in the 

received dose by the lung and emitted gamma rays from 
214Bi have a little contribution to the lung absorbed dose 

at the suspended state. The maximum received doses by 

the lung from gamma radiation of 214Pb and 214Bi at the 

suspended state was equal to 3.5×10-16 and 7.1×10-19 

Gy, respectively. On the other hand, the emitted gamma 

radiation from 214Bi was more effective in the absorbed 

dose by the lung at the deposited state (Figure 7). The 

maximum lung doses related to the gamma rays emitted 

from 214Pb and 214Bi were equal to 27 pGy and 31 pGy, 

respectively. 

The comparison between the dose profiles related to 

the contribution of all short-lived daughter nuclides at 

the suspended and deposited physical states inside the 

lung is shown in Figure 8. It should be mentioned that 

the radiation weighting factor of alpha, beta, and gamma 

radiation (wR) for equivalent dose calculations were 

taken from ICRP-103 [30]. As mentioned in this report, 

wR for alpha particles is equal to 20, while this factor is 

considered as unity for beta and gamma radiation.   

As depicted in Figure 8, the lung overall received 

dose from alpha, beta, and gamma emitter progeny of 

radon decay at the deposited state was higher than that 

of the suspended state. The maximum overall doses in 

suspended and deposited states were about 1.6 µSv and 

290 µSv for each decay chain of radon gas, respectively. 

  

Discussion 
The dose profiles related to the alpha, beta, and 

gamma radiations of radon decay products are 
demonstrated in figures 2-7. It should be mentioned that 

two separate physical states, including suspended and 
deposited ones, were considered for the spatial 
distribution of radon progeny inside the lung and dose 
profile calculations were performed for each state.  

The obtained dose profiles for alpha particles (refer 
to figures 2 and 3), showed that the 218Po has the 
maximum contribution to received dose by the lung 
tissue in the suspended state. This fact is due to the 
priority of this daughter nuclide in the radon decay chain 
and its short half-life which lead to the highest 
weighting factor for this radionuclide in the radon decay 
chain (refer to Table 4). With regard to the potential 
biologic hazard, 218Po is the most dangerous alpha 
emitter product of radon when it is suspended inside the 
lung’s air sacs. On the other hand, both alpha emitter 
radionuclides had almost the same contribution in the 
lung dose at the deposited state inside the lung’s air 
sacs. This issue can be justified by the equal weighing 
factor of 218Po and 214Po in radon decay chain at the 
deposited physical states and also analogues emitted 
alpha energy from these daughter radionuclides.   

The calculated dose profiles for beta and gamma 
emitter products of radon decay, including 214Pb and 
214Bi, showed that the absorbed dose by the lung through 
internal exposure from these radionuclides was higher in 
the deposited physical state. This finding can be 
attributed to the higher weighting factor of beta emitter 
progeny in the radon decay chain at the deposited state 
(refer to Table 4). For the suspended state, 214Pb had 
higher contribution to beta and gamma doses inside the 
lung due to the priority of this radionuclide in the radon 
decay chain and its higher weighting factor, compared to 
214Bi. On the other hand, 214Bi would result to higher 
beta ad gamma doses inside the lung at the deposited 
state, compared to 214Pb. Regarding the fact that all 
radon progenies have the same weighting factor in the 
radon decay chain at the deposited state and no priority 
was considered for radon decay products, higher beta 
and gamma energies of 214Bi respect to the 214Pb (refer 
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to tables 2 and 3) could contribute to such result at the 
deposited state. 

As it can be seen in figures 2-7, the absorbed dose 
for each investigated particle would receive its 
maximum value at the phantom center (the interface 
between the adjutant air sacs where the wall of each air 
sac is located) and decrements in the areas adjacent to 
the center of each simulated spherical air sac. This 
finding could be expected at the deposited physical state 
since the radiation source was a spherical shell (with 1 
µm thickness) adjacent to the air sac walls. Therefore, it 
can be concluded that the received dose by the walls of 
each air sac would be higher than the absorbed dose at 
the center of each spherical air sac. The same trend was 
also observed at the suspended state, and the received 
dose by the wall of each air sac would be higher than 
that of air sac center at the suspended physical state. The 
underlying reasons for this issue could be firstly the 
uniform spatial distribution of radon progeny inside the 
spherical volume of each air sac, and secondly the 
higher density of air sac’s walls, compared to the space 
within each air sac (soft tissue versus air with the 
densities of 1.04 g/cm3 and 0.00125 g/cm3, 
respectively). Due to the higher density of air sac wall in 
comparison with the air within each air sac and also 
uniform irradiation of two mentioned media, it can be 
expected that the received dose by the air sac wall 
would be higher than that of the enclosed air-filled 
spherical volume of each air sac.    

The comparison of the different lung dose 
components, including alpha, beta, and gamma dose 
showed that the alpha emitter products of the radon 
decay are the main contributors to the received dose by 
lung through the internal exposure to the radon progeny. 
Therefore, the alpha emitter daughter nuclides should be 
considered as the most dangerous products of radon 
decay, which can have a considerable biologic effect on 
the human respiratory system. This finding was in 
accordance with those recommended by Anjos et al 
[16]. In this study, the received dose by occupants of 
San Luis province (Argentina), due to the both radon 
gas and natural gamma radiation, was measured through 
CaF2 and LiF-100 TL dosimeters. Obtained results 
showed that the annual effective dose from gamma 
exposure is equal to 0.48 mSv/year, while this value can 
reach to 28 mSv/year in the case of radon gas inhalation.  

The received dose by the lung through the internal 
exposure to radon and its progeny are reported in some 
studies. As presented by Kendall and Smith [31], the 
received dose by the lung from 218Po, 214Po, 214Pb and 
214Bi, during the inhalation of the 1 Bq activity of the 
radon gas, is equal to 6.6×10-8, 4.6×10-14, 3.6×10-7, and 
2.9×10-7 Sv, respectively. The observed differences 
between our results and those reported by the mentioned 
study can be attributed to the different followed 
approaches for the dosimetry of the radon gas and its 
progeny inside the lung as well as the supposed 
geometry for the spatial distribution of the radiation 
source inside the lung. The obtained results of Kendall 
and Smith were based on the mathematical modeling of 

internal radiation emitters inside the lung according to 
the ICRP-66 human respiratory track model [32]. 
However, the present study was performed based on the 
Monte Carlo modeling of the lung tissue along with its 
air sacs and direct transportation of different radiations 
inside the lung. Furthermore, the dose from different 
radiation emitters (including alpha, beta and gamma 
emitter daughter nuclides) have been investigated 
separately. On the other hand, an overall equivalent dose 
for each radionuclide were presented using Kendall and 
Smith without the consideration of the dose component 
for each type of emitted radiation in the radon decay 
chain.  

Mostafa et al. also estimated the maximum received 
dose to the lung by the radon and its progeny by means 
of the human respiratory track model using ICRP-66 
[18]. The results of this study showed that the maximum 
lung dose through the internal exposure to the radon and 
its daughter nuclides can reach 0.22 mSv per year. 

Yu et al. also calculated the effective dose of the 
lung through the internal exposure to radon decay chain 
[33]. This study was also based on employing the ICRP-
66 human respiratory track model. The results of this 
research demonstrated that a dose conversion coefficient 
of 15 mSv/WLM (working level month) should be 
considered for radon dosimetry inside the lung tissue.  

Altshuler et al. also estimated the received dose 
through the respiratory system following the inhalation 
of the radon gas through nose breathing and exposure to 
its progeny [34]. The results of this study showed that 
the 1 WLM (working level month) concentration of the 
radon progeny can lead to the annual lung dose of 20 
rads/year. As recommended by ICRP-30 [35], the 
annual equivalent dose to the whole lung through the 
inhalation of the 1 Bq/m3 concentration of radon gas 
should be considered to 7×10-3 mSv/year. 
 

Conclusion 
The received dose by the lung tissue through the 

inhalation of the radon gas and exposure to its short-
lived daughter radionuclides were evaluated in current 
study using Monte Carlo simulation. The results showed 
that the absorbed dose by the lung tissue due to the 
alpha exposure is quiet higher than the received dose by 
the beta and gamma decaying products.  

Furthermore, the overall received dose by the lung 
tissue was higher when the radon decay products were 
deposited within the lung, such that the absorbed dose 
by the lung in this state was about 100 times higher than 
the lung dose in the case that the radon progeny were 
suspended inside the respiratory system.  

Finally, it can be concluded that the daughter 
radionuclides of radon decay are the main concern in 
terms of internal exposure and corresponding biologic 
side effects. These radioactive daughter nuclides can be 
more dangerous than the radon itself. The higher half-
life of radon gas makes it possible to escape this 
radioactive gas from the respiratory system during the 
exhalation process, while the daughter nuclides are 
short-lived solid particles which can stick to the inner 
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wall of the respiratory system and expose the lung tissue 
for a long period of time.  
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