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Abstract

Introduction

The potential hazards posed by exposure to radiation from radon have been of great concern worldwide,
since it is especially associated with increased risk of lung cancer. Some radioisotopes of radon progeny
deposited in the human lungs emit B particles followed by the y rays. While y rays are comparatively less
damaging to the respiratory system than o and P particles, it is the principal deposited energy in other organs.
Materials and Methods

In order to establish a quantitative estimate of hazards caused by the radiation, this paper studies the photon
absorbed doses from radon progeny in all major organs of the human body through a simulation of the Oak
Ridge National Laboratory (ORNL) adult phantom using MCNPX2.4.0 Monte Carlo code and calculations
which were performed in photon/electron mode.

Results

Effective dose due to photons from radon progeny deposited in the human lungs was about 1.69 pSYWLM™.
Based on UNSCEAR2006 reports, the effective dose of these photons per year is about 5.76x10'mSv in for
radon concentration of 31000 Bg/m® (the maximum concentration of radon in Iran). Therefore, this value is
comparable with ImSv (The annual allowable effective dose).

Conclusion

The dosimetry of photons particularly in areas with high levels of exposure to radon and radon's decay
products is important because all organs receive the photon absorbed dose from radon progeny.
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1. Introduction

The radiation dose from 222Rn, which is a
radioactive transformation product of **U, is
the main natural dose received by the
mankind. It exists in varying concentrations in
all types of soil, minerals, ground water,
building materials, and air [1]. The association
between “*’Rn exposure and lung cancer has
already been demonstrated in epidemiological
studies performed on cohorts of miners [2].
220Rn, or thoron from the **°Th series, and
2PRn from *°U have very short lives (55.6 s
and 3.96 s, respectively) and they are of minor
significance compared with **’Rn in 238U
series. The half-life of *’Rn (3.82 day) is long
enough to diffuse into and build up in homes
[3]. Natural level of **Rn in open space is
usually below 10 Bq.m-3 [4]. In the closed
space, ’Rn can accumulate due to poor air
ventilation.

Radon and its progenies enter the human
respiratory tract system through inhalation.
Being an inert gas, radon is not deposited in
the human airways. Therefore, it is quickly
exhaled. However, radon progeny are
electrically charged and the particles easily
deposit in the lungs (on the surface of the
respiratory tract) after inhalation. Because of
their relatively short half-lives (less than 1
hour), the radon daughters (a, B, v, and X-ray)
will decay mainly in the airways before being
cleared either by absorption into blood or by
particle transport to the gastrointestinal tract
[2].

Photons emitted by *'*Bi and *'*Pb contribute
negligibly to the amount of energy deposited
in the human respiratory system in comparison
with o and B particles. However, the absorbed
doses of photons in lungs in respect to other
organs are dominant because initial energies of
photons are largest in lungs and the photons
deposit largest energies than in other organs.
The most accurate way for estimating the
absorbed dose is using Monte Carlo method, in
which the processes, physical systems, and
phenomena are simulated by statistical
methods using random numbers [5].
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In this work, the absorbed organ doses from y
radiations and X-rays emitted from radon
progeny (*'*Bi and *"*Pb) using modified
ORNL analytical hermaphrodite phantom and
MCNP code were estimated [6]. Besides, the
effect of different radioactive decay data from
two web-based libraries ENDF/VI [7] and
LBNL/LUND table of radioactive isotopes [8]
on organ dose values was analyzed.

2. Materials and Methods

2.1. Anthropomorphic Phantom

Direct measurement of absorbed dose in a
human body is not generally possible.
Therefore, anthropomorphic phantoms and
Monte Carlo simulations are most commonly
used for estimating the absorbed dose.
Analytical models of the human body (called
human phantoms) were described in ORNL
publications [9]. These phantoms are basically
solid-geometry models that describe exterior
and interior anatomical features of a human
body wusing analytical equations. Human
phantom consists of three types of tissues:
skeletal, lung, and soft, with different densities
and elemental compositions [10].

Although the organ doses from y rays emitted
by radon progeny is in very low dose range,
the effect of simulation quality on the accuracy
of dose estimations is important. One of the
organs, which it's shape and position may have
an effect on the results, is thyroid. Therefore,
two geometric models of the thyroid were
simulated. The results of this comparison
would imply the significance of employing a
model with secure high accuracy.

2.2. Thyroid Models

Since the thyroid is a very sensitive part of the
human body, several mathematical
relationships are available to define the thyroid
cell in the input file of phantoms for dosimetry
calculations. In this study, the absorbed doses
in two different geometries of thyroid were
compared: ORNL model [9, 11] and
Ulanovsky design [12-14].

The ORNL model of thyroid was proposed by
Eckerman et al. in 1996 [9]. In this model, the
thyroid is located in the neck, close to its front
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surface and is composed of two lobes. These
two lobes are represented as the volumes
between two concentric cylinders cut by a
fourth degree surface, two horizontal planes,
and one vertical plane. Since this model
contains surface equations that are higher than
second order, the new equations which could
be accommodated by MCNP were prepared by
Krstic et al. [11] on the basis of previous one.
On the other hand, Ulanovsky et al. have
developed a simplified mathematical model of
the thyroid gland [15-13]. A schematic view of
the thyroid models is shown in Figure 1. The
neck in the model is represented by right
circular cylinder and the thyroid by two lobes
with an isthmus. Each lobe is described by a
right ellipsoid cut by the tracheal cylinder.
When compared with the ORNL phantom, the
thyroid has been moved closer (about 3 cm) to
the spine region. The total volume of the both
thyroid models is 19.9 cm”.

Adult

(a) ()

Figure 1. The schematics of (a) revised ORNL thyroid
and (b) Ulanovsky thyroid phantom.

2.3. Dose Assessment

In order to calculate the doses in other
sensitive organs when the source is in the
lungs, ORNL phantom of the human body was
used. Since the radon progeny attached to the
aerosols in the air enter the lungs through
inhalation and decay in the lungs, one can
define the lungs as the main radiation source
for input file of Monte Carlo N-Particle
(MCNP) code.

Due to the high penetrability of y, it is assumed
as the uniform source of radiation. MCNP and
Monte Carlo transport codes were used with
the modified ORNL adult phantom to
determine the doses from photon (y radiation
and X-ray) emitted from radon progeny (in
MeV/gr per one particle of radiation).

+F6 tally calculates the absorbed dose by
considering the photon/electron transport and
utilizing the libraries prepared in the code.
Calculations were performed on a personal
computer with the following specifications:
Pentium(R), 2.5 GHz processor, 2 GB RAM
and 64-bit Windows 7. The cross sections used
in this project were chosen from the ENDF/B-
VI radioactive decay data [10]. The
calculations were performed separately in four
programs for y radiation and X-ray emitted
from 2“Pb and *"“Bi. The yields
(Bg-s)"' versus energy (MeV) of X-ray and y
radiation for *'*Pb and *'*Bi were taken from
LBNL/LUND and ENDF/VI decay data and
are presented in Figures 2 and 3, respectively
[10-12].

The energy lines and energy yield per one
isotope (*"*Pb, *'*Bi), were defined in SDEF
card of input files. The output files of MCNP
code were obtained from the mean absorbed
dose (in MeV/g per one particle of radiation)
in the “main” organs and the “remainder”
tissue of the human body [5].
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Figure 2. X-ray and y radiation spectrums of *'*Pb (taken from LBNL/LUND and ENDF/VI decay data).
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Figure 3. X-ray and y radiation spectrums of 214Bj (taken from LBNL/LUND and ENDF/VI decay data).

The averaged absorbed dose (MCNP output),
Dz, is the quotient of deposited energy due to
radiation of type R in the volume of specific
organ or tissue 7 by its mass from nuclide n
("*Pb or *"*Bi).

The mean absorbed dose per particle of
radiation (in uGy WLM™") from whole lung as
a source was calculated using Equation (1).
Working level month (WLM)is exposure to
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the radon progeny of 1 WL (2.08x107Jm™)
during 170 h.

rDp =Dy A,. 1 (1)
where, A, is activity of each isotope (n) and
I is the yield of radiation. Since ,D;
obtained in the simulation is given per
quantum or per particle of radiation, and
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activities per disintegration, to derive absorbed
dose per 1 WLM, one needs to know the yield
of certain type of radiation [5].

The yield of £ is 1 while the yield for y quanta is
different, because one or more y particles can be
emitted per disintegration. The yield of *'*Pb y
spectrum is 0.704 (Bg-s)”, whereas that of *'*Bi
is 1364 (Bg=s)'. The yield of **Pb X-ray
spectrum is 0.358 (Bg-s)”, whereas that of *'*Bi
is 0.176 (Bg-s)" [10]. For 2'*Pb, the total activity
in all regions is 406.8 Bq per 1 WL, while for
21%Bj, it is 578.4 Bq per 1 WL [5]. These are
results from the program LUNGDOSE.F90.
This program includes calculation working level
month deposition of aerosols in different
deposition regions of the Human Respiratory
Tract Model (HRTM) according to the algebraic
model of ICRP Publication 66 and equilibrium
activities of radon progeny in different clearance
regions of the HRTM and the total number of
emitted particles for given exposure conditions
and exposure time. The input parameters for the
program LUNGDOSE.F90 are such as breathing
rate of0.78m>h~", equilibrium factor of 0.395

and these are very important parameters for
calculating photon activity [5].

The absorbed doses were reported per 1| WLM
in pnGyWLM™" using Equations (2) and (3).

214Pb __ 214Pb 214Pb

TDR _TDy +TDX—my (2)
214Bi __ 214Bi 214Bi

TDR _TD;/ +TDX—ray (3)

Photon absorbed doses were estimated for 24
main organs. The equivalent dose Hr is one of
the radiobiological protection quantities that is
defined as a weighted mean absorbed dose, in
some organ 7, from y and X-ray, and was
obtained using Equation 4.

HT = Zn ZX—my,;/ WR TD; (4)

where, wy is the radiation weighting factor
which depends on the radiation type and
energy whose values for photon radiations are
equal to 1.

The effective dose, which is the main radiation
protection quantity, is obtained using Equation (5).
Sex averaged effective dose was calculated as:

H,, +H
Eeﬁ_ — ZWT ™ ; TF (5)
T
Where, wr is the tissue weighting factor taken
from recent ICRP publication 103 [14]. Hry
and Hyy are the equivalent doses for male and
female, respectively.

3. Results and Discussion
3.1. Organ Doses
All dosimetric quantities estimated in this

work have an uncertainty less than 2%. Dy

Per WLM for y radiation, and X-ray emitted
from *'*Pb and/or *'*Bi in 24 main organs of
the human body are showed in Table 1. These
results were calculated by using ENDF/VI
decay data. As expected, some of the photons
emitted by radon progeny have enough energy
to leave the lungs and deposit their energies in
other organs, for which the organ doses cannot
be disregarded.

In all cases, organ doses due to “ "Pb are lower
by about 20% than that of *'*Bi because of
significantly lower y rays (of high energy and
yield) in the y spectrum of *'*Pb compared
with *"*Bi.

As expected, the results show that the lungs
being the organ that receives the highest
absorbed dose. The second and third highest
doses after lungs are received by heart and
Esophagus, respectively, because both of them
are located close to the lungs. The bladder
receives lesser absorbed dose than other
organs, as it is located farthest from the source.
The X-rays absorbed dose due to 1B can be
considered negligible in comparison with y
absorbed dose because the former is less than
2% in comparison with the latter. The
absorbed dose of X-ray in all other organs
except for the bone surface and lungs is less
than 1% of y absorption dose. However, the X-
ray absorption dose due to *'*Pb, especially in
the lungs, is about 20% of y absorbed dose,
and in the bone surface it is about 17% of y
absorbed dose. Unlike 2"“Bi, the X-ray
absorption dose due to *'*Pb for most organs is
not negligible compared with y absorbed dose,
because the dose is more than 5% of vy
absorbed dose.

214
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Table 1. Organ doses from y radiation and X-ray from radon progeny nuclides, 2'*Pb, and *'*Bi, distributed in the human
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lungs (in uGy WLM™") using ENDF/VI decay data.

Organs Tph Mg,
y-ray X-ray y-ray X-ray
Kidneys 3.15 E-02 2.31 E-03 2.80 E-01 1.85 E-03
Pancreas 7.35 E-02 6.74 E-03 5.79 E-01 5.34 E-03
Small Intestine 8.10 E-03 4.15 E-04 8.99 E-02 3.37 E-04
Adrenals 9.93 E-02 8.65 E-03 7.79 E-01 6.86 E-03
Gall Bladder 3.36 E-02 2.69 E-03 2.87 E-01 2.15 E-03
Heart 1.82 E-01 1.74 E-02 1.42 E+00 1.37 E-02
Skin 1.89 E-02 1.25 E-03 1.75 E-01 9.98 E-04
Thyroid 4.56 E-02 3.65 E-03 3.96 E-01 2.91 E-03
Stomach 5.19 E-02 4.51 E-03 4.27 E-01 3.58 E-03
Bone Surfaces 3.52 E-02 5.96 E-03 2.68 E-01 4.63 E-03
Lungs 4.91 E-01 9.77 E-02 3.88 E+00 6.47 E-02
Esophagus 1.80 E-01 1.66 E-02 1.38 E+00 1.31 E-02
Bladder 1.31 E-03 3.12 E-05 2.37 E-02 2.61 E-05
Thymus 1.22 E-01 1.14 E-02 9.72 E-01 8.99 E-03
Liver 8.51 E-02 7.80 E-03 6.73 E-01 6.16 E-03
Brain 3.62 E-03 1.34 E-04 4.92 E-02 1.09 E-04
Colon 6.68 E-03 3.53 E-04 7.48 E-02 2.87 E-04
Breast 1.04 E-01 8.36 E-03 8.65 E-01 6.61 E-03
Uterus 3.03 E-03 1.00 E-04 431 E-02 8.27 E-05
Ovaries 3.25 E-03 1.11 E-04 4.58 E-02 9.23 E-05
Testes 2.71 E-04 3.14 E-06 8.50 E-03 2.63 E-06
Red Bone Marrow 4.87 E-02 4.49 E-03 2.92 E-01 3.57 E-03
Muscle 3.99 E-02 3.63 E-03 3.26 E-01 2.83 E-03
Spleen 6.98 E-02 6.25 E-03 5.59 E-01 4.94 E-03

3.2. Decay Data Sheets

Table 2 shows the doses calculated for X-rays
and y rays from >'*Pb and *'*Bi using
LBNL/LUND decay data sheets. The relative
difference of the dose values from this decay
data sheets from the ENDF/VI decay data is
approximately less than 5% (Table 2). This
shows that although there are significant
differences between two decay data sheets, the
yields are too small to make a significant
effect on dosimetry calculations. Therefore,
both data sets can be used in dosimetry
calculations.

3.3. Thyroid Model

Dose values for two thyroid models were
listed in Table 3. As can be seen, in the ORNL
model, thyroid has received lower dose than
Ulanovsky’s by a factor of about 2. Difference
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in their location can at least partly explain this
discrepancy. Such large disagreements
between dosimetric data, which are originated
from differences in shapes or positions of
organs within the body is alarming. One has to
be very cautious about the accuracy of these
data when applied for a group of people. In a
future work, we would consider the six age
group phantoms together with some voxel
models in order to obtain the dose uncertainty
for radon and its progeny.
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Table 2. Organ doses from y radiation and X-ray from radon progeny nuclides, *'*Pb, and

1B, distributed in the human

lungs (in uGy WLM™) using LBNL/LUND decay data and the comparison with ENDF/VI results.

Tpy, g
Organs Organ Dose . . Organ Dose Relative
(HG%’ WLM™) Relative Difference (HG%’ WLM")  Difference

Kidneys 3.32 E-02 1.78% 2.70 E-01 4.26%
Pancreas 7.84 E-02 2.24% 5.59 E-01 4.28%
Small Intestine 8.40 E-03 1.29% 8.65 E-02 4.10%
Adrenals 1.06 E-01 1.85% 7.52 E-01 4.29%
Gall Bladder 3.55 E-02 2.20% 2.77 E-01 4.15%
Heart 1.95 E-01 2.26% 1.37 E+00 4.20%
Skin 1.98 E-02 1.49% 1.68 E-01 4.55%
Thyroid 4.83 E-02 2.03% 3.82 E-01 4.26%
Stomach 5.53 E-02 1.95% 4.12 E-01 4.18%
Bone Surfaces 3.96 E-02 3.65% 2.59 E-01 5.13%
Lungs 5.66 E-01 3.90% 3.75 E+00 5.06%
Esophagus 1.92 E-01 2.04% 1.33 E+00 4.32%
Bladder 1.32 E-03 1.49% 2.28 E-02 4.20%
Thymus 1.31 E-01 2.24% 9.39 E-01 4.28%
Liver 9.09 E-02 2.15% 6.49 E-01 4.42%
Brain 3.72 E-03 0.80% 4.73 E-02 4.06%
Colon 6.94 E-03 1.28% 7.20 E-02 4.13%
Breast 1.10 E-01 1.79% 8.35 E-01 4.24%
Uterus 3.11 E-03 0.64% 4.13 E-02 4.40%
Ovaries 3.36 E-03 0.0% 4.39 E-02 4.36%
Testes 2.68 E-04 2.19% 8.10 E-03 4.71%
Red Bone Marrow 5.20 E-02 2.22% 2.81 E-01 4.85%
Muscle 4.27 E-02 1.84% 3.15 E-01 4.41%
Spleen 7.45 E-02 2.10% 5.40 E-01 4.26%

Table 3. Comparison of thyroid absorbed doses (uGy WLM™) due to photons from *"*Pb and *'*Bi for ORNL and
Ulanovsky models.

Thyroid model ““Pb ““Bi
ORNL 2.46E-02 2.07E-01
Ulanovsky 4.83E-02 3.82E-01

3.4. Effective Dose

Data in Table 4 shows the total absorbed dose
(X-ray and gamma radiation) from radon
progeny and the organs contribution in effective
doses for male and female.

Based on these data, the whole body effective
dose was obtained according to ICRP103
recommendation. The effective dose due to
photons from radon progeny deposited in the
human lungs was about 1.69 pSYWLM™.
Although the contribution of alpha particles
(emitted from radon progeny) in effective dose is
about 15 mSYWLM™ [16], just lungs received
their absorbed dose and alpha particles cannot be
exhaled out of the lungs because of their short
range. Photons contribution in effective dose is

important because all organs received the photon
absorbed dose from radon progeny.

UNSCEAR 2006 reported the radon
concentration in Iran. The results showed the
minimum and maximum concentration are
82 Bq/m’ and31000Bq/m’ , respectively.

Based on these results, the effective dose per
year (from photons) is 576 x10"'mSy
in31000Bq/m’.  Therefore, this value is

comparable with 1msy (The annual allowable

effective dose) [17].

The annual organ absorbed dose for maximum
and minimum concentration of radon are
showed in Table 5. The results show the
absorbed dose in some organs such as lungs,
heart, esophagus, thymus, and breast are notable.
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Table 4. Total organ doses from y radiation and X-ray from radon progeny nuclides, '*Pb, and *'*Bi in the human lungs
(in uGy WLM™).

Organs Total absorbed dose (D) Wt Dyt X Wr
Kidneys 3.16E-01 0.12 3.79E-02
Pancreas 6.65E-01 0.12 7.98E-02
Small Intestine 9.87E-02 0.12 1.18E-02
Adrenals 8.94E-01 0.12 1.07E-01
Gall Bladder 3.26E-01 0.12 3.90E-02
Heart 1.63 0.12 1.95E-01
Skin 1.96E-01 0.01 1.96E-03
Thyroid 4.48E-01 0.04 1.79E-02
Stomach 4.87E-01 0.12 5.84E-02
Bone Surfaces 3.14E-01 0.01 3.14E-03
Lungs 4.54 0.12 5.44E-01
Esophagus 1.59 0.04 6.36E-02
Bladder 2.51E-02 0.04 1.00E-03
Thymus 1.12 0.12 1.34E-01
Liver 7.72E-01 0.04 3.09E-02
Brain 5.31E-02 0.01 5.31E-04
Colon 8.22E-02 0.12 9.86E-03
Breast 9.84E-01 0.12 1.18E-01
Uterus 4.63E-02 0.12 5.56E-03
Ovaries 4.92E-02 0.08 3.94E-03
Testes 8.78E-03 0.08 7.02E-04
Red Bone Marrow 3.48E-01 0.12 4.18E-02
Muscle 3.72E-01 0.12 4.47E-02
Spleen 6.40E-01 0.12 7.69E-02

Table 5. The annual absorbed dose of photon emitted from radon progeny based on UNSCEAR 2006 radon
concentration measurement in Iran.
Annual effective dose of photon from radon progeny

Total absorbed dose uGy/ year
Oragans uGyWLM ™
82Bg/m’ 310008g/m’

Kidneys 3.16E-01 2.84E-01 107.52
Pancreas 6.65E-01 5.99E-01 226.34
Small Intestine 9.87E-02 8.89E-02 33.61
Adrenals 8.94E-01 8.06E-01 304.48
Gall Bladder 3.26E-01 2.93E-01 110.82
Heart 1.63 1.47 554.40
Skin 1.96E-01 1.76E-01 66.61
Thyroid 4.48E-01 4.04E-01 152.65
Stomach 4.87E-01 4.38E-01 165.75
Bone Surfaces 3.14E-01 2.82E-01 106.79
Lungs 4.54 4.09 1544.99
Esophagus 1.59 1.43 541.85
Bladder 2.51E-02 2.26E-02 8.543
Thymus 1.12 1.00 379.70
Liver 7.72E-01 6.95E-01 262.84
Brain 5.31E-02 4.78E-02 18.08
Colon 8.22E-02 7.40E-02 27.97
Breast 9.84E-01 8.86E-01 335.08
Uterus 4.63E-02 4.17E-02 15.77
Ovaries 4.92E-02 4.43E-02 16.76
Testes 8.78E-03 7.91E-03 2.99
Red Bone Marrow 3.48E-01 3.14E-01 118.60
Muscle 3.72E-01 3.35E-01 126.76
Spleen 6.40E-01 5.77E-01 218.09
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5. Conclusion

A detailed investigation on photon absorbed
dose from “**Rn progeny (*'*Pb and *'*Bi) was
performed by using Monte Carlo simulations
and an adult phantom. The results show that
the lungs are the source and receive the highest
photon absorbed dose compared wih other
organs.

Organ doses due to 2'*Pb are lower than that of
21%Bj because of significantly lower y rays (of
high energy and yield) in the y spectrum of
?1%Pb compared with *'*Bi. The organ shape
can also influence the dose. The comparison
between data of two different models of
thyroid indicates that the organ geometry can
change dose values of the order by a factor of
about 2. Moreover, two different data sets
(LBNL/LUND and ENDF/VI) were examined,
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and the agreement between dosimetric data
demonstrates that both of them can be used in
dosimetry calculations.

The results show the photon absorbed dose in
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